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ABSTRAGT

 From a study of the factors affecting'the energy
balance of a snow éurface it is showm that a simplified form
of the energy balance equation invoiving only the transfers
of net radiation, sensible heat, and the latent heat of
-evaporation is suitable for use in this study. Vhen a mass-
transfer type formula (Q, = (A + B V) o (E; = Eg)) is used to
calculate the latent heat of evaporation it‘is shown that if
#A% ig assumed to be zero a suitable value of the evaporative
heat transfer coefficient “B® for use in Western Manitoba is
0,18 calories/’(cm;2 . mile . mb)., This transfer coeffiéient is
so small that the accumulated transfer of latent and sensible
heat was only 6% of the accumulated net radiation. Thgv |
results of this research on evaporative h@ét transfer coefficients
over a snow surface are compared with those obtained by Gold
rénd Williams and by Barry. Three semi-empirical methods of
estimating snowmelt; a degree % day, a regression equation, and
the US.C.E. equations, are tried and their results compared

with the energy balance approach.
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CHAPTER I

- INTRODUCT ION

The importance of'being'able to accurately forecast
the magnitude and timing of runoff from énowmelﬁ is well
recognized. At present most of the approaches to the fore-
césting of snovmelt are of a semi-empirical nature. In
order to see if it is possible to get a realistic estimate
of the amount and rate of snowmelt by an energy balance
appfoachg this study was undertaken on the Wilson Creek Basine

The Wilson Creek Watershed is an International
Hydrologic Decade (IHD) Project located in Township 20 Range
16 W.P.M. on the eastern slopes of the Riding Mountain about
150 miles northwest of Winnipeg. The locstion is indicated in
PIGURE 1. |

Wilson Creek was ideally suited for such‘a study
as there was en operating weather station equipped %o measure
relative humidity, air temperature and wind speed. To provide
controls for the snowmelt computations, there was a gtreanm
gauging station and network of eleven snow courses. The only
extra instrumentation needed was a net pyrradiometer to
measure allewave net radiation and pyranometer for measuring
total inéoming short-wave radiation. These were provided by

the HMeteorologlcal Branch, Department of Transport. FIGURE 2




shows the location of the meteorological instruments, snow
courses and gauging stvatione.

The watershed is covered by a forest that is greater
fhan 95 peréent deciduoas and contains large areas covered only
by a very open decadent forest. Thus the watershed may be
considefed to be relatively open. MacKay and Stanton (1964)
have provided a detailed descriptidn of the watershed.

The snovmelt during the spring of 1969 was concentrated
- in a very short period. On Mafch 26 the snow cover'was
:equivalenﬁ to 5.78 inches of water, oﬁ April 9 there was still
k.84 inches; however, by April 14 there was only 0,95 inches
water equivalent. From the streémflow records it was apparent
that significant melting did not occur until the morning of
April 12. This high melting rate resulted in anvinstantaneoué
peak flow of 282 ofs on the night of April 1% - the highest
snovmelt flood recorded since the installation éf the Wilson
Creek Weir in 1957. The weather from April 12-15 was warm
’wiﬁh average daytime temperatures of 55°F and withvaverage

nighttime temperatures dropping only to 43°F (approximate).
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CHAPTER JI

ENERGY BALANCE EOUATION

The amount of snow that melis at any point location
is determined by the net exchange of energy between the snove
pack and its surroundings. Before that melt becomes effective
as runoff it més% travel from the point at which it was
created to the stream. The purpose of this section is +to
present the basic equations for the processes invelved in the
energy balance along with some sinplifying assumptions. The
problen of routing the point melt thyough the snow to the

streanm and then down the stream channel is not dealt withe

The Energy Balance Eguation

The main processes that interact to provide an energy
‘balance at the snow surface are shown in FIGURE 3. Anderson
(1968) has expressed this inter-relationship in the following
equation.

Qe

i

Qr e Q}l EN Q@ P Qi L Q?’ € €N 63 00 €D 63 63 £ 62 69 63 B3 K € S 45 o SR e (1)
wheres
Qg = change in heat storage of the snow pack

= net radistion transfexr

O
H
!

sensible heat transfer

£
g
H

= gain or loss of latent heat caused by evaporation,
condensation, or sublimation

O
6]
H

5




Q1

Ll

gain or loss of latent heat caused by freezing
or melting

Qy = net heat iransfer caused by a gain or loss of
water, ~ :

If it is assumed that no soler radiation penetrates

- the surface layer of the snowpack and that the heat storage

of this layer is negligible, equation (1) may be writtens

Qr + On + Qg + QL + Qg + Qb = 0 =mmammmcemmemes (2)

- wheres

Qc = heat transferred to or from surface layer by
conduction within the snow pack
1 = denotes the surface layer rather than snow pack

as a whole.

Discugsion of Individual Terms

1
o

As 32°F is the zero point for computations of heat
storage and as water leaving the pack is usually at 32°F,
Qé repreéents heat transferred to the surface layer by
precipitation.e As there was no precipitation during this
study, Qé = 0. | | |

Anderson (1968) indicated that Qe is small because of
the low thermal conductivity of snow and may be neglected.

This term, the loss of latent heat associated with
melting, is usuwally the quantity to be calculated. The
melt in inches may be determined by dividing o} by the
latent heat of fusion required to freeze or}melt one iﬁcﬁ»
- (2}5# cmo./ine ¥ 79,7 cal/emd = 202.4 cal/bmz)e.llf the
free water content is'ﬁwo percent as suggested by Anderson

(1968), thens

Xy



MELT = Q1/(202.%) (1-0.02) = 01/198.352 inches -- (3)
gg The transfer of latent heat by evaporation or
| condensation is a turbulent exchange process that may be
expressed ass ’
Qe = (A+ BV) (BEp = Eg) ==ecccccsmecuecoancan (4)

wheres

V. = wind velocity in miles per hoar at a reference
height

saturation vapour pressure at the temperature
of snow surface

mt’-ﬂ
(]

‘Ea = vapour pressure of the air at a reference
height

A = an empirical evaporative heat transfer constant
= an empirical evaporative heat transfer coefficient.
~In the litera%ure there is a wide range of values
for A and B, The problem of choosing the constant and
cdefficient appropriaté %o our conditions is discussed later.
Q The transfer of sensible‘heat between the air and the
snow surface occurs by conduction at the molecular ihterface
between the air and snow. It obviously depends on (T = Tg),
the temperature gradient and a turbulent exchange function
L(v)s
Qn

L}

f(v) © (Tg = Tg) =ecmcecececscammmancaca (5)
wheres

T

it

a = air temperature at a reference height
T¢ = surface temperature.
Anderson (1968) points out that thus far it has been

impossible to obtain reliable measurements with which to




calculate Qp accurately; An alternative method of

calculating Qn was suggested by Bowen (1926). Tﬁis method

uses the ratio of Q) %o Q, which can be expressed ass

- Bowen Ration = R = Qup/Qe =7 (T, = Tg)/(E, = Eg) == (6)
wheres . :
7= Cp o Py / (0,6220L) =ccmcccacacceocanass (7)
and | | |
| Cp = specific heat of air
= latent heat of vapourization

atmospheric pressure.

