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[1] A study was conducted to determine the relationship between light absorption
measurements from an aethalometer and a particle soot absorption photometer (PSAP) and
black carbon mass concentrations across Canadian environments ranging from urban to
remote areas. To achieve this, filter samples were collected for thermal analysis of
black carbon simultaneously with light absorption measurements at several locations in
Canada. Previously, it has been shown that the k relating particle light absorption to black
carbon measured with an aethalometer changes with age, type, and composition of the
aerosol, which varies with time and by space [Liousse et al., 1993; Petzold and Niessner,
1995; Lavanchy et al., 1999; Ruellan and Cachier, 2000]. Consequently, to convert light
absorption measurements to the black carbon mass, the standard values used for k of
19 m2 g�1 for aethalometer and 10 m2 g�1 for PSAP, respectively, need to be fine-tuned to
fit the conditions at the site of interest to obtain the site-specific attenuation, referred to as
k(S.S.). Our results also indicate that k(S.S.) varies; on a broad scale, from remote
continental to rural, suburban, and urban locations and from winter to summer and, on a
small scale, within an urban area and from measurement to measurement at a single
location. The range of median k(S.S) values observed was from 6.4 m2 g�1 to 20.1 m2 g�1.
We suggest that the variability is connected to the distribution of sources and processes
contributing to the carbonaceous aerosols at the sites. INDEX TERMS: 0305 Atmospheric

Composition and Structure: Aerosols and particles (0345, 4801); 0345 Atmospheric Composition and

Structure: Pollution—urban and regional (0305); 0394 Atmospheric Composition and Structure: Instruments

and techniques; 0399 Atmospheric Composition and Structure: General or miscellaneous; KEYWORDS:
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1. Introduction

[2] Carbonaceous aerosols are released in the atmos-
phere from incomplete combustion of fossil fuels and
biomass. They are present in remote regions as a result
of long-range transport from high-emission regions. As a
result of their long atmospheric lifetime, the size, compo-
sition and mixing state of the carbonaceous aerosol
changes when transported from source to receptor regions
as other primary and secondary gases and organic com-
pounds condense on them, possibly facilitating other reac-
tions [Smith et al., 1989; De Santis and Allegrini, 1992].
Consequently, with time the aerosol is composed of at least
two components: a dark component called black carbon or
light absorbing carbon and another scattering component

(containing organic carbon and water soluble species such
as sulfates).
[3] The black carbon, also known as the ‘‘greenhouse

aerosol,’’ affects the climate by absorbing solar energy,
which in turn heats up the atmosphere [Andreae, 2001].
The magnitude of this direct effect may vary depending on
how black carbon is mixed with other aerosol components.
This heating has been illustrated by recent modeling results
showing that the magnitude of the direct radiative forcing
from the black carbon may be the second most important
component of global warming after CO2 [Jacobson, 2001].
Thus, with such importance in the atmosphere, accurate
determination of black carbon ambient mass concentrations
and its atmospheric behavior including long-term trends
and light absorbing characteristics is required so that it
can be modeled properly and its consequences better
understood.
[4] There are several published analytical techniques to

determine aerosol black carbon concentration [Ballach et
al., 2001; Birch and Cary, 1996; Cachier et al., 1989; Chen
et al., 2001; Chow et al., 1993; Fung, 1990; Keeler, 1990;
Tohno and Hitzenberger, 2000; Yu et al., 2002]. The
predominant methods in use today utilize thermal techni-
ques to release and detect total carbon. The black carbon
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(BC) fraction is then operationally defined and often inter-
changeably referred to as elemental carbon (EC). However,
it is ambiguous as to whether BC and EC are the same or
how they differ. An absolute measurement technique and a
BC or EC standard remain elusive [Schmid et al., 2001]
because of its complex characteristics and lack of a clear
definition that is relevant to atmospheric aerosols. One
reason for this and the ambiguous terminology is because
the definition of BC or EC may vary depending upon which
atmospheric issue is of concern. For example, light absorp-
tion characteristics are important for climate change and
visibility while source and subsequent chemical composi-
tion, including attached organics and inorganics are impor-
tant for human health. In this paper, we will use the term
BC, as it is more intuitively related to light absorption and
composition. However, EC, which may more correctly
describe what the thermal techniques measure, is related
mainly to graphitic carbon content.
[5] Optical techniques based upon light absorption of

atmospheric particles sampled on filters and Mie theory
are also widely used to estimate concentrations. In general,
this approach depends upon assumptions based either on
theoretical considerations or comparison of absorption and
analytically determined BC. Calibration of the optical
techniques, such as the aethalometer [Hansen et al.,
1984], is a well-recognized problem. While BC from the
thermal technique can be used to determine this calibration
factor, k, which is sometimes referred to as specific attenu-
ation coefficient, one should consider that variations in k
may occur. This is primarily due to other particle-bound
material accompanying BC but may also be due to factors
such as relative humidity. Some of these factors can
influence the measurements of both the optical and thermal
techniques and lead to uncertainty in the value of k, which
is problematic, if the goal is to accurately determine the
concentration of BC. Conversely, variation in the value of k
likely also contains information on particle chemical com-
position or the matrix containing BC. Unfortunately, it is
difficult to fully separate this information from the uncer-
tainties. For example, BC from the thermal technique is
uncertain due to alkaline metals catalyzing the EC oxidation
at lower temperatures, especially for samples rich in sodium
and potassium [Novakov and Corrigan, 1995] or pyrolysis
of organic compounds [Yu et al., 2002]. Some methodo-
logical problems in the optical technique stem from the
enhancement of the light measurements by particles embed-
ded in the fibrous filter matrix leading to multi-reflections
and effects of the filter itself (scattering) [Liousse et al.,
1993; Edwards et al., 1983]. This enhancement could be as
much as a factor of 3 [Waggoner et al., 1981; Horvath,
1997]. Despite the limitations, both the thermal and optical

