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ABRSTRACT

The snowme:t runaf 1s a funclion of the scil moisture conditions

before winter, snowfall water equivalent end rainfal)l during the snowmelt

. . . . e
veriea. The study presented In this thesis i3 arn attempt to analyze and

correlate the snowmelt runoff and its variables using ' « statistical

recorde. Tre rtdy 1 confined to the centra. Allert. region and the

Tve selecteld hasiva, the Blindmar River, Uoper Paddle Fiver, Whitemud

Ureck ) Uwan Klver aand the Weoo Prasrie River Basin.

LT ek

The soil molsture cond’tions tefore froeze-up were assessed on

vheoLooen sf bace Tlow olirugo, cntecedent preciplitation index and the

The base [low storage was determined from
. Y

flcw in the streams in Yaute fell and trne se flow recsssicn character-

basin recharce coefficient.

1s5viscs ¢! the basins. The antecedent prociritation index was obtained

1 precipitation value:s. The tasin rech=~

arg> coeff_ . 1ent wes assumed - e represented bty the wercentizé>qf the

in the basin.
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The =znowTall water equivalent in winter was calculeted by
weightir.z tne recorded precipitation values using the Thiessen Polygon
method and separation of the csnowfall and rainfall events on the basis
of teaperature and published snowfall summaries for the climatological
stations. For snowmelt runoff, the snowmelt period was defined for
each yoar on the Dasis of temperature, snowcover on +the grcund and the
rainfall events. Th' tctul volume cf snowmel: runoff was determined

lea Ll

ty hydrogrephic analysis using the snowmelt recession curves

iyl



and separation of rainfall runoff from snowfall runoff.
The correletion of the snowmelt variables was obtained by

alternative graphical means assuming the variables as 1ndepende:it or

dependent.  To simplify the application, curves for 4 to 8 inches of

snowfall water equivalent were interpolated for the correlations. It

was observed 4.0t a definite correlation exist.. between the snowmelt
®

runoff, snowfall water equivalent and soll moisture conditions when the
base flow storage and antecedent precipitation index are used as indices

of 501l moisture. A definite correlation could not be »stablished with
]

basin recharye coefficient as an index. The variatility of results
reflected that the basin lorography and location alsc influence the

Il

Uiming of snowmelt runoff. The rainfall ruroff offe~t on thr snowmelt
runoff volume 13 not appreciatle.

The correlaticn of the znowmelt runcif and 1ts veriab. o obtained

W

in this study can be.uscful in the estimation of spring runsfo,

1f soil
mcisture conditions befofe freeze-up and snowfall amcunts sre rown. It

can be applied in deslgning the capacity o the water suprrly and flood

control reservoirs and p.anning of operations for reservoir -gulation.
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CHAPTER 1T

INTRODUCTION

Protect Sytline
CIIL T 1R
The mein chjective o the study 15 to analy-e the spring snow-
. A h ) £

A

melt runofT G centrnl Alberta, in relation to w.nter anowfall and soil
saturatidn conlitions before e cie-up and derive any o rrelations which
exX I Poetween cnowmeln runof O oand these variables. TIn feneral | the
study dncluded the tollowing.

PR N

P A ) N oo in Central Albherta, north of 1ﬂc City

o Hed Deery locnted in hetween S0 apd G0 fntitudes and huvin/ suffi-
cient elimatological and hydrometrie information for analysis.
. Determination of snowtall accwmlation tor the winter season
from frecco-up to thawing.

3. Avgecament of soil saturation coenditlons ia the form of Base
Flow storase and Antecedent Precipitation Tndices before winter freeze-up.

<. Defining snowmels runot? rericds, determinineg snowmelt

o

runoff reccorion abt the end of such periods and evaluating i.e total volume

-~ " —n e E R Sy - 43 < S~ 5
S94i. mOlsture condltions in the sele. ~& Yo ns.
-
Inrortance of Snaymeld Baneee Pradictio. -

Funcf? from snowmelt “orms e major portion of the total annual

runcf In Alberta. The snow is a vital source of water supply in this



cotd and tempernate climatlc reglon with temperatures varying rom —hOOF

to + LAY from one senson to another season. About 80 - 3% % of the
streamflow an the major river systems and water stored 1n dugouts and
sloorhs originates from the snowpnck (Gray, 1008). The water surpluses
are aval.sole in the svring months during the snowme] period apd are
reflected by the early spring peaks in comparison to low summer and winter
flows in the streams. Implications of these f1ow variations are two told.
he snowmelt woler appears ;n the streams for a short duration whereas the
water.supply demand 15 througshout the year. The spring snowmelt peak  can
couse extennlve damare to apricultural and urban areas. Investigations for
effective control and mptimuﬁ development of the water resource in the
central areas of Alberta, must take'into account the contribution of spring
season runoff from snowmelt and 1ts efficient utilization in reriods of
saortage.

The snowmelt rrocet: in which the snowpack galns eat, increases
in density and finally relouses water, 1s complex and 1s no* only related
Lo temperature changes tut also to soil moisture conditions. S01l satu-~
ratlion before winter is difficul® to nmeasure 1n the field for large
‘atersheds. Jtudies conducted on Svring Creek Basin, northwest of
Zdmer*n (Holecek, 1071) indicate in ons vear with a recorded snowfall

C.17 inches of runoff occurred, with a
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comparat’le water equivalent in another veer, the volume of runoff was
2.8 inches. Understanding of the. hydrolegic behaviour of drainage basins

and the processes which cause such variationc in runof® is important.
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Prediction of snowmelt runoff volumes ;s important. for
seasonal water yield and rate of runoff forecasting. PFrom water
suprly pceint of view, accurnte forecast of the total volume may be
the main interest in comparison to the peak rates of flow. On the
Other hand to achieve highest accuracy in flood fo 'sting, although
maximum flow is a ma or consideration, informution.on the snowmelt
runoff vilume 1s necessary 1o design the capacity of flood control
reservolrs and planning of operations for reservoir regulation. Long
range vorecasts of seasonal runoff volume made in advance of the runoff
reriod can aid in devolopinn-;cservoir orerating rules to meet all
rreject requirements and assune full use of reservoir storage on the
basis of projected inflows on a seasonal basis. Modeling Techniques
have been vsed for sueh ferecasting (Nelson, 1969). Tre medsun range

forecasts, to 30 aays 1in advance, can be useful for daily operation of

the reservoir.

Studx Ares

1. General Featurcs

The Central Alberta :res referred to in this study i1s the area
vounded by 52° latitude on the south, 56° lati<ude on the north and
the provindial loundaries on the c.st and west, excluding the Rocky
Mountains Region. As shown on Flate No. 1, the area is located north
of the City of Red Deér and south of the Lesser Slave Lake. All basins
selected for analysis are situated in this area. The general criteria

for delineeting the boundaries is based on three factors;



i) Effect of Chinooks

i1) Effect of Flevation Changes
i11) Fhysiographic Homogeneity of thne Region.

The southern part of Alberta 1s affected by chinoocks which are
warm, dry foechn-like winds of moderately high velocity. Chinooks can
bring abrupt temperature changes and appreciable melting and evaporation
of the snowpack may occur at different times throughout the winter and
thus the pack may completely .lisap; r. Runoff occurrence in chinook
Areas does happen frequently and reservoirs and gullies are full of
water sometimes even in January (McKay, 1968). To eliminate as much as
possible the effects of chincoks, tﬁe area north of Red Deér was selected
"1 the study. The most rnortkern part of Albterta was excluded from.the
analysis because of thé different physiogrephic characteristics of the
area and scarclty of data reguired f-r enalysis. The area is dominated
by a muskeg and forest enviromment. These physiographic characteristics
do influence the snowmelt paﬁterns. The effect of sezson and environment
on smowmell rates have been assessed in previous studies (McKey, 1967).

The variations in snowpack accumuletion and thawing and freezing
periods, are related to the variation in altitude. In this study, the
entire basin was considered as a unit which may not be possible in areas

which differ considerably in elevation and mey require additional delin~
A\

eation of snowline ané elevation tands. The Rocky Mcuntains area was
excluded from the analysis due to these reasons.

The general physiography of the study area is flat to rolling



with local relief features predominating. Local topographic variations
are the result of glacial erosion and deposition and of more recent
fluvial action. The magnitude of local relief tends to increase from

)

the southenst towards ‘the north and west.

2. Selection of Basins

The basin area refers to the gross topograpric drainage area
upstream from a given gauging site. The five river basins; Upper Paddle
River, Blindman River, Whitemud Creek, Swan River and Wes£ Prairie River
wére selected for analysis using the followihg criteria.

1. There is practically nil flow in the streem during the
winter months from November to February.

2. The streamflow is a ﬁatural flow with no man made storage
or diversicn works upstream from the hydrometric stetion.

3. The streamflow 1s nct appreciably affected by natural

lakes in the basin.

The daily discharge measurements are available for the
active or disc r¥1nued hydrometric station located on the stream at.the
outlet of the basin.

S. The hydrometric and climatological stations in the basin
;uﬁt have a minimum of six years of deily discharge, precipitation,
WWQMMewdmwmﬁrmm.

| The location of the five selected basins is also shown on

Plate No. 1. The necessary informatién for selécting the basins was
drawn.from the Water Survey of Canada, "1973 Surface Water Data Reference

Index" and the Department of Enviromment Meteorological Branch, "July 23,

197k Climgtological Station Data Catalogue - The Prairie Provinces".



The analysis was intended for the natural flow conditions
which may be disturbed if the basin has major storaée or diversion
works. Out of the five basins selected for analysis, only in the
Bl*mzm River Basin, a lake (Gull Lake) is located within the basin
boundary. Hydrologic in(Fstigations (Alberta Water Resources, 1968)
indicate that the recorded hydrometric flow data is not affected by
the outflows or groundwster rechgrge from the lake.

The dralnage area of tﬂg basins considered in the analysis,
varies from 1U2 square miles for the smallest, the Whitemud Creek
basih to Th2 square miles, the largest, the Swan River B;sin.

The low winter flow criterion was intended to keep the ground-

water contribution to the spring runoff to a minimum.



CHAPTER II

ONOWMELT RUNOFF PROCESS

System Concept

The snowmelt runoff process constitutes thermodynamic and
hydroiogic changes on or below the 501l surface. The interrelated
flow and storage variables affected by these changes are shown in
Figure 1 and are expressed by the following relation.

Fracipitatior. = Snowmelt Runoff + Interceptibn

+ Infiltration + Surface Reterntion
* Groundyater Recharge + Evapotranspiration
+ Sublimation. .

In this expression, precipitation, runoff, evaporation and
~filtration ere flLow variables. The storage variables are: intercep+tion,
surface retention (&alsc known as depression storage), and groundwater

recharge.

The o recea.ng summér or fell rrecivitation in fcrm of rain
recharges ‘he 50X. .aoisture and groundwater through infiltration into
the scil. Deperding nwon the so01il moisture conditions, the base flow in
the soil suﬁsurface con”;iHute tc the streamflow before freezing occnrrs
in the upper norizons . . $23° The stofed moisture stays in the
frozen soil during winter -¢ .now:..l a-cumulates on the surface. A
part of the precipitatiorn is lo-= : ‘-2tion or snow sublimatiqn,

interception and deep percocla<io: - ow"21l in the form of

snowpack and the moisture in the 1 =come intermittert storage.
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|
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FIGURE 1 - SNOWMELT RUNOFF PROCESS CONCEPT



With the onset of spring melting; alded by temperature, rain
and wind, water begins to percolate 1into the snow and the frozen soil.
The snowmelt runoff volume 1s a ‘unction of three variables;

"Snowmelt Runoff = f (Snowfall Water Fquivalent, Soil Moisture
defic1t, Rainfall during snowmelt and Groundwater Contribution)

The rate of percolation of the snowmelt runcff into the frozen
5011 depends largely on the soil molsture content at éhe time of freezing
before winter. When the soll moisture requirements beneath the snowpack
are satisfied and the temporary depression storage is Tull, the snowmelt
runoff appears in the streams. Thus the snowmelt runoff contributes to
the streamflow through botﬁ, the overland flow and the subsurface flow.
Temporary depressional storage may also contribute later.

The overlené cr surface flow 13 thce Tlow which “ravels over the
gfound surface lncluding that th{ough the snowpack and the channel towﬁ:r:

'y
i

the basin outlet. The.subsurfac? flow 1s the total of the snowmelt runof?

travelling to the stream throuch the subsurfece.

Description of Mechanism

1. Formation of Sncwpack

The fresh fallen snow is subjected to climatic elements such as
wing, heat exchenge resulting from convection, condensation and radiation, -’

the pressure of the overlying ;90?7\%e@per§§pn¢.variatibns, melt water

and ground heat. The result of structural and density changes causedtby

/
these elements is a snowpack,{a porous medium composed of ice crystals
kN “

of various shapes, through which a water or air-water mixture can move,
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For the determination of the snowmelt yield and potential for high flow
rates, water stored in the snowpack as weli as 1ts distribution on the
area of the watershed is of importance. Water equivalent is the depth
of water which would result from the melting of the snow.

The fresh fallen snow densities have been found to vary from
0.00k to .34 depending on the location and time of the year (McKay, 1967 ),
The snowpack densities vary widely with the presence and loss of melt
Qater. Studies for Regina and Southern Manitoba (McKay and Thompson 1967)
imdicate value of-0.2 in January to about 0.35 at the time of melt. With

the'prescnce of liquid water in alternating freeze-thaw cycles in the melt

season, density rises.to as high as 0.5 and drops when the water drains

cavay (U.S. Cor®s of Engineers, 1956).

’

On the Prairies, the general snowpack depth is fairly uniform.

However, local varieticns in topography and vegetative cover influence

L )
slrow accumulaticn and departures from this general-statement are possible.

~

Information on the dates of formation, loss, duration and depths of snow-

pack, is available for the Prairie conditions (McKay and Thompson, 1967).

-

2. Evavoration and Intercertion in Winter

Lvaporation fror- snow occurs only when there is a vapour pres-

sure gradient in the direction from snow to air. Wher: vapour pressu.e

. gradient is favourable, evaporation requires about 675-680 cal/gm to

sublimate snow where as the heat of fusion is approximately 80wcal/gm.

Investigations undertaken in the past (Diamond, 1953; West, 1959,

>Tutchinsoh, 1966; Gray, 1968; Maykut, 1969) indicate that the ERErgy

surplus in cold climates during winter is . and the air temperatures

being low, evaporation losses are generally accepted as negligible,
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Even 1n the very favourable climatic conditions of the California
Slerra,Nevada (West, 1960) assessed losses are less than 3%. Unless
there 1s warm dry wind, chinook blowing over the snow, evaporation
from snow is negligible.

