Pergamon

PII : 51352-2310(96)00337-8

Atmospheric Environment Vol. 31, No. 13, pp. 1991-2001, 1997
© 1997 Elsevier Science Lid
All rights reserved. Printad in Great Britain
1352-2310/97 $17.00 + 0.00

IONIC AND TRACE ELEMENT COMPOSITION OF
CLOUD WATER COLLECTED ON THE OLYMPIC
PENINSULA OF WASHINGTON STATE

RICHARD J. VONG*} BRADLY M. BAKER,; FREDRICK J. BRECHTEL,*
ROBERT T. COLLIER,* JOYCE M. HARRIS§ ANDREW 5. KOWALSKL*
NOREEN C. MCDONALD* and LYNN M. MCINNES]

*College of Oceanic and Atmospheric Sciences, Qrcgon State Universily, Corvallis, OR 97331, US.A;
iDepartment of Chemistry, University of Washington, Seattle, Washington 98195, and §NOAA Environ-
mental Research Lab, Boulder, CO 80303, U.S.A.

(First received 26 June 1996 and in final form 20 October 1996. Published April 1997)

Abstract—Field measurements of the chemical composition of boundary-layer clends that formed in clean,
marine air are presented as a background reference point for comparison to cloud water composition in
more poliuted regions. An impaction-based sampler was used to simultaneously collect cloud water on two
stages, where the ratio of droplet diameter was ~ 1.1 for the two droplet size fractions. Analysis revealed
that large droplets were more concentrated than smaller cloud droplets by a facter of 1.5 for sea-salt-
derived species.

Cloud water concentrations of ionic species were generally five times greater the concentrations of the
same jons in rain water. Aqueous-phase solute concentrations in cloud varied over two orders of magnitude
but generally were quite low, correlated to each other and to aerosol (CN) concentration, bul negatively
correlated to LWC. Air-equivalent solute concentrations were calculated, allowing the detection of the
influence of air-mass trajectory on cloud-water composition. A multivariate statistical analysis of the cloud
water data suggested sca salt, biogenic, crustal, and anthropogenic emission source contributions; the last
two sources existed only for continental air-mass trajectories. Coastal and oceanic trajectories were selected
for the purpose of estimaling a northern hemisphere, mid-latitude, marine, background cloud water

composition of § neqm™? non-sea salt SO2~ and 4 neqm ™ NOj;. © 1997 Elsevier Scicnce Lid.

Key word index: Acid rain, size-dependent composition, organic acids, PLS regression.

1. INTRODUCTION

Few thorough investigations of the heterogeneous
nature of marine cloud water composition have been
performed despite the critical importance of this sub-
ject to the in-cloud oxidation of SO, (Collett et al,
1994; Pandis et al., 1990) and resulting effects on the
marine aerosol size distribution (Hegg er al, 1992;
Hoppel et al., 1990). Cloud water composition and
solute concentrations vary over minutes-to-days time
scales and across the droplet-size spectrum (Ogren et
al., 1989; Ogren and Charlson, 1992). Cloud water
composition is affected by environmental factors such
as long-range transport, local emission sources, phase
partitioning and aqueous-phase reaction rates, and
cloud microphysical properties (e.g. liquid water con-
tent—LWC). In fact, sampling clouds at a “clean”,
marine site is likely to represent a relatively simple set

1 Author to whom correspondence should be addressed.

of environmental factors compared to many other
sampling sites (Charlson et al., 1983). However, it can
be difficult to distinguish concentration differences
that are related to these types of environmental fac-
tors from those related to sampling technique itself.

In fact, the size of cloud droplets sampled for chem-
ical analysis varies among published studies because
cloud water samplers employ a variety of collection
methods (Schell et al., 1992; Collett et al., 1995; Hering
et al, 1987, Mohnen and Kadlacek, 1989). Since sol-
ute composition is expected to vary across the droplet
size spectrum, it is important to characterize a cloud
water sampler in terms of its size-dependent collection
properties {e.g. aspiration and impaction efficiencies)
so that reported results may be understood in that
context.

The purpose of the present study was to character-
ize and deploy a cloud water sampler under a samp-
ling protocol that will produce high-quality data on
the heterogeneous nature of maritime cloud water
chemical composition. This sampler relies on
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impaction of droplets onto cylindrical rods. The 150
collected cloud water samples consisted of the simul-
taneous collection of two different droplet size
fractions. each of which was chemically analyzed for
major 1onic species.

The present work presents and applies a compre-
hensive set of data analytical methods that are appro-
priate for evaluation of many of the environmental
and methedological factors that could influence cloud
water composition. A widely neglected factor, the
sampler inlet, or aspiration, efficiency was modeled in
order to understand the dependence of solute concen-
tration on mean droplet size. Air-equivalent solute
concentrations were calculated as the most appropri-
ate means for examining emission source influences
on the cloud water composition. A multivariate
statistical model (partial least-squares regression)
was introduced and applied to the data to help
identify factors controlling marine cloud water
composition.

The results of this investigation, besides providing
a methodology for collecting and evaluating cloud
water chemical composition at any site, also have
implications for understanding marine CCN chemical
composition and, therefore, cloud albedo over the
aceans (Charison et al., 1987). Furthermore, at windy
sites interception of cloud droplets by vegetation can
result in substantial chemical fluxes (Vong et al., 1991;
Lovett and Kinsman, 1990; Kowalski, 1996) and both
the turbuient and sedimentary deposition processes
are likely to be size-dependent (Beswick et al., 1991;
Vong and Kowalski, 1995). Such fluxes can be deter-
mined from simultaneous water flux (e.g. by eddy
correlation) and cloud water composition measure-
ments such as are presented herein.