techniques provide valuable information and are presently
the best available.
[6] In order to gain a better understanding of a 10-year

time series of optical black carbon measurements made by
using an aethalometer at Alert, Nunavut, located in Canada,
we compared measurements from two general approaches,
direct light absorption measurements (optical instruments)
on a filter [Hansen et al., 1984; Bond et al., 1999] and
thermal determination methods such as the 2-step thermal
method [Cachier et al., 1989] and Thermal Optical Reflec-
tance, TOR [Chow et al., 1993, 2001] Total Optical
Transmittance, TOT. Comparisons were made from mea-
surements taken at remote, rural and urban locations.
In addition to Alert, other Canadian sites were examined to
determine the degree to which the factor linking thermal BC
to the light absorption measurements varies by location and
season. Such variation has been reported in previous studies
[Liousse et al., 1993; Petzold and Niessner, 1995]. While it
may be important to use a consistent factor for a given site,
and perhaps season, when converting optical measurements
to BC concentrations to avoid an additional source of
variability and possibly uncertainty, it is also important to
examine how the optical and thermal techniques relate. This
information will help when comparing different data sets,
including model-generated data. Furthermore, differences in
their relationship are expected to reflect differences in
aerosol composition/characteristics. In this paper, the optical
and thermal BC approaches are compared using ambient
measurements collected at six different Canadian sites to
determine the calibration factor(s) for the BC data obtained
from the optical instruments. Here we focus on the differ-
ences in the calibration factor or specific attenuation coef-
ficient k (conversion factor relating the light absorption
measurements to BC mass) among sites. We also discuss the
differences in BC among sites, across time and as a function
of wind speed and direction, taking advantage of the time
resolution provided by aethalometer measurements.

2. Measurement Program

2.1. Measurement Sites and Collection Periods

[7] The study was conducted during different time peri-
ods as listed in Table 1. The quartz fiber filters collected for
the thermal analysis were sampled over the averaging times
shown in the table. The specific analytical techniques used,
which are described below, are also listed.
[8] For the urban sites, wind speed and wind direction

data was obtained from the met-station at the Pearson
International airport in Toronto. The other sites had its
own meteorological station collecting wind speed and wind
direction data at 10 m.

Table 1. Logistics of the Field Operations for Sample Collection at All Sampling Sites

Location Type Time Period Thermal Technique Sample Collection Time

Alert Remote/continental Nov 98 to July 1999 2-Step 2 weeks
Egbert Rural July 18 to July 25, 1998 TOR 12 hr.
Downsview Suburban Jan 5 to Feb 11, 2000 TOR 24 hr.
Evans Avenue Urban (besides highway) Mar 14–29, 2000 MSC1(TOT)a 12 hr.
Winchester Road Urban (School yard) Aug 11–19, 2000 MSC1(TOT) 12 hr.
Palmerston Road Urban (school yard) Aug 21–31, 2000 MSC1(TOT) 12 hr.

aMSC1 is TOT technique with temperature specification of MSC1.
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[9] Alert is a remote continental site and located at
82�270N 62�310W on the edge of the Lincoln Sea at the
northeastern tip of Ellesmere Island in the Canadian Arctic
(Figure 1). The terrain in the immediate area is rolling and is
100–150 m above sea level with frequent deep ravines and
high cliffs. The land is covered with snow 10 months of the
year, however, during the summertime there is sparse polar
desert vegetation. In addition to its remote location, what
makes this region unique is the 106 days of total darkness,
153 days of 24 hr-sunlight and two 53 day transition
periods. The arctic circulation influencing the site is con-
trolled by semi-permanent pressure systems giving rise to
an Arctic vortex, which can bring in air masses from as far
as Asia and Europe during the winter. However, the site is
influenced by an air mass of local origin during the
summertime [Barrie and Platt, 1997; Worthy et al., 1999].
The samples included in this intercomparison, averaged
over two week periods, were collected from November
1998 to July 1999 for the thermal analysis. Additional
samples from August 1999 to September 2000 were also
collected for thermal analysis and were used to determine
summer (May–October) and winter (November–April)
values of k.
[10] Egbert is a rural site, located 75 km northwest of

Toronto and is surrounded by farmland and vegetation.
Thus, a mixture of background concentrations and biogenic
emissions from the vegetation and anthropogenic emissions
from the local population (sparse) and the neighboring
urban regions (25–75 km away) influence this site.
Twelve-hour average samples were collected each day from
July 17 to 25, 1998, for the thermal analysis.
[11] Downsview is influenced by nearby dense residential

and commercial activities. This site is classified as a
suburban site located on the rooftop of the Meteorological
Service of Canada building, 30 m above the road-level. This
site is also influenced by nearby traffic on the nearby major
roads, which is heavy during rush hour. Twenty-four hour
averaged samples were collected each day during January
10 to February 11, 2000 for the thermal analysis.
[12] Winchester and Palmerston Road sites are residential

urban sites located in central Toronto. Both were situated in
a schoolyard at least 200 m from the main roads. The
sampling period for Winchester was from August 12 to 20
and for Palmerston from August 21 to 31, 2000. The last
site, Evans Avenue, is 75 m south of a major highway that
has consistently heavy automobile and diesel traffic and
thus influenced by fresh vehicular emissions. This site is
also influenced by mixed commercial, light industrial and
residential sources in the area.

