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ABSTRACT

A snow melt model is postulated to utilize rawin-

sonde observations of temperature, dewpoint, and wind speed

as input variables. The model is developed around the snow

surface energy balance, with the energy budget components

structured to accommodate the upper air data. Some physical

characteristics of the watershed are incorporated as

parameters in the model.

Rawinsonde data from Winslow, Arizona and stream

flow data from a small watershed near Flagstaff were used

to develop and test the model.

The snow melt runoff process was modeled by a

linear regression equation using the computed snow melt

values as independent variables. Data from two snow melt

seasons were used to estimate the regression coefficients

and to refine the parameters in the snow melt model. Run-

off was then predicted for two independent snow melt

seasons and compared with the observed runoff.

An analysis of these independent seasons suggested

that the energy balance components could be modified to

more adequately utilize the rawinsonde data, and that

variable solar radiation term should be included.

The utility of the snow melt model was not con-

clusively demonstrated by this study. The short snow melt

vii
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runoff seasons resulting in a limited data base and an

over-simplified runoff model are possible reasons for the

lack of verification.



INTRODUCTION

The operational hydrologist concerned with daily

streamflow forecasting must utilize mathematical models

which are suitable for the sources of data available on a

real time basis. On large basins with diverse environ-

mental regimes real time data on some of the more important

process are not available. These are often the cir-

cumstances when estimates of daily snow melt rates are

required. The structure of snow melt models is largely

determined by the type of data available and has resulted

in the widespread use of empirical index methods which

oversimplify physical processes.

Temperature indices of energy available for snow

melt have been used extensively to estimate snow melt rates.

The availability of temperature data, its ability to be

forecasted, and the relatively simple methods developed to

describe the relationship between the index and the snow

melt rate have contributed to its popularity. However, the

snow melt process involves sources of energy that are not

always adequately indexed by temperature alone (Corps of

Engineers, 1956, p. 196).

In this study rawinsonde data were used in a suit-

able numerical expression of the energy exchange processes

active during snow melt.

1
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The rawinsonde measures vertical profiles of

pressure, temperature, relative humidity, and wind speed

in the atmosphere. In flat terrain, this data source

offers no particular advantage over measurements of the

same variables by more conventional means. However, in

mountainous topography where surface data are not observed

over an adequate range of elevations, the rawinsonde data

have an advantage in that vertical extrapolation is not

necessary.

The interaction between the atmosphere and the

earth's surface introduces the problem of the representa-

tiveness of variables measured in the free atmosphere by

the rawinsonde, and the value of these same variables in

close proximity to the surface. In an attempt to account

for this interaction, a snow melt model which incorporates

some empirical relationships between the free air values

and the surface values was developed. The model computes

the daily snow surface energy balance and then uses the

net energy as an estmate of the daily snow melt rate.

Physical parameters of the catchment such as slope,

aspect, and forest cover can be incorporated into energy

balance formulations so that in the application of the

model on different parts of a watershed or basin considera-

tion is given to some of the spatial variability inherent

in melting snow packs. This important advantage is dis-

cussed by Hendrich, Filgate, and Adams (1971).
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The limited amount of field data used in this

report requires numerous assumptions concerning the condi-

tion of the snow pack and the water balance of the water-

shed. Thus for development and testing purposes, stream-

flow data from a small watershed with fairly uniform

hydrologic and climatic conditions was chosen to reduce

complications that could obscure the results.



STUDY AREA

Physical Characteristics 

To test the applicability of upper air data in a

snow melt model, discharge data were obtained from Water-

shed 17, a small catchment in the Beaver Creek Pilot

Watershed in central Arizona. Rawinsonde data were

obtained from the National Weather Service Office (WS0) at

Winslow, Arizona. Figure 1 shows their relative locations.

The Beaver Creek Pilot Watershed has an area of

1100 km2 and drains a portion of the Mogollon Rim. Water-

shed 17, with an area of 1.14 km2 is located in the upper

elevation zone of the Beaver Creek drainage and ranges in

elevation from 2060 to 2210 m above mean sea level. The

terrain has a general southwest aspect with an average

slope of about 0.04. Figure 2 shows the detailed topo-

graphy of Watershed 17.

Ponderosa pine is the dominant tree species in the

vicinity of Watershed 17, with an intermix of Gambell oak

and Alligator juniper. The vertical canopy projection of

all trees was approximately 50% of the total area as

determined from aerial photographs (Garn, 1969). The tree

distribution ranges from natural openings to 'dog hair'

thickets. Vegetation on Watershed 17 was in its natural

4
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state during the period in which data were used for this

report. The watershed was thinned in 1970.

The Siesta, Sponseller, and Brollier soil series

constitute the primary soil types in this portion of the

Beaver Creek drainage. Infiltration rates for these soils

range from 2.0 to 6.5 cm/hr, with permeabilities on the

order of 0.1 to 2.0 cm/hr (Garn, 1969).

A more complete description of the soils and

vegetation cover on the Beaver Creek drainage can be found

in Brown (1965) and Garn (1969).

The Winslow WSO is located 80 km east of Watershed

17 at an elevation of 1487 m. The terrain in the vicinity

of Winslow is relatively flat with a gradual upward slope

toward the southwest reaching maximum elevations along the

Mogollon Rim.

Climate 

The climate of Watershed 17 is similar to that of

Flagstaff, Arizona, located 32 km north of Watershed 17 at

an elevation of 2100 m. Climatological statistics are

available from the U. S. Department of Commerce (1971) and

also from Sellers (1960). Of particular interest for this

study are the snow statistics.

The months of December through March constitute the

principal snow accumulation season. The average annual

snowfall is 210 cm with a standard deviation of 96 cm and
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extremes of 28 and 380 cm for a 40-year period of record.

It is not uncommon at the 2000 m level for the snow

accumulated from one storm to partially or entirely melt

before the next snow storm. Intermittent melting results

in a snow melt season ranging from January through April.

During the snow accumulation season the average

precipitation at Flagstaff is 19 cm. The Munds Park snow

course data (U. S. Department of Agriculture, 1970) and

snow records for Flagstaff (U. S. Department of Commerce,

1971) indicated that water equivalents for snow packs in

this altitude zone do not normally exceed 13 cm.

The relatively shallow snow packs limit the number

of snow melt days and therefore the data base for this

study. Within the period of usable streamflow records from

Watershed 17, four seasons, 1965, 1966, 1968, and 1969,

experienced above normal snow accumulation and were chosen

as the data base for this report. Snow depth and precipi-

tation at the Flagstaff WSO, and the hydrographs for Water-

shed 17 are plotted in Figures 3(a) to 3(d) for these

seasons.
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SYSTEM EQUATION

Components 

A three component system is proposed that uses the

rawinsonde observations as input data and snow melt runoff,

q(t), as output. The system is expressed mathematically

as 5

t
q(t) = qo + a E m(u)h(t-u) + b + z
	

(1)
u=o

and diagrammatically as,

m( t )

Temperature
-..,...„t.

