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Abstract. In order to study particulate matter transport and
transformation in the Megacity environment, fine particulate
carbon was measured simultaneously at two supersites, sub-
urban T1 and rural T2, downwind of Mexico City during the
MILAGRO field campaign in March 2006. Organic carbon
(OC), element carbon (EC), and total carbon (TC=OC+EC)
were determined in near real-time using a Sunset semi-
continuous OCEC field analyzer. The semi-empirical EC
tracer method was used to derive primary organic carbon
(POC) and secondary organic carbon (SOC). Diurnal vari-
ations of primary and secondary carbon were observed at T1
and T2, which resulted from boundary layer inversion and
impacted by local traffic patterns. The majority of organic
carbon particles at T1 and T2 were secondary. The SOCTC%
(SOC%=SOC/TC×100%) at T1 ranged from 0.5–93.8%
with an average of 63.5±17.2%. The SOCTC% at T2 ranged
from 9.3–98.1% with an average of 67.4±12.4%. The av-
erage EC to PM2.5 percentage (ECPM%=EC/PM2.5×100%)
and OCPM% were 6.0% and 20.0% over the whole sampling
time at T1. The POC to PM percentage (POCPM%) and
SOCPM% were 3.7% and 16.3%, respectively at the same
site. The maximum ECPM% was 21.2%, and the maximum
OCPM% was 57.2% at T1. The maximum POCPM% was
12.9%, and the maximum SOCPM% was 49.7% at T1. Com-
parison of SOC and POC at T1 and T2 showed similar char-
acteristics under favorable meteorological conditions, which
indicated that transport from T1 towards T2 took place.
Strong correlations between EC and carbon monoxide (CO)
and odd nitrogen species (NO and NOx) were observed at
T1. This indicated that EC had nearby sources, such as local
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traffic emissions. The EC/CO ratio derived by linear regres-
sion analysis, with units ofµg C/m3 andµg/m3, respectively,
was 0.004 at T1. Correlations were also seen between OC
and SOC vs. the sum of oxidants, such as O3 and NO2, sug-
gesting the secondary nature of carbons observed at T1.

1 Introduction

The Megacity Initiative: Local and Global Research Obser-
vations (MILAGRO) Campaign took place in Mexico City
area and Veracruz in March 2006. It consisted of four
simultaneous measurement campaigns, MCMA-2006 (The
Mexico City Metropolitan Area – 2006 Experiment), MAX-
Mex (The Megacity Aerosol Experiment), MIRAGE-Mex
(Megacity Impacts on Regional and Global Environments),
and INTEX-B (Intercontinental Chemical Transport Experi-
ment – B); each had different objectives. The Pacific North-
west National Laboratory (PNNL) participated in the MAX-
Mex and MIRAGE-Mex campaigns. Using Mexico City as
the base of the field studies, as well as multiple platforms,
the experiments focused on characterization of aerosol prop-
erties, formation, and transformation spatially in the outflow
from the urban center. Three main ground sites, T0, T1,
and T2, were selected to conduct the field campaign on the
ground level. T0 was located at the Instituto Mexican del
Petroleo at the city center. T1 was at the Universidad Tech-
nologica de Tecamac in Estado de Mexico, and T2 was at
Rancho La Bisnaga near Tizayuca, Hidalgo.

This paper describes the characterization of particulate or-
ganic carbon (OC) and elemental carbon (EC) using the Sun-
set semi-continuous OCEC field analyzer at T1 and T2. Do-
ran et al. (2007) reported on the evolution of aerosol optical
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Fig. 1. Site map showing T0, T1, and T2 in relation to Mexico City.

properties derived from several particle measurements down-
wind of Mexico City. This paper differs from these recently
published results of Doran et al. (2007), as its focus is on
the chemical characteristics of carbon species at T1 and T2.
Detailed analysis of primary organic carbon (POC) and sec-
ondary organic carbon (SOC) using the semi-empirical EC
tracer method is summarized in this paper. Combined with
meteorological findings (Fast et al., 2007; Shaw et al., 2007),
we investigated potential emission sources of OC, EC, POC,
and SOC at T1 and T2. Characteristics of carbon during T1
to T2 transport favorable and unfavorable days were studied.
In addition, an effort was made to decipher the relationship
between carbonaceous species such as OC, EC, POC, and
SOC and other pollutants, including ozone (O3), odd nitro-
gen species (NOx, NO, and NO2), sulfur dioxide (SO2), and
carbon monoxide (CO).

2 Experimental

2.1 Field site description

One of the main science drivers in the MILAGRO field de-
sign was to investigate evolution of trace gases and particu-
late matter from anthropogenic sources in Mexico City and
their transport and effects on local and regional air quality
and climate forcing. Three surface super sites, T0, T1, and
T2, in the metropolitan Mexico City area were chosen dur-
ing the MILAGRO campaign. The main idea was to sample
pollutants following a Lagrangian flow when meteorological
conditions were favorable downwind of Mexico City. Their

relative location to each other and to other simultaneous ob-
servation sites is illustrated in Fig. 1. The T0 site, at the In-
stituto Mexicano De Petroleo (19.29′23.60 N, 99.0855.60 W,
2243 m), was situated northwest of the basin on the central
Mexican plateau. The T0 site was selected to capture fresh
pollutants from the Mexico City. The T1 site, at the Teca-
mac University (19.703 N, 98.982 W, 2270 m), was about
50 km northeast from the T0 site. It was chosen to capture
fresh and aged particles transported from T0 before leaving
the metropolitan area. The T2 site, at Rancho la Bisnaga
(20.010 N, 98.906 W, 2542 m), was about 35 km northeast of
T1 at a higher elevation. It was chosen to measure aged
pollutants from the Mexico City, in a non-urban area (Do-
ran et al., 2007; Fast et al., 2007). The PNNL team con-
ducted measurements at two surface sites, T1 and T2, during
the MILAGRO campaign. Continuous sampling started on
9 March 2006 and ended on 30 March 2006.

2.2 Instrumentation

2.2.1 Aerosol sampling stacks and inlets

In order to eliminate interference from near ground activities,
an aerosol sampling stack was used adjacent to the PNNL re-
search trailer at the T1 and T2 sites, respectively. The sam-
pling stack was made of PVC pipe∼20 cm in diameter and
extending∼8 m above ground. The stack inlet was protected
by a rain cap. A heated stainless steel sampling intake tube
(∼5 cm in diameter) was coaxially positioned in the center of
stack∼4 m below the top of the stack and extending through
the lower end cap. The airflow through the aerosol sampling
stack was∼1000 lpm, of which approximately 120 lpm was
drawn into the heated tube. The tube was wrapped with heat-
ing tape and insulation and further encased in a PVC pipe.
Electric power was applied to heat the sample line such that
the relative humidity (RH) of the sample air was maintained
at or below 40%. A sampling manifold containing four sam-
pling ports was used to divide the sample flow into 4 streams
of nominally 30 lpm per line. One of the ports was used to
supply the PNNL Sunset OCEC field analyzer. The other
ports were used to supply other aerosol instruments.