2.2. Sample Collection

[13] Filters for thermal analysis were collected in parallel
with the optical measurements by using the same or
identical sampling inlets except at Downsview where
absorption measurements and thermal analysis were done
on the same filter (i.e., the aethalometer filter was sent out
for TOR analysis). The sampling inlets were approximately
10 m above the ground level at all sites except for Alert and
Downsview where they were at the height of 20 m and 30 m
above the ground, respectively. All inlets had cyclones with
a size-cut of 2.5 mm except for at Alert where there was no
size cut. Constant mass flow controllers were used to

maintain a sampling rate, through 47 mm quartz fiber filter,
of 10 slpm twice a day at Palmerston and Winchester, 15
slpm at Evans and Egbert and at 30 slpm at Alert. For the
optical measurements, the samples were collected at a flow
of 5 slpm for the aethalometer and 1 slpm for the PSAP.
[14] After each run, the filters were placed in a quartz

filter sandwich and stored in a plastic petri-dish. For Alert,
Downsview and Evans Ave., these petri-dishes were wrap-
ped with pre-cleaned (heated) aluminum foil. After they
were received from Alert and for the other sites they were

Figure 1. Six sampling locations in Canada (maps in
Figures 1b and 1c are the zoomed-in locations of the map in
Figure 1a). Figure 1a shows Alert, a remote-continental site,
Figure 1b shows Egbert (rural site) and Figure 1c shows
urban sites such as Palmerston high school, Winchester high
school and Evans Avenue and a suburban site Downsview.
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kept cold (<4�C) even during shipment, until the analysis
was completed.

2.3. Thermal Carbon Analysis

2.3.1. Two-Step Thermal Method
[15] The details of this technique are given by Cachier et

al. [1989]. Briefly, a decarbonation step in HCl fumes was
applied to the sample filters prior to analysis. During the
pre-combustion step organic material is removed from the
filter under a flow of pure oxygen at 340�C for a period of 2
hours. In step 2, the remaining carbon (black carbon) was
determined by coulometeric titration (by using a Strohlein
Coulomat 702C analyzer) of CO2 evolved from the com-
bustion of the sample at 1100�C. The samples were col-
lected on Pallflex quartz filters (47 mm, 2500QAT-UP filters
from Gelman Sciences). In order to achieve lower blank
levels, the filters were preheated at 700�C for black carbon
and 400�C for the total carbon. The organic carbon was
determined by subtracting BC from TC. The precision of
this technique is better than ±10% and the limit of detection
is 3 mg C. Filter samples from Alert were analyzed by using
this method.
2.3.2. Thermal Optical Reflectance Method (TOR)
[16] This technique is based on the preferential volatili-

zation and/or oxidation of organic compounds and elemen-
tal carbon at increasing temperatures. Details are given by
Chow et al. [1993]. A quartz filter sample is heated in a
stepwise fashion to temperatures of 120, 250, 450 and
550�C in a pure helium atmosphere for organic carbon
determination. Then the sample is combusted at 550, 700
and 800�C in 2% O2 in 98% Helium for elemental carbon
determination. The carbon evolved at each step is converted
to methane and detected by FID. Charring of the organics is
also measured by laser beam reflectance during the analysis.
This pyrolysis fraction is subtracted from the elemental
fraction and added to the organic fraction. The technique
has precision of ±10% and a detection limit of 0.2 mg C per
cm2. The TOR method, following the IMPROVE protocol,
has been used to report four organic carbon fractions (OC1,
OC2, OC3, OC4), three elemental carbon fractions (EC1,
EC2, EC3), and pyrolytic carbon (OP). In the TOR method,
the residence time at a given temperature step is sufficient
for each FID carbon peak to be well defined and is different
for every sample. A change from one temperature set point
to the next is not initiated until the slope of the FID response
approaches zero.
2.3.3. Thermal Optical Transmittance (MSC1)
[17] BC concentrations for Evans Avenue, Winchester

and Palmerston Public Schools were determined using a
Sunset Labs Thermal Optical Transmission Instrument at
the Meteorological Service of Canada. The temperature
program utilized was a combination of the NIOSH 5040
[Birch and Cary, 1996] and TOR (DRI) methods allowing
long enough dwell times at each temperature to separate
CH4 peaks. A quartz filter sample is heated in a stepwise
fashion to temperatures of 250�C for 150 s, 450�C for 150 s,
550�C for 180 s and 900�C for 90 s in a pure helium
atmosphere for organic carbon determination. The sample is
then combusted at 550�C for 240 s, 700�C for 210 s and
800�C for 150 s in 10% O2 in 90% Helium for elemental
carbon (BC) determination. The carbon evolved with O2

present is corrected for pyrolized OC and then combined

with the carbon detected during the 900�C (in helium) step
to provide BC concentrations expected to agree with con-
centrations that would be obtained using the IMPROVE/
DRI TOR approach. The technique (referred to as MSC1)
has precision of ±10% and detection limit of 3 mg C per
filter.

