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Determination of Upstream Boundaries on Western Washington

Streams and Rivers Under the Requirements of the Shoreline

Management Act of 1971

By David L. Kresch

ABSTRACT

Regulation of the shorelines of the State of
Washington, as mandated by the Shoreline Management
Act of 1971, requires a knowledge of the locations on
streams and rivers (upstream boundaries) where specific
regulatory criteria are satisfied. The U.S. Geological
Survey conducted a study in 1971 to determine upstream
boundary points for many of the State's streams. Updated
upstream boundaries were determined in the current study
for all streams and rivers in western Washington that come
under the jurisdiction of the Shoreline Management Act of
1971. Upstream boundary point locations where the mean
annual discharge was 20 cubic feet per second were deter-
mined for 1,613 streams. In addition, upstream boundary
point locations where the mean annual discharge was
1,000 cubic feet per second were determined for 38 rivers
of statewide significance.

Boundary point locations were determined by appli-
cation of regression equations that relate mean annual dis-
charge to drainage area and mean annual precipitation.
Western Washington was divided into seven hydrologi-
cally distinct regions, and a separate regression equation
was developed for each region. The regression equations
are based on data for gaging stations with at least 10 years
of record. The number of stations in the regression analy-
ses for each of the seven regions ranged from 10 to 81, and
the average standard errors of estimate for the resulting
equations ranged from 1.7 to 5.8 cubic feet per second.

Regression equations were also developed to estimate
the distances upstream or downstream from upstream
boundary points to error band boundaries. The indepen-
dent parameters in these equations are the average width
of the drainage basin in the reach where the upstream
boundary point occurs and the mean annual precipitation

averaged over the drainage basin upstream of the bound-
ary point. The number of boundary point sites used in the
regression analyses for each of the seven regions ranged
from 43 to 148, the R2 (coefficient of determination) val-
ues ranged from 0.96 to 0.99, and the standard erro-s
ranged from 7.2 to 12.6 percent.

INTRODUCTION

The Washington State legislature, in 1971, identified
the shorelines of the State as being "among the most valu-
able and fragile of its natural resources” and expressed
great concern regarding their utilization, protection, resto-
ration, and preservation. Therefore, the legislature
enacted the Shoreline Management Act of 1971 (hereafter
referred to either as the Shoreline Management Act or the
Act) and designated the Washington State Department of
Ecology (Ecology) as the agency responsible for regulat-
ing the State's shorelines. The stream and river rea~hes
that come under the jurisdiction of the Shoreline Manage-
ment Act are those where specified regulatory discharges
or drainage basin sizes are exceeded. Therefore, Ecology
needs to know the locations on streams and rivers where
the regulatory criteria are satisfied (upstream boundaries)
to be able to properly carry out the provisions of th= Act.
The Act stipulates that all boundary point locations deter-
mined shall be reviewed at least once every 5 years.

The Act designates separate regulatory criteria for
streams and rivers. For western Washington, the study
area of this report, the Act defines shorelines as stream
reaches where the mean annual discharge exceeds
20 cubic feet per second (ft3/s) and shorelines of statewide
significance as river reaches where the mean annue! dis-
charge exceeds 1,000 ft3/s. The upstream boundar: loca-



tions for both streams and rivers are defined as the points
where the stream or river discharges are equal to the regu-
latory discharges.

Previous Investigation

The U.S. Geological Survey (USGS), in cooperation
with Ecology, conducted a study in 1971 to determine the
upstream boundaries on many streams throughout the
State for which Ecology had regulatory responsibility
(David H. Appel, U.S. Geological Survey, written com-
mun., 1971). However, in 1990, Ecology decided that the
upstream boundaries determined in the 1971 study needed
to be updated for the following reasons.

1. The 1971 study did not include all streams that met
the regulatory criteria.

2. The 1971 study did not determine upstream
boundaries for shorelines of statewide significance.

3. Inthe 1971 study, if the regulatory discharge occurred
upstream of certain political or jurisdictional
boundaries, such as those for national forests, Indian
reservations, and national parks, the Shoreline
Management Act upstream boundary was placed at
the political or jurisdictional boundary.

4. The 1971 study determined upstream boundaries for
the regulatory discharge of 20 ft3/s plus the standard
error of the determining regression equations rather
than for just the regulatory discharge itself, as in the
current study.

5. Two additional decades of streamflow data collected
since 1971 provide improved estimates of long-term
average flow conditions.

Therefore, the USGS, in cooperation with Ecology,
conducted the current study to determine the upstream
boundaries on all streams and rivers in Washington west of
the crest of the Cascade Range that come under the juris-
diction of the Act.

Purpose and Scope

This report presents the results of a study to determine
the upstream boundaries on all streams and rivers in
Washington west of the Cascade Range crest that come
under the jurisdiction of the Shoreline Management Act.
The upstream boundaries, as designated by the Act, are

defined to occur where the mean annual discharge is equal
to a regulatory discharge of either 20 ft3/s (for shorelines)
or 1,000 ft3/s (for shorelines of statewide significance).
The crest of the Cascade Range south of Mount Adams is
defined such that western Washington includes the Wind
River Drainage in Skamania County, but excludes the
Little White Salmon and White Salmon River Drainages
in Skamania and Klickitat Counties. The location of the
study area is shown on figure 1.

The Muddy Fork of the Cispus River, which is the
only stream in Yakima County that flows westward from
the Cascade Range and has a mean annual discharge that
exceeds 20 ft3/s, was omitted from this study. The USGS
and Ecology jointly agreed to include a boundary point
location for the Muddy Fork in a later study, if one is con-
ducted, that would include boundary point locations for all
Yakima County streams that come under the jurisdiction
of the Act.

This report describes the analytical approach used to
determine upstream boundary point locations and the rela-
tive reliability of the results. The coordinates of the
upstream boundary point locations are given in a series cf
tables, and both the boundary point locations and the
drainage boundaries of the basins upstream from them are
shown on three plates.

APPROACH

A direct-measurement approach could not be used in
this study because (1) defining the mean annual flows by
use of stream-gaging records would require continuous
operation of the gages over a period of years, (2) the loca-
tions at which to gage the streams would not be known
beforehand, and (3) the cost of operating the large number
of gages that would be required would be economically
impractical.