Vapor -->
Pressure

Melt
Model

Transformation
Function

x(t)

Wind
Speed

q(t)

energy balance

, using the observed

the

Regression
Model--->

The melt

approach to compute melt m(t)

model incorporates

the snow

temperature,

information.

vapor pressure, and wind speed as input

Unit hydrograph theory forms the basis for the

transformation model. The function h(t) represents the

11
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ordinates of the unit hydrograph and the transformation

model,

x(t) = E m(u)h(t-u)	 (2)
u=o

is the discrete form of the convolution summation (Schwarz

and Friedland, 1965, p. 95). The variables x(t) are the

temporal distribution of the snow melt water passing the

streamgage at the mouth of the watershed, assuming no

losses.

It is customary in hydrologic practice to operate

on the observed rainfall hyetograph, using a suitable

model, to derive the effective rainfall hyetograph and then

pass the effective rainfall through the convolution summa-

tion to calculate the direct runoff hydrograph. This

procedure is complicated when dealing with snow melt since

the snow melt rate is not observed but rather is synthe-

sized. As a result, a snow melt-runoff relationship which

has the temporal resolution necessary for daily streamflow

forecasting is one step further removed from reality than

a similar rainfall-runoff relationship. Since it is not

the purpose of this report to develop a comprehensive snow

melt-runoff model, the procedure will be simplified by

using the variables x(t) computed in Eq. (2) as independent

variables in a linear regression model, with parameters a
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and b and an error term z. The output from the regression

model q(t), is the estimated runoff for the gaging site.

The quantity qo represents the initial streamflow

condition at the time snow melt computations begin.

The properties of linearity and time invariance as

defined by Chow (1964, Sect. 14, pp. 13-14) and Schwarz and

Friedland (1965) are inherent in the system proposed by

Eq. (1). These properties will exert constraints in the

analysis of the data due to various transient phenomena

associated with snow melt and the lack of sufficient data

to specify the initial conditions of the snow pack and the

watershed.

Water Balance 

The water balance of the catchment and the energy

balance of the snow surface form the basis for the snow

melt component of Eq. (1).

During snow melt events the water balance equation

for Watershed 17 can be written as,

r =p+m-g-E- L,
	 (3)

where r is the observed runoff rate, p is the precipitation

rate, g is net rate at which water is stored in the soil,

E is the evapotranspiration rate, and L is the rate at

which water is lost due to deep percolation. A time
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increment of one day will be used in all computations and

each term in Eq. (3) will have units of cm/day.

Because of the ephemeral chqracter of flow on

Watershed 17, the separation of base flow and surface

runoff is not necessary. The runoff r is composed of a

combination of direct surface runoff and interflow.

To simplify the analysis, only rain free snow melt

sequences are chosen. An inspection of Figure 3 indicates

that this is not a serious restriction during the spring

snow melt season since a large percentage of the snow melt

events occur during warm clear weather. Therefore,

p = O.
	 (4 )

Losses to ungaged deep percolation are difficult to

assess except as a residual in the water balance equation.

Some evidence exists that deep percolation does occur in

watersheds close to Watershed 17 (Thorud, 1969, p. 7), but

because of the lack of quantitative information on other

terms in Eq. (3), it is not possible to conclude that

/ > O. The assumption is then made that,

L = O.	 (5)

If / = 0, and since Watershed 17 is drained by 
an

ephemeral stream, then after sufficient moisture has been

made available to bring the 
soil moisture to a state of

field capacity,

g = O.
	 ( 6)
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The soil moisture storage rate will be greater than zero

during the early stages of a snow melt period as the soil

moisture requirements are satisfied. In the analysis of

the data, a subjective judgment will be made as to when

Eq. (6) is valid. If this judgment is not correct,

significant errors can be expected.

During periods of snow melt, evaporation can occur

only from the snow surface, if the watershed is completely

covered by snow. In this study, it is assumed that the

quantity of water involved in evaporation and condensation

is negligibly small in comparison with the quantity of

water melted, and that evaporation only affects the energy

balance of the snow surface.

The assumption g = 0 implies that an unlimited

supply of water is available for transpiration. Transpira-

tion can then proceed at the potential rate and is "essen-

tially only a function of the meteorological variables"

(Eagleson, 1970, p. 227). If the meteorological variables

influence snow melt and transpiration in a proportional

manner then,

E = c 'm
	 (7)

where c is a constant.

Substituting Eqs. (4) through (7) into Eq. (3), 
the

resulting water balance is,

r = (1-c')m



letting c = (1-c') then,

r =- cm	 (8)

16

Equation (8) is the water balance equation for

Watershed 17, during rain free periods, after soil moisture

requirements are satisfied and before the snow pack has

significantly departed from 100% coverage. It is on the

basis of Eq. (8) that the linear regression model in Eq.

(1) was chosen.

Energy Balance 

The energy balance for the snow pack per unit area

can be written as,

H +H - H
rl 

+H +H + H
e 
+H +H + H =0rs (9)

where: H = change in heat stored in the snow pack

H	 = net short wave radiation absorbed by the snowrs
pack

-H
rl = effective outgoing long wave radiation from

the snow surface

H
c 

= sensible heat transfer from the atmosphere
to the snow pack

H
e 

= latent heat transfer from the atmosphere by
condensation

H = sensible heat transfer from the soil to the
snow

H = sensible heat transfer from precipitation

When a component of Eq. (9) is positive, heat is

being added to the snow pack.
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By using only precipitation free melt events, p = 0

and therefore,

H = 0. 	 (10)

When the snow pack has been on the ground for a

number of days and soil temperatures are near the freezing

point, it is assumed that the flux of heat from the ground

is negligibly small when compared with the remaining terms

in Eq. (9). Therefore,

H =0.

A freshly fallen snow cover must undergo a ripening

process that conditions the snow so that a positive appli-

cation of energy will yield melt water. The ripening

process involves bringing the snow pack temperature to an

isothermal condition at 0°C and satisfying the liquid water

holding capacity of the granular snow matrix. Estimates of

the energy necessary for this process requires information

on the snow pack temperature and water equivalent. Since

these data are not available and for the purpose of

simplicity of the snow melt model, a ripening function is

not included.

During the night, it is not uncommon for H < 0.

