
~RY - AIR ~SQ . . 
UR-CES 8<:>ARo 

FOG, CLOUD, AND DEW CHEMISTRY 

Final Report 

for 

The California Air Resources Board 

1800 15th. St. 
Sacramento, California 95814 

Eric Fujita, Project Manager 

Contract Number: A4-075-32 

PrQ(. Michael R. Hoffmann 

Principal In1Jestigator 

Enmn,nmeaf&I Engineering Science 
W. M. Keck Laboratories 

· California Institute ·of Technology 
Pasadena, CtiJ;ifornia 91125 

28 February_ 1989 





CHAPTER! 

CHAPTER2 

CHAPTER3 

CHAPTER4 

CHAPTERS 

CHAPTER6 

CHAPTER? 

CHAPTERS 

CHAPTER9 

TABLE OF CONTENTS 

EXECUTIVE SUMMARY 

ACTIVE CLOUDWATER COLLECTOR 

INSTRUMENT TO COLLECT FOGWATER FOR 

CHEMICAL ANALYSIS 

A COMPARISON OF TWO FOGWATER 

COLLECTORS 

THE H2S04-HN03-NH3 SYSTEM AT 

HIGH HUMIDITIES AND IN FOGS: 

SPATIAL AND TEMPORAL PATTERNS IN THE 

SAN JOAQUIN VALLEY OF CALIFORNIA 

THE H2S04-HN03-NH3 SYSTEM AT 

HIGH HUMIDITIES AND IN FOGS: 

COMPARISON OF FIELD DATA WITH 

THERMODYNAMIC CALCULATIONS 

TRANSPORT AND OXIDATION OF 

SOi IN A STAGNANT FOGGY VALLEY 

DEPOSITIONAL ASPECTS OF POLLUTANT 

BEHAVIOR IN FOG AND INTERCEPTED 

CLOUDS 

CHEMISTRY AND PHYSICS OF ACID 

FOGS1 CLOUDS, & HAZE AEROSOL 

KINETICS AND JfECHANISNIS OF 

CHEMICAL REACTIONS IN CLOUDS & FOGS 

il 



CHAPTERlO CLOUDWATER CHEl\;JISTRY IN SEQUOIA 

NATIONAL PARK 

CHAPTERll IDENTIFICATION OF HYDROXYNIETHANE

SULFONATE IN FOG WATER 

CHAPTER12 ANALYSIS OF ALDEHYDES IN NATURAL 

WATER SAMPLES BY HPLC WITH A 

POSTCOLUMN REACTION DETECTOR 

CHAPTER13 CARBOXYLIC ACIDS AND CARBONYL 

COMPOUNDS IN SOUTHERN CALIFORNIA 

CLOUDS AND FOGS 

CHAPTER14 FOGWATER CHEMISTRY AT RIVERSIDE 

CHAPTER15 CLOUDWATER CHEMISTRY IN THE SANTA 

BARBARA CHANNEL 

CHAPTER16 CHEMICAL CON/POSITION OF FOGWATER 

COLLECTED ALONG THE CALIFORNIA 

COAST 

CHAPTER17 NUTRIENT LEACHING FROM PINE NEEDLES 

IMPA.@TED1BYA6IDIC CLOUDWATER 

CHAPTER18 CHEJVIICAL CHARACTERIZATION OF 

·.:''._'~ : :S'TRA:'TUS CLDT)tYWATER AND ITS ROLE AS A 

VECTOR FOR POLL-UTANT DEPOSITION IN A 

LOS ANGELES PINE FOREST 

CHAPTER19 .. 'Pli:LiF1INTERdOMPARISON OF FIVE TYPES 

OFFOG1WA(T.ErR COLLECTORS 

mailto:IMPA.@TED1BYA6IDIC


I 

EXECUTNE SUMMARY 

Background 

In our previous studies, we had established that fog- and cloudwater in Southern 

California was consistently acidic (pH 1.7 to 4.0). As a continuation of that work, ,ve have 

expanded both the intensity of our sampling effort and the detail of our chemical 

characterization. 

The principal objectives of this research project were: 

1. to develop refined instrumentation for the collection of cloud- and fogv.a.ter and 

to automate the fogwater collection process, 

2. to carry out multiple site sampling and analysis of aerosol, gases, clouds, and 

fogs in the Los Angeles (LA) coastal zone, in the Riverside area, at elevated sites 

in the Los Angeles basin, in the Santa Barbara Channel area, and in the southern 

San Joaquin Valley, 

'' ,-
. ' . .. . ~ \ 

3. to characteiliiie dew\c'li1emis't'ry,~ 

· r, ;\ 1 't'~'\ .!. f,.:) \\L:\ 1r\ ', 
4. and to . i9<?,~.rl,~) ~1?¥4~\ ·\apd fogwater data with standard air quality 

measurerherit's\ ~\G~ 'i\•::.i'\:•·.'.~i r 

__ ·• '.1 ,\•:; ?..'::\ \ j:.) ·r. t, '('.,\~' 1 

Our first principal Qbje,G~ive \was "t,P, <;onstruct an automated fogwater collector, which 
, , \, ' r,. "~ , "-.}.\.>. l \ · 

would allow fogwater. moni'totJng::to be ·done more conveniently. This objective has been 

achieved; the development effort resulted in the granting of a United States Patent (:No. 
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4,697,462) for the design of a fog- and cloudwater collector with an associated automatic 

collection and field storage system. The results of this work are presented in Chapters 1, 2, 

and 3 of the final report. 

vVith the aid of automated collectors, we were able to determine the spatial and 

temporal variation of fog/ cloud chemistry within large areas of fog occurrence. The second 

array of principal objectives were all achieved; detailed reports of these efforts are given in 

Chapters 4, 5, 6, 7, 12, 13, 14, 15, 16, 17, and 18 of the final report. 

After an preliminary investigation of dew chemistry in a variety of locations in the LA 

Basin, further investigations were halted because the relative importance of de·w as a 

depositional pathway for atmospheric acidity was established to be negligible. Other 

investigators have confirmed our assessment of the importance of dew chemistry/ deposition 

relative to dry deposition, ,vet deposition, and fog-derived deposition. This ,vork has -been 

reported in the Ph.D. thesis of J. M. ·waldman (Ph.D., Caltech, 1986). ·with the 

encouragement and approval of the CARB project officers, we shifted our focus from dew to a 

preliminary investigation of the cloudwater chemistry in the Sierra Nevada Mountains. 

Results of this work are reported in Chapter 10. 

Research objective number 4 was explored for fogs in the San Joaquin Valley, in the Los 

Angeles basin, and in the Santa Barbara Chann~L ap~f.1-_. U)ing tp.e techniques of multiple linear 
', ... , ~.,) , : . . ) ,. .. . . 

regression, a significant correlatiq~_ ,.w~i?- _o~~'if''~~r~ p1::i~~e.~}t tJW avfrage nighttime cloud- and 
... . ..... J.~ ..., ....., ,. _, . , ., l •'.. - . - ... ..,. ~ '- - . '·-. 

fogwater loadings of H+ and N0.3 an,d-, tll,~ r.n¥i.n.:rn,m )e':el~ _Qf Q3, NOx, and NO recorded 
;,; ', i\ ,J,··tJ.i~·t"', ·--...rd.J ! '_;,...,G9df1 ..::-,;_ ··.,:.~. 

during the preceding days. Regre,.~,9iq17- ic;i:,uatiop,s)µ~t..»;e.r~ gpJai_ne~ were found to be reliable 
., __ ,.,__ \ • _ .. 1,_._._.,.l•J\._1 \.l.B . ,. , _,, · ·.1.. 

for predicting fogv.rater loadings ?-(,:S:_-i: a11q: ~Pic;i :ioL, L _·,':'-r"'·:,,_y . 

Regions of high fog/ cloud ff:~~~~C~- tb.fft Hff!E;!J,~,9~JL ~ru~died: in detail include the Los 

Angeles coastal area, where previoy,~r:,1York_: ~~§9ft}f ,:-\¥:at ,the,,highest acidities occur. the 

Riverside-San Bernardino area, which is._sul;ijE;!,ct \0.fog;during the height of the smog season. 
: t ' ~ 'A , • • • - > • 

the Santa Barbara Channel area, and the Sout:~~rn-.,~an Joaquin Valley, in which the 

occurrence of highly acidic fogs is held in check by substantial ammonia emissions. The 
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limited ventilation documented by previous tracer studies of the Santa Barbara Channel and 

presence of fog and high humidity there suggest that rapid S(IV) (i.e. total S02 aqueous) 

oxidation in the Channel results in highly acidic fog. As predicted pH values in the vicinity of 

the Santa Barbara Channel have been found to range from 2.1 to 3.5. Preliminary 

investigations of mountain-top cloud chemistry were performed in Sequoia National Park. In 

conjunction with fog and cloud sampling, we have performed more detailed mesurements of 

deposition during fog. 

i 
In addition to determining the inorganic speciation of fog and cloud water, we have 

determined the role of carboxylic and sulfonic acids in fog acidification. Our previous work has 

shown the covariance of very high levels of S(IV) and formaldehyde, suggesting the presence of 

aldehyde-S(IV) adducts (i.e. sulfonic acids). We have determined quantitatively the higherI 
'-

aldehydes and a series of dicarbonyls such as glyoxal, methyl glyoxal and biacetyl; furthermore 

f we have identified a variety of sulfonic acid salts formed by reaction of S(IV) with aldehydes in 

the droplet phase. 

I 
Overview 

Clouds, fogs, and 'haze aerosols ai~ stibjected to the same chemical processes because of 
f,.I).,; .. ,:, , :11.:~r...\~·· ·,,i, . 1<,·r" 1 •.'. , ,

their physical similarities.... F'of example, 'cloud:.:... and fog,,rater droplets are found in the size 

range of 2 to 50 µm, whil~ delique~cJih hi~riei-os'ol 'will be in the range of 0.01 to 1 µm. On 
; ,, .• , r ~ : ; - 1 ·'r -~ ,·. • , / ~ :.; . ( :· :,.:. :: r-. '. t , • , '.: ,: , _ · 

the other hand, raindrops are a·ppro5t:iinatelj "100 times larger than cloud and fog water 

droplets (0.1 to 3 mm). However, a more irhiortant determinant of aqueous-phase chemistry 

within the droplets is tht?lfqufo ·water' cdhtJh{ ;(i"WC);' vaJues of L\iVC range from 0.1 to 1.0 g 
. ;.. ''. . . ·. ; ~ ' . ' ', i ;;.t,: 'T. f, rr :· . : ; . 

m-3 in clouds, from 0.01 to 0.5 g' :rn-3 in· fogs, ahd from 10 to 100 µg m-3 in haze aerosols. The 

presence of condensatidn ri.udei; wllidtate composed of both soluble and insoluble materials. is 

essential for the formation of at1nospherit water droplets. Accretion or evaporation of water to 

or from the condensation nuclei or droplet is forced by the difference betv:;een the ambient and 
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local humidities, and is affected by the droplet surface tension and the chemical potential of 

the solutes in the liquid phase. During droplet growth, the temperature within the droplet 

differs from the ambient temperature due to the release of latent heat, which in turn depends 

upon the instantaneous growth rate. 

Fog and cloud droplets are highly effective at scavenging certain gases and particles 

present in the atmosphere. The overall fraction of material incorporated into fog droplets 

depends upon nucleation scavenging and gas transfer. The initial chemical speciation may be 

altered by in situ chemical transformations and subsequent droplet-phase scavenging. The 

total concentration of species i in a parcel of air is given by 

where [CiJr is the total concentration of Ci (mol m-3) in the atmosphere, [CJ is the 

concentration of Ci in the droplet phase in units of mol m-3 ([Ci]f = L[Ci]), [Ci]g is the 

concentration (mol m-3) of Ci in the gas phase ([Ci]g = Pc/RTt1
), and [Cila is the 

concentration of Ci in the non-activated aerosol. R is the universal gas constant (atm m3 

moi-1 K-1) and Tis temperature in degrees K. 

Fog- and cloudwater often have extrem~lr }ow pH values (e.g. 1.7 < pH < 4) and 
,;r'.~,:ci·• ~ :·~•~._ ·)-~:.-

extremely high concentrations of sulfate (1 to 20 mM), nitrate (1 to 20 mM), ammonium ion 
~~: .:•'.r• "? ;~or~ i~!"\f>";;_: I• •~,::•,1 t~ 

(0.1 to 20 mM) and trace metals (1 to 1000 µM). Waldman e_t al. (1) and Munger et al. (2) 
•➔ : \; t:, : L!--. .: r:- :s ~ · . ·· .: - ~, _: ~ :~ r 1L . 

have summarized concentrations reported_ for ~ogs and clouds sampled in California and 
1-·J;:-·-··:· .ib:lJ ~:.·;::_::· ·:_,!.-.. if~- .._._p·1 

else,vhere around the world. Of special interest are the high values observed for S042- , N03, 

~j·:L~·t :·.--·:,:r: :j~ ➔ r> -~1;:;c .·:r·;; ;, t 

changes indicate that fogs and clouds provide a very reactive environment for the 
·J··:.· 'j ': Lf~ \ ➔ --.,·•r-:·.::·_ 7 ··1 ;·i,)--;:"'1 • .. ,

1 

accumulation of HN03 and H2S04. co·n~omitant iilCOrporation of NH3 gas and calcareous dust 
. ,' ' ,.. =~\.. ,_") -~ !"'.'. '-1 ) ' f ···.< ~ ~ ·~ ,: 

into the droplet phase neutralizes some of the acidity. In the pH domain typically encountered 

in fogs and clouds (pH 2-7), absorption of S62(~), HN03(g), H202(g), and NH3(g) is 



thermodynamically favorable because of their relatively high Henry's Law coefficients. 

Of the metals commonly found in atmospheric water droplets, Fe, Mn and Cu are 

expected to be potential catalysts for the in situ oxidation of S(IV) with molecular oxygen. 

Iron and Mn have been found in concentrations as high as 400 µM and 15 µM in fog (1-7). 

