UNITED STATES
DEPARTMENT OF THE INTERIOR
GEOLOGICAL SURVEY

HYDROMETEOROLOGICAL MODEL FOR STREAMFLOW PREDICTION

by Wendell V. Tangborn

Open-File Report 79-741

Tacoma, Washington

1979



CONTENTS

Page
GLOSSAIY &+ v o v o 4 o o o o s s s o s 4 s s s s s e e e e e e e s e ¥
Y 13 4 - o T |
Introduction . . . . ¢ v ¢ ¢ttt v et e e e e e e e e e e e e e . 3
Acknowledgment . . . . . . . 0 4 0 e e e e e e e e e e e e e e D
Hydrologic setting . . « « ¢« ¢« ¢« ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ 0 o o o s o s s o+ 6
Description of the model . . . . . . . . « . ¢ ¢ v v ¢ v v v o o o o 7
Prediction accuracy assessment . . .« + « + s o o s s o o s« s« + . 10
Leap YEar v « v o v o o s s s s s s s s e s s e s e e e e e e e e . 12

Options to be selected by the forecaster . . . . . . . . . . . . . . . 13

Prediction season length . . . . . . ... ... ... ... 13
Precipitation station selection . . . . . . . . . . + + . .+ . . l&4
Length of period of record . . . . . . . . . . . ... ... 16
Date of beginning of winter season . . . . . . . . . . . . . 17
Revising the prediction with a test season . . . . . . . . . . 17

Test-season length . . . . . . . . .. .. ..o oo 18

Relationship of predictions between sites upstream and downstream of
FESEIVOILS v v o« o o o o o o o o o o s o o o o o o o o+ o« + o+ 20

Below-reservoir predictions . . + + « &+ « v 4 4 4 4 0 s ... 22
Prediction procedure . . . « o & & o o o 4 s 4 o 4 s 0o 4 s s s o . s 24

Data preparation . . . « + v ¢ v 4 4 s e s 4 s e e e s e s . 24

Parameter selection .« & ¢« ¢ ¢ ¢ ¢ ¢ o o o s o o o o e o o . 25



Computer program preparation. « « « « « o o o o o o o o o o o o o o

Parameter Cards « « o« ¢ « o o o o o s o o o o s s e s e . s

Storage and time requirements . . . . . . . . 00 0. .

References. . .

Appendices

A.

I o m m o O »

L]
.

Sample precipitation data input . . . . . . . . . .. .
Sample runoff data-input . . . . . . . . e e e e e

Sample input, upstream-downstream relationship. . . . . .

Parameter card descriptions. . . . . . . . . .
Sample parameter card input . . . . . . . . .
Sample run, output print option 1 . . . . . . .
Sample run, output print option 2. . . . . . .
Computer program listing. . . . . . . . . . .

Sample JCL and concatenation of recent data .

ii

28
29
30
3]
34
35
37
41
63



FIGURE 1.

10.

11.

ILLUSTRATIONS

Location of the Skokomish, Nisqually, and Cowlitz River
drainages and the National Weather Service stations tested
for use in the hydrometeorological model. . . . . . . . .
Daily average (bars) and daily maximum (dots) precipita-
tion at Longmire for the 1945-74 period . . . . . . . . .
Daily average, maximum and minimum runoff of the
Nisqually River near National for the 1945-74 period . . .
Example of the three seasons used in the model showing
the prediction equation subscripts and computer program
symbols . . . . . . . o000 0.

Examples of prediction accuracy as a function of prediction

An example of the effect of test-season length on predic-
tion ACCUraCy « ¢ v v v ¢ ¢ ¢ ¢ ¢ ¢ o o o o o« o« o« o o &
An example of the effect of the beginning winter date on
prediction aCCUraCy « « v « o ¢ o o o o « o « o« « o & . .
Sketch demonstrating the period of record used in making
split-sample predictions . . . . . . . . . . . . 00
Graphs demonstrating the relationship between test- and
prediction-season errors, and the linear and ratio technique
of revising the predictions . . . . . . . . . . o . ..
A generalized flow-chart of the hydrometeorological model.
Postal card used by weather station observers to forward

meteorologic data to the forecast office each week. . . .

111

77

78

79

&3

84

&5

86

87

88



TABLE

1.

TABLES

Drainage basin characteristics and precipitation stations
used in model . . . ¢ . v 0 0t e e e e e e e e e
Relationship between streamflow stations upstream and
downstream from reservoirs . . . . ¢+ o 0 0 0 . e .
Precipitation stations tested for use in the model. . . . .
Accuracy of the three optimum stations used in estimating
basin precipitation and the results of equal weight
averaging of these stations . . . . . . . . .+ . o . .,
Optimum test-season lengths and winter season beginning
dates for the main prediction seasons . . « + « « + + . .
Relationship between seasonal streamflow at gaging stations
upstream and downstream of reservoirs. . . . . . . . . .
Comparison of predictions at downstream gaging stations

with and without runoff data from low-altitude drainages .

iv

64

65

68

69

70

71

75



GLOSSARY

Accuracy. Goodness of fit between observed and predicted runoff. Given as the
mean standard error of prediction or coefficient of prediction.

Calibration period. The period of time, in years, used to calculate the coefficients

needed for seasonal forecasts in the verification period.
’)

cfs-day. One cubic foot per second for 1 day (2447 m

Coefficient of determination (R2 ). A measure of prediction accuracy that compares

the variance of predictions with the sample variance. Also, defined as the
fraction of the variance explained by a model.

Coefficient of prediction (CP). A measure of forecast accuracy used to assess model

reliability, derived from errors resulting from split-sample forecasts.
Forecast (See Prediction).
GWh. 109 watt-hours.

Linearized method (L). The technique that revises the initial prediction on the basis

of a linear regression of test-season and prediction-season errors made during
the verification period.
Mean. Arithmetic average of a sample for a specified period of years.

Mean standard error of prediction (MSEP). The root-mean-square-error divided

by the arithmetic mean of the prediction-season runoff. Given as a percent.
Parameter. One of a set of six factors that controls prediction accuracy--for
example, the date the winter season begins.
Period. A specified interval of time, in years, used in coefficient calibration,

averaging variables, etc.



Prediction. The advance knowledge of a future event, such as seasonal streamflow,
given as an approximate quantity and with a pre-determined range of probable
error.

Prediction season. A specified interval of time, in days or months, for which

a runoff prediction is made.

Residual method (R). A technique that revises the initial prediction on the basis

of a linear regression between test-season and prediction-season residuals.

Root-mean-square-error (RMSE). The square root of the mean of the squares of

split-sample prediction errors. Also called standard error of prediction.

Standard deviation (SD). The square root of the mean of the squares of the deviation

from the arithmetic mean of the sample.

Standard error of estimate. The square root of the mean of the residuals resulting

from a linear regression between two variables.

Summer season (See Prediction season).

Test season. A short (1-30 day) pre-forecast season, used to revise an initial prediction
and reduce prediction error.

Verification period. The period of time, in years, that split-sample forecasts are

made, to be used in evaluating model accuracy and reliability.

Winter season. The season occurring before the test season and used to accumulate

precipitation and runoff for estimating basin water storage.

vi



HYDROMETEOROLOGICAL MODEL FOR STREAMFLOW PREDICTION
(HM Model)

by Wendell V. Tangborn

ABSTRACT

The hydrometeorological model described in this manual was developed to predict
seasonal streamflow from water in storage in a basin using streamflow and
precipitation data. The model, as described, applies specifically to the Skokomish,
Nisqually, and Cowlitz Rivers, in Washington State, and more generally to streams
in other regions that derive seasonal runoff from melting snow. Thus the
techniques demonstrated for these three drainage basins can be used as a guide for

applying this method on other streams.

Input to the computer program consists of daily averages of gaged runoff of these
streams and daily values of precipitation, collected at Longmire, Kid Valley, and
Cushman Dam. An unweighted average of precipitation at Cushman Dam and Kid
Valley is used for the prediction of Skokomish River runoff, precipitation at
Longmire for the Nisqually River, and an average of precipitation at Kid Valley
and Longmire for the Cowlitz River. Predictions are based on estimates of the
absolute storage of water, predominantly as snow: storage is approximately equal
to basin precipitation less observed runoff. A pre-forecast test season is used to

revise the storage estimate and improve the prediction accuracy.

