

















































































































TABLE 13
FOURIER COEFFI R_P FIRST
AUTOCORRELATION COEFFICIENT OF WEEKLY URBAN WATER USE TIME SERIES

FOURIER COEFFICIENTS

NATER USE NAME A, A, A, A, g A
& ) By By Bg Bg
Fort Collins, Colo. 0.2103 0.0118 0.0035 - 0.0576 0.0040 0.0027
Urban 0.0696 0.0281 - 0.0187 - 0.0176 0.0080 0.0226
Water Denver, Colo. 01512 - 0.0106 - 0.06%4 - 0.0019 0.0077 0.0410
Use 0.0058 - 0.0137 - 0.0060 0.0098 0.0074 0.0703
Greeley, Colo. 0.2262 0.0008 - 0.0627 - 0.0364 0.0115 0.0036
0.0963 -  0.0262 0.0002 - 0.0302 0.0104 0.0657
TABLE 14
P R_COEFFI FOR_PERIODIC SECOND
AUTOCORRELATION COEFFICIENT OF WEEKLY URBAN WATER USE TIME SERIES
FOURTER COEFFICIENTS
WATER USE NAME
A Ay A Ay Ag As
B ) & By Bs B
Fort Collins, Colo. 0.3518 - 0.0291 - 0.0097 - 0.0510 0.0295 0.0439
Urban 0.0375 0.0492 - 0.0438 - 0.0063 0.0102 0.0118
Water Denver, Colo. 0.1798 - 0.0331 - 0.042 - 0.0446 0.0785 -  0.0450
Use 0.0383 0.0032 - 0.0666 0.0078 0.0180 - 0.0879
Greeley, Colo. 0.3049 - 0.0467 - 0.0553 - 0.0962 0.0345 0.0367
0.0926 0.0132 - 0.0276 0.0029 0.0017 - 0.0641
TABLE 15
FOURIER COEFFICIENTS FOR PERIODIC THIRD
AUTOCORRELATION COEFFICIENT OF WEEKLY URBAN WATER USE TIME SERIES
FOURIER COEFFICIENTS
WATER USE NAME
A A, Ay A, Ag Ag
B, 8, B B B B
Fort Collins, Colo. 0.3760 - 0.0173 - 0.0195 = 0,050 0.0274 0.0347
Urban 0.0279 0.0587 - 0.0377 - 0.0123 0.0185 0.0113
Water Denver, Colo. 0.1396 0.0452 0.0139 - 0.0566 0.0879 0.0134
Use - 0.0078 0.02662 - 0.0512 0.0220 0.0109 - 0.0692
Greeley, Colo. 0.2339 0.0167 - 0.0895 - 0.1210 0.0637 0.0548
0.0847 0.0719 - 0.0088 0.0815 0.0156 - 0.1053




TABLE 16

MEAN, VARIANCE AND STIGNIFICANT HARMONICS OF THE FIRST, SECOND AND THIRD
AUTOCORRELATION COEFFICIENTS OF MONTHLY WATER USE TIME SERIES

FIRST AUTOCOR. COEF. g e SECOND AUTOCOR. COEF. ra . THIRD AUTOCOR. COEF. Py
TR Yok N Fp, S SIGNIFIGANT F, = s2  SIGNIFICANT 7y  so SIGNIF ICANT
T 1ot HARMONICS it 2 HARMONICS ' Jat HARMONICS
Fort Collins, Co. 0.5980 0.0565 12, 6, 4, 2.4 0.4782 0.0624 12,6,3,2.4,2.0 0.3275 0.0669 12,6,3,2.0
Denver, Co. 0.4759 0.0316 0.3428 0.2852 0.0390
Greeley, Co. 0.4706 0.0017 0.2535 0.2032 0.0453
Colo. Springs, Co 0.5003 0.0237 0.2795 0.2008 0.0380
Urban Milwaukee, Wisc. 0.5079 0.0787 12,6,4,3 0.2733 0.1887 0.0988 12,6,4,3,2.4
Water Dallas, Texas 0.5862 0.0554 12,6,4,2.4,2. 0.3193 0.1618 0.1066 12,6,4,2.4
Use L. Angeles, Calif 0.4022 0.0337 0.2231 0.1932 0.0305
S. Fernando, Calif 0.4776 0.0528 0.4786 0.3466 0.0270
Fresno, Calif. 0.4041 0.0444 0.2039 0.1072 0.0569
Bakersfield, Calif 0.3378 0.0%23 12,6,4,2.4 0.2091 0.1191 0.0751 12.6.4,2.4
Hanford, Calif. 0.4841 0.0313 12,6,4,3,2.4 0.3488 0.2324 0.0399 12,6,4,3,2.4
2i
Yisalia, Calif. 0.4034 0.0327 0,2244 0.1330 0.0766
Alpine,Irr.Co,Ut 0.6064 0.0369 7,3.5,2.33 0.4049 0.3452 0.037% 7,3.5,2.33
American Fork,Ut 0.7346 0.0284 7,3.5 0.5610 0.3843 0.0585 7,3.5,2.33
Irrigation MNorth Bench, Utah 0.1713 0.0837 3 -0.1145 -0.1175 0.0038 3
Water Lehi, Utah 0.6003 0.0431 7,3.5,2.33 0.4785 0.3483 0.0606 7,3.5,2.33
Use Plesanr Grove,Ut 0./576 0.0359 7,3.5,2.33  0.544) 0.4361 0.0718 7,3.5,2.33
Carter Lake, Co 0.3713 0.i110 0.21288 0.0682 0.0314
Hansen Canal,Co 0.5678 0.0053 0.2208 0.0695 0,0407
Mirage Flats, Neb 0.0211 0.1147 -0.0278 0.2253 0.0464
A.B. Adams Tunnel 0.7442 0.0066 0.5534 0.0210 0.3921 0.0254
(Big-Th.Proj.,Co)
Green Mountain P.P 0.5402 0.0441 12.6,4,3,2.4 0.2148 0.0859 12,4,3,2.4,2 0.1172 0.1011 12,6,4,2.4,2
h 2
Estes ﬁark Pow.P1 0.7499 0.0103 0.5815 0.0255 0.4381 0.0447
Hvdropower Marys Lake,Pow.P1 0.7127 0.0088 0.52483 0.0214 0.4046 0.0305
Water Pole Iz‘i.‘)]‘ Pow.P1 0.5672 0.0334 12,6,4,3,2.4 0.3271 0.0782 12,6,3,2 0.2423 0.0639 12,6,4,3,2.4
Use Flat l:nn. Pow.P1 0.5412 0.0324 12,6,4,3,2.4 0.3550 0.0727 12,6,4,3,2,.4 0.243% 0.0680 12,6,4,32,2.4
Guernsey,Pow. P1. 0.3324 0:0735 0.0953 0.0955 0.0149 0.0484
Karte?.}Pow. P1., 0.675 0.0311 0.4390 0.0521 0.2058 0.0530
TABLE 17

TYPE OF AUTOREGRESSIVE LINEAR DEPENDENCE MODEL FOR WEEKLY SERIES

WATER NAME OBTAINED ORDER OF
USE WITH MODEL
Fort Collins, Colo. rk . Third

Urban Denver, Colo. L Third
Greeley, Colo. P Third

o Carter Lake, Colo. Fk Third
Lrrigatian Hansen Canal, Colo. Fk Second
Hydropower A. B. Adams Tunnel, Co. i Third




