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Abstract. Research during the past decades has outlined
the importance of biogenic isoprene emission in tropospheric
chemistry and regional ozone photo-oxidant pollution. The
first part of this article focuses on the development and val-
idation of a simple biogenic emission scheme designed for
regional studies. Experimental data sets relative to Boreal,
Tropical, Temperate and Mediterranean ecosystems are used
to estimate the robustness of the scheme at the canopy scale,
and over contrasted climatic and ecological conditions. A
good agreement is generally found when comparing field
measurements and simulated emission fluxes, encouraging
us to consider the model suitable for regional application.
Limitations of the scheme are nevertheless outlined as well
as further on-going improvements. In the second part of the
article, the emission scheme is used on line in the broader
context of a meso-scale atmospheric chemistry model. Dy-
namically idealized simulations are carried out to study the
chemical interactions of pollutant plumes with realistic iso-
prene emissions coming from a Mediterranean oak forest.
Two types of anthropogenic sources, respectively represen-
tative of the Marseille (urban) and Martigues (industrial)
French Mediterranean sites, and both characterized by dif-
ferent VOC/NOx are considered. For the Marseille sce-
nario, the impact of biogenic emission on ozone production
is larger when the forest is situated in a sub-urban config-
uration (i.e. downwind distance TOWN-FOREST<30 km,
considering an advection velocity of 4.2 m.s−1). In this case
the enhancement of ozone production due to isoprene can
reach +37% in term of maximum surface concentrations and
+11% in term of total ozone production. The impact of
biogenic emission decreases quite rapidly when the TOWN-
FOREST distance increases. For the Martigues scenario, the
biogenic impact on the plume is significant up to TOWN-
FOREST distance of 90 km where the ozone maximum sur-
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face concentration enhancement can still reach +30%. For
both cases, the importance of the VOC/NOx ratio in the an-
thropogenic plume and its evolution when interacting with
the forest emission are outlined. In complement to real case
studies, this idealized approach can be particularly useful for
process and sensitivity studies and constitutes a valuable tool
to build regional ozone control strategies.

1 Introduction

Biogenic volatile organic compounds (BVOCs) such as iso-
prene and monoterpenes are known to play key roles in atmo-
spheric chemistry processes that range from local to global
scales (Guenther et al., 1995). In particular, the tropospheric
production of ozone due to photochemical reactions of ni-
trogen oxides (NOx) can be enhanced by the presence of
BVOCs, which are very reactive compared to most anthro-
pogenic VOCs (Stockwell et al., 1997). The impact of bio-
genic emissions on ozone pollution can be detectable in some
urban areas (Chameides et al., 1988) and is very important
at rural sites (Tsigaridis and Kanakidou, 2002). Therefore,
policies developed to control primary pollutant emissions
should always take account of biogenic emissions as much
as possible (Roselle et al., 1994). At the regional scale, the
spatial extent and dissemination of BVOCs throughout the
landscape favor complex interactions with pollutant plumes
which determine the regional ozone budget (Sillman et al.,
1999). An important aspect of modeling studies investigating
these phenomena is the representation of BVOC emissions in
simple models (Guenther et al., 1993) designed to simulate
emissions for a wide range of vegetation and species. An-
other important aspect is the modeling of the diversity and
the complexity of biogenic source distributions throughout
particular landscapes.
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The French Meso-Scale Non-Hydrostatic Chemical model
Meso-NH-C (Tulet et al., 1999, 2002; Crassier et al., 2000)
was developed in the last few years and has been fre-
quently used for regional anthropogenic pollution studies.
The present paper aims at presenting and testing a simple
biogenic emissions scheme designed for Meso-NH-C, and
studying in a simplified application the interaction of pollu-
tant plumes with a typical isoprene-emitting Mediterranean
forest. Sections 2 and 3 describe the model and present
a “stand alone” approach where isoprene emission fluxes
are simulated using simple parameterizations and hypothe-
ses. Isoprene emission estimates from the resulting BVO-
CEM scheme are compared to field measurements of iso-
prene fluxes from boreal, temperate, tropical and Mediter-
ranean forest ecosystems. The objective of the two sections
is to evaluate the robustness of the scheme for contrasting
conditions, rather than to perform a detailed validation study
for each of the different data sets.

In the second part (Sect. 4), the BVOCEM emission
scheme is used to simulate isoprene fluxes in the broader con-
text of the Meso-NH-C atmospheric chemistry model. The
study of the potential impact of isoprene emissions from a
Mediterranean oak forest on anthropogenic polluted plumes
is presented using idealized applications. The anthropogenic
sources of primary compounds correspond to the French
Mediterranean urban areas of Marseille (essentially charac-
terized by traffic emissions) and Martigues (characterized
predominantly by industrial sources). The emissions from
these two urban areas are characterized by quite different
VOC/NOx ratios. The influence of distance between town
and forest on ozone production is discussed for these two
urban areas. These anthropogenic source locations are sit-
uated in the region where the ESCOMPTE regional experi-
ment (Cros et al., 2004) took place.

