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A B S T R A C T  OF THESIS

FOREST SNOW A C C U M U L A T IO N  FAC TO R S

IN TH E  COLORADO FR O N T  RANG E

M axim um  snowpack water equivalent is m easured at 12 3 points 

in the Spring o f 1966-1968. These points are distributed o ve r  three 

transects within a four square m ile  area  in the 9, 580-10, 800 foot 

e levation  zone o f the L it t le  B eaver  watershed in the Colorado Front 

Range. Harsh c lim atic  conditions pe rs is t  through the snow accumu

lation season with winds of 9 .4  m/s estim ated for  the mean winds 

during days with precip itation. A ve ra g e  tem peratures fo r  these 

periods w ere  estimated to be -5 .2 °C .  Snowpack water equivalent 

at maxim um  ranged from  6.6 to 9.7 inches o ve r  the three years  o f 

m easurem ent averaged  over  a l l  points.

Individual points v a ry  w ide ly  in their re la t ive  accumulation

2
f rom  yea r  to year; the R for  1966 vs . 1968 water equivalent is 

only 25%. Consistency o f snowpack density is noted with snow 

water equivalent vs. snow depth g iv ing r values o f 0.86, 0.90 and 

0.7 3 fo r  the three years  respec t ive ly .

The single m ost important va r iab le  of those tested in this

study is a param eter express ing  expanse of and distance fro m  a

source area  o f blowing snow. Th is source ratio is associated  with
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40% of the total variance when three years  data are  pooled and 108 

sample points are  included. Water equivalent increases an average  

o f 5 .0 inches per 1000 feet e levation  although only 28% of the total 

variance in water equivalent is associated with elevation. On the 40 

points of mid transect the three topographic va r iab les  (source, 

elevation, and steepness o f slope) are  associated  with 85% o f the 

total var iance . However, considering a ll transects, the topographic 

var iab les  are  e f fe c t iv e ly  supplemented by the use o f a canopy variab le .

Canopy percentage was estimated with a Lem m on spherica l 

densiom eter read to indued a 11 4° arc , a 21° a rc  and crown cover 

to the windward. Basal area  per acre  was der ived  through the use of 

a cruising p r ism . These four va r iab les  a re  c lo se ly  corre la ted  and 

often interchangeable. The m ost useful o f the four is the 114° a rc . 

About 67% of the total variance is associated  with the two m ajor  

topographic va r iab les  (source and e levation ) and crown cover  in a 

reg ress ion  involving 108 points and with the three years  data pooled. 

Crown volume and number of stems or sum of stem  d iam eters  do not 

s ign ificantly im prove any o f the reg ress ion s .

Roughness var iab les  were  der ived  fro m  p ro f i le s  of the canopy 

drawn with the aid of a Kelsh  photogram m etric  p lotter. The m ost 

useful o f the roughness var iab les  tested is a coe ffic ien t indexing the 

pro jection  o f the f i r s t  tree  upwind from  the sample point. This 

va r iab le  was selected as the second m ost important one on the low er
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transect. With basal area  and Coef. 1, the R  was 38%, and with

the addition o f elevation and the height of trees  to the lee o f the sample 

2
point the R was ra ised  to 58%.

Henry A . F roeh lich  
Department o f R ecrea t ion  and 

Watershed Resources  
Colorado State U n ivers ity  
F o r t  Collins, Colorado 805 21 
August, 1969
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C H A P T E R  I

INTRO D U CTIO N

Watershed management to influence the accumulation o f the 

snowpack in the t im ber-snow  zone begins with the management or 

manipulation o f the fo res t  canopy. A ccord ing  to the Select Com m ittee 

on National W ater Resources  (I960) analysis of hydro log ic  data, 

watershed management in the W est can be m ost productive in the 

snowpack zone. With e ve r  increasing demands fo r  water from  the 

t im ber-snow  zone it is important to understand the p rocesses  

involved so that watershed management decis ions m ay have a sound 

basis. The need fo r  an vinderstanding o f the p rocesses  involved and 

a better knowledge o f the a rea l distribution of the snowpack over  a 

watershed a re  in terre la ted . Goodell (1959, 1966) and H oover (I960 ) 

note the poss ib il it ies  fo r  im proving total y ie ld  and possib le changes 

in tim ing o f the snowmelt runoff through vegeta tive  manipulation.

The d if ferences  in maximum snowpack accumulation from  

y e a r - to -y e a r  and the d if fe rences  in the amount of snow accumulated 

under various topographic and vegeta tive  conditions have been 

observed  fo r  many yea rs .  A  la rge  number o f studies have been 

ca rr ied  out in various geographic regions o f the United States and 

Canada and many o f these are  sum m arized by M eim an (1968),



M il le r  (1964, 1966) and Zinke (1967). Each o f these rev iew s  cite 

numerous e ffo r ts  to evaluate a va r ie ty  of factors that m ay influence 

snow accumulation. H owever, there seems to be few  un iversa lly  

applicable relationships between the topographic, c lim atic  or 

vegeta tive  va r iab les  and snow accumulation. Krutzsch (1864), 

cited by M i l l e r  (1966) as being the f i r s t  scientist to investigate some 

o f the factors  influencing the d e l iv e ry  o f snow to paired stations, 

gave warning even then that his observations w ere  good only for  

the site where he made them. E a r ly  w orkers  in the United States 

such as Carpenter (1901) and Church (1912) have described  

varia tions in the snowpack and attributed them to d i f fe rences  in 

stand structure. K ittr idge (1953) and others have at tim es considered 

the d if fe ren tia l in accumulation as representing interception losses . 

H oover and L e a f  (1967) have noted that under certa in  c lim atic  

conditions there may be actually v e ry  low  losses  and the d if fe ren tia l 

red istribution o f the snow from  the canopy by various fo rces  m ay 

account fo r  the d if fe rences  in accumulation.
t
The stand structure, topographic or physiographic features, 

and c lim atic  conditions each m ay play a part in this snow r e d is t r i 

bution. Multip le factor studies such as P a ck e r 's  (1962) and 

Anderson 's  (1967) have included a la rge  a r ra y  o f va r iab les  and 

some o f them have shown prom ise in im proving our understanding 

o f the p rocesses  involved in this stage of the hydro log ic  cyc le .



However, M eim an (1968) notes that, "A f t e r  a l l  these y ea rs  we sti l l  

cannot explain the physical p rocesses  causing these distribution 

patterns with much prec is ion . "

With the re la t iv e ly  recent and exhaustive litera ture  rev iew s  

cited above being read ily  availab le, only a b r ie f  r e v iew  o f the type 

o f factors  p rev ious ly  studied w ill be given here.

Under the genera l heading o f physiographic and topographic 

features, e levation  and aspect (orientation ) have been m ost often 

evaluated as the basic factors  influencing snow accumulation. The 

apparent e ffec t o f e levation  on accumulation va r ie s  w idely . While 

near ly  a ll o f the published papers agree  that there is an increase 

in snow accumulation with an increase in elevation, the reported  

rate of increase per 1000 feet increase in elevation  ranges from  

1.8 inches (Court, 1963) to 26.5 inches (U .S . Soil Conservation  

Serv ice , 1967). The m a jor  weather patterns o f a given reg ion  or 

individual s torm  d if fe rences  are  apparently an important factor 

(L ea f,  1962) (Anderson, 1967). It is a lso  evident that the rate of 

change va r ies  with the spec if ic  e levation  zone being considered 

within a given region.

Aspect appears to be fa r  less  influential than elevation  in its 

e f fec t  on d if fe rences  in accumulation and it m ay be that it is part ia l ly  

a function o f the d if fe rences  of m elt  rates. Anderson  (1967) and 

Stanton (1966) indicate that the influence of aspect is on a v e r y



broad scale although Grant and Schleusener (1961) found strong loca l 

e ffec ts  as well. A s  with elevation, the reported e ffec t  o f aspect 

shows a la rge  varia tion  between studies, Gary and Coltharp (1967) 

indicate d if fe rences  of less  than an inch of water equivalent in their 

study in New  M ex ico  while Packer  (1962) shows a d if fe rence  of over  

18 inches between north and south aspects in Idaho.

Other topographic features have been mentioned as having 

some influence such as position on the slope o f the ground at the 

point o f study (Anderson, 1967). In the case of slope as w e ll  as with 

aspect, the accumulation m ay be m ore  near ly  associated  with the 

incident so lar energy and thus a function o f d if feren t m e lt  rates.

A  la rge  va r ie ty  of methods have been used to index or 

describe  the vegeta tive  or canopy factors  included as an independent 

va r iab le . Up to now there has not been an en t ire ly  sa tis factory  

method developed to character ize  a stand or other canopy features. 

Some of the methods o f quantifying the vege ta t ive  a r ra y  being 

considered are; " s i z e  o f openings" Anderson  and Gleason (1959), 

N e iderho f and Diinford (1942, 1944) and M iner  and Trappe (1957); 

" fo re s ted  vs . non-forested  or cut vs. uncut stands". H oover  and 

L e a f  (1966), Rothacker (1965), Baldwin (1957) and Berndt (1965); 

"c row n  cover  percen tage", K ittredge (1953), Packer  (1962), 

Anderson (1967); "basa l a rea " ,  Goodell (1952), W eitzman and Bay 

(1959); "stand s ize  or t im ber vo lum e". Lu ll and Rushmore (I960),



Packer (1962), W ilm  and Dunford (1948). M i l le r  (1966) makes a 

plea for  studies to include additional totaliz ing m easurem ents such 

as biomass, surface a rea  o f fo liage, crown depth and volume.

Until recently , few  o f the studies included any data concerning 

the atm ospheric conditions during the time o f the study. Peck  (1964) 

strongly recommends the use of synoptic weather data in snow 

hydrology, and L ea f  (1962) and W ill iam s and Peck  (1962) each have 

s ign ificantly contributed to our understanding of the influence of 

c lim atic  var iab les  on snow accumulation. H oover and L e a f  (1966) 

made e f fec t ive  use of a ir  tem perature and recorded  its influence on 

the length o f time snow is held in a canopy. Anderson 's  recent study 

(1967) included such var iab les  as average  daily s torm  winds, 

average  daily  dewpoint tem perature and average  daily so lar energy  

on a north wall of height equal to trees  to the north.

Anderson and W est (1965) re co rd  considerable y e a r - to -y e a r  

varia tion  in snow accumulation as well as important d if ferences  

between individual storm s. M a jo r  and m inor physiographic factors  

probably interact with these c l im atic  va r iab les  and thus produce 

varia tion  in the re la t ive  accumulation of snow at a point. The same 

might be said o f the interaction of vegeta tive  va r iab les  with the 

wind patterns o f a given storm  or over  a snow accumulation season.

Thus it m ay be seen that a knowledge o f the a rea l distribution 

o f the snowpack over  a watershed is not eas ily  obtained but that it m ay 

be o f c r i t ic a l  importance in the planning o f vegeta tive  manipulation.



o b je c t i v e  s

The ob jectives  o f this study are  to evaluate a number of 

topographic and vegeta tive  features thought to be important in snow 

accumulation in past studies o f other regions and to develop new 

methods o f character iz ing  canopy fo rm  and volume to test under 

these windy, turbulent Colorado Front Range conditions. These m ay 

be defined m ore  spec if ica lly  in the fo llow ing sections within these 

ob jective s:

1) G enera l character is t ics  of steepness of slope, elevation, 

crown cover  and basal area  w ill  be m easured and analyzed.

2) A  h ere to fo re  untried var iab le  m easuring the e ffec t of the 

expanse o f contributing areas  o f wind blown snow and the distance 

from  the source areas into the stand w ill be developed.

3) On 25 selected points additional crown vol\ime and stem 

var iab les  w ill  be m easured and tested.

4) Through the use of a Kelsh photogram m etric  p lotter, an 

a e r ia l  v iew  o f  the canopy w il l  be translated into p ro f i le s  of the canopy 

surface and fro m  these p ro f i le s  seve ra l roughness indexes w ill  be 

developed.



C H A P T E R  II

D ESCRIPT IO N  OF THE L IT T L E  B E A V E R  W ATERSHED

Physiography

Th is  watershed is located in the Colorado Front Range 

approx im ate ly  70 m iles  NNW  fro m  Denver, Colorado (F igu re  1). Its 

e levational range is from  approx im ate ly  8, 500 feet up to the high 

point o f just over  11, 600 feet. The orientation of the 12 square m ile  

basin is near ly  eas t-w est with the western  end o f the watershed 

occupied by a broad alpine ridge dominated by Crown Point and 

Crown Mountain. Th is broad ridge is exposed to the preva il ing  

w es te r ly  winds as shown in F igu re  2, and is located about 17 1/2 

m ile s  east o f the Continental D ivide.

The te rra in  runs from  re la t iv e ly  broad, flat r idges at the 

higher e levations to m odera te ly  steep slopes at the m id elevations 

and becoming m ore  gentle in slope at low er  e levations. The mean 

slope o f the study points is 26% and it ranges fr o m  10 to 56%. Some 

slopes in excess of 60% occur on rock  outcrops and on some short 

s lopes just above the main drainage. The area  is m odera te ly  

d issected  with drainage channels, g iv ing the whole basin a re la t iv e ly  

rough appearance.
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Table 1

Summary of C lim atic  Data

Snow accumulation season
965-66 1966-67 1967-68

4. 38" 6. 51" 6. 50"

13 13 14

6. 64'' 9 .74 " 9. 13"

- 5 . 5°C -3 .7 °C - 6 . 5°C

82 72 98

1.0 3. 0 0. 6

3.7 4.9 4.7

15. 3 26.7 19. 1

49.0 47.6 49.2

31.0 17.8 26. 4

296° 279° 283°

8.5 10.3 9 .4

7 .6 8.9 7 .9

Weather Factor

P rec ip ita t ion  caught in^i^cording 
gage at P ingree  Park

Number o f storms

Mean water equivalent o f  108 
points in L it t le  Beaver watershed

Estim ated mean ten ^^ ra tu re  during 
days with snowfall

P ercen t o f storms events occurin^^ 
at tem peratures of 0 C or low er

Percen t o f  wind speeds over  20 m/s
2 /

2 /

Percen t o f wind speeds 16-20 m/s
2 /Percen t o f wind speeds 11-15 m/s

2 /Percen t o f wind speeds 6-10 m/s

Percen t o f wind speeds 5 m/s or le 
l ess^'

Mean d irection  of 25% o f events
2 /with highest ve lo c it ie s  '

Mean wind speed during days with 
precip ita tion  (m/s)^^

Mean wind speed during days without 
precip ita tion  (m/s)^'^

1/

2 /

Based on data from  record ing  raingage at P ingree  Park  
located 4 1/2 m iles  SE of the study area  and at an e levation  
o f 9, 000 feet.

