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Abstract. The ability of chemical transport model (CTM)
PMCAMx to reproduce aerosol optical depth (AOD) mea-
surements by the Aerosol Robotic Network (AERONET)
and the Moderate Resolution Imaging Spectroradiometer
(MODIS) over Europe during the photochemically active pe-
riod of May 2008 (EUCAARI campaign) is evaluated. Peri-
ods with high dust or sea-salt levels are excluded, so the anal-
ysis focuses on the ability of the model to simulate the mostly
secondary aerosol and its interactions with water. PMCAMx
reproduces the monthly mean MODIS and AERONET AOD
values over the Iberian Peninsula, the British Isles, central
Europe, and Russia with a fractional bias of less than 15 %
and a fractional error of less than 30 %. However, the model
overestimates the AOD over northern Europe, most probably
due to an overestimation of organic aerosol and sulfates. At
the other end, PMCAMx underestimates the monthly mean
MODIS AOD over the Balkans, the Mediterranean, and the
South Atlantic. These errors appear to be related to an un-
derestimation of sulfates. Sensitivity tests indicate that the
evaluation results of the monthly mean AODs are quite sen-
sitive to the relative humidity (RH) fields used by PMCAMx,
but are not sensitive to the simulated size distribution and
the black carbon mixing state. The screening of the satel-
lite retrievals for periods with high dust (or coarse particles
in general) concentrations as well as the combination of the
MODIS and AERONET datasets lead to more robust conclu-
sions about the ability of the model to simulate the secondary
aerosol components that dominate the AOD during this pe-
riod.

1 Introduction

Atmospheric aerosols are suspensions of solid and/or liquid
particles in air that scatter and absorb light. The aerosol opti-
cal depth (AOD) is defined as the integrated extinction coef-
ficient over the entire atmospheric column and is a measure
of the total aerosol loading (King et al., 1999; Kokhanovsky,
2008; Vijayarachavan et al., 2008; Hidy et al., 2009). Cal-
culations of AOD require knowledge of the aerosol verti-
cal profile, including the particulate matter size distribution,
chemical composition, and microphysical state (Seinfeld and
Pandis, 2006).

Aerosol properties can be retrieved from ground-based
measurements as well as from satellite earth observa-
tions (Holben et al., 1998; Levy et al., 2007a, b, 2010;
Kokhanovsky, 2008; Duncan et al., 2014; Hu et al., 2014).
Global observations of high spatial coverage are provided by
satellites (King et al., 1999; Vijayarachavan et al., 2008; Hidy
et al., 2009) and more limited spatial coverage by ground-
based stations. Regarding temporal coverage, satellite obser-
vations are sparse when compared against ground measure-
ments. Ground-based measurements of AOD are direct mea-
surements, while satellite AOD measurements are indirect,
resulting from inversion procedures and exhibiting larger un-
certainties. The magnitude of the satellite AOD uncertain-
ties is higher over land, where the surface reflectance cannot
be neglected and must be retrieved simultaneously with the
aerosol properties (Levy et al., 2007a, b, 2010). The satellite
inversion procedure is simpler over water since the surface
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contribution is small and the detected signal is mostly due to
aerosol reflectance (Shi et al., 2011; Anderson et al., 2013;
Schutgens et al., 2013).

Chemical transport models (CTMs) are valuable tools for
the study of the impact of pollutant emissions, the develop-
ment of air quality improvement strategies, studies of aerosol
radiative forcing, visibility, and global climate change. Un-
certainties in the CTMs’ input data, including meteorological
fields, emission inventories, and boundary conditions as well
as weaknesses in representation of atmospheric processes
may lead to weak model performance (Kinne et al., 2003,
2006). CTMs have been used in the past to provide AOD
predictions either globally (Chin et al., 2002, 2004; Lee et
al., 2010; Johnson et al., 2012; De Meij et al., 2012; Pozzer
et al., 2012; Yu et al., 2012) or over specific regions like Asia
(Han et al., 2010; Park et al., 2011), the United States (Roy
et al., 2007), and Europe (Jeuken et al., 2001; Hodzic et al.,
2006; De Meij et al., 2007; Tombette et al., 2008; Myhre et
al., 2009; Carnevale et al., 2011; Im et al., 2014). Model eval-
uation often relies on in situ ground measurements but also
measurements from airborne platforms. These in situ mea-
surements cover by necessity a limited part of the modeling
domain. Comparisons against remote sensing data have been
used to close that gap.

Jeuken et al. (2001) compared the TM3 CTM AOD pre-
dictions with the ATSR-2 radiometer AOD retrievals during
a 1997 summer episode over Europe. Model errors (neglect-
ing organics and mineral aerosol) in the vertical distributions
of sulfate, ammonium, and nitrate, in the hygroscopic growth
and in the optical parameters, led to an average AOD (at
550 nm) underestimation by 0.17–0.19. Hodzic et al. (2006)
used the CHIMERE model to simulate AOD at 865 nm over
Europe during August 2003. The model generally repro-
duced AOD within a factor of 2 and with correlation coeffi-
cients ranging from 0.4 to 0.6 in comparison with POLDER
and AERONET. Sporadic aerosol emissions due to forest
fires or dust events led to regional AOD underestimations.
De Meij et al. (2007) used the mesoscale TAPOM model to
investigate AOD over Milan, Italy, during June 2001. Simu-
lated and observed AODs by AERONET, MODIS, and MISR
(Multi-angle Imaging Spectroradiometer) differed by a fac-
tor of 2 or 3 on days with cirrus clouds and Saharan dust,
but showed good agreement on clear-sky days. A finer model
resolution gave a more detailed AOD distribution pattern
and improved by 15 % the agreement with the AOD obser-
vations. Tombette et al. (2008) compared the Polair3D esti-
mated AOD against AERONET measurements over Europe
for 2001. The black carbon (BC) mixing state had almost
no effect on the estimated single scattering albedo (SSA),
but the aerosol water content influenced significantly both
the SSA and the AOD. Myhre et al. (2009) used the global
Oslo CTM2 to predict AODs at 550 nm, focusing on specific
European regions (Adriatic Sea, Black Sea, and Po Valley).
Comparisons against AOD measurements from AERONET,
MODIS, and MISR were presented for a short period during

the late summer–early autumn of 2004. The model underes-
timated AOD around Venice against AERONET because of
organic carbon underestimation. Carnevale et al. (2011) im-
plemented the TCAM CTM to simulate AODs during 2004
over Italy. In general, TCAM was found to underestimate
MODIS AODs. Analysis of the extinction coefficient showed
that the submicron inorganic aerosol played a key role. Im
et al. (2014) simulated air pollution over Europe using the
WRF-CMAQ modeling system for 2008. The model under-
estimated AERONET AOD measurements by 3–22 % on av-
erage. AOD underestimations were attributed to underesti-
mation of either the anthropogenic emissions or the natural
and re-suspended dust emissions.

The PM1 composition predictions of PMCAMx have been
evaluated over Europe for the May 2008 EUCAARI inten-
sive campaign (Fountoukis et al., 2011). The model perfor-
mance was evaluated against ground measurements which
were taken at stations located in the Netherlands, Greece, Ire-
land, and Germany as well as against airborne measurements
from 15 flights in northwestern Europe. More than 94 % of
the organic aerosol (OA) hourly values and more than 82 %
of the sulfate ones were reproduced within a factor of 2. PM-
CAMx performance against airborne measurements was as
good as its performance against the hourly ground measure-
ments.

One of the limitations of the previous AOD-based CTM
evaluation exercises is that errors in dust emissions, trans-
port, and removal often dominate the overall results. In the
present work MODIS and AERONET AODs are filtered to
exclude periods with high dust or sea-salt levels and to focus
on the rest of the anthropogenic and biogenic aerosol compo-
nents. A period with high photochemical activity is selected
so that the emphasis is on secondary aerosol components. In
this work we exclude for each location periods characterized
by high coarse particle concentrations, so PM1 is the appro-
priate metric for aerosol composition evaluation.

In the present study we provide a first time evaluation of
the ability of PMCAMx (Murphy and Pandis, 2009; Foun-
toukis et al., 2011) to reproduce AOD observations over Eu-
rope. The objective of this work is to identify weaknesses
and strengths of PMCAMx and its inputs, by taking advan-
tage of the wide spatial coverage of MODIS and the tem-
poral coverage of AERONET. The major new methodolog-
ical improvement in this effort is the screening of the satel-
lite retrievals for periods with high dust (or coarse particles
in general) concentrations as well as the combination of the
MODIS and AERONET datasets. This combined with the
high photochemical activity of the period allows us to fo-
cus on the ability of the model to predict secondary inor-
ganic and organic aerosols and their interactions with water.
The May 2008 period was chosen for two reasons. First it
coincides with the EUCAARI campaign focusing on a pho-
tochemically active period with summertime-like conditions.
Detailed continuous measurements of PM1 composition both
at the ground and aloft as well as a corresponding emission
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inventory (prepared by TNO) exist for that period. The sec-
ond reason was that the ability of PMCAMx to reproduce
these detailed PM1 composition measurements has already
been evaluated in previous work (Fountoukis et al., 2011,
2014) and therefore we can focus on the optical properties
of the fine particulate matter in this paper. The exact dates
simulated here were the same as in the previous publications
for consistency.

2 PMCAMx description

PMCAMx is a three-dimensional CTM that employs the
framework of CAMx (Environ, 2003) simulating the pro-
cesses of horizontal and vertical advection, horizontal and
vertical dispersion, wet and dry deposition, as well as
gas-, aqueous-, and aerosol-phase chemistry. Three detailed
aerosol models are employed: inorganic aerosol growth
(Gaydos et al., 2003; Koo et al., 2003), aqueous-phase chem-
istry (Fahey and Pandis, 2001), as well as OA formation
and chemical aging (Murphy and Pandis, 2009). The spe-
cific modules utilize a sectional approach that dynamically
models the evolution of the aerosol size distribution. Ten size
sections covering particle diameters from 40 nm to 40 µm
are used. The model simulates the composition of each
size section and therefore predicts the size-resolved partic-
ulate matter (PM) composition. PMCAMx calculates the
aerosol number from the corresponding mass distribution,
while its sister model, PMCAMx-UF, simulates both the
aerosol number and mass distributions explicitly. Both pri-
mary and secondary organic PM are treated as semivolatile
and photochemically reactive, employing the volatility basis
set (Murphy and Pandis, 2009). Additional details about the
model can be found in Fountoukis et al. (2014), Tsimpidi et
al. (2011), and Fountoukis et al. (2011).