To obtain maximum prediction accuracy for operational applications with this

model, a systematic evaluation of several hydrologic and meteorologic variables is



first necessary. Six input options to the computer program that control prediction
accuracy are developed and demonstrated in this report. For current predictions on
these streams, the parameter value demonstrating the greatest historic

precipitation accuracy is provided.

Three methods which utilize different combinations of predictive equations are
available. In general, for the greatest accuracy each method will apply to a
different season. The computer program automatically selects that method which
produced the most accurate predictions over a verification period, using a split-

sample technique.

The relationship between observed downstream (adjusted for reservoir storage
changes) and predicted upstream runoff is demonstrated and the procedure for

making predictions at downstream sites is shown.

Predictions of streamflow can be made at any time and for any length of season
although accuracy is usually poor for early-season predictions (before December )
or for short seasons (less than 15 days). The coefficient of prediction (CP), the
chief measure of accuracy used in this manual, approaches zero during the late
autumn and early winter seasons and reaches a maximum of about 0.85 during the

spring snowmelt season.

The computer program used to make predictions with this model is described and

documented.



INTRODUCTION

Predictions of snowmelt runoff in the mountain regions of Western United States
have traditionally been based on the relationship between snow surveys and
subsequent runoff. The three streams used by the Tacoma City Light Public Utility
for hydroelectric power generation are typical of this application and have had
snow surveys conducted within their drainage basins since as early as 1940. The
purpose of this manual is to describe and document a hydrometeorologic model that
will be used to replace the snow survey method as a means to predict seasonal
streamflow on Skokomish, Nisqually, and Cowlitz Rivers. The decision to adopt
this prediction method was based on an analysis, made by the U. S. Geological
Survey in 1976 in cooperation with Tacoma City Light, of predictions produced by
both methods during the 1970-76 period. These comparison tests demonstrated that
had the HM model been used to predict runoff during the seven snowmelt seasons
beginning on January | and ending on July |, the standard error of prediction would

have been reduced by an average of 25 percent (Tangborn, 1977).

Since the above test was made, the computer program for the model has been
revised extensively to allow more flexibility and to provide greater prediction
accuracy. In addition to more accurate predictions, there are other advantages of

this model not found in most other methods.



I.  The elimination of snow surveys greatly reduces the cost of managing
hydroelectric systems.
2. Versatility is increased because predictions can be made at any time
for any length of season.
3. Implementation of real-time data collection is simpler and less
expensive.
The chief application of this model is for predictions of snowmelt runoff on a
seasonal basis (one or more months). However, the model can also be used during

the main snowmelt season for short-season predictions (less than one month).

Several model-tuning techniques that affect prediction accuracy are available for
use with this method. Each of these options is discussed in this report, and the
function of each is demonstrated along with the parameter value, date, or method
to be used in the computer program for the greatest accuracy in predicting
seasonal streamflow within the three principal drainage basins. However, due to
apparent climatic and perhaps man-made changes which affect the hydrology of
these streams, the techniques described here for these drainages are valid only in a
current application. All possible options and season combinations cannot be
covered in this document; such factors as test-season length, optimum precipitation
stations, period of record for calibration, and beginning date of the winter season
must be reviewed annually, and the indicated corrections or revisions applied as
needed for the most accurate runoff predictions of these streams. The computer
program presented here is designed to test these options conveniently in order to

determine the combination needed for the highest accuracy.



Application of this method to other regions, such as California, Arizona, Montana,
Idaho, and Norway, has proven to be possible. However, a thorough analysis of the
various options used to minimize prediction error must be made before operational

forecasting can be implemented in other areas.
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HYDROLOGIC SETTING

The three main basins making up the Tacoma City Light hydroelectric development
are located in the eastern Olympic Mountains (the North Fork Skokomish River),
and the south-central Cascade Mountains (the Nisqually and Cowlitz Rivers) of
Washington State (fig. 1). Total annual hydroelectric production from runoff from
these basins (which have a total area of 4,625 km2 (1,785 miz)) is 2580 GWh. Total

annual runoff is 8.10 x 10°m> (6.56 x 10°

acre-ft). Thus an average of about 320
Wh of power is produced from each m3 of annual runoff. The average annual
distributions of daily runoff and precipitation are demonstrated in figures 2 and 3,

respectively; other pertinent statistics on each river basin and on the precipitation

stations used in the model are given in table 1.



DESCRIPTION OF THE MODEL

The basic premise on which this streamflow prediction model is based is that
precipitation caught by a sheltered, low-altitude gage is a superior index of total
precipitation in a drainage basin than is precipitation caught by an exposed, high-
altitude gage or measured by snow-survey observation. This obviously is true only
when precipitation occurs in storms that cover large regions. Also, the premise
assumes that basin storage (mostly as snow) can be estimated from the difference
between calculated basin precipitation and observed runoff; and that if total
storage is known, subsequent runoff can be estimated from the direct relationship
that exists between basin storage and runoff. In order to determine the
relationship of gage precipitation to basin precipitation, and that of basin storage
to runoff, statistical linear regressions are made between winter precipitation and
annual runoff. To improve this first estimate of basin storage, a short-season (1-
to 30-day) test prediction is made just before the main prediction season. The
error resulting from this test prediction reveals some added knowledge regarding
the amount of stored water available for runoff. An updating of basin storage is

then made, improving the accuracy of the main prediction of streamflow.

The selection of optimum precipitation stations and of such variables as the length
of test season and starting date of the winter period is accomplished by making
retrospective predictions for a large number of years (15 to 20) prior to the desired

or current prediction.



Three basic equations form the gist of this model:

R*;:/—\S(pW + pt) + BS - RW Rt (1)
R’{:Atl(pw) + Btl - RW (2)
RE=A Py, + Py + By Ry, (3)

where R* = predicted runoff,
R = observed runoff,
p = observed gage precipitation (single or an average of stations),
are predictive coefficients determined by a

and AS, Bs’ A B A, and Bt

1’ Ttl? Tt2 2
linear regression of these variables. The subscripts s, w, and t denote summer (or
prediction), winter and test seasons, respectively (fig. 4). The final predictive

equation is derived from a combination of:

Equation 1 only, (method 1),
Equations | and 2, (method 2),

Equations | and 3, (method 3).

The determination of the combination to be used for a particular forecast is made
on the basis of split-sample predications (the predictive coefficients used are those
determined the previous year) made for at least 15 years. Generally, method 1 is
superior for long-season (several months) predictions made early in the year (for
example, December-July); method 2 for long-season predictions made during the
main snow-melt season (March-May) and for nearly all short-season (less than a

month) predictions; and method 3 is superior for both short— and long—season



predictions made at the end of the season or after the main snow-melt season
(June-July). For operational applications the computer program presented in this
manual is designed to select automatically the prediction from that method which

produced the lowest standard error during the verification period.

The derivation of the predictive equations and a detailed description of the model
are presented by Tangborn and Rasmussen (1976), Tangborn and Rasmussen (1977),
and Tangborn (1977). A recent revision in the basic concept has been the option of
including precipitation in the test-season predictive equation (equation 3 and
method 3). This addition significantly improves prediction accuracy in the late
spring and summer prediction seasons, but it slightly decreases accuracy for earlier
and longer seasons. The computer program is designed to make predictions using
all three methods, and the year-by-year results for each method can be obtained in
an extended output (option 2). Retrospective seasonal forecasts for the 1960-78
period, given as percent of observed runoff, are shown for the three streams in

table 2.



PREDICTION ACCURACY ASSESSMENT

Prediction accuracy for these basins was tested by comparing the errors made in
retrospective "predictions" using data covering 18 years with the standard deviation
from the mean runoff for this 18-year period. Each prediction made from data for
this 18-year period was based only on information collected up to the date on which
the prediction was made; for example, the predictive coefficients used were

obtained from data through the previous year by a splitsampling technique.

The root-mean-square-error (RMSE) of the standard error of prediction is

determined by:

i=1 ! (%)

where E is the error for year i and n is the number of years for which test
predictions were made. The standard deviation (SD) is determined by:

ifn 2 1/2
sp=| i=1 ARy (5)

where A Ri is the deviation of the observed flow from the average flow for the
period of record (n years) under consideration.

The coefficient of prediction (CP), a measure of predictability and of the fraction
of the variance explained by the model, is approximated by:

CP=1-(B—M—5§-)-2 (6)

(SD)?