TABLE 18
TYPE OF AUTOREGRESSIVE LINEAR DEPENDENCE MODEL FOR MONTHLY SERIES

WATER NAME OBTAINED ORDER OF
USE WITH MODEL
Fort Collins, Colo. Pk Third
*
Denver, Colo. Fk Third
Greeley, Colo. Fk Second
Colo. Springs, Colo. Fk Third
L)
Urban Milwaukee, Wisc. Pt Second
L]
Dallas, Texas ke Second
L. Angeles, Calif. ry Second
S. Fernando, Calif. Fk Third
Fresmo, Calif. a'-k Third
Bakersfield Tkt Third
Hanford, Calif. Thos Third
Visalia, Calif. Fk Third
Alpine Irr. Co.,Ut. L Third
American Irr.Co.,Ut. Proo Third
North Bench Irr.Co.,Ut. Tt Second
Irrigation Lehi Irr. Co., Utah L Third
Plesanr Grove Irr.Co.Ut .t Second
att
Carter Lake, Colo. e Third
Hansen Canal, Colo. Fk Third
Mirage Flats, Colo. ‘-'k Third
A. B. Adams Tunnel, Co. i Third
G. Mountain Pow.P1., Co. rk i Second
Estes Park Pow.P1., Co. Fk Second
Marys Lake Pow. P1.,Co. Fk Third
Hydropower Pole Hill Pow.P1., Co. L. Third
Flat Iron Pow.Pl1., Co. Pi v Second
Guernsey Pow.Pl., Wyo. Fk Third
Kortes Pow.P1., Wyo. Fk Second
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Figure 33 Computed r, = and fitted periodicity
Py in the first autocorrelation coeffi-
cient of Egs. (20) and (16), respectively,
for weekly urban water use of Fort
Collins, Colorado.
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Figure 34 Computed r, and fitted periodicity
p, . in the second autocorrelation coeffi-
cient of Eqgs. (20) and (16), respectively,
for weekly urban water use of Fort
Collins, Colorado.
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Figure 35 Computed Ty and fitted periodicity -
0, . in the third autocorrelation coeffi-
cient of Eqs. (20) and (16), respectively,
for weekly urban water use of Fort
Collins, Colorado, 1930 — 1969,

TIHE IN MONTHS

Figure 36 Computed 1, _ and fitted periodicity
Py s in the first autocorrelation coeffi-
cient of Egs. (20) and (16), respectively,
for monthly urban water use of Fort
Collins, Colorado, 1930 — 1969.
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Figure 37 Computed r,, and fitted periodicity
[ in the second autocorrelation coef-
ficient of Eqs. (20) and (16), respectively,
for monthly urban water use of Fort
Collins, Colorado, 1930 - 1969,
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Figure 38 Computed Iy and fitted periodicity
P3. in the third autocorrelation coeffi-
cient of Eqgs. (20) and (16), respectively,
for monthly urban water use of Fort
Collins, Colorado, 1930 — 1969.
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Figure

Figure 40 Computed r
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39 Computed r, _ and fitted periodicity
p, . in the 8% autocorrelation coeffi-
cient of Egs. (20) and (16), respectively,
for monthly urban water use of Dallas,
Texas, 1950 — 1969.

TIME IN HONTHS

2.7 and fitted periodicity
Ps in the second autocorrelation coef-
ficient of Egs. (20) and (16), respectively,
for monthly urban water use of Dallas,
Texas, 1950 — 1969.
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Figure 41 Computed r
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3, and fitted periodicity
I in the third autocorrelation coeffi-
cient of Eqs. (20) and (16), respectively,
for monthly urban water use of Dallas,
Texas, 1950 — 1969.
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Figure 42 Computed r, _ and fitted periodicity

1,7 .
P, in the first autocorrelation coeffi-

cient for monthly urban water use of
Bakersfield, California, 1944 — 1965.



L3 | T L) T
S -
<
¥ st =
4]
=
& o} .
= ;
£
RS 2
o
(W)
5 nf al
5
§§ RIS -
()
2 -nf 4
4
-0k J
' T
2l 1 1 1 1 1 1
' 2 [l 6 ] " 12 "
TIME IN MONTHS

Figure 43 Computed T, and fitted periodicity
Py in the second autocorrelation coef-
ficient for monthly urban water use of
Bakersfield, California, 1944 — 1965.
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Figure 44 Computed r, _and fitted periodicity
Py, in the third autocorrelation coeffi-
cient for monthly urban water use of
Bakersfield, California, 1944 — 1965.
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Figure 45 Computed By and fitted Py in the
first autocorrelation coefficient for
weekly irrigation water deliveries of
Carter Lake, Colorado, 1957 — 1969.
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Figure 46 Computed r, and fitted p, in the

2T i 24T :
second autocorrelation coetficient for
weekly irrigation water deliveries of
Carter Lake, Colorado, 1957 — 1969.
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Figure 47 Computed r, and fitted p, _in the

AUTQCORRELATION COEFFICIENTS =1

g8

0.0

third autocorrelation coefficient for week-
ly irrigation water deliveries of Carter
Lake, Colorado 1957 — 1969.
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Figure 48 Computed r . and fitted p _ in the

first autocorrelation coefficient for week-
ly hydropower water use of A. B. Adams
Tunnel, Colorado, 1953 — 1965.

42

AUTOCORRELAT|ON COEFFICIENTS K=3

T

hid" ‘z . ‘s ll 7'.72 % I'I\ :]l z'l ;x ;- z's le s.a 2
TIME IN HEEKS

Figure 49 Computed r, and fitted p, _in the

second autocorrelation coefficient for
weekly hydropower water use of A. B.
Adams Tunnel, Colorado, 1953 — 1965.
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Figure 50 Computed Iy, and fitted Py , in the

third autocorrelation coefficients for
weekly hydropower water use of A. B.
Adams Tunnel, Colorado, 1953 — 1965.



3.4 Distributions of Independent Stochastic Com-
ponents

The normal, lognormal-3 and gamma-3 pro-
bability density functions are used for fitting the
frequency distributions of independent stochastic
components, £, of Equation (30). The best fit
was choosen by the chi-square criterion.,

The results obtained indicate that for weekly
series of water use the normal function approximates
well the frequency distribution of the independent
stochastic component. Only in the case of weekly
series for Denver, Colorado, the lognormal-3 function
gave a better fit. The parameters obtained for each
case are given in Table (19). Figure (51) gives an
example of the frequency distribution and the fitted
normal density and cumulative distribution functions

for the independent stochastic component of weekly
series of Fort Collins, Colorado.

Four out of twelve distributions of £
monthly series of urban water use are well fnted by
the normal function, six by the lognormal-3, and the
remaining two by the gamma-3 function. In the case
of irrigation water use, the lognormal-3 function was
best for five cases and the gamma-3 for the other
three. In the case of hydropower the normal function
was best for six series, the lognormal-3 for one series,
and the gamma-3 function for the other one. For all
cases the estimated parameters of distributions are
given in Table (20). Figures (52). (53), and (54) show
the empirical frequency distributions and the fitted
density and cumulative distribution functions for
three cases, of urban and irrigation water use.

TABLE 19
DISTRIBUTIONS OF THE INDEPENDENT STOCHASTIC COMPONENT

OF WEEKLY WATER USE TIME SERIES

PARAMETERS (*)

WATER USE NAME DISTRIBUTION
A B c

Fort Collins, Colo. Normal 0.000 0.7308
Urban
Water Denver, Colo. Log normal 3 2.5001 0.0660 -12.200
Use

Greeley, Colo. Normal 0.000 0.7666
Irrigaticn Carter Lake, Colo. Normal 0.000 0.6769
Mater
Use Hansen Canal, Colo. Normal 0.000 0.7239
Hydropower A.B. Adams Tunnel Normal 0.000 0.9386
Water Use (Big-Thomp.Proj,Co)

* For normal distribution:
A = mean
B = standard deviation

oo =

43

log normal 3 distribution:
mean of the 1 of (£-c)

standard deviation
lower boundary



TABLE 20

DISTRIBUTION OF THE INDEPENDENT STOCHASTIC COMPONENT
OF MONTHLY WATER USE TIME SERIES

PARAMETERS (*)