Interception of snow by forest canopy 1is dependent on factors
such as snow characteristics, wind movement and the geomeiry of the
f'orest blomass., Interception losses from the forest canopy do occur
through evaporation and sublimation from the snow surface on the trees.
However,interception is small in comparison to the other terms in the
water balancr eouetion and does not influence the snowmelt runoff pre-
dictionf Although tests carried out *n Sierra, Nevada, California
(Miller, 1962) indicate high interception losses, studies fcr northerly
Canadian conditiocns (Miller, 196%) indicate that interceptioﬁ can be

neglecyed.

3. Subsurface Flow Components
In the upper uns&tursted layer of the soil, wa* - does not fill

the soil pores completely and these are partly filled with air or water

vapour. Water movement in this uncaturated zone takes place through the

combired action of grevitationel and capillary forces. The rainfall

recharge of the soil moisture storage before freeze-up is rapid and

limited only by the availability“of water at the surface and infiltration ~,
4

capacity of the soil. After the récharge, the soil moisture 1s depleted

by evéﬁotranspiration; deep percolation to groundwater and lateral movement ™

in response to a potential gradient. The flow which travels laterally

downslope due to the pctential gradient below the surface and emerges 1in

the channel, is the base flow and consists of two components. the interflow
L 2 ) . 3>

and the groundwater inflow.
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a)  Interflow
Freezing of moisture in the soul
7 of ice crystals. The infiltration rate o

by the uantity and size of the jce free

.

layers results in formation
{ the frozen soil iu governed -

pores swhich makes the moisture

content of the soil at the time of frece™ag ar important factor. Rapid

changes take place at the time of moistur

& recharge by snowmelt. As

the wetting front advances through the Ml the pressures due to grayity

and capillury forces change, resulting in
Of the soll. Depending upon the Iintensit
to the infiltration rate, water may flow

/
\\\\ may nccumulate under the snoWpack as s sa

\K//\\

slope through the snow {Ininne and Black,

™

/
- b)  Sround\ater Inflow

The grcoundwater- contribution has
melt runoff generetion (Dincer, 1970, Ste
snowmelt water infiltrates into the soil

table rise. The potential gradient in th

changes 1n infiltration rate

¥ of the snowmelt rate relative

Lo the stream as interflow or
turated layer and move down-

1971).

an lupo-tant role in the snow-
phenson and Freeze, 197L4). The
and inducaes ¢ widespread water

¢ basin inereases and, in turn,
1}

the groundweter discharges into the stream. Baseflow conpornent of the

stream hydrograph generally indicates an

increase in the soring and this

e

increase is due to the groundwater discharge into th= stream. Martinec

(1975) concludes tha? the ‘ufiltrated wat
water in the subsurface and the displaced

L. Surface Flow Components

a) Snowmelt Initiation

The snowmelt is a thermodynamic p
snow and subsequent release of stored moi

main phenomena responsible for generation

er displaces previously stored

vater appears in the stream.

rocess, lnvolving ripening of
sture from the snowpack. The

of snowmelt is the heat exchange
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between the snowpack and ite environment. Sources this heat
exchange are: T
4 A
1. The solar radiation {
o P \
. Conduction of heat om the ground;nir and warm rain ~
1 / -
3. latent heat of v rorization released by the condensation
i
. \\
of water. J \
-

The shortwave solar radiation ;Bsorbod by the snowpack depends
upon the soler altitude, cloudiness, hQumidity and « e in the air and
aneunt of dust In the ajr. A1l these fac ors affect the reflectivity

AT the shortwave radiation of a Snowpack, commonly known as Altedo.

Albedo vaiues range crom 809 ror fresmy fallen igpd to L0% for late
~

’-\\ e

mell season snow. The dongwave ra '\éion is influenced by the tempera-
ture of the snow curface gnd air clcse to the ground, sir humidity,
cloudiness and wind velocity close *o +he ground.

It hes been observed on the Prairies (GFay, 1968) that in most
winters ..o flow of heat within the ground underlying thg\Snowpack is
towards the soil surface and there 15 gradual lovering of the soil
temperature. However, this Observation is questionsable because of the
low thermal conductivities of soil and small thermal gradients, e et
transfer of heat may nct be °f sufficient magnitude ang rate to ... e
melting of the Prairie packs. Wa'm rain is relatively more igfluential
in melting the pack. The condensation of water releases heat which is
absorbed by +he Snowpack and results in its melting. The vapour pressure
gradient and wind aid the condensaticn process.,

In a study on the Prairie snowpacks (Gillies, 1968) it was

observed that the percentage of the total water contenpt of the overlying

pack which infiltrated into a frozen soil is related to the initial soil
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+

the 2 surface layer prior to melt. Another obser-

molsture content of
vation was that a iower molsture content, caused a faster advance of
~

the wet front from snowmell 1nto the frozen soil. I the so1l 1s wet

and frozen, there will be awonre surface runoff.,

L) Gnowpack Depletion

The snowpack water percolates into the snowpack, further acce—
lerat.ing the melt metamorvhism. A the process progresses, the large

crystals break up and form smull grains. Keduction in grain size: -auses

. RY . . .
a closer packing of o grains by gravitational settlement and increases

density of the snowpack. The melt is controlled not only by atmospheric
conditichs but also by the conditions of the snowpack and iis environment.
The snowpacl characteristics affect the volume as well as the
time distributlon of the snowmelt runoff. Rainfall ard melt water may
both be storea in sndstantial amounts within the snowpack and the pacl
may exhibit the ability to detaln these for periods as much as two days

(U.S. Army Corps of Engineers, 1956). The time distributicn of snowmelt
T £ s

AN
runoff flows appearing at the cutlet of the basin, is al-  » of
the physical chearacteristics of & drairage basin and is vc  ac- o4 i-

sicpe cf renoff hydrograph for that basin. The potential o ..
incresses ranidly as the spring advances and the air temperature r’-e
accelerates the heat exchange process.

c' PReinfall in *the Snowy 1t Season

. . . . ‘
As the temperatures rise above 32 F, the warm rains acccmpanled
by moderate winds result in »apid snowmelt. Pain breaks down the snowpack

structure and speeds up the re.lease of stored water. The rapld runoff



Ty also wash unmelted cnow into the stream. However, the volume of snow

totually melted hy the heat of rainwater nay be small.

Before an appreciable amount of snowmesit runoff may occur, the

rainfall amount should be sufficient enough to affect the s ywpack charae-

ol

teristics and meet the soil moisture and depressional storage requirements.



CHAFTER TI1I

AVAILABLE DATA AND RECORDING TECHNIQUES

Data Reagqiuirements

The hydrologic analysis is primarily based on the recorded
data in the selected basins. Three types of data; hydrometeorological,
surface water and soil data, are important for the analysis. The
hydrometeorological obcervations consisting of precipitation, tempera-
ture, wind velocity, humidity, radiatiqn and evaporation, are recorded
at the climatological stations. Flow measurements are obtained from
the dajlv discharpe records of the gauging stations located op the
streams. So’il data includes de*ailed information on the 5011 classi-
Ticatior and s50i1 moisture measurements over ihe Basin.

The ‘climatological stations provide complete information at the
principal stations located close to the urban areas, particularly at
major<airports and experimental and other fesearéh stationsﬂ At othér
Stations, complete information on all meteorological parameters is
~available only fér short periods. Morecver, the principal stations
are few and are ~ed away from the boundary of the selected_basins.
The daily discharges are well recorded. The Soil data is most difficult
to obtain and s0il moisture measurements representative of large water-
shed aréas, are unavailable. - Thus to make best use 5f the a%ailable
imformation, analysis procedures were modified ard “the recorded data
on the following parameters were obtained for analysis;

1) Mean monthly rainfall for summer months,

16
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2) Mean daily snowfall and rainfall for the winter season,

3) Mean daily temperatures in fall, winter and spring,

L) Precipitation and temperature sumsaries indicating
snowcover and temperature variations on a monthly basis,

5) Daily discharge records for the gauging stations located
at the basin outlets.

Data Sources and Measurement

1. Hydrometeorolepical Observations

The Meteorological Branch of the Atmospheric Environment Service,
Environment Canada, maintains records of all first-order climatological
statiors in Alberta. Most of the parameters ére measured or  hour
basis.

In addition to the Meteorological Branch stations, ordinary
climatologicel stations a}e oﬁerated by; the Canada Department of
Agriculture, Alberta Envirorment, Alberta Forest Serwice and Federal

and Provincial Reselarch Councils. The stations operated by the Alberta

Forest Service are located at various lookout towers and ranger stations. .

Alberta Enviromment also maintains short duration stations in selected
watersheds for research and provincial studies.

“he location of first-oraer and ordinary climatological stations
in Alberta is shown on Plate No. 2. It is important that a high degree
of accuracy is maintained in the observations. The various téchniéues
by which the data used in the study has been recorded, are as follows.

1) Precipitation

Precipitatjon is measured in the form of rainfall and the water
equivalent of snow. The unit of measurement is the inch. A day with

measurable rain is one on which 1/100th of an inch or more rain'has
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fallon and a day with sSnow is one with a£ least one tenth of an inch
of newly fallen snow. Any amounts less than this are registered as
traces, » . . .

Rainfall is measured with a standard rain gauge which is cylin-
drical in shape and has a collector, a funnel and a receiver. The
diameter of the orifice is 3.57 inches and the orifice is kept at one
foet above the ground. At some stations, rvﬁording rain gauges of
tipping bucket type are also used for recording precipitation as a
funct{on of time, thus begining anmd ending of.precjpitation aﬁd the
precipitation rates are known. Each time the bucket tips it closes a
switch momentarily which in turn operates an eletromechanical recorder.
In some cases the output is d{rectly recorded on a ﬁagnetic tape for
proceséing.

Srowiall 15 taken as the depth of freshly fallen srow and is
measured with a ruler in an)areaAfree from drifting. The Meteorological
Branch and Agriculture Canada stations are equiped with Nipher snow
gauges whjch measure the water equivalent of snow directly. The snow
gauge consists of hollow metal cylifder 5 inch in diameter and is
attached with a Nipher shield. The snow is melted and measured to
obtain the water equivalent. Snow .over or the ground at the end of
the month is also measuréd as the accumlation of snow on the ground
on the morning of the last day of the.month. |

& The precipitat:ion observations are tgkeq daily at fixed times
of 0000, 0600, 1200 and 1800 Greerwich Mean Tim; with some statioﬁs
taking one to three observationg. The climatological day begins on
the 0600 Greenwich Mean Time observationiand ends on the next day -

]

1600 Greerwich Mean Time observation,
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2) Temperature

At mos£ observation stations temperature is measured with liquid
in glass fhermometers. Mercury in glass thermometer is used for measure-~
ment of current and maximum temperatures and alcohol in glass for mininum
temperatures. A stgndarq louvred screen is provided to protect tempe-
rature readings from the effects of radiation. All observations are at
a height of about 4 feet above the ground. In this study degrees
Fahrenheit is used as the unit of measurement.

~ At principal stations both maximum and minimum refer to a 24
hour period beginning at 06C0 Greenwich Mean Time. At ordinary clima-
to]ogﬁéal Stations, the maximum temperature for a given day is the
hﬁghes£ temperature in the 24 hour veriod beginning at the morning
observation on the day while the minimmn temperatﬁre is the lowest
temperature recorded in the 24 hour period begfﬂnjng at the evening
observation, usually about 6:00 pm local standard time of fhe day.

The me;n temperature for the month is thé avérage‘of the mean daily

‘maximum and mean daily minimum tempratures.

2. Surface Water Data

In Alberta, the stream gaug . ng station networks are operated
by the Water Survey of Canada under the Water Resources‘Branch of the
Federal Department of the Environment; In addition‘to this formal
netwark, the Alberta Erviromment opefétes a limited number of stafions
for periodic gauge readiﬁg§ cr for relatively short term reéofds. The
locations of the gauging statiéns are shown on Plate No. 3. Unit for
discharge measurements is cubic feet per secord. Discharge meésuremeﬁts
are obtained by two methéds. TheFStage-Djscharge Rela{ionShip developed

at the gauging station is used to convert the recorded stage of water
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level to a corresponding discharge. Secondly, area of cross-section at
the gauge is measured by soundings and using the velocity measurements,

discharge values are obtained.

1) Stage Measurements

Marmial as well as reccrding gaﬁges are used. A manual gauge is
| a non-recording type of gauge from which observations of stage normally
are cbtained once daily. Water level is measured by a graduated marker
in Manual Staff Gauge measurements. In another method, wire-weight
fype gaugé is used to lower a weight to the water surface for water
-ievel -reading. A recording gauge ;S a water-stage recorder from which
continuous water levels are obtained cn an analog ckart. A digital
reccrder is used on the internafiona] gauging stations.

2) Discharge Measurements from Velocity and Area

Instirumentation techniques for these measurements are quite
varied. For velocify, the'Cﬁp—type current'metér is the general
standard meter used c¢n varjous.streams.g The Propeller-type has only
specialized applicatior.. These meters measure velocity at a point\iﬁ
the cross—éectjon of tﬁe stream. The number of revolutionrs are trans-
mitted by a simple electric circuit and using the revolutiors and time,
velocity is obtained from a rating table.

The crosé—éectional area is determined from the éoundingS.
Various methods using sounding rods, sounding lines and weights amd
echo sounders are applied to coméute the area,

Discharge measurements are alsb ottained from weirs, flumes and
existing hydraulic structures,

Data Reliabilitv ard Limitations

The common errors in the precipitation data recorded by the
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gauges are related to the effect of the wind, instrumental errors and
the evaporatior loss, For individual readings, these errors may be
small but when accumulative values'are used, an inaccuracy in total
values is possible since most Errors are consistent. Thece types of
accumulative errors affect the results when dai]y'precipitation readings
are used to compute the seasonal vélues of precipitation.