10



The prediction accuracy, given as CP for all downstream sites, is shown for each
main season in table 5. For the three upstream sites the CP values produced by
daily predictions throughout the December 1 to September 29 season are shown in

figure 5.

The main feature of this method of assessing prediction accuracy is that is gives an
approximate measure of a predictive model's value over the average flow as a
prediction (the standard deviation can be considered an approximation of the error
produced by using only the average flow). Thus, a value for CP near 1.00 indicates
high accuracy, while a zero or negative value signifies that using the historic
average flow as a prediction would be as useful. The earlier the prediction is made
each winter, the less likely a predictive model will give positive values for CP; the
reason for this is that subsequent precipitation is the dominant factor in producing
runoff earlier in the season. There is some limit, less than 1.0, which CP cannot
exceed regardless of how accurately basin storage is known. The maximum value is
determined by both unpredictable precipitation and evaporative losses from the
snowpack during the prediction season. In the computer program CP is designated

as RSQ and its value is given on both output options.

The mean standard error of prediction (MSEP=RMSE/RMEAN) is another
convenient way of illustrating prediction accuracy, particularly if an approximate
measure of the relative mean error is desired (RMEAN is the mean runoff during
the prediction season). The coefficient of variation (CV=SD/RMEAN), a measure of

relative flow variability, is then easily compared with the mean standard error of

11



prediction. As the coefficient of variation is a rough index of the relative mean
error resulting from using the average discharge as a prediction, the difference
between this and the mean standard error of prediction provides another useful

measure of model value and reliability.

LEAP YEAR

A problem arises when it is necessary to form regressions of historic data which
involve leap year. For example, a March 1 prediction with a one day test-season
would encounter sets of runoff and precipitation data with unequal periods of
record (February 29 would appear only once each 4 years) and prediction accuracy
would undoubtedly be impaired. The solution to this dilemma is to place all
February 29 values of both precipitation and runoff into February 28, and thus
eliminate February 29 as a prediction day. The inability to make a prediction on
February 29, when it appears every 4 years, seems to be the only significant effect

of this alteration.

12



OPTIONS TO BE SELECTED BY THE FORECASTER

For a specific prediction day (the date for which the forecaster wishes a
prediction), 7 options that determine prediction season and accuracy need to be
considered. Each of these is discussed in the following sections, and optimum
values to derive maximum accuracy are given for each. It is emphasized that any
of these selections is subject to change from one year to the next, and that a
review of all parameters should be made prior to the December | prediction each

year.

Prediction Season Length

The season for which a runoff prediction is desired can range in length from 1 to
314 days (that is, a December 1-September 30 prediction). It does not need to
follow the prediction day immediately; for example, a May 1-July 31 prediction can
be made on April 25, or on any day previous to May 1 (fig. 4). The slight reduction
in accuracy produced by neglecting these few days is outweighed by the advantages

in flexibility.

Accuracy increases with season length, and a season less than approximately 5 days
long is usually not predictable (CP is equal to or less than zero). However, short-
term predictions are feasible, particularly during the main snowmelt season
(March-June); if they are attempted their accuracy can be judged on the basis of

the CP value.

13



Precipitation Station Selection

Nearly all weather stations operated by the National Weather Service in or near the
three main drainage basins were tested for representativeness of basin precipita-
tion (figure 1). The exceptions were those with long periods of missing or doubtful
records. Monthly rather than daily increments of data were used in the evaluation
because of the large quantity of data to be processed. The testing consisted of
using each precipitation station to make retrospective predictions for the 1960-76 .
period of the main snowmelt seasons (March-July, April-July, and May-July).
Thirty-six stations were initially tested against each of the three drainages that
make up the major snowmelt runoff areas for Tacoma City Light's hydroelectric
development, and only three (Cushman Dam, Kid Valley, and Longmire) were
selected for operational applications (table 3).  Of the 25-year period (1952-76)
used in the evaluation, all the weather stations had missing records of precipita-
tion, ranging from only a few days to several years. Filling in these missing records
was performed by developing a historic relationship with a nearby weather station
(one which also proved to be a good predictor of basin precipitation) and using the
nearby station's record as a base for reconstructing a synthetic precipitation value.
If precipitation observations were not made for several days but the cumulative
value was recorded at the end of the missed period, the same base station was used
to distribute the observed total through the period of lost record. The station
pairings used to reconstruct the record for the three principal precipitation stations

are as follows:

Applied Station Base Station
Cushman Dam Kid Valley
Kid Valley Longview
Longmire Kid Valley

14



The method used to calculate a missing precipitation value was a simple linear
regression between the base and applied station in which the regression line passes

through zero,

ydzcxd,

where c is a ratio of mean precipitation on those years when both stations had

observations of the same day,

Xy = daily value of observed precipitation,

Yq = daily value of calculated precipitation, and

T Yq

Zxd

Precipitation values from the five stations producing the lowest standard error of
prediction (for an average of the three snowmelt seasons) were averaged in
ascending order. For example, daily values from the two lowest error stations were
averaged with a 50 percent weighting for each, the lowest three stations with a
33.3-percent weighting for each, and so forth. The averaged precipitation values
for the stations were then applied to each respective basin in a predictive sense for
the 1960-76 period; the averaged set producing the lowest standard error was used

as the value for the precipitation station for that basin (table 4).

15



Length of Period of Record

Prediction accuracy is strongly influenced by the period of record used to
determine the predictive coefficients. An analysis made for several Sierra Nevada
drainage basins suggests that prediction errors for the 1958-73 period are reduced
by more than 10 percent by beginning the calibration period in 1952 rather than
earlier or later (Tangborn and Rasmussen, 1977).  The cause of this sensitivity is
not known but it is believed to be related to a subtle but progressive change in
climate, manifested by a change in the precipitation-runoff relationship. Prelimi-
nary analysis of the Skokomish, Nisqually, and Cowlitz data indicate that the late
1940Q0's or the early 1950's is the optimum beginning time for application of this
model to western Washington. However, a detailed analysis comparable to that in
the Sierra Nevada is more difficult in this region because many of the precipitation
and runoff stations used in this analysis have records that are too short or have
been moved from their original sites. Also, there are signs that the optimum
starting year is not static but is actually moving forward with time. This suggests
that for optimum accuracy the period of record for coefficient calibration must be
revised each year. A thorough study of this phenomenon is needed but is not within
the scope of this manual. Such a study could easily be the subject of a separate
report by itself. For these reasons all retrospective predictions were based on a

calibration period beginning in 1952 (fig. 8).

16



Date of Beginning of Winter Season

The 13-month hydrologic year used in this model is divided into the winter, test,
and summer (prediction) seasons. The winter season is defined as the period of
each year in which daily values of runoff and precipitation are accumulated to
determine basin storage. The average date on which the winter season begins is a
sensitive parameter in prediction accuracy, as demonstrated by the results for one
of these basins when this date was allowed to range between September ! and
November 30 (fig. 7). As with previous tests, retrospective predictions for the
1960-76 period were used to determine the optimum first day of winter. The dates
which produced the lowest standard error for the three drainage basins, and the
main prediction seasons, are given in table 5. The date varies with prediction day
and there are indications that it also varies from year to year. Further study is
needed to determine whether prediction errors can be significantly reduced by
defining this day each year by some means related to the basin's absolute water
storage. Perhaps a technique that utilizes the optimum beginning date for the test

season could be eventually incorporated into the existing program.

Revising the Prediction with a Test Season

Revising the initial prediction by using an antecedent test season usually reduces
the prediction error. The manner in which this is accomplished can be illustrated
(figs. 9A and 9B) by plotting the initial prediction against test-season errors. The
regression line produced by a fit of these points is then used in subsequent analysis
to estimate a revised prediction by the test-season error. There are two methods

of producing the linear regression line. In the residual method a calibration period

17



is used to form a regression line from residuals; thus it has just one coefficient and
passes through the origin (fig. 9A). If split-sample prediction errors are used
instead of residuals (linearized method), a regression line of the form y = ax + b
results because the average of these errors is not zero and the regression line (fig.
9B) does not pass through the origin. An advantage of the linearized method is
that it makes it possible to reduce the mean prediction error by annually revising
the relationship between test-season and prediction-season errors. The linearized
method also appears to have some climatic implications as it is dependent on the
period of years used for calibration. The disadvantage of the linearized method is
that one degree of freedom is lost because of the added constant. The analysis
made for these drainage basins suggests that the residual method gives the greatest
accuracy when the last 18 years of predictions are considered. The linearized
option is included here because it is related to the length of the calibration period
and will likely be a significant factor when a detailed study of the optimum starting

year is made.

