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Aerosol Transport and Source Attribution Using
Sunphotometers, Models and In-Situ Chemical
Composition Measurements

Daniela Viviana Vladutescu, Bomidi Lakshmi Madhavan, Barry M. Gross, Qi Zhang, and Shan Zhou

Abstract—Understanding of chemical, physical, and radiative
processes—emissions, transport, deposition, and modification of
aerosol optical properties due to ageing—is of major importance
to global and regional climate simulations and projections as
well as health impairment. This paper presents aerosol optical
properties retrieved with the Multifilter Rotating Shadowband
Radiometers (MFRSRs) and the source attribution based on back
trajectories and in situ aerosol chemical composition analysis
obtained during the Aerosol Life Cycle Intensive Observational
Period at Brookhaven National Laboratory on Long Island, NY,
during July and August 2011. The aerosol optical properties re-
trieved with the MFRSR exhibit excellent agreement with those
obtained with a colocated Cimel sunphotometer. Apportioning
aerosol optical depths by size modes reveals several episodes of
high loading of fine aerosol (diameter less than 2.5 pm). Analysis
of optical and physical properties of aerosols as well as their
chemical composition obtained by an in situ high-resolution time-
of-flight aerosol mass spectrometer together with back trajectories
indicates that the principal source of high concentrations of fine
aerosols observed during July 18-24 was forest fires in western
Canada, consistent with reports by the Canadian Forest Service
and satellite observations by the Moderate Resolution Imaging
Spectroradiometer (MODIS).

Index Terms—Aerosol mass spectrometry, aerosol optical depth,
aerosol size modes, Cimel, Multifilter Rotating Shadowband
Radiometer (MFRSR), sunphotometer, transport.

I. INTRODUCTION

TMOSPHERIC aerosols are suspensions of small solid
and/or liquid particles in air. The scattering and absorp-
tion by aerosols contribute to the extinction of the solar radia-
tion passing through the atmosphere. The amount of scattered
or absorbed radiant intensity is linearly proportional to the
intensity of the radiation at that point along the ray path,
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the local concentration of gases or particles responsible for
absorption and scattering, and the absorption and scattering
coefficients of the substances. The aerosol particles present in
the atmosphere vary in shape and chemical composition based
on the sources. Variation in these properties leads to variation
in the refractive index of aerosol particles, light scattering, and
absorption coefficients, all of which are wavelength dependent.
Consequently, the variability of these properties affords the
possibility of remote sensing of aerosol properties in addition
to optical depth, which is manifested only by reduction in the
intensity of the direct beam. Scattering enhances the diffuse ra-
diation. Therefore, measurements of diffuse and direct radiation
are essential to the remote sensing of the physical and optical
properties of aerosols.

Solar radiometric measurements are very useful for the re-
trieval of both extensive and intensive properties of atmospheric
aerosols; extensive properties scale with the amount of the
aerosol, whereas intensive properties are independent of the
amount and generally describe relationships among various
aerosol properties [1]. Understanding of properties of aerosols
and the modification of these properties as aerosols are trans-
ported is an important factor in quantifying their effect on
climate and climate change. More specifically, these properties
are central for modeling radiative forcings due to aerosols and
subsequent quantitative estimates of aerosol influences on the
Earth radiation budget [2], [3]. In addition, fine-mode aerosols
(often denoted as PMj, 5 representing particles having diameter
< 2.5 pm), besides being a rough proxy for anthropogenic
aerosols, can result in respiratory and pulmonary distress in
humans [4]. For these reasons, it is very useful to identify and
characterize episodes with high concentrations of fine particu-
late matter [5], [6]. Two widely used field-tested instruments
that measure column aerosol optical properties are 1) the Mul-
tifilter Rotating Shadowband Radiometer (MFRSR) [7]-[11]
and 2) the Cimel sunphotometer [12]-[14]. The MFRSR, which
measures the total and diffuse components of the downwelling
solar irradiance at six different wavelengths, is extensively used
by the Department of Energy (DOE) Atmospheric Radiation
Measurement (ARM) Program [15], NASA Solar Irradiance
Research Network (SIRN) [15], NOAA Surface Radiation
(SURFRAD) Network [17], and U.S. Department of Agricul-
ture (USDA) UV monitoring network [18], [19]. Worldwide,
the MFRSR is also used by the Australian Bureau of Meteorol-
ogy Solar and Terrestrial Network [20], [21] and the Baseline
Surface Radiation Network (BSRN)), a project of World Climate
Research Programme (WCRP) and the Global Energy and

