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Abstract. The mass of light absorbing carbon (LAC) in indi-
vidual, internally mixed aerosol particles was measured with
the Single Particle Soot Photometer (SP2) in April of 2003
and 2005 and evaluated with respect to concentrations of
carbon monoxide (CO), particle bound polycyclic aromatic
hydrocarbons (PPAH) and condensation nuclei (CN). The
LAC and CO have matching diurnal trends that are linked
to traffic patterns and boundary layer growth. The PPAH
reaches a maximum at the same time as CO and LAC but
returns rapidly back to nighttime values within three hours
of the peak. The number of particles containing LAC ranges
between 10% to 40% of all particles between 150 nm and
650 nm and the mass is between 5% and 25% of the total
mass in this size range. The average LAC equivalent mass
diameter varies between 160 and 230 nm and the thinnest
coating of non-light absorbing material is observed during
periods of maximum LAC mass. The coating varies between
10 nm and 30 nm during the day, but is a strong function of
particle size. The mass absorption cross sections,σabs, de-
rived from the SP2, are 5.0±0.2 m2g−1 and 4.8±0.2 m2g−1,
dependent on the optical model used to describe LAC mix-
tures. The LAC contributes up to 50% of the total light ex-
tinction in the size range from 100 nm to 400 nm. The esti-
mated emission rate of LAC is 1200 metric tons per year in
Mexico City, based upon the SP2 measurements and correla-
tions between LAC and CO.

1 Background

The environmental impact of atmospheric aerosols is multi-
faceted as a result of the wide range in concentration and size,
complexity of chemical composition and optical properties
that contribute to their role in global climate change (Charl-
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son et al., 1992), photochemistry (Dickerson et al., 1997; Ja-
cobson, 1998; Raga and Raga, 2000) and cloud processes
(Hobbs, 1991). Light absorbing carbon (LAC) often referred
to as black carbon or soot1 is an anthropogenic component
of atmospheric particles whose environmental impact has
been recognized for more than 100 years (Novakov, 1982).
These ubiquitous particles found throughout the world’s at-
mosphere and produced primarily by incomplete combustion
of fossil fuel and biomass burning (Ghan and Penner, 1992),
may have much longer lifetimes than other types of aerosol
particles.

The climatic importance of LAC is a result of the high ef-
ficiency with which it scatters and absorbs light over a wide
range of solar and infrared wavelengths. This is highlighted
by comparing the efficiency with which radiant energy is
removed by LAC and ammonium sulfate. This latter com-
pound is commonly found mixed with LAC (Johnson et al.,
2005). Figure 1 illustrates the difference in extinction effi-
ciency between these two types of particles at 550 nm, the
wavelength of maximum solar radiance. The extinction was
calculated incorporating Mie theory (Bohren and Huffman,
1983) and assuming spherical particles with the refractive
indices of ammonium sulfate (1.43–0.0i) and LAC (1.95–
0.79i) at this wavelength (Volz, 1972; Bond and Bergstrom,
2006).

For diameters smaller than 300 nm, LAC has an extinc-
tion efficiency that is larger than sulfate by several orders of
magnitude and is comparable at larger diameters. Although
the number concentration of LAC in the free troposphere

1Bond and Bergstrom (2006) evaluate in detail the light absorp-
tion by carbonaceous particles and discuss the various terminolo-
gies that have been used to describe particles that contain carbon.
Given that the measurements discussed in the current manuscript
are made with an instrument that utilizes the property of light ab-
sorption by some forms of carbon, we will use the term suggested
by Bond and Bergstrom, light absorbing carbon (LAC), throughout
the remainder of this article.
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Fig. 1. The extinction efficiency of LAC (solid) is compared with
that of ammonium sulfate (dashed).

is generally less than that of sulfate aerosols its impact on
radiative fluxes can be similar. Furthermore, as shown by
recent modeling and laboratory studies (Bond et al., 2006;
Mikhailov et al., 2006) coatings of non-light absorbing ma-
terial on the surface of LAC will enhance the absorption ef-
ficiency by factors of 1.5 to 2.5.