Test-Season Length

The length of the test season (applied just prior to the prediction date) can be a
critical factor in prediction accuracy. After the final precipitation station
averages were selected, each basin was tested (using the station average of daily
precipitation) to find the optimum number of days in a test season to produce the
lowest standard error of predictions made during 1960-76 period. In most instances
for the main snowmelt seasons (March-June to July), a 1 to 3 day season produces
the highest accuracy for all of these drainages. A summary of test-season lengths
determined for all seasons is given in table 5. Results for one basin and three
seasons, when the number of test-season days was allowed to vary between 1 and 52

days, are illustrated in figure 7. 18



The test season operates by disclosing some knowledge of the error in estimating
basin storage (as snow) in the initial determination (equation 1). Underestimating
the amount of snow storage will usually produce a negative error (more runoff
occurs than expected), and vice versa. However, if meteorological conditions
during the test-season were unusual with respect to the effect on runoff, the effect
of snow storage will be overridden. Therefore, a probable improvement in
prediction accuracy would result by including a method to estimate ablation during

the test season, particularly for short-season predictions (1 to 10 days).

19



RELATIONSHIP OF PREDICTIONS BETWEEN SITES

UPSTREAM AND DOWNSTREAM OF RESERVOIRS

Streamflow records collected below a reservoir are subject to sizeable deviations
from natural flow because of regulation by the reservoir and of large fluctuations
in reservoir levels. Adjustments for changes in reservoir content to determine the
natural flow below a reservoir are not always satisfactory because of difficulties in
accurately measuring the total change in reservoir storage; these difficulties are
probably due chiefly to wind effects and bank storage. Because observed stream
discharge is an integral part of the input to this model, accurate records of this
variable are essential. Therefore, it is necessary to utilize the upstream gaging
station data (above each reservoir) to predict more accurately the inflow to the
reservoir. The adjusted streamflow record at the downstream gaging station is
usually not as satisfactory for this purpose. Discharge records are also more easily
and rapidly obtained at upstream sites because adjustments for storage are not

needed.

Comparison tests of prediction accuracy at these below-reservoir sites for the
1960-76 period show that even though the drainage areas for the upper gages
represent only 46 to 74 percent of the total areas, superior runoff predictions are
produced at the downstream gage when data from just the upstream station are
used in the calculations. Disregarding the low-altitude parts of these drainage
basins does not appear to impair prediction accuracy because snow storage (on
which this model bases the predictions) is usually negligible at lower altitudes in
this region. A linear relationship between predicted runoff at the upper gaging

stations and observed runoff at the lower stations was developed for the main
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seasons from 1960-76 predictions. Predictions for the lower gaging stations for
other periods are made by the combination of this relationship and the upstream

predictions, using the following equation:

* ¥ * B (9)
RD = AIRU + 1
* ¥
where R

U is the predicted runoff of an upstream station and RD is the predicted
runoff of the downstream site; A1 and B1 are coefficients determined by a linear

regression fit between predicted upstream and observed downstream runoff.

Linear regressions were also made between the runoff at lower Nisqually River
gage (12-0825) plus that of Mineral Creek (12-0830). These results show that more
accurate predictions for all seasons can be made by disregarding Mineral Creek
runoff in the prediction calculation, even though it is about one-quarter of the total
drainage. Similarily, predictions for the main station on the Cowlitz River (14-
2380, at Mayfield Dam) were made using the combination of the Cowlitz River near
Randle (14-2334) plus Tilton River near Cinnabar (14-2362). More accurate
predictions of station 14-2380 can be made for most seasons when the Tilton River
runoff is not included with that of the main Cowlitz drainage. (See fig. 1 for

locations of these drainages and table 7 for results of these comparisons.)
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Below-reservoir predictions

Predictions of total reservoir inflow are automatically made for the three Tacoma
City Light basins by utilizing the upstream (above-the-reservoir) gaging—station
predictions together with linear coefficients which describe the historic upstream-
downstream relationship of observed seasonal runoff (table 6). The computer
program is designed to select the correct coefficients from the set shown in
table 6, which are read in at the beginning of each run, and to calculate the below-
reservoir predicted runoff, the root-mean-square error, and the 95—percent
confidence-limit prediction. As the only historical runoff data available at these
downstream sites is in monthly increments, it is necessary to have an interpolation
procedure in the program to obtain coefficients for seasons beginning within the
month (e.g., February 15). Only seasons ending on July 31 and September 30 are
shown in table 6; if other season endings are desired, it will be necessary to
determine the upstream-downstream relationship for each of these. The

downstream prediction is calculated by:

(10)

*
where RD = predicted downstream runoff,
*
RU = predicted upstream runoff, and
Az, B2 = linear regression coefficients based on a fit between observed

runoff at both sites, for the 1952-76 period.

Note that equation 10 is slightly different than 9.
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The root-mean-square error for the downstream prediction is given by:

1/2
0:(A§62+€2) , (11)

where g = root-mean-square error of downstream prediction,
A, = slope of regression line (equation 10),
§ = root-mean-square error of upstream prediction,
e = standard error of a linear regression fit between observed upstream

and downstream runoff (equation 10).

The approximate 95 percent confidence limit for the downstream site is given by:
e =R. - 1.6450
R95 =Ry - l.6450 ,
and signifies that there is a 95 percent probability that the observed runoff will
exceed this value. Examples of both upstream and downstream predictions are

shown in Appendices F and G.
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PREDICTION PROCEDURE

Data Preparation

No less than 5 years (25 appears to be optimal) of daily values of streamflow and
precipitation must be stored in a computer-retrievable form in order to make
predictions. These data can be first keypunched onto cards (see format and coding
examples in appendix A), then transcribed as card images onto disk or tape. As
each prediction requires that both precipitation and runoff data be brought up to
date (to the day just before the prediction), some means must be designed to add
recent data to the stored historic record. @A  concatenation technique is
demonstrated in appendix I. Streamflow is recorded as mean daily flow in cubic
feet per second and precipitation is in inches per day (water equivalent). Both are
in the units of collection to avoid conversion errors. Precipitation values are
mailed weekly by each observer (fig. 11), but observations can also be obtained by
phone for mid-week or emergency predictions. Streamflow observations from the
real-time net (station 12-0565, 12-0825, and 14-2334) can be formed into daily
averages for more frequent predictions. However, these temporary daily values
must eventually be replaced by runoff data that have been adjusted for rating shifts

and have had a quality-control review.
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Parameter Selection

Each parameter that affects prediction accuracy is selected by a systematic
process to reduce prediction error. Implementation of this method in other
drainage basins will require detailed testing and analysis. In each of the five
following steps the model is first used to obtain the optimum value, method, or
precipitation station; operational predictions can then be made with the maximum

accuracy. The steps of selection are:

1. Individual precipitation station and the final average to be used for each

basin.

2. Period of record used for calibration.

3.  Beginning date for the winter season.

4.  Test-season length.

5. Residual or linearized method of revising the prediction.
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COMPUTER PROGRAM PREPARATION

Parameter cards

There are 6 parameter cards needed for a single prediction (appendix D). The first
five cards describe basin number and name, precipitation station number and
name(s), beginning and ending years, and the year when retrospective predictions
began (for an evaluation of prediction accuracy). The 6th card sets the prediction,
test and winter seasons, the linear or ratio and the output print options. As many
of the number 6 parameter cards as desired can be included in a single run, thus any
of the options designated on this card can be tested simultaneously to obtain

maximum prediction accuracy.

A listing of the data and of the parameter cards for a sample run are given in

appendix E, and the results of this run in appendix F and G.

Storage and time requirements

The computer program requires approximately 230,000 bytes (8 bits per byte) of
core storage for execution on an IBM 370, computer, Model 155. A single
prediction, including reading all the necessary data and making test-predictions for
15-20 years to determine accuracy, requires a total of approximately 23 seconds of
CPU time. Thus, a prediction made each day from December 1 to September 1
(275 days) would use about 1.75 hours of computer time. Each additional prediction
in the same run (corresponding to each additional number 6 parameter card)

requires approximately 0.23 seconds.