2. EXPERIMENTAL METHODS

2.1. Field measurements

From 5 to 25 May 1993, cloud water was collected at the
Cheeka Peak Observatory (460 m elevation} located 4 km
from the Pacific Ocean on the Olympic Peninsula of Wash-
ington State {Fig. 1} as part of the first cloud and aerosol
chemistry experiment (CACHE-1}. Previously collected rain
and aerosol demonstrate the clean, marine background char-
acter of the upwind North Pacific air masses (Vong et al,,
1988a; Covert, 1988; Basabe et al., 1989); local emissions are
negligible and contribute very little to sampled cloud water
composition.

Cloud water was collected at 10 m a.gl. from a tower over
20-200 min intervals using an active sampler. The sampler
was “active” in that a high-capacity blower, rather than
ambient wind speed, aspired the cloudy air. Sampled air at
250 /s ' passes through a cylindrical sampling secction
which contains impaction rods. An existing sampler (Pade et
al., 1987} was modified by adding a top stage consisting of
1.02 cm diameter collection rods o a bottom stage consist-
ing of 0.167 m diameter rods. Six radially oriented, 607 sce-
tions each presented either one large rod (top stage) or nine
small rods (bottom stage) to the air flow. Each stage of the
sampler received “ambient” cloud in that no sequential re-
moval by the two stages was attempted. The sampler inlet
was oriented 90° to the mean wind. Thus, the cloud water

sampler’s impaction cut sizes, ds, (droplet diameters impac-
ted at 50% efficiency for each stage). are independent of
ambient wind speed.

Collected droplets drained down the rods into separate,
precleaned vials for each droplet size fraction (rod size).
Typically, a sample of = 5 ml could be collected in 30 min.
The entire sampler was acid-washed before deployment,
rinsed with deionized water between cloudy periods, and
covered during sunny weather. The periodic cloud water
sampler rinses were analyzed to determine the overall experi-
mental limits of detection for each species. Cloud water
collection vials consisted of 30 or 60 ml PE and PP botiles
that had been acid washed by soaking in { N HNOQ, (reagent
grade for IC, Ultrex for ICP-MS aliquots) for > 24 h. The
acid-washed vials were repeatedly rinsed with distilled,
deionized (millipore) water and soaked in deionized water
overnight. The conductivity of the last rinse water was re-
quired to be within 10% of the < L uScm™ ' makeup water.

The cloud sampler did not have a rain shield and the
representativeness of cloud water collected during precipita-
tion is unknown: thus we only consider samples collected
during non-precipitating or lightly drizzling cloud. Drizzle
indicates precipitation rates too small { < | mm/h) to regis-
ter on a tipping bucket rain gauge or for a person to get wet
when standing in an open area. In this study, drizzle was
defined subjectively and detected as precipitation that pro-
duced ripples on a pool of still water.

Rain-water samples were collected over 3-day periods and
analyzed for C17, NO, . SO2™, NH;, Na*,and K* by icn
chromatography (IC) and pH. Rainwater samplers consisted
of acid-washed and rinsed 1 ¢ PE bottles and 15 cm diameter
PE “powder funnels”. The rain samplers were deployed at
3 m a.gl; duplicates verified that any contamination was not
detectable, similar to earlier experience with this type of
sampler (Vong et al., 1988a).

A number of other measurements were performed and are
utilized for interpreting cloud water chemical composition.
Cloud microphysical measurements were performed con-
tinuously from a boom extending upwind of the tower and
~ 3 m, crosswind from the cloud water chemical sampler
(Vong and Kowalski, 1995), including: cloud droplet-size
spectra from a forward scattering spectrometer (PMS FSSP-
100) liquid water content (LWC) from a particle volume
monitor (GST PYM-100). Additional measurements included
three-dimensional winds {sonic anemometer: ATI SW5-211-
3K), ozone concentration {Dasibi 1003PC, UV absorbance)
and aerosol number congeniration (TSI 3760) sampled
downstream of an inlet which aspires and evaporates most
cloud drops and senses aerosol as the approximate sum of
CCN and interstitial aerosol (diameter > 10 nm).

2.2. Cloud water sampler characterization

The cloud water sampler performance was characterized
for both aspiration and impaction efficiencies for the two rod
sizes {stages). The impaction characteristics for the same
sampler, but containing onty the small reds (0.167 cm dia-
meter), were investigated by Pade et al. (1987), including
efficiency calibrations using fluorescein-tagged droplets.
Since our sampler modifications were minor (the addition of
an impaction stage and small changes in the flow cross-
sectional area associated with a new sample delivery system),
we measured air velocity profiles within the sampling
scctions (pitot tube and manometer) and calculated the
impaction d,,'s for the two rod sizes based on air velocities
as a function of position within the sampler. Impaction
efficiencies calculated according to the approach of
Langmuir and Blodgett (1961) indicate that the sampler
top stage rods intercept primarily large droplets (impaction
dg, =12 um) while the bottom stage was efficient at
intercepting nearly all droplet sizes {ds, = 5 pm) and are in
agreement with calculations by Mohnen and Kadlecek
(1989).
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Fig. 1. Maps of the Olympic Peninsula in western Washington State, U.S.A,, and the Cheeka Peak
sampling site with three day isentropic air mass trajectories traced for continental (short dashes), oceanic
(solid), and coastal (long dashes) classes.