2 Isoprene emissions modeling

Numerous studies have modeled isoprene fluxes at the
ecosystem level, using sometimes very detailed representa-
tion of canopy structure, micro-climate, and chemical pro-
cesses (see for example Baldocchi et al., 1999). In the present
study, the isoprene emission scheme is designed for regional
atmospheric chemical modeling. This implies a compromise
between the realism of modeling and the necessary restric-
tion in the number of parameters to be used. We adopt here
a classic bottom-up approach to derive isoprene fluxes at the
canopy level from species emissions factors (Guenther et al.,
1993, 1995, 1999). The ecosystem canopy is represented
by a simple homogenous layer of leaves comprising of the
different species (Solmon et al., 2004). The instantaneous
isoprene canopy flux is estimated as:

F(t) = EP × EC(t), (1)

wheret stands for time,F is the instantaneous isoprene emis-
sion flux at the canopy scale (inµg.m−2.h−1), EP is the
canopy emission potential andEC(t) is the canopy envi-
ronmental correction factor accounting for effect of micro-
climate (photosynthetically active radiation (PAR) and leaf
temperature) on isoprene emissions (Guenther et al., 1993).

For a given vegetation cover, the canopy emission poten-
tial is calculated as

EP=

Nsp∑
i

τi .EFi .Bmi, (2)

where Nsp is the number of species in the canopy,τi is the
cover each species (ith) in the canopy, EFi (µg.gDW .m−2)

is the species leaf level standard emission factor and Bmi

is the dry specific leaf biomass density (gDW .m−2). Once
determined,EP is assumed to remain constant for the time
scale of our model runs (on the order of days to weeks).

The dynamic environmental correction factorEC(t) factor
is calculated as

EC(t) =
1

h
· CT (TS(t)).

h∫
0

CL(PAR(z, t))dz (3)

CL andCT are the emission activity factors depending on
the evolving photosynthetically active radiation (PAR) and
leaf temperature TS (Guenther et al., 1993, 1995, 1999).
These latter variables are calculated with the Interaction-Sol-
Biosph̀ere-Atmosph̀ere scheme (ISBA-Ags) (Calvet et al.,
1998; Noilhan and Planton, 1989). Based on a big-leaf ap-
proach, ISBA-Ags solves a single energy budget for the veg-
etation. The prognostic surface is assumed to represent the
mean vegetation layer temperature. This assumption is rea-
sonable if the vegetation cover is dense. In Eq. (3), the CL

term is integrated over the canopy height (h) using the in-
canopyPARattenuation scheme presented by Roujean et al.,
(1996) (see also Solmon et al., 2004). ThePARis generated
as a fraction (0.48) of the SW (Solar Wave radiation) forc-
ing. ISBA-Ags and the coupled biogenic emission model
(referred hereafter as “BVOCEM”) can run in “stand-alone”
simulations (i.e., providing an external radiative and mete-
orological forcing and surface parameterization), or interac-
tively within the Meso-NH meso-scale atmospheric scheme
(Solmon et al., 2004).

3 Stand alone validation

3.1 Site descriptions and forcing data

Four sites representing varying forest ecosystems (in terms of
climate and ecology) were considered (Table 1). For each of
these four sites, ISBA-Ags was constrained by site-specific
meteorological forcings, as well as in-situ estimations of soil
water content (root zone). Surface parameters required by
the ISBA-Ags (i.e., vegetation cover rate, leaf area index
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Table 1. Main characteristic of isoprene emitting ecosystems considered for validations. Details on isoprene emissions potential estimations:
(a) Obtained considering a species emission factor forpopulusequal to 50µg.g−1

dw
.h−1 (Kesselmeier et al., 1999). The resulting value close

to the direct estimation of Fuentès et al. (1999) who obtained 28 nmol.m−2.s−1 (7000µg.m−2.h−1) from seasonal measurements on the
BOR site; (b) Obtained from in situ vegetation screenings giving a mean species emission factors equal to 36,7µg.g−1

dw
.h−1, (Guenther et

al., 1994); (c) Obtained from in situ vegetation screening over 82% (in term of LAI) of present species (Serça et al, 2001); (d) Obtained from
an emission factor equal to 22,75µg.g−1

dw
.h−1 for Quercus pubescens(Owen et al., 1998, see also text).Juniperusunderstorey is considered

as non emitter.