If Cp = 0,133 calories/(gn OF)s L = 597.3 calories/bmz,
and P is in millibars, then 7 = 0.00036 P, millibars/°F.

| o There is some controversy concerning the correciness
of the Bowen Ratio under some weather conditions. For
discussion of this point reference is made to papers by
Anderson (1968), Munn (1966, pp 95-97), Pruitt & Lourence
(1966) and Brutsaert (1965). '

Qr The net radiation transfer was measured directlys

L=

Sign Convention

The sign convention used in this project is that a

- flux is positive if it tends to add heat to the surface. For

exanmples
(2) Incoming radiation is positive.
(b) Outgoing radiation is negafivea
(e) Evaporation causes a negative latent heat flux,

(d) Condensation causes a positive latent heat flux.



In equation (2) we wrotes
i 1
Qr‘#Qh‘%Q@‘%’QiéQc"}'Q‘gzo
If we take Q¢ = Qy = 03 as we have just shown, and if we

‘ 1 i
set Qp = =Q1

‘wheres
i . .
Qi = gain or loss of latent heat caused by melting
or freezing in surface layers
1
Om = heat causing wmelting;

we may writes
Q= Qp + Q + Qp ~emecmossmemasmescmsasaocoass (8)
Since Q, is related to Qg [Qn = ReQg] we may writes
Qi = Qp + Qg (R # 1) mmmmmcemsmccococommcanann (9)
Helt
HMelt

t

i |
Qn/ 202.4 (0,98) when melt 4ve eemmmms=ses (10A)
Q;/202°4 ‘when melt Ve eecocccomaca(10B)

Hi

Differeﬁ%'"effectivew latent heats of fusion were
used for the two cases because under meliing conditions it was
assumed the snow pack con%ained 2 percent free water.

From equation (9) it can be seen that since Qy was
neasured it is only necessary <o caléulat@ Qe to be able to
calculate Qé and thus the amount of melts

Before leaving the theoretical development of the
energy balance eguation, it may be worthwhile to review the
main assumptions that have been useds

It has been assumed thats

(1) During the periods of active melt the snow surface
- ‘temperature was 32°F; ’




10

(2) During the non-melting (nightime) periods the snow sure
face temperature was that of the ambient airs

(3) There is no negative trensfer of sensible heat; i.es
Q, min. = 03 [ Although in assumption (2) it is recognized
that the snow surface temperature may drop below 320F,
the amount of heat given up by the snow is neglected.
This is not a bad assumpiion because the low thermal
conductivity of snow results in the heat storage
capacity of the surface layer being negligible when

compared to other components of the energy balances
such as, the net radiation exchange.]

(4) Bowen®s ratio holdss

(5) Ther is no penetration of the surface layer by solar
radiations

(6) The frec-water content of a melting snow paék ig 2
percents

(7) All negative Qp acts to freeze free water in the packe.

[In other words, no consideration is taken of the actual
water holding capability of the freezing packe)

Summggz '
~ In this section %the component terms of the energy balance

equatibn, their relative importance and the main assﬁmptions
necessary to their computaﬁion have discussed with the result
that a simplified energy balance eguation
Q= t G
= Qp + Qs (R + 1)

hag been presented for use in this analysis of snowmelt.
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CHAPTER III

INSTRUMENTAT TON

The net radiation was moauured in langleys (calories/bmz)
by a net pyrradlometer developed by ﬁhe Commonwealth Scientific
and Industrial Research Organization (CSIRO) of Australize.

- Latimer (1963) indicates that with proper cére this instrument
‘should be accurate to within +5 to +10 percent.

Because of the lack of heated facilities on the water-
shed, it was necessary to locate the instrunent at prairie
level in the town of McCreary about five miles north of the
watershed. This may well be the major source of error in this
measﬁrement, The major problem is that the snow cover was less
in McCreary and thus itvis‘believed to have disappeared maybe
a half-day to a day sooner. The CSIRO net pyrradiometer showed
no change ih the net radiation that would indicate a drastic
change in the albedo of the surface. |

- The incident solar radiation was measured with a Klpp
& Zonen pyranometer that is quoted to have an error of +5 per-
cente

The air temperature and relative humidity were measured
and recorded by a hygrothermograph inside a gtandard shelter
%;5 feet above the ground. The temperature was measured by
means of a bimetallic strip and the recorded values were found

12
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to agree within i;oF of those obtained with a standard mercury
thermometer. The use of a hair operated mechanism {0 measure

relative humidity cannot be expected to yield a high order of

accuracy. ' |

As the wind speed was measured by:a three=-cup type

of anemometer at a reference height of 10 meters, the standards

of the World Meteorological Organization (W.M.0. =Noo 168TP82)
which call for an accuracy of 10.5 meters/sec (+l.l m.pohs)
should have been met, | |

The net radiation, air tempefatureg relative humidisy,
and wind specd were used to compute the amount of nelt. For
control thé actual smount of melt was measured by a network
of eleven (11) snowcourses. The courses were fairly well
distributed throughout the basin but because of access problens

were mainly located on the higher ground between valleys. On

April & and 5 before the start of the melt season traverses were

run across three major valleys and it was found that the
snow=-water equivalent in the valleys averaged about 125 percent
of the water equivalent on the interfluves. This distribution
of the snow cover was kept in mind when isohyetals of water
equivalent were dravn on the basin.

As barometric pressure was not recorded on the water-
shed, it was necessary to estimate the values of this |
parameter from records obtained at Dauphin Airport, which is
about thirty (30) miles north of the watershed. As fhe

‘barometric pressure at Dauphin Airport never varied more



1k

than four (4) percent from the monthly mean, that mean was
used afﬁer being adjusted to the approximate mean elevaﬁlon
of the watershed (1800 feet).
| Prom equation (7) it was seen that 7°= 0,00036 Py
millibars per °F. If the average value of Py = 949.6 millibars,
) then from Equation 6s |
= Qp/Qe = 0,342 ° (Ta = Ts)/(Ea e Eg) e=esse= (11)
Sﬁmmagg
In summary it can be said that although the relative
humidity was not measured as accurately as could be desired,
it is felt that the accuracy of this instrumentation (+10 = 15%)
wags sufficient for the purpose of the exercise. In other
words, no major error in the energy budget is due %o faulty

instrunentation.



CHAPTER IV

ANALYSIS OF OBSERVATIONS

Trial Energy Balance

In CHAPTER II i% waé shown that it was only necessary
to caloulate‘Qe to be able to calculate Qé and thus the amount
of melt. In order to calculate Qe by equation (&) it is
.necesgary to obtain estimates of A and B. In order to test
the sensitivity of the energy balance to different values
of A and B, two sets to transfer coefficients were chosen. They
are shown below and represent the low and high ends,respectively;
of the range of values given ih the literature for transfer
coefficients.

