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If wg sxamins sale and imoac af vime And Boarfros
If ws sxamine ths rols and impact of rims and hoarfrost in our wsstern w;mters, we

find these forms of precipitation viewed quite differently. To the hydrologist, rime and
hoarfrost appear as supplementary sources of winter precipitation, Depending on local cli~
mate, amounts of moisture may significantly contribute to the winter water balance. In por-
tions of central Washington, up to 10 percent of the total yearly moisture input is from
thess sources (1), This precipitation is common at higher elevations in cold, snowy forest
types (bareal) and has been described by a number of writers, e.g., Molchanov (6).

Alternate viewpoints suggest that rime and hoarfrost are detrimental, Damaje to the
forest from ice and wind plus heavy static snow loads can contribute to poor growth forms,
Indication of this direct silvical importance of atmospheric moisture is given by Qosting

(7).

McKay and Thompson (5) have describsd the physical impact of ice and frost on
utility sperations.

for soms purposes, knowledgs of number of days of occurrence and expscted rates of
accumulation and/or total amounts would be sufficient for a local hazard forecast, If, how-
svar, we desire eventually to wanipulate the accumulation processes to anhance or minimize
amounts received, additional facts are required. Within our area of watershed management
interest, where improvement of water yield is desirable, certain immediate quastions can be
paosed: Ars certain species of high alevation stands more efficient collectors due to their
branch morphology? More specifically, would the open foliar structure of the pine species
be prefsrred cver a more closed canopy of sprucss and firs; or might species selection max-
imize horizontal interception and minimize vertical interception? Is the accumulation pro-
cess self-limiting, or are limits due only to duration of proper weather conditions? Alter-
nately stated, doss the sfficiency of the accumulation process change such that there is a
maximum expected amount of moisture within a given stand for given conditions?

The question of the variable efficiency of folisr elements in horizental precipita-
tion is of immediate coencern becauss it is a basic concept which underlies passible inter-
spacies differences sugpested sbove. Jur continuing research inte this sspect of the ac-
cumulation process has produced some tentative conclusicns,

Earlier Evidence of Variable Foliar Efficiency in Rime and Hoarfrost Accumulation

In our earliest study of rime and hoarfrost in upper slope forests (1), we found
enough similarity in daily rime accumulation totals to suggest that 2 "rime day" delivered
a moisture equivalent of about 0.05 to 0,06 in. of water to our study stand. Although the
daily film racord of weathsr cenditions showsd most riming conditions were of 1 to 2 days
duration, a sequsence producing 5 rims days was monitored on site. Samples of rime accumula-
tion following the fourth day indicated a tetal of approximately 0.28 in. water equivalent
had been collected in the stand--about equal to four normal "rime days®, However, the fifth
day sampls showed Little change vver the Teurth day, suggesting that although riming con-
ditions persisted, accumulation had decrsased markedly. The efficiency of the accumulation
process, apparantly nsar maximum at the initiation of the rime segusnce, had becoms essen~
tially zero during the final 24 hr (fifth day). The possibility exists that the 0,28 in.
moisture equivalent repressented an upper limit to total rime accumulation under the exist-
ing conditions,

1/ Meteorologist, Pacific Nerthwsst Forest and Rangs Experiment Station, USDA Forest
Service, Wenatchee, Washington.

2/ Supervisery Research Forester, Pscific Northwsst Forest and Range Expsriment
Station, USDA Forast Servics, Wenatchse, Washington.
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Dirsct Measursment of Changing Foliar Efficiency in Rime and Hosrfrost Accumulation

During the winter of 1969-70, a preliminary investigation of hourly rates of ac-
cumylation of hoarfrost and rime on simple test objsctsé/ {cylinders) and more complex
foliar elements was made at our Table Mountain, Washingten, site, Sepsrate events, one
where hoarfrost was the primary deposit and another where rime accumulation predominated,
were analyzed.

Cylinders approximately 250 mm leng and ranging in diameter from % to 59 mm were
suspended in the unobstructed air stream at 1.5-m height. Ffour samples esach of five differ-
ent diameters were expossd along with single samples of foliags from Lodgepole pine and al-
pine fir. A rotating framework provided equal expasurs of all sbjects, Rotation was at 1/2
rpm, too slow {(less than 1/2 m sec™') to provide apprecisble velocity above ambient wind
levels, A 7-ft lodgepole pine, used as a control, was continuously weighed with a recording
proving ring.

