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Abstract. One of the most challenging tasks for chemi-
cal transport models (CTMs) is the prediction of the for-
mation and partitioning of the major semi-volatile inor-
ganic aerosol components (nitrate, chloride, ammonium) be-
tween the gas and particulate phases. In this work the
PMCAMx-2008 CTM, which includes the recently devel-
oped aerosol thermodynamic model ISORROPIA-II, is ap-
plied in the Mexico City Metropolitan Area in order to sim-
ulate the formation of the major inorganic aerosol compo-
nents. The main sources of SO2 (such as the Miguel Hi-
dalgo Refinery and the Francisco Perez Rios Power Plant)
in the Mexico City Metropolitan Area (MCMA) are located
in Tula, resulting in high predicted PM1 (particulate matter
with diameter less than 1 µm) sulfate concentrations (over
25 µg m−3) in that area. The average predicted PM1 ni-
trate concentrations are up to 3 µg m−3 (with maxima up
to 11 µg m−3) in and around the urban center, mostly pro-
duced from local photochemistry. The presence of calcium
coming from the Tolteca area (7 µg m−3) as well as the
rest of the mineral cations (1 µg m−3 potassium, 1 µg m−3

magnesium, 2 µg m−3 sodium, and 3 µg m−3 calcium) from
the Texcoco Lake resulted in the formation of a signifi-
cant amount of aerosol nitrate in the coarse mode with con-
centrations up to 3 µg m−3 over these areas. PM1−10 (par-
ticulate matter with diameter between 1 and 10 µm) chlo-
ride is also high and its concentration exceeds 2 µg m−3

in Texcoco Lake. PM1 ammonium concentrations peak at

Correspondence to:S. N. Pandis
(spyros@chemeng.upatras.gr)

the center of Mexico City (2 µg m−3) and the Tula vicinity
(2.5 µg m−3). The performance of the model for the ma-
jor inorganic PM components (sulfate, ammonium, nitrate,
chloride, sodium, calcium, and magnesium) is encouraging.
At the T0 measurement site, located in the Mexico City ur-
ban center, the average measured values of PM1 sulfate, ni-
trate, ammonium, and chloride are 3.5 µg m−3, 3.5 µg m−3,
2.1 µg m−3, and 0.36 µg m−3, respectively. The correspond-
ing predicted values are 3.7 µg m−3, 2.7 µg m−3, 1.7 µg m−3,
and 0.25 µg m−3. High sulfate concentrations are associated
with the transport of sulfate from the Tula vicinity, while in
periods where southerly winds are dominant; the concentra-
tions of sulfate are low. The underprediction of nitrate can be
attributed to the underestimation of OH levels by the model
during the early morning. Ammonium is sensitive to the
predicted sulfate concentrations and the nitrate levels. The
performance of the model is also evaluated against measure-
ments taken from a suburban background site (T1) located
north of Mexico City. The average predicted PM2.5 (partic-
ulate matter with diameter less than 2.5 µm) sulfate, nitrate,
ammonium, chloride, sodium, calcium, and magnesium are
3.3, 3.2, 1.4, 0.5, 0.3, 1.2, and 0.15 µg m−3, respectively. The
corresponding measured concentrations are 3.7, 2.9, 1.5, 0.3,
0.4, 0.6, and 0.15 µg m−3. The overprediction of calcium
indicates a possible overestimation of its emissions and af-
fects the partitioning of nitric acid to the aerosol phase re-
sulting occasionally in an overprediction of nitrate. Addi-
tional improvements are possible by improving the perfor-
mance of the model regarding the oxidant levels, and revising
the emissions and the chemical composition of the fugitive
dust. The hybrid approach in which the mass transfer to the
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fine aerosol is simulated using the bulk equilibrium assump-
tion and to the remaining aerosol sections using a dynamic
approach, is needed in order to accurately simulate the size
distribution of the inorganic aerosols. The bulk equilibrium
approach fails to reproduce the observed coarse nitrate and
overpredicts the fine nitrate. Sensitivity tests indicate that
sulfate concentration in Tula decreases by up to 0.5 µg m−3

after a 50 % reduction of SO2 emissions while it can increase
by up to 0.3 µg m−3 when NOx emissions are reduced by
50 %. Nitrate concentration decreases by up to 1 µg m−3 after
the 50 % reduction of NOx or NH3 emissions. Ammonium
concentration decreases by up to 1 µg m−3, 0.3 µg m−3, and
0.1 µg m−3 after the 50 % reduction of NH3, NOx, and SO2
emissions, respectively.

1 Introduction

The rapid growth of megacities has led to serious urban air
pollution problems in many developing countries. For ex-
ample, Mexico City is the largest metropolitan area in North
America with a population of 20 million. This megacity is
experiencing high aerosol pollutant concentrations from a
combination of high anthropogenic emissions, weak winds
and intense sunshine (Molina and Molina, 2002). A large
part of the PM2.5 mass (∼55 %) is inorganic, with sulfates,
nitrates, ammonium, sodium and chloride being the domi-
nant species. Nitrate can be found in both fine (particles with
diameters less than 1 µm) and coarse (particles with diam-
eters more than 1 µm) modes. The major source of NOx,
the gas phase precursor of nitrate, is mobile emissions from
Mexico City. Sodium, chloride and the crustal components
are mainly found in the coarse mode. The CEMEX cement
plant in Tolteca, north of Mexico City, is a major source of
calcium rich dust. Ammonium and sulfate are usually in the
fine mode (Seinfeld and Pandis, 2006). The Miguel Hidalgo
Refinery and the Francisco Perez Rios Power Plant in Tula
are the major sources of SO2 close to the MCMA. Mineral
dust also plays an important role in the Mexico City atmo-
sphere. Analysis of model and observational data in the Mex-
ico City area during the MILAGRO (Megacity Initiative: Lo-
cal and Global Research Observations) field experiment sug-
gests that the large area of coastal dry lands to the northeast
of Mexico City is an important source of dust particles for
the entire MCMA. During dust aerosol events, observed from
March 16 to 20 of 2006, dust aerosol mass accounts for about
70 % of the total PM10 (particulate matter with diameter less
than 10 µm) aerosol mass concentrations, with a strong diur-
nal variation (Ying et al., 2011). These results also suggest
that dust aerosols have important effects on actinic fluxes and
therefore photochemistry in the MCMA.

The MILAGRO (http://www.eol.ucar.edu/projects/
milagro/) field campaign was designed to follow the urban
plume originating in Mexico City in order to study the

evolution of the properties of trace gases and aerosols as
they drifted downwind from a megacity. The study was
conducted over multiple scales, ranging from ground-based
investigations centered in the Mexico City metropolitan
area to aircraft sampling over distances of hundreds of
kilometres (Molina et al., 2010). The Intercontinental
Chemical Transport Experiment-B (INTEX-B; Singh et al.,
2009) was a major NASA-led multi-partner atmospheric
field campaign (http://cloud1.arc.nasa.gov/intex-b/) oper-
ated as part of the MILAGRO campaign with a focus on
observations over Mexico and the Gulf of Mexico. During
MILAGRO/INTEX-B the extent and persistence of the out-
flow of pollution from Mexico were investigated (DeCarlo et
al., 2008; Shinozuka et al., 2009; Voss et al., 2010). Several
modeling studies combined with airborne measurements
have focused on the evolution of the Mexico City plume
(Arellano et al., 2007; Tie et al., 2009; Adhikary et al., 2010;
Apel et al., 2010). A major component of the MILAGRO
campaign was the use of the observed data to evaluate
the performance of three dimensional chemical transport
models and then use them for the design of emission control
strategies.