The optical properties of LAC must be taken into account
when interpreting measurements by remote sensors such as
lidars, sun photometers and satellites. The algorithms that are
applied for extracting information from these measurements
incorporate assumptions about the shape of the size distri-
bution, the composition and optical characteristics. In some
cases the objective is to derive particle properties whereas in
other applications aerosols are a source of interference to be
removed. Many years of airborne and ground based measure-
ments have contributed to the parameterization of aerosol
properties to use in these algorithms; however, until recently,
very few measurements had been made of the size differenti-
ated LAC characteristics.

The study described herein is a particle by particle evalua-
tion of LAC properties in Mexico City, the diurnal trends and
the links to other related anthropogenic gases and aerosols.
The remainder of the paper describes the instrumentation,
evaluates the physical and optical characteristics of LAC and
discusses the relationships between primary emissions and
meteorological processes with respect to the aerosol proper-
ties.

2 Measurement and analysis methodology

The measurements were made with a Single Particle
Soot Photometer2 (SP2), a nephelometer and Particle Soot
Aerosol Photometer3 (PSAP), a Photoelectric Aerosol Sen-
sor4 (PAS-2000) and a condensation nucleus (CN) counter
(TSI Model 30105).

2.1 LAC physical properties

The SP2 employs a patented technique (Stephens et al.,
2003) that combines the principles of light scattering, absorp-
tion and emission to derive the diameter, mass and incandes-
cence temperature of individual aerosol particles in the diam-
eter range (for the current study) from 150 to 600 nm (Baum-
gardner et al., 2004; Schwarz et al., 2006; Moteki and Kondo,
2006). Particles enter the sample cavity of the SP2 (the typ-
ical sample flow rate for the instrument is 2 cm3 s−1) and
while passing through the beam of a diode-pumped Nd:YAG
laser (1.064µm wavelength) they scatter and absorb light.
Two cones of scattered light, 30◦–60◦ and 120◦–150◦, are
collected by the optics and focused on a photodetector that
produces a voltage signal proportional to the scattering in-
tensity. Particle diameter is derived from the scattered light
using classical Mie theory.

Particles that contain material that absorbs light at the
wavelength of the laser are heated and reach a temperature
at which they incandesce and emit light at a wavelength that
is a function of the temperature. Two detectors, each with
filters for passing different wavelengths, measure the emitted
light. The temperature is derived from the ratio of signals
from these detectors (Baumgardner et al., 2004; Schwarz et
al., 2006; Moteki and Kondo, 2006). The intensity of the
emitted light is proportional to the mass of the light absorb-
ing material and the temperature of incandescence identifies
the composition.

Calibration of the SP2 is carried out with commercially
available spherical particles. Monodispersed, polystyrene la-
tex spheres are used to calibrate the scattering signals and
glassy carbon spheres of known density were size-selected
with an electrostatic classifier for calibration of the incandes-
cence signals. Incandescing particles are sized in the range
of 3–300 fg/particle (120 to 650 nm mass equivalent diameter
at 1.42 g cm−3 density). The optical diameter is derived from
the scattering signal and ranges from 100 to approximately
400 nm, depending on the assumed refractive index. The
scattering and incandescence signals are recorded particle-
by-particle such that the instrument is sensitive to very low
concentrations of LAC.

The thickness of the non-light absorbing coating on each
LAC containing particle is estimated by comparing the mass

2Droplet Measurement Technologies (DMT), Boulder, CO.
3Radiance Research, Seattle, WA
4 Ecochem Analytic, West Hills, CA
5 Thermal Systems Incorporated, St. Paul, MN
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equivalent diameter,Dmasseqv, of the LAC with the optical
diameter,Doptical, of the coated particle. The mass equivalent
diameter is derived from

Dmasseqv = (6MLAC/πρ)1/3 (1)

And the layer thickness, W, is

W = (Doptical − Dmasseqv)/2 (2)

where MLAC is the LAC mass,ρ is the assumed density of
the LAC in the particle, taken here to be 1.90 g cm−3 (Bond
and Bergstrom, 1999), andDoptical is the diameter of the
coated particle estimated from the light scattering signal.

