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INTRODUCTION

-A'mejer‘pertion of the annual flow of most streams in the western
'ﬁnitedpstates‘Occnrs‘during the spring and summer months as a result of
melting-snom that accumulates each winter on high mountain watersheds.
Forecast of runoff from snowmelt can be classified into two general cate-
gorles, water supply forecasting and rate-of-runoff forecastlng (Gartska
j1964)

Water supply forecasting is a complex techn1que that utilizes snow
jsurvey and other related information to predlct seasonal streamflow pri-
fmarlly, but also peak flow. These forecasts are. made as. much as several
‘months in advance of the major runoff perlod wh11e those concerned w1th
gfloods from rapid snowmelt may 1nvolve only a few days prlor notice.

' | The purpose of this paper is to present a methodology that will allow
tmenagers of water resources systems to exercise adaptive control proce-'
?deres,ln regulating reserv01r’re1eases to minimize expected losses. Uslng
ién}erent-based preeipitation meael,’a distribution function of Water
inraiiable for runoff is obteined; The amount of water available for run}L
'feff is the sum of the water equivalent of snow on the ground at the time

fthe forecast is made, and the predicted amount of precipitation during the
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forecast per1od A melt coeff1c1ent, a random var1ab1e, 1s assumed to‘be
a funct1on of pred1cted temperature. The d1str1but1on funct1on of snowmelt
»runoff 1s then taken to be the product of the two random var1ab1es involv-
1ng the pred1cted precipitation and temperature. A one-period objective
functioh is then defined to determine a reservoir release rate which would

minimize expected losses.

PREDICTING SNOWMELT RUNOFF

Water supply forecasting
Seasonal water-yield forecasts have been developed to provide advance
information to various yeter users on the amount of water that may be
available for the remainder of the year. These forecasts are normally
correlation analyses of varying complexity that use indices of precipita-
tion and losses to estimate runoff, as direct measurements are almost impos-
sible to obtain., Indices are assumed to provide adequate'information for
making these predictions in that snow accumulation data represent a com-
bination of several storms which tends to reduce the local deviations that
may occur during individual storms. In addition, seasonal accumulation
tends to follew'a relatively consistent pattern for large areas havinge
comparable elevation and exposure (U. S. Soil Conservation Service, 1972);
Information on snowpack characteristics, water equivalent, density
and depth, at a particular time and place is obtained from snow surveys.
A major responsibility of the U. S. Soil Conservation Service is to cenduct
Federal -State cooperative snow surveys and to make water supply forecasts.

To estimate streamflow, a Soil Conservation Service (SCS) forecaster will
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. exam1ne at. least 15 years of data: that 1nc1udes snov water equlvalent
’fsoil m01sture, prec1p1tat10n, base flow and temperature. These var1ab1es,

assumed to be 1ndependent, are ‘then inserted 1nto a multiple linear re-
gression analysis to obtain a predication equation for streamflow. An

example of the generai ferm of the prediction equation is as follows:

Y = b+ By * bk, + byXg ¢ byX M
where -~ Y =.runoff
Xi; base flow

‘Xy= fall precipitation.
_ vxzé.snew water equivalent
' X4= spring precipitation

bs;= regression coefficients

: Pést_erperienee has indicated that snow water equivalent, used as an in-
dex of precipitation, has a very high correlation to runoff. Other preci-
pitation indices such as winter and spring precipitation have a relative
significance that is considered moderately high, while fall precipitation,
antecedent streamflow and base flow have been found to be variables of
lesser significance. Iusofar as indices of losses are concerned, tempera-
ture has the greatest influence on the prediction of runoff accounting for
as much as 25 percent of the variability. Soil moisture, wind, radiation

and humidity have lesser influence.

Snowmelt floods

Forecasting the rate of runoff from snowmelt requires consideration

of the sources of heat available for melting a specific snowpack and the
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'hrout1ng of the snowmelt through a part1ou1ar watershed to a streamflow’
“gag1ng s1te. The most commonly used methods of est1mat1ng snowmelt are
:‘the degree -day method and one that is based on a comprehens1ve analys1s of
~all meteorolog1ca1 parameters that affect the transfer of heat to the snow-
pack. Comparisons of these methods’to predict snowmelt rates have indicated‘
“that the’simpler degree-day method using temﬁerature as the only index of
energy input nay be used with little loss of accuracy (Anderson, 1968 and
Pysklewyc et al., 1968). The degree-day equation that is generally used
may‘be writtenfas

M= K(T-T,) . (2)

where M :isrsnowmelt runoff
T‘ iskair:temperature at median elevation of melting snowpack
'Tbgiséa"hase»temperature at which snowmelt is assumed to start
(normally taken as 0°C)