The amount of energy lost by the snow pack is dependent on

the atmospheric and environmental conditions. This diurnal

cold content is ordinarily on the order of 15% of the daily



and

H	-Hrl 
+H

c 
+H

e 
>0.

rs
(1 3 )
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energy input during the daylight hours in the active melt

season (Corps of Engineers, 1956, p. 299), and will not be

explicitly accounted for in the snow melt model.

By selecting daily snow melt events that occur

after it has been subjectively determined that the snow is

ripe, and neglecting diurnal changes in the cold content,

the condition

H =0
	

(12)

is assumed to be valid.

The amount of melt water generated from a ripe snow

pack per unit of energy absorded, depends on the thermal

quality or the liquid water content of the snow. In this

report it is assumed that the free water holding capacity

of the snow is 3% of the total water equivalent (Corps of

Engineers, 1956, p. 303). Thus 1 cm of the water equiva-

lent requires 77.6 cal of thermal energy to produce 1 cm

of melt water.

By definition in this report, snow melt water will

be generated from a ripe snow pack during daylight hours

when the air temperature Ta and the 
energy balance meet the

conditions,

T
a 

> 0°C
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Defining the quantity of snow melt water generated

as

m = (H	 - H
rl 

+ H
c 

+ H
e )/77.6 cm of waterrs

when the energy units are in langleys.

In applying Eq. (1), it is convenient to think of

the snow melt season as consisting of three separate

phases. The first is a transient period when H / 0 and

g / 0 • During this phase the snow pack ripens and begins

to yield melt water. An unspecified quantity of melt water

is required to recharge the soil moisture. After the

completion of the ripening and soil moisture recharge

processes, H = 0 and g = 0, and the second phase begins.

During the second phase Eq. (14) should provide

a useful estimate of the melt water available for runoff,

subject only to losses from transpiration. This will be

defined as the "valid period" for the snow melt model. As

the snow pack decreases in mass, patches of bare ground

will begin to appear and the third phase begins.

Equation (14) provides melt estimates per unit

area. Without information on the total area of the snow

pack it is not possible to compute the runoff. The third

phase is then a snow cover recession period and as the

cover departs from 100%, Eq. (1) will no longer be valid

since 100% snow cover is assumed in this study.
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The second phase is a sort of quasi-equilibrium

period when Eq. (1) is time invariant. With shallow snow

packs this phase may never occur, instead a blending of

phase one into phase three occurs, making a deterministic

analysis of the snow melt-runoff process difficult without

additional information on the soil and snow condition.



SNOW MELT MODEL

Formulation of the melt model will follow closely

the theory described by the Corps of Engineers (1956, pp.

141-192) with modifications of the individual components of

Eq. (15) to accommodate the nature of the data.

Because of the sampling interval of the rawinsonde

network, the energy balance will be computed once per day

using the 0000 Greenwich mean time (GMT) observations. It

is assumed that this quantity indexes the average energy

exchange for the 12-hour day light period. The units for

each term are then langleys per 12 hours.

Solar Radiation 

Solar radiation data are not observed regularly in

the vicinity of Watershed 17, therefore an estimating

procedure was developed for this component of the energy

budget. Pyranometer data for Phoenix, Arizona were used

as the basic data source, and were operated on by several

parameters to obtain an estimate of the average daily radia-

tion available on Watershed 17. Phoenix is located 160 km

south of Watershed 17 at an elevation of 330 m.

The amount of solar radiation available for snow

melt will be considered to be a function of the time of the

21



year, cloud cover, albedo of the snow surface, and the

slope, aspect, and vegetation cover of the watershed.

Variations in cloud cover and albedo account for

most of the variability in the net solar radiation avail-

able to melt snow. The vegetation cover, slope, aspect,

and time of the year can be considered fixed parameters

influencing the short wave radiation.

If R	 is the total incoming direct and diffusesr

solar radiation and H	 is the radiation adjusted for thers

environmental parameters then,

H	 = (R ) f (slope, aspect) f(F)(1-A) f(N).rs	 sr

Shading due to forest cover f(F), where F is the

vertical canopy projection, is dependent on the type,

density, and condition of the trees. A relationship given

in Corps of Engineers (1956, Plate 5-2) was used as an

estimate of the amount of shading to be expected in a

coniferous forest. With F = 0.5, the canopy density on

Watershed 17, the forest transmission coefficient is

f(F) = 0.2.

The average slope of Watershed 17 is 4°, with a

southwest aspect. This should account for slightly more

direct beam solar radiation than could be expected on a

horizontal surface. A more complete determination of

direct beam radiation would involve integration of the

22
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solar beam throughout the day and season for each slope and

aspect to obtain a realistic catchment average. The addi-

tional energy was considered to be too small, and to have

little effect on the results of this study. Therefore, it

is assumed that,

f (slope, aspect) = 1.0.

As the snow pack ages and ripens, the surface

albedo A, decreases from a value of near 0.8 for newly

fallen snow to a value between 0.4 and 0.5 for old ripe

snow (List, 1958, p. 443). A fairly stable value is reached

during melt periods and is altered only by a fresh snow

fall or contamination of the snow surface by particlent

matter and forest litter. In this report, a value of A =

0.5 was assumed to represent the equilibrium value during

melt events.

Changes in cloud cover cause the greatest day to

day variation in the amount of solar radiation available to

melt snow. Indirect estimates of solar radiation require

the incorporation of cloud cover observations into an

empirical expression of the estimate. In keeping with the

data restrictions imposed on this study, the climatological

cloud cover was substituted for the observed cloud cover.

An empirical method given by Haurwitz (1948) and cited in

Corps of Engineers (1956, 13 • 149) was used to estimate 
the

reduction in insolation due to clouds.
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The ratio of cloudy to clear sky solar radiation is
given by,

R
src

= 1 - (1-K) N R
sr (16)

where K is the ratio of insolation received with overcast

skies to the insolation received with clear skies, and N is

the amount of cloud cover in tenths. The value of K was

derived from the expression

K = 0.18 + 0.024 Z. 	 ( 1 7 )

Z is the height of the cloud bases in thousands of feet.

The Flagstaff climatological records show that values of

N = 0.5 and Z > 20 were representative of rain free snow

melt events. Using a value of Z = 25, the ratio in Eq.

(16) becomes

R
f(N) _ src

R
sr

= 0.9

The difference in elevation between Phoenix and

Watershed 17 should cause an increase in the intensity of

direct beam solar radiation realized on the watershed. The

difference in elevation is approximately 1700 m.

Reifsnyder and Lull (1965, p. 22) quote figures given by

Becker and Boyd (1957) for the percentage increase in solar

radiation intensity for this difference in altitude at

40° N latitude as 14% on December 21 and 23% on June 21.
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These values may not be typical of those found in the

southwestern United States where the lower atmosphere is on

the average clearer than other sections of the country. A

guess of 10% was used in this study.

