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Abstract: In the atmospheric boundary layer that is affected by turbulent motions and inhomoge-
neous surface chemical emissions, short-lived reactive species may not be completely mixed within
any given airmass. Coarse atmospheric models, which assume complete mixing within each grid-box,
may overestimate the rates at which chemical species react. We used a large eddy simulation (LES)
model embedded in the Weather Research and Forecasting (WRF) model to assess the influence of
species segregation on the photochemistry in the convective boundary layer. We implemented our
model in the vicinity of Hong Kong Island, which is subject to strong turbulent flow and spatially
inhomogeneous anthropogenic and biogenic emissions. We conclude that under heavy pollution
conditions, segregation reduces the rate of the reaction between anthropogenic hydrocarbons and
hydroxyl radical (OH) by 25% near the surface in urban areas. Furthermore, under polluted condi-
tions, segregation reduces the ozone production rate in the urbanized areas by 50% at about 100 m
above the surface. The reduction is only equal to 20% near the surface in the forested mountain area.
This highlights the need to develop grid refinement approaches in regional and global models in
the vicinity of large urban areas with high pollution levels. Under clean conditions, our large eddy
simulations suggest that the role of segregation is small and can be ignored in regional and global
modelling approaches.

Keywords: segregation; LES; reaction rate; ozone production rate; urban pollution

1. Introduction

Several short-lived chemical species present in the atmosphere affect air quality as well
as the level of climate forcing. For example, the hydroxyl radical (OH) reacts with methane
(CH4), carbon monoxide (CO), and non-methane volatile organic compounds (NMVOCs),
and therefore controls the lifetime of these species in the atmosphere [1]. Because the
reaction rates between OH and some of those chemical compounds, such as isoprene,
are fast, these reactions can be affected by turbulence in the boundary layer [2,3]. It is
also the case of ozone (O3), which is a secondary air pollutant and a radiatively active
trace constituent. Ozone is produced by nonlinear photochemical processes involving
the emission of primary species including nitrogen oxides (NOX) and volatile organic
compounds (VOCs). Emissions of different ozone precursors are often not co-located, and
turbulent motions in the atmosphere may not completely mix in the same air masses as the
molecules that potentially react with each other.

Turbulent flows play a key role in the planetary boundary layer (PBL) and are par-
ticularly complex in urban environments; in these areas, the calculation of the rates by
which partly separated species react together is particularly challenging. Low resolution
(e.g., global and regional) models assume complete mixing of chemical species inside
each grid mesh, the dimensions of which correspond to the spatial resolution adopted
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in the model (often 10 to 100 km). Sub-grid processes must therefore be parameterized,
usually by adding a diffusion term in the transport equations. An alternative approach is
to use a high-resolution model that resolves turbulent motions at all scales and accounts
for the related chemistry–turbulence interactions. Direct numerical simulations (DNS),
however, are usually impractical for atmospheric problems because they require excessive
computational resources. In large eddy simulations (LES), only the largest eddies, which
contribute most to tracer and energy transport, are explicitly represented, while the smallest
eddies, whose contribution to transport is limited, are parameterized by adding a closure
expression [4–6]. Other approaches have been adopted to simulate the small-scale behavior
of reactive species in urban settings, including the off-line multi-box model applied to
street canyons [7] or the Model of Urban Network of Intersecting Canyons and Highways
(MUNICH) as described by Kim et al. [8]. The study presented here is conceptual and
aimed at highlighting the importance of chemical segregation affecting fast-reacting species
specifically in highly polluted areas. The analysis is based on a LES approach formulated
at medium spatial resolution and without detailed representation of the urban canopy.

2. Mathematical Expression of Segregation

LES models are appropriate for quantifying to what extent chemical species are seg-
regated in complex environments with spatially inhomogeneous surface emissions, and
for investigating the impact of segregation on the effective reaction rates between these
species. For example, the rate R at which a primary hydrocarbon (RH) is oxidized by the
OH radical is expressed by:

R = k[RH][OH], (1)

where k represents the corresponding rate constant of the reaction as measured in the labo-
ratory. Here, the brackets [ ] denote the number density of the species under consideration.

