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Physical attributes of some clouds amid a forest
ecosystem’s trees

"E$

Abstract

Cloud ot fog water collected by forest canopies of any elevarion could represent significant
gomrces of required moisture and nutdems for forest consy terns, human consumption, and as an
eltermative sowres of water for agriculture and domestic use. The phivsical cheracteristios of fogs and
oiher clonds have heen well studied, and this information can be usefal fo water balancs or canopy -
cloud interaction moded verification and o ealibration or traiming of satelifte-borpe sensors o
recognize atmospheric antributes, such as eptical thickness, albedo. and clond proportiss. These
sudmes bave taken plice above-canonpy or within conesy clearings and rwely amid the canopy,
Simubmneous phyeical and chemical chura ch‘;:zl cs of clouds amid and shove the tees of 3 mountain
mn,sz §0\,aze£ about 3.3 km mudmL ; : L NG, were collected between 13 and 22 June
ﬁCT‘\IlLa. of the cloud portions amid the tress. The
st cicmd ﬁnﬂ'd the frees ss:xciuémv cloud and precipitation periods contained 250 droplet
e’ witht & mean dameter of 9.3 nm and Houid water content LW of 011 g~ * The cloud
d;oﬂ;}i s exhibited o bimodal distribution with modes at aboul 7 and Wi and s menn dipncter noar §
nm during precipitation-fee periods, whereas the concurrent bov nopy cloud droplets had a
umimodal diswibution with 2 mode near 6 um aod 2 mean Gameser of 6 . The horizontal cloud
wakr fhux is nonlearly related to the rafe of collectinn anto that surface smid the trees, wapecially
for the Ammospheric Sciences Resemch Center (ASRC) saropding device, whereas it iz linesr when
the forward seatiering spactrometer probe (FSSP) are is ased. These f fidings suzgest that staterments
about the effects clouds have on surfaces they encounter, which are hased on above-canopy or

canopy-clearing data, can be misleading, if not crronsons,
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1. Introduction

aton could represent
signiftcant sources of reguired moisture and nutrients, ¥ de an importam portion
of the moestare required by northern Califoraian redwoods L{L + the winder season {e.n.,
%shm‘;enauer,_i‘){)‘\& Clouds that engalf the Mt Michell Fraser firmed spruce above
1 provide as much moisture o this coosysion: as do rain events during
the growing season t'm\““na et al, 1989 Fog water collections on the coastal mountains of
South America and Azabia have been used for human consernption (e.g. Cereceda and
Schemenauer, 1998 and may be appropriate for consumpiion in South Afica (Glivier,
X3 tor hag also been used a8 an alternafive source of water for agriculture "md
domestic needs {2.g., Sabinon and Mareno, 1998}, Thus, the potential for widesproad impact
an people and plans is high and provides an impetas for knowing the physical amld,xum:mi
characteristics of cloud or fog water,
The physical and chemical characteristics o f tl s and other clouds have been well studied
g, Kudp and Herrick, 1987, Saxenaetal,, 9, Schemenauer, 1998], and the information
imm these studies can be useful fw seid éhpi)%mfm water balance, or canopy - cloud
mteraction model verifiestion (e.g., DeFelice, 19982 and to calibration oy tratning of
satellite-borne sensors 1o recogrize anmospheric attzibates, such as optes! thickness, alhedo,
and cloud properties {e.g., Kidder and Vonder Haar, 1993, Rac etal, 1995, Reinking, 1993;
Saxenaetal, 1996 Wewel et al., 1996; DeFelice, 199%h: Menon and Saxens, T998: Cahalan
et al., 20401,

The physical amd chemical characteristics of fogs and clouds are primarily available for
ahove-canopy or canopy-clearing sites and are rarely obtained mnid the canopy (e.g., Table
13, This means, for example, that the statements made couceming the effect clouds have on
deposition surfaces using the above-canopy or within-ciopy-clearing dat are musleading,
if not erronecus. Similarly, acourate water quantily and gquality reporss available from the
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g Alf samples were event samples.