2.4. Optical Measurements

[18] As discussed earlier, the k, estimated by comparison
with BC determined by the thermal technique, varies in
response to changes in the other particle-bound chemical
constituents that accompany BC (e.g., SO4

2�, soil elements,
OC), as well as to differing scattering and absorption effects
arising from filter loading and filter media. Thus, optical
measurements are not expected to be an absolute measure of
light absorption by airborne particles or even specifically of
BC concentration. Despite this complication, these measure-
ments are responsive to temporal variations in BC concen-
tration at a given location.
2.4.1. Aethalometer
[19] The light absorption by the aerosol was measured

with an AE-11 aethalometer (Magee Scientific) at all sites
[Hansen et al., 1984]. The aethalometer measures the real-
time attenuation of light transmitted through particles that
accumulate on a quartz fiber filter. A vacuum pump draws
air through the instrument so that the particles continuously
accumulate on the filter while being illuminated by visible
light (incandescent light source). The effective operational
wavelength of aethalometer is 880 nm. The light trans-
mission is detected by two photo-diodes: one through the
sample spot and the other through a blank (unsampled)
portion of the filter called the reference spot. The change in
attenuation is obtained as a function of time and has been
found to relate to the BC concentration in (g/m3) as follows:

BC ¼ �A � 100 � ln l2=l1ð Þ
k � Q t2 � t1ð Þ ð1Þ

where I1 and I2 are the ratios of the intensities of the sample
beam to the reference beam at times t1 and t2 (in seconds);
Q (m3/s) is the sample flow rate through the filter; A (m2) is
the area of the exposed spot on the filter; and k is the
specific attenuation coefficient. A recommended value for k
of 19 m2 g�1, which is based upon calibrations during
instrument development and theoretical calculations, is
typically used. This accounts for absorption by BC and
additional light attenuation assumed to be caused by the
layering of particles or their close proximity on the filter,
which induces multiple scattering. The detection limit of the
aethalometer is dependent on the stability of the optics.
Changes in the light intensity correspond to a noise level of
2 ng m�3. We have taken two times the standard deviation
in the noise and report a detection limit of 4 ng m�3 for a 1-
hour integration time.
2.4.2. Particle Soot Absorption Photometer (PSAP)
[20] The PSAP was run simultaneously with the aethal-

ometer at all locations. It operates on a similar principle
[Bond et al., 1999] to the aethalometer (i.e., equation (1)).
However, the PSAP uses a 565 nm LED for its light source
as compared to incandescent light source for aethalometer.
The exposed spot diameter on which the sample is collected
is 0.5 cm for the PSAP as compared to 1.1 cm for the
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aethalometer. The value determined for k for the PSAP is 10
m2 g�1 since the data processed by the instrument includes
an empirical calibration that accounts for the enhancement
in signal by the filter medium or the nonlinearities in the
response of the detector as the filter is loaded. In contrast to
the aethalometer, the limit of detection was restricted to the
noise level, and for our setup (60s sampling time) it was
determined to be 0.8 ng m�3 for a one minute integration
time (two times the standard deviation). The flow and spot
area correction was applied to the data.

2.5. Site-Specific Attenuation Coefficients

[21] As discussed earlier, the actual relationship between
absorption and BC is expected to vary due to a number of
factors. Thus, the k values of 19 m2 g�1 and 10 m2 g�1,
used in the aethalometer and PSAP, respectively, may need
to be adjusted. In reality, k could vary from sample to
sample, but here we assume that location and season are two
of the main factors. Thus, we compare the BC from the
optical instruments and from the thermal technique by site
and season. These results provide the information needed to
adjust k in equation 1, so that BC determined by aethal-
ometer and PSAP agree with BC determined from the
thermal technique.
[22] We refer to this adjusted k as the ‘‘site-specific k’’ (k

(S.S.)):

k S:S:ð Þ ¼ k � baeth or k S:S:ð Þ ¼ k � bpsap ð2Þ

where baeth and bpsap are the correction factors which are
equal to

BCaeth

BCthermal

and
BCpsap

BCthermal

;

respectively. Here BCaeth and BCpsap are from equation (1)
using 19 m2 g�1 or 10 m2 g�1, respectively.

3. Results and Discussion

3.1. Thermal Analysis

[23] Some Alert samples (N = 12) were analyzed by both
the 2-step and TOR methods to determine the relationship
between the two techniques. Similarly, a set of common
filters (N = 8), taken at the Evans Avenue site, were
analyzed by TOR and MSC1. Figure 2a shows that there
is a high correlation (r2 = 0.9), between the TOR and 2-
Step BC values but the 2-step approach results in higher
concentrations (slope = 0.82). TOR and MSC1 were also
found to agree well (r2 = 0.93) but with MSC1 concen-
trations slightly higher than BC determined by DRI using
the IMPROVE TOR protocol (slope = 0.92). This is shown
in Figure 2b. Additional comparisons between the TOR
temperature program and the MSC1 approach were con-
ducted using the same instrument. Results in Figure 2c are
consistent with the direct comparison with DRI-TOR.
These comparisons suggest that BC determined from
MSC1 and 2-Step can be expected to be similar with
slightly smaller concentrations from TOR. While relatively
small, these differences should be kept in mind when
comparing thermal BC measurements and k estimates
among sites.

