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Blue Canyon Studies

To provide wind direction and velocity measurements at another "mountain top" station,
recorders were installed at Blue Canyon where they will be operated with the cooperation of the
Weather Bureau, The Blue Canyon Station is on a flat-topped ridge some 15 miles to the west of
the laboratory headquarters, Wind records from this station will be correlated with and supple=
ment those taken on Mt, Lincoln,

Conclugion

The new basic measurements of the meteorological elements and snow at five stations in the
Central Sierra, together with the Corps of Enginesrs-Weather Bureau records, will provide sound
physical base for studies of snow accumulation, snow melt, and evaporative losses from snow and
soil in the Central Sierra,

THE USE OF FQURIER SERTES IN STREAMFIOW FORECASTING

By
Cleve H, Milliganl/

Seope

Brevity and clarity require that only the basic idea involved in the Use of Fourier Series in
streamflow forecasting be presented in this paper, Several variants on the procedures hersin
‘described are currently under investigation, These additional studies are in varying stages of
completion, As far as they have been complsted they show considerabls promise,

The method herein described has been used only on the Logan River in Utah, As soon as possible
it will be tried on other streams, Thus far, however, the objective has been to experiment with
several forecasting methods for one stream before advancing ta other streams,

Basic Data

Basic data should be consistent, That is, all data including precipitation, streamflow,
temperature, snow survey, etc, should be corrected for any changes in location of the station or
for any other changed conditions or procedures under which the data were collested,

Data available for these studies included:

1, Daily and average monthly temperatures at valley stations,

2, Daily and monthly precipitation at valley stations,

3. Daily and monthly streamflow, logan River near Logan, Utah,

l. April 1 snow survey data at 7 mountain stations in the Logan River drainage, A&t
some stations snow data are available for other times of the year, but in this analysis only
the April 1 data were used, The method described herein, however, can be adapted to snow
data collected on a monthly basis,

Soil moisture data are now being collected at L stations in the logan River watershed, Data
are insufficient yet to be included in this analysis, The method can be adapted to includs soil
moisture data as soon as sufficient data are available,

}/ Head, Civil and Irrigation Engineering Department, Utah State College, Logan, Utah,
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Table 3 CQ!‘PUIATiOﬂ OF TEMPERATURE COEFFICIENTS (1950)