An advantage of the SP2’s optical design is that the collec-
tion of scattered light over a wide solid angle decreases the
sensitivity of the derived optical diameter to variations in the
refractive index. As seen in Fig. 2, using the ammonium sul-
fate and LAC particles as an example, the scattering cross
sections are similar even though the refractive indices are
quite different. In the current study, the derivation ofDoptical
from the scattering signal assumes ammonium sulfate when
there is no incandescence and an average mixture of 50%
LAC and 50% ammonium sulfate by mass when there is in-
candescence. The components of the assumed mixture are
based upon an analysis by Johnson et al. (2005) who found
that a large majority of the LAC were mixed with ammo-
nium sulfate. The 50% mixture is an estimate based upon the
average mixing fraction,Dmasseqv/Doptical, derived from the
SP2. As will be discussed below, this fraction varied between
30 and 60%. The average refractive index for this mixture is
1.72–.40i. The choice of this refractive index limits the un-
certainty in derived diameter to a maximum of±30 nm as
shown by the box drawn in Fig. 2. It is important to note
that the measured MLAC is insensitive to the depth of the
non-light absorbing coating (Slowik et al., 2006; Moteki and
Kondo, 2006).

In addition to the uncertainty inDoptical due to the assump-
tion of refractive index, an additional error arises due to the
heating of the particle by light absorption when it contains
LAC. As pointed out by Gao et al. (2007), the diameter de-
rived from the scattering peak measured by the SP2 will be
an underestimate when the particle has a core of LAC. This
is because the particle will begin heating as it enters the beam
and the size will begin to decrease as the material evaporates.
The rate at which it evaporates will depend on the amount of
LAC and the volatility of the non-LAC material. There is a
technique for obtaining a more accurate estimate of the parti-
cle size prior to the point at which it begins to evaporate (Gao
et al., 2007) but it requires a hardware modification that the
SP2 in the present study did not have. Hence, although it is
likely that theDoptical for particles containing LAC will be
an underestimate, and the subsequent thickness of the layer
that is derived from Eq. (2) will also be an underestimate, we
can only estimate the magnitude of the error.
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Figure 2 Scattering cross sections for sulfate (red) and LAC (black) and a 50/50 

Fig. 2. Scattering cross sections for sulfate (red) and LAC (black)
and a 50/50 mixture of sulfate and LAC (orange) particles as a func-
tion of particle size for the collection angles (30◦–60◦ and 120◦–
150◦) and wavelength of the SP2 laser.

A detailed description of the theory of operation, uncer-
tainties in determining the size and mass of LAC and mea-
surement limitations are documented elsewhere (Schwarz et
al., 2006; Moteki and Kondo, 2006). For the interpretation
of the measurements presented in the present study, the es-
timated uncertainties in LAC mass,Doptical, Dmasseqv and
coating thickness are±20%,±50%,±30% and±58%, re-
spectively.

2.2 LAC optical properties

The scattering, absorption and extinction coefficients,Bscat,
Babs andBext, at an incident wavelength ofλ=550 nm, are
derived for individual particles measured by the SP2 using
optical efficiencies calculated from Mie theory (Bohren and
Huffman, 1983) and assuming that the particles are spheri-
cal. Two approaches were taken to calculate the optical pa-
rameters based upon the fraction of LAC in a particle. The
first approach that is designated “mixed”, assumes a homo-
geneous mixture of LAC with the non-light absorbing mate-
rial. A look-up table was generated that contains refractive
indices for particles in the size range of the SP2 and with 21
mixtures of LAC with a refractive index of 1.95–0.79i and
ammonium sulfate with refractive index of 1.48–0.00i. The
volumetric fraction of LAC in a particle is varied between 0
and 1 in 0.05 steps and the refractive index of the mixture is
computed using the volume mixing rule (Bohren and Huff-
man, 1983). For example a particle containing 10% LAC by
volume will have a refractive index of (0.9*1.48+0.1*1.95)–
0.1*0.79i. The second approach, following the suggestion of

www.atmos-chem-phys.net/7/2517/2007/ Atmos. Chem. Phys., 7, 2517–2526, 2007
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Bond and Bergstrom (2006) assumes that all LAC in a parti-
cle is concentrated in a core that is encapsulated with a layer
of ammonium sulfate. In this case, the look-up table has the
same number of categories with LAC fraction varying be-
tween 0 and 1, but the optical properties are calculated using
the optical shell model of Bohren and Huffman (1983). The
results from this second approach are labeled “coated” in the
later discussions.