[24] The BC and organic carbon (OC) concentrations
obtained from the thermal techniques vary by more than
one order of magnitude from one site to another, as shown
in Table 2. The lowest BC and OC median values of 0.012
and 0.064 mg m�3 were measured at Alert. The highest BC

Figure 2. Intercomparison of the sample analysis result
done by (a) the 2-step thermal technique [Cachier et al.,
1989] and TOR technique [Chow et al., 1993] taken at
Alert, (b) MSC1 versus TOR analysis of ambient filter
samples, and (c) analyzed by MSC1 and MSC1 that mimics
DRI temperature program.
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and OC concentrations were measured at the urban loca-
tions; the median BC was 1.95 mg m�3 at Evans Avenue
and the median OC was 18 mg m�3 at Winchester.
However, the urban BC and OC concentrations were
considerably smaller than the BC measurements of 14 ±
7 mg m�3 and OC of 34.6 ± 12 mg m�3 made at a location
near a highway in Paris [Ruellan and Cachier, 2000]. This

suggests that the levels in Canadian cities are relatively
low.

3.2. Determination of Site-Specific k Values

[25] For all sites, the relationships between BC obtained
from the thermal and optical techniques are shown in
Figure 3 for aethalometer and PSAP measurements. For

Table 2. Minimum, Median, and Maximum BC and OC Concentrations and BC/TC Obtained by Two-Step Thermal, Total Optical

Reflectance (TOR), and Total Optical Transmittance With Temperature Specifications of MSC1 (MSC1) Techniques

Location Size Cut, mm Technique N

BCthermal, ug m�3 OC, ug m�3 BC
TC

Min. Max. Med. Min. Max. Med. Min. Max. Med.

Alert
Nov. 98–May 99 – 2-step 13 0.021 0.129 0.087 0.03 0.17 0.064 0.21 0.77 0.51
June 99–Aug. 99 – 2-step 7 0.006 0.016 0.012 0.05 0.074 0.067 0.08 0.18 0.15

Egbert July 1998 2.5 TOR 9 0.35 0.92 0.58 2.07 4.2 2.9 0.12 0.25 0.19
Downsview Jan. 2000 2.5 TOR 20 0.72 2.78 1.42 2.00 8.67 4.4 0.25 0.31 0.20
Evans Avenue March 2000 Near Highway 2.5 MSC1 16 0.81 4.15 1.95 2.00 9.5 4.6 0.24 0.37 0.30
Palmerston Road Aug. 2000 2.5 MSC1 20 1.10 3.32 1.82 3.91 11.3 7.6 0.14 0.32 0.21
Winchester Aug. 2000 2.5 MSC1 19 0.7 2.89 1.48 2.87 18.3 9.5 0.07 0.23 0.16

Figure 3. Relationships between BC concentrations obtained by thermal methods and light absorption
instruments for the six sites: aethalometer (filled circles) and PSAP (open squares). BC was estimated by
using 19 m2 g�1 for aethalometer and 10 m2 g�1 for the PSAP.
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these figures the k values of 19 m2 g�1 for aethalometer and
10 m2 g�1 for PSAP were used to calculate the optically
derived BC concentrations. Across all sites, good agreement
was found (Figure 4, r2 = 0.91 and slope = 0.95) between
aethalometer and PSAP measurements (±10%), indicating
that they respond similarly under a variety of situations.
[26] Overall at Alert, there is a reasonable correspondence

between BCaeth or BCpsap and BCthermal concentrations (for
the aethalometer the slope = 0.95 and r2 = 0.83). This
indicates that the values of k = 19 and 10 m2 g�1 are
reasonable, which agrees with results from the Finnish
Arctic [Ruellan and Cachier, 2000]. The slopes of the lines
decrease from the remote/continental (median of the ratio
BCopt to BCthermal for aethalometer = 0.99) to the suburban
site (median of the ratio BCopt to BCthermal for aethalometer
= 0.34) (see Table 3) suggesting k = 19 and 10 m2 g�1 does
not lead to comparable BCoptical and BCthermal at all loca-
tions. At Alert, the increase in the slope from winter to
summer might suggest that some of the other aerosol
constituents may also be light absorbing, such as soil dust.
This has been shown in the measurements by Sirois and
Barrie [1999], who from the samples collected from 1980–
1995 showed that the soil dust contribution to the aerosol
composition was increased by a factor of 2 during the

summer under high wind conditions. At all the other sites,
the optical technique underestimates BC with respect to the
thermal technique, as indicated by slopes. Thus, in contrast
to Alert in the summer, there is an absence of enhancement
in the absorption found at the other sites, which could
perhaps be due to different types of aerosol mixtures found
at the two sites. The externally mixed aerosols may be
playing a role in this observation in the cities where the
emissions are fresh as compared to Alert, where it is aged
and perhaps internally mixed, giving higher specific absorp-
tion coefficients. This was also seen in the other modeling
exercises [Jacobson, 2001; Petzold et al., 1997].
[27] The differences in the slopes in Figure 3 show clearly

