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INTRODUCTION

The development of the Caltech Active Strand Cloud-
water Collector (Daube et al., 1987) led to a need to
compare the performance of this collector with the
Rotating Arm Collector (Jacob et al., l9g4) used in
previous studies of fog and cloudwater chemistry in
California. Of particular interest were the rati of
sample collection by each instrument and the com-
parability of the chemical composition of'the samples
collected by the two instruments. In order to make
these comparisons, a sampling location at which we
could sample several fog events with widely varying
liquid water contents and chemical compositions was
required. Side-by-side comparison of the collectors
under these conditions would providb a good test of
the relative performance of the two instruments.

SITE DFSCRIPTION AND MEASURf,MENT TECHNIQUES

Sampling site

The site selected for the collector comparison was
the roofofa one story building located at an elevation
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of 475 m, just below the summit of La Jolla peak. La
Jolla Peak is situated 3 km NNE of pt. Mugu at the
eastern end ofthe Santa Barbara Channel in southern
California. The collectors were placed approximately
15 m apart with the exhaust from each directed away
from the other collector.

This site was selected because of its elevation, its
proximity to the ocean, and its isolation from major
anthropogenic sources. The combination of elevation
and proximity to the ocean were expected to result in
frequent impaction of coastal stratus, which move
inland with the night-time sea breeze during the
summer. The isolation from any immediately neigh-
boring anthropogenic sources was expected to pro-
,vide a variety of cloudwater compositions, these vary-
ing with the mesoscale transport conditions associated
with each event. Previous work had suggested that the
site might be subjected to pollutant laden air masses
originating in the Los Angeles Basin (Shair et a1.,1982)
or from oil platforms located in the coastal waters to
the west (California Air Resources Board, 1982). These
types of air masses, if associated with periods of
coastal stratus, could result in the presence of highly
polluted cloudwater at the site. Alternatively, it was
expected that periods of air movement from the
southwest (not associated with offshore flow from the
South Coast Air Basin) during periods of coastal
stratus would result in the presence of much cleaner
cloudwater at the site.
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M e a sur ement t e chnique s

Cloudwater samples were collected simultaneously
with the Rotating Arm Collector (RAC) and the

Caltech Active Strand Cloudwater Collector
(CASCC) depicted in Figs I and 2, respectively' The

RAC (Jacob et aI., 1984) utilizes a 1.5 HP motor to
drive a 63 cm long solid stainless steel rod at
1700 rpm. Each end of the rod has a slot milled into its
leading edge to collect impacting fogwater droplets.

High density polyethylene (HDPE) bottles mounted
on each end of the rod catch the fogwater sample as it
is accelerated outward from each slot. Collection rates

of up to 2ml min-l have been obtained in the field
with this instrument. A scale model calibration of the

RAC indicated a 50Yo lower size-cut (droplet diameter

JErrnry L. CoLLETT, Jc, et al.
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at which the collection efficiency is 50%) of 20 pm for
the RAC.

The CASCC (Daube et aI., 1987) employs a fan to
draw air across six angled banks of 508 pm Teflon
strands at a velocity of 8.5 m s- 1. Cloudwater droplets
in the air parcel are collected on the strands by inertial
impaction. The collected droplets run down the
strands, aided by gravity and aerodynamic drag,
through a Teflon sample trough into an HDPE collec-
tion bottle. This instrument has a theoretical lower
size-cut of 3.5 trrm, based on droplet diameter, and has

collected cloudwater at rates of up to 8.5 ml min- 1 in
the field.

Both collectors were copiously rinsed with de-

ionized distilled water (DDHTO) prior to each event
in'order to ensurg that the collection surfaces were
clean. Samples collected during the first several minu-
tes of each event were discarded in order to permit
residual rinse water to be washed off by collected
cloudwater. The major ions, Cl-, SO!- and NOf ,

were measured in our laboratory using a Dionex 2020i
ion chromatograph with a Dionex AS-4 column and a
bicarbonate--carbonate eluent. Na+, Ca2* and Mg2*
concentrations were determined using a Varian Tech-
tron AA6 atomic absorption spectrophotometer.
NHj was measured by the phenol-hypochlorite
method (Solorzano, 1967) using an Alpkem continu-
ous flow analyzer.

