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Abstract. Plume-in-grid (PinG) models incorporating a host impact of PinG modeling on the formation of secondary or-
Eulerian model and a subgrid-scale model (usually a Gausganic aerosol (SOA) is small and results mostly from the ef-
sian plume or puff model) have been used for the simulationdect of different oxidant concentrations on biogenic SOA for-
of stack emissions (e.g., fossil fuel-fired power plants and ceimation. The investigation of the criteria for injecting plumes
ment plants) for gaseous and particulate species such as rirto the host model (fixed travel time and/or puff size) shows
trogen oxides (N6, sulfur dioxide (SQ), particulate matter that a size-based criterion is recommended to treat the forma-
(PM) and mercury (Hg). Here, we describe the extension oftion of secondary aerosols (sulfate, nitrate, and ammonium),
a PinG model to study the impact of an oil refinery where in particular, farther downwind of the sources (beyond about
volatile organic compound (VOC) emissions can be impor-15km). The impacts of PinG modeling are less significant in
tant. The model is based on a reactive PinG model for ozona simulation with a coarse grid size (10 km) than with a fine
(O3), which incorporates a three-dimensional (3-D) Euleriangrid size (2 km), because the concentrations of the species
model and a Gaussian puff model. The model is extended t@mitted from the PinG sources are relatively less important
treat PM, with treatments of aerosol chemistry, particle sizecompared to background concentrations when injected into
distribution, and the formation of secondary aerosols, whichthe host model with a coarser grid size.
are consistent in both the 3-D Eulerian host model and the
Gaussian puff model. Furthermore, the PinG model is ex-
tended to include the treatment of volume sources to simulate
fugitive VOC emissions. The new PinG model is evaluated1 Introduction
over Greater Paris during July 2009. Model performance is
satisfactory for @, PMy 5 and most PMs components. Two  An Eulerian air quality model calculates concentrations of
industrial sources, a coal-fired power plant and an oil refin-pollutants in a three-dimensional (3-D) grid and the mod-
ery, are simulated with the PinG model. The characteristicseled concentrations are spatially uniform within each grid
of the sources (stack height and diameter, exhaust tempecell. Therefore, emissions are necessarily diluted immedi-
ature and velocity) govern the surface concentrations of pri-ately in the volume of the grid cell(s) where they are in-
mary pollutants (NQ, SO, and VOC). Q concentrations are  jected. This modeling approach can lead to significant er-
impacted differently near the power plant than near the refintors for emission sources that have much smaller dimen-
ery, because of the presence of VOC emissions at the latsions than those of the grid cells. These errors include un-
ter. The formation of sulfate is influenced by both the disper-derestimation of emitted species concentrations downwind of
sion of S@ and the oxidant concentration; however, the for- the source due to the instantaneous emission dilution, over-
mer tends to dominate in the simulations presented here. Thestimation of emitted species concentrations upwind of the
source and in other model layers (e.g., in the surface layer)
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570 Y. Kim et al.: Plume-in-grid aerosol modeling in the Paris region

due to the instantaneous emission dilution in the source grichnd VOC emissions can lead to the formation of oxidants,
cell and subsequent transport and diffusion processes, and iiit-is of interest to apply a PinG model to study the impact of
correct concentrations of secondary pollutants due to chemirefineries where both NCand VOC emissions can be impor-
cal transformations involving under- or overestimated con-tant. However, VOC emissions result mostly from leaks and
centrations of emitted species (e.§gigneur et al.2006 should be treated as fugitive emissions distributed spatially
Karamchandani et al2011). The errors can be reduced by over a finite volume of the industrial site. Thus, the PinG
coupling a plume or puff model with the Eulerian model to model needs to be modified to account for volume sources in
create a multi-scale model, typically referred to as a plume-addition to point sources.
in-grid (PinG) model. First, the development of the PinG model for gaseous
PinG modeling has been used for ozong)(Gince the  and aerosol species due to emissions from point and vol-
1980s Karamchandani et al2011). It was later extended to ume sources is presented. Then, simulations are conducted to
particles Karamchandani et al2006. These models were evaluate the effect of PinG modeling on two major types of
evaluated for @ and PMs (fine particles with an aero- industrial sources: a fossil fuel-fired power plant and a refin-
dynamic diameter less than 2.5 micrometers). PinG mod-ery. The simulation domain, the episode, the model configu-
eling, compared to a standard grid-based Eulerian modetation, and the treatment of sources are described. Model per-
simulation, typically leads to a spatial redistribution of O formance is evaluated by comparison to measurements and
concentrations due to its interaction with nitrogen oxidesthe impact of the PinG model on air pollutant concentrations
(NOy), but a negligible effect on the domain-wide; Gud- due to emissions from the industrial sources is presented.
get (e.g.,Seigneur et al.198% Kumar and Russell1996
Karamchandani et al2002. On the other hand, PinG mod-
eling for fossil fuel-fired power plants led to lower concen-
trations of secondary sulfate and nitrate particles in a simula- . )
tion over the eastern United States, bec;)use of lower oxidan he Polyphemus version 1.8 hi(p://cerea.enpc.fr/

concentrations in the plumekdramchandani et al20086. pplyphemus/mdex.hltml air quality platform an(_:l Its
. . . PinG model Korsakissok and Mallet2010a Korsakissok
The performance of a PinG model (or its subgrid-scale