WATER USE NAME DISTRIBUTION
A 8 c
Fort Collins, Colo. Log normal 3 2.3338 0.0799 -10.3500
Denver, Colo. Gamma 3 8.8181 0.3277 - 2.,8895
Greeley, Colo. tormal 0.000 0.9390
Colo. Springs, Colo Normal 0.000 0.8890
Urban Milwaukee, Wisc. Log normal 3 2.3519 0.0916 -10.5500
Water Dallas, Texas Log normal 3 1.7995  0.1482 - 6.1088
Use L.Angeles, Calif, Log normal 3 2.8890 0.0522 -18.00
5. Fernando, Calif. Log normal 3 2.36812 0.0934 -10.650
Fresno, Calif. Gamma 3 117 .5665 0.0880 -10.3474
Bakersfield, Calif. Normal 0.000 0.9670
Hanford, Calif. Log normal 3 2.6693 0.0623 -14.4575
Visalia, Calif. Normal 0.000 0.9510
Alpine,Irr.Co. Utah Log normal 3 1.3795 0.1943 - 4.0462
American Fork, Utah Log normal 3 1.5159 0.1767 - 4.6227
Irrigation North Bench, Utah Leg normal 3 2.4953 0.0798 -12.1630
Water Lehi, Utah Gamma 3 15.0595 0.2062 - 3.1039
Use Plesanr Grove, Utah Log normal 3 1.6056 0.1627 - 5.0445
Carter Lake, Colo. Log normal 3 1.4001 0.2048 - 4.1423
Hangen Canal, Colo. Gamma 3 B.8512 0.2740 - 2.4224
Mirage Flats, Nebr. Gamma 3 23.9156 0.1981 - 4.7392
A.B. Adams Tunnel Log normal 3 2.3126 0.0709  -10.1250
G. Mountain, Pow.Pl Normal 0.000 0.8834
Estes Park, Pow.Pl. Normal 0.000 0.7014
Hydropower Marys Lake, Pow.P1. Normal 0.000 0.7381
Water Pole Hill, Pow.P1. Gamma 3 §9.5933 0.1126 - 6.720
Use Flat Iron, Pow.Pl. Normal 0.000 0.8446
Guernsey, Pow.P1. Normal 0.000 0.9814
Kortes, Pow.P1. Normal 2.000 0.7396

¥ For normal distribution:

A = mean

B = standard deviation

C=

Tower boundary
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Figure 51 Empirical (1) and fitted normal density (2) and cumulative distribution

(3) functions of the independent stochastic component of weekly water

use series of Fort Collins, Colorado.

For Log normal 3 distribution:
A = mean of the In of (e-C)

B = standard deviation of 'In {{-C)a = scale parameter

For Gamma 3 distribution:

A = shape parameter

C = lower boundary
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52 Empirical (1) and fitted lognormal — 3
density (2) and cumulative (3) distribu-
tion functions of the independent sto-
chastic component of monthly water use
series of Fort Collins, Colorado.
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Figure 53 Empirical (1) and fitted lognormal — 3

density (2) and cumulative (3) distribu-
tion functions of the independent sto-
chastic component of monthly waier use
series of Los Angeles, California.
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54 Empirical (1) and fitted lognormal — 3
density (2) and cumulative (3) distribu-
tion functions of the independent sto-
chastic components of monthly irrigation
deliveries of Alpine Irrigation Company,
Utah.
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5.5 Relation Between Water Use Series, Temperature,
and Precipitation

Cross correlation and coherence functions are
used for investigating the linear relations between the
temperature, precipitation, and water use time series.
For doing this the trends in the mean and in the
standard deviation are first removed from the series
of water use.

The cross correlation functions of the series
2 of Equation (5) are first obtained for monthly
temperature and water use, and monthly precipi-
tation and water use series for the cities of Denver,
Colorado, and Dallas, Texas. Figures (55) and (56)
show these results for the case of Denver. These
figures show that the cycle in both temperature and
precipitation series are linearly related to the cycle of
the water use series. The highest cross correlation co-
efficient of about 0.90 was obtained for the series of
temperature and water use, and of about 0.40 for
precipitation and water use. These figures also show
that temperature and water use are both in phase; on
the other hand, a difference in phase of two months
exists between the precipitation and water use; that
is, the peak of precipitation occurs two months
earlier than the peak of water use.

l'z{-n ,Z_(W}(k}

-5 =

-10 1 1 e 1 1 1 ) K
=25 =20 ~-I5. -4 -5 0. 5 0. 15 20 25

Figure 55 Cross-correlation function between month-
ly temperature and water use series before
the periodicities are removed from the
series. Data correspond to Denver, Colo-
rado.
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Figure 56 Cross-correlation function between month-
ly precipitation and water use series
before the periodicities are removed from
the series. Data correspond to Denver,
Colorado.

The analysis in the frequency domain shows
basically the same result as obtained by the cross
correlation analysis. Figure (57) shows the coherence
function between the monthly temperature and
monthly water use, with a high value of almost 1.0
observed for the frequency corresponding to the
annual cycle. When the effect of precipitation is
subtracted, the partial coherence function of Figure
(58) shows practically the same result as the
coherence function of Figure (57), indicating that
both the temperature and precipitation are signifi-
cantly related to water use. This same result may be
inferred from Figures (59) and (60) which give the
coherence and partial coherence between the precipi-
tation and water use monthly series for Denver,
Colorado. The above results only show the good
relations at the frequency of the annual cycle of the
three series of water use, precipitation and tempera-
ture; therefore, further investigation is made for
studying the relation of the independent stochastic
components of the above series.

Figure (61) shows the correlograms for inde-
pendent stochastic components of temperature,
precipitation and water use monthly series for
Denver, Colorado. These independent components
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Figure 57 Coherence function between monthly
temperature and water use series before
the periodicities are removed from the
series. Data correspond to Denver, Colo-
rado.
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Partial  coherence  function between
monthly tempersture and water use
(effect of precipitation subtracted from
the analysis) before the periodicities are
removed from the series. Data correspond
to Denver, Colorado.

Figure 58
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Figure 59 Coherence function between monthly pre-
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cipitation and water use series before the
periodicities are removed from the series.
Data correspond to Denver, Colorado.
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Figure 60 Partial coherence function between the

monthly precipitation and water use
(effect of temperature subtracted from
the series) before the periodicities are re-
moved from the series. Data correspond
to Denver, Colorado.
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Figure 61 Correlograms for independent stochastic

components of monthly (a) water use, (b)
precipitation, and (c) temperature for
Denver, Colorado.
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are determined in the same way as tor other variables.
The cross correlation function of independent com-
ponents of temperature and water use and o1 precipi-
tation und water use ure shown in Figures (62) and
(63). respectively. Figure (62) shows that there is 4
relution at the lag zero between the independen: com-
ponents of temperature and water use and that they
are uncorrelated ut other lags. Similurly, Fiaure (63}
shows thuat there is a relation at the lag cero between
the independent components of precipitation und
water use. und that they are uncorrelated at other
lags.

The coherence spectra of independent com-
ponents oi temperature and water use and of precipi-
tation and water use are shown in the Figures (64)
and (66). The (st plot shows a constant coherence

(k)
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Figure 02 Cross correlation function between the in-
dependent stochastic components of
monthly temperature and water use for
Denver, Colorado.
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Figure 63 Cross correlation function between the in-
dependent stochastic components of
monthly precipitation and water use for
Denver, Colorado.
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ol 0.303
sumpling variability around it and the second plot
shows a constant value of 0.257, Their correspondent
partisl coherence spectra gave mean values of 0,224
and 0.216, respectively, und dhey are shown in the
Figures {03) and (67). These results indicate that the

spectrum for all frequencies with some

mdependent stochastic components of water use are
reluted 1o buth the independent stochastic com-
purienis ol temperature aad precipitation: therefore,
linear models for relating them, such as the ones pro-
posed 1 the Equations (35) and (36). may be used.
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Figure 64 Coherence function between the inde-
pendent stochastic components of
monthly temperature and water use for
Denver, Colorado.
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Figure 65 Partial coherence function between the in-
dependent stochastic components of
monthly temperature and water
(effect of precipitation subtracted from
the analysis) for Denver, Colorado.
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Figure 66 Coherence function between the inde-

pendent stochastic components of month-
ly precipitation and water use for Denver,
Colorado,

50

S50

ot o) e, em P

| | ! 1 1 1 | — 1 1

0.00
00 5 1015 20 25 30 35 40 45 50 55 60

Figure 67 Partial coherence function between the in-

dependent stochastic components of
monthly precipitation and water use
(effect of temperature subtracted from
the analysis) for Denver, Colorado.



