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CONVERSION FACTORS

[SI = International System of units, a modernized metric system of measurement]

Multlply By To obtain
A. Factors for converting SI metric units to inch/pound units
Length
centimeter (cm) 0.3937 inch (in)
millimeter (mm) 0.03937 inch
meter (m) 3.281 foot (ft)
1.094 yard (yd)
Volume
milliliter (mL) 0.001057 quart (qt)
liter (L) 1.057 quart
liter 0.2642 gallon (gal)
Mass
gram (g) 0.03527 ounce (0z avoirdupois)
kilogram (kg) 2.205 pound (Ib avoirdupois)
Temperature
degree Celsius (°C) Temp degree F = 1.8 (Temp degree C) + 32 degree Fahrenheit (°F)

B. Factor for converting inch/pound units to SI metric units.

cubic foot per second (f/s)
acre

Volume per unit time (flow)

0.02832
4,047

C. Factors for converting SI metric units to other miscellaneous units

milligrams per liter (mg/L)
nanograms per liter (ng/L)
nanograms per liter

micrograms per kilogram (ug/kg)
micrograms per kilogram (ug/kg)

micrograms per gram (ug/g)

Concentration, in water

1
1
0.000001

Concentration, in bed sediment

1
0.001

Concentration, in tissue

1

meter per second (m3/s)
cubic meter (m3)

parts per million (ppm)
parts per trillion (ppt)
parts per million

parts per billion (ppb)
parts per million

parts per million

Electrical conductivity is measured as specific electrical conductance, in units of microsiemens per centimeter (uS/cm) at 25 degrees

Celsius.
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Dissolved Oxygen in the Tualatin River, Oregon,
during Winter Flow Conditions, 1991 and 1992

By Valerie J. Kelly

Abstract

During the winter season, defined as
November 1 to April 30, four wastewater treat-
ment plants in the Tualatin River Basin discharge
about 10,000 to 15,000 pounds per day of bio-
chemical oxygen demand, both carbonaceous
and nitrogenous, to the river. These loads often
increase substantially during storms when stream-
flow is also increased. Another issue concerns the
discharge of about 2,000 pounds per day of
ammonia from the treatment plants during the
early winter season, when streamflow is fre-
quently less than the average winter flow. This
study focused on the capacity of the river to
assimilate oxygen-demanding loads under winter
streamflow conditions during the 1992 water year,
with an emphasis on peak-flow conditions in the
river, as well as winter base-flow conditions
during November 1992.

Concentrations of dissolved oxygen
throughout the main stem during the winter
remained high relative to the State standard for
Oregon of 6 milligrams per liter, except during
periods of streamflow less than 500 cubic feet per
second and temperatures greater than 10 degrees
Celsius (°C). The most important factors control-
ling oxygen consumption during winter low-flow
conditions (streamflow from 500 to 2,000 cubic
feet per second) were carbonaceous biochemical
oxygen demand from wastewater treatment plants
and tributaries, and input of oxygen-depleted
waters from tributaries. In spite of increased
ammonia loads, nitrification was not significant
because of the cold water temperature and reduc-
tion in residence time. During peak-flow condi-

tions (streamflow greater than 2,000 cubic feet
per second), oxygen depletion was negligible; the
effect of increased oxygen-demanding loads was
minimized by the greatly reduced travel time and
increased dilution associated with the increased
streamflow.

During winter low-flow conditions, the
combined mean load of carbonaceous biochemi-
cal oxygen demand from the wastewater treat-
ment plants was essentially equivalent to the
combined mean load from the tributaries. The
total mean load increased by twofold during peak-
flow conditions, relative to winter low-flow con-
ditions. This increase in carbonaceous biochemi-
cal oxygen demand was exclusively from the
tributaries, because the combined mean load
from the wastewater treatment plants actually
decreased.

During the base-flow period in November
1992 (streamflow less than 300 cubic feet per sec-
ond, conditions that would be expected to occur
once every 3 to 4 years), concentrations of dis-
solved oxygen at river mile 3.4 consistently fell
below 6 milligrams per liter. A hydrodynamic
water-quality model was used to identify the
processes depleting dissolved oxygen, including
sediment oxygen demand, nitrification, and car-
bonaceous biochemical oxygen demand. Sedi-
ment oxygen demand was the most significant
sink for oxygen during this period, accounting for
more than 50 percent of the oxygen demand.
Nitrification was important, but not as significant,
accounting for nearly 30 percent of the oxygen
demand. The effect of carbonaceous biochemical
oxygen demand, about half of which was from the
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wastewater treatment plants, was slight due to the
low rate of in-river decay. These results suggest
that further reductions in loads of carbonaceous
biochemical oxygen demand from the treatment
plants during the base-flow period would have lit-
tle effect on oxygen concentrations in the river.

Hypothetical scenarios were simulated to
evaluate the effect of different loading strategies
employed by the treatment plants in the basin dur-
ing winter base-flow conditions. Streamflow and
temperature were determined to be significant
factors governing the capacity of the river to
assimilate oxygen-demanding loads. For the
range of loads simulated, at water temperatures
between 12 to 13°C, streamflows near 350 cubic
feet per second are required to maintain dissolved
oxygen concentrations in the river above the State
standard. When water temperatures increase to
18°C, streamflows must increase to S00 cubic feet
per second to maintain concentrations above the
standard.