The most practical way to determine streamflow at
ungaged sites is by transfer of information developed for
gaged sites. A widely accepted approach uses multi-
ple-linear-regression equations that relate streamflow to
physical and climatic characteristics. The USGS study bv
Appel, in 1971, concluded that basin drainage area and
mean annual precipitation were the only two basin charsc-
teristics required to determine mean annual discharge at
ungaged sites. The regression equations take the form of
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where @ is mean annual discharge, A is basin drainage
area, P is mean annual precipitation averaged over the
basin, and a, b, and ¢ are parameters determined in the
regression analysis. The basin area A and precipitation
P are those for the drainage basin upstream of the point
on the stream or river at which mean annual discharge Q
is desired.

In the 1971 study, the State was divided into 13
hydrologically distinct regions such that streamflow
response was similar throughout each region, This
allowed unique parameters a , b, and ¢ to be determined
for and applied throughout each region. The area of the
current study includes only the seven regions located west
of the Cascade Range crest. The regional boundaries used
in the current study are, at the request of Ecology, the
same ones used in the 1971 study. The locations of the
seven regions are shown on figure 1, and the names used
to identify them in both the 1971 study and this study are
as follows.

Region number Region name

Mount Baker

Sauk to Ruby

Skykomish to Stillaguamish
Olympic Mountains

Puget Sound

Lower Columbia

Mount Adams

NN R W -

The author of the 1971 study considered incorporat-
ing additional independent variables into equation 1,
namely percentage forest cover, mean drainage basin ele-
vation, and January minimum temperature. Other vari-
ables that might also have been used, such as soil type or
the percentage of the drainage basin occupied by lakes and
ponds, were not considered in the 1971 study. However,
the earlier study found that including additional variables
did not significantly improve the accuracy and would have
greatly complicated, if not made totally impractical, the
application of the equation in determining the boundary
points. Using more independent variables in equation 1
would make applying the equation more difficult because
values for each additional variable, many of which are not
readily available, would have to be known for the drainage

basins upstream of the boundary point locations. This dif-
ficulty of application, plus the result of the earlier study
that accuracy was not significantly improved with more
variables, suggests that the use of only basin drainage area
and mean annual precipitation as independent variables in
equation 1 provides satisfactory results.

Furthermore, using only the two independent vari-
ables, A and P, may be partially compensated for by
splitting the State into 13 hydrologically distinct regions.
By specifying different parameters in equation 1 for each
region, different hydrologic responses are implied for the
same basin area and precipitation among the different
regions.

Equation 1 is suitable and practical for computation of
mean annual discharge because the independent variables,
basin area A and mean annual precipitation P , can be
determined from existing maps, publications, and comput-
erized data bases. The basin areas A for selected points
along streams in Washington have been published
(Richardson, 1962; Williams, 1964). The mean annual
precipitation for a given basin area can be approximated
by using a contour map of mean annual precipitation for
Washington.

Mean annual discharges Q from all suitable gag-
ing-station records in each of the seven regions, together
with the associated basin drainage area A and mean
annual precipitation P, were used in regression analyses
to determine the values of the parameters a, b, and c.
Setting @ equal to one of the regulatory discharges (20 or
1,000 ft3/s) results in a relation between basin area and
mean annual precipitation that must be satisfied at the
boundary point (see fig. 2 for a hypothetical example).

Finding the boundary point location along an individ-
ual stream or river first involves selecting a trial point as
an initial estimate of the location. The basin area contril*>-
uting streamflow to that point and the mean annual precip-
itation over the basin are determined and entered into the
appropriate regional regression equation to calculate the
mean annual discharge at that point. This process is then
repeated at upstream or downstream points until the calcu-
lated discharge is within 1 percent of the regulatory dis-
charge (£0.2 ft3/s for shoreline boundaries and £10 ft3/s
for boundaries on shorelines of statewide significance).

ARC/INFO, a geographic information system (GIS)
software package, was used in this study to determine the
basin area and mean annual precipitation corresponding to
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each trial stream or river point selected. The basin area
contributing streamflow to the trial point was obtained by
determining the area within a polygon representing the
drainage boundary of the basin. The mean annual
precipitation over the basin was then determined by
overlaying and intersecting the basin polygon with an
ARC/INFO coverage of mean annual precipitation.

The first step in the development of the ARC/INFO
mean-annual-precipitation coverage was to digitize lines
of equal mean annual precipitation from the best available
such map for the State of Washington. After this was
completed, a grid of point values of mean annual precipi-
tation was generated for use with ARC/INFO in the calcu-
lation of the mean annual precipitation for delineated
basin areas.

A U.S. Weather Bureau precipitation map of
Washington (1965) was used to define the ARC/INFO
mean-annual-precipitation coverage used in this study
(plate 1). That map was developed using data for the
period 1930 to 1957. Data needed for a meaningful update
of that map are probably not available, because most pre-
cipitation gages are at low elevations rather than in the
mountainous areas where the positioning of the lines of
equal precipitation is the least well defined. It should be
noted, however, that the regression itself (equation 1)
compensates for any linear adjustment one might make in
the logarithms of precipitation values. Suppose, for exam-
ple, that adjusted values of precipitation P were deter-
mined that were related to the 1930-57 values by the
equation

p=darP° )
which is equivalent to a linear relation between the
logarithms of the precipitation values. If one supposes

that P should have been used in equation 1, instead of P,
then the regression equation is

0=ar’ ()¢

C
aAb(dPe)
(adc)AbPec

b
= fa Pt . 3)

In equation 3, f, which equals ad® , and g, which
equals ec, are just new constants to be determined in the
regression. Thus, the regression has the same form as
before in terms of precipitation values P from the
1930-t0-1957 map.

The mean annual precipitation corresponding to each
delineated basin area is determined in ARC/INFO by
overlaying and intersecting the basin coverage with the
precipitation coverage to determine which precipitation
points lie within the basin boundaries. The mean annual
precipitation over the basin is then calculated as the aver-
age of those precipitation points.