; : and Mallet 20108 are used as a starting point for this work.
model) has been evaluated with measured in-plume concenz, Polyphemus PinG model links a Gaussian puff model
trations. Vijayaraghavan et al(200§ compared concentra-

tions simulated with a subgrid-scale puff model (SCICHEM) (Korsakissok and Malle2009 and the Polair3D Eulerian

used in a PinG model (CMAQ-APT) with aircraft measure- model @outahar et a).2004 Sartelet et 8] 2007).
The Polyphemus Gaussian puff model treats the trans-
ments of power plant plumes. Modeled plume excess con-

centrations (i.e., the differences between the plume and baclgort gnd the c!|sper5|on qf pgffs as weII. as the ggs-phase
. chemical reactions occurring in the puffs in interaction with
ground concentrations) of NGand G showed good agree-

ment with measured concentrations about 4 km downwind ofthe ambient background. This model has been described by
the sourcesKaramchandani et a(2008 introduced an ap- Korsakissok and Malle20103. A brief description of the

i . . ._model is presented here to present the context for the addition
proach to calculate subgrid-scale concentrations using a sim-

ilar PinG model (CMAQ-MADRID-APT) that accounts for of aerosols in the Gaussian puff model and the new treatment
o . o . of volume sources.
uncertainty in the wind direction by calculating the concen- . .
. : Each puff transports all gaseous and particulate chemical
tration at a receptor site along an arc centered at the source . . S . )
. ) . sSpecies. The concentration distribution of a chemical species
and extending 30on each side of the receptor site. The : . . .
2 4 . ) o in the puff is assumed to be Gaussian and can be written as
source impacting the site was identified based on the SUIfu¥O||OWS'
dioxide (SQ)/ NOy plume excess ratio and the backtrajec- '
tory. The subgr!d-scal_e goncentrgnons showed variability Nc(x,y,2) = F(Q, 0y, 0y.02). 1)
SO, concentrations within the grid cell of a factor of three
and reproduced the plume concentration observed at the reyhereo, ando, are the Gaussian standard deviations on a
ceptor site. The Eulerian model (i.e., without PinG treatment)horizontal plane, respectively in the wind direction and per-
underestimated this observed concentration by a factor opendicular to the wind directiom, is the Gaussian standard
two. _ _ _ _ deviation in the vertical direction, an@ is the mass of a
Previous studies using PinG models have focused mostlgpecies in the puff. That mass is defined as the species emis-
on the simulation of elevated point source emissions such asjon rate from the source multiplied by the time interval be-
fossil fuel-fired power plant and cement plant stacks. Powerween two puffs released from that source.
plants burning coal and fuel oil emit N@nd SQ, but emit In general, the Gaussian standard deviations for a point
negligible amounts of volatile organic compounds (VOC). source, which is a single, identifiable source of air pollutant
NOy emissions, which principally consist of nitric oxide emissions, are given by empirical formulae:
(NO) (> 90 %) consume oxidants such as @nd hydroxyl
radical (OH) near the source. Since the combination of NO

2 Model development
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1. Let a chemical reaction in a puff be A +B P, where
42 A and B are gas-phase or particulate species. The con-
Ox = Oxpyrp» Uyz = oﬁurb + afpr + ZS centrations of the species A and B in the puff at time
t arecﬂ(t) andcg(t). These puff concentrations corre-
spond to the background concentratiSradded to the
whereoy, ., Oy, @andoy,,, are the plume dispersion coeffi- perturbation of the puffsc.
cients due to atmospheric turbulence, afg ando,, repre-
2

2 2 2
0 =00, T 0% (2)

2. The new concentrations of the species A in the puff

sent the added dispersion due to the plume rise. The {prm due to the chemical reaction is computed for the time
represents the initial standard deviation characterized by the stepAr. The reaction rate of the species A in the puff
diameter of the souraés (Korsakissok and MalleR009. is

An algorithm was added to model the emissions of a vol-
ume source, which is a 3-D source of air pollutant emis- dc/‘i _ d(CR + Aca)
sions. Two algorithms have been used typically to treat vol- o dr
ume sources in air pollutant dispersion models: one using a — —k(cch+cRAcB +cBAca+ AcaAcg), (6)
virtual source S EPA 1995 and one using initial plume —_ —
dimensions'S EPA 1995 Cimorelli et al, 2004). The for- @ ) @)
mer algorithm uses a virtual source located upwind of the wherek is the rate constant, (1) represents the back-

actugl volume source such that the plume dimens_ions a't the ground chemistry, (2) is the interaction between the
location of the actual source correspond to the dlmensmns puff and the background species, and (3) is the chem-
of thqt source. The IO(_:atlon_of the virtual source varies as a istry specific to the puff.

function of wind direction, wind speed, and atmospheric sta-

bility. The latter algorithm simply uses initial values of the 3. The new background concentration due to the chem-
standard deviations that are consistent with the dimensions of ical reaction is computed separately from the previ-
the source. The two approaches are mathematically identical ous equation for the time stefyr. The reaction rate

and only differ in their numerical implementation. Here, the for species A in the background is
algorithm using the initial dimensions of the plume (or puff) b
is used. FollowindJS EPA(1995, the initial dimensions of dea — k(DD
: —= = —k(cacp)- (7)
the puff for a volume source are given by dr
Oxi =0y = 4_13 x24y2, 0, = %3 (3) 4. The new background concentration is subtracted from
' _ . _ the new puff concentration to obtain the new pertur-
wherex, y andz are, respectively, the length, the width, and bation of the puff. The reaction rate representing the
the height of the volume source. perturbation is then
2
The termdfS of Eq. @) is therefore replaced hy,;. Addi-
tional termso,; ando,; are added te, ando,, respectivel dica _ b b
xi zi X 71 pectlively. = —k(cpAcg + cgAca+ AcaAcp). (8)
The plume rise is negligible for a volume source because dr _—

fugitive emissions have little impact on the ambient temper- @ ®)

ature of the volume source domain. Therefore, we obtain the
following formulations for the puff standard deviations of a
volume source:

The new perturbation of the puff corresponds to the
terms (2) and (3) in Eq6).

02=02 402 62=02 +¢2 The original formulation of the Polyphemus PinG model
T b L Yoo Jwb DR ined only t ies. Therefore, the model was
5 ) pertaine | only to gaseous species. T ,
07 = Ozum T Ozi- (4) also modified to treat particulate species. To that end, the fol-

Following the modeling approach used in the SCICHEM lowing modules were included in the Gaussian puff model to
centrations of the chemical species in each puff are treated g&€chanism Yarwood et al. 2009 for the gas-phase chem-

perturbations 4c) of the background concentrations, istry, the SIREAM modelDebry et al, 2007 for the particle
o b size distribution, the ISORROPIA mod@&lénes et a).1999
Ac=c"—c, (5)  for inorganic aerosol species, and thdHmodel Couvi-

wherecP is the concentration in the puff and is the con-  dat et al, 2012 for organic aerosol species. Aqueous-phase
centrations modeled by the Eulerian host model, i.e., thechemistry is simulated using a model, which treats $&-
background concentration. To calculate the concentrations oflation and the gas/liquid and ionic equilibria of major water-
the species in the puff, we use the procedure described byeluble speciesTombette 2007).