The PMCAMx European modeling domain in this applica-
tion is a region of 5400×5832 km2 with 36×36 km2 grid res-
olution and 14 vertical layers extending up to approximately
6 km. The considered period is May 2008 (EUCAARI cam-
paign). Simulations were performed on a polar stereographic
map projection. Horizontal wind components, vertical diffu-
sivity, temperature, pressure, water vapor, clouds, and rainfall
were provided by the Weather Research and Forecasting me-
teorological model (WRF) (Skamarock et al., 2008). We used
hourly meteorological data from WRF as input to PMCAMx.
WRF was driven by static geographical data as well as dy-
namic meteorological data (near real time and historical data
that were generated by the Global Forecast System at 1×1◦).
In the vertical dimension 27 sigma-p layers up to 0.1 bar
were employed. Each PMCAMx layer is aligned with the
WRF layers. WRF was periodically (every 3 days) reinitial-
ized in order to increase the accuracy of the meteorological
input fields to PMCAMx. Anthropogenic gas and inorganic
aerosol emissions are from the GEMS European emissions
database, while elemental carbon and organic carbon emis-

sions are from the EUCAARI Pan European Carbonaceous
Aerosol Inventory (Kulmala et al., 2011). This carbonaceous
aerosol inventory was derived from the IIASA’s GAINS in-
ventory (Klimont et al., 2002; Kupiainen and Klimont, 2004)
by application of source-specific elemental carbon and or-
ganic carbon fractions. Details about the development of the
EUCAARI TNO emissions can be found in Visschedijk et
al. (2007) and Kulmala et al. (2011). Biogenic emissions
were calculated by the MEGAN v2.04 model (Guenther et
al., 2006). The marine aerosol emission model developed by
O’Dowd et al. (2008) was employed for the estimation of
mass fluxes for both accumulation and coarse mode, includ-
ing the organic aerosol fraction. Emissions from wildfires
are taken from IS4FIRES (Sofiev et al., 2009) and the size
and composition distribution used are based on Andreae and
Merlet (2001). Approximately 75 % of the emissions are in
the PM2.5 fraction and the rest in the coarse fraction.

One baseline model simulation for May 2008 was per-
formed together with a number of additional sensitivity tests
described in subsequent sections. Given that the initial condi-
tions are quite uncertain and dominate the model predictions
during the first few days, we have excluded the correspond-
ing “start-up” period (first 6 days) from the model evalua-
tion. Concentrations of the major PM2.5 aerosol components
at the boundaries of the domain (Table S1 in the Supplement)
are based on measurements of typical background concentra-
tions in sites close to the domain boundaries (Zhang et al.,
2007; Seinfeld and Pandis, 2006). All concentrations given
here are under ambient temperature and pressure conditions.

AOD prediction by PMCAMx

The size and chemically resolved concentrations of aerosol
particles are simulated by PMCAMx for every computational
cell. Inorganic aerosol water concentration is calculated on-
line by the ISORROPIA thermodynamic equilibrium model
(Nenes et al., 1998). Taking into account all the vertical lay-
ers, we calculate the PMCAMx AOD at 550 nm as the sum
of the extinction coefficients at each layer:

AOD=
14∑
i=1

bext,i1zi, (1)

where bext,i is the extinction coefficient of layer i and 1zi is
the corresponding layer thickness. Assuming that the parti-
cles are homogeneous spheres and that all particles in each
size bin have the same composition (internal mixture), the
aerosol extinction coefficient (bext,i) for layer i is

bext,i =

10∑
j=1

πD2
j

4
NjQext,j

(
mj ,Dj

)
, (2)

whereDj is the mean diameter of size bin j andQext,j is the
extinction efficiency of a single particle having a complex
refractive index mj . Nj is the aerosol number concentration
for bin j calculated according to

www.geosci-model-dev.net/9/4257/2016/ Geosci. Model Dev., 9, 4257–4272, 2016



4260 A. Panagiotopoulou et al.: Comparison of PMCAMx aerosol optical depth predictions over Europe

Nj =
6cj

πρjD
3
j

, (3)

where cj is the total concentration of all aerosol chemical
components and ρj is the aerosol average density at size bin
j . The extinction efficiency for bin j is estimated as the sum
of the scattering,Qscat,j , and absorption,Qabs,j , efficiencies:

Qext,j =Qscat,j +Qabs,j . (4)

Aerosol scattering and absorption efficiencies (Qscat,j ,
Qabs,j ) are calculated using Mie theory (Seinfeld and Pandis,
2006) and mass concentrations provided for each size bin by
PMCAMx, including the concentrations of particulate water.
The mean bin diameter is used for the Mie computations.
We have evaluated the accuracy of this simplification by per-
forming detailed calculations over the full diameter range as-
suming uniform mass or number distributions in each bin.
In all cases examined, the differences in the estimated AOD
were at most a few percent, justifying our simplification. The
complex refractive, mj , index of a homogeneous sphere is
estimated using the volume-weighted average of the indi-
vidual refractive indices (Pilinis and Pandis, 1995). Sulfate
and ammonium are assumed to have a real refractive index
of 1.53, which is the value of ammonium sulfate (GEISA,
2011; NASA, 2006). Nitrate is assumed to have a real refrac-
tive index of 1.56, similar to the value of ammonium nitrate
(NASA, 2006). Sodium and chloride have a real refractive
index of 1.5 (GEISA, 2011; NASA, 2006). Dust is assumed
to have a complex refractive index of 1.53–0.0055i (GEISA,
2011). OA is assumed to be non-absorbing, with a refrac-
tive index of 1.5 (Nessler et al., 2005; Fierz-Schmidhauser
et al., 2010). Biomass burning was minimal during the pe-
riod of interest (Crippa et al., 2014), so this simplifying as-
sumption regarding the OA absorptivity has little effect on
the predicted AOD. The black carbon refractive index has
the largest uncertainties (Bond and Bergstrom, 2005) and we
use a value of 1.75–0.44i (GEISA, 2011). In the base case
BC is assumed to be internally mixed with the other com-
ponents in each size range. The sensitivity of the model pre-
dictions to this assumption is discussed in a subsequent sec-
tion. Biomass burning emissions in Europe during the simu-
lated period were low and therefore any effects from biomass
burning-related brown carbon are also expected to be small.

3 MODIS and AERONET data

The cloud-screened and quality assured Level 2 AERONET
direct AOD measurements are used for the PMCAMx eval-
uation. AERONET applies the Beer–Lambert–Bouguer law
to measure AOD from direct sun observations (Holben et
al., 1998); therefore, it is considered to be the ground truth,
with AOD uncertainties of 0.01–0.02 (Eck et al., 1999). The

AERONET measurements have a variable temporal resolu-
tion which is on average around 15 min. Measurements start
after sunrise when the sun is approximately 7.5◦ above the
horizon and end a little before sunset when the sun is once
more at approximately 7.5◦. We use here the AERONET
AOD at 550 nm. In this work only the AOD values corre-
sponding to Angstrom exponent values greater than 0.9 are
employed in an effort to exclude periods with high dust or
high sea-salt levels (Schuster et al., 2006). This filter re-
jected 29 % of AODs over land and 28 % over water. The
geographical distribution of the corresponding AERONET
stations is depicted in Fig. 1 and the number of stations
in each region is shown in Table 1. Some AERONET sta-
tions in the domain of interest did not have available Level
2 AOD data for the period of interest, while all data from
three stations (OHP_OBSERVATOIRE in southern France,
FORTH_CRETE in Crete, Greece, and ATHENS_NOA in
Athens, Greece) have been excluded after the coarse particle
(dust or sea-salt) rejection filtering.

The polar-orbiting MODIS monitors global aerosol prop-
erties from two satellites: Terra and Aqua (Salomonson et al.,
1989). MODIS employs 36 channels from 0.412 to 14.2 µm,
has a wide swath of 2330 km, and observes every location
of the globe at least once daily. The default resolution for
aerosol retrieval is 10× 10 km2 (Levy et al., 2009). Each
dataset retrieved by MODIS is associated with a quality as-
surance confidence (QAC) flag which ranges from 0 (no
confidence) to 3 (highest confidence). For increased spatial
coverage we use both the Terra and Aqua MODIS AOD
retrievals with QAC≥ 1. We employ the MODIS Level 2
Collection 5.1 aerosol datasets. The dark-target algorithm
products were used. We did not alter the values of the data
records and we did not apply any additional transformations.
The MODIS AOD values, retrieved with spatial resolution
10× 10 km2, were assigned to the corresponding computa-
tional cells of the PMCAMx modeling domain. AOD re-
trievals are provided at seven wavelengths (470, 550, 660,
870, 1200, 1600, 2100 nm) over the water surface and four
wavelengths (470, 550, 660, 2100 nm) over land. In this
study we focus on the 550 nm values. Figure 2 presents the
geographical distribution of the available MODIS AOD mea-
surements during the period of interest 1–29 May 2008 (EU-
CAARI campaign) over Europe. The average number of re-
trievals is 12±9. The maximum number of retrievals is 65 in
areas in the North Atlantic.

Dust emissions from the Sahara are not included in the
PMCAMx emissions used here and the focus of this study is
on periods and regions in which Saharan dust or other coarse
particles like sea salt do not contribute significantly to the
AOD. To exclude periods with high coarse particle levels
and to focus on the rest of the anthropogenic and biogenic
aerosol components, MODIS AODs are filtered. Over water
we employ the coarse particle rejection filter of Barnaba and
Gobbi (2004). According to this filter, AOD values greater
than 0.3 also corresponding to coarse mode fractions higher
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Table 1. Error metrics for the evaluation of PMCAMx against AERONET monthly mean AODs.

Region Number of Mean Mean Mean Mean Fractional Fractional
AERONET AERONET PMCAMx error bias error bias

stations AOD AOD

UK/Ireland 1 0.25 0.24 0.01 −0.01 0.04 −0.04
Central Europe 25 0.16 0.17 0.03 0.02 0.22 0.12
Northern Europe 4 0.08 0.12 0.04 0.04 0.36 0.36
Spain and Portugal 8 0.11 0.12 0.02 0.01 0.20 0.05
Eastern Europe 2 0.11 0.14 0.03 0.03 0.24 0.24
Balkans 2 0.21 0.15 0.06 −0.06 0.33 −0.33
Russia, Belarus, and Ukraine 5 0.15 0.14 0.02 −0.02 0.16 −0.11
Turkey and northern Africa 2 0.17 0.12 0.05 −0.05 0.30 −0.30

Mediterranean Sea – – – – – – –
North Atlantic Ocean 1 0.11 0.16 0.05 0.05 0.37 0.37
South Atlantic Ocean – – – – – – –
Black Sea – – – – – – –
Domain 50 0.15 0.15 0.03 0.001 0.22 0.04

Mean error= 1
N

N∑
i=1

∣∣Pi −Oi ∣∣ Mean bias= 1
N

N∑
i=1

(
Pi −Oi

)
Fractional bias= 2

N

N∑
i=1

(
Pi−Oi
Pi+Oi

)
Fractional error= 2

N

N∑
i=1

∣∣Pi−Oi ∣∣
Pi+Oi

Pi are predicted values by PMCAMx, Oi the AERONET retrievals, and N the number of stations.