INTRODUCTION

The Tualatin River Basin (fig. 1) is located in
the rapidly growing Portland metropolitan area of
northwestern Oregon. Wastewater treatment for the
population of approximately 300,000 people living in
the basin is provided by the Unified Sewerage Agency
(USA) of Washington County, Oregon, which
maintains four major wastewater treatment plants
(WWTP) in the basin. During the summer season,
from May through October, excessive growth of
phytoplankton and depleted dissolved oxygen (DO)
concentrations in the river have historically been a
problem, especially during periods of low-flow and
high-light conditions. As a consequence, the effluent
from the WWTPs is carefully monitored and regulated
during this period. Water quality in the river during the
winter season, from November through April, has not
been well studied. Little is known about the effect of
WWTP discharges into the Tualatin River during
these winter months.

Several characteristics inherent to the winter
season might play important roles in determining
water-quality conditions in the river. In particular,
large storms, characteristic of the area during the
winter, may have an effect on concentrations of DO in

the river. During these storms, loads of biochemical
oxygen demand (BOD), including carbonaceous and
nitrogenous oxygen demand, from the WWTPs
sometimes increase greatly; the capacity of the river to
assimilate the increased oxygen demand during these
storms is unknown. In addition, the WWTPs discharge
large quantities of ammonia as nitrogen (ammonia)
relative to other sources to the river throughout the
winter season. Streamflow in the river during the early
winter season, however, is frequently less than usual
winter streamflow, and is comparable to base flow.
Furthermore, DO concentrations less than the State
standard for Oregon of 6 mg/L (milligrams per liter)
have been observed in the lower Tualatin River during
November. The increased ammonia load may exceed
the assimilative capacity of the river at base flow,
causing oxygen depletion through the process of
nitrification.

Because continued population growth in the
Tualatin Basin is anticipated, USA will require
information concerning the effect of increased
carbonaceous biochemical oxygen demand (CBOD),
ammonia, and other loads during the winter season in
order to make effective management decisions
regarding wastewater treatment in the basin. This
study was funded in 1991 by a cooperative agreement
between USA and the U.S. Geological Survey (USGS)
in an effort to address these concerns regarding winter
flow conditions in the Tualatin River.

Purpose and Scope

The purpose of this report is to provide an
understanding of the capacity of the Tualatin River to
assimilate oxygen-demanding material during the
winter season, and to provide a basis for evaluating the
relative significance of the various factors that affect
oxygen concentrations in the river during this period.
Specifically, the report is intended to (1) describe the
ambient conditions in the Tualatin River and its major
tributaries from November 1991 to April 1992 and
during November 1992, with an emphasis on
documenting conditions upstream and downstream
from the major WWTP and nonpoint or tributary
sources of CBOD and ammonia, (2) present an
analysis of the major processes controlling DO in the
river and the effect of streamflow and temperature on
those processes, (3) evaluate the effects of various
WWTP loading scenarios on DO concentrations,
especially during the early winter base-flow period, as
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Figure 1. Drainage area of Tualatin River Basin in northwestern Oregon.
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an aid to management decisions in the basin, and (4)
provide background data on other water-quality
parameters, especially total suspended solids (TSS),
which provide a context for the analysis of water
quality during the summer season, and which are
valuable to management of water quality.
The analysis and discussion presented here
are partly derived from historical hydrologic and
water-quality data, and data collected during the
Summer Tualatin River Program, an ongoing USGS
study of water quality in the Tualatin River during
summer base-flow conditions. Primarily, however,
this report focuses on data collected during a winter
sampling program that included the following
elements:
® Weekly monitoring of the Tualatin River and
its major tributaries during November to
April, 1991-92, with daily sampling during
the major storm of the season, and near-daily
analyses of effluent loading from the four
WWTPs; and

e Intensive sampling of the river, tributaries,
and WWTPs, averaging 4 to 5 times per week,
during November 1992,

Data from the November 1992 sampling
program was used to calibrate the water-quality model
CE-QUAL-W?2 (Cole and Buchak, 1995), which was
then used to evaluate the relative significance of the
various deoxygenation processes during this period.
The model also was used to examine the effect of a
range of hypothetical loading and flow conditions on
DO in the river.
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TUALATIN RIVER BASIN

The Tualatin River Basin is a subbasin of the
Willamette River, Oregon, and drains an area of 712

mi? (square miles) in Washington County, west of
Portland, Oregon (fig. 1). The basin is bounded on
the west and northwest by the Coast Range, on the
cast and northeast by the Tualatin Mountains, and on
the south by the Parrett and Chehalem Mountains.
The direction of flow is generally from NW to SE for
79.4 miles through a variable watershed. Although the
headwaters are in the steep, forested Coast Range, the
river flows for most of its length through a relatively
low gradient area characterized by rolling forest and
croplands, interspersed with an increasingly urbanized
region, before the confluence with the Willamette
River at West Linn, Oregon. The length of river
encompassed by this study extended from the USGS
streamflow-gaging station near Dilley (14203500) at
river mile (RM) 58.8 to the river mouth at Weiss
Bridge, RM 0.2, just downstream from the USGS
streamflow-gaging station (14207500) at West Linn,
RM 1.8.