26



REFERENCES

Tangborn, W. V. and Rasmussen, L. A., 1976, Hydrology of the North Cascades
Region, Washington - (part) 2, A proposed hydrometeorological streamflow

prediction method: Water Resources Research, v. 12, no. 2, p. 203-216.

Tangborn, W. V. and Rasmussen, L. A., 1977, Application of a hydrometeorological
model to the South-Central Seirra Nevada of California: U. S. Geological

Survey Journal of Research, v. 5, no. 1, p. 33-48.

Tangborn, W. V., 1977, Application of a new hydrometeorologic streamflow

prediction model: Western Snow Conference, Proceedings, 45th Annual

Meeting, Albuquerque, N.M.

27



Appendix A. Sample precipitation data input (Longmire)
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69-72 Water year
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1976
1976
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‘77-80 Station index no.

Cols.
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6894
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6894



Appendix B.

<———Mean daily discharge,

Sample runoff data input (Nisqually R.)

in cubic feet per second
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252 252 380 303 379 6567 680 645 595 540 47
555 598 620 610 1270 2010 1470 0 0 0
1160 1250 1520 1390 1270 1230 1170 1000 872 1770 680
595 1010 1810 1440 1126 926 800 704 640 620 776
1420 1560 1320 1090 926 1180 0 0 0 0 0
5660 7300 8380 8720 3440 2340 2490 3090 2490 1940 1590
1050 800 850 820 760 720 690 660 640 800 1000
1300 2810 2380 1760 1920 1880 1570 0 0 0 0
1300 1050 900 1500 1350 1100 1100 1300 1100 960 960
800 1400 5280 5060 3010 2170 1660 1300 1100 1050 1000
820 780 1300 1200 1050 984 915 0 0 0 0
870 835 803 742 o671 643 620 593 559 0528 525
605 583 548 720 752 709 637 585 558 556 576
550 500 540 510 480 0 0 0 0 0 0
450 420 400 390 380 370 360 360 370 390 380
364 361 353 366 431 505 503 491 466 246 543
646 595 560 531 434 478 516 0 0 0 0
473 451 448 480 567 710 731 994 1010 1010 1190
951 855 789 690 635 596 574 697 640 614 590
669 622 603 647 757 1040 0 0 0 0 0
1410 1950 1630 1420 1300 1200 1240 1490 1780 1900 1700
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993 937 1140 1090 967 892 809 0 0 0 0
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530 540 545 595 630 605 0 0 0 0 0
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Appendix C.
calculate
o
N [§V]
0 ™
™~ —
» »
© '©
Q Q
2150 -31275.
2.068 =-39716.
2.059 -221730
1.977 -30117.
1.889 -11138.
1.811 -16820.
1.781 -8959,
l.702 -12858.
1.566 1696,
1.429 161,
1.501 1274,
1.382 317.
1.286 -219.
l1.262 858,
l.061 3695,
1.107 7024,
1.015 3685.
10349 -3219.

21-30

cols.

447074,
487650.
372707,
413282,
293267,
333843.
237179.
277755,
188644,
138072.
229219,
178648,

80128,
120704.
33212.
73788,
22472
40576.
18104,

31-40

cols.

22566,
22988,
19061.
20080.
18248,
20223,
16388.
18391.
14497,
10095.
16392,
12235.
6695.
9273.
2687,
5667.
1475,
3485.
1645,

30

. LA

N

intercept (Bo) of linear regression line

41-56

cols.

LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA
LA

GRANDE
GRANDE
GRANDE
GRANDE
GRANDE
GRANDE
GRANDE
GRANDE
GRANDE
GRANDE
GRANDE
GRANDE
GRANDE
GRANDE
GRANDE

Example of card input of upstream-downstream relationship, used to
below-reservoir prediction.

DAM
DAM
DAM
DAM
DAM
DAM
DAM
DAM
DAM
DAM
DAM
DAM
DAM
DAM
DAM

LA GRANDE DAM

LA
LA
LA

GRANDE DAM
GRANDE DAM
GRANDE DAM
GRANDE DAM

77-80

cols.

865
865
865
865
865
865
865
865
865
865
865
865
865
865
865
865
865
865
865

\\\\\& downstream station no.//////

dam above downstream station

standard error of linear regression

between upstream and downstream
runoff (in cfs-days)

average discharge at downstream
station (in cfs-days)

“slope (Ap) of linear regression line
last month (M4) of prediction season
" first month (M3) of prediction season



Appendix » Parameter card descriptions

—_— .

Parameter Card Number 1

Column(s) Name Description
1-15 STREAM Stream name
16-20 NREG Region number, (R.A.).

R.A. = Right adjusted

21-25 NSTA Basin number, (R.A.).
26-35 DRAREA Basin drainage area in square
miles.

Parameter Card 2

Column(s) Name Description
1-5 NPRE Number (4 digit) of precip-

itation station used for
predictions (R.A.).

6-10 NPS Number of precipitation
stations used in averaging
(R.A.).

Parameter Card 3

Column(s) Name Description
1-12 NPSTA Name of 1lst precipitation
station
13-24 " " 2nd "
25-36 " " 3rd "
37-48 " " 4th "
49-60 " " 5th "

31
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Format
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Appendix E. Example of parameter card input (to produce output show in
Appendices F and G).

Ln
ﬁl'
I
— — — — o <t ~
— o o <3 n <
< < < o e c C
£ 1= 1= 1= 1= £ E
> > =3 > > > 35
‘S 'S ‘o 'S 'S s o
(&) (&) (S} o o (SN S
NISQUALLY R ‘ 12 0825 1 ::}3.u T
6894 1
LONGMIRE
52 78
56 60
0CT21 MAY 1 ° MAY 2 JUL31 R 11
0CT21 MAY 1 MAY 2 JUL31 R 12
\ \\ “\
\ \

\ N \output print option
‘test-season length (days)
"Linearized or Residual option
date prediction season ends
"date prediction season begins
date of prediction
“date winter season begins
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Appendix » (cont)

Parameter Card 4

Column(s) Name

1-5 YR1
6-10 YR2
11-15 NCF

Parameter Card 5

Column(s) Name

1-5 YRERR

6-10 YRPRE

Description Format
First year of data 2 digits 15
(R.A.)
Last year of data (2 digits), I5
(R.A.)

Will include prediction statis-
tics for this year if NCF is
zero.

Final year (2 digits)if pre- I5
diction is to be made this

year (all averages, standard
deviation, other computations

are through the previous year only)

Description Format

Mid-year (2 digits), (Linear I5
error accumulation begins
this year). (R.A.)

The year predictions began (2
digits). (The accumulation of
the retrospective standard
error of each prediction begins
this year). (R.A.)
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Appendix O (cont)

Parameter Card Numbers 6 and above

Column(s) Name Description Format
1-3 M1lA Month in which winter season A3

begins (3 letter designation)*

4-5 M1D Day which winter season begins, I2
R.A.
11-13 M2A Month in which prediction is made A3
14-15 M2D Day of prediction, R.A. I2
21-23 M3A Month in which prediction season A3
begins
24=25 M3D Day which prediction season begins 1I2
R.A.
31-33 M4A Month in which prediction season A3
ends
34-35 M4D Day which prediction season end, I2
R.A.
40 NX Linearized or residual method (designated Al
by L or R)
44-45 NI Test-season length (days), R.A. I5
47 IX Output option I2
1 = Final year prediction summary

i

2 Full output; year-by=-year pre-

dictions, winter, test and
prediction season values of
precipitation and runoff, pre-
diction equation coefficients.
*SEP, OCT, NOV, DEC, JAN, FEB, MAR, APR, MAY, JUN, JUL, AUG
As many cards as necessarygiving these parameters can be added.
Each successive card needs only those parameters that are to be
changed. If left blank, the original parameter value will be

retained in all subsequent calculations.