For a fixed sampler gcometry, aspiration efficiency for 90°
sampling depends on droplet size and the ratio of sampler to
ambient wind speed, according to Vincent (1989} and Schell
et al. (1992) as

1

Enp=———s
* "1+ 4kSR*

where R = U_/U,, U, is the ambient mean wind speed, Ug
the sampler air velocity at the inlet, & the empirical para-
meter (k ~2), § the inlet Stokes number (dimensionless),
{ = pd3U,/18xL ), L, the inlet diameter (22 cm) d,, p and
n are droplet diameter, water density, and air viscosity,
respectively.

Measurements by Noone et al. (1992} for 2 90° sampling in
a wind tunnel support the validity of this aspiration efficiency

equation. The probabilities of aspiring 10, 20 and 30 um
droplets into the 90° cloud water sampler inlet are 0.98, 0.92,
and 0.83, respectively, at 4ms ' ambient wind speed and
decrease to 0.94, 0.80, and 0.64 at 8 ms ™', Though inefficient
for large droplets, the proportion of large-to-small droplets
that are aspired is similar for different wind speeds.

The droplet size that characterizes each fraction collected
by the sampler is constrained by the fact that the sampled
clouds have narrow droplet-size distribution; cloud events
typically had hall of the liquid water mass below 15 gm but
less than one-tenth below 10 pm diameter (Vong and
Kowalski, 19935). Considering aspiration and impaction
efficiencies and the ambient droplet-size distribution
together, the large rods typically collected 13 pm droplets
(mass- or volume-mean diameter—vmd) while the smaller
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rods evpically collected 12 g drops. Thus, any differences
in sotute concentration from the two stages of the sampler
correspond t0 a2~ 1 um difference in the mean diameter in
the collected droplets or a ratio of droplet diameters
of ~ 1.1

23, Laboratory methods

After field collection, the cloud water samples were divided
mto aliquots inside a class-100 clean bench, and refrigerated
until analysis (typically 1 month except for pH which was
measured within 24 h of sample collection). When sufficient
doud water was collected, aliquots were separated for the
determination of acid-soluble trace elements via inductively
coupled plasma mass spectrometry (ICP-MS), pH, ion
chromatography (IC) analysis of anions (C17, NQ;J, SO57),
cations (NH,, Na*, Mg?*, Ca®**, and K*), and organic
acids {methane sulfonate, formate, and acetate), The IC anal-
ysts for organics was performed on a 2 ml aliquot that had
40 ul of chloroform added at the time of field collection to
inhibit microbial degradation. The ICP-MS aliquots were
acidified in their collection vials to a pH of ~ 1.5 with
teflon-redistilled HNQO,. All storage of individual cloud
water aliguots consisted of new, 2 ml PE centrifuge tubes
that had been previously acid washed, as described above for
the collection vials, except for pH aliquots which were simply
rinsed in deionized water.

The pH measurements were performed with a glass probe
that was calibrated using pH 4 and 7 commercial buffers.
Probe performance and drift were checked continually using
a low ionic strength H,S0, solution (pH = 4.66). Duplicate
analyses suggested that the pH measurements during
CACHE-1 were precise to ~ 0.1 pH unit,

The IC measurements of inorganic anion concentrations
were performed using a Dioncx AS4A column (Na,CO,/
NaHCOQ; eluent), and conductivity detection. The IC
measurcments of monovalent inorganic cations were per-
formed using a Dionex €83 column (HCl/diaminopropionic
acid monohydrochloride eluent). The IC measurements of of
organic anions were performed using a Dionex AS4A col-
umn {(NaHCO,; eluent; 200 ui sample loop).

Trace element analyses were carried out using an induc-
tively coupled plasma mass spectrometer (ICP-MS;
VG/Fisons PQ2 +) following standard methods {Jarvis et
al,, 1992). Peak integrations were performed for Mg, Al, Ti,
V, Mn, Ni, Cu, Zn, Br, Sr, Cd, 1, Ba, and Pb; results for only
seven clements are presented because the others were often
below the ICP-MS analytical detection limits.

Each [CP-MS anulysis run was calibrated against mixed-
element standard curves prepared daily. Samples and stan-
dards were spiked with an internal monitor containing Be,
In, and Bi for determination of a mass-specific correction
curve for each acquisition set. A series of replicate blanks
and standards were analyzed periodically and all data were
“drift corrected” (Cheatham et al., 1993) to these consistency
standards.

The overall experimental limits of detection for Mg, Al,
and Mn were 20, 8, and 0.8 ugl ™, respectively, with values
of 0.3 g1~ ! for V, Ni, Cu, and Pb. These values were defined
from observed mean concentrations in blanks (deionized
water sprayed into the sampler) and their variability (Currie,
1968). Concentrations for undetected species were set at
a random number between zero and the experimental detec-
tion limit before further data analyses to preserve the in-
formation that certain samples had very low concentrations
(Vong, 1993).

3. DATA ANALYSIS METHODOLOGY

3.1. Trajectory method

An isentropic transport model (Harns and Kahi, 1994},
based on 2.5° latitude-longitude gridded meteorology and

R. J. VONG et al.

topography (European Centre for Medium Range Weather
Forecasts), was used to determine air-mass trajectories for
this study. The details of techniques employed in the traject-
ory model and their uncertainties are discussed elsewhere
{Merrill et al.. 1985; Harris, 1992).