Korsakissok and Mallg20103:
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The aerosol- and aqueous-phase models were imple-
mented in the Gaussian puff model in the same way as they 200
were implemented in the Eulerian host model for the sake of
consistency. In the PinG model, the perturbations of the puff
concentrations were calculated at each time step first for the 4

: . ; 9.5¢
gas-phase species and next for the particulate species.

3 Description of the simulations
49.0f

atitude

The model presented in the previous section was applied te”
the Paris region (Greater Paris) for a three-week simulation.

Two industrial sources are treated explicitly with the PinG Pepnepults
representation: a coal-fired power plant and a refinery. The 483
simulation configurations are described below.

power plant X

3.1 Simulation setup

48.0¢

The air quality simulations were carried out to evaluate the 15 2.0 25 3.0
impact of the PinG model on the concentrations gfand Longitude
PMz 5. Three modeling domains are used with one-way nest-_ i e i _ )
ing. The largest domain covers western Europe and part OFlg. 1.D_oma|nforthe Greater Paris S|mulat|o_n with the locations o_f
eastern Europe with a horizontal resolution 05%0x 0.5°. the two |ndusFr|aI sources selected for Fhe PinG treatment (blue cir-
. . ) . f(:Ies), the statlons of the BDQA monitoring net\_/vork (blgck Crosses),
The first nested domain covers France with a resquFlon.oand the stations operated during the Megapoli campaign (red stars).
0.1° x0.1° and the smallest domain covers Greater Paris with
a resolution of M2 x 0.02°. The vertical resolution con- Korsakissok and Malle2010p investigated the sensitivity
sists of 9 levels up to 12 km with a finer resolution near the of PinG modeling to time intervals between puffs. They com-
surface. The altitudes of the vertical upper boundary of thepared a simulation conducted using a time interval of 1s to
grid cells are 40 m, 120 m, 300 m, 800 m, 1500 m, 2400 m,Simulations using greater time intervals. The impact of using
3500 m, 6000 m, and 12 000 m. The smallest domain is predifferent time intervals was negligible for time intervals be-
sented in Figl. The Weather Research and Forecast (WRF)low 50s; the error was about 10 %, with a time interval of
model version 3.3 with the Advanced Research WRF (ARW)200s. Here, the time interval between puffs was set to 200,
dynamics solver was used to simulate the meteorologicaWhich corresponds to a third of the time step for the Eulerian
fields over Greater PariSkamarock et al2008. The reg-  model.
ular latitude—longitude map projection is used for the three Korsakissok and Malle2010h tested two criteria for the
simulation domains with one-way nesting. Horizontal grid puff injection into the Eulerian host model: a time criterion
spacing of the coarse domain is 9.&nd those of the two and a criterion based on the puff horizontal size )
nested domains are 0.1668nd 0.0555, respectively. The reaching the grid cell horizontal size, is a constant for
largest 0.8 domain covers Europe and the smallest domainthe effective size of puffs; it is set to 2 in this study (i.e.,
covers Greater Paris. The vertical resolution consists of 265.4 % of the puff material is included) followingeigneur
levels up to 100 hPa (about 16 km). The descriptions of theet al.(1981) andKorsakissok and Mallg20108.
two coarser domains are given Rpyer et al(2011). The sensitivities of modeling results to the puff injec-
Two simulations over Greater Paris were carried out fromtion criteria have been reported bprsakissok and Mallet

4 July to 29 July 2009 with six days of spin-up to initialize (20108. They are summarized here. The use of the time cri-
the simulation. terion (time elapsed since the emissions from the source),

with a 1h injection time, improved the performance of the
1. “Reference” simulation: the two industrial sources are pinG model compared to that of the Eulerian model for a do-
treated in a standard way by the Eulerian model, i.e..majin with a grid cell size less than about 60 km. The size
their emissions are released into the appropriate grictriterion (puff size commensurate with the grid size) gave
cells. better results than the time criterion for a domain with a fine
grid cell size & 25km); however, the results for a domain
with coarser grid cell size were poor because of a greater in-
jection time (more than 6 h), which may lead to large errors
For the PinG simulation, the time interval between puffs in puff trajectories. Therefore, the time criterion gave better
must be selected to reproduce the continuous plumes withesults than the size criterion for a domain with a coarse grid
sufficient accuracy as well as to restrict the computation time cell size & 50 km).

2. “Plume-in-Grid (PinG)” simulation: the two industrial
sources are treated with the subgrid-scale puff model.

Geosci. Model Dev., 7, 56%85 2014 www.geosci-model-dev.net/7/569/2014/
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The time criterion using 1 h of puff travel time allows one  0.00030
to minimize the number of puffs, which minimizes the com-
putational time. However, the subgrid-scale treatment is ther 00025}
used only near the sources and one may not benefit fully
from it. These two injection criteria are used jointly here L{\\
and the puffs are injected into the corresponding grid cellsy
as soon as one of the two criteria is met. The sensitivity of
the PinG model simulation to the puff injection criteria is £ °%°°*®
investigated below, using only the puff size criterion, i.e., us-
ing the subgrid-scale treatment over longer distances fron 0.00010
the source.

The Gaussian puff model formulation uses similarity the- o.00005
ory for the parameterization of the Gaussian standard devia
tions and the integrated injection for the injection method. In | 55000
the integrated injection method, puff mass is distributed over
the grid cells covered by the puff horizontal and vertical ex- Fig. 2. Hourly factors of the emissions of the Vitry power plant. The
tents (here, @, and 2;). The detailed parameterizations are hourly factor represents the ratio of the emission rate for a given
given byKorsakissok and Mallg20108. hour to the annual emission rate. It applies to all gaseous and par-

For the comparison of the concentrations calculated in theiculate species.