Several atmospheric models have been developed based on
thermodynamic equilibrium principles to predict inorganic
atmospheric aerosol behavior. These include: EQUIL (Bas-
sett and Seinfeld, 1983), MARS (Saxena et al., 1986), SE-
QUILIB (Pilinis and Seinfeld, 1987), AIM (Wexler and Se-
infeld, 1991), SCAPE (Kim et al., 1993b, a), SCAPE2 (Kim
and Seinfeld, 1995; Meng et al., 1995), EQUISOLV (Jacob-
son et al., 1996), AIM2 (Clegg et al., 1998b, a), ISORROPIA
(Nenes et al., 1998), GFEMN (Ansari and Pandis, 1999a) and
EQUISOLV II (Jacobson, 1999). In thermodynamic models,
the gas and aerosol phases are assumed to be always in equi-
librium assuming that mass transfer is much faster than the
time-step of the model. The advantage of these models is
their speed, simplicity, and stability. Nevertheless, for par-
ticles much larger than approximately 1 µm, the assumption
of thermodynamic equilibrium introduces substantial error,
since their equilibrium timescale can be an hour or longer
(Meng and Seinfeld, 1996; Dassios and Pandis, 1999). On
the other hand, dynamic models, continuously simulate the
mass transfer between each particle group and the gas phase.
Examples of such models are MOSAIC (Zaveri et al., 2008),
MADM (Pilinis et al., 2000), UCD (Zhang and Wexler,
2008). Although these models are the most accurate, they
are much more computationally intensive than the thermo-
dynamic equilibrium models. Equilibrium models have been
used in determining emissions control strategies (Watson et
al., 1994; Ansari and Pandis, 1998; Kumar et al., 1998), in
analyzing ambient measurements (Ansari and Pandis, 1999b,
2000) and directly in large-scale chemical transport models
(Pilinis and Seinfeld, 1988; Lurmann et al., 1997; Jacobson
et al., 1996; Jacobson, 1997a, b; Meng et al., 1998; Nenes et
al., 1999). Several studies have been performed comparing
field measurements of inorganic gaseous species and their
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particulate forms versus theory (Tanner, 1982; Hildemann
et al., 1984). Tanner (1982) compared theoretical equilib-
rium calculations versus observed partial pressure products
of nitric acid and ammonia for Long Island, NY and reported
a general agreement during daytime. Nevertheless, during
nighttime, the predicted ammonia concentrations were much
lower and the nitric acid concentrations much higher than
the observed values. Hildemann et al. (1984) performed a
similar comparison between equilibrium-based calculations
and observed partial pressure products of nitric acid and
ammonia and their particulate forms at different locations
in Southern California. At inland sites like Anaheim and
Rubidoux, particulate and gaseous pollutant concentrations
were readily explained if the aerosol was assumed to exist
as an external mixture with all particulate nitrate and am-
monium available to form pure NH4NO3. At monitoring
sites near the coast, like Long Beach, aerosol nitrate was
found in the presence of NH3 and HNO3 concentrations that
thermodynamic calculations showed are too low to produce
pure NH4NO3. Although comparison of calculated and ob-
served partial pressure products of NH3 and HNO3 can pro-
vide an alternative way of testing an atmospheric equilibrium
model, interpretations of these comparisons are often diffi-
cult, especially in evaluating the ability of these models to
reproduce particulate nitrate concentrations. An analysis of
model performance against particulate matter measurements
has been performed among others by Russell et al. (1988),
Pilinis and Seinfeld (1987), Wexler and Seinfeld (1991), Ku-
mar et al. (1998), Ansari and Pandis (1999b), and Zhang et
al. (2000, 2002). The first multicomponent particulate matter
atmospheric models were developed and applied in Califor-
nia. An Eulerian model was used to describe the transport
and formation of pollutants in the south California air basin
by Russell et al. (1988). A three-dimensional Eulerian CTM
simulating the major inorganic and organic PM components
and their size distribution was developed by Pilinis and Se-
infeld (1987). Both of these initial models were evaluated
in Los Angeles for the 30–31 August 1982 smog episode.
Wexler and Seinfeld (1991) developed a model of the tem-
poral composition of atmospheric aerosol particles based on
their transport and thermodynamic properties. Components
of the model were tested against measurements of activity co-
efficients in single- and multi-component aqueous solutions
and general agreement was found. Kumar et al. (1998) com-
pared the performance of several equilibrium models against
measurements taken during the 1995 Integrated Monitoring
Study (Chow and Egami, 1997). In these cases, the mean
predictions of PM10 nitrate and ammonium agreed within
20–30 % of the corresponding measurements. Ansari and
Pandis (1999b) compared the performance of SEQUILIB,
SCAPE2, ISORROPIA and GFEMN and found a general
agreement in predictions for particulate nitrate and total in-
organic particulate matter (PM) over a broad range of tem-
perature, relative humidity (RH) and composition. How-
ever, they found significant differences in predictions for par-

ticulate water concentrations as the first three do not ad-
equately reproduce multistage deliquescence behavior for
multi-component systems. Against measurements from the
Southern California Air Quality Study (SCAQS, Lawson,
1990), all models qualitatively reproduced but generally un-
derpredicted PM2.5 nitrate concentrations (mean normalized
biases less than 30 %). Zhang et al. (2000) compared the
performance of SCAPE2, AIM2, MARS-A, SEQUILIB, and
EQUISOLV II and found that although the PM compositions
and concentrations predicted by these modules were gen-
erally comparable under a broad range of RH and compo-
sition, significant discrepancies existed under some condi-
tions, especially at high nitrate/chloride concentrations and
low/medium RHs. As a consequence, the absolute differ-
ences in total PM concentrations predicted by these mod-
ules under all simulation conditions were 7.7–12.3 % on av-
erage and as much as 68 % for specific cases. Data obtained
during the 1999 Atlanta Supersite Experiment was used to
test the validity of the assumption of thermodynamic equi-
librium between the inorganic fine particulate matters and
their gas-phase phase precursors (Zhang et al., 2002). The
equilibrium gas-phase concentrations were calculated using
the ISORROPIA model which was predicting the equilib-
rium NH3(g) generally less than its observed concentration
and the HNO3(g) generally greater than the observed con-
centration.

Several photochemical modeling studies have been carried
out in the MCMA. Among them, Zhang et al. (2009) and Tie
et al. (2009) used the fully coupled WRF/CHEM (Weather
Research and Forecasting – Chemistry) model to study the
origin and evolution of the gaseous criteria pollutants (CO,
O3, NOx, NOy) during the MILAGRO and MIRAGE-Mex
field campaigns, respectively. Song et al. (2010) inves-
tigated the response of ozone formation to anthropogenic
emission changes using CAMx driven by WRF meteorol-
ogy. However, there have been rather limited efforts to pre-
dict particle concentrations in Mexico City by using three-
dimensional CTMs. Tsimpidi et al. (2010, 2011) applied
PMCAMx-2008 simulating the organic aerosol formation
during the MCMA-2003 and MILAGRO-2006 campaigns by
using the volatility basis set framework assuming that both
primary and secondary organic components are semi-volatile
and photochemically reactive. Hodzic et al. (2009, 2010)
used CHIMERE to study the contribution of biogenic organic
compounds and semivolatile primary organic compounds to
the formation of secondary organic aerosols in Mexico City
during the MILAGRO field project. Li et al. (2011a), Shri-
vastava et al. (2011), and Fast et al. (2009) simulated the
organic aerosol concentrations in Mexico City using the
WRF/CHEM model. Li et al. (2011b) further evaluated
the impact of aerosol on photochemistry in Mexico City
using WRF/CHEM during MILAGRO. Even fewer studies
have focused on the formation of the inorganic aerosols in
Mexico City. Fountoukis et al. (2009) coupled fast mea-
surements of aerosol and gas-phase constituents with the
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ISORROPIA-II thermodynamic model to study the parti-
tioning of semivolatile inorganic species and phase state of
Mexico City aerosol during the MILAGRO 2006 campaign.
Karydis et al. (2010) introduced the ISORROPIA-II model
into PMCAMx-2008 and applied it to the MCMA in order
to simulate the chemical composition and mass of the major
PM1 (fine) and PM1−10 (coarse) inorganic components and
determine the effect of mineral dust on their formation dur-
ing a week of April 2003. However, major sources which
are located approximately 100 km north-northwest of Mex-
ico City center (in the Tula industrial area) were not included
in the model domain resulting in a small underprediction
of all semivolatile inorganic components. The Karydis et
al. (2010) study was also limited by the availability of mea-
surements in Mexico City and the surrounding area (there
was just one site with continuous PM composition measure-
ments).