The instrumental error is loss ty wetting o1 the receiver when
transfefring the precipitation to the measuring cylinder. Geograrhical
ard meteorological 1océtjou of the sfation has‘a bearing on the evapo-
ration losse;. Wind effects on rainfall deperd on the sige of falling
raindrops, the wind veiocity and receiver Sshape. In the case of Snow-
fall measurements, blowing out of catch may cause negative errors. The
Canadian Niphér Shield can céuse a signifjuant increase in the catech
because of rairdrors sp’éshjng off the screen, Capping over of the
Screen can also oceur in the snowfall seaSOn. |

The number of clwmatolog1cal stations in the felected basins
varies, Although dense retworks give a more rel1ab1e value of the
areal average of the ncacured parameter, in this study’lt was assumed
_that the precipitation characteristics are Similar even if there is
di fferenceuln the gauge network density, 1In comDutatlons there were
few instances when prec1p1tat;on or temperature values vere missing
for the stations wathln the selected basins. Recorded values for
stations outside the Selected basins but elose to the basin boundéries
were used in such instances,

The relwabquty cf the surface water data depends upon the
stab111ty of the Stage-discharge relat10nsh1ps the accuracy of the-

observations of stage, measurement of discharge from area and velocity
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and interpretatioh of results. Where manual gauges are used water
levels sometimes fluctuate due to surge and wa&e actiop. Other opera-
tior problems are condensation, freezing o} components, thickress of
lubricants, freezing of ink and operation difficulties with electrical
o

equipment. Vater Survey of Canada publjcatjgps for surface water data
do indicate partially the reliability éi/Ebé/records and symbols for
inaccuracies or estimates are given in the publications. In general,

the water level data colvlected by water-stage recorders are more reliablm

and accurate than ranual readings.
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CHAPTER IV

ANALYSTS FOR DETERMINATION OF VARTABLES \

General

The recorded data for the'selected tasins was aralized to deter-
mine the srowmelt runoff variables ‘and the volume of snowmelt runoff in
spring. The three main variaﬁles are;

1. Accumlated Srowfall Water Equivalent

2. Antecedegl Moisture Conditions of the Soil

3. Rainfalj during the snéwme]t period.

Te find proper indices representative of the basin corditions,
various epproaches as discussed in this Section have been applied. As
an aid to understard the application of these procedﬁres, the. Paddle
River Basin example is du5cusséd a5 an example, Detailed calculations

for this basin are presented in Appendices A, B, and C.

Accumilated Snowfall Water Fauivalent
The water'equivalent‘of snowfall in inches car be assumed as an
index represernting the agccumulated snow in ore season. The reccrded

values of precipitation in the form of "snow on the ground“, is the

LN

gfoss amount of preciéjtation at the climatological station énd includes
evaporation or snoé sublimation which may take place after the snow is
lkon the ground. In winter, on the Pfairies, the amounts of incident
radiation received én‘relatjvely flat are s.'is small due to the low

solar elevation (Williams, 1961; McKay, 1070). . Although the total

23
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water equivalent figure includes evaporation loss, it is assumed negli-
ble for the purpose of this Study and the total recorded snowfall water
equivalent is assumed to be the Snow-Index for the basin,

The amounts of rainfall recorded during the Snowmelt period
were separated from the Snowfall on the basis of daily temperatures,
The average values of Snowfall and rajinfall over the basin, were comp-

uted ty the Thiessen Polygon Method.

1. Separation of Snowfal? and Rainfal? Event;

Freeziﬁg conditions were assumed to prevail over the basin when
the mean daily temperatures approached 32CF ip 1ate fall ard it was
assumed that’ thawing initiated with the mean daily temperatures rising
above 320F, The mean daily temperature is the average of the maximum
and minimum tempe¥ature for the day at‘one or more cl .atological sta-
tions located within the boundaries of the basin, The day with rain is
thus the day on which precipitation occurred and the mean daily tempra-~
ture was more than 320F,

Data for various basins indicates thgt freeiing inmitiation
periods generally vary from 1st to 10th of November and thawing initia-
tion periods vary from 20th of March to 10th of April., This is compa-
rable to the mean dates of 15th of November and 10th of April for
formation ard disappearance of Snowpack in Central Alberta as given by
McKay (1968).

There were intermittent periods of below freezing temperatures
even after the initiation of snowmelt Some days when the temperatures
were close to 319F or 33°F perlods of mixed snow and rain also occurred,
To separate the rainfall and snowfal? events, the Meteorological Branch

anthly Precipitation Summaries were used as a guide, These Summaries give



the total number of days with snowfall and the total recorded snowfal.
in inches during the month.

The freezing and thawing periods and thc separation of snowfall
and rainfall events for the Paddle River Basin, are given in Table 1,
Appendix A.

2. Average Snowfall or Kainfall Over the Basin

The mean values of snowfall water equivalent and rain were
obtaiged by applying the Thiessen Polygon Method (Figure 2). Some of
the other methods used are: Simple Arithmetic Mean, the Isoheytdl Method,
the Percentage-of-Mean Annual Method and the Abbreviated Isopercentual
Method. The Thiessen Method aijusts for non-uniform distribution of
gauges by welghting each observed value. The method assumes that the
ezount at any station csn be applied helfway to thé next station at any
direction.

Tﬁe drainage basin érea for the basin, was taken as the latest
published drainage area enclosed by the topographic divide of the basin
such that direct surfacé runoff from precipitation will drain by gravity
into the stream. The precipitation stations were located on 1,250,000
Scale Naticnal Topographic Series and connecting lines were drawn. A
polygon around each station was formed by drawing the perpendicylar
bisectors of the connecting lines. For the Paddle River Basin Tﬁiessen
Polygons are shown on Plate 4. The value of the weighted precipitation
for the station was obtained by multiplying the daily value at the station
by the percentage of the basin area covered by the polygon. Then mean
daily value of precipitation was obtained by adding the weighted values of
the various stations for that day. A new polygon was formed egch time

a station is added or taken from the network depending
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FIGURE 2 - THIESSEN POLYGON METHOD

- upon the available dsta for various Stations 'in the basin., The average
values for the Paddle River Basin are given in Table 1, Appendix A.

.The accurulative values of snowfall water equivalent and rain-
fall froﬁ freezﬁng to thawing including the period up to corplete reces-
<ion of snowmelt were cbtained from the average values over the basin
in different months (Téble 2). The date of srowmelt recession as

marked in the hydrographic analysis s discussed later,

Scil Moisture Indices

In the field, soil moisture measurements for small experimental
areas, are ccrducted through various methods such as Electrical, Chemi -
cal, Thermal, Gravimetric and Lysimeter Measurements, However, these
approaches are impractical fof large watersheds, In Targer basins the

Scll saturation conditions ecan be expressed as indices in the form of



groundwater flow or subsurface fJOﬂ, antecedent proclpjtation and basin
evaporation, Th» moisture content of the soil in summer and fall may
alco imdicate tho degree of saturation, )
The various approaches gpplieﬁ in this study to ascess the soil
moisture conditions before fre9104upjare;
1. Base Flow Storage as indicated by flow in the streams
before winter,
2. Antecedent Trecipitation Index (A.P.1.) reflecting the
degree of .wetness of the basin, |

3., Basin Recharge Coefficient beforc: freeze-up.

1. Base Flow Storage

Depending upon the moisture content of the soil, the base flow
contribution from the basin to the stream cortinues before freezing,

The lower limb of the stream flow hydrograph in the recession period,
reprecsents withdrawal of water from the base flow storage and all other
inf'ow to the stream generally ceases, However, in case of rainfall

just before freezing some surface runoff may result. The discharge
values ﬁlotted cn a semi-logarithmic paper, with discharge on the log
scale and tir: on the arithmetic scale show a straight line. The plotted
discharge values between the hydrograpi: peak and the lower part of the
recession limb show a curve on the’same piot because of the combinéd
effect of the surface and subsurface components of flow.

As shown in Figure 3, if the recorded summer hydrograph in
various years are superimpoSed on each other and the steepest portion
for each day is selected; the result would be a Base Flow Recession plot.
The curvilinear relationship on a simple arithmetic scale will be the

Base Flow Recession Curve,
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__//§ﬁ{; recession curve feor discharge Q at any time t, can be

‘defined as:

/ ‘ ' The value c® the Recession Constant K decreases and is not
constant as ndicated by the semi-logarithmic plot in Flgure b. Storage
Sb &t any tire ir the basin can be obtaiped by integrating Equation (1).
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Where Qo = Discharge a! the beginning of the computatiorn -riod

at time t = 0O

Q' = Discharge at base f]low recession time t!
- Q'
1
Sb - __o© Kt _ ht ]+
ln K d ln K
by rb
1
Q v - q - Q!
¢ 'r o r
s, = _ " B (2)
ln K 1n K
r rb
Where @ Kt' = Q' d Q Kt = Q
ere Ky Br - an o r -

Q' - Q Q'

1n hr ln Krb

Tbe recession constants Kr and Krb were obtained by taking two
diséharées én the recession curve l.e., Kr from the upper segment and
Krb-from the lower segment. The point of division between the two segmegts
is the point where the slopre of the straight line on the semi~lograthimic
scale changes &s shown in Figure No. 3-b. For example in the Paddle Rivér

besin case, usiug the base flow recession curve shown on Plate No. 5,

values of K and K are:
r rb

QO T 120 cfs . Q" = 4.7 cfs
Q' = L.T cfs ' Q' = 1.2 cfs
t = 3 days t = 2 Gay
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Q' Q"
t t
K' = — k' =
r rb [}
Q, Q
L7 1.2
Ko & -
T 120 r b7
K. = 0.3%0 ay = 0.255

Using these Recession Constants, values of Base Flow Storage
in Inches over the basin area, as calculated for the Paddle River Basin
are giveh in Table 3, Aprendix B. Storage for dther selected basins
were obtaineé by using the same procedure.

2. Antecedent Precipitation Index (API)

API was used as an index of the soii molsture deficiency. The
soll saturation conditions were assumed to be related to the antecedent
precipitation conditions over the summer end APT at the enc of October
was obtained from the relationship;

APT = aP +bP +¢cP +dP. +eP. +FfP
(O) o S a J Ju m

Where P , P. , P., P | P and P are the total recnrded monthly
m Ju J a s 0

rainfall for the summer from May to October. The monthly constants were

assumed in such a way that the total of a'+ b+tec+td+e+ <], Maximum

weilght was given tc the month of Jetober with the follcwing decreasing

scale, the minimum coefficient was used for the month of May.

a (October ) = 0.5 da (July) = 0.0625
b (September) = 0.25 e (June) = 0.0312
c (August) Z 0.125 £ (May) =.0.0156
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In the month of November for daily API values, the 31st of Oct.
API value was taken as the starting value anmd using the following rela-

tionship, the APT value before freeze-up was obtained.

APT for today = k x API for yesterday + Average Pfecipitation

over the basin for the intervening day.

Selection of the value of k.is not critical, The U,S. weéther
Bureau River Forest Centres use an average valuevof k = 0.90 (Chow, 1964)
ard the same was assumed in this study. The aVerage monthly and daily
precipitation values for the basin were computed bty Thiessen Polygon
Method, .Sobby weighting the previous day APT and carrying over the
effects of rainfall, &alues of APT before freeze-up were computed as

given in Table 4, Appendix B.

3. Basin Recharge Coefficient

The runoff and recharge coefficients before freeze-up are also
indicatiors of’the soil moisture conditions.y The high “-unoff coeffi-
cient ‘indicates less recharge to the subSurfg&e. it was éssumedAthat
difference between precipitation and runoff is the‘recharge to the
basin.

The month of October was considered to represeﬁt the fall
conditions. The fall Basin Recharge Coefficient (BRC) is expressed in
terms of monthl+ precipitation M nus monghly runoff ss. a percentage of
the monthlw precipitation. | -

- Py -
BRC= o~ R o

Basin Recharge Coefficients for the Paddle River Basin are given

in Table 5, Appendix B, High values oi BRC indicate dry soil conditions,
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A comparison of the values of the BRC, base flow storage and API show as
BRC decreases, i.e., the soil moisture increases, the base flow storage

and API both increase.

Snowmelt Runoff

Met hods such as the Energy Budget Approach (Anderson, 1968; Fohn,
1973; Price and Dunne, 1976), Degree-Day Correlations (U.S. Army Corps of
Engincers, 1960), Basin Indexes (Martin, 1960), and Recession Analysis
(Garstka, 1958), have been used for snowmelt runoff determination. 1In
Canada successful use of Temperature Indexes have beén reported in variqus
studies (Simmons, 1959; Bruce and Clark, 1966; Psysklywee, 1966 and McKay,
1964). The application of the Energy budget Approach requires information
On various parametlers such as solar radiation, conduction and convective
transfer of air mass sbove the snowpack, conduction from the underlying
so1l and heaf supply from rainfall. 1In adaition to the information
requirements; the process involves deterﬁinatién of the effects of
topography on solar radiation, wind temperatures and varistions in the
thermal quality and distribution éf snow over the basin.

The Degree-Day and Basin Index Methods are commonly iused but
results depend upon.the melting constant or the degree-day factor assumed
in the basin—mélt équations. Establishment of the constant requires long
hydrologic records.

| The approach applied in this study is a combinatibn of the
Degree-Day and.Hydrographic Recession Apnalysis methods. The température
indices above or below 32%F have been used in conjunction with the

recorded daily flows and the rainfall during the snowmelt season.
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Hydrogravhic Analysis

Snowmelt determination from hydrograph analysis along witﬁ the
use of temperature indices has the merit that Tield data are used and
quantitative results are obtained from the hydrograph shape which
already includes.tbe effect of basin characteristics on the volume of
runoff. The procedure adopted in this study included the following:

1. Determination of the Snowmelt Runoff Period

from temperature and rainfall considerations.

Identification of rainfall volumes as a

N

result of rainfall during the snowmelt season.
3. Determination of the Snowmelt Recession Curve.

L. Measuremen* of Snowmelt Runoff Volumes.

1. Snowmelt Runoff Period

The daily discharge values for éach basin in cfs/sq. mile were
plottcd on an arithmeﬁic‘séale along with the temperature, rainfall and
snowfall as shown in Figure 4. The snowmelt runoff initiates with the
seasonal change. Both the temperature and ﬁhe rate of spoymelt runoff
indicate similar upward trend in tﬁe months of March and early April.
Due to the flat topography of the prairie basins, sﬁowmelt;mostly occurs
simultaneously over the watershed. After the peak, the recession takes
place over the months of April and May. The effects of any rainfall and
rise and fall in temperature are indicated by the daily peaks. When the
flow conditions approacﬁ Base Flow, the temperatureveffecfs are ‘less

signiTicant as most of the runoff has already occurred.
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]
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MARCH APR. —D MAY
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FIGURE 4 - TYPICAL SNOWMELT RUNOFF, TEMPERATURE,
' RAINFALL AND SHNCWFALL PATTERN IN SPRINC

Using the basin snowcoveridata as a guide which indicated the
disappearance of snowpack and examining the individual rainfall events,
“the day close to which the snowmelt runoff reéedes was ldentified on
the hydrograph. On the basis of available hydrologic information on
lag-times for tﬂese basins, a lag of one or two days was allowed after
the rainfall eveqt. For example, if a rainfall occurrence is‘inaicated
on the hydrograph (Figure 4) and it is clear that snowmelt has almést
receded, recession time was assumed as one or two days depending upon
the lag-time, éfter the réinfall event.

