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ABSTRACT

Shipboard measurements of aerosol chemical composition and optical properties were made
during both ACE-1 and ACE-2. ACE-1 focused on remote marine aerosol minimally perturbed
by continental sources. ACE-2 studied the outflow of European aerosol into the NE Atlantic
atmosphere. A variety of air masses were sampled during ACE-2 including Atlantic, polar,
Iberian Peninsula, Mediterranean, and Western European. Reported here are mass size distribu-
tions of non-sea salt (nss) sulfate, sea salt, and methanesulfonate and submicron and supermicron
concentrations of black and organic carbon. Optical parameters include submicron and
supermicron aerosol scattering and backscattering coefficients at 550 nm, the absorption coeffi-
cient at 550±20 nm, the Ångström exponent for the 550 and 700 nm wavelength pair, and
single scattering albedo at 550 nm. All data are reported at the measurement relative humidity
of 55%. Measured concentrations of nss sulfate aerosol indicate that, relative to ACE-1, ACE-2
aerosol during both marine and continental flow was impacted by continental sources. Thus,
while sea salt controlled the aerosol chemical composition and optical properties of both the
submicron and supermicron aerosol during ACE-1, it played a relatively smaller role in ACE-2.
This is confirmed by the larger average Ångström exponent for ACE-2 continental aerosol of
1.2±0.26 compared to the ACE-1 average of −0.03±0.38. The depletion of chloride from sea
salt aerosol in ACE-2 continental air masses averaged 55±25% over all particle sizes. This
compares to the ACE-2 marine average of 4.8±18% and indicates the enhanced interaction
of anthropogenic acids with sea salt as continental air masses are transported into the marine
atmosphere. Single scattering albedos averaged 0.95±0.03 for ACE-2 continental air masses.
Averages for ACE-2 and ACE-1 marine air masses were 0.98±0.01 and 0.99±0.01, respectively.

1. Introduction quantifying relevant aerosol properties and pro-
cesses. To determine the radiative forcing resulting
from anthropogenic aerosol, the optical propertiesThe Aerosol Characterization Experiments
and factors controlling them must be well defined(ACE) are designed, in part, to reduce the uncer-
for both the anthropogenic and natural back-tainty of aerosol radiative forcing estimates by
ground aerosol. ACE-1 focused on the properties
of a natural marine aerosol system (Bates et al.,* Corresponding author.

e-mail: quinn@pmel.noaa.gov. 1998). It took place in November and December
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of 1995 in the Southern Ocean environment south
of Australia and west of Tasmania, a region minim-
ally perturbed by anthropogenic and continental

aerosol sources. ACE-2 focused on pollution aero-
sol as it was transported from Europe into the
marine atmosphere (Verver et al., 2000). It was

conducted in June and July of 1997 over the
northeast Atlantic Ocean in the region roughly
bounded by Portugal, Tenerife, and the Azores.

Meteorology in the ACE-1 region during
November and December is typified by frequent
frontal passages. During the experiment, 14 cold

fronts and 1 warm front passed through the ACE-1
region so that every few days there was a marked

Fig. 1. ACE-2 study region and example air mass backchange in synoptic conditions (Hainsworth et al.,
trajectories showing the flow that occurred from different

1998). During November there was greater than
regions during the experiment. Numbers represent days

usual west to northwesterly flow and less north- back in time. Trajectories end at the ship’s position.
south transport. As a result, there was some flow

and mixing of relatively unpolluted continental
air from Australia into the marine westerlies south

distributions and aerosol scattering, backscatter-of Australia. During December, south to south-
ing, and absorption coefficients. Results from thewesterly flow dominated bringing air masses which
ACE-1 measurements have been reported in detailhad spent 10 or more days over the ocean into
in Quinn et al. (1998). This paper will focusthe region. 222Rn concentrations were less than
primarily on results from measurements taken100 mBq m−3 for most of the experiment with a
onboard the RV Vodyanitskiy during ACE-2 butfew short-lived increases to 600 mBq m−3 lasting
will also include comparisons with the cleanfrom 7 to 13 h, indicating that for both flow
marine case of ACE-1. Specific chemical para-regimes, sampled air masses were relatively free of
meters include the mass size distribution of non-continental influences (Whittlestone et al., 1998).
sea salt (nss) sulfate and sea salt aerosol andAir mass transport in the ACE-2 region is
concentrations of submicron and supermicron car-controlled by the location of the Azores High
bonaceous aerosol. Optical parameters include(Raes et al., 2000). When located west of the
submicron and supermicron aerosol scattering andAzores, flow around the northern edge of the
backscattering coefficients at 550 nm, the absorp-anticyclone brings maritime air into the ACE-2
tion coefficient at 550±20 nm, the Ångströmregion. After the passage of a cold front at mid-
exponent for the 550 and 700 nm wavelength pair,latitudes, the high can extend into Western Europe
and single scattering albedo at 550 nm. In addi-resulting in the transport of polluted air from
tion, comparisons will be made to two land-basedEurope into the ACE-2 region. Air mass back
ACE-2 stations to assess variability in the region’strajectories indicate that air masses flowed from 5
aerosol chemical composition. These are Sagresregions during ACE-2 (Fig. 1). Marine air masses
(37°N, 8.9°W) located at the outermost SW tip ofcame from over the Atlantic or north of the Arctic
Portugal and Punta del Hildalgo (28.6°N, 16.3°W)circle (denoted here as polar). Continental air
located on the NE tip of Tenerife.masses flowed from the Iberian Peninsula, the

Aerosol physical properties measured onboardMediterranean, or Western Europe. 222Rn concen-
the RV Vodyanitskiy and the processes controllingtrations during continental flow reached levels
them are discussed in a companion paper by Batesnear 8000 mBq m−3, indicating the greater degree
et al. (2000). An extensive discussion of shipboardof continental influence in the ACE-2 than the
carbonaceous aerosol measurements is presentedACE-1 region.
by Novakov et al. (2000). Further details of meas-During both ACE-1 and ACE-2, shipboard
urements of chemical composition measured atmeasurements were made of aerosol chemical and

optical properties including chemical mass size Sagres and Punta del Hildalgo can be found in
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Neusüß et al. (2000) and Putaud et al. (2000), refers to particles with 1.1 mm<D50,aero<10 mm
at 55% RH.respectively.