The present study adds to these previous efforts eval-
uating our current understanding of the atmospheric pro-
cesses responsible for the spatial and temporal variability of
fine inorganic PM over the Mexico City Metropolitan Area.
The organic aerosol sources, concentrations and processes
have been discussed in our recent paper (Tsimpidi et al.,
2011). Briefly, the average PM1 OA has been predicted to
be equal to 18 µg m−3 (versus 17.2 µg m−3 measured) and
11.6 µg m−3 (versus 11 µg m−3 measured) at T0 and T1 re-
spectively. This study will focus exclusively on the inor-
ganic PM components. In particular, the new thermody-
namic model ISORROPIA-II, in which the thermodynam-
ics of the crustal elements of calcium, potassium and mag-
nesium have been added to the preexisting suite of compo-
nents of the ISORROPIA model, has been incorporated in
the three dimensional chemical transport model PMCAMx.
The new model combines the computational advantages of
ISORROPIA with the explicit treatment of thermodynam-
ics of crustal species. Size-resolved composition of parti-
cles is simulated using the hybrid method for aerosol dy-
namics, in which the mass transfer to the fine aerosol sec-
tions (up to 1 µm) is simulated using the bulk equilibrium
assumption and to the remaining aerosol sections using the
dynamic approach and MADM. The model domain is ex-
panded, compared to Karydis et al. (2010) study focusing on
the MCMA-2003 campaign in the same area, in order to in-
clude major sources from refineries and industries, a more
accurate chemical composition of the fugitive dust emissions
is used, and the model predictions are evaluated against mea-
surements from two sites; one in the urban area of Mexico
City, designated as T0 and located in Northeast Mexico City
at the Instituto Mexicano del Petroleo (IMP), and T1, located
at a suburban location approximately 32 km north of IMP
(Querol et al., 2008). The evaluation focuses on the ability of
PMCAMx-2008 to reproduce not only daily average concen-
trations but also the diurnal variation of the major inorganic
aerosol components during March 2006.

2 Model description

PMCAMx-2008 uses the framework of CAMx (Environ,
2003), which models the processes of horizontal and vertical
advection, horizontal and vertical dispersion, wet and dry de-
position, and gas-phase chemistry. In addition, three detailed
aerosol modules are used: inorganic aerosol growth (Gaydos
et al., 2003; Koo et al., 2003), aqueous-phase chemistry (Fa-
hey and Pandis, 2001), and secondary organic aerosol forma-
tion and growth (Lane et al., 2008). PMCAMx-2008 is the
research version of the publicly available CAMx model.

The aerosol species treated are sulfate, nitrate, ammonium,
chloride, potassium, calcium, magnesium, elemental carbon,
and primary and secondary organics. The aerosol size and
composition distribution is simulated using a sectional rep-
resentation across 10 size bins with the wet diameter vary-
ing from 40 nm to 40 µm. The chemical mechanism used
is based on the SAPRC99 mechanism (Carter, 2000; Envi-
ron, 2003) which contains 211 reactions with 56 gases and
18 radicals.

The amount of each inorganic species transferred between
the gas and aerosol phases is determined by using the hy-
brid approach (Capaldo et al., 2000) for aerosol thermody-
namics along with ISORROPIA II (Fountoukis and Nenes,
2007) which is a computationally efficient code that treats
the thermodynamics of K+-Ca2+-Mg2+-NH+

4 -Na+-SO2−

4 -
NO−

3 -Cl−-H2O aerosol systems. According to the hybrid
method, the aerosol particles with diameters less than the
threshold diameter (1 µm for the purposes of this study) are
simulated assuming equilibrium while for the particles larger
than the threshold diameter the improved MADM model of
Pilinis et al. (2000), as extended by Gaydos et al. (2003), is
used, which ensures a stable solution, regardless if the par-
ticles are completely dry, with an aqueous phase or transi-
tion between acidic and neutral conditions. Equilibrium is
assumed between the gas and organic aerosol phase based on
the Volatility Basis Set approach, VBS (Lane et al., 2008;
Murphy and Pandis, 2009). The aerosol mass is distributed
over the aerosol size distribution by using a weighting factor
for each size section based on the effective surface area (con-
densational sink) of each size section (Pandis et al., 1993;
Lurmann et al., 1997).

3 Model application

PMCAMx-2008 is used to simulate air quality in the MCMA
during March of 2006. The first three days of each simulation
have been excluded in order to limit the effect the initial con-
ditions have on the results. The concentrations of the aerosol
components at the boundaries of the domain were chosen
based on results of the GISS-II’ global CTM (Racherla and
Adams, 2006). The GISS-II results generated a climatologi-
cal background of aerosols in the area around the PMCAMx
model domain with the aerosol values representing a 5-year
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Table 1. Aerosol concentrations (µg m−3) at the boundaries of
the domain.

Species South West East North
Boundary Boundary Boundary Boundary

Sulfate 1.7 3.0 2.6 1.4
Ammonium 0.3 1.0 1.0 0.4
Nitrate 1.4 0.7 1.2 1.2
Chloride 3.2 0.8 1.1 1.1
Sodium 2.7 0.7 1 0.9
Calcium 0.1 0.1 0.1 0.1
Magnesium 0.2 0.1 0.1 0.1
Potassium 0.1 0.1 0.1 0.1
Organic Mass 7.0 8.0 11.5 5.0

average for the month of March (Table 1). The boundary
conditions (BCs) are assumed to be invariant with height
and along each boundary. In order to estimate the effect the
BCs have on the predicted inorganic aerosol concentrations,
a sensitivity simulation has been conducted where the only
source of aerosols is the BCs (zero emissions). Based on the
results of the base case and the BC-sensitivity case simula-
tion, at T0, the percentage of the predicted PM10 sulfate, to-
tal (gas and aerosol) nitrate, total ammonium, total chloride,
sodium, calcium, potassium, and magnesium that is coming
from the BCs is 37, 12, 3, 38, 45, 6, 27, and 26 %, respec-
tively. This fraction is, as expected, high close to the bound-
aries and very small close to sources such as Tula vicinity
for sulfate (4 %) and ammonium (11 %), Mexico City cen-
ter for nitrate (9 %) and ammonium (3 %), Tolteca vicinity
for nitrate (9 %) and calcium (1 %), and Texcoco Lake for
chloride (25 %), sodium (28 %), potassium (6 %), and mag-
nesium (5 %). Based on these results, BCs (for species other
than sodium chlroride) have a small impact close to sources
and thus they do not affect the conclusions of this study.
Sodium and chloride are significantly influenced from the
imposed south BCs. These are the upper limits of the effects
of the BCs in the upper layers of the model, as they include
the effects of all the layers.