For the present analysis, the isentropic trajectories were
grouped into three classes based on their passage over open
ocean, coastal arcas of North America, or the North Ameri-
can continent itself during the 3 d period immediately prior
to arrival at Cheeka Peak, WA (Fig. 1}.

3.2. Air-equivalent solute concentration

For defining background solute concentrations and for
multivariate statistical analyses involving air-mass trajecto-
ries, the cloud water chemical data were expressed as air-
equivalent concentrations {Ogren and Rodhe, 1986; Leaitch
et al, 1992) calculated as the product of aqueous-phase
solute concentrations and LWC; individual samples were
arithmetically composited to form 2 to 3 h values. This
calculation of air-equivalent concentrations for cloud water
composition reduced the strong influence of LW C on species
concentrations that existed within many, but not all, con-
tinuous cloud events, see Fig. 2. Since the variation of cloud
water solute concentration over time scales of minutes-to-
hours (Winkler, 1986; Vong et al., 1990) often is controlled by
LW, a statistical analysis of short-term aqueous-phase con-
centration data generally will indicate that all species are
somewhat correlated to each other and to LWC. In contrast,
2-3h averages for air-equivalent concentrations in cloud
more nearly reflect concentrations of acrosel and gas-phase
species, themselves indicators of transport and emission
source influences which might be expected to vary over time
scales of several-hours-to-days at a marine site.

3.3. PLS regression methodology

A partial least-squares regression (PLS) model was used
to examine the dependence of cloud water chemical com-
position on both mictophysical influences and air-mass
trajectory. Microphysical influences considered were the
occurrence of precipitation, cloud LWC, and aerosol (CN)
number concentration.

PLS describes correlated chemical species in cloud water
(X matrix) as chemical factors that are in turn related to
physical factors (Y matrix) consisting of air mass trajectories
and microphysical measurements. Details of the PLS
method and its application to atmospheric data have been
presented elsewhere (Vong et al., 1988a, b; Vong, 1993; Gela-
di and Kowalski, 1985). The PLS components describe the
“chemical fingerprints” associated with the three selected
trajectory classes and the microphysical measurements. In
addition, PLS can identify individual samples as multivari-
ate outliers, thus pinpointing any unusual samples that were
collected during a particular trajectory type. The composi-
tion of each cloud water sample is used with the PLS model
to determine how well each sample “fit” its trajectory class
{Vong, 1993) based on a calculated residual in the model’s
multivariate chemical space (the distance of a sample from its
class model is compared to the variance of the samples for
that same class). Outlier samples may contain errors or
simply be unusual samples. The use of outlier rejection with
PLS allows one to describe the sources of variability in
typical samples.

34. Evaluation of droplet-size-dependent concentration

A size-dependence in cloud water solute composition can
arise from the well-known site-dependence in acrosol com-
position {Seinfeld, 1986) and an inverse dependence of drop-
let growth rate on droplet radius (Pruppacher and Klett,
1978). Thus, the analysis of variations in composition with
droplet size is treated as a multiplicative problem, consistent
with condensational growth as the main determinant of
droplet size. Variations in composition across the droplet



“-AC.-_

Ionic and trace element composition of clond water 1995

Cloudwater solute and liquid water concentrations through a

single event
120 0.45
| 0.4
(]
g- 10 . 10.36 o
2 ool los E
55 80 -3 g | —O— SO4xs
3 1026 35
2% g —e— NO3
fg 60 o2 %
0
£8 a0 tois3 | T e
kR lo1 ©
& 20
° 1 0.08
0+ + + 4 4]
12.7 12.75 12.8 12.85 12.9

Day and time, May 1993

Fig. 2. Cloud water chemical composition and LWC through a single cloud event on May 12, 1993. Points

are located at the start times for continuous collestion periods. This event had 9 ms ™! winds from the SSW,

a droplet volume mean diameter (vmd) of 12.5 gm a LWC 0f 0.37 gm ™ *, and a LW turbulent flux [15] of
9mgm 257! (Vong and Kowalski, 1995).

spectrum are examined by comparing simultaneous cloud
water collections for different mean droplet sizes (sampler
stages) where the ratio of droplet diameters is ~ 1.1 for the
present study (see above). Droplet-size dependence in solute
concentrations are evaluated for non-precipitating cloud
only; precipitation would be expected to reduce or eliminate
any size dependence through mixing of drops of different
sizes during the collision—coalescence process.

A size dependence for a particular species is indicated
when a comparison of simultaneous data, expressed as aque-
ous-phase solute concentration for each of the two rod sizes,
results in a regression slope that is significantly different than
1.0. When the (slope — 1.0) = 1 standard error (SE} of the
regression stope, a size dependence is said to have been
demonstrated (¢ = 1.1, thus, for a single-cnded -test one is
~ 85% confident, or more, that a size dependence exists
{Box et al., 1978)). Mean differences in concentration aver-
aged across all simultaneous sample pairs also are deter-
mined for illustrative purposes.

4. RESULTS AND DISCUSSION

Aqueous-phase solute concentrations in cloud sam-
pled at Cheeka Peak during CACHE-1 varicd over
two orders of magnitude but generally werc quite low,
correlated to each other and to aerosol (CN) concen-
tration, negatively correlated to LWC (Fig. 2) and
mean droplet size. Concentrations were lower in
drizzling cloud than for non-precipitating cloud for all
species; data for precipitating cloud are excluded here
because the cloud sampler collection characteristics
for rain is unknown and probably highly variable.
Light drizzle (see above) is included in the data except
when evaluating droplet-size dependence.