Ecosystem BOR DUK TROP MED

Situation 53,7◦ N; 106,2◦ W 35◦58′25′′ N; 79◦06′55′′ W 2◦ N; 16◦ E 43◦39′ N; 3◦41′ E
Boreal forest, Temperate forest, Dense tropical canopy, Mediterranean forest,

Characteristics Homogenous canopy with Dense canopy, flat terrain, EXPRESSO instrumented site flat terrain (8000 ha),
understorey cover Duke University instrumented site (Delmas et al., 1999) Light canopy

Populus tremuloides, Quercus sp, Large variability Quercus pubescens(85%),
Dominant species Populus balsamifera(<8%), Strong emitters Juniperus (understorey)

non emitting understorey
Height (m) 22 28–32 45 6
LAI (m−2.m−2) 5.6 (total), 2.4 (emitters) 5.2 6.3 2.4 (total)
Dry leaf biomass (gdw.m−2) 144 (emitters) 472 - 228
Isoprene EP (µg.m−2.h−1) 7000 (a) 17 300 (b) 4443 (c) 5185 (d)

Above canopy radiations, wind, Above canopy radiations, wind, Above canopy radiations, wind, Above canopy radiations, wind,
Micro-meteorological forcing air temp. and hum., air temp. and hum., air temp. and hum., air temp. and hum.,

Net rad., sens and lat. heat fluxes Net rad., sens and lat. heat fluxes sens and lat. heat fluxes sens and lat. heat fluxes
Isoprene fluxes method Flux-gradient method Relaxed Eddy Accumulation Relaxed Eddy Accumulation Fast isoprene sensor + covariance method

(Rq. gaps in measurements)
Period of measurement Days 203, 207 and 215, 8 successive days, 17–23 March 1996 28 June–2 July 2000

August 1994 June 1996
Fuent̀es et al., 1999 Guenther et al., 1994 Klinguer et al., 1998 -

References Geron et al., 1997 Serça et al., 2001
Guenther et al., 1998

(LAI), height, roughness, albedo; see Calvet et al., 1998;
Noilhan and Planton, 1989) were determined from in-situ ob-
servations. References describing each experimental site and
the data collected at each, as well as corresponding emis-
sion potential estimations, are provided in Table 1, except
for the last Mediterranean experiment (MED case). This
site was monitored using instruments deployed for the ES-
COMPTE 2001 regional experiment (Cros et al., 2003). Data
collected at several field campaigns, including the BEMA
project, have shown that the emission potential forQuer-
cus pubescensis extremely variable (e.g., Kesselmeier et al.,
1999). Thus, it was necessary to estimate a representative
value ofEF during the MED experiment. No leaf-level mea-
surements were performed at the plant level on this ecosys-
tem during the ESCOMPTE project. However, measured
canopy level fluxes (collected during the ESCOMPTE ex-
periment) were normalized to standard conditions using the
measuredPAR, air temperature, and emitting biomass, re-
sulting in an emission factor of about 20µg.g−1

dw.h−1. Of
course, this estimation does not constitute a direct measure-
ment of emission factor, but it allowed the determination of
its probable value. The calculated emission factor is consis-
tent with the range of values found in the literature (22.75–
90µg.g−1

dw.h−1). Owen et al. (1998) determined an emission
factor 22.75µg.g−1

dw.h−1 for Quercus pubescensin a French

forest during the BEMA experiment from June to Septem-
ber 1995, (conditions very similar to the MED experiment).
This value, which approaches the ecosystem estimation, was
used to determine the representative emission potential of
5185µg.m−2.h−1reported in Table 1.

3.2 Results

To describe as well as possible the canopy energy budget
and surface temperature (Calvet et al., 1998), the leaf mes-
ophylian conductance parameter was first calibrated by min-
imizing the root mean square error between observed and
simulated time series of net radiation and latent and sensible
heat fluxes. For the four different databases, the simulated la-
tent and heat fluxes agree reasonably with the measurements,
with a total root mean square error varying from 30 W.m−2

for the BOR case to 70 W.m−2 for the MED case. For the
MED site, the simulation of latent heat flux is more chal-
lenging due to the strong controls of Mediterranean plants
on transpiration, as well as soil moisture heterogeneity.

Figure 1 displays a time series of modeled and experimen-
tal values of isoprene fluxes for the four cases. The tem-
poral evolution of fluxes is in quite good agreement with
measurements: the morning activation, diurnal maxima, and
evening decrease are generally in phase. Correlation coef-
ficients between modeled and measured isoprene fluxes are
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Fig. 1. Simulated isoprene emission fluxes (solid lines) inµg.m−2.h−1 versus measured emission fluxes (dots) for four contrasted ecosys-
tems. (a) BOReal forest for three separate days;(b) DUKe forest temperate ecosystem for 8 consecutive days;(c) TROPical forest for 6
consecutive days;(d) MEDiterranean forest for five consecutive days. See text and Table 1 for descriptions of these ecosystems.
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Fig. 2. Global scatter plot of model results versus isoprene flux
measurement in the four ecosystems (see Fig. 1 legend) – correla-
tion coeffcients: rBOR=0.89, rDUK=0.91 and rMED=0.88.

0.89 for BOR case, 0.91 for the DUK case, and 0.88 for the
MED case. Not enough data are available to calculate a re-
liable correlation coefficient in the TROP case. On Fig. 2,
we note that the model tends to systematically overestimate
the measurements. A possible cause of this bias lies in the
assumption of a single leaf energy balance, which does not
account for thermal profile in the canopy (e.g. shade leaves

being cooler than sun exposed leaves). For the MED case,
the results can be improved by assuming that leaf temper-
ature is equal to the air temperature measured at the same
canopy level (which was checked in situ, data not shown).