r2 24-h samples, and the throughd

cloud water collection technology are important when this collecied water is used for human
consumption. Water quantity and gnality estimates are affected by voflector locationrelative
o the free troposphere, the meteorology of the site, and the collector™s charactoristios (e.g.,
Defolice and Saxena, 1990b).
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2. Background
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Cloud svstems s s, howe been shudiad since
Saxena ef al, 9H9, 1996; o and Sexena, 1990a, 1991, 1994 DeFelice,
cnon and %a&czm 1998). Ther: have been concun gnt meteorological, chemical
ous-ozone, sulfur dioxide, nitrogen oxides), physical (o .. liguid water
content, droplet size disnibution, asrosol concentration, {,ti\ spectn). and related

messgrements made throughout these stdies,
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2.1 Experimenial plagorm and measurements

2310 Pasi stucdies

Cloud events were found to be a significant source of meisture 1o this forest ecoRysiem
during the growing season. Days with no events outnamber those with precipitation-only
events and make up upproximately 30% of the days during the growing season (mid-May
through mid-September).

Standard meteorological, phy and chemicnl data have been collected {about 17,8
m above ground level, AGL) nbaw a § raser fiy and red spruce stand {average top around
7.5 m AGLY at the Mx, Cibbs site {2006 n: above sea level, ASL, and approximately 3.3
ken sotithwest of the 2038 1 mean sea level, MSL, summit of My Mitchell--38 447G
82TIT1EW) since the summer of 1986, The above-canopy platform includes a passive
string niomi water s.c}h&(ta;s developed at the Atmospheric Sciences Research Center
{ASR(S, 2 NY . Winters et al, 1979; DeFelice and Suaxena, 1990b), and an
oprtical zovwcud «mux,mzﬂ %putmlm{ur d“(‘rpn;_{ﬁgg.zmg probe {(FESP-1003.

2.! 2. Present study

Measurernents of the physical and chenical characteristics of the ciouds amid the trees
were added o the routine above-canopy measurements between 13 and 22 June 1993, The
sampling platform contains an ASRC cloud water coflector and a FSSP-1 G0, and was
sitaated approximately 3.5 m west of the above g-capopy platform and about 3 m AGL.
There were only periodic spot measmoments of temperature, wind fiekl, . pressure, and
radiation made amid-canopy. The above-canopy and am si-canopy b&mpimg platforms
used in the present study are shown in Fig, |,

The clovd water collector amid the mees obtaing {a) the cloud water and some
precipilation water {when applicable’ that has not been “captured” by the trees and which
may or may not have made some contact with the trees and (b) some water that is
periedically “flung” off the trees (e.g., Joshn ot al., 1990} within the ¢ canopy. We visually

confirmed that water is “flung” periodically within the canopy during most cloud events, In
contragt, the above-canopy do ud water collecior sizaply collects the cloud water and some
rinwater. Please see Stogner and Saxena (1988), Saxena et al. {1989), Saxera amd Lin
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L1990y, and DeFelice and Saxens (1991) for additional details of the canopy, sire. sampling
apparatag, and procedures,

The amid-vanopy and above-canopy sampling platforms are separaied by a horizontal
distance of 3.5 m, and the cloud water samples are typically an hour long. Can either
platform be expected fo sample cloudy air from the other platform? The horizontal transit
time between platforms would be no faster than 0.4 $, angd m this 0.4 5, the vertioal
displacement would be .36 m {all things ideal and excluding sedimentation). The latter
asstrmes that the average wind speed Is approximately 9 m s~ ! above the canopy {or zbout
12 m above the amid-canopy collector) and the vertical wind component is approximately
0.9 ms " ' eg., DeFelice and Saxena, 1990a3. The vertical displacement from the collector
amid the frees 1 that above them would take around 13 s {assuming the vertical velocity is a
tenth of the horizontal velocity, implyving that the 13 818 on the fast side). Furthermore, in 13
5, a particular air vohume maveling &t 9 m 57 would be 117 mr downwind of the above-
canopy oodlector position. The equivalent amid-canopy downwind distance would be
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approximately 30 m, This simple caleulation alone stgests thal perturbations i the amid-
canapy’ cloud stucture are noi likely to be i phase with the concurrent above-canopy
sture. The houwr-long sempling perfod will faver the moan larger seale clond structure,
which should generaily coincide above and amid the canapy uafess the cloud - canopy
interaction persists throughout most of the particylar sample period.