The flow hydrographs, snowmelt runoff* periods and rainfall and
temperature graphs for the Paddle River Basin are ghown on Plates 6 to

16.
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2. Rainfall Runoff Volumes

. Rainfall during the snowmeit season accelerates the rate ofy flow
and increases the volume of runoff. 1In this study, only the volume of
runoff was examined. It was Qbserved that on theirising limb of tﬁe
flow.hydrograph, generally in early April, the peak daily flows increase
as'a result of the combined effect of température increases and rainfall,
if any. However, during the night freeze-up, the rainfall is absorbed
in the snowpack and the effects are not clearly reflected on the hydro-
graph.A In the falling limb there is better reflection on the increase
‘in flows.(Plates 6 to 16).. The rises were mostly indicated one or two
days after the rainfall event.

Two approaches were tried to separate the rainfall volumes on the
h&drographs.
1) Assessment frdm variation of hydrograph slopes on the .
.semi—logarithmic scale plots.

2) Rise or fall of daily flows indicated on the cfs/sq. mile

hydrographs.
RATNFALL
RAINFALL . <L
' RELATTVE
DROPS
T ;
. Q [
log Q (cfs/ 'h,
(cfs) sq.mile) ”}
- b
pays —© DAYS "1 Day
SEMI-LOG PLOT : LINEAR P_mT—D

FIGURE 5 - RAINFALL RUNOFF VOLUME DETERMINATION
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a) Rainfall Runoff Volume from sémi—log hydrograph

The recession limb of the snowmelt hydrograph plotted on a semi-
log paper follows a geheral slope which decreases with time. As shown
in Figure 5, if there is rain, it is indicated by an abrupt change in
slope. After the rainfall effect is over, the snowmelt recession conti--
nues at the same rate as before rainfall. This phenomena is more clearly
indicated on Plate No; 17. The dotted line separates the rainfall volume
and has been marked at a slope. equal to the mean of the recession‘slopes

ten days before and ten days “ter the rainfall event.

b) Rainfall Runoff Volume from cfs/sq. mile Graph

The rainfall event causes a rise in the rate of flow on the
rising 1limb of the snowmelt hydrograph. The relative drops on the fal-
ling 1imb .indicate the change in daily flows and in case of rainfall
this drop decreases as shown in Figure 5. The rainfall effects on the
drop in the daily flbw rates are shown on Plates 6, 9 and 12. In some
ca: 5 as shown on Plates 8, 10 and 15, the recession limb instead of a
decrease. in fhe relative drop, indicates a rise, same as reflected in
the sémi—log hydrograph. The changes in the daily flow fapes due to
rain were converted into volum€ of runoff in inches‘over the basin and
are givgn in Table 6, Appendix c.

y

g

3. .Snowmelt Recession Curve

When snowrmelt recedes, the recession limb of thé hydrograph may>
Or may not decrease to zero discharge depending upﬁn.the magnitude éf
Base Flow. Thé decrease 1n the rate of discharge varies from basin to
basin. Moreover, the snéwmelt draining-off processrmay take more time

. . - ‘ ¢ -
than the summer runoff recession. The shape of the snowmelt recession
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curve depends upon the channel and basin characteristics. As discussed
earlier for Base 1~ Recession'Curve, the Snowmelt Recession Curve also

follows the relationship;
Q= Q Kt

Using a similar procedure, the daily discharges werc plotted on
the semi-logarithmic scale and superimposing the snowmelt hydrographs
on each other, Steepest portions on a dally basis were letermined. The
snowmelt recession curve was obtained by combining]fhe steepest portions.
The Semi—loggrithmic curve was changed to‘an arithmetic scale with daily
discharges plottednas cfs/sq. mile.

The snowmelt recession curve was used to calculate the snowmelt
Tunoff after it was clear that the surface runoff from snowmelt had
receded and flow in the stream was 1ow, mostly the interflow. The’run—
Off recession referred to as the snowmelt recession date in Figure 6
and Plates 6 to 16 was assumed on the following basis.

1) Using information on Snow on grouﬁd at the ena of the

month és given in.the Meteorological Branch precipitation
summaries. If there was no snowcover at the end of the
month, date was decided.as one or two days after the
major rainfail event in th¢ basin dependirg upon the
lag-time,.

?) In the absence of the snowcover data, the bgse flow before

freeze-up was used as a fuide. The snowmelt fecession
date Qas assumed one or two days after the major rainfall
event provided the stream flow was close to the base flow

and the mean daily temperatures in the basin were above

Lol
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32°F for a period of at lecast ten days prior to the rain-

fall event.

snowmelt recession dates for the Paddle River Basin are

shown on Plates 6 to 16 and the snowmelt recession curve is shown on

Plate No. 18.

4. Snowmelt Runoff Volume

Volume of snowmelt runoff were computed from the daily flow

ordinates for the period from March to the identified snowmelt recession

date. The ordinates for the area under the recession curves were obta-

ined from the cfs/sq. mile plotted hydrographs. Any rainfall volumes

in the snowmelt period were subtracted from the total gross volume of

snowmelt hydrographs.

Typical computations for the Paddle River Basin are given in

Table 6, Appendix C.

Q
(cfs/sq.mile)

MAJOR
RATINFALL
EVENT
SNOWFALL RECESSION
CURVE FROM

SEMI-LOG PLOT

FLOW CLOSE TO
i~~- .1 =—— BASE FLOW

MARCH = | APRIL —— MAY
DAYS

SNOWMELT
RECESSION DATE

FIGURE 6 ~ SNOWMELT RECESSION CURVE



CHAPTER V

CORRELATION OF VARIABLES

Correlation Method

The results of analysis for the five selected basins are sum-—
marized in Table T. The correlation of variables to each other was
obtained by graphical means. A visual examination of the‘rgsulfs, diad
not make iﬂ clear whethur the variables would follow linear or differen—
tial relaticnships, =o four Aifferent approaches were cdopted for

plots as shown in Figure 7. The following alternatives were tried by

assuming the variables as dependent or independent.

1. Taking snowfall weter eguivalent base flow storage,
antecedent precipitation index and basin recharge coeffi-
clent as independent variables‘and srowmelt runoff as a
dependent variagle sﬁch that;

1) Snowfall water equivalent and snowmelt runoff are
represented on the horizontal and vertical axis (Figure
T - a)

2) Base flOW'storagé, APT or BRC on the horizontal axis
and sncwmelt . unoff on the vertical axis Tigure T - b)

2. Taking total precipitation (snow and rain), base flow storage,
API and BRC as independent variables znd total runoff during
“he snowmelt period as a dependent variable such that;

) Precipitation and funoff are represented on the hori-

zontal and vertical axis (Figure 7 - c)

39
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2) Base flow storage, API or BRC on the horizontal axia
and totgl runoff during the snowmelt period on the

vertical axis (Figure 7 - 4)
: y

It was observed that inclusion of rainfall volumes made little
difference in the plots. Also as presented in.Ta‘.v T, the value of
rainfall during the snowmelt period, is a small percentage (less than
6 per cent except few values) and the difference in total runoff and
et snowmelt runoff is only 1 to 3%. Conseguently, although fainfall

accelrates the rate of flow, its effect on runoff volumes is not appre-

ciable.

Plots with Base flow storage, API or BRC on the horizontal axis
and snowmelt runoff ca “he vertical axis are shown in Figures 8a, 9a and
lQa. Similarly, the plotted values taking snowfall wat -r equivaleat on
the "orizentel axis and snowmelt runoff on the vertical axis, are shown
in Figures 8b, 9b and 10b. To differentiate between the di-ferent curves,

points for each curve are marked by a dot, cross or a carcle.

Due to varied nature of the results and thé uncertaintly that the
rzadings will show any linear correlation, no attempt was made to develop
equatlions through regression analysis. The curves were fitted by eye and
then with interpolation, curves for L", 5", 6", 7" and 8" snowfall water

equivalent values were drawn.



TABLE T - SUMMARY OF VARIABLES

SOTL MOISTURE INDEX SNOW{_;;&N>__¥ SNOWMELT RUN-OFF VOLUME
BEFORE WINTER BNOW ] SNOW anﬂ CENT [ PER CENT
YEAR APT | BASE FLOW W.E W.E. | W.E.+| OF SNOW CF
STORAGE S ONLY | RAIN W.E. + SNOWFALL

(Ins x 10-2) (Ins)|(Ins) (Ins) [(Ins) RAIN J W.E.

. Blindman River Basin
1964 j0.71 0.06 98 |L.19 [0.80 |0.10 | 0.12 2.0 2.4
1965 2 .7h 0.55 63 | 6.75 [0.2h [2.91 | 2.9} hol b3.1
1966 11.10 0.41 50 | b.90 |0.12 [1.08 | 1.08 21.5 22.0
1067 1.27 0.32 96 | 3.41 0.0l |0.k4y 0.ks 13.1 13.2
1668 0. 9L 0.07 99 | 4.02 0.73 |0.12 | 0.12 2.5 2.7
1969 1,60 0.27 96 | 3.43 [0.08 [1.03 1.03 29.3 29.7
1970 (2.03 0.19 91 [ 5.15 0.1k 0.95 | 0.95 17.9 18.4
1971 1.39 0.08 97 1 5.97 [0.06 [1.71 | 1.71 28.4 28.1
1972 {0.87 0.07 91 | 5.46 10.73 |0 3 | 0.8Y4 13.6 15.4
1973 [1.51 0.20 ob 3.7k 10.33 10.43 | 0.b3 | 10.6 10.7
197h 11,74 0.29 91 1 6.43 j0.32 [2.36 | 2.36 35.4 36.5

2. Paddle River Basin
[
1564 ]0.82 0.01 ’99 3.86 [0.65 |0.32 | 0.41 9.1 8.3
1965 10.83 0.18 61 [ 7.17 {0.18 [3.39 3.40 L6 .2 7.2
1966 [1.13 0.17 = [ 5.56 10.76 [1.97 | 2.01 31.8 35.4
1967 [1.20 0.1k 88 15.89 {0.07 [0.83 | 0.89 15.0 1L4.9
1968 |0.61 0.01 99 | 5.49 j0.14 |0.52 0.5 9.4 9.5
1969 11,42 0.05 97 [ b.01 [0.03 [1.Lk3 | 1.4k 35.6 35.7
1970 |1.84 0.23 8L | k.59 [0.11 [1.07 | 1.08 22.9 23.3
1971 11.25 1 0.03 96 1 6.60 [0.13 |2.24 | 2.2 34.3 ' 33.9
1972 |1.53 0.16 TT|5.7% 10.28 |1.57 | 1.61 26.7 27.3
1973 {1.Lk0 0.05 - | k.3k jo.21 jo.7h | 0.77 16.9 17.0
1974 12,05 0.35 86 [ 8.11 10.48 [L.68 | k.76 55.h 57.7
1'3. Swan River Basin

1967 |1.76 0.72 9118 0.48 |3.26 | 3.32 38.9 40.5
1968 |1.12 0.35 96 | 6.c4 !o S 11.16 | 1.17 16.2 16.9
19691.78 0.89 T7 | 4.67 |0.68 [1.27 1.29 24 .1 27.2
1970 2.20 - 50| 7.16 |0.21 [2.59 | 2.60 35.3 36.2
1971 |2.41 0.4k 79| 6.18 [0.06 |3.00 | 3.00 L8.1 L8.5
1972 1.81 0.60 56 1 8.38 lo.ok |3.79 3.79 4s.0 ks, o
1973 /1.88 0.51 61| 3.66 [0.85 [1.73 1.83 4o.6 47.3
| 1974 [2.k8 0.76 1 70]8:87 [1.07 |5.27 |52 | sh.s S| 594
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TABLE 7 - SUMMARY OF VARTABLES (Continued)

SOLL MOTSTURE INDEX | SNOW | RATN SNOWMELT RUN-OFF VOLUME
~ BEFORK WINTER SNOW | snow | PER CENT] PER CENT
YEAR APl BASE FLOW  |[BRC| W.E. W.E. | W.E.+ | OF SNOW OF
STORAGE P E ONLY | RATN | W.E. + SNOWFALL
(Ins » 1077){"  |[(Ins) |(Ins)| (Ins) [(Ins) | RATN W.E.
L. Whitemud Creck Basin ,
10701 0.92 0.0001 100 3.851 0.12} 1.3k 1.35 34.0 34.8
1971 | 1.6k 0.0012 100 6,10 - 2.1k 2.1k 35.1 35.1
1972 ] 1.50 0.0002 100| 6G.51| 0.55| L.60| 1.61 22.8 2L .6
10731 1.°8 0.0056 99| L.o8 | 0.42) 1.00( 1.01 18.7 20.:
197&1 1.0 0,011 90 6.931 0.17] L.43| L.Lk 62.9 63.0
) West. Prairie River Basin
TO0R 172 | 0.08 aot 8.71 ] 0.21] 3.95| 3.99 Lk, 45.3
a6k 1.80 7 0.08 o8] 6.9 1 0.48; 1.44] 1.51 20.3 20.7
1965 £.50 ! 0.67 721082 0.800 b.79| L.86 70.2 4.6
1966 | 1.30 | 0.38 | 52| 6.6k | 0.08f 2.16 2.18 o 32.5
10677 1 Lk 1 0.2k 030 8.32 1 0.00] 2.59| 2.59 31.1 31.1
1o00 1 1.28 | 0.01 - D9 7.01] 0.1 0.55] 0.56 7.8 7.8
1003 1.0 1 0,03 7G| b.ST | 0.37) 1.h5) 1.56 31.6 31.7
1970, 1.86 | .7 871 8.021 C.22| 2.661 2.97 36.0 36.9
1974 | 1.68 | 0.35 931 3.08 | 0.19) 2.83| 2.88 3.4 2.5
1072 | 1.17 ! 0.05 881 7.96 ] 0.1h] 2.21| 2.20 0T 27.7
1973+ 1.33 | 0.28 | 661 b.50 ] 0.33] 1.66] 1.67 34,6 36.9
| 1974 | 1.80 | 0.80 /83| 3.75]0.25| 5.45] 5.50 61.3 62.2
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Interpretation

Figures 8 and 9 for base flow aﬁd APT ind;cate a definite
correlation exists betwe n the 501l moisture conditions before fréeze—
up and snowmelt runoff depending upon the amount of snowfall water
equivalent of the season. However, for the Basin Recharge Coefficinet
(Fimire 10) & definite patterﬁ could not be obtained. Various reasons
for this may be;

1. Th¢ assumed difference between the precipitation and

runoff 1s not g Valid definition of the BRC.

ro

Other factors such as lossg due to evaporation from the
0011 surfacevand evapotransplratlon may be predomlnatlng
and the value of RR(C may be dependent on the assessment
of such losses. |

Figures'indicﬁte that there are three ranges of values, the
lower range fof 3‘t0‘h inches of snowfall water equivalent, the middle
for 5 to 6 inches and uppermost for 7 to 9 inches of snowfall water
equivalent. The curves for L", 5" gm ™, and 8" have been drawn
assuming a linear interpolation;

To check the interpolaéed curves and also to determine the
na£ure of the‘correlation, Snowmelt runoff values were obtained for
the base flow storage, API and BRC values given in Table 7, using the
curves in Figures 8a, 9a and 10a. The Percentage "or in comparison
to the snowmelt volumes in Table T, are glven in Table 8 An examina-
tlon of the values 1nd1cated the base flow storage and the API curves
show better correlation in comparison to the BR(C values The base flow
storage curves 1nd1cate minimum error- and the BRC curves indicate

'ma.xl_mum error.