The impaction stage at the inlet of the impactor

was coated with silicone grease to prevent the
bounce of larger particles onto the downstream2. ACE-2 measurements
stages. Tedlar films were used as the collection

substrate in the impaction stages and a Millipore2.1. Aerosol sample inlet
Fluoropore filter (1.0-mm pore size) was used for

Sample air for the chemical and optical meas- the backup filter. Films were cleaned in an ultra-
urements was drawn through a 6-m sample mast. sonic bath in 10% H2O2 for 30 min, rinsed in
The entrance to the mast was 10 m above sea level distilled, deionized water, and dried in an NH3-and forward of the ship’s stack. To maintain and SO2-free glove box. All handling of the sub-
nominally isokinetic flow and minimize the loss strates was done in the glove box. Blank levels
of supermicron particles, the inlet was rotated into were determined by loading an impactor with
the relative wind. Air entered the inlet through a substrates but not drawing any air through it.
5-cm diameter hole, passed through an expansion Non-sea salt sulfate concentrations were calcu-
cone, and then into the 20-cm diameter sampling lated from Na+ concentrations and the ratio of
mast. The flow through the mast was 1 m3 min−1. sulfate to sodium in seawater. Sea salt aerosol
The last 1.5 m of the mast were heated to establish concentrations were calculated as
a stable reference relative humidity (RH) for the

sea salt (mg m−3 )=Cl− (mg m−3 )sample air of about 55%. This allows for constant
instrumental size segregation in spite of variations +Na+ (mg m−3)×1.47, (1)
in ambient RH. Individual 1.9 cm diameter stain-

where 1.47 is the seawater ratio of (Na++K+
less steel tubes extended into the heated portion

+Mg+2+Ca+2+SO=4 +HCO−3 )/Na+ (Holland,
of the mast. These were connected to the aerosol

1978). This approach prevents the inclusion of
instrumentation with graphite-polyethylene con-

non-seasalt K+, Mg+2, Ca+2, SO=4 , and HCO−3ductive tubing to prevent the electrostatic loss of
in the sea salt mass and allows for the loss of Cl−

particles. An exception to this was the lines con-
mass through Cl− depletion processes. It also

nected to the impactors used for collection of
assumes that all measured Na+ is derived from

carbonaceous aerosol; they were constructed of
seawater.

stainless steel. Air was sampled only when the
Concentrations of the aerosol chemical com-

concentration of particles greater than 15 nm in
ponents are given in units of mg m−3. Factors for

diameter indicated the sample air was free of
converting from mg m−3 to volume mixing ratios

contamination, the relative wind speed was greater
(at 25°C and 1 atm) are given in Tables 1 and 2.

than 3 m s−1, and the relative wind was forward

of the beam.
2.3. Submicron and supermicron carbonaceous

aerosol concentrations
2.2. Chemical mass size distributions of the major

Two-stage multi-jet cascade impactors (Berner
ions

et al., 1979) sampling air at 55% RH were used
to determine submicron and supermicron concen-Seven-stage multi-jet cascade impactors (Berner

et al., 1979) sampling air at 55% RH were used trations of total, organic, and black carbon.
The impactor had D50,aero of 1.1 and 10 mm.to determine the mass size distributions of Cl−,

Br−, NO−3 , SO=4 , methanesulfonate (MSA−), Supermicron particles were collected on an Al foil

and submicron particles on a quartz filter. TheNa+, NH+4 , K+, Mg+2, and Ca+2. The RH of the
sampled air stream was measured a few inches impactor also included a second backup quartz

filter to assess positive artifacts associated withupstream from the impactor. The 50% aero-
dynamic cutoff diameters, D50,aero , were 0.18, 0.31, collecting gas phase organic species. The Al foils

and quartz filters were heated immediately before0.55, 1.1, 2.0, 4.1, and 10 mm. Throughout the

paper submicron refers to particles with use at 600°C for 4 h to remove organic contamin-
ants. Blank levels were determined by placingD50,aero<1.1 mm at 55% RH and supermicron
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Table 1. Submicron aerosol chemical composition as a function of air mass origin and comparison to ACE-1, Sagres and PdH

Nss sulfatec Nss sulfated
Sea saltb ion aerosol NH4/nss SO4 MSAe MSA/nss SO4 BC f OCg

Air mass origin Na (mg m−3) (mg m−3) (mg m−3) molar ratio (mg m−3) molar ratio (mg C m−3) (mg C m−3)
Atlantic 4(0) 0.60±0.51 0.68±0.17 0.74±0.20 0.51±0.13 0.08±0.05 0.11±0.04 NA NA

(8.3±2.2)
Polar 4(0) 0.42±0.28 0.62±0.12 0.67±0.12 0.50±0.12 0.08±0.01 0.14±0.02 NA NA

(6.4±2.5)
Iberian Peninsula 18(6) 0.88±1.5 6.8±2.0 7.9±2.4 0.85±0.25 0.09±0.06 0.02±0.02 0.40±0.20 0.69±0.29

(8.5±1.9)
Mediterranean 3(1) 0.34±0.05 5.3±1.7 6.6±1.8 1.5±0.63 0.11±0.04 0.02±0.003 1.1 2.8

(6.9±2.0)
Western Europe 4(0) 0.40±0.28 6.3±1.5 7.7±1.9 1.1±0.28 0.06±0.04 0.01±0.006 NA NA

(11±1.6)
ACE-1 22(0) 1.0±0.55 0.16±0.06 0.19±0.06 0.67±0.22 0.04±0.03 0.22±0.15 NA NA

(9.5±3.8)
Sagres — clean 5 0.37±0.14 0.43±0.09 0.56±0.13 1.5±0.15 0.02±0.01 0.03±0.07 0.03±0.04 0.07±0.07
Sagres – polluted 7 0.40±0.10 8.8±2.1 11±2.4 1.6±0.61 0.05±0.06 0.01±0.01 0.30±0.08 0.75±32
PdHh — clean 24 0.23±0.17 0.35±0.20 0.45±0.25 1.4±0.52 0.02±0.01 0.05±0.02 0.01±0.02 0.14±0.12
PdH — polluted 19 0.24±0.13 3.5±2.0 4.5±2.6 1.6±0.13 0.04±0.01 0.01±0.01 0.11±0.08 0.52±0.27

aNumber of ion samples (number of carbon samples).
b(Wind speed, m s−1).
c1 mg m−3 nss SO=4 ion=0.25 ppbv at 25°C and 1 atm.
dNss sulfate aerosol=nss SO=4 +NH+4 .
e1 mg m−3 MSA=0.25 ppbv at 25°C and 1 atm.
fBC=black carbon, 1 mg m−3 C=2.0 ppbv at 25°C and 1 atm.
gOC=Organic Carbon, 1 mg m−3 C=2.0 ppbv at 25°C and 1 atm.
hPdH=Punta del Hildalgo.
NA=not available.
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Table 2. Supermicron aerosol chemical composition as a function of air mass origin and comparison to ACE-1, Sagres and PdH

Nss sulfatec
SO2 Sea saltb ion MSAd MSA/nss SO4 BCe OC f TCg

Air mass origin Na (ppbv) (mg m−3) (mg m−3) (mg m−3) molar ratio (mg C m−3) (mg C m−3) (mg C m−3)
Atlantic 4(0) DL to <0.5 6.3±1.6 0.15±0.03 0.07±0.07 0.41±0.34 NA NA NA

(8.3±2.2)
polar 4(0) DL to <0.34 5.1±2.2 0.06±0.01 0.09±0.05 0.93±0.19* NA NA NA

(6.4±2.5)
Iberian Peninsula 18(6) DL to <10 10±3.1 0.66±0.45 0.02±0.02 0.05±0.06 NA NA 0.87±0.24