Chapter 6

ANALYSIS OF ANNUAL SERIES OF URBAN WATER USE

6.1 Trends, Dependence Models, and Distribution Trends, time dependence structure, and pro-
Functions of Residuals bability distributions of the independent residuals are
studied in all cases. These results are given in Tables
Annual series of urban water use are analyzed (21) and (22). Table (21) gives for each city studied
for four cities in the United States and one in Canada. the type of trend and their correspondent polynomial
The five series are given as total values of water use regression coefficients.
(million gallons), and three of them also in unit values
(gpcd).
TABLE 21
POLYNOMIAL REGRESSION COEFFICIENTS FOR THE TREND IN THE ANNUAL
URBAN WATER USE
- o ORDER OF REGRESSION COEFFICIENTS
TREND A 8 c 5
Fort Collins, Colo. m.g. Quadratic 1,172.420 - 7.245 1.573
Colo, Springs, Colo. m.g. Cubic 3,532.943 - 282.570 25.118 -0.276
Baltimore, Maryland m.g. Quadratic 13,088.346 302.060 7.244
Baltimore, Maryland g.p-c.d. Quadratic 91.120 1.368 - 0.0071
New York, New York m.g. Quadratic 101,737.57 8187.10 -48.577
New York, New York g.p.c.d. Quadratic 104.389 0.844 - 0.0031
Montreal, Canada m.g. Quadratic 44,792.895  1135.30 17.344
Montreal, Canada g.p.c.d.  Quadratic 114.120 - 0.2569  0.0267
TABLE 22
NDENCE MODEL AN TRIBUTION OF THE INDEPENDENT
STOCHASTIC COMPONENT FOR_ANNUAL URBAN WATER USE
DEPENDENCE MODEL DISTRIBUTION
PARAMETERS PARAMETERS (*)
NAME UNIT TYPE TYPE
2y 9y 0y A B C
Fort Collins, Colo. m.g. Normal 0.0 204.29
Colo. Springs, Colo, m.g. Normal 0.0 419.99
Baltimore, Maryland m.g. First 0.825 Normal 0.0 0.563
Baltimore, Maryland g.p.c.d. First 0.766 Normal 0.0 0.633
New York, New York  m.g. First 0.681 Normal 0.0 0.729
New York, New York g.p.c.d. First 0,493 Normal 0.0 0.870
Montreal, Canada m.g. Third 0.629 0.318 -0.23 Lognormal-3 2.019 0.084 -7.54
Montreal, Canada g.p.c.d. Third 0.725 0.413 -0.067 Lognormal-3 1.593 0.116 -4.90
*For Normal: A = Mean For Lognormal-3: A = Mean of In(¢-C)
B = Standard deviation B = Standard deviation

C = Lower boundary
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Figures (68) and (70) show the original series
and the fitted quadratic trends in total annual water
use (million gallons) for New York City, New York,
and Baltimore, Maryland, Respectively. They both
show upward trends. However, in the first case the
trend is convex upwards and in the second case it is
concave upward. Figures (69) and (71) show the
original and the fitted quadratic trends for unit
annual water use (gpcd) for cities mentioned.

Table (22) gives the type and parameters of the
fitted dependence model to deviations from the
trends for all cases studied. In the case of Fort Collins
and Colorado Springs, Colorado, the residuals after
removing the correspondent trends are found to be
independent; therefore, no dependence model was
necessary to fit. On the other hand, for Baltimore,
Maryland, and New York City, New York, the first
order autoregressive model resulted fn an independent
residual series. Figures (72) and (73) show for the
case of New York City, New York, the correlograms
of residuals after removing the trend and of inde-
pendent residuals after removing the time dependence
for both the total and unit annual water use,
respectively. In both cases the correlograms show that
after fitting a first order model the residuals produced
an uncorrelated series, so they may be assumed to be
independent. In the case of Montreal, Canada, it was
necessary to fit a third order model for obtaining
uncorrelated residuals. Fitting these type of
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Figure 68 Annual water use in million gallons and

fitted quadratic trend for New York City,
New York (1898 — 1968).
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dependence models has physical significance in the
cases studied because after removing the trends it is
observed that positive or negative residuals in one
year lead to positive or negative residuals in the
following year, respectively.

Table (22) gives also the type and parameters of
the fitted probability distribution function to inde-
pendent residuals obtained in all cases studied. The
normal function fitted well the frequency distri-
bution in all cases except for Montreal, Canada, in
which case the lognormal-3 function gave a better fit.

6.2 Relation Between Annual Residual Series of
Water Use, Temperature and Precipitation

Cross correlation functions are used for investi-
gating the linear relation between annual residual
series of water use and the annual precipitation and
mean annual temperature for the cities of Fort
Collins and Colorado Springs, Colorado. The three
corresponding series of Fort Collins are shown in
Figure (74). Figures (75) and (76) show the cross
correlation functions between the mean annual tem-
perature and water use and between annual preci-
pitation and water use, respectively, for the case of
Fort Collins. They do not indicate a significant corre-
lation, and some high values may be due to sampling
variability only.
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Figure 69 Annual water use in g.p.c.d. and fitted
quadratic trend for New York City, New
York (1898 — 1968).
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Chapter 7

EXPLAINED VARIANCES BY TRENDS, PERIODICITIES AND STOCHASTIC
COMPONENTS OF WEEKLY AND MONTHLY SERIES

7.1 General Procedure

From Equation (1) the original series
Xy p MAY be written as

+v
YP.T

xp?T=Tm

(58)

p,T

Therefore the variance of Xp 7 is equal to

var {xp,7}= var {Tmpsf} + var {YD,T} . (89)

because Tmp . and y , are assumed and are close
to be independent. Based on this equation the
explained variance of the trend in the mean, denoted

by EVTM becomes
var {yp‘r}

\m\r{TmP =
EVTM = i F :
var{xp’r} var {xp‘r}

All explained variances described are relative to the
total variance of the original series x_ . Equation
(60) is used in the computed program TREND for
obtaining the value of EVTM, although this explained
variance may be also computed by using the re-
gression parameters estimated for the trend 'l‘mp 5

(60)

After removing the annual trend in the mean,
the trend in the standard deviation is removed by
using Equation (57) in order to obtain a constant
standard deviation equal to Tsp‘r. The explained
variance of the trend in the standard deviation
denoted by EVTS is computed by

EVTS = [var{ypﬁ} . var{zp.T} var x, .

or

EVTS = [var {yp}r} - (_Tsp)2 ]/var {xp‘r} . (61)

Therefore, the variance explained by both annual
trends in the mean and standard deviation denoted by
EVT is

EVT = EVIM + EVTS , (62)

with EVTM and EVTS defined by Equations (60) and
(61), respectively.
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For finding the explained variances by the
periodic components, denoted by EVP, an approxi-
mation was made by assuming that the periodicities
u_ and o_ of Equation (5) are proportional or

that 07,-’;1‘_ =m, =m, a constant. Therefore,
Equation (5) is written as
ZP.T =“T‘ 2 n l“‘l’ EP,T
or
- — A*
2o THe L Hmey Jobey, (63)

By logarithmic transformation this equation becomes

log B log u, +log e;‘r (64)
which is used for finding the explained variance of
the periodic and stochastic components denoted by

EVP and EVS, respectively. It follows

var {log 2o } = var {lﬂg Fi,.} +var {log e:,r} ,(65)

so that
var {log “r} var {z . }
ENP = {log zp‘r} ’ Var{xpp :} ) (66)
e var{log e* } var {z }
p,T p.7 (67)

EVS=or {log zp_r} " var {xp,r}

The use of logarithms to transform a product of
two variables into their sum of logarithms has a bias,
but this is the practical way of determining an ap-
proximate explained variance of each of these vari-
ables. The concept of explained variances is mainly
developed under the assumption that there is a sum
of several variables to account for the variation of a
dependent variable.

