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I. I}iTRODUCTION

The importance ofcloudwater ia the delivert- ofwater

and a number of ionic species to moultaintop ecosys-

tems has been cotlsisteltly tepofied (Vogelmann et al,

1968; Lovett et dl., 1982; Doliard ?l ai " 
1983; Dollard

and Unsworth, 1983; Lindberg et ul , 1988; Mr.reller

and Weatherford, 1988; Saxena aad Lin' 1988; Kroll

and Winkler, 191i9). Ha\\ever' the diiljcuities in esti-

mating the quantities of ions deposited by clouCwater

deposition have also been noted by tlre same investi'

gaiors lsce also Lovetr, 1988) As is ihe case wilh dry

cleposition, accurate direct quanlification of cloLrd

\\ aler depositjQn to forest canopies is !i.lually imposs-

ibie ro achieve, especially over long tilj1c periods and

in regions ol complex terrain- Atlcmpts to inltr cloud

depositio. usillg throughfatl {walcr passing through

the canopy to lhe Ibresl ffoor) have been n)adc (l-ovctl'

1984. l98lt: l\{ucller and lmhoff. 1989) llo*cvcr, this

approach is clpecially unsetisfacloiy lbr measure-

mants of the depositron of irrrr because of canopl

exchange and the $35h otl oi previotts depositiirn'

Difliculties are illso e0counlcred in the melsurctnent

TESTS OF MODELS OF CLOUDWATER DEPOSITION TO

FOREST CANOPIES USING ARTIFICIAL AND LIVING
COLLECTORS

J. D. Josrrx. S F Murrle r and M H' Wolrr
Atnlospheric Science Departmenl, Tennessee Valley ALrthorili. MuscJc Shoals' AL l5660 USA

lFirst rc.ex?d 30 Jmwrl 1990 and h linalforn 31 Mar 1990)

i".uus,: th. mo,jels o"e wind sDecrl measuremenrs which do nol take into accounl redu€tions in wirC sPeed

occurring urthrn ncedle clu\ler. on bI3nLhe<

e.lch other lR' fron 0.

spruce tree crolvns

speed,

AbstlrctMechanislicclouddeposjtionmodelsareveryusefulinthcroulinequantificatioDolcloudwalel
.r"p..""""," i.*ii."n.,pies. ln orderro tesl, in a natural field sjruation, several assumptions in thcse

'.Ia.r.. " -et.:tlsJ!jgg!9llg+9!9sl9r ' I srnall alriilcr4l-iree '^l 'Ulq-EYgr
."poscd rJiGidilitiiTiiiiEd plarro'?6 ar r-Ie srmmii ielCuatron $,gEr of wi!€!9p-Meilllan
v;in,niu.'u., u s *nnll' pcrio'i Cloud,!alcr colleclioe rales by lhese three-coilectors were used to examine

Lsllrcd lalues for two imporlan! meteorological v{riables in the
relationships belween thcse mlci and mea

r",i.i.."f ,"'"iJ ".i*."^"nr and !i ilg..lnced. 'he trodu(l ol !rhrch '' :he hori/onr'l loud$al(r nu\'

colle(tion rJtes iol all three Ln' cclor' weiEpreoi'ted moderatcli \rrll b] h^r'lont:rl 'loud*alrr rlu R_

.--nrrrr^h'rs/ ^ 7l r<.r{rirlrrLrr,'sa,l h.rurr ot ohserralior hut *ere lea'l'lrongl} rcl"!<d whcn

.,q"io'" 
"i.i 

ffiiiii: t,1,^. p,ob^bty ue."u,e ot \ ariou, measurLme nr uir.crtainrres i,.Jcr rhr. condrrion

l-ir all three coilectors, simple llnear iegressions using th€ horizontai *xter flux lo precicl collcction rates

*J." nJ 
"pproi"lfy 

iI')proved by inclu_sion ol a ckllrdwater collection elicienc! term or by conversion to

6no-iaf o.'.o*itineur modeh. aloudwAter collection emcjency for all tbree collecto^ was relat€d to the

iosarithm o{ horizontai water flur, as Fredicled by the models" otly when this relationship was analyzed

;til;; t.dti;;i;i";J evenrs. Beiween individual cloud evenrs. cotlection emcie cy laried across a wide

;"; (Oii 0i0 iot ir," tpt""" lree). with emsiencies much higher during events of shorl duratjon

a]","";;;i; 
"otl"rion "mo"n.1 

',T as olten lower than predicted by cloud deposition models' possibly

Ker vorrl infuxt Cloudwater dePosilion. colleclion emciency, ijquid

droplel size, borizonlal water llux, modeling, forest canopy

of cloudwat€r depositio! uolsnes because of inter-

c€ption loss that portion of deposited watel held

on plant surfaces and eventually returned to the at-

mosphere by evapo.ation. This intcrception loss is

important because the dissoived chemicais in the

deposited water which evaporates remain in the €co-

system. lnte.ception loss is often a large fraction of

toial cloudwaler deposition because: {1) forest cano-

pics, particularly coniier canopies, havs very large

surface areas and (21 cloud events frequently invglve

small vclumes ofwater relativi) to precipilntion events

ln fact. cloud eveltts cftsll end prior to any watet

rcaching the forcst floor {Lovett, 1984: Joslin et al.,

1988).

Thc dimculty of measuring cloudrvatcr deposition

direclly necessitates rhe use of deposition models

MtrLlels recentl-v developed by tovett (1984, 1988land

Mucller (1990) arc bascd upon the earlier thooretical

poslul.1tions set iorth bJ Shultleworlh {197?). who in

turn credits Ilori tlgJi) and Mcrriam il9T:]) with

pioncering wL)rk on lhc basic physical processts in-

rolvcrl in cloutl*ater rlepc-tsition 'lhesc nodels are

hi!,hly m€chitnistir ont's anrJ require rumerol!\ as_
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sumptions [rr licld application In orr!ci to !er1. rl .r

natural licld situation, sevclal .lssumptions rn th!!c
nrodcls ofcloudwatcr dapl)5llron. \\c elposccl a rt ilicia I

.ind li"-ing collecto.s to cioud\r'ater irrr I raiscd plai-
forrn r( the sumnlit (cle\^tion. i6li6 m1 of lVhrlct(rp
lVlc'unrain. Vrrginia. fhc collcclion of throughfall dirp
frorn singlc. exprrserJ, rnrall I 1.5 nl lajl) 1rc.s. iiving {rr
rrtiltisl. rcduccs thc probleuls ol directly rncasuring
cloudwil(er deposi(ion frorn throughlall that are lnher-
ent in mature forirst canopics. With ruch -"mall trce
colleclon positioncd in the open. virtualiy all ol rhe
lblirr surface area is the active collecting surficc. In a
mrlure canop). it i\ pred('mtndntly rh. i.lppcr lorlt.n\
ofthe crowns ixposed to the higher wind speeds and
liquid $aler contents -which are the acti!e collecting
surlaces. though the entire foliar nrass is involved rn
intcrception losses. Also, all tlte wcter dripping from a
smail lrec can easiiy be coilected, eliminating the
problems of spatial variability in coliecting such
throughlall from a forest canopy. Alrhough the prob,
iem of i.itcrception loss still remains with such collec-
tors. for mcst long cloud events it is a small error, anrl
the.ate at which net deposition water is collected
below such collectors (C.) approximates the rate of
rotal gross cioudwater deposition (C) to them.