2.2.2 Sunset OCEC field analyzers

Two semi-continuous Sunset OCEC analyzers (Model 3F,
Sunset Laboratory Inc., Portland, OR) were used to measure
OC and EC mass loadings at the T1 and T2 sites. Ambient
samples were collected continuously by drawing a sample
flow of ∼8 lpm. A cyclone was used upstream of the instru-
ments to pass particles smaller than 2.5µm. The airstream
also passed through a denuder to remove any volatile organic
compounds in the air. Sample flow rate was adjusted for the
pressure difference between sea level and each of the sites to
ensure accurate conversion of sample volume. During au-
tomated semi-continuous sampling, particulate matter was
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Table 1. The modified NIOSH 5040 thermal-optical protocol used
during the MILAGRO campaign.

Carrier Gas Duration (s) Temperature (◦C)

He-1 10 Ambient
He-2 80 600
He-3 90 870
He-4 25 No Heat
O2-1 30 600
O2-2 30 700
O2-3 35 760
O2-4 105 870
CalGas 110 No Heat

deposited on a quartz filter. The quartz filter was normally
installed with a second backup filter, mostly to serve as sup-
port for the front filter. The portion of the sample tube con-
taining the quartz filter was positioned within the central part
of an oven, whose temperature was controlled by an instru-
ment control and data logging program installed on a laptop
computer and interfaced with the OCEC instrument.

After a sample was collected, in situ analysis was con-
ducted by using the modified NIOSH method 5040, i.e. ther-
mal optical transmittance analysis, to quantify OC and EC.
The oven was first purged with helium after a sample was
collected. The temperature inside the oven was ramped up
in a step fashion to 870◦C to thermally desorb the organic
compounds. The pyrolysis products were converted to car-
bon dioxide (CO2) by a redox reaction with manganese diox-
ide. The CO2 was quantified using a self-contained non-
dispersive infrared (NDIR) laser detection system. In or-
der to quantify EC using the thermal method, a second tem-
perature ramp was applied while purging the oven with a
mixture containing oxygen and helium. During this stage,
the elemental carbon was oxidized and the resulting CO2
was detected by the NDIR detection system. At the end of
each analysis, a fixed volume of external standard containing
methane (CH4) was injected and thus a known carbon mass
could be derived. The external calibration was used in each
analysis to insure repeatable quantification. The modified
NIOSH thermal-optical transmittance protocol used during
MILAGRO is summarized in Table 1.

Errors induced by pyrolysis of OC are corrected by con-
tinuously monitoring the absorbance of a tunable diode laser
beam (λ=660 nm) passing through the sample filter. When
the laser absorbance reaches the background level before
the initial temperature ramping, the split point between OC
and EC can be determined. OC and EC determined in this
manner are defined as Thermal OC and Thermal EC. Total
carbon (TC) is the sum of Thermal OC and Thermal EC,
TC=Thermal OC+Thermal EC, or TC=OC+EC. The Sunset
OCEC analyzer also provides an optical measurement of EC

Table 2. Summary of linear least-squares fit parameters between
quantities determined using optical and thermal-optical approaches.

Species Optical vs. Thermal T1 T2

EC Slope 0.93±0.01 0.84±0.02
R2 0.95 0.37

OC Slope 1.43±0.01 1.39±0.01
R2 0.96 0.91

by laser transmission, i.e. Optical EC. Optical OC can be de-
rived by subtracting Optical EC from total carbon, Optical
OC=TC−Optical EC, where TC is determined in the thermal
analysis.

Filters were changed every few days before the laser cor-
rection factor reached 88%. Hourly sampling was conducted
at both T1 and T2 sites, i.e. 45-min ambient sampling fol-
lowed by 15 min thermal-optical analysis. Daily, at midnight,
a 0-min sampling blank was taken. These blanks were zero
or below detection limits, therefore no additional blank sub-
traction was made. Both instruments were calibrated using
an external filter with known OC and EC mass concentra-
tions. Values reported were corrected to ambient temperature
and pressure. Externally produced standard filters were also
used to check the precision of the two instruments; the re-
sults of these tests were in excellent agreement. The relative
standard deviations deduced from collocated in situ measure-
ments between the two analyzers were 5.3%, 5.6%, 9.6%,
and 4.9% for Thermal OC, Optical OC, Optical EC, and TC,
respectively. Details of these experiments are reported else-
where (Bauer et al., 2009). The limits of detection for OC
and EC determined using the thermal-optical method were
estimated to be approximately 0.2µg C/m3 (Schauer et al.,
2003). These values are consistent with subsequent tests with
the two PNNL units after the MILAGRO campaign (Bauer et
al., 2009).

Quantities directly determined using the thermal-optical
protocol, namely Thermal OC and Thermal EC, are used
in the following discussions. Thermal OC and thermal EC
are usually referred to as OC and EC. Comparison between
the thermally and optically determined observables showed
good agreement at T1 and T2 during the MILAGRO cam-
paign. Figure 2a depicts the scatter plots between Optical
EC and Thermal EC at T1 and T2. Similarly, Fig. 2b depicts
the scatter plots between Optical OC and Thermal OC at T1
and T2. Fitting parameter results using linear least-squares
regression analysis are summarized in Table 2. Good linear-
ity and consistency are observed for Optical EC and Thermal
EC at T1, as well as Optical OC and Thermal OC at both
sites. The higher scatter of Optical EC vs. Thermal EC at T2
results mostly from the much lower mass loading of elemen-
tal carbon at T2.
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Fig. 2. (a)Scatter plots of Optical EC vs. Thermal EC at T1 (left panel) and T2 (right panel). The solids lines are linear least-squares fits.
(b) Scatter plots of Optical OC vs. Thermal OC at T1 (left panel) and T2 (right panel). The solids lines are linear least-squares fits.

Results shown in this paper are produced using linear
least-squares fit and Deming least-squares fit procedures.
When dealing with regression analysis with two variables,
Deming regression analysis is recommended (Cornbleet and
Gochman, 1979; Martin, 2000). The latter is considered to
represent data with higher accuracy than linear least-squares
analysis, because it considers two variables instead of one.
Linear least-squares regression tends to underestimate the
slope when the error along the x-axis is not considered.

Comparison between Deming regression analysis and linear
least-squares analysis of the same data showed a difference
less than 5% for key fitting parameters (Bauer et al., 2009).
This is true when data have good linearity. The photoacous-
tic absorption spectrometer (PAS), 3-wavelength nephelome-
ter, particle soot absorption photometer were also deployed
at T1. Discussion of these results, specifically of PAS, is de-
tailed in Doran et al. (2007).
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Fig. 3. Monthly average of Thermal EC, Thermal OC, and Thermal TC, shown on the left axis; and the ratios of Thermal EC: Thermal
TC shown on the right axis. The top panel depicts data from T1, and the bottom panel depicts data from T2. Error bars are±1σ from
measurements. The average night period during the month of March in Mexico City is shaded in light blue.

2.2.3 Meteorology measurements

The boundary layer height was determined by the 915 MHz
radar wind profiler (RWP) operated by the Argonne National
Laboratory. The boundary layer depth was determined by a
lidar at night at T1. Only RWP measurements were available
at T2. Details of instrument setup, data processing, and in-
tercomparison are described elsewhere (Shaw et al., 2007).
General meteorology measurements at T1 were provided by
R. L. Coulter at Argonne National Laboratory and meteo-
rology data from T2 were provided by our group at Pacific
Northwest National Laboratory.