Figure 1. Geographical distribution of the 50 AERONET stations
used in the present study.

than 0.3 are assumed to be coarse particle-influenced periods.
Over land we only use the AOD values which correspond
to Angstrom exponent values exceeding 0.9 (Schuster et al.,
2006). The above filters discard 16 % of MODIS AOD values
over land and 0.4 % over water. This is mostly due to the fact
that a lot of the periods with high dust levels are also accom-
panied by cloud cover over water. As a result there are no
MODIS AOD retrievals during these periods, thus lowering

Figure 2. Geographical distribution of the number of available
AOD retrievals from MODIS over Europe during May 2008. White
color denotes no retrievals. Land is partitioned into eight regions
including the United Kingdom and Ireland, central Europe, north-
ern Europe, Spain and Portugal, eastern Europe, Balkans, Rus-
sia/Belarus/Ukraine, Turkey, and northern Africa. The sea is par-
titioned into four regions: the Mediterranean, North Atlantic, South
Atlantic, and Black Sea.

the corresponding fraction that needs to be discarded due to
dust influence. The location of the AERONET stations also
contributes to this difference.
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The evaluation of the MODIS AODs at 550 nm for the land
algorithm was performed following the approach of Remer et
al. (2005) and Levy et al. (2007b). Figure S1 presents a com-
parison of the corresponding AERONET observations with
the MODIS AOD retrievals. AERONET measurements were
spatially and temporally collocated with MODIS retrievals,
similar to the scheme proposed by Ichoku et al. (2002).
The collocated data were sorted according to the AERONET
AOD observations. The resulting data were partitioned into
groups of 100 AOD points and then averaged. At higher opti-
cal depths, since the data became sparser, we used 25 points
for each bin. The regression line of the collocated AODs,
prior to partitioning, had a slope of 1.05; 73 % of the 8331
collocated points fall within the expected error envelope.
These results indicate that the mean MODIS AOD over land
in the region and period of interest was retrieved with the ex-
pected accuracy. The highest quality flag QAC = 3 provides
the closest match, but including the QAC= 2 and 1 retrievals
results in only a minor reduction of accuracy while increas-
ing significantly the size of the dataset (Table S2).

Previous studies have shown that MODIS AOD retrievals
have an expected error of ±(0.05+ 0.15AODAERONET) over
land and ±(0.03+ 0.05AODAERONET) over water (Chu et
al., 2002; Remer et al., 2005; Levy et al., 2007a, b, 2010;
Anderson et al., 2013). Table S3 summarizes the values of
the expected MODIS AOD uncertainties for the various re-
gions in our modeling domain during May 2008, based on
the monthly mean values of AERONET AOD. The MODIS-
AERONET AOD differences for this period are consis-
tent with the expected uncertainty of the MODIS retrievals
(Fig. S1).

4 Evaluation of PMCAMx fine PM composition and
mass predictions

Fountoukis et al. (2011) evaluated the ability of PMCAMx
to simulate the chemical composition of PM1 components
during the same period simulated in this study (May 2008)
using the measurements of the intensive campaign of the Eu-
ropean Aerosol Cloud Climate and Air Quality Interactions
(EUCAARI) project (Kulmala et al., 2011). The model pre-
dictions were compared with hourly averaged AMS ground
measurements as well as airborne measurements over Eu-
rope (Morgan et al., 2010). The measurements covered cen-
tral Europe, England and Ireland, the North Atlantic, and
the Mediterranean. Approximately 8500 measurements (data
points) from four ground stations and 16 flights were used in
this evaluation.

PMCAMx predictions were in close agreement with the
AMS measurements at Cabauw for all species. The pre-
dicted monthly average concentrations for OA, nitrate, sul-
fate, and ammonium were 4.0, 3.2, 2.2, and 1.9 µg m−3, re-
spectively, compared to the measured average of 4.1, 2.5,
1.5, and 1.7 µg m−3. The model reproduced approximately

90 % of the hourly PM1 OA data within a factor of 2. At Fi-
nokalia the average predicted concentration was 2.1 µg m−3

for OA, 4.7 µg m−3 for sulfate, 0.09 µg m−3 for nitrate, and
1.3 µg m−3 for ammonium in comparison with the AMS
measurements of 2.5, 5.2, 0.08, and 1.5 µg m−3, respectively.
At Mace Head PMCAMx reproduced 79 and 74 % of the
hourly PM1 OA and sulfate hourly measurements within a
factor of 2. However, greater errors were seen for PM1 nitrate
and ammonium, because of the bulk equilibrium assumption
used in that PMCAMx application. In Melpitz the model re-
produced more than 80 % of the hourly PM1 OA data within
a factor of 2. Overall, PMCAMx agreement with the AMS
ground measurements for all stations was encouraging. More
than 70 % of the hourly data points for PM1 sulfate and 87 %
for PM1 OA lay within the 2 : 1 and 1 : 2 error lines. As ex-
pected, the model performance based on daily averaged val-
ues was even better, reproducing 94 and 82 % of the hourly
data within a factor of 2 for OA and sulfate, respectively.
Overall the model fractional bias for the ground stations was
−0.1 for OA, 0.1 for sulfate, 0.2 for ammonium, and 0.4 for
nitrate. For the airborne measurements, the PMCAMx frac-
tional bias was−0.2 for OA, 0.2 for sulfate,−0.3 for nitrate,
and −0.08 for ammonium.

PMCAMx predictions of the vertical distribution of sub-
micron aerosol chemical composition were evaluated against
the airborne AMS data. Both PMCAMx and LONGREX air-
borne observations showed low OA concentrations in the 2–
6 km altitude range over Europe during the simulation period.
The ability of the model to reproduce the high time resolution
airborne measurements at various altitudes and locations was
similar to its ability to simulate the ground level concentra-
tions. PMCAMx reproduced almost 70 % of the sulfate and
OA concentrations within a factor of 2. For measured sul-
fate and OA higher than 1 µg m−3, the model reproduced 77
and 75 % of the corresponding measurements, respectively,
within a factor of 2.

A detailed evaluation of the ability of PMCAMx to re-
produce observations of the organic aerosol composition
for the same May 2008 period has been presented by
Fountoukis et al. (2014). The PMCAMx predictions us-
ing the volatility basis set approach were compared against
AMS positive matrix factorization results. The model cor-
rectly predicted the low concentrations of fresh primary
transportation-related OA (< 0.3 µg m−3) at Melpitz and Fi-
nokalia. At Mace Head it showed a small tendency towards
underprediction of the same component, with a mean er-
ror of −0.25 µg m−3. Overall, in the comparison of PM-
CAMx against AMS hydrocarbon-like OA (HOA) measure-
ments from all stations, the mean error was 0.26 µg m−3,
while the mean bias was less than 1 µg m−3. Regarding oxy-
genated OA (the major component of OA according to the
measurements in all stations), the model reproduced 83 %
of the measured values within a factor of 2. The model bi-
ases for organics and sulfate, the two major PM1 compo-
nents, were quite similar at the ground and higher altitudes
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Figure 3. Monthly mean AODs from PMCAMx and MODIS (QAC≥ 1) during May 2008. White color denotes no AOD retrieval. A coarse
particle rejection filter has been employed. The PMCAMx AODs correspond to the periods of the MODIS retrievals.

(Fountoukis et al., 2011). For example, for organic aerosol
the mean bias was −0.4 µg m−3 in both cases, while for sul-
fate it was+0.1 µg m−3 at the ground and−0.1 µg m−3 aloft.
The model reproduced well the almost zero ground PM1 ni-
trate levels in the eastern Mediterranean (Finokalia) (mean
bias 0.02 µg m−3) and the moderate levels in central Europe
(Melpitz) (mean bias −0.1 µg m−3). In the high ammonium
nitrate region based on the Cabauw measurements, the nitrate
bias at the ground was+0.8 µg m−3. The mean bias at higher
altitudes was −0.2 µg m−3.

The predictions of PM2.5 and PM1 of PMCAMx can also
be compared against the corresponding EMEP daily average
mass concentration measurements. A total of 795 data points
in 26 ground stations are available during the simulated
period and have been used for the evaluation. The model
showed very little bias (fractional bias equal to −0.07) and
reasonable scatter (fractional error equal to 0.49). The aver-
age predicted PM2.5 concentration was 9.07 µg m−3, while
the average observed was 9.82 µg m−3. This performance is
quite similar to the one reported by Fountoukis et al. (2011)
for the EUCAARI stations and airborne campaign for the
same period. Details about this intercomparison can be found
in the Supplement.

5 Evaluation of PMCAMx AOD predictions

The coarse particle-screened monthly mean AODs for Eu-
rope during May 2008 retrieved by MODIS and predicted by
PMCAMx are shown in Fig. 3. The PMCAMx AODs have
been calculated for exactly the same periods as the MODIS
retrievals to allow the direct comparison of the two. The com-
parisons with the MODIS AOD retrievals correspond exactly
in space and time, so the times coincide with the satellites’
overpasses.

The MODIS retrievals show high AOD values (> 0.25)
over England, southern Ireland, northern Italy, southern
Poland, eastern Romania, Greece, and the North Atlantic.
Low AOD values (< 0.1) were retrieved over eastern France,
Belgium, Sweden, and northern Russia. PMCAMx predicts
high AODs over England, southern Ireland, northern Italy,
and the central Atlantic, and low AODs over northern Swe-
den, eastern Russia, and the North and South Atlantic. The
data sample size is small over northern Africa due to the high
levels of dust in these areas during the whole simulation pe-
riod. As a result the corresponding coarse particle-screened
AOD comparisons provide little information about the ability
of PMCAMx to simulate fine PM in this region.

5.1 Overall evaluation

The difference between PMCAMx and MODIS monthly
mean AODs is depicted in Fig. 4. PMCAMx AODs are
higher than those of MODIS over England, Ireland, France,
Germany, central and southern Italy, northern and eastern
Europe, central, northern, and western Russia, the western
Balkans, and the central Atlantic. On the other hand, PM-
CAMx predicts lower AODs than MODIS over parts of Rus-
sia, northern Italy, the central and southern Balkans, southern
Poland, the North and South Atlantic, and the African coast
of the Mediterranean. On a domain average basis PMCAMx
predicts an AOD equal to 0.14, while MODIS retrieved 0.16.
Detailed comparisons for each region can be found in Ta-
ble 2; 94 % of the monthly mean AOD values fall inside the
expected MODIS error envelope over land (Fig. 5a). Over
the whole domain the PMCAMx monthly mean AODs have
a mean error of 0.05 and a fractional bias of −16 % com-
pared to the MODIS monthly mean AODs (Tables 2 and S4).
The correlation coefficient R between the MODIS monthly
average AODs and the PMCAMx predicted AODs was 0.51.