Reference and PinG simulations, the perturbations of con-

centrations in non-injected puffs in the PinG simulation are

taken into account by injecting the puffs in the correspond-Pollution) code. Therefore, the factors are generic for a cate-
ing grid cells at the moment of the comparison (and solelygory, and they are not specific to a given source.

for the purpose of the comparison). The integrated injection Source-specific temporal profiles were used for the
method is used for this temporary merging of the puffs into sources treated with the subgrid-scale model. For the power
the host model. plant, the emissions were obtained from data provided by
EDF, the operator of the power plant. Fig@tg@resents the
temporal profile obtained from EDF for the power plant. Ac-
cording to Total, the operator of the refinery, the refinery runs
continuously (except for some maintenance operation peri-
The European Monitoring and Evaluation Programmeods) and the emissions of the refinery were considered to be
(EMEP) anthropogenic emission inventory was used for theconstant for the entire period of simulation. These source-
domains covering Europe and France. Over Greater Parispecific temporal profiles are also applied when these sources
the anthropogenic emissions were generated with the 2008re treated in the “Reference” simulation.

inventory of Airparif, the air quality agency for the Paris  Emissions of air pollutants from the oil refinery were as-
region fttp://www.airparif.asso.fj/ The surface emissions sumed to be released into the atmosphere from the stack ex-
and aircraft emissions were spatially distributed over the Eu-cept VOC emissions, which were assumed to occur as fugi-
lerian grid. There are 196 industrial sources in the domaintive emissions over the entire volume of the refinery, e.g.,
Those point source emissions were located in the correspondrom tanks, pumps, compressors and vahBsn@ssy et al.

ing grid cell(s) following calculation of the plume rise. Two 2008. Therefore, the VOC emissions from the refinery are
industrial sites, the Vitry power plant and the Grandpuits re-treated with a volume source and other emissions (8O
finery were selected for PinG treatment. Therefore, they areand PM) are treated with a point source. For the Grandpuits
treated in the same manner as the other point sources in thefinery, the dimensions of the VOC volume source given by
Reference simulation and are treated with the subgrid-scal@otal are 1300 m (widthx 940 m (Ilength)x 20 m (height).

puff model in the PinG simulation. The locations of thesetwo  Annual emission rates are provided in the Airparif inven-
sites are indicated in Fid- tory for each species and each point source (tonsygar

The plume rise is computed in the simulations based orFor all other sources, temporal factors (monthly, weekly and
the characteristics of the sources given by Airparif (exhausthourly) were applied to obtain a hourly factor, which repre-
velocity, exhaust temperature, stack height, and stack diamesents the ratio of the emission rate for a given hour to the
ter). The Briggs formulae were used for the calculation of theannual emission rate. The annual emission rates for the Vitry
plume rise, as described byrsakissok and Mallgf2009. power plant and the Grandpuits refinery are presented in Ta-

The temporal variation for the emissions was obtained byble 1. The NG emission rate of the Vitry power plant is
applying temporal factors available from Airparif. These fac- about three times greater than that of the Grandpuits refin-
tors are computed by source categories, which are definedry, while the latter has a greater VOC emission rate than the
by the SNAP (Selected Nomenclature for sources of Airformer.

0.00020

Hourl

06-28 07-03 07-08 07-13 07-18 07-23 07-28 08-02

3.2 Emissions

www.geosci-model-dev.net/7/569/2014/ Geosci. Model Dev., 7, 56#%5-2014
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Table 1. Annual emission rates of gaseous and particulate species at the two industrial sources (tohs year

SO, NOx CO PMyp PMpys VOC

Vitry power plant 4324 3088 270 107 49 29
Grandpuits refinery 3778 1078 409 441 287 540

Table 2. Comparison of the modeled concentrations and observations of the BDQA monitoring network. Performance statistics were calcu-
lated with hourly concentration for all species.

Observatiof  Simulatio? RMSE

Stations _ _ — MFB MFE MNB MNGE Correlation
(ug m~3) (ugm3)  (ugnm3)
PMyg 16 20.4 10.3 13.1 -0.64 0.67 -045 0.48 0.50
PMy 5 6 11.7 9.2 6.5 -0.19 0.46 -0.02 0.47 0.47
03b 45 56.4 73.5 26.6 -0.08 0.17 -0.05 0.16 0.73
NO> 45 16.3 13.1 11.7 -0.41 0.74 -0.05 0.66 0.48

aMean concentrations over all the stations from 4 July to 29 8uljreshold of 80 ug m3 (40 ppb).

Biogenic emissions were computed with the Model of previous PinG modeling studies (e.garamchandani et al.
Emissions of Gases and Aerosols from Nature (MEGAN) 2002 Korsakissok and Mallet2010g. Differences appear
(Guenther et al20086. when focusing on the impacts of those specific sources, as

discussed below.
Standard model performance metrics were u¥eckt al,

4 Results 2006. For O3, model performance with a mean normal-
ized bias (MNB) of —5% and a mean normalized error
Figure 3 presents surface concentrations of, ONOy, (MNE) of 16 % is satisfactorily compared with the standard

SO, and PMs averaged over the simulation period (4— performance criteria| AINB| < 15 %, MNGE< 30 %; Rus-
29 July 2009) obtained with the Reference simulation for thesell and Dennis2000. For PMy 5, the mean fractional bias
Greater Paris domain. The results of this simulation are firs{ MFB) and mean fractional error (MFE) are both within rec-
compared to available measurements. Then, the Referenasmmended performance goaBoflan and Russgl2006.
and PinG simulations are compared and differences due tGor PMy, the MFB (64 %) exceeds slightly the per-
the PinG treatment are discussed. formance criteria; however, the MFE (67 %) is acceptable

(IMFB| < 60 %, MFE< 75 %).
4.1 Comparison to observations

4.1.2 Megapoli campaign
4.1.1 BDQA network

During the Megapoli campaign of July 2008ttp://mww.
The model evaluation is performed using the hourly concen-pole-ether.fr/megapoli/index.jspconcentrations of various
trations observed at the stations of the BDQA (Base de Donspecies were measured that are not included in the BDQA
nées de la Qualité de I'Air) monitoring network. The loca- measurements. Therefore, model performance is also evalu-
tions of the BDQA stations, which are in the Greater Parisated here using the Megapoli campaign measurements. Two
domain, are shown in Fid.. sites are available for the evaluation of hourly concentra-