In order to develop better estimates of bulk cloud-
$'ater coilection elllciency (€)* fo. tree crowns, this
study of thc collection behavior of crown,iike collec-
tors-.a young spruce tree and an artilicial tree-was
undertaken. Both a.tificial and living collcctors were
used to address the follorving quesrions. (1) Is the
relationship belween horizontal cloudwater flux (I )
and C, best desc.ibed as linear. as the modeis assume.
o. do binomiai or curvilinear models improve predic,
tion appreciably'l (2i How important is the inclusion of
a factor re8ecting the variabiiity ofe in the dete.mina-
tioo of the actual rale of cloudwater deposition {C)?
Or, alternatively phrased, how much does the mo-
delcd estimate of c as a function ofthe Stokes nurnber
(S)t contribr,rte to the prediction of the rate of cloud-

+ Ihroughorr lhis paper, cloud\rarcr colteciion etficienc)
iel rcters b lhe bull removal ofcloudwaler by a cojlecrion
surl.rcL rhrher rhrD ro thc .ioilecting eftuen. .t rnc .,.rfrcc
with regard Io individual droplet siz. classes.

fThe Stokcs number paraneterizes dtoplet inertia and
represcnts thc dcgree lo !rhich a particle moying in a nuid will
continue to fttlow u singie sLreamline of thc fiuid as il flows
around rn obstacle lhe parriclc will tend !o follo\,, the
strenmlinc as jong rs its inerria is n01 too Iarge. As parlicle
size increases, so does ils incriia, and ihc devralion oi thc
paitjclc s nlorjon liom I har olrhe iluid increases. The value of
S rs gilen b]

,)Ll)1s ' rll
t8pD.

wherc t) is the densjlr of lhc par ricle. I i,i rhe free-!t.cam tluid
velocitJ,,De is the clTccti!'c particle drarncter, / ii; th€ flujd
!iscosily and D. is rhe characlerisrjc length scatc oi lhe

I or r coniier.,t. u!ually represenrs thc clfecri\c dirlrlrler
oi Ihc trcdominart colteclrng surlace lhe ncedt.:\

.l Arrnospheric Screncc Rescrr{rh (cr:lcr. Sr;rrc trniver\rt}
o{ Nc* York rl Alhrr!.

r!:Llcr collc.l r()n l( ,, ) rrrer lnd .rbove predictronr usroq
hori,,ontal cli,ud\rti! tlut 1/ )rlone'l (ll What is thc
r.rjalronship {)fI] lo thc key ,,ariablcs in lhe Stoic5
rurnber equation. ie. wirrd spccd 1r) rnC dropict size
lDr). rr)d \ahal is thc actudl ulolldwxter colleciion
cllicicnct of thesc !urrogutc lrec cro,.rr'ns takfn lI I heir
enltrcl! (rxlhcr than as an agglcgatc of inciividual
twigs and needlcs)J None of the above rclaiionships
have been lestcd across the ,!ide rangc of melcoir)kr-
gicai conditions occurrinF on cbDd.dominated moun-
1aint0ps.

An additional quertion, unrelatcd Io thc assump-
lions in the cloud dcposition model, rvas aiso posed for
this stud): what is the dcgrec ofcorrelatjoD among an
ASRCj "string collector" lfialconcr and Falconer.
i9U0). a cornmercial artificial 'Christmas tree'. and a
living Norway sprucc lree? Do eilller or both of these
arlilicial collectors perfoim as a reasonable surrogate
fo. a.eal tree? Evidence ofstrong relationships would
suppcn the use of such surrogate collectors: (a) as
deposition indices for comparison-s bctween differcnt
siles iJ. bc'tw€en differenl time int€r!als at the same site
or (b) as collectors of cloudwater sarnples which arc
.epresentative of the cloudwater actuaily deposited on
forest trecs.

2. BiCXGROUND INFORMATION ON CI,OL'D
T}EPOSI I IO\ VODEI!

In the Lovett (1984) model, and a modified versioo
develop€d for studying cioud deposition to fo.ests in
tho easte.n U.S. (Mueiler, l99O), canopy-top wind
speed {r), liquid water content (r/), and a cloud
droplet siz€ dist.ibution sclection parameter are th.ee
of the most irnportant jnputs. The last variable is
importart in estimating ihe p€rcentage of deposition
due to sedimentation and in determining the droplet
coilection efficiency ofa surface (Lovett, 1984; Mueller
and Imhoff" 1989). Sedimentation is usually a minor
fraction of total cioudwater deposition, except unde.
ceitain circurrstances such as very low wind speeds
fMueller. l9g0l. and il is ignored in our in\estigations
here. Asicie from sedimentation, the model comput€s
deposition in a manner tbat is propo.tionai to the
canopy-top horizontal cloudwater flux (i.e. the prod-
r.rct of a and W, herea[tet called "t;"). Cloud droplet
diameter (De) is also an important factor because, in
the model, DD affects the collcction emciency ofa givcn
object.

Cloudu.rier collccrior cfii..renc, tnt l\ an irnportant
charlrcteristic of any collecting surface lrccaLrse of its
influence on id€rtiai deposition rate iC). Sp€cifically,

C:e;llt:eAull, (2)

lvhere .1 is the cross,sectiona! area of a coilector.
ln order lo cstimate €, thc model by Lovett {1984)

uses an empirically-derived relationship between . and

l{l()li
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Fig. l. Schclnatic diagram showing location and dirnensions ol lhe three clcud coliectors and wind sensor
on the elevaled deck
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the Stokes number {Si lbr ir,dividual iree components
(needles. twigs, branches, etc.) wherein r:/[in(5)].

3, IIIDTHODS

3.1. Site descriptit'n

Tle experirlents descritrd herein werc all conducted on

th€ summil of Whiteiop Mountain in southweslern Virginja
between l0 May and 27 September 1988 Colie.tors and

meteorological instruments wcrc all iocaled uPon a deck

ccnstrucled at lhe summit ollhe mountain at an elevation of
1686 m (Fig. l). The flooi L-i lhe deck wrs approximalely
4.4 m above ground leve! and located wilhin a f€nced c,)m-
pcund. The tops oi thc nearcst trces to the deck (ltl m 1(r lhe
*est) were 2 m below {hc floor ol lhc deck. Clor,d irequcncv
dunng this May Septembe. inlcrral |verrgee rtboul i2%
(l-yea. arerag.j; during lhe parlicll]ar year ()1 slud] (1988)

cloud lrequel:cv was aclually:5'ri'. TcmfJeratur€ during thc
study period ranged liom 0.,1 C to :5.1 C. wrth a ntcar
value of l3-9'C. Wind speeds, nreasurcd at 74nr xbolc
ground lc!rl. ar'. rage,J : / rn ' durrn! jnc V"! s( frcrrhcr
;cnod $rln J rncir"n \.ri.', l: ( m. . Ju-rrr! lhc .: 'r'l
c!ents measuied in lhis study wind spceds averaged

6.4ms t. The 3-ycar mean alrd medran mtxsurcd hoLrrl)

liquid ,vater conl{:ni |alLr.s ilrr WhilcloP \rcr"t boih
0-20gm ri dunng 1i1e honrs measured in Ihis sltrd), It'
avcragcd 0.2-l gm r