Model calculations indicate that metal-catalyzed autoxidations along with oxidation by H202, 

i 

i 0 3, and OH may contribute significantly to the overall sulfate formation rate in atmospheric 

droplets, particularly in the range of Fe and Mn concentrations observed in urban fog (8-10). 

In addition to transition metal ions a wide variety of other chemical constituents have 

been found in clouds. For example, carbonyl compounds, such as aldehydes and ketones, have 

been found to influence liquid-phase sulfur dioxide chemistry through their reactions with S02 

to form stable a-hydroxyalkanesulfonates. Field measurements have detected formaldehyde atf 
concentrations of greater than 100 µM in fog- and cloudwater samples collected in Southern 

I California (11-13). The concentrations of glyoxal and methylglyoxal occasionally approach or 

exceed that of CH20. In addition to each one of the aldehydes present the corresponding 

carboxylic acid has been observed, although formic and acetic acid dominate the low molecular 

weight carboxylic acids. They are found found in concentrations as high as 100 µM. 

The presence of CH20 and I;I202 ( 2 - 50 µM ) in conjunction with S(IV) at levels higher 

than those predicted by gas/liquid solubility equilibria suggests that a,-hydroxymethane-
. . 

sulfonate (HMS, HOCH2S03) production stabilizes a fraction of S(IV) with respect to 
C ; i • ' 

oxidation. Equilibrium calculations using available thermodynamic and kinetic data for the 
/ I • • 

reaction of S02 and CH20 _demo;1strate that elevated concentrations of S(IV) in fog water 
t -~ . ~ I . '. ' .: 1·: 1··~ 

cannot be achieved without consideration of sulfonic acid production, HORHS03(11). ~lunger 
. ' : .. '. ,, ,. . J . ~ ., . . 

r 
II 
I et al. (13) have identified and quantifieq .. HMSA using ion-pairing chromatography. Other 
r_ 

' 

S(IV) adducts which have_ been observed in cloudwater droplets include those formed with 
·r ·: \';• 

glyoxal, methylglyoxal, acetaldehyde, and hydroxyacetaldehyde. 

Jacob et al. (14-17) have systematkally characterized the interaction of H2S0 4, HK03, 

NH3 and in fog, aerosol, and the gas phase. The observed spatial patterns of concentrations 

[ 
I 

l._ 
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were shown to closely reflect the distribution of SO2, NOx, and NHs emissions within 

well-defined regions. Furthermore, they (16) have compared field data for the 

H2SO4-HNO3NHs system with thermodynamic calculations of the aerosol composition. Close 

agreement has been found between field measurements and theoretical predictions. Their field 

studies have shown that typical wintertime conversion rates for S(IV) in fogs were about 5 % 

1u-1 and about 1 % hr-1 in haze aerosol. 

Gas-phase reactions of SO2 with ozone ( Os), hydroxyl radical (OH·), and hydroperoxyl 

radical (HO2•) are too slow to account for observed rates of sulfate production in humid urban 

atmospheres (18-19) and in wave clouds (20). Consequently, the catalytic autoxidation of SO2 

in deliquescent haze aerosol and hydrometeors appears to be a viable non-photolytic pathway 

for the rapid formation of sulfuric acid in humid atmospheres (21-26). In addition, hydrogen 

peroxide and ozone have been established as important aqueous-phase oxidants of dissolved 

SO2 (26). Oxidation by H2O2 seems to be most favorable under low pH conditions (pH < 4) 

because of a rapid rate of reaction and a negative pH-dependence that favors the facile 

conversion of HSOj to sulfate. In comparison, metal--<:atalyzed autoxidation and oxidation of 

S(IV) with Os tend to proceed more slowly with decreasing pH (27). 

Limiting factors in the autoxidation pathways are the total concentration of the active 

metal catalyst and its equilibrium speciation d.S a:J~~cMo:r,_\ tQf rpH. Los Angeles fog water 

contains high concentrations of iron, manganese, copper, nickel and lead (3,4,6,7). Of these 

metals, Fe, Mn and Cu are expected to be t.lg.R mos,tr:effe,ct(v~ c_~talysts for the reaction of S(IV) 

with molecular oxygen (2,S--27)~, : .:Mod~k,~cul;it~OJW:: :indicate that metal--<:atalyzed 

autoxidations may contribute signifi.5;antly to-.tn_,;.oy~yall:;S:ul{atesformation rate in atmospheric 

droplets, particularly in the range, :Qf Fe ~nrj,::: Mit,@Jil~~nt,raJi,ons, observed in urban fog. 

However, the composition of the pr~cur-sor"_h~~,;~r,osQhorr:doud -condensation nuclei will 

determine to a large extent the observed chemical sp~c:tation cf the droplet phase. 

Chameides (28) has predicted based on model calculations that aqueous-phase free 

radical pathways can contribute substantially to the generation of acidity via the in situ 
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oxidation of S(IV) and HCHO to S(VI) and formic acid, respectively. The principal oxidants 

of S(IV) as identified by Chameides were H202, 03, · OH, and H02 ·. Parameters found to 

affect the S(IV) to S(VI) conversion rate were the accommodation coefficient for the reactive 

species of interest, the liquid water content, and the ambient levels of S02 and HN03. 

Seigneur and Saxena (29) have predicted that gas-phase hydrocarbon chemistry will dominate 

•OH chemistry (i.e., aqueous-phase •OH chemistry due to radical scavenging appears to be 

inconsequential). While Mozurkewich (30) argues that nitrate radical, N03, is unlikely to play 

an important role in the nighttime chemistry of a cloud because of its low Henry's Law 

constant ("' 0.03 M atm-2). Jacob (31) has shown that radical pathways are very important for 

the chemistry of remote clouds in terms of formate production and in terms of the buildup of 

i peroxymonosulfuric acid, a S(VI)-peroxide intermediate of high oxidation potential (32).
f 

Aqueous-phase pathways for the production of nitric acid are relatively :mjpor 

I contributors to nitrate accumulation in the droplet phase because of the low Henry's Law 

constants for N02 and NO and because of second-order reaction kinetics with respect to [N02] 

(33-34). The pathways for S(IV) transformation involve reactions with H202, 03, 02 (Fe3+ 

and Mn2+ catalyzed), · OH, HONO, CH300H, CH3C03H, PAN, H02·, HCHO, and soot . 

. Summary of Major Observations 

1. A new collector th:at has a lowei· minimum size cutoff and a higher sampling rate was 

designed, built, ··and 'utilized· ilri several field sampling programs. An additional 

advantage of this coltector; the Ca:ltech Acti·ile Strand Collector ( CASC), is the absence 

of external moving parts/making it safer for unte1ided operation, and the capability of 

being connected to an autorrl.1:1:tic s:ampling syster,1. (vide infra, Daube, Jr., et al., United 

States Patent Number 4;697,4621 1987; Chapters 1 & 2) 
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2. A sid~by-side comparison of the previous collector, the Rotating Arm Collector (RAC) 

and the CASC was performed. In thin fog conditions the ratio of collection rates 

(CASC/RAC) exceeded the theoretical value. Because the CASC has a lower lower size 

cut than the RAC, it samples a greater fraction of the droplet spectrum. In thin fogs a 

significant fraction of the droplets may be in a size range that is only collected by the 

the CASC. If droplet evaporation on the strands were occurring the opposite trend 

would be observed. (Chapter 3) 

3. Comparison of the chemical composition of the CASC and RAC samples indicated a 

possible siz~ependent variation in droplet composition. RAC samples, which contain 

a greater proportion of large droplets, were enriched in Na+, Mg2+, Ca2+, and c1-. These 

ions are associated with soil dust and sea salt, both of which are found in large aero~ol. 

Concentrations of NO3, Soi-, and NH4, which make up the smaller aerosol, shmved no 

difference between the two samplers. These data suggest that large condensation nuclei 

lead to large droplets, thus the RAC samples, which contain a greater proportion of 

large drops, have higher concentrations of ions associated with the large aerosol. 

(Chapter 3) 

4. Droplet deposition during fog has been . shown to play an important role in the 

enhancement of acidic deposition. J?uring stag;~atio_n episodes, pollutant removal from 

the Southern San Joaquin Valley requi:res at least 5 days, ·while the enhancement of 
. . '.-:): ' -

deposition by fog formation leads to pqllutant lifetimes on the order of 6-12 hours. 

Thus, in an environment characterized by :(lat_, open_ lap.9-scape and low wind speed, 
. . ' .. . ; ,' .. ·. . ~· --

droplet sedimentation can be the dominant removal; mechanism of pollutants during 
. : ·-~ : . : : / - '! .·· 

prolonged stagnation episodes with fog, (Chap~~r_s.4, 51 6 & 7) 
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5. Deposition rates for major species were 5 to 20 times greater during fogs than during 

non-foggy periods. Sulfate deposition rates (Vd) during fog ranged from 0.5 to 2 cm s-1 

with a median value of 1.0 cm s-1. Similar enhancements were observed for nitrate 

deposition. Ten hours of fog-induced deposition was found to be comparable to the 

deposition resulting from 10 cm of rainfall. ( Chapter 7) 

6. A systematic characterization of the atmospheric H2SO4-HNO3NH3 system was 

conducted in the fogwater, the aerosol, and the gas phase at a network of site in the San 

Joaquin Valley. The concept of atmospheric alkalinity has been developed to interpret 

observed concentrations in terms of the buffering capacity of the atmosphere with 

respect to inputs of strong acids. The major components of fogwater alkalinity were 

found to be the conjugate bases of weak organic acids such as acetic acid, formic a-dd, 

lactic acid, and propionic acid. Secondary production of strong acids, H2SO4 and HNO3, 

under stagnant conditions resulted in a complete titration of available alkalinity at the 

sites farthest from NH3 sources. Steady-state SO2 conversion rates of 0.4 to 1.1 % hr-1 

were observed. Fog did not appear to enhance the conversion of NOx. (vide infra, Jacob 

et al., J. Geophys. Res. 91, 1073-1088, 1986; Chapter 4). 

7. Concentrations ofHN03cg> a:nd NH3cg> were determined in the field under both foggy 

and non-foggy conditions, s'imtiltaneolisiy with aerosol and fogwater composition. 

Observed concentrations were founci" to· compare favorably with thermodynamic model 

predictions. In this model, the equilibrium composition was calculated by minimizing 
' ' ' 

the Gibbs free energy' of a· system composed of the following species: in the gas phase 

H2SO4c gl, HNO3c ~> ai1d NH3, ~>; inthe aqueous phase H+, HSO4, soi-, NO3, and NH!: 
., 

and the solid phases NH4HS04<s>, (NH4)gH(SO4)2<s>, (NH4)2SO4<s>, NH4NO3,s), 

(NH4)2SO4•3NH4NO3c 6i, and (NH4)2SO4•2NH4NO3<sl· (vide infra, Jacob et al., J. 

Geophys. Res. 91, 1089-1096, 1986; Chapter 5). 
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8. The fate of SO2 emitted in the San Joaquin Valley under stagnant foggy conditions was 

determined by the release of an inert tracer and the concurrent monitoring of SO2 and 

soi- concentrations. At night, SO2 was found to be trapped in a dense fog layer below a 

strong and persistent inversion base. Lack of ventilation led to the accumulation of SO 2 

and sulfate in the atmosphere. The rate of oxidation of SO2 to sulfate was determined 

to be "' 3 % hrl. Production of acidity from the oxidation of SO2 fully titrated the 

NH3( gl present before the fog and led to a progressive drop of the fogwater pH.. The 

tracer data indicated that about 40% of the air transported upslope in the afternoon was 

returned to the valley in the night-time drainage flow. (vide infra, Jacob et al., Atmos. 

Environ. 21, 1305-1314, 1987; Chapter 6) 

9. Formaldehyde, formate, and acetate have been determined in fog and cloudwater at a 

number of locations in Southern California. Up to 190 µM formate and acetate was seen 

in samples from the San Joaquin Valley. HCHO concentrations as high as 500 µ~1 have 

been observed. Fog from Riverside had maximum concentrations of 1500 and 500 µ11 

formate and acetate while HCHO was as high as 380 µM. Average formate and acetate 

concentrations near Santa Barbara and San Pedro were in the range of 10 to 60 µM with 

HCHO ranging between 10 and 20 µM. High aqueous-pha_se concentrations of organic 
. . - '' \ '/' ·,, .. 

acids are observed either near sources where ambient levels are high or at sites ,vhere the 
' . ; ' 

cloud,vater pH is high. (Chapte_rs 11, 12 & ~3) 

10. Hydroxymethanesulfonate (H:rvIS) has been det'.~~~i~ed to be an important chemical 

species in fog and cloud water. Concentrations,_of.HMS as high as 300 µ11 have been 
: '., , ;, I .. :· .. _'. .' ~ ~ ' ' 

observed. HMS ,vas determined in fog water by a novel ion-pairing chromatographic 
' . . . 

··-

method. HMS represents an important source of acidity for water droplets and a 

significant atmospheric reservoir for S(IV). (vide infra, Munger et al.. Science 231. 

-10-



247-249, 1986; Chapter 11) 

11. Aldehydes in cloudwater samples have been analyzed by two independent methods. In 

the one case, dinitrophenylhydrazone derivatives were prepared and analyzed by HPLC 

on a C18 column. In the second case, the aldehydes were derivatized ,vith 

3-methyl-2-benzothiazoline hydrazone and separated on a reversed-phase C1s column. 

Using these methods we have detected substantial concentrations of formaldehyde, 

acetaldehyde, glyoxal, hydroxyacetaldehyde, and methylglyoxal. In addition, the 

biacetyl was observed at measureable concentrations. At San Pedro [HCHO] ranged 

from 14 to 62 µM, [CH3CHO] ranged from 2 to 5 µM, [CHOCHO] ranged from 1 to 31 

µM, and [CH3COCHO] ranged from 5 to 27 µM. \Vhile at Riverside, [HCHO] ranged 

from 6 to 197 µM, [CHOCHO] ranged from 1 to 139 µM, and [CH3COCHO] ranged from 

1 to 108 µM. (Chapters 12, 13, 14) 

12. Kinetic and thermodynamic data obtained for the addition of S(IV) species with several 

aldehydes, including benzaldehyde, glyoxal, methylglyoxal, acetaldehyde, 

hydroxyacetaldehyde, and glyoxylic acid, was used to predict their effectiveness as 

reservoirs for S(IV) in atmospheric water droplets. Equilibrium calculations in an open 

atmosphere indicate that hycir~xyacetaldehyde, glyoxal, glyoxylic acid, and to a smaller 

extent, methylglyo:Xal, lead t~ pote~tially significant enrichment of S(IV) in the liquid 

phase, although HMS is an even better reservoir for S(IV). Scavenging of SO2 from the 

gas-phase due to hydroxyalkylsulfonate formation becomes important at high liquid 

water contents, pH ~ 5, a1id wheii in. excess partial pressure of the aldehyde is present. 