Because of the large number of shoreline boundar
points that needed to be located in the study area, the pos-
sibility of using the procedure contained in ARC/INFO for
the automatic delineation of drainage basin boundaries
was investigated. The procedure was tested by applying it
to 33 stream basins that had previously been manually
delineated and then digitized. The ARC/INFO automztic
boundary delineation procedure was found not to be reli-
able enough to use for this study. Although 17 of the auto-
matically delineated basins differed from the manually
delineated basins by less than 10 percent, 7 of the remain-
ing 16 differed by between 10 and 20 percent, 4 differed
by between 20 and 50 percent, and 5 differed by more than
50 percent.

DEVELOPMENT OF REGIONAL
REGRESSION EQUATIONS

When gaging stations were selected for use in the
regression analyses, station records that predominantly
span especially wet periods or periods of drought, suct as
those during the 1930's and 1940's, were not used beca‘ise
the regressions are intended to represent average rather
than extreme conditions. Also, records from stations o»er-
ated less than 10 years were not used. In order to provide
good representation in the regressions for the conditions in
each region, streamflow records for all remaining stations,
except those significantly affected by regulation or div=r-
sion, were used.

The use of a common base period, such as 1937-76,
for all gaging-station discharges used in the regression
analyses would be desirable because it would place all
mean annual discharges on a common footing. A common
base period would also provide a period for the computa-
tion of the mean annual discharges that would be most rep-
resentative of long-term conditions. The base period
1937-76 was determined in an earlier report by Kresch
(1994) to span a cycle of below- and above-average pre-
cipitation and streamflow, and was estimated to be rep-e-
sentative of long-term average conditions. However,
using a common base period would greatly complicate the
analysis because few station records span 1937-76, or any



other suitably long, representative period of hydrologic
conditions. To compensate, synthetic records for most sta-
tions would have to be generated by regression on the few
long-term stations spanning such a base period. Use of
these regressions would mean that the mean-annual-dis-
charge regression analyses, equation I, would depend
heavily on just a few long-term stations. Error analyses
would also be greatly complicated by having to account
for the errors of the regressions used to synthesize the
mean annual discharges. Furthermore, even if different
periods of record were used for each gaging station, the
mean annual discharges used to set the values of the
parameters a, b, and ¢ in each regression (equation 1)
would still represent the variety of conditions for each
region. Therefore, it was preferable to use just the actual
period of record available at each station.

The values of mean annual discharge, mean annual
precipitation, and basin drainage area for each of the gag-
ing-station records used to develop the regression equa-
tions for the seven regions included in this study are given
in table 2 (at end of report). Also included in these tables
are summary statistics for each basin characteristic.

Regression equation parameter values for each region
were determined using logarithms of the values of mean
annual discharge, basin drainage area, and mean annual
precipitation for the gaging-station records. The reares-
sion equations determined and descriptive statistics about
them are given in table 1. Average standard errors of esti-
mate for the seven regression equations range from
8.5 percent (region 2) to 29 percent (region 1). The stan-
dard errors, expressed in terms of discharge, range from
1.7 ft3/s to 5.8 ft3/s when the equations are used to esti-
mate 20 ft3/s discharges.

Table 1. Regression equations used for the calculation of mean annual discharge for streams located in western

Washington
Standard error of estimate
Average
(Per- (Cubic
Log cent- feet per Number of
Region Region name Regression equation! units age) second)? stations
1 Mount Baker 0 = 001244 0.125 29 5.8 11
2 Sauk to Ruby 0 = 0.005644%742p"° 0036 85 17 10
. R . 0.923
3 Skykomish to Stillaguamish 0 = 0.01934 0.114 26 5.2 22
4 Olympic Mountains 0 = 00101475 p!Y 0070 16 3.2 34
5 Puget Sound 0 = 0.008084" " p'# 0.087 20 40 81
6 Lower Columbia 0 = 0.009254%77p!# 0.058 13 2.6 48
7 Mount Adams 0 = 0.00754%%7 p' 4 0072 16 3.2 33

IRegression region boundaries are shown on figure |.

2Standard error, in cubic feet per second, if the estimated discharge is 20 cubic feet per second.



DETERMINATION OF UPSTREAM
BOUNDARY POINT LOCATIONS

The steps used to find the boundary point location
along a particular stream or river were as follows.

1. A trial point was selected as an initial estimate of the
location of the boundary point on the stream or river.

2. The drainage-basin boundary upstream of that point
was delineated on a 7.5' topographic quadrangle map.

3. The basin boundary was digitized and entered into the
ARC/INFO system.

4. ARC/INFO programs were used to determine the
basin area contributing streamflow to that point and
the mean annual precipitation over the basin.

5. The basin area and mean annual precipitation were
entered into the appropriate regional regression
equation to determine the mean annual discharge at
the trial point.

6. Steps 1-5 were repeated at upstream or downstream
trial points until the calculated discharge was within
1 percent of the regulatory discharge (0.2 ft3/s for
shoreline boundaries and £10 ft3/s for shoreline of
statewide significance boundaries).

There are two conditions for which the discharge at a
boundary point location may not be equal to a regulatory
discharge. The first is the occurrence of an upstream
boundary at the confluence of two or more tributaries, and
the second is the occurrence of an upstream boundary at
either the inlet or outlet of a lake.

If the individual tributary discharges at the confluence
of two or more tributaries are less than the regulatory dis-
charge and the discharge at the confluence is equal to or
greater than the regulatory discharge, then the upstream
boundary point is placed at the confluence. For example,
if each of two tributary channels have discharges of
19 ft3/s at their confluence, then the upstream boundary
would occur at their confluence, and the discharge at the
boundary would be 38 ft3/s, the sum of the two tributary
discharges. Likewise, if three tributary channels have dis-
charges of 13, 15, and 18 ft3/s at their confluence, the
upstream boundary would be at their confluence, and the
discharge at their confluence would be 46 ft3/s, their com-
bined discharges.