.1.: Clrrd\edr{r ..tl?.1r,rn
( lord!vrter lhroughlall w:ts collected belo* ,r liv': Nor *.tt

spruce (Prr?a dli?J L. )..rn Irtiliii.rl Chrrslrrrs trct iy''ln.ricnn
I r.t. (b. of Irillsburgh, Ilrodcl no ?l'g() l- I jli). irn{J ;rn AS;R('
prtssltu slrrng cioud$ilt'rr collcct,'r Ihc {:iR( r')il'rl{)r

ccKisted of a cylindrical Plexiglas frame to which 720
verticaliv orienled and closely spaced (approxirnately 2 mm
apart) Teffon slrings (0.41 mm diam.) had been mounted in
i*o coflcentric circles lFalconer and Falconer, 1980). The
collecror in veriical cross-s€ction was 42 cm by 2,1cm (dialtl.).
The gross morphology of the Norway spruce and the artifi-
cial tree were similar, bolb being ccnical. The cross-sectional
arca of the arlificial !ree. with crown dimensions o, 160cft
(hlJ b] 127 cm (base diam.), was 1.7 times greater than that of
the sprucc. 1:J cm by 96 cm. Needles of the spruce were

apFroximateiy square in cross-sec!ion, wi!h average dimen-
sicns of 12.3 mm b) ().38 nlm by 0.38 rnm; eslimated tolal
suifrcr area* of spruce needles plus branchet was 9.40 mr.
The piastic arlllicial tree needies were much flalter and wider.
wirh avcrage dimensions cf21.8 mm by L08 mm bt 0.17 mml
eslimaied rolal su acs a.ca was 15.48 mr. Needle densily. rr
terms ofth€ ratio olsurlice area to cros!-seclional area. was

I I iines greate. wilh the a.lrficial tre€. The sirings .n ihe
ASRC.ollector $'e.e sum.r.nliy IaLrt thal \,ibration irr slrong

'* indr \!ould not cause signilicanL ilinging ofr ofdroplels. lr

'1. ,rr(ler 1o dcrermint thc tutrl suriacc are:i oi the sprrce
lrrc. . r \rL'rpl, \ ni ncedlc\ r'r.l ,)isrI.jiriclastc(.ibrdlrchcr
$cn: u\cd to eslrblish scparalc regression cqurtions betwecn
surf.(r rrer and Ircn-dry $erghl. Thc surface ar:a ol the

nfcdle subsamplcs $arr determined Lhroirgh ripcated mfas_
urcmr:rrs o[ circumlcrtnce and lcngih ol i dividual nc.-.iles

un,!,:r a rnirrorcope Tol.1l strhco irrer cl lhe {prucc irce was

l. r'ri.r..J l-\ .rtjl jr'rF lhr !!'uJlr'ir'i l r

rhe t)!Lrr dr! $crghlr oi creh class ci planl rnritr:al anii
iumnrng. A srnrilar pr,r,:,:rirric \\as ftrllo*cd Io.stimatc
rr'cr.lie "urlace 

Lirra lor r)nc birnchic! ol tlrc a.rrlicril lrcc l hrs

:ur{alc i[c.r r:,lIrllc r-r,is thrn mLr]lipLed b] !hc lolrl nuinbtr
(.i'brar.hiels ()n lh. irce .tnd ad!'cd 1i) lhc \urir.e rrca oi thc
\|r. \tfnr! lL) 3i\r I l0rni \ur|r.r arfr'
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conrparisor:. thc no(:on 1rl ncrdl!-i .n the Iree cL,lleclors. rDJ
{he aslccnled potenlial llr droplei lltng olT', were grearcr.

C1ou.l\1atc. ihroLrghlall fronr lhe 1r!o trees r:Ls rcparaielt
coll0clcJ b\ 6 mtl pollcihrtcne slrrls ll.6,l nl diam.l, moun"
te(j rnd sunlo cd bI poly!inlilchloride pjp. irames Skt.1s
nerc supnr.leJ irt the srem bI ioan rubbcr ccllnrs whiuh
ivcr6 sealed 11 lhr stc r wirh (iliEofie Each skirt sloptd lrom
the lrame cdge to*ards a drarr opening near thc stem; the
oncning w.r! ti{lcd wilh I.6 cm f}gon tubing $hjch lcd l,r a
tipprag buckcl rarn gauge. 'lices wero elcvated 1.5 or abovc
the deck iloor so lhitt Ihe bitse oi their crowns was 0.5 rn
rbovc thc (jcck raiLng, minrmizirg Cjs.upiion ofairflow (Fig.
l) The ASRC collector was mounred I m above the deck
raiiing. Tubing {rorn each of rhe collcclors led inro separale
co!ercd iipping.a;n8augrs(Qualimerncsmodel o.60i 1-Al.'fhc data oulpLrt from each rain gauge was continuously
monrto.ed through a data loggcr sysrem (Monitor Labs no
t1J0:). nd 5-min averages were recorded. These 5-min aver-
:}ges wcrc hlef converled to the hourly ave.ages used in this
repo.1.

Hourly ptriods *r!h measurable rainfall vlere rcmoved
from the dala base. I)ata colleclcd during periods when
collectjng tubes were not prop\erly delivering vrater io rhe
tipping buckcl rain gauges were also deieted; the dala sel lo.
lhe spruce trec is snaller than thal for the oiher !$o
coliectors for this rcason.

Th€ data set i\'as also reduced by remuving all events
lasting 5 h or less. During these evenls lrlwas often quite low
at the beginning and end of the event, and the lag time
involved in wetting up the collecting suiface (particularly for
lhe two tree collectors) occupied a larger fraction ofthe total
event than durint longea evenls. Su€h sbort events were
thcreforc removed frotn th€ dats set because thev were not
con.,'iered iccal lor tesrrrg noccl ds.umptions or tor "om-
panng coilectors. The resslting data set provided a lotal of
448 h oldata; Table I ijsts lhe number ofbours used for each
dala manipuiation.

3.1. Meteorological measurcments

Wind sp€ed was measured by a Ciimatronics Wind Mark
III cup anemomeler mounted lrom the sampling deck aboul
3 rn above th€ decft noor and 7.4 m above the ground (Fig. 1)_

This placed lhe jnst.umeni al nearly the samc height as the
ASRC cloudwater colleotor. Sensor oulputs were recorded
evert 20s and averaged over I,h periods. An annual laclory
L?rlibrar:on wa.i perfc.med nt. rhe 'n.t.trment, alonB urth
ann€l fiejd audjts. Accuracy of the wind lpeed measure,
rncnt( wdr berrei thar, 0.1ms .. ba.cd gie; -r..rou,
callbration checks. During the pa(icular hours ofcollectioD
used rn lhis srudy, wind speed ranged frorr 0.9 to I2.7 m s I,

with a Inean ol 4.9ms 1 The measured wind speed was
higher thao the aclual specd rc which the trees werc exposed

Regresslot
ll pe

V! honz,:rrlal E < A.2:. t,>6
J'l u\ lf I' W'<0.21u<6

W' >0 2t u >.6
tl >02:u<6
lotrl \ th u'drrr

Vs ASRa

helausr o{ therr :ilig}lrl\ lo\rer ele!alon B} iogarithrnr!
erlrspolation ol mcaiured wrnd spced differences tretwccn
7 4 anrl I i.7 m doivn to thc aclual average t.ec c:posurc
heiglt oi 6.2 m. a v/rnd spccd bras of approxirnatel) + lij9,0
was calculaled.

Ci.rud iiquid \!!lcr .orrert ilt'l \lari mfasure{l rry a
gravinrerric lechniqur drvelof-cd specrfically for ground-
based me:1\urcmenls (Vallnlc 1990) Thc t.chriqoc employs
a high-!ojune blower and inlct ci)nes designcd for isokineliu
rollcctron of cloud dropleis or a polypropylenc mesh. The
rncsh ri i)ecked insidc a plastrc ca(fldgc which is weighcd
ho!rly du.rng cloud eyents so lhal I4l can bc calculatcd lrDxr
thc weight change di!tiled bv the sampled air yohrrne. While
lhis lcchniquc agrees wrlh other methods {Vai€nle ct dl.
l9lJg). all inertiai droplcl impaclion techlnqucs tcnd to
underestimate tt in ver! tbin (low l,/) aDd jntermittcnt
clouds because of evaporation lrorn the cartridg€ mcsl1. The
overall rrncerlaintv in ltl values is approximaLch +r 2Jo4
{Yaiente rl rrl.. 1989). Durrng the period oldata collcction, tJ'
iargcdftonr 0.04to0.55gm I,with.lmeano[0.2-]gm r.

