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Abstract. Several cases of aerosol plumes resulting frompally associated with the coarse particles. An average of pro-
trans-Pacific transport were observed between 2km andiles indicates that trans-Pacific transport between 2 and 5 km
5.3 km at Whistler, BC from 22 April 2006 to 15 May 2006. during this period increased ozone by about 10 ppbv and fine
The fine particle €1 m) chemical composition of most particle sulphate by 0.2—0gg m—3. The mean sizes of the

of the plumes was dominated by sulphate that ranged fronfine particles in the sulphate plumes were larger when dust
1-5ugm—2 as measured with a Quadrapole Aerosol Massparticles were present and smaller when the fine particle or-
Spectrometer (Q-AMS). Coarse particlesl(um) were en-  ganic mass concentration was larger and dust was absent.
hanced in all sulphate plumes. Fine particle organic mas§he coarse particles of dust act to accumulate sulphate, ni-
concentrations were relatively low in most plumes and weretrate and organic material in larger particles, diminishing the
nominally anti-correlated with the increases in the numberrole of these compounds in indirect radiative forcing, but po-
concentrations of coarse particles. The ion chemistry oftentially enhancing their roles in direct radiative forcing.
coarse particles sampled at Whistler Peak was dominated by
calcium, sodium, nitrate, sulphate and formate. Scanning

transmission X-ray microscopy of coarse particles sampled

from the NCAR C-130 aircraft relatively close to Whistlerin- 1  Introduction

dicated carbonate, potassium and organic functional groups,

in particular the carboxyl group. Asian plumes reaching The transport of trace gases and particles at the interconti-
Whistler, BC during the INTEX-B study were not only sig- nental scale is a concern for atmospheric chemistry, climate
nificantly reduced of fine particle organic material, but or- forcing and the national regulation of air pollutants. It is of
ganic compounds were attached to coarse particles in sigparticular importance to understand the impacts of Asia on
nificant quantities. Suspension of dust with deposited or-other parts of the Northern Hemisphere (NH) because of the
ganic material and scavenging of organic materials by dustapid growth in that region (Streets and Waldhoff, 2000) and
near anthropogenic sources are suggested, and if any sebecause wind over desert regions of Asia are a significant
ondary organic aerosol (SOA) was formed during transportsource of dust to the springtime NH (e.g. Uematsu et al.,
from Asian source regions across the Pacific it was princi-1983; Zhao et al., 2006). The transport of dust and pollu-
tion from Asia to North America has been the subject of a
number of observational investigations (e.g. Uematsu et al.,
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430°  -128°  -128°  -124°  -122° 1207 McKendry et al., 2008). Still, much of the plume remains

52" ' ' ' ' 52 aloft as it crosses North America (e.g. van Donkelaar et al.,
2008). Transport between Asia and western North America
during the springtime typically takes 6—10 days (Stohl et al.,
2002; Holzer et al., 2003) and increases sulphate levels over
the west coast of North America by up to L§m 3 (e.g.

L 5 van Donkelaar et al., 2008; Heald et al.). Ozone in spring-

\ time air arriving from Asia is increased by 5-10 ppbv (e.g.

' Zhang et al., 2008; Jacob et al., 1999). The fact that much

of the Asian aerosol that reaches across the Pacific remains

aloft enhances its ability to impact both atmospheric chem-

\ a8 istry and radiative forcing of the atmosphere as gases and

particles lofted into the middle and upper troposphere have

longer lifetimes (e.g. Rasch et al., 2000).

As part of the INTEX-B experiment (Singh et al., 2009),
two sets of measurements were made at Whistler, British

50°

48°

46" R Columbia (Fig. 1) from 22 April 2006 to 17 May 2006. Ver-
tical profiles of aerosol chemistry and microphysics, CO and
O3 were conducted between about 1000 and 5300 m above
mean sea level (MSL) and continuous observations were

a1 o made at Whistler Peak (2182 m-MSL). The continuous ob-

A servations at the Peak site were part of an on-going measure-
ment program (Macdonald et al., 2006) that were augmented,
as described below, for the INTEX-B period. The main
objectives of the observations at Whistler during INTEX-B

4z T 42 were to:

M‘fLsss'én. r — provide improved context for the on-going measure-
—— *l ments at the peak of Whistler Mountain,
122" 200

40° T
-130° -128° -128° -124°

Fig. 1. Map for Whistler, BC, Canada and much of the area covered — duantify trans-Pacific transport,

by the C-130 (from McKendry et al., 2008).
— identify the key transport pathways and mechanisms

al., 2001; Huebert et al., 2003; Prospero et al., 2003; Brock that deliver aerosols to North America,

et al., 2004). These studies indicate that the main transport

of Asian aerosol to North America occurs during the spring  — provide more characterizations of the aerosol in plumes
and, despite different regional sources, dust and sulphate are  reaching over the west coast of North America.

often but not always coincident in the plumes. Some of the

sulphate may result from aqueous-phase processing during

transport (e.g. Brock et al., 2004). These plumes also havé\ comparison of the aerosol measurements from the aircraft
been found to contain pesticides, such as hexachlorocyclowith those conducted at the Peak (a study of the fine par-
hexane (Harner et al., 2005) and mercury (Seigneur et alticle composition at Whistler Peak during INTEX-B is de-
2004; Jaffe et al., 2005; Pan et al., 2007; Weiss-Penziasscribed by Sun et al., 2009) is used to provide context for
2007). Modelling studies have identified pathways, transporthe two sets of ambient measurements. The characterization
times and potential impacts on North American air quality of the fine and coarse particle aerosol obtained from the pro-
(e.g. Walker et al., 2008; van Donkelaar et al., 2008; Zhao efile data, the data from the Peak, and single-particle samples
al., 2006; Gong et al, 2006; Heald et al., 2006; Holzer et al.collected on the National Center for Atmospheric Research
2003, 2005; Jacob et al. 1999; Song and Carmichael, 1999JNCAR) C-130 are used to examine the possible origins and
Much of the transport occurs above 2 km as the aerosol neanechanisms of processing of the trans-Pacific aerosol, and
the source is lifted relatively quickly, and at the west coast ofhow Asian dust may affect transported sulphate and organic
North America, subsidence and mountain flows help to bringcompounds. Implications for the impact of this aerosol on
the plumes nearer the surface (e.g. McKendry et al., 2001¢limate forcing are suggested.
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2 Experimental probe that affected sizing, not number concentration, on the
first two flights only. Profile data were collected every sec-

2.1 Whistler Peak ond, except for the Q-AMS data that were averaged every
one minute.

At the time of INTEX-B, the ongoing measurements at Aerosol instruments inboard of the aircraft sampled the
Whistler Peak were §) CO, particle chemistry (one-to-two aerosol from an open ended 0.95 cm OD stainless steel tube.
day averaged filters cut at 2.8n and analyzed by ion chro- The tube was supported outside of the aircraft and elevated
matography or IC), particle size distributions (0.01+21), about 0.5 m from the top of the fuselage. Ram pressure from
light scattering and light absorption. Details of the measure-the aircraft pushed the aerosol into and through the tubing;
ments are described by Macdonald et al. (2006). the end of the tubing was open to the cabin. Approximately
During the INTEX-B period, the aerosol chemical mea- 201m~1 of air was sampled off the tubing by the various
surements were enhanced by the addition of a High-aerosolinstruments and the remaining aerosol exhausted into
Resolution Time-of-Flight Aerosol Mass Spectrometer (HR- the cabin. The maximum length of tubing to any instrument
TOF-AMS) and 24-h averaged size segregated samples thatas 2 m, and the residence time in the tubing wdss. As
were analyzed by IC for ions of chloride, nitrate, sul- ambient air did flow into the cabin, from various openings in
phate, oxalate, acetate, formate, sodium, ammonium, potaghe aircraft as well as from the exhaust of the intake tube, the
sium, magnesium and calcium; carbonate was not measuretemperature in the cabin was only slightly warmer than am-
The size segregation was done using non-rotating MOUDIbient. It is suspected that the aerosol entering the AMS was
samplers reduced to three size cutslfem, 1-3um and  not significantly dried from its ambient state. Only fine par-
>3um). The MOUDI samplers were mounted outside of ticle measurements were made with inboard instrumentation
the building where the HR-TOF-AMS was housed. The re-sampling off the inlet.
sults of the HR-TOF-AMS observations are discussed by Sun Ozone was measured by a Model 49 UV photometric
et al. (2009), and used here only for comparison with theozone analyzer from Thermo Environmental Instruments Inc.
Cessna Q-AMS. The size segregated observations are di$t operated on a 5 second cycle time and was pressure and

cussed here. temperature compensated. Calibrations were performed be-
fore and after the field study by means of a NIST traceable
2.2 Airborne observations at Whistler ozone calibrator; precision was 1 ppbv and accuracy was