If the discharge from the outlet of a lake is greater
than the regulatory discharge and the discharge of the larg-
est inflow to the lake is less than that discharge, then the
determination of the boundary point location depends on

the nature of the inflow to the lake. If the inflow to the
lake originates from two or more separate channels and
each channel has a discharge of less than the regulatory
discharge, then the upstream boundary is placed at the lake
outlet and the boundary point discharge would be greater
than the regulatory discharge. However, if the inflow to
the lake originates primarily from a single channel, then
the upstream boundary is placed at the lake inlet, and t'>
boundary point discharge would be less than the regula-
tory discharge. For example, the boundary point location
for a lake that has three inflow channels with discharges of
7,13, and 19 ft3/s would be placed at the outlet of the lake,
and the stream discharge at that point would be at least

39 ft3/s—the sum of the three inflow channel discharges.
However, if a lake has only a single primary inflow chan-
nel, with a discharge of 17 ft3/s, then the upstream bound-
ary would be placed at the mouth of that inflow channel,
and the stream discharge at that point would be 17 ft3/s.

Boundary point locations determined on streams or
rivers for which gaging-station records were available
were adjusted, if necessary, on the basis of comparisons
with those records. For example, if the upstream bound-
ary determined by the appropriate regression equation for
a 20 ft3/s point was found to lie either downstream from a
gaging station with a mean annual discharge of more
than 20 ft3/s or upstream from a gaging station with a dis-
charge of less than 20 ft3/s, then the boundary point loca-
tion would need to be adjusted. The adjusted location was
found by calculating an adjusted discharge and then deter-
mining the upstream boundary corresponding to that dis-
charge. The adjusted discharge was obtained by
multiplying the regulatory discharge of either 20 ft3/s o~
1,000 ft3/s by the ratio of the discharge calculated by th=
appropriate regression equation for the gaging-station
basin divided by the published discharge for the basin.

After the boundary point locations were determined
using equation 1, they were given to Ecology. If the
USGS, Ecology, local governments, or others had addi-
tional data that allowed a more accurate determination of
streamflow at or near some of these locations, those
boundary point locations were adjusted, if necessary, to
reflect the additional information.

A total of 1,613 streams were identified in western
Washington that meet the 20 ft3/s regulatory criterion.
The locations of all the upstream boundary points on these
streams and of the drainage boundaries of the basins
upstream from all except three of them are shown
on plates 2 and 3. Latitude-longitude and Universal
Transverse Mercator grid 10 coordinates for the boundery
points are given in table 3 (at end of report). No upstream



boundary points were found on any of the streams in either
Island or San Juan County because none of the streams in
those counties have mean annual discharges that exceed
20 f3/s.

Plates 2 and 3 do not contain drainage basin bound-
aries corresponding to the boundary point locations for
Anderson Creek in Whatcom County that flows into the
southeast end of Lake Whatcom, McAllister Creek in
Thurston County, or Clarks Creek in Pierce County for the
following reasons. No drainage basin boundary is shown
on plate 2 for Anderson Creek in Whatcom County (site
id 3) because the upstream boundary point on that creek
occurs at Mirror Lake, where imported flows from the
Middle Fork Nooksack River, which exceed the regulatory
discharge of 20 ft3/s, are discharged into the creek. No
drainage basin boundary is shown on plate 3 for either
McAllister Creek in Thurston County (site id 7) or Clarks
Creek in Pierce County (site id 10) because the upstream
boundary points on these creeks are both located at springs
that have mean annual discharges of more than 20 {t3/s.
McAllister Creek is fed by McAllister Springs and Clarks
Creek is fed by Maplewood Springs.

A total of 39 upstream boundaries were determined
for 38 rivers of statewide significance in western
Washington. The locations of these boundary points and
the basins upstream from them are shown on plate 4.
Coordinates for these boundary point locations are given
in table 4 (at end of report). The Green River has two
points at which the mean annual discharge is 1,000 ft3/s.
The most upstream of the two boundary points (site id 15)
occurs at gaging station 12105900, which is located about
0.7 mile downstream from Howard A. Hanson Dam. The
diversion of approximately 100 ft3/s from the river,
approximately 3 miles downstream from site id 15, by the
City of Tacoma for municipal water supply, results in the
occurrence of a second point on the river (site id 16) where
the mean annual discharge is 1,000 ft3/s.

Plate 4 does not contain drainage basin boundaries
corresponding to the Skagit River boundary point location
(site id 39) because the regression equation approach was
not used to establish its location. The boundary point was
placed at the Washington—Canadian border on the basis of
the mean annual discharge of Canadian gaging station
Skagit River near Hope (approximately 1,000 ft3/s), which
1s located about 4 miles north of the border. The Skagit
River drainage basin increases by about 30 square miles
between the gage and the border.

ERROR ANALYSES

The accuracy of the regression equations (equation 1)
may be estimated by procedures described by Matalas and
Gilroy (1968) and by Hardison (1971). These proc=dures,
together with the concept of inverse regression (Draper
and Smith, 1981, p. 47 and 125), allow error bands to be
specified in the regression variables of area, A , and pre-
cipitation, P, for a fixed value of 20 or 1,000 ft3/s for the
discharge Q (equation 1). The error bands appear as qua-
dratic curves on the precipitation-area graphs, on either
side of the straight line for the 20 or 1,000 ft3/s relation
(fig. 2).

The locations along a particular stream channe! of the
error band boundaries are at the points where the mean
annual discharge is greater or less than the regulatory dis-
charge by the standard error of estimate of the regrassion
equation. Although the locations of such points co'ld be
determined using the same procedures as used to deter-
mine regulatory discharge upstream boundary point loca-
tions, such an approach would be extremely labor
intensive. Therefore, error band regression equations
were developed that can be used to determine the aoproxi-
mate distance upstream or downstream from any regula-
tory boundary point location to the error band locations.

The error band regression equation for each rezion
was developed using the drainage area and mean annual
precipitation already determined for several trial boundary
point locations within that region. The rationale fo~ calcu-
lating error band distances on the basis of drainage area
and mean annual precipitation at a boundary point and at
an upstream or downstream trial boundary point along a
stream reach is that the rate of change of these variables
along the stream reach is approximately constant.
Because this may not be the case at the upstream bondary
point for a particular stream, the error bands thus deter-
mined are only approximations of the true error bands.