T\ro hourl! periods haring negarive values for lt' lv€re
converled lo zero vaiucs.lhe horizon!alc'oudwater Rux (F)
comfLrled f:om rhc producl ofIr and t,. raoged from 0.01 lo
5.6? gm ?s 

', wilh a mean \,alue of i.55 8m '?s 
r

3.4. .Vodcl mollilicatia,l lbl estimaring t.

In order to compare the collection emcicncy of the spruce
rrcc with thal of the crown portion of the Lovett mcdCl, the
model was modified to compute the mean collection emci,
ency in cach 1"m layer ',vilhin the canopy. I'he mean collec-
lion eliciency was derermined by weighting rhe indrvidual
colleclion emciencics ofeach comb;nation ofdroplel size anrj
lrc€ cornponeni by thc quartiry of droplets in each size
catcSo.y and the su ace arca ofeach comDonent type. The
-anon\ 5rrLrcrur( (v.rtrcdl surf.rce area profile and leal_to.
total surface area rdtior tnFUt to the modcl $as that estimated
for adense, closed red sprucecanopy on Whitelop Mounlain.
Collcctron emciencl (€j was used frorn only the top three
Ievels (leaf-to-lotal surface area ratio=0.95) llecause th€se
were consrdered most comparable to the small sprucc tree
(ratio:0 90) used for experrmenral collecrjon cI cloudwatet
on the deck. Model simulations o[ cloudwater deposition
rrcre c{rrnpuled ior all realistic combinations of wind speed
(r=1 l2msr) and iiqrid water coitert {ttl=0.05
0.50I n r).

The cloud d.oplet size distribuiion used by Lovett was
replaced by a set of distribulions s€lected io vary wjth ttl
ba:ied or dropiet size dxta collected on Whilerop using a
Pariicb Mcasuring Syst--ms {PMS) for\rard scattenng spec-
trometer p.obe {FSSP). This instrument, described by Knol
lenbcrg 11981), qas opcrated dunng S€ptcmber-October

Table l. Numbei oihours o[dala used in varrous regressions perlormed
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3.5. Statistical comlatisonr

1 \ 1 Pftli-una collcction rate ltum u anJ W ln ordet to

*"i,"-,ft. t.f"i."".nrD belwee; hJluonlal fur '/ '"H/l
,nJ-i"i cott..tion rli tC.' to ea.'h collccto' 'epd a(e

;;;-t.".,;";;.t" ptr{ormed ior ea'h o[ ihe th'ee 'oliect' r'

^"?".l,nl'nou.t 
*rt.n u/ drta \rere avarlablc Llqu:J \rater

"."i"",'a"i" ""r. ""r,lahle 
applo)(rm'lel) :5oo ol lhc rrnr:

ttalie t). Reeression equatjons took lhree lor;r,ts:

(a) Simple linear, univariate of the fofm

C,-a(uw/)1"b

{b) Binomial, of the form

C,- aluw )'1 t AUW) t(

ic) Curvllinear, of the form

C":au'i h'l/ + tluw )+I
SirnDle linear regressions ol lhe lorm in (a) wcre also.run

""iii""-11". ".t8i,i"ns, 
alw^vs scparntell lot each c(tlec-

(or t rttllt. ior cal:h ol lhc 1() rndr\rdurtl e!cnts rn which tl

dara *cre ararlablc. lrrear rcgressions on hori"ntal Ilur

,-'. ".rf.r.. 
:r,n,lt' ".r'* lier" I I J Ia\c 's rL !l

;;: jir,,,. ;.;'"'.; n. n nu '/',r,rr '''' '.,' "r''r:rJ
*". ,'"lt 't .,.. lhc loli. q 'lP ioLrr r 'n-rr rrr:' rJ'

ii ",-:i ' " 'b' ri {r .'r'! rn . r-) 't' h rn ' "nLl 
rJt

;r';;; "'. l-inail!, usins thi surne tour 'lata 
subsets dc

...;U"J frr',ft"t" lour consrraints. slef\tr'ise mLrltiple r€gre;-

.'"',,'".ti *t"'t"a ,'r:n g Ihe lhrcr v;rrab)c' lr'leJ rbove in

ii" . -,, ',r,'i*' ..a.: ' '' pi,r' ,' ond 4 
"o 

6'1' 
' 
1'n' s L :h

'"'i"Jr"il,,Jtis'"a 
tr'te;ost 1o a multivariare modcl undcr

"l"i ."ioi"onaitio". aPpropnate numbcr of hours oldeta

i*-"".i.-""*"-;*" are summarized in 'fable l Finally'

'"nr.t.,.". "tr,r.'tl"g 
lhe producl of I ar d crrher cl t+'t

;;:;;;; ;;';" -.:,,,;s Id ,.-rrei(ion cft'ren') rnrr' dnd

i"i, izl.-*"* p..rc.nr"-a againsl C" for conpanton th th!

,,rnor. rtn.r, i.pt.','on it'"t. 'ol 
Theqt *cre per'orred

"..J,, tfr. f"ff \et ol Jdlr. as rvell Jr acr"ss he twu 'ubsel'
;;; ";." 5rbdrtrdrng H/ ar the t' 204m ' !dlue^\\l'r',i","', cficien'r conpari'on' L'nlin'all!-
a"ti""t "f.ra*"* 

collection efficiencies were determined

i* 
"rlii,i"*-"orr".ot. 

using Equation (2) (i e t:c"/'4F).1n
-ri*r,ii"" ' i", ,rt.," " 

tr.i,oil"ttott tt^t""d wrno 'peed

"l' -"r,ii;"a rv , r*.lor olo 82 lo accounl for thc drflerence

;; ;;;;, ili;;; ,^. wind sensor and each 'tec ce ter I hrs

;;;ri;;;;;' hascd Jn rhe assumprion of a standald Iosrr'
;;;;;;;"J 'rscd prorile undei the reutral corditrons

.^""ii"o J"ii",ioo.,i 
"vents 

and i\ recoSnized ro b€ onl) an

l"'"'""i*"ii."] e"t error in this adlustmenr *il! cause a
".;'ii;;;;;;;i;;i.' 

"f 
c rhe\e hou'lv \alueb 

''rere 
used rn

;;i.;;i;;; ;";;. value' rbr each croud erenr' rhe sAs

f*"',iiln.." voa.ls Procsduie rspecr.rr ?r dl lq85) '*as

"sJr. *"i""t" the stalistical siSnillcance ol ^event'as a

i*.. , i","r*r"i"t the variabilit-v of e Hourly values of €

;;;;;i";;.;l;;.&.sions of e vs in(u) and rn U')across the

.",,*"J.,^ "", t"i'f'.n separalely qrthrn lndr dudl cloud

""."" li Io f't - longer' Thi trrsr houc of cach r!cnr u/a" nol

used in the determination of these rcgression equatrons*;.3. ';;;ir;;;r, 
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a"rr.. ol""t"...nt lret"\een c'llt''o" hourl) rol)me drld
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correlation coemcicnls belq.en cach parrwise cornbination
oli collectors Correlaiion coe8icicnts for each coileclo.
paifln8 were also delernined scparalely for eacb of'l5
indivjdua! events in ordet 1() examine thc parlicuiar ewenl

charactenstics lhat mighl atrect lhe degree of agreemeit
bctwe€n colleclors. Correlations betwe€n colleclo.s and eat-
op]' throughfall dala $'ere similarly detern!ined. using hourly
volume data over simuitaneous f'eriods.