Table 2 shows the model performance statistics over thetions: SIRTA (Site Instrumental de Recherche par Télédétec-

entire period and all stations for the concentrations ofif°M tion Atmosphériquetaeffelin et al, 2005 and LHVP (Lab-
(particles with an aerodynamic diameter less than 10 mi-oratoire d’Hygiéne de la Ville de Paris). Model performance
crometers), PMls, Oz, and NG (nitrogen dioxide). The re-  statistics are presented in TalBle
sults are presented only for the PinG simulation because the Model performance statistics forsGnd NG at SIRTA
differences in the performance statistics between the Referare similar to those at the BDQA stations and meet the per-
ence simulation and the PinG simulation are negligible. Thisformance criteria for @ Gas-phase concentrations of iso-
close similarity between the performance statistics of the twoprene are evaluated at SIRTA. The model reproduces well the
simulations results from the fact that the plumes from thetemporal variability in the concentrations of isoprene (corre-
two industrial sources impact only a few monitoring stations lation coefficient: 0.58); however, it significantly underesti-
for short periods and have small impacts on region-wide pol-mates the observed values by about a factor of three. This
lutant concentrations. Similar conclusions were obtained indiscrepancy can be explained by uncertainties in isoprene
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emissions, which are estimated to be up to a factor of threejuality model simulationsSolazzo et a).2012. The con-

for specific times and locations when different input vari- centration of ammonium is better estimated than those of sul-
ables are used in the emission calculaticBsdgnther et aJ.  fate and nitrate. The performance goal is met by ammonium
2006. For elementary carbon (EC) in BM(ECy5), the cor-  and almost met by sulfate (a bias-eB1 % versus a goal of
relation is better at SIRTA (correlation coefficient: 0.49) than —30 %), but is not met by nitrate.

at LHVP (correlation coefficient: 0.27). This result is con-  Although concentration differences between the two simu-
sistent with a previous model evaluation for ECo{ividat  lations are very small at the measurement sites and over most
et al, 2013. However, biases and errors are greater at SIRTAof the entire domain, local differences can be important near
than at LHVP. For organic carbon (OC) in BMI(OC,5) at the industrial sources, which are treated in the subgrid-scale
LHVP, model performance statistics are similar to those formodel of the PinG simulation, as discussed below.

EC, 5 at the station except for greater biases foro.@CThe
performance goals are met for E&at LHVP but are slightly
exceeded at SIRTA and for Qg at LHVP because of an un-
derestimation greater than 30 %. For inorganic aerosols, sul- o ] )

fate is underestimated and nitrate is overestimated at SIRTAT N€ Spatial impacts of PinG modeling on the surface concen-

The underestimation in the concentrations of sulfate mayirations of major species are discussed below.
contribute to the overestimation in the concentrations of ni- Figure4a and b present the differences in the surface con-

trate because of interrelated equilibria of ammonium sulfateCentrations of NQ and G between the PinG and Reference
and ammonium nitrate. This result is typical of current air simulations, respectively. The differences are averaged over
the entire period of simulation (4—-29 July 2009).

4.2 Impacts of PinG modeling on pollutant

concentrations
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Table 3. Comparison of the modeled concentrations and observations during the Megapoli campaign. Performance statistics were calculated
with hourly mean concentrations for all species. The units of the simulated and observed concentrations and RMSE are indicated. Other
performance metrics are unitless.

Station Species Simulatich ObservatioA RMSE ~MFB MFE MNB MNGE Correlation

03 (ppbf 42 48 90 -015 015 -0.13 0.13 0.60
NO, (ppb) 5.0 4.7 46 —-015 053 022 0.72 0.51
ECo s
SIRTA ~ 0.42 0.60 051 —034 044 -023 036 0.49
(ugCnr3)
PMz 5
sulfate 0.82 1.21 071 -031 047 -0.15 043 0.27
(Hgn3)
PMpsnitrate - g4 0.48 115 -063 124 048 154 0.10
(gm—)
'sf’ppggne 130.0 363.0 3540 —1.05 1.09 -062 0.67 0.58
ECs
3 0.84 1.10 065 —024 041 -013 035 0.27
tivp  (HOCTT)
0Cy 5
5, 2.18 3.11 148 -036 040 -027 032 0.23
(MgC %)
PMs 5
ammonium 0.52 0.47 0.37 0.05 0.42 0.22 0.50 0.37
(ng )

2 Mean concentrations from 4 July to 29 Juﬂyhreshold of 40 ppb.

Using the PinG model tends to decrease the concentrafable 4. Characteristics of the industrial stacks treated in the PinG
tions of NQ; near the location of the point sources. In the model.
PinG model, NQ is not immediately dispersed in the grid

cells where the sources are situated and it can remain in a Vitry power  Grandpuits
plume aloft and be transported farther downwind. However, plant refinery
under conditions where the plumes are rapidly mixed to the  Stack height (m) 160 81.5
ground (here, mostly with westerly winds), the PinG simula- Exhaust temperature (K) 410 490
tion leads to greater surface concentrations near the sources Exhaust velocity (ms?) 28 8.9
because the emitted material is less dispersed. The concentra-  Stack diameter (m) 5.8 4.3

tions of NQ, in the grid cells farther downwind of the sources
are higher in the PinG simulation than in the Reference sim-

ulation because the plume material is released in one or afe‘@:onsequently the NOplumes touch the ground closer to the
grid cells in the PinG simulation, whereas the correspondingsgrce at Grandpuits than at Vitry.