The model bias may also be the result of uncertain emis-
sion potential estimates. Numerous studies outline the large
inter- and intra-species variability of emission factors and dry
leaf biomass density, as well as the phenologic and seasonal
dependencies of these variables (Xiaoshan et al., 2000; Otter
et al., 2002). These uncertainties have direct repercussions
on emission potentials (Guenther et al., 2000). For the four
studied ecosystems, emission potentials have been estimated
with in situ measurements and therefore, uncertainties should
be minimized.

The isoprene emission flux estimates produced with the
simple, stand-alone scheme presented here compares fairly
well with measured values, suggesting that this method is
suitable for estimating isoprene emissions in regional studies.

4 Application: chemical impact of a Mediterranean for-
est isoprene emissions

4.1 The Meso-NH-C model

The non-hydrostatic meso-scale meteorological model
MesoNH is jointly developed by CNRM (Centre National
de la Recherche Ḿet́eorologique – CNRM, France) and
Laboratoire d’Áerologie (Centre National de la Recherche

Atmos. Chem. Phys., 5, 1915–1929, 2005 www.atmos-chem-phys.org/acp/5/1915/
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Fig. 3. Schematic configuration of the idealized domain of simula-
tion to study the interactions between of the anthropogenic plume
coming from TOWN area and isoprene emission from the FOR-
EST area.d1 to d4 represent different downwind distances between
TOWN and FOREST. The horizontal resolution is 5 km.

Scientifique – CNRS) (Lafore et al., 1998). MesoNH can
run with an on-line chemistry option (MesoNH-C) that
uses the Regional Lumped Atmospheric Chemical Scheme
(ReLACS, Crassier et al., 2000), a reduced version of the Re-
gional Atmospheric Chemistry Mechanism (RACM) model
(Stockwell at al., 1998). ReLACS includes 37 species (bio-
genic hydrocarbons being explicitly differentiated) associ-
ated with 128 chemical reactions (Crassier et al., 2000; Tulet
et al., 2003). The anthropogenic emissions issued from the
GENEMIS inventory are directly prescribed to the model.
The BVOCEM model (described in Sect. 2) is implemented
in MesoNH-C (Solmon et al., 2004) to calculate biogenic iso-
prene emissions.

4.2 The configuration of idealized simulation

The main objective of the simulations described here was to
characterize the impact of biogenic isoprene emissions in a
simplified dynamical situation with realistic surface chem-
ical emissions. We considered a flat idealized domain of
250 km2, with a 5 km horizontal grid resolution and 30 ver-
tical levels with a fine stretched resolution starting at 10 m
above the surface. The top of the domain was set at 10 500 m.
Three types of surface were defined on this domain (Fig. 3):
(i) the TOWN type associated with the town energy budget
model of Masson et al. (2000), (ii) a default vegetation as-
sociated with a set of surface parameters representative of
Mediterranean grassland (Masson et al., 2000), and (iii) a

FOREST cover characterized by the set of surface param-
eters described and validated in the above-mentioned MED
experiment (Sect. 3). The dimensions of the modeled TOWN
and the FOREST areas were typical of landscape configu-
rations in Mediterranean regions (e.g., the ESCOMPTE do-
main). The atmospheric variables (temperature, humidity,
and pressure) were initialized with the ECMWF analysis and
corresponded to 30 July 2001. The domain boundary condi-
tions were constrained every 6 h using the ECMWF analysis.
The wind module was set to 4.2 m.s−1 to simulate realistic
advection of primary anthropogenic pollutants to the forest
region. The simulations were performed for the period 30
July, 00:00 UT to 31 July, 00:00 UT.

4.3 Chemical sources and initial conditions

For TOWN anthropogenic emissions, we considered succes-
sively two distinct sources, both provided by the GENEMIS
primary compounds database (Wickert et al., 1999) and rep-
resentative of a typical Mediterranean summer day. The first
corresponded to the Marseille town (henceforward referred
asMSscenario). TheMSNOx and VOC emissions, charac-
terized by motor vehicle emissions, are shown in Figs. 4a and
4b. The VOC term in those figures represents the sum of pri-
mary organic groups as defined in Crassier et al. (2000). For
theMSscenario, the corresponding VOC/NOx emission ratio
was approximately 5 ppbC/ppb during when emissions were
at their daily maximum (Fig. 4c). The second TOWN source
was represented by the Martigues area (referred asMT sce-
nario). This urban source was characterized by a substantial
industrialized zone and significant car traffic. TheMT emis-
sions did not show a strong diurnal cycle when compared to
MSurban emissions (Figs. 4a and 4b). The main difference
between these TOWN emission sources was the VOC/NOx

ratio, the average of which was∼2 for theMT and∼4 for the
MSscenario (Figs. 4c). These anthropogenic emissions were
prescribed hourly at the surface on the TOWN delimited area
for the model simulations.