Based on interpolation o f 700 mb le v e l  data published in 
Northern  Hem isphere  Data Tabulation by the U .S . Weather 
Bureau.



Figure I. Upper portion of Little Beaver Watershed 
in Roosevelt Notional Forest, Colorado.

1/4 1/2 3/4 I Mila



Figure 2. Profile of terrain from middle of Little Beaver watershed due west to the 
Continental Divide.
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Clim ate

Since there were  no weather instruments deployed in the 

establishment of the study, it was n ecessa ry  to obtain c lim atic  data 

from  sources that would at least provide a good index to the conditions 

during the three w inter seasons. Two sources o f in formation were 

used fo r  this, each o f which has some lim itations and the resulting 

data must be taken with this in mind.

The nearest source was the weather station maintained by 

the Watershed Management Unit in the School o f F o re s t r y  and 

Natural Resources  at Colorado State U n ivers ity . This station is 

located in a broad meadow at P ingree  Pa rk  at an e levation  o f 9, 000 

feet. Its location is four m ile s  due south of the L itt le  B eaver  

drainage. The record ing  rain gage at this station is equiped with 2  

an A l t e r  shield and in the snow accumulation season the funnel is 

rem oved  to prevent bridging over  the o r i f ic e .  It is assumed that 

there is a good co rre la t ion  between the tim ing o f s torm  events at 

P in gree  Park  and the study area . It was n ecessa ry  to know when 

the events occured so that wind data could be secured for  these 

periods and some y e a r - to -y e a r  com parisons be made. Dates and 

amounts o f precip itation  at P ingree  Pa rk  a re  sum m arized in Table 

1 and shown graph ica lly  in F igu res  3, 4, and 5.

The second source o f data used is the Northern  Hem isphere 

Data Tabulation published by the U .S . W eather Bureau. These 

publications include two readings per day (0000 GCT and 12000 G C T )



Figure 3. Storm events, wind speeds and d irec t ion ,  winter 1965 - 1 9 6 6
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Figure 4. Storm events, vi/ind speeds and d irect ion , w in ter  1 9 6 6 -1 9 6 7
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Figure 5. Storm events, wind speeds and d irect ion , w inter 1 9 6 7 - 1 9 6 8
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which record  tem perature, re la t ive  humidity, wind d irection  and 

wind speed as m easured by radiosonde and rawinsonde instruments. 

The data fo r  the three snow accumulation seasons was extracted 

from  the records  fro m  Denver, Colorado and Lander, Wyoming, The 

study area  in the L itt le  B eaver  watershed lies  approx im ate ly  on a 

straight line between these two stations and, on the assumption that 

a linear gradient exists between m easurem ents above these two 

stations, a weighted average  was calculated fo r  the atm ospheric  data 

to be used. The data from  the 700 mb le v e l  was chosen in the 

expectation that this m ight approximate the conditions found at the 

mean e levation  o f the study points. Under stable atm ospheric 

conditions the 700 mb le v e l  is approx im ate ly  10,000 feet in elevation. 

The mean elevation  of the study points is 10, 400 feet, Judson (1965) 

indicates that there is a better co rre la t ion  between windspeed in the 

fre e  atmosphere and ground windspeed than there is fo r  wind 

d irection , Wahl, (1966) as a resu lt o f some com parative studies of 

f re e  atmosphere m easurem ents vs , surface concludes, "Th e  best 

possible p red ic tor  of mountain windspeed could be the f low  in the 

fr e e  atmosphere in the v ic in ity  of the particu lar m ountain ," He 

noted that distances of up to 120 km (7 4, 6 m ile s )  did not ser ious ly  

weaken the relationship i f  the two points were  in the same genera l 

w indfield.
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It must be kept in mind that there m ay be considerable e r r o r  

in the data extracted from  these sources, it is expected, however, 

that they provide a reasonably good basis fo r  a com parison o f y ea r -  

to -yea r  varia tion  in the c lim atic  reg im e o f the study area . There  

was no adjustment of the data beyond the n ecessa ry  interpolation, 

that is, the possib le change o f d irection  or ve lo c ity  as these winds 

a re  ca rr ied  to ground le v e l  probably could not be calculated with 

sufficient accuracy to warrant such a transform ation . Wind speeds 

at the canopy le v e l  a re  probably somewhat less  than those in the 

fr e e  atmosphere, but it is also possible that the windspeeds over  the 

exposed alpine areas could be g rea te r  than that of the fre e  atmosphere.

The number o f storm s depositing snow in each o f the three 

w inters was about 13, with m ost o f these y ie ld ing less  than 0. 3 inches 

o f water equivalent and only 5 to 6 o f these storm s y ie ld ing  0.5 inches 

o f water equivalent or o ve r .  The density o f new fa llen  snow was not 

obtained, but from  general observations one would conclude that the 

snow fa l l  is typ ica lly  v e r y  light powdery snow. The estimated 

tem peratures during snowstorms is g iven in Tab le  1. It was found 

that m ost snowfall occurs at tem peratures averag ing  minus five  

degrees  centigrade. While both the 1965-66 and the 1967-68 w inters 

appear to be co lder  than the 1966-67 winter, the nature of the data 

does not warrant attaching a strong statistica l s ign ificance to the 

mean tem peratures. The tem perature reg im e  that exists at the time
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o f snowfall would la rg e ly  determ ine the ease with which this snow 

would be re -depos ited . It appears that the 1966-67 snow storms 

probably occured under w arm er conditions than the other two years  of 

the study, with only 72% of the tem perature readings during days 

with storm s being 0°C or low er . These values must be taken with 

caution and m ay only represent a genera l trend in the tem peratures 

experienced  fo r  these three w inters.

In contrast to seve ra l o f the published reports  on snow 

accumulation where it was concluded that m ost snow fe l l  in the absence 

o f wind, the winds o f this reg ion  a re  consistent and strong. The data 

shows that the averaged  windspeeds fo r  days with snowfall a re  

consistently h igher than fo r  days without snowfall and average  about 

9 m/s (20 m i/ h r . ) .  This com pares w e ll with the w inter windspeed 

fo r  Berthoud Pass of 16 m .p .h .  reported  by Judson (1965). He also 

notes that on m ore  exposed stations o f the Front Range, the w inter- 

month average  is considerably h ig h e r - -20 to 30 m .p .h .  Thus wind 

must be a v e r y  important element in evaluating snow accumulation. 

F igu res  3, 4, and 5 il lustrate some c lim atic  features o f the three 

w inters . Dates and amounts o f snow caught in the record ing  gage at 

P ingree  Park  are  used to place the seve ra l snow storm s and the 

windspeeds associated with these periods are superimposed on the 

graph. These charts show that during or within three days fo llow ing 

a storm , winds usually reached speeds of 12 to 20 m/s (27 to 45
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m .p .h .  ) in the fre e  atm osphere. This is not to say that these 

ve lo c it ies  w ere  reached at a ll points within the watershed, but it 

certa in ly  indicates that snow fa lls  under a strong wind system  and 

that there is a great amount of energy availab le  fo r  the redistribution 

of snow both from  tree  crowns and from  exposed areas such as the 

alpine zone o r  old burns within the watershed.

About 7 5% o f the winds come from  a 90° sector between 260° 

and 350° while about 20% o f the winds come from  directions south 

o f 260° and only about 5% o f the winds come from  d irections north o f 

350° (F ig u r e  6). When only the highest 25% windspeeds are included, the 

average  d irection  for  each of the three y ea rs  shows, 296° in 1965-66, 

276° in 1966-67 and 283° in 1967-68. Th is would appear to indicated 

a higher frequency o f storm s in 1965-66 with a strong norther ly  

component. This may also be associated  with the re la t iv e  dryness 

o f that particu lar yea r .  There  does not appear to be a significant 

d ifference  between the d irection  o f the strongest windspeeds of the 

second and third year  o f the study. There  is no means o f independ

ently checking this data, but f lagging o f t rees  is quite seve re  in 

m ore  exposed positions within the watershed and these indicate that 

the winds a re  centered about 280°. Another clue to the wind 

d irection  is found on w inter a e r ia l  photographs which show the 

striations in the eroded snow surface to be between 270° and 280°. 

Th is would seem  to indicate that as the wind is brought down from
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Figure 6. 700 Mb wind directions, November I - March 31
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the free  atmosphere to ground le ve l  it tends to rotate counter

c lockwise and result in wind at the watershed le v e l  with a stronger 

w es te r ly  component.

Vegeta tive  cover

The vegeta tive  cover in the study area  is made up o f lodgepole 

pine ( Pinus contorta Dougl. ) o ver  m ost o f the low er e levations within 

the watershed and averages  about 36 fee t in height. It va r ies  from  

small dense stands to open, ir r e gu la r ly  spaced stands and in some 

portions there is a m oderate m ixture of quaking aspen ( Populus 

trem ulo ides M ichx. ). In the m ore  m oist sites o f the low er e levations 

and o ve r  much o f the higher elevations, Engelmann spruce (P ic ea  

engelm anii (P a r r y )  Engelm . ) and subalpine f i r  (Ab ies  las iocarpa 

(Hook. ) Nutt. ) dominate. Th is la tter  t im ber type ranges from  large  

reproduction to merchantable t im ber s ize  and averages  about 

50 fee t in height. Most of the sp ru ce - f ir  stands are  an a l l-a ge  m ixture 

with frequent small openings. F i r e  and insect attacks have caused 

numerous dead trees  and in some o f these areas  there are  la rge  

numbers o f w ind-throw  trees .

Crown cover  averages  44% fo r  both o f these t im ber types and

2
the basal a rea  fo r  both types averages  134 ft. /acre. On d r ie r  

r idges and in some o f the old burns l im ber  pine ( Pinus f le x i l is  James) 

is present but is always a m inor component o f the stand.
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Above the sp ru ce - f ir  stands and beginning at about 10, 600 

feet in e levation, w illow  (Salix sp. ) and sp ru ce - f ir  krumholtz is 

present. This low er border is highly ir regu la r  and in some v e ry  

rocky sites, m ay not appear at a ll.  Above the krumholtz cover  the 

alpine tundra in terspersed  with occasional la rge  rock  f ie lds  occupies 

the site. The krumholtz-tundra extends for  m ore  than a m ile  to the 

windward from  portions o f the "h igh " fo res t .  F igu re  1 illustrates 

the re la t ive  positioning o f the t im b e r  types o f the study area  within 

the L it t le  Beaver watershed.



C H A P T E R  III

PROCEDURE

During the summer o f 1965 three transects com prised  of a 

total o f 12 3 observation  points w ere  established in the upper portion 

o f the watershed (F igu re  1). These are  not random samples but 

rather the transects were  positioned to sample the t im bered  portion of 

a genera lly  north-facing slope on which tim ber harvest was under 

consideration. The points are  approx im ate ly  200 feet apart along the 

transect lines. Snow depth and water equivalent were  m easured each 

Spring, 1966 through 1968, at a time judged to be near maximum 

snowpack water equivalent. Actual dates o f sampling were  4/16/66, 

4/8/67 and 3/27/68. F ed e ra l snow sam plers were used fo r  a ll o f 

the snow m easu rem en ts . A l l  samples were  taken approx im ate ly  

one foot downhill f rom  the m arker  pole, and i f  a fa llen  lim b or 

obstruction was encountered sampling was repeated until the ground 

surface was reached. The poles marking the points extended six to 

eight feet above the ground and were  anchored to an g le - iron  driven  

into the so il at the base o f the pole.

This set o f 12 3 points used in the p re lim in a ry  study was 

reduced to 115 to exclude those points which w ere  found to have a 

south-facing aspect or were  on leve l,  exposed ridgetops. This was
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further reduced to 108 points p r io r  to the main study to exclude those 

points which had some possib le d iscrepancy in the data or fo r  which a 

complete set o f data fo r  a l l  var iab les  was not obtained.

Topographic and physiographic m easurem ents

E levation  at each point was measured by barom etr ic  leve l in g  

and rounded to the nearest f ive  feet. Steepness o f slope was m easured 

with a percent abney, reading norm al to the contour passing through 

the point.

Aspect was m easured with a staff compass with the points 

being c lass if ied  into one of e igh t-45° sectors , centering about the 

eight points of the compass. Aspect was not used in the reg ress ion  

calculations since the study was lim ited  to predominantly north and 

northeast facing slopes. The varia tion  in aspect was lim ited  to v e ry  

loca lized  topographic features. Snow m easurem ent points which 

w ere  found to have a south-facing aspect or were  on leve l, exposed 

ridgetops were la ter excluded from  the statistica l analysis.

The e ffect of contributing areas  of blowing snow was indexed 

by means o f a source/distance ratio defined as the length of open, 

windswept source area  under a line drawn to the windward from  the 

sample points over  the distance fro m  the sample points to the leeward  

edge o f the source area . Source area  was taken here to be openings 

300 feet and o ve r  in width. The m a jor  contributing area  is the 

broad tundra-krumholtz a rea  above t im berlin e . The watershed
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boundary was a rb it ra r i ly  taken as the windward l im it  o f this source 

area . When m ore  than one contributing a rea  fe l l  in the path of the 

line from  the sample point the ratio used was the sum of the ratios 

computed fo r  each source area  under the line. Recent 1;6000 scale 

a e r ia l  photographs were used fo r  the m easurem ents n ecessa ry  to 

calculate this ratio .