4.1. Data guality

Data quality was examined by comparing indepen-
dent measures of the same quality, sample charge
balance and sea-salt ion ratios. Cloud- and rain-water

samples displayed reasonable charge balances in that
the sum of anions and cations differed by < 20% for
individual samples with no particular bias evident.
Similarly, the sum of anions as nitrate, non-sea-salt
sulfate, and organic acids was quite similar to the sum
of ammonium and hydrogen ions {a “mini-charge
balance™) that excludes the dominating sea-sait spe-
cies). A comparison of Mg concentrations (slope =
1.0, r* = 0.87) from the contrasting IC and ICP-MS
techniques confirmed the compatibility of data from
these analytical methods. The accuracy and precision
of the ICP-MS results is estimated to be on the order
of 10-20% (except for Al, Section 4.3), based on analy-
sis of standards and replicate sample analyses. Meas-
ured Mg/Cl and Mg/Na mass ratios of 0.065 and
0.138 compared favorably with sea-salt values of 0.067

and 0.120, respectively, providing farther confirma-

tion of data quality.

Two measures of LWC from the FSSP-100 and
PVM-100 were in excellent agreement (Vong and
Kowalski, 1995). Finally, the smooth time evolution
of cloud water solute composition within some, but
not all, individual cloud events (Fig. 2) suggests that
the precision of the data is sufficient to resolve the low
ion concentrations experienced at Cheeka Peak.

4.2, Cloud- and rain-water mean ionic concentrations

During CACHE-1, Cheeka Peak received clean air
during cloud episodes, as evidenced by low CN
(<500 cm~2) and ozone (~30 ppbyv) concentrations
as well as low-aqueous-phase solute concentrations.
Rain-water concentrations are a factor of five smaller
than the concentrations for the same ions in cloud
droplets sampled rom non-precipitating and drizzl-
ing clouds, see Table 1, and are similar to northern
hemisphere marine background rain-water values
(Vong et al., 1988a; Vong, 1990). Cloud pH averaged
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4.2 while rain pH averaged 5.0. Cloud water composi-
tion varied over a broad range; the standard devi-
atnons in short-term aqueous-phasc concentrations
were similar in magnitude to mean values,

4.3, Trace elements from ICP-MS

The application of ICP-MS to collected cloud
water detected seven elemental concentrations in
most of the 89 samples analyzed. One clement, Mg,
was used only to establish the comparability between
the ICP-MS and IC results. The remaining elements
serve as tracers for specific emission source categorics.

Generally, any apportionment of observed concen-
trations in air or aqueous samples relies on the use of

Table 1. Chemical comparison of the species that were

measured in both rain and cloud samples (“all droplets”, see

text) at Cheeka Peak, WA, during May 1993 (N 4 = 102;
Niain = 9) for all trajectory classes

Cloud: small rods Rain:
Mean SD Units Mean
8S0%~ 84 66 peq £t 13
Cl- 478 554 peqf ! 62
Na®* 316 340 peq £t 46
K* 9 10 ueq et 3
NH, t5 15 peqé Tt 5
803 X8 42 35 peq 1 7
NO; 28 30 peq £t 5
H* 57 51 peq st 10
pH 42 pH units 50

Data for non-precipitating or drizzling cloud are included
but data for precipitating cloud are not.

R.J. VONG et al.

mass ratios (enrichment factors} or multiple correla-
tions (Vong et al., 1988a, b) in the chemical data. Data
correlations are examined in Section 4.5 using the
PLS regression model. Mass ratios for average conti-
nental crust (Taylor, 1964) suggest that either the
cloud water is enriched in Mn, Ni, and V (ie, that
non-crustal sources are active) or that our Al concen-
trations are biased low. Since Mn, V, and Ni themsel-
ves are present in crustal proportions, and the cloud

‘water V/Ni ratio is much smaller than that for fuel oil

combustion (Kowalczyk et al, 1978) (the dominant
anthropogenic source of these elements according to
Gordon, 1988}, it is likely that Al is underestimated by
a factor of 2 in the data reported here, for unknown
analytical reasons. Pb is undetected in the cloud
water more frequently than other ICP-MS analytes,
suggesting few, if any, important emission source
influences.

4.4, Size dependence

Table 2 presents the size dependence in cloud water
composition for ionic species during non-precipita-
ting cloud only. Large droplets (13 um diameter) are
more concentrated for sea-salt-derived species (e.g. for
Na*, Cl-, Mg**, K", and Ca?*, but not NH{, three
organics, or non-marine SO,) than bulk cloud water
(12 um diameter) by a factor of about 1.5, depending
on species. Here non-marine, or “excess”, SO% s
calculated on a mass basis as [SO% ™ xs]=
[SO17] —0.252 [Na']. Sampling in marine loca-
tions by Ogren er al. (1989), Munger et al. (1989), and
Noone et al, (1988) suggested size dependences

Table 2. Size dependence in cloud water aqueous-phase solute concentrations, expressed as the regression slope

for {“large™ drop conc = slope * “smaller” drop conc} where “large” drops are from the upper stage and “smaller”

drops are from the bottom sampler stage and in terms of mean concentration difference for {large-small} drops, ie.
A mean (all units are geq £~ ! except for pH)

