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ABSTRACT

The purpose of this research was an initial study of the use of
the net, allwave radiation as the hydrologic input for snow-melt runoff
prediction.

Hydrographs of snow-melt runoff have been obtained for the spring
melting periods of 1970 on a rural basin near Ottawa, Canada. Using a
mathematical model written in matrix form, the IBM 360/65 digital com-
puter was used to obtain the distribution graphs from each of the hy-
drographs for days of high net,allwave radiation. This method has been
adapted from the technique for obtaining unit hydrographs from complex
storms, Through a least-squares solution a distribution graph was obtain-
ed which was used to produce a computed hydrograph . This in turn
was compared with the observed snow-melt hydrograph and adjustments made
in the distribution graph until the computed hydrograph was obtained wi-
thin certain prescribed limits. In the process of the solution the origi-
nal estimate of the effective radiation inputs were adjusted by computer
to improve the fit of the solutions.

Although the distribution graph altered as the melt season progress-
ed, the distribution graphs derived by this model for individual events
show reasonable agreement. It is concluded that use of effective net,
allwave radiation as the input for deriving distribution graphis shows
considerable promise and can be a valuable tool in further research on the

runoff processes from snow-melt.
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;5;5 Notation
*gf' a : ccﬁstaﬁt
b : constant
d : rainfall depth in inches
D : depth of water melted from snow
Df : diffuse sky radiation
e : vapor pressure of air
E : emissivity

error vector

b,
1
Syt

txd

stage in feet

N\
-
~—
.o

input matrix

k : constant
ki : constant
ka : absorption coefficient
ko : von karman's constant
ke : eddy transfer coefficient
ka : thermal conductivity of soil
M : basin snow-melt runoff
P : atmospheric pressure
Q : snow-melt discharges

pX) : the algebraic sum of all heat components
st : net shortwave radiation
Qlw : net longwave radiation
Qc : sensible heat transfer
Q : latent heat transfer




Notation

net heat transfer by conduction

transfer of heat from rain to smowpack
shortwave radiation penetrates at depth d
effective net radiation

temperature of air

wind velocity

elevation of anemometer

elevation of hygrothermograph

roughness parametef

stefan constant

density of air




CHAPTER ONE
INTRODUCTION

In Canada, spring runoff caused by the melting of snow provides
the primary source for surface storage necessary to supply projected
water requirements. Groundwater supplies are also replenished at the
time of spring melt. At the same time, for many streams and rivers,
this period is a critical one in regard to serious flooding. Due to the
general condition of storage being filled in this period and possible
low infiltration rates in frozen soil, high melting rates alone, or
these combined with rainfall, may result in the maximum flood peak for
a given stream. This potentiality must be considered in choosing a de-
sign flood for rivers subject to spring flooding from snow-melt.

One of the principal aims of recent water resources efforts has
been to establish the economic utilization of the water supplies in
rivers, lakes, and groundwater reservoirs. The operation of hydroelect-
ric power plants, municipal supply systems, or recreational reservoir
system requires forecasts of supply. The manner in which snow accumula-
tes throughout the winter to be available for replenishment of supplies
in the spring enhances the possibility of successful management of this
source of water.

To forecast runoff from rainfall accurately, reliable meterologi-
cal forecasts of precipitation are required. These, at the present time,
are availztie only a few days in advance. In contrast, prediction of run-
off volumes from snow-melt is possible much further in advance based upon
the knowledge of the amount of accunulated snow. Therefore, it can be

seen that management of water resources, which is dependent upon accurate
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forecasting, has a better chance of sucess when the source is from the
melting of an accumuiated snowpack.

Some examples of forecasting and frequency prediction follow. Re-
servoirs may be drawn down to produce hydroelectric power dufing the
high-demand winter months. Then, the snow-melt runoff will replenish the

reservoir supply in the spring periods. Inaccurate forecasts may result

in wastage of water or shortage in the succeeding dry periods. Reliable

methods of predicting both the amount of runoff and its time distribu-
tion are needed to formulate good methods of forecasting. For spillway
design or flood design, a design flood must be selected so that the ca-
pacity may be exéected to be rarely exceeded in the design period: A
method of predicting the magnitude of floods from snow-melt is required
that is similar-to the unit hydrograph ﬁethod for rainstorms.

Procedureé have been formulated for estimating snow-melt from whiéh
sequential streamflow can be synthesized by basin routing, but the
classical system analysis of input-output relations has not been applied.
In this method, a lumped, linear, time-invariant unit hydrpgraph has been

widely used as the input-output response model. Consideration of the gene-

. ral problem of the prediction of rumoff hydrographs will show how the

methods presently used for storm rainfall have been extended in this study
for snow-melt and yhat limitations are imposed.

The problem of the prediction of runoff hydrographs has usually been
divided into two'parts. The first problem has to do with the determination
of the volume of runoff to be expected and the second ome with the computa-
tion of the time distribution of the runoff. It is the second problem which

is of principal interest here, although some attention will be given to the
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first one. To determine the amount of runoff from rainfall, losses due to
infiltration, interception, depression storage, and evaporation have to
be considered. To determine the amount of melt runoff from heat input,
heat losses must be considered as well.However, the use of the effective
rainfall, which is only that part of the rainfall contributing to the run-
off makes it possible to treat the second problem of time distribution of
runoff separately. In this study an effective heat input is considered
whicQ'is_that heat necessary to produce the melt runoff that is actually
observed. This separates the two problems of amount of runoff and its
time distribution in a similar way.

The time distributisn of the inpﬁt, effective rainfall or effective
heat, is requiréd. In the original unit hydrograph theory this problem was
solved by using short intense storms which were isolated from other rain-

f£all so that resulting runoff could be clearly identified. Recently, gene-

ralizations of the unit hydrograph theory have produced methods which make
it possible to derive unit hydrographs from complex storms. In this study
such a method is used since sufficiently isolated events of snow-melt run-
off do not occur.

To estimate the time‘distfibution éf ;he effective heat input, the
time distribution of the nmet, allwave radiation is used. This is the major
source of heat input for smow-melt in the study reported here.

In this study of snow-melt then, the successive values of the effect-
jve heat will be treated as the input function during the days on which the
pet, allwave radiation is the primary source of heat input. The small
watershed is considered as a hydrogic system and the snow-melt runoff re-

cords are the oﬁtput values. Base flow is separated by a consistent and
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logical procedure. The resulting surface-runoff volumes were used to deter-
mine the effective imput. The first estimate of the distribution of this
input was taken from the distribution of the total net, allwave radiation.
Then, using the high—capacify digital computer, the dimensionless unit
hydrographs or distribution graphs for a Spécified duration were calculated
from selected hydrographs. From this distribution graph a computed hydro-
graph . then compared to the actual sn&w-meit é&drograph. If they compare
favorably, the computer will give the desired dimemsionless unit hydrograph
or distribution graph. This process is repeated until a favorable compari-
son is obtained. Corrections in the estimated distribution of input are also
pade by computer to improve the fit of the hydrograph.

Thus, the results of ghe analysis are ; distribution graph for each
day of melt and an estimate of the distribution of the effective heat.Just
as the classical unit hydrograph represents the response of the basin, the
derived distribution graphs of this study représeht the response of the
snow-covered valleyAunder study. Although the résponse is derived from in-
puts based upon the net, allwave radiation, it may be possible to apply
them to inputs of sensible or latent heat or to inputs of rainfall upon
snow. This possibility awaits testing from data on runoff under these
conditions. Also, a study of these resulfs shows changés in the hydrologic
response with time and may be helpful in making an improved model of the

snow-melt runoff process.



CHAPTER TWO
PREVIOUS INVESTIGATION

Numerous investigation of snow-melt and snow-melt runoff have been
carried out based on simple empirical methods or thermodynamic principles
for estimates of seasonal volume, stream-flow forecasting, design of
flood control systems or for other purposes.

In 1941, W, T. Wilson (1) discussed certain principies of thermo-
dynamics that applied to the ripening and melting of snow. He presented
the following points. The temperature of the air was the most significant
single index of snow-melt conditions. The rate of snow-melt could be ex-
pressed as a function of air temperature measured in term of degree-days
above freezing. Mechanisms of heat transfer for melting snow are radia-
tion, sensible heat transfer, latent heat transfer and conduction. If
melting conditions exist during a short period of a day, melt will occur,
regardless of how cold the rest of the day is, or what the average tempe-
rature of the day may be.

For runoff forecasting, two important factors tending to lag
the runoff from melting snow must be considered. They are the storage in
the snow and the percolation rate through the snowpack.

The net effect of the radiation is reflected in the air temperature,
and under certain conditions the radiation effect can be expressed as a
simple function of air temperature. Because the direct measurement of net,
allwave radiation was not generally available at that time, most of the
radiation values had to be calculated from meteorological parameters.

The turbulent exchange, or convection, of heat at a snow surface can

be expressed as function of wind velocity and air temperature as follows:



D =Ky (T-32 ) ceveresssasanseeses( 2.1)
where D is depth of water melted from snow in six hours, U is wind-
velocity in m.p.h., T is dry-bulb temperature F, and K is a constant in-
voling the jatent heat of ice, exposures of instrucents, eir density,cover-
sion of units, and certain considerations involved in the theory of tur-
bulence exchange. With K=0.001, the depth of water per six hours could
be defined.

The snow-melt due to melt from con&ensation, also a turbulent ex-
change procéss, can be expressed as follows:

D = Kl T e-B.01 ) severesasasences 2.2)
where D is depth of water melted from snow in six hours plus condensate
added to snow, U is wind velocity in m.p.h., e is vapor pressure in mbs,

and Kl is constant. If e is measured at the same height above the ground

as T, Kl is approximately 3.2 timeS X .

The rate of heat loss or gain in snow due to conduction froa the
soil is very small and can be neglected.

In the same year, P. Light (2) éresented a theoretical method of
calculating heat and moisture exchange between the snowpack and the at-
mosphere. The methods were based on the theory of turbulent exchange in
the lower ( close to the snow surface ) layer of atmosphere. He found
that for high melting rates of snow, the heat contributed by convection
and condensation of moisture through turbulent diffusion of warm moist
air are the important heat-sources. The tbecretical pelting formula he
derived 1s

423
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D= Pre ufcToter ety P (2.3)
g01In(z,;/20) ln(Zz/Zo)




where P = density of air ( 1.25x 107 g/cm3 )

Ko = Von Karman's constant=0,38

Zl — elevation of anemometer

22 = elevation of hygrothermograph

Z0 = roughness-parameter

Cp = sepecific heat of air at constant pressure
( 0,24 cal / gm degree )

T = air temperature at hygrothermograph level

';; U = wind-velocity

e vapor-pressure of air in mbs

P = atmospheric-pressure in mbs
All the above values are expressed in cgs units. The roughness parameter,
ZO’ depends on wind velocity, the depth of the snow cover and the Ri-

e chardson number. The value of Zo= 0.25 was used in his study ( Eq.2.3 ).

In order to apply the theoretical method to an actual drainage
basin, it is necessary to develop a procedure for determining areal melt-
ing rates. Two modifying factors must be considered. One is the surface
roughness, and another is the type and percentage of forest cover within
the study basin. The method Light adopted was to group these two effects
of surface roughness and forest cover into a single constant, such as :

Z KD eevescsccseccsssaraseses (2.4 )

where M is the basin snow-melt. To establish the value of K for an in-

dividual basin it is necessary to correlate observed snow-melt with the
above theoretical Equation ( 2.3 ).
In 1943, Linsley (4) developed a method of forecasting snow-melt

runoff for San Joaguin river basin in the Central Valley of Califorini
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by using a weighted degree-day. The basin was divided into subareas acc-
ording to elevation and degree-day relationship was developed for each
subarea. Then the degree-days were weighted in proportion to area and a
weighted. values relationship for degree-days in the enfire basin was ob-
tained;_. - .