The diurnal FOREST isoprene emission was directly cal-
culated by the BVOCEM scheme described above. The diur-
nal evolution of isoprene emissions corresponded to day 4 in
Fig. 1d (see also Sect. 3), which compared realistically with
observations.

The initialization of the model chemical fields was based
on clean air values for each species of the ReLACS scheme.
In particular, the initial homogeneous ozone concentration
was set to 40 ppb over the entire model domain. The same
clean air characteristics were considered for the boundary
conditions. Consequently, the upwind ozone concentrations
reaching the TOWN were constant and equal to 40 ppb. No
specific sensitivity study to these initial and background con-
ditions is presented in this study. However some tests sug-
gested that, at the first order and in our simplified case, the in-
plume ozone chemistry was mainly controlled by the emis-
sions and that the ozone background value acted only as an

www.atmos-chem-phys.org/acp/5/1915/ Atmos. Chem. Phys., 5, 1915–1929, 2005
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Fig. 4. Chemical characteristics of the anthropogenic sources for
the TOWN area.(a) Diurnal evolution of VOC fluxes for Marseille
(MS) and Martigues (MT) scenarios;(b) Diurnal evolution of NOx
for MSandMT scenarios;(c) Corresponding VOC/NOx ratios.

offset. As described above, the simulation was performed
over one day, from 00:00 UT to 12:00 UT. Dynamical and
chemical spin up time were very small in this open idealized
configuration. The results from 08:00 to 20:00 are discussed
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Fig. 5. Isoprene emission flux above the FOREST area for the 3D
simulation. Dots represent experimental data collected during the
Mediterranean field campaign (see text, Sect. 3).

here.
In order to study the scale of interactions between an-

thropogenic plumes and biogenic sources, model simulations
were performed for using theMS andMT sources. In each
case, four different downwind distances (referred asd1-the
shortest,d2, d3 and d4-the longest, cf Fig. 3) between the
FOREST and TOWN area were studied. For each distance,
a simulation including isoprene emissions (referred asBIO
simulation) and a control simulation without biogenic emis-
sions (NOBIO) was performed, the other conditions being
strictly equivalent.

4.4 Reference anthropogenic plumes

The results of theNOBIO simulations performed with the
MSandMT scenarios showed the development of the ozone
in the plume from the anthropogenic sources. These plumes
were characterized by surface ozone concentration exceeding
the initial clean air value of [O3]=40 ppb (Figs. 6 and 7).

The simulation of ozone from theMS-NOBIO showed a
“typical” development over the day with a concentration in-
crease starting around 09:00 UT, and a maximum concen-
tration of 60 ppb reached around 12:00 UT (Fig. 6a). The
VOC/NOx ratio reached 6.5 in the maximum of the ozone
plume (Fig. 6b). As the ozone plume was transported and
diluted during the day, the VOC/NOx ratio increased down-
wind of the source (Fig. 6b, 12:00 UT and 15:00 UT). Imme-
diately near and over the anthropogenic TOWN source, the
VOC/NOxratio remained low.

The surface ozone concentrations in theMT-NOBIOsim-
ulation are shown in Figs. 7a and b. The maximum ozone
concentration in theMT-NOBIO simulation occurred at
15:00 UT and at a farther downwind distance than in theMS-
NOBIO simulation. Since dynamic conditions were equiv-
alent, the difference was related to the larger nighttime an-
thropogenic emissions inMT scenario (Figs. 4a and b). Un-
til 12:00 UT, the ozone concentration increase was mainly
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Fig. 6. Reference simulations without biogenic emissions for the Marseille-d1 case (MS-NOBIO). Horizontal section (at 10 m above ground)
are given at 09:00 UT, 12:00 UT and 15:00 UT.(a) Ozone concentration fields (in ppb),(b) VOC/NOx ratio.

observed at the front and on the edge of the anthropogenic
plume (Fig. 7a). The area of relatively low ozone concen-
trations inside the plume (Fig. 7a) at 09:00 and 12:00 UT
immediately downwind of the source) was associated with a
low VOC/NOx ratio < 2.5 (Fig. 7b). In this area, the ozone
production was inhibited by high NOx concentrations (NOx-

saturated conditions as defined in Sillman et al., 1999). Such
effects have been experimentally observed close to strong
NOx sources (e.g., Trainer et al., 1995).

In the following discussion,NOBIOplumes are considered
as reference to evaluate the impact of isoprene emissions in
BIO simulations.
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4.5 Biogenic impact on the anthropogenic ozone plume

4.5.1 Ozone concentrations

Figures 8a and b show the predicted diurnal cycle of maxi-
mum ozone concentrations in the model domain when iso-
prene emissions were included in the simulations (BIO)
for different TOWN-FOREST distances (d1 – the short-
est to d4 – the longest. The distances are given be-

tween the centers of the sources, Fig. 3) and forMS and
MT scenarios. The relative impact of isoprene emissions
on the maximum ozone concentration was calculated as
Wc=

[O3]BIO
max −[O3]NOBIO

max
[O3]NOBIO

max
. The daily evolution ofWc is shown

in Figs. 8c and 8d.