The overall dissoiutio~ of RCHO -~d S02 into a droplet and the subsequent formation 

of the hydroxyalkylsulfonate, also results in a net increase in acidity, which in a ,veakly 

buffered solution, can be more than a unit drop in pH. 

r -11-
I· 
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13. Acidic cloudwater was consistently observed in intercepted stratus collected along the 

Santa Barbara Channel coast. Ventura and Pt. Mugu, which are immediately adjacent 

to the coast, were the most acidic. Casitas Pass, which is further inland was somewhat 

less acidic. (Chapter 15) 

14. Nitrate is equivalent to or slightly greater than sulfate in the Santa Barbara Channel 

intercepted stratus. The NO3:So~- ratio was found to be ::; 2. In contrast the ratio of 

NOx to SO2 in local emissions and in the LA basin is~ 2. (Chapter 15) 

15. Fogwater collected at Riverside was highly concentrated. Ammonium concentrations 

ranged from 8 to 26 mN; NO3ranged from 6 to 29 mN; and so~- ranged from 1.4 to 6.2 

mN. (Chapter 14) 

16. pH values in Riverside fogv,ater dropped to 2.3, despite the presence of excess NH3 in 

the gas phase during the day. HNO 3 is the dominant acid. At night, reduced vertical 

mixing and drainage flmvs would isolate the sampling site from the NH3 emission area. 

Continued production of HNO3 via NO3and N2O5-pathways could then acidify the fog. 

Fog on the floor of the basin may still be ip. contact wjth the NH3 emissions and would 

not be acidic. This mechanism implies that there coul9, be a, region of acidic fogwater on 

the slopes surrounding the Riverside/San B.ernardirro basin.. (Chapter 14) 

17. The preexisting aerosol is not completely- scavenged. by the fog forming at Riverside. 

Scavenging efficiencies co:::r.puted from fogwater loading and concurrent or prior aerosol 

samples are typically < 50%. These radiation fogs never achieve high enough 

supersaturations to activate all of the aerosol. (Chapter 14) 

-12-



I
I' 

' 18. Cloudwater samples collected in Sequoia National Park varied widely in chemical 
''-

composition, both within the course of one event and from one event to another. Thec 

pH of the samples ranged from 4.4 to 5.7. The most acidic sample was not the sample.. 

with the highest ionic loading, indicating the importance of the varying composition of 

the sample in determining its acidity. ( Chapter 10) 

19. Organic acids were seen to be important contributors to the overall composition of many 

of the samples collected in Sequoia National Park. In some instances the concentrations 

of formate and acetate were comparable to those of nitrate and sulfate. (Chapter 10) 

f 20. The advance of cold fronts into the Park seems to lead to higher aerosol and gas-phase 

concentrations than would be seen under normal mountain-valley circulation patterns, 

I particularly during the night and morning hours. The arrival of these increased 

concentrations prior to and during cloud impaction on the mountain slopes leads to 

higher cloud water concentrations than would otherwise be expected. ( Chapter 10) 

21. A size-fractionating inlet on the Caltech Active Strand Collector was used to collect 

intercepted stratus on San Pedro Hill. Ions associated with soil dust and sea salt ( Ca2+, 

Mg2+, and Na+) were enriched in the large droplet fraction. The secondary aerosol ions 

(NH4.. , S042-, and to some extent H+) wei'e enriched in the small droplet fraction. Ions 

that are associated with gas-phase species (HCl and HN03) showed mixed behavior. 

The concentrations of several components that exist partly in the gas phase ( e.g. c1-, 

HCOOH, and CH3COOH) appear to be independent of droplet size. 
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22. Multiple linear regression analysis has shown that [H+] in the droplet phase in the Santa 

Barbara Channel area, as an example, can be predicted by 

[H+]aq = 29.2(03) + 33.S(NOx) - 35.S(NO) -157.l 

,vhere [H+]aq is the average nightly cloudwater loading of H+ expressed in neq m-3 and 

(03), (NOx), and (NO) are the maximum hourly gas-phase concentrations of 0 3, N'Ox, 

and NO, respectively, in parts per hundred million (pphm). The correlation coefficient 

for this relationship is 0.84. Similar equations are available for other components and 

for different locations. 

Conclusions 

l. Riverside California, which often has high pH fogwater and is near emission sources, had 

the highest concentrations of carbonyl compounds and organic acids reported to date in 

the literature. Low pH fogs ("' 2) can arise in the Riverside area due to dovrnslope flow 

of polluted air that is depleted in ammonia. 

2. The formation of hydroxymethanesulfonate (HMSA) contributes to high concentrations 

of CH20 observed in fogwater. 

3. Oxidation of aromatic hydrocarbons and ozonolysis of isoprene appear to be the t"wo 

important sources of the dica.rbonyl compoup<;J.~_found in fogs. 

4. The pr~xisting aerosol, which is the principal determinant of fogwater composition. is 

not completely scavenged by the radiation fogs due to the relatively lmv water 

supersaturation levels. High degrees of supersaturation are necessary to actiYate all of 
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the aerosol. Coastal stratus clouds are highly efficient scavengers of pre-existing 

aerosol. 
I 

:1 
C 

5. Cloudwater is routinely acidic (pH ~ 3) in the Santa Barbara Channel area. 

6. HCl is volatilized from sea-salt aerosol by exchange with HNO3; when clouds appear the 

HCl is rescavenged. 

7. Sources for acidity in the Santa Barbara Channel appear to be the oxidation of local 

emissions of NOx and SO2, or transport of polluted air from Los Angeles. 

8. Some of the variability in cloudwater chemical composition can be explained by changes 

in cloud liquid water content. Changes in concentration can also occur during periods of 

relatively constant liquid water content. Removal by drizzle results in decreases in 

concentration. Wind shifts, enhanced turbulence, or entrainment from aloft may 

account for increases in concentration. 

9. Differences in the composition of size-fractionated cloudwater samples indicate that 

large droplets are formed from sea salt and soil dust, which are large aerosol, and small 

droplets are formed on small secondary aerosol composed of primarily ammonium sulfate 

and ammonium nitrate. 

[ 10. Model calculations show that a reduction in sources of NH3 in the LA Basin will result 

in the production of uniformly acidic fogs with pH ~ 2. This scenario could become a 

reality with the commercial and 'residential development of land in the Chino area. A 

similar situation exists in the Southern San Joaquin Valley. 
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Recommendations for Future Research 

Two areas for future research are the size-dependence of droplet chemical composition, 

and turbulent mixing processes in cloud and fog layers. A size-fractionating inlet has been 

developed for use with the Caltech Active Strand Collector. Samples collected from one 

coastal stratus cloud event indicate that large droplets are derived from large sea-salt and 

soil-dust aerosol and small droplets are formed from secondary ammonium sulfate and nitrate 

aerosol. Future work should refine the size-fractionating inlet in order to provide a sharper 

size cut and verify the performance of the inlet. A comprehensive experiment to determine the 

size dependence of droplet composition would include size-fractionated aerosol sampling, 

measurement of aerosol and droplet size distributions, cloud liquid water content. An 

adequate means for determining liquid water content in ground-based sampling is .,not 

presently available. Gravimetric methods for L WC determination do not allow sufficient time 

resolution to follow fluctuations in L WC from due to the turbulence in the cloud. Other 

locations, with different aerosol characteristics need to be investigated. 

Results presented here and results of other studies indicate that entrainment from aloft 

is an important factor controlling cloud and fog chemical composition. Formation of H~03 via 

the N0 2 + N0 3 --+ N20 5 reaction is likely in the inversion layer above the cloud or fog. 

The mountains surrounding the Riverside basin and the coastal mountains in Los Angeles and 

the Santa Barbara Channel are ideal sites to stu.d; this .phenomenon. A comprehensive 

experiment to identify the role of above-cloud reaction and entrainment mixing ,vould include 
' ' 

a vertical array of aerosol, gas, and cloudwater samplerf. and meteorological instruments. 

Publications 

The points summarized above are discussed in detail in the relevant chapters of the of 

the main body of the report. The primary data collected as a part of this research has been 
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documented in the Appendices of the Ph.D. theses of J. M. Waldman (1986), D. J. Jacob 
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r; Table 1. Fogwater Concentrations in Riverside 
'--

r 

~ 

-
' 

' i 
'l 

Vol 
ml 

pH Na+ NH+ Ca2+4 

23 January 1986 

Mg2+ 

µN 

c1- No-3 

I 
ij 

N 
Min 
Max 
Avg vol wt 

8 
18 
59 

8 
2.33 
3.70 
2.99 

8 8 8 
30 8660 100 

123 19800 362 
52 11096 175 

28 February 1986 

8 
27 
86 
43 

8 
100 
371 
158 

8 
7580 

20100 
819 

( 

I 

N 
Minimum 
Maximum 
Avg vol wt 

4 
16 
92 

4 
4.24 
5.22 
4.59 

4 
35 
64 
48 

4 
8340 

18100 
9588 

4 
106 
209 
122 

4 
23 
55 
27 

4 
130 
384 
178 

4 
6050 

13300 
7050 

I 23 January 1986 

I 
s02 

4 -

µN 

S(IV) CH2O H2O2 HFo 

µM 

HAc HMSA -/+ LWC 

gm-3 

j 

i 

N 
Min 
Max 
Avg vol wt 

8 
1430 
3960 
1929 

8 
13 
64 
40 

8 
165 
279 
194 

8 
0 
0 
0 

8 
106 
346 

4 
56 

237 

8 
49 

103 
73 

8 
0.90 
1.01 
0.96 0.074 

! 
[ 

N 
Min 
Max 
Avg vol wt 

4 
1810 
3660 
2096 

4 
5 
15 
11 

28 February 1986 

4 4 4 
175 6 357 
370 25 576 
221 14 444 

4 
134 
267 
163 

NA 
NA 
NA 

4 
0.94 
0.97 
0.95 0.109 

n 
n 
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Table 2. Cloudwater Composition Along the Santa Barbara Channel 

Laguna Peak Cloudwater 5 A ugust-14 August 1986 

2 :t:
Vol pH Na+ NH4+ Ca2+ Mg2+ c1- No- soi- so4-xs3 

ml µN 

N 20 20 20 20 20 20 20 20 20 
Min 2.69 9 143 4 3 46 344 276 275 
Max 3.46 318 686 73 88 350 1410 1340 1335 
Avg 3.07 68 337 16 20 122 702 590 582 
Avgvol wt 3.16 47 276 11 15 105 579 472 466 

S(IV)CH2O H2O2 HFo HAc H+ -/+ LWC 

µM gm-3 

N 15 15 15 16 16 20 20 20 
Min 0 7 0 24 12 347 055 0.02 
Max 0 33 6 103 44 2042 1.57 0.39 
Avg 
Avgvol wt 

0 
0 

17 
17 

2 
1 

42 
39 

18 
17 

941 
775 

1.05 
1.02 

0.21 

Laguna Road Cloudwater 5 August- U August 1986 

Vol 

ml 

pH Na+ NH4+ ca.2+ Mg2+ 

µN 

CI- No-
3 

s02-4 s02- * 
4 XS 

N 
Min 
Max 
Avg 
Avgvol wt 

20 20 
2.58 
3.49 
3.06 
3.12 

20 
119 

1070 
367 
319 

20 
445 

1780 
857 
807 

20 
21 

162 
6S 
59 

20 
28 

247 
90 
79 

20 
102 
758 
325 
299 

20 
612 

2140 
1030 
926 

20 
425 

2630 
1000 
860 

20 
407 

2500 
956 
822 

S(IV)CH20 H202 
µM 

HFo HAc H+ -/+ LWC 
gm-3 

N 
Min 
Max 
Avg 
Avgvol wt 

18 
0 

12 
2 
2 

18 
4 

15 
11 
10 

17 
0 

21 
7 
7 

16 
21 
74 
40 
29 

20 
7 

34 
15 
11 

20 
324 

2630 
1054 
872 

20 
0.81 
1.31 
1.03 
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Table 2. (continued)
'l 

Ventura Hill Cloud water 30 July- 14 August 1986 

Vol pH Na+ NH4+ Ca2+ Mg2+ c1- No- s02- s02- * 
3 4 4 XS 

ml µM 

N 32 32 32 32 32 32 32 32 32 32 
Min 33 2.74 74 405 18 23 104 247 267 246 
Max 188 4.92 5720 2990 1400 1450 4290 6480 3220 2528 
Avg 111 3.12 745 959 154 181 684 1430 948 858 
Avgvol wt 3.05 471 833 87 112 463 1161 797 740 

S(IV)CH20 H202 HFo HAc H+ -/+ LWC 
'i µM gm-3 

N 30 30 29 16 17 32 32 32

I Min 0 5 0 31 3 12 0.58 0.02 

I 
Max 0 27 29 96 173 1820 1.08 0.18 
Avg 0 13 11 60 32 971 0.99 0.10 
Avgvol wt 0 13 10 56 30 896 

I Casitas Pass Cloudwater 31 July- U August 1986 

Vol pH Na+ NH4+ Ca2+ Mg2+ c1- No- s02- s02- * 
3 4 4 XS 

ml µM 

N 32 32 32 32 32 32 32 32 32:r
ii Min 3.33 12 149 8 6 22 147 108 106 

Max 4.52 176 1130 170 52 164 892 769 753 
Avg 3.97 47 613 29 18 58 406 329 277~ 

rr Avgvol wt 3.90 41 552 24 15 53 369 295 290 

I S(IV) CH20 H202 HFoHAc -/+ H+ LWC 

µM µM gm-3 

n N 32 30 22 25 25 32 32 32
,!.~ Min 0 3 3 16 4 0.83 30 0.05 

Max 0 13 16 58 15 1.02 468 0.28 
r Avg 0 8 6 27 10 0.93 131 0.14 
i Avgvol wt 0 7 4 19 7 0.94 126 
l 