Over certain periods of collectic;fi, data collected bl the
spruce ard a.tif,cial trees were deemed une.ccplable. us1rall,'_

because of blockages in delivc.y lobes io the tipping buckel
.ain gages. These periods wer€ noted by direct observation
and were appar€rl in lhe dala bccause of large dillercnces
bet\reen the timing of ivater delirery 10 the gages and the
actual occurrence ol cloud events. Following data qualitv
assuranc€ procedures, ibe dala sel for stalislrcai analysis
consisted ol the foliowing n:rmtler of hours of cloud evcnts
without rain foreach collecto.:232h fot the spruce tree,4413 h
for th€ ariincial tree, and 3?2 h for the ASRC string colleclor

3.6. Mature conopy cloud eLtent throughfaL! collection

ln a mature siand ofred spruce (Ptcedruben5 Sat8.) locnled
approxi ateil 100m from thede.k containrng the ilrtiliciai
colleclors, a grid slslcm ' l0 funnels (25cm diamclel)
conrected to Braduated c)- ders was eslablished :c collecl
throughfalj drip underneath the sprucc canopy at a heiSht ol
I m above lhe forest door. Funnels were placcd al 5.5 m
intervals iollo$ing t\to concenlrjc crrcles (10.5 m and j.15 m,
diam.j, wilh one lunrel at th€ center of the resulting 0.01 h:t
plot. The average height of the stand 'ras 15m. and lhe
canopyofthestand wassiluatedsoastobewilhin I m ollire
elevation ol the deck colleclors. Thc aiand was localed rear
the summil and adjacent 10 lhe clelring created by the
compound conlaining thc deck and was thereby exposed to
rhe $ind in ever) direclion. On 1l Augus! duiing two clcud
events, separated by a 5 h plriod cf no ciouds. the volurte
collected by each of the funn:js was .ecorded hourly. fhe
ave.age collccticn volume per funnel was Iher cetermircd foi
eacb hour. Sixrultaneous collcction talcs b! tbc a.li6cjal
collectors were determined as usual, using ihe recording
lipping bucker rain gauges During the tirc events, ialues
for both tt {m.an:0.21. range=0.051l16Im r) and !r

(mean-7.7, rrnge-6.2 9.7ms 'l rvcre slighll], abo'rc
avcrage

4. RIS(,I TS A\"It DIS{ LSSIO\

4.1. Pr?dit'lton aJ (oll?(tion rLfte lC) ltljn h)ti!)ntdl

As expecled. ,olunles collcclcd by ali thrcc collcc-
tors \{era rirongly relaled to Ihe horiroital Jl!r.
Acrrrrs ell hours \then lt (inlrt \\arc r\rilithli- lhc

strongest simlie linear .cl;rtionship wlrs exhibiled
bci$ecn l and a'" i1y lhe rrfinciai tree (fi'?=0.73),

foliowed by the spruce trec (Rr:0 5llland the ASR.C

collector (fir:0.54)(Tabie 2;p < il.tX)01 foreachofthe
collectors). Figure I depicls this relationship for each

ol the collecl.)rs, alDrg wilh linear an<! binorniai
regression lines.

Data rels we.e broken inlo subsets with limited
ranges cf it (<0.? or >0.2 gm 3), or of ! (<6 or
> 6 m s I 

I (Table I ). F best predicted Cn when I'l was
high or wliel u was lrigh (Table 2 and Fig. 4). When
Itl< 0.2, I was a particularly poor Frediclor of Cn for
the il{o t rec colloctors. The failure of I to predict C, at
low ltl is probably the result of seveial faclors. One is

the limited number ofhours when H'<0.20gm 3and

the limited range of F values whcn I'l <0.20 g*t 3

that were available to test this reiationship. The
variance in Dj was large ovet the oarrow raoge of
i) <W <{}.). (Fig.2). ln addition, there was a partial
ilrfe.dep€ndence of ,t/ and u during the observed
periods. when I/rlas >0.20gm r,thefullra:rge of a

was observed; in contrast, low 14 atd high ! e/cre

rarcly concurrent lTablc 1. Fig. 4J. 
-Ihus under the

constraint of M< 0.10 g m r, a narro$, range in I was

obseived.
A major reason for the poor prediction of C" from F

when tt' rs lorv is thc greater role of evaporation
bolh in terms of absolutc volume and as a P€rc€ntage
of iotal gross depositron. The various factors influ-
encinF evapcratron anci ils quantincation iiave been

discussed ir, deplh in Shtttleworttt {1977), Unsworth
(1984) a C Lorett (i98.1). Under conditions of 'wispy

clouds'. the air is often subsaturated and net radiation
(during daylightl relativejy high. Evaporativc losses

can become major sources of variability under these

conditions because the colleclors iegister nel depos-
ition (C") rrther rhan tolai deposition (Cl. Totai
deposrtrcn the vdriablc oi interest is not being
iiccurately measlired as li result. Irurthermore, net

dcposition uhich is neg:rtive (evaocratit-'n > depos-

itiont rs inrpossrbJr 1o detect wilr this simple
ineasuiing technique. Also. the gralin)elric technique

uscd kr mcrsr.lri lt'lends to undercstimate ltl across

the lowcr end oi ris rango brciluse of evapcralion from
lhc eurii.lgc m.\h lse! \{.lh(xi\r il these c{plarra
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FiE.3. Collection rale as a furction of hor;zontal cloud-
\!,aler flux (I ) for the three collcctors across all hours when
iiquid water conlenl (lt') dala wcre a!allable. l.incar and
binomial regressjon lines shown lbr each. See'Irble 4 for Rl

values.

tioas are correct, the lack of prediclion of C" by I a1

low ll is chiefly a result of wcaknesscs in the technr-
ques croployed ifl this study rather than a breakdo\'/n
in the linear .elationship ol toial deposition with t.

4.2. Prediction d tloudu,dter collection elJtcicnty

Cloudwater collection emciencl (i, is an importanl
component in thc Lolelt (198.1t model and i! estim-
ated in the modelfrom a logarithfiic relationshrp with
the Stokes numbcr (.J) rieveloped by 'l'hornc ct o/.

(l9tl2). That relationship is supporled ht ths work ol
I{anz and Wong {1951) in u'hich detailed itudics of
particles impinging oo r:yiindcrs suggested that lhe
relationship betwecn r lnd S could br lincarizcrl using
ln (.t). Therefore. if r:=/!n{Sll. tiren fiom ll), rt is

evidcnt thirt. on avcrlgc for clorrd drollctr sLrs;'r-ndcd

Fig 4. Colleclion rate ar a lunclion ol horizontal cjoud-
\{aler llirx {f_)fc'r thc three colleclors, brokcn down inlo
two subsets. (a) when l''<C.20gm r and (b) $hcn
lr'> 0.20 g m I. Linear regression lines shown lor each. Sce

Table 2 ior Ar talues.

it air. t - 1lln u , D-)1. $ irh ry prop,-,rri,,nal ro b;.
lhis relationship becomes r:/(lntirll')) if ,. remains

constanl. In other words. c should be dependent on
!nlF ).

[Jsing the watercollcction dala from the spruce trec.
hourly values of . werc calcuiated from (2). These

values were th€n regressed against ln(F- ). fh€ relrtion-
ship between r and ln(ll) waij eramined as well because

measuremenl unccrtainty in u is much lcss than it is for
i/. ln neithcr case was a statistiqally signiiicant rela'
tionship dclected: in fact. R: valLres in b()th ex\es wcrc
Iess thiln 0.02.