TABLE 8 - SNOWMELT RUNOFF VOLUME

DETERMINATION FROM CURVES

SNOWMELT RUNOFF % OF SNOWFALL W.E. AS OBTAINED FROM CURVES

YEAR | BFS_CURVES (FIG,8a) [APT CURVES (FIG.9a)]BRC CURVES (FIG.10a)
VALUL % ERROR VALUL % ERROR VALUL % ERROR
Llindman River Basip
1964 2.4 0.0 3.0 25.0 4,0 66.0
1965 49.0 13.6 36.0 -16.4 45,0 L o4
1966 25.0 13.6 14.0 -36.4 33.0 50.0
1967 14,0 6.0 10.0 ~24.2 9.0 -31.8
1968 2.7 0.0 5.0 85.2 2.7 0.0
1969 16.0 -L6.1 14,0 -52.8 6.0 -79.8
1970 19.0 3.2 34.0 45.8 19.0 3.2
1971 28.0 - 0.3 24,0 -14.6 17.0 -39.5
1972 18.0 16.8 1L.0 - 9.1 21.0 96.2
1973 11.0 2.8 10.7 0.0 10.0 - 6.5
197k 42,0 15.0 34.0 - 6.8 30.0 -17.8
Psddle niver Basin
196k 2.0 -75.9 k.o -51.8 0 -63.8
1965 46.0 - 2.5 22.0 ~53.4 50.0 5.9
1966 30.0 -15.2 18.0 -L4g.1 - -
1967 25.0 67.7 ©20.0 34,2 27.0 81.2
1968 10.0 5.2 10.0 5.2 12.0 26.3
1969 2.0 -9L. 4 13.0 -63.6 7.0 -80.4
1970 22.0 - 5.5 25.0 7.3 20.0 -1k.2
1971 30.0 -11.5 25.0 -26.2 27.0 -20.3
1972 27.0 - 1.1 25.0 - 8.4 34,0 24,5
1973 8.0 -52.9 15.0 -11.7 - -
107k 57.7 0.0 56.0 - 2.9 55.0 - b7
Swan River Basin
1967 58.0 k3.2 ‘L300 6.1 46.0 13.6
1968 48.0 100.0 22.0 30.1 27.0 59.7
1969 27.2 0.0 24,0 -11.7 2k.0 -11.7
1970 - - 56.0 54,7 50.0 38.1
1971 LL.o - 9.2 50.0 3.1 38.0 -21.6
1972 60.0 32.7 k6.0 1.7 62.0 37.2
1973 20.0 ~57.7 20.0 -57.7 30.0 -36.5
197k 58.0 | - 2.3 70.0 17.8 65.0 9.4

o1




TABLE 8 -~ (Continued)
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»*SN_OWMELT RUNOFF % OF SNOWFALL W.}. AS OBTAINED FROM CURVES

APL CURVES (FIG.9g)f BRC CURVES (FIG.10s)

YEAR | BYS CURVES (FIG. 8
VALUE % EHROR VALUE | 7 ERROR VALUL % ERROR
4. Whitemud Creek Basin
1970 2.0 -94,2 5.0 -85.6 3.0 -91.4
1971 25.0 -28.7 32.0 - 8.8 15.0 -57.2
1972 25.0 1.6 30.0 21.9 19.0 -22.7
1973 8.0 -60.2 16.0 ~20.4 8.0 -60.2
197k 28.0 -56.2 bs.0 ~29.5 24,0 -62.4
5. West Prairie River
1963 L8.0 5.9 Lh.o - 2.8 2.0 - 7.3
1964 32.0 5k, 5 38.0 83.5 25.0 20.7
1905 50.0 -32.9 57.0 -23.5 L3.0 -42.3
1966 Lo.0 23.0 27.0 -16.9. 5.0 38.4
1967 L7.0 51.1 34,0 9.3 Lg. 0 54.3
1968 23.0 160.0 27.0 100.0 26.0 100.0
1969 23.0 ~27.4 17.0 -kL6.3 25.0 -21.1
. 1970 58.0 57.2 k7.0 27.3 52.0 4o.9
1971 49.0 50.7 Lo.o 29.2 L48.0 47.6
1972 37.0 33.5 -28.0 1.1 49,0 76.9
1973 | 23.0 -37.6 15.0 -59.3 20.0 -45.8
1974 62.2 0.0 62.2 J‘ 0.0 60.0 - 3.5
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In case of base flow storas and BRC (Figures 8 and 10), the
curves become more or less horizontal reflecting that when the soil
conditions approach saturation, volume of snowmelt runoff is more
related to the amount of snowfall. However, the curves still indicate
upward trend for API and the reason for this is not known.

The dnalysis also indicates that even if all basins were selected
in the central region of Alberta, geographi -al variation and basin chara-

cteristics still reflect variation in results: The Whitemud Creek Basin

. g r'; : " .
snowmelt runoff to the tdpogray ."'ion of the drainage basin.

oy :
B> basins ads: close to 56° lati-
e

tude in the upper area of the study region and the snowmelt recession'

soth the 5Swan and the West Prairie

dates are 10 to 15 days later in « Japarison to the other three basins.
There were one or two.values in every basin whié“ i1d not fit

in the genera. trend indicated by the plots. A better correlation was

vobtained for those yeafs where data was obtained from all stations within

the basin boundaries thanr thos~ in which data had to be transposed from

stations outside the basin boundary.

Application

At present various tools being used for flood forecasting are;
?regipitation - Runoff Relations, Unit Hydroéraphs, Routing Methods,
Recession Curves and Stage-Discharge RelatiO“g. As the time factor is
importantbin forecast%ng, consideration must be given . the develop;

ment of forecast procedures through which necessary information for



L s

flood warnings can be obtained at the earliest possible time. The cor-
rolation developed here is a useful tool:to aid in evaluation df such
early forecasts. Before thawing conditions prevail, there isg generally
sufficient information on the snowcover in the basiﬁ. With the assesg-
ment of conditioné before freezing, a fair estimate ofnthé expected
spring flood volume can be obtained. Moreover,‘rainfall events .and
recorded flood peaks can be related and witii the flood volumes informa-
tion, estimates of the flow rates are possible.

Most of the basings considered in this study are already sﬁbjected
to detailed provincia;\studies in relation to flood:g and water suppl&
problems. The information presented herg will also be useful for such
assessments. For ;uture water resource develobment in these basins,
planning ghould'také into consideration all the availavle means for

assessment of the current situation and aim for better design of the

weler supply and flood forecasting systems.



Conclusions

CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

From this study, it 1s concluded that;

1.

A lefinite correlation exists between the Soil Moisture

ronditions before winter, snowfall in winter and the volume

5,
IR

¢ snowmelt runoff in the spring.

The two variables, Base Flow Storage and Antecedent Pfébi—

pitation Index (API), are reac able indices representing

the soll moisture conditions in the basin. However, when
Basin Recharge Coefficient is used as an index of soil
moisture ihe results indicate poor'correlaﬁion to the
snocwmelt runoff.

The correlation of the snowmelt runoff variables Yaries
from one basin to ahotper which reflec£s the influence of
th. basin characteristics even if the seleéted basihs are
located 1n the same geographic region.

The effect of rainfall on the total volume of runoff during
the snowmelt peridd 1s not appreciable. However, rain does
influ;nce the timing of snowmelt and occurrence of Snowgelt
runof?f,

The results are applicable only to areas comparable to the
besins studied in this report. In comparable basins,_the
streamflows should be in natural state and should not be

)
affected by any man made storage, diversion works or lakes

in the basin.

55 .



Recommendations

P~

The vagious aspects

1n this study, Meed furtier

e

L.nv

1. The flows in the
in the basins st
made reservoirs
research witn la
for practical un
ced in the basin

River Basin ag

56

of the analysis and relationships developed
research.

streams and the‘snowmelt runoff patterns
udied her., were not inflvenced by the man
or diversions and natural lakes. Further
rger basins with such influences, is needed
derstanding of the problems being experien-
S such as the Vermillion River Basin, Sturgeon

the Lower Paddle River Basin.With the advance—

ment in modelling techniques, possibiy these basins can

be ~nsidered in

parts end the 1nflows and outflows Irom the

existing lakes which retain a large volume of the snowmelt

runo®f . exan. ned
runoff process.

The theoretical

no

to provide a better understa:ni’ ng of the

assessment by the Energy Budget Ar->»ach and

Legree-Day Correlation procedures, although limit:. iue to

the avdilability 0" data, can be tried and compared with the

- results obtained ir this study.

0

An unde‘estlmatl

py

Dﬁprovement in t:

rainfall runoff volume estimation methods

:,P' R . . .
AT anad assessment of its appearance in iLhe streams, is required.
¢

on of the volume will result n higher snow-

emelt’%undff assessment for flood prediction, particularly in

g : X
ood estlmates

made before the thawing season.

ks h Further research is needed to evaluate the " Basin Recharge

B

Coeff1c1ent as & measure of the so0il mcisture conditions in

/

the basin.
»



BI BLI OGRAPHY

CANADT AN NATIC 'AL COMMITTEE, Srow Hydrology. Proceedings of Work
Seminar, International Hydrological Decade, University of New
Brunswick, February 28 - 29, 1968.

C10W, V. T., Handbook of Applied Hydrology. MeGraw Hill Book Company,
New York, 1964,

DEPARTMENT OF CIVIL ENGINEERING, The Progress of Hvorology, Volume II,
Specialized Hydrologic Subjects. Proceedings of the First
International Seminar for Hydrology Professors, University of
‘T1linois, Urbana, Illinois, July 13 - 25, 1969,

DUNNE, T.,PRICE, A.G., COLBECK, S.C., The Generation of Runoff from
Subarctic Snowpacks. 677, Water kesources Research, American:
Geophysical Union, Volume 12 Numper &, August, ARG

FREEZE, R.A., Role of Subsurface Flow in Generating ¢ _.ac wnoff, Base
Flow Contribution to Channel Flow. Water k- scourcec Research,
American Geophysical Union, Washington D.C. Voluns 3, No. 3,
June 1972 .

GRAY, D.M., Pri~-inles of Hydrology. Department of Agricultural Engin-
~eer* .-  llege of Engineering, University of Saskatchewan,
Sas oo 1970,

GRAY, ..M., Physiopraphic Characteristics and the Runoff Pattern, Fourth °
’ Canadian Hydrology Symposivm, NRC, Guelph, Ontario, May 27 -
28, 1964,

HOLECEX,G.R., Separat1on of Surface and Subsurface Flow from Snowmelt
by the Use of Radioactive Tracers. Alberta Department of the
Enviromment, Edmonton, Alberta.

HOLECEK, G.R., Detecting Snow Water in Streamflow by Relative Abundances
: . of Deuterium in Spring Creek, Alberta Department of the Envi-.
ronﬁont Edmonton, Alberta, July, 1976.

McKAY D J.. Review Hydrometeorologlcal Instrumentation. Instrumenta-

tion and Observation Technigques, NRC Hydrology Symposium No.
.7, Victoria, E.C. May 14 - 15, 1969.

ST



58
L

METEOROLOGI CAL BRANCH, Climatological Station Data Catalogue - The
Prairie Provinces. Federal Department of the Enviromment,
Atmospheric Environment, Toronto, Ontario, 1974.

NATTONAL ACADEMY OF SCTENCES (U.S.), Advanced Concepts a: ° Techniques
in the Study of Snow and Ice Resources., IHD Symposium
Monterey, California, 1974.

NAT] ONAL RESEARCH COUNCIL OF CANADA, Runoff from Snow and Ice, Symposium
7 No. 8, Quebec City, Quebec, May 26 - 27, 1971,

PATIONAL PESEARCH COUNCII OF CANADA, Soil Moisture, Proceedings of
Fydrology Symposium No. 6, University of Saskatchewan, Nov -~
15 - 16| 1967-
£ : :
YHEGAN GTATE UNTVERSITY, Snow Sem nar. Water Resources Resessch Insti-

tute, Spring Quarter, 1969,

LECK, E.L., Review of Methods of Measurirg, Snowcover, Snowmelt and
Stream{low under winter Conditions, International Symposia on
the Role of Snow and Ice in Hydrology, Banff, Alberta, 1972,

WATFr SURVEY OF CANADA, Surface Water Data Keference Index Canada, 1974,
Intand Waters Direztorate, Water Hesources Branch, Ottawa,

1¢73.