SAMPLE COMPARISON RESULTS

Collection rate

The rates of cloudwater collection by the two
instruments were compared lor 22 periods during
which samples were collected simultaneously. The
theoretical ratio of collection rates between the two
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Fig. 3. Comparison of CASCC and RAC cloudwater
collection rates. Solid circles represent data points used in

the chemical comparison.

instruments is 4.2;l (CASCC:RAC). This figure is

based on the expected air sampling rate of each

instrument; in the presence of strong winds, the collec-
tion rate of the CASCC, which is usually pointed into
the wind, may be enhanced somewhat, since the
ctoudwater flux through the instrument will be in-
creased. In Fig. 3 the actual collection rate data from
this study are depicted along with this theoretical line.
The data are plotted as the ratio of CASCC to RAC
collection rates vs CASCC collection rate. Most of the
data points are scattered closely about the theoretical
line. Several points at low CASCC collection rate,
however, fall well above this line, indicating that under
these conditions the performance of the CASCC rela-
tive to the RAC is much better than expected.

Since the collection rate of the CASCC is propor-
tional to the liquid water content (LWC) of the cloud
(the CASCC collection rates indicated in Fig. 3 corres-
pond to LWC values between 0.02 and 0.5 gm-3;see
Collett et aL, 1989), these particular samples indicate
that under low LWC conditions the collection effici-
ency of the RAC declines to a greater extent than that
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of the CASCC. This may be due to the differing lower
size-cuts of the two instruments. Typically, low LWC
clouds have a greater proportion of liquid water
residing in smaller droplets (Best, 1951a). Since the
RAC collects only those droplets above 20 pm efficien-
tly, it may be sampling less than half of the droplet
spectrum under these conditions. Qre 3.5 prm lower
size-cut of the CASCC, however, makes it possible to
sample the bulk of the available liquid water. Separate
measurements of droplet size spectra, not made during
this study, would have helped to clarify this issue.

Chemical composition

Of the 22 samples collected simultaneously by the
CASCC and the RAC, 11 were chosen for a com-
parison of major ion composition. These 11 samples
were collected on three different nights in July and
August of 1985. The other 11 samples were rejected
because of low collection rates (RAC collection rates
less than 0.33 ml min- r), during periods of low LWC,
or, in one case, because of sample contamination by a
moth captured by the RAC. Samples used for the
chemical comparison are indicated in Fig. 3. The low
LWC samples were not used for this portion of the
collector comparison, both because they were small in
volume, thus providing greater opportunities for signi-
ficant contamination, and because the potential for
sample evaporation on the instrument collection sur-
faces was greater during these periods. Trends exhibi-
ted by those samples used in the comparison, however,
were generally observed in the low LWC samples as

well.
Seven ions were used for comparison of the samples:

NOt, SOi-, Cl-, NHi, Mg2*, Caz* and Na+.
Along with H+, these ions from the bulk of the ionic
composition for all 11 samples. Results of H+ meas-

urements were not incorporated into this comparison
because of problems experienced during pH measure-
ment of some of the samples in the field (Mwger et al.,

1990; Munger, 1989). Figure 4 depicts the sample
comparison for each of the other ions. The data are
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plotted as concentration in the CASCC sample vs

concentration in the RAC sample. The eleven samples

exhibited a wide range of concentrations for each of
these ions and represented cloudwater collected over a
wide range of LWC, providing a good opportunity for
sampler comparison. A detailed discussion of the
temporal variation observed in the composition of
cloudwater collected at this site is beyond the scope of

RAC

this paper. For a discussion ofthis topic, and consider-

ation of cloudwater chemistry in the region in general,

refer to Munger et al. (1990) or Munger (1989).