(a) Those presented by Ferguson (1968, p. 49)
wheres A = 0.000, B = 1,191

(b) Gold & Williams (1961)
wheres A = 0,000, B = 706520

It should be noted that these coefficients have been
a&justed to suit the time increment to be used in this energy
- balance and to suit the 1lOm height at which the wind speed
was measured. In this study a twelve (12) hour time increment
has been used. One period starts at 19.00 hours and runs
through the night until 06.00 hours. The daytime peried runs
from 07.00 hours to 18.00 hours. The wind speed was adjusted

by a power law relationship.

15
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(10m/2 (12)

Vion = Vmeas. neas.
Following Ferguson®s (1968) reasoning P was taken as

0.25. This assumes that the turbulence created by the wind

, spilling over Riding Mountain is 6f the same order of magnitude

as that found over the Niagara River. The temperature and

relative humidity measurements were not adjusted for the

relatively small differences in instrument height.

. Using equations 4, 9, 10,and 11 the melt for each
twelve hour increment was computed. The computations were
started on April 12 at 07.00 as the hydrograph (FIGURE &)
showed that melt started during the 12th. As there was a
snow survey on the 14th that is indicative of conditions
at about 12.00,the computations were run unfil that time.

| There was also a snow survey on April 8. The amount
of snow that disappeared between the 8th and 14th was equivalent

to0 3.89 in. of water. The energy balance computations for the

period April 12, 07.00 to April 14, 12,00 gave the following

resuliss ' 4
Evaporative Transfer Coefficient Acco Melt
Ferguson 5.31 inches
Gold & Williams 13.54

In the discussion on instrumentation in CHAPTER III
it was shown that no major error in the energy budget is due
to faulty instrumentation. These results therefore indicate
the inaccuracy of melt computations using inappro?riate

coefficients in equation (4):
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Q. = (A + BV) * (E; - Eg)
In addition the results illustrate that significant difference
.are obtained by the use of two well-recognized sets of values

‘for ®A® gnd “BY,

~ Testing of Mass Transfer Fornulae

| In the preceding section the importance of the evapora-
tive component in the énergy budget was clearly demonstrated.
As a result it was decided to try other sets of coefficlents
that have been proposed. From a literature survey fourteen
sets of values for "A" and "B"” were found and tested in the
energy balance equation for the period April 12,07.00 - April
14, 12,00. As the primary purpose of these computations was
to determine the effect of the evaporative latent heat transfer
term on the energy balance, Qes Qn and Qg + Qp were calculated
in addition to the melt quantity. :

From TABLE 1 it is seen that all estimates of “A" +

“B® caused the energy balance to overestimate the actual melt
of 3.89 in. water equivalent. The differences in the effect
of various éstimates of “A® and "B" are also clearly shown ih
the mass curves presented in FIGURE 5, Qg versus Time; FIGURE
6, Qn vs Times and FIGURE 7, Qg + Qy vs Time. The bottom
portion of FIGURES 5, 6 and 7 are a plot of accumﬁlated Qo»
Q, and Qg + Qn ageinst Time. In the upper portion of these
figures are plots of the vapour pressure and temperature differ-
ences between the air and‘snow surfaces that along with the wind

speed control the transfer of latent and sensible heat.
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For the sake of clarity in FIGURES &, 5,and 6,equations 1,
2, 10, 11 ,and 12 of Table 1 are the only ones shown as they
were thought to be representative [see APPENDIX B]. These
five equations were chosen by eye using preliminary mass
curves (not shown)’of Qe + Qp for all fourteen equaﬁbnse
h It is interesting that the mass curves of Q, + Qh are
bracketed by those representlng the work of two Canadian groupss
Barry (1967) and Gold & Williams (1961)0 Both these groups
derived their transfer coefficients over a snow.surface whereas
the other investigators were working over grass or water
surfaces. Details of the various investigators® work may be'
obtained by consulting the references given in APPENDIX C.

~In summary the melt calculated uszng the evaporatﬁve
transfer coefficients found in the literature was always in
exess of that observed. In the in%foduetion to CHAPTER IV i%
was pointed out that the values of the evaporative transfer
coefficients represent the only uncertainties ih this énergy
balanéee Thus a8 the instrumentation has been shown %o be
adequate if appears that the values of these coefficients found
in the literature do not suit the meteorological conditions

encountered at Wilson Creek.

Derivation of Evaporative Heat Transfer Coéfficient

As the Transfer coefficients reported in the litera-
ture were not suitable, it was necessary %o determine
coefficients that were applicable under the meteorological

'cpndiﬁions encountered during this study. This was done uging
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an iterative approach.
The first step was to assume that A" equalled zero

thus leaving only “B® to be evaluated. Once a value for “B®
was assumed, Qe was readily calculated from equation (&) and
Qn from Qn = RQg. Then the melt was found from eguations (9)
and (10). If the accumulated melt for the period April 12
07,00 = April 14 12,00 did not agree with thé results of the
snow survey (a loss at 3.89 in. water), the value of "BY was

- adjusted. After several iterations the value of the transfer

coefficient “B* was found to be 0.18%4 calories/%mz e mile ° mb).

That iss

Qe = (0,000 + 0,184 V) (E, = Eg) calories/(cm® ° 12 hr)

‘ eesescesscee (13)

| It was assumed in this study that if a cruss formed,
at the snow surface during the night of the 1lth (the night
before significant melting occurred) that the heat deficit
it represented had to be supplied next morninge
| The difference in the results of the energy balance
observed by using the experimentally determined value of
B = 0,184 as opposed to ﬁsing the transfer coefficients found
in the literature is clearly shown by the mass curves of
Qe + @, in FIGURE 7. As was expected the experimental curve

falls below that of Barry®s.

Summary _
In this section it has been shown that if the experie-

mentally determined evaporative heat transfer coefficient was
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useds that is, if 3 _ .
Qg = (0,00 + 0,18% V) « (E; = Eg) calories/(cm? « mb ¢ 12 hr.)
the energy balance gave a predicted melt similar to the melt
obtained from the snow surveys. If the transfer coefficients

found in the literature are used the resulting melt is excessive.
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TABLE 1

EVAPORATIVE TRANSFER COEFFICIENTS
“A® AND “B® FOR MASS TRANSFER EQUATIONS®

- o MELT
NO.  INVESTIGATOR A B Apri%n%zal&
1 “FERGUSON® 0,000 1,191 5.31
2 GOLD & WILLIAMS 0.000 7.652 13. 54
3 w0 (a) 0,000 1.186 5,30
k WHMO  (b) 3,898 0.838 5.48
5 ROHWER 6,273 0,705 5069
6 PENMAN 1956 2,74 0,881 535
? GANGOPADHYAYA 5,376  1.308 6432
8 LAKE HEFNER 0,000  1.226 5.35
9 LAKE MEAD 0,000 1,167 5.28
10  MEYER 11,200 1,408 7.38
11  U.S.C.E. 0,000 2.2k 6.65
12 BARRY 0,000 0,582 Ioh7
13  LANMOREUX’ 8,858  1.324 677
‘1% MORTON 7,988  1.331 6,76

@General Forms )
Qe = (A + BoeVyg) « (Ey = Eg) CAL./{CM. °12HR.)

bporm used by LAMOREUX:

, 0.88
Qe = (& + B ° Vig) * (Eg = Eg)