The scattering, absorption and extinction coefficients and
the single scattering albedo are computed by determining
the fraction of LAC in each particle and finding the opti-
cal parameters associated with this fraction in the “mixed”
and “coated” lookup table. The LAC fraction is computed
from the cube of the ratio ofDmasseqv to Doptical. The ab-
sorption coefficient, normalized by the LAC mass, is calcu-
lated and referred to here as the mass absorption cross section
(MAC), σabs, following the terminology suggested by Bond
and Bergstrom (2006).

An independent measurement ofBabs was made with the
PSAP, an instrument that uses the integrating plate technique
(Bond et al., 1999). Particles are collected on a filter and the
transmission of green light through this filter is measured in
real time. By definition, the value ofBabs is

Babs= (A/V ) ln(I/I0) (3)

whereI andI0 are the transmitted and incident light inten-
sities,A is the area of the filter covered by aerosol particles
andV is the volume of air that passed through the filter to
deposit a given layer of particles. The source of incident ra-
diation in the PSAP is a light emitting diode (λ=550 nm) and
particles are collected on a 10 mm diameter quartz filter. The
light is transmitted through a second filter, unexposed to am-
bient air, and is the reference for the incident radiation,I0.
Detailed laboratory studies of these instruments (Bond et al.,
1999) have arrived at an empirical correction to Eq. (3) that
accounts for the scattering of the aerosol on the collection
filter.

Babs= (Babs measured− 0.40Bscat mreasured)/2.2 (4)

Babs measuredis the absorption coefficient derived from (3)
andBscat mreasuredis the scattering coefficient measured with
a nephelometer. This equation corrects for the effects of light
scattering from particles on the filter, an interference that de-
creases the transmission through the filter, and for matrix ef-
fects of the quartz fibers that also enhance the measured at-
tenuation and lead to overestimates ofBabs. Additional cor-
rections are made for variations in the diameter of the aerosol
deposit and changes in flow volume related to the differences
in the altitude of Mexico City and Seattle, Wa, where the in-
strument flow meter was calibrated.

2.3 Particle chemistry

Particle-bound polycyclic aromatic hydrocarbon (PPAH)
was measured with the PAS 2000 that uses 207 nm light from

an Excimer lamp with energies of 6.7 eV. Compounds on the
surface of particles that have ionization potentials below the
energy of the incident photons will release an electron that
is subsequently removed with an ion trap. The positively
charged particle is collected on a filter that is connected to
an electrical ground and the electrical potential between the
ion trap and positively charged filter creates an electrical cur-
rent, proportional to the number of ions that reach the filter
per unit time and is measured with an electrometer. The ion-
ization potentials of PPAH on the surfaces of particles are
generally below the energy of the incident photons; however,
the PAS is also sensitive to elemental carbon that has a work
function of 4.4 eV. Some other organic compounds can also
be ionized (Matter et al., 1999) and contribute to the signal
from the PAS; hence, the signal from the PAS should be con-
sidered a relative, rather than absolute, indicator of the con-
centration of mixtures of PPAH, elemental carbon and some
trace amounts of other organics. The manufacturer cautions
that the PAS must be carefully calibrated with the aerosol
mixture being studied if the results are to be interpreted quan-
titatively. This type of calibration is difficult, if not impos-
sible, for an urban environment where the aerosol mixture
will change significantly depending on the relative fractions
of elemental carbon and organics. Given the uncertainties in
absolute value, the results from the PAS will be reported as
a mass concentration of PPAH∗, where the asterisk indicates
that this quantity is only a relative indicator of PPAH.

Carbon monoxide was not part of the instrument package
used in the current study; however, it is a useful tracer for pri-
mary emissions and can also indicate changes in the height of
the boundary layer (Baumgardner et al., 2003). The CO used
in the following analysis is from measurements made with
the Mexico City pollution monitoring network, Red Auto-
matica de Monitoreo Ambiental (RAMA). Two RAMA sta-
tions are within five kilometers of the measurement site dis-
cussed below. The hourly CO values from these stations were
averaged to obtain the data reported here.