2.2.4 Trace gas measurements

Trace gases measurements including carbon monoxide (CO),
ozone (O3), sulfur dioxide (SO2), and nitrogen oxides in-
cluding nitric oxide (NO), nitrogen dioxide (NO2), and NOx
(NOx=NO+NO2) were provided by the research groups of
L. G. Huey at the Georgia Institute of Technology and R. Co-
hen at the University of California, Berkeley. Details of in-
strument principles of operation and configuration are de-
scribed elsewhere (Chen et al., 2005; Fehsenfeld et al., 1987;
Nunnermacker et al., 1998). The non-volatile PM2.5 mass
concentrations were determined using an R&P Tapered Ele-
ment Oscillating Microbalance (TEOM) monitor (Patashnick
and Rupprecht, 1991). Time used in all measurements was
often expressed in either local standard time (LST) or coor-
dinated universal time (UTC). The difference between LST

and UTC is 6 h in this experiment, UTC-6 h=LST. For dis-
cussion purposes, we use only LST.

2.2.5 The ToF AMS

An Aerodyne Time-of Flight Aerosol Mass Spectrometer
(ARI, c-ToF-AMS, Serial Number 40), manufactured by the
Aerodyne Research, Inc., was used to measure the chemical
composition of aerosols. Description of the operation prin-
ciples of the c-ToF-AMS is detailed elsewhere (Drewnick et
al., 2005). The size cut of the AMS is approximately 1µm.
The AMS used its own inlet, and it was calibrated several
times during the campaign. The collection efficiency used
to quantify mass loadings is 0.5. The c-ToF-AMS was oper-
ational between 11 March 2006 and 30 March 2006, and it
provided ensemble averages every 5 min.

3 Results and discussion

3.1 Overview of OC and EC at T1 and T2

Simultaneous measurements of OC and EC at T1 and T2 re-
vealed that the carbon composition at these two sites was
quite different. Figure 3 depicts hourly-averaged Thermal
OC, Thermal EC, TC, Thermal EC:TC ratio, and boundary
layer height at T1 and T2 during the entire campaign. The
day period during the month of March in Mexico City is
shaded in light blue. Error bars are standard deviations of
each observable.
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Fig. 4. Time series of Thermal OC (black dots) and Thermal EC (light grey dots) at T1 and T2 sites.

A distinctive diurnal pattern is observed for OC, EC,
and TC at T1. OC arrived at the first maximum at
08:00 a.m. (LST) at T1. A second peak of OC occurred at
02:00 p.m. EC reached its first peak at 06:00 a.m. TC peaked
first at 06:00 a.m., then at 02:00 p.m. during the early after-
noon rush hour. The ratio of EC to TC (EC:TC) reached the
first daily peak at 06:00 a.m. The background mass loading
was approximately∼1µg C/m3 for EC,∼5µg C/m3 for OC,
and∼6µg C/m3 for TC, respectively, at T1.

The boundary layer height remained shallow at night and
early morning until approximately 08:30 a.m. (LST). It then
began to grow and reached its maximum of∼3300 m above
ground between 04:00–05:00 pm. Thus, it is not surprising
to observe the pronounced growth of EC, OC, and conse-
quently TC at T1 in the early morning before the boundary
layer height started to increase. Since T1 was located near
a busy local express way and chosen to be downwind of the
center of Mexico City, it received both fresh local anthro-
pogenic emissions, as well as transport from the city when
the meteorological conditions were suitable. The daily EC
peak at 06:00 a.m. was likely caused by local early morning
traffic. The slightly delayed OC peak at 08:00 a.m. could be
a result of processing of both fresh and aged particles. The
boundary layer diluting effect on particle matter mass load-
ings was seen in EC, OC, and TC.

Unlike T1, EC, OC, TC, and EC:TC did not present as a
distinctive diurnal pattern at T2. The baseline of OC stayed at
∼4µg C/m3 and the baseline of EC stayed at∼0.4µg C/m3

at T2. The OC mass loading started to grow at 08:00 a.m. al-
most simultaneously as the boundary layer started to grow
deeper. OC first peaked at T2 at 10:00 a.m. (LST), it then
reached its second maximum at 03.00 p.m. The growing
boundary layer had the dilution effect which could explain

partially why a higher mass loading peak was not observed
later in the day at T2. A third OC peak occurred at mid-
night. The first daytime OC maximum at T2 was about two
hours later than seen at T1. Although EC mass loadings gen-
erally remained much lower at T2 than at T1, they peaked
at 07:00 a.m. and 04:00 p.m. during day-time. A local max-
imum occurred at night 11:00 p.m. after sunset. TC reached
its first maximum after sunrise at 10:00 a.m., its second peak
at 04:00 p.m., and its third peak at midnight. The EC:TC
peaked at 07:00 a.m. after sunrise. After sunset, EC:TC
peaked at 11:00 p.m. The EC:TC dipped at midnight, this
was largely due to the local maximum of TC and the flat EC
at the same hour. Since T2 was at a ranch in the middle
of a hill far removed from busy interstate express ways and
local traffic, it seemed that it was less affected by local an-
thropogenic emissions compared with T1 implied by the less
pronounced diurnal pattern at T2.

3.2 Particulate OC and EC time series at T1 and T2

Time series of OC and EC at T1 and T2 are depicted in
Fig. 4. Significant reduction of mass loadings was observed
on 24 March 2006, when rain occurred at both sites. Periods
of rain were observed during the afternoon for the rest of the
campaign. The last week of rain in fact formed a nice con-
trast with observations from the beginning of the campaign,
when dry and warm weather persisted in the area. The time
series of EC:TC from both sites are plotted in Fig. 5a. Statis-
tics of mass loadings of EC, OC and TC, as well as EC:TC
at T1 and T2 are summarized in Table 3. These results at
T1 are comparable with measurements obtained by another
Sunset OCEC analyzer located at the same site (Hennigan et
al., 2008; Stone et al., 2008). The statistics of OC and EC
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Fig. 5. (a)Time series of the ratios of Thermal EC to TC.(b) Time series of the ratios of Thermal OC to Thermal EC at T1 and T2. The data
are shaded as a function of TC mass loading at each site.

measurements for two weeks in March 2006 was reported in
the latter. Significantly higher EC was observed at T1 than at
T2. Although the average mass loadings of OC were fairly
comparable between T1 and T2, the dynamic range was
much wider at T1 than T2. The OC peaked at 29.3µg C/m3

on 22 March 2006; and the minimum value of 1.5µg C/m3

occurred on 24 March 2006 at T1. The highest OC occurred
on 10 March 2006; and the lowest on 24 March 2006 at T2.