+2 ppbv. In-flight zeroes were done for several minutes once
Aerosol and trace gas observations were made on a total ajr twice each flight by passing ambient air through a Koby
31 project flights conducted from 22 April to 17 May 2006 air purifier cartridge. Carbon monoxide was measured using
at Whistler, BC. The platform was an unpressurized Cessnan Aerolaser AL5002 instrument based on vacuum-UV res-
207 aircraft operated at an airspeed of ca. 50Th sThe onance fluorescence, and data were recorded every second.
main measurements weres QTECO 49), CO (Aerolaser), This instrument was calibrated and zeroed each flight with a
particle physical size distribution (PCASP, FSSP300), par-precision of<2 ppb and accuracy to within about 5 ppb; the
ticle chemistry at one-minute intervals (Quadrapole-Aerosolresponse time was 1s. Unfortunately, problems with the
Mass Spectrometer or Q-AMS), light scattering (RadianceCO pump and with the CO file system significantly limited
nephelometer) and flight integrated inorganic mass concenelata recovery.
trations (single teflon filter analysed by IC). The aircraft was Aerosol particle number concentrations and size distri-
based at Pemberton, BC about 40 km north of Whistler. Thebutions were measured using a PMS 7610 Condensation
flights were approximately two hours long and typically con- Particle Counter (CPC), a PMS PCASP100X, and a PMS
sisted of flying to Whistler, profiling up from about 1000m FSSP300. The CPC was mounted inboard the aircraft and
to about 5300 m, down again and returning to Pembertonused to measure the total number concentration of particles
Whistler Village is at an elevation of 620 m. >0.015um diameter; the threshold size is based on past

Of the 31 flights, 22 are included in this analysis. The measurements in the laboratory. The PCASP and FSSP300

remaining flights are not included either because they weravere mounted under a wing of the aircraft, and they were
conducted in other locations (three flights were used for arused to measure particles in the size ranges of 0.3
intercomparison near Victoria, BC) or because of instrumentand 0.3-2@«m respectively. Particles are sampled intru-
problems. Valid AMS data were collected on 21 flights; sively into the PCASP resulting in a relatively dry aerosol,
on the other flights radio frequency interference affected thewhereas sampling with the FSSP300 is done non-intrusively
mass spectra, a problem that was intermittent and the origiteaving the aerosol in its ambient state at detection (Strapp
was not uncovered until May 13. Problems with the pumpet al., 1992). The flow rate through the FSSP300 is about
for the CO instrument and then with the data file structure re-25 cn? s—1, which permits a statistically viable sample every
sulted in poor data recovery of the CO. The recovery of othersecond if the number concentratiorsisabout 1 cnvs.
measurements, including ozone, was complete throughout The Q-AMS inboard the aircraft sampled particles through
the study with the exception of a problem with the PCASP a critical orifice and focuses them in an aerodynamic lens.
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AMS - Filter comparison of sulphate 2.3 Collection and analysis of C-130 samples

25

During INTEX-B, particles were collected from the NCAR
C-130 for functional group analysis (e.g. Russell et al.,
y=104x-0086 R’=0.66 2002). The samples were drawn from the main inlet into
a rotating impactor (Streaker; PIXE International, Inc.) at
1L m~1 where they impacted on silicon nitride windows
(Si3Ng; Silson Ltd.). Samples were frozen after collection;
. during storage and transportation until time of analysis (June
> o 2006, July 2006, February 2007, and August 2007). Sampled
grids and windows were analyzed by Scanning Transmission
X-Ray Microscopy (STXM) at the Advanced Light Source
0 0s 1 15 2 at Lawrence Berkeley National Laboratories (Berkeley, CA)
Filter mass concentration (ug m”) Beamlines 5.3.2 (Kilcoyne et al., 2006) in a He-filled cham-
ber maintained at 1 atm. The transmission of photons at en-
F_ig. 2. _Comparison of sulphate from filter exposed throughout eachergy levels between 278 and 320 eV (minimum spatial res-
flight with sulphate from the Q-AMS onboard the Cessna 207. The \tion was 30 nm) was measured and converted to optical
taheercf)ﬁtcélrwas pulled through g:tn impactor prior to sampling by density, using a protocol described by Russell et al. (2002)
' and Maria et al. (2004). Further details of the analysis of the
INTEX-B samples are given by Takahama et al. (2007) and

The particle beam impacts an oven, held at about650 Takahama et al. (2008).
where the particles are vapourized and ionized by electron
impact. The resulting ion fragments are detected with a2.4 AMS-Filter comparison
quadrupole mass spectrometer, anddhie of the fragments
are used to produce mass concentrations of classes of conthe CE for the AMS can be below one for some types of ma-
pounds (e.g. sulfate, nitrate, ammonium and total organierials. For example, crystalline ammonium sulphate (AS)
ics). Fundamentals of the Q-AMS are described by Jayndroduced in the laboratory and sampled with this Q-AMS
et al. (2000). Other details of data processing and operationgoutinely yields a CE of about 0.25, i.e. only 25% of the input
can be found in Allan et al. (2003) and Allan et al. (2004). particles are measured, while for ammonium nitrate the CE
The ionization efficiency, effectively the mass calibration, is is close to one and hence its use in mass calibration. A CE of
determined using known sized particles of ammonium ni- 1.0 for this particular Q-AMS has in most previous instances
trate (AN). Mass calibrations for other components are ref-been found to provide overall the best agreement with other
erenced to that for AN. Particles between aboutOriand  Simultaneous observations (Rupakheti et al., 2005; Phinney
0.7um are efficiently transmitted into the AMS (e.g. Liu et €t al., 2006; Buset et al., 2006). In instances where the fine
al., 2007). The efficiency with which the particles impacted particle aerosol is dominated by ammonium sulphate, then
the oven, stick and volatilize, referred to as the collection ef-a lower CE may be necessary for this particular instrument
ficiency (CE) is discussed below. (Buset el al., 2006; Hayden et al., 2008). A recent detailed
Mass concentrations are estimated from the PCASP fostudy of the CE for the Aerodyne Aerosol Mass Spectrome-
comparison with the AMS mass concentrations of fine parti-ter is described by Matthew et al. (2008). The detection lim-
cles. The PCASP mass estimates are based on the assunifsfor the one-minute averages of sulphate, nitrate and total
tion of spherical particles with a specific gravity of 1.5 g organics were 0.04g m~3, 0.04ug m~3 and 0.6ug m~3 re-
cm~3. The lower size limit of the PCASP (0.12m) is ap-  Spectively, based on two times the standard deviations of zero
proximately coincident with the lower limit for which the measurements.
AMS has 100% transmission (Liu et al., 2007). Also, ex- The observations from the Q-AMS during this study are
cept near source regions, the fine particle mass concentratiogvaluated in three ways. One is by comparison of the AMS
is typically lower for particles smaller than 0.42n, and the = mass concentrations with the same measured at Whistler
uncertainty associated with excluding masses from smallePeak during flybys (Sect. 2.5). The second is by comparison
particles is relatively low. The upper limit (Oi#m) is the ap-  of the total mass concentrations from the Q-AMS in the pro-
proximate upper geometric diameter for which there is 100%files with that estimated from the size distributions (Sect. 3.1
transmission into the AMS (e.g. Liu et al., 2007). All con- and Fig. 7). The third is through the comparison with sul-
centrations are referenced to 1 atm anéi5 phate measured on a single filter with arh cut exposed to
the same aerosol over an entire flight (ca. two hours). The
results of the latter comparison, of the sulphate mass concen-
trations from the Q-AMS with those measured from the sin-
gle filter for 20 flights, is shown in Fig. 2. The Q-AMS mass
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Fig. 3. Comparison of sulphate from aircraft Q-AMS (black dots) with observations at Whistler Peak during théa3tuslylphate at the

peak was measured with the HR-ToF-AMS (red), on Teflon filters behind ar@.8yclone (green) and on Teflon filters in a non-rotating
MOUDI impactor (blue).(b) Comparison of organics from aircraft Q-AMS with observations at Whistler Peak during the study. Organics
at the peak was measured with the HR-ToF-AMS (greéc) Comparison of nitrate from Cessna Q-AMS (black dots) with observations
at Whistler Peak during the study. Nitrate at the peak was measured with the HR-ToF-AMS (blue) and on Teflon filters behimd a 2.5
cyclone (orange).
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concentrations have been averaged over the same times as tApril period, two other increases in nitrate are noticeable at
respective filters were exposed and the CE was assumed to llee Peak during overnight hours. Much of the fine particle
unity. There is significant scatter in the comparison, but onnitrate at Whistler Peak appears to have been associated with
average the Q-AMS sulphate mass concentrations agree wedirganic material (Sun et al., 2009).
with the filter results. Q-AMS values can be higher because |n Fig. 4a, the number concentrations of particles
the Q-AMS data were not always contiguous through a flight; >~ 300 nm measured from the Cessna PCASP are compared
e.g. the Q-AMS data acquisition intermittently shut down with the one-hour averaged values measured at the Peak us-
due to switching problems. Q-AMS values can be lower thaning a Grimm OPC; the median of the differences is 13%.
the filter values if a significant fraction of the sulphate is in The coarse particlex{1 xm) number concentrations from the
the 0.7-1um size range, which is possible here, or if the CE Cessna (10 second averages of the FSSP300) and at the Peak
is less than one in any particular instance. With these caveatgone hour averages from the Grimm OPC) are compared in
there is no indication of a systematic underestimation of therig. 4b; the median of the differences is 51%. It is expected
sulphate mass concentrations as measured with the Q-AM$hat the Cessna coarse particle number concentrations will
assuming a CE of unity. be biased higher than the peak values. The FSSP300 is a
non-intrusive sampling probe, while at the Peak the particles
2.5 Comparisons of Cessna and Whistler Peak observa- were drawn into the OPC through about 3m of tubing and
tions dried via the warming from ambient temperatures to inside
temperatures. Inlet losses will bias the concentrations at the
Data from the Q-AMS on the Cessna and the three inde-pgak to lower values, and water on the particles sampled with
pendent measurements of sulphate at the Peak are shown jRe FSSP300 will bias the concentrations from that probe
Fig. 3a. The Cessna values are from the 1-min average Qnjgher. Other differences between the two measurements are
AMS sample closest to the Peak elevation (2182m). Thesxpected due to the differences in averaging time (i.e. higher
Peak sulphate data are from the 218 filters sampled over  yayiability across the one hour sampling time could lead to
1-2days, the size separated samples<dum diameter, 5 greater offset of the 10s measurement) as well as due to

and the HR-ToF-AMS (Sun et al., 2099)- The median of gifferences in the optical geometries of the FSSP300 and the
the differences between the two AMS' is 23%. Note that Grimm OPC. Different optical configurations may yield dif-