MS scenario:

The largest impact of biogenic isoprene emissions on
the maximum ozone concentrations occurred at distanced1,
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Fig. 8. Results of simulation taking into account biogenic emission over the FOREST area.(a) Evolution of the ozone maximum concen-
tration in theMScase for different downwind distances between TOWN and FOREST (d1 to d4); (b) Same as (a) for theMT scenario;(c)
Evolution of the relative contribution of isoprene emission to ozone maximal concentrationWc (see definition in the text) in theMScase;(d)
Same as (c) for theMT scenario.

whereWc reached∼37% around 11:00 UT (Fig. 8a). A
VOC/NOx ratio< 2.5 associated to significant NOx concen-
trations (Fig. 6b) induced a “VOC sensitive” chemical regime
(Sillman, 1999) in the simulatedMS-NOBIOanthropogenic
plume. Consequently, isoprene emissions (MS-BIO simu-
lation) had a large impact on the ozone production in this
case. This impact was weaker for thed2 distance (Wc ∼10%,
Fig. 8a) since the reference anthropogenic VOC/NOx ratio
increased rapidly with downwind distance (Fig. 6b). After
12:00, the reference VOC/NOx ratio characterizing the an-
thropogenic plume atd1 andd2 increased with time (Fig. 6b);
therefore,Wcdecreased in spite of higher isoprene emissions
in the afternoon. At distancesd3 andd4, the reference pol-
lutant plume had already evolved towards a “NOx sensi-

tive” regime characterized by high VOC/NOx ratio (Sillman,
1999). Thus, at this point where the plume reached the FOR-
EST, the isoprene emissions had little impact on the ozone
concentration in the plume (Fig. 8a).

Figures 9a and b show respectively the surface ozone con-
centration and VOC/NOx ratio evolution for theMS-BIO
simulation, considering a TOWN-FOREST distance equal to
d1. When comparing Fig. 9a to reference plumes (Fig. 6a),
we note that, in addition to maximum ozone concentrations,
the FOREST isoprene emissions also impacted the shape
and extent of the ozone plume. In thisMS-BIO simula-
tion, the location of the maximum ozone concentration was
shifted downwind. A comparison between Figs. 6b and 9b
shows that the VOC/NOx ratio increased more rapidly when

www.atmos-chem-phys.org/acp/5/1915/ Atmos. Chem. Phys., 5, 1915–1929, 2005
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Fig. 9. Simulation results taking into account biogenic emission for theMScase with thed1 TOWN-FOREST distance (the square represent
the FOREST). Horizontal section (at 10 m above ground) are given at 09:00 UT, 12:00 UT and 15:00 UT.(a) Ozone concentration field
(ppb). (b) VOC/NOx ratio (ppbC/ppb).

the isoprene source was located closer to the anthropogenic
source. The biogenic isoprene emission over the FOREST
area induced a faster maturation of the plumes from a “VOC
sensitive” regime to a “NOx sensitive” one (see also Sillman,
1999).

MT scenario:

The referenceMT-NOBIO simulation at 09:00 UT was

characterized by a VOC/NOx ratio <2.5 (Fig. 7b). These
conditions defined a VOC-sensitive regime prevailing for the
d1, d2, andd3 distances, and to a lesser extent ford4. Con-
sequently, in theMT-BIO simulations, the ozone formation
was sensitive to isoprene emissions even moderated in the
morning (Fig. 8d). However, the ozone production in this
scenario was also limited by high NOx concentrations in the
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Fig. 10. Same as Fig. 9 for theMT scenario (the square represent the FOREST).

anthropogenic plumes (particularly on the morning) as dis-
cussed in Sect. 4.4 (see also Fig. 7a). As a result of the bal-
ance between VOC-sensitive and NOx-saturated region, the
maximum biogenic impact in the morning occurred at the
distanced3, with a relative increaseWc reaching almost 30%
at 11:00 UT (Fig. 8d). In this case,d3 represented the opti-
mal distance for which the VOC/NOx ratio was favorable to
biogenic ozone formation. Later in the day, as the NOx satu-
rated area extension reduces, the optimal VOC sensitive con-

ditions were observed at distances closer to the TOWN (cf
Fig. 7b): consequently, the maximum relative impacts (Wc)

of biogenic emission were found successively ford3, d2 and
d1 TOWN-FOREST distances (Figs. 8b and 8d).

For the distanced1 (i.e. very close to the TOWN source),
the maximum biogenic impactWc of 32% occurred around
14:00 UT, when the isoprene emissions were at their max-
imum. The highest value of the maximum ozone concen-
tration also happened at distanced1 between 15:00 UT and

www.atmos-chem-phys.org/acp/5/1915/ Atmos. Chem. Phys., 5, 1915–1929, 2005
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Fig. 11. (a) Simulation results taking into account biogenic emission over the FOREST area.(a) Total ozone amount in the plume for the
MSsituation, function ofd1 to d4 TOWN-FOREST distances;(b) Same as (a) forMT scenario;(c) Evolution of the relative contribution of
isoprene emission to the total ozone amountWQ (see definition in the text) in theMScase;(d) Same as (c) for theMT scenario.