33



Appendix F. Sample run, output print option #1 ‘
BASIN NO 12 825 NISQUALL7 R PRECIP STA NO 6894

DeAe= 133.0 SQUARE MILES AVG OF LONGMIRE
'METHOD 3 2RESIDUAL REVISION PREDICTION DATE MAY 1 1978
“PREDICTION SEASON MAY 2-JUL 31 78 |°PREDICTION 82963. CFS-DAYS
SWINTER SEASON OCT 21-APR 29 LOSTANDARD ERROR 9610. CFS-DAYS
6TEST SEASON LENGTH 1 DAY (S) ¥195% CONF IDENCE 67155. CFS-DAYS
70CT 21-APR 30 PRECIP % OF MEAN 105. LZSTD. DEVIATION | 24294+ CFS-DAYS
50CT 21-APR 30 RUNOFF % OF MEAN 117. :131952-1978 MEAN 93643, CFS-DAYS
14MAY 2-JUL 31 1978 PREDICTED RUNOFF % OF MEAN= 89,
15COEFFICIENT OF PREDICTION SINCE 1960 0.844
DOWNSTREAM STATION 865 LA GRANDE DAM
16pREDICTION= 118320. CFS-DAYS '7% OF MEAN  B87.
185TD ERROR 16943, CFS=DAYS 'MEAN ERROR = 12.4 %
295 g CONFIDENCE 90449, CFS=DAYS
Z1MEAN= 136203, CFS~DAYS
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10.

11.

12.
13.
14.
15.
le.

17.
18.
19.
20.
21.

Appendix F (continued). Explanation for output given by print option #1
Prediction equation which produced the highest CP during the verification
period.

Method used to revise the storage estimate, using a test-season.
Date on which forecast is made.

Season for which forecast is made.

Season in which basin precipitation and runoff is accumulated.
Length of pre-forecast test-season.

Dates of the winter plus test-season precipitation and this year's percent of the
1952-77 average.

Dates of the winter plus test-season runoff and this year's percent of the
1952-77 average.

Predicted runoff for the season given in 4.
The root-mean-square-error for this prediction.

The 95 percent confidence prediction, signifies that there is a 95 percent
probability that the actual runoff will exceed this value.

Standard deviation from the mean runoff for this prediction season.
The average prediction season runoff for the 1952-77 period.

The predicted runoff as a percent of the 1952-77 mean.

The coefficient of prediction (CP) for the 1960-77 verification period.

The predicted runoff for the downstream station below the La Grande Dam
(adjusted for reservoir storage changes).

The downstream runoff prediction as a percent of the average for this season.
The root-mean-square-error for this prediction.

The mean standard error of prediction.

The 95 percent confidence prediction for the downstream station.

The average (1952-77) runoff at the downstream station for the May 2-July 31
prediction season.

36



19°6
2t°eé
95°6
6%°6
oLe
ée*é6
6%°6
9t°6
$9°6
19°6
19°v
Sl°6
99°6
82°01
18°01
et
sL°2t
2v°st
LE* 02

3ASKWY

251~

L8°¢E1
FA Ol O
86°01-
2s°s-
06°El~
8L°9
L6°01
¥0°S-
60°01
2Lst-
6€°2
yi°y
2E° Y-
60° L~
€L°8~
Sy
19°€E
0e°*L
Lec02-
3

NOILVLiIdIJ3dd ¢NOSVY3S 1S3

*98°0

0°€8
6°S9
2°98
€001
g2l
2°v¢L
9°Sy1
seal
6°S8
2°2e
8°SeL
240t
0°08
2°ss
LTl
€E°¥9
1°€L
6°66
0°€L

*aSY

s9°6
8E®6
§9°6
¥S°6
SL°6
BE‘6
95°6
19°6
e
s9°6
0L°8
61°6
0Lcé
€EE®OT
€8°01
ge° 11
982l
29°st1
€L°02
3ISKWY

19°1-

L9°et
St°1-
921t~
18°s-
16°€l~
2L°*9
A
06°y~
1€°01
28°si-
82°e
St°y
SE° -
YE L~
SS°8-
60°y
06°2
29°4L
€L°02-
3

298°0

8°2e
6°S9
6°S8
€°001
g°v2l
2°yL
8°Sv1
9°e2l
1°98
1°28
L°S¢L
2°L01
0°08
6°9%9
S°LTl
8°€9
9°2L
8°66
9°2L

*aSY

NOSV3S 1S34

99°01
45°01
S8°01
€101
€v°01
6l1°01
Ye°ot1
SiL°6
61°01
02°0t
L1°%6
69°6
€001
18°01
9e° o0t
2s° 11
8l €t
Y0°91
1s°22
3Swy

St8°0
ge e~ S¥A &2
02°s €°LL
28°e 8°69

20°61- 2°8¢
22°¢e- 9°201
2e‘el- v°sel
16°L ¥°SL
08°sSt veost
1€°0 8°g2l

L0°01 6°S8

28°91- 1°18
gl1°e- e’ 1L
L8°9 6°601
20°2- €°eze

182t~ S°6S

og*e- 8°eal
it~ 9°9s
€9°2~- L9
9L°2 6°%6

16°22~- 8°0L

3 a5y
NOSV3S 1S31 ON

SAVQ=S4D 0001 NI NOILJIQ3¥d ¢ QOHL3IW TVNAIS3Y

S AvVQ@dO
T AVW 1SV
1€ Inr-2

J3404 0t ¥dV=-0€ ¥d¥ NOSV3S 1S3L
AVW NOSV3S NOILDIQ3Md

9S

GOHL3IW HVINIT HOd4 ¥VIA AINW

2s

€92°0
62°%2
9°¢té6
1°69
0°L9
2°L6
g8°s01
L°8¢e1
¥y°L9
9°+€1l
s*82l
8°Ss¢e
6°L6
yEL
0°€ot
v e0
€°2L
1°9¢21
8°69
L°69
2°26
13 X

SYd
IvnLov

¥v3A 1SHI4
S28 NI

24 uotldo jurud 3ndino ‘und 3|dures

8L61
Li6l
9L61
SiL6l
vi61
€Le6l
aLel
1L61
0L61
6961
8961
1961
9961
S961
v961
€961
2961
1961
0961
YyY3A

62 ¥dV-12 100 NOSVY3S ¥3INIR
9689 NOILVLS NOILVIIHIDOIYd

sve

"9 x| puaddy

37



(NOSV3IS-41S31 40 3JONVIILINIIS) 20SHd= S§92°0 10SY8= 952°0

440NNd = * 96 dId3¥d = €6°8 ISNV3W H3INkNS

0°0 192°0 0°0 092°0 °98561 %902 *se102 6502 °28SEE ‘slee 69°0 0°0 L9%6LT  19°LS 8L61
0°0 892°0 0°o 292°0 ‘ESY9e *9961 °‘991L2 ‘6561 *2L8Y%€E *962t 00° Y 0°0 06°6L S1°se LL61
0°0 T2-A] 0°0 812°0 CLYYEE *8e81 ‘961 %€ coest *6658€ *gaet %0°1 0°0 9.°112 02°8¢L 9L61
0°0 2g2*o 0°0 922°0 ‘sslve ‘EEBl c068%€ ‘9281 *LSEBE *622¢€ 0%°0 0°0 L0°091 6E°E9 sL6t
0°0 LE2°0 0°0 0EC*0 rAZA%Y 6981 *106t€ 2oyl *LISEY *1v1E 90°1 0°0 L6°061 12°L8 vi61
0°0 2g€e*o 0°0 922°0 e AL-1S ‘g181 °9929¢ ‘6081 ‘totLy *160¢ Sv°0 0°o0 gI°yI1 €2°9% [ R
0°o0 g6l°0 0°0 Tel°0 19261 °6802 *90€02 TeLoZ *9€£99¢ g9t 68°0 60°0 00°981 &0°26 2161
0°0 sle*o 0°0 802°0 °1298 *1eLee *L1G6 re9ee *10899¢€ °992¢ €L°0 0°o0 98°9ST €9°9L L6l
0°0 912°0 0°0 602°0 ‘8658 *2Li¢ ‘0026 cL922 ‘o126€ c1eee 16°0 09°0 %2°6€1  01°LS 0L61
0°0 202°0 0°0 L6T1°0 *0EEL *L8ee *2vo8 *182¢2 *v62StE *8LlE 9L°0 0°0 0T°Le1 L0°6S 6961
0°0 0t2*o 0°0 §0<°0 *96.9 *gLle TR 2 *6922 *0629€ *LL2e 8L°0 L1°0 SO°9LT ST 8961
0°0 1o2*o 0°0 s6l*0 ‘BLYY ‘61El ‘9E0S °qree ‘2eeye ‘662t S€°0 0°0 02°6%1 92°89 L1961
0°0 602°0 0°0 202°0 *L89¢€1 *lele YR AA! *v812 *LL92E *22et 19°0 2oco SETEOT 22°9¢ 9961
0°o0 L91°0 0°0 091°0 catett cogle WAL TA ‘LR *ge02€ *8leE L1t ot°o 12°981 %9°%9 9961
0°0 222°0 0°0 S12°0 ‘6208 *geLeé ‘LE88 *6922 *62el€ *TleE 89°0 80°0 Sy EET  90°89 %961
0°0 692°0 0°0 L92°0 *‘9r0L- *eLye *loLG- ‘esve *E€vL0€ *TLEE 09°0 90°0 S9°191 1+°99 €961
0°0 »82°0 0°0 892°0 *19€12- €992 ‘92961~ °2992 *2L682 -1 €L°0 s0°0 16°S%1  06°%S 2961
0°0 %E€E°0 0°0 91E°0 ‘09€E6- ‘esve ‘ElEL- ‘EEYe *19492 *£6€E 2s* 1 L1°0 9€°861 €8°8L 1y6l
0°0 080°0 0°o0 890°0 ‘66101~ *92%e C1SLL- 11 °6609¢2 *GoEt 18°0 0°0 0L°€ELL L1799 0961