Information swnmarizing the operational xpectations and mattenance of instrumenta-
Hon used in gathering these data is important and provides an indication of the care that was
taken o obtain the neasurements used in thiis study. As & result, the aperational expectations
and maintenance of the instrumentation used in this invest: ganon are sutinarized as follows,

22 FESP and ASRC datn collection

A Forward Seattering Spectrometer Probe (S £Py photo-electronically determines the
droplet size distribution of the clouds. Baumgardner {1983} and Dve and Baumgardner
(1984) provide a comprehensive doscription of the FSSP and its operation, The FSSPs wWere
laboratory calibrated hefore and sfier cach growing season, but no significant change was
found. The calibration was spot-checked in the fleld before and affer each event to ensure
that the probe was sizing properly. The feld spot check involved the injection of beads with
knonwn size into and through the center of the sampiing ares. This procedire was ropeated
with & sunilar number of the same size beads two more ties. The alignment of the Optics
was alzo checked befors and after each event. but realigniment was never nece: sary, B
FSSP was equipped with an inlet hom, sample tube accelerator, and honeycomb flaw
straighienar.

The FSSP data may be affected by the foflowing factors: {17 coincidence (rwo particles
counted as one), (2) dead fime (partieles not counted while the probe is processing data}, (3)
wind gust. (43 reduced cutoff size due o low Sow rate, and (5) probe orientation, Th
factors resslt in {1) oversizin ¢ and undercounting, {25 wndereounting, (3) wvercounting, (4}
biasing toward smaller sizes, and (5) biasing towards small sizes of droplets and under-
counting, respectively. The first nwo depend an the droplet concentration, The probe wag
continuously poinsed into the wind £< & 107 so the effect from probe oriesttion would he
neghigibie.

The FSSP data used here have been dynanically corected by processing the o] actual
counts and the total sirobe counts. This correction was necessary bevause the transit Hme of
droplets through the probe depends on the droplet concentration and the wind speed
{Choularton et al | 1986), A droplet that passes through the center of the lnser heam produces
the longest transit time, Higher droplat velocitios, dueto an ncrease in sample flow, decrease
the wansit time of the dropler, The. percentage of time duting which the FSSP s analyzing
particles in the laser beam, or the activity ratio, equals the “actual sumber of valid cotrts”
divided by the “fotal strobe count”. The toigl strobe count indicates every droplet within the
entive depth of field. The aclivity ratio was multiplied by he torg] sample area o vield an
effective sample area. The activily increases as droplet concentrtion mereases causing
coincidence losses of actaal counis on an increasing percentage basis with activity. The
effective sample area multiplied by the ventilation speed (252 m s~ H gives the volume
sampled. The volume sampled mnktiplied by the coneurrent activity ratio vields the achl
volunie used when caleulating the microphysical parameters, such as the concentration. T he
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Jane 1943 ZII‘E“J-LJHOP\ ESSP data were similarly acquired but were onjy avatlable in the
form of 1060 min ave 3, and there were zo above-canopy FSSP datw for 13 June 199

The Amospheric chuu,x Research Center {ASROY passive sering collector obizins a
bulk water volume messwrement consisting of cloud droplets phis smat imcczpitatmwiw
hydrometeors, if present. The ASRC cotlector transforms the water deposited on its
cotfection surface info a depil or volume measurement over 4 ﬁamml' period anaiogous
o direet measurement of the cload water deposition flux at its sface.

The ‘l}si‘sj?]hﬂi collection efficiency of the ASRC collecior coours for typical cloud
droplet et 13 dependent on wind speed (2., Winters ¢ al, 1979; MeLaren of al
1._.'5;;?7}. The collection Lt-zgnm»- of this collector increnses with time onee collection begins
Lo, before the collected water hes Begun o falt sto the collection boule below thig
upient), and it becomes Independent of wind speed once the coflected cloud or
precipiistion watey siarts falling into the collection bottle (DeFelive and Saxena, 19905).
Anoseillation of eollecied drops on the sivings may arise within a few centimeters of the ends
of the ASRU coflector during wind speeds near and above 12 m s 77 Some water falfing
along the siings toward the collestion bettle has been observed o Sy off the ASRC eollector
at wind speeds esce fbclfng 12m s (DeFelice and Suxena, 1990bY There were no wind
speeds above 16 m s ™ L and no abservations of suspended water on the sirings of the ASRC
collectors or water flung off the ASRC collectors during the June 1993 field campaign.