17:00 UT (Fig. 8b). As illustrated on Figs. 7a and 10a, the
pattern of the ozone plume was significantly modified by the
biogenic source: at 12:00 UT, the biogenic VOC emissions
were sufficient to enable ozone production, whereas ozone
production was inhibited by NOx-saturated conditions in the
reference simulation. At 15:00 UT an ozone surface concen-
tration maximum appeared downwind of the forest. More-
over, as discussed for theMS scenario, diurnal cycle of the
VOC/NOx ratio was also strongly affected, indicating an ac-
celeration of the downwind plume maturation resulting from
isoprene emissions (Fig. 7c vs. Fig. 10b).

4.5.2 Integrated ozone amount

In the Sect. 4.5.1, the impact of biogenic sources was dis-
cussed in term of concentrations, which are relevant for the

comparison with pollution thresholds. Complementarily, the
evaluation of the total ozone amount contained in the plume
QO3 (kg) can give a spatially and temporally integrated in-
sight of the biogenic ozone production during the day. Here,
QO3 (kg) was calculated for the whole 3-dimensional do-
main as the sum of ozone amounts contained in the cells
for which the ozone concentration exceeded 40 ppb (i.e. the
initial and forcing concentration). The relative increase in
the total mass of ozone resulting from biogenic precursors,
compared to a pure anthropogenic plume, was calculated as:

WQ=
QBIO

O3 −QNOBIO
O3

QNOBIO
O3

.
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Table 2. Maximum values for ozone concentration ([O3]max), ozone total amount (QO3) and relative contribution of isoprene emissions
(Wc max).

MS-case

d1 d2 d3 d4[
O3

]
max (ppb) 73 at 11 a.m. 62 at 12:30 a.m. 60 at 3 p.m. 60 at 3 p.m.

QO3 (kg) 250 000 at 6 p.m. 230 000 at 6 p.m. 215 000 at 6 p.m. 215 000 at 6 p.m.
Wc max (%) 37 at 11 a.m. 10 at 11 a.m. 5 at 11 a.m. 5 at 11 a.m.

MT-case

d1 d2 d3 d4[
O3

]
max (ppb) 66 at 4 p.m. 63 at 4 p.m. 60 at 11 p.m. 52 at 5 p.m.

QO3 (kg) 350 000 at 6 p.m. 340 000 at 6 p.m. 340 000 at 6 p.m. 310 000 at 6 p.m.
Wc max (%) 32 at 14 a.m. 30 at 14 a.m. 30 at 11 a.m. 10 t 12 a.m.

5 MS scenario

The maximum ozone production in the plume was obtained
for the d1 TOWN-FOREST distance with a total ozone
amount reaching 260.103 Kg at 18:00 UT (Fig. 11a). The fi-
nal amount of ozone was approximately 240.103 kg for thed2
case (Fig. 11a) for the same time. The proximity of FOREST
and TOWN areas favored the availability of anthropogenic
NOx reacting with biogenic compounds, as discussed in the
Sect. 4.5.1. Moreover, the proximity of FOREST and TOWN
areas also caused a longer interaction between the anthro-
pogenic plume and the forest area during daytime. No sig-
nificant differences were observed ford3 and d4 TOWN-
FOREST distances, which both resulted in total ozone mass
of around 230.103 kg.

From 08:00 UT to 10:00 UT very large value ofWQ

(Fig. 11c) were observed, indicating relatively strong ozone
production resulting from isoprene emissions that mixed
with available NOx . However, the corresponding absolute
ozone production was small (Fig. 11a), and the quantitative
value of WQ was highly uncertain (QNOBIO

O3 terms close
to zero). More significantly, from 10:00 UT to 20:00 UT,
the ozone production increased and the calculatedWQ stabi-
lized, around 10% ford1 and 8% ford2. The biogenic contri-
butions for thed3 andd4 scenarios were fairly insignificant,
with no major interaction between the forest emissions and
the anthropogenic plume for these distances (Sect. 4.5.1).

6 MT scenario

The in-plume ozone amounts obtained in the MT scenario
were larger than those from theMSscenario. The maximum
production was found for thed1 TOWN-FOREST distance,
with a value reaching 350.103 Kg at the end of the simulation
(Fig. 11b). The amount of ozone produced with thed2 dis-
tance reached 350.103 Kg and was slightly higher compared

to thed3 case (Fig. 11b). As discussed in theMS scenario,
WQ was highly sensitive to biogenic isoprene emissions from
08:00 UT to 10:00 UT. For the period 10:00 UT–14:00 UT,
significant amounts of ozone were produced corresponding
to high values ofWQ (Fig. 11c). Figure 11d indicates that
the biogenic isoprene emissions impacted ozone production
in the plume for all distances. The global decrease ofWQ

is dependent upon the VOC/NOx ratio, which increased over
the day as the ozone plume developed. The maximum bio-
genic impact on the ozone production was found for the
d1 distance, with a stable value ofWQ=17% (at 18:00 TU)
(Fig. 11d). For the distancesd2 andd3, we calculated a final
impact around 10%, whereas we obtained a stable value of
WQ=4% for the distanced4 both around 18:00 TU.