Climate in the basin is characterized by wet
winters and dry summers, with at least 70 percent
of the annual precipitation, which averages close to
45 in/yr (inches per year) (National Oceanic and
Atmospheric Administration, 1991), occurring as
rain between November and April. The winters are
mild with mostly cloudy skies. Temperatures are
rarely below freezing.

Five major tributaries empty into the Tualatin
River: Scoggins, Gales, Dairy, Rock, and Fanno
Creeks. Dairy Creek is the largest tributary, draining
an area approximately one-third of the total area of
the Tualatin River Basin (table 1). The Dairy Creek
subbasin is largely agricultural land, with only a few
small towns located within it. The combined drainage
areas of the other major tributaries, in addition to the
upper Tualatin River near Dilley, constitute an addi-
tional one-half of the basin area. Characteristics of
these basins range from predominantly forested lands
with little development (upper Tualatin River, Scog-
gins and Gales Creeks) to mostly urban subbasins
(Rock and Fanno Creeks). About 17 percent of the
Tualatin River Basin is drained by smaller tributaries
(table 1). Chicken Creek, a minor tributary which
flows into the Tualatin River at RM 15.2, also was
sampled during the winter season, November 1991
to April 1992, to provide some information on the
characteristics of this small tributary.

4  Dissoived Oxygen in the Tualatin River, Oregon, during Winter Flow Conditions, 1991 and 1992



Table 1. Physical characteristics of the main stem and
major tributaries of the Tualatin River, Oregon

{Tributary drainage area data from Scientific Resources, Inc., 1990; --, not
applicable or data not available]

Drainage Confiuence
Stream
Stream name iength area to Tuslatin
(miles) (square River
miies) (river miie)
Tualatin River 20.6 125 -
near Dilley
Scoggins Creek 17.5 45 60.0
Gales Creek 28.0 87 56.7
Dairy Creek -- 225 448
West Fork 21.5 92 -
East Fork 2i.5 68 -
McKay 24.0 64 -
Creek
Rock Creek 19.0 76 38.1
Fanno Creek 14.0 34 9.3
Minor tributaries - 118 -
Tualatin River at 79.4 712 --
mouth

Channel Morphology

On the basis of channel morphology and
hydraulic characteristics, the Tualatin River can be
divided into four ecologically distinct reaches (table
2). These include a shallow, fast-moving mountain
reach at the headwaters, which slows and meanders
considerably as the river flows out of the mountains.
For about 40 percent of its length, the river is com-
parable to a reservoir, characterized by a relatively
deep and wide channel and slow-moving water. A
short series of shallow pools and riffles occurs at the
lower end of the river, just before it flows into the Wil-

Table 2. Physical characteristics of the Tualatin River,
Oregon
[ft/mi, feet per mile]

Change

in bed Approximate

elevation streambed

Reach River miles (feet) siope (ft/mi)

Headwater 79.4-55.3 1,790 74.3
Meander 55.3-33.3 28 1.27
Backwater 33.3-34 2.3 077
Riffle 3.4-mouth 45.6 13.4

lamette River. The diversity of physical characteristics
associated with these reaches is reflected in very dif-
ferent biological habitat conditions for aquatic organ-
isms. These conditions, in turn, greatly affect the
water quality within each reach by either facilitating or
inhibiting the growth of certain kinds of organisms
such as nitrifying bacteria. Travel times among these
reaches vary greatly and will be discussed in greater
length in the section entitled “Historical Flow Condi-
tions.”

The uppermost reach, extending for 24.1 miles
in length from the headwaters to just downstream
from the confluence with Gales Creek, is characterized
by a steep slope with correspondingly high water
velocities. The character of the river throughout most
of this reach is that of a pristine mountain stream,
shaded by dense riparian vegetation for most of its
length. At the lower end, the gradient flattens in the
Patton Valley; this part of the reach is predominantly
agricultural land. Two major tributaries enter the Tual-
atin River in this reach, Scoggins and Gales Creeks,
as well as effluent from a small WWTP at Forest
Grove. The flow level in Scoggins Creek is controlled
by releases from Henry Hagg Lake (storage volume
53,600 acre-feet), which was formed behind Scoggins
Dam in 1975 (fig. 1); releases are designed to maintain
water levels in the river to satisfy various water rights
during the summer base-flow season. Water quality,
as defined by DO concentrations, in this reach is
excellent, reflecting the relatively undisturbed nature
of the subbasin.

The river changes character in the meander
reach as the stream gradient decreases further, which
occurs as the river flows into the Tualatin Valley, and
the water volume increases due to the inflows from
Dairy and Rock Creeks. The river attains nearly its full
volume by the end of this 22-mile long reach; during
the winter the streamflow at RM 33.3 is typically 80 to
90 percent of the streamflow at the mouth at West
Linn. Within this meandering reach, the channel wid-
ens slightly, shading is less pronounced, and water
velocities are decreased. During low flow, depositional
zones form at the lower end of this reach and exten-
sive amounts of organic material accumulate on the
streambed in many sections. Two WWTPs discharge
effluent into the river in this reach—a small plant in
Hillsboro and a large plant at Rock Creek. Water qual-
ity is slightly degraded, in terms of DO demand, in
this reach as a consequence of agricultural and urban
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development in this part of the basin. Serious DO
depletion, however, does not generally occur.