So~-xs* = Excess Sulfate = Total Sulfate - Marine Sulfate 
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Table 3. Fogwater Concentrations at Elevated Sites 
in the Los Angeles Basin 

V(mL) pH Na+. NH+4 Ca2+ Mg2+ c1- No-
3 s04 

2- CH20 -/+ LWC 

µN II µM g m-3 

San Pedro Hill 1987 
__ ,
')')-,N 240 242 241 242 225 231 242 242 242 80 241 

Min 1 2.42 6 44 3 1 11 28 39 5 0.73 0.00 
Max 69 4.98 3796 9383 1143 1151 2096 8191 5796 51 1.84 0.34 
Avg 49 3.25 404 775 82 107 369 1185 917 23 1.09 0.14 
Avg vol wt 3.15 263 632 51 65 256 941 736 0.103 

V(mL) pH S(IV) CH20 H202 HCOOH* CH3COOH* 

µMI II 
N 21 21 20 16 21 21 
Min 9 3.14 5 4 12 6 
Max 59 3.83 38 72 43 31 
Avg 38 3.58 13 42 20 10 

* RCOOH = [RCOOH] + [RC02] 

Henninger Flats 1987 

V(mL) pH Na+ NH+ Ca2+ Mg2+ c1- No- s02- CH20 -/+ LWC4 3 4 

µN µM gm-3II 
,..,,,),_N 76 76 76 76 76 76 76 76 76 17 76 

,..,,
Min I 2.62 3 273 7 2 18 . 231 36 53 0.46 0.01 
Max 65 4.78 1652 4085 985 435 975 5472 2606 109 1.33 0.40 
Avg 50 3.25 166 1203 118 57 142 1206 689 71 0.94 0.14 
Avg vol wt 3.29 82 845 74 31 86 855 5li 0.09 
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rr 
',I Table 4. Fogwater Concentrations in the San Joaquin Valley 

;, 

~ Bakersfield 1984 

-
n 
11 

c 

pH Ra.nge Na+ NH+4 Ca2+ Mg2+ 

µN 

c1- No-3 s02-4 

II 

HFo 

µM. 

-/+ LWC 

gm-3 

~ 
I 
~ 

N 

Avg 

16 

5.1-6.9 

16 

42 

16 

3270 

16 16 16 

169 33 122 

McKittrick 1984 

16 

819 

16 

2070 

16 

45 

16 

0.06 

I 
l 

f 
' N 

pH Ra.nge 

58 

Na+ 

58 

NH+4 

58 

Ca2+ 

58 

Mg2+ 

µN 

58 

c1-

58 

No-3 

58 

s02-
4 

II 
58 

HFo 

µM. 

58 

-/+ LWC 

gm-3 

58 

[ 
I 

Avg 2.7-5.2 11 480 39 5 15 250 345 22 o.n 

Buttonwillow 1984 

pH Ra.nge Na+ NH+4 Ca2+ Mg2+ 

µN 

c1- No-3 s02-
4 

II 

HFo 

µM. 

-/+ LWC 

gm-3 

N 7 7 7 7 7 7 7 7 7 7 

Avg 5.0-6.8 13 1067 82 10 47 522 760 144 0.05 

[ Visalia 1984 

pH Range Na+ 

II 

NH+4 Ca2+ Mg2+ 

µN 

c1- No-3 s02-4 

II 

HFo 

µM 

-/+ LWC 

g m-3 

IT 
n 
I~ 

i 

N 

Avg 

13 

5.5-7.2 

13 

6 

13 

1080 

13 

17 

13 

2 

13 

115 

13 

341 

13 

265 

13 

53 

13 

0.0,5 

" 
I 
~ 
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CHEMISTRY OF A FOGWATER DROPLET 
CO2 

sma I I aerosol

•
20µ.m 

RCH0 9 HCHO 

H2S9 R2S9 

S02 9 ~S04 

Figure l. The chemistry of a fogwater droplet is indicated schematically. Important 

chemical processes involve a multiphasic system that includes solid, liquid, and gas 

phases. 



ACTIVE COLLECTOR 

"\_AUTO. SAMPLER 

:i Figure 2. A schematic diagram of the automatic fogwater collection system. Details are 
Q 

pro\·ide in Chapter 1. 
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Figure 3. A frequency distribution of formaldehyde concentrations observed in Santa 

Barbara Channel cloudwater at four different locations. Results of the cloudv,:ater 

study conducted in the Santa Barbara Channel are discussed in detail in Chapter 15. 
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Figure 4. A frequency distribution for pH values in Santa Barbara Channel cloudwater 

~ at three two locations. Details are provided in Chapter 15. l 
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Figure 5. A concentration vs. time profile for hydrogen peroxide concentration as a 

function of time in Santa Barbara Channel cloud water collected at LaJolla Peak. 

Detailed results of the cloudwater study conducted in the Santa Barbara Channel are 

provided m Chapter 15. 
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Figure 6. Streamlines calculated for the prevailing winds recorded during the morning 

of 24 July 1985 during a period of heavy stratus cloud impaction along the coast. The 

streamlines indicate that a portion of the Los Angeles air mass transported out to sea 

at night can be transported north into the Santa Barbara Channel. The chemical 

composition of the cloudwater at elevated sites along the coast is characteristic of LA 

~ cloud water. 
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(57] AIIS'TRACT 
A cloud water collector is disclosed comprised of a 
sampler duct having a plurality of spaced Teflon 
strands, in the form of ICJ'eens, mounted acrcm the 
conduit at an acute angle facing the open inlet of the 
conduit. Droplets in a cloud ample are drawn into the 
conduit by a fan located at the back end of the conduit, 
impact upon the Teflon stnnds and are drawn down to 
the lower ends of the strands, where they drop and the 
accumulated droplets are diverted to a sample bottle for 
collection. The cloud water collector can be automated 
to collect a plurality ofsuccessive cloud water samples 
by an automated sampler containing a reservoir into 
wbich cloud water obtained in the cloud water collec
tor is discharged. A motor-driven turntable is provided 
which holds a plurality of sample bottles. When the 
raervoir is filled to a predetermined volume, apparatus, 
such as a liquid level leDSOr, actuates a valve to open 
ume and discharge the liquid ample from the raervoir 
into one of the bottles at a filling station on the turnta
ble. The valve then closes and the turntable rotates to 
index the next bottle beneath the reservoir at the filling 
mtion, and the operation is ~ to fill the latter 
bottle. When all of the bottles on the turntable have 
been filled, the indexing mechanism is deactivated and 
liquid accumulating in the raervoir is diverted to an 
overflow bottle. 
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[57] ABSTRACT 

A cloud water collector is disclosed comprised of a 
sampler duct having a plurality of spaced Teflon 
strands, in the form of screens, mounted across the 
conduit at an acute angle facing the open inlet of the 
conduit. Droplets in a cloud sample are drawn into the 
conduit by a fan located at the back end of the conduit, 
impact upon the Teflon strands and are drawn down to 
the lower ends of the strands, where they drop and the 
accumulated droplets are diverted to a sample bottle for 
collection. The cloud water collector can be automated 
to collect a plurality of successive cloud water samples 
by an automated sampler containing a reservoir into 
which cloud water obtained in the cloud water collec
tor is discharged. A motor-driven turntable is provided 
which holds a plurality of sample bottles. When the 
reservoir is filled to a predetermined volume, apparatus, 
such as a liquid level sensor, actuates a valve to open 
same and discharge the liquid sample from the reservoir 
into one of the bottles at a filling station on the turnta
ble. The valve then closes and the turntable rotates to 
index the next bottle beneath the reservoir at the filling 
station, and the operation is repeated to fill the latter 
bottle. When all of the bottles on the turntable have 
been filled, the indexing mechanism is deactivated and 
liquid accumulating in the reservoir is diverted to an 
overflow bottle. 
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ACTIVE CLOUDWATER COLLECTOR 

BACKGROUND OF THE INVENTION 

This invention relates to the collection of fog water 
or cloud water and, more particularly, to the collection 
of cloud water by a device wherein cloud droplets 
impact upon Teflon strands and are funneled into a 
sample bottle. 

Under supersaturated conditions in the atmosphere, 
fog droplets form by activation of condensation nuclei 
and rapidly grow to diameters of I to about 100 mi
crons. Recent reports of extremely high acidities in 
fogs, and clouds intercepting mountain slopes, have 
raised concern regarding related environmental conse-
quences. Air quality control agencies in areas exposed 
to acidic fog have expressed the need to establish net
works of sites monitoring the chemical composition of 
fog on a routine basis. 

Various types of fog water collectors have been de-
signed, including use of a filter medium to capture the 
water on impaction and dripping from large obstacles, 
such as sails. 

U.S. Pat. No. 3,889,532 discloses apparatus for col
lecting fog water consisting of a slotted rotatable tube. 
The tube. is rotated, and fog droplets are collected by 
impaction on the tube. Centrifugal force causes the 
water to flow outward toward the ends of the tube 
where it is collected in small vials. However, the device 
of this patent presents safety problems and is not suit-
able for automation. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide an 
improved cloud water collector which efficiently col-
lects fog droplets in the 1 to 100 micron diameter range. 

Another object of the invention is the provision of a 
cloud water collector of the above type capable of 
preserving the size and chemical composition of fog 
droplets through all stages of collection. 

A still further object is to provide a cloud water 
collector which rapidly collects relatively large 
amounts of liquid cloud water for wet chemical analy
sis. 

Yet, another object is to provide a cloud water col-
lector which is inexpensive to construct, is reliable and 
requires minimal maintenance. 

Another object is the provision of an efficient cloud 
water collector which can be automated and including 
means for automating such collector. 

A still further object is to provide an automated sam
pler, which is particularly useful in combination with 
the above-noted cloud water collector, or which can be 
used for collection of rain water samples. 

According to the invention, there is provided a cloud 
water collector comprised of a sampler duct, e.g., in the 
form of a square box, open at both ends, and having a 
fan at the back of the duct. The fan draws the cloud 
through the sampler from the front of the duct, and the 
droplets in the cloud are impacted on Teflon (polytetra-
fluoroethylene or a copolymer of tetrafluoroethylene 
and hexafluoropropylene) strands or filaments which 
are strung in the form of a screen on a frame. The screen 
formed of the Teflon strands is inclined at an acute 
angle, preferably about 35° from vertical, facing the 
front of the duct. 

The droplets in the cloud impacting upon the Teflon 
strands of the screen are drawn do~ by both the air 

2 
drag and by gravity to the bottom of the screen where 
the water droplets accumulate and are diverted to a 
sample bottle, and the collected bottle of water is then 
analyzed chemically. 

In preferred practice, the Teflon strand diameter, the 
spacing of the strands forming the screen, and the angle 
of the screen have values which provide efficient and 
rapid collection of fog droplets in the 1 to 100 micron 
size range while avoiding collection of the sub-micron 
aerosol particles. Also, in preferred practice, a honey
comb element is provided between the fan and the 
screen of Teflon strands, to straighten the flow of the 
sample cloud throuoh the duct and provide uniform 
flow of the cloud sample across the duct and through 
the Teflon screen, to improve the performance of the 
collector. 

The cloud water collector of the invention is easily 
constructed, inexpensive, and operates in a reliable man
ner. 

The cloud water collector of the invention can be · 
modified for automating the device so as to automati
cally collect successive cloud water samples. The auto
mating means comprise$ a motor-driven turntable 
which holds a plurality of sample bottles. The cloud 
water sample provided by the cloud water collector is 
discharged into a reservoir having a liquid level sensor. 
When the reservoir is filled to the predetermined level, 
the sensor actuates a valve to open same and discharge 
the sample from the reservoir into one of the bottles on 
the turntable. The valve closes and the turntable then 
rotates to index the next bottle beneath the reservoir 
and the operation is repeated to fill the latter bottle with 
additional sample cloud water provided by the cloud 
water collector. 

Alternatively, a timer can be employed instead of a 
liquid level sensor, which actuates a valve to discharge 
the cloud water sample from the reservoir into the bot
tle below the reservoir, when a pre-set time interval has 
elapsed. Ifdesired, a combination ofliquid level sensing 
and timer means can be employed, as described in 
greater detail below. 

The automation device, per se, can also be employed 
for automatically collecting rain water samples instead 
of cloud water samples. When so employed, rain water 
is collected in a funnel and then directed to the reservoir 
from which it is automatically discharged into the sam
ple bottles in the manner noted above. 