0196-2892/$31.00 © 2013 IEEE



3804

Water Experiment (GEWEX) [22]. The Cimel sunphotometers
are widely deployed by the NASA Aerosol Robotic Network
(AERONET) [23] to determine atmospheric extinction and
microphysical properties that are critical in evaluating satellite
retrievals of these properties [5].

For air quality applications (i.e., inhalation), direct surface
sampling techniques have the advantage of providing detailed
information on the size distributions and size-dependent com-
position. On the other hand, optical remote sensing methods
obtain column-integrated aerosol properties pertinent to the ra-
diative effects of aerosols on local environments. In this paper,
we make use of sunphotometers to provide reliable measure-
ments of multispectral optical depth and apportioning of aero-
sols into fine and coarse modes pertinent to source attribution.

The focus of this paper is on the measurement of both AOD
and fine/coarse-mode apportionment during an intensive obser-
vation period (IOP) examining aerosol optical, chemical, and
microphysical properties and radiative influences conducted at
Brookhaven National Laboratory in semirural Eastern Long
Island during July and August 2011. In particular, we are
interested in identifying periods of enhanced AOD, which may
be linked to meteorological conditions responsible for transport
of exogenous aerosol to the Long Island site. Interpretation
of the source of aerosol present in these episodes is greatly
enhanced by simultaneous measurement of the size-dependent
chemical composition of the particulate matter. Here, this is ac-
complished using a high-resolution time-of-flight aerosol mass
spectrometer (HR-ToF-AMS), which is capable of in situ de-
termination of the size-resolved chemical composition of sub-
micrometer nonrefractory (NR) aerosols with a time resolution
of a few minutes or better [22]-[24]. Compared with filter
measurements, which usually offer data with time resolution
of one day or, at best, a few hours, the high time resolution of
mass spectrometric data is particularly powerful in revealing
details about variations aerosol composition that are key to
understanding the physico-chemical processes of atmospheric
aerosols [26]-[28].

This paper is organized as follows: The main characteris-
tics of the instrumentation used are presented in Section II.
Section IIT discusses the methods for retrieving the aerosol
optical properties. Section IV discusses the results, and the
conclusions are presented in Section V.

II. INSTRUMENTS
A. Remote Sensing Instruments for Aerosol Properties

Sun photometry has been used for measuring atmospheric
properties since 1666, when Newton conducted the first in-
vestigations on the spectrum of solar radiation [29], [30]. In
modern remote sensing, the instruments used for detecting solar
radiation are sunphotometers such as those as mentioned in the
introduction section. The MFRSR [see Fig. 1(a)] collects total
and diffuse solar irradiance in seven bands: six narrow bands
nominally centered at 415, 496, 613, 672, 868, and 938 nm and
a broadband channel (300-2700 nm). For aerosol applications,
only the first five channels are used. Although these channels
are mainly sensitive to aerosols, there are small contributions
due to ozone (O3) and nitrogen dioxide (NO2) that must be
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(b)

Fig. 1.
(a) MFRSR. (b) Cimel sunphotometer.

Sunphotometers used in the characterization of atmospheric aerosols.

accounted for. In particular, ozone has contributions at 496,
613, and 672 nm, and NO, has contributions at 413, 496, and
613 nm. Details of the processing of the MFRSR data are given
in the methods section.