Water from the backwater or reservoir reach
is diverted near the lower end of the river into Lake
Oswego via the Lake Oswego Canal at RM 6.7. The
water level in the lower river is controlled for pur-
poses of this diversion by the Lake Oswego
Corporation (LOC) diversion dam, located on a
natural geologic sill at RM 3.4. DO concentrations
in this section of the river can be seriously affected
by its backwater characteristics, which partially result
from the presence of the dam and extends for nearly
30 miles upriver. Fanno Creek flows into the Tualatin
River in this reach, in addition to effluent from the
large WWTP at Durham. The river deepens and
velocities are further reduced as the water moves
through this reach, even at the higher flow levels
typical during the winter. Considerable deposits of
organic material collect in depositional zones during
low flows, exerting a significant sediment oxygen
demand. The stream gradient is essentially flat
throughout, although the streambed is uneven,
forming occasional deep pools which can thermally
stratify during periods of warm weather.

The riffle reach below the LOC dam is
characterized by a narrowed channel, steep gradient,
and increased water velocities. Comparatively little
deposition occurs in this part of the river, and the
water is considerably shallower than in the adjacent
upstream reach. Many rocks in the streambed are
exposed. DO concentrations usually increase in this
reach due to increased reaeration.

Wastewater Treatment in the Basin

The four major WWTPs in the Tualatin River
Basin vary considerably both in size and their affect
on the river quality (table 3). The two smaller plants,
located in Forest Grove and Hillsboro, release effluent
to the river only during the winter season, November 1
to April 30. From May through October, effluent from
these plants is diverted to land for irrigation purposes.
The other two plants, at Rock Creek and Durham,
serve larger populations and discharge treated effluent
to the river throughout the year. The two smaller
plants use primary and secondary treatment. The
larger plants use primary and secondary treatment

Table 3. Characteristics of major wastewater treatment
plants in the Tualatin River Basin, Oregon (flow data based
on wastewater treatment plant data from November to April
for sampling period noted; maximum capacity data from
Unified Sewerage Agency, 1990; population data from
Unified Sewerage Agency)

[Mgal/d, million gallons per day]

Maxi-

mum

capa-
Waste- city for
water  Dis- Daily secon-
treat- charge mean Peak dary Popuia-
ment point Sam- effluent effiuent treat- tion
piant (river piing fiow fiow ment served
name miie) period (Mgal/d) (Mgai/d) (Mgai/d) (1990)
Forest 552  3/89— 5.14 14.7 i0 14,000
Grove i1/92
Hilis- 438 11/87—- 3.42 7.78 12.8 19,100
boro 11/92
Rock 38.1  3/88— 205 54.8 77 135,000
Creek i1/92
Durham 93 /87— 184 42.7 40 142,000

11/92

during the winter, as well as advanced tertiary
treatment during the summer.

Daily mean effluent flows tend to be fairly
constant for all the WWTPs, increasing slightly as the
river streamflow increases. Historically, peak effluent
flows occur concurrently with a rapid increase of
streamflow in the river or during a peak-flow stage,
generally during periods of high-intensity rainfall
(fig. 2). Increased effluent flows under these condi-
tions result from precipitous increases of influent
flow that may exceed the plant treatment capacity
under extreme conditions. These greatly increased
influent flows are caused by inflow from inadvertent
storm sewer connections, as well as infiltration of
elevated ground water through leaky sewer pipes.

A significant period of inflow and infiltration can
decrease the efficiency of wastewater treatment, with
a concomitant discharge of increased waste loads to
the river. Because inflow and infiltration always occur
during high streamflow in the river, however, the
effects of dilution and decreased travel times would
be expected to lessen the potential effect of increased
loads on the river system.

Removal of ammonia from effluent by
nitrification is maintained throughout the warm
summer months at the Rock Creek WWTP; proposed
treatment design improvements at the Durham plant
include nitrification as well. As water temperatures

6 Diasoived Oxygen in the Tualatin River, Oregon, during Wintar Fiow Conditions, 1991 and 1992
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Figure 2. Relation between historical daily mean effluent discharge from wastewater treatment plants and daily mean

streamflow in the Tualatin River, Oregon, at selected river miles, for the winter season (November to April), 1990

water year. (A) Forest Grove, (B) Hilisboro, (C) Rock Creek, and (D) Durham.
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cool at the end of the summer, however, the nitri-
fication process becomes progressively less efficient
and eventually ceases completely (Thomann and
Mueller, 1987). At the same time, at the beginning of
November, the two smaller WWTPs begin discharging
their effluent, containing large quantities of ammonia,
directly into the river. Consequently, loads of am-
monia in the river dramatically increase in November
and remain high throughout the winter season.

Historical Flow Conditions

Flows in the Tualatin River exhibit a definite
seasonal pattern, illustrated by a plot of mean monthly
streamflow at West Linn (14207500) for the 17-year
period beginning with the start of flow regulation by
Scoggins Dam, from October 1, 1975 to September
30, 1992 (fig. 3). Mean monthly flows range from
about 150 ft°/s (cubic feet per second) in July and
August to about 3,000 f3/s during January and
February. Although November is considered part of
the winter season for regulatory purposes, the mean
flow for November during this period is intermediate
between the extremes of the summer and winter flow
conditions. In actuality, the mean monthly flow of
slightly more than 1,000 ft3/s for November more
closely resembles the mean monthly flow for May
than flows of any other winter months.