BRIEF DESCRIPTION OF THE ORAWINGS 

The invention will be more clearly understood by 
reference to the preferred embodiments set forth herein
after, taken in conjunction with the accompanying 
drawings, wherein: 

FIG. 1 is a side elevational view of a preferred cloud 
water collector according to the invention; 

FIG. la is an enlarged elevational view of the front 
portion of the device of FIG. 1, showing the inclined 
screens formed of Teflon strands for collecting cloud 
water droplets; 

FIG. 2 is a front view of the device of FIG. I, taken 
on line 2-2 of FIG. 1, with the Teflon screens re
moved; 

FIG. 3 is a rear view of the device ofFIG. 1, taken on 
line 3-3 of FIG. I, with the fan removed; 

FIG. 4 is ail elevational view of one of the screens of 
Teflon strands shown in FIG. la; 

FIG. 4a is a side view of the Teflon screen of FIG. 4; 
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FIG. 5 is a plan view taken on line 5-5 of FIG. 1, side bar. It has been found that in order to obtain effi-
showing the trough for cloud water sample collections; cient collection of fog droplets of a size ranging from 1 

FIG. 6 is a section taken on line 6---6 of FIG. 5; to 100 microns in diameter, and particularly of droplets 
FIG. 7 is a detail illustrating the means connected to in the range of about 5 to about 30 microns, the main 

the trough of FIG. 6 for discharging cloud water col- S portion of fog droplets which impact and collect on the 
lected in the trough of FIG. 6, into a sample bottle; Teflon strands, a preferred diameter of the Teflon 

FIG. 8 is an adapter inlet which can be connected to strands ranges from about 0.015" to about 0.025", an 
the front of the cloud water collector of FIG. 1, which optimum strand diameter being 0.020". 
prevents the larger rain droplets from entering the de- The spacing between adjacent strands of the filament 
vice; 10 48, and hence the spacing between the threads 47 re-

FIG. 9 is a top view of the adapter inlet of FIG. 8; ceiving the strands, is preferably between 0.06" and 
FIG. 10 is a front elevation of the automated sampler 0.08", optimally about 0.070". 

employed in conjunction with the cloud water collector It is preferred to minimize the size or diameter of the 
of FIGS. 1-9; Teflon filament while still maintaining it sufficiently 

FIG. 11 is a detailed front elevational view of the IS large so that it is strong and durable and does not break 
carousel assembly for supporting the sample bottles, of over a long period of use. The space between adjacent 
FIG. 10; strands mounted on the rods 44 of the frame 43 should 

FIG. 12 is another detail of the sampler device of be sufficiently large to permit free flow- of the cloud 
FIG. t. showing the collector reservoir and overflow water sample through the screen while permitting effi-
device employed in conjunction therewith; 20 cient impaction of fog droplets from the flow of the 

FIG. 13 is a plan view of the carousel or turntable of cloud sample, on the Teflon filaments. Referring to 
FIG. 11; FIG. ta, it will be noted that each of the screens 34-is 

FIG. 14 is a block diagram of the associated dcmcnts comprised of two parallel rows 50 of the Teflon strands 
for operating the automated sampler of FIG. 10; and 48 mqunted on the opposite rods 44. 

FIG. 15 illustrates use of the automated sampler of 25 Referring now to FIGS. 1 and la. the Teflon tcreens 
FIG. 10 for collecting rain water samples. 34 are mounted at an acute angle, most particularly at 

an angle of 35" to the direction of the incoming flow of 
DESCRIPTION OF THE PREFERRED the cloud sample introduced through inlet .26. For. this 

EMBODIMENTS purpose, grooves 52 are provided in the opposite side 
Referring to FIGS. 1, 2 and 3 of the drawings, _nu- 30 walls 54 of the front section 22 of the collector, such 

meral 20 indicates a cloud water collector according to grooves being inclined at a 35" angle to accommodate 
the invention, comprising an outer housing 21 having a the side bars 46 of each of the Teflon screens 34 
front section 22 and a rear section 24, the front being mounted in parallel inclined relation at such angle in the 
open at 26 and the back of the collector being open at front section of the collector. It will be seen that in the 
28. The housing of collector 20 is in the form of a box 35 present embodiment, three collector screens 34 are em-
having an essentially square cross-section, the rear sec- ployed, mounted parallel to each other. and in closely 
tion 24 of the collector being flared outwardly as indi- spaced relation within the front section of the collector. 
cated at 29 to accommodate a fan or blower 30 in a rear The frames 43 of the screens are suitably fastened at 56 
portion 32. The front and rear sections are provided and 58 in brackets 60 and 62 mounted respectively in the 
with flanges 25 which are connected by bolts 27. 40 top 64 and bottom 66 of the front section of the collec-

The outer housing 21 of the cloud water collector is tor. 
preferably comprised of a clear poly (methyl methacry- In the embodiment illustrated in FIGS. 1 and la em-
late) resin (Plexiglas). Other clear inert plastics can be ploying three Teflon screens 34, since there are two 
employed, such as polypropylene or polyethylene. rows of Teflon strands 50 for each screen, there is a 
However, the latter two materials tend to degrade in 45 total of six rows of Teflon strands in the three screen 
sunlight over a period of time. - · arrangements shown. In such an arrangement, with 

Viewing also FIG. la. a series of three screens 34, Teflon strands of the optimum diameter of0.020''. and a 
each formed of two parallel rows of Teflon strands or spacing of 0.070" • the first row of strands on the first 
filaments, and described in greater detail below, are screen 34 facing the inlet 26 samples about 28% of the 
mounted and inclined at an acute angle in the front SO incoming cloud sample flow, and when all six rows of 
section 22 of the collector, adjacent the open front end strands formed by the three screens are included, such 
26 thereof. A honeycomb element 36 is mounted across six rows sample about 86% of the total air. While it is 
substantially the central portion of the coll.::ctor be- preferred not to employ more than three Teflon screens 
tween the front and rear sections 22 and 24 thereof. 34, only one or two of such screens can be employed if 

The fan 30 is mounted on a bracket 38 which is suit- SS it is desired to slow the collection rate down. 
ably bolted at 40 to a support member 42 mounted ·on Although the optimum angle of inclination of the 
the back 28 of the collector. -screens is 35", as noted above, the angle of the Teflon 

Now referring to FIGS. la. 4 and 4a, the screens 34 screens can range from about 30" to about 40". Inclining 
are each formed of a rectangular frame 43 comprised of the screens at such angles, particularly the optimum 
two stainless steel upper and lower rods 44, preferably 60 angle of 35", prevents resuspension into the air flow of 
Teflon coated, suitably fastened at their ends to oppo- fog droplets impacted onto the Teflon filaments. Fur-
site side bars 46. Stiffener webs 45 are positioned across ther, once the droplets are collected on the strands, it is 
frame 43 adjacent the rods 44 at the top and bottom of desirable that they be removed from the environment of 
the frame and are suitably welded at 49 to the opposite the sample flow as quickly as possible to prevent evapo-
side bars 46. The rods 44 are threaded at 47 to received 65 ration. The above-noted angle of inclination aids in 
a Teflon strand 48 which is wound around the rods 44 obtaining rapid flow of the droplets down the filaments 
in a vertical direction along the entire width of the for collection as quickly as possible. A baffle 67 is pro-
screen extending from one side bar 46 to the opposite vided and suitably connected to the top of the housing 

t 
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21 and fonned of a front downwardly sloping portion 
69 which directs the incoming cloud sample down
wardly away from the upper structure of the frames 43 
including the upper rods 44, and a rear upwardly slop
ing portion 71, which deflects the air stream passing 5 
through screens 34 upwardly across the conduit fonned 
by housing 21. 

Referring to FIGS. 5, 6 and 7, a trough 68 is provided 
across the bottom 66 of the front section 22 of the col
lector, such trough being inclined downwardly from 
the opposite side walls 54 of the front portion 22, to the 
center thereof, as indicated at 70, and terminating in a 
central discharge outlet 72. A funnel 74 is positioned in 
the discharge outlet, to which is connected one end of a 
tube 76, the opposite end of the tube being connected to 15 
a sample bottle 78. 

It will accordingly be seen that water droplets flow
ing down the Teflon filaments 48 of the six rows SO of 
such strands provided by the three screens 34, will 
collect in the trough 68 and pass via the funnel 74 and 
tube 76 into the collection bottle 78. 

In operation, the fan 30, which can conveniently 
operate on 12-14 volt D.C. current, draws a sample 
cloud through ·the open front end 26 of the collector 
and into contact with the Teflon filaments 48 of the 25 
screens, causing fog droplets to impact on and flow 
down the Teflon strands 48 of the screens 34. The ve
locity of flow can be of the order of about 9 meters per 
second. Droplets below a certain size pass between the 
Teflon filaments and are not collected thereon, while 
larger droplets above a certain size collect on the 
strands. Droplets in the range of 1 to 100 microns diam
eter are efficiently collected and, particularly, droplets 
in the size window of 5 to 30 microns in diameter. While 
droplets of a size of about 3.8 microns can be collected 35 
at 50% efficiency, droplets of the order of 10 microns 
size and above can be collected at practically 100% 
efficiency. 

The honeycomb element 36 in FIGS. 1 and 3 func
tions as a flow straightener, that is, it produces unifonn 
flow of the cloud sample across the collector and re
moves swirl and reduces turbulence created by the fan. 
Although the honeycomb element can be omitted, the 
presence of the honeycomb element positioned between 
the Teflon screens 34 and the fan 30 substantially im- 45 
proves the performance of the device. This arrange
ment also aids in reducing contamination of the cloud 
sample and facilitates introduction of a clean, non-con
taminated cloud sample into the collector for impinge-
ment on the Teflon strands 48. 

When the cloud water collector descnbed above is to 
be employed for sampling during rain, a rain adapter 
shown in FIGS. 8 and 9 is attached to the front open 
end 26 of the collector. 

The rain adapter indicated at 80 is in the form of a ss 
clear plastic member, such as poly (methyl methacry
late) (Lucite), having a downwardly sloping, closed top 
82 connected to opposite sides 84 of triangular shape, 
the lower edges of which terminate in a horizontally 
positioned, open bottom 86. The inner end of the rain 
adapter 80 terminates in a square conduit 88 having a 
flange 90 mounted around its inner end. 

The rain adapter 80 can be mounted on the front 26 of 
the cloud water collector by attaching the flange 90 of 
the adapter to the flange 92 on the front of the cloud 65 
water collector, by suitable fasteners, such as bolts. 
During the rain, while the air flow sample is drawn in 
through the open lower end 86 of the adapter, as indi-

cated by the arrow 94, and into the front section of the 
cloud water collector for impingement on the Teflon 
screens 34, in the normal manner of operation as noted 
above, the larger rain droplets impinge on the top 82 of 
the rain adapter and flow down the top, but such drop
lets have too much inertia and are unable to be drawn 
upwardly through the open bottom 86 and into the 
adapter and the collector, with the air or cloud sample 
to be collected. 

Typical operating parameters for the cloud water 
collector of the invention described above and shown in 
the drawings are set forth in the following table: 

TABLE 
CLOUD WATER COLLECTOR 
OPERATING PARAMETERS 

Strand dia, 11m (in.) 510 (0.020) 
Strand length. m (ft.) 190 (620.0) 
Sampling flow, m3/min. (cfm) 24.5 (870) 
# of rows of strand 6 
Strand spacing, mm (in.) 1.8 (0.071) 
% of air sampled, 1st row 27.9 
% of air sampled, total 86.0 
Total sampled flow, m3/min 21.l 
30% size cut (thcor.), jLDl 3.8 
Stokes number (10 fl-IC droplet) 8.4 
Inlet velocity, mis 7.0 
Velocity@ strands, mis (MPH) 8.45 (18.9) 
Coll. rate in 0.5 g/m3 fog, 9.95 
10 fl-Di droplets, mVmin. 
Operating voltage. v. 14.0 

The cloud water collector of the invention described 
above and illustrated in FIGS. 1 to 9 of the drawings 
can be operated manually so that when a sample bottle 
of cloud water liquid is filled, it is removed from the 
apparatus. and another bottle is manually connected to 
the device for collecting another sample, and so on. 
However, it is often preferred to automate the device so 
that each sample bottle, when filled with cloud water 
liquid, is automatically removed from the device and a 
new bottle arranged in its place to collect the next sam
ple. This permits the cloud water collector to be set up 
in the field and left to automatically collect the fog 
water samples, thus providing manpower savings. 

Accordingly, there is described below and shown in 
FIGS. 10 to 14 of the drawings a preferred embodiment 
of a device which can be employed in conjunction with 
the cloud water collector described above for automat
ing the collector and obtaining multiple samples of 
cloud water for chemical analysis. 

Referring to FIGS. 10-13 of the drawings, numeral 
100 is an automated sampler device, according to the 
invention, which can be employed in conjunction with 
the cloud water coJlector 20 of FIG. 1 for obtaining 
samples of cloud water collected in collector 20. Prefer
ably, the automated sampler 100 is incorporated in a 
refrigerator 102 which aids in maintaining the chemical 
composition of the cloud water samples without 
change, for example, as a result of evaporation. How
ever, it will be understood that the use of a refrigerator 
for the automated sampler hereof is not necessary. 

When employing the automated sampler 100, the 
sample collection tube 76 of the cloud water collector, 
as seen in FIG. 7, is connected directly to a reservoir 
104, which is arranged to discharge a predetermined 
volume of collected cloud water via a valve A sequen
tially into a plurality oflarge sample bottles 106, and via 
a valve B sequentially into a plurality of small sample 
bottles 108 supported on a turntable or carousel 110, 



4,697,462 
7 8 

j 

l 
j 

1 

which is rotated by a shaft lU connected to a central The automated sampler 100, when set up to collect 
support block 114 attached to the center of the carousel cloud water samples in conjunction with the cloud 
by the fastener 116. The shaft 112 and central support water collector 20, operates as follows: 
block 114 are interconnected by a pair of oppositely A fog detector indicated at 155, which is basical1y a 
disposed pins 113 on the shaft 112, which are received S miniature version of the cloud water collector 20, is 
in oppositely disposed slots 115 in the lower portion of actuated, and when fog is present, such fog detector 
the support block 114. The shaft 112 and support block collects a sample amount of the fog water and deposits 
114 are driven by a motor 118 through a worm gear 120 it onto a resistance grid, indicated at 156. A circuit (not 
mounted in a centrally positioned frame 122. The shaft shown) senses the charge on the resistance grid 156, due 
112 and central support block 114 are received in a 10 to the presence of the fog water, and trips a relay 158 
central aperture 126 of a support member 124 to main- which supplies power from power source 160 to the 
tain the carousel in a substantially central position dur- various components in the device, as noted below, in-
ing operation. The frame 122 is connected to the sup- eluding fan 30 of the cloud water collector 20. 
port member 124 by suitable fasteners (not shown), and Fog water collected in the cloud water collector 20 is 
hence, the support member supports the frame 122, 15 discharged via tube 76 into the reservoir 104. Accord-
motor 118 and carousel 110. The support member 124 is ing to one mode of operation, when the liquid sample 
mounted at opposite ends on outer support blocks 129 collected in the reservoir 104 reaches a predetermined 
attached to opposite side walls 131 of the refrigerator. volume, as indicated by the level sensor 144, the sensor 