SAVOS 4D SAVQSd4D
0001 S3HONI 00017 SIHONI
dId38d H1Im 1S3L dIJd34d ON ¢1S3t 1531 ON g} 1d ny Mmd
234 22 138 12 2} 21v 118 Tiv S8 Sv 1S3y YIINIM uV3IA

SIN31J214430D0 ¥0uY3 SIN3IJI144300 NOILDIQ3Yd
SIN3I1I14430D0 ONV SINGVINVA
S AVQdO 9s GOHL13W HV3INIT HO4 ¥V3A UIwW 2s YV3IA 1SH1d

T AVW LSVI3HO4 0€ HdV=0E ¥dv NOSv3S 1S3 62 Y¥Ydv¥-12 100 NOSV3S H»3INIM
1€ Inr-2 AVW NOSV3S NOIL1D1Q3dd %689 NOILVLIS NOILVLIIHIO3Yd S28 NIsve

24 uotrydo jutud 1ndano ‘unda 3|dues (penuiauod) °9 x1puaddy

38



Appendix G (continued). Explanation of print option #2

NO TEST SEASON =Prediction results without a test-season, Method #1.
TEST SEASON = Prediction results when test-season is used without precipitation.

TEST SEASON, PRECIPITATION = prediction results when test season is used
with precipitation.

RS = observed runoff during the prediction season.
RS* = predicted runoff during the prediction season.

E = prediction error, RS* - RS

g2 \ /2
RSME =root-mean-square-error, o

MEAN = Average prediction season runoff for the calibration plus verification
period.

SD = standard deviation from the mean prediction season runoff.
CV = coefficient of variation of the prediction season mean runoff.

CP = coefficient of prediction for each of the three methods.
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Appendix G (continued). Explanation of output print option #2 (variables and
coefficients)

Annual values

PW = winter season precipitation in inches

RW = winter season runoff in 1000° of cfs-days
PT = test-season precipitation

RT = test-season runoff

AS,BS = slope and intercept of line formed by regression of winter plus summer
season runoff and winter precipitation

AT1,BTI = slope and intercept of line formed by regression of winter plus
test—season runoff and winter precipitation

AT2,BT2 = slope and intercept of line formed by regression of winter plus
test—season runoff and winter plus test-season precipitation

Cl, BEl = slope and intercept of line formed by regression of prediction and
test—season errors (no precipitation in test-season)

C2, BE2 = slope and intercept of line formed by regression of prediction and test-
season errors (precipitation in test-season)

PRECIP = average summer precipitation in inches
RUNOFF = average summer runoff in 1000° of cfs-days

RSQ! = coefficient of determination of linear regression between prediction and
test-season errors (no precipitation in test-season)

RSQ2 = coefficent of determination of linear regression between prediction and
test-season errors (precipitation included in test-season)
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TABLE 4. Accuracy of the three highest stations used in estimating
precipitation and the results of equal weighted averaging
of these stations.

North Fork Skokomish River above Staircase Rapids (12-0565)

Precipitation stations RMSE/MEAN Averages, (RMSE/MEAN)
Name No. Index No.
Cushman Dam 1934 0.187
Kid Valley 4201 .189 1252% 0.158
Aberdeen 0008 .193 1253 .176
Mt. Adams 5659 .211 1254 .170
Merwin Dam 5305 .215 1255 .173

Nisqually River near National (12-0825)

Longmire 6894* 126

Kid Valley 4201 149 1272 0.134
Mayfield Dam 5100 151 1273 137
Snoqualmie Falls 7773 164 1274 41
Merwin Dam 5305 .165 1275 .136

Cowlitz River near Randle (14-2334)

Kid Valley 4201 .168

Longmire 6894 .170 1432* 0.161
Mayfield Dam 5100 177 1433 .162
Longview 4769 .185 1434 157
Toledo 8500 .188 1435 157

*Designates stations used for operational predictions.
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TABLE 5.

Optimum test-season lengths and winter season beginning

dates for the main prediction seasons.

N. Fk. Skokomish R. Nisqually R. Cowlitz R.
(12-0565) (12-0825) (14-2334)
Prediction Test- Start Test- Start Test- Start
season season winter season winter season winter
length season length season length season
(Days) (Date) (Days) (Date) (Days) (Date)
Dec. 1-Sept. 30 25 Oct. 17 29 Oct. 13 31 Oct. 13
Jan. 1-Sept. 30 17 Oct. 17 17 Oct. 19 17 Oct. 19
Feb. 1-Sept. 30 25 Sept. 1 27 Oct. 11 18 Sept. 23
Mar, 1-Sept. 30 27 Sept. 1 3 Oct. 5 17 Sept. 1
Apr. 1-Sept. 30 2 Sept. 1| 1 Oct. 9 3 Sept. 1
May 1-Sept. 30 3 Sept. 21 1 Oct. 21 1 Sept. 15
June 1-Sept. 30 8 Sept. 25 2 Oct. 21 2 Oct. 29
July 1-Sept. 30 21 Oct. 1 6 Oct. 13 1 Nov. 25
Aug. 1-Sept. 30 6 Oct. 15 3 Oct. 13 2 Nov. 21
Sept. 1-Sept. 30 6 Oct. 23 6 Oct. 9 3 Nov. 27
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TABLE 6A.

Main basin North Fork Skokomish River near Hoodsport 12-0575

(1952-76)

Relationship between seasonal streamflow at gaging stations upstream
and downstream from reservoirs.

(adjusted discharge)

Upstream gage North Fork Skokomish River below Staircase Rapids 12-0565
Regression coefficients in cfs-days
Season A B Rz* Mean Standard Error
(12-0575)
Dec. ~ July 436 9700 0.969 232400 7000
Dec. - Sept. .409 12300 0.965 246100 7800
Jan. - July .401 8600 0.970 190200 6500
Jan. - Sept. .376 10600 0.966 203900 7400
Feb. - July .349 6700 0.946 149900 6900
Feb. - Sept. . 318 9400 0.942 163600 7800
Mar. - July 1.267 7800 0.965 119200 5100
Mar. - Sept. .251 9400 0.964 132900 5800
Apr. - July . 147 8700 0.976 92400 3400
Apr. - Sept. 148 9900 0.971 106100 4400
May - July .129 4000 0.978 638900 3000
May - Sept. .137 4900 0.972 82600 4000
June - July .096 2100 0.982 40200 1900
June - Sept. .107 3300 0.974 53900 2900
July - July .056 1100 0.983 15400 900
July - Sept. .087 2500 0.961 29100 2200
Aug. - Sept. .233 300 0.906 13700 1600
Sept. - Sept. <541 -1000 0.922 6400 1100
*R2 = coefficient of determination.
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TABLE 6B. Relationship between seasonal streamflow of gaging stations upstream
and downstream from reservoirs. (1952-76)

Main basin Nisqually River near La Grande 12-0865 (adjusted discharge)

Upstream gage Nisqually River near National 12-0825

Regression coefficients in cfs-days

Season A B Rz* Mean Standard Error
(12-0865)

Dec. - July 2.150 -31300 0.921 447100 22600
Dec. - Sept. 2.068 -39700 0.926 487700 2300
Jan. - July 2.059 -22200 0.931 372700 19100
Jan. - Sept. 1.977 -30100 0.931 413300 20100
Feb. - July 1.889 -11100 0.907 293300 18200
Feb. - Sept. 1.811 -16800 0.899 333800 20200
Mar. - July 1.781 -9000 0.900 237200 16400
Mar. - Sept. 1.702 -12900 0.890 277800 18400
Apr. - July 1.566 1700 0.864 188600 14500
Apr. - Sept. 1.501 1300 0.854 151900 16400
May - July 1.429 200 0.907 138100 10100
May - Sept. 1.382 300 0.893 129000 12200
June - July 1.286 -200 0.911 80100 6700
June - Sept. 1.262 900 0.885 - 120700 9300
July - July 1.061 3700 0.905 33200 2700
July - Sept. 1.107 700 0.839 73800 5700
Aug. - Sept. 1.349 -3200 0.775 40600 3500
Sept. - Sept. 1.744 -6200 0.900 18100 1600
*R2 = coefficient of determination.
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TABLE 6C.