3.3 The OC to EC ratios at T1 and T2

Another approach to evaluate OC and EC data was to look
at the ratio of OC to EC (OC:EC) which gave indication of
secondary and primary organic carbon at specific locations

(Lim and Turpin, 2002; Turpin and Huntzicker, 1991; Turpin
et al., 1991). The time series of OC:EC is shown in Fig. 5b.
The data points are colored as a function of TC mass load-
ings at each site. High TC mass loadings do not necessarily
correspond to high OC:EC ratios at both sites. The majority
of OC:EC values at T1 are in the range of 1–10, with TC in
the range of 1.9–29.3µg C/m3. On the other hand, OC:EC
values at T2 are mostly in the range of 5–20, with TC in the
range of 1.0–16.7µg C/m3. The EC:TC sometimes is used
as an indicator of primary vs. secondary organic aerosols.
The higher OC:EC values at T2 than T1 seem to imply that
more processed particles are observed at T2 than at T1.
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Figure 6a shows the scatter plots of OC vs. EC at T1 and
T2. The data points are colored as a function of time during
the month-long study. The solid lines are Deming fits. Re-
sults by linear least-squares regression and Deming regres-
sion analysis are summarized in Table 4. The plots of OC vs.
EC contain a large amount of scatter. This indicates that data
at both sites could not be analyzed by a simple global lin-
ear regression analysis. Nonetheless, the global fit results in
the OC:EC value from the fitting slope, which indicated that
both primary and secondary organic carbons were observed
at T1 and T2. When the same data were analyzed on daily
basis (LST used to determine start and end points), very little
correlation was found between OC and EC (see supplemental
materials for details). This further indicates the complexity
of the OC and EC observed at both sites. When looking at the
same data from a different perspective, e.g. as a function of
OC:EC, as shown in Fig. 6b, the trend of the data becomes
more obvious. The majority of the data points had OC:EC
in the range of 0 to 10 at T1, while the majority of the data
points at T2 had OC:EC in the range of 0 to 20. The differ-
ence in the OC:EC values indicates that the particles at T1
and T2 are of different character.

Table 5 shows a comparison of PM2.5 OC and EC with
other metropolitan areas in the world, such as Beijing,
Shanghai, Hong Kong, Los Angeles, and Houston. Most
of these OC and EC measurements were obtained by ther-
mal optical reflectance methods (Birch, 1998; Cachier et al.,
1989; Chow et al., 2001). Since the definitions of OC and
EC are operationally defined, uncertainties exist among dif-
ferent methods. The OC:EC values for T1 and T2 reported
in Table 5 are obtained by Deming regression analysis shown
in Fig. 6a. The OC:EC value obtained at T1 is comparable
to the average reported for urban US cities (Schichtel et al.,
2008). In contrast, the average OC:EC value at T2 is com-
parable to places such as Houston (Russell and Allen, 2004)
and Milan (Lonati et al., 2007). It is close to the average
reported for US rural areas (Schichtel et al., 2008).

Although the averaged OC and EC at T1 and T2 in the
vicinity of Mexico City did not rank the highest in this com-
parison, one needs to take into account that some of the other
measurements were taken in different seasons, i.e. summer,
fall, or winter. For example, winter observations usually re-
sult in higher mass loadings than those in summer. A bet-
ter comparison is from Mexico City study in March 1997
(Chow et al., 2002). Six core sites were used in this study, La
Merced, Pedregal, Xalostoc, Tlalnepantla, Netzahualcoyotl,
and Cerro de la Estrella, mostly representing urban, subur-
ban, residential, industrial, and commercial areas in or near
downtown Mexico City. Results reported were averages of
all six sites. The T1 and T2 comparisons with these results
are in reasonable agreement. However, direct comparison
with results from the regional sites may be more useful in
illustrating changes or trends over the past decade. Unfor-
tunately, the latter were not available. Querol et al. (2008)
recently reported the OC and EC results during MILAGRO

(Querol et al., 2008), but only results from T1 were avail-
able for comparison. For ease of comparison in the latter
case, the 6 h average of our data is used. The averages of
EC and TC by Querol et al. at T1 are higher than those in
this work, where our 6 h OC average is higher than that of
Querol et al. (2008). More details are provided in the supple-
mental materials. Since Querol et al. (2008) selected only a
few 6 h samples to determine OC and EC, their results do
not have the same time resolution or as many samples as
reported here. We expect, therefore, that our results may
provide more complete statistics because of the continuous
hourly measurements.

3.4 The semi-empirical EC tracer method

Although the OC:EC and EC:TC could be used to get some
idea of the extent of primary and secondary organic carbon,
quantification of POC and SOC is still quite important to as-
sess the performance of organic aerosol predictions made by
models. Identification of POC and SOC is quite important
in further analysis. The semi-empirical EC tracer method is
used here to derive POC and SOC empirically. The assump-
tions and methodology of EC tracer method are described in
detail elsewhere (Castro et al., 1999; Turpin and Huntzicker,
1991, 1995; Yu et al., 2007). Briefly, total OC (OCtotal) is
defined as the sum of POC and SOC, Eq. (1).

SOC=OCtotal−POC (1)

POC is defined in Eq. (2),

POC=EC×

(
OC

EC

)
pri

(2)

where (OC:EC)pri is the estimated primary carbon ratio. The
OC emitted from non-combustion sources, such as emission
directly from vegetation, is assumed to be negligible in the
approach used here. Using the minimum OC to EC ratio,
(OC:EC)min, to substitute for (OC:EC)pri, the SOC and POC
can therefore be estimated (Cabada et al., 2004; Castro et al.,
1999):

SOC=OCtotal−EC×

(
OC

EC

)
min

(3)

Several assumptions must be made to deduce SOC and POC
in this manner. For instance, samples used to calculate
(OC:EC)min have negligible amounts of SOC. Composition
and emission sources of POC and SOC are assumed to be rel-
atively constant spatially and temporally. Contribution from
non-combustion POC is assumed low. Contribution from
semi-volatile organic compounds is also assumed to be low
compared with non-volatile organic species. The determina-
tion of (OC:EC)min is crucial in this approach.

Several methods are commonly used to derive SOC and
POC, including the organic tracer-based receptor model
(Schauer et al., 1996, 2002), the reactive chemical transport
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Fig. 6. (a)Scatter plots of OC vs. EC at T1 (left panel) and T2 (right panel), respectively. The solid lines are the global linear least-squares
fits using Deming regression analysis. The data points are color coded as a function of date.(b) Scatter plots of OC vs. EC at T1 (left panel)
and T2 (right panel), respectively. The data points are color coded as a function of the OC to EC ratio.

model (Pandis et al., 1992; Strader et al., 1999), the non-
reactive transport model (Hildemann et al., 1996) and the
semi-empirical EC tracer method (Castro et al., 1999; Turpin
and Huntzicker, 1995). The EC tracer method is mainly de-
pendent on ambient measurements of OC and EC and there-
fore is easy to use. The key is to estimate (OC:EC)pri from
ambient conditions. The challenge lies because (OC:EC)pri
could be influenced by meteorological conditions and emis-
sion fluctuations (Turpin and Huntzicker, 1995; Yu, S., et al.,
2004).

Previous authors often used the lowest 5% or 10%
measured OC:EC values in a given season to estimate
(OC:EC)min (Lim and Turpin, 2002; Yuan et al., 2006). Ta-
ble 6 summarizes the linear least-squares fit results of OC
vs. EC from different subsets of the data from the lowest
2.5%, 5%, and 10% OC:EC values to estimate (OC:EC)pri.
For instance, the (OC:EC)pri at T1 is estimated to be 0.64
using the lowest 5% of OC:EC values by linear regression
analysis. It is worth mentioning that Yuan et al. (2006) found
that (OC:EC)pri is seasonally-dependent. For instance, the
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Table 3. Statistical summary at T1 and T2.