Applying a Reynolds decomposition, we express all variables X by X = X + X′, with
the average value noted by an overbar and the deviation from the mean by a prime sign.
Thus, we have X′ = 0. The mean reaction rate R can therefore be expressed as:

R =
(

k + k′
) (

[RH] + [RH]′
) (

[OH] + [OH]′
)

(2)

with
k′ =

∂k
∂T

T′ (3)

representing the variation of the rate constant associated with the temperature fluctuation T’.
Assuming here for simplicity that the rate constant k is not strongly temperature dependent
( k′ ∼ 0), we can express the mean reaction rate by the simple expression:

R = ke f f [RH] [OH], (4)

in which we define an effective rate constant [9] by:

ke f f = k(1 + I). (5)

where factor I represents the segregation intensity [10] for this particular reaction, which is
proportional to the chemical covariance between the two reactants RH and OH:

I =
[RH]′ [OH]′

[RH] [OH]
. (6)

Another example in which segregation is expected to play a significant role is provided
by the formation of ozone, which is limited by the rate of conversion of NO to NO2 by
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peroxy radicals [11]. Following the approach presented above, the ozone production can
be expressed as:

P(O3) =
{

k1(1 + I1)
[
HO2

]
+ k2(1 + I2)

[
RO2

]}[
NO

]
, (7)

where HO2 and RO2 stand for the hydrogen and organic peroxy radicals that are produced
as a result of the oxidation of primary hydrocarbons by the OH radical. Here, k1 and k2
represent the rate constants for the two reactions and I1 and I2 are the respective segregation
intensities, which are a function of the correlation coefficients of the reactants.

The covariance and therefore the intensity of segregation between two reacting species
depend on the rate at which these two species react and are mixed. The ratio between the
turbulence timescale (τturb; typically 10–30 min during daytime, considerably longer during
nighttime) and the chemical timescale (τchem) with a value depending on the reaction under
consideration defines the Damköhler number (Da) [12]:

Da =
τturb
τchem

(8)

If the chemical time constant is larger than the turbulent mixing time scale (Da� 1),
the chemical covariance and hence the segregation intensity are small. In this case referred
to as slow chemistry limit, the reaction is controlled by chemistry, and its rate is proportional
to the product of the mean concentrations (keff ∼ k). If the chemical time constant is smaller
than the turbulent mixing time scale (Da > 1), the values of the covariance between the
two fluctuating components and of the segregation intensity are high. Such a situation,
referred to the fast chemistry limit, is observed when the reaction rate constant k is large or
in areas with large spatially or temporarily inhomogeneous emissions (see Wang et al. [13]
for more details). In this case, the effective rate constant keff is generally smaller than the
rate constant k.

3. Objectives of This Study

In a previous paper (Wang et al. [13]), we discussed the impact of inhomogeneous
emissions and complex topography, such as those encountered in Hong Kong, on the
photochemistry of ozone and related species. In this follow-up paper, we use our LES model
to investigate the effect of chemical segregation on the oxidation by the hydroxyl radical of
anthropogenic and biogenic hydrocarbons. We also derive the effect of segregation on the
photochemical production of ozone. We limit ourselves to the study of the photo-oxidation
of two primary hydrocarbons. The first one, referred to as RH-A, is assumed to be of
anthropogenic origin (surrogate of propane with a local chemical lifetime of 1–2 days)
and is released in the urbanized areas along the coasts. The second one, called RH-B, is
assumed to be of biogenic origin (surrogate of isoprene with a local lifetime of 15–30 min)
and is released on the forested hills of the island. The hydroxyl radical is produced by
photochemical processes involving the presence of water vapor, ozone, nitrogen oxides,
and volatile organic species. We also show to what degree segregation effects impact the
mean photochemical production rate of ozone.

4. Model Setup

To perform our analysis, we consider an idealized model setting with a simple chemical
mechanism that includes only 15 gas-phase species and 18 chemical reactions. These
provide a conceptual model of ozone formation under the presence of nitrogen oxides,
carbon monoxide, and volatile organic compounds. The primary species that are included
in this scheme (species emitted at the surface) are nitric oxide (NO), carbon monoxide
(CO), anthropogenic hydrocarbon RH-A emitted primarily in urbanized areas with dense
automobile traffic, and biogenic hydrocarbon RH-B emitted in the mountainous areas
covered by forests in the center of the island. The emission map for urban and forest
areas is the same as in Figure 2b in Wang et al. [13]. Both hydrocarbons are assumed to be
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oxidized by OH during daytime The adopted chemical mechanism is provided as Table 1
in the paper by Wang et al. [13].

Table 1. Emissions of NO, CO, and RH-A for different model cases.