MFRSR: The main components of the MFRSR are the sen-
sor head and the shadowband. The shadowband [see Fig. 1(a)]
is a strip of metal formed into a circular arc and mounted
along a celestial meridian, with the entrance aperture (diffuser)
of the instrument located behind the center of the arc. The
shadowband blocks a strip of sky with a 3.3° umbral angle,
enough to block the sun. The accuracy of the shadowband posi-
tion, i.e., 0.4°, is achieved with the help of a microprocessor-
controlled stepper motor. This microprocessor controls the
instrument overall. At each measurement interval, the instru-
ment computes the solar position using an approximation of
the solar ephemeris. The first measurement is made with the
band rotated to its nadir position to obtain the global or total
irradiance. The band is then rotated to make three more mea-
surements. The second measurement (the diffuse-horizontal
irradiance) is made with the sun completely blocked; the other
two are made with the band rotated 9° to either side of the
sun. These side measurements allow correcting for the excess
sky that is blocked by the shadowband during the sun-blocked
measurement [16]. The data acquisition software subtracts the
corrected diffuse component of the downwelling irradiance
from the global irradiance to obtain the downwelling irradiance
of the direct (solar) beam. It then divides this direct component
of the downwelling horizontal irradiance by the cosine of the
solar zenith angle (available from the ephemeris calculation)
to compute the direct normal solar irradiance (DNSI), i.e., the
irradiance incident on a plane normal to the vector to the sun.
The sequence takes 20 s, and therefore, sampling can be as fast
as three times per minute.

Total optical depth (TOD), i.e., 71, is obtained from the
measurements by the Beer—Lambert law. Thus

I = Iyel=m™) 1)

where [ is the irradiance of the direct solar beam for a given
filter channel that would be measured by the instrument in
the absence of an atmosphere (denoted top of the atmosphere
solar irradiance), [ is the actual measured solar irradiance in
the same channel, m is the airmass (path length of the direct
beam through the atmosphere relative to vertical, evaluated as
secant of the solar zenith angle), and 7 is the total vertical
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optical depth at that wavelength, which includes scattering and
absorption by gases and aerosols. From (1)

= —In(I/Iy)/m (2)

from which it is seen that determination of 71 requires knowl-
edge of the top of the atmosphere intensity in addition to the
measured intensity.

For a given wavelength channel in a specific sunphotometer,
the voltage corresponding to the top of the atmosphere solar
irradiance can be determined with calibrated standard lamps
[34], [35] or, alternatively, can be directly obtained from the
dependence of 7p on airmass (Langley method). Thus, if the
voltage output of the detector is proportional to the intensity of
radiation on the detector, i.e.,

InV =InVy—mmr (3)

a plot of InV versus m for any channel will have a slope 7
and intercept InV{, corresponding to that channel, provided that
the optical depth is constant over the period of the measurement
and that the direct beam is not obscured by clouds.

Cimel Sunphotometer: The Cimel sunphotometer [34], [35]
used for comparison with the MFRSR in this study i [see
Fig. 1(b)] was collocated with and performed simultaneous
measurements with the MFRSR. The instrument is part of the
NASA AERONET (AErosol RObotic NETwork) [36]. This
microprocessor-controlled stepper-motor-positioned robot has
a two-component optical head containing a sun collimator with-
out lens and a sky collimator with lenses and filter wheel. Sun
tracking is controlled with a four-quadrant detector. This instru-
ment measures, based on the attenuation of direct solar radia-
tion, column-integrated extinction, similar to the MFRSR. The
direct normal solar irradiance at 340, 380, 440, 500, 670, 870,
936, and 1020 nm measured every 15 min allows for AOD re-
trievals at these wavelengths. The Cimel instrument is regularly
calibrated, yielding an independent measure of I that allows
determination of direct beam extinction measurements by (2).

For both instruments, the attenuation of the direct beam
includes not only the aerosol contributions but also Rayleigh
scattering [31] and molecular absorption by Os and NO..
Therefore, the TOD is expressed as

TT = Taer + TRay + TO3 + ™NO,- (4)

From (4), it follows that AOD (7, ) is obtained by difference.

Sky radiance is measured once an hour at wavelengths corre-
sponding to low gaseous absorption, i.e., at 440, 670, 870, and
1020 nm.