PMCAMx AODs were also compared with the AERONET
values for the simulation period. Once more the compar-
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Table 2. Error metrics for the evaluation of PMCAMx against MODIS monthly mean AODs.

Region Mean Mean Mean Mean Fractional Fractional
MODIS PMCAMx error bias error bias

AOD AOD

UK and Ireland 0.21 0.23 0.04 0.02 0.22 0.14
Central Europe 0.16 0.17 0.05 0.01 0.30 0.13
Northern Europe 0.09 0.14 0.06 0.05 0.53 0.47
Spain and Portugal 0.14 0.12 0.04 −0.03 0.28 −0.15
Eastern Europe 0.13 0.15 0.05 0.03 0.35 0.25
Balkans 0.19 0.14 0.05 −0.04 0.28 −0.24
Russia, Belarus, and Ukraine 0.13 0.12 0.04 0.01 0.30 −0.01
Turkey and northern Africa 0.16 0.14 0.05 −0.03 0.31 −0.13

Mediterranean Sea 0.18 0.14 0.04 −0.04 0.25 −0.24
North Atlantic Ocean 0.17 0.14 0.04 −0.03 0.30 −0.21
South Atlantic Ocean 0.16 0.10 0.06 −0.06 0.45 −0.45
Black Sea 0.17 0.14 0.04 −0.03 0.22 −0.18
Domain 0.16 0.14 0.05 −0.02 0.33 −0.16

Figure 4. Difference of the PMCAMx from MODIS (QAC≥ 1)
monthly mean AODs during May 2008. Positive means that PM-
CAMx overpredicts AOD compared to MODIS. There were not
enough dust-screened AOD retrievals for the model evaluation in
the white areas in northern Africa and in the Middle East.

isons were done for the grid cells of the AERONET sta-
tions and corresponding measurement periods. The PM-
CAMx monthly mean AODs had a mean error of 0.03 and
a fractional bias of 4 % compared to the AERONET monthly
mean AODs (Table 1). The comparison of the PMCAMx
with AERONET monthly mean AODs is summarized in
Fig. 5b for the 50 AERONET stations which are employed
in the present study. The correlation coefficient R between
the AERONET monthly average AODs and the PMCAMx
predicted AODs was 0.57.

5.2 Regional evaluation

The performance of the model for AOD, combined with its
performance for composition in the sites where there are
ground and airborne PM composition measurements, can be
used to reach some tentative conclusions about its perfor-
mance in reproducing the fine PM levels and composition.
These are clearly limited to the components dominating the
AOD in each area, and either suggest problems or a lack of
major errors. These are discussed for each region below. We
adopt here the four levels of model performance proposed by
Morris et al. (2005) to evaluate PM models based on their
fractional bias and error. These levels vary from “excellent”
(absolute fractional bias ≤ 15 % and absolute fractional error
≤ 35 %) to “good” (absolute fractional bias ≤ 30 % and ab-
solute fractional error ≤ 50 %) to “average” (absolute frac-
tional bias ≤ 60 % and absolute fractional error ≤ 75 %) to
“problematic” (absolute fractional bias ≥ 60 % and absolute
fractional error ≥ 75 %).

Spain and Portugal. The relatively low AOD levels (0.11
for the eight AERONET stations and 0.14 for MODIS) are
reproduced well by PMCAMx (0.12 for the AERONET sites
and 0.12 for the periods of the MODIS retrievals). The
monthly mean PMCAMx AOD predictions have a mean
error of 0.02 (AERONET) and 0.04 (MODIS) (Tables 1
and 2). The model shows little bias (5 %) compared to the
AERONET stations and a small tendency towards underpre-
diction (−15 %) compared to MODIS; 83 % of the monthly
mean PMCAMx AODs are within the expected MODIS er-
ror envelope. These results are consistent with the evaluation
of PMCAMx against the daily ground PM2.5 mass measure-
ments in eight stations in Spain (Niembro, Campisabalos,
Cabo de Creus, Barcarotta, Zarra, Penausende, Els Torms, O
Savinao) in which the fractional bias of the model is −0.04
and the fractional error is 0.52 (Table S6). Sulfate and or-
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Figure 5. (a) Comparison of the PMCAMx predictions with
MODIS (QAC≥ 1) monthly mean AODs. The different colors in-
dicate density. The dashed red lines denote the ocean expected er-
ror envelope and the dotted lines denote the land envelope which
describes MODIS AOD uncertainties with respect to AERONET
(see Sect. 3). The solid red line is the 1 : 1 line. (b) Comparison
of the PMCAMx with AERONET monthly mean AODs. The PM-
CAMx values correspond to the periods of measurement for the 50
AERONET stations.

ganic aerosol are the predicted major components of dry fine
PM in Spain and Portugal (Table 3).

Russia, Belarus, and Ukraine. PMCAMx reproduces well
(0.14 predicted vs. 0.15 measured) the average AOD obser-
vations at the five AERONET stations in this region (two in
western Russia, one in Belarus, one in Ukraine, and one in
Crimea) (Table 1). The model has a similarly good perfor-
mance against the MODIS retrievals (0.12 predicted vs. 0.13
retrieved) (Table 2). As a result, the monthly mean PMCAMx
AOD predictions have a low mean error of 0.02 (AERONET)
and 0.04 (MODIS). PMCAMx shows a slight tendency to-
wards underprediction (−11 %) compared to AERONET and
no bias (< 1 %) compared to MODIS; 92 % of the monthly
mean PMCAMx AODs are within the expected MODIS er-
ror envelope. Sulfates and organic aerosol are predicted to

predominate in this region and it appears that PMCAMx per-
forms reasonably well in this ground-level measurement poor
region. Significant discrepancies between predicted and ob-
served AOD over Russia were expected given the uncertainty
in the corresponding emissions. However, the agreement was
quite good with both AERONET and MODIS. This rather
surprising result clearly requires additional investigation and
could be due to offsetting errors.

United Kingdom (UK) and Ireland. This area was rela-
tively polluted during the simulation period, with high levels
of nitrates, sulfates, and organic aerosol based on both PM-
CAMx predictions and the airborne measurements (Table 3).
PMCAMx reproduces the relatively high average MODIS
(0.23 predicted vs. 0.21 retrieved) and AERONET (0.24 pre-
dicted vs. 0.25 measured in the station of Chibolton). The
monthly mean PMCAMx AODs have a mean error of 0.04
compared to MODIS, with a small tendency towards overpre-
diction (14 %); 90 % of the monthly mean PMCAMx AODs
fall within the expected MODIS error envelope. The encour-
aging agreement of PMCAMx retrievals over this region is
consistent with its good performance when compared against
the EUCAARI airborne and ground measurements in this re-
gion (Fountoukis et al., 2011, 2014) for the major fine PM
components.

Balkans. The Balkans according to PMCAMx had some
of the highest sulfates levels in the domain during the simu-
lation period (Table 3). The model underpredicts the AOD
both against MODIS (0.14 predicted vs. 0.19 retrieved)
and the two AERONET stations (0.15 predicted vs. 0.21
measured). The corresponding fractional biases are −24 %
against MODIS and −33 % against AERONET. However,
80 % of the monthly mean PMCAMx AODs fall within the
expected MODIS error envelope. These results are consistent
with the PM2.5 mass concentration underprediction (frac-
tional bias −24 %) in the station of Iskrba in Slovenia (Ta-
ble S6). Given that most of the predicted AOD is due to the
sulfate, these results suggest that the PMCAMx underpredic-
tion is probably due to their underestimation.

Central Europe. PMCAMx showed a small tendency to-
wards overprediction of the moderate AODs in this region
compared to both AERONET (12 %) and MODIS (13 %).
For example, overpredictions were evident over France and
Germany (Fig. 4). The corresponding fractional errors on a
monthly average basis were 22 % against AERONET and
30 % against MODIS. Organic aerosol, sulfate, and nitrate
were the major predicted fine PM components in central Eu-
rope during this period, consistent with the measurements in
Melpitz and Cabauw (Fountoukis et al., 2011). PMCAMx
overpredicted sulfate levels (fractional bias equal to 0.3) and
nitrate levels (fractional bias of 0.3) in Cabauw, but showed
little bias (equal to 0.01) for OA. These results appear con-
sistent with the AOD overpredictions. However, in Melpitz
the model slightly underpredicted sulfate (fractional bias =
−0.1) and underpredicted OA (fractional bias = −0.3). Us-
ing the airborne measurements over this region, sulfate was
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Table 3. Monthly predicted mean ground-level concentration in µg m−3 of the major PM2.5 components.

Region SO2−
4 OA EC Cl− Na+ NH+4 NO−3 H2O Crustal

UK and Ireland 3.6 3.4 0.5 0.6 0.8 2.4 3.8 33.3 0.7
Central Europe 3.0 3.4 0.5 0.2 0.4 1.4 1.3 10.1 0.6
Northern Europe 2.2 2.3 0.2 0.2 0.4 0.9 0.6 5.1 0.4
Spain and Portugal 1.6 1.2 0.2 0.1 0.2 0.7 0.5 11.7 0.3
Eastern Europe 2.9 3.1 0.4 0.1 0.4 1.2 0.8 9.2 0.6
Balkans 3.9 2.7 0.3 0.1 0.3 1.4 0.3 4.9 0.6
Russia, Belarus, and Ukraine 2.5 2.1 0.3 0.03 0.2 0.9 0.2 3.9 0.5
Turkey and northern Africa 2.7 2.2 0.2 0.2 0.4 1.0 0.6 8.2 0.5

Mediterranean Sea 4.2 2.4 0.3 1.3 1.4 1.2 0.3 11.3 0.7
North Atlantic Ocean 2.1 1.8 0.2 1.0 1.0 1.0 1.0 24.2 0.4
South Atlantic Ocean 1.5 1.1 0.06 0.8 0.8 0.5 0.3 8.8 0.3
Black Sea 3.8 2.8 0.3 0.6 0.7 1.3 0.4 9.7 0.7
Domain 2.4 1.9 0.2 0.5 0.6 0.9 0.5 10 0.5

overpredicted (fractional bias of 0.2) and OA was underpre-
dicted (fractional bias of −0.2). These results are also con-
sistent with the ground PM2.5 mass concentration measure-
ments in six stations in the area (Illmitz, Payerne, Rigi, Wald-
off, Schaunisland, and Ispra) in which the absolute fractional
biases are less than 35 % and the fractional errors less than
approximately 50 % (Table S6). There are higher PM2.5 er-
rors in the site of Montelibretti in Rome, but these are mostly
due to the coarse resolution of the model. These results sug-
gest that the sulfate overpredictions can probably explain to
some extent the AOD overpredictions. Errors in the relatively
humidity fields could also explain parts of these AOD dis-
crepancies.