Thermal OC Thermal EC Thermal TC EC:TC OC:EC
T1 µg C/m3 µg C/m3 µg C/m3

average 6.4 2.1 8.5 0.23 4.5
standard deviation 3.0 1.8 4.0 0.11 2.8
maximum 29.3 13.3 29.3 0.62 21.9
minimum 1.5 0.2 1.9 0.04 0.6

T2

average 5.4 0.6 6.0 0.10 10.1
standard deviation 2.2 0.3 2.5 0.04 1.1
maximum 15.2 1.9 16.7 0.32 26.7
minimum 0.8 0 1.0 0.04 1.1

Table 4. Summary of global linear least-squares fits of Thermal OC vs. Thermal EC at T1 and T2.

Thermal OC vs. Thermal EC
Site Fitting Functions Linear Least-squares Deming Least-squares

T1 Slope 0.74±0.07 0.93±0.14
Intercept 4.77±0.19 4.39±0.26

R2 0.20 –

T2 Slope 3.79±0.12 4.30±0.36
Intercept 3.25±0.12 3.02±0.15

R2 0.45 –

– R2 is not available as an output of the Deming regression analysis program.

(OC:EC)pri ranged from 0.41 to 0.88 from summer to win-
ter based on observations in Hong Kong (Yuan et al., 2006).
Therefore, the (OC:EC)pri determined in this particular study
could not be used in all seasons for a similar site in Mexico
City.

In addition, a second approach is used to obtain
(OC:EC)pri, since theR2 values from the lowest 5% OC:EC
approach are not as satisfactory. Table 7 summarizes the lin-
ear least-squares fit results of OC vs. EC grouped by bin-
ning OC:EC values in different ranges at each site. The
(OC:EC)min=0.61 at T1 falls in the range of OC:EC values
typical of fossil fuel sources. TheR2 value obtained is 0.95.
On the other hand, (OC:EC)min is 2.26 with theR2=0.86
at T2. The (OC:EC)min value at T2 falls in the range of
OC:EC values typical of biomass emissions (Gelencser et
al., 2007). The results from this approach are in reasonable
agreement with those using the lowest 2.5% or 5% of OC:EC
data shown in Table 6. Since the results obtained by binning
the OC and EC values to different ranges prior to applying
linear least-squares analysis yields improvedR2 (Tables 6
and 7), the slopes from this regression analysis are used as
(OC:EC)min=(OC:EC)pri to derive SOC and POC at T1 and
T2.

The intercepts from the regression analysis usually are
used to estimate non-combustion POC (Cabada et al., 2004).
The analysis indicates that non-combustion OC, most likely
biomass burning OC, contribute to the overall OC at T1 and
T2. The uncertainty in estimating SOC and POC usually
arises from random measurement errors and the statistical
techniques used to derive the primary OC:EC ratios. The rel-
ative standard deviations (RSDs) of the OC and EC measure-
ments were independently determined (Bauer et al., 2009).
The RSDs of Thermal OC is 5.3% between the two units de-
ployed in the campaign. Therefore, it is not a major source
of measurement uncertainty.

Recently several groups evaluated linear regression tech-
niques, such as linear least-squares, Deming regression, and
York regression, which are often used in the EC tracer
method to derive secondary and primary organic carbon
(Chu, 2005; Saylor et al., 2006). Chu (2005) concluded that
Deming fit is better when the biomass burning contribution
is high. Similarly, Saylor et al. (2006) found that when lim-
ited information is available on the relative uncertainties of
OC and EC, then Deming regression is better. The results by
using Deming fit are similar to linear regression analysis at
both sites. Specifically, the Deming fit slope is 0.63±0.05,
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Table 5. Comparison of PM2.5 OC:EC, OC, EC, and TC observed in different cities.

Location Duration OC:EC OC avg EC avg TC Season Method Reference

µg C/m3

Beijing ∼2 weeks 2.4 9.4 4.3 – Summer Rupprecht ambient carbon particulate monitor (Yu et al., 2006)
Beijing ∼3 months 3.0 20.4 6.6 26.9 Fall Rupprecht ambient carbon particulate monitor (Duan et al., 2005)
Shanghai 1 week – 7.9 3.5 11.4 Summer Sunset OCEC analyzer NIOSH protocol (Feng et al., 2006)
Guangzhou 1 week – 14.5 6.3 20.8 Summer Sunset OCEC analyzer NIOSH protocol (Feng et al., 2006)
Hong Kong ∼4 months 2–3 12 6 – Winter Thermal manganese dioxide oxidation (Ho et al., 2002)
Hong Kong ∼2 months 2.4 14.7 6.1 – Winter IMPROVE thermal optical reflectance method (Cao et al., 2003)
Houston ∼2 years 2.9–4.8 2.4–4.3 0.3–0.6 – All NIOSH thermal optical reflectance method (Russell and Allen, 2004)
Los Angeles ∼4 months 2.5 8.3 2.4 2– Summer IMPROVE thermal optical reflectance method (Chow et al., 1994)
Milan ∼5 month 4.2 5.2 1.2 – Summer NIOSH thermal optical reflectance method (Lonati et al., 2007)
Madrid ∼1 month 2.7 4 1 – Summer EPA thermo-optical transmittance technique (Plaza et al., 2006)
Barcelona ∼5 weeks 2.8 3.9 1.9 5.8 Summer Sunset OCEC analyzer NIOSH protocol (Viana et al., 2007)
Amsterdam ∼5 weeks 2.6 3.6 1.5 5.1 Summer Sunset OCEC analyzer NIOSH protocol (Viana et al., 2007)
US rural ∼2 years 2.3–4.0* – – – Summer IMPROVE thermal optical reflectance method (Schichtel et al., 2008)
US urban ∼2 years 1.1–1.7* – – – Summer IMPROVE thermal optical reflectance method (Schichtel et al., 2008)
Mexico ∼3 weeks 1.7** 9.9 5.8 15.8 Spring IMPROVE thermal optical reflectance method (Chow et al., 2002)
Mexico – T1 ∼4 weeks – 3.7 4.0 16 Spring IMPROVE thermal optical reflectance method (Querol et al., 2008)
Mexico – T1 ∼2 weeks – 5.0 1.6 – Spring Sunset OCEC analyzer modified NIOSH protocol (Stone et al., 2008)
Mexico – T1 ∼4 weeks – 6.1 1.5 8.2 Spring Sunset OCEC analyzer modified NIOSH protocol (Hennigan et al., 2008)
Mexico – T1 ∼4 weeks 0.9 6.4 2.1 8.5 Spring Sunset OCEC analyzer modified NIOSH protocol This work
Mexico – T2 ∼4 weeks 10.1 5.4 0.6 6.0 Spring Sunset OCEC analyzer modified NIOSH protocol This work

∗ Derived from EC/TC 82nd–98th percentile ratios.
∗∗ Derived from OC/TC.
– Not available from original references.

Table 6. Summary of linear least-squares analysis fitting results grouped by the lowest percentage of OC:EC ratios at T1 and T2.