&) W0

§¢to

(o

N
c oA

QO ~

8x REZ

e lrsedey {emaoug

19°
w0

S0l §'6T §°6 v

ug

§1*
o*

02*
§0°

61

8
S8y

8e

§'9- ¢ 9

wi=

o
~
oo

—
o~
e

6270
3 Q]

eI Tdioely pelien

S'w

10"

C1-

6T S

st
e

A%
a

x°

s0°

"

t24

[{%
12

0z’
(8¢

(I
et

61

90°
20

o
ot*

$61

%

T0* w2 (9
10" LCAN T o

ACTEE N S AN 5 CRAIT I G 4TS e I K $%C $(n

W (o' (o
w* (o' (or
o'

<t $00*
60°* $00° (o'
»0* 00

00°
w00
$0* a0’

20° wo* 50
ot ot

10 Ll w0 .

§92 @ qt 9§41 $C1 St 148 [3 91
9"
S

.. Cn°
s’ ’ [Si9¢
$n* dog'o1l
L don1
o syy 203
wo1IN (d[oedy peplocey sIxissedmel (v uvey

138

co

F2 )
fe

[+ ¥4 91 91 L4 [4 124 $¢ 144 = & St

2 &

2 &

[348
[

3

91
43

&

Rrg

R3

2 &

X veoy
4 ohvisay
LAy
d QKON
Winooeitun
LAY V]
4 k1ivq
{do) 1

Priveey

d 1Y
o307 Tya
"itsvey

d CALHOEA
INodey L
wisvey

(*vI) 4 1iiva

(45) 4

LSLETTRNITY
sutarey

W ROSeL UM
~lavey

R b e R34 )
sutavey

03 Ty

d *Isieay
kSR EY PRCTY
sulavey

4 @LIHOIA
OO0 TN
*ujavey

(*vl) 4 Lllvg

(do) &

Noumy

‘wwp

961

*aoy
(.

(¢1) (1)
‘1R

1T roes

Q3]

& W
“T”
P
L ™

114

14

3l

Lt

st

L2

(4 2L 44 ot 6 [ ) 1 . ¢ 4 1
HiNOW THL 40 IY¥Q

Y
$ oI
™Y ascIbu

%O LLd Td)531

[ o} 6N

ulseg J6ATY O[pped IO Se}E] UO[SS8dey 3ToWM0US puEB
Butmeyl ‘Butzeedy ‘uotieltdioedg edsieay- T e[qE]

V- Y IINAddY



0
™o 29°0 e (Y% .I Lt “ 91 inbos e
[ 98] 9%6* ,«g 9zt 13 Sutaney «d
9l 9wt @0 02'1 ’ §eo- v 49T Hwooe3 TiA
&30 26t 021~ « . (6 sutaveg wey
9T
65°0 59°) &0 19° (3 L) ¢91 Wnooe ) tun
& ‘0 . [T 10t « (€3 sutavey
wod eyy d0J '
uerin tdirely pejulien ueiITIidioedy peplocey sanjedecum ] A{Twg Uvey veq
Futseel] 85 Veseryg
Lo s wo wo' W' (o -5 o 90° LN w* o w0 50’ ®' | w d TOMEIAY
w,..o wt ot 1’ * €o* w0 w0 9t 0 1dno3e TyN
S8 w0 W' (o' T w0 : 7o 20" L M ot sutaved
d TLSD
§8°0 $w'd z2° EASI O 8 : 0 w0 W W sz | o M 9t anoden
220 ¢ 1w (6 & 05" 22* w0* %0°* " (o’ 62* €6 v
. (Puvy 2. vg o sex
) §°%2 ST §'% 6 6= = - § §U91 02§02 $'5T 12 $°91 a $°2U 9T $rot (1t 34 2§tz §'err 6T 61 0z STz 02§ &« (do, & '$98T
- uotssedey .:olio:ﬂ 1 u i (393 "N
% ' $0° W' .60 T0* 10° d YOVdIAY
L P2 2N 1w w0 Inooce I Tya
1w ja 20°* . sutaveg
: d QKoL
PR b SR 4 G (O 1w0* 491 0067 TYx
20" 13 %0 . M €6 sutsrey
~ ('vl) a 11lva
3ty ST 0TIy Sty SUTE §tim 5°(S w5 29 iy 91 Oon Sy [} 99 (do)L Lwy
1 | s £ £ $ i '] g [ Fiavy €A waay
1'% W' w9 W' ot 38 W’ moe . Cor 02* o' d IUVAIAY
§¢°2 a0 (S [N m* o <o* 61 - EELEEIRRNTY
20 L0° 910’ 20" 2" m' o 9 90°* 1w w0 sujavey
d TLHS M
(32 (94 j¢4H g3 0 90° L o 49t HROIeIIyn
6540 ' w0 90" 32" w w1 9T w0’ ' ol* m ) outavey
(*sl) & L1iva
Ty $'2y Lo T 9v §'Sa €y §w §°SC §'iz 91§ 62 L & W SRz §U6C Sw am §'K S'er X (¢ 119 « & U ', (do) & Yrady
CREREIS e gteo ' $91 L) 491 kSTEETRELTY
500 (S0 [AFA S ES €6 sutavsy dwg
9wl w1 S€ 3 gt 89 " 491 003 Tua
690 2 8L X €] uiarey Qa4
€z e 't 122 91 w9 L9t RSLEIRRLIY avp
2670 [A%4 "'z 4 43 sulavey £961
'3 KD L] [ ’ 1'g - " L9t D000} TUN
P 23" Sgth - « 119 witavey
. ’ QoK o4y 0§
uenIm diSey peadjan uemNITdioely pepieosy S uiedmel A{iwg uvey ‘oeq
. ey
Wl owt x* LI N ) SR SN L L 1 4 & w* §0°  (n° 91° w0t 10
9%°C 61" o 1w st w &0 90" L2 10° 10
[0} (W (o W' W' W ot W' w9 9t (ot
LSRR (54 o ' 9wt L (ot : W 2t zo* 0’ Ls] 9t
[ARE4 &« E S e A LR T O 0 200 Snt o oent o0 K €6 sutavey
(2 $(C i (*9l) 4 L1Iva “aoy
[ 3 1 §5'- 2= §- §°6 LU €791 Lz $U'9U S$*gr w2 2 . 8 o1 12 X 67 G 1 7| g S TN §°%C  $C  g¢r (dg) L w961
TR T T e RS = iz _n —vrv —
. N 4T £ sz sz w2 sz sz mz (2 2z W oz 61 gl LT 9t U L1 SN S 2 S ¢ S S 8 L 5 1 Ll € z 1 3. WOLLId
LELL . o | S JURY RINGW TH 40 1vQ ' YINY KISCIINL  NOLLdDMS¢/ o s30% P}

(*3uocd 1 e[qr



—~t
0

oo (270

[COBRER]

% gaf

-
s
oo

2ER
OO0~

~Z2
-

SRR

[ )

£ on

w0
@*

T §ree -

e

Cx

&«

2y
so°

n
(r

)¢

§%T ' 02

Sy §'9 '

ssi]

- S

(394
or*
Co*

1S
60°

I’ oK r

DR 444
$0°
w* L

%"
- A

K 5 €l §0T §6- S

8 u

9T 99°
Co* 21' g0

€z sy
A S

€ el §'

opary,

Al 48 %4

w*

Co*
LACL B 474

ST el §'1- i

114

[AG e 4

2’

€o*

02"
44

2
0z’

o4

L1

20
0
w0
20°

$'e

12
L

T

me

Sz

(O

(o

(%9

€«

'
Pl
60°
"
114

€C

gt
118

[ {1

o' at
v %
2 x°
W* ot
S0 2t

9 9

20°
To*
w*

130 S S

e

]
RE SR AN AN R

we (3N 1dioexy peplessy

L et w 60°
W (U 60"
poy

Co*  tz* to* +1*
2
- § ot §o1 &

Uojssecey [ewmdug
[1 8

T

- o

LS K g%z (z §'w2 (T ¢t

«

o oK SR W §9T 'L §'m of

L
2
0*

so*

]
w0
w0

t
Co*

Co*

0

St ST ST $C9e 6T STz

w*
w*

19

i

Wy eyl deg

(9484
el

ssmysiaces | L7yw] Meey

i8]

88 588§

"
o
~

113

<o*
Co*

so0*

©7

§*it

oy
w*

w0
<o

[

RE RI-RE RS A3

oot

3

[ 18
[

49t
(Y

491
€6

[348
[ (]

it
€9

ot
[

d TONOAY

wtaveg

4 QALIOIIA
HDOIeI YA
sutarey

4 111va

(do) &

HDooe] Tua
suTAvRy

W0 TUR
wiarey

V200083 TUA
wutaveg

WNooe ) Tum
utaveyg

o vy

4 1Maay
1N0oe ] Tem
sutavey

d QLHOTIA
Han0oe ) TUR
sutavey

4 11lvg

(do)

[
T d BTVEIAY

wuiaveyg

d QLHOIEA

wuiavey
(%) ¢ £1Ivq
(o) &

30wy

d TRV
ol R
e eutavey

d @A
MBose s
iavey

(*ur) & 210w

(4o) &

01 om—y

o 1LY
o fn
o lavey

4 TIHOOA
kTS EL PRI
sutavey

4 110vg

(do) &

ey

b3

961

Pl

Thady

e

s
rd mus

54 82

(74 124 n

(%4 <4 hed

02

61

18

A

g1

€1 2t )84 ot 6
HINGH THL 40 1va

¥

YWY NA6SEHL

hatad
NOOL 104

MO Ld (43637

GO Dtid

(*3u0d T

e1qel)




62

L 1G]

(381

e 500

w1

(340"

10

yi't

e -9

—— e
Q «

€
[T
(€M

F e {sovesy ) vancng

ot
S'on (S

1
148
1%

i

[ Sty

<o*
Co*

'
W’

«@£

1344

o

§

]

B

Sl &

IO B A O S L ) v A% S ]

v

56
X
o
w*

ot
20"

'3

K

e
118

s

-4

o
€
v

1
LN

$ron

§v Su

L%
I
'

i
o

U &

————

WS Tawe Sey 7 (sancic

0

2"

50°
§razn| g

a
A4

@ .

St St 'K K

[ 3-SR ¢4

P7

L K w0«

$
30°
0
u

$'62 o2 L

92) N
¥

uoTINI pd1oesy perydtem

1w

0*

or’ w0 1w
ot e
w*

[ S oo o«

X3 -1 " 31

14
%"
0

€

$'02 §41

§°T %

I3 S ]

SRS
(=N ~3 ©

- o
R

n v
ME SN
PR

oo
o
~O
ik

3%
”

o gy a0y

UOTIMY {d [2euy pepascey sy saadus) L[Twg ueey

o %0°
€ 0 w & 1z ST $'91 g2 §'rz 2 [ [

20" so°
$'62 32 « O% 9

] § ' s '

Co*
60* 1o Co-

(18 fo*

s & B
1 @', gt fX S X W &« (v «
%
st LN

L

Civol eyy dog
W3 tdToedy peprosey Sy niedme) L1{ng weey
’ ] [

10°
0* 90°

j¢ 5
u*

<z
e
It
[o [AS O
14

LT §'n2 62 «

ot

[ S < ¢ St oz =m

'

6 S8 Sy Scon 5K 5K §Tov §(~ €k 6a n

' K -

[ 3¢ IS 4

K oK

K1
«1
L1

oKt
«1

491
13

B3 KRR 2R KR

13-

[ 3% 11

v
e
Py

w

Ry

[

&1 -

2o

7 u

[238

k)

kainaas)t ]
I mOoe § Ty
sonduvy

W20 T
©prikieg

480007 fyn
[39% ¥

O ey

WHnore)

(*vD) 4 11Ivg
(do}

32 oy

Hnooes fun

(*uI) & 11170
(do) &

Ty

4 1oMeay
IN00e ] Ty
sutavey

d qliona
Wnode 1 T yn
Iﬂ«b"

(*w1) & 110vq

(do) &

. ¥Mmooe] Iy
silavey

HBooey up

oo Ty

L Sy

¢ INAAY
IBOO] fUn
wiavey

d QUACTER
300383 Tup
. sdisvay

(*%() 4 110vq

(do) 1

-t‘l

4 3veuY
koLl R R{VT Y
"ijavey

4 TLOOA
N0 Ty
~ijavey

i *¥I) ¢ 11Ivg

(do) &

wer

6961

Tiady

Al.-w

[ )¢

Loy
4961

124

he

€z

2z

02 6l 3t L1

gt

12

i 2: : 2 m d [ 9 S
R - HINOM THL 40 iv1

Yafy
NOD1 10d

NISEYIHL MO Lld I¥DSH7

(*3uod T eTqel)

Qo Dyid



CLe

Cg'0 w0

6°0

L¢to

(€3]

<0

a0

&

3} [—noug

bal

Ce

§e52

©

A8

[ 14

o’

Co*

S*on wy 1w Zw

on §'ln &K §tow

=98

§59 W8 ANS T
; 6do SJS Jos

oo

setyw i Toedy pealian

B K

- 0
W
A%

s0' 2’
20" w2

[} 6 84 1-

o

on

so*

Co*
20"

§t9~

2'15

12419

"
w*

(€

ol*t

(14

[ ]
W e 90t
v

ot* 2°
w* W' So*
0

a2 s0°*
W 9 & w

U K K U &«

IR [0e1{ PepIveny

o L1
o o

L A 18
0 i
w0* otr*

T §al §92 §%( ¥u-

S'Sy Ston STM ey A Stem Stom

'R '

1
Co*
Co*

0°

Sty §'6C s (€

[ ]
so°

Co*
w0

%0°
90°

'K X

Ew

coo*

w0

K € £ R L

761
6°61

¢

' (Ko o

S & R

R

QIlL
24
QuT
[T 4

P14

R

£24 4
139

ot
oKt

Lo (3 g
(*«I) & 11170
(d) &

epnduvg’
uwacy
Loy

oprduTg
ueuoy
Lwmdn

opriueg
PLIC Y
Lwad iy

epndueg
usuoy
Aoomyd 1y

32 vy
- 4 TOVSXAY

awiog
F o 3eT)

(*%I) d QXUHOIER

opadurg
oy -

Lwaydny
(") 4 11
(do) 3

» 5 vmey

A 10Ny
I uboey TR
opnlurg

d @LIHODA
Hnooe ) TUA
oprduvg

(*eI) 4 11Iva

wep
(2734

(v1)

()

(do) &

Loy

Yy
01104
YOIY (ISR MOLLIINOSM  aoIvmd

‘A
17 oW TNl HINGK YRL 0 Iva

T X 6 w & w §z2 w {z 2z 1w oz 61 g L 9t sy Y fr o2t 1 ot 6 g 4 9 § & € T T} %

("3u0d | 8|qe])

-»