(8.5±1.9)
Mediterranean 3(1) 0.25 to 1.8 4.2±3.1 0.22±0.01 0.01±0.01 0.03±0.06 NA NA 0.96

(6.9±2.0)
Western Europe 4(0) DL to <0.59 9.4±2.2 0.37±0.23 0.01±0.02 0.06±0.09 NA NA NA

(11±1.6)
ACE-1 22(0) 9.4±5.5 0.07±0.09 0.01±0.01 0.63±0.77 NA NA NA

(9.5±3.8)
Sagres — clean 5 3.9±0.47 0.02±0.03 0.01±0.02 0.38±0.77 0.02±0.03 0.15±0.19 0.17
Sagres — polluted 7 4.8±1.2 0.67±0.37 0.01±0.01 0.01±0.02 0.07±0.03 0.43±0.10 0.50
PdHh — clean 24 6.6±2.9 0.04±0.05 0.02±0.01 0.5±0.3 0.02±0.05 0.14±0.16 0.16
PdH — polluted 19 9.1±4.5 0.5±0.38 0.01±0.01 0.06±0.15 0.03±0.03 0.33±0.22 0.36

aNumber of ion samples (Number of carbon samples).
b(Wind speed, m s−1).
c1 mg m−3 nss SO=4 ion=0.25 ppbv at 25°C and 1 atm.
d1 mg m−3 MSA=0.25 ppbv at 25°C and 1 atm.
eBC=Black Carbon, 1 mg m−3 C=2.0 ppbv at 25°C and 1 atm.
fOC=Organic Carbon, 1 mg m−3 C=2.0 ppbv at 25°C and 1 atm.
gTC=Total carbon=black plus organic carbon, 1 mg m−3 C=2.0 ppbv at 25°C and 1 atm.
hPdH=Punta del Hildalgo.
DL=detection limit of 0.1 ppbv. NA=not available.
*Excludes outlier value of 4.25. With outlier value, ratio is 1.8±1.7.
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substrates into a second impactor and deploying coefficients were measured at 55% RH and are
reported at this reference RH.the impactor for the duration of the sampling

period without drawing air through it. Foils and

filters were stored frozen in capped glass vials
2.5. SO

2until analysis.
The samples were analyzed by a thermal- SO2 was measured with a pulsed fluorescence

evolved gas analysis (EGA) method (Novakov, SO2 analyzer (TECO) with a detection limit of
1981; Novakov et al., 2000) where the substrates 0.1 ppbv. Data were filtered to eliminate periods
are heated progressively and the evolved gases are of calibration, zero, and local contamination when
converted to CO2 and analyzed by a non-dispers- the wind was abaft the beam or when other ships
ive infrared analyzer. The reproducibility of this were upwind. Further details are reported by Bates
method for total C is ±10%. The uncertainties et al. (2000).
associated with positive and negative sampling
artifacts can be substantial. An effort was made
to correct for positive artifacts due to the absorp- 2.6. Ancillary parameters
tion of gas phase organics as follows. The concen-

Also measured were meteorological parameterstration of organic carbon on the backup quartz
including surface temperature, RH, wind speedfilter was presumed to be due to the collection of
and direction, as well as vertical profiles of thesegas phase organic species and was subtracted from
parameters from radiosondes. Air mass back tra-the concentration on the front filter.
jectories were calculated four times daily using the
hybrid single-particle Lagrangian integrated tra-
jectory model HY-SPLIT 4 (Draxler, 1992). It is

2.4. Aerosol scattering, backscattering, and based on wind fields generated by the medium-
absorption coeYcients. range forecast model (MRF). 222Rn concentrations

were measured using the method of WhittlestoneMeasurements of aerosol scattering and hemi-
and Zahorowski (1998).spheric backscattering coefficients were made with

an integrating nephelometer (Model 3563, TSI
Inc.) at wavelengths of 450, 550, and 700 nm at

2.7. Air mass classification
55% RH. The RH was measured inside the neph-
elometer sensing volume. Two single-stage cascade Shipboard impactor samples were classified as

marine or continental based on trajectory analysis,impactors, one having a D50,aero of 1.1 mm and the

other 10 mm, were placed upstream of the nephelo- the occurrence of a bimodal aerosol number size
distribution, and 222Rn concentrations. In addi-meter. A valve switched between the two impactors

every 15 min so that sampling alternated between tion, periods of local ship contamination, from

either the Vodyanitskiy or ships upwind, weresubmicron aerosol and sub-10 mm aerosol.
Scattering and backscattering by the supermicron identified by rapid increases in the aerosol light

absorption coefficient and particle concentration.aerosol was determined by difference.

The absorption coefficient for sub-10mm aerosol Samples that included these time periods were
omitted from the data analysis.was measured at 550±20 nm at 55% RH by

monitoring the change in transmission through a Sagres impactor samples were classified as

marine or continental based on trajectory analysis,filter with a Particle Soot Absorption Photometer
(PSAP, Radiance Research). Laboratory tests indi- local wind direction, the aerosol absorption

coefficient, and NO
x

and SO2 concentrationscate that the PSAP is subject to a small (1 to

1.5%) positive artifact due to instrumental inter- (Neusüß et al., 2000). Periods of contamination
by local sources were identified from the localpretation of scattering as absorption. Measured

scattering values at 550 nm and an empirically- wind direction and spikes in the aerosol absorp-
tion coefficient, NO

x
and SO2 . Punta del Hildalgoderived correction factor were used to correct for

this artifact (T. Anderson, personal com- impactor samples were classified as marine or

continental based on trajectory analysis and themunication).
The scattering, backscattering, and absorption aerosol absorption coefficient (Putaud et al., 2000).
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3. Air mass history during ACE-2 and back trajectories, transport times from sources
along the coast ranged from a fraction of a day
to, at most, 2 days. The changing position of theBased on back trajectories the ship was exposed

to air masses from five regions during ACE-2: the ship relative to the location of the high pressure
system contributed to variability observed in thecentral north Atlantic, the Atlantic northward of

the Arctic Circle (polar), the Iberian Peninsula, measured aerosol properties. Additional variabil-

ity during the 193.5 to 201.2 time period may havethe Mediterranean, and Western Europe (Fig. 1).
Atlantic flow was sampled with the impactors resulted from subsidence of upper tropospheric air

to the surface 3 to 4 days before the sampled airapproximately 18% of the time, Polar flow 10%,

Iberian Peninsula flow 42%, Mediterranean flow reached the ship.
Flow from the Mediterranean to the ship5%, and Western European flow 13% of the time.

During the remaining 12% of the experiment the occurred only once (187.3 to 188.75 (6–7 July)).

During this time, the ship initially was locatedair mass history was not well defined as trajectories
came from two or more regions over the course near Sagres. It then moved south from 36.6°N to

33.8°N and west from 10°W to 11.6°W, essentiallyof an impactor sampling period. Results from

these mixed trajectory time periods have been due west from the entrance to the Strait of
Gibraltar. Back trajectories indicate that theomitted from the data analysis.