Combining the estimated values for the parameters

in Eq. (15) and multiplying the result by 1.1 to account

for the decrease in path length caused by the difference in

elevation, Eq. (15) becomes

H	 = L (R ).rs	 sr ( 1 8 )

where L is the lumped parameter for the combined factors in

Eq. (15) and the path length term, and has a value of L

= 0.1.

In Figure 4 are plotted the monthly average clear

sky solar radiation values for January through May at

Phoenix, Arizona. For January through April, these values

can be approximated by the equation

R	 = 3.74D + 310	 (19)sr

in which D is the day of the year numbered from 1 to 120

for the dates January 1 to April 30.

Substituting Eq. (19) into Eq. (18) provides the

computational form of the solar radiation component used in

the analysis of the data.



800

700

600

S;
I:9 500
%...
>,
_1
---, 400

(.0
Cr

300

200

100

0
0	 Jon. 30 	Feb.	 60	 Mar.

Days

26

90
	

Apr.
	 120	 m ay 	150

Figure 4. Monthly Average Clear Sky Solar Radiation
Observed at Phoenix, Arizona and the Fitted

Line R
sr 

= 3.74 D + 310



2 7

Infrared Radiation 

To compute the radiation balance in the infrared

band of the electro-magnetic spectrum, the watershed was

assumed to be composed of two parts, one forested and the

other clear with H
rlf and Hrlo being the respective1

components such that

H
rl 

= H
rlf 

+H
	

( 20)

The two parts are proportioned by the forest canopy pro-

jection F.

The infrared radiation emitted by a melting snow

surface is constant by virtue of the constant surface

temperature and variations in the net outgoing radiation

arise from changes in the counter radiation from surround-

ing terrestrial objects and the atmosphere.

In the open portion of the watershed, the net

effective outgoing long wave radiation was assumed to be a

function of the snow surface temperature Ts , the air

temperature T
a' 

the atmospheric water vapor pressure e l

and the cloud cover N. The Stefan-Boltzmann law together

with empirical functions for e and N provide the simplest

solution for this component and can be expressed as

4H
rlo 

= - g [ e T	 - T 4
f(e)] f(N)(1-F).

s s	 a
( 21)
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Brunt's equation

f(e) = a +	 (22)

gives a simple relationship for effects of water vapor on

the incoming long wave radiation. The value of the

constants used in this report were a = 0.61 and b = 0.05

(Sellers, 1965, p. 53).

The effect of cloud cover can be expressed in the

form

f(N) = (1 - KN 2 ),	 (23)

(Sellers, 1965, p. 58). A relationship for K in terms of

cloud height Z in thousands of feet is given by Corps of

Engineers (1956, p. 160) as

K = 1 - 0.024Z.
	 (24)

Using the climatological values of N = 0.5 and Z =

25. Substituting the solution for K into Eq. (23), results

in

F(N) = 0.9.

In the forested portion of the watershed, the net

outgoing radiation was estimated using the expression

H
rlf 

= - 0.( e T	 - e
f
T
f
4 ) F

s s 
4
	

(25)

when it was assumed the effective radiating temperature of

the forest canopy Tf' 
is equal to the air temperature T a'

and the emissivities e s = f 
= 1.0.



The computational form of Eq. (20) used in the

analysis of the data for Watershed 17 is

H
rl = .45[325.0 - 0.58x10

-7
T
a
4
(.61 + .05\5)]

+ 0.5(325.0 - 0.58x10 -7T
a 4 )

where the derived parameters have been combined, the

Stefan-Boltzmann constant a = 0.58x10 -7 ly/°K 4 '12 hrs, and
4ge T	 = 325 ly/lw hrs.s s

Sensible and Latent Heat Transfer 

The exchange of heat between the snow surface and

the atmosphere by turbulent transfer processes involves two

components, sensible heat, H e , and latent heat, H. An

expression to account for both processes is derived by the

Corps of Engineers (1956, pp. 166-176) and is given as

—
a

H + H = [B(e-e
s
) + C(T -T )P/P ](Z Z )- 1/6 U	 (30)a s	 o	 x y

Estimating the energy transferred using Eq. (30)

during snow melt events requires data for the air tempera-

ture T
a' 

vapor pressure e
a
, and the average wind speed U.

The snow surface temperature T s = 0°C and at 0°C the

saturation vapor pressure over the snow surface is e s =

6.11 mb. The coefficients B and C are difficult to

determine accurately and are generally valid only under a

specified vertical temperature and wind distributions, and

29

(26)
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at a point on a well defined homogeneous surface. Values

for these coefficients were found experimentally at the

Central Sierra Snow Laboratory and are published in the

Corps of Engineers (1956, p. 174) as

B = 0.00629

C = 0.00540

These values are valid when T
a' 

ea, and U are measured at a

height of one foot above the snow surface and for tempera-

ture in degrees Fahrenheit, vapor pressure in millibars,

wind speed in miles per hour, and when the melt is computed

in inches per 24 hours.

Since data are not generally available at the one

foot level above the surface, the power law was used to

extrapolate the measured value of some property at height Z

above the surface to the one foot level. Sutton (1963,

p. 238) discusses data that show the power law to be usable

for a fairly deep layer, 1.5 to 122 m, when the temperature

lapse rate is on the order of -0.5 to -1.0 C 0 /100 m.

In Eq. (30) Zx is the 
level at which T

a 
and e

a 
are

measured and Z is the level at which TT is measured.
Y

Assuming the measured values for these variables at the

800 mb level over Winslow are representative of the 30 m

level over Watershed 17 then Zx = Z = 100 ft	 30 m andY

1/6
(Z Z )-	 = 0.22.
x y

(31)
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The term P/P
o is introduced to correct for varia-

tions in air density with altitude. If P is the atmos-

pheric pressure at the elevation of the snow surface and P
o

is the sea level pressure, then P/P o = 0.8 for Watershed 17.

To arrive at a form for Eq. (30) that is consistent

with the units of the other components in the energy

budget, the variables T and U were converted to degrees

Celsius and m/sec respectively. The conversion factors

were combined with the coefficients B and C, and Eq. (31).

The resulting expression was multiplied by 203 cal/in of

melt resulting in the computational expression

H
e 

+ H
c 

= [0.9T
a + 5.4(ea - 6.11)] IT ly/day.
	 (32)

Equation (32) is strictly valid only in an open

unforested site; however, it was used in the initial

computations with the development data for Watershed 17.