Also plotted for each ion is an equivalence line (see

Fig. 4), representing a 1 : 1 ratio of ion concentrations.
If the collected sample pairs were identical in composi'
tion, the data points should deviate from this line only
due to random errors in analysis. In the case of NOJ ,
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Fig. 4. Comparison of major ion concentrations in CASCC and RAC samples. Concentrations are

expressed as pequivalents /- 1. A line ofperfect correlation (equivalence line) is included in each panel
for reference. Also shown are the best fit lines for the data. These were obtained using Bartlett's

method (Bartlett, 1949).
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SOf- and NH/ the data points seem fairly well
matched with the 1: I line. Deviation is more evident
amongst the Cl-, Na+, Mg2+ and Ca2+ composi-
tions. In all four cases it appears that the RAC collects
these ions preferentially, particularly when the ions are
present at higher concentrations.

A statistical analysis was performed to determine
whether the deviations suggested above were signific-
ant. A linear relationship of the form given by

Y,:a*f X.* 1t (l)

may be hypothesized where I, and X, are the matrices
of CASCC and RAC concentrations of ion'i', respect-
ively, and 'p' represents the error in the equation.
Typically the values of a and f, the intercept and the
slope, are estimated using the method of ordinary least
squares (OLS). When there are errors in the measure-
ment of both the dependent and independent variab-
les,. however, OLS provides a biased estimate of the
slope (Johnston, 1984; Maddala, 1977).

Two estimation methods are commonly used to
remedy this problem of bias. One requires a fairly
accurate knowledge ofthe magnitudes ofthe errors. In
order to utilize this approach, simultaneous data are
needed on side-by-side CASCC and side-by-side RAC
sampling. Waldman (1985) found that the chemical
composition of cloudwater samples collected simulta-
neously by two RACs showed generally good agree-
ment. A recent comparison of cloudwater samples
collected simultaneously by two CASCCs (Daube,
unpublished data) also revealed excellent intersampler
agreement for all measured ions. The fact that both
sampler studies yielded such good agreement between
replicate samplers indicates that spatial inhomogenei-
ties in cloudwater composition are insignificant when
averaged over the sample collection period (typically
30 min-l h). Since the conditions under which these
comparisons were conducted were somewhat different
than those encountered in this study, however, we
chose not to base our statistical analysis directly on
these results but rather to utilize the second estimation
method. This technique, known as the Instrumental
Variable (IV) method (Johnston, 1984), provides a
consistent estimate of both the slope and intercept,
without requiring a precise specification of the magni-
tude of the measurement errors. The method requires
a matrix of variables correlated with the X variables,
but uncorrelated with the errors in the X vairables.

The particular method utilized for this comparison
has been described in detail by Bartlett (1949), and is a
modification of earlier work by Wald (1940). The
mean of the coordinates (i, y) is used to define one
point of the fitted line. To determine the slope, the n
data points are divided into three gioups which are
non-overlapping in either the x or the y direction. The
groups should be chosen so that the two extreme
groups are as near n/3 as possible. The slope of the
fitted line is then defined by the slope of the join of the
mean coordinates, (ir, y-r) and (tl, yr), for the two

Table 1. Slopes different from one for CASCC vs
RAC sample ionic composition comparison

Ion Slope 9570 Confidence limits

(0.18, 0.50)
(0.22,0.61)
(0.08, 0.65)
(0.14, 1.01)

extreme groups. While Bartlett's method provides a
consistent estimate for the slope and intercept of
Relationship (1) it is not as efficient as OLS. A de-
crease in efficiency results in an increase in the size of
the confidence limits placed on these estimates. When
faced with a situation where there are errors in the
independent variables, however, it becomes necessary
to sacrifice some efficiency to gain an unbiased esti-
mator.

The lines obtained as best fits to the data for the
seven ions are depicted in Fig. 4, along with the
concentration data and the equivalence lines. Table I
lists the slopes, f, and the corresponding 95Yo con-
fidence limits for the CASCC vs RAC comparison for
Na+, Cl -, Ca2 * and Mgt *. A slope greater than one
indicates preferential collection of that ion by the RAC
while a slope less than one indicates that the CASCC
collects the ion preferentially. A slope of one indicates
no preferential collection. The results in Table I
indicate that at the 95o/o confidence level the RAC
collects Na+, Cl- and Ca2* preferentially. preferen-
tial collection of Mg2 * by the RAC is indicated at the
907o confidence level. As indicated by the scatter
present in the data illustrated for these four ions in Fig.
4, there appears to be some variation between sam-
pling periods or events in the ion concentration ratios
for samples collected by the two instruments. This is
better illustrated in Fig. 5 where RAC/CASCC ion
ratios are presented as a function of sample number.
Values of the ion concentration ratios for Na+, Cl-,
Ca2* and Mg2*, while not of the same absolute
magnitude, appear, at least qualitatively, to move as a
group, suggesting that a common mechanism may act
'to cause enrichment of these particular ions in RAC
samples relative to CASCC samples. Data for NHf ,
NOf and SO!- indicated no preferential collection of
these ions by either collector, although it is interesting
to note that some correlation is apparent between the
RAC/CASCC ion ratios for NO. and SO!- (see
Fig. 5).