A series of large sample bottles 106 is mounted cir- actuates the valve A to open same to discharge the 
cumferentially adjacent the outer periphery of the car- 20 liquid sample into the bottle 106 at the fill station X. 
ousel in a circular rack 128 supported on the carousel by Simultaneously with the opening of valve A, a timer 
support pins 130. The large bottles 106 are each posi- indicated at 154 opens valve B to discharge liquid from 
tioned in circular holes 132 provided adjacent the outer reservoir 104 via hypodermic needles 150 into each of 
periphery of the rack. In the embodiment shown, there the three small sample bottles 108 at station X. In one25 arc 20 such holes 132 for receiving 20 of the large bot- example of operation, valve B remains open for about 5 
ties 106, e.g., of 60 mis capacity each. seconds to discharge a total of 15 ml of sample liquid (5 

There arc also provided in the rack 128 three conccn- ml per bottle) in the three small 8 ml bottles 108. During 
tric circles of smaller holes 134 for receiving the small this same period of time, sample liquid flows from reser-
bottles 108, there being 20 of the small holes 134 in each 30 voir 104 into the large 60 ml sample bottle 106. The 
of die three concentric circles of holes. for receiving 20 timer 154 then closes valve B. However, valve A re-
of the small bottles 108, e.g., having a capacity of 8 ml mains open to discharge the remainder of the liquid in 
each in the present embodiment. reservoir into the large bottle 108. If the pre-set volume 

It will accordingly be seen that at the sample bottle- of liquid collected in reservoir 104 is 60 ml, then 4S ml 
filling station X, as shown in FIGS. 10 and 11, there will 35 of liquid is collected in a total period of 20 seconds in 
be one large sample bottle 106 and three oppositely the large 60 ml sample bottle 106. When the reservoir 
disposed small bottles 108. 104 is emptied, valve A closes to permit the reservoir 

Referring to FIG. 12, an overflow line 136 is con- 104 to again fill with cloud water. When valve A closes, 
nected to the discharge conduit 138 from the bottom of the air powered cylinder is actuated to withdraw the 
reservoir 104, such overflow conduit discharging into 40 hypodermic needles 150 from the small bottles to the 
an overflow bottle 140. A vent 142 is provided at the position shown in FIG. II. 
top of the reservoir 104. A liquid level sensor 144, in the According to a second mode ofoperation, a timer 157 
form of a photoelectric cell, is provided to monitor a is employed in conjunction with valve A, instead of 
predetermined volume of cloud water received in the level sensor 144. In this mode of operation, the timer 
reservoir 104. 45 157 times the interval for filling the reservoir 104, say, 

Now referring to FIGS. 10 and 11, an auxiliary line one hour. This is the "off'' interval of the timer 157. At 
146 is connected to the discharge conduit 138, a valve B the end of such time, the timer actuates the valve A, 
being disposed in the discharge line 146, for actuation to while at the same time, the timer 154 actuates the valve 
fill three of the small bottles 108, simultaneously with B, to fill the large bottle 106 and the small bottles 108 
actuation of valve A for filling one of the large bottles so simultaneously. During this filling operation of about 20 
106 at the filling station X. An air cylinder powered seconds, the timer 157 is in the "on" interval. The timer 
device 148 is arranged to actuate a sliding assembly 149 157 then switches to the "off'' interval again, closing 
carrying three hypodermic needles 150 communicating valve A, while timer 154closes valve B, to permit reser-
with line 146. Each of the needles 150 has a fluid inlet voir 104 to again be filled with sample liquid. 
151 communicating with the line 146 and a vent tube 55 In a third mode ofoperation employing both the level 
153. Each of such needles pierces a septum 152 which sensor 144 and the timer 157, for actuating valve A, if 
tops each of the small bottles 108 when the support either the time has elapsed as set by timer 157, for filling 
assembly 149 is urged downwardly. The air powered the reservoir 104 to a predetermined volume, or the 
assembly is actuated by the opening of valve A, at collected volume of liquid as indicated by the level 
which time valve B is also opened for filling the three 60 sensor 144 has been achieved, whichever occurs first, 
small bottles 108 through the hypodermic needles. valve A will be opened by either the level sensor or the 

Now referring also to FIG. 14, showing a block dia- timer 157, to permit discharge of liquid into the large 
gram of the automated sampler 100, it will be noted that bottle 106, while at the same time simultaneously the 
a timer 154 is connected to valve B for introducing a timer 154 opens valv.e B to permit discharge of liquid 
predetermined amount of sample liquid from the reser- 65 sample into the small bottles 108, after which valves A 
voir 104 into each of the. three small sample bottles 108, and B are closed, as noted above, to permit repeated 
simultaneously during the filling of the large bottle 106 filling of the reservoir 104. This third mode ofoperation 
via valve A at the filling station X. is preferred. 

r 

l 
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After the accumulated liquid has been discharged 
from the reservoir 104 into the sample bottles at filling 
station X, and valves A and B have been closed, a 
counter, indicated at 162, which is responsive to the 
closing ofvalve A, actuates an indexing mechanism 164, 5 
which in turn actuates the motor 118 and worm gear 
120 to rotate the carousel a predetermined amount so as 
to move the filled bottles from the filling station X and 
to advance the next row comprised of one large bottle 
106 and three small bottles 108 into position at the filling IO 
station X. The above-described operation for filling the 
large bottle 106 and the small bottles 108 at fill station X 
is repeated until all of the 20 large bottles and 60 small 
bottles on the carousel are filled. At the end of this time, 
the counter 162 shuts off power to the indexing mecha- 15 
nism 164 and causes diversion ofliquid filling the reser
voir 104, through the overflow tube 136 and into the 
overflow bottle 148. 

An event logger (printer) 166 records the time when 
sampling begins and when the carousel indexes to a new 20 
position. 

It will be understood that, if desired, the automated 
sampler can be used for filling only the large sample 
bottles 106 and omitting the small sample bottles 108. 
Under the circumstances, components for filling the 25 
small bottles, including valve B and its associated timer 
154, the auxiliary discharge line 146, air cylinder 148, 
and the hypodermic needle devices 150 can be omitted. 

Further, if desired, the above-described mechanism 
for actuating the automated sampler, including the 30 

small fog detector155, and its associated resistance grid 
156 and relay 158 can be omitted, and the power source 
at 160 can be turned on manually or by any other means 
at any desired time. 

In addition, the automated sampler 180 can be em- 35 
ployed separately, that is, without combining it with the 
cloud water collector 20, e.g., for collecting rain water. 
In the latter case, viewing FIG. 15, a rain water collect
ing funnel 168 can be connected to the tube 76 for dis
charge ofa sample ofrain water into the liquid reservoir 40 
104. The automated sampler then functions in the man
ner described above for collecting multiple samples of 
the rain water so collected. When not in use for collect
ing rain water, a cover indicated by dotted lines 170 can 
be placed over the funnel. 45 

From the foregoing, it is seen that the invention pro
vides an improved device for collecting cloud water or 
fog water for chemical analysis which operates effi
ciently and rapidly to collect substantial amounts of 
liquid water for chemical analysis, and which is reliable, so 
simple to construct and inexpensive. In addition, the 
cloud water collector can be automated by use in com
bination with an automated sampler device to collect 
multiple samples of fog water in the field, with a mini
mum of attention and labor expense. Further, the auto- 55 
mation device can be employed separately for collect
ing rain water. 

Since various additional changes and modifications of 
the invention will occur to and can be made readily by 
those skilled in the art without departing from the in- 60 
vcntion concept, the invention is not to be taken as 
limited except by the scope of the appended claims. 

What is claimed is: 
1. A cloudwater collector comprising 
a conduit open at opposite ends, including an air inlet 65 

at a front end thereof to permit entry of a doudwa
ter containing air sample into said conduit, and an 
air outlet at the opposite back end thereof, 

a plurality of spaced Teflon strands in said conduit 
adjacent the front end thereof, said strands being 
mounted across said conduit at an acute angle fac
ing said inlet, 

the diameter of said strands being such that water 
droplets from a cloudwater sample, of a size range 
of 1-100 microns are collected on the strands upon 
impact therewith, said acute angle being such that 
the impacted droplets flow down said strands and 
drain into the bottom of said conduit, 

a fan at the back end of said conduit adjacent said air 
outlet for drawing a sample ofair containing cloud
water through said inlet into said conduit, 

means for reducing turbulence and producing essen
tially uniform flow of said air sample across said 
conduit, and 

means for collecting a sample of the water droplets 
from the bottom of said conduit. 

2. The cloudwater collector of claim l, said Teflon 
strands being wound in vertical spaced relation on a 
frame and forming a screen containing two parallel 
rows of said strands on said frame. · 

3. The cloudwater collector of claim 2 including a 
plurality of said screens mounted in spaced parallel 
relation at said acute angle across said conduit. 

4. The cloudwater collector of claim 2, said Teflon 
strands and said screen being mounted at an angle of 
30"~• across said conduit facing said inlet. · 

5. The cloudwater collector of claim 2, said Teflon 
strands having a diameter such that water droplets from 
a cloudwater sample, of a size ranging from 5-30 mi
crons, are efficiently collected on the Teflon strands. 

6. The cloudwater collector of claim 2, said Teflon 
strands having a diameter ranging from O.Or5" to 
0.025". 

7. The cloudwater collector ofclaim 1, said means for 
reducing turbulence and producing essentially uniform 
flow of said air sample across said conduit comprising a 
honeycomb element mounted across said conduit be· 
tween said Teflon strands and said fan. 

8. The cloudwater collector ofclaim 1, said means for 
collecting said water droplet sample comprising a drain 
in the bottom ofsaid conduit, a funnel connected to said 
drain, a sample bottle, and tube means communicating 
said funnel with said sample bottle. 

9. The cloudwater collector of claim l including a 
frame for said Teflon strands, said frame. having upper 
and lower threaded rods, said Teflon strands wound on 
said threaded rods in vertical spaced relation, and form
ing a screen containing two parallel rows of said strands 
on said frame, and including a plurality of said screens 
mounted in spaced parallel relation, said Teflon strands 
and said screens being mounted at an angle of 35° across 
said conduit facing said inlet. 

10. The cloudwater collector of claim 9, said Teflon 
strands having a diameter of about 0.020" and a spacing 
between strands of about 0.070". 

U.. The cloudwater collector of claim 10, said means 
for reducing turbulence comprising a honeycomb ele
ment mounted across said conduit between said Teflon 
strands and said fan, and said means for conecting said 
water droplet sample comprising a drain in the bottom 
of the said conduit, a funnel connected to said drain, a 
sample bottle, and a .tube communicating said funnel 
with said sample bottle. 

12. The cloudwater collector of claim 1 including 
means for automating the collection ofsuccessive cloud 
water samples, said automating means comprising 
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a reservoir in fluid communication with said sample means for actuating said first valve means when said 
collecting means, predetermined volume of cloudwater has been 

turntable means adapted to support a plurality of collected in said reservoir to open and fill a first 
containers thereon, container at a fill station on said turntable, 

means associated with said reservoir for automati- 5 timer means for actuating said second valve means 
cally discharging a predetermined volume of when said first valve means has been actuated, to 
cloudwater from said reservoir into a preselected open and fill a second smaller container at said fill 
container on said turntable means, and station on said turntable, 

means to actuate said turntable means to index a sue- said timer means closing said second valve means 
cessive container to be filled into operative relation 10 after a pre-set time interval, and said means for 
with said reservoir when said preselected container actuating said first valve means closing same after a 
has received said predetermined volume of cloud- longer pre-set time interval, and 
water. means for sensing the closing of said first valve 

13. The cloudwater collector of claim U, said auto- means, to actuate said indexing means to index 
matic discharge means comprising valve means opera- 15 successive first and second containers for advance-
ble to open when said predetermined volume of cloud- ment to said fill station. 
water has been collected to discharge same into said 20. The cloudwater collector of claim 19, said means 
container, said turntable indexing means being actuated to actuate said first valve means including a liquid level 
when said valve means is closed. sensor means to monitor collection of said predeter-

14. The cloudwater collector of claim 12, said auto- 20 mined volume of cloudwater in said reservoir, and 
matic discharge means comprising a liquid level sensor means associated with said liquid level sensor means to 
for said reservoir and valve means associated with said 

el said Ji "d I I . .d actuate said first valve means.liq "d I 
w ev sensor, . qw ~v~ sensor ~tuatmg 581 21. The cloudwater collector ofclaim 19 including a 

valve means when_said reservoir !5 filled wtth cloudwa- timer means to monitor collection of said predeter-
ter to a predetermined level to discharge the cloudwa- 25 . ed f loud ter • "d · dI Oter from said reservoir into said preselected container. mm vo ~e ~ ~ m ~ ~otr, an 

15. The cloudwater collector of claim 12, said -auto- means assoc~ted with S8ld last-menuoned llmer means 
matic discharge means comprising timer means for rim- to actuate S81d first valve means. . . . 
ing the flow of.cloudwater into said reservoir over a 22. The _cloudwater collector of claim 19 mcl~g a 
preselected time interval and valve means associated 30 ~k on S&ld ~ta~le ad~pted ~ support a pluralitr of 
with said timer means, said timer means actuating said wd first ~tamers ID a circle adJ~t the oui_er pertph-
valve means after said preselected time interval, to dis- ery of smd ~~le and a pl~ra11!y of ~d seco'!d 
charge the cloudwaier from said reservoir into said smaller co_ntamers •ID a concentnc Clfcle adJacCDt wd 
presel~ container. first containers. . . . 