In 1945, the Corps of Engineers and the Weather Bureau formulated

a join; reeearch program, organized as the cooperative seow investiga-
tion. S}ncevthe tiﬁe of that organization, the investigation has dealt
with the aealysis of individual snow hydrology'ﬁroblems. A few years
later, fwo rema;kably complete books, " Snow ﬁydrology " and-“ Runoff

\.

From Snow-melt ( 3, 5), were pub11shed They presented a detailed,

comprehensive theory of snow-melt and snow-melt punoff, together with

procedgreS'for epplying the theories of snow-melt to actual basin snow
hvdrolog& problems. These books have become stanaard_references for fur-
ther work‘in snow-melt hydrology research .

Jn the past few years various 1nvest1gators (6, 7,8, 9, 10 ) have

studied the energy budget equation and tried to assess’ the various compo-

" nents of thzs equatlon for a snowpack Th;s equatlon can be written in a

general fonn as : - .

- -

Q= Q_* LR o+ @ “°r (2.5)

where - - '. ..

£Q-. = the algebraic sun of all heat eomponenté, in cellqp2 per

Qs; =-absorbed net shOrtwave radiation. ( including solar and dif-
fuse sky radiation )

Q, = nét longwave radiation exchange between the snowpack and its
w gw 5 “p 4




enviromment
Qc = sensible heat transfer
Qe = the gain or loss of latent heat caused by evaporation, conden-
sation,or sublimation
Qg = net heat transfer by conduction at the snow-ground interface
Qr = the transfer of heat from rain to snowpack

The positive signs represent energy transferred to the snowpack ; the
negative signs represent energy taken away from it.

It might be expected that the net, allwave radiation ( i.e. st:t
QLH ) would be a good index of snow-melt among all the components of
Equation (2.5 ). H. Landsberg ( 11 ) stated that the melting of snow or
ice depends upon the amount of energy absorbed from solar and sky radia-
tion in his experiment. D. H. Miller (12) concluded from the results of
his experimental research in Sierra Nevada that most of the heat avail-
able to melt the snow during melting periods was directly from solar ra-
diation. The Corps of Engineers (3) using the net shortwave radiation mea-
sured in the open area and the calculated net longwave radiation exchange,
found good relationships between the snow-melt and net radiation. M. L.
Johnson (13) carried out research at Danville, in Northern New England
and stated that during the snow-melt periods a large amount of surface
rmoff was due to the amount of solar radiation. M. F. Megahan (1%) in-
stalled nine lysimeters in an open research area to measure the snow-melt
volume during the melting periods in the Rocky Mountains. On each day
that he compared the net, allwave radiation with snow-melt volume, he
found that about 95 per cents of snow-melt was due to the net, allwave

radiation.




It has only been recently that instruments to give a reliable mea-
sure of net radiation have been available. No evidence was found in the
literature of attempts to forecast the time distribution of snow-melt
runoff by using the net, allwave radiation as an index of the effective
input. Therefore, the purpose of this research is to initiate such a
study of the net, allwave radiation as the hydrologic input to a snow-

covered basin.
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CHAPTER THREE
THEORY OF SNOW-MELT

In theory, snow-melt determination is a problen concerning several
different processes of heat transfer, specifically radiation, convection,
conduction and condensation. Wilson (1) was one of the first to approach
the computation of snow-melt through an energy budget. The quantity of
snow-melt produced as runoff is, moreover, dependent upon the condition
of the snowpack and its local enviromment. As a consequence, the rigorous
determination of snow-melt amount would be quite complex and probably un-
justified. Therefore, approximate methods and simplifying assumptions are
in order and certain such assumptions will be made in this study.

The principal fluxes of heat emergy transferred by the different
processes from or to the snowpack must be equal to the heat required to
melt or cool the snow. The upper surface of the snowpack is subjected to
the net, allwave radiation, sensible heat transfer, latent heat transfer
and rain falling on the snowpack. Certain features of these energy fluxes
are of note.

The solar radiation can penetrate several inches below the snow
surface. The bottom surface of the snowpack is subjected to conduction
of heat from the ground. Shortwave radiation and rain always added heat
to snowpack whereas net longwave radiation, latent heat transfer, ard sen-
sible heat transfer may result in either a gain or loss of heat to the
snowpack.

The combination of shortwave radiation and net, longwave radiation
are called the net, allwave radiation.

Shortwave radiation : Shortwave radiation is associated with sunlight

Yy,



and is made up of wave-lengths in the range from about 0.15 to %/U. ¥hen
shortwave radiation strikes the snow surface, part of it is absorbed and
part of it is reflected. The percentage of incoming shortwave radiation
reflected is called the ‘*Albedo' of the snow surface. In general, the

brighter the snow surface, the higher the albedo. The approximate values

of albedo on snow were given by Williams (8) :

Albedo
new Snow 0.8-0.9
old snow 0.6-0.8

melting snow 0,4-0.6

The above values show that during the melting periods less shortwave ra-
diation is reflected than for other snow because of physical change in
the nature of the snow surface during melting. Hoeck (15) showed that
positive air temperature (>32°F ) and intense solar radiation would
hasten the snow-melt and decreese of the albedo.

Because of the translucent nature of snow, the solar radiation is
absorbed by the snowpack not at the snow surface but it also penetrates
to some depth. Gerdel (20) has shown that about 80 % of the solar radia-
tion absorbed by snow penetrates as far as 2 to 6 inches for snow densi-
ties of 26 to 40 %.

If the snowpack is assumed to be a homogeneous structure, the pe-

netration of solar radiation in the snowpack is given by Beer's Law (16).

For the radiation , Qd , at the depth d, we have
-k d
e a

Qd= Q . PP Y EI IR KN R A AR ( 3-1 )

SW

where qu is the intensity of shortwave radiation trnasmitted through

the snow surface. It can be expressed as :




.

st= S sln(h)+ Df- R #0000 sccsccscrciccee ( 3.2 )
where
S sin(h) = the vertical component of solar radiation( S =total

radiation ; h= Sun's height )

D diffuse sky radiation

R

radiation reflected by the snow
Ka is the absorption coefficient or extinction coefficient; the higher the
density, the lower the value of Ka .

Longwave radiation : For snow-melt runoff studies, longwave radia-

tion components can also be separated into two broad categories; radiation
emitted by the snowpack and back radiation to the snowpack. Snow is very
nearly a perfect black body with respect to longwave radiation. It absorbs
all the incoming radiation incident upon it and emitts the maximum possi-
ble radiation. Since it radiates as a black body, in accordance with
Stefan's law, this can be expressed by the equation :
n
Q = EGT 9 000000 00C0000000000800000000 ( 3'3 )
L
where QL is the intensity of the radiation, ¢ is the stefan constant,

which is equal to 8,26x10™

ly/min/ K , E is the emissivity ( for a
black body it is equal to 1.0 ). T is the black Sody absolute temperature.
Since the maximum temperature of the snow is always considered to be 32°F,
the maximum intensit& of radiation that may be emitted by snow is 0.458
ly/min. It is obvious from Equatiod (3.3), if the snow cover temperature
decreases,its outgoing radiation decreases.

The back radiation to the snowpack from eerth's atrmosphere,clouds,

and forest cover do nmot rediste es & bleck body, so, it is necessery to de-

velop an empirical relationship for them. A cloud, containing 0.05mm of

-
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water will absorb all the terrestial radiation coming from the earth.
This is illustrated by the fact that cloudy nights are not as cold as
clear night. With clear skies in open area, the U, S. Corps of Engineers
(3) expresses the back radiation as follows :

Q= 0.76 6 T (1ys/min ) weveeeemsrene (3.4)
where T is the air temperature. The net exchange by longwave radiation is
then

QLw = 0.76 ¢ Tu - 0.459 (lys/min ) ..eve.e.( 3.5)
Another type of equation proposed by Brunt (17) estimates net longwave
radiation from the mean air temperature, mean vapor pressure and cloudi-
ness values.

All the above empirical formulae give the best estimate of the net
longwave radiation but camnot be expected to be highly reliable. In re-
cent years radiation instruments have been developed to measure the com-
bined net, shortwave and longwave radiation. As might be expected, these
instruments would give the most accurate results for the pet, allwave ra~
diation received at the snow surface.

Sensible heat transfer : During spring snow-melt periods, energy ex-

change by sensible heat transfer is usually not so important as radiation.
When the overlying air is warmer than the snow surface, there is a direct
transfer of heat from the air to the snow. Heat is transferred from the
snow when the temperature of the snow is greater than the air, This tran-
sfer process is directly dependent upon the temperature gradient. Accord-
ing to turbulent transfer theory, the vertical heat transfer above the
snow can be expressed as :

Qc= f Cp Ke dt/dh PP YRR RN RN RN RN AN N4 ( 3.6 )
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where £ is the air density equal to l.l+5x10-3 g/cm3 , Cp is the specific
heat of dry air at constant pressure which is equal to 0.25 cal/gram de-
gree K, Ke is the eddy transfer coefficiégt, and dt/dh is the gradient
of temperature with elevation. Equation (3.5) can be reduced to the fol-
lowing equation :
Q = DUT-Te)U cevrvenennneianannnnns (3.7)
in which b is the constant, T is the air temperature, TO is the snow sur-
face temperature and U is the wind velocity, Since during actual melting
periods, the snow surface must be 32° F, Equation (3.7) becomes
Qc = b T=32)U eeeeeeccossasanseccascsss (3.8)
For an open site, such as the area in this study, the U; S. Army Corps
of Engineers (3) has stated that the melt contribution due to sensible \
heat transfer is so small as to be imsignificant ccmpared with radiation. ‘g
=

Latent heat transfer : When the snow is melting, evaporation or

condensation, depending on the direction of the vapor pressure gradient,
takes place. When the snow is not melting, there is a phase change from
vapor to solid or vice versa. This involves the latent heat of sublima-
tion.When the vapor pressure in the air is greater than the vapor pressure
at the surface of the snowpack, there is a transfer of moisture from the
air to the snowpack, which results in a release of latent heat. when the
vapor pressure gradient is reversed, the transfer process will also be
reversed resulting in a heat loss to the snow. This transfer of moisture
can be expressed as :

Q = seo; K, da/dh  eeessseccccaceeccssscses (3.9)
where f and K, are the same as in Equation (3.6) and dq/ch is the grad-

ient of the specific humidity with height at the snow surface. This
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equation can also be reduced to :

Q= @ ( e, - e YU wevevececnnnaeessass (3.10)
in which a is a constant, Uvis the wind velocity, e, is the vapor pressure
of the air and e is the vapor pressure at the snow surface. It is usually
assumed that e is equal to saturation vapor pressure at the temperature
of the snow surface(32° F ) during melting periods. Therefore, Equation(3. 10)
can be written as :

Qe:: a( e, “6.11 ) U veevennnececnsanses (3.11)

Using constant a and b in Equation (3.8) and (3.11) from the U.S.

Army Corps of Engineers(5) corrected for height of temperature and wind ve-
locity measurement, the smow-melt due to latent heat transfer, sensible
_heat transfer, and the measurement of net, allwave radiation in the study

area have been plotted in Figure 3.1 . It is found that during the high

melting periods, such as 1lth to l4th Ap:il, the net, allwave radiation has
been the most important heat transfer process.