The modeling domain covers a 210× 210 km region cen-
tered in the MCMA with 3× 3 km grid resolution and fif-
teen vertical layers extending to 6 km above ground level
(Fig. 1). Inputs to the model include horizontal wind compo-
nents, temperature, pressure, water vapor, vertical diffusiv-
ity, clouds, and rainfall, all computed offline by the Weather
Research and Forecast (WRF) model (WRF v2.2.1; Micha-
lakes et al., 2005). The maximum time step in the CTM is
10 min and the CTM output frequency is user-selected. The
WRF simulation for March 2006 used three one-way nested
grids with horizontal resolutions of 36, 12, and 3 km and 35
sigma levels in the vertical direction. The PMCAMx model
subdomain was similar to the WRF D3 domain (same map
projection, same domain center and same horizontal grid res-
olution). To improve the accuracy of the simulated fields, a
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Figure 1:  The modeling domain for the Mexico City Metropolitan Area during the MILAGRO 
campaign.  It also shows the locations of the monitoring stations during the campaign. 
 

Fig. 1. The modeling domain for the Mexico City Metropolitan
Area during the MILAGRO campaign. It also shows the locations
of the monitoring stations during the campaign.

continuous four dimensional data assimilation scheme was
employed in the domain with an horizontal resolution of
3 km. Multi-level upper-air observations were assimilated,
including radar wind profilers, tethered balloon measure-
ments, controlled meteorological balloon observations, air-
craft observations, additional soundings inside the Mexico
City basin operated during the MILAGRO campaign, and
routine soundings observations. Details of the WRF setup
are described by Song et al. (2010).

The emission inventory used is based on the MCMA 2006
official emission inventory (http://www.sma.df.gob.mx/sma/
links/download/archivos/ie06criterio pw.pdf) and has been
expanded to the modeling domain of this study in order to
include major emission sources outside of the MCMA such
as the refineries and the power plants located in the Tula
vicinity (Table 2). Figure 2 depicts the spatial distribution
of NOx, NH3, SO2, and mineral dust emissions used in this
study. The area emissions outside the MCMA were esti-
mated based on the population distribution. Biogenic emis-
sions were estimated using the WRF-driven MEGAN v2.04
model (Model of Emissions of Gases and Aerosols from
Nature) developed by Guenther et al. (2006). The anthro-
pogenic emissions were evaluated based on the comprehen-
sive data from the field campaign and the routine ambient
air quality monitoring network. Details of the anthropogenic
emission estimation are described in Song et al. (2010). Vol-
canic emissions are also explicitly included in the emission
inventory but biomass-burning emissions are not. The lat-
ter are introduced in the model through the boundary condi-
tions based on the measurements and analysis of Crounse et
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Table 2. Domain wide emissions (tons day−1) of the inorganic aerosol precursors and components.

Species NOx SO2 NH3 Cl− Na+ K+ Ca+ Mg+ Mineral Dust

Total Emissions 688 2831 110 15 96 106 318 69 6821

 41 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Spatial distribution of total emissions of (a) SO2, (b) NOx, (c) NH3, and (d) Dust (tons 
day-1 km-2). SO2 and NOx emissions from Tula are up to 30 and 2.5 tons day-1 km-2 respectively. 
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Fig. 2. Spatial distribution of total emissions of(a) SO2, (b) NOx, (c) NH3, and(d) Dust (tons day−1 km−2). SO2 and NOx emissions from
Tula are up to 30 and 2.5 tons day−1 km−2, respectively.

al. (2009) for the MILAGRO period. The emission inventory
also includes improved dust and sodium chloride emissions,
based on the approach of Karydis et al. (2010), as well as
new HONO emissions (0.8 % of the NOx emissions based
on Aumont et al., 2003). The improved dust emissions are
the only emissions which are different for each day of sim-
ulation and they were calculated based on the algorithm of
Draxler et al. (2001), which uses the concept of a thresh-
old friction velocity dependent on surface roughness. Emis-
sions of individual dust species (sodium, potassium, calcium,
magnesium) are estimated as a constant fraction of total dust
emissions. This fraction is determined based on the geolog-
ical materials that exist in the different regions of the model
domain and produce fugitive dust emissions according to the
findings of Vega et al. (2001). Fugitive dust sources in and
around MCMA include unpaved and paved roads, agricul-
tural soil, dried lake, asphalt, cement plants, landfill, gravel,
and tezontle soil. The pollutant emissions are introduced in
the model every hour during the simulation.

4 Overview of model predictions

The predicted average ground-level concentrations of PM1
sulfate, nitrate, ammonium, and chloride over the period
of March 2006 are shown in Fig. 3. The highest pre-
dicted sulfate concentrations are over the Tula vicinity (over
25 µg m−3), coming from the large SO2 sources from the in-
dustrial complexes in the area. In the center of Mexico City,
there are no major SO2 sources, and sulfate concentrations
are lower (up to 5 µg m−3). Nitrate is enhanced significantly
in the urban area and immediate outflow (up to 3 µg m−3),
mostly produced from local photochemistry, indicating a
strong urban source. Nitrate decreases with distance from
the city, due to evaporation and deposition (of HNO3 va-
por), remaining in low levels in the surroundings (lower than
1 µg m−3). Ammonium concentrations peak at the center of
Mexico City (2 µg m−3) and the Tula vicinity (2.5 µg m−3)

existing mainly in the form of ammonium nitrate and ammo-
nium sulfate, respectively. Predicted PM1 chloride concen-
trations are generally low (less than 0.5 µg m−3 in the entire
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Figure 3: Predicted average ground level concentrations of PM1 (a) sulfate, (b) nitrate, (c) 
ammonium, and (d) chloride (µg m-3) during 4-30 March 2006. 
 

(b) Nitrate (a) Sulfate 

(d) Chloride (c) Ammonium 

Fig. 3. Predicted average ground level concentrations of PM1 (a) sulfate,(b) nitrate,(c) ammonium, and(d) chloride (µg m−3) during 4–30
March 2006.

model domain) with the highest values in the Texcoco dry
Lake and the south area of the domain, influenced by the
high south boundary conditions.

The results for the coarse (PM1−10) sulfate, nitrate, am-
monium, chloride, sodium, calcium, potassium, and magne-
sium are shown in Fig. 4. The Texcoco dry Lake is a signifi-
cant source of potassium (1 µg m−3), magnesium (1 µg m−3),
sodium (2 µg m−3), and calcium (3 µg m−3). Coarse calcium
concentrations peak around Tolteca (7 µg m−3), which is lo-
cated around 70 km north of the Mexico City, due to the
cement industries in the area. ISORROPIA II along with
the hybrid approach assist in simulating the formation of
PM1−10 nitrate and chloride describing interactions between
these anions and the cations of mineral dust. The presence
of calcium coming from the Tolteca vicinity as well as the
rest of the mineral cations from the Texcoco Lake resulted in
the formation of a significant amount of aerosol nitrate in the
coarse mode with concentrations up to 3 µg m−3. PM1−10
chloride is also high and its concentration exceeds 2 µg m−3

in Texcoco Lake. There is also a little ammonium in the
coarse mode (less than 0.5 µg m−3), even if the coarse dust
particles are alkaline. The soluble crustal elements increase
the PM water content and thus favor the ammonium nitrate
formation. Phase equilibrium between the gas and aerosol-
phases (Seinfeld and Pandis, 2006) results in the equality be-
tween the water activity,αw, and the ambient fractional rel-
ative humidity, RH (expressed on a 0.0 to 1.0 scale). The

water content of aerosols is calculated using the ZSR rela-
tionship (Stokes and Robinson, 1966). The addition of the
soluble crustal elements, especially magnesium, increases
the water content in the coarse mode (under the same RH)
which eventually shifts the reversible reaction of NH3 with
HNO3 towards the aerosol phase producing more ammonium
nitrate (Nguyen et al., 1997; Finlayson-Pitts and Pitts, 2000).
Appreciable amounts of aerosol water (hence ammonium ni-
trate) is present even at moderate RH, given that some of the
mineral salts deliquesce at low to moderate RH (e.g., 33 %
for MgCl2 and 54 % for Mg(NO3)2 at 298 K). In particular,
the aerosol water content near Texcoco Lake and near the
Tolteca cement plant increased by 45 and 35 % respectively
after the addition of the crustal element thermodynamics in
the model.