emitted material has been dispersed among more grid cells rigyre5a and b presents the vertical cross section of the

in the Reference simulation. o differences in the N@ concentrations at Grandpuits and
The surface concentrations of M@re smaller with PinG Vitry, respectively. As discussed above, the NPlumes
near the Vitry grid cell ¢1%); however, they are generally are"emitted at higher altitudes at Vitry than at Grandpuits,
higher with PinG near the Grandpuits grid cell (11 %). Theseyich leads to a plume touchdown farther downwind at Vitry.
differences can be interpreted by the different characteristicsherefore. the impact of PinG modeling on the surface con-
of the sources (see Tab#y. The stack height is higher at centrations of NQ is greater at Grandpuits than at Vitry.
Vitry (160m) than at Grandpuits (81.5m). Thus, the NO Nt that the plumes are transported east of the sources be-
plumes are emitted at a higher altitude at Vitry. Furthermore c5se the prevailing winds are from the west. The greater
the plume rise is higher at Vitry due to a higher exhaust ve-concentrations in the Reference simulation at the longitude
locity, although it is partially compensated for by a higher ¢ the source correspond to upwind diffusion.
exhaust temperature at Grandpuits. In the simulations, the The gifferences in the NQconcentrations between the
plumes at the Vitry power plant are emitted at altitudes rang-yo simulations explain the differences in the Encentra-
ing from 300 to 800 m, whereas the plumes at the Grandpuitgions, The @ concentrations near the industrial sources are
refinery are emitted at altitudes ranging from 120 to 300 M-typically higher with the PinG simulation because the titra-

tion of O3 by NOy is reduced in the VOC-limited regime of

Geosci. Model Dev., 7, 56%85 2014 www.geosci-model-dev.net/7/569/2014/
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the Greater Paris regioKim et al, 2009. However, the con-  neutralization of sulfate by ammonium. In the case where the
centrations of @ northeast of Grandpuits are higher with the sulfate concentrations increase (decrease) with PinG, the am-
PinG simulation where the concentrations of ;N&e also  monium concentrations increase (decrease) according to the
higher. It is due to higher surface VOC emissions in the PinGconcentration of ammonia available. In the case where the
simulation. As mentioned above, the fugitive VOC emissionssulfate concentrations decrease with PinG, the associated de-
at the Grandpuits refinery are treated with a volume sourcegrease in the ammonium concentrations leads to an increase
i.e., VOC are emitted near the surface. The higher concenin gas-phase ammonia concentrations, which results in an
trations of VOC in the PinG simulation lead to higher con- increase in ammonium nitrate formation and, therefore, in
centrations of oxidants, which result in a higher ozone for-particulate nitrate concentrations. This phenomenon appears
mation (see Figdc). Nevertheless, the impact of PinG on the clearly east of the Vitry and Grandpuits sources where sul-
O3 concentrations is smalk(1 %). fate concentrations are lower (higher) in the PinG simulation
Figure4d and e presents the differences in the surface conecompared to the Reference simulation, but nitrate concentra-
centrations of S@and sulfate between the PinG and Refer- tions are greater (lower).
ence simulations, respectively. The spatial impact of PinG
on the concentrations of SGhows a tendency similar to 4.3 Impacts of the volume source treatment in the PinG
that of the NQ concentrations. The SQroncentrations are model
smaller with PinG near the Vitry grid celH5 %), while they
are higher with PinG near the Grandpuits grid cell (50%). |n the previous section, the fugitive VOC emissions at the
The spatial impact of PinG modeling on the difference in Grandpuits refinery are treated with a volume source. For
the sulfate concentrations is similar to that of SSulfate is  further analysis of impacts of the volume source treatment on
formed by oxidation of S@in the gas and aqueous phases. the VOC emissions, an additional simulation was conducted
In the gas phase, the oxidation of 5y OH produces sul- in which the VOC emissions at the refinery were injected
furic acid, which condenses to form particulate sulfate. INinto gnd cells as in the Reference simulation, but other p0|_
the aqueous phase, 5@ oxidized by @, hydrogen perox-  |utants (NG and SQ) were emitted through the stack us-
ide (H202), and oxygen (@) to form sulfuric acid, which  ing the point source subgrid-scale treatment. The results of
leads to particulate sulfate when the droplets evaporate. Thehis simulation (hereafter PinG-NonVolumeSource) are com-
sulfate concentrations in the PinG simulation increase (depared to those of the PinG simulation.
crease) with the increase (decrease) in, & Grandpuits Figure6a presents the differences in the concentrations of
(Vitry) (see Fig.4d). Consequently, the impact of 5@n 3 VvOC, namely toluene. As expected, toluene concentrations
the formation of sulfuric acid is more important than that of are greater. Differences in oxidant concentrations are shown
the oxidants. in Fig. 6b and c. The volume source PinG treatment leads
Figure 4f and g presents the differences in the surfaceto greater oxidant concentrations downwind of the source
concentrations of nitrate and ammonium between the PinGjue to greater VOC concentrations from the refinery fugi-
and Reference simulations, respectively. The impact of PinGjve emissions. However, the differences are smalll ¢6)
on the sulfate concentrations explains the differences irpecause VOC refinery emissions are a small contribution to
the ammonium concentrations between the PinG and Reftotal VOC ambient concentrations. Differences in secondary
erence simulations+2% to 6 %), which are due to the organic aerosol (SOA) concentrations between the PinG and
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PinG-NonVolumeSource simulations are shown in Figiske  Grandpuits refinery (3%). Although the differences in the
SOA is formed in the atmosphere from semi-volatile or- concentrations of VOC are significant only near the Grand-
ganic compounds (SVOC), which are formed by oxidation of puits refinery (Fig6a), the differences in the concentrations
VOC emitted into the atmosphere from both anthropogenicof SOA extend farther downwind of the source.

and biogenic sources. The impact of the volume source in The differences near the Grandpuits refinery are partly
PinG modeling on the concentrations of VOC can lead to thedue to the differences in the concentrations of anthropogenic
differences obtained between the two simulations near th&sOA formed by oxidation of VOC emitted from the sources
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0.060 the different plumes. However, the boundary between zones
2 and 3 is not as clear because it depends on the meteoro-
logical conditions influencing plume transport. The nearest
0.030 boundary between zones 2 and 3 is situated at about 50 km
from the sources, but it can be as far as the boundary of the
simulation domain.
0.000 In zone 1, the NQ concentrations are smaller in the PinG
simulation because these situations correspond to low wind
speeds, where the emitted pollutants are not transported and
-0.030 dispersed rapidly from the sources. The emitted species stay-
ing near the sources are injected earlier into grid cells in the
PinG simulation than in the PinG-SizeOnly simulation. The
48.2 ‘ R ‘ ~0.060 injected species can then be more rapidly dispersed to neigh-
2002 2 A e 0 boring grid cells in the Eulerian model. FiguBa presents the
differences in the concentrations of N®etween the PinG
Fig. 7. Differences (PinG — PinG-SizeOnly) in mean surface con- and the PinG-SizeOnly simulations at 12:00 UTC on 4 July.
cerytratnons of N@ for 4—29 July 2009 over the Greater Paris do- Wind speeds for grid cells at an altitude of 210 m where the
main (ppb). plumes at the Grandpuits refinery are emitted are less than
2ms L. The differences are only important near the source.
tThe concentrations of NQare lower in the PinG simulation
in grid cells where the plumes are located and they are higher