Eastern Europe. PMCAMx slightly overpredicted the
AODs in this region compared to both AERONET (24 %)
and MODIS (25 %); 82 % of the monthly mean PMCAMx
AODs fell within the expected MODIS error envelope. PM-
CAMx predicts more frequently AODs > 0.1 than measured
by AERONET during the corresponding period of measure-
ments, probably because of an overestimation of sulfates and
organic aerosol. The ground PM2.5 measurements in the two
sites in Latvia (Rucava and Zoseni) are the highest in the
domain and are seriously underpredicted by PMCAMx (Ta-
ble S6) and inconsistent with the low to moderate MODIS
AODs in the same area (Fig. 3). The reasons for these high
fine PM measurements are not clear and need additional in-
vestigation.

Northern Europe. PMCAMx reproduces the low pollu-
tion levels in this area, with a mean AOD of 0.12 com-
pared to 0.08 by the four AERONET stations. The abso-
lute monthly mean errors are low: 0.04 (AERONET) and
0.06 (MODIS). However, there is significant fractional pos-
itive bias compared to both AERONET (36 %) and MODIS
(47 %); 54 % of the monthly mean PMCAMx AODs fall out-
side the expected MODIS error envelope; 53 % of the hourly
PMCAMx AODs are greater than 0.1, while only 18 % of

the AERONET values are greater than 0.1. A similar over-
prediction of the PM2.5 concentrations can be seen in several
stations in the area (Asprveten, Hyytiala, Lille Valby), while
in some other stations (Rao and Vavihill) there is little or no
overprediction (Table S6). Sulfates and organic aerosol are
the dominant predicted fine PM components in this region
and the model probably overestimates at least one of them.

Turkey and northern Africa. There are only two
AERONET stations in this area and PMCAMx underpre-
dicts by 30 % the corresponding moderate AOD measure-
ments. However, the model performance appears to be much
better against the MODIS retrievals, covering a much big-
ger area, and the underprediction drops to 13 %; 79 % of the
PMCAMx AODs fall inside the expected MODIS error enve-
lope. Sulfates and organic aerosol are the major fine PM com-
ponents according to PMCAMx in these regions and they are
probably slightly underestimated by the model.

Mediterranean Sea. PMCAMx exhibits a tendency to-
wards underprediction (−24 %) against MODIS and 58 % of
the monthly mean PMCAMx AODs fall inside the expected
MODIS error envelope. The major discrepancies are evident
in the southern part of the Mediterranean, especially close
to the African coast. These suggest that dust may be par-
tially responsible for the errors even after the filtering of the
data. The model performance is better in the eastern Mediter-
ranean (Fig. 4). Sulfates dominated the AOD in the Mediter-
ranean during the simulation period according to PMCAMx.
Both the organic aerosol and the sulfate were underpredicted
in the site of Finokalia in Crete, with a mean bias of approx-
imately −0.5 µg m−3 (Fountoukis et al., 2011). However, the
concentration of sulfate in Finokalia was more than twice
that of organic aerosol. Given the difference in hygroscop-
icity between the two, most of the AOD (more than 80 %) is
due according to PMCAMx to sulfates. The omission of the
high coarse PM periods from the evaluation dataset has also
eliminated the high sea-salt concentration periods from areas
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over water. As a result, the present work offers little insight
into the ability (or lack thereof) of PMCAMx to model sea
salt in the various marine environments examined here.

South Atlantic. The PMCAMx AOD predictions are sig-
nificantly lower (−45 %) compared to the MODIS retrievals
in this region, with 74 % of the monthly mean PMCAMx
AODs falling outside the expected MODIS error envelope.
Sulfate and sea salt dominated the predicted AOD in this
region in May 2008 and there is evidence that they may
be underpredicted. However, errors in relative humidity or
cloud contamination could also be responsible for these dis-
crepancies (Anderson et al., 2013). The predicted concentra-
tions over the western Atlantic are heavily influenced by the
boundary conditions used for the left side of our modeling
domain. Any underestimation of these boundary conditions
could also explain the underestimation of the AOD in this
area.

North Atlantic. The model performance is much better in
the North than in the South Atlantic. The mean AOD error
is 0.04 compared to MODIS, with a tendency towards under-
prediction (−21 %); 53 % of the monthly mean PMCAMx
AODs fall inside the expected MODIS error envelope. There
is one AERONET station in this area (in Helgoland around
50 km from the coast of Germany) and PMCAMx predicts an
average AOD equal to 0.16 compared to the 0.11 measured.
Sulfates, organic aerosol, and sea salt were the major pre-
dicted fine PM components in the North Atlantic during May
2008 (Table 3). PMCAMx performed relatively well (abso-
lute fractional bias less than 0.2 for both sulfate and OA)
when compared with the EUCAARI airborne measurements
in this region.

Black Sea. PMCAMx exhibits a tendency towards under-
prediction (−18 %) vs. MODIS in this relatively polluted re-
gion; 66 % of the PMCAMx AODs fall within the expected
MODIS error envelope. Sulfates were the major predicted
fine PM component in the Black Sea during the simulation
period.

The results of the PMCAMx-MODIS comparison for the
various regions are summarized in Fig. 6. These results sug-
gest that the variability of the MODIS retrievals exceeds that
of the PMCAMx predictions for almost all areas. Based on
the monthly average AERONET observations (see Fig. 5b)
there is no indication that the model underestimates the high
AODs and overestimates the low ones. On average, it does
a reasonable job in both. However, when one examines the
individual measurements (Fig. 6), the range of the measure-
ments exceeds that of the predictions. There are a number of
possible reasons for this behavior that is often encountered
in chemical transport models. The use of the same anthro-
pogenic emissions inventory every day (with the exception
of weekends) is one reason. These emissions do vary from
day to day; however, the model uses their average, missing
in the process both ends of the actual air pollution distribu-
tion. Measurement uncertainty is a second reason. This will
also tend to extend the range of the measured AOD distribu-
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Figure 6. (a) Box plots of the PMCAMx and MODIS (QAC≥ 1)
monthly mean AODs for land. The central mark is the median, the
edges of the box are the 25th and 75th percentiles, the whiskers ex-
tend to the extreme data points considered not to be outliers, and the
outliers are plotted individually by the red marks. Points are drawn
as outliers if they are larger than Q3+ 1.5(Q3−Q1) or smaller
than Q1− 1.5(Q3−Q1), where Q1 and Q3 are the first and third
quartiles, respectively. (b) Box plots of the PMCAMx and MODIS
(QAC≥ 1) monthly mean AODs for water.

tion compared to the predicted one. Errors in meteorological
fields can also contribute to this discrepancy. Other potential
contributors are the relatively coarse spatial resolution of the
model inputs, missing short-term air pollution sources in the
inventory, potential cloud contamination of the retrievals, etc.

The AERONET measurements provide an additional op-
portunity to test the ability of the model to reproduce the ob-
served average diurnal AOD variation, at least for the approx-
imately 12 h for which measurements are available. Some of
these comparisons are shown in Figs. S3–S8 in the Supple-
mentary Material. Overall, for over 90 % of the hourly aver-
aged AOD measurements the PMCAMx error was less than
50 %, indicating that the agreement of the average AODs was
not due to offsetting temporal errors.
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6 Sensitivity analysis of the predicted AODs

There are various possible sources of bias in the PMCAMx
predictions of AOD other than the concentration and com-
position of aerosol. We explore here the role of the relative
humidity calculated by the WRF model, the role of the mix-
ing state of BC, as well as that of the predicted aerosol size
distribution.

In the first test the absolute humidity was increased uni-
formly by 5 % while maintaining the maximum relative hu-
midity in cloud-free regions at 99 %. The PMCAMx monthly
mean AOD increased on average by 13 % (Fig. S2). The in-
creases ranged from 7 % in Turkey and northern Africa to
31 % in the North Atlantic. This AOD change can explain a
significant part of the base case discrepancies which cause a
fractional error of PMCAMx 22 % vs. AERONET and 33 %
vs. MODIS.

In another test the diameter of all particles was increased
by 20 % without keeping the particle number constant; 72 %
of the PMCAMx monthly mean AOD values changed by less
than 0.01. The average increase of the monthly mean AOD
was 1 % (ranging from 0.3 % in the Black Sea to 4 % in the
UK and Ireland). This small sensitivity of the aerosol forcing
to moderate changes in aerosol size has been discussed in
detail by Pilinis et al. (1995).

In a third sensitivity test we assumed that BC was al-
ways externally mixed with the other components in each
size range, forming pure BC spheres; 73 % of the PMCAMx
monthly mean AOD values changed by less than 0.01 in this
test. The average change in the monthly mean AOD was
negligible (< 0.5 %). These two cases represent relatively ex-
treme cases of mixing. The results are reasonable given the
relatively low levels of BC and the high levels of secondary
inorganic and organic aerosol during this period. A similarly
low sensitivity of the order of 1 % or so is expected in the
case of a core-shell model, which was not examined in de-
tail.

7 Conclusions

Previous evaluations of the ability of the three-dimensional
PMCAMx CTM to reproduce the aerosol levels in Europe,
the US, and Mexico City have been based on comprehensive
chemical composition measurements at a few ground sites
and limited data from a few flights. In this study we expand
these efforts by using the MODIS and AERONET retrievals
of AOD over Europe during a photochemically active period
(May 2008). We exclude periods during which the different
areas are strongly affected by dust (mainly from the Sahara)
or other coarse particles like sea salt in an effort to focus on
the other primary and secondary anthropogenic and biogenic
aerosol components.

PMCAMx can reproduce the observed AODs for this
period with little bias (−16 % for MODIS and +4 % for

AERONET). The corresponding fractional errors are 33 %
against MODIS and 22 % against AERONET. These results
are consistent with those of Fountoukis et al. (2011, 2014),
who compared the PMCAMx predictions for the same pe-
riod against ground measurements of fine PM composition
in four sites and airborne measurements from several flights
over central and northern Europe.

The AOD performance of PMCAMx against the MODIS
retrievals is “excellent”, based on the Morris et al. (2005) per-
formance criteria discussed above, in the Iberian Peninsula,
UK/Ireland, central Europe, Russia–Belarus–Ukraine, and
Turkey–northern Africa. We were expecting significant dis-
crepancies between predicted and observed AOD over Russia
given the uncertainty in the corresponding emissions. How-
ever, the agreement was quite good with both AERONET and
MODIS. This rather surprising result clearly requires addi-
tional investigation and could be due to offsetting errors. The
model performance is “good” based on the same criteria in
eastern Europe, the Balkans, and over the Mediterranean, the
North Atlantic, and the Black Sea. Finally, its performance is
“average” in the relatively clean area of northern Europe and
the South Atlantic. The performance is more or less similar
against AERONET, with the exception of a few areas with
only one or two AERONET stations. The average perfor-
mance against the AERONET measurements is considered
using the above criterion “excellent” and against MODIS it
is on the borderline between “good” and “excellent”.