Because the goal of the error band regression analyses
was to develop equations for estimating upstream cr
downstream distances to error band boundaries, the differ-
ence in drainage area between adjacent trial boundary
point locations along a given stream was divided by the
stream distance between them to determine the ave-age
width of the intervening basin. The form of the errc+ band
regression equation thus developed for each region is

D= aW’p’ . (4)



Number of

Standard error boundary

Region number Regression equation R2 (in percent) point sites
1 D= 402(W)"106(P)“1'27 0.98 11.4 43
2 D = 755(W)“"O4(P)"1‘62 0.98 11.7 68
3 D= 673(W)""02(P)—1'53 0.98 9.7 98
4 D= 399(W)"'01 (P)"MO 0.98 8.9 148
5 D =18%0w BT 0.97 12,6 82
6 D = 472(W)"‘Ol (P)’l's3 0.99 7.2 63
7 D= 1,260(W)'l'0] (P)_"64 0.96 10.3 56

where D is the distance upstream or downstream to the
error band boundaries from the upstream boundary point
for a regulatory discharge, W is the average width of the
drainage basin in the reach where the upstream boundary
point occurs, P is the mean annual precipitation over the
drainage basin upstream of the upstream boundary point,
and a, b, and ¢ are parameters determined in the regression
analysis. The regression equations thus developed are as
follows.

The R2 (coefficient of determination) value shown for
each equation gives the proportion of the variation in D
that is explained by the regression equation. The upstream
and downstream distance from a boundary point location
to the error band locations for a particular stream may be
determined by application of the appropriate regression
equation for the region in which the stream is located.

The use of the error band regression equations to cal-
culate upstream and downstream distances to error band
boundaries is applicable, as stated previously, only to
stream reaches in which drainage area and precipitation
change approximately uniformly along the reach. Conse-
quently, these equations would not usually be applicable
for upstream boundary points located at the confluence of
two or more tributaries where there may be an abrupt
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increase in drainage area at the point of confluence.
Although the equations should not be used to calculate
error band distances for upstream boundaries located at
the confluence of two or more tributaries, they may b=
used to bracket the maximum probable error band dis-
tances. Actual error band distances in this case would be
expected to be less than those determined by the use of the
regression equations, and they would be expected to be
inversely proportional to the discharge at the upstream
boundary point.

SUMMARY

The Washington State Department of Ecology
(Ecology) is responsible for regulation of the shorelines of
the State, as mandated by the Shoreline Management Act
of 1971. Implementation of the portion of the Act that
deals with stream and river shorelines requires a knowl-
edge of the locations of upstream boundaries where spe-
cific regulatory criteria are satisfied. The Act further
stipulates that these upstream boundary locations shall be
reviewed at least once every 5 years.



The U.S. Geological Survey, in cooperation with
Ecology, conducted a study in 1971 to determine the
upstream boundaries for many of the stream reaches
within the State. The current study, also done in coopera-
tion with Ecology, was conducted to update the previous
study. Results of the previous study were updated because
in that study the determination of boundaries for streams
located within certain political boundaries and for rivers of
statewide significance was omitted, because the regulatory
discharge plus the standard error of the regression was
used to determine boundary locations, and because the two
additional decades of streamflow data that have been col-
lected since 1971 provide improved estimates of
long-term average flow conditions. The current study
includes only the streams and rivers in western
Washington.

Upstream boundary point locations where the mean
annual discharge was 20 cubic feet per second (ft 3/s) were
determined for 1,613 streams. In addition, upstream
boundary point locations where the mean annual discharge
was [,000 ft3/s were determined for 38 rivers of statewide
significance. Boundary point locations were determined
by application of multiple-linear-regression equations
that relate mean annual discharge to basin drainage area
and mean annual precipitation averaged over the basin.
Western Washington was divided into seven hydrologi-
cally distinct regions, and a separate regression equation
was developed for each region. The regression equations
are based on data for gaging stations with at least 10 years
of record. The number of stations in the regression analy-
ses for the seven regions ranged from 10 to 81, and the
standard errors of estimate for the resulting equations
ranged from 1.7 ft3/s to 5.8 ft3/s.

Drainage area sizes were determined by digitizing
drainage-area boundaries from 7.5’ topographic maps into
geographic information system (GIS) coverages. A GIS
coverage of mean annual precipitation, created by digitiz-
ing lines of mean annual precipitation from a 1965 U.S.
Weather Bureau map was used to determine the mean
annual precipitation, within each digitized drainage basin.

Error band regression equations were developed that
relate distances upstream or downstream between
upstream boundary points and error band boundaries to
the average width of the drainage basin in the reach where
the boundary point occurs and to the mean annual precipi-
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tation over the drainage basin upstream of the boundary
point. The values used in the regression analyses wzre
those for basins in which drainage area and precipitation
were determined for trial points prior to being determined
for the final upstream boundary points. The number of
boundary point sites used in the regression analyses for the
seven regions ranged from 43 to 148, the R2 values ranged
from 0.96 to 0.99, and the standard errors ranged frcm 7.2
to 12.6 percent.
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Table 2. Gaging-station records used in the development of the regression equations for the seven hydrologic regions
in western Washngton

Mean annual Drainage

discharge Mean annual area
Station (cubic feet precipitation (square
number Station name per second) (inches) miles)

Mount Baker Region

12177500 Stetattle Creek near Newhalem 185 92.95 22.5
12191800 Sulphur Creek near Concrete 45.0 130.86 8.13
12193500 Baker River at Concrete 2,649 121.15 297
12196000 Alder Creek near Hamilton 355 63.42 10.6
12197700 Wiseman Creek near Lyman 13.3 62.17 3.45
12201500 Samish River near Burlington 243 50.24 86.9
12205000 North Fork Nooksack River near Wickersham 775 105.05 105
12209000 South Fork Nooksack River near Wickersham 738 92.57 102
12209500 Skookum Creek near Wickersham 135 96.47 23.1
12210500 Nooksack River at Deming 3,328 89.88 583
12212000 Fishtrap Creek at Lynden 37.8 51.94 23.6
Maximum 3,328 130.86 583
Minimum 13.3 50.24 3.45
Mean 744 86.97 115
Median 185 92.57 23.6
Ruby Region
12174000 Ruby Creek near Newhalem 611 79.19 212
12175500 Thunder Creek near Newhalem 612 128.29 106
12176000 Thunder Creek near Marblemount 651 124.87 115
12178100 Newhalem Creek near Newhalem 174 120.22 26.8
12182500 Cascade River at Marblemount 1,031 124.16 172
12186000 Sauk R abv White Chuck River near Darrington 1,134 142.90 154
12187500 Sauk River at Darrington 1,984 134.43 294
12188400 Suiattle River above Big Creek near Darrington 1,794 132.17 307
12189000 Suiattle River near Mansford 1,750 130.80 335
12189500 Sauk River near Sauk 4,338 127.23 716
Maximum 4,338 142.90 716
Minimum 174 79.19 26.8
Mean 1,408 12443 244
Median 1,082 127.76 192