K is a degree-day or melt factor

’Vaiues-forfbase temperature and melt factor can be adjusted to conform
to,either’mean daily or maximum daily temperature data. Melt factors are
var1ab1e dur1ng the snowmelt season and can be specified daily or g1ven ;

as a funct1on of accumulated runoff (U, S. Army Corps of Engineers, 1972)

WINTER PRECIPITATION;MQDEL

f-RfLCurrent pro.edures in water supply forecast1ng generally}requ1res an

,estimate of future precip1tat10n. Rather than use expe o mean vaAues

of ant1cipated ,recipitat1on, the proposed methodology requires the use of



ffa cumulatlve djstr1butxon functlon (cdf) of total prGC1p1tat10n expecte W

’fdurlng.the forecast perlod To accompllsh th1s requlres f1rst def1n1ng =
:ﬁan event and second obtalning the dlstrlbutlon (pdf) for the random num-al
. ber of events per un1t t1me and the pdf for the random var1ab1e of the |

: magnltude or depth of prec1p1tat10n per event

,fbefiﬁiﬁglaﬁfevent B

v’,in~previous papers, the authors have used more than one definition to
ideseribe the occurrence of a convective storm event (Fogel, et al.; 1971;
(buckstein et al., 1972). The events were essentially classified as to
i'whether or not they produced runoff. While winter precipitatiOn'charac-
ter15t1cs differ from summer events, it, too, can be def1ned several ways.
pThe def1n1t1on may be based on whether snow or rain fell, on threshold
hvalues for da11y precipitation, and on when an event is deemed to be con-
;ciudedt A major consideration in selecting a definition.is that the re-
C quiredfdata beﬁreadily available.
: For thlS analys1s a wet day was deflned as one wh1ch has prec1p1ta-
Lyt1on.equal to or greater than 0. 01 inch, ‘Then, since a W1nter storm may
l'last several days, the wet days were lumped together 1nto storm groups.
,iA storm group was defined as a sequence of consecutlve wet days separated:
~;from other storm groups by one or more dry days. Thls def1n1t1on 1s a‘

hfsllght mod1f1cat1on of the one used by Kao et a1 (1971)

;“Number of events per unit time

In ‘the previous studies on thunderstorm rainfall events were as-

1;sumed to occur in an independent manner such that a Po1sson var1ate can

.{be used to represent the distribution of N, the number of events per
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‘f]givéh*éime~périaa:f*fﬁé*AEéu§£eh¢e'6ffihae§enaent events followshaVBOisson
1process 1f the 1nterarr1va1 t1mes are exponentially distributed. Note
X“Ethatolntera r1va1 t1mes are calculated from the beginning of one storm
1'1group7to the beg1nn1ng of another group (see Fig. 1).
R In southwestern Unlted States winter storms occur relatively 1nfre-
f ‘quently so that storm group durations are much shorter than the duration
.'iof dry spells. Therefore, as the pdf of interarrival times'can be approxi-
mated by an exponent1a1 dlstrlbutlon, a Poisson distribution may be used
'to.represent the pdf of number of storm group occurrences per season (Kao
et al., 1971)
| For areas where winter storms are more numerous, the interarrival
timegmay no longer follow an exponential distribution. Thus, it is neces-
safy to"derive a more general equation to describe the pdf of number of
occurrences per g1ven time per1od Gupta (1972) derived the required pdf

wh1ch -is of the form

: J
i /n+ l -ly® _-mm

f() ?(ﬂ)"u ﬂ)( )L e
inGJ I J=2n+] T

(3)

where.

mean number of events per t1me per1od

.= l-q probab111ty that an’ event has occurred

‘fSan Francisco data, assumed to be representative of w1nter storms in the o
;'western United States was used to test~the above relationshlp Fig 2

faillustrates a good f1t of the derived dlstr1bution to the hlstorical record



itAmount of prec1p1tat10n per event -
o | Lett1ng the amount of prec1p1tat10n be expressed as an 1ntegra1 num- 5
w;ber of half-inch 1ncrements the pdf of P, total prec1p1tat10n per storm s
group, given that a storm group has occurred, may be expressed by a geo-
metric distribution. A comparison of the-fit of the postulated distribu-
tion to 69 years of San Francisco data is shown in Fig. 3. While the
vgeometr1c d1str1but1on is acceptable, subsequent 1nvest1gat1ons have re-

7 vealed’ that a J- shaped gamma d1str1but10n prov1des a better f1t, primarily

at the tail. This aspect is 1mportant when extreme events are con51dered

Total seasonal precipitation

To determine the distribution of W 'totaimpreCipitation‘per‘time‘

- perlod or season, it is assumed that- the amounts of prec1p1tat10n per storm
z’group are mutually independent, 1dent1ca11y d1str1buted ‘random var1ab1es
;sand the number of storm groups per season 1s 1tse1f random. ,Then,,it»follo

{jthat

Llpdf of w by first deriving the generatlng functlon of W and thenhobtalnlngk

“successive differentiations of this functlon.rohe procedure 1s detalled in

Feller, chapter 12 (1957).