5 Model evaluation

The ability of PMCAMx and WRF-Chem to reproduce the
observed concentrations of trace gases that affect inorganic
aerosols during MILAGRO has been discussed in previous
publications (Li et al., 2010; Song et al., 2010; Tsimpidi et
al., 2011; Li et al., 2011a). These studies have used the same
emissions and meteorological fields as the present study.
Song et al. (2010) investigated the performance of the CTM
CAMx under five different sets of meteorological condi-
tions in the MCMA during the MILAGRO field campaign.
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Figure 4: Predicted average ground level concentrations of PM1-10 (a) sulfate, (b) nitrate, (c) 
ammonium, (d) chloride, (e) sodium, (f) calcium, (g) potassium, and (h) magnesium (µg m-3) 
during 4-30 March 2006. 

(b) Nitrate (a) Sulfate 

(d) Chloride (c) Ammonium 

(f) Calcium (e) Sodium 

(h) Magnesium (g) Potassium 

Fig. 4. Predicted average ground level concentrations of PM1−10 (a) sulfate,(b) nitrate,(c) ammonium,(d) chloride,(e)sodium,(f) calcium,
(g) potassium, and(h) magnesium (µg m−3) during 4–30 March 2006.
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Table 3. Comparison of PMCAMx predictions with hourly observations taken at T0 during 10–31 March 2006.

PM1 Data Mean Obs. Mean Sim. MB MAGE RMSE NMB NME
Species Points (µg m−3) (µg m−3) (µg m−3) (µg m−3) (µg m−3)

Sulfate 450 3.54 3.68 0.14 2.04 2.84 0.04 0.58
Nitrate 450 3.51 2.66 −0.85 2.15 3.29 −0.24 0.61
Ammonium 450 2.07 1.74 −0.33 1.03 1.42 −0.16 0.50
Chloride 450 0.36 0.25 −0.11 0.32 0.50 −0.32 0.89

Table 4. Comparison of PMCAMx predictions with hourly observations taken at T1 site during 10–31 March 2006.

PM1 Data Mean Obs. Mean Sim. MB MAGE RMSE NMB NME
Species Points (µg m−3) (µg m−3) (µg m−3) (µg m−3) (µg m−3)

Sulfate 451 3.74 3.3 −0.44 1.87 2.82 −0.12 0.50
Nitrate 448 2.92 3.18 0.26 2.25 3.10 0.1 0.77
Ammonium 342 1.45 1.35 −0.10 1.07 1.43 0.07 0.74
Sodium 304 0.30 0.47 0.17 0.20 0.32 0.56 0.70
Chloride 278 0.44 0.28 −0.16 0.45 0.78 −0.36 1.02
Calcium 399 0.62 1.19 0.57 1.14 2.50 0.93 1.14
Magnesium 373 0.15 0.15 0.00 0.12 0.18 0.04 0.82

Simulated plume mixing and transport were examined
through comparisons with airborne measurements. The ob-
served concentrations of ozone precursors and ozone were
reasonably well reproduced. Nevertheless, Tsimpidi et
al. (2011) reported that OH levels are underestimated during
early morning even though they are reasonably reproduced
by the model (PMCAMx-2008) during the rest of the day. Li
et al. (2010) identified HONO production and emissions as
an important source of OH during the early morning.

Ground Observations:To evaluate the model results for
the inorganic aerosol components within the city during
March 2006 we used measurements of inorganic aerosols
collected at two supersites, at the Instituto Mexicano del
Petroleo (designed as T0) and at Universidad Tecnologica de
Tecamac (designed as T1). The T0 monitoring station was
located to the northwestern part of the basin of Mexico City.
It is an urban background site influenced by road traffic emis-
sions (300 m from four major roads surrounding it), domestic
and residential emissions, but also potentially influenced by
local industrial emissions and from the Tula industrial area
(60 km to the north-northwest, in Hidalgo State). T1 was a
suburban background site located around 50 km to the north
of Mexico City, in an area isolated from major urban ag-
glomerations but close to small populated agglomerations,
and around 500 m from the closest road.

For T0 we used high-resolution time-of flight Aerosol
Mass Spectrometer (ToF-AMS) (DeCarlo et al., 2006) mea-
surements of PM1 inorganic components (NH+4 , SO2−

4 ,
NO−

3 , Cl−) that are reported with more details by Aiken et
al. (2009). For T1 we used PM2.5 ion concentration obser-
vations of NH+

4 , SO2−

4 , NO−

3 , Na+, Cl−, Ca2+, K+, Mg2+

(Fountoukis et al., 2009; Moya et al., 2011) measured by a
Particle Into Liquid Sampler (PILS) with a 6-min sampling
period and a new chromatogram being started every 17 min
(Orsini et al., 2003). The advantage of this instrument is
the simultaneous measurements of important inorganic an-
ions and cations at high time-resolution. A complete list with
all the research groups that contributed to the measurements
during the MILAGRO campaign can be found in Molina et
al. (2010).

The results of the comparison between the model predic-
tions and the measurements are depicted in Figs. 5–9. The
mean bias (MB), mean absolute gross error (MAGE), nor-
malized mean bias (NMB), normalized mean error (NME),
and the root mean square error (RMSE) were also calculated
(Tables 3, 4) to assess the model performance:

MAGE =
1

N

N∑
i=1

|Pi −Oi | MB =
1

N

N∑
i=1

(Pi −Oi)

NME =

N∑
i=1

|Pi −Oi |

N∑
i=1

Oi

NMB =

N∑
i=1

(Pi −Oi)

N∑
i=1

Oi

RMSE=

[
1

N

N∑
i=1

(Pi −Oi)
2

] 1
2

where Pi is the predicted value of the pollutant concentra-
tion, Oi is the observed value of the concentration at the same
time, andN is the total number of the measurements used for
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Figure 5: Comparison of model hourly predictions against measurements for PM1 sulfate taken 
at T0 (a) and PM2.5 sulfate taken at T1 (b), during the MILAGRO campaign. 
 

(a) T0 

(b) T1 

Fig. 5. Comparison of model hourly predictions against measure-
ments for PM1 sulfate taken at T0(a) and PM2.5 sulfate taken at T1
(b), during the MILAGRO campaign.

the comparison. NME (in %) and MAGE (in µg m−3) give
an estimation of the overall discrepancy between predictions
and observations, while NMB (in %) and MB (in µg m−3)

are sensitive to systematic errors. RMSE (in µg m−3) incor-
porates both the variance of the prediction and its bias. The
predicted and the measured values are compared for every
single hour during the simulation period.

Sulfate: The performance of the model for sulfate is en-
couraging in both T0 and T1 sites (Fig. 5). Sulfate peaks
at T1 and T0 sites are the result of transport of the high
concentrations of sulfate produced near Tula. When the
winds at T1 and T0 are northerly, high sulfate concentra-
tions are observed (or predicted) in these sites, while in pe-
riods where southerly winds are dominant, the concentra-
tions of sulfate are low. In T0 the average predicted PM1
sulfate concentration is 3.7 µg m−3 while the observed aver-
age was 3.5 µg m−3. Both the model and the measurements
show little variability in the average diurnal sulfate concen-
tration profile. In T1 the measured PM2.5 sulfate concentra-
tion was variable with concentration spikes up to 15 µg m−3

as the location of this station is closer to the Tula vicinity
which is the major source of sulfate. The model does re-
produce this behavior even if some of the spikes are not at
the right times. This discrepancy between the measured and
the predicted profiles is partially due to the use of the same
emission inventory for SO2 for every day. Errors in the mete-
orology were also identified as a major cause of some of the
discrepancies between model predictions and measurements.
For instance, during 18 March the model underpredicts sul-
fate in both measurement sites (Fig. 5a, b). According to the
measurements, the sulfate produced in Tula during the early
morning of the 18th was transported to the southeast and
appeared in T1 (20 µg m−3) and T0 (15 µg m−3) at around
noon of the same day. On the other hand, WRF predicts a
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Figure 6: Comparison of model hourly and diurnal predictions against measurements for PM1 
nitrate taken at T0 (a, b) and PM2.5 nitrate taken at T1 (c, d) during the MILAGRO campaign. 
 