TRANSFORMATION FUNCTION

Unit hydrograph theory provides a basis for com-

puting the temporal distribution of snow melt runoff

realized at the gaging site. During rain free snow melt

events, the 12-hour snow melt volume estimated from the

energy balance constitutes the 24-hour or daily volume,

since it was assumed that melt is negligible during the

night. A 24-hour time base for the unit hydrograph

ordinates was chosen for this report because of the sampling

interval of the input data, and for simplicity.

In Figure 5, the hydrograph for Watershed 17 using

hourly discharges exhibits a pronounced diurnal fluctuation

during snow melt. Separation of a daily volume of melt

attributable to the net energy available for melt on that

day requires the extension of the hydrograph recession into

the successive day's flow. Base flow separation is not

necessary on this catchment since it is ephemeral.

If the hydrograph recession, from the hourly data,

can be described by the equation

r(t) = r(o) exp (-kt),	 (33)

the extension of the recession can be accomplished when

r(o) is specified and the recession constant k is deter-

mined.

3 2
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The total volume of flow V(i) realized at the gage

on day i, can be separated into components v(i), v(i- l ),

• • • 2 v(i-n), where v(i) is the portion of day i's runoff

that flows by the gage on day i and v(i-n) is the portion

of runoff that melted on day (i-n) but flowed by the gage

on day i l therefore,

V(i) = v(i) + v(i-1) ... + v(i-n).

The ordinates of the unit hydrograph are then

h(i) = v(i)/V(i)

h(i-1) = v(i-1)/V(i)

h(i-n) = v(i-n)/V(i)
	

(3 4 )

where

n
E h (i-j) = 1.0

j=o

Applying this procedure to Watershed 17 for the

six-day period March 25 to 30 1 1969, the parameter k was

determined by plotting the recessions 
on semi-log paper.

The recessions were then extended until 
r(t) approached

zero. The results were n = 1, 
and the average values for

the ordinates in Eq. (34) were

h(i) = 0.72

h(i-1) = 0.28.
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The application of unit hydrograph theory to snow

melt on Watershed 17 implies that the principal assumptions

associated with the theory are valid (Chow, 1964, Sect. 14,

pp. 13-14). On large drainages where differential melt

rates occur in various elevation bands and aspects, the

assumption of a uniform areal distribution of runoff is not

necessarily true. The homogeneous topographic character of

Watershed 17 would tend to minimize this problem.

The 24-hour time base used for the unit graph will

smooth all of the diurnal information in the hydrograph.

For forecasting daily runoff volumes this should pose no

problem; however, for forecasting peak flows a shorter time

base would be required.



INPUT DATA

The rawinsonde data were obtained from the "Summary

of Constant Pressure Data WBAN 33" published by the
National Weather Records Center, Ashville, N. C. These
data are published for 50 mb intervals for the 0000 GMT

and the 1200 GMT soundings.

The 0000 GMT sounding used in this report is

equivalent to 1700 hours local time on Watershed 17. This

sounding is more representative of the atmospheric condi-

tions during daylight hours when the bulk of the snow melt

occurs.

The 800 mb surface is at an elevation of 1950 m in

a NACA Standard Atmosphere. This is about 100 m lower

than the lowest portion of Watershed 17. During warm

weather the 800 mb surface rises to heights near 2000 m.

To make a comparison between the Winslow 800 mb

temperature, vapor pressure, and wind speed and these same

variables observed at the surface, the 800 mb data were

Plotted against corresponding observed surface values at

Flagstaff (elevation 2100 m).

In Figure 6(a), the daily maximum temperature at

Flagstaff for the periods March 2 to March 23, 1966 and

March 15 to April 5, 1969, are plotted versus the 800 mb

0000 GMT Winslow temperatures. The temperatures are nearly

36
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linearly related for this set of data. The 1969 Flagstaff

temperatures were consistently lower than the Winslow

temperatures while the reverse was true for 1966.

The 800 mb vapor pressure and the Flagstaff average

daily vapor pressure are plotted in Figure 6(b). Again

note the linear relationship between the two quantities and

the same bias as was found in the temperature data.

The correspondence between the surface temperature,

vapor pressure, and the 800 mb values suggests that the 800

mb values are good estimates of surface values at shelter

height of 2 m.

The daily average surface wind speeds at Flagstaff

and the instantaneous wind speed measured at the 
800 mb

level over Winslow are plotted in Figure 6(c). The 
linear

relationship suggested by the power law may not be

strictly valid for these sets of data. 
Wind velocity pro-

files in the turbulent boundry layer are 
influenced by

surface roughness and the vertical 
temperature gradient.

The derivation of the power law was an 
attempt to account

for a specified range of vertical 
temperature gradients but

assumes a relatively smooth 
surface. The influence of

various surface features such as 
vegetation and topography

were not accounted for in this 
expression. The wind speeds

at the 800 mb level over Winslow 
are well above the lower

turbulent layer (the first 100 m), 
and close to the top of

the planetary boundry layer 
(Sutton, 1963, p. 241).
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The bias noted in the temperature and vapor pres-

sure plots could be explained by horizontal gradients in

the fields of the variables; however, it is doubtful that

these gradients could persist for 20 days. A more

plausible explanation is a systematic difference in the

measurement of the variables between 1966 and 1969 for

either the surface or upper air data.



ANALYSIS AND RESULTS

System Calibration 

The 1966 and 1969 seasons were used as development

data to estimate the regression parameters in Eq. (1). In

Figures 7(a) and 7(h) are plotted the observed runoff r,

and solutions x(t), to Eq. (2), for the periods March 2 to

24, 1966, and March 14 to April 5, 1969.

Since the mechanisms of ripening and snow cover

depletion were not accounted for in the snow melt model,

it is necessary to eliminate those days when these

transient processes were active. A visual inspection of

Figures 7(a) and 7(h) shows that from March 5 to 8, 1966

and March 15 to 18, 1969 the slopes of the r and x curves

are not equal. The amount of energy required to ripen the

snow pack and to melt a sufficient quantity of water to

satisfy the initial losses to soil moisture is proportional

to the difference x - r during these periods. As these

requirements are satisfied, the slopes of the variables x

and r become more closely matched and quasi-equilibrium

period begins when the daily net energy balance, as 
formu-

lated in the model, is a time invariant function 
of the

runoff.

A noticeable divergence between x and r is

apparent after March 18, 1966 and March 28, 1969. 
After

40
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these dates, significant portions of the watershed are no

longer snow covered. Without additional information on

the areal extent of the snow pack, the runoff cannot be

computed and thus the equilibrium period ends.

Based on these subjective observations, the valid

periods for the model during the two seasons are March 9

to 17, 1966 and March 19 to 28, 1969.

If Eq. (14) provides reliable estimates of the net

energy available for melt, then x > r during rain free

periods. Note that in Figure 7(h) the x < r on most days.