Main basin Cowlitz River at Mossyrock Dam

Upstream gage Cowlitz River near Randle

(1952-76)

14-2348
14-2334

Regression coefficients in cifs-days

Relationship between seasonal streamflow at gaging stations upstream
and downstream from reservoirs.

(adjusted discharge)

Season A B RZ* Mean Standard Error
(14-2348)

Dec. - July 113 15900 0.995 1700400 23700
Dec. - Sept. .108 16800 0.996 1820400 23500
Jan. - July .105 17400 0.996 1464700 20200
Jan. - Sept. .100 17500 0.996 1584600 20300
Feb. - July .097 900 0.994 1224600 20400
Feb. - Sept. .092 9400 0.995 1344600 21000
Mar. - July .079 11500 0.996 1036200 16100
Mar. - Sept. .075 11400 0.996 1156200 16700
Apr. - July .056 17400 0.994 878400 15400
Apr. - Sept. .055 17100 0.995 998400 16000
May - July .057 7200 0.995 695100 13700
May - Sept. .055 700 0.996 815100 14400
June - July .062 -500 0.996 411300 9900
June - Sept. .058 -400 0.996 531200 10700
July - July .051 500 0.995 149700 4400
July - Sept. .046 900 0.997 269700 5300
Aug. - Sept. 044 -100 0.997 1800
Sept. - Sept. .081 -200 0.997 800
*R2 = coefficient of determination.
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TABLE 6D.

Main basin Cowlitz River below Mayfield Dam

Upstream gage Cowlitz River near Randle

(1952-76)

14-2380
14-2334

Regression Coefficients in cfs-days

Relationship between seasonal streamflow at gaging stations upstream
and downstream from reservoirs.

(adjusted discharge)

2%

Season A B R Mean Standard Error
(14-2380)

Dec. - July .337 14100 .988 2037500 43900
Dec. - Sept. 312 34100 .989 2170700 44800
Jan. - July 314 8600 . 1730200 46500
Jan. - Sept. .288 27600 .985 1863400 47800
Feb. - July .283 -8000 .978 1414100 46800
Feb. - Sept. .257 9500 .979 1547300 49400
Mar, - July .228 8300 .979 1174300 41300
Mar. - Sept. .206 23700 .980 1307500 43600
Apr. - July 155 28400 971 970500 38800
Apr. - Sept. 140 42900 972 1103700 41600
May - July 129 8700 .977 743400 31200
May - Sept. JLIS 23100 .978 876600 34600
June - July 125 -1800 .988 434400 17200
June - Sept. .106 11600 .986 567600 21700
July - July .064 5100 .990 156100 6500
July - Sept. .048 20100 .980 289300 13200
Aug. - Sept. .085 8500 .932 133200 8900
Sept. - Sept. .319 -5500 .967 58200 3500
*R2 = coetficient of determination.
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TABLE 7 Comparison of predictions at downstream gaging stations with and
without runoff data from low altitude drainages.
Values are coefficient of prediction (CP) for downstream forecasts.

Nisqually River near La Grande Cowlitz River below Mayfield Dam
(12-0865) (14-2380)
Nisqually River  Nisqually River Cowlitz River Cowlitz River
near National plus Mineral near Randle and Tilton Creek
12-0825 only Creek near 14-2334 only near Cinnabar
Mineral 14-2334 and
12-0825 and 14-2362
Season 12-0830
Dec. - July 0.057 0.000 0.107 .102
Dec. - Sept. .062 .012 .113 .108
Jan. - July .197 .087 .375 .373
Jan. - Sept. .222 <111 .385 .383
Feb. - July 478 440 .505 .508
Feb. - Sept. 513 486 .533 .536
Mar. - July .689 .650 .658 .655
Mar. - Sept. .706 .676 , .671 .669
Apr. - July .663 .633 .657 .652
Aprn - Sept- -700 o676 0689 0685
May - July 748 .682 .738 .730
May - Sept. 758 725 .753 746
June - July .785 .556 645 .627
June - Sept. .780 .638 .668 .653
July - July 425 .193 479 459
July - Sept. .658 SOl .590 574
Aug. - Sept. 471 .532 .532 .529
Sept. - Sept. .534 .593 .280 .287
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1.00

COEFFICIENT OF DETERMINATION
o
o
o

R2

F

FIGURE 7.

0.80

NISQUALLY RIVER
near NATIONAL

12-0825

1 i - i 1 ) l A
10 20 10 20 10 20
SEPTEMBER OCTOBER NOVEMBER

BEGINNING DATE OF WINTER SEASON

FOR AN APRIL-SEPTEMBER PREDICTION

An example of the effect of the beginning winter date

on prediction accuracy
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@s,» SUMMER (APRIL—JULY) SEASON
RESIDUAL, IN MILLIMETERS

€g, SUMMER (APRIL—JULY) SEASON
ERROR, IN MILLIMETERS

INCHES
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. +10
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€t, TEST-SEASON (MARCH) RESIDUAL, IN MILLIMETERS
500 T T T T T Y T T T T T )
LINEARIZED METHOD .
400  (split-sample prediction errors) {15
300 | R?=0575
el=0525¢; + 56 110
200 |-
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-100
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3 110 Y
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FIGURE 9. Graphs demonstrating the relationship between test and 86

prediction season errors, and the linearized and residual

technique of revising the predictions



READ
UPSTREAM —
DOWNSTREAM

RESIDUAL
OR LINEARIZED
METHOD

PARAMETER

CARDS 1-8,
(STATIONS,

RESIDUAL

(READ IN
DAILY PRECIP.

DATA)

LINEARIZED

PARAMETER
CARDS 7

CALL ALPHA
(CONVERT
ALPHA
MONTHS TO
NUMERIC)

START
CALIBRATION

PERIOD

CALL SUM123
(ACCUMULATE
PRECIP. AND

CALL LC
(REGRESS
RUNOFF AND

PRECIP.)

START

PERIOD

VERIFICATION

NO

MAKE ANNUAL

YRPRE TO YR2

END OF
VERIFICATION
PERIOD

YES

PRINT ALL
VERIFICATION

PERIOD
PREDICTIONS

PRINT OPTION

PRINT FINAL

YEAR
PREDICTION

AND
STATISTICS

FIGURE 10.

87

A generalized flow-chart of the HM Model



_ WEATHER OBSERVATIONI

Station’

Daily Readings| '

~Week ending, Fri. .19

_Day/. | PRECIP. TEMP., °F
Daté | Inches Max.. | Min..
Sat.] |

Sun. |

s

Mon.|

ues.|

Time of Observation
" 'Observer”

FIGURE 11. Postal card used by weather station observers to forward

meteorologic data to the forecast office each week-
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EXAMPLE OF CALIBRATION
AND PREDICTION PERIODS

COMPUTER PROGRAM SYMBOLS

YR1 YRERR
l !

L Linear. method
calibration period

calibration period

<Stage 1+~ Stage 2 —=

<——Residual method—

YRPRE YR2

! |

l«—— Verification Period ———

(for split-sample predictions)

i’

1952 1956

1960 1977
YEAR

FIGURE 8. Sketch deronstrating the period of record used in making

split-sample predictions-
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