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Introduction

Efficient operation of water projects depands on ths accurscy of streamflow fore-
casts. forscasts are required tos (1) determine permissible releases from reservoirs for
powsr, irrigation, or municipal usss with assured refill, and (2) mest mandatory rsleasse
and storagse requirements for recreation, pellution abatament, and flood control. Where
multi-purpose projects are involved, operations must be schesduled on a short-term basis,

In the Rocky Mountain West, virtually all streamflow results from snowmelt; hence,
forecasting procedures depend on snowpack measuraments., Seasonal or total flow forecasts
are gensrally based on surveys of peak snowpack water sgquivalent, Lxtsnsions of thess
sarly=spring forecasts to 2 short=-term basis may not be reliable, however, since they as-
sumg that precipitation and metesrsoleogicsl conditions during the ensuing melt season will
ba normal.

Ona index of runoff, which is useful for improving forscasts of residual runoff
during the snowmelt season, is areal snow cover. In the United 3tates, surveillence of the
snow cover was proposed more than 25 years age by Gress {1937), Parshall (1941), and Potts
(1944). These investigators obtained index cbservations of snow cover by greund photograph-
ic methods, Since the late fortiss, ssveral workers have estimated total snow coverage on
drainage basins {Daniels 1949, Miller 1953, Brown and Dunford 1956, U. $. Army 1956,
Garstka et al. 1958, Parsons and Castle 1959, Thoms 1961, Ffolliett and Hanssn 1968, Thoms
1569, Thoms and Wang 1969, Leaf 1969).

Empirical correlations betwsen snaw cover and runeff devsloped from this type of
wark have besn incorporated inte modern computerized simulation modals, A notable example
is the "SSARR" hydrolegic medel {Rockwood 1961, Rockwood 1964, Schermerhorn and Kushi 1968,
and Anderson and Rockwosd 1970). This modsl utilizes cover-rvunoff relationships to calcu-
late the arsa of srnow cover sn the basis of acocumulated genarated runoff,

In addition te their application in continuous simulation of streamflow, depletion-
runoff relationships are effectively used to ferescast residual flows during the snowmelt
runaff season (U,5. Army 1956, Parsons and Castle 4959, Thoms 1961, Thoms 1969), In these
procedurass, estimates of snow coverage during the melt ssason provide the means for fore=
casting subsequant runoff. These forecasts can be continuously revised by repested observa~
tions of the decrease in horizontal sxtent {(depletion) of ths smow cover,

The areal extent of snow is becoming an important parametesr in the growing smphasis
on application of remots sensing in the water ressurce field., Ssveral remote sensing tech=
niques appear promising for snow cover measursment (Barnes and Bowley 1968, Popham 1968,
Weite and Macdonald 1970). For large basine, satellite sensing appears most feasible, Ef=
fective practical spplication of these methods in streamflow forecasting will depend, how=-
avaer, on further dsvelopment of the actual forecasting relationships on a smallsr scals,
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Recognizing the need to develop snow cover-runoff relationships, the Forest Service
initiated a program in 1964 to measure the arsal extent of snow cover in Colorade. Since
1965, we have coopsrated with the Office of Atmospheric Water Resources, Bureau of Recla-
mation, in photographing snow cover during each snowmelt season at the Fraser Experimental
Forest and in thz Park Range near Steamboat Springs, Colorado (Leaf, 1967, 1369), Aerial
photographs are taken by a private contractor.

This report describes a procedure we have daveloped for updating streamflow fors=-
casts based on the arsal extent of snow -covsr.