Mean monthly values are indicative of long-

term trends; however, they can mask extended periods
of extreme low or high flows that can be significant on
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Figure 3. Mean, maximum, and minimum monthly
streamflow in the Tualatin River at West Linn, Oregon,
1976-92 water years.

a short term basis. To evaluate this possibility,

7-day and 14-day consecutive low-flow streamflow
duration curves were compared for the winter season
(November to April) for the periods before and after
flow augmentation from Hagg Lake began in 1975
(fig. 4). Prior to the completion of Scoggins Dam (data
from 1942-75), extended periods of low flow during
the winter were typical. About 75 percent of the mean
7-day low flows and more than 50 percent of the
14-day mean low flows were less than 300 ft%/s. After
flow regulation began (data from 1976-92), the mean
low flows were increased; nonetheless, about 50
percent of the time, the 7-day mean low flow was less
than 300 ft*/s and the 14-day mean low flow was less
than 500 ft’/s. These data indicate that extended
low-flow periods in the Tualatin River during the
winter are still common.

To assess the streamflow characteristics of
each winter month during the 17-year period since
flow regulation began, categories of flow were
defined: less than 300 ft>/s, 300-500 ft*/s, 500 to
2,000 ft’/s, and greater than 2,000 ft*/s. In the Tualatin
River, the lower flows generally are not observed
during the winter season, except during November
(fig. Sg. Daily mean flows in November were less than
500 ft°/s nearly 50 percent of the time, compared to
about 10 percent of the time for the other winter
months. Flows were in he highest category less than
20 percent of the time during November. In contrast,
flows were greater than 2,000 ft3/s about 50 to 60
percent of the time for the remaining winter months,
with the exception of April, when streamflow typically
remained greater than 500 ft3/s.

Approximate times of streamflow travel, based
on equations derived from dye studies (Antonius
Laenen, U.S. Geological Survey, written commun.,
1994) are plotted in figure 6 for four flow categories at
West Linn: 150 ft3/s, 300 ft*/s, 500 ft*/s, and 2,000
fi3/s. Observed values for travel time at flows that
ranged from 207 ft3/s at RM 33.3 to 266 ft3/s at RM
1.8 are also plotted. Several cautions need to be kept
in mind when interpreting these estimates of travel
time. Considerable uncertainty in estimating travel
time is caused by the variability in weir characteristics
of the LOC dam, which are informally maintained and
historically have not been well documented. Changes
in these characteristics have a considerable effect on
residence time, especially in the lower river. Although
this uncertainty is most important during the summer
season (May to October), it does apply to the winter as

8 Dissolved Oxygen in the Tualatin River, Oregon, during Winter Fiow Conditions, 1991 and 1992
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Figure 6. Calculated estimates of travel time in the Tualatin River, Oregon, for four selected values of constant
streamflow, and observed travel times from dye studies (Antonius Laenen, written commun., 1994) under variable
streamflow conditions. Estimated travel times were based on calculations derived from the dye studies and assumed
constant streamflow below river mile 44.4, reduced by 50 percent upstream. Regions of likely deposition were
determined by calculated velocities less than 0.6 feet per second.

well when base-flow periods (streamflow less than 300
ft3/s) extend into November. In addition, in comparing
the observed and calculated values, note that the
observed data are from the summer season, when flow
augmentation from Hagg Lake maintains flows in the
upper river at levels comparable to flows in the lower
river. During the winter base-flow period, however,
flow augmentation does not occur, and flow in the
upper river is typically about one-half that in the lower
river. For the purpose of these calculations, flow was
considered to be constant throughout the river length,
reduced by 50 percent upstream of RM 44.4. The
comparison was provided for perspective, and should
not be assumed to represent identical flow conditions.
For these ranges of flow, the difference in residence
time is significant, ranging from approximately 21
days at the lowest flow to about 2 days at peak flow.

In addition, figure 6 indicates the regions of
potential deposition in the study reach for the selected
levels of streamflow. According to Velz (1984), depo-
sition and accumulation of organic sludge material is

10

likely when velocities are less than 0.6 ft/s (feet per sec-
ond) for extended distances. The velocity at which
scouring will occur depends upon the extent to which
accumulated material is compacted, and is usually 1.0
ft/s or greater. According to this guideline, deposition is
possible throughout most of the study reach when flows
are 300 ft3/s or less. At flows of 500 ft’/s, deposition
can occur throughout the lower river beginning near
RM 27. In contrast, velocities are sufficient at peak flow
to induce scour throughout most of the entire study
reach.

Historicai Temperature Conditions

Limited historical temperature data during the
winter for the Tualatin River were available from USA
for the period prior to this study, dating back to
November 1986. The data were categorized for this
analysis on the basis of the flow at West Linn (fig. 7).
In general, mean temperatures were less than 10°C
throughout the length of the study reach except when

Dissolved Oxygen In the Tuslatin River, Oregon, during Winter Fiow Conditions, 1991 and 1992
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Figure 7. Historical mean water temperatures, categorized
by selected ranges of streamflow in the Tualatin River at
West Linn, Oregon, at selected sites in the main stem river
during the winter season (November to April) 1987-91.
Temperature data provided by Unified Sewerage Agency.

flows were less than 300 ft/s. Under these conditions,
mean temperatures were higher than 10°C at all
sampling sites. These higher temperatures reflect the
increased residence times associated with base-flow
conditions, as well as the tendency for winter low flow
to occur early in the winter season, during the
transition from the warmer summer flows.