(b) T0 

(d) T1 

(a) T0 

(c) T1 

Fig. 6. Comparison of model hourly and diurnal predictions against
measurements for PM1 nitrate taken at T0(a, b) and PM2.5 nitrate
taken at T1(c, d) during the MILAGRO campaign.

shift in wind direction from northerly to southerly several
hours earlier than it should. As a result the model misses the
observed sulfate concentration peak on that day in both T1
and T0 sites. The predicted average PM2.5 sulfate concen-
tration in T1 is 3.3 µg m−3 while the measured average was
3.7 µg m−3.

Nitrate: Both PMCAMx-2008 and measurements suggest
that nitrate peaks during noon at T0 (Fig. 6a) and a couple of
hours later at T1 with a lower concentration (Fig. 6c). During
nighttime, predicted nitrate remains low (a few µg m−3) in
both sites, which is consistent with the measurements. Dur-
ing noon, there are several high nitrate concentration (above
10 µg m−3) measurement periods in the dataset during which
the model tends to underpredict the nitrate levels. Compar-
isons of the predicted and measured diurnal nitrate profiles
at T0 (Fig. 6b) suggest that the model underpredicts nitrate
during noon as the predicted formation of nitrate during the
early morning hours is not as rapid as the observations. This
discrepancy is not the result of errors in the partitioning of
the available nitric acid (Fountoukis et al., 2007) but to an
underprediction of the total nitric acid. In particular, the av-
erage value of the measured total nitric acid during its peak
hour (at 11:00 LT) was 4.6 ppb (Aiken et al., 2009; Zheng
et al., 2008) while the average predicted total nitrate at the
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Figure 7: Comparison of model hourly and diurnal predictions against measurements for PM1 
ammonium taken at T0 (a, b) and PM2.5 ammonium taken at T1 (c, d) during the MILAGRO 
campaign. 

(d) T1 

(a) T0 

(c) T1 

(b) T0 

Fig. 7. Comparison of model hourly and diurnal predictions against
measurements for PM1 ammonium taken at T0(a, b) and PM2.5
ammonium taken at T1(c, d) during the MILAGRO campaign.
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Figure 8: Comparison of model hourly predictions against measurements for PM1 chloride taken 
at T0 (a) and PM2.5 chloride taken at T1 (b) during the MILAGRO campaign. 
 
 

(a) T0 

(b) T1 

Fig. 8. Comparison of model hourly predictions against measure-
ments for PM1 chloride taken at T0(a) and PM2.5 chloride taken at
T1 (b) during the MILAGRO campaign.

same hour is 3.3 ppb. This is probably due to the predicted
OH levels as they are slightly underestimated during early
morning even though they are reasonably reproduced by the
model during the rest of the day (not shown). Therefore the
formation of HNO3 during the day from the reaction of NO2
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Figure 9: Comparison of model hourly predictions against measurements for PM2.5 (a) sodium, 
(b) calcium, (c) magnesium taken at T1 during the MILAGRO campaign. 
 

(b) 

(a) 

(c) 

Fig. 9. Comparison of model hourly predictions against measure-
ments for PM2.5 (a) sodium,(b) calcium,(c) magnesium taken at
T1 during the MILAGRO campaign.

with OH is limited in the model resulting eventually in an
underprediction of the aerosol nitrate. Moreover, the total
nitric acid produced in the center of Mexico City is trans-
ported to the north and is observed in T1 during the after-
noon. Therefore, the underestimation of nitrate during the
early morning at T0 is also observed 3 to 6 h later at T1
(Fig. 6d). Especially towards the last week of March 2006,
the observed nitrate is much higher than the predicted one,
so are HONO concentrations. Li et al. (2010) and Tsimpidi
et al. (2010) have shown that the HONO production is quite
important for the production of OH in the early morning at-
mosphere in the MCMA, suggesting that a more accurate
description of HONO sources is needed. The inclusion of
HONO emissions, used in this application, resulted in an av-
erage increase of 0.3 µg m−3 in PM1 nitrate concentration at
T0 with a daily maximum of 0.9 µg m−3 (at 11:00 LT). More-
over, the overestimation of dust components (see “dust com-
ponents” subsection), especially calcium which originates
from the Tolteca cement plant close to T1, affects the par-
titioning of nitric acid to the aerosol phase resulting in an
over-prediction of nitrate at T1 early in the morning and late
at night (Fig. 6d). Overall, the average predicted nitrate con-
centrations are 2.7 µg m−3 and 3.2 µg m−3 in T0 and T1 sites
respectively while the observed averages were 3.5 µg m−3

and 2.9 µg m−3, respectively.

Ammonium: The ammonium predictions are quite sensi-
tive to the ammonia emissions inventory, the predicted sul-
fate concentrations and the nitrate levels. The performance

www.atmos-chem-phys.net/11/13305/2011/ Atmos. Chem. Phys., 11, 13305–13323, 2011



13316 V. A. Karydis et al.: Formation of semivolatile inorganic aerosols

of the model is respectable in both sites (Fig. 7) but it un-
derpredicts ammonium concentrations during midday in T0
(Fig. 7b), due to the underprediction in total nitric acid. In
T0 the average predicted concentration is 1.7 µg m−3 while
the observed average was 2.1 µg m−3. Some of the difficulty
in reproducing the hourly fluctuations of ammonium at T1
(Fig. 7c) is due to the sulfate predictions, as part of the am-
monium in T1 exists in the aerosol phase in the form of am-
monium sulfate. The predicted average PM2.5 ammonium
concentration in T1 is 1.4 µg m−3 while the measured aver-
age is 1.5 µg m−3.

Chloride: Both observations and predictions suggest
that chloride concentrations remain at low levels (up to
0.5 µg m−3) most of the time in both the T0 and T1 sites
(Fig. 8). Nevertheless, there are some measured major spikes
at T0 during the morning rush hours that the model is unable
to reproduce (Fig. 8a). These spikes were observed mostly
in the last week of the campaign. Given that the model uses
the same HCl emissions for every week day, it should be in-
vestigated if these emissions were, for some reason, higher
during this week. During this period there is a clear decrease
in the number of fires due to higher precipitation and hu-
midity (Fast et al., 2007). Surprisingly enough, measured
chloride is higher during this low fire period, which indicates
that despite the emission of chloride by fires (DeCarlo et al.,
2008), urban sources and/or favorable partitioning conditions
may be more important for this species in the MCMA. Com-
parisons of the predicted and measured diurnal profiles at
T0 (Fig. 8b) suggest that the model underpredicts chloride.
The average predicted concentration is 0.25 µg m−3 while
the observed average was 0.36 µg m−3. Given that the AMS
measures only non refractory chloride, the model underpre-
diction of the ambient chloride concentration is probably
greater. Aiken et al. (2009) suggest that approximately two
thirds of the chloride is due to NH4Cl or species of similarly
high volatility, while the rest may be due to more refractory
species such as PbCl2 that are not simulated by the model.
In T1, the predicted average PM2.5 chloride concentration is
0.3 µg m−3 while the measured average is 0.4 µg m−3.