that the relationship between the absorbance measured by
the optical instruments and the amount of BC on the aerosol
varies. Consequently, the k used to convert the aethalometer
or PSAP absorption measurements to BC is variable. As
shown in equation (2), site-specific coefficients k(S.S.) are
determined from the ratio of BCoptical to BCthermal. Values
for the ratio and the resulting k(S.S) each site and season are
given in Table 3. Consistent with the slopes in Figure 3, the
ratio of BCaeth or BCPSAP to BCthermal changes dramatically
from Alert to the other sites. Table 3 shows that in Toronto,
the k(S.S.) for the aethalometer is 9.5 m2 g�1 near a
highway in winter and 7.6 and 7.5 m2 g�1 near two urban
schools in summer. A summer time value of 8.7 m2 g�1 was
determined for the rural location while the lowest value was
6.4 m2 g�1 observed during the winter at the suburban
location of Downsview. The PSAP k(S.S.) values deter-
mined for all sites were about one half of what was obtained
for the aethalometer. The k(S.S.) values ranged from 3.2 to
10.8 m2 g�1 across the sites.
[28] Our urban and rural aethalometer results are even

lower than the 12 m2 g�1 determined for a small town near
Paris [Liousse et al., 1993] and much lower than what was
obtained in Paris near a highway where 19 m2 g�1 was
observed [Ruellan and Cachier, 2000]. Note that the 2-step
thermal method was used to measure BC at Alert and the
Paris-area locations while TOR or MSC1 was used else-
where. However, Figure 2 indicates that the differences in
Figure 3 and Table 3 cannot be a result of this change in
thermal analysis techniques. Therefore, we suggest that the
overall aerosol composition and perhaps morphology is
leading to the differences. For example, there is a high
proportion of diesel traffic in France (36% by volume)
(International automobile statistics) compared to Canada
(8.0% by volume) (Environment Canada-Pollution Data
Branch), and the aerosol absorptive properties in Table 3

Figure 4. Relationship between the correction factors baeth
and bpsap for the six sites as shown on a logarithmic scale.
The dashed lines represent 95% confidence intervals.
Symbols represent each measurement at different sites.

Table 3. Minimum, Maximum, and Median Ratios of the Light Absorption BC to Thermal BCa

Location

BCaethal

BCthermal

BCpsap

BCthermal

k(S.S.), m2 g�1

Aethalometer k(S.S.), m2 g�1 PSAP

Min. Max. Med. Min. Max. Med. Min. Max. Med. Min. Max. Med.

Alert
winter 0.6 1.6 1.0 0.6 1.3 1.0 11.4 29.8 18.8 6.3 13.0 10.2
summer 1.4 2.3 1.5 0.4 1.9 1.2 28.3 43.8 28.3 3.8 19.0 11.6

Egbert summer 0.2 0.6 0.5 0.4 0.5 0.4 4.6 11.6 8.7 3.5 5.0 4.3
Downsview winter 0.2 0.5 0.3 0.1 1.2 0.5 2.9 8.5 6.4 1.5 4.5 3.4
Evans Avenue winter 0.3 0.5 0.5 0.4 0.7 0.6 6.4 10.3 9.5 3.4 5.4 5.0
Palmerston Road Summer 0.1 0.5 0.4 0.1 0.5 0.3 2.4 10.5 7.5 1.3 5.1 3.6
Winchester Summer 0.1 0.6 0.3 0.1 0.6 0.3 2.3 11.1 7.5 1.2 5.8 3.2

aSite-specific attenuation k(S.S.) was calculated by multiplying the ratio by 19 m2 g�1 for aethalometer and by 10 m2 g�1 for the PSAP instruments.
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compared to Liousse et al. [1993] might reflect this differ-
ence. Table 3 indicates that in general, the characteristics of
the aerosol differ between Alert and S. Ontario and the Paris
area. There are also, not surprisingly, differences occurring
in each region from measurement to measurement. A
measure of this behavior is given by the r2 values in Figure
3. At all locations, there is a scatter in the relationships. As
with the differences between regions, this may be partially
due to variations in the particle composition caused by
differences in the sources and processes contributing to the
air mass. For instance, at Alert, there is more scatter in the
data for the samples taken in the summer than during winter
(rsummer
2 = 0.5, N = 14 and rwinter