Canopy m easurem ents

The standard U.S. F o re s t  Serv ice  stand s ize  c lass if ica tion  

methods fo r  this region were  used to s tra tify  the stand in a 1/4-acre 

plot about each point into one o f  the f ive  c lasses defined as fo llows;

6 -  Non-stocked or de forested  (burns, c learcuts )
7 -  Seedling, sapling, 0 to 4.9 inches d .b .h .
8 -  Po le , 5.0 to 10.9 inches d .b .h .

9a-Sm all sawtimber, 11.0 to 20.9 inches d .b .h .
9 b -L a rg e  sawtimber 21.0 inches d .b .h .  and over

The c lass if ica tion  was made on the basis o f f ie ld  observations.

Basal area  was obtained by Bitterlich cru ising p r ism  with a 

basal area  fac tor  of ten. The count o f " in "  trees  tim es ten was 

adjusted fo r  slope before being used as an independent va r iab le .

A  Lem m on  T y p e -A  spherica l dens iom eter was used to estim ate 

the crown cover  above each point (Lemmon, 1956). The instrument 

was mounted on a light tripod and leve led  at a height of three feet 

above each sample point. P r io r  to being used in the fie ld , the 

instrument was set up in a room  with the ce iling  m arked o f f  in gr ids . 

It was found that with slight var ia t ion  in positioning o f the ob s e rv e r 's
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eye a change in the m axim um  angle subtended by the re f lec ted  fie ld  

o f v iew  occured. With practice , the o b s e rv e r 's  eye could be held 

at 18 inches above the convex m ir r o r  and at a position so that a 

spec if ic  portion o f the ob s e rv e r 's  head was re f lec ted  at a given point 

marked on the m ir r o r .  This combination of eye height and position 

subtended an angle of 114°. The instrument is meant to be employed 

by making a count o f the number o f dots covered  by an image o f l ive  

crown fro m  each o f four cardinal d irections and these four counts 

are  norm ally  averaged  for the canopy cover  percentage. With the 

hypothesis that the crown coverage  to the windward (west) o f the 

point would exert an independent influence on snow accumulation, 

the data was recorded  as the crown coverage  in each o f  the four 

cardinal quadrants and then averaged . These values w ere  in it ia lly  

tested as five  independent va r iab les .

To  help estimate the e ffec t o f crown cover  [m ore  nearly  

v e r t ic a l ]  o ve r  the snow accumulation point, a second set o f readings 

was made in such a way as to include only 21° o f a rc  above the sample 

point. This is r e fe r r e d  to la ter  as " v e r t ic a l  crown c o v e r . "  This 

estim ate approximates that used by Packer  (1962).

The factors  listed  above were  m easured or estimated for  each 

o f  the sample points in the or ig ina l three transects. To test other 

factors , it was found n ecessary  to l im it  the number o f  sample points. 

The additional factors  a re  described  below.
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Crown volxime and stem var iab les

Because no published tables for such data could be found that 

would be usable for  the species and range o f s izes  encountered in this 

watershed, it was found necessa ry  to c a r ry  out a p re l im in a ry  study 

that would enable a conversion  fro m  stem  d iam eters  to crown volume.

F o r  this p re l im in ary  study, 48 lodgepole pine, 51 Engelmann 

spruce and 40 subalpine f i r  w ere  se lected  within the L itt le  B eaver 

drainage to sample d iam eters  from  2 .0  inches d .b .h .  up to 31.8 

inches d .b .h .  with trees  being taken fo r  the sample from  locations 

having a range o f e levation  from  9, 000 feet to 10,700 feet. F o r  each 

sample tree  the fo llow ing elements were  recorded:

1 . E levation
2. Crown class: four c lasses w ere  defined as fo llows:

a. Open - litt le  competition between crowns, 0-15%
crown cover .

b. Crowns touching on one or m ore  sides, 16-30%
crown cover.

c. M odera te ly  c losed canopy with crowns frequently
touching and with an estim ated 31-60% crown cover

d. Dense stands with ex trem e crowding o f crowns
such that crowns touched at seve ra l points, o ve r
60% crown cover  in the im m ediate v ic in ity .

3. D iam eter  breast height: m easured with d iam eter  tape
fo r  la r g e r  d iam eters  and with ca lip ers  fo r  sm a lle r  
d ia m e te rs .

4. Crown diameter: this was estim ated by fastening a
m easuring tape to the triink o f the tree  and moving out 
until a plumbline appeared to touch the edge o f the 
crown. This was repeated three tim es per tree  to obtain 
an average  radius and then doubled fo r  crown d iam eter.

5. Height to crown: this was m easured  d ire c t ly  where
possib le and otherw ise obtained by the use o f an abney 
and tape.

6. To ta l tree  height: heights were  estimated to the nearest
foot by the use of an abney and 100 foot tape.
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7. Site c lassification : three c lasses  w ere  a rb it ra r i ly
designated as dry, m oderate, and m o is t  p r im a r i ly  to 
assure that a range of such sites would be included in 
the sample.

F ro m  approxim ately  30 photographs o f tree  p ro f i le s  plus 

additional f ie ld  observations it was concluded that while the shapes o f 

crowns va r ied  greatly , the " typ ica l"  crown might be described  as 

having a conical section at the top which has a height equal to 0. 3 the 

crown length and a base d iam eter  equal to 0.7 that o f the la rges t  

d iam eter o f the crown. A  second section is v isua lized  as approx i

mating a truncated cone whose top d iam eter  is 0.7 o f the m easured 

crown d iam eter  and whose base is equal to the m easured  crown 

d iam eter . The height of this section is taken as 0.7 o f the total 

crown length.

The space occupied by the top section can be expressed  as:

„  0 . 7 D “ 1 0 .3 L
V = TT I - I ----  I X

or, V = TT (0. 1225 D )x  0. 1 L

the second or low er section voliome is approximated by

0.7 L

This m ay be s im plif ied  to

V = -ir (0. 1225 + 0.25 D^) x 0. 35 L

( 1)

( 2 )

(3)

(4)
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the total crown volume then should be the sum of equations (2) and 

(4) or

V = [ it(0. 1225 D^) X O . I L ]  + [it(0. 1225 + 0.25 D^)
X 0. 35 L ]  (5)

or s im plif ied  to

V = ttL D  X 0.142 6 ( 6 )

or finally,

V = 0.4478 L  D (V)

where V = crown volume in cubic feet,
L  = crown length in feet 

and D = crown d iam eter in feet

Using equation (7) the crown volume was computed fo r  each of 

the 139 sample trees . The two-d im ensional plotting p rog ram  of 

F ra y e r  (1968) was used to graph ica lly  portray  the data and multiple 

linear reg ress ion  methods w ere  used to find a curve o f best fit  that 

would enable a d irec t  conversion  from  stem  d iam eters  to crown 

volume (F igu re  7). Because there is a c lose relationship between 

stem  d iam eter  and crown lenght ( r  = .7 1 * * )  and stem  d iam eter  and 

crown width (r  = .82**) (F igu re  8 and 9) a cubic function would fit the 

stem  d iam eter-c row n  volume curve. This was tr ied  but it fa iled  to 

fit as w e ll  as expected. Since a large  residual e r r o r  was apparent in

**S ign ificant at the .01 leve l.



Figure 7. Regression of crown volume on tree diameter
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Figure 8. Relationship of crown diameter to stem diameter.

Figure 9. Relationship of crown length to stem diameter.
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the low d iam eter c lasses these w ere  examined care fu lly  fo r  reasons 

fo r  the poor fit at the low er portion o f the curve. It was observed  

that there was re la t iv e ly  litt le  change in d iam eter  o f  crowns in the 

two to four inch d .b .h .  range and that m ost o f the d if fe rence  was in 

height. This would g ive a m ore  near ly  linear increase in crown 

volume through the low er segment. Th is  appears to fit  the fie ld  

observations: where these small stems occured they tended to be in 

v e r y  thick stands with litt le  opportunity fo r  crown d iam eters  to 

increase. On the basis of these conclusions, the conversion  of stem 

d iam eters  was done through the two equations as fo llows:

d .b .h .  Z to 4 inches: Crown volume = 33. 65 X

2
where X = stem d. b. h. in inches, ( r  = . 9Z** ) and fo r  

d .b .h .  4.1 inches and over:

Crown volume = 113. 41 X - 3.77 X^ + 0. 54 X^

(8 )

(9)

where X = stem d .b .h .  in inches, ( r  = .9 6 * * ) .

These equations w ere  tested by species but there was no significant 

im provem ent in the reg ress ion  and it was decided to u tilize  equations 

(8) and (9) fo r  a ll three species without any further adjustment.

Roughness measurem ents

Black and white, six inch foca l length a e r ia l  photography was 

secured in October 1968 and d iapositives  on .06-inch thick g lass

**S ign ificant at the .01 le ve l .
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plates w ere  prepared by a com m erc ia l  f i rm . The Kelsh  p lotter of 

the C iv i l  Engineering Department of Colorado State U n ivers ity  was 

made availab le fo r  this p ro ject. The Kelsh p lotter a llows the en la rg e 

ment o f the three dimensional image by five  tim es so the plot center 

locations were  plotted to a scale of 1 inch =100 feet and with the aid 

o f en larged U .S .G .S .  Quadrangle maps and known elevations of the 

targeted  sample points, the re la t ive  orientation o f the d iaposit ives 

was secured to a satis factory  degree . Since there is v e ry  little  in 

the way o f good horizonta l control in the undeveloped fo res ted  areas  

with rugged terra in , there is probably considerable room  fo r  e r r o r  

within this photo analysis. However, m easurem ents w ere  not 

utilized  until there was a re la t iv e ly  c lose agreem ent between 

repeated tr ia ls  over  the same p ro f i le .  There  w ere  some independent 

checks such as tree  heights from  the f ie ld  notes that w ere  used for  

comparison.

The in itia l photo m easurem ents consisted o f tracing a p ro fi le

o
ove r  the canopy surface running from  150 feet windward (270 

azimuth) o f the snow sample point to 50 feet leeward  (90° azimuth).

A  scale m arked o f f  in feet was taped along the des ired  p ro f i le  line 

and the tracing table o f the Kelsh  p lotter was moved along it, 

keeping the floating dot o f the platen in contact with the v is ib le  canopy 

or ground surface of the three d imensional image.
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Gears were  selected fo r  the tracing table so that elevations 

o f the canopy or ground surfaces could be read d ire c t ly  in feet to 

the nearest foot. Although the accuracy o f the readings could not be 

d irec t ly  ve r if ied , it is expected that the canopy elevations were 

within a few  feet and ground e levations within i  2 feet. T r e e  crowns 

with narrow, pointed tops are  not always reso lved  on this scale of 

photography and thus m ay not be v is ib le  in the three-d im ensiona l 

m odel. It is expected that the total tree  heights are  probably 

consistently low. No correc t ions  were  made fo r  this type of e r r o r  

since the data was to be used in a com parative study and the same 

factors  would a ffect a ll p ro f i le s .  The transcribed  data was then 

plotted on 10x10 to the inch c ross -sec t ion  paper and a ll  roughness 

var iab les  were  measured from  these plotted canopy p ro f i le s .

The fo llow ing var iab les  w ere  calculated:

1) P ro f i le  area  to the windward (P A  wind. ) was taken from

the area  \inder the p ro fi le  in the f ir s t  25 foot segment to the windward 

o f the point m easured with a polar p lan im eter.

2) P ro f i le  area  to the leeward  (P A  lee ) was taken from  the area  

under the p ro fi le  in the f i r s t  25 foot segment to the lee  o f the sample 

point.

3) Mean obstacle height to the windward (Wind. ht. ) was 

taken from  the f i r s t  25 foot segment to the windward from  the sample 

point by averaging the heights o f trees  or clumps of trees  taken as
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single rniits i f  it appeared they would present a single obstacle to 

the wind stream .

4) Mean obstacle height to the leew ard  (L ee  ht. ) is measured 

in the f i r s t  25 foot segment of the p ro f i le  to the lee o f  the sample 

point and c lose ly  clumped trees  were  taken as a single unit in 

computing the average  height.

5) A  m easure o f the ir re gu la r ity  o f the gross  surface features 

in the f i r s t  25 foot segment to the windward (V a r .  1) was computed 

by taking the heights o f the p ro f i le  surface at tw o-foot intervals 

above a base line drawn below the lowest le v e l  of the c ross -sec t ion . 

The variance of this a rray  o f numbers was then calculated according 

to the equation

2 2 ,
O' = (y -p) / N where

2 .
g- is the variance, p is the mean, y the height and N the nirmber 

o f observations.

6) The ir regu la r ity  of the gross  surface features of the 

second 25 foot segment to the windward (V a r .  2) was der ived  in the 

same manner as V a r .  1.

7) The e ffec t  o f the f i r s t  obstacle to the windward fro m  a 

sample point coupled with the distance from  the obstacle (Coe f. 1) was 

der ived  by taking the height o f the obstacle minus one-half the mean 

height o f a ll the obstacles in the f i r s t  50 foot segment. This portion 

o f the f i r s t  obstac le 's  height was divided by the distance from  the
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sample point to the base o f the obstacle. In choosing the f ir s t  

obstacle to the windward only the m a jor  obstacles or t rees  were  

taken, that is, a tree  whose p ro f i le  did not extend above a line 

pro jected  downward at a 45° angle f r o m  the next ta lles t  tree  would 

not be used fo r  this ratio.

8) Another coeffic ien t (Coe f. 2) was der ived  in the same manner 

except that the f i r s t  obstacle to the windward was omitted and the 

ratios of height above one-half mean height o ve r  the distance from  

the sample point were  summed over  the f i r s t  100 foot segment to 

the windward from  the sample point.

F igu re  10 provides an example o f the derivation  of these 

va r iab les .

Statistical methods

In the p re lim inary  stages of testing, a l inear reg ress ion  

computer p rogram  utilizing a method o f least squares fo r  fitting a 

curve to data provided was used (Van Dyne, 1965). Fo llow ing  the 

p re lim in a ry  analysis a stepwise multip le l inear reg ress ion  method 

was used to rank the var iab les  and to evaluate their association  with 

each other (Dixon, 1964).