Regression slope

A No. of

Species Mean 12 SD Mcan 13 SD Mean Pairs b SE(h} Size dep®
Na 194.0 163.0 302.0 2910 109.0 33 1.6 0.5 yes
Cl 3280 375.0 4980 519.0 169.0 33 1.4 04 yes
Mg 51.0 530 74.0 71.0 230 33 L5 0.5 yes
Ca 350 45.0 540 2.0 19.0 34 18 07 yes
K 8.0 10.0 12.0 20.0 4.0 35 18 Q.5 yes
S0, 750 62.0 87.0 72.0 120 33 11 0.3 no
S0,xs 46.0 410 45.0 41.0 —0.7 33 1.0 0.3 no
NH, 13.0 14,0 130 120 00 34 09 0.3 no
NO, 33.0 360 43.0 51.0 10.0 34 1.3 0.5 no
H* 37.0 500 41.0 65.0 40 21 1.2 0.2 weak
MSA 1.7 22 1.8 2.4 0.1 10 1.0 0.1 no
Formate 64 49 6.5 3.0 0.1 10 0.8 03 no

Acctate 29 21 2.6 1.7

—03 10 0.8 02 no

SE(b} is the standard error of regression slope.

1 Z(ymexs — bxmca:s:'2 0.3
N-1 ¥ Xeas

SE(b) = {

where X mew, = 12 pm d 5, .6 —lower stage concentration (referred to as “small” or “all” drops) ¥ yueas = 13 pm dsp,

ie. upper stage concentration (large drops).

1 Size dependence (“ves” implics that large droplets were more concentrated than smaller drops at the 85%

confidence level).

7'}
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similar to these from CACHE-1 in that large droplets
and more concentrated than small drops for total
solute mass and for sea salt.

4.5. Data correlations and PLS modeling

The aqueous-phase concentrations of five sea-salt
species were highly correlated (0.81 < r < 0.96; for
various pairs) in cloud water. These sea-salt-derived
species also display the strongest negative correlation
(0.42 < |r| < 0.48) to LWC of all the species measured
in cloud water. Non-sea-salt sulfatc (SO2 " xs) was
correlated 0,72 < r < 0.93) with NO;, H*, and
N, (droplet number concentration as measured by the
FSSP-100). All solute concentrations were correlated
to CN concentration {0.61 < r <092 for SO; xs,
NO;. H™, Al Mn, V, and Pb).

A five-component PLS model related 74% of the
varjance in air-equivalent cloud water composition
for 18 species to threc air mass trajectory classes
{Fig. 1), cloud LWC, precipitation status {drizzling or
not), and CN concentration. Table 3 presents PLS
loadings {analogous to the correlation between the
variable and the PLS component) for the chemical
and physical variables for the first three PLS compo-
nents, i.e. those that dominate the variability in the
data (two-thirds of the modeled variance). The sam-
ples were sorted by PLS to identify two “outliers”
(different than the other data for the same trajectory
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class at 95% CI) and discarded as either unreliable or
unusual. Thus, the PLS components described in
Table 3 reflect the typical sources of variability in the
bulk of the collected samples.

The PLS loadings have been interpreted in terms of
possible cmission source influences (“factors”) on the
coltected samples. Continental trajectories had
a strong association with CN (aerosol number), Pb,
Ni, V, SO2" xs, and NO; concentrations (component
# 1, Table 3) consistent with an anthropogenic infiu-
ence such as combustion (Gordon, 1988; Kowalczyk
et al., 1978) and with crustal contributions (Al, Mn)
(component #4, not shown). Cloud water samples
collected when the site was influenced by coastal tra-
jectorics tended to have higher values for both cloud
LWC and the concentrations of three organic anions
and H* compared to samples with oceanic trajecto-
ries (compenent #2, Table 3), suggesting biogenic
influences on pH and a tendency for thick cloud to
occur under this flow pattern (up to the coast of
Oregon and Washington to the sampling site). Both
oceanic and coastal trajectories occurred when sam-
ples had high Na*, Mg?*, CI™, Ca**, and K* con-
centrations but low CN concentrations {component
#3, Table 3), consistent with sea-salt aerosol.

Overall, the PLS model identified separate seasalt,
anthropogenic (presumably “pollution”-related}, bio-
genic, and crustal source contributions that are each

Table 3. Sources of varability in cloud water chemical composition identified from PLS
regression

x: chemistry

y: trajectory and microphysics

Variable beta®

Variable beta®

Component 1 v —033 CN — 041
30% X variance Ni —033 Continental —038
Pb —0.33 Precip 0.56
Cu — .31 LWC 0.37
Al —0.32 Coastal® 0.31

SO,xs —0.23

NO, — 024
Component 2 Formate —~042 Coastal® — 062
19% X variance Acetate — (.38 LWC - 052
NH., —0.38 Oceanic 0.55

MSA —0.37

80,xs — 031

NO, —0.28

H* - 025
Component 3 Na - (.46 LWC - 0.28
12% X variance Cl - 0.4 Coastal —0.23
Mg —042 Oceanic —-027
Ca —-0.39 Continental 0.85
H* —0.36 CN 0.27

The PLS X-components (cloud chemistry) are related to the Y-components through a regression
coefficient (not shown). The variables comprising the Y-matrix were three air mass trajectory
classes (Fig. 1). CN concentration, cloud LWC, and precipitation status® at the sitc. The listed
variables all have strong associations with the first three PLS components and with the other

variables listed for the same PLS component.

» The strength of the associations between the measurements and the individual PLS compo-
nents is described by the listed variable loadings (beta).

b continental, coastal, and oceanic refer to air mass trajectory classes.