16. The cloudwater collector of claim u said auto- 35 23. The cloudwater collector of claim 1, ·mclud1Dg 
matic discharge means comprising a liquid l~vel sensor means for automatin~ the coll~tion of ~!ve 
for said reservoir and valve means associated with said cloudwater samples, said automat1Dg means compns1Dg 
liquid level sensor, said liquid level sensor actuating said a reserv~ir in fluid communication with said sample 
valve means when said reservoir is filled with cloudwa- collecting means, 
ter to a predetermined level to discharge the cloudwa- 40 a carousel, . . . . . 
ter from said reservoir into said preselected container, means sup~rting said carousel for limited rotauo?, 
and also including timer means for timing the flow of a rack on said carousel ~pt~ to s~port a plura11ty 
cloud water into said reservoir over a preselected time of ~trst sample ~ttles m a circle adJa'7°t the outer 
interval and valve means associated with said timer penphery of said carousel and a plurality of second 
means, said timer means actuating said valve means 45 smaller_ ~pie bottles in co~centric circles adja-
after said preselected time interval, to discharge the cent satd circle of first containers, 
cloud water from said reservoir into said preselected a fill station on said carousel wherein one of sajd first 
container, said liquid level sensor or said timer means bottles and a plurality of said second bottles in said 
actuating its associated valve means to discharge the concentric circles are in a row, 
cloudwater from said reservoir after said predetermined so a discharge line from said reservoir, 
volume is achieved or said preselected time interval has a first valve in said discharge line adapted to dis-
elapsed, whichever occurs first. charge liquid from said reservoir into one of said 

17. The cloudwater collector of claim 12 including first bottles at said fill station, 
means for deactivating said turntable indexing means a second valve in said discharge line adapted to dis-
when all of the containers on said turntable have been 55 charge liquid from said reservoir into the second 
filled, and means for thereafter diverting incoming bottles in said row at said fill station, 
cloudwater from said reservoir to an overflow con- a liquid level sensor to monitor collection of a prede-
tainer. termined volume of cloudwater in said reservoir, 

18. The cloudwater collector of claim 12 including means associated with said liquid level sensor to actu-
means for actuating said automating means when cloud- 60 ate said first valve means when said predetermined 
water is present, for discharge of sample liquid from the volume of cloudwater has been collected in said 
sample collecting means ofsaid cloudwater collector, to reservoir to open and fill a first bottle at said fill 
said reservoir. station, 

19..The cloudwater collector of claim 12, said means timer means for actuating said second valve when 
for automatically discharging a predetermined volume 65 said first valve has been actuated, to open and fill 
of _cloudwater from said reservoir including, · the second bottles in said row at said fill station, 

a first valve means, said timer means closing said second valve after a 
a second valve means, pre-set time interval, and said means for actuating 

t 
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said first valve closing same after a longer pre-set 
time interval, 

driving means to actuate the carousel to index a suc
cessive row of a first bottle and a plurality of sec
ond bottles at said fill station, 

means for sensing the closing of said first valve to 
actuate said driving means to index a successive 
row of bottles at said fill station, said last-men
tioned means inc:uding a counter for deactivating 
said driving and indexing means when all of the 
bottles on said carousel have been filled at said fill 
station, 

an overflow tubing connected to the discharge line 
from said reservoir, and 

an overflow bottle connected to said overflow tube, 
for receiving liquid from said reservoir after deacti-

vation of said driving and indexing means by said 
counter. 

24. The cloudwater collector of claim 23, and also 
including timer means for timing the flow of cloudwa-

5 ter into said reservoir over a preselected time interval to 
actuate said first valve after said pre-set time interval, to 
discharge cloudwater from said reservoir into said first 
bottle at said fill station, said liquid level sensor or said 
last-mentioned timer means actuating said first valve to 

10 discharge the cloudwater from said reservoir after said 
predetermined volume is achieved or said preselected 
time interval has elapsed, whichever occurs first. 

25. The cloudwater collector of claim 23, said second 
smaller bottles having a septum cover thereon, and 
means for piercing said septum bottles at the fill station 
for introduction of sample liquid to said bottles when 
said second valve has been opened. 
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CHAPTER2 

Instrument to collect fogwater for chemical analysis1 
Daniel J. Jacob,•> Jed M. Waldman, Mehrdad Haghi,b> Michael R. Hoffmann, and 
Richard C. Flaganc>

j Environmental Engineering Science, W. M. Keck Engineering Laboratories, Californi,a Institute of 
Technology, Pasmiena. California 91125 

(Received 2 January 1985; accepted for publication 16 February 1985) 

t An instrument is presented which collects large samples ofambient fogwater by impaction of 
droplets on a screen. The collection efficiency of the instrument is determined as a function of 
droplet size, and it is shown that fog droplets in the range 3-100-µm diameter are efficiently 

1 collected. No significant evaporation or condensation oc.c:urs at any stage of the collection 
process. Field testing indicates that samples collected are representative ofthe ambient fogwater. 
The instrument may easily be automated, and is suitable for use in routine air quality monitoring 
programs. 
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An instrument is presented which collects large samples of ambient fogwater by impaction of 
droplets on a screen. The collection efficiency of the instrument is determined as a function of 
droplet size, and it is shown that fog droplets in the range 3-100-µm diameter are efficiently 
collected. No significant evaporation or condensation occurs at any stage of the collection 
process. Field testing indicates that samples collected are representative ofthe ambient fogwater. 
The instrument may easily be automated, and is suitable for use in routine air quality monitoring 
programs. 

INTRODUCTION 

Under supersaturated conditions in the atmosphere, fog 
drop lets form by activation of condensation nuclei I and ra
pidly grow to sufficiently large diameters (1-100 µm) that 
the deposition to vegetation canopies is considerably en
hanced.2 Recent reports of extremely high acidities in fogs, 
and clouds intercepting mountain slopes, have raised con
cern regarding related environmental consequences.3 Air 
quality control agencies in areas exposed to acidic fog have 
expressed the need to establish networks ofsites monitoring 
the chemical composition of fog on a routine basis. A fog
water sampler to be used in such programs must meet four 
basic requirements: (1) efficiency collect fog droplets in the 
1-100-µm size window while avoiding collection of the sub
micron nonactivated aerosol, (2) preserve the size and chemi
cal composition of fog droplets through all stages of collec
tion, (3lrapidly collect large amounts ofliquid water for wet 
chemical analysis, (4) be automated, inexpensive to con
struct, and require minimal maintenance. A recent paper 
from our group4 has elaborated on design criteria for fog
water collectors, and reported that none of the currently 
available instruments is satisfactory in all respects. A rotat
ing arm collector developed in our laboratory4 has been 
shown to provide samples representative of the ambient fog
water,5 but it is not suitable for automation and presents 
safety problems. We describe herein a collector that we have 
recently developed explicitly to provide a simple, reliable, 
and inexpensive instrument for routine monitoring. 

I.DESIGN 

The instrument (shown in Fig. 1) collects fogwater by 
inertial impaction of fog droplets on a screen. The screen is 
made of two layers of 330-µm-diameter Teflon monofila
ment strung vertically on a frame between two Teflon-coat
ed threaded rods [Fig. l(c)]. It is placed at an incline (0 = 35°) 
in a square duct, through which a blower samples ambient 
fog-laden air at a velocity u. = 9 m s- 1

• The pressure drop 
across the screen is 87 Pa. The residence time of impacted 
droplets on the screen is considerably shortened by placing 
the screen at an incline instead ofvertically, because aerody
namic drag pushes the droplets to the bottom of the screen. 

Further, inclining the screen at 35° prevents resuspension of 
impacted droplets into the air flow, which would occur ifthe 
screen was placed vertically. 6 Accumulation ofwater on the 
screen proceeds by formation oflarge droplets spaced at in
tervals along the Teflon strings; these droplets rapidly grow 
large enough (about 1-2-mm diameter) to flow down. A Tef
lon funnel drains the fogwater collected at the bottom ofthe 
screen into a storage bottle directly below. The instrument is 
set on a platform surmounted by a wind vane so that the inlet 
is oriented into the wind at all times. Automation of instru
ment start up may be provided by a number of methods. 

The flow of air through the duct is 22 m3 min- 1
, but 

only a fraction ofthat air is actually sampled because of the 
spacing between strings. Based on the dry diameter of the 
strings, each ofthe two layers samples 42% ofthe air flowing 
through the duct, and the sampling efficiency of the instru
ment is about [1 - (0.58)2] = 66%. In practice, accumula
tion of water on the strings will slightly increase the impac
tion surface area and, therefore, the amount of air sampled. 
About 90 ml ofsample is collected per hour in a fog oftypical 

3liquid water content 0.1 g m- • This is sufficient for most 
analytical purposes. 

The principle ofoperation is that inertia prevents drop
lets approaching the strings from following the curved flow 
streamlines around the strings. The deviations ofdroplet tra
jectories increase with droplet inertia, and droplets above a 
certain size deviate sufficiently to collect on the strings. The 
efficiency of this process is characterized by the Stokes num
ber' St: 

pD 
2 
U.cos0 (l)

St=-----,
18µR 

where p is the density of the droplet, Dis the droplet diame
ter, µ is the viscosity ofair, and R is the :radius of the string. 
The Reynolds number of the flow through the duct is suffi
ciently high ( HY), and the Mach number is sufficiently low 
(0.03), that the collection efficiency can be satisfactorily de
cribed as solely a function of St and the droplet Reynolds 
number ReD.7

•
8 Experimental data is available for the collec

tion efficiency ofparticles on cylinders as a function of these 
two dimensionless groups.8 For 1-100-µm-diameter drop
lets, St ranges from 0.14-1400 and ReD from 0.5-50. 
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Fro. 1. Screen collector to sample fogwater for chemical analysis. Air is· 
aspirated through a square duct at a rate of 22 m3 min - 1 (blower: model 
80A, 1/3 HP 115V motor, Central Blower Co., City oflndustry, CA). Fog 
droplets impact on Teflon FEP monofilament (13 mils, Dupont de Ne
mours Corp.) strung vertically on a brass frame between two Teflon-coated 
threaded brass rods. Fogwater collected on·the strings flows down to a Tef
lon funnel and a polyethylene bottle directly underneath. (a) Perspective 
view of the instrument, (b) side view (section), (c) detail of the screen frame. 

Because u. differs from the ambient wind U0 , the flow 
approaching the inlet is deflected. Large droplets cannot fol
low the air fl.ow, resulting in an anisokinetic sampling bias at 
the upper end of the size distribution. To minimize this bias, 
the instrument must be oriented into the wind at all times. 
Anisokinetic biases for an inlet oriented into the wind have 
been documented in detail9

•
10 as a function of u. I U0 and the 

inlet Stokes number St; [defined by Eq. (1) when the string 
radius R is replaced by the half-width of the inlet]. In the 
special case u. = U0 (isokinetic sampling), no bias is ob
served. For u. I U > 1 the collection efficiency for large dro0 

U

plets is less than 100% (negative bias), and goes through a 
St; -dependent minimum at u. I U0 ~ 3 (maximum deflection 
of the flow streamlines). At the limit,UJU0 -oo, the flow 
streamlines are straight and no bias is observed.. For UJ 

0 < 1, the collection efficiency for large droplets is larger 
than 100% (positive bias), because the flow is deflected away 
from the inlet. At very large St; values, the collection effi
ciency approaches a limit equal to U0 /U5 , 

Sampling may also be biased if the droplets shatter 
upon high-velocity impact on the strings. Droplet shattering 
may be expected if the Weber number 

pDU 2 

We=--c (2) 
q 

exceeds about 150. 11 Uc is the velocity of the droplet upon 
impact ( Uc < u. ), and uis the surface tension of the droplet
air interface. For a 100-µm-diameter droplet, we find 
We < 110, below the critical value for droplet shattering. 
Droplet shattering may be expected for droplets larger than 
about 140-µm diameter, but this is beyond the usual fog size 

{ 
range. 
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The collection efficiency of our instrument was deter
mined as a function ofdroplet size from the data ofRefs. 8-
10, for various ambient wind velocities and an inlet oriented 
into the wind (Fig. 2). The impaction Stokes number was 
calculated by taking R equal to the radius of the dry strings. 
Droplets in the range 3-100-µm diameter are efficiently col
lected. Droplets in the size window 10-30-µm diameter, 
which typically account for over 95% of the total liquid wa
ter content in fog, 12 are collected with over 90% efficiency 
under all sampling conditions. Fog droplets below 3 µm are 
poorly collected, but represent only a very small fraction of 
the total suspended liquid water. Collection of submicron 

· aerosol by convective diffusion to the strings is very ineffi
cient: the calculated collection efficiency is 4% for a 0.001-
µm-diameter particle, and decreases with increasing particle 
size.7 Thus, contamination of fogwater samples due to col
lection of submicron aerosol is effectively avoided. Aniso
kinetic sampling biases for very large droplet sizes depend 
considerably on the ambient wind speed. Wind speeds in 
radiation fogs are in general less than 2 m s- 1

, but we have 
frequently found higher velocities (up to 10 m s - r) in coastal 
advection fogs. Positive collection biases require ambient 
wind velocities> 10 m s- 1

, which could be found in clouds 
intercepting mountain slopes but are unlikely in other situa
tions. 

Perturbation of the ambient relative humidity during 
the sampling process may change the size of the fog droplets 
by condensation or evaporation and, therefore, affect chemi
cal concentrations in the sample. Aerodynamic cooling as. 
the droplets are accelerated at the inlet leads to condensa
tion, and aerodynamic heating as the droplets are deceler-

160 

140 

i§ 
>-
u 120 
z 
II.I 
u 

069ii:... 100 
II.I 

z 
0 
~ BO u 
II.I 
..J 
..J 
0 
u 60 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I40 
I 

I 
I 

I 
I 

,I 
/20 

,.,..,,,, 
,o-• 101 102 

DROPLET DIAMETER (fl-ml 

Fm. 2. CoJlection efficiency vs droplet diameter. Anisokinetic sampling bi
ases are considered for an inlet oriented into the wind and various ambient 
wind velocities (m s- 1) indicated on the curves. No inlet bias occurs for 

1u. = Oor u. = 9m s-•. Maximum negative bias occurs for u. a3 m s- • 

Collection efficiencies in excess of 100% indicate positive sampling biases 
(U, < u. ). Dashed line is the experimentally determined collection effi
ciency of the rotating arm collector. (Ref. 4). 
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TABLE I. Comparison offogwater concentrations ofsamples collected simultaneously with the screen collector (SC) and the rotating arm collector (RAC) set 
side by side.• 

H+ Na+ eaz+ Mg2+ NH+ a- N03- so;-• 
SC/RAC 1.08 ± 0.11 0.71 ± 0.04 0.70 ± 0.10 0.71 ±0.04 l.14±0.14 0.93 ±0.10 0.85±0.06 0.99±0.o? 