Attribution of AOD into the fine- and coarse-mode AOD
components is achieved by a semiempirical approach from the
wavelength dependence of the extinction [12]-[14]. The aerosol
properties so retrieved (AOD, fine- and coarse-mode AOD)
were obtained from AERONET, Data-Access and Dissemina-
tion Tools, http://aeronet.gsfc.nasa.gov/new_web/data.html.

B. In situ Aerosol Composition Measurements

In this paper, an HR-ToF-AMS was used to measure the
loadings and size-resolved composition of ambient NR par-
ticles with a time resolution of 5 min. The HR-ToF-AMS
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uses an aerodynamic lens to sample submicrometer particles
into vacuum, where they are aerodynamically sized, thermally
vaporized on a heated surface (~600 °C), and chemically
analyzed via electron impact ionization ToF mass spectrometry
[35]. As aerosol species must be vaporized to be detected,
the AMS does not measure refractory materials that have
very low vapor pressure at the vaporizer temperature, impor-
tantly, mineral dust, elemental carbon, and sea salt. However,
NR materials (i.e., sulfate, nitrate, ammonium, organics, and
chloride), even if internally mixed with refractory substances,
can be determined by the AMS. The HR-ToF-AMS can be
operated under two ion optical modes referred to as “V” and
“W” according to the ion flight paths. During this study, the
V and W modes were alternated every 2.5 min. The V-mode
operation determines aerosol speciation at excellent sensitivity
(e.g., detection limits of < 20 ng - m~2 for all NR-PM species
at 5-min integration time. The W-mode offers a higher mass
resolution of ~5000-6000 (versus ~2500 of the V-mode),
under which elemental composition of most small ions
(< 100 amu) can be unambiguously determined, and elemental
ratios (O/C, N/C, etc.) of the sampled organic aerosol (OA)
material can be inferred [37], [38]. Information about the
elemental compositions of OA provides valuable insight into
its sources and transformations.

III. METHODS
A. Retrieval of Aerosol Optical Properties

The AOD and the apportionment of aerosol optical depth into
fine and coarse modes from the measurements are determined
by an automated method described in [7] and [39]. This ap-
proach first makes use of the combined diffuse and direct irradi-
ance measurements to perform a calibration of this channel; this
calibration, which is restricted to situations of cloud-free sky, is
transferred to other situations, thereby permits determination of
the AOD at 868 nm. Once AODggg is obtained, we make use
of the principle that the aerosol intensive parameters such as
the spectral extinction ratios are more stable over the course
of a day than the extensive AOD. This allows us to perform a
regression where the uncalibrated optical depth of a given chan-
nel (i) is regressed against the calibrated optical depth of the
868-nm channel. Here, the fixed regression parameters are the
calibration constant of the ith channel and the spectral extinc-
tion ratio ¢; defined as Qoxt (¢;)/Qext(868) [7, eq. (12)]. Once
the spectral extinctions are obtained, we can use them to extract
details of the particle size distribution. The underlying aerosol
bimodal model assumes that the complex refractive index is a
given constant for both modes, and the coarse-mode effective
width, radius and fine-mode width are also fixed. This leaves
two variable parameters (the fine-mode radius and the ratio of
the fine/coarse-mode volumes) to be determined. By using the
spectral extinctions on the 415- and 670-nm channels, a robust
retrieval of the remaining size parameters is made [7, Sec. 5].
Knowing the particle size distribution and complex refractive
index fixes the aerosol phase function and determines the ratio
of fine-mode to coarse-mode AOD.