Heat transfer by conduction : During the melting periods, heat trams-
fer by conduction is usually negligible. With the melting of the snowpack
cover on the frozen soil, the temperature of the upper soil layer rapidly
rises to almost 32°F. This is due to the penetration into its pores of
snow-melt water. In this condition, no appreciable heatbexchange occurs
between the snow and soil. When the snowpack melts on unfrozen soil, if
we assume the heat flow from the soil to the snowpack is in a steady
state, then the emergy transfer will be :

Qg: Ka dt/dh (3.2!.2)
where Ka is the thermal conductivity of the soil. dt/dh is the vertical

temperature gradient of soil under the snow cover.
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Rain falling on the snowpack : The temperature of rain is usually

higher than the snowpack, therefore, there will be a transfer of heat
from the raindrops to the snowpack. The amount of heat transferred to
the snow is directly proportional to the mass of the rainwater and to
its temperature excess above that of the snowpack. This can be written
as
Qr = 1414 ( Tr = 32 ) cececcsrssccsseces( 3.13)

where d is the rainfall depth and Tr is the temperature of the rain. Be-
cause of the near saturation of the atmosphere during rainstorms, the
wet bulb temperature is usually used as the temperature of the rain. One
of the most important fact about rain falling on the snowpack is that it
speeds the physical change of the snowpack and affects the structure of
the snow to some depth and it may create drainage channels in the snowpack.

Since the net, allwave radiation is the primary source of heat input
to melt the snow ( Fig, 3.1 ), the 'effective' net, allwave is assumed to
be the best single significant index for snow-melt runoff prediction for
this particular study area. Other sources of heat would be treated as the
gain or loss to the net, allwave radiation. The energy budget equation (
Equation 2.5 ) could then be written as :

Qugs = Qett = Quther vesescesccnssssssensl 3.14)

in which Qeff is the effective heat input to melt the volume of snow ob-
served as outflow. Qnet is the net, allwave radiation which can be measur-

i . ZQ .. is all other heat contributions or
ed by the net radicmeter Qotner is all

losses.
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24 CHAPTER FOUR
% THE STUDY BASIN
§§' 4-1, Physical characteristics

The snow-melt runoff data were collected in an open grassy valley

NGl ol

at Kanata, Ontario, west of the centre of Ottawa (Figure 4-1), about se-

éé venteen miles from The University of Ottawa.

%ﬁ, ‘ The valley outline- with contours of one-foot 1nterval‘and the str-
gg eam channel system are shown in Figure 4-2. It has approximately a south
§§ to north orientaxion.The stream flows generally in a northefl§ direction,

il fi

ek
Ay

and the channel length within the watershed is apprcxlnately fzve hund-

red feet, The difference in elevation betueen the weir at the downstregn
end and the upstream end is about eight feet . The valley has a vee
shape with fairly steep slopes on both sides. The si&e slépe;ig;aﬁually
flatten in the upland portion of the valley. | -

The entire basin is farm land and most of it 1s pasture. Soil
survey of the area by the Department of Chem1strv Ontario Agr1cultura1
College, Guelph,and the Experimental Farms Sepv1ce,Dom1n10n Department of
Argiculture, Ottawa,indicates that the SOii consists predcminantly of
grey-brown clay called Rideau clay.

4-2. Instrumentation

An inexpensive weir was constructed of plywood. It is located at
the downstrean end of the study watershed where the valley joins the va;
lley of a larger stream, Watts Creek. The weir has a total crest length
of thirteen and a half feet. In order to prov;de a sharp-crested control,

in the middle of the weir, a 60-degree trianguler notch brass plate with

a total vertical altitude of one foot from apex to base has been used.
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The brass plate is onme-quarter inch thick and in a Vee- hape which is
three inches wide. Holes were drilled in the plate for bolting it to the
plywood. To prevent leakage, the bottom of the plywood was completely
sealed with a concrete mixture and each connecting joint was coated with
asphalt.

The stilling well was constructed approximately five feet upstream

from the weir. A corrugated steel pipe with diameter of one and a half

Kk

i
H
i

feet was used. An eight-inch intake pipe was connected to the stilling

well pipe with a small slope towards the stilling well. A plywood shelter

Wi ke dabivd bl

was built on the top of the corrugated steel pipe in order to protect the
water-level recorder. Fiberglass insulation was used inside the shelter

to reduce heat loss from it. A propane burner was used inside the shelter

to reduce freezing problems.

A strip-chart automatic water-level recorder was used to measure
the stage of the stream. A total of about thirty different measurements of
stage and discharge were made to obtain a calibration for the 60-degree

“Vee-notch weir. This relation is shown in Figure 4-3 and may be expressed

by the equation :

£

£ 0= 168 B2V e (82D)

§§ where Q is in cfs and B is feet. Although tﬁe calibration was made for low
§§ discharges and extrapolated to discharge beyond this range,it is felt that

this procedure is justified because of the excellent control provided by a
sharp-crested weir and because the primary information desired is the time
distribution of the rumoff rather than its total volume. Upon installation

of a permanent weir, measurements of discharge at higher stages will be

made.
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A Bendix-Friez hygrothermograph was used tc¢ give 2 continous record
of the relative humidity and temperature of the air throughout the whole
study period. The relative humidity was measured with a psychrometer once
a week so that accurate humidity values could be obtained from the hygro-
thermograph. The instrument recorded relative humidity and temperature
continuously on a rectangular chart. The hygrothermograph recorder was put
inside the §tandard IS-1 instrument shelter which was located at the down-
stream end of the valley near the weir.

Measurements of net,allwave radiation were attempted with a C.S.I.R.0.
Nett Radiometer. The componments for these measure were : (a) direct shortwave
radiation from the sun, (b) diffuse shortwave radiation from the sky, (c)
reflected shortwave radiation from the snowpack, (d) longwave radiation from
sky,cloud,etc., and (e) longwave radiation emitted from snowpack. To obtain
the total sum of the values of the above compoments, the Nett Radiometer
was connected to a Cole-Parmer potentionmeter recorder. Unfortunately, due
to the failure of obtaining measurements with this instrument, the net,all-
wave radiation data from The Division of Building Research, N.R.C.,Ottawa
(Figure 4.1) had to be used. The surroundings of the site at the N.R.C.
are similar to those at the study area in respect to radiation measurements
(27). In Appendix B, the data of wind velocity are given which were obtained
from the Interational Airport, Ottawa (Figure 4.1), measured at 33 feet
above the ground.

All the data of temperature, relative humidity, net, allwave radiation
and snow-melt discharges are given in Appendix B. In Plate 4,1A, the measur-
ing site is shown at the beginning of snow-melt runoff . In Plate 4.1B is
shown the site shortly after snow-melt was ended. Runoff occuring is pre-

dominantly from rainfall.




Plate L-1A

Plate L-1B Date

Date

27th March 1570

1Tth April 1970

2
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CHAPTER FIVE
ANALYSIS OF THE SNOW-MELT HYDROGRAPHS
5-1. Hydrograph analysis
It is an attractive hypothesis to separate runoff into two compo-
nents : (a) direct runoff and (b) base or groundwater flow. There obvi-

ously is no way of distinguishing between the direct and groundwater flow

'in a stream at any instant and the definition of these two components is

rather arbitrary. In this study it was observed the flow receded rather
rapidly after a day of active melt but that a low flow was maintained

even when several successive days passed vithout melt. Therefore, in the
computation of the daily snow-melt runoff throughout this study, a constent
base flow of 0,001 cfs was assumed, below which the recession curve was

not applied.

The recession curves were computed from Barnes (23) recession €-
quation,0= Q) K' , until the base flow of 0,001 cfs is reached. This
method was proposed by W.U. Garstka (19) and has been found to give con-
sistent results in this study. The recessio? factors were derived from the
snow-melt periods as follows. Each discharge on the recession for a two-
hour interval was plotted against the immediately preceding two-hour in-
terval discharge for the recession during the melting periods. A recess-
jon factor was determined by finding the slope of the line, as shown in
Figure 5-la to 5-lc. The recession factors,as computed from these plots,
were found to be 0.852 for flows above 0.1 cfs, 0.892 for flows between
0.02 to 0.1 cfs, and for flows below 0.02 cfs the factor is 0.926. in a
similar way, Garstka (19) in his research on the St. Louis Creek Basin

in Colarado used different recession coefficient for different flows.
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The above three recession factors have been found to give consistent re-
sults in this study.

The snow-melt volume from the heat input for a given day was as
shown diagramatically in Figure 5-2, The volume of snow-melt runoff is to

be computed for Day 2.

FLOW
CFS
0.00iF—
| MID- 2 MiD- 3 MID-
NIGHT RIGHT NIGHT
TIME - DAYS

Figure 5-2 METHOD OF COMPUTATION FOR DAILY VOLUME OF
SNOW-MELT RUNOEF
From Fig. (5-2), Ty is the preceding trough in the hydrograph - that is
the point of inflection at which runoff begins in the given day under the
influence of the effective heat imput. Point P is the peak of the snow-
melt runoff and point Tl is its trough. The lines from ‘l‘o to E and Tl to

F are the recession lines of the preceding day and the given day respect-

ively. The area TOPTIRO is the 'direct' contribution to runoff from the



the heat input of the given day. The volume of the ' recession ! contri-

bution, T FERO , expresses the volume between the two recession curves

1
which resulted from the day's contribution of snow-melt not appearing

as runoff op that day but which is added in the following days.The total
volume for the contribution of a given.day to the snow-melt runoff-is the
sun of the direct contribution and the recession contribution volumes .
The contribation of each individual day to the snow-melt r'unoff is shown
"in Table 5-1,
| In this study area, it was found that about 80 per cent of the run-
' off was released on a given day, and the remaining part came from the
basin as recession flow. The dally peak of snow-melt runoff occured bet- '
ween 4 to 6 pm.on each day, and the trough of the hydrograph occured bet-
| ween 8 to 10 in the next morning.

5-2. Distribution Graph .

In 1932, Sherman proposed the well-known theory of unit hydrograph.

Thisi theory has been further developed and is wi-dely used in applied hy-
drology. He reasoned that, since the physical characteristics of the water-
’ shed remain essenﬁally constant, the spape or the hydrographs resulting
. from storms with similar charactenst:.cs should also be similar. In 1935,
Bernard (21) presented the distribution graph which prov1des a most use-
ful tool for the detemination of the hydrograph of direct runoff that
results from any given axaomzt of precipitation excess, It .is obvious that
the distribution graph simply represents the chara.cteristic- shape of
the unit hydregraph plotted with dismensienless ordinates.