All test objects were weighed to the nearest 0.01 mg on an analytical balance at
intervals as frequently as sach hour during times of major accumulation, ALL 22 samples
were measursd in about 10 min. Air temperaturs, dewpoint, and cumulative wind run were mon-
itored on an hourly basis,

Surface ares of sample objects within each class was initially squalized by adjust-
ment of length. Since within sample variation was generally less than 0.1 g, accumulation
data wers combined intoc hourly means by size groups. Record of the continuously weighed
tree was analyzed to provide comparable hourly meisture increments,

Surface areas of the test cylinders, small branch samples, and the 7=ft tree are
given in Table 1. Leaf surface of all foliage elements was calculated from nsedle dimense
ions ‘and counts on s brancheby-branch basis, The 7-ft tree was comprised of 63,192 needles,
with a combined surface area of 223,000 cm?, Stem and the 60 first order branches of this
tres had an additional surface area of 30,800 cm2, which is not included in this analysis,
These larce diameter elements will be shown relatively ineffective in accumulation,

TABLE 1.--CHARACTERISTICS DOF TEST QOBJECTS

ROWGBLT of SUTFTace area
Diamater in surface in square
Type of obisct millimeters eglements centimeters
Cylinder 1 3 1 110
2 7 1 230
3 19 1 504
-4 28 1 934
5 9 1 2,165
Alpine fir nsedles (branch) 8/2.0 528 826
Lodgepole pine nesdles (branch) §/1.5 185 940
Lodgepole pine needles (tree) a/1,5 63,192 223,000

2/ mean diamater

Accumulation rates per sguare csntimeter of surface of the test cylinders at var-
ious times on March 4 and March 5 are shown in Figs. 1 and 2.

Rime
The plot for March § (Fig. 1) indicates a major disparity betwsen the accumulation
rates on the different diamster cylinders when rime was predominmant. The smallest diameter

cylindsr was most sfficient in accumulation in all cases on a unit surface arsa basis,

Theoretical consideration of this accumulation process initilally applied te rime
accumulation en aircraft wings by Langmuir and Bledgett (4) preduced equations rot enly

3/ Light gage, plastic cylinder, hollow sxcept for solid 3-mm diameter.
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capable of describing the efficiency of accumulation but relsvant to the ssif-limiting
phenomena as well, A critical! dimension for growth cessation expected under constant con-
ditions of deoplet size and wind flow can be specified (2) as:

Re = 1,03 x 10% vp2

wherse
V = wind velocity (mesec™?)

r = droplet radius (u)
R.z critical radius {em)

In this instance the S89-mm diameter cylinder appears to epproach the critical ra-
dius under thess conditions in all except the 0710 sample. The reason for increased effi-
ciency of the larger cylinders at this 0710 sample time cannot be determined., This is a 6
hour averags, and a rscozd of wind velocity on the hourly basis is not available during
this period, Slightly incressed accumulation appears for the 59-mm diameter at 2255 hr,
which is alsoe unexplained.

With these dats from the test cylinders, it is possible to estimate how a cylindsr
squivalent te a 2-mm diamster needle slsment would have accumulatad rime for comparison
with performance of actual foliage. Table 2 prssents measurad accumulation rates for the
pine branch, pine tree, fir branch {(columns 4, S, and 6, respectively) and an sstimated
rate for a3 2-mm nesdle slement {column 7)., From these data and weight increments of the
sample tree {column B8), sffsctive surface of the tree (column 9) and its accumulation effi-
ciency (column 40} can be calculated,

Fer ths first sampls peried te 2225 hr, the sample tree appears to bg sxhibiting
an effective surface nearly sgual to the measured surface ares of 223,000 cmZ, The next
sample peripod to 2325 indicates an effective surface area almost twice this amounte=
555,000 em?, This is likely due to the Z2-pm diameter elsment sverestimating the actual
neadle diamater, (Most nesdle dismeters meesured an this tree did not exceed 1.5mm)., Most
important, howsver, are the next thres perieds during which the effective surfece dropped
to about one=Fifth of the initial rate, This dramatic reduction in effective surfacs in-
dicates the rapidity with which the asrodynamic prefils of the foliar slements changes
with accumulation, The efficisncy of ths rime accumulatien process decreassd to roughly 10
percent of the maximum exhibited by the 2325-hr sample,