Fogwater 
Collection 

Fe Pb Mn Ni V CH20 rate 
SC/RAC 1.11 ± 0.34 1.12 ± 0.18 0.85 ± 0.28 1.05 ±0.27 0.99±0.12 1.04± 0.08 2.34±0.24 

"Comparison of four samples collected on 12 June 1984 at Henninger Flats (Ref. 12). 

ated during approach to the strings leads to evaporation. To 
determine the extent of the resulting droplet size modifica
tion, we simultaneously solved the equations for flow field, 
relative humidity, droplet trajectory, _and mass transfer, 
from equations previously derived. 4 These calculations 
showed that no significant droplet growth or evaporation 
occurs for droplets larger than 1-µm diameter. Therefore, 
droplet sizes are preserved at all stages ofapproach. 

Evaporation on the strings must also be investigated. 
Aerodynamic heating near the strings leads to a localized 
subsaturation. Assuming that the compression is adiabatic, 
the maximum temperature gradient at the surface of the 
string is 

AT= (U. cos 0)2 (3) 
2CP 

where CP is the heat capacity of air. We find ..:1 T = 0.03 K, 
which corresponds to a decrease in relative humidity of 
about 0.2%. More important as sources of thermodynamic 
modification are the fluctuations of the ambient relative hu
midity in fog: rapid oscillations ofup to 1% relative humid
ity in amplitude have been reported in a radiation fog. 13 

Mass transfer calculations for a flow of air at 99% relative 
past a bank ofcylinders14 indicate an overall rate ofevapora
tion from the screens of 10-3 g min- 1

• This is small com
pared to the collection rates achieved. 

II. FIELD TESTING 

The collector was first tested during a stratus cloud 
sampling program conducted on the mountain slopes above 
the Los Angeles basin. 12 Collection rates were in the range 
0.5-1.5 ml min- 1

• Four samples were collected simulta
neously with the rotating arm collector, and the chemical 
compositions of the samples were compared (Table I). Con
centrations were not significantly different between the two 
instruments, and usually within the errors previously docu
mented between two rotating arm collectors set side by side. s 

The similarity of compositions between samples col
lected by the screen collector and the rotating arm collector 
is striking, considering that the two instruments have very 
different collection efficiency vs droplet size characteristics 
(Fig. 2). A likely explanation is that most of the fogwater 
mass is present in a narrow droplet size window around 20-
µm diameter, 12 and that small fog droplets are not sufficient-

ly different in composition from the bulk fogwater to signifi
cantly affect the overall concentration. Small droplets have 
generally condensed on small nuclei and, therefore, are not 
systematically more concentrated than the larger droplets. 
The dependence offog droplet composition on droplet size is 
an interesting question which has not been studied to date. 
Our collector could be conveniently used for such a study; 
different portions of the droplet size distribution could be 
sampled by using screens of different string diameters. 
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Abstract 

A side-by-side comparison of the Rotating Arm Collector (RAC) and the Caltech 

Active Strand Collector ( CASC) was conducted at an elevated coastal site near the 

eastern end of the Santa Barbara Channel. The CASC was observed to collect 

cloudwater at rates of up to 8.5 ml min-1. The ratio of cloudwater collection rates 

was found to be close to the theoretical prediction of 4.2:1 (CASC:RAC) over a wide 

range of liquid water contents (LWC). At low LWC, however, this ratio climbed 

rapidly, possibly reflecting a predominance of small droplets under these conditions, 

coupled with a greater collection efficiency of small droplets by the CASC. The RAC 

collected cloudwater samples with significantly higher concentrations of Na+, Ca2+, 

Mg2+, and c1- than were collected by the CASC. These higher concentrations may be 

due to differences in the chemical composition of large vs. small droplets. No 

significant differences were observed in concentrations of NO3, so~-, or NH4 in 

samples collected by the two instruments. 



~ 
r ·· Introduction,, 

The development of the Caltech Active Strand Collector (Daube et al., 1987) led 

to a need to compare the performance of this collector with the Rotating Arm Collector 

(Jacob et al., 1984) used in previous studies of fog and cloudwater chemistry in 

California. Of particular interest were the rate of sample collection by each instrument 

and the comparability of the chemical composition of the samples collected by the two 

instruments. In order to make these comparisons we needed a location at which we 

could sample several fog events with widely varying liquid water contents and chemical 

l compositions. Side-by-side comparison of the collectors under these conditions would 

provide a good test of the relative performance of the two instruments. 

Site Description and Measurement TechniquesI 
I • Sampling Site 

The site selected for the collector comparison was the roof of a one story 

building located at 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 of the Santa Barbara Channel. 

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 

location away from major anthropogenic sources. The combination of elevation and 

proximity to the ocean were expected to result in frequent impaction of coastal stratus 

moving inland with the nighttime sea breeze during the summer period we planned to 

sample. The location away from any immediately neighboring anthropogenic sources 

was expected to provide a variety of cloudwater compositions, these varying with the 
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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 al., 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. 

· Measurement Techniques 

Cloudwater samples were collected simultaneously with the Rotating Arm 

Collector (RAC) and the Caltech Active Strand Collector ( CASC) depicted in Figures 1 

and 2, respectively. The RAC (Jacob et ~1.,1984) utilizes a 1.5 HP motor to drive a 63 

cm solid stainless steel rod at 1700 rpm. Each end of the rod has a slot milled into its 

leading edge to collect the 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 2 ml/min have been 

obtained in the field with this instrument. A scale model calibration of the RAC 

indicated a 50% lower size cut, based on droplet diameter, of 20 µm for the RAC. 

The CASC (Daube et al., 1987) employs a fan to draw air across six angled 

banks of 510 µm teflon strands at a velocity of 9 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 a HDPE collection bottle. This instrument has a theoretical lower size cut 

of 3.5 µm, based on droplet diameter, and has collected cloudwater at rates of up to 8.5 
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ml min-1 in the field. 

The major ions, Cl-, soi- , and N03 , were measured in our laboratory using a 
r 
i 
II 

! 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 Techtron AA6 atomic absorption spectrophotometer. NH4 was 

measured by the phenol-hypochlorite method (Solorzano, 1967) using an Alpkem flow 

injection analyzer. 
f. 
i 

Sample Comparison Results 

• Collection Rate 

The rates of cloudwater collection by the two instruments were compared for 22 

f periods during which samples were collected simultaneously. The theoretical ratio of 

collection rates between the two instruments is 4.2:1 (CASC:RAC). This figure is 

based on the expected air sampling rates of each instrument. In Figure 3 the actual 

collection rate data from this study are depicted along with this theoretical line. The 

data are plotted as the ratio of CASC to RAC collection rates vs. CASC collection 

rate. Most of the data points are scattered closely about the theoretical line. Several 

points at low CASC collection rate, however, fall well above this line, indicating that 

under these conditions the performance of the CASC relative to the RAC is much 

better than expected. 

Since the collection rate of the CASC is proportional to the liquid water content 

(LWC) of the cloud, these particular samples indicate that under low L WC conditions 

the collection efficiency of the RAC declines to a greater extent than that of the CASC. 

This may be due to the differing lower sizecuts of the two instruments. Typically low 

L WC clouds have a greater proportion of liquid water residing in smaller droplets 

(Best, 1951a). Since the RAC collects only those droplets above 20 µm 
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efficiently, it may be sampling less than half of the droplet spectrum under these 

conditions. The 3.5 µm lower size cut of the CASC, however, allows it to sample the 

bulk of the available liquid water. 

• Chemical Composition 

Of the 22 samples collected simultaneously by the CASC and the RAC, 11 were 

chosen for a comparison of major ion composition. These 11 samples were collected on 

three different nights in July and August of 1985. The other 11 samples were relatively 

small in volume. Since small volume samples are more likely to show signs of 

contamination than large ones, these samples were not used for this portion of the 

collector comparison. Trends exhibited by those samples used in the comparison, 

however, were generally observed in the low volume samples as well. 

Seven ions were used for comparison of the samples: N03 , so1- , ci-, NH4 , 

Mg2+, Ca2+, and Na+. Along with H+, these ions form the bulk of the ionic composition 

for all 11 samples. Figures 4 through 10 depict the sample comparison for each ion. 

Data is plotted as concentration in the CASC sample vs. concentration in the RAC 

sample. The eleven samples exhibited a wide range of concentrations for each of these 

ions. Also plotted on each graph is a 1:1 line. If the collected sample pairs were 

identical in composition, the data points should deviate from this line only due to 

random errors in analysis. 

In the case of N03 , s01- , and NH.t the data points seem fairly well matched 

with the 1:1 line. Deviation is more evident amongst the Cl-, Na+, Mg2+, and Ca2+ 

compositions. 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 significant. A linear relationship of the form given by equation 1 
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1 

y i = O:' + /3X.i + µ (1) 

may be hypothesized where Yi and Xi are the matrices of CASC and RAC 

11 i 11 11 µ 11concentrations of ion , respectively, and represents the error in the equation. 

Typically the values of a and /3, the intercept and the slope, are estimated using the 

method of ordinary least squares (OLS). When there are errors in the measurement of 

both the dependent and independent variables, however, 01S 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 of the magnitudes of the errors. In order to 

utilize this approach, simultaneous data is needed on side-by side CASC and 

side-by-side RAC sampling. Since this was not available, the second estimation 

method was utilized. This method, known as the Instrumental Variable (IV) method 

(Johnston,_ 1984), provides a consistent estimate of both the slope and intercept. The 

method requires a matrix of variables correlated with the X variables but uncorrelated 

with the errors in the X variables. 

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 (x,y) is used to define one point of the fitted line. To determine the 

slope, the n data points are divided into three groups 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, (x1,y1) and (x:3,y3), for the two extreme 

groups. 

While Bartlett's method provides a consistent estimate for the slope and 

l intercept of the relationship (1) it is not as efficient as 01S. A decrease in efficiency 
I -

results in an increase in the size of the confidence limits placed on these estimates. 
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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 estimator. 

Table 1 lists the results of applying this method to the Na+, c1-, Ca2+, and Mg2+ data. 

The slope and the corresponding 95% confidence limits are given for the CASC vs. 

RAC comparison for each ion. A slope greater than one indicates preferential collection 

of that ion by the RAC while a slope less than one indicates that the CASC collects 

the ion preferentially. A slope of one indicates no preferential collection. The results 

in Table 1 indicate that at the 95% confidence level the RAC collects Na+, c1-, and 

Ca2+ preferentially. Preferential collection of Mg2+ by the RAC is indicated at the 90% 

confidence level. Data for NH! , NO3 , and soi- indicated no preferential collection of 

these ions by either collector. 

Typically larger condensation nuclei lead to the formation of larger cloud 

droplets in the lower portions of a 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 predominantly in these types of particles (e.g. c1-, 

Na+, Mg2+, and Ca2+) will reside there as well. Therefore, as cloud droplets form 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 increasingly 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 condensation on smaller aerosol nuclei, they are likely 

to contain much lower concentrations of Na+, Cl-, Mg2+, and Ca2+. The smaller 

droplets, collected efficiently by the CASC, act to dilute the concentrations of these 

four ions in the CASC samples. 
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In an intercomparison of fogwater collectors conducted at Henninger Flats in 

(Hering et al., 1987), some of the devices collected samples with higher concentrations 

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 

collection by the RAC (Hering et al., 1987). A lower size cut of between 2 and 5 µm 

has been reported for the DRI jet impactor (Katz, 1980), comparable to the lower size 

cut for the CASC. Some speculation was made about whether the preferential 

collection by the RAC was due to differences in the lower size cuts of the collectors or 

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 soil dust particles being 

kicked up. These dense particles 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 spray. 

In the CASC vs. RAC comparison both samplers were located on a rooftop away 

from possible sources of soil dust contamination. During sampling periods the rooftop 

was heavily wetted by deposition 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 in the current study suggests that perhaps the differences 

seen are due to differences between the collectors in the collection efficiency of small 

droplets. 

During the CASC vs. RAC comparison no significant collection preferences for 

any ion were exhibited by the CASC. This happened despite the fact that aerosol N03 

~ . , SOL and NH;\:, 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 
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these ions would reside mostly in the smaller droplets and therefore be collected 

preferentially by the CASC. 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. NH3(g) can be absorbed by the droplets 

and protonated to form NH4; HNOs(g) can be absorbed, followed by deprotonation to 

yield NOs; S02(g) can be absorbed and oxidized to Soi-. The first two processes are 

extremely rapid. The oxidation of S(IV) to S(VI) in cloudwater is also rapid in the 

presence H20 2 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 N03, NH:i, and Soi-. 

Summary 

A comparison of cloudwater collection characteristics of the Caltech Active 

Strand Collector ( CASC) and the Rotating Arm Collector (RAC) was conducted at an 

elevated coastal site near the eastern end of the Santa Barbara Channel 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 ml min-1 were obtained using the CASC in this 

study. Collection rates for the RAC have been seen to go as high as 2 ml min-1 in 

past studies. During this intercomparison the ratio of CASC to RAC collection rates 

was found to be close to the theoretical prediction of 4.2:1 over a wide range of LvVC. 

At low LWC, however, this ratio climbed rapidly. This may be attributable to the 

differing lower size cuts of the two instruments: since the CASC 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+, c1-, N03 , Soi-, NH4, Ca2+, and Mg2+ in simultaneous 
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samples collected by the two instruments were compared. Preferential collection of 
1 

Na+, Cl-, and Ca2+ by the RAC was observed to occur with a confidence level greater 

than 95%. Preferential collection of Mg2+ by the RAC was observed to occur with a 

confidence level greater than 90%. This preferential collection may also be attributable 

to the differing lower size cuts of the two samplers. since these ions, derived primarily 

from soil dust and sea spray, may be expected to reside primarily in larger cloud 

droplets which make up a larger fraction of each RAC sample. No significant 

lf preferential collection by either collector was observed for NOa , soi-, or NH:i . 

I 

I 
1 
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Table l. Slopes Different from One for CASC vs. RAC Sample Ionic 

Composition Comparison 

Ion Slope 95% Confidence Limits 

Na+ 0034 (0018, 0050) 

c1- OA2 (0022, 0061) 

Ca2+ 0037 (0008, 0.66) 

Mg2+ 0058 (0014, 1.03) 










































































