This p rogram  computes a sequence o f multip le 
linear reg ress ion  equations in a stepwise manner.
At each step one var iab le  is added to the reg ress ion  
equation. The var iab le  added is the one which makes 
the greatest reduction in the e r r o r  sum of squares. 
Equivalently it is the var iab le  which has the highest 
partia l co rre la t ion  with the dependent var iab le
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Figure 10. Example of cross-section of forest canopy taken on
lower tronsect, showing basis for the eight "roughness' 
voriables.
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partia led  on the va r iab les  which have a lready  been 
added; and equivalently it is the va r iab le  which i f  it 
w ere  added, would have the highest F  value.
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Table 2

Variab les , definitions, units and ranges.

Variab le Definition

1966 WE

1967 WE

1968 WE 

E lev .

Aspect 

Slope 

Basal a. 

CC west 

C r . cover 

V ert .  CC 

Source

Water equivalent in the snow pack m easured at 
sample points with F ed e ra l  Snow Tube, Range 
1 .5 -18 .0  inche s .

As  above, range 4 .5 -27 .5  inches.

As  above, range 2 .0 -2  3.0 inches.

E levation  above sea le v e l  m easured by barom etr ic  
leve ling, range 9 ,580-10,810 feet.

Orientation of a line norm al to the contour as 
m easured by staff compass and stratif ied  into 
eight sectors .
t

Declination of the ground surface as measured 
with an abney sighting norm al to the contour, 
range 10-56 percent.

Basal area  of stand about sample points as 
m easured with a B itte r l ich  cruising p r ism  in 
square feet per acre , range 20-315.

Crown cover  to the west of the sample point as 
m easured by a Lem m on spherica l densiom eter, 
range 6-7 4 percent.

Crown cover  as m easured by a Lem m on spherica l 
densiom eter to include a 114 arc  above the 
instrument, range 10-66 percent.

Crown cover  as m easured  by a Lem m on spherica l 
densiom eter to include a 21 arc  above the 
instrument, range 0-58 percent.

A  ratio of the length of open, windswept snow 
fie lds , 300 feet and o ve r  in width, \mder a line 
drawn to the windward from  a sample point o ve r  
the distance from  the lee edge o f the area  to 
the sample point, range 0 .47-20 .00 .
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Table 2 (Continued)

V ariab le Definition

Cr. vo l. The calculated space occupied by l ive  crowns 
within a 1/10-acre c ircu la r  plot about the sample 
point, range 15,900-114,800 cu. ft.

Dia. sum The s\im of d iam eters  o f  a l l  stems 2 .0  inches 
and o ve r  d .b .h .  on 1/10-acre plot about sample 
points, range 159-950 inches.

Stems-2 ' The number o f stems 2 .0  inches and o ve r  d .b .h .  
on a 1/10-acre plot about the sample point, 
range 30-193.

S tem s-4' The nxxmber o f stems 4.0 inches and o v e r  d .b .h .  on 
a 1/10-acre c ircu la r  plot about the sample 
point, range 19-107.

P A - le e P ro f i le  a rea  o f a 25 foot segment to the lee o f 
a sample point as m easured fro m  trace of 
Kelsh  p lotter data, range 18-640 sq. feet.

PA -w ind P ro f i le  a rea  o f a 25 foot segment to the windward 
o f the sample point as m easured fro m  trace 
o f the Kelsh p lotter data, range 29-565 sq. feet.

V a r .  1 The variance in the height of regu la r ly  spaced 
points along the p ro f i le  of the Kelsh  p lotter data 
o f a segment 0-25 fee t windward o f the point, 
range 7 .78-198.52 sq. feet.

V a r .  2

Coef. 1

Coef. 2

The variance in the height o f regu la r ly  spaced 
points along the p ro f i le  o f a segment 25-50 
feet to the windward o f the sample point, range 
22.94-225.90 sq. feet.

A  ratio of the height o f the f ir s t  obstacle to 
the windward o ve r  the distance fro m  the sample 
point to the obstacle, range 0 .20 -7 .00 .

The sum of the ratios o f heights of obstacles 
to the windward fro m  the sample points over  
the respect ive  distances fr o m  the point, range 
0 .21 -2 .65 .
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Table 2 (Continued)

V a r iab le Definition

Lee  ht. The mean height o f obstacles in the f i r s t  25 
feet to the lee of the sample point, range 8-7 0 
feet.

Wind, ht. The mean height of obstacles in the f i r s t  25 feet 
to the windward of the sample point, range 
13-47 feet.



C H A P T E R  IV

RESU LTS

Snowpack character is t ics

Table 3 shows the results o f the reg ress ion  analyses fo r  the

data involving a ll  o f  the points and m ay be used to get a picture of the

snowpack. F igu re  I I  illustrates  the la rge  va r iab i l i ty  in the water

equivalent existing within 200 foot e levation  zones and F igu re  12 is a

plot by years  o f the genera l increase in m axim um  snowpack water

equivalent with elevation. There  is a la rge  y e a r - to - y e a r  variation

in the re la t ive  values o f individual points as emphasized by the

2
re la t iv e ly  low  R  values for  the y e a r - to -y e a r  reg ress ion . It is not 

uncommon fo r  a given point to be 20 to 30% below  the average  fo r  its 

200 foot e levation  zone in one yea r  and as much above fo r  the next 

year; many points have even g rea te r  varia tion . F igu re  14 illustrates 

the scatter o f points when plotted against e levation . Th is figure  

includes only those 108 points retained in the m a jo r  study a fter 

ridgetop, southern exposure, and other points with possib le 

d iscrepancies  w ere  e lim inated. F igu re  15 illustra tes  the type of 

re la t ive  varia t ion  o f snow accumulation between yea rs  for  a l l  o r ig ina l 

points on the m id transect.
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Figure 12. Snowpack accumulation variation by elevation zones and year



Figure 13. Distribution of snowpock by tree size class and elevation
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Figure 14. Plot of water equivalents over elevation of 108 points measured Apr i ls,  1967.

3 0 
28

26-1

tn 24- <u
jc
o  22-1

^  2 0 -  

c
o  18- 
o
•> 16-

iS" 14-1
.2 I 2H 
o
5  10

8 

6 - !  

4 

2-1 

0
95

WE = - 4 4 . 2 0  + 5.26X 
X = Elevation in thousands of feet 
r 2= 0.28^^

S E =2 . 9 4  inches

o
o o o 

o o %  ®

Oq O o

o

°  o  
o  °

------------ --

G
®G

G
G o _______ _ G G G

O O 
^  °  G o  eo o

n  O G 
o ° o O G

%  o  G ® ® ® G G

G O G

U1

I
96 97 98

I
99 100 101 102 103 104 105 106

“ I-------------- T—
107 108 I 0 9 I 10

Elevation, ( hundreds of feet)



Figure 15. Plot of water equivalent data for each point on mid transect by years
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Table 3

Results o f r eg ress ion  analyses, genera l snowpack 
character is t ics  over  123 observation  points

Independent
var iab le

Dependent
var iab le

Standard e r r o r  
of estim ate

1966 WE^^ 1967 WE . 48=i<* 2.7 5 inches
1966 WE 1968 WE .2 5 ** 4. 15
1967 WE 1968 WE . 44** 3. 58

,1966 1966 WE .7 4** 1.73
1967 SD 1967 WE . 80** 1.69
1968 SD 1968 WE . 54** 3.27

WE = Water equivalent of snowpack near tim e o f maximum 
SD = Snow depth o f snowpack near t im e of maximum 

* *  Significant at 0.01 le ve l

Phase one

P re l im in a ry  tests w ere  run using simple linear reg ress ion  

to estim ate the e ffec t o f a few  of the va r iab les  on snow accumulation 

in each o f the three years  and also on the sum of the three years  

water equivalent accumulation fo r  each point (WE s\im). In the initial 

t r ia ls  a l l  12 3 points w ere  used and the results a re  shown in Table 4. 

In the f i r s t  three tr ia ls  (steps a, b, and c) elevation, crown cover  

and a combination o f the two var iab les  were  run. In the fourth step 

(d) e levation  and v e r t ic a l  crown cover  w ere  used as the independent 

var iab les  against each o f the three yea rs  water equivalent. In step 

(d) only 115 points are  indicated as the v e r t ic a l  crown cover 

m easurem ents were not made on eight ridgetop stations.



48

Table 4

Results o f reg ress ion  analysis using 
three independent va r iab les

Independent Dependent No. of 2 Standard erro:
Step var iab les var iab le obs. R of estim ate

a. E lev . 1966 WE 123 . 18** 3. 39 inches
1 1 1967 WE 123 . 16** 3. 54
1 1 1968 WE 123 .2 8 ** 4.05
t 1 WE sum 123 .,28** 3. 03

b. C r. cov. 1966 WE 123 ns ___
11? 1967 WE 123 . 06* —

t 1 1968 WE 123 ns —

c . E lev . & •

C r. cov. 1966 WE 123 . 20** 3. 42
1 1 1967 WE 123 .2 1 ** 3. 42
1 1 1968 WE 123 . 30** 4. 01
1 ? WE sum 123 . 32** 2.95

d. E lev .  & 
V e r t .  CC 1966 WE 115 . 16** 3. 31

11; 1967 WE 115 .19 ** 3. 42
1 1 1968 WE 115 . 26** 4. 09

* Significant at 0.05 le ve l  
* *  Significant at 0.01 le ve l

Phase two

In the p re lim in ary  tr ia ls  it was found that the va r iab les  of 

stand type and crown cover to the north, east and south quadrants 

separate ly  were  apparently not useful in explaining any o f the varia t ion  

in snow accumulation and these va r iab les  w ere  dropped in the fo llow ing 

statistica l analyses. A lso , it was found that data w ere  not availab le 

o r  complete on seven additional points and thus fo r  the fo llow ing
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com parisons and regress ions , only 108 points are  included for  the 

analysis of the fo llow ing seven variab les :

1 • E levation

2. Crown cover  (114° a rc )

3. V e r t ic a l  crown cover  (21° a rc )

4. Source/distance ratio

5. Crown cover to the west (windward)

6. Steepness of slope

7. Basal area

Stepwise multiple reg ress ion  methods w ere  used here  to rank 

the va r iab les  in o rder  o f their importance in increasing the coe ffic ien t 

o f determ ination. Four separate stepwise reg ress ion s  w ere  run on 

each transect separate ly  by years  and then fo r  a ll  transects pooled 

by yea rs .  The results f r o m  this phase are presented in Tab les  5 and 

6 .

Phase three

In this phase only those 25 plots on which the crown volume 

estim ates had been made were  included. In addition to the seven 

var iab les  listed  in phase two, the fo llow ing factors  w ere  included:

1. Crown volume (C r .  vo l.  )

2. Sum of d iam eters  of stems o ve r  2 .0  inches d .b .h .  (Dia. sxun)

3. Number o f stems 2.0 inches and o ve r  d .b .h .  (S tem s-2 " )

4. Number o f stems 4.0 inches and o v e r  d .b .h .  (S tem s-4 " )

The results are  shown in Tab le  7.
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Table 5

Ciomulative coeffic ien ts  of determ ination ranking 
seven var iab les  through stepwise 

multip le linear regress ion .

Depend 
v a r .

Step

■ 1966 WE

Independ.  ̂
va r iab le  R

SE of 
est.

1966 WE

Independ.  ̂
var iab le  R

SE of 
est.

L ow er  transect - 1 8  points
1 C r. cov. .1 7 " " 1.98 in. C r . cov. .28* 1.97 in.
2 E lev . .24^" 1.95 E lev . . 33* 1.95
3 Slope .35^" 1.87 Slope .3 9 " " 1.95
4 Source . 38^® 1.90 Basal a. .3 9 " " 2.01
5 V e r t .  CC .39^" 1.96 V er t .  CC .40^® 2.07
6
7

Basal a. . 41^® 2.02 Source .4 l "® 2. 15

Middle transect - 40 points
1 E lev . .2 2 ** 1.95 in . E lev . . 53** 2.08 in.
2 Slope .2 8 ** 1.90 CC west . 57** 2.01
3 Source . 32** 1.87 Slope . 59** 1.98
4 Basal a. . 33** 1.88 Source . 61 * * 1.98
5 C r. cov. . 42** 1.79 V e r t .  CC . 62** 1.98
6 CC west . 43** 1.80 Basal a. . 63** 1.97
7 — -- -- C r . cov. . 63** 2.00

Uppe r transect - 50 points
1 V er t .  CC . 43** 2.80 in. C r . cov. . 42** 2.83 in.
2 Basal a. . 47** 2.72 Source . 60** 2.37
3 Source  ̂49sk>i« 2.69 V er t .  CC . 61** 2.39
4 CC west , 50** 2.69 E lev . . 61** 2.40
5 C r. cov. . 52** 2.69 Slope . 61 * * 2.43
6 E lev . . 52** 2.71 CC west . 61 * * 2.46
7 Slope . 52** 2 .74 -- - - --

A l l  transects - 108 points
1 Source . 31** 2.86 in. Source . 35** 2.78 in.
2 V er t .  CC . 37** 2 .74 C r. cov.  ̂48s!tsic 2.48
3 E lev . , 43** 2.62 E lev . . 59** 2.21
4 C r. cov. . 43** 2.62 Basal a. . 60** 2.21
5 CC west _ 44** 2.62 V er t .  CC . 60** 2.23
6 Basal a. , 45 sit* 2.62 Slope . 60** 2.23
7 Slope . 45** 2.63 CC west . 60 * * 2 .24
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Table 5 (Continued)

Depend
var.

Step

■ 1968

Independ.
variab le

WE

2
R

SE o f 
e st.

Poo led  WE

Independ.  ̂
va r iab le  R

SE o f 
e st.