CAL./{CM, ¢12HR.)
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CHAPTER V

DISCUSSION OF RESULTS

Comments on the *Derived” Transfer Coefficient

The most striking point brought out by the above
calculations is illustrated by‘the “experimental® mass curve
of Qg + Qn in FIGURE 7. The fac% that this ﬁass curve is g0
close to the origin indicates that the snowmelt is due mainly
%6 the radiation component of the energy balance. In fact
the accumulated Q¢ + Qu is only six (6) percent of the
accunulated Qre ‘ _

- This approximate equality between Q; and Qr'is not in
agreement with the results of Gold & Williams (l96l)e. However,
ﬂunn (1966, p. 142) reproduced a graph (see FIGURE 8) of the
“Daily Components of the energy balance on the Blue Glacier,
in the state of Washington” in which it is seen that Q, and Q;
are apprbximately equal and thz Qp is much greater than Qg + Qe
FIGURE 9 is reproduction of a graph presented by Ambach &
Hoinkes (1963). Ambach & Hoinkes (1963) reported that 68 percent
of the heat causing melting was supplied by net radiation and
32 percent by net convection (Q, + Q) and that these figures
compared very well with those on the Blue Glacier.

One disappointing result of this sfudy was that
neither the derived evaporation transfer coefficient nor
thogse found in the literature enabled the energy balance to

distinguish between periods of actual runoff producing melt

- 26
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and periods in which the melt contributed only to the
vpripening® of the snow packe This is illustrated in TABLE 2
which shows the melt obtained for each period from April 8 -
112'using: ‘ .

Qe = (0,000 + 0,184 V) * (E, - Bg).

The importance of these small evaporative and
sensible heat components of the energy balance might be
questioned. Yét, i% is interesting to no%e in FIGURE 10 how
the mass curve of Q, + Q rose at the same time as the curve
of accumulated melt and with changing meteorological conditionse.

During the energy balance computations it waé assumed
that all negative Q% went towards freezing liguid water in the

snow pack. Using this assumption the following results were

obtaineds
; i 1 1,1
Night of =Qn Qpm on following day -Qp/Q;
April %
- 11 ‘ ‘2906 34509 . 866
12 -61.8 371.0 1607
13 ~7,2 331.6 | 14,2

Section 8-04,05 of “Snow Hydrology" (1956) states
that the nighttime energy deficit is approximately 15 percent
of the daytime energy input in the open. Thus it appears that
our assumption is acceptable.

From the snow survey results there were 0.95 inches
of water left on the watershed at noon on April 1lhth. Using

the derived evaporative transfer coefficient in the energy
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balance it was calculated that another 0.86 inches melted

during the afternoon of the 1ll4th. Assuming that this represented

““the end of the snowmelt period, the mass curve of snowmelt

- was plotted in FIGURE 11 in order to compare the volume of
melt withthe volume of runoff. From FIGURE 11 and from the
hydrograph of WilsonCreek in FIGURE L it is seen that the
runoff peaked approximately 6 houfé éfter;the end of snowmelt
on the 1l4th, At the time of the peak the runoff volume was 17%
of the melt volume. By 18.00 hours on April 18 the runoff-
melt ratio héd increased to 0.31 and by.April 2l to 0.39.

Comparison of the "Derived” Transfer Coefficient with Barry®s

Barry®s evaporative transfer coefficient was the

closest to the derived coefficient. Thus this experiment

may be an indication of support for Barry®s belief that even

in fully rough flow the viscous skin friction in the laminar
sublayer cannot be néglected “gince it is to this part that
vmass (and heat) transfer correspond”. (Barry 1967)

}Comparison of the "Derived” Transfer Coefficient
with Gold & Williams®

The difference between the value of the evaporative
transfer coefficient derived at Wilson Creek and by Gold
- and Williams is very interesting for the methods used are

believed to be basically the same. As previously described

the calculations on Wilson Creek were performed by working with

individual terms of .the energy balances whereas Gold & Williams
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factored the energy balance equation, worked with various
groupings of physical data and later multiplied by
- appropriate factors. Gold and Williams obtained their sums
of V.« (Ey -~ Eg) and V o (Ty - Tg) by graphical integration
which may theoretically be more correct than using twelve.:
hour averages of the individual quantities.

Although the sites of the two experlnents were
differents as Gold and Williams conducted their experiments
on a flat, open field and Wilson Creek is a very open forest,
the wind speeds were approximately equal, as shown in TABLE 3.
TABLE 3 also shows that the temperatures experienced on Willson
Creek were considerably higher than those at Ottawa. The
average vapour pressures must have also been higher at Wilson
Creek for over the period considered there was nef condensation
while at Ottawa there was considerable evaporation. The
integration of these differences is clearly seen in the

following indicess

Wilson Creek Gold & Williams

Average Vop ° (Eg = Eg) 89 -1498 b ° miles/day
Average Vap ° (T, = Tg) 2380 . 151 ©OF o miles/day‘

Gold and Williams recognized that under weather
conditions where the air was moist and had a temperature
consistently above 32°F the evaporative component in the

energy budget would tend to be suppressed or even reversed.
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ags was the case at Wilson Creek. Perhaps the results
of Gold and Williams® study are more applicable to early
~ spring melting periods than to later periods during which

there are influxes of warm, relatively moist air.

Summary v
| From the studies on Wilson Creek it appears that the
heat reguired for snowmelt is principally supplied by the
radiation‘component of the energy balance with evaporative and
sensible heat transfer being of only minor importance. The
results of other studies reported in the literature show |

that there are discrepancies in the importance of the evapora-
tive component that cannot be easily explained but simply point
towards mére research into the physics of evaporation. Both
Gold & Williams and Barry have tried to relate their fransfer
coefficients to a drag coefficient but at present such a

relationship is not clearly understood.
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TABLE 2

SHOWMELT AT WILSON CREEK®

IN./12 HR.
DAY PIME MELT
9 19-06 =0,13
07-18 1.66
10 19-06 ~0.35
07-18 1.80
11 19-06 «0028
07-18 1.84

12 19-06 =0.15

POTAL bobl

& bb*ﬁained Using Eguations 9 & 10
with Qg = (0.000 + 0,184 ¢ Vig) ¢ (E; = Eg)
Cal./(CM.2 o 12HR,)
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TABLE 3

' COMPARISON OF METEOROLOGICAL CONDITIONS
| DURING MELTING PERIOD
OTTAWA 1959 VS WILSON CREEK 1969

METECROLOGICAL ~ OTTAWA WILSON CREEK
PARAMETER 31959 1969 -
Tq Air Temp. 33.5 °F 52.2 OF
To=Ts 1.5 OF 20,2 OF
Ey=Eg Vapour Pressure =1.48nb, 40,6 59mbe.
Deficit (evaporation) (condensation)
V2m Wind Speed 6031mcpehe 5006mepoh? v
Ve (E.oF ~14og8 mb.-miles 89,4 Mbe-miles
| ( a=Eg) 9 e TR
Ve(Ty=Tg) 151 OF-miles 2380 OF-miles
Day Day
Qr | Net Radiation 165 Cat. 334 ——Cale
| cme2=Day cm.2«Day
: Snowmelt o1 Lale 343 .Cale
B o7 em. 2=Day cme“~Day
Qe Evaporative - 164 Cal, 2.0 __Q%1°
Heat Transfer cme. “=Day Che “=Day
Qp Sensible 5601 _.Q%lz_m 18.7 __Egl:ﬂa
Heat Transfer cm. “=Day cne<=Day