2 = 0.9, N = 28. More BC
samples (September 1999 to June 2000) were included in
the comparison at Alert as compared to what is stated in
Table 2). Air masses from distant source regions are more
prevalent during the wintertime, and the aerosols they
contain are aged, well mixed (internally mixed) and less
variable. In contrast, during the summer, the air mass is
more often influenced by the locally emitted/produced
aerosols (more likely to be from crustal, marine and

biogenic sources with less influence from combustion).
The very low summertime concentrations, which are close
to the detection limit, lead to more uncertainty and more
scatter as shown in Figure 3. It should be noted that in
Figure 3 and Table 3, we included more Alert BC measure-
ments (until September 2000) than listed in Table 2 to gain
more confidence in the relationship between the two param-
eters. The least amount of scatter in the individual k(S.S.)
values was in the winter at Downsview. This site is close to
a major road and during the measurement period, the
relative influence of this source and others apparently
remained quite stable. Comparatively, Egbert, Winchester
and Palmerston, during the summer, were influenced by a
more variable mixture of sources. An increase in organic
fraction on the carbonaceous aerosol could affect both
optical techniques by changing the optical properties of
the aerosol and it could also complicate the separation of
BC and OC in the thermal analysis.
[29] To summarize the results and compare the aethal-

ometer and PSAP, the correction factor, b, was determined
by taking ratios of k(S.S.) to k(19 m2 g�1 for aethalometer

Figure 5. Hourly integrated black carbon concentrations measured by aethalometer at six Canadian
sites. Diurnal variations in black carbon concentrations (means and 1 sd) are shown in the top right insert
for each site. The site-specific attenuation k(S.S.) were used for each site.
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and 10 m2 g�1 for the PSAP). Figure 4 shows the relation-
ship between the correction factor baeth and bPSAP for all
sites and measurements. Although these results show that
the direct relationship between the BC derived from optical
measurements and thermal techniques is variable, the high
time resolution optical instruments provide useful informa-

tion. Furthermore, the optical measurements can be adjusted
using data in Table 3 to provide a good relative measure of
BC for each site.

3.3. Analysis of the Aethalometer Measurements

[30] Time series of hourly average BC concentrations
measured by the aethalometer using the site-specific
attenuation k (S.S.) are shown in Figure 5 for the six
locations. As shown in Table 2, the BC concentrations
derived from aethalometer were smallest at Alert, consis-
tent with its large distance from the North American,
European and Asian source regions. During the time period
shown (winter), Alert is often influenced by air from
Eurasia due to long-range transport arising from flow
around four semi-permanent pressure systems [Maxwell,
1980]. The Alert wintertime concentrations of BC varied
from 0.01 mg m�3 to 0.4 mg m�3. The standard deviation in
the data, during the six month period, is large, suggesting
that the extent to which distant sources impact on the site
varies considerably. The mean BC concentrations during
the winter (Arctic haze period) are a factor of 4 higher than
the summer BC concentrations. In addition, there is some
diurnal variability in the BC concentrations during the
summer, while no such pattern occurred in the winter.
The dynamics of the boundary layer during the summer,
which is complicated because of 24 hrs of sunlight and the
proximity of the ocean, could contribute to this variation.
[31] The other four sites are relatively close to large BC

source regions such as industrial and automobile emissions
and biomass burning. Egbert (Figure 5b), is rural but is
frequently affected by anthropogenic sources because of its
proximity to heavily populated areas. The concentration of
BC ranged between 0.06 to 2 mg m�3. Similar to Alert, the
temporal variation at Egbert reflects synoptic scale influ-
ence on the transport of BC containing air masses with
elevated concentrations lasting 2 to 3 days. During the
Egbert study, there was a tendency for lower concentrations
during the daytime. While there are too few data to
conclude that this represents a typical pattern, the observed
behavior could have been due to mixing and boundary layer
height, which are reduced at night possibly leading to
enhancement of local sources or more concentrated urban
plumes.
[32] At the urban sites there was a distinct increase in BC

concentration during morning rush hour peaking between
8:00–9:00 (EST) and to a lesser degree between 17:00 to
19:00. The sharp morning peaks were mainly driven by
vehicular emissions and the boundary layer dynamics. The
reason the evening peak is more pronounced at Downsview
is because the measurements were from the winter when
mixing height remains smaller in the day and decrease
sooner in the afternoon/evening. The mean BC concentra-
tions ranged from about 0–6 mg m�3 at all urban locations.
The fact that the residential sites experienced a similar
diurnal pattern and concentration compared to Evans Ave-
nue indicates that the influence of traffic spreads relatively
far from the major roadways.
[33] The influence of wind speed on the BC concentra-

tions is shown in Figure 6. Only Egbert, Evans Avenue and
Downsview are shown since they exemplify a range of
distances from likely BC sources. There is a clear negative
correlation between BC and wind speed at Evans Avenue

Figure 6. Influence of wind speeds on BC concentrations
measured by aethalometer as a function of distance from the
BC source regions as shown in Figure 6a away from the
source region and in Figures 6b and 6c closer to the source
region.
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and Downsview whereas there is not a clear pattern at
Egbert. These differences reflect proximity to sources. At
Evans and Downsview, low wind speeds lead to much less
dispersion of BC, so the nearby traffic emissions remain
more concentrated around the site. Conversely, since daily
traffic density was relatively constant through the period,
higher wind speeds have a dilution effect on BC. The lack
of a relationship at Egbert suggests that the BC originates
from more distant sources, as opposed to local source
emissions, which build up when winds are light. This
conclusion suggests that the higher nighttime levels at
Egbert noted above were probably results of lower mixing
heights and more frequent urban plumes at night since the
predominant wind direction at night was usually from the
SW.
[34] Table 4 illustrates the BC dependence on wind