23 Clowsd Hautd water content and flux deferminaion

The FSSP drop sive distribution data are related to the cloud Houid water content, LWC,
by

-0.5236 / SNeD D, (1

whete gris the density of Hiquid water, ¥ 15 the dropler number concentration as & function of
droplet dinmeter, D, and [ indicates the integration over all droplet sizes usually generatized
a8 ranging from zero W infinity. Saxena ct al. (1989) found the integrated liquid water
content o FSEP 1o agree within 7% of the empirical liquid water content determimed from
the vohume of water colleered by the ASRC. An empirical relationship between the collected
cloud warer volume and LWC (DeFelice and Saxena, 1990b) iz

LWC

< {17.374 « {{collected cloud water volune
-4 01,059,

Cwind speed ¥ time)

whete LW in expressed in g m™°, time in seconds (s), wind speed it m s 7%, and the
collected water volume in mifliliters,

The ?S‘%Ps used in this study do not have a sizing capability bevond 37 wn, and the
ABRC collectors have been designed w collect clowd and small precipitation hyvdro-

WIELECTE, Si ,;}7 esting thai the FSSP-derived LWC (Eq. (1Y) for periods of precipitation and
cloud are tikely to be lower than those generated from Eg. {2), Thus, periods with droplet
digmeta »%" win {such as, precipitation and perhaps water fung from the canopy) could

vighi w,cm‘re].atéd 1LWC values




omponents, the trbulence-driven droplet Bug piua the e dzmunn tmnﬂiuwn Jm af
droplets (e.g., Lover, 19843 Loveu {1984) defines total fux as the sum of turbulant and
sedimentation fluxes, He further assumes that (1) the mrbuient deposition flux o the
canopy is Hnearly refated fo droplet concentration gradient, {2 specira based on
above-canopy or outside-canopy measurements adequately de cribe that amid the CEIOTY,
and (3} the coud water deposition by sedimentation is insignificant compared o the
turbulent component.

Water fluxes were determined (using Eqg. (3a)) for comparisen with sudies discussed
with the assumptions in cloud-canopy intoraction n’omla The cloud water flux (g m ™7
§ 71 a measure of the fotal amount of analvie fro atmosphere 10 & receptor threugh

& unit aren duzing a preseribed time interval ({\mp and H;mek 1987} and i commonly
estimnated from

Foa=fow O, (3]

where 1. i the rate of cloud water flux (m s and (7, is the mass concentration of the

sived species in the cloud water sample (g m %) For examiple, i the case of water flux,
Fis WE T, is approxumately the horizontal wind speed, & (s, and O s the Bguid
wiler confent or

W = LW« [ (3b}

J

The assumptions inherent in Eq. (3b) include: £1) that the collector efficioncy iz 1004,
and (21 the locst fopography has no inflaence on the flux, Consequently, WF is the
maimum possible water flux {e.g., Mueller and bnhoff, 1989, Josin e ab, 1990 The
acid Pux can be similarly determined.

The amid-canopy wind speeds, when not available, were defermined by assuning
steady flow (lermed stationary air flow by Raupach and Thom, 1981) with no mean

4

stremnwise pressure gradioni, cowstant vertical fluxes with frze1< 1. neghigible vertical
molecular framsport compared to twrbulent transport, and & horizontaily homogeneous
canopy. The ratio of the mean height of the cloud water collection amid the ¢ canopy {2} o
the mean height of the canopy (h, 7.5 m AGLY is 8.65 {2 (A1) for the site used in this
study. Raupach and Thom (1981 show a2/ of 0.5 to be at the base of g near Enear poriion
of the wind profile in an example of 2 mean wind profile ebiained in a pine forest canopy
th=16 m} under near-neuttal atmosphenc conditions. Consequently, the wind speod
estimates at the amid-canopy clond water collestor level are reasonahle,