Historical Water-Quality Conditions

By evaluation of historical water-quality
conditions in the Tualatin River, its major tributaries,
and wastewater treatment plant effluent in context
with the flow and temperature conditions in the river,
the effects of dilution, residence time, and decreased
temperatures on deoxygenation processes can be
considered. Historical water-quality data available
from the Unified Sewerage Agency (USA) included
field and laboratory measurements for main-stem and
tributary sites. For the specific constituent method, see
the section “Methods of Study.” Streamflow and
effluent discharge measurements were available only
for the main stem and the WWTPs; consequently
constituent loads from the tributaries could not be

calculated. Loading data from the WWTPs, however,
were extensive.

Figure 8 illustrates the historical mean concen-
trations of selected water-quality constituents for four
ranges of streamflow in the main stem during the win-
ter seasons of water years 1987 to 1991. The selected
constituents are DO, 5-day carbonaceous biochemical
oxygen demand (CBOD-5), TSS, and ammonia (as
nitrogen). Figure 9 shows the corresponding data for
the major tributaries. All the samples were taken dur-
ing the day, generally between 8 a.m. and 4 p.m. DO
concentrations in the Tualatin River during the winter
months of this period were observed to drop consider-
ably in the lower river when flows were less than 300
ft3/s; the mean DO concentrations were less than the
minimum State standard of 6 mg/L at some sites in the
lower river. DO concentrations in the tributaries were
also consistently lower at low flows. When streamflow
in the river was greater than 300 3 /s, however, the
mean DO concentrations did not fall below the State
standard. Possible explanations for this oxygen
decline include decreased reaeration in water moving
at reduced velocities and longer residence times cou-
pled with higher temperatures, which allow the vari-
ous deoxygenation processes to have a greater effect.

Historical concentrations of CBOD-5 were
highest in the river and tributaries at low flow, pre-
sumably because of dilution effects. Mean loads
of CBOD-5 from the WWTPs over the same historical
period, however, increased over the range of flows
from two to fourfold, with the maximum loads
increasing by more than one order of magnitude
from the lowest to the highest flow range (table 4).

In the case of effluent from the smaller WWTPs,

the increased loads were due primarily to increased
effluent flows, because mean concentrations of
CBOD-5 were unchanged throughout the flow ranges.
In the larger plants, however, CBOD-5 concentrations
increased as effluent and river flow increased, sug-
gesting that treatment was less complete.

Mean concentrations of TSS in the river were
substantially higher at peak-flow periods, indicating
that dilution effects were less important than increased
loading when flow levels were high. Significant load-
ing of TSS from the tributaries at high flows is
suggested by mean TSS concentrations, which were
generally highest at the high-flow level—particularly
in Gales Creek. Mean loads of TSS from the WWTPs
also tended to increase considerably as flow levels
increased, with the exception of the Hillsboro plant.

Historlcal Water-Quallty Conditions 1
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Figure 8. Historical mean concentrations of dissolved oxygen, 5-day carbonaceous biochemicai oxygen demand, total
suspended solids, and ammonia as nitrogen, categorized by selected ranges of streamflow in the Tualatin River at
West Linn, Oregon, at selected sites in the main stem river during the winter season (November to April) 1987-91.

Water-quality data provided by Unified Sewerage Agency.
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Mean ammonia concentrations were highest in
the lower main stem during low flows, whereas
ammonia concentrations in the tributaries were lowest
at low flow. In contrast, ammonia loads from the
WWTPs changed relatively little across the range of
flows (table 5). Across the ranges of streamflow,
which span more than an order of magnitude, mean
loads from the larger WWTPs increased only about
twofold, and maximum loads were similar at all flow
ranges. The loading patterns of nitrite-plus-nitrate
nitrogen from the WWTPs also were generally similar
across all flow ranges. These data suggest that
WWTPs and treatment of ammonia and nitrite-plus-
nitrate nitrogen were not significantly affected by the
hydrologic conditions in the river.

METHODS OF STUDY

Streamfiow Measurements

Continuous streamflow-gaging stations were
maintained by the USGS in the upper Tualatin River
at RM 58.8 (Tualatin River near Dilley, Oregon—
14203500) and near the mouth at RM 1.8 (Tualatin
River at West Linn, Oregon—14207500). In addition,
a USGS streamflow-gaging station was maintained
in Scoggins Creek, at RM 60.0 (Scoggins Creek below
Henry Hagg Lake near Gaston, Oregon—14202980)
and in Fanno Creek at RM 9.3 (Fanno Creek at
Durham, Oregon—14206950). A continuous
streamflow-gaging station was maintained during
the winter by the OWRD (Oregon Water Resources
Department) at RM 38.5 (Tualatin River at Rood
Bridge at Hillsboro, Oregon—14206440) and at
RM 33.3 (Tualatin River at Farmington, Oregon—
14206500). In addition, OWRD maintained stations
at several sites in the main stem (Tualatin River at
Golf Course Road, Highway 219, and Elsner Road)
and in the other major tributaries (Gales Creek, Dairy
Creek, Rock Creek, and Chicken Creek); vertical staff
plates were located at these stations and periodic
discharge measurements were made by OWRD in
order to develop rating tables. Incidental gage-height
readings at these sites were made concurrent with
water-quality samples and do not reflect daily mean
streamflow.