Atlantic flow reached the ship three times during sampled air was over the Mediterranean less than

24 h before reaching the ship. Vertical profiles ofthe experiment (day of year 173.0 to 174.7 (22–23
June), 177.6 to 178.5 (26–27 June), and 185 to relative humidity indicate that there was a very

shallow boundary layer (<100 m) over the ship186.25 (4–5 July)) and polar flow two times (178.6
to 181.4 (27–30 June) and 183.8 to 185.0 (2–3 during this period. Most likely, the associated

inversion was established only a few hours upwindJuly)) (Fig. 2). (Here, day of year is defined so that

1 January at noon is 1.5). Both types of marine of the ship as the continental air mass reached the
cold water. Prior to this, mixing between the upperflow resulted from the presence of a low pressure

system over western Europe. The location of the troposphere and the surface could have occurred.

Based on shipboard lidar profiles, however, theIcelandic Low as well as the Azores High affected
whether the flow was Atlantic or polar. During upper troposphere (up to 6 km) did not appear to

be a strong aerosol source relative to aerosolthese periods boundary layer depths ranged from

800 to 3300 m. Larger boundary layer depths concentrations measured at the surface (V.
Freudenthaler, pers. commun.).occurred before and/or after the passage of frontal

systems. Back trajectories indicate that during There were two periods of flow from Western

Europe (189.5 to 192.5 (8–11 July) and 202.35 toperiods of Atlantic flow, air occasionally subsided
from the upper troposphere several days before 203.21 (21–22 July)). During the first, a ridge of

high pressure stretched across the North Atlanticreaching the ship. Large scale, weak subsidence

was a consistent feature during polar flow. and extended over France so that flow from the
northeast brought European air just west of theFlow from the Iberian Peninsula to the ship

occurred 5 times (174.7 to 176.7 (23–25 June), Iberian Peninsula and south over the ocean to the

ship. The ship was transiting from 34°N to 29°N183.0 to 183.8 (2 July), 186.3 to 187.3 (5–6 July),
188.75 to 189.5 (7–8 July), and 193.5 to 201.2 between 15°W and 12°W. During the second

period, a high pressure system extended from the(12–20 July)). The high over the Azores and a low

over Europe were positioned such that flow from Azores to the North Sea again resulting in flow
of European air over the Atlantic. Initially airthe east-northeast brought air from the Iberian

Peninsula to the ship. In all cases there was a flowed from over the Iberian Peninsula as the ship

was transiting between 34̀N and 40°N (193.5 towell-defined boundary layer ranging from 300 to
2500 m. During these 5 periods, the ship’s position 201.25). Once the ship remained in the more

confined region near 40.5°N and 11°W, air flowedranged from the Portuguese coast near Sagres to
600 km offshore. During the longest period of from Western Europe (202.35 to 203.21). During

both periods boundary layer heights were betweenIberian flow (193.5 to 201.2), the ship was within

200 km of the coast but moved from 33°N to 400 and 900 m. Back trajectories indicate that,
during the earlier period, subsidence of air from40°N. Based on the ship’s distance from the coast
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Fig. 2. Shown as a function of day of year throughout the experiment are (a) air mass flow (gaps represent time
periods of mixed trajectories), (b) submicron nss sulfate aerosol (includes nss SO=4 and NH+4 ) and sea salt aerosol
concentration and (c) supermicron nss sulfate and sea salt aerosol concentration.

the free troposphere occurred 3 to 4 days before tory makes pseudo-Lagrangian comparisons of
the aerosol chemical composition observed atthe sampled air reached the ship. Depending on

the position of the ship, there was a 2 to 6 day Sagres, the ship, and Punta del Hildalgo difficult.
As a result, comparisons between the three plat-transport time within the boundary layer from

Western Europe to the ship. forms are made to assess regional differences that

were observed as a function of air mass type ratherDuring ACE-2, there were three outbreaks of
pollution from the European continent that were than track the evolution of the aerosol in a

Lagrangian framework.observed throughout the ACE-2 domain (Raes

et al., 2000). There were other cases, however,
where pollution was observed at Sagres and on

4. Results — aerosol chemical composition
the ship but not at Punta del Hildago. In addition,
there were instances where Sagres observed pollu-

4.1. Nss sulfate aerosol
tion from the Mediterranean while Punta del

Hildalgo observed pollution from the Western Submicron nss sulfate aerosol (which includes
both nss SO=4 and associated NH+4 ) concentra-European coast. This complexity of air mass his-
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tions measured in marine air masses were, on relatively less cloud processing while en route to
the ship compared to aerosol from the otheraverage, an order of magnitude lower than contin-

ental values with no significant difference between continental regions. METEOSAT visible images

(1200 GMT) indicate clear skies along the traject-Atlantic and polar air masses (Fig. 2, Table 1). In
addition, concentrations at the ship were within ory 3 to 4 days upwind of the ship (3–7 July) with

scattered clouds occurring only on 4 July. Basedthe range of marine concentrations from Sagres

and Punta del Hildalgo. These marine values were, on shipboard observations, the average cloud
cover during the period of Mediterranean flowhowever, almost 4× greater than those measured

during ACE-1. The calculated ocean to atmo- was 6% compared to approximately 60% during

the rest of the experiment.sphere flux of dimethylsulfide was comparable for
ACE-1 and ACE-2 (Bates et al., 2000) suggesting The submicron nss SO=4 aerosol concentration

during continental flow on the ship averagedthat the biogenic source of nss SO=4 was similar

for the two experiments. Assuming that upwind 7.7±2.2 mg m−3. The continental average meas-
ured at Sagres was a factor of 1.5 higher than thisDMS fluxes were similar for both experiments,

the larger concentrations of nss sulfate aerosol while the average at Punta del Hildalgo was about

a factor of 1.5 lower (Table 1). During the firstmeasured during ACE-2 indicate the degree to
which anthropogenic sources from North America period of Western European flow (189 to 192,

8–11 July), the submicron nss SO=4 aerosol con-or Europe impact the NE Atlantic even under

conditions of marine flow. centration on the ship was 7.1±1.9 mg m−3 and
at Sagres was 10±3.3 mg m−3. Values at PuntaNss sulfate aerosol concentrations were similar

for the three continental air masses but average del Hildalgo during this same period averaged
3.5±0.75 mg m−3. The general trend in a decreasesize distributions were slightly different (Fig. 3b).