The wnit hydrograph or distribution graph has not beep widely used

in snow hydrology. It is proposed here that in a small watershed, the

A



TABLE 5-1 ( SEE FIGURE 5-2 )

Daily Volume of Snow-melt Runoff

VOLWME OF VOLUKE OF TOTAL OF
DIRECT CONTRIBUT- | RECESSION CONTRI- | THE DAY'S SNOW-
DATE ION ABOVE RECESS- | BUTION MELT RUNOFF
ION Jersx10?2 R {crsx10 2HR
CFS x 10 2 R |
28-3-70 104.39 47.34 15174
29-3-70 |  188.83 78.83 267.66
30-3-70 180.82 60.75 . 241.57
31-3-70 79.52 47.63 127.15
1-4-70 110.87 24.90 135.78
2-4-70 19.39 14.80 34.2
3470 22.54 20.91 43.46
4-4-70 37.71 18.82 56.54
5-4-70 143.90 20.09 163.99
6-4-70 78,26 12.54 90.78
7-4-70 93.10 __ 24.42 117.52
8-4-70 132.2 21:19 153.39
9-4-70 _ _ _
10-4-70 - _ _




TABLE 5-1

( CONTINUED )

VOLUME OF DIRECT VOLUE OF TOTAL OF

DATE CONTRIBUTION RECESSION THE DAY'S SNOW-
ABOVE RECESSION CONTRIBUTION | MELT RUNOEF
CFS x 10 2 HR crsx10 2HR | cFS x 10 2 iR

11-4-70 993.56 140.73 1134.30

12-5-70 1147.46 167.66 1315.12

13-4-70 1423.26 113.00 1536.27

14-5-70 1417.55 148.74 1566.29

mmmwmmm_nmmmm_——-—mw1
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unit hydrograph could also be used to derive a snow-melt hydrograph. To

i
&

obtain the unit hydrograph, however, the techniques developed for the ana-

lysis of complex storms must be used. Also the time distribution of the

k:

inputs must be properly defined.

The wnit hydrograph or distribution graph is based on the following
principal assumptions :

(a) Lumped -: The watershed is treated as a system. A gross repre-
sentation of the system is determined from the input and output data be-
longing to the system, but no concern is given to the detailed processes
within the system. In this lumped system-model, position and space are not
important and all components of the system being simulated are located at
a single point in space.

(b) Time-invariance : The runoff hydrograph from the drainage basin
resulting from a given pattern of effective input at whatever time it occ-
ures is invariable and reflects all the combined physical characteristic
of the basin. This states that the parameters do mot change with time. It
is believed that under snow-melt conditioms, this assumption cannot be
satisfied over an entire snow-melt season. However, it may approximately
hold true during high melting periods.

(c) Lipearity or Superposition : The runoff hydrograph resulting
from a given pattern of effective input can be built up from the separate
amounts of effective imput occurring in each unit period. This includes
tha principle of proportionality in which the ordinates of the runoff
are proportional to the total amount of direct rumoff.

Under natural precipitation and watershed conditiors the sbove assump-

tiops cannot be satisfied perfectly. The first assumption simplifies




. 3%
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the problem considerably by removing the spatial variation of the sys-
tem. This may be inapplicable when the system veries spatially. The as-
umption of the time invariance is not fulfilled if the physical factors
of a watershed change with time. Similarly, the volume of the snow-melt
in a given storm may not necessarily be proportional to the volume of
effective input and the parameters may vary with the intensity of the in-
put. Treatment of the above system models is, of course, more complicated
and difficult. At the present time, our knowlege in watershed hydrology
is limited. No definition of the system components is necessary in a
lunped system model; the time-invariant may approximately hold true for
+he watershed over a geologically short period of time; the assunption of
linearity may be valid for some physical systems. In practice, if the
system models can effectively serve its purpose, it is thought to be
worthwhile to consider a simpler lumped, linear, time-invariant system.
5-3 Mathematical model :

The mathematical model being proposed, then, consists of a lumped,
linear, time-invariant system. A snow-melt distribution graph was deter-
mined by isolating the snow-melt runoff hydrograph from one day's melt
in a similar way as used in determing a rainfall unit hydrograph. The or-
dinate of the distribution graph having a unit duration T at any time, t,
is represented by u( T,t ) vhere t is any time after the beginning of
effective input. The effective net, allwave radiation is considered as
the effective input. Each block of the effectivg input was represented as
a percentage of the total snow-melt. They can be treated as i blocks of
different intensity I. ( percent of total smow-melt runoff per unit time )

and with the same duration equal to T. The subscript i demotes the number



3

of the block.

Let I(1), I(2), I(3), I(4) seececssecsses I(i) be the intensity of

the effective pet, allwave radiation as in Figure 5-3 ( after Nash(18) ) .

TIME
NI -- - - -- JX) - - - =T
%OF
TOTAL U
RUNOFF
PER UNIT i
TIME
|
]
i (X'I)T ——b
I L]
|
|
% PER
uNIT |
TiNE
|
]
— mT 4:
CFS
% : q'i+j-|
' TIME

" FIGIRE 5-3  MODEL OF THE SYSTEM
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The non-zero ordinates of the pulse response, or the distribution graph
;;"3;. at time t =T, 2T, 3T, 4T .eeessseoss iT, after the beginning of the
“’ﬁ‘ pulse ( t =0 ) are Uiy Ugy Ugs Uy ceceeconens uj, in which the output
)": of the snow-melt runoff is defined by the ordinates Qs Qps Q30 Gy +o*
‘%3 N +-1 ° with the same duration T.
‘% Let us consider a certain time t =mT ( Figure 5-3 ), The ordinate
=4 - bq (wT), a contribution due to the imput I(x), may be expressed as :

Aq (@T) = I(x) *T= Upogtl *ooteterer (s.1)
where U = (T, t™= (m-xt1)7T).

m-xt 1
Because of the superposition principle, the output of snow-melt

mmoff due to the several inputs of effective net, allwave radiation is

the sum of those due to each ; i.e. Q\‘

w
q (a7} = ’:2;1 I{x) ® T # ceaeens { 5.2)

Um-x‘l' 1

2.
-

S0 A i e kb R e B

It is understood in the summation that if x exceeds i, then I(x) = 0 and
if m-xtl exceeds j, U _ o) = 0. From Equation (5.2), it is obvious that
once the pulse response is known, the snow-melt runoff due to any series of

blocks of effective net, allvave radiation could be obtained. For con-

venience, we can write Equation (5.2) in tabular form as shown in Table

5-2 :
Il’ 12, 13 cesscscens Ii : Intensity of effective input in inter-
’ val of time T.
Ul’ 02, U3 ...........U]. : The ordinates of the distribution

graph with duration T after the be-

ginning of the effective imput -

9 9 Y4 """""'qii'j-l : The ordinates of snow-melt runoff

with duration T beginning at t = 0,
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TABLE 5-2 SNOW-MELT RUNOFF COMPUTATION
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From Table 5-2, the g s are equal to the suns of the terms in corres-
ponding row ; for example,
9= LY

g, = 14, + LU,

eese (5.3)

%iy T~ 1,U;
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from Equation 5-3, the answer is simply the product of & matrix tires a

vector. It can be written as :

i ' '
qIW L0 0 eeveneeeennne 0] Ull
q2 12 Il 0 eecsvssssoce 0 U2
’%%‘ . . L] . . .
»-:.% = es e ( S.h )
;g i . Il Ii-l oco-oc.c-oIl o .

i

1
L]
[=]
-

Ii-l sseseseces Il .

Ll il

. g 0 o 0.'...'..'.... N U'
Lqr!']-l‘ { 11 L 3

s

ek

i sy
=
o

Do Danatarntisale S ot M vathad ntie d 4 1} Saaut on

e} e (5l

vhere {Q} and { U} are column matrices and [ I]'nas itj-1 rows and j colurms,

T
B

4
H
-
.
4
¥

il

ol

in vhich itj-1 is the mumber of snow-melt runoff hydrograph ordinates and

j is the number of distribution graph ordinates with the same duration.

%

o

il

As vith the continuous convolution integral the discrete case, such as

Ayt

i

Equetion (5-4), can also be vritten as :

5 V(.1 | ]
i%gg Ul o 0 eeseses g0 0 Il ql
{.: U2 Ul 0 o680 Ggoese 0 I2 q2
";,;I:jj, . %
i?s Ui . escccecee U2 Ul. . .
Ui+1 eecesss0ee osces 02 R - . LN (5"5 )
Uj Uj-l XXX XXX AR EN N Uj-i?l L] *
0 O ccececvcccsscce U. I. q.
L i Ui Ly




[ u] {1} ={o} ceerienieniin (552)

In this case, the effective input values and runoff values are column

vectors and matrix[ U] has i%+j-1 rows and i colwns.

Equation (5.4) can be solved for any snow-melt runoff unit hydro-

e

i ! (s 3 5 £y
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graph or distribution graph ordinates by multiplying the equation by the

Eiv S
i
;

inverse matrix [ ]- . The inverse matmx[ ]- exists if, and only if,(I)
is a square matrix and is non—smgu’ar( i.e., has a nonzero determinant).

Generally, the matrix [I] is not a square matrix. However, by premultiply-
ing [I] by its transpose [I]T , a square symmetrical matrix can easily ibe

generated es @

(@ (144 = []T {q} )
or [v} = [1] [1]] (1) {Q} teeeenerereesl 5.6)

The terms [I] [ ] , generate the sums of squares and products of the.
independent variable in the simultaneous normal equations for a con-
- ventional least-séuares solution and [I]T{Q} forms the mixed products
of independent and dependent variables . Therefore , Equation ( 5.6 )
gives a direct solution for a wnit hydrograph or distribution graph based
on a matrix operation. It is convenient to solve Equa-ion (5.6) by elect-
_ronic digital computers because subroutines for patrix multiplication and
matrix inversion are available in the computer subroutine li'brari.es .
Theoretically, the solution of Equation (5.6) assumes that the time
" distribution of the effective net, allwave radiation is kmown exactly. In
fact, it is-pot known how this effective net, allwave radiation is distx;i-
buted with time. It can be computed in the matrix operation shown before.

Adding an error term to each of the effective net, 2llwave radiation
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input, {1}, in Equation (5.5} and multiplving the effective net,ellveve
radietion plus en error temm by the pulse response, the snow-melt runoff
hydrograph Q in Equetion (5.5) would be generated as :

[0) {t+ )= (v) {1}+ @) {z}= {e} «oeere (5.7)
Equation (5.7) shows tket if (U) and ‘{I +E} are correct, the cbserved:
snov-melt hydrogreph Q can be computed exactly. "I'herefpr_é, substituting

. Q for [U] {I} . Equation (5.7) gives : TS
&+ [v] {z}=a
or (v) {5}= -4 rveeereeenneeseennnnes (5.8
As in Zquation (5.6), the error vector can be gererated as :
()7 W){z}= () fa-q} -
or (E}={ (0" W) ] (W {a-}n59)

This eouation expresses the computation of an error vector. Elerent by %

D
- d

elenent, the error vector gives a correction to the effective input values.
This error vector ellows the effective input values to be adjusted to
optimize the fit of the computed hydrograph to ti:e observed ore.

The initiel estimate of effccti\(e inpgt.‘ iq ga_ch block was assumed
fron the rate of the net,allvave radiafion iq .t.,hgt bléck. Figures (5-%)
end (5-5) show four individual, daily snov-mclt runoff hydrogrash es
observed and computed . The computed | hydrograph based on the correctmn
to the initial effective imput derived in Eouatlon (S 7) is found to be
much closer to the observed hydrogreph than the one nth the initial
estimated input. This shows that the error vector given in Equation (5.9)
provides en important correction to the tire distribution of effective
input .

Sometimes, instebility of the system may give rise to a poor
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solution in this methematical model, this is partly becausc; of the limit-
ed number of observations for estimating the puise response. There ére
only i-1 mc;re output values then the bulse response ordinate§ or i-1 more
observations than the unknowns. To get a mathematical solution that is
more realistic hydrologicelly, the sub-progréms which were sugges'te‘q:by. .
D, W. Newton (22) were modified for use in this research. -
. 5-4, Computer procedures .
The high specd digital computer system 360/65 vas used t;o perform
the operations necessery for the above mathematical model. In oz;der v‘t‘.o
- achieve satisfactory résults in using this program, care must be teken in
both the initial estimate of effective net allwave rediation and :t}'xé "List'

‘values of the subroutine progrem. In meny cases, there are large segrents

of the distribution graph rece;sion that can be apprc;ximated by & lincar
relationship. The subroutine progren therefore tra;nsfoms the I .matrix

. by reducihg the number of columns. These transform values are based on
the 'List' data read in the main progrem.