In performing this analysis, one might be concerned with
cloud contamination. According to [39], in processing the
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direct irradiance channel, existing cloud clearing approaches
are made to the data. In addition, cases where the direct channel
is considered cloud-free can still have clouds affecting the
diffuse irradiance. However, as mentioned before, the diffuse
component is only used in the retrieval of the 868-nm channel.
Therefore, the only issue to consider is possible contamination
of the 868 AOD that may propagate into the other channels,
and it is therefore useful to review the approach to extract the
AOD at 868 nm. In the procedure, as outlined in detail in [40],
the 7ggs (uncalibrated AOD 7ggs = —m * In([/)) is compared
with 74;¢ (“diffuse” AOD). The 74; is defined to be the AOD
of the aerosol model whose direct/diffuse irradiance ratio when
calculated using a radiative transfer model agrees with the mea-
sured direct/diffuse irradiance ratio. Once we have both Tggs
and 74;¢, we can use these quantities to find the 7g¢g calibrated
AOD and the calibration constant. To do this, the method makes
use of the observation that 7ggs and 7q;¢ seem to differ by
an approximately constant value, which is termed the opacity
deficit in [40] (see Fig. 1). In this case, by forming the differ-
ence between 7ggs and Tgifr, (y-axis) and regress this against
the standard m (x-axis), we obtain both the calibration constant
and the LSQ estimate of the AOD deficit. The final calib-
rated AOD is then 7g4;¢, added to the deficit AOD (difference).

In analyzing the procedure, we note that cloud contamination
will affect the diffuse channel in a way that can cause 7g4if
to change value while 7ggg does not. Therefore, when plotting
the residual between 7Tggs and 7q;¢, sudden abrupt changes will
be seen and were removed, whereas slow (background) effects
will simply modify the magnitude of the difference. Because
the difference is calculated by regression, these changes do not
significantly affect the final AOD.

Contributions to direct beam extinction due to absorption
by O3, NOs, and Rayleigh scattering must be also taken
into account; uncertainties in column burdens of O3, NOo,
and atmospheric pressure (influencing the calculated Rayleigh
scattering extinction [41]) can thus contribute to uncertainty
in the determination of AOD from TOD and, in turn, to the
determination of fine/course ratio. During the retrieval, small
contributions to the extinction of the direct beam due to O3
and NO, were calculated using satellite measurement of total
column concentrations. Although it is conceivable that ozone
retrieval can be simultaneously with aerosol retrievals [7], [42]
indicated that the accuracy on such a retrieval is no better
than daily and monthly total ozone column data sets ozone
from TOMS (Total Ozone Mapping Spectrometer) observations
(http://toms.gsfc.nasa.gov/ftpdata_v8.html), which is what is
used. For a typical uncertainty in O3 column burden of 7 X
107 molecules cm~2, the uncertainty due to O3 optical depth
is 0.005. NO5 column burden was obtained from the SCIA-
MACHY tropospheric product (http://www.iup.uni-bremen.de/
doas/scia_no2_data_tropos.htm). If no overpass data are avail-
able, monthly mean climatology values are used [7]. This data
set was used to produce a NOs climatology file for the mea-
surement location, which is considered appropriate for the BNL
site because of the absence of proximate major sources of NOs.
A typical column burden of NO; of 2 x 10'% molecules cm ™2
in results in an optical depth in the 415-, 500-, and 615-nm
MFRSR channels of 0.011, 0.004, and 0.0007, respectively, on
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AOD by size mode during the 2011 IOP at BNL
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Fig. 2. Aerosol optical depth by size. (a) All size modes. (b) Fine mode.
(c) Coarse mode. (d) Fine-mode fraction as measured by (in red) the MFRSR
and (in black) the Cimel sunphotometer.

the margins of the OD measurement accuracy of +0.01 [7]; it is
practically zero at 670 and 870 nm. For calculation of Rayleigh
optical depth, a difference of 10 hPa between the actual pressure
and the value used in the calculation leads to a difference in
optical depth of only 0.004 at the most sensitive wavelength
of 415 nm [43]. (Measurements at 415 and 610 nm were not
used for comparisons because of the lack of sensors at these
wavelengths in the Cimel sunphotometer.)

The AOD values retrieved were compared with the values
of AOD determined from Cimel data provided by AERONET,
for which the Rayleigh, NO,, and O3 contributions were also
removed from the TOD, as with the MFRSR data.