Exnerimental Watsrsheds

Three forested experimental watersheds in the Fraser Experimental forest (East St.
Louis, Deadhorse, and Lexen}, with drainage areas of 1,984, 667, and 306 acrass, respective-
ly s wers selected for study, They are typical of headwater streams which contribute to the
flow in the Upper Coleorado River Basin. Annual precipitation of 28 inches results in 12
inches of streamflow. Destailed discussiens of Forest cover, geology, climate, and water
yirld are found in: Garstka et al, (1958), Retzer (1962}, Leaf (1966), Hoover (1957), and
Leaf (1969),

Observations

Snowpack depletion

Aerial photographs with a photo scale of approximately 136,000 were used to obssrve
the amount of snow cover at about 10-day intervals after snowmelt began. The extent of snow
cover on the photographs was estimated visually with the aid of a folding stersoscope;
these estimates ware transposed to subdividsed base maps of each watershed (Leaf 1969), Sub-
argas within each watershed wers delimited on ths basis of forest covasr, orientation, and
slope stsepness. Total snow cover was determined by computing a weighted average based on
the area and extent of snow cover in the various watershed units,

Runoff and precipitastion

Streamflow from the thres watersheds is gaged by weirs, Measurements of winter pre=-
cipitation in 100-inch Sacramento storage gages at the stream-gaging stations were convert-
gd to an index of April 30 water equivalent. These indices of peak snowpack are contingent
on snow courss measurements mads each spring on the watersheds. The storage gages correlate
well with these snow course surveys, and are presumsd to be reliable, Precipitation during
snowmelt was measursd in standard 8-inch recordsrs at thse Fraser Expsrimental Forest Head=-
guarters site,

Snow=Covar Depletion in Aslation to Streamf low

The first step in developing runoff forecast curves for the Fraser watersheds was
to plot percentages of snowpack depletion and runoff for the 1964-1968 record period (fig,
1). Note that sach watershed has its own characteristic relationship bstwesn snowpack de=-
pletion and runoff that does not change appraciably, sven though the amount of snowpack
and weathsr conditions which produce runoff each ysar vary considerably. The scatter around
the mean curves may be the result of annual diffsrences in initial snowpack water squiva=-
lent, recharge requirsmsnts, and meteornlegicsl conditions during snowmslt, Alsgc, subject-
ive intsrpretation of the photos may account for a large portion of the variastion,

Shown in figure 1 are relationships bstwesn snow-cover depletion and observed and
genarated runaoff. Gensrated runaff includss water still in steorage on the watershed, and
is defined as that quentity of snowmelt during a given time interval which results as
streamf low. Gensrated flows were isolated on the discharge hydrograph by means of the rs-
cession curve (U.S. Army 1956, Garstka st al, 1958, Leaf 1963), 8Soth relationships were
piotted to show the significant displacement caused by natural regulation within these
watersheds., Genaratasd flows wsere zlss computed in order tos (1) correct for antscedent
winter runoff, and (2) obtain an accurazte estimate of runoff produced during the snowmelt
58230N,

Miller (1953) and Parsons and Castls (1959) have pointed out that the primary dif-
ferance in tunoff volums bstwesn years is due to the initial amount of snowpack, Thus,
when areal smow cover is plotted as a function of residual or "future runoff" {(Miller
4953), a family of curves necessarily results, which accounts for both "high® and “low"
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snow years. Such curves for the Fraser watersheds are plotted in figure 2, They were devel=-
oped from the dimensionless relationships (for observed runeff) in figure 1. In practice,
these curves would bs used in conjunction with total flow forecasts at the time of peak
snowpack accumulation,

In additien to peak snowpack accumulation (sssumed here as the April 30 storage
gage measuremants), subseqguent precipitation during snowmelt can considerably influence
stream runoff, Thus, it is desirable to revise residual forscasts duriny the melt season to
reflact this additional input. Parsons and Castle {1959) have developed a2 method far making
appropriate ravisions by means of an "adjusted snow index", We developed a similar proced-
ure,

Snaw Cover-Pracipitation Index Forecast Curves

Bracipitation index

At ths Frasar Experimental forest, the average annual precipitation is approximate-
ly 28 inches, Of this amount, about 15 inches results as snow accumulation prior to May 1,
Average precipitation is 2 inches during May and 3 inches during June, Although the snow-
melt runoff season gsnerally ends around Juns 30, recession flows continue until late sum-
mer,

Table 1 is a summary of measursd precipitation for May and June, plus peak accumu=-
lation on April 30. In our forecasting procedure, the values summarized in table 1 are give
en a value of 100, Thus, above=normal precipitation amounts would receivs valuss greater
than 100, and bslow-normal amounts less. With normals fixed for May and June inputs, the
precipitation index derived from the April 30 measursments can be adjusted for latsr dates
in the melt season. These adjustments would normally be made arcund May 31 and Jume 30.
Weight factors for sach of the three intervals ars summarized in table 2.