0.5 (Sun et al., 2009), whereas the CE for the Q-AMS, 8S 1o megian of the differences between the Cessna ozone
above, is assumed here to be 1.0. The aerosol entering the . paak ozone is 6% (Fig. 4c). In this case, drawing com-

bu'ld'nﬁ gt.the Peak lwas_ warn;]ed by Ea' (I:SreTuItmg N parisons of one hour averages with one second averages is
a much drier aerosol. Since the Peak aerosol was neutrafy o o significant factor in the differences.

ized or only mildly acidic, with the exception of the sulphate
plume during the morning of 15 May, the importance of dry-
ing of the aerosol to the CE is increased (e.g. Allan et al.,
2004). This may account for some of the difference in the3 Observations
CEs between the two AMS'. Slight differences in the oven
geometries might also contribute to the different CE. 3.1 Cessna profiles

The fine particle total organic mass concentrations mea-
sured with the Q-AMS on the Cessna near Whistler Peaklhe INTEX-B period at Whistler Peak was marked by inter-
and with the HR-ToF-AMS at the Peak are shown togethervals with the temperature beloWwO and the relative humid-
in Figure 3b. The two organic measurements covary and théty (RH) above 90% alternating with intervals when the tem-
median of the differences in the mass concentrations is 42%peratures reached above@and the RH went below 60%
During the period 25 April to 4 May the Cessna AMS organic (Fig. 5). Diurnal changes were superimposed on this, e.g.
concentrations are about 60—70% of the Peak measurement@ring the morning flights Whistler Peak was usually above
whereas the Cessna sulphate measurements during that sathe top of the mountain convective layer (MCL: de Wekker
period (Fig. 3a) are slightly higher than those at the Peaket al., 2004), and during the afternoon the top of the MCL
These discrepancies might arise from two sources: the difwas often above Whistler Peak.
ferences in collection efficiency between the instruments and During the first of the warm periods (23—26 April), back
the coarser mass resolution of the Q-AMS relative to the HR-trajectories from the Canadian Meteorological Centut&of//
ToF-AMS. www.msc-smc.ec.gc.ca/cmc/indexhtm) indicated that the

The median of the differences between the nitrate massir masses arriving at approximately 3 km at Whistler had
concentrations from the Cessna Q-AMS and the Peak HRleft the coast of Asia about 5-6 days prior to arriving on 22
ToF-AMS is 33%. With the exception of a brief period be- April and about 7-8 days prior to arriving on 25 April 25.
ginning late on 25 April and ending early on 26 April, nitrate Dust from strong storms over Mongolia impacted Beijing,
is overall quite low relative to sulphate. Besides the 25-26China from about 15-20 April 2006 (e.g. Papayannis et al.,

Atmos. Chem. Phys., 9, 3523546 2009 www.atmos-chem-phys.net/9/3523/2009/
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Fig. 6. Vertical profile data from the morning of 23 April 2006 at Whistler, BC. The left hand plot shows the mass concentrations of nitrate
and sulphate measured with the AMS. The right hand plot shows the number concentrations of particles measured with the PCASP (divided
by 10), particles>1 um measured with the FSSP300, ozone, relative humidity (RH) and temperature.

2007), and Mongolian dust also transported across the Pacifito broadening of the mass spectra. Shown in the right hand
reaching the Whistler area (e.g. McKendry et al., 2008). panel are temperature, relative humidity (RH), ozone and
the number concentrations of particte®.12um measured
Flights were conducted during the afternoon of 22 April with the PCASP. Profile data from the afternoon of 23 April
and during the morning and afternoon of each of 23, 24 andflight 3) and the afternoon of 25 April (flight 7) are shown
25 April. Profile data from the flight during the morning of in Figs. 7a, 8a and 8b, 7b, respectively. Each panel in Fig. 7
23 April (flight 2) are plotted in Figure 6. Shown in the left shows the mass concentrations measured with the AMS (total
hand panel are mass concentrations of sulphate and nitrai@ass is the sum of sulphate, nitrate, ammonium and organ-
from the Q-AMS and the number concentrations of parti- ics), the mass estimated from the PCASP for the size range

cles>1pm diameter (coarse particles) measured with theof 0.12-0.7um (Sect. 2), and the number concentrations of
FSSP300. Organics were not quantifiable from this flight due
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Intex-B, Flight 3, April 23 pm, 2006

Intex-B, Flight 7, April 25 pm, 2006
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Fig. 7. Vertical profile data from several flights encountering higher altitudes plumes. Each plot includes the mass concentrations of nitrate,
sulphate, and total organics measured with the AMS as well as sum of nitrate, sulphate, organics and ammonium (black line). Each AMS
data point is from a one minute average. The grey curve is the mass estimated from the PCASP for particles from.Ovi8ierieter
assuming spherical particles and a specific gravity of 1.5*g%m°\|so shown are 30-s averages of the number concentrations of coarse
particle &1 um) measured with the FSSP300.

coarse particles. There are no PCASP mass estimates forations increase substantially with the sulphate. Since the
flight 2 as discussed in Sect. 2. The plots in Fig. 8 show tem-number concentrations of fine particles (Fig. 8b) are much
perature, RH, ozone, the number concentrations of particletower than below 3 km, the similar fine particle mass con-
>0.12um (measured with the PCASP), and, in the case ofcentrations indicate that the mean mass diameters of fine
flight 29, CO. particles in the upper layer are larger than below 3km. In
these three cases (Flts 2, 3 and 7), ozone increases between
The profile from the morning of 23 April (Fig. 6) shows 15 and 30 ppbv in association with the increases in sulphate
a 2km thick layer enhanced in fine particle sulphate, coarsexnd coarse particles.
particles and ozone between 2km and 5km. The afternoon
profile from 23 April (Figs. 7a and 8a) shows two more dis- In contrast to 22—25 April, 30 April was during a period
tinct layers enhanced in fine and coarse particles as well asf lower temperatures and higher RH at Whistler Peak. Back
ozone, one from about 2—2.7 km and another about 4—4.8 kntrajectories (Fig. 9) trace back to the Asian coast about 8-9
The fine particle mass in the lower layer consists of mostlydays prior to the profile. Similar to flight 3 (23 April p.m.),
sulphate and some organics, whereas the upper layer is atwo distinct aerosol layers are evident in the profile from the
most completely sulphate. Nitrate is at or below detectionafternoon of 30 April (Figs. 7c and 8c). The lower layer
limit throughout the depth of the profile. The profile from (2-3km) is again a mix of organics and sulphates, but the
the afternoon of 25 April (Fig. 7b and 8b) shows an aerosolorganic mass concentration exceeds that of sulphate. The
layer reaching to about 3 km composed of about 60% organigarticles in the upper layer-@ km), although still domi-
material, 30% sulphate, and a balance made up by nitrate andgated by sulphates, contain organic material well in excess of
ammonium. Above 3 km, the fine particle aerosol is nearlythe detection limit. Comparison of the fine particle number
completely sulphate, and the coarse particle number concer{Fig. 8c) and the mass concentrations (Fig. 7c) indicates that
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Fig. 8. Data from the same profiles as in Fig. 7, but for ozone, relative humidity (RH), temperature and the number concentrations of particles
>120nm as measured with the PCASP and divided by 10. Observations of CO are shown in Fig. 8h (profile from 15 May).