7.
Cueri. for Coexrt. 104 Coetf. for Coeff. for
Cos 8, (Aqy) Sin @, (Arp) Cos 2 6, (A73) Sin 2 6, (Avr,‘)
Mo,
x Cos © x Cos 6| x Sin 6| =x Sin © x Cos 2 6/ x Cos28 x |Sin 26 | x Sin 20
Oct, | 449 1,000 4490 1449 L0001 . .000 |44.9 1.000 | 44,90 | 449 .000 .000
Nov. | 43.4 866 37.58  143.4 500 21,70 3.4 .500 | 21.70 43.4 866 37.58
Dec. | 26.6 .500 13.30 [26.6 .866] 23.04 26,6 -.500 | -13.30 6.6 866 23,04
Jan. | 24.1 .000 00 (24,1 1.000| 24.10 [24.} | =1.000 |~24.10 | 24.1 .000 .000
Feb, | 30.3 -.500 | -15.15 |30.3 .866| 26,24 |30.3 =.500 | ~15.15 30.3 | -.866 | =26.24
Mar, | 36.5 -.866 | =31.61 [36.5 5001 18.25 136.5 2500 | 18.25 36.5| ~-.866 | -31.61
Apr. | 48.2 |[~1.000 | ~48.20 48,2 .000 .000 |48.2 | 1.000 | 48.20 48.2 .000 .000
May | 56.5 | -.866 | -48.93 |56.5 | =.500] =28.25 |56.5 500 | 28,25 ) 56.5] .866 | 48.93
June | 64.0 =.500 | ~32,00 [64.0 -.866| -55.42  |64.0 =.500 |-32.00 | 64.0 866 55.42
July | 73.3 .000 .00 [73.3 { -1,000| =73.30 73.3 | -1.000 |-73,30 73.3 000 .000
hug. | T4 <500 | 35.70 |Tle4 | =.866) -61.83 [T1.4 | -.500 [-35.70 | 7.4 -. -61.83
Sept.| 62.4 .866 54.04 |62.4 -.500/ ~31.20 62.4 +.500 {+31.20 62.4 | =.866 | =54.04
= 9.63 -136.67 ~1.05 -8.75
E Apy =1.61 App = -22.78 Apy = -0.18 b, = “1.46
Teble 4 COMPUTATION OF PRECIPITATION COEFFICIENTS
(Precipitation at Richmond, Utah) 1950
(Apy) Coggi‘.eof (4p,) Gogﬁ.eof (4p3) Cogﬁ.zog (Ap,) Cogﬁ.zog
Mo. x
Cos © |x Cos &| Sin 6] x Sin © |Cos 26] x Cos 20 ( Sin'26| x Sin ©
Oct. | 3.62| 1.000 | 3.6200 .000 | .000 1.000 | 3.6200 ,000 .000
Nov., | 1.45 866 | 1.2557 2500 | (7250 »500 27250 866 |1.2557
Dec. | 2.35 .500 | 1.1750 866 | 2.0351  .500 |~1,1750 866 |2,0351
Jan, | 3.21 .000 .0000 | 1,000 |3.2100 [-1.000 |{-3.2100 .000 .0000
Feb, | 0.80| « .500 |- .4000 866 | 6928 |- ,500 |~ 4000 |-.866 | .6928
Mar. |2.24 |« .86 [1.9398 2500 | 1.1200 .500 | 1.1200 |~.866 ¢1.9398
Apr. | 2.04| -1.000 [-2.0400 .000 | L0000 1.000 | 2.0400 000 .0000
May 193 | ~ 866 FL.6T14 |- .500 |- .9650 .500 9650 866 |1.6714
June | 1.36| - ,500 [ 6800 |~ .866 [=1.1778 [~ .500 |- .6800 866 {1.1778
July | 0.69 .000 .0000 {~1.000 |~ .6900 |~1,000 |- .6900 .000 .0000
Aug. | 0.84 .500 4200 - 866 |- .TR74 [~ o500 |- 4200 |-.866 L «TR74
Sept. | 1.04 866 .9006 (-~ ,500}~ .5200 «500 <5200 |- .866 - .9006
z 6401 +3.7027 2.415 1.8794
Ap .107 617 <402 .313
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Table 7 MEANS AND FOURIER COEFFICIENTS FOR PREDICTION EQUATION

43,
GoeffiCientj Intercept Gorrece Vallg?s of
For Predici~- tion Coeff, Ao,
ion Equatio; b Zhyx® In Code Y (decade) Ar, A,
o Values Ag
Mean ol 3.4284 -1.4065 | 2.,0219) 1 x 104 | 20,219 20,219
Ag 4883 - 2182 | .2701) 1 x 104 2,701 } <14,331 | -11,630
Ay =4,:9156 +5.3172 <4016) 1 x 104 4,016 | =20,036 | =16,020
LY 43504 [44.8200 | .4694| 1 x 104 | 7,156 | - 4,445 | + 249
Ay 1.9743 - 8146 |1.1597] 1 x 104 | 12,123 +11,597
by = regression coefficlents from IBM multiple correlation analysis
I" = by + Zbjx Yt= T x Cede Value Y= Y% + Correction
Table 8 PREDICTED AND ACTUAL FLOW, LOGAN RIVER 1950,
- " Predicted| Actual
Month | F AoCos 6 [AySin © | ApCoa2E | 2300820 Monthly | Flow
Flow A.F,
A.F.
Oct, | 20,219 =11,630 0 249 0 8,838 110,480
Nov. | 20,219 | =10,072 |- 8,010 125 | 10,043 12,305 8,060
Dec. | 20,219 | - 5,815 |-13,873| =-125 | 10,043 10,449 7,450
Jan, | 20,219 0 |=16,020| =249 0 3,950 7,660
Feb, | 20,219 | + 5,815 |-13,873 ~ -125 | =10,043 1,993 | 6,670
Mar. | 20,219 | + 7,158 |- 8,010 125 | -10,043 95449 8,610
Apr. | 20,219 | 11,630 ol 29 o | 32,098 |21,820
May 20,219 10,072 | 8,010 125 | 10,043 48,469 149,110
June | 20,219 5,815 | 13,873 | -125 | 10,043 49,825 |68,780
July | 20,219 0| 16,020| -249 0 35,990 | 40,020
Aug. |[20,219 | - 5,815 | 13,873 <125 |-10,043 18,109 {19,790
Sept. {20,219 | ~10,072 | 8,010 125 | =10,043 8,239 | 14,430
Totals for Year 239,74 262,880