Low er transect - 1 8  points
1 Basal a. .29* 2.41 in. Basal a. .22* 1.91 in.
2 CC west . 34* 2. 39 E lev . . 35* 1.80
3 V er t .  CC . 44* 2.29 Slope .41^" 1.78
4 E lev . .46^" 2. 32 V ert .  CC .44^" 1.80
5 Source . 48̂ ®̂ 2. 38 C r . cov. .46^" 1.85
6 C r. cov. .51^" 2.42 CC west .46^" 1.92
7 Slope .51^" 2.53 Source .46^"® 2.01

Middle transect - 40 points
1 E lev . . 76** 2.80 in. E lev . . 7 6 * * 1.56 in.
2 Source .82 ** 2. 46 Source . 80** 1.44
3 Slope . 84** 2. 36 Slope . 84** 1.30
4 CC west .85 ** 2. 36 CC west • 1.24
5 V e r t .  CC . 85** 2 .34 V e r t .  CC . 87** 1.21
6 Basal a. . 85** 2. 37 C r. cov. . 87** 1.22
7 C r. cov. . 85** 2.41 Basal a. . 87** 1.25

Upper transect - 50 points
1 C r. cov. . 34** 3.26 in. C r . cov. .5 1 * * 2.27 in.
2 Source _ 49 :{!>!: 2.90 Source .67 1.87
3 Slope . 55** 2.76 Slope . 68** 1.86
4 E lev . . 58** 2.70 V e r t .  CC . 69** 1.85
5 V e r t .  CC . 59** 2.70 CC west . 70** 1.86
6 CC west . 59** 2.72 Basal a. .7 0 ** 1.88
7 - - - - - - E lev . .70 ** 1.90

A l l  transects - 108 points
1 E lev . . 36** 3.80 in. Source , 40** 2.57 in.
2 Basal a. . 45** 3. 53 E lev . . 56** 2.20
3 Source .51 ** 3. 35 C r . cov. . 67** 1.92
4 Slope . 52** 3. 32 Basal a. . 67 * * 1.92
5 C r. cov. .5 3** 3. 33 V er t .  CC • OO 1.91
6 V er t .  CC . 5 3** 3. 34 Slope . 68** 1.92
7 CC west . 53** 3. 36 CC west . 68** 1.92

ns non significant 
* s ignificant at .05 le ve l  

significant at .01 le ve l
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Table 6

Simple co rre la t ion  between selected individual variab les

Independent
var iab le

Dependent
variab le

No. of 
obs. r

E lev . Source 108 . 41**

Basal a. V e r t .  CC 108 . 59**

C r. cov. Basal a. 108 . 78**

C r. cov. V e r t .  CC 108 .7 3 **

C r. cov. CC west 108 . 79**

V e r t .  CC CC west 108 . 60**

Basal a. CC west 108 . 58**

C r. cov. C r . vo l. 25 . 66**

C r. cov. Dia. sum 25 . 49*

Basal a. S tem s-4" 25 . 61**

Basal a. Dia. sum 25 .7 0 * *

Basal a. C r .  vo l. 25 . 85**

C r. vo l. S tem s-2" 25 . 56**

C r. vo l. Dia. sum 25 . 85**

C r. vo l. V e r t .  CC 25 . 64**

C r. vo l. S tem s- 4" 25 . 64**

V e r t .  CC Dia. sum 25 . 42*

Dia. sxim Stem s-2 " 25 . 86**

Dia. sum Stem s-4 " 25 . 94**

S tem s-2" Stems - 4" 25 . 84**

* Significant at 0.05 le ve l

* *  Significant at 0.01 le ve l
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Table 7

Cumulative coeffic ien ts  o f determ ination ranking 11 
variab les  on 25 sample points selected 

from  the mid and upper transects.

Step
Independ.
variab le r "

SE of 
est.

Independ.
variab le

SE o f 
est.

Depend. WE 1967 WE
var.

1 Source . 47** 3. 40 in. Source . 49 3.51 in.
2 E lev . . 57** 3. 12 E lev . . 63** 3. 06
3 V e r t .  CC / *5 vuo. 3. 00 CC west . 72** 2.70
4 CC west . 7 0 * * 2.72 V er t .  CC .7 3 ** 2.71
5 Dia. sum .7 4** 2. 62 Slope  ̂7 4>̂5!c 2.75
6 C r. vo l. . 76** 2.58 C r. cov. .7 5 ** 2.77
7 Stem s-2 " . 82** 2. 30 V e r t .  CC rem .
8 C r. cov. . 82** 2.35 S tem s-2" . 7 6** 2.72
9 Slope .8 3 ** 2.37 Dia. sum . 76** 2.77

10 Stem s-4 " . 83** 2.43 V er t .  CC . 77** 2.82
11 Basal a. . 84** 2.50 C r. vo l. . 7 7 * * 2.90

Depend. i ,6 8  WE Pooled  WE
var.

1 Source . 32** 4. 94 in. Source . 55** 3.07 in.
2 E lev . . 46** 4. 49 E lev . . 71 * * 2.52
3 Basal a. . 55** 4.23 V er t .  CC . 77** 2. 30
4 Stem s-2 " . 61** 4. 03 Stem s-2 " . 78** 2.29
5 CC west . 62** 4.07 C r. vo l. . 80** 2.23
6 C r. cov. . 64** 4. 04 Dia. sum . 83** 2.16
7 C r. vo l. 4. 12 CC west O O . O 2. 17
8 Dia. sum . 70** 3.94 C r. cov. . 84** 2.22
9 V e r t .  CC .71 * * 3.98 V e r t .  CC rem .

10 Stem s-4 " .7 1 ** 4. 12 Basal a.  ̂84** 2.21
11 - - - - - - S tem s-4 " . 84** 2.28

* *  Significant at the .01 le ve l

 ̂ Var iab le  rem oved  from  reg ress ion  equation
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Phase four

The fourth step was to evaluate the roughness factors  which 

had been calculated fo r  the low er transect snow points. The 

independent var iab les  which were  included in the analysis w ere  as 

fo llows:

1. E levation  (E lev .  )

2. Crown cover  in 114° arc  (C r .  cov. )

3. Crown cover in 21° a rc  (V e r t .  CC)

4. Crown cover to the west (CC west)

5. Basal area  (Basa l a. )

6. Steepness o f slope (Slope)

7. P ro f i le  area  in the lee  o f the point (P A  lee )

8. P ro f i le  area  windward o f the point (P A  wind. )

9. Variance of the surface of the p ro f i le  0 - 2 5  feet to the 
windward (V a r .  1)

10. Variance o f the surface o f the p ro f i le  25 - 50 feet to the 
windward (V a r .  2)

11. Ratio  of obstacle height to distance windward fro m  the 
point (Coef. 1)

12. Sum o f ratios o f obstacle heights to distances to the 
windward from  the point (C oe f.  2)

13. Mean obstacle height in the f i r s t  25 foot segment to the 
lee o f the point (L e e  ht. )

14. Mean obstacle height in the f i r s t  25 foot segment to the 
windward of the point (Wind. ht. )

The results from  this phase a re  presented in Tab les  8 and 9.
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Table  8

Cxunulative coeffic ien ts  of determ ination ranking 14 
independent var iab les , by year, on 18 points 

o f the low er  transect.

Step
Independ.
var iab le

SE o f 
est.

Independ.
var iab le

SE o f 
est.

Depend.
1967 WE

v a r .

1 C r. cov. .17^" 1.98 in. C r . cov. .28 * 1.97 in.
2 Lee  ht. .27^" 1.92 P A  lee . 42* 1.82
3 CC west .37^" 1.84 CC west . 55** 1.67
4 E lev .

. ns 
. 43 1.81 V a r .  2 . 61* 1.60

5 Slope . 57* 1.65 Coef. 1 . 67* 1.55
6 Wind. ht. . 61 1.64 Wind. ht. .73* 1.45
7 V er t .  CC .71* 1.48 P A  wind. .77* 1. 39
8 PA-w ind . .81* 1.26 V er t .  CC . 82* 1.32
9 V a r .  1 .85* 1.19 Slope . 84* 1.32

10 Basal a. .90* 1.06 E lev . .9 1 ** 1.02
11 Coef. 2 . 96^^ 0. 72 Lee  ht. .92* 1.04
12 V a r .  2 . 97** 0.72 V ar . 1 .94* 0.86
13 P A - le e . 98** 0. 56 Basal a. .96* 0.86
14 - - - - - - Coef. 2 .97^" 0.98

Depend.
var,, 1968 WE Pooled  WE

1 Basal a. .29* 2.41 in. Basal a. .22* 1.92 in.
2 Coef. 1 . 48** 2. 12 Coef. 1 . 38* 1.76
3 V ar . 2 . 52* 2.12 E lev . . 52* 1.61
4 E lev . . 57* 2.08 Lee  ht. . 58* 1.57
5 C r. cov. . 63* 2.01 Wind. ht. . 65* 1.48
6 Coef. 2 . 67* 1.99 V ar . 1 . 80** 1. 18
7 V er t .  CC . 69* 2.01 P A  lee . 82** 1.15
8 V ar . 1 .72^" 2.03 P A  wind. . 87** 1.06
9 Lee  ht. .75^" 2.01 V er t .  CC . 90** 0.86

10 W ind. h t. . 84* 1.72 C r. cov. .9 6 ** 0. 66
11 P A  lee .94* 1. 12 Coef. 2 . 99** 0. 36
12 P A  wind. . 9 6* 1.08 Slope , 99** 0.27
13 CC west .96* 1. 10 V a r .  2 . 99** 0.29
14 Slope .96^" 1.26 CC west . 99** 0. 33

ns
*
sl,i>-T*

non significant 
significant at 0.05 le ve l  
significant at 0.01 le ve l
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Table 9

M atr ix  o f simple corre la t ion  between var iab les  used
on the lower transect, 18 points.

Basa l a. CC west C r . cov. V e r t .  CC Pa wind. P A  lee

Basal a. 1.00 . 52* .7 1 ** . 34 -.05 .06

CC west 1.00 . 84**  ̂C - .2 3 -.20

C r . cov. 1.00 , 65** - .10 . 04

V er t .  CC 1.00 -.20 - .06

P A  wind. 1.00 . 82**

P A  lee 1.00

Wind*
ht. Lee  ht.

Coef.
1

Coef.
2 V ar . 1 V a r .  2

Basal a. - .13 -. 14 - .23 .24 .24 -.28

CC west -.41 -.25 -.28 -.19 -.25 - .2 4

C r, cov. - .27 -. 10 -. 14 -.17 -. 15 -.35

V ert ,  CC - .4 7 * 0.08 .20 -.06 -. 48* -.19

P A  wind. . 87** . 78** -.11 .05 . 51* . 52*

P A  lee .7 3 ** • 8 6^^ -.02 - .1 4 . 38 . 34

W ind. ht. 1.00 . 70** -. 14 -.05 . 69** . 39

Lee  ht. 1.00 . 02 -.27 . 11 . 37

Coef. 1 1.00 -.07 -.29 -.18

Coef. 2 1.00 .25 . 12

V a r .  1 1.00 .13

V ar . 2 1.00

* Significant at 0,05 le ve l  
* *  Significant at 0.01 le ve l
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Summary o f results

The results o f this study m ay be sum m arized by ca tegor ies  o f 

m a jo r  influence on snow accumulation.

Physiograph ic factors

1. The distance to and the extent of potential source areas 

c le a r ly  plays an important ro le  in influencing snow accumulation on 

this watershed. This var iab le  is re la t iv e ly  unimportant on the low er 

transect, it helps to increase the coeffic ien ts  of determ ination in the 

m id transect and becomes v e r y  important on the upper transect.

When the three years  of the study are  pooled and 108 sample points 

are included, this var iab le  is associated  with approx im ate ly  40%

o f the total variance.

2. There  is some degree  o f interaction between source areas and 

elevation  (r  = 0 .41 * ) and when the two var iab les  are  used together in 

a reg ress ion  on 108 points they are associated  with up to 56% o f

the varia tion . E levation  when used by its e l f  in a reg ress ion  using 108 

points appears to be associated with up to 28% o f the total variance 

within the lim ited  elevational range o f the study area  (9, 580 - 

10, 810). The ro le  o f e levation  a lso  va r ie s  m arked ly  fr o m  transect 

to transect, being re la t iv e ly  unimportant in the low er transect, 

strongly associated with snow accumulation in the mid transect and
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becoming least important in the upper transect. A  highly significant 

increase o f water equivalent with e levation  in a ll years  averaged  

5.0 inches per 1000 feet r is e  in elevation.

3. Steepness o f slope appears to exert an insignificant amount 

o f influence on snow accumulation except where there may be some 

corre la t ion  between slope and elevation . Increasing steepness of 

slope appears to exer t  a negative influence on snow accumulation in 

the lower and upper transect, but a posit ive  influence on the mid 

transect. When the reg ress ion  on a ll  points and fo r  a l l  yea rs  is run 

the e ffec t o f slope is found to be ex trem e ly  small.

4. The combination o f  topographic va r iab les  exerts  an overwhelm ing 

influence on the m id transect; the variance associated with elevation, 

source, and steepness of slope totals 84%. The addition o f a vegeta tive  

va r iab le  adds at the best only 3%.

Vegeta tive  factors

5. The re la t iv e  importance of the four simple "c row n " va r iab les  

va r ies  considerably and there does not appear to be an important 

d if fe rence  between the va r iab les  crown cover, v e r t ic a l  crown cover  

and basal area  in their ab ility  to index the canopy influence. Crown 

cover  to the west appears to be the least valuable o f the four and is most 

often ranked last. There  does not appear to be any important 

increase in the amount o f variance  explained in the reg ress ion s  by 

the addition o f m ore  than one o f the four "c row n " va r iab les .
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6. When one o f the "c ro w n "  va r iab les  is used in conjunction with 

the two m a jo r  physiographic factors  (Source and E levation ), 67%

of the variance is found to be associated with a combination o f the 

three va r iab les  in a reg ress ion  involving 108 points over  a l l  transects .

7. The var iab le  "c row n  vo lum e", as used here, does not appear 

to be a useful factor when used in a reg ress ion  on the 25 sample 

points. The d irec t  simple co rre la t ion  with water equivalent is not 

significant. It is quite c lo se ly  co rre la ted  with basal a rea  (r  = 0 .8 5 ** )  

and crown cover  ( r  = 0 .6 6 ** ) .