4.7.i. I artuhilit\ in t:tll':rtion t,//ir i.rtr I ,rtrr,.rs

",1,n1,. 
One possrblc |eason llrr1 ih* predicled rcla'

tion,jhip betwcrn I lnd Inirr). or hel\!ecn i ,in(i io{/').
i()und litilc suppor! $'rs lhe iirrge rariuf-rilrt! iir r lrorr

-1 0 1 2 ! I 5 6

Horizoniol Cloud woier Flux ( g m '?s-r)
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one cloud eren! to another(Table 3). l\'tean values for €

for individual cvents ranged from Cl.l2 tc 0.50 for the
spruce tree, arld 'event' provcd to be a highly signific-
ant !adable (p < o.(XX)1) in the dete.millatio. ofcoilec-
tion emciency for ali three collectors. Fu.thermore,
mean event. values exhibited a high degree ofcor.ela-
tjon between collectors: the squa.e of thc correlation
coefficient (fi'i betw€en spruce tree evcnt rileao €

values and artificial tree. values was 0.86: bet*een
spruce tree and ASRC collector,0.8l; ard between
ASRC collector anrl ariificial tree,0.58 (p<0.0001 for
all three collectors). This consistency among lhe three
collectors in their cloudvtater coliection effcir:ncies
across highly variable events indicates that fhe lbclor
o. factors responsiblc fc,r the betrveen-event variability
in l were probabll meteorologic.ll in nature, rather
than peculia.ities of the collecrors ihemsclvcs.

Inspection of the data revealed that reither time of
day, rvind speed, solar radiati.rn, nor relative hunidity
were prominent factors differcntjating 'high c' fiom
'low.i events. There does, hJwever, af'pear 1() be a

stron€{ tendency for e ro be highcr during clents of
short du.ation lTabie 31. This tendency ccincides wilh
iong events having higher average ,t/ il'ran thcir short
i< 10h) counterparts (Table 31. These shorter events
may havc lower measured values of ,i/ because a
higher fraction oftheir event length con::ists ofperiods
of internritteDt cloud cxposr:re. (iloud cvents typicdll','
beein and end with periods of intermittent cicLrCs as

cloud base rises or falls rhrough the cbserver's aili-
tude. Short eveits are usrally rssociateC with oro-
graphic ('mountain cap ) clouds or very fast moving
frontai system-( and arc more likelJ tl:an long cvonts 1o

have a large fraction of timc when such verticai cloud
base undulation ri occurring 'Ihis higher incidence

ofcloud intermittency during short cvr:nt\ a, result

in uirdcrestirnates of actual ly' b,v the liquid water
contenl measuring device because of increased evap-
orative losses from the collcction fiiter. Such under-
estimates of l,lz would result in overestimates of e,

which is computed as ClAulf. Another possibility js

that there may have been a distinct differeoce between
thc long and short events in their droplet size distribu-
tjors. The iCentificalion of the lactors .esponsible for
the large va.iabiliiy in event.r: remains a significant
rrnllnished task.

4.2.2.. Relatiotlshi! r;/ e to irdF) and lntvl \Nithi\
erents. Whereas the relationship bctween e and ln(F),
when examineC across all the data, appeared virtually
a random one, when this rclationrhip ivas examined
within indivrdual events. thc rcsults were quite differ-
ent. Wherl events of suflicienr length (10 o. morc
hours) weie exatnined, € was consistently positively
.elated to ln(a) for ;rll three collectors (Table l). It
appears that, when the dominating factor rcsporsible
for betlvecn-event variability in € \!as eliminated, thc
relaiionship between r and ln(F) predicled by the
models emerged.

Collection elficrency is a major factor affecting
cloud cieposition ffux computed by the Lovetl (i9134)

model. It is valuable to comp:lre the observed values of
.) for thc spruce tree with the values computed by th€
model. Observed and compuleC valucs arc compared
in Fig 5. Values ofr were computed by the rrodei in
the n1anncr described in sectirrn 3.4. A curve was {itled
to the set of polnts represcnting all model c valucs
(Rr :0 36i. nnd is reproduced i Fig. 5. The declinc in r;

frlr F > i.5 is due 1() the empirical findings of Thorne . t

a/. {19E2). *ho :ipcculated lhal droplei breakup and
blow'oli occu rr ed at high values r)f the Sloke.i number
lS) and. thLrs. Jr.
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Fig. 5. Companson between cloudwater collection efficiercy (.)jnierted from spruce tree
data and that estimated bv the Loveti model for r comparablc portion of a coniferous
io.esl canopy crown. ll.'rrzonlal cloud\raler ilux 1I I is pio{tcd on a logarithmic lcale. For
eve.ts > 10 h (long events). indjvidual hourly dala pojnls and a rcgrcssjon iinc ofr vs ln(I )

are plolted;for shorter events, only th0mean € !alucs are plotled. Evenls are inbcled as to
thc Julian day upon which they began; supplcmentary dala arc available rn 'Iable 3.
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Whit€top sp.uce data fali above the model curve. For
three long cvents {15 13ht. linear rcgressrons werc

computed and plotted in th€ Fig.5 ovel the.ange of
obs€rved F. Thc general decline in e with event length
is apparent, with the three long events having e

substantially below the model curve. The siopes ofthe
long event regressions were very similar to each other
(range, 0.10-0.16) and were similar to the ntan slope
(0.17) of the mod€l curve over 0< F < 1.5 g m - I s r. If
one assumes that data irom the looger events have thc
greatest validity because of minimal periods of cloud
intermittency, these data suggest that ihc collection
efficiency values which the model generates for a

canopy crowr are likely to be greater than those

determined from the empirical data collected from a

comF,arable small sPruce iree.

One faclor that may account for the differences
between thcse ampirical eslimates of r and the modcl
esiimates are reductions in arrspeed $i{hjir lhe free.
-fhc 

Lovett {1984} model uses a logarit hmic functio n of
S empirically derived by Thorne et dl. (1982) for
balsa.n fir t*igs and branches to es!imate cloud
droplet collectioi efficiencies. Estrm3tcs of lhc dis'
tribution of surface aree by tree corilponcni lvPe. an

assumed cloud droplei sizc distribution, and melLsurcd

wind spced profiles in thc forcst canopy tr e ?lso useci

in the ertimation oi S. A potential problcnr Nith this

approach is that rririd spced measuremenls within lhc
forcst cauopy cr,rwn spacc lre fiore rcpresenlalire ol
the airflow belween lrccs than the free-strcarr spet'd lo
which indiridual llvi8s are expos.d. In it densc irrdi'
viclual tree !ro$n. il is no! unreasonable li, etlxcl
thrt, becausc of the aerodyntmic drag of clorelr'
spitccd ir^'i.ss !nd bfairchf!, atrspeed nla) hc rcdoccd

AFrA) ll.il rl

relative to that outside the crown. Grant (1983)

studled the characteristics of airllow around spruce
rwigs and found that the air speed within the down-
wind rvake of a tv/ig was decreased relative to the
upwind free-stream speed by 2G-90%, to a distance of
approxjmalely 40 cm beyond the twig. This suggests

that thc airspeed rclcvant for estimating s within an
individual trce crcwn is lower than the inter-tree air
speed within the canopy crown space. Additiooal data
are needed before such an eli_ect can be substantiated.

1.3. Best wiels for predklion oJ collectbn rdte

Wh€reas the objective ofcloud depcsition models is

usually to predict thc absolute volume ofwaler depos-
iled to a forest per unil of laDd surface area. there also
exists a need for relative indicators of cloudwater
deposition baseci on somc simple monitoring method
{e.E. urrogdlc c.llFitof\t. Srrch rclative iompari:'('n\
:na1. f,'r r'rr'nrple. appll to th< dipo\ilr.,r l.' ' gi c'r
lorcst stan<1 over differenl periods of trme, or to the
deposition 1o ditlerert stands o!er the same period of
time. with the assumption that the coilecling surface
remains constanl ac.oss the compared unjts. Because

the wird lciocir-! (r) and the liquid water conlr'nt 1ltl)
are t\ro rmportant vrrirbles <iriYing cloud Copt-rsilion

motlcls. tliilercnt r€gression approaches wcrc corlr-
pereci irsing thesc two vsriables lo elaluate which
rr,'ukl hc rhe a1 "t ,'fli.lir. .:rrrrr'Eir'. m,, ii,'rinF
epprorch.