CHAPTER VI

SEMI-EMPIRICAL METHODS - | e

Three semi«empirical’methods of calculating snowmel%
were tesfed using the data from Wilson Créeko The three
equations are presented below along with some observations on
the test results, A detéiled explanation of the terms in
the equations and a fuller description of the test resulis is
given in APPENDIX D. '

A. Degree-=Day Method

Melt = (Degree-Day Factor) ° (T, = 32) c=cecoc=~- (1)

B. Multiple Linear Regression Equation

Coefficients determined in New Brunswick
Melt = 0.534 + 0,00407 RL + 0.00309 V (T4 - 36)
| + 0,0343V(RH) + 0,000772 Ry (1 = A)

| + 06007Pp (T = 32) mececcececcmocos - (15)
Ce UsS.C.E. Equation '
Melt = Kb (0,00508)(1 = A)Rg + 0,029 N (T - Tg)
+ ((0,0212)(T, = Tg) = 0.84) (1 = N)
+ K (0.00629)(Z, zbii/% ((1, - T4) B/P,

+ 8,59 (Eq = Eg)) Vp me=meccmcccnnccacccae (16)

Using the measured snowmelt and air temperatures a
degree=day factor of 0,08 inches/degree-day was derived. This
is well within the standard range of degree-day factors. The

- UsS.C.E. equation for snowmelt predicted a melt greatly in excess

36
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of that determined by the snow surveys, while the multiple
regression equation proposed by Pysklywec, Davar, and Bray
underestimated the melt considerably. The melt quantities
associated with the various indices; such as, melt from the
‘radiation exchange; were found in the case of the UsS.C.E.
equation to be of the same order of magnitude as the
corresponding parts of the energy-balance equation,but this

was not found to be so in the case of the regression equation.




CHAPTER VII

CONCLUS TONS

This study began with an examination of the terms
in the energy budget equation that produced a simplified form
of the equation suitable for use in this studys

oh=q.+q +q

= Qp + Qe (R + 1)

It was then apparent that as Qp was measured and as
Qn was related to Q. it was only necessary to calculate Qg
to be able to calculate Qé and thusg the amount of melt,

| Using values of the evaporative heat transfer coef-

ficients "A" and “B® found in the literature, Qg was calculated,
and the amount of melt predicted. In all cases this predicted
melt was in excess of the melt determined from the snow surveys.

In order to obtain values of the transfer coefficients
that were applicable under the metebrological conditions
encountered at Wilson Creek an iterative approach was used.
Assuming "A® to be zero (0) and knowning the total accumulated
melt during a given period, various values of the transfer
coefficient "B" were assumed until both sidés of the energy
balance equation were equal. "B" was thus found to be 0.18
calories/em? o mile ¢ mb), That iss |

Qe EY(OeOOO + 0,18 Vyp) (Ea - Eg) calories/(cm2 ° 12 hr)

38
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With such a small value for the transfer coefficient
it is apparent that Qe was only a minor term in the energy
bﬁdget,and that at Wilson Creek the energy for snowmelt
was supplied almost entirely by net rédiation transfer.

7 Even with the use of the derived transfer coefficient
it was impossible for the energy balance to distinguish
between periods of runoff - producing melt and those in which
the melt contributed only to the fipening of the snow packa
This was also foﬁnd to be true of the three semi-empirical
épproaches testeds; the degreeaday, the U.S.C.E. snowmelt
equation, and a multiple regression equation.

The predicted melts from the UesS.C.E. equatlon
and from the regression equation considerably over-

Vand underestimaﬁed,respectively,the melt determined from the
snow surveys. However, by working the degreeaday method backe
- wards a degreewday factor of 0.08 inches/degree-day was
obtained; which is well within the standard range.

From comparisons with the results of research on
evaporative heat tfansfer coefficients over a snow surface
by Gold and Williams and by Barry it is clear that the dis-
crepancies encountered cannot be explained without some inten-
sive research. One direction for this reéearch would be to
examine the transfer of heat, mass, and momentum in the laminar
sublayer and its relationship to drag coefficients as suggested
by Barry (1967).

Until this research is done the energy budget approach
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to snowmelt cannot be used with confidence except in conjunction

with regional index basins at which the evaporative transfer

coefficients may be checked and melt starting dates determined.
This situdy has shown thﬁt an evaporative heat

transfer coefficient of 0,18 calories/(cmz e mile ¢ mb) is

sultable for use in Western Manitoba underkwarm temperatures

late in the melting season,
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APPENDIX A

SAMPLE ENERGY BALANCE COMPUTATIONS

For the Period April 13, 1969 07:00-18:00

360.4 calories/bmz/lz hr.

i

Given: Q,

H

Vlo 8033 MePohoe
Ea"‘Es = ”0088 mbe

Ty=Tg = 22.8°F

]

From Equation 14
| Qe = 00184 * V o (E,-Eg) cal./em?/12 hr.
= (0.18%4) (8.33) (-0.88)
Qe =~1.3%4 cal./cn?/12 hr.

From Equation 63

Q=R * Q

From Equafion 12¢ .

CR= 00342 o (Ty-Tg)/(Eg-Eg)
0.342 » (22.8)/(=0,88)
-8.861

R

H

Therefores
Qn
Qn

°8¢861 (""1031‘!’)
12.0 Cale/cmz/lz hre

#

i

L3
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From Eguation 1ls

o

Qr + Qe + Qh
3600!\" had 103 "}' 1290

Q% = 371.1 calo/bmz/lz hr.

From Eguation iZas

| Q3/202.4 (0,98) inches
371.1/202.4 (0.98)
Melt = 1,87 inches

#

Melt

i

For the daytime period 07:00-18:00 on April 13, 1969
the snownelt equaled 1.87 inchese.



APPENDIX B

TABLE OF REPRESENTATIVE EQUATIONS

REPRESENTATIVE | EQUATIONS
EVAPORATION EQUATIONS B | REPRESENTED
NO. INVESTIGATOR NO. INVESTIGATOR
1 . “FERGUSON® 3 WMo (a)
I w0 (b)
5 ROHWER
3  PENMAN 1956
8 LAKE HEFNER
9 LAKE MEAD
2 GOLD & WILLIANS
10 MEYER |
11 U.S.C.E, 1 7 GANGOPADHYAYA
S 13 LAMOREUX
1L MORTON
12 | BARRY

ks




APPENDIY¥ C

TABLE SHOWING SOURCES FROM WHICH INFCRMATION

FOR TABLE 1 WAS OBTAINED

NO.