ALl natural foliags slements show similar trends in accumulation rate {columns 4-
6) during this period, sugoesting that the diminutien of collection efficiency was taking
olace in all three samples, '

In 2 similar situation where matchad sample tress were compared in a snow-coversd
versus a snow=Fres state, the reduction in afficiency in rime accumulation by prior snow
cover was to sbout 15 psrcent of the snow-free sample, It therefore appears that any prior
accumulation of snow or rime reduces the ability of the foliage to accumulets additisnal
rime, Both the radial enlargement of needles and 2 more asrodynamic profile to the imping=-
ing sirflow effectively modify the process,

Hoarfrost

Growth of hoarfrost on objects scours in s menner quite in centrast to rime accumu-
Lation. Hoarfrost appears ss crystalline growth frem a nsar satursted atmosphere at temp-
eratures below freezing, Quite frequently temperstures are lower than those common to rime.
On the March 4 sample day, hoarfrost predeminated in the study arsa~-clear skies and low
windspeeds alded foliar radiative loss at the ambient temperature near -12° C,

Though smaller cylinders were slightly mops efficient, observed hoarfrost accumula-
tion rates {Fig. Z) were relatively constant over the range of cylinder diameters.

The rates on the test cylinders are in general higher than during the rime svent
except for the smallest diamster. If a collection rete equivalent to that of a 2-mm cylind=-
er For these sample times is assumed, calculation of the sffsctive surface of the sample
tree can also be made (Tabls 2). This was found to be severely limited. Only one-tenth to
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TABLE 7. -~MEASURED ACCUMULATION RATES: CALCULA

TION OF CTIVE BURFACE ANMD PERCENTAGE EFFICIENCY OF WHOLE TREE
{BASED ON ESTIMATED Z-MW D

AMETER CYLINDER)

g fed

<o

. I, -
Apcumulation pate, g on™* hp o aged

Z mm neadls Weight Effective
Precipie Pine Pine Fiv &lemant ingcremant surface  Percentage
tatiocn Date Time branch trae Branch {sstimate) {tree) g met em efficiancy
(1) (2) () @ 5 (5) (7 (8) (9) (10)
Rime flarch 5 2125
" 2225 8,50 £,96 i1.25 7.5 165.8 266 4,400 118
# 2328 .08 18.66 10.89 7.5 416.2 555,000 248
March & onzs %.93 5,97 4.23 20.0 133.2 66,600 30
" 0125 =5,10 1,49 By s =-33.2 e e
" 0710 21.75%  43.19% 23, 20% 55.0% 294.1% 53,500 24
" 0810 9,86 14,93 9.56 60,0 333.0 55,500 25
Hoarfrost March 4 1855
" 1955 3.08 0,29 3,02 19.5 6.6 3,400 1
" 2055 4,78 2.08 4,47 21,0 46,6 22,200 10
" 2155 5.33 3.58 4,60 24,0 79.9 33,300 14
# 2255 5,76 2,68 5,81 18.2 59,9 32,900 15
" 2355 5.10 3.728 5,20 20.5 73.2 35,700 16
March S 0ass 4,36 0.89 4,35 14,0 19.9 14,300 6
o 0155 4,57 1.79 4,84 20,0 39.9 20,000 9
" Q755 3.20% Ds79§ 3 02* 20.0% 17.6% 8,960 4
* Mgan for six he, (9) Calculated as (8)/(7).