in grid cells that are outside of the plume path because the

49.2p 0.045

0.015

IS
©
©

Latitude

—-0.015

I
@
o

48.41
—0.045

(toluene, xylene and glyoxal oligomer). However, the impac
of the PinG modeling on the anthropogenic SOA is negligible
downwind of the source (not shown). In addition, the contri- "' - ¢ o AT PR )
bution of the anthropogenic SOA to the total differences in Q|sper5|on following the earller injection into the grid ceII;
the concentrations of SOA is rather low (about 10 % of the Ncreases the Nixoncentration. Nevertheless, the mean dit-
total differences) even near the source. In fact, the differencefrence for the whole period is small in this zone (less than
in the SOA concentrations are due to differences in the cond %0)- _ . .
centrations of biogenic SOA, due mostly to the oxidation of N Zone 2, the NG concentrations are higher in the
monoterpenes. Since monoterpenes are not emitted from tHeiNG simulation. Under higher wind speeds, this zone cor-
Grandpuits refinery, the differences in the concentrations of €SPONds to the distance from the source where most of the

biogenic SOA are due to oxidation of monoterpenes emitted?!UMes are injected into the Eulerian model after one hour of
in the surrounding region by oxidants (OHz @nd NQ), the sul_)grld-scgle tr_eatme_nt. N@jected into the Eulerian
which differ in concentration between the two simulations model in the PinG simulation reaches the ground faster than

(see Fig6b and c). However, SOA concentration differences NOx that is transported by the plumes longer in the PinG-
are small (about 0.05 ug TR). SizeOnly simulation. The plumes in the PinG-SizeOnly sim-

ulation are treated by the subgrid-scale model until the size
4.4 Sensitivity to the criterion for puff injection criterion is met. Figur@&b presents the difference in the NO

concentrations between the PinG and the PinG-SizeOnly
A supplementary simulation was conducted using only thesimulations at 21:00UTC on 4 July. At that moment, the
size criterion to investigate the influence of the time crite- wind speeds at an altitude of 210 m are greater than 5'm's
rion on PinG modeling. In this simulation (hereafter PinG- in grid cells near the Grandpuits refinery. In this figure, there
SizeOnly), the subgrid-scale treatment was extended oveis no significant difference near the source, i.e., in zone 1.
larger distances from the source. The results of the PinG simHigher concentrations are simulated in the PinG simulation
ulation conducted above with the two puff injection criteria at distances between 15 and 30 km from the source.
applied jointly are compared to those of this PinG-SizeOnly In zone 3, the NQ concentrations are smaller in the PinG
simulation. simulation. NQ injected into the Eulerian model in zone 2 in

Figure7 presents the difference in the surface concentrathe PinG simulation is more easily dispersed to neighboring

tions of NQ; between the PinG and the PinG-SizeOnly sim- grid cells. On the other hand, NQransported by plumes
ulations. The differences can be depicted by defining thredo this zone in the PinG-SizeOnly simulation remains more
spatial zones. The NQconcentrations are smaller in the concentrated. In Fig8b, lower concentrations are simulated
PinG simulation than in the PinG-SizeOnly simulation nearin the PinG simulation at distances between 30 and 45 km.
the sources up to a distance of about 15 km (zone 1). Beyonth Fig. 7, mean concentrations of N®etween the PinG and
15 km downwind of the sources, the N@oncentrations be- the PinG-SizeOnly simulations differ most in this zone (up
come greater in the PinG simulation (zone 2), while they be-to 3 %).
come smaller again in the PinG simulation farther downwind
(zone 3). The boundary between zones 1 and 2 is clear for
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Using least-square fitting, the differences in the concentra-
tions of SQ are on average 1.67 times greater than the dif-

The differences in @ concentrations are negligible over ferences in the concentrations of Nbecause of different
the whole domain (less than 1%). However, the diﬁerencesemission rates and oxidation kinetics

in sulfate concentrations are important in zones 2 and 3;
the sulfate concentrations are greater in the PinG simulazirion on the pollutant concentrations, was calculated us-
tion in zone 2 (up to 4%) and are smaIIer. in zone 3 (uping the following equation:

to 5%). These differences are due to the differences in the

concentrations of S§) as discussed above. The differences CpinG — CPinG-SizeOnly
in SO, show similar tendencies to those in NGHowever, = ’ 9)

the maximum difference in SO(15 %) is higher than that

of NOy (3%) because of lower background concentrationswhereC is the concentration in grid cells. Very lo@values

for SO, than for NQ,. Figure9 presents the relationship be- lead to high/ values and can mislead the analysis. Therefore,

An indicator, 7, which quantifies the influence of the time

CpinG — CReference

tween the differences in the concentrations of Nfdd the
differences in the concentrations of getween the PinG

a threshold value fofCping — Creference is applied (0.1 ppb
orug nT3). As expected, the indicatdr shows similar pat-

and PinG-SizeOnly simulations. The correlation coefficientterns as those displayed in Fig. 7 with negative values near

is 0.86, reflecting the similar behavior of NGnd SG.