The date required in the progran ar; orly the valu-es' <.>f snw;_:..él_.'?
runoff and net, allvave radiation, The totel estimate of efifegtifé{ iégut ,
must equal the volume of the total snow-melt runoff;_‘l'he 'desirea ;nct;-melt
distribution greph duration is chosen first, then, a.ll thé data of effective
input or snow-melt hydrograph must be expressed ir terms of the dm"atjipn of the
distribution graph. The choice of duration is sonevhat arbifre.ry, it |
depexids on the judgement of the hydrologist; decreasing the durati;n in-
creases the work involved but may not give ‘better results. A two-hour
duration was used throughout this study.

In order 4o insure 2s comsisteat a result as possible, the folloving
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criteria were followed in choosing the snow-melt rumoff hydrographs and in
meking the initial estima.té of the effective input used to determine the
distribution greph : (1) The net, allvave radietion in a given dey vas
high. (2) The effective heat input for two hours ves not leﬁs then 4 ly.
(3) The net, allwave radiation occuring" after the pesk of the snow-melt
runoff wes neglected. (4) The list values used in the subroutine program
vere used only after the pesk of the snow-melt rumoff.

Base flow seperation was mede es mentioned before . The time bese
of the snow-melt runoff for each effective input beccames the equation
L=j+ti-1,in vhich L is the number of ordinates in the snov-melt
hydrograph, j is the number of ordinates in the distriblition graph end 1
is the mumber of blocks of estimated effective input.

The progrem first solves for the distribution graph, end then uses
this distribution graph to estimate the effective input. The proper
volumes are checked and adjusted by computer. Then, using the ‘computer-

corrected effective input, the new distribution graph is computed. This
process.. is continued for & pre-determined number of iterations or until
the average error between the computed snow-melt hydrograph and observed
bydrograph reeches & designated velue,

The subroutine called '3ek' wes used to develop a redﬁced matrix of
snow-melt runoff c;rdine.tes. This subroutine wes besed on the list data
vhich vas reed in the main program. The intermediate values between the
1ist data verc determined by interpolation. The purpose of this subrout-
ine program is to smooth the recession side of the ccoputed distribution
graph. After the methematicel model vas solved by the Geussien Elimination

method, the subroutine celled "snow' wes then used to expand
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the distribution gravh ordinates generated by the least squere solution to
the original nmumber of values. This extrapolation process wes again based
on the list datea.

Suitable 'List' selection in the subroutine program can lead to
smoothing of fluctuations in the recession part of the computed distribut-
ion graph. Experience with the camputer program has shown that if the list
ordinates begin before the peak of the snow-melt runoff hydrograph, the
distribution graphs will vary erratically from one ordinate to the next.
This is because the interpolation used in the subroutine program cuts
across the shape of the hydrograph. Figures 5-6(2) and (b) indicate diff-
erent distribution graphs derived froam different list values. All the lst
1ist ordinates were selected after the peak hydrograph. In all cases, the
results seemed to bring the distribution gregh to e more reasonable shape.

Experience has shown thst if within five iteration the answers still
do not converge to-en epparent best solution, then,.cbviously, scmething
is wrong in the initial estimate of the effective heat input or the trans-
form values. Smoothness of the distribution grepn appears to indicate a
ressoneble initial input estimation end the best transform values. In this
study, five iterations and the average error of *5% have been used as the
criteria for successful values. The steps to use the programs are described
in the Appendix A.

5-5 Analysis and diécussion of the results

As mentioned previously, because of the restrictive assuzptions in
the model, the distribution greph cannot be expected to represent complete-
1y the respomse of a watershed. For this reeson it is imstructive to

examine the distribution graphs derived for successive deys. Similerities
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end differences in them can aid in explaning what factors are imporient
in the snow-melt runoff process.

During the period studied, on the 2nd and 3rd of April, the net,

allvave radiation wes low and the wind velocity vas very high (Appendix B).

These hydrographs were not used for the determination of the distribution
graphs. On the 9th end 10th of April, the distribution graphs could not be
derived due to the loss of data.

The resulting distribution graphs derived from thé. snov-;nclt hydro-
grephs for rain-free periods ere given in Figures (5-’{) and_‘(S-S). Accoré-
ing to the pe'ak of the distribution gfapln, they may be divided into two
classes. The first class, for the period 25ih of March to lth of April, is
plotted in Figure (5-7). This shows a flow peek which is much smeller than

.the peak for the cless 2 grechs shown in Figure (5-8). For class 1, the
range of the flo'. peak is sbout 12 to 135 of the total runoff except on

the days of 30th arch and 1st Annl. On both of these dajs the flow peek

rose wp t0 20 5 of total runo"f. The second class is shown in Figure (5-8).

The flow peek is amrmmatcly in the renge of 2k to 3 7 of total runo‘..

From Figures (5-7) end (5—8), it appear_; tha‘g the pesk percentage
generally increases as the nelting seeson p;t;gresses. Factors vhich might
cause this effect are as follow : |

(1) Cha.nges-'i.n snowpeck éharacteristics : As snow-melt iarogresses
and vciocitics of flow ingreéée, it may be expe_cted that well-defined
chamnels develop in the snow and es a result trans;bor.‘. of the snov-melt is
nore repid. The result would tend to be higher peek percentzges. It is
noted, hovever, that the 3ist of Nerch and Lkth of April hed lov peek per-

centeges, vhile the 30th of ierch ead lst of April hed rather high peaks.
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This would suggest that this effect may not be very aporecieble.

(2) Effect of runof? volume : It has been noted in other studies(2l)
that floods with higher volumes of flow produce distribution grephs with
higher pesk percentages. In fact, reasoning from basic hydraulic eauations
shows that the peak flow is dependent upon the volume of runoff (25). This
effect is apparent here as well since the floods with greater amounts of

. snow-melt volume in the later part of the season show higher peaks.

Design should properly be based upon the best estimete of the raximum
possible discharge. Figure (5-9) indicates three different flow peeks of
distribution grephs ; these are the graphs with maximun, median and rinimum

peak percentege which were obtained from ell the distribution gravhs shown

in Figures (5-7) and (5-8). The maximum pesk of the season occurred on the

13th of April. On thet day, the net, allwave radiation was the hirhest of

all days for vhich snow-melt runoff data were collected. from Figure (5-9),

e

% it is seen, as expected, that the higher the peek flow of the distribution
%t graph, the steeper the rising limb will be and the quicker will be the re-
% cession . Figure (5-10) shows the distribution graph derived from one rain-
!i% £all vhich occurred after the end of the snow-melt. While the peak percent-

1

age is not particularly high, the rising 1limb of the graph is much steeper.
This difference mey be due to the retording effect of the snow for the
| snow-melt hydrographs.
Teble (5-3) shows the difference between the time distribution of
the initial estimated input and computer adjusted values. The initial esti-
pate wes based on the total value of net, allvave radiation. Seversl reasons
vhich might ceuse this variation are disscussed as follow :

(1) The drainage besin transforns the effective inmput into out-flow
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g‘ TABLE 5-3 TIME-DISTRIBUTION OF EFFECTIVE INPUT
"“ CLOCK IRITIAL ESTTMATED COPUTER ADJUSTED
% ME g INPUT IN C.F.S.x10  IWPUT IN C.F.S.x10
% 28-3-70 10 a.nm. 1.2939 1.7182
g 12noon 2.0333 1.1229
%: 1k p.n, 2.9576 3.1458
Ei
= 16 p.m. 1.2939 1.5918
% 20-370 10 & 3.4588 3.4588
% 12noon 5.0729 5.0729
% ik p.m. 3.4588 3.4588
: 16 p.m. 1.3835 | 1.3835
30-3-70 10 a.m. 1.3228 2,143
12noon 3.3070 1.7746
14 p.m, 4,1337 k.kg07
16 p.m. 3.3070 3.6619
31-3-70 12noon 1.3803 0.7983
1% p.m. 2,2085 2.k616
16 p.m. 2,7606 3.0895
1-b- T0 10 a.m. 0.6988 1.3980
12noon 1.9966 0.1612
1k p.m. 2.4957 L.65kk
16 p.n. 1.5972 0.5747
b-k-70 10 e.m. 0.5k21 0.3219
12noon 1.1925 1.8890
1k p.n. 1.081k 0.6069

Note : 10 a.m. represent the aversge rate from 8 a.z. to 10 a.m.
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10 a.m.
12noon
1k p.m.
10 a.m.
12noon
1k p.m.
16 p.m.
10 a.m,
12noon
1% p.m.
16 p.rm.
10 a.m.
12noon
1% pom.
16 p.z.
18 p.m.
10 a.m.
12noon
16 p.n.
18 p.m.
10 a.zm.
12noon
1k p.m.

16 p.m.

1.3651
L,290k
2.5352
0.3627
0,725k
2,0856
1.3602
0.3306
1.9008
2.31k0
1.3223
0.8839
1.3750
1.96k2
2,062k
1.3750
5,5436
13.8359
13,6091
7.4850
8.181%
15.0042
23,5610

19,0962

0.8705
5.0717
2.2L85
0.95T1
0.L469%
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0.5562
1.1135
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runoff by meens of storege comstituents. The storsge -flow relaticn for
the wetershed might heve a distinct effect for each effective input. Due
to the essumptions of linearity end time-invgria.nce in the model used, an
unreelistic diﬁtribufion of the effective input mey be obtained. .

(2) The initial estinate of the effective imput in each block wes
based on the rate of the net, allwave rediation in thet block.The resulting
hydrograph, however, is the resultent of all the heat inputs to the snov.
Accordingly, it would cxpected that adjusted inputs might not agree vith
the recorded net, allwave radiation.

(3) As long as the entire region is covered with snow, the crientet-
jon end aspect of the valley end its slope play & decisi;'e role in its ir-
rad:iatibn . The overhead sun ot noon on the horizontal centre of the study
area might not be as effective es the soler radistion earlier and later in
the day on the larger sloping side ereas.This would explain the result,
shown in Teble (5-3), of the second block of the computer edjusted input
being much srmaller than the initial estinated velves.

{4) The time distribution of the net, ellweve redietion from N.2.C.
night be somewhet different from the ectuel values beceuse of the different
locetion.

The relation between the positive daily net, allvave radiation end
snow-relt rwnoff volume are shown in Figure 5-11. A good relationship bet-
veen then is obviously shown after a sirple lineer regression enelysis.
The resulting regression equation is |

Y =16.92 t+ 22.24X
vhere X is the snov-melt runoff in e.f.s.-hours end ¥ is the net s gllvave

rediation in langleys, The correlztion coefficient for this couation
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is 0.915. This indicates that the net, allwave radiation used to predict
the snow-melt runoff would provide a reasonable result for this valley
under the condition that the primary sourée of heat is radiation. Since
this result is an empi;ical one for this particular stud§ v;i;éy, it

was not felt advisable to gemeralize it to depth of melt; Hdwg§er,_it

supports the contention that the net, allwave radiatidn is‘a good index of

the snow-melt in this case.