IV. RESULTS

A. Comparison of Optical Parameters Retrieved with MFRSR
and Cimel

Within the GISS MFRSR aerosol retrieval approach [40],
the underlying parameters of the assumed aerosol particle size
distribution were obtained allowing for apportionment of AOD
to fine- and coarse-mode aerosols through the Mie scattering
theory. The Cimel approach presented earlier and described in
[12]-[14] and [45] is solely based on direct spectral radiances
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NOAA HYSPLIT MODEL
Backward trajectories ending at 1600 UTC 23 Jul 11
EDAS Meteorological Data
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NOAA HYSPLIT MODEL
Backward trajectories ending at 1900 UTC 24 Jul 11
EDAS Meteorological Data
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HYSPLIT back three-day back trajectories [46] calculated for end time (a) 16:00 UTC July 23 and (b) 19:00 UTC July 24, 2011. The circles are shown

at 6-h intervals. The red star shows the location of Kelowna in British Columbia, Canada, where the fires shown in Fig. 5(b) and (c) were observed on July 19
and 20. The white star represents the area just south of the Great Slave Lake, where the OMI and MODIS satellites observed intense fire outbreaks illustrated in

Fig. 5(a) and (d) observed in the Long Island area on August 2 [47].

and the use of the algorithm providing AOD and fine/coarse-
mode AOD. The time series of total AOD retrieved from
MFRSR and Cimel is presented in Fig. 2 along with the fine
and coarse components. Data gaps in the time series result from
cloud contamination (as well as the lack of data at night).

The total AOD is consistently high during the period between
July 18 and 24 and clearly dominated by the fine mode.
Throughout the period, the fine mode is predominant on the
days with high AOD values. The discrepancies in the fine-mode
fractions on July 14 and 29 are attributed to the small values
of AOD.

B. Aerosol Sources and Transport During High-AOD Periods

The sustained event during July 18-24 triggered our atten-
tion, and therefore, we looked into the possible exogenous
sources of these aerosols using a combination of methods,
including backward trajectories, satellite images, and chemical
composition measured by an aerosol mass spectrometer.

To understand the causes of the high-AOD events, we first
examined back trajectories using the HY SPLIT procedure [46].
The HYSPLIT (Hybrid Single Particle Lagrangian Integrated
Trajectory) model was used to compute back trajectories for air
parcels arriving at the surface at the BNL site on July 23 and
24,2011, which are illustrated in Fig. 3.

During that period, conditions were dry enough that summer
thunderstorms triggered one or two new forest fires every day
as reported by the Canadian Interagency Forest Fire Service
(http://www.ciffc.ca/). The smoke of fires observed in Kelowna
[indicated by the red star in Fig. 3(a)] located in the proximity
of Vancouver on July 19 and 20 (see Fig. 4) was detected in
Long Island on July 23 and 24, respectively, and confirmed by
AMS analysis illustrated in Fig. 5.

The source of the trajectory, the low altitude at which these
air parcels arrived at the Long Island site, and the lack of
precipitation along the trajectory path all support the conclusion
that the sources of the observed fine particles are the Canadian
forest fires.

The smoke event observed by the Moderate Resolution Imag-
ing Spectroradiometer (MODIS) satellite near Great Slave Lake
on July 23,2012 and shown in Fig. 4(d) was also detected in the
Long Island area on August 2, as reported in [47]. The location
of the fires detected by MODIS is indicated by the white star in
Fig. 3(a) found in the proximity of the Great Slave Lake.

An Ozone Monitoring Instrument (OMI) image [48] over the
period from July 9 through 12, 2011, illustrates tropospheric
NO, column concentrations over western Canada; NOy con-
centrations south of the center of Great Slave Lake appear to
be the highest (in orange) in Fig. 4(a). Further investigation
based on Canadian government releases indicated that from
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G

(a) Smoke from fires detected by the OMI instrument on NASA’s Aura satellite. This image shows NO2 column concentrations (in units 1016 molecules

cm~2) from July 9 through 12 [8]. (b) and (c) Fires observed at Kelowna in British Columbia, Canada (just northeast of Vancouver) on July 19 and 20, 2011 [49].
(d) Fires and smoke observed on July 23, 2011 near the northeast tip of Great Slave Lake by MODIS on Aqua satellite [S0]. As shown on the bottom left of this

image, the scale is 25 km.
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Fig. 5. Enhanced BBOA tracer ions—potassium, C2H4O+, and C3H5O§'—0bserved on July 23 and 24, 2011.