--=Not caloulated, melbing on all samples. {10) Calculated as (9)/223,000 (actual surface area).
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one=twentiath of the actual surface of the tree would he sufficient to produce these weight
increments predicted en the basis of isvlated samples., Tha efficiency of the tree remained
ralatively constant and low throughout the night,

A key difference between the tree and the test cylinders is the isclation of ths
latter. Heat loss from the interior surface of the nsedle fascicles and branches is re-
stricted by progressive depth into the tres canopy. (nly the sutermost surfaces ars capable
of centinued hsat loss to fall below ambient dewpoint. Sublimation releases additional hzat
which must also be dissipated. Even the test cylinders, though similar in their accumula-
tion rates, show the effect of improved heat transfer in the smallest sizes,

Heat transfer thsery indicates that heat loss in cases of forced convection on cye-
lindrical elements is approximately inverse to the square root of their diameter (3),
Though this provides an explanation for the different accumulation rates on the test cy-
linders and offers soms insight to ths poor collection psrformance by the tree canopy,
foliage systems are too complicated to treat rigorously at this time.

Though reascnably similar accumulation rates on the natural elemsnts were observed
for rime, Table 2 (columns 4, 5, and 6) indicates a contrasting pattern develeped in the
hoarfrost svent, The smaller elements (branches) sxhibited similar accumulation rates, but
at roughly twice the full tree rate. Mutual interaction of the needles is occurring, but
to a lesser degree than on the full tres.

Summery and Conclusions

Simplification of form, and consequent modification of the air stream with continu-
ing accumulation, accounts for rapid changes in the efficiency of rime accumulation on the
foliage samplss. This process is repeated within each successive rime event if trees are
cleansd betwesn events by melt or mechanical action. Apparently maximum amsunts of rime
are limited both by foliage characteristics, including size and spatial arrangement, and
by elements of the impinging airstream such as windspeed and droplet size, Previously in-
tercepted snow greatly rsduces accumulation of rime by reducing the collection efficiency
of the branch elements,

Within the initial 12 hr of thess collections,; a distinct difference between tree
species did not appear,; based on the small branch sample, Although the fir has a more com=-
pact needls mass, the narrow needle apparently compsnsated for dscreased throughflow of
moisturs laden air.

Efficient hoarfrast accumulation requires continual heat loss by exposed elements
for their temperature maintenance below the. dewpoint of the surrounds. This process is most
favorable to the smaller branch elements. Small branch samples of both species were several
times more efficient psr unif surface area in accumulating hosrfrost than the whole tree,

& number of aspscts of these accumulation processes remain te be investigated,
Among them are the role of ventilation of interier canopy slements, dissipation of heat of
fugsion and sublimation, and changing heat transfer rates with changing shape, size, and
orientation of branch elaments,

P Y



7‘&

REFERENCES

Berndt, H. W., and Fewler, W. 8., "Rime and Hoarfrost in Upper-Slope Forests of fastern
Washington", Journal of Forestry, VYol. 67, No. 2, Feb., 1968, op. 92-95,

Kuroiway Doy "Icing and Snow Accretion on Electric Wires™, Reszarch Report 323, U, S.
Army Cold Regions Research and Enginesring Laboratory, Hanover, N, H., Jan., 1955,
pp. 1=10.

Kutateladge, S. S., and Borishanskiy, V. M., "Heat Transfer in the External Flow of an
Incompressible Fluid Past Bodies", Handbook on Heat Transfer. Gosudarstvennce
Energetisheskaye Isdatelfstvo, Leningrad 1958, Technical Documents Liaisen Office
MCLTD WP-AFB Ohio, MCL-355/1&2 (1963).

Langmuir, I., and Blodgett, K. B., "A Mathematical Investigaticn of Water Droplet
Trajectories™, Army Air Forces Technical Report No, 5418, Feb., 1946, pp, 164,

McKay, G. A., and Thompson, H. A., "Estimating the Hazard of Ice Accretion in Canada
from Climatological Data®™, Journal of Applied Meteoraloaoy, Vol. 8, No, 6, Dec.,
1969, pp. 927=835,

Molchanov, A. A., "Condensation of Water Vapor in the Air and in the So0il%, The
Hydrological Role of Forests, Academy of Sciences, Moscow, 1960. Israsl Program
for Scisntific Translations Ltd., 1963, pp. 41=57. (07S 63-11029).

Qosting, H. J., "Climatic Factors: The Air"®, The Study of Plant Communitiss: An
Introduction to Plant Ecology, 2nd sd., W. H, Freeman and Co., San Francisco,
1956, pp. 113-158,

“33e