The above results suggest that the major weaknesses of
PMCAMx appear to be overpredictions of sulfate and/or or-
ganics over northern and eastern Europe, underprediction of
sulfate over the Balkans, and underprediction of fine sodium
chloride, sulfates, or organics in the southern Mediterranean
and South Atlantic. However, these discrepancies are quite
sensitive to the relative humidity fields predicted by WRF.
In a sensitivity test the average predicted AOD increased by
13 % (ranging from 7 to 31 % depending on the area) for a
uniform 5 % change in relative humidity (RH). On the other
hand, the details of the fine PM size distribution and the black
carbon mixing state have a very small effect on the AOD pre-
dictions.

Comparison of the predicted AOD with the MODIS and
AERONET results can shed only limited light on the ability
of a CTM to reproduce the composition of the aerosol. The
performance of the model for AOD, combined with its per-
formance for composition in the sites where there are ground
and airborne PM composition measurements, can be used to
strengthen these tentative conclusions about its composition
performance. These are clearly limited to the components
dominating the AOD in each area, as discussed above, and
either suggest problems or a lack of major errors.
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8 Code availability

PMCAMx is the research version of the publicly available
CAMx (http://www.camx.org/). The Fortran source code of
CAMx (Version 6.20 was posted on 23 March 2015) and
a user’s guide, both prepared by ENVIRON, can be down-
loaded through the above website. The PMCAMx code is
used as a test bed for testing of different hypotheses, algo-
rithms, etc. The version used in this paper as well as the most
current version can be obtained upon request by contacting
S. Pandis (spyros@chemeng.upatras.gr).

The Supplement related to this article is available online
at doi:10.5194/gmd-9-4257-2016-supplement.

Acknowledgements. The NASA MODIS team is acknowledged
for preparing and making available MODIS observations. The
AERONET team is acknowledged for establishing and maintaining
the AERONET sites used in this study. Funding was provided by
the FP7 ERC IDEAS project ATMOPACS.

Edited by: T. Butler
Reviewed by: four anonymous referees

References

Anderson, J. C., Wang, J., Zeng, J., Leptoukh, G., Petrenko, M.,
Ichoku, C., and Hu, C.: Long-term statistical assessment of
Aqua-MODIS aerosol optical depth over coastal regions: bias
characteristics and uncertainty sources, Tellus B, 65, 1–22, 2013.

Andreae, M. O. and Merlet, P.: Emission of trace gases and aerosols
from biomass burning, Global Biogeochem. Cy., 15, 955–966,
doi:10.1029/2000GB001382, 2001.

Barnaba, F. and Gobbi, G. P.: Aerosol seasonal variability over
the Mediterranean region and relative impact of maritime, conti-
nental and Saharan dust particles over the basin from MODIS
data in the year 2001, Atmos. Chem. Phys., 4, 2367–2391,
doi:10.5194/acp-4-2367-2004, 2004.

Bond, T. C. and Bergstrom, W.: Light absorption by carbonaceous
particles: An investigative review, Aerosol. Sci. Tech., 40, 27–67,
2005.

Carnevale, C., Finzi, G., Mannarini, G., Pisoni, E., and Volta, M.:
Comparing mesoscale chemistry-transport model and remote-
sensed Aerosol Optical Depth, Atmos. Environ., 45, 289–295,
2011.

Chin, M., Ginoux, P., Kinne, S., Torres, O., Holben, B., Duncan, B.,
Martin, R., Logan, J., Higurashi, A., and Nakajima, T.: Tropo-
spheric aerosol optical thickness from the GOCART model and
comparisons with satellite and sun photometer measurements, J.
Atmos. Sci., 59, 461–483, 2002.

Chin, M., Chu, A., Levy, R., Remer, L., Kaufman, Y., Holben,
B., Eck, T., Ginoux, P., and Gao, Q.: Aerosol distribution in
the Nothern Hemisphere during ACE-Asia: Results from global

model, satellite observations and sun photometer measurements,
J. Geophys. Res., 109, 1–15, 2004.

Chu, D., Kaufman, J. Y., Ichoku, C., Remer, L., Tanre, D., and
Holben, N. B.: Validation of MODIS aerosol optical depth re-
trieval over land, Geophys. Res. Lett., 29, MOD02-1 to MOD02-
4, doi:10.1029/2001GL013205, 2002.

Crippa, M., Canonaco, F., Lanz, V. A., Äijälä, M., Allan, J. D., Car-
bone, S., Capes, G., Ceburnis, D., Dall’Osto, M., Day, D. A., De-
Carlo, P. F., Ehn, M., Eriksson, A., Freney, E., Hildebrandt Ruiz,
L., Hillamo, R., Jimenez, J. L., Junninen, H., Kiendler-Scharr,
A., Kortelainen, A.-M., Kulmala, M., Laaksonen, A., Mensah,
A. A., Mohr, C., Nemitz, E., O’Dowd, C., Ovadnevaite, J., Pan-
dis, S. N., Petäjä, T., Poulain, L., Saarikoski, S., Sellegri, K.,
Swietlicki, E., Tiitta, P., Worsnop, D. R., Baltensperger, U., and
Prévôt, A. S. H.: Organic aerosol components derived from 25
AMS data sets across Europe using a consistent ME-2 based
source apportionment approach, Atmos. Chem. Phys., 14, 6159–
6176, doi:10.5194/acp-14-6159-2014, 2014.

De Meij, A., Wagner, S., Cuvelier, C., Dentener, F., Gobron, N.,
Thunis, P., and Schaap, M.: Model evaluation and scale issues
in chemical and optical aerosol properties over the greater Milan
area (Italy) for June 2001, Atmos. Res., 85, 243–267, 2007.

De Meij, A., Pozzer, A., Pringle, K. J., Tost, H., and Lelieveld,
J.: EMAC model evaluation and analysis of atmospheric aerosol
properties and distribution with a focus on the Mediterranean re-
gion, Atmos. Res., 114–115, 38–69, 2012.

Duncan, B. N., Prados, A. I., Lamsal, L. N., Liu, Y., Streets, D. G.,
Gupta, P., Hilsenrath, E., Kahn, R. A., Nielsen, J. A., Beyers-
dorf, A. J., Burton, S. P., Fiore, A. M., Fishman, J., Henze, D.
K., Hostetler, C. A., Krotkov, N. A., Lee, P., Lin, M., Pawson,
S., Pfister, G., Pickering, K. E., Pierce, B. R., Yoshida, Y., and
Ziem, L. D.: Satellite data of atmospheric pollution for U.S. air
quality applications: Examples of applications, summary of data
end-user resources, answers to FAQs, and common mistakes to
avoid, Atmos. Environ., 94, 647–662, 2014.

Eck, T. F., Holben, B. N., Reid, J. S., Dubovik, O., Smirnov,
A., O’Neill, N. T., Slutsker, I., and Kinne, S.: Wavelength
dependence of the optical depth of biomass burning, urban,
and desert dust aerosols, J. Geophys. Res., 104, 31333–31349,
doi:10.1029/1999JD900923, 1999.

Environ: User’s guide to the comprehensive air quality model with
extensions (CAMx), version 4.02, Report, ENVIRON Int. Corp.,
Novato, Calif., 2003.

EUCAARI D42: D42 Pan – European Carbonaceous aerosol inven-
tory, EUCAARI Deliverable Report, the Netherlands, TNO Built
Environment and Geosciences, 2009.

Fahey, K. and Pandis, S. N.: Optimizing model performance: vari-
able size resolution in cloud chemistry modeling, Atmos. Envi-
ron., 35, 4471–4478, 2001.

Fierz-Schmidhauser, R., Zieger, P., Vaishya, A., Monahan, C.,
Bialek, J., Dowd, O. D. C., Jennings, S. G., Baltensperger, G.,
and Weingartner, E.: Light scattering enhancement factors in the
marine boundary layer (Mace Head, Ireland), J. Geophys. Res.,
115, D20204, doi:10.1029/2009JD013755, 2010.

Fountoukis, C., Racherla, P. N., Denier van der Gon, H. A. C.,
Polymeneas, P., Charalampidis, P. E., Pilinis, C., Wiedensohler,
A., Dall’Osto, M., O’Dowd, C., and Pandis, S. N.: Evaluation
of a three-dimensional chemical transport model (PMCAMx)
in the European domain during the EUCAARI May 2008 cam-

www.geosci-model-dev.net/9/4257/2016/ Geosci. Model Dev., 9, 4257–4272, 2016

http://www.camx.org/
http://dx.doi.org/10.5194/gmd-9-4257-2016-supplement
http://dx.doi.org/10.1029/2000GB001382
http://dx.doi.org/10.5194/acp-4-2367-2004
http://dx.doi.org/10.1029/2001GL013205
http://dx.doi.org/10.5194/acp-14-6159-2014
http://dx.doi.org/10.1029/1999JD900923
http://dx.doi.org/10.1029/2009JD013755


4270 A. Panagiotopoulou et al.: Comparison of PMCAMx aerosol optical depth predictions over Europe

paign, Atmos. Chem. Phys., 11, 10331–10347, doi:10.5194/acp-
11-10331-2011, 2011.

Fountoukis, C., Megaritis, A. G., Skyllakou, K., Charalampidis,
P. E., Pilinis, C., Denier van der Gon, H. A. C., Crippa, M.,
Canonaco, F., Mohr, C., Prévôt, A. S. H., Allan, J. D., Poulain, L.,
Petäjä, T., Tiitta, P., Carbone, S., Kiendler-Scharr, A., Nemitz, E.,
O’Dowd, C., Swietlicki, E., and Pandis, S. N.: Organic aerosol
concentration and composition over Europe: insights from com-
parison of regional model predictions with aerosol mass spec-
trometer factor analysis, Atmos. Chem. Phys., 14, 9061–9076,
doi:10.5194/acp-14-9061-2014, 2014.

Gaydos, T., Koo, B., and Pandis, S. N.: Development and applica-
tion of an efficient moving sectional approach for the solution
of the atmospheric aerosol condensation/evaporation equations,
Atmos. Environ., 37, 3303–3316, 2003.

GEISA (Gestion et Etude des Informations Spectroscopiques At-
mosphériques: The GEISA 2011 spectroscopic database, avail-
able at: http://ether.ipsl.jussieu.fr/etherTypo/?id=1293 (last ac-
cess: November 2016), 2011.

Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P. I.,
and Geron, C.: Estimates of global terrestrial isoprene emissions
using MEGAN (Model of Emissions of Gases and Aerosols from
Nature), Atmos. Chem. Phys., 6, 3181–3210, doi:10.5194/acp-6-
3181-2006, 2006.

Han, X., Zhang, M., Han, Z., Xin, J., Wang, L., Qiu, J., and Liu, Y.:
Model analysis of aerosol optical depth distributions over East
Asia, Sci. China Earth Sci., 53, 1079–1090, 2010.