Case Name NO CO RH-A

1 POLLUTED high high high
2 CLEAN low low low
3 Low NO low high high
4 Low CO+RH-A high low low

In order to assess the behavior of the system under different chemical regimes, two
configurations are considered: a highly polluted case (referred to as POLLUTED) with high
NO, VOC, and CO emissions, and a very clean situation (referred to as CLEAN) in which
these anthropogenic emissions are uniformly reduced by two orders of magnitude. The
anthropogenic emission rates of NO, CO, and RH-A in the urban area for the polluted case
are 4.9× 1013 molecules cm−2 s−1, 3.2× 1014 molecules cm−2 s−1, and 2.8× 1013 molecules
cm−2 s−1, respectively. The biogenic RH-B emissions are the same in both cases with the
emission rate chosen to be 5.2 × 1012 molecules cm−2 s−1 over forest area. Additionally, in
order to estimate the factors that control the ozone formation, we consider two intermediate
cases in which the emissions of selected species (NO as well as RH-A and CO) are reduced
by a factor of 100, while the emissions of the other species remain as in the POLLUTED
case. Table 1 summarizes the different cases under consideration.

The idealized LES module is embedded in the Weather Research and Forecasting
(WRF) model (version 4.0.2) [14]. In the adopted idealized mode, the initial conditions are
assumed to be uniform over the entire domain, and turbulent motions are triggered by
imposing an artificial perturbation [15]. The choice of the initial profiles and the validation
of LES are based on the observations at King’s Park station in Hong Kong (see Figure 1
in Wang et al. [13]). The surface sensible heat flux is set to a fixed value of 230 W m−2,
while the surface latent heat flux is derived by the model itself. In the idealized LES,
some physical parameters used in standard WRF configurations, including radiation, land
processes, microphysics, and cumulus, are turned off. The PBL parameterization is turned
off and full diffusion is on, so that the large eddies are directly resolved. We adopt the
subgrid turbulence kinetic energy (TKE) closure proposed by Deardorff [16] and included
in the subgrid-scale (SGS) module of the LES. More details can be found in Wang et al. [13].

To represent the chemical fields in and around Hong Kong Island, we adopted a nested
two-domain setup. The size of the outer domain is 45 km × 45 km, and the corresponding
spatial resolution is 300 m. For the inner domain, whose size is 24 km× 24 km, the adopted
horizontal resolution is 100 m. The height of the model top is set to 4 km altitude with
100 vertical layers for both domains. Periodic boundary conditions are used at the edge of
the outer domain, which provides turbulence-inclusive boundary conditions for the inner
domain [15,17].

In our simulations, the background winds are assumed to be easterlies, consistently
with the prevailing winds observed in Hong Kong (about 80% of the time; see Shu et al. [18]).
The initial horizontal wind velocity is equal to 10 m s−1. The topography of Hong Kong
Island is added only in the inner domain, as shown in Figure 2a of the paper by Wang
et al. [13]. The outer domain is assumed to be a flat area that ignores the influence of the
topography and land use type.
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5. Simulated Distribution of Chemical Species

We first show the calculated distributions of key chemical species above and around
Hong Kong Island. In Figure 1, we display the surface mixing ratio calculated under
polluted conditions for the anthropogenic and biogenic hydrocarbon, RH-A and RH-B, as
well as their related peroxy radicals, RO2-A and RO2-B. The concentrations for RH-A are
largest along the coasts, particularly in the north of the island where urban activities are
most intense. In these coastal areas, the concentrations of RO2-A are the lowest, which
may be because peroxy radicals are destroyed by the very abundant nitric oxide produced
primarily by the intense road traffic. In the case of RH-B, the surface mixing ratios are
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highest near the biogenic sources in the middle of the island. The same is true for the
peroxy radical RO2-B since NO concentrations are rather low in the forested areas on the
mountains. When considering a cross section across the island at a specified latitude of
22.275◦ N, we note that the concentrations of RH-A are highest in the valleys and along the
coasts, while the concentrations of RH-B are highest along the mountains. For all species,
vertical mixing associated with convection in the boundary layer is intense.