Skykomish to Stillaguamish Region

12133000 South Fork Skykomish River near Index 2,437 124.54 358
12134000 North Fork Skykomish River at Index 1209 141.73 145
12134500 Skykomish River near Gold Bar 3,924 127.16 535
12135000 Wallace River at Gold Bar 166 80.09 18.9
12137500 Sultan River near Startup 795 115.85 74.2
12141000 Woods Creek near Monroe 155 49.24 56.4
12147500 North Fork Tolt River near Carnation 357 98.35 399
12147600 South Fork Tolt River near Index 55.7 129.69 5.26
12148000 South Fork Tolt River near Carnation 198 112.99 19.8
12148500 Tolt River near Carnation 609 95.31 81.4
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Table 2. Gaging-station records used in the development of the regression equations for the seven hydrologic regions
in western Washngton--Continued

Mean annual Drainage

discharge Mean annual area
Station (cubic feet precipitation (square
number Station name per second) (inches) miles)

Skykomish to Stillaguamish Region--Continued

12152500 Pilchuck River near Granite Falls 344 65.20 524
12153000 Little Pilchuck River near Lake Stevens 31.0 42.98 17.0
12157000 Quilceda Creek near Marysville 25.2 39.08 15.5
12161000 South Fork Stillaguamish River near Granite Falls 1,071 102.41 119
12162500 Sough Fork Stillaguamish River above
Jim Creek near Arlington 1,592 91.30 199
12164000 Jim Creek near Arlington 206 66.62 46.2
12165000 Squire Creek near Darrington 186 92.80 19.9
12166500 Deer Creek near Oso 494 90.19 65.8
12167000 North Fork Stillaguamish River nr Arlington 1,899 83.19 261
12168500 Pilchuck River near Bryant 281 64.00 520
12196500 Day Creek near Lyman 268 77.47 342
12199800 East Fork Nookachamps Creek near Big Lake 239 69.47 3.56
Maximum 3924 141.73 535
Minimum 239 39.08 3.56
Mean 742 89.08 101
Median 312 90.74 522

Olympic Mountains Region

12034200 East Fork Satsop River near Elma 374 102.03 66.4
12035000 Satsop River near Satsop 2009 110.75 299
12035400 Wynoochee River near Grisdale 518 201.53 41.0
12035450 Big Creek near Grisdale 112 175.04 9.25
12035500 Wynoochee River at Oxbow near Aberdeen 771 186.49 70.1
12036000 Wynoochee River above Save Creek near Aberdeen 821 184.65 73.5
12036650 Anderson Creek near Montesano 14.5 96.78 2.74
12039000 Humptulips River near Humptulips - 1337 156.64 130
12039300 North Fork Quinault River near Amanda Park 874 204.62 74.4
12039500 Quinault River at Quinault Lake 2,833 186.70 265
12040000 Clearwater River near Clearwater 1,176 133.00 141
12040500 Queets River near Clearwater 4,224 151.34 445
12041000 Hoh River near Forks (Spruce) 2,028 171.02 207
12041200 Hoh River at U.S. Highway 101, near Forks 2,511 163.24 253
12041500 Soleduck River near Fairholm 621 98.58 83.9
12043100 Dickey River near La Push 528 101.38 86.2
12043163 Sooes River below Miller Creek near Ozette 202 104.19 321
12043300 Hoko River near Sekiu 408 123.83 51.2
12043430 East Twin River near Pysht 64.7 84.88 14.0
12044000 Lyre River at Piedmont 218 90.58 48.7
12045500 Elwha R at McDonald Bridge, near Port Angeles 1,500 117.37 268
12047300 Morse Creek near Port Angeles 134 57.89 46.8
12047500 Siebert Creek near Port Angeles 17.1 39.46 15.6
12048000 Dungeness River near Sequim 386 63.22 156
12050500 Snow Creek near Maynard 16.2 39.87 11.1
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Table 2. Gaging-station records used in the development of the regression equations for the seven hydrologic regions
in western Washngton--Continued

Mean annual Drainage

discharge Mean annual area
Station (cubic feet precipitation (square
number Station name per second) (inches) miles)

Olympic Mountains Region--Continued

12053000 Dosewallips River near Brinnon 445 93.64 93.4
12054000 Duckabush River near Brinnon 414 108.40 66.1
12054500 Hamma Hamma River near Eldon 364 108.40 51.6
12054600 Jefferson Creek near Eldon 152 100.09 21.5
12056500 North Fork Skokomish River below
Staircase Rapids near Hoodsport 504 160.76 56.2
12057500 North Fork Skokomish River near Hoodsport 763 144.61 92.7
12060000 South Fork Skokomish River near Potlatch 603 141.53 63.4
12060500 South Fork Skokomish River near Union 742 136.93 76.2
12076500 Goldsborough Creek near Shelton 116 88.18 39.0
Maximum 4,224 204.62 445
Minimum 14.5 39.46 2.74
Mean 818 124.34 102
Median 511 114.06 68.2