direction. The data for all sites were segregated into 4
different sectors; 0–90� as NE, 90–180� as SE, 180–270�
as SW and 270–360� as NW. BC in the air mass at Alert, in
the winter, is well mixed due to large distance between the
source and site regions. Despite this, higher concentrations
in BC were found in the NE and NW wind direction
quadrants, suggesting higher emissions from the European
sector. The frequency of the measurements was found to be
highest in the SW sector, which had the lowest BC
concentrations. During the summertime, the winds from
the SE and SW sectors brought in higher BC concentrations
and again the highest frequency of measurements was from
the SW sector. This dependence of BC on direction
suggests a greater contribution from the North American
BC sources.
[35] At Egbert, higher concentrations of BC were asso-

ciated with the SW sector bringing in dirtier air masses from
the nearby cities. Lower BC occurred with NW winds. We
have less confidence in the BC concentrations for the other
wind-sectors at Egbert because of the smaller number of
data points. The patterns at Evans and Winchester also
reflect the distribution of sources around the site. At Evans,

higher concentrations were found in the SE and NW sectors.
In the SE quadrant there is a highway on/off ramp and a
stoplight, both of which have a strong impact on the driving
cycle of diesel trucks. The greatest traffic density, overall
around Evans is in the NW quadrant due to the Gardiner and
427 highways (see Figure 1). At Winchester, a factor of 2
higher BC concentrations were found for SW and NW
winds, suggesting the greatest traffic density in these
directions.
[36] At Downsview, the SW and SE quadrants had about

a factor of 2 higher BC concentrations compared to NWand
NE. This is somewhat consistent with the N-S roadway just
west of the site but also reflects the fact that the site is on the
north edge of Toronto. BC concentrations observed in the
other two sectors (1 mg m�3) are likely more representative
of the overall levels within the urban area. In contrast to the
other urban sites, the differences in the BC concentrations
among all quadrants at Palmerston were relatively small.
This suggests no strong directional bias in the BC sources
relative to the site.

4. Conclusions

[37] The aethalometer and PSAP instruments agree with
each other and underestimate BC as determined by thermal
analysis techniques, by as much as 76% at all sites except
for Alert. The k(S.S) values of 18.8 m2 g�1 and 10 m2 g�1

determined for the aethalometer and PSAP instruments
operated at Alert agree well with the manufacturer’s nom-
inal. Thus, if the objective of the optical measurement is to
report BC values that are consistent with the filter-based
thermal analysis techniques, then the specific attenuation, k,
must be fine-tuned to fit the conditions and types of aerosols
present at the location of measurements.
[38] The site to site and sample to sample variability in

the ratio of BCaeth to BCthermal, k(S.S.), reflects on the
composition of the aerosol. The magnitude of the ratio
indicates that there are other light-absorbing species (e.g.,

Table 4. Corrected Averages of Black Carbon Concentrations (1s) Sorted on the Basis of the Four Wind Direction

Sectors

Wind Sectors

1 NE (0�–90�) 2 SE (90�–180�) 3 SW (180�–270�) 4 NW (270�–360�) Average of All Directions

Egbert
Average 0.95 (0.53) 0.86 (0.44) 1.15 (0.71) 0.68 (0.65) 0.75 (0.52)
N 15 4 84 101

Palmerston Road
Average 1.75 (1.08) 1.54 (0.99) 1.9 (1.4) 1.59 (0.91) 1.69 (1.09)
N 44 62 50 36

Alert (Winter)
Average 0.11 (0.078) 0.083 (0.043) 0.078 (0.053) 0.093 (0.056) 0.086 (0.05)
Na 85 227 1379 368

Alert (Summer)
Average 0.024 (0.039) 0.020 (0.045) 0.034 (0.054) 0.043 (0.036) 0.019 (0.016)
Na 134 171 669 475

Winchester Road
Average 0.86 (0.96) 0.91 (0.86) 1.97 (2.43) 1.29 (0.94) 1.32 (1.32)
N 18 24 26 72

Downsview
Average 1.16 (0.99) 1.94 (0.95) 2.04 (1.33) 0.95 (0.81) 1.24 (1.07)
N 64 16 67 216

Evans Avenue
Average 1.65 (0.94) 2.31 (1.13) 1.75 (0.52) 2.13 (1.35) 1.97 (1.13)
N 63 46 27 76
aN is the number of measurements pertaining to each sector. For this analysis, we used BC concentrations data for 1999 and 2000.
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dust particles) present in aerosol phase and size distribution
effects at Alert in the summer as compared to populated
areas. The extent to which this phenomenon occurs when
the aerosols are present in the atmosphere, as opposed to
collected on an aethalometer or PSAP filter, needs to be
examined. Similar atmospheric behavior would indicate that
the full chemical make-up and degree of external versus
internal mixing needs to be accounted for before effects on
the radiative balance can be determined.
[39] Analysis of the time series of aethalometer and

PSAP, BC measurements showed a distinct diurnal variation
at all sites except for Alert during the winter and Egbert.
This is due to the dynamics of the boundary layer and
variation in the source strength (i.e., morning and evening
rush hour). Wind speeds have an affect on concentration at
sites closer to sources, with lighter winds leading to higher
levels. The time resolution of aethalometer and PSAP
measurements also helps to reveal the location of significant
sources and to determine typical urban background BC
concentrations relative to concentrations impacted upon by
local sources.
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