INVESTIGATOR

SOURCE

S W

10

“FERGUSON®

Gold & Williams

WMo (2)

WMO (b)
Rohwer

Penman 1956

Gangopadhyaya

Lake Hefner

Lake Mead

‘Meyer

“A Preliminary Estimate of the Ice-
Season Energy Balance for the Niagara
River." Bulletin of the Internation
Assoc. of Scientific Hydrology
(TASHY), IIT (Sept. 1968), p. 49,

“Energy Balance During the Snow Melt
Period at an Ottawa Site.” I A.S.H.
Pub. No. 54, pp. 289-294. (Reprinted
by NRC as NRC 6283).

Ferguson‘’s paper - p. 47
Ferguson's paper = De. 47
Ferguson®s paper = p. 47

“Egtimating Evaporation.® Trans., Amer,
Geophs Ue, 37 (Febo. 1956), pp. 43=50.

"Evaporation = Its Measurement and
Estimation.® I.A.S.H. Pub. No. 68,
II, p. 520. 4

Water-Toss Investigationss Lake Hefner
Studies, Technical Report = Geol. Survey
Prof. Paper 269. Washingvton, D.Ces 1954
Peo 656

Water-Loss Investigations: Laké Mead
Studies = (Geol. Survey Prof. Paper 298,
“JaShingtong DoCos 19589 Pe 31!'0

*Computing Run-off from Rainfall and Other
Physical Data.® Trans. ASCE, 79 (1929),
Pp. 1056=-1224, _
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U.S.C.E,

Barry

Lamoreux

Morton

®"Snow Hydrology®”. Sunmmary Report Snow
Invegst. North Pacific Div., Corps of
Eng., Portland, Oregon, 1956,

"The Use of Radioactive Tracer Gases

to Study the Rate of Exchange of VWater
Vapour Between Air and Natural Surfaces®.
Isotope Technigues in the Hyvdrologic
Cvcle ~ Amer. Geophe Ue. = National Res.
Council - CGeoph. Monograph Series, No. 11

(1967), pp 69-76.

“Modern Evaporation Formulae Adapted to
Computer Use.® DMonthly Weather Review,
Jane 1962g PP 26-28,

"Potential Evaporation and River Basin
Evaporation®. J. Hvdraul.: Div. ASCE,
919 HYC (NOVe 19 5)9 joJo) g & ?49




APPENDIX D

SEMI-EMPIRICAL METHODS FOR ESTIMATING SNOWMELT

Degree-Day Method

‘The simplest and oldest method of calculating snow-
melt is the degree-day méthod.in which air ﬁemperaturé is
used ag an index for all the factors affecting snowmelt.
Snowmelt is very simply calculated froms
| Melt = DDF (T, = Tp) ==mmeem=em=- S -= (17)
wheres |

Ty = Average daily air temperature (°F)

Tp = Base Temperature (assumed here to be 32°F)
DD = (Ty4 = Tp) = Degree Days
DDF = Degree=Day Factor (inches/DD)

Melt in inches/day.

If temperature averages are for 12 houré, one works
with degree half-days. From the computations shown in TABLE &4
a2 degree half-day factor of 0,038 (or a degree dasy factor of
0.076) was obtained. Using this value the melt in each period
was calculated as shown in TABLE 5. Linsly, Kohler, and
Paulhus (1949, p. 429) give the usual range of dry-bulb degree-
day factors as 0.05 to 0.15 in/degree-day. Clark (1955) found
the values of the degree-day factor for the Red River basin to

range from 0,02 to 0.06 in/degree-day.
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Multiple Linear Regression Equation

(New Brunswick Coefficients)

Pysklywec, Davar, and Bray (1968) have presented a
‘mﬁltiple linear regression equation using the bagic _
meteorological indices presented in CHAPTER 6 of "Snow Hydrology®
bﬁt with the regression coefficients derived from a local
ihdex plot. Their equation iss ‘ |
| ‘Melt = 0.53% + 0,00407 Ry + 0,00309 V (T, = 36)
+ 0,0343 V (RH) + 0,000772 Rg (1 - A)
+ 0,007 Pp (Tg = 32). =evcemvecc=c- (18)
where:
Melt is in inches/day
A = albedo (decimal fraction)
P. = rainfall (in/day) = 0.0

Ry, = net longwave radiation (langleys/day)

Rg = incident shortwave radiation (langleys/day)
RH = relative humidity at 4.5 foot level (decimal
fraction)
T, = ?ga? daily air temperature at 4.5 foot level
F S
V = wind velocity at 33 foot level (miles per hour).

Rg (1 - A) may be replaced by (Q, = Rp) where Qp is
the net all-wave radiation. Estimates of Ry, were obtained
using the formula presented in ¥Snow Hydrology® (1956, po 160)3
1540 (0.757 & % = 0.459) (1 = KN) ==oeee (19)

Lt}

RL_
wheres

I

Ry, net longwave radiation (langleys/day)
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o = Stefan=Boltzmann constant

"

8.26 x 10°11 langleys/min/(deg K)h

N = Portion of sky covered by clouds (decimsl
: fraction) '
K = cloud quality function based on cloud height

and typee. _
~ In this study,estimates of (1 = KN)}were taken as

the value of the ratio of observed shortwéve radiation (QSOL)
to maximum possible (or cloudless day) insolation {(QCS). The
cloudless day insolation was obtained by Mateer (1955).
Thus equation (19) may be writtens

Ry, = 1440 (0.757 7% = 0.459) (QS0L/QCS) ==coco- (20)

The results of using thisg regression equation to
obtain the daily melt quantities is shown in TABLE 6. The
computations were done on a daily basis as that is'the way the
regression coefficients had been derived,and it was thought
it wouvld make for a fairer comparison. The melt quantities
obtained using the "derived” evaporative transfer coefficient
are also shown for comparison. They were put on a daily basis
by combining the daytime melt with one~half the melt of the
preceding nighttime pericd and one-=half that of the following
nighttime period. |

The total amount of melt computed by this method
is considerably below the melt determined from the snow
surveys. The nost interesting point about the ﬁse of this
regression equation is that the magnitude of the melt quantities

associated with various indicies bears no relation to the
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magnitude of the actual quantity, as illﬁstr&ted in TABLE 7.

'U.S.C.E, Egquation

The U, S, Army Corps of Engineers have presented
an equatioh for snowmelt during rain-free periods in an open
area which takes into account all the components of the energy
balances the absorbed shortwave radiation, thé net longwave
radiation from clouds, from the étmosphere and snow surfaces
the sensitble heat transfers and the latent heat transfer from
evaporation and condensation. . Combining the equations on
pages 176 and 253 of "Snow Hydrology® we. obtain:

Melt = K' (0.00508) (1 = A) Rg + 0,029 N (Ty = Tg)

+ ((0.0212) (T, = Tg) = 0.84) (1 - N)

-1/6 ((7, - Tg) P/P,
+ 859 (Ey = Eg)) Vp cecccccaeee comcooa- (21)

+ K (0.00629) (24%y)

Melt is in inches/day
A = albedo (decimal fraction)
Rg = incident shortwave radiation (langleys/day)

estimated cloud cover (decimal fraction)

-
i

cloud base temperature (°F)

=3
Q
]

temperature of snow surface (°F)

=3
0
#

]
4

height of air temperature measurement (feet)

height of wind velocity measurement (feet)

Lo I
o
] 1

air pressure at station elevation (mb)
Po = air pressure at sea level (mb)

air vapour pressure (mb)

tx
@
#
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Ey = saturation vapour pressure at the temperature

of the snow surface (mb)

K1 = "factor to correct Rg for average slope angle
and orientation of snow area® (Johnson & Boyer

(1959)) -

K = "An average corrective factor for fhe degree of
exposure of the snow area to wind” (Johnson &
Boyer (1959)).