3 Results

The measurement site is on the roof of the building of
the Centro de Ciencias de la Atmósfera (CCA) inside the
campus of the Universidad Nacional Autónoma de Ḿexico
(UNAM). The university is located in the southwest quad-
rant of the Mexico City basin and the CCA building (19.6◦ N,
99.10◦ W) is 2288 m above sea level. The university campus
is in a residential area with no significant industrial or com-
mercial activities; however, nearby there is a steady flow of
auto and bus traffic related to the circulation of university
staff and students. Approximately 400 m to the southeast is
the subway terminal where more than 400 buses collect pas-
sengers daily (Peralta et al., 2006).

The particle instrumentation was connected to a common
manifold that draws its air from a fifteen meter chimney

Atmos. Chem. Phys., 7, 2517–2526, 2007 www.atmos-chem-phys.net/7/2517/2007/
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Fig. 3. Typical diurnal evolution derived from averaging all sam-
pling days, for(a) CO, (b) CN, and(c) PPAH∗. The vertical bars
indicate one standard deviation and represent an estimate of the day-
to-day and year to year variability.

ventilated at a rate of approximately 90 l min−1. All the in-
struments except the SP2 were operated 24 h a day. The data
reported here are from 27 April to 1 May 2003 and 2–8 April
2005. The same SP2, CN counter, PSAP and nephelometer
were used in both years. The SP2 was only operated from
07:00 to 18:00 LST in 2003 but made measurements 24 h a
day in 2005. The PPAH∗ results are only from the 2005 cam-
paign. Unless noted otherwise, the data discussed below rep-
resent a compilation from both years, with the exception of
the PPAH∗.

The CN concentration,Bscat, andBabs were output to the
data system at 1 Hz and the PPAH∗ measurements are six
second averages. The SP2 records information on every par-
ticle; however, as a result of the very high data rates and large
quantity of data, this instrument was set to record data during
a one minute period out of every ten minutes. All of the pa-
rameters were averaged over ten minute intervals; however,
the RAMA CO data were only available as hourly averages.

Examination of the time series for CN, CO and PPAH∗

(Figs. 3a–c) indicates a reproducible diurnal pattern with the
daily maxima occurring at approximately the same time each
day. These figures are averages over the entire sampling pe-
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Figure 4 As in Fig. 4 but for a) LAC mass, b) LAC D , c) LAC concentration 

Fig. 4. As in Fig. 4 but for(a) LAC mass,(b) LAC Dmass−eqv,
(c) LAC concentration fraction,(d) LAC mass fraction,(e) Aver-
age thickness of coating on the LACC and f) mass absorption cross
section assuming either a mixing (red) or shell (blue) optical model
for coated LAC. The dashed line in(f) represents the value recom-
mended by Bond and Bergstrom (2006).

riod, a total of 14 days from 2003 and 2005. The standard
deviation about the averages, indicated by the vertical bars,
is a measure of the day to day and year to year variability.
Given that these measurements are from 2003 and 2005, the
relatively low standard deviation suggests that these diurnal
trends did not change significantly between the two years,
either in the peak magnitudes or the time of the maxima.
Note that the values of CO, CN, PPAH∗ all increase rapidly at
approximately 06:00 LST from very low and fairly constant
nighttime values. Larger day-to-day variability, represented
by the standard deviations, is evident in all parameters until
sunset (∼19:00 LST) except for PPAH∗ which decreases sig-
nificantly both in magnitude and variability after 10:00 LST.

Figures 4a–f show the daily averages of the LAC mass
concentration,Dmasseqv, the ratios of the LAC number and
mass concentrations to the total concentrations, the coating
thickness of non-light absorbing material on the LAC and the
derived mass absorption cross section, MAC. As in Fig. 3,
the time series in each panel represent averages over the 14
days. All of the parameters shown in Figs. 3 and 4, ex-
ceptDmasseqv, show trends that are dominated by two pro-
cesses: 1) primary emissions from fossil fuel combustion and

www.atmos-chem-phys.net/7/2517/2007/ Atmos. Chem. Phys., 7, 2517–2526, 2007
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Fig. 5. These size distributions are daily averages every four hours,
from midnight until 16:00 LST, for the 14 days of sampling, and
show the number concentrations of particles with no LAC(a), with
LAC (b), the LAC mass concentration(c) and the thickness of coat-
ing on the LAC particles(d).