8. The three "s tem " factors  (nximber of stems 2 .0  inches d .b .h .  

and over , the number o f stems 4.0 inches d .b .h .  and over , and the 

sum o f the stem  d iam eters ) did not appear to strongly influence 

snow accumulation and, individually, none w ere  s ign ificantly 

co rre la ted  with d if ferences  in snow accumulation.

Roughness factors

9. In the study of "roughness" factors  on the low er  transect the 

range of source ratio  values was only .47 - .64; this va r iab le  

was not included in the stepwise reg ress ion .  On this low er  transect 

an express ion  o f crown density such as crown cover  or basal area  

was the m ost important va r iab le . Crown cover  alone accounted fo r  

19% o f the varia tion  in 1967 and basal a rea  was associated with 20% 

o f  the variance in 1968.
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10. The use of the ratio  o f the height o f an obstacle o ve r  its 

distance to the windward from  a sample point (Coe f. 1) was found 

to be an important factor. When the three years  data was pooled,

Coef. 1 ra ised the coeffic ien t o f determ ination fro m  22% to 38%. In 

a reg ress ion  using only the roughness var iab les  Coeffic ien t 1 was 

ranked as the m ost important roughness var iab le .

11. The height of trees  to the lee  (within 25 fee t ) o f the sample

point exerted  a positive e ffec t on snow accumulation and was the

second m ost important va r iab le  in 1966 and was ranked fourth

when the water equivalents for  the three yea rs  w ere  totaled. Its

2
contribution was to increase the R  fro m  52% to 58% a fte r  basal 

area, Coef. 1 and elevation had been incorporated in the reg ress ion .

12. The var iab les  which attempted to quantify the e ffec t  of the 

roughness o f the canopy upwind from  the sample point w ere  associated  

with up to 6% of the total var iance . In 1967, the variance  of the up

wind surface was seventh m ost important va r iab le  and in 1968 it

was ranked fourth.

13. The var iab le  indexing the roughness o f the canopy (o ve r  the 

f i r s t  100 feet) to the windward of the point (Coef. 2) was not important 

in the presence o f other roughness va r iab les .

14. The height o f the t re es  to the lee o f a sample point coupled 

with Coef. 1 appear to be the most useful "roughness" va?*iables in 

the reg ress ion s  on the 18 points of the low er  transect.
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C H A P T E R  V

DISCUSSION

C lim atic  conditions

It is quite evident that snow fa lling in this watershed does so 

in the presence of a strong wind reg im e  and under c lim atic  conditions 

that produces v e ry  low density snow. There  m ay be sufficient 

varia t ion  in the y e a r - to -y e a r  wind patterns to account fo r  a la rge  part 

o f the y e a r - to -y e a r  re la t ive  accumulation at the sample points. The 

method used to obtain approximate c lim atic  conditions probably 

leaves  much to be des ired  and on-site  m easurem ents would have been 

p re fe r red .  However, such comparisons as could be made with known 

c lim atic  data and from  observations in the stand and on a e r ia l  

photography provide reason to expect that the extrapolated data 

prov ides a good index to the conditions that ex is t during the three 

w inter accumulation seasons o f the study.

There  is a distinct contrast between the conditions found here 

and those reported by Packer (1962) in Idaho where he concluded that 

snowfall occured m ost often in the absence o f wind. Anderson 's  

(1967) study indicates a range o f wind v e lo c it ie s  of only .42 to 1.17 

m/s at the tree  top le ve l .  F r o m  genera l f ie ld  observations during 

and fo llow ing snow storms it is noted that snow is usually held in
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the canopy only a few  hours and at the m ost two or three days. A  

strong, gusty period poss ib ly  associated with the storm  front passage 

m ay be sufficient to rem ove  near ly  a l l  snow from  the fo res t  canopy. 

The turbulence of the a ir  flow  is probably quite la rge  in this w a te r 

shed which is situated in the lee o f an 11,000 foot e levation  r idge.

An ob se rve r  positioned to v iew  the whole study area  can at tim es 

observe  numerous snow plumes r is ing  out o f the tim ber canopy with 

a surpris ing ly  strong v e r t ic a l  component. These plumes m ay r ise  

to a few  himdred fee t above the canopy and then d r ift  into the canopy 

downwind.

H oover and L ea f 's  (1966) comment about the wind o ve r  the ir  

study area  on the F r a s e r  Experim enta l F o res t ,  "P r e v a i l in g  upper 

le v e l  winds do not reach into the va lley , but v o r t ic es  are sheared 

o f f  when ve lo c it ie s  are high and gusts pass down the mountain sides 

to sweep quickly, but turbulently through the v a l le y " ,  appears to be 

an exellen t descrip tion  o f this phenomena in the L itt le  Beaver 

drainage also.

The alpine areas o f g rasses  and other low vegetation are  fu lly  

exposed to the high le v e l  winds. E a r ly  spring a e r ia l  photographs 

o f  the snowfields show la rge  d i f fe rences  in accumulation. The surface 

is deeply eroded in a genera lly  eas t-w est pattern. While snowshoeing 

across  the exposed "s o u rc e "  areas two or three days fo llow ing a 

snowstorm  la rge  amounts o f snow w ere  s t i l l  being m oved in the 

zone within seve ra l fee t above the snow surface.
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The w inter o f 1967 appeared to have slightly  higher wind 

speeds than e ither 1966 o r  1968 and the mean d irection  o f winds of 

the upper 25 percen t o f the estimated ve lo c it ie s  was m ore  near ly  

out of the west. This could have the e ffec t  o f changing the extent 

and the distance to a source area  fo r  any particu lar point, and it 

m ight a lso  have a loca l influence through its interaction with obstacles 

such as logs, tree  trunks or crowns in the c lose p rox im ity  o f the 

sample points. There  is considerable opportunity fo r  wind to m ove 

through and even under the canopy o f the stand in this watershed.

At the time o f  making the snow m easurem ents on the upper transect 

in March, 1968, snow was observed  to be drift ing  in the f i r s t  foot 

o r  so above the snow surface even in some m odera te ly  sheltered 

sites. The low er transect was found to have the least evidence o f 

drift ing snow although even at this distance fro m  the main r idge top 

(approx im ate ly  two m ile s )  some o f the snow deposition patterns 

about the sample points suggested a strong wind action on them. Of 

32 plots on the upper and mid transects v is ited  in M arch  1969, 50% 

of them showed signs o f  wind influence on the snow surface.

The mean tem peratures during snowfall periods com pares with 

those reported  by H oover and L e a f  (1966) on the F r a s e r  Experim enta l 

F o re s t  in 1964 o f being genera lly  below 20 to 30°F with maximums 

up to 39°F. In the L itt le  B eaver  the mean tem peratures during days 

with snowfall over  the three yea r  period was 20 -25 °F . Lows each
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yea r  w ere  around -5 to 2 .4  F  and occas iona lly  maximums o f 37 to 

41°F  w ere  estimated. A t  these tem peratures it would appear that 

there is l it t le  opportunity fo r  snow to adhere f i rm ly  to the canopy 

surface, and in the presence o f this wind reg im e, redistribution 

f r o m  the canopy by mechanical wind action is m ost common.

The snow measured at estimated maximum snowpack, 

assuming litt le  or no opportunity fo r  m elt  and m inor sublimation 

losses , at any g iven  point m ight be a function o f the fo llow ing 

processes:

1. snow reaching the point d ire c t ly  during in itia l snowfall

2. snow reaching point blown fro m  adjacent canopies 
during and shortly  a fte r  snowfall

3. snow deposited fro m  a irborne snow fro m  broad source 
areas during and fo r  considerable t im e periods a fter 
snowfall

4. snow deposited fro m  loca l surface drift ing throughout 
snow acciimulation season

5. losses  fr o m  scouring action o f loca l w indstreams 
throughout snow accumulation season

Physiograph ic factors

It is shown that e levational influence is a common feature 

throughout regions having a snow accumulation season (Meiman, 1968). 

Its influence va r ies  w ide ly  within and between regions and also m ay 

va ry  with an e leva t ion -yea r  interaction (Packer ,  1962). Within 

this study there are numerous examples of d if fe r in g  rates of
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increase  of snow accumulation with increase in elevation . O ver a ll 

points (108) and a l l  y ea rs  (3), the average  increase in e levation  is 

about f iv e  inches per 1000 feet increase in e levation . Th is  is only 

valid  fo r  the north and northeast facing slopes o f the upper e levations 

and probably does not apply to the south-facing and low er  e levations.

F igu re  17 shows the e ffec t o f distance from  a source area  on 

snow accumulation, and it m ay be seen that a broad contributing 

a rea  can be a m a jo r  influence up to a 1000 feet away fro m  the 

source area . Th is suggests that there should be a m ass ive  

accumulation in the f i r s t  fo res t  zone just below the a lp ine-krum holtz 

and rock fie ld  areas, and this m ay be a fruitfu l site for initial 

e ffo rts  to manage snow accumulation. The exact distance to a source 

area  and the potential fo r  that a rea  to y ie ld  snow to downwind locations 

is not eas ily  measured with p rec is ion . Our lack o f exact knowledge 

o f the canopy le v e l  wind d irections and the influence o f loca l 

topographic features on the snow-a ir flux makes the calculation of 

the source ratios somewhat subjective. T o  know what constitutes 

a source area  requ ires  some degree  o f fam il ia r i ty  with the terra in .

In this study the distances to a source area  w ere  taken fro m  1:6, 000 

ae r ia l  photographs and open areas down to 300 feet in width w ere  

included. In a few  cases m ore  than one source area  lay in the line 

to the windward and source ratio then became a composite o f two 

or m ore  ratios . The expanse of the snowfield obviously influences
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Figure 16. Influence of mean tree height to the windward and
leeward of a point on the snow accumulation at average 
sample point, using equation A, Appendix

Figure 17. Effect of distance from source area and crown cover 
on snow occumulation.
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its potential fo r  y ie ld ing snow (Tab ler , 1963). The westernm ost 

ridge top was somewhat a rb it ra r i ly  chosen as the windward lim it 

o f the snow field, although some areas from  the west side o f the 

alpine ridge may y ie ld  snow fo r  la ter redistribution into the forested  

area . That the source-d istance ratio was found to be associated with 

approxim ately  40% o f the total variance o f the 108 sample points is 

indicative of the importance of snow redistribution in this watershed.

Th ere  is probably some interaction between source and 

elevation  (r  = .4 1 ** )  and when the two var iab les  are combined in a 

regress ion , the coeffic ien t associated with elevation  assumes d ifferent 

proportions. The ro le  o f both source and e levation  changes from  

transect to transect, but one o r  the other o f them is a lm ost always 

found among the f i r s t  two most important va r iab les . The combination 

of the two var iab les  in the reg ress ion  using data from  108 points and 

the three yea r  average water equivalent shows that a highly significant 

56% of the total variance is associated with source and elevation 

combined.

The re la t iv e ly  c lose corre la t ion  between steepness o f slope 

and e levation  (r  = .7 7 * * )  on the low er transect m ay help to explain 

why it is ranked next to e levation  in importance in that a rea . The 

fact that an increasing slope exerts  a negative influence on snow 

accumulation on this transect m ay be due to the apparent increase in 

exposure to wind on the steeper slopes. It a lso exerts  a negative
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e ffec t  on the upper transect, but not the m id transect. Th is  changing 

about in importance and d irection  o f influence o f slope on snow 

accximulation with particu lar sites probably means that there are 

as yet undetermined interactions between slope and other topographic 

o r  even vegeta tive  va r iab les . O ver a ll o f the sample points and 

averaging over  the three yea rs , steepness o f slope appears to be 

re la t iv e ly  unimportant in snow accumulation.

Vegeta tive  factors

The influence o f vegeta tive  factors on snow accumulation 

might be examined in two ca tegor ies , one type o f var iab le  that 

bas ica lly  indexes the mass o f crown and the other type that is indicative 

o f the roughness o f the canopy surface. The two are  not en tire ly  

independent and it is not possib le to say that the f i r s t  type influence 

only interception and the second only the aerodynam ic features.

The var iab les  taken here to be p r im a r i ly  an index of mass are 

crown cover, v e r t ic a l  crown cover, basal area, and crown cover 

to the west (windward).

These va r iab les  a re  c lose ly  co rre la ted  (r  = .66 to .79) and 

when used together in a reg ress ion  are probably somewhat redvmdant. 

Crown cover as measured with the Lem m on spherica l densiom eter 

is apparently the m ost useful o f the four. When it is used in a 

reg ress ion  with source and elevation, the three va r iab les  are  

associated with 67% o f the total var iance . Crown cover is also the
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m ost important single va r iab le  in the upper transect (50 points) in 

two o f the three years  and in the three yea r  average . When the three 

years  water equivalent are  pooled on the upper transect, crown 

cover is ranked above source and is associated with up to 51% o f the 

total variance  by itse lf.  In genera l a 10% decrease  in crown cover 

would increase snow accumulation by about 0.8 inches. However, 

on the upper transect it appears that a 10% decrease  in crown cover 

would increase snow accumulation by 1.5 inches fo r  the average 

point and average  year . This represents  a range o f from  9 to 15% 

increase in water equivalent respec t ive ly  with a 10% decrease  in 

cover . The lim its  of the range o f values that this suggested e ffect 

would operate are not determ inable from  the data. Packer (1962) 

and Anderson (1967) indicate that the e ffec t  o f crown cover  is linear 

over  the whole range o f from  0 to 100%, but they report  a much 

sm a lle r  canopy effect, that is, approxim ately  10% change in water 

equivalent accumulated for  a 100% change in crown cover .