We compare in Figure 2 the surface distribution of OH, HO2, NO, and ozone calcu-
lated for polluted and for clean conditions. In both simulations, NO concentrations are
largest along the northern and western coasts of the island with typical mixing ratios of
50 and 0.6 ppbv for the polluted and clean cases, respectively. For both conditions, the
concentrations of NO over the sea and mountains are very low. In the case of OH, the
mixing ratio over the sea is of the order of 0.3 pptv in the polluted case and 0.6 pptv in
the clean case. Over the mountains, the numbers are about 0.15 pptv in both cases, and
along the northern coast, they are 0.05 and 0.5 pptv, respectively. In this last case, the high
concentrations of RH-A and CO tend to destroy OH. In the case of HO2, the mixing ratios
over the sea are higher in the clean case than in the polluted case. Along the northern coast
of the island, the values are close to 1 pptv in the polluted case and 15 pptv in the clean
case. Finally, the ozone concentration over the sea is in the order of 40 ppbv in the polluted
case and 46 ppbv in the clean case. Near the northern coast of the island, the concentrations
are about 15 ppbv in the polluted case and 45 ppbv in the clean case. Clearly, along the
busy coast lines of the island, ozone is severally depleted (factor 5) due to its titration by
nitric oxide. Reductions of about a factor 10 are found in the case of HO2 and OH.

The mean vertical profiles of the different chemical species in the first kilometer of
the boundary layer are shown in Figure 3. In this figure, we separate the mean profiles
in the forested areas over the mountains (green curves) and over the urban settlements
characterized by heavy road traffic (red curves). The graphs refer to polluted and clean
situations, respectively. The vertical profiles of the anthropogenic species (RH-A, NO, and
CO) are similar for both cases, with highest concentrations near the surface in the urban
area. The lowest point of the profiles over the forest is located higher than that of the
urban profiles because the forest is located in the mountains. The NO2 profiles share the
same patterns as those of the anthropogenic species since NO2 is directly produced by
conversion of NO. The biogenic compound RH-B is characterized by high concentrations
at low altitudes over the mountain region, where it is emitted by the vegetation. The
concentrations of RH-B are similar for the polluted and clean conditions since the biogenic
emissions are assumed to be identical for both cases. The OH concentrations are lower
near the surface and increase with altitude since this radical is consumed by the primary
hydrocarbons (RH-A and RH-B) and by CO. These primary species are most abundant
near the surface. In the polluted case, OH is depleted more effectively by RH-A and CO,
and therefore, the OH concentration is lower near the urban surface, while OH is lowest
at the forest ground level for the clean case. The HO2 profile in the urban area is similar
to that of OH for the polluted case, but in the clean case, it exhibits a peak at about 200 m
above the surface. In both cases, the HO2 vertical pattern over the forest shows a behavior
opposite that of OH. The two peroxy radicals RO2-A and RO2-B, which are produced by the
reaction between hydrocarbons and OH, exhibit different vertical patterns: RO2-A follows
the pattern of OH, while RO2-B follows the pattern of RH-B. This is because the reaction of
RH-B with OH is considerably faster than that of RH-A with OH. Ozone concentrations
increase with altitudes in both cases; however, the urban surface O3 concentrations are
much lower in the polluted case.
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6. Segregation of Chemical Species

We now assess the role of segregation between chemical species in the convective
boundary layer, and we discuss specifically the importance of segregation for (1) the
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oxidation of primary hydrocarbons by the OH radical and for (2) the photochemical
formation of ozone under different chemical background environments. Figure 4 highlights
the effect of segregation on the destruction rate of anthropogenic (RH-A) and biogenic
(RH-B) hydrocarbons under high and low pollution conditions. The LES model shows,
for example, that in urban areas with high localized NO emissions, the rate at which the
reaction of RH-A by OH is substantially reduced by the segregation effect. This reduction
reaches 25% at 100 m above the surface and is close to 5% above 500 m altitude. The total
amount of OH destroyed by reaction with RH-A above the urban area in the boundary
layer (here, we use 0–800 m to represent a large fraction of the PBL) during the selected
hour is found to be 69.94 mole with segregation included and 76.77 mole with segregation
ignored (see Table 2). Under assumed clean conditions, the intensity of segregation is
considerably smaller (less than 1%). The OH loss by reaction with RH-A integrated over
the urban area is 93.84 mole and 94.11 mole with and without segregation, respectively.
The difference in the segregation intensity for RH-A and OH between polluted and clean
conditions can be attributed to (1) a change in the Damköhler number resulting from the
change in the emission intensities and hence in the chemical lifetime of the reactants [19,20];
and (2) a change in the primary production and loss reactions of OH associated with the
different NOX regime [3]. The depletion of OH under the clean condition is higher than that
in the polluted case, because the OH concentration is high. When considering the oxidation
of biogenic RH-B over the forest near the mountain peaks, the segregation reduces the
corresponding destruction rate by about 20–30% under both polluted and clean conditions.
In the polluted case, the OH loss by RH-B integrated over the forest area is 1.26 × 103

mole when segregation is taken into account and 1.44 × 103 mole when segregation is
ignored. In the clean case, the corresponding values are 1.37 × 103 mole and 1.90 × 103

mole, respectively. This is expected in a region of the island that is remote from the areas
where traffic and domestic emissions are intense.