6l

(t'o

640

2'e

610

we

®'0

'3

suc o

2}

~r
o

InF

¥

{224

ey
oLt
9"

000~

%2

sq4°
o
ot

vaoou

L3
z3*

@0

61°

or*

oL’

L1%

LA ¥

e

e

so*

L18
or*

33

Py

$UNT §'6~  c2-  gl- §'e

«

T

§'62 £ i

S5 I'gm 9o

0
{o*
9t

48

e

90
1%
!
BL®
82"

§g-

0 0

S om Sn

[
ot*
00
$0*
co”

€o*
ot
zt

Srzm 3K S0 S SO S'tm S §'5C $'oC of

‘2
"9
3

")
‘0

~O o

oI TdIoeny prgITen

)

s0°
jLN
22
20

%'

X 2 £ om o«

S8

S'gm o

23
23*
00"

P2
jN

4

12
10°
62°
o
ot*
oz’
nZ*

iz

$'9

° e

S'on &

(z

o

§r6z

o

203°
e
62

60°
0zt

Cn®

18
1
t

'z
‘e

4

UO(INITaToedy pepiodey

2y'o

e
'

1

uOIIMIa|orld pepiooey

«

§oe

2323 8382

3
~

60

€o*
90°
(o’
50
v

Gk bt en Soe

5008y

R
w*
60°
w

129
(38

nZ*

Ias

§Cn S060 Sr ok Sl T g6t

§2n

s
L
20*
9°
0
o
A%
T

S

So*
%0
Co*
20"

0"
50
90°

Sz mz

€o*

- 1o

20

oSy

ot*
so°
so*

20°
ot
o’

Co & 6ol 7S { S 44 ¢ 4
[SFA

2'G-

uon ey 20
sanjwiecdeel Lyeq urey

LT

ol e 40
P.odl.:nrl« ATreg uvey

Co*

’
TT2 R SU9T §'Tz §tUl .stwz §'m R

So0°*
00°
€o*

o200

115
50°

so°
90"
"

Co*

0*
20°

[40M
$a°

"0 2T
W  o00*
€o'  (o*

60*
80! £0°
9°  90*

61*

" UK 08 Sew Sy

™ $705 m Sy 1S [+

11

1]

1]

Sw

att

o1
ot

0z

[£49
11199

T oz

att

£248
184

%1 vy

4 1000y
opadusg
uwuoy
Lenyd gy

d @LADIIY
opraurg
urioy
Kenidmy

(*u1) 4 2ilva

(do) &

opnRiwg
uwgoy
Lengaiy

uwog
Leay 3ty

opruueg

uruoy
Kenyd 1y

opndueg
uwuog

Lengdoy

x4l vaoy

d IOVHIAY
opnduvg
uwuoy
Lwmyd

d @RoOn
opriuvg
Qeuoy
Leayd gy

(*v1) ¢ 11va

(do) 1

242 voey

d 30VHIAY

oprutieg -
urioy
Lonydoy

d TINOLIA
oprdvg
'3 51 Y]
Kuayd oy

(*uI) 4 110va

(do) &

orivuey

d 10Vy3IAY
opalurg
uruoy
Lemydyy

d @0
opatieg
uwuoy
Lwnydty

L'9I) 4 11Dvg

(do) L

Tiady

yarwy

Qa4

uep |-

19724

320

Lwy
0461

(«1)

i o Trice

(41
Ty

(41)
d

(2

22

\¢4 02

61

A

[As

9T

A

at

(3¢

44

194

HiOm THL 4D

0t

1vq

¥

iy
#00L'jod

YILY XISSTIHL

O Lld DI gT]

¢ o]

(*3uod T erqe])




IR
Josa

hRE

LN°C 63°

®
[ERCREN

1€
42° 1

W
inte

9t
LAl

TRBZ
RN

"

(v $°5 S0f Sy S'om x
¢ 14
§o* 61

0
%0°
o’

o zn

so* 20

84°
3l
ot

[98-1

ot 0"

K 8 SRR SNC ez %

jag)
0"

38

€o*
(o’

ot

119
a1t

$UTT §°02 ST Soel S'el $%T §°Z1 §1 ¢

¢
12

8.
§o*
91*

{o*
e
119

K $e5t

L 4
z0°
zo*

"t

o sk

|
0°

- SIS

00°
0
so*

Co*
§a°
ot-
1
R4
‘0
0
0
‘0
‘0
‘0

¥ ¥
€o*

co*

c0*

PR SR S 1

ueIN Td{oely pejyiiten

oo §5L

L0

o
ot

ne*

w
€y

cz*

[958

0z
20"

10°
10’

ntt

Ele

REYN

62 itz §vdz

©:OTsISSeY 3 [SMADIG

$hen S'Es SrimiSere Staw st

15 SEN S {4

0"

oy

§esC ¢

-9 62

angl

SU6k

19°
w
(M
zu

e

95"
03"

i §UsC

o

o' o00°

§'e2 §'92 9
L

1

1
1
1

uolIvIdioedd peprooey

w0

14

o1t
1%
20"

18]

o

STz Sw S22

29

5388

[4els

10

10

€o*
20"

ot*

Ty

1" T S IR S 39

[ ST

S § g0z €
S0t

€o*
20*

7
et
8 1-
g

-

sImyvleduay K1

%t

QI

RN

‘T L 1S
w0
w0
20t

[ Y

w0*

9l §'6= §61-

Teq uvey

4 Sutseesy

[ 4

[ 35 11

9
11}

I3

4
1199

[23¢
1T

124
184
02

et

4
el
81t

al
gttt

[+ 4
at
189

0 vy
4 1oMaay
opraueg

uwuoy
Komyd gy
d 3laoizm
opndurg
oy
. Kwagigy
(*ul) & x1Iva
(do) &

exivaey

4 ITNAY
oprdueg
uwoy
Keayagy

4 @LYOTIA
opniuvg
uruoy
KLwayd gy

(*vi) 4 L1Ivq

(d0) 1

opniuvg
opnirueg

uwioy
© Kwngdgy

opriduvg
uwruoy
Leaydiy

Aivusy
d JUYdIAY
opndueg

uwyoy
Kwnnd iy
d QUHSTIN
opmbung
Uy
Lwoidy
(*vI) & (1w
(40) 3

X vy
d 1Tnasy
opniuvy

'3 3
Loty
d QRLHDO DN
opduvg
awioyg
- Koy
(*u1) d\LIIva
(do) 3

Ty

yaaw

usp

[27:3¢

o8g

oy

?a?r
(41) ‘1°m H
NV AOMS s

2

61

8t A 91

gy nt €

[AGEEN 4 ot [

HINOMW IHL 4O Iva

g L

9 5 -

Y
MOOL 104
NISSIIHY

MO LL4 OS]

[ adr < X4

(*3uo0d

T @Tqel)



2nEN

K30

A

3

%0

w'e

PAA

G v O

e

r

£<C §'ow

16

R

L

M5t

S on

Su-

0*

Sk

§ &

ot
M

52"
32

147

¥
0z
So"
%

LY

118

ol §*32

81

38 €

33

(324

114

Ste

STR

In

“ .

'
P

{o*

w*
re.

(%44

134

§o0*
0"

S

[3118

Lo

o«

- El
uetiwy dioely

CLER

g’
El%

[ Y

w
$o0°
%0°*
ot
[4%

&

10°*
to’

St°
2"

ER- S )

S

%°*
90°

peiudion

gt

ST

(1

ot
sU

0z 9

[ 8- S

o'
20"
x°

o
&

£
To*

to*

0’

[ 2SR $a ¢ 1

«

£ K

91

119

g
ot
0
20°

sT
w*

§°K S Instly om

In v $°0% 'K ¢

[
¢
pod
w*

0g*
e

S0 W

S g grg gz §T @ Stk stz

"o
08°0
€z'o
810
20t
¥t

uoLIM dideld peplodey

Z Gz

128
&

n

L §se

LB R C I T A
N

S 9§65 €S

T0*
10*

w*

9z S$'mz L2

24

S'in §°L 0'9m

] []

w2
19
90*

o
e’

[ ¢

13819

$'9t

so*
90"

S'om S0

§'in

Uo[Issoey ] emAOUS

Lo §'Cn $(n

Sl 'K e Ty

[
A%
%0°
60°

v
ozt

SLC W fre 6K

58T

z'ot

ve

srmyeiedwe] L[Tw] Uwey

[ . Ot

Se08

2t
on*

[+ ]
L
w*

[3K 14

§z°
W'
att

FAd

€«

41
13

117
1]

00t
11
Sn

[19
11

[13
Sn

11
(4]

1]

11
Sn

-4
ot

ot
[+ 9¢

L 24
£ 99

Kt
s 4

ot
ot

ERD

[ 44
[+ 99

vy

4 ION3AY
rroy
Lwagd oy

d @LHOTIN
uruoy
Kwasg® o

(*uI) 4 £iIvg

(do) 3

o vy

d IoMaAY
Uiy
Kvmydry

¢ TLIHODIA
uruoy
Lenud iy

{*®I) 4 110va

(do)

811 oy
C‘!QK
(1) 4 11Iva
(d0) L
uwioy
Lwayd oy

uwaoy
h-?r.a%x

ueuoy
Kwnyii oy

vy
d 20vHAAY
uwuoy

Laayd gy
d @ALHD;
uwruoy}

Lenydzy
(*ui) 4 1t0va
liod k4

[T
d ATN3AY
opraturg

urioy
Lwnyd vy
d @:HoEn
opnduwg
oy
Lwayagy
(*el) 4 11Iva
(da) &

Txivaay

d 3ovdany
uwruoy
Lwerygacy

4 QLHILEN
uruoy
Lwraigs

(‘wl) 4 11va

(do) L

Thady]

Qe

gep

[97°2¢

320

L3}
E27:3¢

(1)

(v0)
A
(Y O TYeim _

{(¢I)

%

<

$2

(z

®

61

et L

91

St L1

<1

n Tt ot [ 8
HINOK Bl 40 1vd

s 9

$ L} ¢ 2z

3

A2 CLANR <ix~ 1l g

— Yy
»uLT0d

“#0L4DIOSYd  aoDE

(*3u0d | 3|qe})



67

uiwy ey

— R . TR ey
e v 33t "' o 60 90* W' 200 o+ L d IONTAY
- B 25* Cor s+ ot Lotz w* (it 80° ued
LA [+ w0 o 9t (00 60t 0t LUt %0°* Lwayd iy
: d @D [N
- 50° for Tit 90' 90 e(*  gor 2zt ogt o st 111 x1 Uy
vt ¥ 20° nor KW' 0z (o0 K* ket (o* e Sw [« 43 Lonyd 1y
{'sl) d 11[va -
Sten Stan o St mmoem T §tIn $Cln £ 6n - lem Slam GoCw S §4C & (2) 1 4w
¥ ¥ s ¥ 5 S Jusary g 4 it
It el - 1o* w0 0t i at 9 go* 4 3oMaaAy
Lo Lo v n' 4o° w2 0" = g uruoy
Be or* 20" gzt (e z0° 2o0° Lenys gy
d @HOLIA
xt %0° w* g 60" 8 2o LT . X1 urioy
netT 2° §° e K'TH %° 00* (<5 oK1 Lwaysy
(*vl) 4 110vg
Lw Seaw 3T 9w (A8 (NS 1Y PR B CI-'Y S RN (O 3% ¢ $om 50l $ror  $2 2 k., 62 (do) 1 (tady
Iveey
LA S TA0¢ 0t w2t 0 DN 2 S S S -1 w0t 10t 4 1onniay
It 29° 2t 52t LA LA LS w0 w'  T0* uwiod
(n's 2 Lo 22° cor 60 gr° . Lenyaty
. ) d aiiholin
e o 2 o« ° 9 9 enide 2o 0 113 o urioy
305 w0 91t $3 %' 0zt omt - 19 ot Leayaty .
(*v1) 4 X1Iva yoawyg
Ecd [ L1 SIS 4 [ASIINA St 2- 6 0L $°30 5T 0ol §'Z- §C~ 201~ 0~ $'wI §'z 9 9 o (40) I w6
. /.
W'D owlts ﬁ”o €60 Lt I oKt uwag
L2 09°0 Sn okt Lyl gy Qe g
(AR %' ! SR z'2z- . 11 o1 uwaoy uw
1 7 ) 129 «1 Ly w51
LMt 1“0 Ut w9 I oKt uwog
20 %0 {n ot Lonyd Bt
62°T 621 . (50 wel 6'n Sujseesy 119 ot umioyg
29°0 e Sn 91 Lemyd gy aoy
o8y pegdiay U INITdioaly peptooey - SIRIRIedmel LTTeg uvey
TR | - — vy
T = 2 sz 9w EEAN ¢ EA L R A R L 8 ¢ 9 § " « z 1 5 woulod
00 ACES Tviol RINI® XAL 40 XY¥a YIYY XRSCIDHL 0 LLd WO S7a anad

(*3u0d T eTqey)



1

Table 2 -Accumula’ V.. ues of

Snowfall W.,E. and Rein

YEAR PERICD SNOW RAIN ACCUMULATED ACCUMULATED TOTAL
) W.E. (Inchea) SNOW W.E, RATN PRECTIPITATION
(Inches) {(Inches) (Inches) (Inches)

1963-64 Nov 3 (0] 0

Nov 0 1.06 1.06

Dec 11 0,48 1.5

Jan N 0.48 2.0

Fsb 29 0.75 2.77 :

Mar 29 0.85 0 3.62 0

April 24 0.24 0.65 3.86 0.65 4.91
1964-65 Kov 8 0 0

Nov 30 1.88 1.88

Dec 11 0.% 2,00

Jan m 2.33 “-77

Feb 28 1.64 6.1

April 2 0.16 0 6.57 o

April 20 0.60 0.14 7.17 0.4

April 0 0 0.02 7.17 0.16

May 14 0 0.02 7.17 0,18 7.35
196566 Nov 1 0 0

Nov' %0 0,96 0.9

Dec 11 0.69 1,65

Jan 11 1.46 3.11 '

Feb 28 0.82 3.93

Mar 24 0.60 0 4,53, o] '

May B8 1.03 0.76 5.5 0.76 6.3
1966-67 Nov 1 o 0
, Nov 0 1.% 1.%

Dee 1 o. 1 1.67

Jan 11 1.37 3.04

Feb 28 1.27 L 1

Mar 1 1.35 5.66 .