For Wilson Creek
Zg = b5 £%,
Zyp = 32,81 fte'klOmo)
P/Pg = 049 |
K' = 1.0

K = 0.8

Rg (1 - A) was replaced by (Qp = Ry,) with estimates
of Ry, obtained as for the multiple regression method.

The cloud base temperature was obtained using a
lapse rate of 3.0°F per 1000 ft as suggested on p. 247 of
*Snow Hydrology". The cloud base during the active melting
period was believed to be roughly at 5000 £t and this figure
wes assumed to be constant throughout the period.

The value of N the estimated cloud cover was obiained
as follows:

During the.discussion of equation (20) it was
suggested thats N

(1 - KN) = QS0L/QCS

From equation 5-1% p. 160 of “Snow Hydrology®
K= 10,024 2
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vheres
' Z = cloud base height in thousands of feet
Therefores ,
| N= (1= Qsor/acs) / (1-0,024 (5000)).
The results of using the U.SC.E. equation for snowmelt
are shown in TABLE 6; where it is seen that this method

considerably overestimated the actual melt. As might be

expected from the form of the equation, the melt quantitites
due to the various component parts (radiation, sensible heat
etc.) of this equation are of the same order of magnitude as

for the energy budget. TABLE 7 illustrates this point.

Summary ‘ _
A degree-day factor of 0,08 inches/degree-day was

derived from the measured snowmelt which is well within the
standard range of degree-day factors. The U.S.C.E. eguation
for snowmelt was found to predict a melt greatly in excess of

that determined by the snow surveys, while the multiple

regression equation proposed by Pysklywec, Davar, and Bray
underestinated the melt considerably. The melt quantities
associated with the various indicies; such as, melt from

radiation exchanges were found in the case of the U.S.C.E.

equation to be of the same order of magnitude as the corresponding
parts of the energy balance equationgbut this was not fownd

to be so in the case of the regression equation.



TABLE 4

CALCULATION OF DEGREE HALFmDAY.FACTOR

DATE TIME

 fa - 32
(Degree Half-Day)

April
12 07-18 23,0
13 1906 10,8
07-18 22,8
b 19-06 17.8
07-18 28,6
Total Degree Half-Days 103.0

Degree Half-Day Factor

i

i

oo

Total Melt
Total Degree Half-Days

2082 ine
103

Degree Half-Day Factor

0.038 in./Degree Half-Day
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TABLE 5

COMPARISON OF SNOWHELT COMPUTED
BY TWO METHODSe
DEGREE=DAY* AND ENERGY BALANCE

’ MELT - INCHES
DAY PIME »

DEGREE=DAY  ENERGY BALANCE
12 . 07"’18 0987 . 1060
13 19-06 0.1 =0,31
07-18 0.87 1,87
lL}’ ’ 19“306 0 ] 68 "‘0 © 23
07-12 1.09 00,96
TOTAL ‘ 3.92 3.89

% Degree Half-Day Factor = 0,038 in./% Deg.-Day
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APPENDIX E