4..\.1 l.;t!.ttritl ol rt,lationtltip i\ith hori:o tnl llrr.
\l'hcli cornpared l(r r;mplc lrrrcnr irocicls rrring onlv
horirontll cloudwiller llur {r e. 4,, - rrl r ,ll. tlrr: rdi.li'
tional perccntage of the vilriancc thal !\a\ crfl.lincrl
hi more conrplcr binonrirrl ii , irl : r l'l r i I und



.i I) l .r r. r,rl

.11.\rlrntrr {(,,.,;ii I l.tt, L! . lt nrl)rl'jl, ,\Js !rij
sfirall br rll 1\rce clrllcc{cr\ r'f!blc 4). The;tdditron
of th! \,arial)les (l )r. lt o. I f.is nglc rrriiLhlc\)
gencralli clid n.l proJlree r srrtisticJlh signriicarrt
irnprcr,emenl. 1hc ionc trccpliLrn ocair'rcd rlttl! thc
cur!rlinfrr nrodrl for thc ASR( r,'here the ilddilion (,i
lt'as r! singic vrriabl0 prod uccd a margirtai!y (f - 0 il1)
signilirrnl impr()vemcnt fhc dit.r in'[abic 4 provirle
support for lhe assunlplion th:rt the r.ite of lL)tal grost
deposition vr.iumd (( ). acfoss a wrde range ol ttural
condrtions. is ir simple.linear function c'f l'.

4-3.2. Itnprotentot in ttredicrion hy considerino tol,
lection elliL'ienLr. Thc cloudwaler deposition models
lrca1 deposition iis a function not onlv ofu and ttlland
hencc I j, but also r. l-lreorctically, .r should be a

fllnu' i,,n ^f lar ul) j I t\.( \rrlion 4 ) r. rnd. l'(c".r.e t\ r.
a lincar fr'.!nction of Ii'. l] should be a [unction of ln(, tt']
[i.e. IniI )]. Deposition therefore shorrld be a irnction
of F .tnd ln(F). The simple linear regression lnodels, in
irhich C. was considered a function of F, were separ-
ately comparod to models il which C. was considered
a function of I +ln(F ) and F *ln(r), to see if R2 values
wculLl be markcdh improved. Iheie com.rri.on.
were made across ihe entire data set afld across the
two subsets of ,,/.

The resulls of lhcse regression e,,mlarisons
are displayed in Table 5. The additian of tbe ln(!]) or
inlF) tern in the regression equation as a surrogate
for c generally resulted in very small imnrovements
in R: values ac.oss all thre€ coilectors when
W:'0.20 gm 3. The smali magnitude ofthis improve-
ment probably results partially from the fact tbat the
other primary variable was F itself, wirich alrcady
lncludes r aed ft as faclo.s. altd partially from thr fact
that C.opiet size and size-specif;c droplet collection
e{ficiency could not be deterrnined. The addition of
ln(F) or In(r)actually .esulted in a reduction ofthe R2
value \lhen itl was <0.20 g m r and had virtually no
effect when the data sct included lhe entire raDge of H/.
ll appears from these regrcssion results that the simple
approach of considering cloud!rater deFosition as a
iinear funciion of horizontal cloudwate! flux is ade-
quate lbr raost comparative uses. However, ;t must be
noted lhai ihe use ofa dircct rneasuaemeflt ofs..ather
than llre use of theoreticalll' correiated surrogates,
might have rcveajed ii relationship that wouid hav€
proved useful in thc prcdiction of the nel cloudwater
depositirrn.

fi ble'1. Sl.ength ofrcgression cquatjoni 1R: valuesl, usirrg
lrland lr to predict hourly volumes lioni lhe three collec(c,rs.

A!: regrclsions signilicant .rt p<0ffD1

ReBression Numbcr of
iyrjc variables

( ollccto.
,4(ificral

rree Spruce
ASRC (Rr v.rlLres) lrce

^1.i.j ^\1r.n4t, t)l !h!: ttLdtt:inshil \\ith hoti:an!ul
('l.r]l.irr.rt.r/h.\. AIth{rugh rhe nrcdictioll of{ 

" 
appcdrs

to be a simple lincar lu clion oi li acros! all obserled
hours. prcdiclron ol a. lvils bener wjthin indi!idual
c\cnl! !hx acr()s! illi hours. Wir,hirr crcnts..{: \aluc:i
.anged frorn 0.51t to 0.9E. with mcan Iltlues of ai.il-l
(irrlrfiLt,rl rrec, tn(r c\eni\j.0 X rsfruci tlce. rt.lc
ulents), and 0-79 (ASR{, l0 cvenl:;): across all hours
regarlilcss of evcnt. Rr vaiurs rvcre 0.71, 0.53 and 0.53,
rcsFecti!cly {Table 5). 1-his improvcd prcdiction with-
in individual evcnts sugg(:sis thet some !ariablels],
other thail r/ and l!; jnflucnce Cn. 'Ihese -{ariabl€s

apoear lo havc remained rclatively conslant during
individual e\'enli but to have varied across events.
Whether these variables wcie droplct size, evapor
aiion, or something clsc was impossible to determine
with the available data. Although predicrion of C. was
quite good for 3ll collectors usirtg .f alone, additional
testing is needed k) dete nine if cloud-evcnt,speciiic
droplct size distribution or other information might
imprc.ve prediction appreciably.

4.4 Relatio,tships betv'een artifit:ial collectors ahd lte

4.4.1. Correlations emonq collectors ande.t. Figure
6 illustrates the pattern in collection volumes.ecorded
by ihe three coilectors during iwo consecutive cloud
events cver a 30-h period lbliowing a raill event. The
excellent conesponde ce among the three collectors
exhibited in these events was reflected in the high
correlations between their hourly values across the
entire data set. lhe highest co.relation of hourly
volumes was between the spruce iree and the a(ificial
tree, where R'7:0.88. The corespondence of the
A.sP,C with both the artificial tree (R'?:0.76i and with

r=able 5. Comptrrisoo oi R: valucs lor regression equations
de!elopcd 1o prcdict water co!lection rat. (C. ) ioi cach ollhe
lfiree collecto.s across three ranges ol W, Regressjons are
Lnear egainsl eitheri (a) horizontal cloud lrater flux (I' );
(b) f*ln(&) or'lcJ l:'lnluq). Regressions are significant ai

p <0.0O1 unless olherwise indicated

w >0.)o
(Rr values) Full range
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the spruce tree (R'?:0.72) was siightly less. When
correlatiois between collectors wiihin individual
cloud events were ccmpared, correlations again were
highest tetw€en the spruce and the arlificial tree; the
meair of the R2 values for 17 individual events was

0.85. Again the ASRC agreed slightly b€trer with the

artilicial trce {mean R2 for 24 events:0.69) lhan with
the spruce tree (mean R'fr:r 18 cvents:0.62).