the particles in the upper layes4 km) and in the 2-3km  of the upper plume. Coarse particles were enhanced in the
layer are similar in mean size. Also, there are no increasesulphate plumes, but the number concentrations were much
in the number concentrations of coarse particles in these twemaller than observed during the 22—25 April period. In-
layers. The size distributions from 25 April and 30 April creases in ozone above 3 km are smaller in the upper plumes
cases are contrasted below. than in the lower plumes; 10 ppbv in the upper plumes and

i _ up to 25 ppbv in the lower plumes.
2-5 May was another period of higher temperatures and

lower RH at the Peak, and with it more transport of sul- There were two other periods of warmer air at Whistler
phate, coarse particles and ozone above 3km. Profile datBeak during the study: 9-11 May and 14-17 May, and
from three flights (2 May p.m., 3 May p.m. and 5 May plumes during these periods were found at lower levels than
a.m.) are shown in Figs. 7d and 8d, 7e and 8e, and 7f andn the previous flights. Figure 7g and 7h show the particle
8f, respectively. The lower 3km of each profile is charac- profiles for the afternoon of 9 May and the morning of 15
terized by a fine particle aerosol that was relatively mixed May, respectively. In these cases, the peak mass concentra-
and increasingly dominated by organic material. It is sus-tions occur at ca. 3.2km on 9 May and 2.2 km on 15 May. As
pected that the organic aerosol up to 3km was contributedvith most of the other cases, the plumes are principally sul-
from regional sources, including biogenic emissions (e.g.phate. There is some detectable organic in the 9 May plume,
Sun et al., 2009). Above 3km, these cases each show twbut sulphate is 3—-6 times higher, and the 3 km back trajec-
plumes dominated almost completely by sulphate reachindories for this time reach back over Asia. There was no de-
up to 3ugm—3. On 2 May, the vertical extent and mass con- tectable organic in the 15 May morning plume as observed
centration of the upper plume is the larger than the lowerby either the Cessna or at the Peak with the HR-ToF-AMS
plume, on 5 May the lower plume is greater than the upper(Fig. 3c and Sun et al., 2009). The 15 May morning plume
plume, and the 3 May plumes are in-between. This suggestaas observed at Whistler Peak for about 6 h and was fol-
a complex mix of these plumes with some slow subsidencdowed by at least two days of aerosol with a high organic

Atmos. Chem. Phys., 9, 3523546 2009 www.atmos-chem-phys.net/9/3523/2009/



W. R. Leaitch et al.: Asian dust effects during INTEX-B

&

&

'

&

&

'

&

i

A

{0}

160E

4500
4000
3500
2000
2500 7
2000
1500

1000
K00
n ]

ASL Hautewr/ Temps — HeightfTime

04721 04722 04423 04434 204

0612180 612180 612180 6 12180 6 12180 6 12180 6 12180 6 12180 & 12180 6 1218 0

25 04426 04427 0428 04429 0430 05701

I*I Service Météorolosique du Canada
Meteoroloaical Service or Canada

Hauteur= (¥ au-des=u= du niveaw de la mer
A1l height= (M) ahowe =ea level

——=1925. 00 HPA
L1 &50. 00 HPA

Prevision a posteriori de retrotrajectoirves
Back trajectory hindcasts

Saturna_BC

Arvives / mrrival : 20060501 0000 vTc
A /! At - 48 46 W 123 07 W

- 48 780 W 123 130 w
Intervalle / Interval : 6 s

Fig. 9. Back trajectories from the Canadian Meteorological Centre for the afternoon of 30 April 2006.

3533

fraction that is believed to have been from regional sourcesuggest the Taklamakan desert as the most likely source re-
(Sun et al., 2009). During the morning of May 15, the air tra- gion. Coarse particles were enhanced in the sulphate layers
jectory for 2-3 km traces back to the mid-Pacific and north-on both 9 and 15 May, but the number concentrations were
ern China (Fig. 9). McKendry et al. (2008) discuss the 15significantly higher in the 15 May case. Increases in ozone
May observations in the context of Asian dust storms andof up to 20 ppbv were evident in the plumes on both days.
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Fig. 10. Averages of the vertical profile data from 22 April to the morning of 15 May 2006 at Whistler, BC.

On May 15, the ozone increase was most pronounced frona higher level transport source that is stronger than the sur-
2.5-3km, whereas the sulphate increase was primarily at 2face sources. The average profiles of the number concentra-
2.5km. A substantial increase in CO followed more closelytions of particles>15nm and>120 nm declined with alti-

the increase in sulphate. tude. As the number concentrations drop faster than the total
mass concentrations, it is evident that more of the mass at
3.2 Mean profiles higher altitudes is in larger particles, consistent with the ap-

parent long transport times of these aerosols. Two examples

Average profiles were calculated for observations from 220f the particle size distributions follow.

April to the morning of 15 May, inclusive; the period of

strongest trans-Pacific transport. After the morning of 153.3 Particle size distributions

May, the four remaining flights were dominated by local and

regional organic material (McKendry et al., 2008; Sun et al., Particle size distributions for measurements conducted on 25

2009). Three cases with suspected direct stratospheric influApril and 30 April are shown in Fig. 11. These two cases are

ence on the ozone (flight 5 on 24 April, flight 10 on 1 May selected because they represent a situation with a predomi-

and flight 11 on 2 May) were excluded as were flights 16 nately sulphate plume and relatively high number concentra-

and 18 (4 May and 5 May) because the profiles were limitedtions of coarse particles (25 April above 3km; Fig. 8b), and

to below 3km. In total, the averages in Fig. 10 are baseda situation with plumes of particles of mixed organic and sul-

on 13 flights all conducted during the daytime at Whistler, phate composition as well as fewer coarse particles (25 April

and close to when the MCL was at a maximum height; aboutoelow 3km and April 30 above and below 3km; Fig. 8c).

3 km during this period. Mean profiles of sulphate have alsoThe distributions are averaged over 1 km altitude ranges se-

been discussed by van Donkelaar et al. (2008) in the contexected to represent the above conditions.

of the sulphate measurements from the NCAR C-130 and the There are considerably more patrticles above aboytf5

NASA DC-8 as well as in comparison with simulations from in the 25 April number size distribution averaged for 4.3—

the GEOS-CHEM model for the INTEX-B period. 5.3 km compared with the number distribution averaged for
The mean profiles show fine particle nitrate and organ-1.8—2.8 km on 25 April. Below 0.5m, particle number con-

ics both higher below 3km and decreasing above 3km. ltcentrations in the 1.8-2.8 km distribution are greater than for

is suspected that the boundary layer organic was influencethe 4.3-5.3 km interval.

by biogenic emissions from the valley forest. Fine particle Number distributions at 1.8-2.8 km and 4.1-5.1 km from

sulphate, ozone and the coarse particle number concentr&0 April are relatively similar to each other, with the excep-

tions all show gradual increases with altitude, indicative of tion that the lower distribution indicates more particles above
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Fig. 11. Particle size distributions from flights 7 and 9 on 25 April and 30 April, respectively.

about 3um, which is likely due to local sources. In compar- from the condensation of sulphate onto fine particles of dust
ison to the 4.3-5.3 km distribution of 25 April, the 30 April that represent the lower tail of the dust particle distribution.
distributions have substantially fewer particles in the 0.5- Chemical size distributions from the Q-AMS were noisy,

4 um range and only slightly more particles in the measureddue to the relatively low concentrations and short sampling
sizes below 0.pcm. times, and the altitude change without a constant pressure

Particle volume size distributions, assuming spherical parinlet meant particle sizes were a function of altitude. The
ticles, are shown at the bottom of Fig. 11 for 25 and 30 April. Size distribution of sulphate measured with the HR-ToF-
Contrasting the distributions above 4 km, the volume from 30AMS at Whistler Peak during the morning of 15 May, a
April is more evenly distributed between the fine and coarseear completely sulphate plume, shows the sulphate peak-
modes whereas that from 25 April is heavily weighted by ing just above 600 nm vacuum aerodynamic diameter. This
the coarse particles. The strong similarities of the lower andS at the upper size of 100% transmission into the AMS (Liu
upper distributions on 30 April suggest that the distributions €t al-, 2007), and it suggests that sulphate was also present
had similar origins except for the particle8s um. The cor-  in particles above this size (600 nm VAD equates to approx-
respondence of the coarse particle distributions at both altiimately 350 nm geometric diameter for sulphate and assum-
tudes on 25 April suggests a common origin and that settling"d & spherical particle); hereafter the AMS sizing is re-
could be a connecting process. The fine particle volume disferred to geometric diameter (GD). This is consistent with
tributions from 25 April are distinctly different. The lower al- the overall larger particles observed in sulphate rich trans-
titude volume distribution is dominated by smaller particles, Pacific plumes. The results of the coarse particle inorganic
consistent with a shorter lifetime and the higher organic con-chemistry measured at Whistler Peak follow.
tent; the organic mass on average was found in smaller par-
ticles relative to sulphate (Sun et al., 2009). The 4.3-5.3km3.4 Coarse particle observations at Whistler Peak
fine particle volume distribution is more uniform across the
0.1-1um size range, and such a volume distribution resultsThe fine particle chemistry from the HR-ToF-AMS at
from a number distribution represented by a power law withWhistler Peak is discussed by Sun et al. (2009). In this
a —3 slope as proposed by Junge (1963). This could resulsection, the relationships among sulphate, nitrate, calcium,
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Fig. 12. Distribution of calcium in particles as a function of size Fig. 14. Comparison of nitrate with calcium and with sodium for
at Whistler Peak, size separated using a non-rotating MOUDI im-particles>1um as sampled with Moudi at Whistler Peak.

pactor.