Typically, larger condensation nuclei lead to the
formation of larger cloud droplets in the lower por-
tions ofa cloud not subjected to significant horizontal
entrainment of dry air (Best, 1951b; Mason and Chien,
1962; Hudson, 1984). Since sea salt and soil dust are
found to reside in the larger end of the aerosol size
spectrum (Seinfeld, 1986), the elements found pre-
dominantly in these types of particles (e.g. Cl-, Na+,
Mg2 + and Ca2 *; will reside there as well. Therefore, as

Na*
cl-
Ca2'
Mg'*

0.34
0.44
0.31
0.49



1690

cloud droplets from on the available aerosol nuclei
and grow by condensation, it should be expected that
these elements would be found predominantly in the
upper end of the droplet size spectrum. In the more
mature portions of a cloud this trend may be obscured
somewhat as droplet coalescence becomes increas-
ingly important (Mason, 1971).

The fact that the RAC preferentially collected Na+,
Cl-, Mg2+ and Ca2+ is consistent with its lower
collection efficiency for small droplets. Since these
droplets should come predominantly from condensa-
tion on smaller aerosol nuclei, they are likely to
contain much lower concentrations of Na+, Cl-,
Mg2* and Ca2+. The smaller droplets, collected effi-
ciently by the CASCC, act to dilute the concentrations
of these four ions in the CASCC samples.

A further issue worthy of attention is the deviation
of the intercepts of some of the best fit lines from the
expected value ofzero. Calculated intercept values, c,
are significantly different from zero at the 957o con-
fidence level for Na+, Cl- and Ca2+. While the
difference is relatively small for Ca2*, it is large for
botll Na+ and Cl-, and cannot be explained by
background concentrations ofthese ions on the collec-
tion surfaces, since blanks taken prior to each event
reveal concentrations of Na+ and Cl- far below the

(a)

@2 4.0
ttJJs 3's

a 3.0
tJ

i tt
k 2.o
E
z 1.5

; 1.0
o
2 0.5o
b o.o
u.

(b)

(n

2 4.O
Lil

3 3.s

A r.o
t-!

o 2'5
-k 2.ot
z 1.5o
o 1.0o
2 0.5o
b o.o
v

JEFFREY L. Colrrrr, Jn et al.

SAMPLE

SAMPLE

Fig. 5. Ratios of ion concentrations in simultaneously collected RAC and CASCC
samples,

intercept values. A significant source ofgas phase HCl,
which upon cloud formation would be incorporated
into droplets of all sizes, may provide an explanation
for the deviation of the Cl- intercept from zero.
Dissolution of HCI would contribute a base level of
Cl- to samples collected by both instruments, making
extrapolation of the Cl- concentration ratio to zero
inappropriate. Formation of HCI by acid volatiliz-
ation from sea salt particles has been suggested to be
significant in this region (Munger et a1.,1990; Munger,
1989). No explanation can be oflered at this time for
the non-zero value of the Na+ intercept.

In an intercomparison ofseveral fogwater collectors
(Hering et al., 1987) conducted at Henninger Flats, an
elevated site near Los Angeles, some of the devices
collected samples with significantly higher concentra-
tions of soil dust cations, notably Ca2 + and Mg2 + and
Na+. Data from a comparison of a Desert Research
Institute linear-jet impactor and a RAC exhibited
trends very comparable to those seen in the current
study for Na+, Ca2* and Mg2+: preferential collec-
tion by the RAC (Hering et a1.,1987). A lower size-cut
of between 2 and 5 pm has been reported for the DRI
jet impactor (Katz, 1980), comparable to the lower
size-cut for the CASCC. Some speculation was made
about whether the preferential collection by the RAC
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was due to differences in the lower. size-cuts of the

collectors of due to some other factor. The final
conclusion was that this difference was due to intense

research activity at the site which probably led to
mobilization of soil dust particles. These dense par-

ticles would be sampled more efficiently by the RAC
than by the DRI jet impactor due to differences in the

sampler inlets (Waldman, 1985). No explanation was

offered for the preferential collection of Na + 
, which is

primarily derived from sea salt at this site.