.
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CHAPTER SIX
SIMMARY AND  CONCLUSIONS

The asswumption of a simple lumped, linear, time-invariant system
has been used to analyze snow-melt hydrographs from & watershed of about
+wo acres. The input hes been taken to be the effective net, allwave
radiation occurring between the start of runoff and the peak. Distribution
graphs derived from the hydrographs represent the response of the hydro-
logic system. The method used to derive the response is one adapted fram
a method for determming unit hydrographs fram complex rainstorms. This
consists of a lcast-squeres technique proposed by Smyder (26) . Ket, all-
vave radiation hes been used to estimate the effective net radiation vith
a correction made by the use of an error term.

Fourteen distribution grephs were obtained in the study period for
days of high net, allvave radistion. A study of these results leads to
the following conclusions @

(1) The results of the method for days of high net, allwave radiation
are quite reasonable, showing agreement as close es that often cotained
for wnit hydrographs from rainstorms.

(2) Distribution graphs varied as melt progressed with the later
hydrographs which had higner volumes showing higher pesk percentages.

(3) The time from the beginning of rmoff to the peak flow for tne
distribution graphs found was four hours and renained constant throughout
the melt period.

(k) Use of the radietion data {rom 2 peasuring station some dis-
tance from the watershed appeered to be satisfactory for deriving

the response function.
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(5) Totel volume of runoff correlated well with deily net, allwave
radiation with a correlation coefficient of 0.915.

(6) Correction to the effective net, allvave radiation input which
improves the fit of the computed hydrograph to the observed one may result
in somewhat unrealistic patterns of input.

(7) The nodel used has the sdvantage of simplicity for application.
thputer subroutines required are standard peckages. About 15 seconds of
computer time were required to derive a distribution graph.

Further areas for study have presented themselves in the cowrse of
this research. Some of these are as follows :

(1) The data may be used to derive more sophisticated models of snow-
melt runoff. These should take into account the variation of the response
throughout the dasy and the variation as the sacw-melt seeson progresses.

(2) Through application of these results from a source area of snow-
melt to other source areas and the use of routing technigues, it may be
possible to predict flows in larger streams.

(3) Analysis of more complex heat imputs such as cozbined radiation
and sensible heat may be possible using the derived response of the water-
shed to radistion inputs alone. Also, combined heat inputs and rainfall
nay be analysed by using the derived response function. Study of these
situstions awaits collection of data on the study from runoff events due

to these factors.




61

REFERENCES

1. W. T. Wilson, " An outline of the thermodynamics of snow-melt ",
Trans, Amer. Geophys. Union, pg 182-195, July,l94l.

2. Phillip Light, " Analysis of high rates of snow-melting ", Amer.
Geophys. Union Trams., July, 19u4l. pg 195-205

3. R. K. Linsley, " A simple procedure for the day -to-day forecasting

‘ of runoff from snow-melt ", Trans. Amer. Geophys. Union, 1943.

4, U. S. Army, Corps of Engineers, " Snow Hydrology ", North Pacific
Division, Portland, Oregon, U. S. A., 1956.

5. U. S. Army, Corps of Engineers, " Runoff from Snow-melt ", EM1110-
2-1406 Engineering & Design Manuals, Jan. S, 1960:

6. L. G. Gold and G. P, Williams, " Energy Bala;ce during the snow-
melt period at an ottawa site *, Publication Ho. 5%, I.A.S.H.
snow and Ice commission, 1961, Pg. 288-294,

7. E. A. Anderson, " Development and Testing of snow-pack Energy
Balance Equation ", Amer. Geophys. Union, Water Resources Research
Vol. 4, No. 1, ,1968, Feb, Pg. Pg. 19-37

8. G. P, Williams, " Evaporation from water, snow, and Ice "

Proceeding of Hydrology symposium, No. 2, March,1961. Pg. 31-52.

Q. R.E Mann, " Energy Budget and Mass Transfer theories of Evaporation”,

ey * it Fo :

T e [ i 4T b Bl
“‘.f'h"?«.’“"ﬂi?lf‘., B O PR TEE Ly 1 S sbit 57

—

Proc.of Hydrology symposium No. 2, March 1961, Pg. 8-26.

L]

10. K.S. Davar, D.W. Pysklywer and D,I. Bray," Snow-melt at an Index

e
i

. : Plot " , Amer. Geophys. Union, Water Resaurces Research, October,
1968,Pg. 937-3u6.
11, H. Landsberg, " The use of Solar Energy for the melting of Ice ",

Amer. Meteorological Society, Vol. 21, March,1940.



13.

4,

1s.

17,

18,

19.

20,

21.

22,

62

-t

D. H, Miller, " Insolation and Snow-melt in the Sierra Nevada ",

Amer. Meteorological Society, Vol.3l, No.8, October,1350,

pg. 285-299.

M. L. John, ™ Research on Sleepers River at Danville, Vermont ",
Journal of the Irrigation and Drainage Division,A.S.C.E., March,
1970,

W. F. Megahan, " Net, Allwave Radiation as an Index of Natural
Snow-melt and Snow-melt Accelerated with Albero reduéing material *
International Hydrology Symposium( Fort. Collins, Sept. 1967),

pg. 149-156)

Erwin Hoeck, " Inflencé of Rdaiation and Temperature cn the melt-
ing Process of the Snow cover ", U.S. Army,Snow'ice and Permafrost
Research Establishment, Jan. 1958.

Peter S. Eagleson,." Dynamic Hydrology "', McGraw Hill Book Co.,
1970, 3 - - -
D. Brunt, " Physical and Dynamical Meteorology " Cambridge Uni.,
Press,1952.

J.E.Nash," A course of Lectures on Parametric or Analytical Hydrology"
1968-1969, Ontario Visiting Professor of Hydrology..

Garstka, W.U. and others, " Factors Affecting Snow-melt and Stream-
flow," U. S, Bureau of Reclemation and U.S. Forest Service,1958.
R.W.Gerdal, " Penetration of radiation into the snow-pack", Trans.
Aner.Geophy Union 28(3), pg. 366-374,1948.

¥.M. Brenard, "An Approach to Determinate Stream Flow ", Trans.
A.S.C.E. Vol. 100,1935.

D.W.Newton and J.¥. Vinyard," Computer-Determined Unit Hydrograph

from Flood ", A.S.C.E. Hydraulics Division, Sept.,1967.




23.

2k,

25,

26.

27.

63

4

B. S. Barmes, " Method of predicting the Runoff From Rainfell ",
Trans., A.S.C.E. August,18th, 1941, Dicussion peper.

J. W. Hove and Richard Warnock, " An analysis of .the Relston

Creek Hydrologic Record ", Bulletion No. 16, Iowa Highway Research
Board, Decenber, 1960. - -

R. A. Wooding, " A Hydraulic Model for the Catchﬁzent-Strear;x Problem",

Journal of Hydrology 3 ( 1965 ), Pg. 254-267 ).

Snyder W. Y. , " Hydrograph Analysis by the Method of Least Squares ", .

Proc. Sept. A.S.C.E. , No. 793,1955.

Williams, G.P., Personal communication.




64

g
-
Y




65

ar

A

APPENDIX

CHART

3




66

INPUT DATA

| T

NGRAPH : The mumber of deily snow-melt hydrograph to be put into the

4
1

=

= program.

:‘*; ERROR : Average allowsble error between computed and observed hydrograph.
T

FACTOR : A factor for reducing the effective heat input adjustment.
NITER : The maximm mumber of iterations desired if the error factor is
not reached.

NLIST

2

> mumber of ' List ' ordinates .

LIST(I)

g

reduced matrix of snow-melt runoff hydrogreph ordirates.

TIME : The distribution greph duration.

X : The number of effective input ordinates.
I : The number of snow-melt runoff hydrograph ordinates.
Q(I) : The values of spow-melt runoff hydrograph in c.f.s.

RAD(I) initial estimate of effective heat input.

g

DATE : The date vhich the distribution graph is obtained.
LIM : The mmber of snow-melt runoff hydrograph ordinates , same &8s

the symbol HI.

13

fiTant
BhRiE




2
'g
3 67
g af
2
2 MATH PROGRA
2
T
£
2
:§ LL — 1
e ’ r
=
% LOOK o— 1 ITER — 0,
READ LLM
YAl
,L FACTOR
réi TIME M
KLIST
?
READ
LIST(I)
] —
1,NLIST
J]e=1 \
e NO I1£5 YES o= 1
Ie~I41 /
Q(1)~ 0.
MASTERe1
MASTER £50
RN(I) — O.
EA
HQ(1) ~ O.
KING £50 e
KING~—XING
+1
YES ’ U(1)— oO.
H(MASTER ,KING) :

RO(I) — O. KCQ(I)e 0.
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= YES §¥0_,__| CALL MATINP
5 J el WRITE
A J £ 50 (1)
= B gt N0 11,
% NNI
g -
E HH(I,3) « 0. 4 NN(LL) ~— X
=om
= 1
8
: NI(LL)~ NNI
WRITE /
TQQ—/
WRITE
LL
ITER
WRITE
RO(I)
I 1N
; HACI,d)e H(I,J )
1 1 TRO «~ 0.
Ja1
50 J<L
Ja=Jal
YES—.
1
TRO «—
| TRO + RN(I)
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CALL BAK

B

!

=
E
%
&
:%%_f
.”'.’
x

JK e« K+1

3

I
YE I €Nl NO——

}— I<I +1
|

H(I,J)<0(I

IL ~ 1
IL€ NI
IL~IL+

g RIS 1
S

4 H
SR i }2‘;}2»&- ¢ ’}4

\, E——
a

) U(1) < HH(I,cK)| |
CALL SNOW HH(1,d) =~
HE(I,J)+
H(IL,1). %

1 YES H(IL,J)

UHT «— 0.

L)

‘ ] —1
: J p 0(1) < o.
U(1) < RO(IT=S 1 =1 )
\ I +




Stk

i

=1
B
AR

R I

tg)g 3 MRS
i

A
i

AR

—-g«’

B Eble

7

i

23

(0]

WRITE

ITER

UHT <~ WRITE
UHT + RO(I) UHT
TERR <— 0.
MM+l
ITNI — O.
A
- HQ(I) < {
L2 o1 HO(I) + u(w)
% HA(I,LM) NNI e NI(LL)
4
— x
W e 1 N KN(LL)
L

HQ(I) -— O.
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@ £

i

-NO

WRITE
HQ(I)
I3 NKI

HQ(I) =~
HQ(I)- Q(I)

!

BO(I) ~—
ABS(HQ(I)/
Q1))

TERROR «—

TERROR +

ABS(HQ(1)/
Q(1))

L |

WRITE
BO(1)
141 KNI

I =X S—{ RO(I)«HK(I,1)

ITNI -~ 0.

LI¥H 1

LIMM=<50 \YES _
LIMY «— -
LIMM +1 1
J NVY -]
N £ 50 £9 . B(LIMM wuu)
‘ MY - 0.
NMM +1




:
.

T2

Ia—1
YES/ 1 =50 NO
I a— g Ie—1+]1
4
1 . {
ILa1
s [0 =L NO ‘ IL 2118
KT = L ‘
KT=—KT +1 ILeIL+1
J -1
YES J S50
H(I,J) & J—=J +1 No
U(XT)
1 4 |
I a—I+41 | HH(I,3)—0.
1a1
us I =\
Je-14l YLS
[
} %0 BH(II,30)a
Ja—1 HR(II,00)+ | |
YES YeS 1< %O h'(?.,n))‘f
iy H(IL,JJ
JeJ+1 1 Py
H(IJ)—1
NO
J ‘
H(I,J) ~— o0, CALL XATEQ

1

U
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T B RO s e AP

LAY -~ 1,

NEW = 1.