It was hypothesized that throughout a w in ter 's  snowfall there 

would be occasions when the angle o f incidence o f the fa lling snow 

would be low  and other m ore  ca lm  occasions when there would be a 

stronger v e r t ic a l  component to the snowfall. I f  this w ere  the case, 

then a broad canopy index such as the 114° arc included in the 

Lem m on spherica l densiom eter readings would be complimented by 

a narrow  fie ld  o f v iew  that would be an index to the sky v iew
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im m ed ia te ly  overhead. To  test this the spherica l densiom eter was 

m od ified  to include only 21° arc  and a second set of readings of 

crown cover were  obtained. This m ay roughly correspond with 

P a ck e r 's  " v e r t ic a l  crown co v e r "  or Anderson 's  " IN T "  which was 

described  as the canopy cover  in the 10% of the hem isphere above 

the point. P re l im in a ry  tr ia ls  using combinations of weighting of 

these two variab les  did not support the hypothesis. There  is a 

strong co rre la t ion  between crown cover  and v e r t ic a l  crown cover 

( r  = .5 2 * * )  and there probably is some interaction between them. 

However, when either one o f them was used in a reg ress ion  in a 

stepwise fashion, the addition of the second did not m ate r ia l ly  

im prove the coeffic ien t o f determ ination. It m ay be noted that 

v e r t ic a l  crown cover was selected as the second m ost important 

va r iab le  in the 1966 reg ress ion  involving a ll 108 points, but an 

examination o f the partia l corre la tions  p r io r  to the selection  o f the 

crown var iab le  revea led  that the v e r t ic a l  crown cover va r iab le  was 

only slightly better than the va r iab le  "c row n  co v e r "  in explaining 

the remaining variance. This would indicate that i f  v e r t ic a l  crown 

cover  had not been present crown cover  would have been selected 

and it would have accounted fo r  near ly  the same amount o f variance.

The same may be said o f basal area  as a crown index var iab le . 

It appears that it could be u tilized  fu lly  as w e ll  as crown cover  in 

the regress ions  and still provide as la rge  or near ly  as la rge  a
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coe ff ic ien t of determination. Th is va r iab le  is the eas ies t to obtain 

and the m ost consistent value that could be obtained between various 

o b se rve rs .  Both the spherica l densiom eter and the B itte r l ich  p r ism  

have the feature o f sampling va r iab le  radius plots. That is, the 

ta l le r  the trees  or the b igger  the stem d iam eters , the la rg e r  the 

area  included in the sample. Th is  should be a helpful e lement when 

try ing to index a stand such as this with a fa ir  range o f heights and 

d ia m e te rs .

Crown cover  to the west appears to be the least influential o f 

these four "c row n " va r iab les  in its influence on snow accumulation. 

Anderson (1967) found that the function of canopy in selected quadrants 

was p r im a r i ly  one of interaction with so lar energy. That is, it 

provided e ither shade or produced back radiation. It was retained 

in this study for  its possib le interaction with the preva il ing  wind.

On occasion, such as the 1967 reg ress ion  on the m iddle transect 

(40 points), it was picked as the second m ost important variab le , 

but in genera l its influence va r ied  w ide ly  and genera lly  provided 

litt le  im provem ent in the amount o f explained variance.

It is interesting to note that as shown in Table 4, the f i r s t  

three va r iab les  entered in the stepwise reg ress ion s  account for 

near ly  a l l  (98%) o f the variance that is explained by the whole a r ra y  

o f  va r iab les .  Within the f i r s t  three var iab les  there is always one 

o r  both o f the two important topographic va r iab les  and one o f the
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crown var iab les . The total variance associated with these three v a r i 

ables in the reg ress ion  on 108 points and three year average  was 67%. 

Th is sti l l  leaves considerable variance iinaccounted for, but it does 

c lea r ly  indicate the re la t ive  importance o f some of the va r iab les  and 

suggests some areas where further study m ight be fruitful.

D iscussion o f crown volume and stem var iab les

P ack e r 's  (1962) work seemed to indicate that a vegetation 

index such as the sum o f d iam eters  might be a useful var iab le  and 

M i l le r  (1964) has suggested that crown volume, growing space, or 

other such express ion  of canopy values might be des ireab le . To  

test this the 90 points making up the m id and upper transects were  

stratif ied  into f ive  snow accumulation c lasses  based on their 

acc\imulation o ve r  the three years  o f record . F ro m  each o f these 

f ive  c lasses f ive  points were  chosen at random and an intensive 

inventory was made on a 1/10-acre plot around each of these 25 

points. This stratified  sampling of the points was used to assure that 

within this l im ited  number o f points the w idest range o f  snow 

accumulation conditions would be included. The plots chosen also 

had a wide range o f vegetative cover  ranging from  dense stands 

o f lodgepole pine to merchantable sp ru ce - f ir  stands. The number o f 

stems 2.0 inches and o ve r  ranged fro m  300 to 1930 per acre .

The new var iab les  produced in this inventory were , number of 

stems 2.0 inches d .b .h .  and over , number of stems 4.0 inches d .b .h .
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and over , sum of d iam eters  of a ll t rees  on the plot 2 .0  inches d .b .h .  

and over, and crown volume. Table 5 shows that the addition o f these 

var iab les  did not sign ificantly im prove the coeffic ien ts  o f determination. 

This is part ia lly  explained by the re la t iv e ly  c lose co rre la t ion  between 

the stem and crown volume var iab les  with the crown cove r-basa l 

a rea  var iab les  as shown in Table 7.

Perhaps the m ost important feature of the method developed 

fo r  obtaining crown volume is the poss ib il ity  o f its use in estimating 

the total m ass of crown fo r  studies in transpiration  losses  fr o m  the 

watershed. The computed curve (F igu re  7) shows a v e r y  s im ila r  

pattern to that of Cab le 's  (1958) graph o f fo liage  surface area  o ve r  

stem  d iam eters  fo r  Ponderosa pine. A lso , it is possib le that under 

certain  conditions of ca lm  winds such as those reported  by Packer 

in Idaho and Anderson in the Centra l S ie r ra  Nevada that a crown 

volume var iab le  would be highly significant. M i l le r  (1955) states 

that the canopy volume should be the best indicator of transmitted 

insolation.

In Table 5 it should be noted that probably only the f i r s t  three 

va r iab les  are the significant ones in the reg ress ion . The inclusion 

o f the rem ainder is not meant to show that these are l ik e ly  to be used 

together in a reg ress ion  equation, but only to indicate the re la t ive  

ranking of the var iab les  tested in the stepwise method.
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Discussion o f Roughness V ar iab les

Since it is evident that wind is a m a jo r  factor  in the distribution 

o f snow ove r  this watershed any manipulation of the vegetation o f 

this drainage area  to influence snow accumulation should be done 

with knowledge of what such restructuring o f the canopy would have 

on the wind flow  over  and through the fo rested  areas . To study the 

p rocesses  some var iab les  must be der ived  that would index the 

aerodynam ic e ffec t of the canopy structure and its surface.

Some studies of wind m ovem ent through fo re s t  canopies such 

as those by Stearns (1965) and Stearns and Lettau (1963) have 

described  the e f f ic iency  o f obstacles such as Christm as trees  in the 

extraction o f momentum per unit s ilhouette-area . These studies 

used a s im ila r ity  param eter  to compare obstacle f ie lds  in the various 

studies. Th is  param eter  was an express ion  o f the s ilhouette-area  of 

a given or average  obstacle to the p ro jected  ground area  that it 

occupies. With such small obstacles as Christm as trees , such 

m easurem ents w ere  eas ily  obtained by d irec t  m easurem ent. As 

ea r ly  as 1928, Z ie g e r  (1928) had expressed  the d es ire  to obtain a 

m easure o f the canopy p ro f i le  fo r  a va r ie ty  o f purposes but the 

methods to obtain such data were  lacking. Loetsch  and H a lle r  (1964) 

discuss the poss ib il ity  o f using stand p ro f i les  or c ross -sec t ion s  and 

state;

The a r ithm etica l mean of the areas  of a ll p ro f i les  
multip lied by the p ro f i le  spacing g ives  the so-ca lled
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'grow ing space '. It is n ecessa ry  that the p ro fi le  
touches the ground at seve ra l points so that the 
surface le v e l  can be determ ined. This variab le  
combines the e ffects  of the stand height and o f the 
stand growing space.

The f i r s t  prob lem  then in developing a m easure o f the canopy 

roughness was to find a suitable means to measure the highly 

ir regu la r ,  ta ll and som etim es dense stands that are found in the 

Front Range watersheds. P re l im in a ry  tr ia ls  with te r r e s t ia l  photo

graphy showed that fo r  stands of this density and height a c r o s s 

sectional v iew  could usually not be obtained. B yram  (1940) proposed 

a tree  crown p ro f i le  p ro jec to r  that utilized a sighting dev ice  and 

transparent gr id  on which the canopy p ro f i le  could be sketched f r e e 

hand. This was taken under consideration but was found to have the 

same de fic ienc ies  as te r r e s t ia l  photography \inder these conditions.

The Kelsh  photogram m etric  p lotter seem ed to o f fe r  a possib le 

solution. It has been used fo r  a number of years  to m easure topo

graphy and other gross  features and topographic maps fo r  earthwork 

design had been constructed with it having contours o f two foot 

in tervals  or less . Cooper (1965) and Smith, Cooper and Chapman 

(1967) report on the use o f the Kelsh  p lotter fo r  m easuring snow 

depths on 1:6000 photo scale photography with a calculated standard 

deviation o f snow depths of 0.78 feet. Both soil and snow surfaces 

m ay be ea s ie r  to observe  accurate ly  in a stereo m odel than a porous, 

ir regu la r  canopy surface, and certa in  portions o f a tree  crown m ay
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not be reso lved  in ord inary photography at a scale of 1;6000. The 

v is ib le  portion of the crown, however, should be subject to observation  

as read ily  as any solid surface, and it was thought that fo r  conapar- 

ative purposes possible e r r o r s  in absolute m easurem ents would not 

be a m a jo r  objection. Consistency o f canopy measurem ent between 

sample points would be the m a jo r  ob jective .

Another instrument that could be u tilized  fo r  this is the 

S tereocom parator . A  b r ie f  t r ia l  was made on the s tereocom parator  

at the Footh il ls  Campus o f the C iv i l  Engineering Department o f 

Colorado State Un ivers ity . Th is  instrument is much m ore  sophisti

cated than the Kelsh  p lotter and a llows up to 40x m agnification in 

contrast to the 5x on the Kelsh. It a lso has the v e r y  decided 

advantage of having the fa c i l ity  o f automatically punching computer 

cards giving the x, y, and z coordinates of the floating dot at any 

point des ired . It was used here p r im a r i ly  to ass is t  in locating the 

control ta rgets . Operational costs and the in itia l fa m il ia r ity  of the 

w r ite r  with the Kelsh p lotter w ere  the deciding factors  in turning to 

it fo r  this p ro jec t .  The Kelsh  p lotter was made availab le  through 

the C iv i l  Engineering Department at Colorado State U n ivers ity . This 

instrument requ ires  s ix-inch foca l length photography contact printed 

on 9x9-inch g lass plate d iaposit ives .

The low er transect was chosen fo r  this p re l im in a ry  tr ia l  since 

it is the furtherest rem oved fro m  the windblown source areas, and
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was thought to be subjected to near ly  the same w indfie ld  o ve r  its 

m ile - lon g  length. The targeting o f only e ve ry  fourth sample point 

probably was not sufficient fo r  the control that was des ired . Since 

photography was delayed until October, w e ll past the optimum tim e 

fo r  such photography, the r e c o v e ry  o f the targets on the resulting 

photography was quite d ifficu lt. A  sufficient number o f control 

points was recove red  to make it possib le to bring the Kelsh  s te reo 

m odel into reasonably good in ter io r  and re la t ive  orientation and 

probably adequate absolute orientation. Independent tests fo r  e r r o r s  

was not possib le with the degree  o f control established, but checks 

against f ie ld  notes on tree  heights and location o f sample points 

indicate that the p ro fi les  obtained were  reasonable representations 

o f the canopy surface and w ere  adequate fo r  this p re l im in a ry  study.

Repeated tr ia ls  were  run over  the same p ro f i le  until consistent 

traces  w ere  recorded  and then the remaining p ro f i le s  w ere  run. The 

la rges t  single e r r o r  in tracing the canopy surface is l ik e ly  to be at 

the tips o f narrow, pointed crowns. In photogram m etric  fo res t  

mensuration it is common to apply a co rrec t ion  to tree  height 

m easurem ents to obtain a m ore  near ly  c o rrec t  total tree  height value. 

No attempt to adjust the p ro f i le s  was made on the reason ing that 

this narrow , pointed tip would not constitute a m a jo r  influence on 

the wind stream  and that it would be a consistent e r r o r  and thus 

not a p rob lem  in com parative m easurem ents.
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It was theorized that the nearest upwind obstacle (tree  or clump 

of trees ) from  a point would exert the grea test influence on snow 

accumulation at that point. Thus a coeffic ien t that m ight index this 

influence was sought. M ost published studies on a canopy influence 

on the w indstream  deal with re la t iv e ly  dense, uniform  stands 

(Re ifsnyder, 1955) and do not take into consideration the influence o f 

turbulence that is l ike ly  to be generated o ve r  such an ir regu la r  

p ro f i le  as ex ists  in this study. A rea .  The la rge  reduction in 

windspeed within the canopy reg ion  is c le a r ly  demonstrated. It was 

expected there fore , that m a jo r  protuberances above the genera l 

canopy le v e l  would be the most important factor in bringing the 

turbulent a ir -snow  flux into the ca lm er conditions low er in the 

canopy. Somewhat intu itively rather than on the basis o f previous 

work, the length of crown extending above the le v e l  o f one-half of the 

mean obstacle height was used. Th is height above half o f the mean 

height divided by the distance to the obstacle f r o m  the sample point 

was called Coeffic ien t one. F igu re  18 shows the e ffec t  o f this ratio  

on snow accumulation and its interaction with height of objects to 

the lee o f the sample point. The shape of the curve is somewhat like 

that o f the snow accumulation behind a 50%-density snow fence when 

the fence is in contact with the ground. Th is curve must be in terpreted  

considering that no v e ry  la rge  openings were  included in the sample 

and this e ffec t m ay not continue fo r  a v e ry  long distance before a 

decrease  in snow accumulation occurs.
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Figure 18. Effect of distance from windward obstacle and 
leeward obstacle height on snow accumulation. 
Based on average of three seasons, 18 points, 
using equation A, Appendix
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Table 8 shows the resu lts o f the stepwise reg ress ion s  utilizing 

the roughness var iab les  along with the genera l va r iab les  used in 

the la rg e r  study. Both in 1968 and when the water equivalents for  

the three yea rs  are totaled. C oe ff ic ien t one is ranked as the second 

m ost important var iab le  and when combined with basal area, 38% of 

the total variance is found to be associated with these two factors .