Hidy, G. M., Brook, J. R., Chow, J. C., Green, M., Husar, R. B.,
Lee, C., Scheffe, R. D., Swanson, A., and Watson, J. G.: Remote
sensing of particulate pollution from space: Have we reached the
promised land?, J. Air Waste Manag. Assoc., 59, 1130–1139,
2009.

Hodzic, A., Vautard, R., Chepfer, H., Goloub, P., Menut, L.,
Chazette, P., Deuzé, J. L., Apituley, A., and Couvert, P.: Evo-
lution of aerosol optical thickness over Europe during the Au-
gust 2003 heat wave as seen from CHIMERE model simula-
tions and POLDER data, Atmos. Chem. Phys., 6, 1853–1864,
doi:10.5194/acp-6-1853-2006, 2006.

Holben, B. N., Eck, T. F., Slutsker, I., Tanre, D., Buis, J. P., Setzer,
A., Vermote, E., Reagan, J. A., Kaufman, Y. J., Nakajima, T.,
Lavenu, F., Jankowiak, I., and Smirnov, A.: AERONET-A feder-
ated instrument network and data archive for aerosol characteri-
zation, Remote Sens. Environ., 66, 1–16, 1998.

Hu, X., Waller, L. A., Lyapustin, A., Wang, Y., and Liu, Y.: 10-
year spatial and temporal trends of PM2.5 concentrations in the
southeastern US estimated using high-resolution satellite data,
Atmos. Chem. Phys., 14, 6301–6314, doi:10.5194/acp-14-6301-
2014, 2014.

Ichoku, C., Chu, D. A., Mattoo, S., Kaufman, Y. J., Remer, L. A.,
Tanre, D., Slutsker, I., and Holben, B. N.: A spatio-temporal
approach for global validation and analysis of MODIS aerosol
products, Geophys. Res. Lett., 29, 1–4, 2002.

Im, U., Daskalakis, N., Markakis, K., Vrekoussis, M., Hjorth, J.,
Myriokefalitakis, S., Gerasopoulos, E., Kouvarakis, G., Richter,
A., Burrows, J., Pozzoli, A., Unal, A., Kindap, T., and Kanaki-
dou, M.: Simulated air quality and pollutant budgets over Europe
in 2008, Sci. Total Environ., 470–471, 270–281, 2014.

Jeuken, A., Veefkind, P., Dentener, F., Metzger, S., and Robles-
Gonzales, C.: Simulation of the aerosol optical depth over Eu-

rope for August 1997 and a comparison with observations, J.
Geophys. Res., 106, 28295–28311, 2001.

Johnson, M. S., Meskhidge, N., and Kiliyanpillakil, V. P.: A global
comparison of GEOS-Chem- predicted and remotely-sensed
mineral dust aerosol optical depth and extinction profiles, J. Adv.
Model. Earth Syst., 4, 1–15, 2012.

King, M. D., Kaufman, Y. J., Tanre, D., and Nakajima, T.: Remote
sensing of tropospheric aerosols from space: Past, present and
future, Bull. Amer. Met. Soc., 80, 2229–2259, 1999.

Kinne, S., Lohmann, U., Feichter, J., Timmreck, C., Schulz, M.,
Ghan, S., Easter, R., Chin, M., Ginoux, P., Takemura, T., Tegen,
I., Koch, D., Herzog, M., Penner, J., Pitari, G., Holben, B., Eck,
T., Smirnov, A., Dubovik, O., Slutsker, I., Tanre, D., Torres, O.,
Mishchenko, M., Geogdzhayev, I., Chu, D. A., and Kaufman,
Y.: Monthly averages of aerosol properties: A Global compari-
son among models, satellite data and AERONET ground data, J.
Geophys. Res, 108, 4634, doi:10.1029/2001JD001253, 2003.

Kinne, S., Schulz, M., Textor, C., Guibert, S., Balkanski, Y., Bauer,
S. E., Berntsen, T., Berglen, T. F., Boucher, O., Chin, M., Collins,
W., Dentener, F., Diehl, T., Easter, R., Feichter, J., Fillmore, D.,
Ghan, S., Ginoux, P., Gong, S., Grini, A., Hendricks, J., Herzog,
M., Horowitz, L., Isaksen, I., Iversen, T., Kirkevåg, A., Kloster,
S., Koch, D., Kristjansson, J. E., Krol, M., Lauer, A., Lamarque,
J. F., Lesins, G., Liu, X., Lohmann, U., Montanaro, V., Myhre,
G., Penner, J., Pitari, G., Reddy, S., Seland, O., Stier, P., Take-
mura, T., and Tie, X.: An AeroCom initial assessment – optical
properties in aerosol component modules of global models, At-
mos. Chem. Phys., 6, 1815–1834, doi:10.5194/acp-6-1815-2006,
2006.

Klimont, Z., Cofala, J., Bertok, I., Amann, M., Heyes, C., and
Gyarfas, F.: Modelling Particulate Emissions in Europe A Frame-
work to Estimate Reduction Potential and Control Costs. Interim
Report IR-02-076, IIASA, Laxenburg, Austria, 2002.

Kokhanovsky, A. A.: Aerosol Optics: Light absorption and scatter-
ing by particles in the atmosphere, Springer and Praxis Publish-
ing, UK, 6 pp., 2008.

Koo, B., Pandis, S. N., and Ansari, A.: Integrated approaches to
modeling the organic and inorganic atmospheric aerosol compo-
nents, Atmos. Environ., 37, 4757–4768, 2003.

Kulmala, M., Asmi, A., Lappalainen, H. K., Baltensperger, U.,
Brenguier, J.-L., Facchini, M. C., Hansson, H.-C., Hov, Ø.,
O’Dowd, C. D., Pöschl, U., Wiedensohler, A., Boers, R.,
Boucher, O., de Leeuw, G., Denier van der Gon, H. A. C., Fe-
ichter, J., Krejci, R., Laj, P., Lihavainen, H., Lohmann, U., Mc-
Figgans, G., Mentel, T., Pilinis, C., Riipinen, I., Schulz, M.,
Stohl, A., Swietlicki, E., Vignati, E., Alves, C., Amann, M.,
Ammann, M., Arabas, S., Artaxo, P., Baars, H., Beddows, D.
C. S., Bergström, R., Beukes, J. P., Bilde, M., Burkhart, J. F.,
Canonaco, F., Clegg, S. L., Coe, H., Crumeyrolle, S., D’Anna,
B., Decesari, S., Gilardoni, S., Fischer, M., Fjaeraa, A. M., Foun-
toukis, C., George, C., Gomes, L., Halloran, P., Hamburger, T.,
Harrison, R. M., Herrmann, H., Hoffmann, T., Hoose, C., Hu,
M., Hyvärinen, A., Hõrrak, U., Iinuma, Y., Iversen, T., Josipovic,
M., Kanakidou, M., Kiendler-Scharr, A., Kirkevåg, A., Kiss, G.,
Klimont, Z., Kolmonen, P., Komppula, M., Kristjánsson, J.-E.,
Laakso, L., Laaksonen, A., Labonnote, L., Lanz, V. A., Lehtinen,
K. E. J., Rizzo, L. V., Makkonen, R., Manninen, H. E., McMeek-
ing, G., Merikanto, J., Minikin, A., Mirme, S., Morgan, W. T.,
Nemitz, E., O’Donnell, D., Panwar, T. S., Pawlowska, H., Pet-

Geosci. Model Dev., 9, 4257–4272, 2016 www.geosci-model-dev.net/9/4257/2016/

http://dx.doi.org/10.5194/acp-11-10331-2011
http://dx.doi.org/10.5194/acp-11-10331-2011
http://dx.doi.org/10.5194/acp-14-9061-2014
http://ether.ipsl.jussieu.fr/etherTypo/?id=1293
http://dx.doi.org/10.5194/acp-6-3181-2006
http://dx.doi.org/10.5194/acp-6-3181-2006
http://dx.doi.org/10.5194/acp-6-1853-2006
http://dx.doi.org/10.5194/acp-14-6301-2014
http://dx.doi.org/10.5194/acp-14-6301-2014
http://dx.doi.org/10.1029/2001JD001253
http://dx.doi.org/10.5194/acp-6-1815-2006


A. Panagiotopoulou et al.: Comparison of PMCAMx aerosol optical depth predictions over Europe 4271

zold, A., Pienaar, J. J., Pio, C., Plass-Duelmer, C., Prévôt, A.
S. H., Pryor, S., Reddington, C. L., Roberts, G., Rosenfeld, D.,
Schwarz, J., Seland, Ø., Sellegri, K., Shen, X. J., Shiraiwa, M.,
Siebert, H., Sierau, B., Simpson, D., Sun, J. Y., Topping, D.,
Tunved, P., Vaattovaara, P., Vakkari, V., Veefkind, J. P., Viss-
chedijk, A., Vuollekoski, H., Vuolo, R., Wehner, B., Wildt, J.,
Woodward, S., Worsnop, D. R., van Zadelhoff, G.-J., Zardini,
A. A., Zhang, K., van Zyl, P. G., Kerminen, V.-M., Carslaw, K.
S., and Pandis, S. N.: General overview: European Integrated
project on Aerosol Cloud Climate and Air Quality interactions
(EUCAARI) – integrating aerosol research from nano to global
scales, Atmos. Chem. Phys., 11, 13061–13143, doi:10.5194/acp-
11-13061-2011, 2011.

Kupiainen, K. and Klimont, Z.: Primary Emissions of Submicron
and Carbonaceous Particles in Europe and the Potential for their
Control, IIASA IR 04-079, IIASA, Laxenburg, Austria, 2004.

Lee, Y. H. and Adams, P. J.: Evaluation of aerosol distributions in
the GISS-TOMAS global aerosol microphysics model with re-
mote sensing observations, Atmos. Chem. Phys., 10, 2129–2144,
doi:10.5194/acp-10-2129-2010, 2010.

Levy, R. C., Remer, L. A., and Dubovic, O.: Global aerosol opti-
cal properties and application to Moderate Resolution Imaging
Spectroradiometer aerosol retrieval over land, J. Geophys Res.,
112, D13210, doi:10.1029/2006JD007815, 2007a.

Levy, R. C., Remer, L. A., Mattoo, S, Vermote, E. F., and Kauf-
man, Y. J.: Second-generation operational algorithm: Retrieval of
aerosol properties over land from inversion of Moderate Resolu-
tion Imaging Spectroradiometer spectral reflectance, J. Geophys.
Res., 112, D13211, doi:10.1029/2006JD007811, 2007b.

Levy, R. C., Remer, L. A., Tanre, D., Matoo, S., and Kaufman, Y. J.:
Algorithm for remote sensing of tropospheric aerosol over dark
targets from MODIS: Collections 005 and 051: Revision 2. Prod-
uct ID: MOD04/MYD04, February 2009.