Thorud (1969) found that the runoff efficiency (defined as

the ratio of the cumulative runoff to the peak snow pack

water equivalent) of Watershed 17 during the 1969 snow melt

season was 0.56. It is possible that a large portion of

the water lost was due to recharge of the soil moisture

supply at the beginning of the melt season and therefore

the runoff efficiency should be greater than 0.56 during

the 1969 valid period.

The average snow melt rate determined from water

equivalent measurements during the period March 22 to 29,

1969, was 0.84 cm/day (Thorud, 1969). For realistic

performance of the snow melt model during the 1969 season,

the ratio of the cumulative observed runoff to the cumula-

tive computed melt should exceed 0.56 and more specifically

the average computed runoff should be on the order of

0.84 cm/day.
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To increase the computed snow melt in a reasonable

fashion, the components of the energy balance equation were

examined to identify modifications that would cause the

computed snow melt rate to more nearly match the observed

snow melt rates for the 1969 data.

The term H
e was always negative for both the 1966

and 1969 data (Table 1), and the magnitude of H wase 

comparable to the sum of the magnitudes of the other terms

on days when U > 10 m/sec.

During periods of clear weather in the snow melt

season, surface dewpoints at Flagstaff and the 800 mb dew-

point at Winslow were frequently less than 0°C and there-

fore a negative H
e 
is reasonable. However, the sensitivity

of H
e to changes in 17 would suggest that the wind speeds

used in the input data are not good estimates of speeds

that would be encountered over the snow surface on a

forested watershed. The data plotted in Figure 6(c) tend

to confirm this notion.

In the investigation of wind profiles within a

forest canopy, Martin (1971, p. 1136) found that the ratio

of wind velocity within the canopy to the velocity above

the canopy was a function of stability and wind direction.

Around noon local time and with a down slope wind, the

ratio was on the order of 0.3. This factor was applied to

H and H to correct U for the braking effect of thee	 c 

forest canopy.



a)

o
+)

o..'
cl) th	 •

W

W

;.4
+5 0 0

R4

o W ON
04 '0 H
E 0
0 E
C.)	 .1-4

W	 C1')
ci CD (1)
0 E tn
g tItS
HQ
(O
.g g +)

(11 g

E
4 sa,

W

CD te I)

ci) 1-.1 CD
4 -4)

tr)
CD

n•• -n

+) g

-Cf 0.) 0

-P 0
c4-1

CD
0 .0 0

•r1

c‘l

0 CD
0

0 •ri
W

>1	 Cil
•0

0" 0

I 4
0 4

Cf)

s n

E

o

111 Ci1 c"1 N H N
trn trN c0 00 0 I,-	 trl	 1-r\	 CO	 ir\	 c,-n 	 r:) c0• •	 •	 •	 •	 •	 •	 •	 •

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

N 111 N 111 01 n.D CO CO

• •	 •	 •	 •	 •	 •	 •	 •	 •

0	 c> H n..0 Cn 0\ N C" cz) Cs\ c0 N-000 LrN Ci 00 r-4
u- c) n,c) c0 cDn 00 LI\ N	 c0 N 00 H CI -14 c0

• •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •
0 0 0 0 0 ri ri 0 0 0 0 0 0 0 0 0 0 0 0

C,1 CO VO n-1-1 O'N N.-14 H H ON CO n N
cc ci N	 Lc\ ci il\ -14 N 00 k..O \ CO Cn

1	 1	 1	 1	 I	 1	 I	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1

	N  H	 f•-- H N CO Vs 1.11 N 0 N Cr\ ln
ir\	 N	 ri	 k.f) cc ci	 N ri CO Ci n,C)	 N	 cn

N Ci•	 IA 	1.1"N H c•-n H C' cc N H lf L11
H NH	 HNHNCir.4 H

	1 	 1	 1	 111111

N- N t`-- CO CO 01 01 C" O HHHNNN c'" —1'1
LIN Ir\	 lf	 1.1" 11" \	 \-0 k.0 \-0 1/4,0 \.0 \-0 \-0 \-0 \.0

0 44 H N H ON	 Cn N n,0 CO Cn	 \
H H

	

\ H -.1-1 0 111 C11 01 CO	 N r--1 CO c\ •-•14 00 	k.0
• •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •

N 	IA •-.14 Ce1 N N cnncnc\INNNNNN

CO CO CY1 0 0 CO N 0	 0 Ir\ .1:) c•-n CO \
• .	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 •	 .	 •

NNHN	 In IA cn 0	 0 H -.il n-.0 CO lt1 s;) \ o

HHHHHHH HH H H

n.0	 \.0 n.0	 Cr\ cn ON ON \ a\ C• \ \

nS) n.0 %-f)	 k.0	 `-0 	"r)

05 03 cci cr3	 cZ cri	 cZ	 ccsaszcacticzczcozo
ZZZXXXXZZ ZZXZZZXXXZ

N	 if\ .0 I,- C" 0 H Cl C'1 tr\ N CO

r-INNNNNNNNN

4 4



45

A low bias in the net solar radiation would con-

tribute to the under estimation of x in the 1966 and 1969

data. The assumptions that were made in the development

of Eq. (18), particularly those involving the transmission

of light through the forest canopy f(F), were based on very

little data, but made a large reduction in the available

net solar radiation. The upward adjustment in the lumped

parameter L in Eq. (18) would reduce this bias.

To arrive at an optimum energy balance that pro-

duces the desired melt rates in the 1969 data, a coef-

ficient, with the value 0.3, accounting for the effects of

the forest canopy, was applied to the He 
and Hc 

terms.

Solutions to Eq. (2) were then computed for L in the range

0.10 < L < 0.20.-

For L = 0.15, the average computed melt for the

period March 22 to 28, 1969 was 0.89 cm/day, which 
compares

favorably with Thorud's (1969) figures of 
0.84 cm/day for

the period of March 22 to 29. 
Figures 8(a) and 8(h) show

the computed snow melt x(t) using 
the modified equations.

The solutions for Eq. (2), with the modified com-

ponents for the valid periods 
of the 1966 and 1969 data

were then used as independent 
variables in the regression

model. The parameters a and 
b in Eq. (1) are estimated by

least squares analysis using 
orthogonal parameterization

(Jenkins and Watts, 1968).
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In the orthogonal form, Eq. (1) becomes,

q(t) = qo + a[x(t) - x(t)] + b + z 	 (35)
where x is the sample mean, and the remaining symbols were
defined earlier.

The variance of a forecast value q(t) is the sum of
the variances of a and b plus the variance of the residuals
z and can be written as

Var 'el. = (x. - x) 2 var a	 Var 6 + Var

—	 —= S 2 [(xi - X) 2 /(X. - x) 2
 + l/n + 1)

where:	 n = sample size

S 2 = Var z

(36)

—2= (l/n - 2)[E(q 1 - 71) 2 - a E(x i - x) J.