Th is is slightly better than when only basal area  and elevation are 

used. When basal area, e levation  and Coeffic ien t one are used in a 

reg ress ion  on these 18 points, about 52% of the total variance  is 

explained, significant at the .05 le ve l .  This is some im provem ent 

over  the regress ions  shown in Table 5 ( low er  transect) since in that 

case the resu lts  using three va r iab les  (basal area, e levation  and 

slope) w ere  non-significant.

There  is, o f course, a la rge  amount of variance le ft unexplained, 

but it does indicate that the roughness coeffic ien t m ay be a step in 

the right d irection  to indexing the e ffect of canopy configuration.

Since only one p ro fi le  per point was rim, and that under rather 

d ifficu lt circumstances, it m ay be that better technique would ass is t  

in im proving  the var iab le . A lso , the value of the var iab le  might 

have been im proved  if it w ere  based on m ore  than one transect 

in tersecting the canopy within seve ra l feet of the sample point. That 

is, m easuring the roughness o f a w ider path possib ly  up to one-half 

tree  height in width.
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The second most important va r iab le  is simply the average  

height o f the trees  or clumps o f trees  in the f i r s t  25 feet down wind 

fro m  the sample point. The evidence is fa r  f r o m  conclusive since 

one cannot be certa in  that the addition o f a fourth var iab le  in a 

reg ress ion  o f only 18 points is meaningful. The fact that this 

va r iab le  was ranked second in the 1966 data and fourth in the r e g r e s 

sion on the pooled water equivalents may be a clue that this is an 

important factor . It may be that the g rea te r  the pro jection  o f the 

obstacle into the w indstream  the la rg e r  the opportunity fo r  d irecting 

the snow-a ir  flux into a location conducive to snow deposition.

F igu re  16 illustrates the interaction between lee height and windward 

height. A ccord ing  to equation A  (appendix), the e ffec t o f the trees  

to the windward is approxim ately  tw ice that o f  the leew ard  tree  heights, 

The fact that lee height was se lected  before windward height in the 

stepwise reg ress ion  is possib ly  due to the fact that Coe ffic ien t one

had a lready indexed this e ffect.

2
The R  values lis ted  in Table 8 beyond the third or fourth 

var iab le  a re  probably lanrealistically  la rge  and no conclusion should 

be drawn fro m  them. In an e f fo r t  to test the roughness var iab les  

in the absence o f other known e ffec t ive  m a jo r  va r iab les , a set of 

stepwise regress ions  was run using only the eight roughness 

var iab les . The results of this test shows that no single roughness 

var iab le  used nor any combination o f them was s ign ificantly
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corre la ted  with snow accumulation. The re la t ive  ranking o f the 

roughness var iab les  remained about the same with the var iab le  

C oe ff ic ien t one genera lly  the m ost important one fo llowed  by lee 

height.

A  b r ie f  search fo r  the "p rob lem " points was made by 

calculating the percentage of the mean water equivalent fo r  each 

point fo r  each yea r .  These ranges fo r  each point o ve r  the three 

years  w ere  used as a dependent var iab le  in a stepwise reg ress ion .

This showed that the "p rob lem " points are in ve rse ly  corre la ted  with 

both slope and elevation. This may mean that in the low er  transect 

and at the low er  e levation  points there m ay have been some 

opportunity fo r  m elt in some yea rs  thus creating an unusually high 

varia tion  from  yea r  to yea r .

Table 9 l is ts  the simple corre la tions  that ex ist between these 

crown and roughness va r iab les .  It is observed  that " L e e  ht. " and 

" P A  le e "  are  strongly corre la ted  and that "W ind. ht. "  and " P A  w in d ."  

are  s im ila r ly  corre la ted . " P A - l e e "  was picked as the second m ost 

important va r iab le  in 1967, but an inspection o f the partia l corre la tions  

a fte r  crown cover  had been entered in the equation showed that the 

d ifference  between these two var iab les  was v e ry  sm all. Since the 

height m easurem ent is m ore  eas i ly  obtained it is suggested that this 

is the m ost log ica l downwind var iab le  to consider in future studies.
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The "va r ia n ce ” var iab le  was expected to show the influence o f 

the roughness o f the canopy upwind from  the point, but it apparently 

is not a v e ry  sensitive method and genera lly  ranks quite low, and 

the variance in the 25 to 50 foot segment upwind genera lly  ranks 

low er  than the variance in the f i r s t  25 foot segment. This re la t iv e  

ranking is not conclusive due to the nature of the test and interaction 

between var iab les , but the fact that these two are  fa i r ly  consistently 

low probably indicates that they are not v e r y  meaningful expressions 

o f the canopy surface. As  calculated, the variance does not take 

into consideration the spacing between obstacles and some v is ib ly  

d ifferen t p ro f i les  had quite s im ila r  variance values.

The var iab le  "C oe f f ic ien t  two" was designed to take into account 

the re la t ive  spacing o f the obstacles and in addition g ive  a weighting 

to the obstacles nearest the sample point. The results are  d isap

pointingly low, and any o f the other windward var iab les  account fo r  

m ore  varia t ion  than this roughness coeffic ien t.

P oss ib ly  the most important feature of this phase o f the study 

is that it does demonstrate the canopy can be character ized  by such 

photogram m etric  means and that var iab les  both to the windward and 

leew ard  are  probably important when in c lose  p rox im ity  to any 

sampling point.



C H A P T E R  V I

SU M M ARY AND CONCLUSIONS

Results from  m easurem ents o f maximum snow water equivalent 

in 1966 - 1968 on a Colorado Fron t Range watershed together with 

measurem ents of se lected physiographic and vegeta tive  factors  were  

analyzed to evaluate the e ffect of these factors  on snow accumulation. 

The fo res t  cover  is v e ry  heterogeneous re la t ive  to age, stand 

density, and spatial distribution. E levation  o f the observation  points 

ranged fro m  9, 580 to 10, 810 feet. The area  is often subjected to 

v e ry  strong winds during and a fter  snowfall. An analysis of data 

fr o m  radiosonde and rawinsonde atm ospheric  data published by the 

U .S . Weather Bureau fo r  Denver, Colorado and Lander, Wyoming 

w ere  interpolated using the 700 mb le v e l  to represent the approximate 

le v e l  o f the L it t le  B eaver  study area . This data showed that fre e  

atmosphere winds have an average  v e lo c ity  of 9 .4  m/s on days with 

precip itation  and about 8.1 m/s on days without precip itation . An 

average  o f about 13 snow storms occur during the Novem ber to 

A p r i l  snow accumulation season. Mean tem perature during snowfall 

is about minus 5 .2 °C . The mean snowpack water equivalent near 

m axim um  accumulation was 6.6 inches in 1966, 9 .7 in 1967 and 9. 1
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in 1968. The wind is predominantly f r o m  the west but with some 

d if fe rences  in the mean wind d irection  from  yea r  to year.

A  stepwise linear reg ress ion  was run with three sets of 

va r iab les  against water equivalents for  each yea r  and fo r  the sum of 

the three y ea r 's  water equivalent. F ro m  these stepwise reg ress ion s  

it was observed  that in genera l the source/distance ratio is the 

single most important var iab le  found in the study. When the three 

years  of the study are pooled and 108 sample points are included 40% 

o f the total variance  was found to be associated with this ratio.

E levation  is the next m ost useful var iab le  and when used by 

its e l f  over  the 108 points and the three years  water equivalent pooled 

it appears to be associated with up to 28% o f the total var iance . The 

ro le of e levation  also va r ie s  m arked ly  fr o m  transect to transect, 

but there is a highly s ignificant increase in snow acc\omulation with 

elevation. F o r  the three years  o f the study the rate o f increase of 

water equivalent averaged  f ive  inches per 1000 feet o f increase in 

elevation within the narrow  elevation range studied (9580 - 10,810 

feet).  While at tim es the va r iab le  of steepness o f slope seemed to 

be important, over  a ll the e ffec t  of slope was found to be v e ry  sm all. 

The combination o f the three topographic va r iab les , source, e levation  

and slope, was found to be associated with 84% o f the total variance 

in a reg ress ion  involving the 40 points of the m id transect. E ls e 

where in the study area  the topographic va r iab les  w ere  enhanced by 

the addition o f a vegeta tive  var iab le .
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There  is a c lose corre la t ion  between the four crown var iab les , 

but crown cover  as m easured by the Lem m on spherica l densiom eter 

to include a 114° arc  appears to be the m ost useful. It is p ract ica lly  

interchangeable in the reg ress ion  equations with basal a rea  as 

measured with a 10-basal area  factor B it te r l ich  cruising p r ism .

When one of the crown var iab les  is used in conjunction with source 

and elevation, 67% of the total variance can be associated  with them 

in the reg ress ion  involving the 108 sample points and the three years  

pooled data.

The crown volume and stem var iab les  did not prove to be v e ry  

useful in the reg ress ion  equations. The highly significant co rre la t ion  

(r  = 0 .8 5 ** )  between crown voliame and basal area  indicates that the 

s im p ler  and ea s ie r  to obtain var iab le  is a m ore  e ff ic ien t way to 

index crown mass.

The fourth ob jective  o f the study was to develop an index for  

fo res t  roughness. The low er transect was used which had always 

g iven  the poorest co rre la tions  with any of the va r iab les  tr ied  up to 

this t im e. That is, it always had the la rges t  unexplained variance 

o ve r  its set of points. C oe ff ic ien t one was developed which is 

b r ie f ly  defined as the ratio of the height of the f i r s t  object to the 

windward fro m  the sample point, minus one-half the mean obstacle 

height of the f ir s t  50 foot segment to the windward, o ve r  the 

distance fro m  the sample point to the obstacle. Lee  height was used
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and it is s im ply the average  o f a l l  obstacles in the f i r s t  25 foot 

segment to the lee o f the point. These two roughness var iab les . 

Coe ffic ien t one and Lee  height, were  the two m ost prom ising 

roughness var iab les . In the absence of the p rev ious ly  used topo

graphic and vegetative  factors , these roughness var iab les  did not 

s ign ificantly  account fo r  the variance o f the data from  the 18 sample 

points. H owever, in the presence o f basal area  and elevation. 

C oe ff ic ien t one brought the total variance associated with the three

var iab les  up to 52% when the three y ea rs  data was pooled. The

2
addition of lee height to the reg ress ion  brought the R up to 58%.

The e ffec t o f the other roughness var iab les  va r ied  from  year to year, 

but were  genera lly  of much less  importance.

It appears that a photogram m etric  method of indexing the canopy 

has considerable potential. The technique developed in this study 

is indexing some o f the factors  not included in other va r iab les  and 

helps to explain m ore  of the variance about this low er transect 

than had been explained by previous sets o f va r iab les .  It appears 

that further refinem ent o f the technique and types of measurem ent 

that index the influence o f  the canopy on the w ind-snow fl\ox is 

warranted.

Snow management poss ib il it ies  seem  espec ia l ly  good in the zone 

o f  a few  thousand feet distance leeward  fro m  the alpine source areas . 

Cutting patterns in this o r  other portions of the watershed must 

consider the influence o f wind on snow redistribution.
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Table  A

Selected multiple reg ress ion  equations and 
standard e r r o r  o f estim ates.

(a) R eg ress ion  equation including roughness var iab les  as 
used on L ow er  transect, 18 points.

Y  = average  of three y ea rs  water equivalent

Constant 2.20213
V ar iab le Coeffic ien t

E lev . 0.00132 ( f t . )
Basal area -0.04685 (sq.
Wind. ht. -0.40703 ( f t . )
L ee  ht. 0.19596 ( f t . )
Coef. 1 -0.55557
V a r . 1 0. 04069 (sq.

Multip le R = 0.892 6
F  ratio = 7. 186**
SE o f estim ate = 1.18 in.

(b) R eg ress ion  equation including three va r iab les  most 
e f fec t ive  over  a l l  108 points.

Y  = average o f three yea rs  water equivalent

Constant 
V ariab le

E levation  
Crown cover 
Source

-33.60658 
C oeff ic ien t 
0.00428 (ft. ) 

-0.07613 (%) 
0.49579

Multip le R  = 0.8177 
F  ratio = 69.942**
SE o f estim ate = 1.92 in.
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Table  A  (Continued)

(c ) R eg ress ion  equation including seven var iab les
produced by seven steps in the stepwise reg ress ion  
method, 108 points,

Y  = average  o f three y ea r  water equivalent

Constant
Var iab le

Slope 
E levation  
Basal a. 
Crown cover 
V e r t ic a l  CC 
Source

-35.21264
Coeffic ien t

-0.01959 (%)
0.00445 (ft. )

-0.00572 (sq. ft. ) 
-0. 04114 (%) 
-0.01831 (%)
0.47950

Multip le R  = 0.8248 
F  ratio = 30. 405**
SE o f estim ate = 1.92 in.

(d) R eg ress ion  equation including crown volume
var iab les  on 25 points se lected  fro m  the m id and 
upper transect.

Y  = average o f three yea r  water equivalent

Constant
V ar iab le

E levation  
V e r t ic a l  CC 
Stems-2 in 
Crown vo l. 
Source

-57.90996
Coeffic ien t

0.00636 (ft. )
-0. 02149 (%)
0.03348 (count on 1/10 acre ) 

-0.06499 (cu. ft. )
0.66579

Multip le R  = 0.8971 
F  ratio = 15.675**
SE o f estim ate = 2.23 in.
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