Puget Sound Region

12063000 Union River near Bremerton 12.2 56.10 3.19
12063500 Union River near Belfair 54.7 58.83 19.8
12065500 Gold Creek near Bremerton 5.83 58.19 1.50
12066000 Tahuya River (Creek) near Bremerton 22.3 58.76 5.98
12067500 Tahuya River (Creek) near Belfair 48.4 59.47 15.0
12068500 Dewatto River (Creek) near Dewatto 70.6 60.60 18.7
12069550 Big Beef Creek near Seabeck 37.9 5543 13.8
12070000 Dogfish Creek near Poulsbo 8.95 35.40 497
12072000 Chico Creek near Bremerton 35.9 52.58 15.3
12073500 Huge Creek near Wauna 11.0 53.42 6.46
12078400 Kennedy Creek near Kamliche 61.3 60.00 17.3
12079000 Deschutes River near Rainier 266 61.22 91.0
12082500 Nisqually River near National 768 96.41 133
12083000 Mineral Creek near Mineral 369 97.75 75.2
12084000 Nisqually River near Alder 1,158 93.50 250
12084500 Little Nisqually River near Alder 118 80.59 27.7
12086500 Nisqually River at La Grande 1,428 90.35 292
12087000 Mashel River near La Grande 232 70.04 813
12088000 Ohop Creek near Eatonville 67.0 56.84 34.7
12088400 Nisqually River above Powell Creek near McKenna 1,888 81.43 432
12088500 Nisqually River near McKenna 1,794 80.50 445
12090200 Muck Creek at Roy 64.0 40.21 86.6
12092000 Puyallup River near Electron 524 105.11 932
12093000 Kapowsin Creek near Kapowsin 49.7 55.11 26.0
12093500 Puyallup River near Orting 707 83.92 170
12094000 Carbon River near Fairfax 427 91.35 78.9
12095000 South Prairie Creek at South Prairie 240 63.24 79.5
12096500 Puyallup River at Alderton 1,632 72.86 438
12097000 White River at Greenwater 863 82.62 215

14



Table 2. Gaging-station records used in the development of the regression equations for the seven hydrologic regions
in western Washngton--Continued

Mean annual Drainage

discharge Mean annual area
Station (cubic feet precipitation (square
number Station name per second) (inches) miles)

Puget Sound Region--Continued

12097500 Greenwater River at Greenwater 211 91.85 73.3
12098500 White River near Buckley 1,432 80.76 402
12099600 Boise Creek at Buckley 324 61.18 15.5
12101500 Puyallup River at Puyallup 3,337 7332 949
12103400 Green River below intake Creek near Lester 128 95.64 347
12103500 Snow Creek near Lester 68.9 97.98 11.6
12104000 Friday Creek near Lester 27.1 83.00 4.67
12104500 Green River near Lester 383 88.78 96.3
12104700 Green Canyon Creek near Lester 125 71.81 3.27
12105000 Smay Creek near Lester 51.0 95.40 8.48
12105500 Charley Creek near Eagle Gorge 72.4 88.46 10.6
12105710 North Fork Green River near Lemolo 86.2 98.96 16.6
12105900 Green River below Howard A. Hanson Reservoir 1,006 87.72 221
12106000 Bear Creek near Eagle Gorge 25.7 89.95 4.08
12106500 Green River near Palmer 1,094 87.77 227
12108500 Newaukum Creek near Black Diamond 60.4 53.02 274
12112500 Big Soos Creek near Auburn 117 47.52 59.2
12112600 Big Soos Creek above Hatchery near Auburn 125 47.27 66.6
12113500 North Fork Cedar River near Lester 71.1 117.57 9.24
12114000 South Fork Cedar River near Lester 37.1 110.20 6.06
12114500 Cedar River below Bear Creek, near Cedar Falls 166 116.41 25.3
12115000 Cedar River near Cedar Falls 261 116.87 40.7
12115500 Rex River near Cedar Falls 103 116.02 13.4
12116500 Cedar River at Cedar Falls 320 112.06 84.2
12117000 Taylor Creek near Selleck 97.6 92.31 17.3
12117500 Cedar River near Landsburg 691 103.11 122
12120000 Mercer Creek near Bellevue 22.3 45.14 12.2
12120500 Juanita Creek near Kirkland 11.1 40.98 6.68
12121000 Issaquah Creek near Issaquah 69.6 62.83 27.0
12121600 Issaquah Creek near Issaquah 135 62.40 56.8
12122500 Bear Creek near Redmond 26.6 44,61 14.0
12124000 Evans Creek above Mouth near Redmond 22.6 45.01 129
12125000 Sammamish River near Redmond 287 51.87 150
12125200 Sammamish River near Woodinville 313 51.87 158
12126000 North Creek near Bothell 364 37.74 24.6
12126500 Sammamish River at Bothell 365 48.41 212
12127100 Swamp Creek at Kenmore 339 36.77 23.1
12127600 McAleer Creek at Lake Forest Park 14.9 3592 7.81
12141300 Middle Fork Snoqualmie River near Tanner 1,237 134.56 154
12141500 Middle Fork Snoqualmie River near North Bend 1,176 130.34 168
12142000 North Fork Snoqualmie River near Snoqualmie Falls 496 125.22 64.0
12143000 North Fork Snoqualmie River near North Bend 700 116.83 95.7
12143400 South Fork Snoqualmie River above Alice Cr nr Garcia 299 118.20 41.6
12144500 Snoqualmie River near Snoqualmie 2,581 116.82 378
12145500 Raging River near Fall City 134 77.09 30.5
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Table 2. Gaging-station records used in the development of the regression equations for the seven hydrologic region®
in western Washngton--Continued