3. Results and discussion

3.1 Amid-canopy cloud atvibutes

The amid-o: a;m;’}\ chowd had a character

stic droplet number concentration, Ny, of 250
CE 68y drops em 7, diameter, D, of 9.5 { + 2.9 pm, and liquid water content (LWC), of
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001 {2 0.0% g m ™7 during eight events (out of a possibie 115 between {3 and 22 June
‘39« f hc events fasted from 1.5 b on two cccasions (0100 and 0230 DT events on 18

June 1993} 10 24.5 b (2122 June 1993), or a tolal of 41 h (ot of & po sible 52 by The 11
h of unised data coverad periods of both calm and eaviorly winds, which cause significant
errors i the FSSP measurements made from the amid-canopy platiorm. The concument
above-vanopy cloud had a characteristic droplet nunber concentration of 600 (- 250)
drops o 7, dismeter of 6.3 (£ 073 i, and lguid water content of 023 {017 g
m " Although this data set is small. it does suggest that this canopy has removed half the
water and half the dreplets from the cloud. However, further research i nee sHrY 10
determine if these results are wpical.

The cloud amid the rees hed statistically signifeant émp ot dismeter q ROy MANING
between 13 and 4-9 wm doring windy portions of the 13-22 June 1993 sampiing
campaign. The siailstical significance is based on Smdent’s rest re-stuits, with 97%
confidence, degrees of freedom, 4= 24 and a{f"ﬂ 9 for the 13-min-averaged 12 and 30 g
data (e g., Snedecor and ("‘ﬂchr'm FER0). The T3 and 49 um maxima occurred whether
o7 nof rain was 1 and mtermitiently during windy periods. Furthermore, maxima near
24 pm and | wrhu were also nuermiient and were observed only during puzo{ia with hoth
procipitation and cloud, regardless of the wind speed. The droplet diameter frequency
maxima, and consequently minima, are pol surprising, and their presence resulis from
esther {1) a droplet loss {0 the surface, (3 the physical atiributes ( gecinetry, slze, spatial
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Fig. 4 (rontinued .

goal canopy-to-clond interaction

distrsbution o .} of the canopy iselfl (33 a phy
{namely the shedding of wawr fom the canopy, as was observed to occwr periodically
during most evenis), or some combipation of these three. There are sufficient data to
determune whether {13, (23 or (3) predominates and vader what conditions,

3.2 Typical amid-canopy cloud struchire

The cloud stracture amid the oees s exemplified n Figs. 2ab-4. Fig. Za shows the 15-
min-averaged volume distribution, dF (d logd 7 F, based on 12:5 data for the 16:30-17:30
EDYT 13 June 1993 perind, and Fig. 2b shows the 126 LW, ¥, and diameter, D, data for this
perod. The maxime and minims on a droplet volurme distribution plotted versus droplet sive
curve can be associated with the sources and sinks of the droplets {z.2., Wallace and Hobbs,
771 Figs. 3 and 4 show similar data for the 24.3 h 2122 June 1993 event. The 21--22
June event is subdivided into two randomly selected, representative, and well documented
portions; i.e,, cloud with precipitation, 17:00--17:13 on 21 Jane 1993 (Fig. 3a.b) and cloud
only, 23:00--02:00 EIYT 2122 June 1993 (Figa. 3a.0 and 43 Itis particniacly noteworthy o
mention that there were no significant changes in the volume distributions, &V (d logl)y ™,
between 16:00 and 23:00 EDT 21 June 1993 (Fig. 3a), and the lowest size bin recorded with
the FSSP dasa during 160:00 and 02:00 DT 2122 June 1993 was 24 um (Fig 43,