2) mixing and dilution. Combustion of gasoline and diesel
fuel is the primary source of CO and LAC, respectively, in
Mexico City (Baumgardner et al., 2002). The onset of major
vehicular movement is at 06:00 LST and continues unabated
throughout the day until approximately 2000 (PROAIRE,
1997). Figures 3a and 4a show that CO and LAC mass reach
their peak at 08:00 LST. Further increase in near-surface con-
centration is limited by the growth of the boundary layer after
sunrise due to surface heating (Whiteman et al., 2000) that
leads to turbulent mixing and dilution of gases and particles
(Fast et al., 1998; Raga et al., 1999). The decrease observed
in the CO and LAC mass after 09:00 LST is a result of this
process.

Although the maximum period of traffic is from 06:00 to
18:00 there is continuing vehicular activity 24 h a day, as is
seen by the non-rush hour levels of CO and LAC mass of
0.5 ppm and 1000 ng m−3. The total particle concentration,
represented by the CN measurements (Fig. 3b), follows a
similar trend as CO and LAC mass. The CN rarely decreases
below 10 000 cm−3 and only during the nighttime when day-
to-day variability is at a minimum. Of all the environmen-
tal variables measured only the PPAH∗ decreases to values
below its detection limit of 5 ng m−3. The PPAH∗ reaches a

maximum at the same time as the CN, indicating that the ma-
jority of the particles containing PAH are quite small, those
that dominate the CN concentration.

The average mass equivalent diameter (Fig. 4b) varies only
slightly throughout the day except for a one hour period from
05:00 to 06:00, when there is an abrupt increase from 165 to
230 nm. The source of this shift is unknown at this time. As
seen in Figs. 3c and d, the relative fraction of particles that
contain LAC and the relative amount of LAC mass in the
particles increases during the morning rush hour. The frac-
tion of particles that have LAC increases by a factor of four
from 10% to 40% from 06:00 to 10:00 LST and the fraction
of LAC mass increases by a factor of five from 5% to 25%
of the total mass. The thickness of the coating of non-light
absorbing material on the LAC reaches its minimum at the
hour of maximum LAC mass then increases to its maximum
thickness at 16:00 before decreasing in the late afternoon and
early evening.

The mass absorption cross sections, derived using both
the homogeneous mixture and shell models for the LAC,
change only slightly during the day between 4.5±0.2 and
5.0±0.2 m2 g−1. The minimum occurs when the LAC mass
reaches its peak. These values of MAC are within the range
reported in the literature but are somewhat less than the value
of 7.5±1.2 m2 g−1 suggested by Bond and Bergstrom (2006)
for fresh LAC. These are also less than the 8–10 m2 g−1 es-
timated by Barnard et al. (2005) from column measurements
made with photometers.

The distributions as a function of diameter for the number
concentration with and without LAC, LAC mass concentra-
tion and coating thickness are presented in Figs. 5a–d. The
measurements were separated into six, four hour time periods
and averaged over all days. The four curves in each panel are
over the intervals 00:00–04:00, 04:00–08:00, 08:00–12:00
and 12:00–16:00. The time periods from 16:00–24:00 are
not shown given that they are similar to the 12:00 to 16:00
spectra. We observe that the size distributions of particles
with and without LAC have different diurnal trends. The
non-LAC size distributions (Fig. 5a) increase in concentra-
tions over all sizes between the first and third time period
and the tail of the distribution continues to increase through-
out the day, indicating that particles are growing, most likely
through condensation. The mode of the distributions is at
160 nm.