Site Lowest % by OC:EC No. of data Slope Intercept R2

T1 2.5% 12 0.49±0.09 2.66±0.77 0.75
5% 25 0.64±0.10 2.07±0.71 0.65
10% 50 0.64±0.08 2.69±0.46 0.58

T2 2.5% 12 2.82±0.53 0.54±0.61 0.74
5% 24 3.43±0.46 0.64±0.48 0.71
10% 48 3.71±0.41 1.14±0.37 0.62

Table 7. Summary of linear least-squares analysis fitting results to
determine the minimum OC:EC ratios at T1 and T2.

Site No. of data Slope Intercept R2

T1 36 0.61±0.02 1.63±0.12 0.95
T2 12 2.26±0.28 0.76±0.28 0.86

and the intercept 1.52±0.13 at T1, respectively. The Dem-
ing fit slope is 2.39±0.62, and the intercept 0.66±0.35 at T2,
respectively. Since the results by linear least-squares regres-
sion and Deming regression are very comparable, results by
the linear least-squares analysis are used.

3.5 SOC and POC at T1 and T2

Figures 7a and b show the time series of OC, EC,
SOC, POC, SOC%, wind direction, and wind speed at
T1 and T2, respectively. The SOCOC% is defined as
SOCOC%=SOC/OC×100%, and SOCTC% is defined as
SOCTC%=SOC/TC×100%. In addition, the entire sampling
period was categorized into three types of conditions: “trans-
port likely” (shaded in gray), “unlikely” (shaded in blue),
and “possible” (shaded in green), based on local observed
wind profiles (Fast et al., 2007). During “transport likely”
days (9 March–12 March, 18 March–22 March, 24 March–
25 March, and 30 March 2006), the wind direction is south-
westerly or westerly. The wind direction during transport
possible days is southerly or westerly (8 March, 17 March,
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Fig. 7. (a)Time series of OC, EC, POC, SOC, SOC%, wind direction, and wind speed at T1.(b) Time series of OC, EC, POC, SOC, SOC%,
wind direction, and wind speed at T2.

23 March, and 26 March–29 March 2006). The wind di-
rection during “transport unlikely” days is predominantly
northerly (13 March–16 March 2006). It is difficult to see
the effect of meteorology from Figs. 7a and b; however, other
analysis will be used later to investigate this effect.

The SOCOC% (SOC/OC×100%) at T1 ranged from 1.2 to
97.2% with an average of 80.2±14.3%. The SOCOC% at T2
ranged from 12.8–98.6% with an average of 74.4±11.3%.
The SOCTC% (SOC/TC×100%) at T1 ranged from 0.5–
93.8% with an average of 63.5±17.2%. The SOCTC% at T2
ranged from 9.3 to 98.1% with an average of 67.4±12.4%.
The propagated errors of SOCOC% and SOCTC% are

estimated to be 15.9% and 15.8%, respectively, when using
the RSDs determined for OC, TC, and assuming that SOC
bearing the same degree of uncertainty from measurement
and additional error from the EC-tracer method, i.e. 5.3%
for OC, 4.9% for TC, and 15% for SOC. The SOC% val-
ues observed in Mexico City suburban and rural areas are
close to what is observed in other locations with high sec-
ondary organic carbon, such as up to 80% in Southern Cal-
ifornia (Turpin and Huntzicker, 1995), 63–76% in Europe
(Gelencser et al., 2007), 50–95% in Beijing (Dan et al.,
2004), 84% in Milan (Lonati et al., 2007), and 78% on the
Portuguese coast (Castro et al., 1999).
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Fig. 8. Wind roses of POC and SOC at T1 (left) and T2 (right).

The OC and EC observed at T1 and T2 were strongly in-
fluenced by the meteorological conditions as shown in Fig. 8.
Predominant wind directions at T1 were southerly, south-
westerly, and north-easterly. Predominant wind directions at
T2 were southerly and north-westerly. The favorable trans-
port conditions downwind of Mexico City mostly were from
the south-west (Fast et al., 2007). Since only hourly data
were used in this analysis, they may not reflect the dynamics
of rapid wind changes at the surface. However, this analysis
does seem to provide a good idea of the effect of meteoro-
logical conditions on particulate matter mass loadings.

Emissions originated from Mexico City were anticipated
and observed at T1. However, emissions from other direc-
tions, e.g. from the northwest and northeast, were higher
than anticipated. The Tula-Vita-Apasco industrial corridor
is 60 km north-north-west from the center of Mexico City.
For instance, there is a large refinery and a power plant in
Tula. Emissions from industrial sources from the north and

northwest, such as just mentioned, may have contributed to
the POC and SOC observed at T1. Emissions from the south-
east may come from the active volcano, Popocatepetl, 70 km
southeast of the Mexico City, and Puebla, 129 km southeast
of the Mexico City. Emissions from the northeast may come
from urban corridor along a highway. Similarly, emissions
from sources other than Mexico City were likely transported
over at T2. A striking feature of the POC and SOC observed
at T2 was the strong influence from northwest. Contributions
of emissions from the Tula-Vita-Apasco industrial areas may
have had a stronger impact at T2 than T1.

Doran et al. (2008) recently used a Lagrangian disper-
sion model driven by the Weather Research and Forecasting
(WRF) mesoscale model with four-dimensional data assim-
ilation to simulate the dispersion of elemental carbon over
a region encompassing Mexico City and its surroundings.
Their results present a good example of simulating local, re-
gional, and synoptic meteorological conditions during the
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MILAGRO study. Detailed study of emissions, usage of
emission inventories, and the influence of emissions on ob-
servations were presented in this previous study, and not re-
peated here.

Figure 9 depicts scatter plots of SOC vs. TC and POC
vs. TC during the three T1 to T2 transport scenarios – likely,
possible and unlikely. The solid lines are linear least-squares
fits. During T1 to T2 favorable transport dates, i.e. likely and
possible dates, the slopes generated by SOC vs. TC regres-
sion analysis were very similar between T1 and T2. How-
ever, this was not true with the T1 to T2 unlikely transport
days. Similarly, the slopes generated by POC vs. TC regres-
sion analysis were almost identical during T1 to T2 likely
and possible transport days, whereas the same was not true
for unlikely transport days. This analysis indicates that we
observed different patterns in the SOC and POC due to trans-
port between T1 and T2 driven by meteorological conditions.

3.6 Comparison of SOA and POA at T1

Results from newer measurement techniques, such as the
Aerodyne Aerosol Mass Spectrometer (AMS) (Canagaratna
et al., 2007) and the Particle-Into-Liquid Sampler coupled
with Total Organic Carbon analyzer (PILS-TOC), were ana-
lyzed to derive secondary organic aerosols (Sullivan et al.,
2006). The approach used by Takegawa et al. (2006), to
analyze the AMS data is conceptually similar to the semi-
empirical EC tracer method; whereas secondary organic
aerosol (SOA) formation was inferred from direct measure-
ments of water-soluble organic carbon (WSOC) by PILS-
TOC. Since the PILS data were not available for compari-
son, only the comparison between data from the AMS and
the Sunset OCEC analyzer is presented.