In the present CASCC vs RAC comparison both
samplers were located on a rooftop away from pos-

sible sources of soil dust contamination. During sam-
pling periods the rooftop was heavily wetted by depo-
sition from the dense fog, providing further protection
from soil dust contamination. There was also very
little activity at the site. The combination of these
factors suggests that perhaps the differences seen in the
current study are truly due to differences between the
collectors in the collection efficiency of small droplets.
Subsequent investigations of variations in droplet
chemistry with droplet size, prompted by the results of
this investigation and conducted using a CASCC with
a droplet size-fractionating inlet (Munger et a\.,1989),
have yielded similar conclusions: that ions associated
with large aerosol tend to be found predominantly in
large cloudwater droplets.

During the CASCC vs RAC comparison no signific-
ant collection preferences for any ion were exhibited
by the CASCC. This happened despite the fact that
aerosol NOt, SO3- and NHf,, resulting primarily
from gas-to-particle conversion processes, are found
predominantly in the fine particle fraction (Seinfeld,
1986). Since smaller cloud droplets should tend to
have smaller condensation nuclei, it might be expected
that these ions would reside mostly in the smaller
droplets and therefore be collected preferentially by
the CASCC. The situation is not so simple, however,
since cloudwater concentrations of all three of these
ions may be altered by absorption of precursor gas

phase species followed by chemical reaction. NH.(g)
can be absorbed by the droplets and protonated to
form NHi; HNO.(g) can be absorbed, followed by
deprotonation to yield NOf ; SOr(g) can be absorbed
and oxidized to SO!-. The first two proc€sses are
extremely rapid. The oxidation of S(IY) to S(VI) in
cloudwater is also rapid in the presence H2O, or a
metal catalyst (Hoffmann and Jacob, 1984). All three
of these processes occur throughout the droplet size
spectrum making them likely candidates for masking
the signature of aerosol NO;, NHI and SO!-.

SUMMARY

A comparison of cloudwater collection character-
istics of the Caltech Active Strand Cloudwater Collec-
tor (CASCC) and the Rotating Arm Collector (RAC)
was conducted at an elevated coastal site near the
eastern end of the Santa Barbara Channel in southern

California during the summer of 1985. Of particular
interest were the rates of collection and the chemical
comparability of the samples obtained using each
instrument.

Collection rates as high as 8.5 mlmin-l were ob-
tained using the CASCC in this study. Collection rates
for the RAC as high as 2 ml min - I have been observed
in past studies. During this intercomparison the ratio
of CASCC to RAC collection rates was found to be
close to the theoretical prediction ol 4.2'.1over a wide
range of LWC. At low LWC, however, this ratio
climbed rapidly. This may be attributable to the
different lower size-cuts of the two instruments: since
the CASCC collects small droplets more efficiently
than the RAC, its performance relative to the RAC
should increase in thinner fogs and clouds where the
mass median droplet diameter decreases.

Concentrations of Na+, Cl-, NOt, SO?-, NHi,
Ca2 + and Mg2 + in simultaneous samples collected by
the two instruments were compared. Preferential col-
lection of Na+, Cl- and Ca2+ by the RAC was
observed to occur with a confidence level greater than
957o. Preferential collection of Mg2+ by the RAC was
observed to occur with a confidence level greater than
90%. This preferential collection was attributed to the
differing lower size-cuts of the two samplers since these
ions, derived primarily from soil dust and sea salt, may
be expected to reside primarily in larger cloud droplets
which make up a larger fraction of each RAC sample.
No significant preferential collection by either collec-
tor was observed for NQJ, SOf - or NHf .
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