Table 2. Number of moles of RH-A/RH-B destroyed by OH integrated during a time period of
1 h over the lowest 20 model levels (below ~800 m) in the urban area, the forested area, and the
entire domain, respectively. The results are provided for the POLLUTED and CLEAN cases. “seg”
represents segregation.

POLLUTED CLEAN

Urban Forest All Urban Forest All

L(RH-A) by
OH

with seg 69.94 149.02 3.12 × 103 93.84 177.98 4.09 × 103

no seg 76.77 158.44 3.17 × 103 94.11 178.61 4.10 × 103

L(RH-B) by
OH

with seg 240.65 1.26 × 103 7.05 × 103 355.64 1.37 × 103 7.48 × 103

no seg 286.31 1.44 × 103 7.64 × 103 481.67 1.90 × 103 9.08 × 103

We show in Figure 5 the differences in the rate of the OH – RH reaction between
cases with and without segregation. This figure combines the destruction rate of OH by
RH-A and RH-B. We can see that under the polluted conditions, segregation has a larger
impact at the north coast of the island where the anthropogenic emissions are the largest.
However, under clean conditions, the segregation-induced differences become smaller in
the urban region; in this case, the impact is even stronger over the forest area than that for
the polluted case. Previous studies show large discrepancies in OH concentrations in the
tropics between observations and models, and attribute these discrepancies to the fact that
the effect of segregation has been ignored in the coarse models [21]. Subsequent studies
such as those of Ouwersloot et al. point out that segregation only changes the calculated
OH budget within a limited range [22]. However, our simulations suggest that segregation
plays a significant role in the OH – RH-B reaction. Additionally, segregation has a large
impact on the OH – RH-A reaction in the polluted region, even though the reaction rate
between OH and RH-A is much slower than that of OH and RH-B. In our case, the NO
levels did not affect the OH – RH-B reaction much, because the urban and forest regions
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are separated by the mountains, and the NO concentrations are low over the forest in both
polluted and clean cases.
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[19,20]; and (2) a change in the primary production and loss reactions of OH associated 
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is 1.26 × 103 mole when segregation is taken into account and 1.44 × 103 mole when segre-
gation is ignored. In the clean case, the corresponding values are 1.37 × 103 mole and 1.90 
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Figure 4. Upper panels: reaction rates of OH with RH-A in the urban area with and without
segregation. Lower panels: same but for the reaction of OH and with RH-B in the forested area. Left
panels: polluted conditions; right panels: clean condition. The relative difference between the cases
with and without segregation is equivalent to the segregation intensity.
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POLLUTED CLEAN 

Urban Forest All Urban Forest All 

L(RH-A) 
by OH 

with seg 69.94 149.02 3.12 × 103 93.84 177.98 4.09 × 103 
no seg 76.77 158.44 3.17 × 103 94.11 178.61 4.10 × 103 

L(RH-B) 
by OH 

with seg 240.65 1.26 × 103 7.05 × 103 355.64 1.37 × 103 7.48 × 103 
no seg 286.31 1.44 × 103 7.64 × 103 481.67 1.90 × 103 9.08 × 103 

Figure 5. The differences in the reaction rates of OH with hydrocarbons (RH-A and RH-B) at model
level 5 (approximately 200 m above ground) with and without segregation. Left panel: polluted
conditions; right panel: clean conditions.
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Finally, we examine the role of segregation in the production rate of ozone. As we retain
in our simple chemical mechanism two hydrocarbons (RH-A and RH-B), and thus two peroxy
radicals (RO2-A and RO2-B), the ozone production rate from Equation (7) becomes:

P(O3) =
{

k1(1 + I1)
[
HO2

]
+ k2(1 + I2)

[
RO2A

]
+ k3(1 + I3)

[
RO2B

]}[
NO

]
(9)

The calculated ozone production rates are shown in Figure 6. In the urban area under
polluted conditions, the reduction in the ozone formation rate reaches 50% at about 150 m
above the surface and decreases to less than 20% above the height of 500 m. Under assumed
clean conditions, this reduction due to segregation would be only of the order of 4% in the
boundary layer. In the forested areas of the Hong Kong Island mountains, the reduction
in the ozone production rate would decrease from about 20% near the surface to 12% at
1000 m altitude. Under clean conditions, the reduction is considerably smaller and increases
from 2% to 4% with height.