METEOROLOGICAL DATA
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UNIVERSITY Ur MANITUBA PAGE 1

0CT. 26 1969
WILSON CRECK wWATERSHED 59
1769
“DATE TIME  CARD NO.  EAES TATS BOWEN RATIO  VIEN GNET usuL Qcs RH
MB. F MPH
MARCH . ,
26 19-06 51 ~0.46 0.0 0.0 999,99 999.9 999.9 999,9 0.858
07~18 52 -1.12 0.0 0.0 999,99 999,9 99%.9 999,9 0.743
27 19-06 53 -0.83 0.0 0.0 5.00 999.9 999,9 999,9 0.802
07-18 54 ~0.47 0.0 0.0 11.01 999,09 963,9 999.9 0.708
28 19-06 55 -0.34 0.0 0.0 13.33 999, 9 969.9 399.9 0.548
07-18 56 -0.66 0.0 0.0 11.67 993.9 999.9 999,9 0.321
29 19-06 57 -0.34 0.0 0.0 6.08 999.9 999.9 999.9 0.567
07-18 58 -0.92 0.0 0.0 6.83 999,9 999.9 999.9 0.318
30 19-06 59 ~0.65 0.0 0.0 7.33 999,9 999.9 993.9 0.488
07-13 60 -1.29 0.0 0.0 7.50 999,9 959.9 1 999.,9 0.260
31 19-06 61 -0.67 0.0 0.0 11.08 999,9 993.9 999.9 0.611
, 07-18 62 -0.75 0.0 0.0 8.83 999.9 999.9 1999.3 0.762
APRIL _
1 19-06 63 ~0.41 0.0 0.0 717 999,9 999.9 999,9 0.861
07-18 64 -0.72 0.0 0.0 T.67 999,9 999,9 999.9 0.754
2 19-06 65 -0.75 0.0 0.0 6.25 999,9 999,9 999.9 0.642
07-18 66 -1.37 0.0 0.0 13.00 999.9 999.9 999,9 0.704
3 . 19-06 67 -0.56 0.0 0.0 6.75 -27.6 999,9 999,9 0.862
07-18 68 -0.63 0.0 0.0 9.08 66.6 999,9 999,9 0.852
4 19-06 69 ~0.69 0.0 0.0 6.25 -3.6 999,.9 999.9 0.861
07-18 70 ~2.62 3,6 ~0.470 8.83 165.2 999.9 999.9 0.495
5 19-06 7 -1.21 0.0 0.0 4,25 -64.8 999,9 999,9 0.764
07-18 72 -3,.39 604 ~0.646 13,75 210.6 999.9 999,9 0.345
6 19-06 73 -2.24 4o4 -0.672 14.67 ~58,2 999,9 999.9 0.531
07-18 74 -0.74 16.1 -T.441 7.08 222.2 993,9 999,9 0.470
7 19-06 75 -0.46 1.3 -0.966 10.50 ~26.3 999,9 999,9 0.878
07-18 76 -0.87 7.6 ~-2.983 12.83 244.3 959,9 999.9 0.634
8 19-06 77 -1.65 4.6 -0.953 10.75 -53,3 999,9 999,9 0.608
07-18 78 -1.14 8.8 -2.640 5.00 194.2 341.6 568.0 0.574
9 1 19-06 79 -0.77 7.4 -3.287 7.08 -27.8 0.0 0.0 0.652
07-18 80 -1.84 8.1 -1.506 10.25 327.3 54644 573.0 0.507
10 19-06 81 -1.14 0.0 0.0 5.08 -68.8 0.0 0.0 0.802
07-18 82 -1.47 10.5 ~2.443 5.08 355.6 534.6 578.0 0.502
11 19-06 83 -0.52 4.0 -2.631 6.17 ~57.0 0.0 0.0 0.780
07-18 84 -0.72 17.1 -8.122 7.83 357.9 510.4 583.0 0.454
12 19-06 85 S 1.74 10.5 2.064 7.50 ~37.0 0.0 0.0 0.850
07-18 . 86 ° ~0.50 23.0 -15.732 5.50 338.4 506.4 588.0 0.380
13 19-06 87 -1.02 10.8 -3,621 4.75 -64.1 0.0 0.0 0.545
07-18 88 -0.88 22.8 -8.861 8.33 360.4 541.3 594.0 0.357
14 19-06 89 2.93 17.8 2.078 9,33 -62.7 0.0 0.0 0.742
07-18 90 2.88 28.6 3.396 11.25 335,0 515.1 598,0 0.498
15 19-06 91 3.18 16.7 1.796 8.25 -31.1 0.0 0.0 0.795
07-18 92 0.55 11.8 7.337 6.25 101.5 160.4 604.0 0.686
16 19-06 93 ~1.46 3.1 ~0.726 8.25 -75.4 999,9 999.9 0.672
07-18 94 -2.61 9.9 -1.297 8.67 330.4 999,9 999,9 0.387
17 19-06 95 -2.01 0.9 ~0.153 5.67 -62.7 999,9 999.9 0.647
07-18 96 ~1.17 16.8 -4.911 11.42 230.4 999.9 999.9 0.421
18 19-06 97 -0.94 14.4 ~5.239 14.92 -28.8 999,9 999,9 0.482
07-18 98 -0.41 22.1 -18.435 16.42 233,9 999,9 999.9 0.399
19 19-06 99 -0.01 15.0 -513,000 11.17 -64.1 999,9  ° 999,9 0.556
07-18 100 0.17 22.8 45,868 15.67 215.2 £ 999,9 999,9 0.429
20 19-06 101 0.28 14.6 17.833 10.58 ~62.0 999,9 999,9 0.592
07-18 102 . -1.01 19.6 -6.637 15.67 280.7 999,9 999,9 0.392
21 19-06 103 -2.47 9.5 -1.315 10.00 -91.8 999.9 999,9 0.409
07-18 104 -1.37 18.8 -4.693 12.92 297.8 999.9 999,9 0.375
.22 19-06 105 -0.78 3.7 -1.622 5.25 -66,2 999,9 999,9 0.752
07-18 106 -0.98 18.8 ~64561 6,92 312.9 999.9 999,9 0.406
23 19-06 107 0.17 9.8 19.715 9.67 =69.6 999.9 999,9 0.698
07-18 - 108 0.60 22.8 12.996 11.08 335,1 999,9 999,9 0.458
24 19~06 109 ~0.09 15.0 -57.000 11.25 -77.0 999.9 999,9 0.549
07-18 110 0.08 25.9 110.722 13.33 323.7 999,9 999,9 0.378
25 19-06 111 0.98 18.2 6.351 9,75 43,4 999.9 999.9 0.573
07-18 112 0.20 22.2 37.962 13.42 137.6 999,9 999.9 0.440
26 19-06 113 0.0 7.3 999,999 16.08 -20.2 999,9 999,9 0.748
07-18 114 -1.03 0.0 0.0 18.67 38.4 999,9 999,9 0.796
27 19-06 115 -0.71 0.0 0.0 13.00 -55,2 999,9 . 999,9 0.840
07-18 116 -3.09 0.0 0.0 3.75 303.4 999.9 999,9 0.468
28 19-06 117 ~-1.56 0.0 0.0 3.83 -72.0 999,9 399,9 0.648
07-18 118 -3.09 8.8 -0.974 5.58 325.6 999.9 999,9 0.349
29 19-06 119 ~1.84 2.5 -0.465 7.67 -T1.4 999,9 999.9 0.632
07-18 120 -1.70 17.2 ~3.460 9.33 336.4 999.9 999,9 0.370
30 19-06 121 -0.45 10.2 -7.752 8.17 -51.8 999.9 999,9 0.620
07-18 122 0.76 20.4 9.180 12.58 257.2 999,9 999.9 0.512
EAES - VAPOUR PRESSURE DEFICEIT {AIR - SURFACE) 999.,9 - MISSING DATA
TATS - TEMPERATURE DIFFERENCE (AIR — SURFACE)
BOWEN RATIO = 0.342 * TATS / EAES
VIEN =~ WIND SPFED AT 10 METERS
UNET = NET RADIATION (LANGLEYS / 12 HR.)
QSOL - OB8SERVED SHORTWAVE RADIATION (LANGLEYS / 12 HR.)
QCS -~ MAXIMUM POSSIBLE INSOLATION (MATEER, 1955)

RH - RFIATIVFE HUMINITY . N
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MISCELLANEOUS PHOTOGRAPHS
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PHOTOGRAFH NO. 1 - ON JET TRAIL AT EL. 1520
- LOOKING EAST ACROSS PRAIRIE = EL. 1200 AND
SHOWING A MT. ROSE SNOW SAMPLER. APRIL 9, 1969

-PHOTOGRAPH NO., 2 - FROM ANIMAL EXCLOSURE NO. 3.

LOOKING ACROSS A LOWER REACH OF THE VALLEY OF
- BALD HILL CREEK. APRIL 4, 1969
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PHOTOGRAPH NO. 3 = SOUTHnFACING SHALE BANK ALONG

BALD HILL CREEK., APRIL &, 1969

PHOTOGRAPH NO. &4

SOUTH-FACTING
VALLEY SIDE ON T}
UPPER REACHES OF
PACKHORSE CREEK,

SNOW CONDITIONS:
DEPTH = 16,9 1IN,

DENSITY - 0,32
APRIL 5, 1969

HE
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PHOTOGRAPH NO. 5 = EXTENT OF SNOW COVER AT
PRAIRIE LEVEL: AVERAGE DEPTH = 8.5 IN.,
AVERAGE DENSITY = 0.30 - APRIL 5, 1969

PHOTOGRAPH NO. &

NORTH-FACING:
VALLEY SIDE ON THE
UPPER REACHES OF
PACKHORSE CREEK.

SNOW CONDITIONS:
DEPTH - 25:6 INe

DENSITY - 0,21
APRIL 5, 1969
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PHOTOGRAPH NO. 7 =
APRIL 30, 1970,
AN UNCONTROLLED

64

BALD HILL RESERVOIR ON .
WATER LEVEL IS 8.2 FT. OVER
CULVERT, :

PHOTOGRAPH NO, 8

BALD HILL CREEK
AT JE? TRAIL CROSSING

— DISCHARGE = 12 CFS
MAY 1, 19 69




-

PHOTOGRAPH NO¢ 9 - IN MANY PLACES THE SNOWMELT
RUNOFF FLOWED OVER THE WINTER ICE COVER, THIS
SHALE DEPOSIT WAS FOUND IN LOWER REACHES OF
PACKHORSE CREEK ON MAY 1, 1969

' PHOTOGRAPH NO. 11

NET PYRRADIOMETER PYRANOMETER
CSIRO | KIPP & ZONEN

PHOTOGRAPH NO. 10
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