The sulphate mass concentrations are highly correlated

0.2
s o> amicrons | | with the calcium values in the 3 um size range R? value
e 013 microns of 0.86) and apparently independent of calcium in particles
e<imion [} <1um (Fig. 13), suggesting that the sulphate in the particles
>3 um was strongly influenced by the presence of calcium.
E L ® Most of the sulphate was present in particiesum and the
g o // o fine particle sulphate does not correlate with calcium. The
g s o o™ o] gbsence of a correlatlo_n with calcium does npt pr_ecl_ude_ an
y=02¢+002 R=0.00 influence of coarse particles on the sulphate size distribution;
ronE calcium represents only a fraction of the mass of the dust par-
. ° ticles and the influence of the dust particle on sulphate does
o . not have to be to provide a reaction point, but rather just a

condensation point.

The nitrate mass concentrations in the coarse particles
(Fig. 14) are higher overall than those in the fine particle
Fig. 13. Calcium versus sulphate in each of the three size intervalsnode (Fig. 3c). Coarse particle nitrate is also well corre-
measured at Whistler Peak. lated with calcium (Fig. 14) with the exception of a cluster

of points (circled). The correlation of coarse particle nitrate

] ) ) . is better with sodium, and the coarse particle sodium plus cal-
sodium, oxalate, acetate and formate ions in coarse particleg,m js sufficient to account for the ion balance with coarse
sampled at Whistler Peak are examined; these are all wat€f, icle nitrate plus sulphate. The circled points represent
soluble compounds and therefore can underestimate the tryg st of the higher calcium situations, and may indicate an
elemental concentrations. This provides chemical informa-gycess of calcium relative to the sodium, sulphate and nitrate.
tion about the coarse particles that was not possible from the
Cessna. 3.5 Organic material on larger particles

Figure 12 shows the distribution of the calcium mass
concentrations in each of the three size intervals sampled\ total of 91 particles>0.5um collected on the C-130 dur-
at Whistler Peak during INTEX-B<1um, 1-3um and ing INTEX-B have been analyzed by STXM. Particles larger
>3 um diameter. The date/time indicated in Fig. 4 representghan 0.5um are considered here since the patrticle size dis-
the start time of the one-day sample. With the one excepiributions indicate an enhancement above about this size for
tion of 12 May, the calcium mass was predominantly in thethe dust cases. Of the 91 particles, the spectra of 37 non-
coarse mode, consistent with a soil-blown dust source, andpherical particles, suggesting some mineral or dust compo-
the variations in the calcium mass concentrations coincidenent, collected on six flights are considered here. Samples
with those in the coarse particle number concentrations at thérom flights 3, 4 and 7 were collected over more northerly ar-
Peak (Fig. 3c). Relative to 25 April, the calcium sampled oneas, in closer proximity to Whistler, including samples from
30 April is very low, and this indicates that the high volume flight 7 that were collected within 100 km of Whistler. In
in particles>3 um (Fig. 11) was not related to calcium. contrast, samples from flights 8, 9 and 11 were collected

0.4 0.6 0.8 1 12
Sulphate (ug/m®)
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Table 1. Samples collected on C-130 analyzed by STXM.

Sample Date Time Altitude # of particles Latitude Longitude Position,
(LT) km- approx. to
MSL Whistler
0.5-1um 1-3um >3um
SE03.4 24 April 2006 14:27- 1.8 3 11 47— 122— 400 km
14:46 48 N 123w south
SE04.2 26 April 2006 13:21- 5.3 2 1 48— 134.6- 700 km WSW
13:40 483N 135%W over ocean
SEO7. 3 May 2006 17:32—- 5.65 2 48.9— 123.4— 100 km south
17:47 499N 123.0W tooverhead Whistler
SE08.3 5 May 2006 18:37- 1.8 3 7 44.0- 122/8 1000 km south
18:50 432N (over Oregon)
SEO09. 8 May 2006 23:09- 2.8 4 1 44.1— 121.7- 800 km south
23:24 449N 122.3W
SE11. 11 May 2006  19:35- 0.8 3 40.3- 125.2— 1000 km SSW
19:46 409N 1257W  overocean

more to the south over parts of Oregon and off its coast.other half of the flight 3 particles are spread among the six
Samples from flights 3 and 4 were also during the period ofcategories: “a”, “b”, “d”, “e”, “i" and “|". Following Taka-
highest dust observed at Whistler (22—27 April). The sam-hama et al. (2007), type “a” particles are dominated by the
ples were collected on three C-130 flights for INTEX-B: 24 carboxylic peak, while groups ‘b’, ‘d’ and ‘e’ exhibit vary-
April, 26 April and 5 May. Table 1 summarizes the sampling ing degrees of absorbance in the alkyl, alkene and carboxyl
details of the 37 particles by flight number, date, time, num-regions. Category ‘e’ is close to category “c” in Takahama
ber of particles in size range, altitude, latitude and longitudeet al. (2007) with the exception of showing absorbance in the
and approximate location. alkyl region rather than the ketone region; category ‘c’ was
Optical density spectra over an energy range of 280-dentified as surface-oxidized primary carbon, possibly in-
320eV for each of the 37 particles are shown in Fig. 15.cluding black carbon (Maria et al., 2004) that were found ex-
The fundamental functional group identification has been de£lusively in samples from ACE-Asia. Type “i" and “J" spec-
scribed by Russell et al. (2002). Takahama et al. (2007) inira exhibit characteristics of biomass burning (potassium and
troduced and applied a classification of many STXM spectrathe multifunctional hulis-like spectrum with a main carboxyl
collected from a number of studies into 14 categories, in-P€ak). This may be interpreted as biomass burning-derived
cluding a few of the samples discussed here, into functionaf€condary organic aerosol either deposited or formed on dust
groups. This classification is based on the relative strength8' SOil particles.
of the various identified functional groups as well as other The smaller particles from flight 4 fall into category “d”,
non-organic components such as potassium and carbona@nd the two coarse particles from this flight fall in category
(Russell et al., 2002). “n” that shows the strongest absorbance in the alkyl and car-
The optical density spectra of the 37 particles fall into 10 POXYlic regions. Most of the type “n” samples discussed by
of the categories from Takahama et al. (2007). One halffakahama etal. (2007) were collected in Mexico City. Both
of the particles from flight 3 fall into category “f” that ex- Samples from flight 7 fall into category ‘b’ and include evi-
hibits significant absorbance in the carboxylic region as welld€nce for diesel emissions and soot (Takahama et al., 2007).
as high absorbance in the K and carbonate regions; this All of the particles in categories “a”, “b”, “f" and “h” are
group has strong similarities to soil samples (Takahama ef um or larger. Each of the particles between @B and
al., 2007). This suggests particles with dust and possiblyl «m from flights 3 and 4 fall into a separate category (“d”,
biomass burning origins. It is consistent with secondary or-‘€”, “i", “j" and “n”) suggesting more variability in these
ganic aerosol (SOA) condensed on a carbonate particle, bigmaller particles.
it can not be distinguished from OA deposition or other pos- Particles from flight 8 dominate those collected at the more
sible transfers of organic substances at the dust source. Thsoutherly locations; they are also the only samples of coarse
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Fig. 15. Energy spectra for samples from C-130 analyzed by STXM. The samples are classified according to Takahama et al. (2007).

particles from flights 8, 9 and 11. Seven of the 10 samplegarticles was about twice that of formate. There was no

from flight 8 particles fall in categories “a” (strong carboxyl detectable oxalate in any of the coarse particle samples at
absorbance), “f” (discussed above) and “h”. Category “h” Whistler Peak, but oxalate was found in some of the fine par-

was associated with an urban region and characterized biicle samples.

heterogeneous surfaces. All but one of the smaller particles

from flights 9 and 11 fall into group “k”, and group “k” also . )

includes one particle from flight 8. In general all of the par- 4 Discussion

ticles in category “k” are relatively small; the median size i , )
is 0.9um. According to Takahama et al. (2007), type “k” Several cases of fine particle plumes resulting from trans-
particles lack a carboxylic peak and any other distinct func-PaCIfIC transport were observed between 2 km and 5.3 km

tional group features, but based on the normalized carbofit Whistler, BC from 22 April 2006 to 15 May 2006. The
content of these particles, this may not be due to the lack of N€Mical composition of most of theﬁp?’lumes was dominated
carbonaceous material (Maria et al., 2004). One explanatiof?y SulPhate that ranged from 14§ m™ for particles mea-

advanced by Takahama et al. (2007) is that this type of partiSured with the AMS; the AMS samples particles 0.1400%

cle is the result of relatively long exposures (days) of dieselSD With approximately 100% efficiency. Particulate nitrate,
PM to water vapour and sunlight. measured with the AMS, was at least an order of magnitude

smaller than sulphate. The observations at Whistler Peak
Finally, significant concentrations of formate were mea-indicate sulphate mass was also present in the coarse par-
sured by IC in the size segregated samples collected dicles at concentration levels on average about one half of
Whistler Peak and found to be associated with coarse partithose measured in the fine particles. Determining the distri-
cles during the late April period as well as 4-5 May (Fig. 16). bution of sulphate with respect to size is important for assess-
Acetate concentrations were an order of magnitude smallemng changes in Asian emissions that reach North America;
than formate, except for 28 April when acetate in the coarsee.g. van Donkelaar et al. (2008) interpreted these INTEX-B
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measurements with the GEOS-Chem model and calculated oso
that 60% of the<2.5um sulphate at 600 hPa (about 4km) o451 "
was of Asian origin, and estimated a 72—-85% increase in the .4 W< 1 micron
relative contribution of East Asian sulfate to the total spring- ., 13 microns
time burden off the northwest coast of the United States sinces , %> 3 microns
1985.
The presence of a predominantly sulphate aerosol is con-&
sistent with past observations (e.g. Brock et al., 2004) as well £ **° |
as others during INTEX-B (Peltier et al., 2008; Dunlea et %%
al., 2008). However, in contrast with Brock et al. (2004) the 0101
present observations exhibit a strong coincidence of fine par- o.0s
ticle sulphate with coarse dust particles. The coarse particle o000
number concentrations increased in all sulphate plumes be-
tween 2km and 5km. Most of the coarse particle volume

in the 4-5.3km layer on 25 April was betwee.th and Fig. 16. Distribution of formate in particles as a function of size

5“m_ based onan optical size r_neasgre_mer_wt, an observatlogﬁ Whistler Peak, size separated using a non-rotating MOUDI im-
consistent with the coarse particle distributions observed abactor_

Whistler Peak throughout the study (McKendry et al., 2008).