Table 1.-=Precipitation summaryl/

Watershsd H Peak H May : June ¢ Total
:  (April 30) 3 3

T T N Y ol o - 1= S )

Deadhorsse 17.6 1.8 2.4 21.8

Lexen 18,9 2,2 2,9 24,0

E. 5t., Louis 13.9 1.9 2.4 18.2

-1/ ‘Based on 1963-68 observations st 100-inch Sacramento storage gage
ad justed to 1940~70 record peried at Frassr Expsrimental Forest
Headaguarters site.

Table 2.==Index Weight factors

Watsrshed 3 Peak H May : June
s {(April 30} 3
Deadhorse 0.81 0.08 .11
Lexan « 19 .09 212
£. St. Louis .76 .11 «13

Precipitation indices are derived by means of the eguation:

Ip = 100 [Wai, + Wpip + Wjijd (1)
where

Ip is the weightsd precipitatiaon indsx,

W, is the weight factor for seasonal snow accumulation through April 30,
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i is the snow accumuiation index through April 30,

is the weight factor for May,

m

ig is the precipitation index for May,
wj is ths weight factor for Juns, and
ij is the precipitation index Fer Junse,

To illustrate the application of equation (1}, assume that on Last St. Louis Cresk,
the April 30 measuresment is 19.2 inches. The appropriate index for April 30, from tables 1
and 2, is

100[(19.2/13.9)0,76 + 0,11 x 1.00 ¢ 0,13 x 1.00} = 128,09

If the precipitation during May was only 0.9 inch, the nesw index would be revised
downward as follows:

100[(19.2/13.9)0.76 + (0,9/1.9)0.41 + 0,13 x 1,00] = 123,2

Similarly, if precipitation during Juns was a normal 2.4 inches, the June 30 index
would remain at 123.2,

forecast curves

Having determinsd a procedure for computing precipitation indices, we thsn develop-
ed 2 simpls graphical method to forscast residual streamflow velumes, based primarily on
snow=cover data obtained from asrial photographs (fig. 3). Note that the residual volume
foracast curves for 100 percent snow cover are precipitation-runoff relationships derived
from the April 30 storage gage msasuremsnts (Leaf 1969),

Model Verification = 1969 Snouwmslt Season

Trial forecasts wers made during the 1969 runoff season to test the accuracy of
the forscast method. The year 1969 proved to be a good year to verify thes model because
precipitation during May and Juns was abnormally high (table 3). Adjustment of the precip=
itation indices significantly improved the residual flow forecasts as the melt ssason pro-
gressed,

Trial forecasts are compared with observed flows in table 4. The snowmelt runoff
seasan lasted until July 4 on East St., Louis Cresk, and until Juns 11 and June 12 on Dead=-
horse and Lexen, rsspectively., The precipitation indices were adjusted upward on May 25
and July 2 to account for additional input. The index for May 15 could also have been ad-
justed upward since unusually high precipitation occurred during the first wesk in May.
Residual volumes corresponding to snow cover amounts not plotted in figure 3 were deter-
mined by interpolation,

figure 4 shows forecast error as a function of snow=-cover depletion or percent res=~
idual flow volume., These ars avsrags relationships computed from the summary in tablse 4,
From an initial average error of approximately 20 percent, forscasts were successively im=
proved to within 10 percent of observed flows. This accuracy was attained when rasidusl
flow was about 80 percent of thas ssasonal total, Also plotted in figure 4 is average fore=-
cast srror, if no adjustment were mads for precipitation during May and Juns (i.e., if only
snow=covered areas were used in predicting flows), Comparison shows that forecasts were im=-
proved about 10 percent through adjustment of precipitation indicses,