Dust components: Measurements of PM2.5 sodium, cal-
cium, and magnesium were only available at T1. PMCAMx-
2008 shows on average a reasonable performance for these
three dust components (Fig. 9). However, there is a tendency
towards overprediction, especially for calcium (Fig. 9b), in-
dicating a possible overestimation of the dust emissions that
PMCAMx-2008 uses and probably errors in the contribu-
tions of the individual dust components or their size distri-
bution. The predicted peaks at T1 for sodium, calcium, and
magnesium are in the range of 1 µg m−3, 10 µg m−3, and
0.5 µg m−3 respectively, while the measured peaks were in
the range of 0.5 µg m−3 for sodium, 3 µg m−3 for calcium,
and 0.3 µg m−3 for magnesium. Despite the above weakness,
the model captures relative well not only the daily average
concentrations of the dust components, but also their aver-
age diurnal variation, as both the predicted and the measured

profiles are flat with almost constant concentration. The
daily average predicted concentrations of PM2.5 sodium, cal-
cium, and magnesium at T1 are 0.5 µg m−3, 1.2 µg m−3, and
0.15 µg m−3 respectively, while the average measured con-
centrations of the same species were 0.3 µg m−3, 0.6 µg m−3

and 0.15 µg m−3, respectively.

6 Sensitivity to inorganic aerosol dynamics

To estimate the effects of the hybrid aerosol thermodynamic
approach on the formation of the semi-volatile inorganic
aerosol components, the predictions of the model using the
hybrid approach were compared against those using the equi-
librium approach for the simulation of the partitioning of
semivolatile inorganic PM components. The concentration
difference in the fine and coarse mode between the predic-
tions of these two modeling approaches for nitrate is shown
in Fig. 10. Positive concentrations reflect increases due to the
use of the hybrid approach.

Assuming bulk equilibrium between the gas and the
aerosol phase results in an increase of the predicted PM1 ni-
trate up to 2.5 µg m−3 while, at the same time, the nitrate con-
centration on the coarse mode decreases by an equal amount.
This significant change on the results is due to the fact that
the bulk equilibrium algorithm distributes most of the to-
tal PM nitrate to the fine mode (approximately 90 %) that
has most of the surface area. In the hybrid approach, the
coarse fraction continues to absorb nitric acid vapors, even
after the small particles achieve equilibrium, thus lowering
the nitric acid gas-phase concentration. The smallest sec-
tions then lose mass as evaporation is required to maintain
equilibrium with the gas phase. As a result the predicted
coarse nitrate using the hybrid approach represents 55 % on
average of the total PM nitrate. At T0 the average measured
concentration of PM1 nitrate is 3.5 µg m−3. Using the hy-
brid approach for aerosol dynamics, the model underpredicts
the average PM1 nitrate concentration by 0.9 µg m−3. Nev-
ertheless, as discussed in section 5, this discrepancy is not
caused by errors in size distribution or in the partitioning be-
tween the aerosol and the gas phases but in the underpre-
diction of HONO formation and emissions. On the other
hand, assuming bulk equilibrium between the gas and the
aerosol phase, the model overpredicts the PM1 nitrate con-
centration by 1.2 µg m−3. This overprediction can be even
larger if the model uses more accurate HONO emissions. At
T1, where the impact of HONO emissions is not as important
as at T0 (which is an urban site) and the dust concentration
is higher than the urban center (which results in more nitrate
in the coarse mode), the model, using the hybrid approach,
agrees well with the observations for PM2.5 nitrate (the mean
bias is 0.1 µg m−3). Using the bulk equilibrium approach
though, results in an average overprediction of PM2.5 nitrate
by 1.2 µg m−3. Therefore, the hybrid approach is considered
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essential in order to accurately simulate the size distribution
of the inorganic aerosols.

7 Sensitivity to emissions of inorganic
aerosol precursors

In order to estimate the response of fine PM components to
changes in anthropogenic emissions in Mexico City, three
control strategies are examined separately, a 50 % reduction
of SO2, a 50 % reduction of NH3, and a 50 % reduction of
NOx emissions. These should be viewed as sensitivity tests
as they do not correspond to actual emission control strate-
gies. The results of these simulations are compared to the re-
sults of the base case simulation to examine the effectiveness
of these strategies in the reduction of PM1 sulfate, nitrate,
and ammonium concentrations.

The predicted changes in ground-level concentrations of
the inorganic aerosols after a 50 % reduction of SO2 emis-
sions are shown in Fig. 11. Sulfate decreases by approxi-
mately 0.5 µg m−3 (less than 5 %) in the Tula vicinity, where
it has the highest concentration, while in the center of Mex-
ico City the reduction of sulfate is approximately 0.3 µg m−3

(∼10 %). The highest reduction on the hourly average con-
centration is 8 µg m−3 (25 %) in Tula. This extremely non
linear response of sulfate concentration to the reduction of
SO2 emissions is in contrast with the findings of Tsimpidi et
al. (2007) where sulfate concentration on the Eastern US var-
ied linearly with SO2 emissions, especially during the sum-
mer season. The main difference between the atmosphere
of Mexico City and the eastern US is the concentration of
SO2 which in MCMA is predicted to be more than 10 times
higher than in the eastern US. Therefore, the oxidant con-
centration in the area is not sufficient for the SO2 oxida-
tion to SO2−

4 and the production of the latter is more con-
trolled by the availability of oxidants than of SO2. Nitrate
concentration increases up to 0.1 µg m−3 (10 %) after the re-
duction of SO2 emissions while the maximum increase on
the hourly average concentration is 0.6 µg m−3 (25 %). This
increase is attributed to the increase of free ammonia, af-
ter the reduction of sulfate, which reacted with HNO3 to
form additional particulate nitrate. Ammonium concentra-
tion decreases by 0.1 µg m−3 (5–10 %) in the center of Mex-
ico City and the hourly maximum concentration decreases
by 1 µg m−3 (40 %). The reduction of ammonium in Tula
is very small (0.02 µg m−3 or 0.01 %) as ammonium sulfate
represents a small fraction (∼20 %) of total sulfate mass in
the area. Overall, total PM1 decreases by 1.3 % in Mexico
City center and 1.1 % in Tula after a 50 % reduction of SO2
emissions.

The predicted changes in ground-level concentrations of
the inorganic aerosols after a 50 % reduction of NH3 emis-
sions are shown in Fig. 12. Sulfate concentration is not sen-
sitive to changes on ammonia emissions as even in environ-
ments with low NH3, sulfate still exists in the aerosol phase

in the form of ammonium bisulfate or as H2SO4. In the cen-
ter of Mexico City, after the 50 % reduction of NH3 emis-
sions, nitrate and ammonium decreases by 1 µg m−3 (35 %)
and 0.3 µg m−3 (20 %) respectively. The highest reduction
of ammonium concentration is predicted in Tula and is up to
1 µg m−3 (35 %). The highest hourly average concentration
of nitrate, located in Mexico City center, and ammonium, lo-
cated in Tula, is reduced by 10 µg m−3 (60 %) and 4 µg m−3

(45 %) respectively. Overall, the predicted decrease of total
PM1 concentration after a 50 % reduction of NH3 emissions
is 4.4 % and 2 % in Mexico City center and Tula respectively.

The predicted changes in ground-level concentrations of
the inorganic aerosols after a 50 % reduction of NOx emis-
sions are shown in Fig. 13. In the center of Mexico City,
the decrease of NOx emissions results in lower OH radi-
cal and ozone concentrations and consequently a decrease
of sulfate concentration levels. In particular, sulfate de-
creases by up to 0.2 µg m−3 (7 %) with an hourly maximum
of 3.5 µg m−3 (35 %). In Tula, a reduction of NOx concen-
trations results in an increase of OH and O3 concentrations
and, as a result, sulfate concentration increases by 0.3 µg m−3

(2 %) with an hourly maximum of 7 µg m−3 (15 %). Nitrate
decreases by 1 µg m−3 (35 %), with an hourly maximum of
7.5 µg m−3 (50 %), as NOx is the main precursor of HNO3
in the atmosphere. The simultaneously decrease of both ni-
trate and sulfate concentration levels in Mexico City resulted
in a 0.3 µg m−3 (20 %) decrease of ammonium concentra-
tion, with an hourly maximum of 2 µg m−3 (45 %). When
NOx emissions are reduced in half, total PM1 concentra-
tion decreases by 3.5 % and 0.1 % in Mexico City and Tula,
respectively.