,,49,
Bl

MEN ~—
NEW + L -1

PRSI

%
t
!
e
Y

IK &= IK + 1
MK <= LLM
1 KCQ(I) =~
HCQ(1) + 01
KQ = NEW HQ(IK) &
u(Ld)
1 4 1
o [1TL \ms
11 41 HCQ(I)« 0. IK -« KQ
IN - 1
{ MK <= MK-1
£ < HCQ(IN) ' ‘
€ H(1,IN)+E KQ ~-KQ +1
IN ~ DN 41
4

Ko
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SRR HE T

e 34 o]

DRO &
RO(NEW) -

¢ FACTOR

T4

DRO< RN(NL¥ DRO — 0,
1’ YES
WRITE ~
- 4 E «=RO(NEW)
- DRO

NO

LAM &— 1

I ~— NEW
1< KEN
J=—NEW +1

HQ(1) “—
HQ(I) =
E & U(LA¥)

1

LAN «~ LAM 41
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RIERE

B

5

T

oy

3 ]
EENES

)
,,,,,,

R NSRRI
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WRITE
LL
ITER

WRITE
RO(I)
I«1,K

I &
1=
YES
| )
PRO(I) <~
—1 RO(I)/TQQ

YES |

1 '
" 30
I—I+41 1
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NO
WRITE
RO(1)
Ie=1,N
INe— IN 4+ 1
STRO « O,
RO(IN) =
RO(INXS T N e 1.
WRITE
F °TRO
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J
F « TRO/STRO INe—IN+1
N~ 1

WRITE
PRO(T)
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10—,
LJa—1
NO <L KO
LJ=LJ ¢+1
) YES
— I
H(I,J) = 0. e
Jaew Jalxl
[ 1
1 NO
NO
Je—1
J <
J—J+1
1
H(I,L3) _ YES
{ }
HA(I,JK) — | |
ITe=1+1 ‘ E(1,0)
141
T<NND  YoES
I-1+1
H(I,JK)~Q(1)
YE
Jed+1
J
HH(I,J) =~ 0.
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O
1
- o] ITNI ——
ITNI -+ NNI
YES NO
YE O
5O v AERROR <—
_ TERROR/
FLOAT(ITNI)
1
KH(I,J) =—
BH(I,5) +
H(333,1)
B(3J.T)
AERROR
ITIR
WRITE
. PROELEY
DYBS — !‘0 CONVER-
YES LOOK2 NO TER, GED
NGRAPH ‘ ]
1 WRITE 70
STOPPED
[TERATIC ITER«— ITER+
1
LOOK -—
END ,
LOOK + 1 70
[77 l




BRI A el

8

-

START SUBROUTINE XATEQ

B(IB,J)e—STOR IFLG — 0.

s aen | @)
B(1B,J)

STOR ~— B(I1,J) DET — O. XFACT — O,

YES DET~— LET *
XFACT

l

R e

NO.

Cy Co €
< AN

|

STOR-—A(I1,J° I8 — 1 XFACT—A(I,J)

{

A(I1,J)>—
) A(1B,J)

@ t

A(1B,J )}~ STOR
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G e

% Ile— I1+1
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& I —11
% B—( I <X 1E
% JaI4l
] KO YE XFACT =
-(a(1,38)/
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O 1< x YES
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100 1
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_YES X0 @

NO
A(I,J) e 0.
| N1e—N1-1
N2o— N1-1

XFACT «— Jl—1

BN, 1)/ e g1 M 2 =

A(N1,J) Jle—Jltl
B(nl,J1) & - :AB-/-
XFACT :

‘ NO YES

I-—1 B(I,J1) —
v/ 1=N Y=d R -
I—I+1 XFACT®A(I,J)
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11~—1
I1 <N
Ile-1141

YES,

YES

NO

Je—1
NO i
JamJ+1
STOR=-B(I,J)
1.
. B | J
STOR - A(I,J) (1,0)-B(11,5)
‘ 1
A(1,d)e-A(11,0) B(I1,J)=STOR

FII.J)- STOR
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START
SUBRQUTINE  MATINP

READ
N, NI
DATE

TQ «— 0. TCRAD w——
TORAD RAD(I;

TORAD~— 0.

I«—1

ves{ 1 <N1 \No__ . | r

!- Ie—1+1
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START

SUBROUTINE  SROW

+

Yy
i

it
3

I(M)— ou(r)

7
[}

T
bpeiat

#

[EIL IS

MMM «=— LIST(1

[ D(II) < O
Ma— M+l

1 J

KM« 1ist(M) Yes Yes 11e—1
11 < 50

MMM e—PMM - ]

Yo 0

¢ )ye=D{t
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a D(MMM) —

ou(¥¥)




: 8k

g

L]

Mol
!

e LIST(M)

)

. Je—i+1

Pt

s B

JJ =—LI3T(J)
{

JJJ +—JJ=HY

R

e}
.
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@ SUBROUTINE BAK

4

L — O.
RO(LL,JJ) a— ‘
(ROTIO*R(LI, L)
+ R(LI,JJ) L L4l
R(LI,J) =
(ROTIO*R(LI, Ko K+1
JF) + R(LI,J)
Je—LIST(L)
No / LI—1 \ ¥ES
LI £ X ‘
Ll-LI+1
JLe—J+LL
]

ROTIO ~— BB/A

JF «— JJ-LL 40 A—JJ-J

BB — ILL . JJ3—A -1 | ¥NO

IL—1
YES LL=<J3J ) §
LL—LL+1
[




N—LIST(1)
+1

J e— 2

JJ e LIST(J)
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Je—J+1

1

YES

R(LM,N) o—
R(LM,JJ)

Y 4



87

APPENDIX B

HYDRQETEOROLOGICAL ~ DATA




88

Time Temperature Relative Net Qx 10 2 Wind-
Hunidity  Radiation  c.f.s. Velocity
F % ly. m.p.h.
28-3-70
2 a.m, 26 | 96 -7 5.4 8
] 4 a.m, 27 86 -2 4,85 12
6 a.m. 27 96 -2 4,20 7
8 a.m, 30 96 0 3.80 11
10 a.m. 31 86 7 4,40 11
12noon 35 68 11 5.60 15
1 pom. 37 70 16 7.40 20
16 p.m. 34 96 7 9,80 17
18 pm. 29 89 3 9.40 17
20 pom. 27 88 -4 7.60 1
22 p.n. 23 68 -8 6.40 9
2% pom. 22 B4 -8 6.00 8
29-3-70
2 a.m. 16 68 -8 5.60 1]
4 a.m. 10 87 -8 5.00 -6
6 a.n. 3 9y -8 4,42 8
8 a.m. -1 95 -4 4,00 4
10 a.m. 10 70 15 5.6 7

12 noon 17 49 22 10.30 6




( CONTINUED )

89

29-3-70
14 a.m,
16 a.m.
18 a.m.
20 a.m.
22 p.m.
24 p.m.
30-3-70
2 a.o.
4 a.a.
6 a.m.
8 a.m.

10 a.m.
12noon

14 p.m.
16 p.m.
18 p.m.
20 p.m.
22 p.m,

24 p.m.

23

22

23

1k

12

10

21

23

26

25

19

16

14

.us.

42

40

50

60

78

90

96

g6

95

76

47

45

47

56

60

62

64

15

-10

-10

<12

-10

-10

-10

-6

20

25

20

14,00
15.00
13.70
11.70
10.20

9.40

8.70
7.65
6.82
6.00
7.20
10.00
13.00
19.05
18.20
12,40
10.30

8.30

10

10

10

13

12
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( CONTINUED )

31-3-70

2 a.m. 13 69 -8 7.50 8
4, a.m, 12 68 -8 6.50 9
6 a.m, 10 76 -8 5.70 8
8 a.m. 6 90 -4 5.40 8
10 a.m. 17 ou -4 5.20 ]
12noon 25 46 5 5,44 -
14 p.m. 3 38 8 5.70 4
16 p.5. 35 38 10 8.30 Y
18 p.m, 33 41 3 9,50 3
20 p.m. 30 65 -l 7..60 5
22 p.m. 24 78 -6 7.00 3
24 p.m. 23 87 -4 6.60 )
1-4-70

2 a.m. 22 88 -8 5.90 8
4 a.m. 26 71 -10 5.15 13
6 a.n. 19 87 -10 4,80 8
8 a.m. 18 90 -8 4,50 8
10 a.m. 27 67 7 5.57 14
12noon 32 57 20 6.00 12

A
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( CONTINUED )

1-4-70
1% p.m. 36 40 25 10.60 11
16 p.m. 38 36 16 12.86 12
18 p.m. 38 45 8 11.27 6
20 p.m. 31 66 -5 9.20 5
22 p.m. 27 83 -6 7.70 &
24 p.m. 28 85 -3 6.00 )

2-4-70
2 a.m. 30 70 -2 4,00 11
4 a.m. 30 T4 -2 3.30 12
6 a.m. 30 70 -1 2.60 16
8 a.nm. 29 85 0 2.25 26
10 a.m, 29 96 0 1.95 28
12noon 30 96 2 1.80 26
14 p.m. 30 96 0 2,00 32
16 p.m. 30 86 0 2,20 21
18 a.nm. 32 96 0 2.40 22
20 p.m. 3l 96 0 2.37 17
22 pan. 30 96 0 2.20 7

24 p.n. 25 96 0 2.10 11
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{ CONTINUED )

3-4-70

2 a.m. 28 T 9l 0 1,95 )
4 a.m, 27 g4 0 1.82 15
6 a.m. 27 92 0 1.711 8 .
8 a.m. 26 86 =2 1.62 19
10 a.m. 26 71 -4 1.50 19
12noon 27 63 -1 1.40 18
14 p.m. 3l 56 2 2,00 24
16 p.m. 34 4% -1 2,30 26
18 p.m. 36 34 -2 2.50 20
2 pom. 35 33 -6 2,40 18
22 p.m. 33 41 -10 2.30 9
24 p.m, 28 Ut -9 2,10 9
4-4-70

2 a.m. 28 51 -6 1.95 9
4 a.m. 24 57 -7 1.82 1
6 a.m. 21 76 -7 1.70 g
8 a.m. 12 92 -6 1.60 6
10 a.m. 23 67 5 1.90 9
12noon 3l uh 11 2.10 12

w4



{ CONTINUED )
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4-4-70
14 p.m,
16 p.m.
18 p.m.
20 p.nm.
22 p.m.

24 p.m.

5-4-70
2 a.m,
L a.m.
6 a.m.
8 a.m.

10 a.m.

12noon

14 p.m.

16 p.n.

18 p.m.

ropeme

22 p.m.

24 p.n.