In some cases the approximation referred to the
proportionality of p_and ¢_ was not accurate
mainly due to the differences in phases of K,
and o¢_ and nonproportionality of correspondinig
amplitudes. In such cases the explained variance of



the periodic component was approximated with the
variance of u_ only.

7.2 Results

Tables (23) through (32) give variances and
explained variances obtained in the analysis of weekly
and monthly series of each type of use. All the
explained variances showed in these tables are given
in percent, either relative to the variance of the
original series or relative to the variance left after
removing the annual trends.

Tables (23) and (28) give the means and vari-
ances of original series x . for the weekly and
monthly series, respectively. Table (24) gives the
explained variances by trends in the mean and
standard deviation of the weekly urban water use
series. It is interesting to observe the different values
of EVTM obtained for the cities in Colorado, while in
the case of Denver EVIM it is only 6.10 percent, for
Fort Collins it is as high as 36.20 percent.

The explained variances by periodic com-
ponent, EVP, for weekly series of all type of use
studied, are given in Tables (25) and (27). Table (25)
gives the explained variances relative to the variance
of the original series x . ,while Table (27) gives
them relative to the variance left after removing the
trends. In the first case, the explained variances of the
urban series studied varied for 40.90 percent to 73.80
percent while in the second case they varied from
70.20 percent to 81,50 percent. In the case of irri-
gation the resulting values of EVP are similar and
greater than 50 percent and for the hydropower series
studied it was only 23.70 percent.

The explained variances by stochastic com-
ponents of weekly series of all uses are given in Tables
(25) and (27). Table (25) gives the explained vari-
ances relative to the variance of the original series
Xp re while Table (27) gives them relative to the
variance left after removing the trends. The most
notable result is that the variance explained by the
stochastic components changes considerably
according to the type of use. For example, for urban
use they vary from 8.50 to 29.80 percent, for irri-
gation use they are 37.40 and 44.10 percent, and for
hydropower use 76.30 percent. (These percentages
are relative to the variance of the series after the
trends were removed). Table (26) gives a summary of
the explained variances by trends, periodicities and
stochastic components, relative to the variance of the
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original series x_ _ , and Table (27) gives a summary
of the explainecr variances of periodic and stochastic
components relative to the variance after the trends
are removed.

Table (29) gives the explained variances by
trends in the mean and standard deviation for the
monthly urban water use series studied. The resulting
EVTM values varies considerably. For example, in
Colorado the value of EVTM for Colorado Springs
was as high as 61.70 percent; on the other hand, in
Denver it was only 7.00 percent. In the case of
California it is interesting to note that for cities
located in the south coastal area the EVTM values are
high; 54.10 percent for Los Angeles and 67.00
percent for San Fernando. On the other hand, for
cities located in the Tulare Lake Basin they are re-
latively low varying from 14.20 percent to 19.80 per-
cent. The explained variances EVTS are low in
general, varying from 0.90 percent to 7.60 percent.

The explained variances by periodic com-
ponents of monthly values show a variety of results.
They are given in Tables (30) and (32). For the case
of urban water use, they vary from 24.10 to 78.70
percent when the explained variances are relative to
the variance of the original series x _— , they vary
from 76.0 to 95.90 percent when they are related to
the variance after the trends are removed. These last
percentages give a better idea of the seasonal effect
on water use. It is interesting to note in the case of
the California cities the effect of different geographic
locations on the explained variances by the periodic
components. While cities located in the south coastal
area have values of EVP of 78.30 and 85.10 percent,
the cities located in the Tulare Lake Basin have higher
values, varying from 94.90 to 95.90 percent.

For the case of monthly irrigation, the EVP
values vary from 72.90 percent to 81.00 percent
except for one case in which it was only 38.20 per-
cent. Opposite results are obtained in the case of
hydropower for which they vary from 8.35 percent
to 29.60 percent except in one case in which it was
80.50 percent.

Tables (30) and (32) give the explained vari-
ances by stochastic components of monthly series of
all uses studied. Table (30) gives the explained vari-
ances relative to the variance of the original series
X, ,» Wwhile Table (32) gives them relative to the
variance after the trends are removed. In the case of
urban use, the variances explained by the stochastic



component vary from 4.10 to 24.00 percent, in the
case of irrigation from 19.00 to 61.80 percent, and in
the case of hydropower from 19.50 to 91.65 percent.
Finally, Table (31) gives a summary of the explained
variances by trends, periodicities and stochastic com-

ponents, relative to the variance of the original series
X,, and Table (32) uvives a summary of the
explained variances of periodic and stochastic com-
ponents relative to the variance after the trends are

removed.

TABLE 23

GENERAL_ MEAN AND VARIANCE OF THE WEEKLY WATER USE TIME SERIES

WATER USE NAME MEAN R VARIANCE S2  UNIT °
Urban Water Fort Collins, Colo. 36.380 484,614 M.G
u Denver, Colo. 852.285 195,075.53] M.G
8 Greeley, Colo. 48.434 795.774  M.G
Irrigation Carter Lake, Colo. 981.779 1,178,810.81 sfd.
Vater Use Hansen Canal, Colo. 1548.500 3,151,511.41 sfd.
Hydropower A.B. Adams Tunnel 2067.183 1,454,485.020 cfs-w
tatar Use (Big-Thomp. Proj. Colo.)
MG: million gallons sfd: second feet day
cfs-w: cubic feet per second (per week)
TABLE 24
EXPLAINED VARIANCES BY TRENDS IN THE MEAN AND
STANDARD DEVIATION OF WEEKLY URBAN WATER USE TIME SERIES
(relative to the variance of the original series L 1_)
Trend in
Trend in the Mean the Standard Deviation
NAME Type of \Efxp]ﬁ ned Type of Exp]_ai ned
ariance ariance
REEE (percent) Trend (percent)
Fort Collins, Colo. Quadratic 36.20 Quadratic 5.70
Denver, Colo. Linear 6.10 Quadratic 3.50
Greeley, Colo. Linear 12.00 Linear 3.00
TABLE 25

EXPLAINED VARIANCES BY PERIODIC AND STOCHASTIC COMPONENTS

(relative to the variance of the original series x

OF WEEKLY WATER USE TIME SERIES

)

PsT

EXPLAINED VARIANCES (percent)

WATER USE NAME PERIODIC STOCHASTIC
Fort Collins, Colo. 40.90 17.20
Urban Water Use Denver, Colo. 73.80 16.60
Greeley, Colo. 62.50 22.50
Irrigation Carter Lake, Cole. 55.90 44.10
Water Use Hansen Canal, Colo. 62.60 37.40
Hydropower A.B. Adams, Tunnel 23.70 76.30
Water Use (8ig Thompson Pro., Colo.)
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THE WEEKLY WATER USE TIME SERIES (in percent, or relative to the variance of the original series x
1

SUMMARY OF THE EX

INED VARIAN

TABLE 26

BY TREN

PERIOD.