4.4.2. Comparisons oJ arLiJiciai tree and ASRC with
m4ture canopy. The limited data that were collected
comparing rates of cloudwate. collection from the
sufiogate collectors with rates ofcloudwaier through-
fall generation ia a nearby malure led sprucc stand
indicate strcng correlations. Figure ? illustrales the
pattern during a cloud event on 11 August i98i.
Note lhat the canopy throughfall rate typicall! shows
approximately a l-h iime lag reialive to thc deposilion
flr:r io individual collectors. This Iag is mosr Iike!y due
to the time necessary for canopy-top inputs to srturalc
the large collecting su ace area and for droplets to
drip down through the brarrchcs below before rcach-
ing the coilectors. Applying a l-h lag to the availabie
27h of canopy throughfall data, th€ st.enSth of ihe
relationship (Rr values) betweeri hoiirly caropy
rlrro,.rghfell values and hourly rolr:nres, liom lhc col-
leclors lccated on the deck, ra,lgcd fi om 0.79 lo (i ti6. A
similar strong relation:hip between A5RC collcctoi
volumes and canopl- throughlall volume! ,ionr a

Fig. 7. llourly volumes collecied bl ASRC collector, the
artificial lree. and as throughlall from a nearby mature
rcd sprucc fores( canop) d'rrin8 cloud evenl of I t August
1987. Mature caiopy throughfall expressed as m1h I

collected by l0 funnels. A.lificjal lree collectton rates
divided by a faclor ol I and ASRII and canopy .ates
multiplied by: and 4. respcctively. 1.' iacilitate com-

psrson,

spruce fo.est was observed durirlg a 19-h evett in
October 1983 (i!Cueller and Inihoff, 1989).

1.4.3. Potential uscs Jir surroaatc callectors. -fhe

above experimenis de.1onstrate that the ASRC string
collectc.r is a good surrogate cloudwater collector for a

living spruce tree across a widc range of meteorologi-
cal conditions. in that ihe voiumes of cloudwatet
deposited appear proportionai. Although there re-
n]ains scme questions as to whcther cloudwater col-
le,-rted by such string .olle.tor samples is exactly
representative oi ihc chemistr] of waler deposited to
lbliage, the above data ale also supportivc ofthc use of
ASRC coliectois to provide samples with concentra-
tions rep.esontative of cloudwater actually deposiied
on conifer forest canopies (Falconcr and Falconer,
1980; Daube et ul., 1987, Hering, 1987).

The abovc-described data also support the use of
the procedure of c/)!npositing a collection of pgriodic
samplcs from the ASRC (Jr artilicial tree)collcctors to
obtain a chemistry sample representative of cloud-
\\ ater deposited ao the forest ove. the collection period

{.lcslin rt rl., 19881. Duflng irdit,iduai cloud events (or
across cloud events), ion concenliSticns often ,/ary

cousiderabiy, as do cioudwater deposition rates. In
order for a composiie sarnple from an artificialcollec-
lcr to be rcpresentalive of the watcr deposited to thc
forc-!t over a gi'r.n time inlerval. the c{rllector fiust not
o|ly sample clor.rd* ater wiih a che istry represental-
ive .f thal icposilcd lo trres, but must also colleci
volurres c'rcr tin1e whiah are proportional to lhose
collcctr:d b_y- the trees. "[he hrgh.ofrejatrons obtaincd
in ihj:j stud)- bctwcr.: hourly lolumes colle(led by the
ASR( or lhc rrtilicill rroc and hourly volumcs coiiec-
ted by the lrr ing ipr!rc.' lre. suppcrl ihc use of such ir
cf,xrpasitiilg proc,-:dLrrc Ihis approaeh co,rli! be fur-
lher llJrl-.roved bv c\hrnalrng thc irmour)1 r)i rldpor-
rtli!a loss iiom thc grrtn /j()llector dcross a partrcular



rlJl!

lima inicr\xi erd cotres(lng llle trblt!ncd coI)1nosilc
jr'i)(c'llr.,lrctr l'r e,.,1 'r,rrrt. runL(_lri l' r'

Thc strong rclrriiortshif b:t*ttn strrroq.ttc clllc.'
tors lnd living colltctors alsc, \upf,o.l! the usc oi
surrogates a! rclnlive indiccs of thc qrlcrttit! ()f cioLl{.1'

water doposition. Whcn plJced a1 thc tame po.$illon

rclrtrve to the Iops r,i forcst cdnopics. such collcclors
could be uscd lo c(Jmpare the tmounl oi cloudwllcr
deposition it vrrious Irtrlions orer i(jcnt!cll ltme
periods. Obtaining obsolule qudntilies oi dcposition
from \uch data \rouk1 bc dilicult. but such <lala make
possi'ble reasonable relative indices for bctween-site
comparisons. Care should be taken in site iocation
that canop),surfacc areas bc similar and thirt thc

assumption concerning the dominance of cloudwater
impaction over sedimentalion be rnet. Simiiarly, vc'l-

umes coilected by su.rogates could alsc bc uscd to
contpare, in a relative manner, cloudwatcr deposition
over differenl time intervills at the same iocatlon. The
major challenge in adapting any passive cloud coilec'
tor to such a purpose remains the exclusion of rain
from samples (Daube er al., 1987). Based upon the data
reportod herein, ooe other circ[mstance in which such
comparisons might require caution would appear to
occur when a period of high l/ events is cr:mpared to a

period of low lT events.

Although the data indicate that the artificial Christ-
mas tree correlates more highly with a living spruce
t.ee than does the ASRC. the small difference io the
strengfh ofthese correlations probably does notjustify
the use of artificial irees in most oases. The per-

formance of thc ASRCI collector has been well charac-
terized and its physical dimensions arr standardized,
thereby facilitating comparisons with other studies.
The ASRC collector is certainly less cumbersome to
store. handle and inounl lhan an artillciai tree. It is

al$o much easie. to clean ifthe chemistry ofsampies is

to be determined. l inally. repairs 1.o the ASRC ccilec.
tor are generaily easier to rnake.

s. a()Nct.t rsIoNs

(l) Regressicn models indicate that the rate of
collection !-or all three collectors is besr described as a

simple linear function of horizortal cloudwa;er flux
(liquid water content times wind speeci); adding an

additionrl term to accoirnt for the lluctuatrons in
cloudwater collection efliciency improved prediction
only slightly or nol at all.

(2) For al! three collectors, urhen the cntir€ data set

rvas considered, cloudwater collection clliciency did
not appedr to be a furction of ln(wind speed) or
ln(horizonlai \tater Ilux), as predicted by the nrorlels;
however, wi'!hic individual events ln{-it') was a st.tist
icaily significant factor in the prediclion ()f r.

(lj A large degree ol variation ir': c \aas ohserved
between individual events. l-hi! variation probabiy
accounts for the poor relationship between r and h (l{)

or ln(irl :rcros! lhc whole dala set. and it r:j also

rcsponsrbic f,'r nut fi ol thc vxr:ance 1r) colieclion rutc
thrt rs ilt aL:aounlcd irr l)y horizonlJl watcr llu\
lu[rnl i-urgt (lrlL.ances in i: bctv'L'en Iong r d short
evclls nia! be reletcd to reduced accuracy of lhe
incasurcmcnl of lJ'durirrg intcrmittent cloud periotis
or ro distincl rlillc|crrccs ii ilroplct size drslributions
bclwccn diflerenl l) pcs of evcnts.

{,1, trnrpiric[l dala on thc c]oud\rrter colicction
0tllciency trJ ,rf the living spluce tree silggest that
existing cloud deposition modcls often overeslimale t.
l1 is lilcly that lhe dppropriatc air speed frrr €stimating
r; within a iree cro\rn is actually lower than the air
speed thal is conrnronly mcasured. i-e. thal be{ween

indiviCual trces, beca!se of the aerodynamic drag
created by rhc closel)-spaced clusters of needles oi
individual branches.

(5) Thc high degree of .orrelation between the
collection rates of the two artificial collectors and live
spruce trees indicatcs that the former would serve as

good surrogates fo. the latter, either as indices of
cioudqater deposition (volulr1e) or as colleciors of
cloudwatei sarnples {chemistry).
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