Of the three regions, the Mediterranean had in concentration from Sagres to the ship to Punta

del Hildalgo may be a result of the increase inthe highest average concentration on the first
two impactor stages (1.1±0.59 mg m−3 and transport time from Europe and the corresponding

dilution of the continental plume and deposition1.5±0.25 mg m−3) while Western Europe had the

lowest average concentration in this size range of submicron aerosol. On day 190 (9 July), the
ship was located near 30.5°N and 14°W which,(0.24±0.08 mg m−3 and 1.1±0.20 mg m−3). This

trend reversed on the third and fourth impactor according to trajectories, was about 2 days further

downwind from Western Europe than Sagres was.stages such that the Mediterranean samples had
the lowest average concentration (2.9± Punta del Hildalgo was approximately one day

downwind of the ship. Local sources near Sagres1.3 mg m−3 and 1.2±0.34 mg m−3) and Western

European air masses had the highest (4.3± do not appear to have contributed to the higher
submicron nss SO=4 aerosol concentrations. This0.81 mg m−3 and 2.0±0.98 mg m−3 ). These differ-

ences, though slight, could be due to the length of is based on a northwesterly local wind, a very

stable aerosol absorption coefficient over the sev-time the aerosol spent in the boundary layer prior
to being sampled on the ship (denoted here as eral day period, and NO

x
and SO2 concentrations

comparable to those observed during marine flow.aerosol boundary layer residence time). A longer

transport time in the boundary layer allows for Unfortunately, no gas phase anthropogenic tracer
such as CO was measured at all three platformsthe deposition of gas phase species onto particles

and the passage of particles through clouds. Both to provide evidence for the transport and dilution

hypothesis.of these mechanisms result in particle growth
(Hegg et al., 1992; Hoppel et al., 1994). Aerosol As can be seen in Figs. 3a, b, very little nss

SO=4 aerosol was found in the supermicron sizeoriginating near the Mediterranean would have

spent the shortest amount of time in transit in the range. The average ratio of the supermicron to
total (submicron plus supermicron) nss SO=4 aero-boundary layer ( less than one day) while aerosol

from the Iberian Peninsula and Western Europe sol mass concentration for the experiment was
0.09±0.05. Supermicron nss SO=4 concentrationswould have spent up to 2 days and 2 to 6 days in

transit, respectively. It also may be that aerosol appear to be a function of both the SO2 and

supermicron sea salt aerosol concentration withcollected during Mediterranean flow originated
upwind of the Mediterranean but experienced higher values corresponding to air masses with
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Fig. 3. Average mass size distribution plotted as Dm/D log Daero versus log of Daero at 55% RH for (a) marine and
(b) continental nss SO=4 aerosol (includes nss SO=4 and NH+4 ), (c) marine and (d) continental MSA− and (e) marine
and (f ) continental sea salt aerosol.
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higher SO2 and supermicron sea salt concentra- 0.07 mg m−3 and 0.09±0.05 mg m−3 for Atlantic
and polar air masses, respectively) yieldingtions. The marine samples had the lowest supermi-

cron nss SO=4 values corresponding to relatively bimodal MSA− size distributions (Fig. 3c).

Continental supermicron concentrations werelow SO2 concentrations. Of the continental air
masses, samples from the Iberian Peninsula had considerably less. Average values for the Iberian

Peninsula, the Mediterranean, and Westernthe highest supermicron nss SO=4 concentrations

corresponding to both high SO2 and supermicron Europe were 0.02±0.02 mg m−3, 0.01±0.01 mg
m−3, and 0.01±0.02 mg m−3, respectively. Hence,sea salt concentrations.

A comparison of supermicron nss SO=4 aerosol the continental size distributions were monomodal

(Fig. 3d) and similar to the shape of the nss sulfateconcentrations from Sagres, the ship, and Punta
del Hildalgo for the first period of Western aerosol size distributions.

Submicron ACE-1 MSA− concentrations wereEuropean flow shows a similar result as for the

submicron size range. Average concentrations slightly lower than those observed during ACE-2
averaging 0.04±0.03 mg m−3. Supermicron con-decrease from Sagres (0.61±0.53 mg m−3) to the

ship (0.45±0.20 mg m−3) to Punta del Hildalgo centrations were significantly lower than ACE-2

marine supermicron concentrations averaging(0.29±0.10 mg m−3).
Submicron NH+4 to nss SO=4 molar ratios aver- 0.01±0.01 mg m−3. Hence, a smaller fraction of

the MSA− was found in the supermicron sizeaged around 0.5 for both Atlantic and polar air

masses. A molar ratio less than or equal to 1 is range during ACE-1 (28±12% for ACE-1 versus
44±11% for ACE-2).typical for marine regions where there is insuffi-

cient NH3 to fully neutralize the sulfate aerosol The higher supermicron concentration for the
ACE-2 marine samples appears to be a result of(Quinn et al., 1988; Covert, 1988). Continental

sources of NH3 are much larger than marine a longer transport time over the ocean. The ACE-2

marine air masses spent 5 or more days over thesources (Dentener and Crutzen, 1994). This is
confirmed by the higher ratios observed for the ocean prior to reaching the ship. Depending on

the location of the ship, the continental ACE-2three continental regions (0.85 for the Iberian

Peninsula, 1.5 for the Mediterranean, and 1.1 for air masses spent hours or, at most, 2 days over
the ocean prior to being sampled. Likewise, theWestern Europe). Still, the sulfate aerosol was not

fully neutralized by ammonia suggesting a molecu- frontal activity during ACE-1 resulted in relatively

short marine boundary layer residence times. Itlar composition of NH4HSO4 rather than
(NH4 )2SO4 . The supermicron NH+4 to nss SO=4 may be that the longer fetch over the ocean during

ACE-2 allowed for the accumulation of moremolar ratio was much lower averaging 0.07±0.18.

This agrees with previously reported observations MSA− on the supermicron aerosol through con-
densation processes.from the northeast Atlantic (Huebert et al., 1996)

and indicates that most ammonia condensed upon The occurrence of a more bimodal size distribu-

tion for the ACE-2 marine samples agrees withexisting submicron particles so that very little was
associated with supermicron nss SO=4 . previously reported data for the open ocean and

for coastal regions during on-shore flow. Impactor

samples collected over the central Pacific and
4.2. Methanesulfonate

during on-shore flow at the coastal site of Cheeka
Peak located on the northwest tip of WashingtonSubmicron MSA− concentrations were similar

for all air masses (Table 1). The Atlantic and polar State showed a bimodal MSA− size distribution
(Pszenny, 1992; Huebert et al., 1993; Quinn et al.,air masses averaged 0.08±0.05 mg m−3 and

0.08±0.01 mg m−3 respectively. Average values 1993). A bimodal distribution also was observed

at Sagres during marine conditions although bothfrom the Iberian Peninsula, the Mediterranean,
and Western Europe were 0.09±0.06 mg m−3, submicron and supermicron MSA− concentra-

tions were lower than those measured on the ship.0.11±0.04 mg m−3, and 0.06±0.04 mg m−3,
respectively. Larger differences were observed in A more prominent submicron mode relative to

the supermicron mode was observed in Cheekathe supermicron concentrations. For the marine

regions, average supermicron concentrations were Peak samples during northerly winds from
Canada and during continental flow at Sagres.comparable to submicron values (0.07±
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Similarly, MSA− size distributions from the Gulf Peninsula (0.88±1.5 mg m−3 ) while one of the
lowest corresponded to polar air massesof Mexico, Miami, and Peru were not bimodal

(Saltzman et al., 1983, 1986; Pszenny et al., 1989). (0.42±0.28 mg m−3). Average concentrations

measured at Sagres during marine and continentalSubmicron and supermicron MSA− to nss
SO=4 molar ratios for the five source regions in flow were similar and comparable to the lower

average values from the ship. Punta del HildalgoACE-2 and for Sagres and Punta del Hildalgo are

shown in Tables 1 and 2, respectively. Continental average concentrations for marine and continental
conditions also were similar but about half thoseratios for the total aerosol (submicron plus

supermicron) from the ship, Sagres, and Punta del at Sagres.