Much closer to the dust origin, measurements of the size dis-

tribution of Asian dust in Korea during April 2006 found a mean value over the period was about @gim~3. NaNO;
volume mode betweendm and 6um aerodynamic diame- Of Ca(NQ)» are well known to result from the reaction of
ter (Lee et al., 2007), similar to the present observations. ThéINOsz with NaCl or CaCQ. It is evident that the coarse
fine particle size distributions in the sulphate plumes wereparticles played a significant role in defining the physics and
also larger when dust particles were present and the organi&organic chemistry of the trans-Pacific aerosol observed at
mass concentrations were lower. The ion chemistry of theWhistler during INTEX-B. Potential effects of the dust parti-
coarse particles at Whistler Peak indicates both calcium an&!es on the organic mass in these plumes are considered next.
sodium in comparable quantities, and each with reasonable

associations with nitrate and with sulphate. By comparison4.1 Organic matter on dust particles

the ion compositions of coarse particles sampled at various

altitudes and relatively close to the Asian coast also showThe relationship of the fine particle organic mass concen-
calcium distributed relatively uniformly from the surface to trations with the number concentrations of coarse particles
7 km, and sodium levels comparable to calcium only belowin the predominantly sulphate plumes is examined using the
0.5km over the ocean (Kline et al., 2004). The measure-data making up the eight profiles shown in Fig. 7. In Ta-
ments of Kline et al. (2004) also show that between 20% andble 2 the mean values of the organic mass concentrations,
30% of the sulphate off the Asian coastline was in coarsethe sulphate mass concentrations, the ratio of organic to
particles, and the higher fractions were found in particlessulphate masses and the number concentrations of particles
sampled above 2.5km. Between 70% and 90% of the ni->1um (measured with the FSSP 300) are summarized by
trate sampled by Kline et al. (2004) was in the coarse sizehree groups. Group 1 represents transported plumes, identi-
range. The Gobi and Taklamakan deserts are likely origins ofied by sulphate-1 g m~3 at altitudes of 3km and above,
the high dust episodes observed at Whistler (e.g. McKendrexcept for flights 22 and 29 when plume levels were lower
et al., 2008), and the mix of calcium and sodium is consis-and altitudes of 2.5 km and 2.0 km respectively are used; the
tent with such origins; salt lakes as well as clay and sandyseparation point of &gm~2 is arbitrary, but it isolates the
soils are widely distributed across these regions leading tanost significant plumes and is the same plume identification
enriched sodium in the coarse particles (Zhang et al., 2004used by Dunlea et al. (2008). The average fine particle mass
Yuan et al., 2006). However, considering the observationsconcentrations of sulphate and organics estimated for Asian
of Kline et al. (2004), the ocean as a source of the sodium asources from the C-130 were 249 m~3 and 0.85ugm 3,
concentrations comparable to those of calcium can not be exespectively (Dunlea et al., 2008). Their value of sulphate
cluded. The coarse particle sulphate results from any of threés close to the present mean (L§m2), and their aver-
processes: the condensation of acidic sulphate from the gasge organic concentration is about twice the present value
phase, heterogeneous reactions of 80 the dust particles  (0.43gm~3). The reason for their higher organic value is
during transport to form CaS(e.g. Song and Carmichael, likely the higher contribution from one plume dubbed the
1999), and directly from the dust emissions as the Mongo-‘Young Asian Layer” that the C-130 sampled just above 6 km
lian region can also be a primary source of CaZhang on 1 May 2006. Group 2 in Table 2 represents all cases
et al., 2004; Yuan et al., 2006). Nitrate measured in theabove 3km, again using 2.5km and 2.0km for flights 22
coarse particles at Whistler Peak reached@® 23, andthe  and 29, with sulphate<1ugm=3. This is essentially the
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Sulphate and Organics versus Coarse Particles In Plumes

Table 2. Summary of aerosol profile data separated by sulphate

concentration and altitude range. 30
- - - 254 X Sulphate %
Flight# Alt. Organic Sulphate Organicto FSSP300 ~ @ Organics
(m-msl) Mass Cn Mass Cn Sulphate  >#um g ”0 % <
(ugm=3)  (ugm3) ratio (en3) 2 x X e
Group 1 — sulphate mass concentratiehyg m—3 and>3 km, § 15 X «
except>2.5km and>2.0 km for flights 22 and 29, respectively. g
3 4075 0.19 1.37 0.14 1.22 FETE
7 4473 0.47 2.04 0.23 2.41 g o y=-042x+068
9 4753 0.89 1.50 0.59 0.70 05 . . R=038
12 4447 0.25 1.85 0.14 0.73 ® e
14 4321 0.41 2.05 0.20 0.64 00 : : : : ‘ ‘
17 3624 0.33 1.87 0.18 0.62 0.0 0.2 0.4 0.6 0.8 1.0 12 1.4
22 3417 0.64 1.93 0.33 0.66 Increase in number concentration of particles >1 ym (cm™)
29 2444 0.22 2.47 0.09 1.40
Mean 3944 043 1.88 0.24 1.05 Fig. 17. The mass concentrations of total organics and sulphate
Median 4198 037 1.90 0.19 0.72 versus the increase in the coarse particle number concentration in
Group 2 — sulphate mass concentratiochy.g m=3 and>3km, the sulphate plumes. Points are from the group one case in Table 2.
except>2.5km and>2.0 km for flights 22 and 29, respectively. The increase in coarse particles is the difference between the group
3 4367 0.10 0.49 0.20 0.53 one concentration and the corresponding group two concentration.
7 3538 0.78 0.76 1.03 1.39
9 3862 0.48 0.66 0.73 0.62 . ) .
12 3868 0.06 0.31 0.19 0.15 plume points (Group 1) are plotted versus the increase in the
14 4401 0.59 0.14 4.29 0.25 coarse particle number concentration; the increase is defined
17 4948 0.08 0.51 0.16 0.18 ; ; ;
2 4227 013 0.26 0.52 0.18 as the Group 1 value minus the corresponding flight value
29 4459 0.03 0.22 013 021 from Group 2, i.e. the increase of those particles inside the
Mean 4233 0.28 0.42 0.91 0.44 plumes relative to outside of the plumes in the same altitude
Median 4384  0.12 0.40 0.36 0.23 range. Linear fits applied to the data indicate an increase in
Group 3 — all sulphate mass concentratiergskm, sulphate mass and a decrease in organic mass with increas-
gxcept<2-5lé<;ﬁ3and<%%gm for f"ggtggﬂ and Zgyggspedive'i’él ing coarse particle number concentrations; these models are
. . . . M - - 0 -
2 1929 214 0.89 2.0 129 significant at cor_1f|dence IevelsQ_O/o_for each of the_sul
9 1588 0.87 085 1.02 0.64 phate and organic curves. The high intercept of the fit to the
12 1698 0.44 0.30 1.47 0.22 sulphate curve suggests that much of the sulphate was pro-
14 1865  1.08 0.54 2.01 0.33 duced independent of the coarse particles, and this would be
17 1631 2.04 0.67 3.06 0.35 istent with tof th Iohate bei duced b
29 1491 0.70 073 0.96 0.39 consistent with most of the sulphate being produced by ox-
29 1456 0.71 0.98 0.73 0.82 idation during transport (e.g. Brock et al., 2004). The fact
Mean 1685 1.07 0.70 157 0.67 that sulphate increases coincident with the coarse particles
Median 1665 0.79 0.70 1.25 0.51

might represent the dust having travelled overnS0Ources.