Conclusiens

Extensions of water supply forecasts based on early spring snow surveys bscome lass
rsliable whan precipitation input and metsorclogical conditions during the ensuing melt
sgason deviate appreciably from normal. The simple model described hers has enough flexi=-
bility te account for unusual hydrelagic conditiens. Moreover, it eppsars that, with add-
itional records, the method will provide sccurate residual flow forecasts during the cri-
tical high=flow period on the small Fraser watersheds.
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Table 3,«=Brecipitation inputl/ for 1969

Watershed H Beak H Nay H June H Total
;. {fpril 30) : g

== e w owm o= - = = InchgsS = = = = = = = « = « =

Deadhorse 15,0 3.1 4,5 22,6

Lexen 16.6 3.1 4.5 24,2

E. St. Louls 13.6 3.1 4,5 21,2

1/ ay and June measurements made at Fraser Experimental Forest
Headguarters site,

Table 4.=-Trial residual veolume forescasts, 1969

H Date of : Estimated : Precipi=- @
Stream saerial survey : snow cover 3 tation Residual volume
3 3 3 index 3 Forscast $ Observed
Bercent = = = = Acrgefogl = = =
Deadhorse April 30 ' 100 88 320 428(to 6/1)
flay 15 82 88 280 399
May 25 54 g4 320 344
June 4 19 94 220 238
Lexen April 30 100 90 260 297(to 6/1)
Mlay 15 93 90 250 283
May 25 76 94 260 230
June 4 40 94 190 170
£, St, Louis April 30 100 98 1600 1950(to 7/4)
May 15 94 98 1550 1905
fiay 25 75 105 1525 1797
June 4 51 105 1225 1357
July 2 11 117 650 568

One shortceming in this study is in the subjective interpretation of the aerial
photographs. We are trying to overcoms this problem threough photogrammetric measurements
of snow cover on small index areas in and near the study basins (Barnes 1970), Thase in-
dex areas are visible on the photographs and ssnsitive enough to meonitor watershed deple-
tioen patterns. Index=zrsa measurements will not only save time in mapping, but will alse
reduce the cost of flights while enabling the hydrologist to obtain precise estimates of
the extent of snow cever. In addition to impreving precisien, index-area mapping should
make the model useful for forecasting residual flows on largsr drainage basins in the
Colorado snow zone,.

REFERENCES

Anderson, J. A. and Reckwood; D. M, 1970, Runeff synthesis for rain~on-snow basin., Proc,
Westsrn Snow Cenf. (Victoria, B, C.) pp. 8290, illus,

Barnss, A. H. 1970, Photogrammetric determinatien of relative snow area, Colo., State Univ,
Civil Engineering 3ect. Rept, CER69=-T0AHB=40, 14 pp., illus.

Barnes, J. C. and Bowlsy, C. J, 1968. Snow cover distribution as mapped from satellite
photegraphy. Water Resour. Res., 4(2)s 257-272, illus,

Brown, H, &£, and Dunfeord, £, G. 1956, Streamflow in relation to sxtent of snow cover in
central Colorade, U.S8. Forest Serv, Rocky Mt, Forest and Range Exp. Sta., Sta,
Pap. 24, 9 pp.y illus.
wl b



Daniels, G. E. 1949, Areal distribution of snow cover in relation to weather and terrain
at Upper Columbia Snow Lab, Proc. Western Snow Conf., pp. 170-1856, illus,

Ffolliott, P. F. and Hansen, E, A, 1968, Observations of snowpack accumulation, meit, and
runoff on a small Arizona watershed, USDA Forest Serv., Res, Note RM=124, 7 op.,
illus., Rocky Mt, Forest and Range Exp. Sta,, Fort Collins, Coleo.