In Table 2, all the values for the maximum simulated ozone
concentrationsWc, andWq are reported.

7 Conclusion

A simple isoprene emission scheme designed for meso-scale
atmospheric chemistry studies has been introduced. In the
first part of this paper, validations of this scheme were carried
out at the local scale and for diverse ecosystem canopies (Bo-
real, Tropical, Temperate and Mediterranean forests). Re-
sults showed that the model has been able to reproduce sat-
isfactorily (correlation coefficient ranging from 0.88 to 0.91)
the diurnal cycle of isoprene emissions. A slight tendency
of the model to overestimate isoprene fluxes has nevertheless
been addressed. The model bias bears notably upon the diffi-
culty to accurately represent leaf temperatures with a simple
surface energy budget, especially for a Mediterranean-type
forest. However, these results encouraged us to consider this
emission scheme suitable for regional chemistry modeling.

In the second part of the paper, this isoprene emission
scheme was used with the atmospheric chemistry model
Meso-NH-C. Through a simplified approach, the interactions
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of two typical anthropogenic pollutant plumes with an iso-
prene emission source (from a Mediterranean oak ecosys-
tem) have been studied. Particularly, the impact of di-
verse TOWN - FOREST distances (fromd1= adjacent to
d4 ∼130 km between TOWN and FOREST centers) on
ozone surface concentrations and total ozone production in
urban plumes was investigated for a typical wind velocity of
4.2 m.s−1.

The first urban source considered (typical of Marseille)
was characterized by a relatively high VOC/NOx emission
ratio. The impact of forest isoprene emissions on ozone for-
mation in that urban plume was found to be most important
in close proximity to the TOWN area. In such a configura-
tion, biogenic isoprene was found to contribute up to 37% of
the maximum simulated ozone concentration, and 11% of the
total amount of ozone present in the plume at the end of the
afternoon. Due to the specificity of its emissions, the Mar-
seille anthropogenic plume rapidly evolved towards a NOx-
sensitive chemical regime. The impact of isoprene emissions
on the ozone in this plume decreased substantially when the
TOWN-FOREST distance increased for distances>70 km.

In the second modeling scenario, the urban source (typical
of Martigues) was characterized by a low VOC/NOx emis-
sion ratio. Isoprene emissions were shown to significantly
impact ozone formation in the plume at distances up tod3
(∼100 km). The biogenic emissions had little impact when
the source was located atd4. Due to the VOC-sensitive and
NOx-saturated conditions prevailing in this anthropogenic
plume, the biogenic isoprene emissions contributed to>30%
of the maximum simulated ozone concentrations in the morn-
ing hours for thed3 (100 km) distance. However, as the NOx

concentrations in the urban plume decreased during the day
for this scenario, the maximum impact of isoprene emissions
on ozone production shifted toward the TOWN area (d2 and
d1). For d1 (forest adjacent to the town), ozone maximum
surface concentrations were enhanced by isoprene emissions
as much as +32% in the afternoon, when biogenic emissions
peaked. Total ozone production in the plume was enhanced
by 17% due to biogenic precursors at thed1 distance at the
end of the day. Contributions calculated for larger TOWN-
FOREST distances were also significant.

In this idealized study, the different results obtained for the
d1 to d4 distances were sensitive to a number of factors, pri-
marily the plume advection velocity. A change in this latter
parameter would affect the time scale of interaction between
polluted plume and forest (diffusion of the plume, residence
time of primary pollutants above forest, etc). The initial
chemistry conditions would have been also a factor modu-
lating the concentrations obtained in this study, and which
deserve to be further investigated. As mentioned by Trainer
et al. (1995), the simulation of ambient ozone concentrations
requires a complex interaction between the photochemistry
and meteorology. Together, these factors determine the lo-
cation and the magnitude of the peak ozone concentrations
in urban plumes. The photochemical formation of ozone de-

pends strongly on the degree of reactivity of the ambient en-
vironment. Ryerson et al. (2001) observed that high ambient
isoprene concentrations can enhance the production of ozone
formation under specific ambient NOx conditions. But, the
ambient NOx /VOC ratio can lead to a less reactive ambient
environment with less ozone produced.

Idealized regional chemistry model that uses a simplified
landscape is an interesting tool that enables the isolation of
individual processes occurring at regional scales, including
the impact of biogenic sources in the production of ozone
within urban plumes. This model framework can be partic-
ularly useful when used to simulate well-documented areas,
and may eventually be applied to investigate various regu-
latory policies. Further, evaluating and forecasting BVOCs
emissions can be used by regional air quality scientists to act
upstream in controlling transport and/or industrial emissions
in regions characterized by strong biogenic VOC sources.
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