Levy, R. C., Remer, L. A., Kleidman, R. G., Mattoo, S., Ichoku,
C., Kahn, R., and Eck, T. F.: Global evaluation of the Collection
5 MODIS dark-target aerosol products over land, Atmos. Chem.
Phys., 10, 10399–10420, doi:10.5194/acp-10-10399-2010, 2010.

Morgan, W. T., Allan, J. D., Bower, K. N., Highwood, E. J., Liu,
D., McMeeking, G. R., Northway, M. J., Williams, P. I., Krejci,
R., and Coe, H.: Airborne measurements of the spatial distribu-
tion of aerosol chemical composition across Europe and evolu-
tion of the organic fraction, Atmos. Chem. Phys., 10, 4065–4083,
doi:10.5194/acp-10-4065-2010, 2010.

Morris, R. E., McNally, D. E., Tesche, T. W., Tonnesen, G., Boy-
lan, J. W., and Brewer P.: Preliminary evaluation of the Commu-
nity Multiscale Air Quality Model for 2002 over the southeastern
United States, Air Waste Manage. Assoc., 55, 1694–1708, 2005.

Murphy, B. N. and Pandis, S. N.: Simulating the formation of
semivolatile primary and secondary organic aerosol in a regional
chemical transport model, Environ. Sci. Technol., 43, 4722–
4728, 2009.

Myhre, G., Berglen, T. F., Hoyle, C. R., Christopher, S. A., Coe, H.,
Crosier, J., Formenti, P., Haywood, J. M., Johnsrud, M., Jones, T.
A., Loeb, N., Osborne, S., and Remer, L. A.: Modelling of chem-
ical and physical aerosol properties during the ADRIEX aerosol
campaign, Q. J. Roy. Meteor. Soc., 135, 53–66, 2009.

NASA: Global Aerosol Climatology Project (GACP) 2006, avail-
able at: http://gacp.giss.nasa.gov/ (last access: November 2016),
2006.

Nenes, A., Pandis, S. N., and Pilinis, C.: ISORROPIA: a new ther-
modynamic equilibrium model for multiphase multicomponent
inorganic aerosols, Aquat. Geochem., 4, 123–152, 1998.

Nessler, R., Weingartner, E., and Baltensperger, U.: Adaptation of
dry nephelometer measurements to ambient conditions at the
Jungfraujoch, Environ. Sci. Technol., 39, 2219–2228, 2005.

O’ Dowd, C. D., Langmann, B., Varghese, S., Scannel, C., Ceburnis,
D., and Facchini, M. C.: A combined organic-inorganic sea-spray
source function, Geophys. Res. Lett., 35, 1–5, 2008.

Park, R. S., Song, C. H., Han, K. M., Park, M. E., Lee, S.-S., Kim,
S.-B., and Shimizu, A.: A study on the aerosol optical prop-
erties over East Asia using a combination of CMAQ-simulated
aerosol optical properties and remote-sensing data via a data as-
similation technique, Atmos. Chem. Phys., 11, 12275–12296,
doi:10.5194/acp-11-12275-2011, 2011.

Pilinis, C. and Pandis, S. N.: Physical, Chemical and Optical Prop-
erties of Atmospheric Aerosols. The handbook of Environmental
Chemistry, Airborn Particulate Matter, Springer, 99–124, 1995.

Pilinis, C., Pandis, S. N., and Seinfeld, J. H.: Sensitivity of direct
climate forcing by atmospheric aerosols to aerosol size and com-
position, J. Geophys. Res., 100, 18739–18754, 1995.

Pozzer, A., de Meij, A., Pringle, K. J., Tost, H., Doering, U. M., van
Aardenne, J., and Lelieveld, J.: Distributions and regional bud-
gets of aerosols and their precursors simulated with the EMAC
chemistry-climate model, Atmos. Chem. Phys., 12, 961–987,
doi:10.5194/acp-12-961-2012, 2012.

Remer, L. A., Kaufman, Y. J., Tanre, D., Mattoo, S., Chu, D. A.,
Martins, J. V., Li, R. R., Ichoku C., Levy, R. C., Kleidman, R. G.,
Eck, T. F., Vermote, E., and Holben, B. N.: The MODIS aerosol
algorithm, products, and validation, J. Atmos. Sci, 62, 947–973,
2005.

Roy, B., Matur, R., Gilliland, A., and Howard, S.: A comparison of
CMAQ-based aerosol properties with IMPROVE, MODIS and
AERONET data, J. Geophys. Res., 112, 1–17, 2007.

Salomonson, V. V., Barnes, W., Maymon, P. W., and Montgomery,
H. E.: MODIS: Advanced Facility Instrument for Studies of the
Earth as a System, IEEE T. Geosci. Remote Sens., 27, 145–153,
1989.

Shi, Y., Zhang, J., Reid, J. S., Holben, B., Hyer, E. J., and Curtis, C.:
An analysis of the collection 5 MODIS over-ocean aerosol opti-
cal depth product for its implication in aerosol assimilation, At-
mos. Chem. Phys., 11, 557–565, doi:10.5194/acp-11-557-2011,
2011.

Schutgens, N. A. J., Nakata, M., and Nakajima, T.: Validation and
empirical correction of MODIS AOT and AE over ocean, At-
mos. Meas. Tech., 6, 2455–2475, doi:10.5194/amt-6-2455-2013,
2013.

Schuster, G. L., Dubovik, O., and Holben, B. N.: Angstrom expo-
nent and bimodal aerosol size distributions, J. Geophys. Res.,
111, 1–14, 2006.

Seinfeld, J. H. and Pandis, S. N.: Atmospheric Chemistry and
Physics: From Air Pollution to Climate Change, John Wiley and
Sons, USA, 2006.

Skamarock, W. C., Klemp, J. B., Dudhia, J., Gill, D. O., Barker, D.
M., Duda, M. G., Huang, X., Wang, W., and Powers, J. G.: A
Description of the Advanced Research WRF Version 3, NCAR
Technical Note, available at: http://www2.mmm.ucar.edu/wrf/
users/docs/arw_v3.pdf (last access: November 2016), 2008.

www.geosci-model-dev.net/9/4257/2016/ Geosci. Model Dev., 9, 4257–4272, 2016

http://dx.doi.org/10.5194/acp-11-13061-2011
http://dx.doi.org/10.5194/acp-11-13061-2011
http://dx.doi.org/10.5194/acp-10-2129-2010
http://dx.doi.org/10.1029/2006JD007815
http://dx.doi.org/10.1029/2006JD007811
http://dx.doi.org/10.5194/acp-10-10399-2010
http://dx.doi.org/10.5194/acp-10-4065-2010
http://gacp.giss.nasa.gov/
http://dx.doi.org/10.5194/acp-11-12275-2011
http://dx.doi.org/10.5194/acp-12-961-2012
http://dx.doi.org/10.5194/acp-11-557-2011
http://dx.doi.org/10.5194/amt-6-2455-2013
http://www2.mmm.ucar.edu/wrf/users/docs/arw_v3.pdf
http://www2.mmm.ucar.edu/wrf/users/docs/arw_v3.pdf


4272 A. Panagiotopoulou et al.: Comparison of PMCAMx aerosol optical depth predictions over Europe

Sofiev, M., Vankevich, R., Lotjonen, M., Prank, M., Petukhov, V.,
Ermakova, T., Koskinen, J., and Kukkonen, J.: An operational
system for the assimilation of the satellite information on wild-
land fires for the needs of air quality modelling and forecasting,
Atmos. Chem. Phys., 9, 6833–6847, doi:10.5194/acp-9-6833-
2009, 2009.

Tsimpidi, A. P., Karydis, V. A., Zavala, M., Lei, W., Bei, N., Molina,
L., and Pandis, S. N.: Sources and production of organic aerosol
in Mexico City: insights from the combination of a chemical
transport model (PMCAMx-2008) and measurements during MI-
LAGRO, Atmos. Chem. Phys., 11, 5153–5168, doi:10.5194/acp-
11-5153-2011, 2011.

Tombette, M., Chazette, P., Sportisse, B., and Roustan, Y.: Simula-
tion of aerosol optical properties over Europe with a 3-D size-
resolved aerosol model: comparisons with AERONET data, At-
mos. Chem. Phys., 8, 7115–7132, doi:10.5194/acp-8-7115-2008,
2008.

Yu, F., Luo, G., and Ma, X.: Regional and global modeling of
aerosol optical properties with a size, composition, and mixing
state resolved particle microphysics model, Atmos. Chem. Phys.,
12, 5719–5736, doi:10.5194/acp-12-5719-2012, 2012.

Vijayaraghavan, K., Snell, H. E., and Seigner, C.: Practical aspects
of using satellite data in air quality modeling, Environ. Sci. Tech-
nol., 42, 8187–8192, 2008.

Visschedijk, A., Zandveld, P., and Denier van der Gon, H.: A high
resolution gridded European emission database for the EU inte-
grated project GEMS, TNO Report 2007 A-R0233/B, TNO Built
Environment and Geosciences, 2007.

Zhang, Q., Jimenez, J. L., Canagaratna, M. R., Allan, J. D., Coe,
H., Ulbrich, I., Alfarra, M. R., Takami, A., Middlebrook, A. M.,
Sun, Y. L., Dzepina, K., Dunlea, E., Docherty, K., De-Carlo,
P., Salcedo, D., Onasch, T. B., Jayne, J. T., Miyoshi, T., Shi-
mono, A., Hatakeyama, N., Takegawa, N., Kondo, Y., Schneider,
J., Drewnick, F., Weimer, S., Demerjian, K. L., Williams, P. I.,
Bower, K. N., Bahreini, R., Cottrell, L., Griffin, R. J., Rautia-
nen, J., and Worsnop, D. R.: Ubiquity and dominance of oxy-
genated species in organic aerosols in anthropogenically influ-
enced Northern Hemisphere midlatitudes, Geophys. Res. Lett.,
34, L13801, doi:10.1029/2007GL029979, 2007.

Geosci. Model Dev., 9, 4257–4272, 2016 www.geosci-model-dev.net/9/4257/2016/

http://dx.doi.org/10.5194/acp-9-6833-2009
http://dx.doi.org/10.5194/acp-9-6833-2009
http://dx.doi.org/10.5194/acp-11-5153-2011
http://dx.doi.org/10.5194/acp-11-5153-2011
http://dx.doi.org/10.5194/acp-8-7115-2008
http://dx.doi.org/10.5194/acp-12-5719-2012
http://dx.doi.org/10.1029/2007GL029979

	Abstract
	Introduction
	PMCAMx description
	MODIS and AERONET data
	Evaluation of PMCAMx fine PM composition and mass predictions
	Evaluation of PMCAMx AOD predictions
	Overall evaluation
	Regional evaluation

	Sensitivity analysis of the predicted AODs
	Conclusions
	Code availability
	Acknowledgements
	References