TIC COM

EXPLAINED VARIANCES
WATER USE NAME
ITRENDS PERIODICITIES STOCHASTIC COMPONENT

Fort Collins, Colo. K1.%0 40.90 17.20
Urban
Water Denver, Colo. 9.60 73.80 16.60
VUse

Greeley, Colo. 15.00 62.50 22.50

Carter Lake, Colo. 55.90 44,10
Irrigation
Mater Use Hansen Canal, Colo. 62.60 37.40
Hydropower | A.B. Adams Tunnel 23.70 76.30
rmr Use | (Big-Thomp.Proj. Co)

TABLE 27

SUMMARY OF THE EXPLAINED VARIANCES BY PERIODIC AND STOCHASTIC COMPONENTS OF THE WEEKLY WATER USE

TIME SERIES (in percent or relative to th

rianc ft afte

EXPLAINED VARIANCES
WATER USE NAME
PERIODICITIES STOCHASTIC COMPONENT
Fort Collins, Colorado 70.20 29.80
Urban
Water Denver, Coloradoe 81.50 18.50
Use
Greeley, Colorado 73.50 26.50
Carter Lake, Colorado 55.90 44,10
Irrigation
Water Use |Hansen Canal, Colorado 62.60 37.40
Hydropower | A. B. Adams Tunnel 23.70 76.30
Water Use | (Big-Thomp. Proj. Colo.)
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TABLE 28
GENERAL MEAN AND VARTANCE OF THE MONTHLY WATER USE TIME SERIES

2

WATER USE NAME MEAN X VARIANCE Sx UNIT
)
Fort Collins, Colo. 157.902 8,328.060 M.G.
Denver, Colo. 3699.252 3,226,398.234 M.G.
Greeley, Colo. 210.185 13,353.595 M.G.
Cole. Springs, Colo. 469.497 94,296.189 M.G. TABLE 29
Erhan gi}?auke%, Wisc. 42;3.}?3 " gg;.gg?.:lg M.G.
ater allas, Texas 3028. ,B883,281. M.G. £
Use L. Angeles, Calif. 7306593 27909.764.730 M.G. XPLAINED VARIANCES BY TRENDS IN THE MEAN AND THE STANDARD
5. Fernando, Calif. 2759.885 3,865,532.112 M.G.
Frasno, Calif: 1237832 568.501.737 M.G. DEVIATION OF MONTHLY URBAN WATER USE TIME SERIES (relative to
Bakersfield, Calif. 877.756 307,423.035 M.G. 5 .
Hanford, Calif. 112.846 4,369.723 M.G. O yariacy ol theoriging sertes X0
Visalia, Calif, 174.481 13,689.248 M.G.
Alpine Irr. Co., Utah 1456.429 1.258,458.6 af. TREND IN THE MEAN TREND IN THE STANDARD DE?IATIEN
American Fork, Utah  2588.571 5,738,155.1 af. NAME
Irrigation North Bench, Utah 1213.333 307,488.89 af. TYPE OF EXPLAINED TYPE OF EXPLAINED
Water Lehi, Utah 1802.143 3,358,209.70 af. TREND VARIANCE TREND YARIANCE
Use Plesanr Grove, Utah 1740.714 1,568,413.78  af. (percent) (percent)
Carter Lake, Colo. 4347.879 19,550,000.00 sfd.
Hansen Canal, Colo. 6857.635 51,306,029.60 sfd.
Mirage Flats, Nebr. 0.2136 0.041147 af/a Fort Collins, Colo. Quadratic 39,90 Quadratic 5.20
Denver, Colo. Linear 7.00 Quadratic 3.50
A.B. Adams, Tunnel 318.879 21,382.83 cfs. Greeley, Colo. Linear 13.50 Linear 3.00
(Big-Thompson Proj, Co.) o . . 5 -
Green Mountain, Pow.Pl. 5274.429  13,340,723.80  MGH Cole, Springs; Golo, Cublo 6.9 Quadratic 7%
" Milwaukee, Wisc. Quadratic 44.60 Linear 2.80
Estes Park, Pow.Pl.  8285.603  18,260,100.70  MGH Dallas, Texas i o 39.80 Etuear 4.80
Hydropower  Marys Lake, Pow.Pl. 3292.767 2,465,077.95  MGH L. Angeles, Calif. Quadratic 54.10 Linear 0.90
Water Use (") S. Fernando, Calif.  Cubi 67.00 drati
Pole Hill, Pow.P1.  16874.635  20,335,611.20  MGH bt M . Batvatio s
" Fresno, Calif. Quadratic 14.20 Linear 3.80
!{’13*- Iron, Pow.P1. 21336.677  33,080,325.60  MGH Bakersfield, Calif.  Quadratic 19.80 Quadratic 4.20
Guernsey, Pow.Pl. 2044.531 ,436,713.53 MGH Hanford, Calif. Linear 14.50 Linear 5.60
. Visalia, Calif. Quadratic 16.20 Quadratic 5.80
?nrtes. Pow.P1. 11655.853 32,192,115.30 MGH
57,

*M.G.: millon gallons

a.f.: acre-feet

sfd.: second-foot-day

affa: acre-feet per acre
cfs.: cubic feet per second
MGH.: megawatts per hour



TABLE 30

the original series x_ )

Pat

EXPLAINED VARIANCES BY PERIODIC AND STOCHASTIC COMPONENTS

OF MONTHLY WATER USE TIME SERIES (relative to the variance of

EXPLAINED VARIANCES (percent)

TABLE 31
SUMMARY OF THE EXPLAINED VARIAKCES BY TRENDS, PERIODIC AND STOCHASTIC COMPONENTS OF THE

MONTHLY WATER USE TIME SERIES (relative to the variance of the original series

EXPLAINED VARIANCES (percent)

Water
Use fame Periodic Stochastic WATER USE NAME TRENDS  PERIODICITIES  STOCHASTIC COMPONENT
Fort Collins, Colo. 43.40 11.60
g Fort Collins, Colo.  45.10 43.30 11.60
puawae. tale- LE4i L Denver., Colo. 10.50 77.60 11.90
ole garfms' colo 5410 760 Greeley, Colo. 16.50 72.10 11.40
Hi'lu;ukee Higc. * 45‘30 6'50 Colo. Springs, Colo. 68.30 24.10 7.60
Dallas T;xas 4?'1{! 8.00 Urban Milwaukee, Wisc. 47.40 45.80 6.80
Urban L. Angeles, Calif 38.40 6.60 Water Dallas, Texas 44,60 47.40 8.00
S Fernands. Calif 24 40 6.70 Use L.Angeles, Calif. 55.00 38.40 6.60
Foaan GIHE 78.70 3.30 S.Fernando, Calif. 68.90 24.40 6.70
Bakersfield, Calif. 72.25 .75 SO i, Bt g 3.4
Hanford, Calif. 75.80 4.10 FLlMIN Cadaf. 200 4 318
Visalis Galif 74.00 .00 Hanford, Calif. 20.00 75.80 4.10
saliag ‘ ‘ ‘ Visalia, Calif. 22.00 74.00 4.00
Alpine Irr. Co., Utah 78.40 21.60
Alpine Ir. Co., Utah 78.40 21.60
Irrigation  American F. Co., Utah 78.00 22.00 St R fcan Forkeioran - 22.00
North Bench Co.. Utah 38.20 61.80 rrigation North Bench, Uta .2 61.80
Lehi, Irra. Co., Utah 78.00 22.00 e Eheis o . 3209
P]“;lﬂt G. co-‘ Utah 75'm 24.00 Use Pleasant Grove, Utah 76.00 24.00
Carter Lake, Colo 76.50 23 50 Carter Lake, Colo. 76.50 23.50
Hansan c“.-i Coh; 72'90 21'“) Hansen Canal, Colo. 72.90 27.10
Mirage n.u: "eh‘. s]:w ,g:m Mirage Flats, Nebr. 81.00 19.00
A.B. Man: Tunnel 21.90 18.10
G. Mountain Paw. P1, 29.60 70.40
A. B. Adams Tunnel 21.%0 78.10 Estes Park, Pow. P1, 15.10 84.90
Gomeeresor RS B e - Bl
- - . . r e » - . . .
Hydropower Marys Lake Pow. P1, 26.25 73.75 Use Flat Iron, Pow. P1. 21.00 79.00
Water Use Pole Hi1l Pow. P1. 20.95 79.05 Guernsey, Pow. P1. 80.50 19.50
Flat Iron Pow. P1, 21.00 79.00 Kortes, Pow. P1. 8.35 91.65
Guernsey Pow. P1. 80.50 19.50
Kortes Pow. P1. B.35 91.65