If only the mean and va;iancg.§f;wraf§{}§qqiféq}{tﬁéxfggnﬁse;¢4;£d;g§;

lated directly from



 DEVELOPMENT OF ‘RUNOFF MODEL

‘A*eeheﬁatichaiégram'of the stochastic process of cumulative preci-
p1tat10n and runoff and snow on the ground is shown in Fig. 4. Precipi-
fitat1on 1s an event-based or intermittent process while runoff is continuous,

In Fig.. 5 a. V1ew is taken of the assumed process between twou successive -

events.. At the t1me of the J—h-prec1p1tat10n event, S, represents the |
snow water equ1va1ent on the ground, while B, a constang is the loss incurred
;dur1ng the event'such'as-from interception and evaporation. Thus, the

snow ‘on the ground follow1ng the Jth

precipitation event is S, + Pj - B,
Between the two prec1p1tat10n events, the duration of which is Dj, a ran-
dom variable;'the'sn6Wpack will havetlost an additional amount of water.
The total loss is lumped into the term AJ which is considered to be a

‘random var1ab1e 11near1y related to the duration between events such that
A, = kD, + B (6)
~J j

If the:numher“of:events.can be described by a Poisson variate N, then D
will follow an exponential distribution. The distribution function for..

A,F,(a), can readily be obtained from

Fate =Ry [P ecE B ‘7’

*/The next step is to define & new randon varisble X'such that =

“and:

©




T
f;Slnce thls relat1onsh1e 1s now.51mliat to equat1on 4 for determ1n1ng the
.Etotal seasonal prec1p1tat1on, the same procedures fbr obta1n1ng the pdf
Kiof Y and the mean and-varlance of Y can be used. In effect, the random k»
tvarlable Y can be assumed to represent the total net prec1p1tat10n that |
"W111 occur in a g1ven t1me o

~ When a water supply forecast is made, the snow water equivalent is
;fascertalned and if an estimate of future precipitation is required, expec-
mkted-values are used.‘ In the proposed procedure, a pdf of total precipita-
r_tlon in a forecast perlod is. employed Thus, the tetal amount of water
k7avallab1e for runoff at the time a forecast is made is the sum of the
;current snow water equ1va1ent S,» plus Y the amount of prec1p1tat1on ‘that
2115 expected to occur in the forecast period, or unt11 the end of the sea-‘:

1jeon,,‘fh15 defines a new random variable

2= r Yot G b D

~which has a distribution function . .
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randon variable Z td the runoff volume V-in a manner:that
V=0 (13)

Without aﬁy yerification at this time, the belief is that C is related to a
héat index such as degree-days and can be described by a beta distribution.
The varibie C, then, can be considered as being a runoff coefficient with

a randqm-cdmbonént. The distribution function of runoff, then, becomes

Fy(v) ='§ Fz (%) fC(c) (14)

Inasummary, then, “the proposed model for predicting snowmelt runoff

is of the fprm

V=2C [so + § (PJ - AJ)] (15)

'in which C;“P, and A are random variables.

APPLICATION TO RESERVOIR CONTROL

The Salt River Water Users' Association is involved in the delivery ,
of‘wéte: to more than one-half of the people in the state of Arizonu as
well as to a large irrigation project. Storage,réﬁervoirs on the Salt
and Verde Rivers are available to meet these deman&s. During low.runOff’
years, control of the storage facilities presents few nroblems; On
tﬁe other hand; in above normal runoff years, such as the current one,
managers are faced with regulating the release rate to minimize ppssibié
losses. | |

Low release r@tgsﬂc@@seilittleﬂpr,no;&amage. A higher r61¢a$§?t§ﬁé‘
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.;can result in some 1nconven1ences as certa1n key roads become unava11ab1e
‘?fbr traff1c and also some flood1ng can occur 1n low 1y1ng areas.: Still
Nh1gher release rates.can cause ser1ous flood1ng below the dam To operate
“ such a reservoir, therefore, involves a trade off of the follow1ng three N
quantities: ‘ PR | ',

1. The total water. supply benefit B(V R) wh1ch 1s a function of ‘the

- total volume of water available V and the volume of water to. be
B released R in the next time period (0 T
1ffz£ The flood damage downstream from the dam C(R) caused by the
| planned release R
3. The flood damage at and downstream from the. dam D(Q;R),caused
by the flood peak Q; D is a decreasing function oflR.