April 22 0.23 0,04 5.89 0.04

May 22 0 1,03 5.89 0.07 5.96
1967-68 Kov 10 0 0

Kov 30 1.02 1.02

Dsc 31 1.% 2.%

Jan Il ]asb 3-90

Feb 29 0.56 4,46

Mar 1 0.98 S04

April 2 0.0%5 o] 5.49 0

April ‘0 0,14 5.49 0.14 5.63
1968-69 Kov 7 0 0

Nov 30 0.17 0.17

Dec N1 1.48 1.65

Jan 11 0.64 2.29

Feb 28 . 0.%0 3.19

April 2 0.80 . o 3.99 0

April 21 c.02 0.03 4,01 0.03 L.ch

68



(Table 2 Cont.) , 69
YEAR PERTOD SNOW RAIN ACCUMULATED  ACCUMULATED TOTAL
W.E.  (Inches)  SNGW W.E, RATN PRECIPITATION ‘
(Inches) (Inches) (Inches) (Inches)
19270 Nov s 0 0 N
Nov %0 1.42 142
Dec 11 0. W 1.76
Jan 31 0.93 2-69
Feb 28 0.73 42 A
Mar 71 0.92 Loy ‘
April 2 0.01 0 4,35 0
Mr 6 0.2l 0.11 b, 59 0.11 4,70
1970~71  Oct 26 0 0
" Nov 30 1.46 1.46
Dec 7 0.98 2.4
Jan 71 2,22 4.66
Fob 28 0.19 4.85
April 4 1.48 6.33
April 10 0.27 0 6.6 0
May 12 0 0.13 6.6 0.13 6.73
1971-72  Nov 1} 0 0"
Nov 30 0,81 0.81
Dec T 1.5 2.37
Jan 7 0.88 3.25
Fet 29 1.61 4,86
Mar 11 0,23 0 5.09 0
Mar 29 0,24 0.22 5¢33 0,22 o
May 2 0,41 0,06 5,74 * 0,28 6.02
197273 Nov 13 0 0
Nov 30 0,92 0,92
Dec 31 1,42 2,34
Jan 71 0.21 2.55
Feb 28 0,82 0 3. ¢
¥ar 31 0.01 0.02 3.38 0,02
April 28 0,56 0.16 4% 0.21 4,55
197374 Nov 1 0 0
: Nov, 30 1429 1.29
Deci Bhe 0.88 2,17
LJan @Y 5y 4,53
Fab 0.78 5.%
Mar 31 1.74 7.1
April 7 0.1 0 724 0
May 4 0.87 0.48 8.11 0.48 8.59




AV ENDIX - B

SOIL MOISTURE INDILES FOR PADDLE RIVER BASIN

TABLE 3 ~ Base Flow Storage Before Freeze-up

YEAR " PASE FLO Q'-Q -Q' BASE FLOW STORAGE )
: BEFORE In kr In krb Sy :
j FREEZE-UP ' cfs—days Inches
Q cfs , "

'Lm\ (2) (3) W) (5)-(3)+(1) | (6)-2L 5 0.0372
| ,
1963 1.4 - 1.07 1.02 0.0001
1964 15.0 9.54 3. 12.98 0.0018
19¢= 13.8 8.43 3.LY4 11.87 0.0017
17 12.0° 6.76 3.4L4 10.20 0.001k
1967 1.5 - 1.10 1.10 0.0001
1968 5.1 0.37 3.LL 3.81 > 0.0005
1969 18.3 12.61 3.4k 16.05 0.0023
197¢C ‘3.4 - 2.548 2.L8 0.0003
1071 13.0 7.69 3.4k 11.13 0.0016
1972 5.0 0.28 3.44 3.72 0.0005

7.2 20.85 3.44 24 .29 0.0035

Note:

In the abov:z Table

1r kxr= 1n 0.340 - - 1.0788
1u krb= 1n 0.255= - 1.366
Q' = Q if Q< L.T efs

Q' = L.7 cfs if Q> 4.7 cfs
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Table L -Antecedent Precipitation Index (API) Gefore Freeze-up

MR

WEIGHTED RAJINFAIL

AVERAGE APY Corn,tlnt

Tale 4
" PeRIOD ¥ OF RSCORDED MONTHLY . xr
PEAVI NE WHI TECOURT P (In)
(364) (64%)
1963 May 0.8 0.90 1.28 0.0156 0.02
June 0.53 1.33 1.86 0.0:2 0.058
July 1.52 .79 3.1 0.0625% 0.206
Aug 0.65 1.62 2.27 0.125 0.283
Sept 0.3 0.66 1.02 0.2 0,255
Oct 0.19 0.41 0.60 0.5 0.70
API(O) = IKP = 1.123
Nov 1 2 3
1.01 0.91 0,82 APT on Nov 3, 1963 = 0.82
1964 May 1.13 2.55% %68 0.0156 0.057%
June .89 2,03 2.92 0.0712 0.0911
July 2.06 3.90 5.96 0.0625 0.3725
Aug 1.74 3. 5.08 0.125 0.6350
Sept .56 .99 1.55 0,25 0.387%
Oct .12 .20 R 0.5 0.16
! | Moy =7 7= 17035
Nov 1 2 3 4 5 6 7
APT 1.53 1.38 1.24 1,11 1.0 0.90 0.83  APT Nov 7, 1964 = 0.83
) 0.02(F) -
0.
1965 June 2.48 4,3 6.80 0,0712 0,212
Jely .88 2.05 2.93 0.0425 0.18°
Aug . 3.17 4,11 0.125 0.57
Sept 574 . .8 1.18 . 0.25 0.2
Oct .02 .06 .08 . 0.5 0,0
API(O) = 2KP = 1,244
APT on Nov, 1, 1965 = 1,244 x 0.90 + 0,01 = 1,13
1966 65 1.08 1.73 1 0.0712 0.144
-0 \1.85 3.37 5,22 0.0625 0.327
m,(\;;,t \EBE 2.60 376 0,125 0.471
Se 407" .16 23 0.25 0.058
Oct .33 K0 © 0.20

1967

.23

1
1.2
0.07¢

1.3
1968
July

92

N

.24 A5
.15 N
.07 .35
.56 1.68

2 3 & 5

1,17 1.05 0.9 .85
P)
.80 1.4
4 1.85
1.23 : 1.63
1.24. 8.41
.27° 43
60" .38

AFT on Oct. 31, 1966 = IKPm 1.20

-

1.%.7 0.0712
.69 a, 0625
- ,49 0.125
2 0.25
2,24 0.5 1,
e . et WL
765 - \
7 .%g(P)c/ ,89@ or Nov 9, 1967«0,61
2,24 0.0156 0.0%
2,79 0.0712 0,087
2,86 - 0.0625 0.178
3.65 0.125 0.456
.70 0.25 0.175
.58 0.5 0.490

“Sangudo Values  APT on Oct. 31, 1968 = £Kb = 1.42

T1



(Table 4 Cont.)

WETGHTED RAINFALL ADE W Comerart
PERICD % OF RECORDED MONTHLY 'Y e
saxGUbo WHI TECOURT P (in.)
(50%) (50%) L 1%
1969 May .35 A0 .75 0,015 0.01
June 1.78 1.41 3.19 0.012 0.10
July 1.693 2,50 19 < 0,0625 0.27
Aug 3,01 2. 59 0.125 0.67
Sept 2.04 1.76 3.80 0.25 0.95
Oct 0.56 0.52 1.08 0.5 0.54
(Highway) (Ronan) ,
Nov 1 2 3 4 5 APL ()= IKP = 2.5
APT 2,29 2.43 2,28 2.05 1.84 °
4 L10(P) APT. on Nov 5, 1969 = 1.84
2.70 2.53
ot a4
HIGEWAY  RONAN "BANGUDO
Lsg Lt 8f @
- . ’
1970 June 1.40 1 r), 19 3.01 0,0312 0.09%
S July 347 e o 0.25 5.71 0.062% 0.358
Aag 3,67 0. - 0,16 1.46 0.125 0.183
Sept €. 35 0.29 ¥ 0,04 0.68 " 0.25 0.170
Oct 0.37 0,41 0.11 0.89 0.5 0.445
- APT on Oct 31,.1970 = IXP = 1,25
1971 June” 3.04 5273 0,54 6.1 0,032 . 0.197
July 3.40 2.90 0.49 6.79 . 0.0625" 0,425
Aug 0.50 0.77 0.12 1.39 0.125 0.175 -
Sept 1.24 1.08 0.09 L 2.8 0.25 0.503
Oct 0.12 0.13 0.01 0.26 0.5 R 0.1
API on Oct 31, 1971 = IKP = 1,537
1972 May 1.01 1.01 2,02 0.01% 0.0%1. ;
June 2,49 2.52 0.4 5. 6.032 0,166
July 0,92 1.14 0.20 2.26 0.0625 10,141
Aug 0.86 1.26 - 2.12 0.125 0.265
Sep 0.56 0.91 - 1.47 €25 ) 0.%7
0ét 0.32 0.32 0.0 0.68 0.5+ 0. %0
¢ 7
N : = IKP = 1,
X Kov 1 2 m(°) . a
1.18 1.29 ,
'0.25(P) 0,11(P) APT on Nov 2, 1972 = 1,40
.33 T.lo A .
© . HIGHWAY - RONAR SN
(45%) (55%) ‘ g Lk
- 5 . P S -
1973 May & ,.. 074 1.4 2,21 04,0356+ 0.033 ~
June 2.64 3.21 5.85 0.012 0.181
July 1.09 1.26 2.35 0.0625 0.146
Aug o 242 2.73 5.15 0.125 0.643
Sept ™ 1.08 1.01 2,09 0.25 0,52%
Oct 0.68 0.37 1.05 0.5 0.525

APT on Oct 7, 1973 = 3KP = 2.05

>



* Table 5-October Basin Recharge Céefficient for

Paddle River Basin

OCTOBER CCTOBER - BATIN RECHARGE COEFFICIENT
YEAR  PRECIPITATION RUNOFF Py, -R, P,~R,

P,(In) R, (T1) . PERC

, , P, '

1963 0.60 0.004, 0.596  bradpes 0,99
1964 0.3 0.125 0.195 % 0,61
1965 0.08 0.080 0 0
1966 Q.40 . 0.046 - 0.354 0.88
1967 P.ou ¢ 0,001 2.239 i 0,99
1968 0v95 0.020 0.96 0.97
1969 1.88 6.173 0.9n7 . 0.6% i
1970 0.89 0.030 0.86 - = " 0.96
.97 0.26 0.0604. 0,20 077,
1972 0.68 M) .- -
1973 1,05 T0JH 5 0.909 0.86

€

73



APPENDIX-C

SNOWMELT RUNOFF FOR PADDLE RIVER BASIN

Table No. 6 - mputations for Snowmelt Runoff
. 1 . .
DURATION [MEAN DATIY FICW LO [TOTAL RUNOFF IN| RATNFAIL SNOWMELT
cls cfs/ OF |SNOWMEIT PERTOD| RUMNOFF RUNOFF, S,
Sa mi® DAYS| Ins/Sa mile |Ins/ggemile Ins/Sq mile
1664 ‘ : L
Mar 1-731 2,06| © 31 0.036
Apr 1-10| 8&3.10] - 10 0.120 Al

11-20| 152.30| « 10 0.220

21-25(, L6, 8 5 0.033

26-230 - Coulb 5 0,003
4 0.412 0.092 0.3
1965 . .

Mar 1-31 L.10| 0.016 | 3% 0.018
Apr 1-17, 13.89] 0,053 | 12 0.024
o 17211 423,55| 1,629 | .9 0.55
| 22-30]1586,11| 6.100 9 2.059
May 1-15) 233.33] 1.282 | 15 0.722
16-23 - 0.089 8 0,027
3,400 0.013 3.387
1560 ]
Far 1-31| L6.3 | 0,178 | 31 0.205 £,
Apr 1-13| 5€0.84| 2,157 13 1.051 '
14-021 233,331 C.897. 1 g £.303
| 23=26| 227.25| 0.874 4 0.131
P&?g»— g lod. A7 0.623 13 0. 7309
K&yl =1¢ - G,045 9 0,01

; 5715 0,04k 1.97
1967
Mar 1-2] 1.11; 2,004 | 31 0.005
Apr 1-°?2 1,500 0,006 | 12 32003

12221 L .85 0442 |11 0.024

2L-~( 201, 57| 1.006 7 0.264
May 1-27 ' 185,700 0.714 | 22 0.589 =

23-731 - 0.025 9 do%

' ' 893 0.010 0.883
1968 ! ;
Mar I 21| -£,10] 0,371 | 71 0,382
Apr 1-30 jh 801 0.134 | 3 0.149
May 1~ 7 0,011 | 7 0.00 .

o ot 0.552 0,019 0,515
1969 - 3 . .
Mar 1-31 3.00| 0,0115] 31 0.013
Apr 1-%| 16,60, 0.06L 6 0.014

7 ==L 528.9}{ 2,03 |18 1.373

25—32 - | C.16 6 0.036
May 1- - 0.004 L 0.001

| 1.537 0.004 1.433




(Table 6 cont, )

| DURATTON]MEAN DAITY FLOW.

cf's cf's /-‘{21
5q nile
1970
Far22-31| 44,90 | 0.173
Apr 1- & 156,62 | 0,602
9-15| 250.851 0,965
16-30] 222,93 | 0,857
May 1- 91 72,20 u.277
10-181 - 0.027
1971
Mar 1-71 7.3 o.c
Apr 1-20| 206,76 0.7
21-2211575,00 | 6,057
23-3J| 829,50 13,100
May 1-15) 123,18 O,
1624 - D.240
1972 ¥
Par 1-311 40,20 0,155
for -30] 302.00| 1.161
Fay T~ 2| 238,00| 0,915
3~ 6 - 0. %2
7-173 - 0,008
1973 . .
Mar 11| g, 0,109
Apr 1-%3¥2% (50| 0, 50g
29-301 7 - 0.375
May 1~ 8 te On021
1974
Var 1-31, L,30| 0.016
Apr 1—39@ .
Fay 176
7-10

11-18

- NO [TOTAL RUKOFF 1N
.OF |SNOWMELT PERTOD

DAYS

—
o]

—
OO N o

SH

‘r_l
O'n N

Lo W
N EoSE

5

T T ——————
RATMNFALL SNOWMELT
RUNQFF RUNOFF, Sp
Ins/Sq mile Ins/Sq mile
0.007 1.075
0.07 2,243
0,04 1.57
0;027‘ 0,744
4,68
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