In addition, no strong correlation was foundHildalgo averaged 0.019±0.016, 0.01±0.01, and
0.015±0.01, respectively. These values are lower between shipboard submicron sea salt concentra-

tion and local wind speed. Expressing the depend-than the continental average of 0.029±0.009 for

bulk aerosol measured near the Azores during ence of the submicron sea salt mass concentration
on local wind speed asJune of 1992 as part of the ASTEX/MAGE experi-

ment (Huebert et al., 1996). The shipboard marine
ln (msea salt )=aU+ ln b, (2)

ratio was 0.21±0.10, a factor of two higher than
the Sagres and Punta del Hildalgo values of where msea salt is the sea salt mass concentration

(mg m−3) and U is local wind speed (m s−1 ) results0.08±0.12 and 0.10±0.04, respectively. The latter

values are lower due to lower MSA− concentra- in a coefficient of determination, r2, of 0.14. The
low value of r2 indicates the importance of factorstions. The ASTEX/MAGE marine average also

was lower at 0.065±0.005 but because of higher other than local wind speed in determining the
sea salt mass concentration. These include longnss SO=4 concentrations. Variability in the MSA

to nss SO=4 molar ratio is a function of variability range transport and vertical mixing (Quinn et al.,

1998; Bates et al., 1998). The slope of 0.18 is inin the biogenic source strength of MSA and nss
SO=4 as well as the anthropogenic source of nss good agreement with values previously reported

from shipboard measurements in the Pacific (0.16SO=4 . The large degree of variability in the ratio

observed over NE Atlantic indicates the difficulty (Woodcock, 1953)), the Southern Ocean (0.13
(Quinn et al., 1998)), the Atlantic (0.16 (Lovett,of assigning a representative value to a given

geographical region. 1978)), and the North Sea (0.12 (Marks, 1990)).

The low value of r2 in spite of the fairly consistent
slope from region to region indicates that there is

4.3. Sea salt aerosol
a large degree of variance associated with the

relationship shown in eq. (2). Hence, the use ofSubmicron sea salt concentrations measured on
the ship for all of ACE-2 ranged from 0.01 to eq. (2) to derive the geographical distribution of

sea salt mass concentrations may severely under-6.7 mg m−3 with an average and standard devi-

ation of 0.64±1.0 mg m−3. This is comparable to estimate variability in the sea salt aerosol concen-
tration for a given region.the ACE-1 average of 1.0±0.55 mg m−3. Though

submicron sea salt concentrations were similar for ACE-2 supermicron sea salt concentrations

ranged from 1.9 to 18 mg m−3 with an averagethe two experiments, submicron nss sulfate aerosol
concentrations were quite different. For ACE-1, and standard deviation of 8.6±3.9 mg m−3. This

is about an order of magnitude greater than thethe submicron sea salt to nss sulfate aerosol mass

ratio was, on average, 5.3. For ACE-2, the ratio submicron average and is comparable to the
ACE-1 supermicron average of 9.4±5.5 mg m−3.in marine air was 0.72 and in continental air was

0.07. Hence, submicron sea salt had a relatively Average supermicron concentrations measured at

Sagres and Punta del Hildalgo during both marinestronger influence on the aerosol chemical and
optical properties during ACE-1. and continental conditions are comparable to

values observed on the ship. Using eq. (2) revealsFor the ACE-2 region, there was no obvious
correlation of submicron sea salt mass concentra- a similar shipboard sea salt mass–wind speed

relationship for the supermicron size range as thetion with air mass history (Table 1, Fig. 2). The

highest average concentration observed on the submicron size range (r2=0.20 and a=0.10).
Sea salt size distributions measured on the shipship corresponded to air masses from the Iberian
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for the five source regions are shown in Figs. 3e, f.
Distributions from the Iberian Peninsula, the
Mediterranean, and Western Europe show a

peak in the submicron size range (0.18<D

aero<0.31 mm) that is not observed in the marine
distributions of ACE-1 and ACE-2. Peaks in both

the submicron and supermicron size range suggest
at least two different mechanisms for the produc-
tion of sea salt aerosol. O’Dowd et al. (1997)

observed three distinct sea salt modes and attrib-
uted their production to film drops, jet drops, and
spume drops.

Sea salt aerosol concentrations were calculated
from eq. (1) which prevents the inclusion of non-
seasalt K+, Mg+2, Ca+2, SO=4 , and HCO−3 in the

sea salt mass provided that the assumption that
all measured Na+ was derived from seawater is
valid. Given that most of the dust transported

from Africa to the North Atlantic occurred at
latitudes south of the ship’s position (Verver et al.,

2000), it is unlikely that African dust provided a
strong source of non-sea salt Na+. Without the
measurement of a distinctly crustal element such

as Al, however, the possibility that a portion of
the submicron sea salt peak was crustal can not
be ruled out. Fig. 4. Average Cl− to Na+ mass ratio for the 5 air mass

Particulate chloride depletion occurs as H2SO4 regions as a function of particle size. Also shown is the
Cl− to Na+ seawater mass ratio of 1.8.(or HNO3 ) reacts with NaCl in sea salt aerosol to

form Na2SO4 (or NaNO3 ) and release gaseous

HCl (Clegg and Brimblecombe, 1985). Large losses Iberian Peninsula, Mediterranean, and Western
European air masses, respectively. Results for theof particulate chlorine are typically associated

with elevated concentrations of anthropogenic ACE-1 aerosol are similar to the ACE-2 marine

aerosol.combustion products (Keene et al., 1990). The
average Cl− to Na+ mass ratios measured in air
masses from the five regions are shown in Figs.

4.4. Carbonaceous aerosol
4a, b as a function of particle size. Also shown is
the seawater Cl− to Na+ mass ratio of 1.8 which A thorough discussion of the carbonaceous

aerosol collected during ACE-2 onboard thewould be the expected ratio if no depletion

occurred. Chloride deficits were calculated from Vodyanitskiy can be found in Novakov et al.
(2000). Here, the carbon data are presented to

%Cl− depletion compare average values to the ionic aerosol com-

ponents. Due to the long times used for collecting
=

1.8(Na+)meas− (Cl−)meas
1.8(Na+)meas

×100% (3) aerosol for carbon analysis, no purely marine
samples were collected. In addition, no purely

Western European samples were collected. Forand are listed in Table 3. Chloride deficits in the
Atlantic and polar air masses were insignificant Iberian Peninsula air masses, submicron concen-

trations of total carbon averaged 1.1±0.47relative to the degree of observed variability.
Deficits were greater in the continental air masses mg C m−3 (Table 1) with about 40% composed

of black and 60% composed of organic carbon.and significant relative to the observed variability.