A negative association with precipitation means that concentrations are higher in non-

precipitating than in drizzling clouds.
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related to specific transport patterns and cloud LWC.
PLS components # 1 and # 4 were not important for
coastal or oceanic trajectories.

4.6. Background cloud water composition

Table 4 presents our best estimate of a northern
hemisphere, mid-latitude, background (“clean air”) for
marine cloud water based on springtime sampling
during CACHE-1. While the data rcpresent but
1 month’s sampling, they still represent the largest
available data base (102 different sample collection
pericds generated 48 2-3 h samples for clean, marine,
North Hemisphere, mid-latitude cloud water com-
position that have been published to date). Mean
cloud water data are presented both as time-weighted

Table 4. Estimates of northern hemisphere background
composition from cloudy periods at Cheeka Peak, WA
(CACHE-1: May 1993} N refers to number 2-3 h periods

LWC, ozone, aerosol, and wind speed during cloud

Mean Sb Units N
LWC 0.3 0.2 gmm™? 48
O, 30.0 50 ppbv 48
CN 471.0 173.0 cm™? 48
vmd 140 3.0 um 48
Ny 217.0 97.0 cm™3 43
U 7.0 20 ms~! 48

Cloud water solute composition (¥ refers to 2-3 h periods)
expressed as both aqueous-phase and air-equivalent concen-
trations

Major lons

Aqueous phase Air-equivalent

as peqs U conc as neqm 3
Mean SD Mean N
§01%- 63.5 389 16.2 47
Na* 290.6 236.9 68.3 45
Cl- 4329 369.6 96.9 47
Mg?* 66.4 35.5 159 39
Ca?* 36.1 370 92 39
K~ 8.1 58 20 43
NHS 111 10.1 33 48
§O,xs*~ 279 19.8 8.0 47
NOjy 15.F 129 42 47
n 350 16.5 10.0 46
CH,805 34 35 1.0 36
HCOO™ 6.4 7.3 . 23 36
CH;COO~ 29 4.5 1.1 36
Trace Elements

Aqueous phase Air-equivalent

as ug¢ ! (ppb): conc as ngm™?
Mean Mean N
Al 9.7 8.2 29 7
v 1.3 | ) 0.4 37
Mn 1.1 1.0 03 37
Ni 0.5 04 0.2 37
Cu 1.7 1.6 0.5 37
Pb 0.5 0.5 0.1* 37

* Experimental limit of detection.

R.J. VONG et al.

aqueous-phase cloud water concentrations and as air-
equivalent concentrations. LWC-weighted mean
aqueous-phase concentrations can be obtained by
dividing air-equivalent values by the mean LWC
{03gm™?)

These cloud water background concentrations are
quite low compared to other measurements (Jacob et
al., 1985; Ogren and Rodhe, 1986, Weathers et al,,
1988; Mohnen and Kadlecek, 1989; Basabe et al.,
1989; Fuzzi et al., 1992; Collett et al., 1993; Mohnen
and Vong, 1993; Schumenauer et al., 1995), suggesting
that our goal of estimating background values has
been met. The cloud water (non sea salt) SOZ~ and
NO; values from CACHE-1 (Table 4} compare well
to “clean-air” ¢loud water mean air-equivalent con-
centration of 5.3 and 2.7 neqm ™3, respectively, de-
rived from selected aircraft flights over eastern Cana-
da in a study by Leaitch et al. (1992).

4.7, Discussion

The overall mean concentrations of major ions and
trace elements measured during CACHE-1 for non-
precipitating clouds are low. As expected, rain water
was found to be more dilute than cloud water. The
stoichiometry of the cloud water samples is similar to
that for marine rain water (see Table 1). The air-
equivalent SO xs value of 0.38 ugm™? for the
CACHE-1 cloud water data is quite similar to aerosol
data for clean marine locations worldwide (Leaitch
et al., 1992; Savoie, 1984).

Non-sea-salt, or “excess”, sulfate contributes about
one-half of the measured non-sea-salt anion equiva-
lents followed by nitrate and three organic acids (see
Table 4) while H* dominates the sum of non-sea-salt
cations for the cloud water samples. The measured
802 xs/NOj; equivalent ratio of 2 is similar to values
for clean rain. The measured MSA/SOZ2 ~xs ratio is
consistent with values for atmospheric aerosol from
mid-latitude and tropical sites (Saltzman er al., 1986}

but lower than values obscrved for colder regions

such as the Arctic (Li and Barrie 1993). The three
analyzed organics account for one-fourth of the non-
sea-salt anion equivalents, suggesting that clean, mar-
ine areas have a substantial organic contribution to
cloud water solute. Both aerosol, as suggested by
Novakov and Penner (1993), and gas-phase (Keene
et al., 1995} contributions to cloud water organic spe-
cies are likely.