A two component positive matrix factorization analysis
(PMF) of the AMS data results in deconvoluted OOA (oxy-
genated organic aerosol), HOA (hydrocarbon-like organic
aerosol (Lanz et al., 2007; Ulbrich et al., 2009). Com-
parisons with other gas and aerosol phase measurements at
T1 indicate that the HOA component reflects primary or-
ganic aerosols generated by combustion processes (i.e. ve-
hicle emissions and some trash/biomass burning); while the
OOA component reflects secondary organic aerosol species
(de Gouw et al., 2009). In order to make a meaningful com-
parison between the POC, SOC, and OC determined by the
Sunset OCEC field analyzer and the AMS component mass
concentrations, we calculate POA and SOA concentrations
taking into account of the estimated OM/OC ratios of the
two components. Aiken et al. used the High Resolution ToF
AMS measurements to obtain OM/OC ratios of 1.38, 1.95,
and 1.55 for the HOA, OOA, and BBOA (biomass burning
organic aerosol) components measured at the T0 site during
the MILAGRO study (Aiken et al., 2008). Since the HOA
component at T1 is influenced by vehicle emissions as well
as biomass burning, we estimate its OM/OC ratio to be 1.4,
the average of the HOA and BBOA values determined at T0;

the OM/OC ratio for the T1 OOA component is estimated
to be identical to the T0 value of 1.95. Figure 10 depicts
the comparison of AMS HOA, OOA, and OM vs. Sunset
determined POA (POC×1.4), SOA (SOC×1.95), and OM
(OM=POA+SOA), respectively. The Sunset POA, SOA, OM
are in red, and the quantities determined by AMS in blue for
HOA, OOA, and OM, respectively. Scatter plots of corre-
sponding quantities by AMS and Sunset are also presented.

The Deming linear least-squares fit results in a slope of
0.8±0.1 for AMS OM vs. Sunset OM, 1.2±0.2 for AMS
HOA vs. Sunset POA, 0.5±0.2 for AMS OOA vs. Sunset
SOA (SOA=SOC×1.4), and 0.4±0.1 for AMS OOA vs. Sun-
set SOA (SOA=SOC×1.95).

As to the OM comparison, several factors could contribute
to these results. The first is the conversion factor used to
convert OC to OM by the Sunset measurements. The Dem-
ing linear regression analysis of AMS total OM vs. Sunset
OC results in a slope of 1.2±0.2. If 1.2 were used to convert
the Sunset OC to OM, the difference of the total OM deter-
mined by the AMS and those by Sunset instruments is re-
duced. However, recent studies by the high resolution AMS
indicate that the conversion factors for POA and SOA may
not be the same (Aiken et al., 2008). Therefore, we use the
sum of POA and SOA to arrive at OM. Second the size cut
of AMS and the Sunset OCEC differs. The former is approx-
imately 1µm and the latter 2.5µm, which could contribute
to the difference in total organic matter mass loadings.

As to POA, a comparison was made between the AMS
HOA vs. POA (Sunset). The general trend between the
HOA and POA is in agreement over the entire field study pe-
riod. As to SOA, two sets of comparison were made: AMS
OOA vs. SOA (SOA=SOC×1.95) and AMS OOA vs. SOA
(SOA=SOC×1.4). One factor contributing to the difference
is the conversion factor used to convert SOC to SOA. The
factor determined by Aiken et al. (2008), i.e. 1.95, results
in higher SOA compared with the factor 1.4 determined by
an earlier review (Turpin et al., 2000). Similarly, another
factor contributing to the difference is size cut as discussed
in the OM comparison. Since the OC emitted from non-
combustion sources (vegetation etc.), as well as emissions
directly from biomass burning, are assumed to be negligible
in the EC-tracer method, it can not be used to derive BBOA.
In future studies we plan to investigate the differences among
different methods used to arrive at SOA and POA in more de-
tail.

3.7 Weekday and weekend patterns

Diurnal variations of carbon concentrations at T1 and T2 dur-
ing weekdays and weekends over the duration of the cam-
paign are shown in Fig. 11. As discussed earlier, diurnal pat-
terns of OC and EC were observed at T1 and T2. This could
be a result of not only boundary layer dilution, but also traffic
emissions during weekdays and weekends. General features
of daily maxima of OC, EC, and TC are shown in Fig. 3. We
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now focus on the difference between weekday and weekend
patterns. The OC:EC and SOC:POC values are in a similar
range during the weekdays and the weekend at T1. On the
other hand, OC:EC values at T2 are slightly higher during
the weekdays than the weekends.

There are some major differences in the OC, EC, SOC
and POC patterns between weekdays and weekends at T1
(Fig. 11a). The EC has two pronounced peaks between
05:00–10:00 a.m. (LST) and 08:00 p.m.–02:0 a.m. during the
weekend, whereas the EC has one major peak between
05:00–10:00 a.m., and a weaker peak at night time during
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weekdays. This bimodal behavior of EC could be caused
by increasing vehicle emissions in the latter part of the day
in the weekends. The OC has two peaks during the week-
days at T1. The first occurs between 05:00 to 10:00 a.m.,
and the second between noon to 06:00 p.m. The OC shares
some similar features over the weekend. However, the mag-
nitude of OC mass loadings is slightly higher between 05:00
to 10:00 a.m. on the weekend compared weekdays. The mag-
nitude of OC mass loadings is slightly lower in the afternoon
rush hours during the weekend compared with weekdays. In
addition, a third OC peak occurs in the evening starting at
08:00 p.m. and ending at 02:00 a.m. in the morning during
the weekend. In contrast, the OC mass loadings remain fairly
constant at the same time in the weekdays. These observed
features indicate that different traffic patterns could have an
influence on the OC and EC mass loadings between week-
days and weekends.

The OC:EC and SOC:POC values are in a similar range
during weekdays and the weekend at T2 (Fig. 11b). The ma-
jor difference of the OC and EC patterns between weekdays
and weekends at T2 is that the OC and EC peaks are slightly
delayed after sunrise during the weekend. For instance,
the first EC peak after sunrise occurs at 07:00 a.m. during

weekdays, whereas it occurs at 08:00–10:00 a.m. during the
weekends. Similarly, the OC maximum occurs between noon
and 4 pm during the weekdays, whereas it delays to 02:00–
06:00 p.m. during the weekend. Peaks of OC and EC were
often observed during morning and late afternoon rush hours
(Allen et al., 1999; Chow et al., 2006; Jeong et al., 2004; Lim
and Turpin, 2002; Plaza et al., 2006; Salma et al., 2004).
Diurnal variations of SOC have been observed elsewhere
(Harley et al., 2005; Strader et al., 1999). SOC formation
could increase OC:EC values, while other sources could also
complicate the determination of the stable primary emission
ratio (Harley et al., 2005). It is known that the afternoon
OC increase could be attributed to a combination of photo-
chemical conversion of urban pollutants and boundary layer
convection followed by vertical and horizontal transport to
non-urban locations. These observations indicate that dif-
ferences in traffic patterns between weekdays and weekends
at the suburban and rural sites may have affected the daily
variations of carbon in addition to meteorological conditions
(Watson and Chow, 2002).

A chemical mass balance model (CMB) based on molecu-
lar marker species was used to determine the relative contri-
bution of major sources to ambient OC at T0 and T1 (Stone et
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al., 2008). CMB uses a set of molecular markers to apportion
source contributions to ambient PM (Schauer et al., 1996).
Model outputs usually include relative contribution of vege-
tative detritus, diesel engines, gasoline vehicles, smoking ve-
hicles, representative wood smoke, and non-apportioned or
other sources of ambient OC. Motor vehicles were found to
contribute 32% of ambient OC at T1 by Stone et al. (2008).
T1 was also found to be influenced by local aerosol sources
than urban outflow. Our observations and conclusions are in
good agreement with these findings at T1.