1 
 

 

Figure 6. Upper panels: production rate of ozone in the urban area with and without segregation.
Lower panels: same but for the forested areas. First columns: polluted conditions; second columns:
clean conditions; third columns: low NO conditions; fourth columns: low CO+RH-A conditions. The
relative difference is a measure of the effect of segregation.

Besides the polluted and clean cases discussed above, two additional simulations were
performed to provide sensitivity tests. One assumes low NO emissions corresponding to
the CLEAN case, while the emissions of CO and RH-A remained as in the POLLUTED
case. In the second case, CO and RH-A emissions were set at the values of the CLEAN case,
while the emission of NO remained high at the POLLUTED levels. The ozone production
rates resulting from these two cases are shown in Figure 6.

The ozone production patterns for the low NO case are very similar to those of the
clean case. The case with high NO but low CO and RH-A shows patterns similar to those
found in the polluted case. This suggests that in our simple model conditions, the ozone
production is limited by the NO levels rather than the other anthropogenic species.

7. Conclusions

We have shown that turbulent motions affect the rate at which chemical species react
together and hence their mean concentration in the planetary boundary layer. Segrega-
tion effects can only be captured in high-resolution models and quantified, for example,
through large eddy simulations. The effect of segregation is best quantified by the so-called
segregation intensity, which is equivalent to the relative change due to segregation of the
reaction rate. The methodological approach summarized in the first section of this paper
was applied to Hong Kong Island. This area is subject to strong turbulent motions and is
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characterized by inhomogeneous emissions of chemical species. To avoid excessive compu-
tational burden in a conceptual study, the adopted chemical mechanism was idealized with
two primary hydrocarbons, one of anthropogenic origin emitted in the urbanized areas,
mostly along the coasts, and the second one of biogenic origin emitted by the vegetation on
the mountains. We also considered a polluted case, intended to mimic the current situation,
and a clean case, intended to be representative of the city that has taken drastic action to
improve air quality.

The numerical simulations show that the concentrations of the chemical compounds
are quite different along the coast of the island and over the mountains, which are dom-
inated by urban and forest emissions, respectively. The reduction in the anthropogenic
emissions modifies not only the concentrations of the emitted chemical species but also the
distribution patterns of some compounds such as OH and O3.

The reduction in the reaction rate of OH and RH-A by segregation reaches 25% near
the surface in urban areas under heavy pollution conditions; however, the influence of
segregation becomes considerably smaller under clean conditions. The segregation effect
reduces by 20–30% the rate of the reaction between OH and RH-B in both polluted and
clean cases. If we combine the effects of anthropogenic and biogenic hydrocarbons, the
impact of segregation is greater in urban areas under high pollution, and under clean
conditions, it is greater in forested areas.

The ozone production rate is also influenced by segregation. Under polluted condi-
tions, segregation reduces the ozone production rate by as much as 50% at about 100 m
above the urban region, and by 20% near the surface of the forested mountain area. The
effect of segregation is considerably smaller under clean conditions. When the sources of
anthropogenic species are reduced by a factor of 100, the reduction in the ozone production
rate is only of the order of 2–4% in both urban and forest regions. Two addition sensitive
runs with low NO or low RH-A and CO were conducted to estimate the factors that affect
ozone production. The results show that with our setup, the NO source strength is the
dominant factor that controls ozone production as well as the segregation impact level on
the ozone production rate.

We conclude that in urban areas with inhomogeneous emissions of pollutants affected
by turbulent flows, segregation between fast-reacting species can be substantial and affects
the rate at which photochemistry operates. This seems the case, particularly for the rate
at which primary hydrocarbons are oxidized and the rate at which boundary layer ozone
is produced. It is therefore advisable, when considering urban chemistry in a multi-
scale global and regional modelling environment, to implement a zooming capability to
address segregated processes in urban areas. The new generation of models such as the
MUSICA (the Multi-Scale Infrastructure for Chemistry and Aerosols) platform currently
under development that includes an unstructured grid with regional refinement is an
important step in this direction [23]. It could be complemented in the future by considering
additional zooming capabilities that would resolve turbulent-scale processes at tens of
meters resolution in urban settings.
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