Fig. 3 shows the diameter freguency distribution for coneurrent periods with only amid-
canopy and above-canepy cloud during the Jupe 1993 field campaign when the above-
canopy wind speeds were between 3 and 15 ms ' The closd amid fhe troes has two size
mmodes, near 2.5 and 8 pm, with a mean diemefer of 5.3 . In contrast, the concurrent abave-
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cancpy cloud has ooe mode around 6 um, with a mean diameter of 6 um. 1t may be that the
canopy s & sink for droplets with dameters between 4 and 7 i, bat the source of droplets
between 7- and 10-um diameter amid the sanopy warints turther antention. There were
observations of water heing periodicaily * tung’ from the middle w upper portions of the
trees inlo the canopy ASRC collector, FSSP-100. and it other trees during the June 1993
field campaign,

3.3 Amid-canapy cloud water flux

Theory pregiets that the horizontal cloud water flux @ a surface is linearly related to the
wate of eoliettion onto that surface (e.g., Joshin et al., 1990}, The horizontal cloud water
flux is non-linearly related to the rate of collection onto that surface amid the trees,
especially for the ASRC sampling device, whereas i is lnear using the FSSP data (Fig. 6).
The ASRC data amid the trees wore not affected by problems with satple overflow or
suspended water on the coliector. Tt Is possible that the nonlinesrs ty is dtie o the coliection
of cloud droplets onto the canapy and water shed by the canopy. The collection efficiency
of the ASRC in the droplet region believed io be taken ot by the canopy (Le., 4--7 15337}
diameter) is aboul 25-30% or about 30-40% st the above-canopy ASRC (McLaren et al..
1983}, assuming that the collector is not already transferring its collected water inia its
colivetion botile (DeFelice and Saxena, [990b). Smee the sollector is transferring ity
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4. Concluding remarks

Clond or fog water ¢ ed by forest canopies could represent sl
moisture and nifrents for farest ceosystems and water for baman co

also serve as an alternative source of water for agricutiure and domestic

ficant sources of
vimption. It may
. The physica!
characteristics of fogs and ather clouds have been well studied shove-canopy or within
canupy clearings but rarely amid the canopy. Concurrent shove-canopy and amd-canopy
water information can be usefit to water balance or vanopy-cloud intersction model
verification aud to calibraiion or training of satelhite-bome sensors o recognize atmaos-
pheric atributes, such as optical thickness, albedo, and cloud propertics,

This “first-offa-kind” amid-canopy and concurreni ahove-canopy clowd water study in
the Mt Mitchell State Park, NC, unquestionably indicates a phiysical inferaction bebween
the canopy and the cloud. The data from this study, although Hmited in quantity, indicated
that this canopy removed show half the water and half the dreplets from the cloud. The
canapy probably foads with water (perhaps from 4- to Teum drops for the suke of
discussion}. and there could he some fonie exchange between this capiured water and the
canopy. This water may be subsequently shed during the course of g cioud event. Further
study is worthwhile, This could lead to a more compiete understanding of canopy - cloud
interactions, which will then allow for more accurate models for a variety of applications,
for exmmple, for predicting and menitorin & the amount of fog water as an alisrngtive water
souree for agricultural use and human CORSUMpon.

Two particularly noteworthy first-of-a-kind physical characteristios of the clouds amid
the trees within the Mt. Mitchell State Park betwoen I3 June and 22 June 1993 are as follows,

* A droplet number conceniration with a mean value of 280 { £ 63) drops em ™ a
diameter with a mean value of 6.5 {5 2.9 qm, and a liquid water content with & mean
value of 011 {2008y g m ™Y, The cloud droplets exhibited a bimodal distribution with
moedes 2t about 2.0 and .0 um and a mean dismeter of 3.3 pm during précipiation-free
periods, whereas the concurvent above-canopy cloud droplets bad 2 unimodal distribution
with a mede near 6 um and 2 mean diameter of 6 um, )

* The horizonial cloud warer flux is aenlinearly related to the rate of coliection onto that
surface amnid the trees, especially for the AR sampling device, whereas it is Bnear using
"ite PSSP data, Theory predics that the horizostal clowd water flux (0 a surface is Hnzarly

related 0 the rate of collection onto that sarface,

Fhese characteristics suggest that statements about the effects clouds have on surfaces
they intercept. which are based on above-canopy or canopy-clearing data can be
misteading, if wot erraneous. Similarly, caution i needed when reporting how mmch

water and the water quality available from cloud water colicetion _techxmmgy{_

a2
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