3.8 EC, OC, POC, and SOC vs. trace gases

The average EC to PM2.5 percentage (ECPM% =
EC/PM2.5×100%) and OCPM% were 6.0% and 20.0%

over the entire sampling time at T1. The average POC to PM
percentage (POCPM%) and SOCPM% were 3.7% and 16.3%,
respectively. The maximum ECPM% was 21.2% and the
maximum OCPM% was 57.2%. The maximum POCPM%
was 12.9% and the maximum SOCPM% was 49.7%. These
findings are similar to observations in metropolitan areas
such as Beijing, Hong Kong, or Los Angeles (Duan et al.,
2005; Turpin et al., 1991; Yu, J. Z., et al., 2004).

Since trace gases such as CO, NO, NO2, NOx, O3, and
SO2 play an important role in particulate formation and
transformation, examining the relationship between EC, OC
(POC and SOC) vs. trace gas species could provide more
information on emissions sources (Chen et al., 2001). Scat-
ter plots of EC vs. CO, EC vs. NO, and EC vs. NOx
(NOx=NO+NO2) of observations at T1 show reasonable
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correlations (Fig. 12), which indicate that EC had nearby
sources, such as traffic emissions, at the T1 site. Scatter plots
of EC vs. SO2 and EC vs. O3 did not provide any strong
correlations. Since SO2 and O3 were likely involved in sec-
ondary particle formation, this result is not surprising. Please
refer to supplemental materials for all figures mentioned for
EC and OC vs. trace gas species.

Since NO is a primary pollutant emitted from combustion
processes, its correlation with EC confirms the primary na-
ture of EC. Carbon monoxide is produced via incomplete
combustion processes, mainly via motor vehicles exhaust in
urban areas. It is often highly correlated with EC emissions
(Baumgardner et al., 2002; Chen et al., 2001; Park et al.,
2005a; Wang et al., 2004). The EC to CO ratio (EC/CO) de-
rived by linear regression analysis can be used to differentiate
sources of air masses and estimate EC or CO emissions when
direct measurements are not available. The EC/CO at T1 is
determined to be 0.004, for EC inµg C/m3 and CO inµg/m3,
respectively. This result is similar to what was observed at
the Baltimore supersite in the summer (Park et al., 2005b).
However, the EC/CO ratio obtained at T1 differs from what
Baumgardner et al. (2002), determined in Mexico City at two
urban sites in 2000. The difference in the determination of
EC may have contributed to this discrepancy. Baumgardner

et al. (2002), used an aethalometer and a particle soot ab-
sorption photometer (PSAP) to determine EC, whereas this
paper determined EC by the modified NIOSH thermal opti-
cal reflectance method. Since optical EC was also directly
determined just as an aethalometer, these results were used
to determine the EC/CO ratio as well. In this case, only
minor change of the result occurred. This is not surprising
considering the strong correlation between Optical EC and
Thermal EC (Fig. 2a). Therefore, the discrepancy is most
likely caused by the different sources of EC and CO, such
factors include the type of fuel consumed by vehicles used
at the sampling location, engine efficiency, or load. Since
the EC/CO value depends on multiple factors, further study
could reveal more information about the difference of air
masses and seasonal variations compared with other loca-
tions.

Similarly, scatter plots of OC vs. NO2 or OC vs. O3 do
not show obvious correlations. However, stronger correla-
tion is apparent when OC is plotted vs. the sum of oxidants
NO2 and O3, or odd oxygen, Ox (Fig. 12). This is because
the sum of the oxidants better represents the degree of pho-
tochemical air pollution than NO2 or O3 alone. Correlation
analysis suggests a predominantly secondary nature of OC at
T1 during the campaign. This finding concurs with recent
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work conducted at a mountain top site within the Mexico
City metropolitan area (Herndon et al., 2008). When POC
and SOC are plotted separately against each of the trace gas
species, a better trend is seen in some cases (see Fig. 13a
and b). Although the individual scatter plots of SOC vs. O3
and SOC vs. NO2 do not reveal strong correlations, SOC
vs. Ox, or O3+NO2, shows improved correlations (Fig. 13b),
further confirming the contribution of secondary organic car-
bon at T1. For instance, correlations between POC and
CO, NO, or NOx show good linearity, indicating that pri-
mary combustion-generated carbon emissions are important
sources at T1 (Plaza et al., 2006). This also confirms that the
estimates of POC and SOC using the EC-tracer technique are
reasonable.

The ISORROPIA-II thermodynamic equilibrium model
was used to assess the contribution of SOA to the increase
of WSOC concentrations at T1. This analysis focuses only
on three days, 27 March 2006–29 March 2006 (Hennigan et
al., 2008). The box model results indicate that secondary
aerosol production is responsible for the increase of WSOC.
SOA is concluded to be resulted from OH initiated photo-
chemical reactions from anthropogenic sources. Our results
support these previous findings. Comparison with POC and
SOC determined using other methodology will be useful to
estimate uncertainties in each method in the future. Evalu-
ation of contributions of the ozone and radical channels to
organic aerosol formation is also of interest in future studies.

4 Conclusions

Elemental carbon and organic carbon were determined in
near real-time by the Sunset semi-continuous OCEC field an-
alyzer at T1 and T2 during the MILAGRO field study. High
carbonaceous mass loadings were observed in the vicinity
and downwind of Mexico City. Higher OC and EC were
observed at T1 than at T2. The EC at T2 was particularly
low, whereas T1 saw more fresh emissions, possibly from
the nearby highways and local traffic. Diurnal variations of
OC, EC, and TC were observed at both sites. The semi-
empirical EC-tracer method was used to derive primary and
secondary organic carbons at T1 and T2. The mass load-
ings of EC, OC, SOC, and POC were comparable to other
metropolitan areas in the world. EC and OC, including SOC
and POC, were influenced by local traffic patterns at T1 and
T2, as well as meteorological conditions. Characteristics of
OC, EC, SOC, and POC during T1 to T2 transport possi-
ble and likely days differed from transport unlikely days.
The stronger similarities of SOC and POC between T1 and
T2 under transport favorable conditions indicate that parti-
cle transport occurred. EC, OC, SOC and POC were inves-
tigated with respect to trace gas pollutants measured at T1.
Strong correlations of EC and POC vs. CO, NO, and NOx
respectively were observed, indicating primary influence of
local traffic emissions. The EC/CO value was determined as

0.004 at T1. Correlations were also seen between OC and
SOC vs. the odd oxygen or the sum of O3 and NO2, further
confirming the secondary nature of carbons observed at T1.
Comparisons between the AMS determined HOA, OOA, and
OM vs. the Sunset POA, SOA, and OA are in good agree-
ment. This further validates that the usefulness of the simpler
EC-tracer method in estimating SOA and POA. Future work
should be done to investigate the uncertainties among differ-
ent methods to determine SOA (SOC) and POA (POC) for
longer periods of time and for wide range of locations.
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