Sampling and Analytical Procedures

During the winter season November 1991
to April 1992, the sampling program had two
components: weekly monitoring of ambient condi-
tions and daily sampling during storms. Analyses
of main-stem and tributary samples were performed
by the USA Water Quality Laboratory (WQL) for
nitrogen species, 5-day BOD and CBOD, and others
as shown in table 6. Data is stored in the USA
computer database, Hillsboro, Oregon. Analyses of
extended CBOD were also performed by USGS
personnel in the Oregon District once a month, as
described in the next section, “Biochemical Oxygen
Demand.”

Nine sites on the Tualatin River were sampled
by USGS personnel. The four major tributaries and
one minor tributary were sampled near their
confluences with the main stem by USA personnel, as
described in table 7 (see fig. 10 for location of sites).
The sites were chosen on the basis of their location
upstream and downstream from major WWTP and
tributary sources, as well as accessibility for sampling
from bridges. It was originally planned to sample
during two major storms in the winter of 1991 to 1992,
one early in the rainy season, when the water table was
low, and a second later in the season, when the ground
had become saturated. The year was unusually dry,
however, and few major storms occurred; only one
storm was targeted for additional samples, from
January 29 to February 7, 1992.

A total of 32 sampling trips were made during
the winter 1991 to 1992, and 15 sampling trips during
November 1992. Vertically and horizontally integrated
samples were collected, sampling from the surface to
the bottom at 5 to 10 points in a cross section
(depending on width of river), using a USGS D77
aluminum sampler. These samples were composited in
a churn splitter and dispensed directly into bottles,
which were field rinsed with native water before being
filled. Filtered samples from the churn splitter for
analysis of soluble orthophosphate were obtained
using 12-ml plastic syringes and Gelman nylon
Acrodisc filters (0.45 micrometer pore size). Samples
were immediately placed on ice and transported to the
USA WQL within 5 hours for analysis. WWTP
samples were 24-hour flow-weighted composite
samples collected daily by personnel from the
respective WWTP; analyses were performed at the
Rock Creek WWTP Laboratory for the three plants

Methods of Study 15
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Table 7. Sampling sites in the Tualatin River, Oregon, and
its major tributaries for all field and laboratory
water-quality analyses, and selected sites for extended
analysis of carbonaceous biochemical oxygen demand
{CBOD)

Tualatin river Extended

Sampling site mile CBOD
Tualatin River near Dilley 58.8 X
Gales Creek at new 56.7 X
Highway 47
Tualatin River at Golf S1.5
Course Road
Dairy Creek at Highway 8 448 X
Tualatin River at 44.4
Highway 219
Tualatin River at Rood 38.5 X
Road
Rock Creek at Highway 8 38.1 X
Tualatin River at Highway 26.9
210 near Scholls
Tualatin River at Elsner 16.2 X
Road
Chicken Creek on 15.2
Scholls-Sherwood Road
Fanno Creek at Durham 9.3 X
Road
Tualatin River at Boones 8.7 X
Ferry Road
Tualatin River at Stafford 5.5
Road
Tualatin River at Weiss 2 X
Bridge

located in the upper river basin, and at the Durham
WWTP Laboratory for the Durham plant.

During the winter, November 1991 to April
1992, field measurements of pH, water temperature,
specific conductance, and DO were taken at tributary
sites by USA personnel with separate instruments as
follows: pH, Orion model 250; water temperature and
specific conductance, YSI model 3000; DO, YSI
model 57 and 58. All other field measurements were

made using a Hydrolab multiparameter water-quality
sensor. Readings were taken at three locations in the
cross section, approximately 25 percent, 50 percent,
and 75 percent from the left bank, with Vertical
profiles (surface, mid-depth, and near the bottom)
measured when the depth was sufficient. Field
instruments were calibrated prior to each sampling
trip, and post-calibrations were done within 1 day after
every trip. Whenever the post-calibration showed the
instrument to require adjustment, the difference from
the correct value was always within the variability
inherent to the measurement. Calibration for pH and
specific conductance was checked against standards
that bracketed the anticipated values in the river;
calibration for DO was done using the air-calibration
technique. In addition to the weekly field measure-
ments, continuous measurements of water quality
were obtained from a four-parameter field mini-
monitor that was installed and maintained at RM 3.2,
just below the diversion dam (fig. 10). This location
was chosen as the site where DO depletion was likely
to be most severe.

The analysis of historical loading patterns to
the Tualatin River from the WWTPs used unpublished
data from the USA data base. The WWTP data were
based on samples composited over a 24-hour period
on a flow-weighted basis, as in the present study,
and were analyzed by the WWTP laboratories, as
described above. River and tributary data were
available from surface-grab samples collected at
the midpoint of flow at a limited number of sites,
generally once per month during the winter months,
beginning in November 1986. These samples were
collected and analyzed by the USA WQL.