TABLE 32
SUMMARY OF THE EXPLAINED VARIANCES BY PERIODIC AND STOCHASTIC COMPONENTS OF THE MONTHLY

WATER USE TIME SERIES (in percent or relative to the variance left after removing the trends)

EXPLAINED VARIANCES

WATER USE NAME PERIODICITIES STOCHASTIC COMPONENT
Fort Collins, Colorado 79.00 21.00
Denver, Colorado 86.60 13.40
Greeley, Colorado 86.40 13.60
Colo. Springs, Colorado 76.00 24.00
Urban Milwaukee, Wisconsin 87.00 13.00
Water Dallas, Texas 85.40 14.60
Use Los Angeles, California 85.10 14,90
San Fernando, California 78.30 21.70
Fresno, California 95,90 4.10
Bakersfield, California 95.00 5.00
Hanford, California 95.00 5.00
Visalia, California 94.90 5.10
Alpine Irr. Co., Utah 78.40 21.60
American Fork, Utah 78.00 22.00
North Bench, Utah 38.20 61.80
Irrigation Lehi, Utah 78.00 22.00
Water Use Pleasant Grove, Utah 76.00 24,00
Carter Lake, Colorado 76.50 23.50
Hansen Canal, Colorado 72.90 27.10
Mirage Flats, Nebraska 81.00 19.00
A.B. Adams Tunnel 21.90 78.10
G. Mountain Pow. P1. 29.60 70.40
Estes Park, Pow. P1. 15.10 B84.90
Hydropower Marys Lake, Pow. P1. 26.25 73.75
Water Use Pole Hill, Pow. P1. 20.95 79.05
Flat lron, Pow. P1. 21.00 79.00
Guernsey, Pow. P1. 80.50 19.50
Kortes, Pow. P1. 8.35 91.65
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Chapter 8

CONCLUSIONS

Results of this investigation of the stochastic
structure of weekly, monthly and annual water use
time series may be summarized in the following con-
clusions:

(1) A general mathematical approach developed
for the analysis of water use time series permits the
identification, estimation, and removal of trends in
the mean and standard deviation, periodicities in the
mean, standard deviation and autocorrelation coef-
ficients, the investigation of time dependence, and
finally the reduction of the original nonstationary
process, X, - ,to a second-order stationary and
independent process ’;‘p'r.

(2) A general deterministic-stochastic model,
Equation (34), for representing water use time series
may be used for the generation of new samples of the
process X, by using the estimated or projected
trends, estimated periodicities, and by generating new
samples of the independent stochastic component
Ep.r , from its inferred probability distribution
function. These generated samples may be used for
the analysis, design and future operation of water
resource systems.

(3) Weekly series of urban water use are com-
posed of trends in the mean and standard deviation,
annual periodicities in the mean, standard deviation
and autocorrelation coefficients, and a time
dependent stochastic component.

(4) Monthly series of urban water use are com-
posed of trends in the mean and standard deviatiom,
annual periodicities in the mean and standard devi-
ation (and in some cases of annual periodicities in the
autocorrelation coefficients) and a time dependent
stochastic component.

(5) Weekly series of irrigation and hydropower
water use is composed of annual periodicities in the
mean standard deviation and autocorrelation coeffi-
cients and a time dependent stochastic component.

(6) Monthly series of irrigation water use is
composed of annual periodicities in the mean,
standard deviation and autocorrelation coefficients
and a time dependent stochastic component.
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(7) Monthly series of hydropower water use is
composed, in the cases studied, of annual periodici-
ties in the mean and standard deviation (in some cases
of annual periodicities in the autocorrelation coef-
ficients) and a time dependent stochastic component.

(8) Annual series of urban water use is com-
posed of trends and a time dependent or independent
stochastic component. The time dependence of the
stochastic component may be approximated by the
first, second or third order autoregressive linear
models.

(9) The trends in the mean and standard devi-
ation of weekly and monthly series of urban water
use is either linear or nonlinear (quadratic or cubic),
and is well described by polynomial regression
equations. The same characteristics are shown in the
trends of annual series.

(10) Periodicities in the mean, standard devi-
ation, and autocorrelation coefficients are well
described by Fourier series, with the annual cycle (52
weeks or 12 months) and its harmonics.

(11) The time dependence of the stochastic
component of weekly and monthly water use series
may be well approximated by the second or third
autoregressive linear models, with periodic or con-
stant autoregressive coefficients. The removal of this
dependence leads to a second-order stationary and
independent stochastic series.

(12) The frequency distribution curves of the
independent stochastic component of weekly,
monthly and annual series of water use may be well
approximated by the normal, lognormal-3 or
gamma-3 probability distribution functions.

(13) The variance explained by trend com-
ponents of urban water use in respect to the variance
of the original series x  _ vary in the range of 9.60
to 41.90 percent for weekly series and of 10.50 to
68.90 percent for monthly series.

(14) The variance explained by periodic com-
ponents of urban water use vary in the range of 70.20
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to 81.50 percent for weekly series and of 76.00 10
95.90 percent for monthly series. For irrigeiion water
use they are 55.90 and 62.60 percent for the weekly
series studied and vary in che runge of 38.20 to 81.00
percent for monthly scrics. For hydiopower water
the figure is 23.70 percent for the weekly series
studied and vary in the range of 8.35 10 30.50 per-
cent for monthly series.

(15) The variance explained by the independen
stechastic component of urban water use varies in the
range of 11.50 to 29.50 percent for weekly serics and
of 4.10 to 24.00 percent for monthly series. For
irrigation water, the figures are 37.40 and 4-4.10 per-
cent for the weekly series and 19.00 10 81.00 percenm
for monthly series. For hydropower water, the figure
is 76.30 perceni for the weekly series and 15.50 to
91.65 percent for monthly series.

[y
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(18) Cross correlation and cross spectral
anclysis show that a linear relation e¢xists between the
znnual cycles of temperature, precipitation and water
use geries, Temperature and water use unnual cyches
were in phase: however, a difference in phase is found
fur the annual cocles of precipitation and waler use.
for data of Denver, Colorado.

{17} Cross cuorrelation and cross spectral
zatlysis show that a linear relation exists between the
wdependent stochastic components of temperature,
precipitation and water use.

{18) No significant correlation is found
between the annual values ol mean temperature, total
precipitation and residuals of annual water use for
arhan water use at Fort Collins and Colorado Springs,
Colorado.
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Appendix 1

MATHEMATICAL MODEL OF DAILY WATER USE IN CASE OF WEEKLY PERIODICITY

In cases where the weekly periodicity is statis-
tically significant, the procedure outlined in 3.2 and
3.3 (Chapter 3) may be extended to daily series as
follows.

The trends in the mean and standard deviation,
the within-the-year periodicities in the mean,
standard deviation and autocorrelation coefficients
are first removed from the original process X 88
described in 3.2 and 3.3 (Chapter 3), by obtaining the
process E e of Equation (26). In case of weekly
perlodu:uy significant, further transformation is
necessary to obtain Ep,r

Consider the process v of Equation (26),
where T =1, 2, ..,w¥with

denoted by £
w* equal to 7, and p=12, .. n* with n* the
number of weeks in the series. Similar procedures as.
in 3.2 and 3.3 is followed for removing the weekly
periodicity from E;"r. Therefore from Equation (5)

E: —“_* + U,_E*

ip,T (68)

in which p* and 0‘“"‘ are weekly periodic mean and
standard dwlatmn of the process, £* , and ¢ 5 I8
the stochastic component. The removal of p¥ and
a: from g;"f may, in many cases, be sufficient for
obtaining a second-order stationary and independent
process. If proper statistical tests show that 6* o still

is nonstationary, then the weekly pcrmdic auto-

correlation coefficients may be removed from the
series  €* . By estimating pk as in Equations
(16), (17), (18) and (20), and subsequently by
using Equation (30), this can be achieved. That is,

m
X o B a¥ e .
p.T J=I ) P I Y |
pr ™ mOm L i v
-2 5 % B Pl o
=i if i< (69)
k=j if
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in which
p;“f‘j tor
(25) and

cr"‘r are expressed in function of
k j = 12,3, as in Equations (24), or
{”6) or (2?), (28) and (29), and
with pk estimated by r. of Equation (20).
The g ) prm,ess of Equanon (169) is now a second-
order siatmnary and independent stochastic process.