33
34
35
3
24

14

0
17
22
2
2
2
2
2
32
3l
18

17

35

28

29

33

Sy

74

81

78

73

7%

57

46

40

KYJ

Ly

73

71

-7

-10

-8

-9

-6

-10

22

13

-5

-8

4,25
4,27
3.80
3.00
2,50

2.20

1,95
1.80
1.65
1,50
4,20
5.17
17.60
20.80
15.70
8.00
3.10

2.00

17

20

16

12

16

14

20

2

20

16

12
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( CONTINUED )

6-4-70

2 a.m. 21 9 -2 1,85 4
4 a.m. 22 93 -3 1.72 )
6 a.m, 21 9y -5 1.60 g
8 a.m. éO a3 -3 1.52 12
10 a.m, 23 85 4 2.91 13
12noon 29 57 8 4,56 12
14 p.m, 38 u9 23 6.60 14
16 p.m. 38 56 15 9.20 15
18 pom, 37 62 3 9.79 12
20 pm. 36 83 -1 7.00 7
22 pam. 3 98 0 3.20 5
24 p.m, k) | 88 -2 1,90 4
7-4-70

2 a.m. 28 98 =5 1.50 3
4 a.m. 21 98 -7 1,42 -
6 a.m. 19 g8 -3 1,30 4
8 a.m. 22 98 0 1.20 9
10 a.m. 31 77 4 1.92 1
12noon 3 53 23 2.92 13




9

( CONTINUED )

7-4-70
1% p.m. 39 46 28 5.53 10
16 p.m. 40 41 16 9.50 13
18 p.m. 39 40 3 11.18 10
20 pam. 3 79 -5 7.80 6
22 pm. 30 80 -9 6.30 5
2% pm, 32 77 -6 3.30 8
8-4-70

2am, 35 72 0 2.00 8
4 am, 3% 13 0 1.85 9
6 am. 35 85 0 1.70 1

g am., 35 95 0 4,09 17
10 a.m, 38 87 9 5.49 12
12noon 45 68 1 6.48 12
14 p.m., 48 62 20 9.27 1n
16 p.m. Sl - 60 21 16,57 10
18 p.m. 50 54 1% 13.56 13
20 pom. 44 77 1 9.86 9'
22 p.u. 44 74 =2 5.95 9

24 p.m. 41 76 0 2.30 6
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( CORTINUED )

9-4-70

2.a.m, KY) 9l -b 1.95 7
4 a.m, 40 90 2 1.78 6
6 a.m. 36 83 -1 1.60 7
8 am, 42 85 -2 8.00 7
10 a.m. 46 56 21 34.04 12
12noon 50 by ) - 13
14 p.m, 51 Lo 46 - 13
16 p.m. 52 38 37 - 15
18 p.m. sl 43 16 - 14
20 p.m. 45 55 -1 - 16
22 p.m, 39 64 -6 - 18
24 pome 36 L] -2 - 19
10-4-70

2 a.m. 33 79 -2 - 18
4 a.m. 32 84 -2 - 9
6 a.m. il 90 -2 - 1
8 a.m. 3l 92 -1 - 12
10 a.m. 32 94 11 - 16
12noon 33 92 26 - 14

Y 4
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( CONTINUED )

10-4.70
14 p.m. 33 9y 24 - 16
16 p.m. 33 85 29 - 15
18 p.m. 32 68 12 - 18
20 p.m. 2'>9 76 0 - 20
22 p.m. 25 78 -7 - 20
24 p.m. 2u 78 -10 - 15
11-4-70

2 a.a. 22 77 -13 42,00 1y
4 a.m. 20 79 -1% 26.00 i3
6 a.m. 18 88 -14 20.50 16

8 a.m. 18 91 -7 17.50 14
10 a.m. 20 89 24 22.74 13
12noon 24 83 61 33,00 15
1% p.m, 29 77 72 76.02 15
16 p.m. 32 69 60 84,42 14
18 p.m. 35 62 33 100.20 15
20 p.m. 36 65 -2 87.00 11
22 p.m. 32 76 -6 57.40 8
2% p.m. 32 80 -13 38.50 8




( CONTIFUED )
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12-4-70
2 a.m.
4 a.m.
6 a.m.
8 a.m.

10 a.m.

1Znoon

14 p.m.

16 p.m.

18 p.m.

20 p.m,

22 p.m.

24 p.m,

13-4-70
2 a.m.
4 a.m.
6 a.m.
8 a.m.

10 a.m,

12noon

30
30
28
28
30
34
39
44
45
41
37

35

34
3l
28
30
41

48

88

84

89

90

86

80

65

S4

52

58

66

61

73

92

L

62

52

-8

"

-4

30

55

86

70

30

-2

-2

-2

-3

-13

-13

53

92

27.50
22.50
18.50
15.00
27.00
44,00
59,97
132.13
115.05
75.86
56,39

42,97

32.88

24,00

20.20

17.00

us .18

71.30

12

12

12

10

Y 4
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( CONTINULD )
13-4-70
14 p.m, 50 50 112 130,99 6
“ 16 p.m. o4 36 93 177.70 8
18 p.m. 55 34 46 165.00 4
20 p.m, 46 68 -3 75.00 3
22 pam, 34 9% -12 35.00 -
24 p.m, 29 96 =12 27,50 7
14-4-70
2 a.n. 27 96 ~12 22.00 7
4 a.m, 27 95 -13 18.00 8
6 a.m, 29 93 -14 15.00 9
8 a.m. 30 92 -1 12,50 10
10 a.m. WO 61 49 38.50 13
12noon 50 53 88 68.00 7
14 pm. S 43 104 116,00 6
16 p.m. 56 39 85 159.50 7
18 p.m. 56 40 43 120.00 2
20 p.m, 50 55 -3 80,00 6
22 p.m. 37 )3 -14 64.50 7

24 p.m. 31 96 -14 45.00 8




( CONTINUED )

15-4-70
2 a.m.
4 a.m.
6 a.m.

8 a.m.

17-4-70

28
26
25

26

rainfall

96
96
96

80

0.07 inches

-14

-14

14

<2

25.00

20.70

18.00

15.00

10

10

10

10

100
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INPOT :

SNOW-MELT
HYDROGRAPH
NET RADIATION

VALUES

t

SET

NO. OF ITERATION
& AVERAGE ERROR
REQUIRED

SET
" LIST "
ORDINATES

L

MAKE FIRST
ESTIMATE OF
EFFECTIVE
INPUT

<

FIND DISTRIBUTION
GRAPE BY GAUSSIAN
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Appendix D,

FLOW DIAGRAM

ELIMINATION
( EQ. 5.6)

]

COMPUTE SNOW-MELT

HYDROGRAPH FROM

DISTRIBUTION
GRAPH

WRITE
THE DIST. GRAPH
& AVERAGE

COMPARE
COMPUTED HYDRO-
GRAPH WITH OBSERVED
HYDROGRAPH

ERROR

WRITE
YEXCESS THE
REQUIRED XO.
OF ITERATION'

J

F

CALCULATE- .
NEW EFFECTIVE
INPUT

COMPUTE
ERROR VECTOR
( EQ. 5.9)
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C************ﬂ**ttii#******************#1*#******#*:*f*#*ttttt$*z*****$*
SNCW-MELT RUNOFF RESEARCH

C T0 SOLVE THE PULSE RESPONSE OF THE WATERSHELD DUE TO SNOW=MELTS *
C A MATHEMATICAL MCDEL IS WRITTEN IN MATRIX FORK %*
C NGRAPH: NO. CF DAILY SNOWMELT RUNJFF HYDROGRAPH T0 8 COMPUTED x
C ERROR : 1S PERCENT ERROR RETWEEN COMPUTED AND OBSEPVED SNOWMELT *
C RUNOFF HYDRCGRAPH REQUIRED *
C FACTOR: REDUCE ERROR FACTOR *
E NITER: NO. OF ITERATIONS TO BE COMPUTED *

*
C *

NLIST: NO. OF LISTS TO BE COMPUTED
**#*##***#**##**#**#**#****#******#*******************t##*#*t*!##**#*t
CIMENSION H(50,50),0(50),U(50) yHH{5745€)
CIMENSICN PPQ{10),B0(50)
CIMENSICN HA(50,50)
CIMENSTCN HC(50),R0(50) .
BIMENSICN RN(5C),NT(50),NN(50) yHCQ50) 4LISTISC),GG(50)
READ(1,1)NGRAPH, ERROR
1 FCRMAT (16, F1042)
LL=1
LOCK=1 . )
2 ITER=0
£C 200 1=1,50
€(1)=0.
RN(11=0.
HG(11=C.
£011=0. )
ECC{1)=C. :
200 RG(1)=0. , .
3 READ(1 4 ) FACTOR, TIME,NITER,LLM,NLIST
% FORMAT(2F10,2,316) |
READ(1,400) (LIST(I),1=1,NLIST)
4C0  FCRMAT(3612)
WRITE(2,401) (LIST{1),1=1,NLIST)
401  FCRMAT (1H1,2X,'CCMPUTE NRDINATE *,2513,/)
_ ARRANGE RO TN METRIX FORM
£C 5 MASTER=1,50
£0 5 KING=1,50
5 F(FASTER  KINGI=0.
£0 500 1=1,50
pC 500 J=1,50
500 HE(1,d1=0,
CALL MATINP(H(191),30(1),0(1) 4NsMNT,L,RNI1),T0Q) ]
WRITE(3,503) -
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SLBROUTINE MATINP(H,R0,Q,MN,NI,L,8N,TQ)
Chkokkd B ok siod dokbskk p ko ddop ook dd ok dfokodb dor koo ook bbb skakcdokd e tdop ok s
N: THE NUMBER OF EFFECTIVE NET RADIATICN ORDINATES,

C THE TIME PERIOD FOR THESE ORDIATES MUST BE EQUAL TO THE *
C CURATICN OF THE COMPUTER UNIT HYDAOGRAPH, *
C NIt THE NO. CF SNOWMELTS RUNOFF HYDROGRAPH CRDIATES. THE TIME *
C PERICD FCR THESE .ORDINATES MUST BF EQUAL TO THE DORATICM OF THE =
C CCMPUTEDC UNIT HYDRNGRAPH, *
C RN,RO 2 EFFECTIVE INPUT IN C.F.S
C L: NO. CF CRDINATES IN UNIT HYDROGRAPH *
C*****;****************************#****** d¢ Jeok ok e o sl ok e db ke sk o ok e okl ek o o oo
CIMENSION H{50,50)4R0O(5C),Q{53),RN(50)
CIMENSICN RAL{?20)
CIVENSICN CATE(20)
DIMENSICN 2{20)
'3 FCEMAT{BF10.,4) - -
4 FOFMAT(413)
READ(1,4)N,NT
REACTL43H(CU1)sI=1,4NI)
REAC(14+2)DATE
2 FORMAT(1X,2041)
KRITE{3,2)CATE
EC 6§ I=1,NI
6 Q{I)=N(1}/10.
TC=0.
L0 9 1=1,NI
9 TR=TO+Q(1I) .
C INITIAL IMNPUT ASSUMED
TORAL=C,
REAC(1,15){RADIT),;I=1,N)
15 FCRMAT(B8F1.C)
‘WRITE({2,150) : :
150 FCRMAT(2X, YINITIAL NET RADIATION IN LY.')
WRITE(3,151) {RAD(I),I=1,N
151 FCRMAT(2X,10F10.4) :
CC 16 I1=1,N
16 TORAC=TORAC+RAD(T)
) pQ 17 I=1,A
17 A(1)=RAC{T)/TNRAL
KRITE(2,12)(A(1},1=1,N)
12 FCRMAT{/2X,*FERCENT INPUT= 1,10F10.41)
~ L0 11 1=1,N )
RC(II=A{II*Ty
11 FN{I):A{I)*TG
=\1=-N\4
C kRRRNGE INFUT IN MATRIX FORM
: £C 5 J=1,L
1% k=1,m
T8 =1,
. F(1,J)=RCIK)
5 1=1+]
RETURN
CEPUG SUBCHK
ENC
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