The forecast variance is dependent on the particular

value of x as is seen in the first term on the right hand

side of Eq. (36).

The pooled data for the 1966 and 1969 seasons pro-

duced a sample size of n = 19. The initial streamflow for

both seasons was qo = 0.0. Solutions to Eq. (2) had a

range 0.59 < x < 1.39 and a mean value of -3-c. = 1.08 for the

sample. The estimates of the parameters are	 = 0.56 and

^= 0.65 with variances Var a = 0.013, Var 6 = 0.001, S 2 =

Var Z = 0.013; and correlation coefficient of r = 0.99.
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The 95% confidence limits for q using the "t"

distribution with 17 degrees of freedom is given by

4 + 2.1 S N/Var 4.

Thus Eq. (1) can be rewritten to account for the forecast

variance at the 5% level as

q(t) = 0.56 [x(t) - 1.08] + 0.65 + 2.1 S N/Var q.	 (37)

where

1
x(t) = E m(u)h(t - u)

u=0

Plotted in Figure 9 is the locus of points described

by Eq. (37) together with the 95% confidence band.

System Test

To judge the validity of the proposed system for

Watershed 17, Eq. (37) was applied to data from the 1965

and 1968 seasons. The specific periods to be tested were

chosen on the basis of the hyetograph and hydrograph 
for

the respective year.

Precipitation ended and melt runoff began 
on April

12, 1965 [Figure 3(a)]. Snow melt runoff continued

uninterrupted by precipitation until April 26.

In 1968, precipitation ended on 
February 14 and

snow melt runoff was first observed on February 
16 [Figure

3(c)]. Precipitation began again on 
March 6.
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From these observations, the intervals April 12 to

24, 1965 and February 16 to March 5, 1968 were selected as

test periods. Plotted in Figures 10(a) and 10(b) are the

observed runoff r, and the computed runoff q. The valid

periods for each season were determined by the same pro-

cedure as in the 1966 and 1969 seasons. The valid periods

were April 15 to 19, 1965 and February 19 to 28, 1968.

Input data, the results of the energy balance

computations, and the computed and observed runoff for the

test seasons are given in Table 2. The initial streamflow

value at the beginning of the melt computations for both

seasons was qo = 0.
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Figure 10. The Observed Runoff r (Solid Line) for Watershed

17 and the Computed Runoff q (Dashed Line) for

(a) 1965 and (h) 1968 -- The 95% confidence

limits are computed for q = 0.7 cm/day.
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INTERPRETATION OF THE RESULTS

In the 1968 case, during the period February 19 to

28, the computed runoff values q are satisfactory estimates

of the real runoff values r, at the .05 significance level

using the confidence limits plotted in Figure 9. However,

the values for q computed for April 15 to 19, 1965, are

not satisfactory estimates of r using the same criteria.

A visual examination of the deviations r-q in Table 2 shows

a strong autocorrelation in the residuals for both seasons

which suggests that systematic errors remain in the

formulation.

Errors in the observed data, inadequate modeling,

and parameter estimation errors may have produced the

deviations in the 1965 case.

Inaccuracies in the observed data represent one of

the smallest contributions to the deviations. Errors in

the rawinsonde data are on the order of + 0.5 C° for_

temperature, + 5% for relative humidity, and + 1 m/sec for

wind speeds (Mani, 1970, ID. 232). The measurement errors

in these variables are small when compared to probable

errors resulting from estimating the magnitude of these

variables in proximity to the snow pack some distance from

the rawinsonde observations.
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Horizontal gradients in the measured variables over

the 80 km distance from Winslow to Watershed 17 is another

possible source of error. As noted previously, the bias

observed in the temperature and vapor pressures plotted in

Figures 6(a) and 6(b) could have resulted from horizontal

gradients in the temperature and water vapor fields. It is

unlikely that large gradients could persist for the length

of time required to produce the low estimates in the 1965

case.

The rating curve for the flume on Watershed 17 has

an accuracy of about + 5% (Brown, 1972).

The observed data do not introduce significant

errors to the system. Horizontal gradients in the tempera-

ture, relative humidity, and wind fields may be signifi-

cant; however, an interpolation procedure using several

rawinsonde observing sites would minimize this error.

The persistent bias in the deviations r-q suggests

inadequate modeling of the major components in the system.

To explore this possibility more thoroughly, the assumption

was first made that the water balance as stated in Eq. (8)

is valid but the energy balance in Eq. (14) is faulty, and

then conversely, assuming that the energy balance is correct

but the source of error is in the water balance.

Assuming that the water balance is correct, the low

bias should be traceable to one or more of the components

in the energy balance. Table 2 shows that solar radiation
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provides the largest fraction of energy available for melt,

but variations in solar radiation due to changing snow and

atmospheric conditions were not incorporated as functions

in the model but rather as fixed parameters.

The albedo of the snow surface should have been

near a maximum value for newly fallen snow A = 0.8, on

April 12, 1965, when snow fall ended. The reduction in

albedo that accompanies the ripening of the snow pack may

have occurred rapidly after April 12, resulting in a rapid

increase in available solar radiation. The model computed

a nearly constant value for Hrs corresponding to the

minimum albedo for a melting snow surface, A = 0.5. The

use of a function that accounts for the decrease in albedo

during the ripening period may have given better definition

to the rising limb of the hydrograph but would not account

for maximum flows.

The transmission of the solar beam through the

forest canopy is an approximation and is not a constant.

The changing zenith angle of the sun decreases the average

size of shadows cast by trees as the melt season 
pro-

gresses. The expected increase in direct beam solar

radiation would be a function of the canopy 
distribution

and the geometry and condition of the 
trees. The seasonal

component in f(F) would be difficult to assess analytically

except under ideal conditions and 
will therefore be

neglected. The assigned 
magnitude of f(F) = 0.2 is
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questionable and may have been implicitly changed when the

lumped solar radiation coefficient L, in Eq. (18) was

changed to optimize the melt rates in the 1969 development

data.

During the period April 14 to 18, 1965, the sky was

nearly clear so that N = 0 and f(N) = 1.0. Raising f(N)

from 0.9 to 1.0 increases the melt rate during the period

by 0.2 cm/day which is not enough to account for the error

in the 1965 season.

Infrared radiation is positive toward the snow

pack during the valid period. The positive balance is due

primarily to back radiation from the forest cover which was

assumed to have an effective radiating temperature equal

to the air temperature. From Figure 6(h) it is noted that

the 800 mb vapor pressures are in fair agreement with the

surface vapor pressures observed at Flagstaff. Since the

observed cloud cover was less during the valid period than

the climatological value used in the parameter f(N), -Hrl

contributed to a high bias in the energy balance.