July-Sept. Runoff uaing 32-Year Mean Temp.

July-Sept. Totals using Actual Temps.

62,338

Ty 240

73,250 74,240
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Objective

The main objective of this analysis was to develop a procedure or a mathematical model which
will utilize the foregoing data available and give an accurate, unblssed prediction of expected
streanflow,

The method developed should not be highly arbitrary. Sometimes, for example, we have arbie
trarily weighted the snow measursments collected at diffeirent stations; because for a particular
series of years such a weighting procedure gives a more accurate forecast for most of those years,

There is no guarantee, however, that such a weighting scheme will work equally well over another
different series of years,

Fourier Series
A Fourier Series may be expressed as,

£ (x) = do + <;:a('An cos nrk ¢ By sin npx) me—e——mmmm-a(1)
1 c [

¥here &p and B, are Fourier coefflcients defined as follows:

¢
A, =1 £(x)cos nirx dx (2)
e )
=g
e
By =1 £(x)sin n¥E dx (3)
3 c
-

¢ is in the interval over which f£(x) is expressed, that is ~csx e, f(x) can have only a
finite number of finite discontinuities and maxims and minima over the interval c,

For purposes of this analysis equation (1) simply states that if f(x) represents actual tempera-
ture, precipitation, or streamflow data plotted om a time scale, we can fit s trigonometric curve
of the form represented by the right hand side of the equation to these data by an appropriate
selection of the coefficients Ay, Ap, A3, =———-——-————iy and By, Bp, By, w=—=—=By,

Equations (2) and (3) suggest the manner in which these coefficlents must be selected,l/

In this analysis equation (1) was simplified and utilized to represent mean monthly tempsra=
ture, monthly precipitation, and monthly streamflow in time as follows:

(a) Temperature:
Ty =T +4p cos @ + Ay, 8in @ + Apy cos 20 = Ay sin 20 ——--—(L)
where, Ty = Mean temperature for any month of the year in question,

T = Average temperature for 12 months (mean of mean monthly temperatures),

ATl, Aty ATB, ATh are Fourier coefficients determined from actual temperature data,

© = tims (27 radians or 360 degrees is one year),

Only b terms of the series were considered necessary to represent mean monthly temperature

adequately, The accuracy can be increased to any desirable level by adding additional terms to
the series, This, however, increases the work of computation,

1/ See "Mathematical Methods in Enginecring® by Von Karman and Biot, pp, 337-338,
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(b) Precipitations
Py -?-Apl cos @ + Ap, 5in @ +A.p3 cos 2e-aph 8in 28 —————(5)
where,
Py = Precipitation for any month of the year in question,
¥ « Mean monthly precipitation for a given station for the year in question,
‘PJ.’ "99 — etc, are Fourier coefficients determined from actual precipitation data,

(c) Streamflow:
Fy=F + Apyy 008 © + Ap, sin @ +AF3 cos 20 -A,h 8in 20 w——=(6)
whsre,
Fy = Total streamflow in acre feet for any month for the year in question,
F = Mean monthly streamflow in acre feet for the year in question,
AFl, AF2 etc, are Fourier coefficients determined from actual streamflow data,

The Fourier coefficients in equations (L), (5) and (6) measure the effect of antecedent
temperature, precipitation, and streamflow on the predicted streamflow, They help set the stage
for the streamflow forecast to be made by use of another Fourier series as follows:

(d) Prediction formulat

FM?'FH +ho cos @ + A sin @ + Ay cos 20 + Ay sin 280 ——e——e(T)
Where,

FHP = Predicted monthly flow, usually for each month after April 1, or some other predictio:
date,

Fy = Mean monthly flow

Agy Ay, A, A3 Tourier coefficients related to the Fourier coefficients of equations (W),
(5), and (6) and to water content of snow, That is,

ho = $o (A1, Ap, AF, water content of snow)
Ay -@ 1 (Ap Ap, Ay, water content of snow)
Ay =& 5 (Ap, Ay, Af, water content of snow)
Ay = &‘53 (Ars Ap, Ap, water content of snow)
These functional relationships are detemined by multiple correlation,

The foregoing discussion gives only the germ of the idea for using Fourier Series in streame
flow forecasting, Many variants on the procedure as here outlined are possible, The method is
highly flexible, Accuracy can be improved by adding more terms to the Fourier series, If data
are available, a series can be fitted to snow curves rather than using single measurements, The
time interval can be decreased to 2-week periods rather than to use periods of one month, Imn
this connection, the method might be useful for flood forecasting, However, we need to be able
w predict temperatures for the streamflow prediction period before great accuracy can be obtained
in prediction of flood flows,

The entire procedure can be mechanized by programming the computations for IBM machines, An
example, showing how the forecast would have been made for Iogan River near Logan, Utah, for the
year 1950, is included to clarify the procedures,



52

The comparison between the computed July=Sept, runoff using 32-Year weesn temperatures for
the months April=September and the actual temperatures for these seme months indicates that if
summer-time temperatures could be predicted more accurately in advance the forecasis could be
materially improved,

Temperatures during the summer prediction period influence muncff a good deal, The con=
sumptive use of water by the vegetation on the watershed is an important factor in detemining the
volume of runoff, If temperatures are higher than normal, consumptive use will be high and runoff
will be low, On the other hand, if summer temperatures ars lowsr than normal, the runoff will
be higher, So far the temperatures used in the formule for the prediction perlod have always
been the 32«~ysar normals for the summer months,

Studies are now underway to develop a method for predicting in advance more accurately what
these expected summer temperatures will be, If these studies are fruitful then the method can
8till be further improved,

Comparison of the last two columns of table 8 indicate considerable error in the predictions
of volume of runoff for some of the month, A4 modification in the procedure of computing the
fourier coefficients has now been developed which gives greater accuracy in computing the monthly
flows, The results of these studies were not available soon enough to be included in this paper,

DESCUSSION
By
George R, Hamburg and H, Boyd Phillips}./

Mr, Milligan's paper presents a very interesting method of forecasting stream flow, The
Fourier system, to our knowledge, has not previously been used in forecasiing, The author intro~
duces here a new tool which in time could be very useful in forecasting inflow, The accuracy of
the example given is of a relatively high order, The results of the predicted monthly flow in
comparison with the actual flow at logan are very significant; a® the total difference for the
year is within 9 percent of the total actual flow, The author should be encouraged into further
investigation and research in this matter,

It would be interesting to note what results would be obtained with the use of more recent
data, For example, we would like to see how the forecast for 1956 would have turned out using
data through 1955, If available, we should appreciate receiving from Mr, Milligan copies of the
1957 forecast for the Logan River so that it can be compared with the actual flow that occurs this
yeare

Any technique which recognizes evapotranspiration losses as the melt season progresses is a
much needed contribution to the science and art of forecasting, We are looking with anticipation
to achievement of the objective set forth in Paragraph lj, page 52, in which Mr, Milligan states that
studies are underway to develop a method for predicting summer temperatures more accurately,

We should like to suggest that if he has not done so, Mr, Milligan's forecast might be improved
with the use of logan, Utah, precipitation data rather than Richmond, which we believe would be more
indicative of basin conditions, We would also like to ask Mr, Milligan if the precipitation data
at Tony Grove Ranger Station would be useful in improving the forecast,

We should also like to know to what degree the results were improved by using more than four
terms, as stated in the paragraph on page 50, Mr, Milligan also states, in the paragraph on page 52,

1/ Engineers, Bureau of Reclamation, Commissioner's Office, Denver, Colorade