Up to now, only the runoff volume V and not the peak runoff rate Q |
 has been considered. Where the peak rate is considered to be important,
a linear volume to veak relationship may be assumed. In a regression'
analysis relating peak flow to volume of the Columbia River at The Dalles,
the correlation coefficient was reported as 0.86 (U.S. Soil Conservatlon
;Service, 1972). Thus, it can be shown that the conditional cdf G(qlv)‘
- is represented by a t - distribution. Then, the distribution function
for Q is |

F.(q) =of°° Glg|v) f(v) dv (16)

Q

,'For the sake of simplicity, it is assumed that the release R takes

ffplace mostly at the beginning of (0,T) while floods come in the later

v‘part of that period.



. From the trade offs mentioned above, a one-period objective function: =

- becomes .

QYR = VLR CR) ¢ DR an

-

- The goal“is‘to determine R that minimizes the expected value of

Min2R) = 7 [2(Q,V,RI] = - S BLv,RIF(VId

R | | | (18)
+C(R) +‘°f D(Q,R)f(q)dq

-Clearly, a multiperiod model could be formulated in a recursive manner
(dynamic programming approach). The utility of such a model, however,

would be greater for the definition of a fixed seasonal. policy (Rl,Rz,"

rather than for the adaptive control being considered here.

As an example, let

-b(V-R) for V> R
0 otherwise

T 1UA

- C(R) 0 for R< r,

c(R-1,) for r, <R

(Q-aR)2 for Q > aR

0 othexwise -

L D@,B

. Bquation 17 then beconss
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or
- R 20 Partaidg 22 R0 < FGRI=0
AR Lo e ‘

'This'edﬁatidﬁ may be 561ved'ﬁuméri¢511y_f6r the optimumjféleasgfg*.

~ DISCUSSION -

The considerable variablity 6f shpﬁfall in.spacé and time has
, prompted an investigation into thevrole of stdchastic_snow models for
_water supply forecasting and flood prediction. Such an approach i§ moti-
vated by the need to estimate fisks associated with forecasts involving
snowmelt runoff.

New procedures appear wgrranted in that estimates of snowmelt runoff
do not appear to be significantly improyed Qith the.ﬁse of all the meteoro-
logical parameters that affect heat transfer over the method using only
temperature as a heat index. Withoﬁt questioning the inherent assumptions
in a regression analysis, the utilization of such procedures often leaves

. a considerable amount of the variability unexplained. Thus, there appears
to be a limit'to the capability of current methods for predicting anw-

: melﬁ'runoff; : | | | v |

~ On the'&ther hand, stochastic models do not Have,tolmake‘anx apo1o5 ,
1'§iesrfbr‘pqdr »¢6£relationAcoefficients. Stochaéfic modeiS'stafﬁbwiﬁh .
‘thé aSsumption fhat natural hydrologic sYstems_are'so éomplex ihat'no
.exgéfﬁlaws'have yet been discovered that5canIexpiain'completely fhe
:haturélvphenomena. Procedures that :eéégnize*this uhcertain£y gnd'utilize

'fahdom variables that have somévthsidal-siéhifiéance_ih their
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ﬂelat1onsh1ps"are generally preferred where there are managerial applica-
t1ons.¢ The operat1on of water resources systems usually becomes critical

| when the occurrence of extreme events such as floods and drouths become
1mm1nent Current procedures of forecast1ng snowmelt runoff generally
use the mean or expected value approach, and hence, may run into diffi-
culty in predicting the extreme event.

The proposed procedure tends to combine the relatively long term fore-
casting of water supplies with the short-term flood predictions. Distri-
butions 1nvolv1ng both prec1p1tatlon and temperature are employed in an
effort to characterize the uncertainty. Losses, from precipitation to
streamflow,are assumed to be both additive and multiplicative. Verifica-
tion of the characters of these relationships is currently in progress.

In addition, there are other problems that require further study such as
the-rain on snow floods.

" ‘In conclus1on, this paper presents a methodology for incorporating
meteorolog1c uncertainty into a snowmelt runoff model that can be used for
water’ supply forecast1ng arl flood prediction. An example is presented

to 111ustrate the ut111ty of this information in selecting an optimal ac-

tlon that’ will reduce the risk or consequential effect of possible uncers -

tain outcomes.
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WATER SUPPLY FORECASTING
STOCHASTIC MODEL
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Q=C [SO + zj‘: (P] - Aj)] in wh"iclh

C,Pand A are random variables

Fig. 5 l_)gfipi.ng_f l;)yasi‘qf. elements of stochastic snow model;