The number concentration size distributions of particles
containing LAC (Fig. 5b) are narrow from 08:00 to 12:00
with peaks at 130 nm and then broaden during the afternoon
and early morning while still maintaining their maxima at
130 nm. This difference in the diameter of maximum concen-
tration between the non-LAC and LAC distributions might
be a result of the presence of LAC material that could be in-
hibiting condensational growth. The alternative explanation
is that the sizes, derived as optical diameters, are smaller as
a result of the internal heating as the LAC absorbs light, an
effect that was described earlier in this paper.
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The size distributions of the LAC mass, plotted as a func-
tion of mass equivalent rather than optical diameter (Fig. 5c),
suggest that the maximum in mass might be found at a diam-
eter smaller than the lower threshold of the SP2. The increas-
ing mass concentration with sizes larger than 400 nm indicate
that there is LAC mass at diameters larger than the 650 nm
upper threshold. The LAC coating thickness (Fig. 5d) is a
linear function of the optical diameter with very little sensi-
tivity to the time of day. Given that internal heating may lead
to an underestimate ofDoptical from which the thickness is
derived, the layer of the coating may also be underestimated.

4 Discussion

A detailed examination of the diurnal trends provides further
insight with respect to the underlying processes that control
the evolution of aerosol properties in Mexico City. The in-
crease in the thickness of the coating on LAC (Fig. 5c), after
its minimum at 08:00, is an indicator of the ageing of LAC as
non-light absorbing material condenses on the surface. Sim-
ilar thickening of the coating on ageing LAC has been mea-
sured with an SP2 downwind of Tokyo (M. Shiraiwa, per-
sonal communication).

The rapid decrease of PPAH (Fig. 3c), within four hours
of its maximum, suggests a removal process related to pho-
tochemical reactions. This behavior has been previously re-
ported by Marr et al. (2006) who concluded that the rapid
decay in PPAH is a result of secondary organic material that
condenses on the PAH-containing particles. This suppresses
the response of the PAS 2000; hence, not only is the evolu-
tion of PPAH not linked to the dilution, as is the case with
related primary emission variables, but it also urges caution
in using this type of analyzer for analyzing urban PPAH.

Figures 6a–c compare the absorption and scattering coef-
ficients and the single scattering albedo determined directly
from the nephelometer and PSAP (black curves) with those
obtained indirectly from the SP2 measurements (red and blue
curves). TheBabsfrom the PSAP and SP2 are well correlated
but the PSAP values are on average 2.3 times larger than the
SP2. This difference is primarily a result of the lower and
upper sizing limits of the SP2, as discussed previously. Ac-
cording to estimates by Schwarz et al. (2006), the SP-2 loses
approximately 40% of the LAC mass that is smaller than the
lower size threshold. These estimates were based on log-
normal fits to the mass size distribution and did not account
for LAC that was larger than the upper size threshold. In ad-
dition, the Schwarz et al. (2006) estimates were for LAC in
the free troposphere whereas the LAC in the present study
is within the highly polluted boundary layer and close to the
source of emissions. Hence it is likely that in this environ-
ment, more than 50% of the LAC is in particles smaller than
120 nm. Evidence that there are LAC larger than 650 nm
is seen by Johnson et al. (2005) who saw clusters of car-
bon particles larger than 1000 nm when evaluating Mexico
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Fig. 6. The evolution of the particle optical properties, derived from
averaging all sampling days, is compared here forBabs (a), Bscat
(b), and single scattering albedo(c), derived indirectly from the SP2
measurements (red and blue for the mixed and shell optical models)
and directly from the nephelometer and PSAP (black). The contri-
bution of the LAC to the total extinction is shown in panel(d).

City samples with electron microscopy. These clusters might
have a mass equivalent diameter smaller than 1000 nm but
their presence in a fairly small number of samples indicate
that they might provide a measurable contribution to the to-
tal mass of LAC and the light absorption. The difference be-
tween theBabsderived from the SP2 using the homogeneous
mixture (red curve in Fig. 6a) and the shell (blue curve) mod-
els was insignificant. This was also observed in the deriva-
tion of σabsusing the two models (Fig. 4f).

TheBscatmeasured by the nephelometer is approximately
twice the value derived from the SP2 is due to the truncation
of the SP2 measurements above 400 nm for the optical di-
ameter. The single scattering albedo (SSA) derived from the
PSAP and nephelometer is in much better agreement with
that derived from the SP2 because the SSA derived from the
SP2 is on a particle by particle basis and is only slightly af-
fected by the truncation error.