The temperature and vapor pressure gradients

between the assumed 30 m measuring level and the snow

surface were reduced by use of the power law. 
Noting in

Figures 6(a) and 6(b) that the 800 mb temperature 
and vapor

pressure generally agree well with the 
shelter height

values at Flagstaff, perhaps the gradient 
reduction was not

justified. By abandoning the power law 
the gradients will
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increase by a constant amount which reduces the net avail-

able energy on all days during the valid period except

April 18 since Ili c i < 	H  > 0 and H
e 
< O. On April 18

Hc > 0 and H e > 0, and elimination of the power law would

result in an increase in melt.

In a similar manner, it can be argued that adjust-

ing the gradient in the wind speed will not increase the

net energy since both the Hc and H e components would be

affected by a constant factor.

From Figure 6(c) it appears that the vertical wind

speed gradient would be more realistically modeled if 
it

were a function of wind speed as well as vertical distance.

The use of the power law to describe the vertical

gradients of the input variables is not entirely justified

particularly in view of the roughness 
of the surface due to

vegetative cover. Its use was expedient and 
had some

theoretical basis. Since the information contained 
in the

rawinsonce data provides all of the 
random variability for

the model, other deterministic forms 
or a statistical

relationship could be examined to relate the 
rawinsonde

data to surface observations.

The exchange coefficients E and 
C used for Hc 

and

H were obtained from lysimeter 
studies at the Central

e 

Sierra Snow Laboratory 
(Corps of Engineers, 1956, p. 174).

The value of the coefficients reflect 
conditions peculiar

to the site and instrumentation 
involved. The ratio is
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B/C = 0.12 for the values used in this report. Other

investigators notably Sverdrup (1936) and Bowen (1926)

obtained ratios on the order of 0.32. Coefficients for

the larger ratio would increase the computed net energy

available for snow melt on most melt days because of

direction of the energy gradients for the two terms. But,

again the coefficients were derived for relatively flat

smooth surfaces and their application in a forested environ-

ment is not correct.

The constant 12-hour time step used as the length

of the diurnal melt period introduces an error containing

a seasonal trend. The length of the daylight period is 
an

indicator of the average length of the diurnal period when

the energy balance can be positive. Approximately 
one hour

more sunlight is available on a date in April than 
for the

same date in March at a latitude of 35
0 North. This error

is not present in the solar radiation component 
but is a

factor in the other components of the energy 
balance.

These components should have a magnitude 
that is approxi-

mately 8% larger in April than 
in March. In the 1965 data

(Table 2), an 8% difference in the 
Hri, H

C '

 and He terms

would not materially affect the outcome 
of this case.

In summary, the 
snow melt model can be improved to

partially account for the low estimates 
of runoff during

the period April 15 to 18, 1965. 
Given the input data

constraints imposed at the beginning 
of this report, little
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improvement can be made on the largest source of energy,

the solar radiation component. Proper restructuring of the

H
rl' 

H
c 

and H
e terms could increase the sensitivity of the

snow melt model but it is doubtful that the large devia-

tions in the 1965 case can be accounted for by errors in

the energy balance alone. The water balance and the unit

hydrograph remain to be examined.

Considering the size of Watershed 17 and the 2k-

hour time base used for the ordinates of the unit hydro-

graph, it does not appear reasonable that errors in the

estimated ordinates could account for the deviations in

the 1965 case. A visual inspection of Figure 10(a) would

indicate an error exists in the volume rather than the

distribution of the runoff.

A comparison of the hydrographs in Figure 3 for the

four seasons used in this report shows a noticeable differ-

ence in the 1965 season versus the other three seasons.

Prior to April 14, 1965, streamflow was observed on the 30

preceding days. Very little flow was observed on the days

preceding the 1966, 1968, and 1969 valid periods used as

development and test data. If antecedent runoff can be

used as a rough index of the soil moisture status at the

beginning of a runoff event, then the 1966 and 1969 data

used to develop Eq. (37) differ significantly from the 1965

case. This difference could manifest itself in a higher
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runoff efficiency in the 1965 test period if soil moisture

conditions were indeed different.

It would be difficult to quantitatively assess the

effects of antecedent soil moisture without a more adequate

model for the water balance and data on the initial soil

moisture conditions. Based on the results on the 1965 test

case and the antecedent runoff in 1965, 1966, and 1969, it

is evident that g / 0 in the development valid periods, but

rather was a decreasing function of time and available

water.

The positive deviations noted from February 22 to

27, 1968, may be the result of increased runoff efficiency

due to increased soil moisture. Garn (1969) in an

investigation on Watershed 15 (see Figure 1) in 1968,

found that the runoff efficiency steadily increased from

the beginning of the runoff season, peaking near the time

of maximum observed daily runoff and then decreased with

time. The deviations in the 1968 valid period are con-

sistent with his findings. Changes in the soil moisture

status during the snow melt period and snow cover recession

can provide a reasonable account of the changing runoff

efficiency.

The linear relationship between q and x would seem

to be fairly well established on the basis of the coeffi-

cient of determination, r
2 = .98, since 98% of the variance

in q is attributable to this relationship. This is a
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somewhat misleading interpretation since the deviations r-q

are not randomly distributed over the time interval of the

valid period, and the autocorrelation in the deviations may

be primarily the result of the changing runoff efficiency.

The deviations tend to be self compensating when analyzed

by a statistic that does not account for the dynamic

character of the time series. This can lead to erroneous

conclusions.



CONCLUSION

The snow melt model developed in this report was

constrained to operate only during the quasi-equilibrium

period between the ripening of the snow pack and the snow

cover recession. For a more complete synthesis of the

snow melt hydrograph, a ripening function should be

included in the melt model and a snow cover recession

function included in the water balance.

The results of the 1965 and 1968 test seasons

indicate that the model lacks sufficient sensitivity to

accurately simulate the hydrograph. Restricting the input

data to the rawinsonde variables may not be realistic when

using the energy balance method to estimate snow melt.

Solar radiation, being a major source of energy, should

be a variable component. Ideally this could be accomplished

by using measurements of solar radiation; however, cloud

cover data are more readily available.

Because of the difficulty in rigorously analyzing

the sources of error in the computed runoff, it is not

possible to state categorically that the snow melt model

was successful.

The apparent dissimilar antecedent conditions for

the 1965 season, when compared to the other three snow melt

seasons, suggests that a principal source of error may have
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been in the water balance equation. To investigate this

possibility, the snow melt model should be calibrated and

tested using a more realistic water balance equation, and

on a more completely instrumented watershed.
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