Ogren and Charlson (1992) showed theoretically
that droplet condensation growth leads to a situation
where large droplets, while acquiring more water than
small droplets, actually dilute more slowly than do the
smaller droplets in the same cloud. As moist air is
lifted to a mountaintop, coarse mode (diameter
> 2 ym) sea-salt aerosol nucleate readily and form
large cloud droplets while the sub-um aerosol are
more likely end up in the smaller cloud droplets
(Pruppacher and Klett, 1978). Since the large droplets
experience proportionally less dilution, coarse mode
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species such as sea salt should be more concentrated
in large droplets. This, the most obvious of predicted
size dependences (Ogren and Charlson, 1992), corres-
ponds quite well to the pattern that emerges from
CACHE-1 measurements in that soluble species de-
rived from coarse mode agrosol (Na*t,Ca?*,Cl", K™,
Ca?") are shown to be more concentrated in the large
drops while species with substantial gas phuse par-
titioning in clear air (formate, acctatc) have a tendency
to be more concentrated in the smaller cloud droplets.
Species with likely sources in both fine mode aerosol
and gas phase (SO% xs and NH;}) displayed no
measurable size dependence in cloud water concentra-
tions observed during CACHE-1. Data presented
clsewhere (Collett et al., 1993, 1994; Ogren et al., 1992)
sometimes describe higher concentrations in smaller
drops than in large cloud droplets. However, when
published results are stratified in order (o examine
only the simpler system represented by liquid phase,
marine clouds (Collett et al., 1994: Munger ¢t al., 1989;
Noone et al., 1988), the large droplets are more ¢on-
centrated for sea-salt species (i.e. those derived from
hygroscopic “coarse mode™ aerosol).

Both ambient cloud droplet size and sampler as-
piration efficiency serve to sharply reduce differences
in droplets collected by the two sampler stages from
a7 um change in characteristic droplet size (Avmd), as
expected from impaction principles alone, to ~ 1 ym
Avmd for actual conditions in the field. Thus, the
measured “significant differences” (at 85% CI} in cer-
tain solute concentrations correspond to very small
differences in mean collected droplet size for the two
sampler stages.

According to the model of condensational growth
of hygroscopic acrosol examined by Ogren and
Chatlson (1992), the typical CACHE-1 measured ra-
tio in solute concentrations for sea-salt-derived spe-
cies of ~ 1.5is entirely consistent with the 1.1 ratio in
collected droplet diameter for the two sampler stages.
The lack of any observed size dependence for the
other species likely reflects a more complicated set of
processes governing the cloud water solute concentra-
tions for non-sea-salt species, for example, aqueous-
phase production of sulfate in the clouds.

Air-equivalent cloud water chemical species con-
centrations varied over time scales of a few hours and
were shown to relate to air-mass trajectories, whereas
agueous-phase concentrations varied over time scales
of minutes (within individual events) and were more
likely to correlate to LWC,

ICP-MS was successfully used to detect seven trace
elements in the cloud water samples and these species
proved useful in defining a cloud water background
reference point. The mean CACHE-1 trace ¢lement
concentrations from ICP-MS are similar to the very
lowest reported values, for example trace metals in
cloud water observed near the coast of Chile by
Schemenauer and Cereceda (1992); these low levels
of trace species lend further credence te the notion
that CACHE-1 data represent the best available
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estimate of a true marine background cloud water
composition, ’

The PLS model provided a convenient means by
which to simultaneously consider correlated variables
for the 20 chemical and microphysical variables that
were measured precisely during cloud events. The
PLS analysis was able to discern differences in the
degree of anthropogenic influence on the two marine
trajectories compared to cloud collected under conti-
nental trajectories, in part, because of the inclusion of
the trace element measurements from [CP-MS. Al-
though the coastal and oceanic classes differed in their
LWC and organic acid concentrations, and to
a smaller extent NHF and SO3 xs, no differences
between these two trajectory types for any species
normally associated with “pollution™ or continental
sources (e.g. NOj, Pb, V, Ni, Al, Mn) were identified.
We have chosen to use samples from both oceanic and
coastal air mass trajectories in defining a marine
background cloud water composition.

Inspection of the PLS-identified outlier samples
tevealed high CN concentrations (CN > §00cm™?)
and elevated trace metal concentrations during
coastal or oceanic trajectories. This “chemical-
meteorological criteria” selected samples for the back-
ground definition based upon a consistent composi-
tion-air-mass trajectory relationship and only when
the cloudy air was sampled under marine (either
coastal or oceanic) flow. In effect, our PLS-based
“meteorological-statistical” sample screening criteria
for identifying “background samples” achieved a sim-
ilar result to that which would be obtained by stratify-
ing the chemical data by trajectory and CN concen-
tration (CN < 800 cm™?). However, PLS provided an
added benefit in that groups of correlated species in
the chemical and physical data were determined and
samples that did not fit those correlation patterns
were easily identified and eliminated from our defini-
tion of a background.

Specific “chemical fingerprints” associated with
samples collected during continental air-mass trajec-
tories were utilized to differentiate relatively “pol-
luted” air from cloud collected during “clean” air. On
this basis, coastal and oceanic air-mass trajectories
were selected for the purpose of estimating the north-
ern hemisphere’s mid-latitude, marine, background
cloud water composition from samples collected on
the Olympic Peninsula of Washington State.

5. CONCLUSIONS

Sampler characterization and sample collection
and analysis revealed the heterogeneous nature of
non-precipitating cloud droplets that were sampled at
Cheeka Peak, Washington during May 1993. Large
droplets ( ~ 13 ym diameter) were found to be ca. 1.5
times as concentrated as smaller droplets ( ~ 12 ym
diameter) for five sea-salt species but not for non-sea
salt SOZ~ and pH. Preprocessing of this cloud water
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chemical data to form air-equivalent solute concen-
trations, along with the application of a multivariate
statistical model (PLS), allowed the determination of
the dependence of composition on air-mass trajectory.
The results of this PLS modeling formed the basis for
a “meteorological-statistical” method for selecting
a consistent set of “clean” cloud water samples that
subsequently were averaged in order to characterize
a suite of typical background concentrations for
northern hemisphere, mid-latitude, maritime cloud
water.
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