The intercept of the organic curve is higher than the me-
dian and mean values of the organic mass concentration of
free troposphere aerosol without direct influence of AsianGroup 2 and suggests the presence of some organic mass
sources. The mean and median values of sulphate for Groupm the plumes decreasing with fewer coarse particles. The
2 are at the upper end of the range of monthly geometricslope of the organic curve indicates a reduction of fine par-
mean sulphate concentrations measured at Whistler for Apriticle organic with higher concentrations of coarse particles.
and May from 2002—2006 (0.06—-0.4@ m~3; Macdonald et~ Among other things, variability in this relationship could
al., 2006) and agree well with the “free troposphere” estimatefollow from differences in trajectories, in the origins of the

of 0.38.gm~2 for sulphate given by Dunlea et al. (2008). coarse particles and in the source regions the aerosol passed
Dunlea et al. (2008) estimate an average “free tropospherebver. More data points are needed to confirm these relation-
fine particle organic mass concentration of Qutm~3that  ships at higher levels of significance. Next, the presence of
falls in between the median and mean values of Group 2organic compounds on the coarse particles is considered.
Group 3 is everything below 3km, or 2.5km and 2.0km in  The characteristics of the organic functional groups, de-
the cases of flights 22 and 29, and this group represents théved from the STXM analyses, show a variety of organic
aerosol more strongly influenced by regional sources. In eaclmixtures in coarse particles sampled during INTEX-B. The
case, the organic mass concentrations are averaged over mgrarticles collected from the C-130 closer to Whistler were
than five minutes, which lowers the detection limit for the somewhat different from those collected farther south; 14 of
organic t0<0.27ugm~2 (Sun et al., 2009). In Fig. 17, the the 19 northern particles were in classified in groups “b”, “d”,
mass concentrations of organics and of sulphate for the in*f” and “j”, and 11 of the 18 southern particles were classi-
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fied in groups “h” and “k”. Category “f”, into which seven of adopt the cloud scavenging hypothesis as the sole explana-
the particles from the flight to Whistler (Flight 3) were clas- tion for the reduction in the fine particle organic mass. If the
sified, is identified with particles that possess strong STXMdust and sulphur sources are transported independently off
signatures for carbonate, potassium and the carboxyl functhe Asian continent and then mixed during transport across
tional group. All particles in “f” are um or larger. Group the Pacific Ocean, they should not correspond as closely as
“k” particles lack specific identifying features, but still con- observed here. On the other hand, if the dust is first trans-
tain organics and overall they are smaller than the groupported over industrial regions, as during 15-20 April 2006
“f” particles. The group “f” particles containing carbonate when dust was a serious problem for the Beijing region (e.g.
and carboxylates parallel the observations of increased caPapayannis et al., 2007), and the mix of fine and coarse parti-
cium and formate in the coarse particles sampled at Whistlecles enters a cloud, then for the cloud scavenging hypothesis
during 22—-26 April (Fig. 12); potassium was present in theto be the sole viable explanation of the loss of fine particle
Whistler Peak samples but at much lower concentrations thaorganics the coarse particles must be scavenged much less
calcium and formate. Wang et al. (2007) describe measureefficiently than the fine particles, i.e. they must not increase
ments of formate, acetate and oxalate in PM2.5 and PM1Gignificantly in size due to water condensation. Otherwise,
samples collected at sites in and around Beijing, China fronthey are removed with a similar efficiency as the fine parti-
the spring of 2002 to the winter of early 2004. Formate in cles and their presence in the sulphate plumes contradicts the
fine particles was found to be the lowest in the spring sample€loud scavenging hypothesis. Of some of the likely compo-
leading Wang et al. (2007) to suggest that dust from springsitions of the coarse particles sampled at Whistler, calcium
storms over western and northern China may have removeditrate, sodium formate and sodium nitrate are highly solu-
much of the fine particle formate. Wang et al. (2007) madeble (comparable to ammonium sulphate), while calcium sul-
no observations of PM10 during the spring sampling period,phate, sodium sulphate and calcium formate are much less
but their suggestion that formate was removed by dust partisoluble. Calculations done using the aerosol-cloud adiabatic
cles is consistent with the present observations. parcel model described by Shantz et al. (2008) indicate that
The present observations suggest there was a reduction ieven if only 1% of a particle in the 1+om size range is
fine particle organic mass with increasing levels of coarsehighly water soluble (a reasonable level based on the current
particles and indicate that organics were present in coarsebservations) that these particles will quickly grow to sizes
particles that include signatures for dust. Possible explanaef between 1@um and 28«m in moderate cumulus; the size
tions for these observations are considered. A reduction ovaries depending on the concentrations of fine particles. The
loss of fine particle organic mass appears to be a commomet sizes of these coarse particles are also larger than those
observation for plumes after leaving Asia. Cloud scaveng-of the activated fine aerosol. Thus, the scavenging efficiency
ing of fine aerosol particles leaving the Asian coastline wasof these coarse patrticles is very likely to be at least as high
advanced by Lim et al. (2003) to explain their observationsas that of the fine aerosol. Also, relatively large quantities
from a ship during ACE-Asia that showed a relatively rapid of dust may significantly modify cloud properties including
reduction in OC compared to EC with increasing transporttheir precipitation efficiency. Lofting of fine and coarse par-
time away from the Asian coastline. They attributed that re-ticles by dry convection (Dickerson et al., 2007) could also
sult to the preferential cloud scavenging of OC relative toexplain the present of dust in these plumes, but not the ab-
EC. During INTEX-B, Peltier et al. (2008) observed a re- sence of fine particle organic.
duction of water soluble organic carbon (WSOC) in trans- Evidence from sampling over the Yellow Sea during ACE-
Pacific plumes and suggested that WSOC leaving Asia wa#\sia shows that dust layers were often elevated in fine parti-
scavenged by clouds. Dunlea et al. (2008) also assumed thele organics before crossing the Pacific (Maria et al., 2003).
cloud scavenging hypothesis to explain relatively low lev- The dust source, primarily the Taklamakan desert, was found
els of organics in the fine particle aerosol plumes from Asia.to be spatially distinct from sources of CO, sulphate and ni-
Ambient organic aerosol particles, including WSOC, are lesstrate. The transport of large dust plumes over anthropogenic
efficiently scavenged by nucleation than sulphate particlegegions (e.g. Beijing) during INTEX-B may contrast with the
unless the organic and sulphate are mixed (e.g. Lohmanobservations of Maria et al. (2003) and others (e.g. Kline
et al., 2004). Since in or near urban source regions, organet al., 2004), suggesting that transport patterns and mixing
ics tend to be found in smaller particles than sulphate (e.gof sources over eastern Asia may have been different dur-
Zhang et al., 2005; Broekhuzien et al., 2006), the overall ef-ing INTEX-B than ACE-Asia. Differences of the INTEX-
ficiency by which they are subject to nucleation scavengingB period with other years are also evident in the Whistler
in clouds will be lower than that of sulphate. Nevertheless,Peak data record from 2002 to 2006 that shows the April
for particularly cloudy conditions with significant precipita- and May monthly averaged particle calcium concentrations
tion, such as in the case of Lim et al. (2003), cloud scavenghigher during 2006 than any of the previous years (Macdon-
ing is likely to sharply reduce fine particle organics as well ald et al., 2006).
as sulphates. In the present case, the observation of dust par-
ticles coincident with the sulphate makes it more difficult to
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The basic sources of fine particle organic are primarysulphate, organic and coarse particles suggest that dust may
emissions from combustion and SOA formation from the ox- have played a key role in the reduction of organic material in
idation of natural and anthropogenic precursors. The dusthe fine particles.
clouds thgt affecfted Beijing during April 2006 were mtense, 42 Mean increases due to Asian transport
but reaching optical depths of 4 or more (Papayannis et al.,
2007) means that the dust surface areas were towards th@zone increases in the range 10-25 ppbv coincided with in-
lower end of that in a typical atmospheric liquid water cloud. creases in fine particle sulphate above 2km. Based simply
Even in liquid water clouds, the scavenging by various coag-on comparison of the mean profile of ozone below 2 km and
ulation mechanisms of fine particles by cloud droplets is rel-that above 2 km, and the mean profile excludes three poten-
atively inefficient except for the removal of particles smaller tial cases of direct stratospheric influence, transport during
than about 30 nm (e.g. Jacobson, 1999), and therefore coagthis period increased the mean ozone between 2 and 5km
lation scavenging with dust particles will not account for the by 10 ppbv. This estimate agrees with that of Zhang et
absence of fine particle organics from primary emission. Theal. (2008) who interpreted the INTEX-B observations with
presence of relatively high concentrations of settling dustthe GEOS-Chem global chemical transport model and esti-
particles can affect the dynamics and the temperature struanated that Asian anthropogenic emissions contributed up to
ture of the local environment; the dust can increase the staabout 9 ppbv to the mean ozone at the Mt. Bachelor Obser-
bilization of the near surface atmosphere via its downwardvatory in Oregon.
momentum due to settling and its reflection of solar radia- From the mean profile of sulphate, the increase in fine
tion. Such effects could contribute to some separation of theparticle sulphate is estimated three ways: based on a direct
organic material emitted near the surface from the dust that ifomparison of the mean sulphate below and above 2km, as
above the surface layer. Secondary formation of organic maeone for ozone above; relative to the mean organic below and
terial via the condensation of low volatility products of VOC above 2 km; and relative to the mean nitrate below and above
oxidation onto dust particles or by heterogeneous reaction km. It is thus estimated that the transport during this pe-
of VOCs on the surfaces of dust particles (e.g. Sullivan andriod increased the mean fine particle sulphate between 2 km
Prather, 2007) are possible mechanisms for the removal ofind 5km by 0.2-0.5g m~3. Sulphate present in coarse par-
precursors of fine particle organic aerosol. However, it canticles adds to these numbers. Based on the filter measure-
not be concluded that these processes are responsible for tineents at Whistler Peak, the mean sulphate in coarse parti-
present observations of organics on dust, as organics likelgles &1 m) was about 0.28gm~3. Assuming that most
exist on dust at the source of the dust (e.g. Mayol-Braceropf this increase was the result of transport, and that assump-
2008). If the SOA formation occurs mostly within two days tion is consistent with the observations of coarse particles
of the emissions of the precursor (as some observations migtitom the aircraft and at the Peak, then the increase in total
suggest, e.g. Dunlea et al., 2008), then for situations with thesulphate (fine and coarse fractions) is from 0.4+ 3.
particle surface and mass dominated by coarse patrticles, i.&ecause the Peak measurements were at 2.2 km and transport
extremely high dust loadings, it is likely that SOA forma- layers were often observed above that level, the estimated to-
tion on the coarse particles would be favoured and this wouldal range must be considered a minimum value. van Donke-
also reduce the potential for further SOA formation. Regard-laar et al. (2008) used GEOS-Chem simulations in combina-
less of the time scale, it is clear that any SOA formation thattion with the observations from the DC-8 and NCAR C130
might have occurred as the aerosol was transported across tlas well as the present Cessna observations to estimate that
Pacific was principally associated with the coarse particles. 50% of the sulphate burden between 1km and 5km during