July 13 to the end of the month, eight wildfires were burn-
ing in the Waterways Area, located in the northeastern part
of the province (North West Territories). The NOs column
concentrations from those fires are visible in the lower part of
this image (indicated in the figure by yellow and orange) and
extend from extreme northeastern Alberta into northwestern
Saskatchewan.

The intensity of these fires is shown in Fig. 4(b) and (c),
which shows burning on the edge of Kelowna, British

Columbia, northeast of Vancouver on July 19 and 20, 2011,
respectively [49], [red star in Fig. 3(a)] and, as mentioned
above, were detected in Long Island on July 23 and 24, respec-
tively, as measured by the AMS (see Fig. 5). The fires captured
by NASA’s MODIS instrument aboard the Aqua satellite on
July 23 [50] are shown in Fig. 4(d) and are indicated by the
white star in Fig. 3(a). The fires located near Great Slave
Lake were also reported by the Canadian Interagency Forest
Fire Service (http://www.ciffc.ca/) and have been investigated
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in [47]. Again, the HYSPLIT back trajectories in Fig. 3 are
consistent with the location of the fire events described above.

Attribution of the aerosol to forest fire emissions was ex-
amined using aerosol mass spectrometer measurements pre-
formed at BNL during the IOP campaign. During this period,
two high OA loading events occurred in association with
elevated concentrations of three biomass burning tracer ions
in the HR-ToF-AMS spectra: potassium, C2H4O§' (m/z 60),
and C3H50F (m/z 73) (see Fig. 5). Particle phase potassium
is a well-known tracer for biomass burning emissions in the
atmosphere [51]-[53], whereas the signals of C2H40§r and
C3H505 in the AMS spectra were found to tightly correlate
with levoglucosan—a major pyrolysis product of wood tissue
during burning—in aerosols [54], [55].

In addition to this extended episode of biomass burning
detection, a second event was examined and described in [47]
on August 2 in a separate study of black carbon analysis using
single particle soot photometer (SP2) and AMS. The fact that
multiple events are occurring with the same characteristics
supports our overall observations.

V. CONCLUSION

This paper has presented time series of aerosol optical depth
and fine-mode fraction for the summer 2011 period simul-
taneously using measurements by an MFRSR and a Cimel
sunphotometer. In comparing these two instruments, we found
very good consistency for both AOD and fine-mode fraction,
except for cases with very low AOD where the retrievals are
expected to have higher errors. The good agreement illustrates
that the relatively inexpensive and portable MFRSR can serve
as a useful tool in diagnosing aerosol pollution events.

In analyzing the data, we found episodes of high aerosol
optical depth between July 18 and 24, which were then studied
in detail to determine the source of these aerosols. Source attri-
bution was determined based on back trajectories and chemical
analysis of aerosol composition using the AMS, demonstrat-
ing the strong contribution of transported plumes to the air
quality at the measurement site. The attribution of the aerosol
to forest fire sources confirmed by measurements with the
aerosol mass spectrometer, particularly of high concentrations
of biomass burning tracer ions CoH,03 and C3H507 together
with high concentrations of potassium indicates enhanced aged
biomass burning aerosols. HY SPLIT backward trajectories find
the sources to be Canadian fires burning in Kelowna, near
Vancouver, western Canada. These hypotheses have been also
confirmed by MODIS images and local news reports. These
observations demonstrate that smoke from distant forest fires
can be a major component of aerosol at sites quite remote from
the source. Biomass smoke can be lofted into the middle and
upper troposphere and can be transported over large distances
in the atmosphere. Consequently, even the most remote regions
of the Earth are not immune from its presence [30], [56].
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