Deficits on the fourth impactor stage were largest Supermicron total carbon concentrations were
slightly lower averaging 0.87±0.24 mg C m−3.averaging 86±18, 86±17, and 99±1.1% for the
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Table 3. Chloride deficit calculated from eq. (3) for the 5 air mass regions as a function of particle size

Chloride deficit, %

Air mass origin D50,aero D50,aero D50,aero D50,aero D50,aero D50,aero D50,aero
0.18 mm 0.31 mm 0.55 mm 1.1 mm 2.0 mm 4.1 mm 10 mm

Atlantic −28±140 −21±63 18±45 41±53 10±14 6.0±4.9 −3.7±13
polar −5.5±74 5.9±51 −0.42±25 32±30 −4.6±46 17±27 1.6±5.6
Iberian Peninsula 36±100 41±59 69±31 86±18 49±18 33±14 26±12
Mediterranean 78±14 49±14 80±24 86±17 64±27 65±17 41±20
western Europe 62±53 24±51 90±11 99±1.1 38±11 24±11 16±12
ACE-1a 11±110 42±39 17±24 2.7±17 3.5±21 −9.5±32 10±19

aD50,aero for ACE-1=0.33, 0.44, 0.76, 1.4, 2.7, 5.6 and 14 mm.

One sample was collected for carbon analysis ively. Including the water associated with the

aerosol chemical components at ambient RH andduring Mediterranean flow. Based on this one
sample, the total carbon concentration in the any other chemical species not analyzed will lower

this value. In addition, it must be emphasized thatsubmicron size range was 3.9 mg C m−3, about 3.5

times higher than the total carbon observed in the the carbon samples were collected over much
longer time periods than the ionic samples, addingIberian Peninsula submicron aerosol. Of this, 28%

was black carbon and 72% was organic. The to the uncertainty in the calculation of the percent
mass fractions.supermicron total carbon concentration was

0.96 mg C m−3.
Submicron concentrations of organic carbon

5. Results — aerosol optical properties
measured at Sagres and Punta del Hildalgo under
continental flow fell within the range of values

5.1. Aerosol scattering coeYcient and hemispheric
measured during Iberian Peninsula flow on the

backscattered ratio
ship. Similarly, black carbon concentrations meas-
ured at Sagres during continental flow are similar To separate the scattering coefficient, ssp , due

to submicron and supermicron particles, anto the shipboard Iberian Peninsula values. Values
measured at Punta del Hildalgo are about a factor impactor (D50,aero=1.1 mm) was valved into the

nephclometer sample line at 15-min intervals. Thisof four lower than the shipboard average, however.

The shipboard Mediterranean value stands out as technique was used during both ACE-1 and
ACE-2. During ACE-2, the scattering coefficientbeing the highest among all continental measure-

ments. Further measurements are needed to deter- for the total aerosol (Daero<10 mm) at 550 nm

ranged from 5.3 to 160 Mm−1. Values for themine how representative the shipboard values
reported here are of the regional air mass sources. submicron and supermicron aerosol ranged from

0.11 to 100 and 1.5 to 67 Mm−1, respectivelySupermicron total carbon values during Iberian

Peninsula and Mediterranean flow were compar- (Fig. 5). Submicron aerosol dominated scattering
by the whole aerosol 45% of the time. This is inable but about twice that observed during contin-

ental conditions at Sagres and Punta del Hildalgo. contrast to ACE-1 where submicron and supermi-

cron values at 550 nm ranged from 0.66 to 38 andThese were, in turn, about twice the marine values
observed at Sagres and Punta del Hildalgo. 1.7 to 130 Mm−1 with supermicron aerosol being

the dominant scatterer throughout the experiment.Total carbon made up about 11% of the chemic-

ally characterized submicron aerosol mass (includ- As sea salt concentrations were comparable for
the two experiments, the difference is due to theing sea salt, nss SO=4 aerosol, MSA−, and total

carbon) in the Iberian Peninsula air masses. larger submicron concentrations of non-sea salt
chemical components during ACE-2.During Mediterranean flow, total carbon made

up about 35% of the analyzed submicron mass. Submicron scattering coefficients were similar

for Atlantic and polar air masses. SupermicronSupermicron values are 7.5 and 18% for the
Iberian Peninsula and Mediterranean, respect- coefficients also were similar for the two air mass
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Fig. 5. Shown as a function of day of year throughout the experiment are (a) air mass origin, (b) submicron aerosol
scattering coefficient at 550 nm, (c) supermicron aerosol scattering coefficient at 550 nm and (d) wind speed at 10 m asl.

types and were 2.5 to 3 times higher than submic- as the number size distribution (Bates et al., 2000)
differed for each region (Fig. 3b) but a balanceron values due to relatively large supermicron sea

salt concentrations. The marine submicron aver- between mean diameter and concentration
resulted in similar average scattering values.age value is comparable to that observed during

ACE-1 as the sum of the nss sulfate and sea salt Continental supermicron scattering coefficients

were larger than marine values. Of the continentalaerosol is similar for the two experiments. The
marine supermicron average value from ACE-1 is air masses, Western European and Iberian

Peninsula average concentrations were compar-slightly higher reflecting higher supermicron sea

salt concentrations. able and higher than the Mediterranean average
concentration. This corresponds to relativelyContinental submicron scattering coefficients

were about 4 times higher than marine values due, higher sea salt concentrations in the air masses
from Western Europe and the Iberian Peninsula.in part, to higher submicron nss sulfate aerosol

concentrations. Iberian Peninsula, Mediterranean, In addition, a continental source of particles may

have contributed to the supermicron scatteringand Western European values were comparable.
The nss sulfate aerosol size distributions as well that was not accounted for in the chemical
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analysis. It is unlikely, however, that African dust 0.12±0.01 for all other regions. These, in turn,
compare well with the ACE-1 average ofwas a significant contributor to the measured

scattering coefficient. Based on satellite images, 0.13±0.01 and indicate the stability of the shape

of the sea salt size distribution in the supermicrontransport of dust from Africa to the North Atlantic
occurred south of Tenerife (Verver et al., 2000) size range.
and, therefore, south of the ship’s position. On a

few occasions between 9 and 18 July when Tenerife 5.2. Spectral dependence of the measured scattering
was at the northern edge of the dust plume, weak coeYcients
events were detected at Izana but it is located in

The Ångström exponent, å, describes thethe free troposphere.
dependence of the aerosol light scattering coeffi-Low levels of aerosol backscattering and the
cient on wavelength and therefore on particle size.sensitivity of the nephelometer prevented the
Smaller values of å indicate the dominance ofderivation of the submicron hemispheric back-
larger particles in determining scattering whilescattered ratio, b=sbsp/ssp , for Atlantic and polar
larger values indicate the opposite. Here, å wasair masses. Of the continental regions, a higher
calculated from the nephelometer-measured sspaverage ratio was observed in the Mediterranean
for Daero<10 mm at 550 and 700 nm usingair masses (0.15±0.01) than in the Iberian

Peninsula or Western European air masses
å=−

log[ssp(l)1/ssp (l)2]
log[l1/l2]

. (4)(0.11±0.02 and 0.11±0.01, respectively) (Table 4).
This is a result of the relatively larger concentra-

tion of particles at smaller diameters in the submic- Average values for the five regions are listed in
Table 4. In addition, the average spectral depend-ron size range in the Mediterranean air masses.