www.geosci-model-dev.net/7/569/2014/
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and positive values farther downwind (zone 2 typical of high for the puff injection into the host model is more rapidly met
wind speed conditions), as depicted in Fig. 10 for,NOhe  for simulations with a fine resolution because the puff size
magnitude off is a measure of the effect of the injection cri- reaches the grid size faster. Therefore, a sensitivity study of
terion compared to the effect of the use of a PinG treatmentthe impact of the grid size on PinG modeling results was con-
It appears that the latter effect is dominant, as the former iglucted. The two simulations (Reference and PinG-SizeOnly)
typically 20 % or less of the latter as shown in Fig. 10; similar were repeated using the same modeling setup over Greater
results were obtained for other species (not shown). Paris, except for a coarser horizontal grid size of 0.0
Nevertheless, the effect of the injection criterion is not stead of 0.02 In this study, the resolution of 0.1Ccor-
negligible and the use of the size criterion is recommendedresponds to 7.3km (east to west domain mean vatue)
However, it should be considered that trajectory uncertain-11.1 km (south to north) and that of 0:02orresponds to
ties become large with long injection times, and an upperl.5km (east to west domain mean value)2.2 km (south
limit of 3 h for the injection time has been recommended for to north).
simulations using very coarse gridéofsakissok and Mallet Mean wind speeds at the two vertical levels where the
2010h. plumes are emitted (210m and 550m) are 7t snd
7.7ms1, respectively. Therefore, using the time criterion of
one hour would result in most of the puffs being injected into
neighboring second or third grid cells from the sources. To
avoid such early puff injections, the time criterion for the
puff injection was not taken into account and only the puff
size criterion was used. Indeed, using solely the size criterion

4.5 Sensitivity to the horizontal grid size

The impact of PinG modeling on pollutant concentrations
can be influenced by the choice of the horizontal grid size
of the Eulerian host model. For example, the size criterion
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in the PinG modeling has been advised for horizontal gridTable 5. Characteristics of puffs in the simulations with different
sizes less than 25 kniKérsakissok and Malle2010h. For horizontal grid sizes.
consistency in the injection criteria, the results of the simu-

lations for the injection criteria presented in Sectib# are 0.02 0.1
used when the sensitivity simulations for the horizontal grid resolution  resolution
resolution are compared to the simulations with the fine grid  gnjtted puffs 432 432
resolution. Injected puffs 301 36
Figurella presents the differences between the Reference Puffs reaching domain boundaries 50 334
and PinG simulations for the N(zoncentrations. The NO Puffs not injected at the end of 81 62
concentrations are smaller in the PinG simulation at Vitry the simulation
and are greater in the PinG simulation at Grandpuits. These Mean traveling time 2.2h 4.7h

results are consistent with those of the simulation with the
fine grid size. However, the maximum difference between the
Reference and PinG simulations is about 1 % near the Grandsignificant because of more diluted VOC concentrations with
puits grid cell with the coarse grid size. It is much smaller the coarse grid size (not shown here).
than that obtained with the fine grid size (11 %). This result Figure 11c and d presents the differences in the surface
seems counterintuitive, but is due to the fact that the comparconcentrations of S£and sulfate between the PinG and Ref-
ison is made with grid-averaged concentrations. The grid celerence simulations, respectively. For S@he impact of the
volumes are much greater in the simulations with the coarseinG model shows a tendency similar to that of the 6n-
grid size, which leads to lower pollutant concentrations with centrations. The spatial impact of PinG modeling on the dif-
a coarse grid size in the Eulerian host model, and the impacference in sulfate concentrations is similar to that of,SO
of the PinG modeling is reduced with the coarse grid size.However, the sulfate concentrations are lower in the PinG
This result is consistent with previous studies. Using coarsesimulation at the Grandpuits grid cell, where the;$0ncen-
grid sizes in Eulerian models leads to lower maximumNO trations are higher in the PinG simulation. It can be explained
and G concentrations because of more diluted N&nis- by lower oxidant concentrations (see Figh), which lead to
sions Cohan et a.2006 Henderson et al2010. Also, the  Jower SQ oxidation to sulfateKaramchandani et a{2006
impact of PinG modeling on the concentrations of a passivereported lower sulfate formation when using PinG modeling.
tracer increases with finer grid resolutiom®(sakissok and  |n the simulations presented here, however, the effect of the
Mallet, 20108. oxidation kinetics is limited and surface concentration differ-
Two test simulations were conducted to compare characences tend to follow S9concentration differences in most
teristics of puff traveling with the fine and coarse grid size parts of the domain. Itis likely that the N@missions are not
during 24 h. Puffs in the simulation with the coarse grid size sufficiently high to alter oxidant fields over long distances be-
can travel longer than in the simulation with the fine grid size. cause of other significant sources of i@ the Greater Paris
This longer traveling time of puffs can reinforce impacts of region (e.g., on-road mobile sources). Maximum differences
PinG modeling in the simulation with the coarse grid size. jn the sulfate concentrations between the PinG and the Ref-

The traveling times in the simulations are compared in Ta-erence simulations with the coarse grid size is lower (3 %)
ble 5. The mean puff traveling time with the coarse grid size than that with the fine grid size (15 %).

is twice as great as that with the fine grid size. About 80 % of

puffs in the simulation with the coarse grid size could reach

the boundaries of the simulation domain without being in-5 Conclusions

jected into the Eulerian grid. However, 70 % of puffs in the

simulation with the fine grid size were injected into the host The Polyphemus plume-in-grid (PinG) model was modified

model due to the smaller grid size. to include a full treatment for PM. Furthermore, a PinG treat-
Figurelilb presents the differences between the Referencenent for volume sources was developed and a PinG simula-

and PinG simulations in 9concentrations. The lower4  tion was conducted for the first time for industrial sources of

concentrations in the PinG simulation at the Grandpuits re-SO,, NOy, and VOC.

finery are consistent with those obtained in the simulation The impact of PinG modeling over Greater Paris for two

with the fine grid size and result from the titration o O industrial sources, a coal-fired power plant and a refinery,

by NO. The Q concentrations farther downwind east of the was studied. The results show the importance of source char-

Grandpuits refinery are higher in the PinG simulation in grid acteristics (stack height and diameter, exhaust temperature

cells where the NQconcentrations are also higher. This re- and velocity) for the surface concentrations of primary pol-

sult was explained above by the presence of fugitive VOClutants emitted aloft (e.g., NOSO,, and primary PM) sim-

emissions, which are emitted near the surface as a volumalated with PinG. The impact of PinG on NQ@eads to an

source. However, the impact of the VOC emissions is lesimpact on the formation of @due to these sources; how-

ever, this impact is weak on average because the simulation
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