The fraction of the total light extinction that is contributed
by LAC-containing particles is shown in Fig. 6d indicating
that these particles contribute as much as 50% of the total
extinction in the morning during peak rush hour and approx-
imately 10% during the remainder of the day. Figure 7 shows
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Figure 7 These size distributions of the extinction coefficient derived from the SP2 

Fig. 7. These size distributions of the extinction coefficient derived
from the SP2 measurements are daily averages every four hours for
the 14 days of sampling.

the size distributions of the extinction coefficient divided into
four time periods. Here we see that the majority of the extinc-
tion is from particles larger than 300 nm; however, it is clear
that a large fraction of the extinction could be in particles
larger than 400 nm. This figure also illustrates how particle
growth during the day increases the extinction coefficient.

The CO concentrations are useful for inferring LAC when
LAC measurements are not available (Baumgardner et al.,
2002). As shown in Fig. 8 the LAC in Mexico City, mea-
sured by the SP2, is related to the CO by a factor of 1012,
one ppm of CO is associated with 1012 ng m−3 of BC. If
we assume that the LAC outside of the SP2 measurement
range can be estimated from the ratio ofBabs measured by
the PSAP and SP2, then the LAC to CO relationship is 2226.
After adjusting to standard atmospheric pressure and temper-
ature, and converting ppm to mg m−3, the LAC to CO rela-
tionship is approximately one microgram of LAC for every
milligram of CO. This equal to the relationship that was pre-
viously derived by Baumgardner et al. (2002) based upon the
Babs measured with the same PSAP but with LAC derived
from evolved gas analysis of particles on filters. According
to the 1999 inventory of emissions (PROAIRE, 1999), Mex-
ico City produces approximately 1.2×106 metric tons of CO
yearly. Using the LAC to CO relationship we predict 1200
metric tons of LAC emitted yearly in Mexico City. This is
similar to the value of 1700±200 metric tons predicted by
Jiang et al. (2006) who used measurements ofBabsmeasured
with an aethalometer to estimate black carbon mass.
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Figure 8 Relationship between BC mass and CO derived from present study, and 

Fig. 8. Relationship between BC mass and CO derived from present
study, and similar to that obtained in (Baumgardner et al., 2002).

5 Summary

Measurements of the LAC in individual, internally mixed
aerosol particles were made with the SP2 in April of 2003
and 2005. The measurement technique uses light scatter-
ing and incandescence to derive the optical and LAC mass
equivalent diameters from which the coating of non-light ab-
sorbing material can be estimated. Particle optical properties
were also derived from the SP2 measurements and compared
with those directly measured with a nephelometer and soot
photometer. The characteristics of the LAC were compared
with the CO, CN, and PPAH concentrations, environmental
variables that are also linked to primary emissions.

The LAC, CO and CN have matching diurnal trends
that are associated with traffic patterns and boundary layer
growth. The LAC mass reaches a daily average maximum
of 3000±1000 ng m−3 but has a nighttime, background level
of 1000 ng m−3. The number of particles containing LAC
ranges between 10% to 40% of all particles between 100 nm
and 400 nm and the LAC contributes between 5% and 25%
of the total mass in this size range. The LAC particles have
the thinnest coating of non-light absorbing material, about
12 nm, in the morning at 08:00 but increases to a maximum
thickness of 30 nm by mid-afternoon as the LAC particles
age.

The absorption coefficient derived from the SP2 is less
than 50% of the direct measurements made with the PSAP,
indicating that more than 50% of the LAC is in particles
smaller than 100 nm or larger than 400 nm. LAC con-
tributes to 50% of the total light extinction during the 07:00–
08:00 rush hour then decreases to approximately 10% the
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remainder of the day. LAC mass is emitted at a rate of 1200
metric tons per year in Mexico City, based upon the SP2 mea-
surements and correlations between LAC and CO and taking
into account the LAC outside of the size range of the SP2.
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de México: 1995–2000, Departamento del Distrito Federal; Go-
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