Garstka, W. U, , Love, L. D., Goodell, B, C., and Bertle, F, A, 1938, Factors affecting
snowmelt and streamflow. Bureau of Reclamation. USDA, U.5. Cov. Printing Office,
189 pp., illus,

Gross, D, D. 1937. Forecasting mountain water supply by photographing snowfall. Eng.
News=Record 119 310-311, illus,

Hoover, M. D, 1967. Forests = where the waterflow starts, USDA Yearb, pp. 77=79,

Leaf, C, F, 1966, Sediment yislds from high mountain watersheds in central Colorado. U,S5,
Forest Serv. Res, Paper RM=-23, 15 pp., illus, Rocky Mt. Forest and Range Exp,
Sta,, fort Uollins, Celo.

» 1967 Areal extent of smow cover in relation to strsamflow in central Colorado,
Int. Hydrol. Symp. Proc. {v.1), 157=164, illus,

. 1969, Asrial photograsphs for operational streamflow Forecasting in the Colorade
Rockies. Proc. Western Snow Conf. (Salt Lake City, Utah) pp, 19-28, illus,

Miller, D. H. 9553. Snow cover depletion and runmeff, U.3. Army Corps of Engrs.s North Pac,
Dives Snow Invest.,; Res. Note 16, 27 pp., illus.

Parshall, R. L. 1941, Corrslation of streamflow and snow cover in Colerado, Trans. Amer,
Geophys. Union, Vol, 22, Part 1,

Parsons, W. J, and Castle, G, H. 1959, ARerial reconnaissance of mountain snow fields for
maintaining up-to-dats forecasts of snowmelt runoff during the melt pseried, Proc.
Western Snow Conf., pp. 49=56, illus.

Popham, R. W, 1968, Satellits epplications to snow hydreology. Internat, Hydrological
Decade (IHD), Reports on WMQ/IMD Projscts, No. 7, 9 pp., illus,

Potts, H. L. 1944, A photographic snow survey method of forecasting runoff, Trans. Amer,
Geophys. Union, Vol, 25, pp. 149-153, illus.

Retzer, Js L. 1962, Soil survey Frassr alpine area, Colorado. U.S. Dept, Agr. and Colo,
Agr, Exp. Sta., Series 1956, Neo., 20, Washington, D. C.s U.S. Govi, Printing
Office, 47 pp., illus,

Reckwsod, De M. 1961. Columbia Basin streamflow routing by computar. Amsr, Sec. Civ, Enq.
Trans, , Vol. 126, Part IV, Paper 3119 32-46, illus,

. 1964, Program description and operazting instructions "streamflow synthesis
and reservoir rsgulatien', U.S. Army Corps Engrs., North Pac, Div., Tech, Bull,
22, 36 pp.s illus.

Scharmerhorn, V. P, and Kuehl, D, W, 1968, 0Oprational streamflow forecasting with the
SSARR model, Int, Ass. Sci. Hydrol. Symp. on the Use of Analsg and Digital
Computsrs in Hydrology. {(v.1)s 317=328,

Thoms, M. E. 196%. Summary of arsal smow cover observations in Nerth. Pac. Div., 1945=-1960,
U,S, Army Corps Engrs.s North Pac. Div. Tech. Bull. 21, 9 pp., illus,

. 1953, Summary of areal snow cover observations in North Pac, Div, 1961-13568,
U.5. Army Corps Engrs., Necth Pac, Div, Tech. Bull., 21, (Suppl.), 6 pp.

=] 5w



Thams, M. E. and Wang, H. P. 1969. Compilatians and us2 of areal snow cover observations,
Columbia River Basin, Presented at Oct. 16~17, 1969, Pac. Northwest Region, AGU,
Sixteenth Annual Meeting (Portland, Oregon), 7 og.

U. S, Army Corps of Engineers, 1956, Snow hydrology, Summary report of the snow investi-
gations. North Pac. Div., U.3. Army Corps Engrs., 437 pp., illus,

Waite, W. P, and lacdonald, H., C. 1970, Snowfield mappiny with K=band radar. Remote
Sensing of Enviromment, Vol, 1, pp. 143=-150, illus,

46