This can be seen in the nss sulfate aerosol size ence of the measured scattering coefficients for the

five regions is plotted in Fig. 6.distribution (Figs. 3a, b) and is confirmed by
observations of a dominant submicron mode in Values of å were lowest for the marine regions

averaging 0.16±0.25 for Atlantic air masses andthe Mediterranean number size distribution cent-

ered at 0.105 mm (Bates et al., 2000). This is in 0.32±0.26 for polar air masses. The ACE-1 aver-
age å was −0.03±0.38 indicating the dominancecontrast to the average Iberian Peninsula number

size distribution which had a mode centered at of the supermicron size range in controlling the

scattering by the aerosol. The nearly neutral spec-0.23 mm and the average Western European
number size distribution with modes centered at tral dependence for these maritime air masses

relative to the continental air masses can be seen0.11 and 0.22 mm.

Values of the supermicron hemispheric back- in Fig. 6.
Continental values of å were larger due to thescattered ratio were comparable for all air mass

regions averaging 0.10±0.03 for the Atlantic and significant mass concentrations and, therefore,

Table 4. Aerosol optical properties as a function of air mass origin

Sub mm Super mm
ssp , 550 nm ssp , 550 nm Sub mm b, Super mm b, Total å, Total sap , Total vo ,

Air mass origin (Mm−1) (Mm−1) 550 nm 550 nm 550, 700 nm 550 nm 550 nm

Atlantic 4.6±3.4 13±6.9 NA 0.10±0.03 0.16±0.25 0.37±0.22 0.98±0.01
polar 4.0±0.94 10±3.2 NA 0.12±0.01 0.32±0.26 0.37±0.25 0.97±0.02
Iberian Peninsula 37±20 31±11 0.11±0.02 0.12±0.01 1.0±0.39 3.6±3.1 0.95±0.03
Mediterranean 40±14 20±12 0.15±0.01 0.12±0.01 1.5±0.46 7.0±3.3 0.90±0.03
western Europe 44±16 33±13 0.11±0.01 0.12±0.01 1.1±0.26 3.3±1.4 0.96±0.02
ACE-1 4.1±2.8 14±9.7 0.11±0.02 0.13±0.01 −0.03±0.38 0.18±0.27 0.99±0.01

Sub mm=Daero<1.1 mm at 55% RH.
Super mm=1.1 mm<Daero<10 mm at 55% RH.
Total=Daero<10 mm at 55% RH.
NA=not available.
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6. Conclusions

ACE-1 was conducted in the Southern Ocean

environment south of Australia and focused on
remote marine aerosol minimally perturbed by
continental sources. In contrast, ACE-2 was con-

ducted in the NE Atlantic Ocean and studied
continental aerosol as it was transported into the
marine atmosphere. In addition, the two experi-

ments were conducted in very different meteorolo-
gical settings. ACE-1 was in a high latitude region
of frequent frontal passages while ACE-2 occurred

in a mid-latitude region where the synoptic situ-
ation is dominated by the position of the Azores
High. A comparison of results from the two experi-

ments allows for an assessment of the degree to
which continental aerosol perturbs the chemical
and optical properties of the marine aerosol system

and of the effects on the aerosol of two very
different synoptic situations.

Fig. 6. Nephelometer-measured ssp as a function of Based on back trajectories, a variety of air
wavelength for the five air mass regions. masses were sampled during ACE-2. Marine air

masses came from the central North Atlantic or

from north of the Arctic Circle. Continental air
masses flowed from the Iberian Peninsula, thescattering coefficients in the submicron size range.

Iberian Peninsula and Western European values Mediterranean, or Western Europe. Based on

chemical and optical properties measured duringaveraged 1.0±0.39 and 1.1±0.26, respectively.
The Mediterranean average å was larger ACE-1 and ACE-2, aerosol in the ACE-2 region

was impacted by continental emissions even(1.5±0.46) corresponding to a smaller peak dia-

meter in the submicron size range (Bates et al., during periods of marine flow. ACE-2 submicron
nss sulfate aerosol concentrations during periods2000).
of continental flow were about an order of magni-

tude larger than concentrations during marine
5.3. Single scattering albedo

flow. In addition, ACE-2 marine concentrations
were about a factor of 4 larger than the ACE-1Single scattering albedo, vo=ssp/(ssp+sap ), is

a measure of the relative magnitude of scattering average concentration. As a result, even though
submicron and supermicron sea salt concentra-and absorption by the aerosol. Values reported

here are based on the measurement of sap and ssp tions were similar for the two experiments, sea

salt had relatively less influence on aerosol chem-at 550 nm for Daero<10 mm. During marine flow
vo ranged from 0.93 to 0.99 with an average of ical and optical properties during ACE-2.

The larger nss sulfate concentrations during0.98±0.01 and 0.97±0.02 in Atlantic and polar

air, respectively (Table 4). The average ACE-1 ACE-2 marine flow relative to ACE-1 also may
have resulted from the more stable meteorologicalvalue was 0.99±0.01 again indicating the remote

nature of the ACE-1 aerosol. conditions which resulted in longer marine bound-

ary layer residence times. A longer time in theACE-2 continental values ranged from 0.81 to
0.99. Mediterranean air masses had the lowest boundary layer allows for the accumulation of

particle mass through vapor deposition and cloudaverage of 0.90±0.03 corresponding to a relatively
large black carbon concentration. Average values processing.

During ACE-2 submicron aerosol dominatedfor the Iberian Peninsula and Western Europe

were similar at 0.95±0.03 and 0.96±0.02, scattering by the whole aerosol 45% of the time.
This is in contrast to ACE-1 where supermicronrespectively.
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aerosol was the dominant scatterer throughout wind speed explains only 10 to 40% of the variance
in the measured sea salt concentration. The use ofthe experiment. This difference resulted in a larger
this relationship and consequent dependence onaverage Ångström exponent for ACE-2 contin-
local wind speed to derive distributions of sea saltental aerosol of 1.2±0.26 compared to the ACE-1
mass concentrations could significantly underesti-average of −0.03±0.38. The ACE-2 marine aver-
mate the variability in sea salt concentrations.age was 0.24±0.26. Single scattering albedos also

were impacted by continental sources in the

ACE-2 region. Average values during ACE-2 7. Acknowledgments
continental and marine flow were 0.95±0.03
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