Mean annual Drainage
discharge Mean annual area
Station (cubic feet precipitation (square
number Station name per second) (inches) miles)
Puget Sound Region--Continued
12146000  Patterson Creek near Fall City 32.2 46.64 15.3
12147000 Griffin Creek near Camation (Tolt) 41.1 54.65 17.1
12147500 North Fork Tolt River near Carnation 357 98.35 399
12147600 South Fork Tolt River near Index 55.7 129.69 5.26
12148000 South Fork Tolt River near Carnation 198 112.99 19.8
12148500 Tolt River near Carnation 609 95.31 81.4
12149000 Snoqualmie River near Carnation 3,733 100.35 603
Maximum 3,733 134.56 949
Minimum 5.83 35.40 1.50
Mean 444 78.49 101
Median 125 80.59 34.7
Lower Columbia Region
12010000 Naselle River near Naselle 427 109.41 54.9
12010500 Salmon Creek near Naselle 114 99.68 16.7
12010700 South Fork Naselle River near Naselle 131 101.00 17.9
12011000 North Nemah River near South Bend 117 112.31 18.1
12011200 Williams Creek near South Bend 63.8 112.05 9.45
12011500 Willapa River at Lebam 193 82.57 417
12012000 Fork Creek near Lebam 143 93.81 20.3
12013500 Willapa River near Willapa 634 85.47 130
12014500 South Fork Willapa River near Raymond 165 97.15 27.8
12015100 Clearwater Creek near Raymond 23.7 93.16 3.96
12015500 North River near Brooklyn 112 73.04 29.7
12017000 North River near Raymond 966 83.88 218
12020000 Chehalis River near Doty 570 93.09 113
12020900 South Fork Chehalis River near Boistfort 175 79.12 449
12021000 South Fork Chehalis River at Boistfort 198 78.73 48.0
12024000 South Fork Newaukum River near Onalaska 200 68.91 424
12025000 Newaukum River near Chehalis 494 57.56 155
12025700 Skookumchuck River near Vail 198 72.22 39.8
12026000 Skookumchuck River near Centralia 247 68.32 61.4
12026150 Skookumchuck R blw Bloody Run Creek 258 67.70 65.6
near Centralia
12027500 Chehalis River near Grand Mound 2,798 63.26 894
12030000 Rock Creek near Cedarville 89.0 61.29 247
12031000 Chehalis River at Porter 4,094 60.48 1,290
12032500 Cloquallum River (Creek) near Elma 274 72.16 64.7
14143500 Washougal River near Washougal 873 100.01 106
14212000 Salmon Creek near Battleground 62.6 69.98 18.1
14219000 Canyon Creek near Amboy 424 103.39 64.9
14219800 Speelyai Creek near Cougar 103 101.80 12.6
14221500 Cedar Creek near Ariel 169 77.27 40.8
14222500 East Fork Lewis River near Heisson 743 92.48 126
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Table 2. Gaging-station records used in the development of the regression equations for the seven hydrologic regions
in western Washngton--Continued

Mean annual Drainaze
discharge Mean annual area
Station (cubic feet precipitation (square
number Station name per second) (inches) miles)
Lower Columbia Region--Continued
14223000 Kalama River near Kalama 1,090 95.22 177
14223500 Kalama River below Italian Creek near Kalama 1,263 91.65 198
14235500 West Fork Tilton River near Morton 120 86.96 16.7
14236200 Tilton River above Canyon Creek, near Cinebar 830 84.34 140
14236500 Tilton River near Cinebar 927 83.32 156
14237000 Klickitat Creek at Mossyrock 9.80 59.93 3.30
14237500 Winston Creek near Silver Creek 116 60.63 379
14239000 Salmon Creek near Toledo 155 52.27 71.4
14240800 Green River above Beaver Creek near Kid Valley 497 75.20 124
14241100 North Fork Toutle River at Kid Valley 1,265 83.96 283
14241500 South Fork Toutle River at Toutle 616 95.73 120
14242500 Toutle River near Silver Lake 2,056 83.40 477
14243500 Delameter Creek near Castle Rock 91.3 65.30 19.5
14245000 Coweeman River near Kelso 427 73.63 118
14247500 Elochoman River near Cathlamet 375 90.89 65.3
14248200 Jim Crow Creek near Grays Harbor 33.6 90.56 5.49
14249000 Grays River above South Fork Grays River 344 116.57 39.8
14250500 West Fork Grays River near Grays River 127 116.15 15.7
Maximum 4,094 116.57 1,290
Minimum 9.80 52.27 3.30
Mean 529 84.10 122
Median 224 83.92 51.4
Mount Adams Region
14107000 Klickitat River above West Fork near Glenwood 330 57.30 152
14110000 Klickitat River near Glenwood 841 55.95 358
14112000 Little Klickitat River near Goldendale 60.1 31.62 834
14112500 Little Klickitat River near Wahkiacus 174 26.27 281
14113000 Klickitat River near Pitt 1,617 39.63 1300
14121300 White Salmon River below Cascades Cr nr Trout Lake 152 104.87 324
14121500 Trout Lake Creek near Trout Lake 264 79.02 69.0
14123000 White Salmon River at Husum 980 71.05 294
14123500 White Salmon River near Underwood 1,114 65.95 384
14124500 Little White Salmon River at Willard 450 74.36 113
14125000 Little White Salmon R abv Lapham Creek near Willard 526 74.16 116
14125500 Little White Salmon River near Cook 547 72.28 134
14127000 Wind River above Trout Creek near Carson 579 103.42 109
14128500 Wind River near Carson 1,199 98.85 224
14213200 Lewis River near Trout Lake 697 106.21 127
14213500 Big Creek below Skookum Meadow near Trout Lake 59.9 97.13 13.3
14214000 Rush Creek above Meadow Creek near Trout Lake 234 85.09 5.89
14214500 Meadow Cr blw Lone Butte Meadow nr Trout Lake 94.4 92.00 11.7
14215000 Rush Creek above Falls near Cougar 170 90.08 26.1
14215500 Curly Creek near Cougar 61.0 94.38 11.7
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Table 2. Gaging-station records used in the development of the regression equations for the seven hydrologic regions
in western Washngton--Continued

Mean annual Drainage

discharge Mean annual area
Station (cubic feet precipitation (square
number Station name per second) (inches) miles)

Mount Adams Region--Continued

14216000 Lewis River above Muddy River near Cougar 1,273 104.22 225
14216500 Muddy River below Clear Creek, near Cougar 859 119.06 132
14216800 Pine Creek near Cougar 192 130.67 224
14217500 Swift Creek near Cougar 201 132.69 27.4
14218000 Lewis River near Cougar 2,888 113.84 484
14219500 Lewis River near Amboy 4,030 112.77 668
14224500 Clear Fork Cowlitz River near Packwood (Lewis) 237 97.38 54.9
14225500 Lake Creek near Packwood 101 105.52 19.1
14226500 Cowlitz River near Packwood 1,598 94.70 282
14230000 Johnson Creek near Packwood 201 102.54 497
14232500 Cispus River near Randle 1,327 83.98 322
14233400 Cowilitz River near Randle 4,868 86.38 1,030
14233500 Cowlitz River near Kosmos 4,999 86.31 1,030
Maximum 4,999 132.69 1,300
Minimum 23.4 26.27 5.89
Mean 991 87.57 248
Median 526 92.00 127
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Table 3. Upstream shoreline boundary points, as defined in the Shoreline Management Act of 1971, that are located
on streams in 17 counties in western Washington

Universal Mercator