Therefore, the most general model for repre-
senting water use time series, considering the trends
in the mean and in the standard deviation, the annual
and weekly periodic mean, standard deviation and
autocorrelation coefficients, and the time dependence
of stochastic component, is

m
o Tml—"-f * TSP.T {,uT ¥ Or[ _]El Y1 Cprai *
m m Li3 o
e lj‘l ]\l Y, 1%,75 pii-jl,k) ED,T (70)
with k=i if i<jand k=j if i>j; 7=1,2,3,..,
w, and w = 365 days,p=1,2,..., n, and n=
number of vears, und E;‘J given by
* # * n * *
R ng o i €0 ¥
2‘! 5 * * * Lz
X jEI St Y Pk | ()

with k=1 if i<j and k=] if i>ir=1,2,.
w*, w*=7days,p=1,2,., n* and n* =number
number of weeks.

Equation (70) constitutes the most general
model for the structural mathematical description of
daily water use time series; any degree of simplifi-
cation can be made by proper statistical tests.



Appendix 2

FITTING OF PROBABILITY DISTRIBUTION FUNCTIONS TO FREQUENCY DISTRIBUTIONS
OF STOCHASTIC COMPONENTS

2.1 Estimation of Parameters

The parameters are estimated by the maximum
likelihood method. The maximum likelihood esti-
mator @ is obtained by solving the equation

aL(8, xn)

Pl (72)

for each parameter 6.

Based on the above equation, the maximum
likelihood estimators of parameters of the three
distribution functions used (normal, lognormal-3,
gamma-3) are given (Markovic, 1965) for the normal
density function of Equation (31) by

a1 N
R=g 2 & (73)
1 N G

?=[ N Z, (Ei-u)’] (74)

as the estimates of the mean and standard deviation,
respectively, with N the sample size; for the log-
normal-3 density function of Equation (32)

(nw)=y 2 bG-E), 03

as the estimate of the population mean,

i N a TR
1+{1 +%[ln(z-zo)-lh 2 m(e,-so)]}

1 N A A 2] 12
0n=[ﬂ z lln(Ei-Eu)-lnun]] . (76)

as the estimate of the population standard deviation,
and

g 1 1 %’ I Dz 1 %I] ¢ P
=1 ) N A [in - &)1 | B & 1 -%)

LN N InG-£)
: . —_——im 77
N 2 InG; ?o)}ﬂﬁ‘} iz 0 (77)

as the equation which can be solved by iteration
procedure giving the location parameter estimate,
?o; for the gamma-3 density function of Equation
(33)

1/2

= N A
+{1+§~[1n(s-?o)-§; pRUG ~zo)]}

A N A
4[1:1(? E)-§ 2 In(E - )]

A
2 - AX

(78)

as the estimate of the shape parameter a, with Aa a
correction factor tabulated in function of @ values
and ¥ is the mean of the £ values;

B=L¢-t) (79)
a

as the estimate of the scale parameter «, and f.

1/2

e —

L —

= N -
-4[1n(£-$o)-hi33, In(, -fo)]

- N a
+{1+%[ln(z-§o)-h z !n(si-so)}}
= N
G- & z L) =0, (80)

1 El "gﬁ
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as the equation which can be solved by an iteration
i ; = -~
procedure giving the location parameter estimate .

2.2 Fitting Criteria

Several criteria can be used for testing the good-
ness of fit of a probability distribution function to
frequency distributions. The chi-square test, the
likelihood ratio test, the Smirnov-Kolmorogov
statistic test may be used. In this paper the chi-square
test was used as described below.

The basic concept of the chi-square test is
summarized as follows. The total range of sample
observations is divided into k mutually exclusive
class intervals, each having the observed class fre-
quency N, and the corresponding class probability
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Pi, i=1,2, .., K. The measure of the departures
between the observation frequencies N, and the
expected probabilities NP,  (corresponding to the
distribution function to be fitted) is defined as the
chi-square statistic

k :
=2 Rk (81)

This statistic is asymptotically chi-square distributed
with k-1-r degrees of freedom, where r is the
number of parameters already estimated from the
observed data.

The chi-square test prescribes the critical
value x2 for a given confidence level so that
for x*< x2 the null hypothesis of a good fit is ac-
cepted, and for x* = xg it is rejected.



Appendix 3

ESTIMATION OF THE COHERENCE AND PHASE FUNCTIONS

In estimating the coherence and phase, and
partial coherence and partial phase functions, the
autocovariances and cross covariances are first esti-
mated by

I Nk Nk
zZ X (82)

Y - (N 4 k) =1 tyt+k
1 N-k N-k ;
(N E k)l (-"E-] xt IE] yt+k (33)

in which k =0, 1, 2,... is the lag and N is the
number of observations,

To avoid negative estimates of spectra and to
obtain estimates of the coherence not greater than
one, the estimated autocovariance and cross-
covariance functions of Equations (82) and (83) are
smoothed by using the smoothing function (Parzen,
1964),

D) =1-6Ky (1 -K), o<k <P
(84)
D) =2(1 - Ky, P<k<m ,

in which m is the truncation point of the
function D(k), or the maximum number of lags.
Therefore, by substituting the smoothed covariance
function into Equation (41) the estimated spectrum
function of any series x, becomes

m .
V= 2 D), (k) exp {i2ntk}

05<f<05 , (85)
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which may also be written as
A A m
T =7 () +2 2 DEK) 7, (k) cos (2nfk),

0.5<f<0.5 (86)

Since %x(f) is an even function of frequency,
it is only necessary to calculate it over the
range 0 < f < 0.5. However, to preserve the
Fourier transform relations between the sample spec-
trum and the sample autocovariance function, it is
necessary to double the power associated with each
frequency in the range 0 < f < 0.5, (Jenkins and
Watts, 1969). Therefore 'f;x(f) becomes

7.,0=28 +2 £ D) 5 (k) cos(2nfk
TaD= 27, @42 X DEK) 7, (K) cos2rfk)] ,
0<f<05 , (87)
with f = j/2m and j = 0, 1, 2,...,m.
Similarly for the estimation of the cross ampli-
tude spectrum I'f“(f)i: ,the smoothed cospectrum

and quadrature spectrum are first estimated by Equa-
tions (44) and (45) as

8y (0=2 2 DK) [7,,()+3,,00] cos(2rik)
(38)
and
m A A ¥
4,0=2 2 DIIA,,K-F,,0]sn @aik) ,
(89)
with f = j/2m and j = 0, 1, 2,...,m.

Thus the cross amplitude spectrum is estimated
by

v, OF =2 O+8 0O . (90)

T




Combining Equations (87) to (90), the co-
herence and phase spectra are estimated by

. (2
8 (=

e  ISIS0S
7 0%,

(91)

oY

8,
2,0

The partial coherence and partial phase func-
tions are estimated by substituting the estimated
spectra, cross spectra, and coherence functions, into
Equations (52) to (56).

, 0<f<05 (92

Fs)
ny(ﬂ = arc tan -



Appendix 4

SIMPLIFIED FLOW CHARTS OF COMPUTER PROGRAMS USED

In order to present the basic features of
programs TREND, PERIOD, and DISTRIB, the

2
Trend in Trend in the
the mean TREND s. deviation
Ip,r
1
Periodicities Dependence
PERIODC
Prt Ter Py model
eI’.r
| DISTRIB l

|fh:). F(xll

Figure 77 General schematic representation of the
decomposition of a water use time series.
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simplified flow charts of these programs are presented
in Figures (77) through (80).

Figure 78 Simplified flow chart of the program
TREND.
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Figure 79 Simplified flow chart of the program
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