In summary, the plumes sampled at Whistler between 2ntex-B was due to Asian sources. This is consistent with
and 5.5km show increases in sulphate and coarse particlebe present results that have a total mean sulphate concentra-
in combination with reductions in fine particle organic mass. tion from 1-5 km of approximately 2g m—3. It is estimated
Chemical signatures of both dust and organics are evident ilere that an increase in the mean total nitrate due to transport
the coarse particles. From 22 April to 26 April, the highest was>0.1,gm~2, and most of this was in the coarse particle
concentrations of coarse particles were measured during thieaction.
study, both from the aircraft and at Whistler Peak, coincident L .
. ) i . : 4.3 Implications for climate
in transport time with strong dust storms in Mongolia from
15-18 April. The fine particle chemistry in these plumes As sulphate is amassed in larger particles, its ability to en-
was dominated by sulphate with relatively little organic ma- hance cloud radiative properties through the indirect effect
terial. This is a feature that other studies have attributeddiminishes. Although sulphate particles are well known as
to the washout of aerosol particles near the coast of Asiagyood cloud condensation nuclei, larger sulphate particles
followed by gas and aqueous-phase production of sulphatbave higher rates of water uptake. In the base of a cloud,
during transport across the Pacific. It is likely that cloud this leads to a reduction of the cloud base supersaturation
and precipitation scavenging contributed to the present oband inhibits the activation of smaller CCN (e.g. Leaitch et
servations in some way, but the present relationships amongl., 1986). Thus, even though individual particles may be

Atmos. Chem. Phys., 9, 3523546 2009 www.atmos-chem-phys.net/9/3523/2009/



W. R. Leaitch et al.: Asian dust effects during INTEX-B 3543

better CCN, it is possible that there will be no increase in thecompounds were found attached to coarse particles in sig-
number concentration of cloud droplets and even a decreasaificant quantities. Suspension of dust with deposited or-
due to the presence of these larger sulphate particles. On ttganic material and scavenging of organic particle precursors
other hand, the sulphate may become more effective in termby dust nearer the anthropogenic sources are possible expla-
of direct radiative forcing because of the increase in the scatnations for the presence of the dust. Any SOA formation
tering efficiency as particles get larger further enhanced byduring transport from the source regions in Asia across the
the hygroscopic nature of sulphate. Thus, from a liquid cloudPacific had to have been principally taken up on the coarse
perspective, the impact of these plumes is greater on the diparticles; however, there is no evidence that the coarse or-
rect effect than on the indirect effect. ganic material was the result of SOA formation.

The presence of significant quantities of organic on the The means of all profiles indicate that trans-Pacific trans-
dust particles may also alter the direct radiative forcing prop-port between 2 and 5 km during this period increased ozone
erties of the dust particles, and the sign may depend on thby 10 ppbv, fine particle sulphate by 0.2-p.&m~3, and
colour of the organic (e.g. Takahama et al., 2007). Of impor-particle nitrate by>0.1ugm~2 (nitrate was almost com-
tance for water resources as well as climate, the addition opletely in the coarse fraction).
organic material deposited on dust particles has been shown The presence of the coarse patrticles of dust during Asian
to retard the ability of a dust particle to act as ice nucleitransport acts to accumulate sulphate, nitrate and organic ma-
(Moehler et al., 2008). Deposition of organics and inorganicsterial in larger particles. This will diminish the role these
to dust leaving Asia could have significant consequences focompounds play in indirect radiative forcing, but it may en-
cloud and rainfall. hance their roles in direct radiative forcing. The addition of
organics and inorganics to the coarse particles may also re-
tard the ability of the dust particle to act as ice nuclei leading
Several cases of aerosol plumes resulting from transto further consequences for cloud and rainfall.

Pacific transport were observed between 2km and 5.3km
at Whistler, BC from 22 April 2006 to 15 May 2006. The AcknowledgementsRob Buchanan provided professional and
fine particle &1 xm) chemical composition of most of the tireless piloting of the Cessna during the study. Tragically, Rob
plumes was dominated by sulphate that ranged from 1-0st his life in the crash of the Cessna following the conclusion
519 m—3 as measured with a Q-AMS. The coarse particIeOf the study. Armanq Gaudenz.l, .Dave Halpin and John Deary
number concentrations increased in all sulphate plumes be2"0Vided strong technical and logistical support. We thank Stefania
. Gilardoni and Greg Roberts for collecting the STXM samples, Ald
tween 2km and Skm, and the coarse particle volume Wa%(ilcoyne and ALS for STXM Beamline support, and the mirage
centred betweenam and Sum, consistent with the size dis- :

M - . . - Science team and NCAR C-130 crew. The National Science and
tributions of Asian dust measured in Korea during April 2006 Engineering Research Council of Canada, Environment Canada

(Lee et al., 2007). The mean sizes of the fine particles in theyng the National Science Foundation (NSF grant atm-0511772)
sulphate plumes were larger in the plumes than elsewhere. provided financial support. Special thanks go to Juniper Buller,

Fine particle organic mass concentrations were relativelyAnton Horvath, the Whistler Ski Patrol and Whistler Blackcomb
low (near detection limit) in most plumes and nominally anti- for their help with this study.
correlated with the increase in the number concentrations of
coarse particlesx1um) in the plumes. The mean sizes Edited by: H. Singh
of fine particles were smaller when the fine particle organic
mass concentration was larger and dust was absent.

T,he ion chemistry Of, the coarse partides _Sampl_ed atAIIan, J. D., Bower, K. N., Coe, H., Boudries, H., Jayne, J. T,
Whistler Peak was dominated by calcium, sodium, nitrate, ~canagaratna, M. R., Millet, D. B., Goldstein, A. H., Quinn, P,
sulphate and formate. The mean sulphate mass concentra- ., weber, R. J., and Worsnop, D. R.: Submicron aerosol com-
tion present in the coarse particles was about one half of position at Trinidad Head, California, during ITCT 2K2: Its re-
that measured in the fine particles. Nitrate was almost ex- lationship with gas phase volatile organic carbon and assessment
clusively in the coarse particles. The mix of calcium and of instrument performance, J. Geophys. Res.-Atmos., 109(D23),
sodium is consistent with the possible origins of the Gobiand D23S524, doi:10.1029/2003JD004208, 2004.

Taklamakan deserts. In addition to formate measured in théllan, J. D., Jimenez, J. L., Williams, P. 1., Alfarra, M. R., Bower,
coarse particles, observations of organic functional groups, K-N- Jayne, J. T, Coe, H., and Worsnop, D. R.: Quantitative
from samples collected on the C-130, showed a variety of S&MPling using an Aerodyne aerosol mass spectrometer 1. Tech-

. ) . . . nigues of data interpretation and error analysis, J. Geophys. Res.,
organic mixtures associated with the coarse particles. Many

- ) . 108(D3), 4090-4100, 2003.
of the coarse particles collected closer to Whistler containedy;., 3 D Delia. A E. Coe. H. Bower K. N.. Alfarra. M.

Carbc_mate’ potassium ?nd carboxylates. . R., Jimenez, J. L., Middlebrook, A. M., Drewnick, F., Onasch,
Asian plumes reaching Whistler, BC during the INTEX-B T, B., Canagaratna, M. R., Jayne, J. T., and Worsnop, D. R.:

study were enhanced in sulphate and coarse particles. Fine A generalised method for the extraction of chemically resolved
particle organic material was not only reduced, but organic mass spectra from Aerodyne aerosol mass spectrometer data, J.

5 Conclusions
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