8 Conclusions

A detailed three-dimensional chemical transport model
(PMCAMx-2008), which contains an advance thermody-
namic description of the semivolatile inorganic components,
is presented and applied during the MILAGRO-2006 cam-
paign in the Mexico City Metropolitan Area. During this
study, we evaluate the model against one of the best available
datasets in a highly polluted urban area which includes one
month of continuous measurements for the major inorganic
aerosol components as well as filter-based measurements for
the major mineral dust components in urban (T0) and sub-
urban (T1) sites. This evaluation provides a valuable test of
the current state-of-the-art in atmospheric inorganic aerosol
modeling in a polluted megacity and is clearly a necessary
step before the model can be used for the investigation of
the efficiency of different emission control measures. Over-
all, PMCAMx-2008 was able to reproduce both the daily av-
erage concentrations and the diurnal variation of the major
inorganic aerosol components.

Sulfate is regional in nature with clear influences from the
large SO2 sources in the industrial complex in Tula, while the
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Figure 10:  Predicted change in ground-level concentrations (µg m-3) of the (a) PM1 nitrate and 
(b) PM1-10 nitrate after using the equilibrium approach for aerosol dynamics (instead of the 
hybrid approach used in the basecase simulations). A positive change corresponds to an increase 
due to the use of the hybrid approach. 

 

 

 
 
 
 
 
 
 
 
 
Figure 11: Predicted change (µg m-3) in ground-level concentrations of PM1 (a) sulfate, (b) 
nitrate, and (c) ammonium after a 50% reduction of SO2 emissions. A negative change 
corresponds to a decrease. 
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Fig. 10.Predicted change in ground-level concentrations (µg m−3) of the(a) PM1 nitrate and(b) PM1−10 nitrate after using the equilibrium
approach for aerosol dynamics (instead of the hybrid approach used in the basecase simulations). A positive change corresponds to an
increase due to the use of the hybrid approach.
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Figure 11: Predicted change (µg m-3) in ground-level concentrations of PM1 (a) sulfate, (b) 
nitrate, and (c) ammonium after a 50% reduction of SO2 emissions. A negative change 
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Fig. 11. Predicted change (µg m−3) in ground-level concentrations of PM1 (a) sulfate,(b) nitrate, and(c) ammonium after a 50 % reduction
of SO2 emissions. A negative change corresponds to a decrease.

urban area is not a major source of sulfate. Therefore, sulfate
concentrations are high in Mexico City when the winds are
northerly, while in periods where southerly winds are dom-
inant, the concentrations of sulfate are lower. Nitrate is en-
hanced significantly in the urban area and immediate outflow
(up to 3 µg m−3), mostly produced from local photochem-
istry. It decreases with distance from the city, due to evapora-
tion and deposition, remaining in low levels in the surround-
ings (lower than 1 µg m−3). Nitrate underprediction during
the early morning hours is attributed to the underestimation
of OH levels by the model. An improvement of the simu-
lation of HONO formation in the early morning can proba-
bly mitigate this weakness. Ammonium predictions are quite
sensitive to the ammonia emissions inventory, the predicted
sulfate concentrations and the nitrate levels. In particular,
ammonium concentrations peak at the center of Mexico City
and the Tula vicinity (3 µg m−3) existing mainly in the form
of ammonium nitrate and ammonium sulfate, respectively.

The Texcoco dry Lake is a significant source of potas-
sium (up to 1 µg m−3), magnesium (1 µg m−3), sodium
(2 µg m−3), and calcium (3 µg m−3) that influences the PM
concentrations in the areas to the east and northeast of the
city. Predicted calcium concentrations peak near Tolteca (up
to 7 µg m−3) as a result of emissions from the cement indus-
tries in the area. Its overerprediction though, indicates a pos-
sible overestimation of these emissions resulting also in an
overprediction of nitrate during early in the morning and late
at night at T1. In general, ISORROPIA-II assist the model
in simulating the formation of the semivolatile inorganic PM
as it includes interactions with the mineral dust components.
The hybrid approach is also essential in order to accurately
simulate the size distribution of the inorganic aerosols as the
use of the bulk equilibrium approach results in unrealistically
high PM1 nitrate (over 5 µg m−3) while, at the same time, the
coarse nitrate concentration is seriously undepredicted.
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Figure 12: Predicted change (µg m-3) in ground-level concentrations of PM1 (a) nitrate, and (b) 
ammonium after a 50% reduction of NH3 emissions. A negative change corresponds to a 
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Figure 13: Predicted change (µg m-3) in ground-level concentrations of PM1 (a) sulfate, (b) 
nitrate, and (c) ammonium after a 50% reduction of NOx emissions. A negative change 
corresponds to a decrease. 
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Fig. 12. Predicted change (µg m−3) in ground-level concentrations of PM1 (a) nitrate, and(b) ammonium after a 50 % reduction of NH3
emissions. A negative change corresponds to a decrease.
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Fig. 13. Predicted change (µg m−3) in ground-level concentrations of PM1 (a) sulfate,(b) nitrate, and(c) ammonium after a 50 % reduction
of NOx emissions. A negative change corresponds to a decrease.

The sensitivity of fine PM components to changes in an-
thropogenic emissions in Mexico City was also examined.
A 50 % reduction of SO2 emissions leads to a decrease of
average PM1 sulfate and ammonium concentrations up to
0.5 µg m−3 and 0.1 µg m−3 respectively, and to an increase of
PM1 nitrate concentration up to 0.1 µg m−3. A 50 % reduc-
tion of NH3 emissions leads to a decrease of PM1 nitrate and
ammonium concentrations up to 1 µg m−3 in Mexico City
center and 1 µg m−3 in Tula respectively. The ammonium
concentration reduction in the center of Mexico City is up to
0.3 µg m−3. Sulfate concentration is not sensitive to changes
of ammonia emissions. A 50 % reduction of NOx emissions
leads to a decrease of PM1 nitrate and ammonium concentra-
tions up to 1 µg m−3 and 0.3 µg m−3 respectively. PM1 sul-
fate concentration decreases by 0.2 µg m−3 in Mexico City
and increases by 0.3 µg m−3 in Tula. These relatively small
individual decreases reveal the challenge of reduce fine PM
in Mexico City.

Overall, this study is part of a continuous effort to build
a chemical transport model (PMCAMx) that can accurately
describe the formation of both organic (Gaydos et al., 2007;

Karydis et al., 2007; Lane et al., 2008; Shrivastava et al.,
2008; Murphy and Pandis, 2009; Tsimpidi et al., 2010; Tsim-
pidi et al., 2011) and inorganic (Gaydos et al., 2007; Karydis
et al., 2007; Karydis et al., 2010) aerosols in urban (Kary-
dis et al., 2010; Tsimpidi et al., 2010; Tsimpidi et al., 2011)
and regional (Gaydos et al., 2007; Karydis et al., 2007; Lane
et al., 2008; Murphy and Pandis, 2009; Shrivastava et al.,
2008) scales. PMCAMx has been tested successfully in dif-
ferent scales and environments (Murphy and Pandis, 2009;
Tsimpidi et al., 2011; Fountoukis et al., 2011; current study).
During this study, we have shown that the use of this or sim-
ilar inorganic modeling frameworks is essential in order to
accurately simulate the effects of mineral dust on the com-
position and the size distribution of the predicted inorganic
aerosols.
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