Although the previously used sampling
procedures for the river and tributaries are not
identical to those used in this study, the data were
considered comparable for dissolved constituents.
Martin and others (1992) compared surface-grab and
cross-sectionally integrated stream sampling methods
and found no significant difference for constituents in
the dissolved phase, including nutrients. Significant
underrepresentation of suspended sediment concen-
trations, particularly in the >62 micrometer diameter
size fraction, however, was observed for the surface-
grab sampling method. This negative bias suggests
that the historical data for suspended solids, while not
directly analogous to suspended sediment, cannot be
fully compared with the data from the present study.
Median percent differences between the two methods
were reported by Martin and others (1992, p. 872) to
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EXPLANATION

W Water-quality sampliug site, with
partial record of streamflow
(See Table 7.)

Gales Creek at new Highway 47

Tualatin River at Golf Course Road

Dairy Creek at Highway 8

Tualatin River at Highway 219

Rock Creek at Highway 8

Tualatin River at Elsner Road

Chicken Creek on Scholls-
Sherwood Road

Water-quality sampling site, with
continuous recording gage
(See Table 7.)

1 Tualatin River near Dilley
2 Tualatin River at Rood Road
3 Fanno Creek at Durham Road

B Wastewater treatment plant,
with continuous record
of discharge (See Table 3.)

15 Forest Grove
16 Hillsboro

17 Rock Creek
16  Durham

-
S ooNm s

3% Minimonitor site (See page 18.)

v Water-quality sampling site, with

no streamflow record (See
Table 7.)

11 Tualatin River at Highway 210
near Scholls
12 Tualatin River at Boones
Ferry Road
13 Tualatin River at Stafford Road
14 Tualatin River at Weiss Bridge

A\ Continuous recording gaging

station (See page 15.)

19 Tualatin River at Farmington
20 Tualatin River at West Linn

Figure 10. Sampling stations in the Tualatin River, Oregon, and major tributaries during the winter season (November to April)

1991 to 1992 and November 1992.
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be 17 percent for sediment <62 micrometers and 51
percent for sediment > 62 micrometers.
Suspended-sediment concentrations in the Tualatin
River at West Linn for the period 1974-92
(U.S.Geological Survey, WATSTORE database) have
averaged 88 percent finer than 62 micrometers, (mean
concentration 22 mg/L., mean flow 1,360 ft3/s). The
preponderance of fines in the suspended sediment in
the Tualatin River indicates that the negative bias for
suspended solids in the historical data could be about
20 percent.

Biochemical Oxygen Demand

As part of the ambient monitoring program,
5-day BOD and CBOD analyses were performed
weekly by the USA WQL on all the main-stem
and tributary samples. The WWTP laboratories
maintained their schedule of analysis according to
their respective permit regulations; generally 5-day
BOD and CBOD analyses were performed 3 to 5
times per week, depending on the laboratory. During
the storm sampling, analyses were performed daily for
all river and tributary samples as well as samples from
the larger WWTPs. These analyses were less frequent
for the smaller plant samples. During the November
1992 sampling period, 5-day BOD and CBOD
analyses were done twice weekly on all river and
tributary samples, and daily on the WWTP samples.
CBOD samples were treated with 2-chloro-6-
(trichloromethyl) pyridine (TCMP), which inhibits
nitrification, providing a direct measure of carbo-
naceous biochemical oxygen demand.

In addition to the ambient monitoring of 5-day
BOD and CBOD performed by the WQL, samples
were collected for extended CBOD analyses from
selected river and tributary sites and analyzed by
USGS personnel at the Oregon District laboratory.
These extended analyses were done monthly for
selected sites during the winter ambient sampling
period, and two times for WWTP effluent samples
during the storm sampling. Extended CBOD analyses
were done twice during the November 1992 sampling
period, during the first and third weeks of the month;
samples were collected from main-stem and tributary
sites (table 7) as well as the four WWTPs. The WWTP
effluent was inoculated with bacterial seed by WWTP
personnel during the winter sampling; in November
1992, WWTP samples were seeded by USGS
personnel with river water. Samples were incubated at
20°C for 25 to 30 days; initial readings were taken

within 2 to 7 hours after collection and at intervals of 1
to 4 days throughout the incubation.

Deoxygenation rates (k) and ultimate CBOD
concentrations were estimated using an in-house
computer program based on Lee’s graphical method
(Velz 1984). The Lee’s grid method (Lee, 1951) uses a
series of graphs, which are constructed for a range of &
values on the basis of Phelps’ law as follows:

L,=L, x10* (1)
where

L, is the initial ultimate oxygen demand at time zero,
and

L, is the oxygen demand at time ¢.

The graphs are constructed so that a time series of
CBOD values, when plotted on the graph for the
appropriate rate, produces a straight line. The ultimate
CBOD concentration is obtained by extending the line
to the right to “ultimate” time. The program computes
regression correlation coefficients from linear regres-
sion analysis of time-series data from the extended
analysis. These correlation coefficients allow an initial
“best fit” choice of the rate constant; the estimated k&
values and ultimate concentrations are then
corroborated by visual inspection of Lee’s grid plots.

Analysis of the dynamics of CBOD within a
river system requires knowledge of the ultimate
CBOD load. Because extended CBOD analyses were
generally only performed on a monthly basis, it was
necessary to estimate the ultimate CBOD concentra-
tions from the 5-day CBOD measurements which
were made more frequently. The ratio between the
ultimate and 5-day CBOD concentrations is not
uniform, however, depending on the rate of decay.
The calculated relation between the rate of decay, the
demand measured after 5 days, and the ultimate
CBOD is summarized in table 8. For the purpose of
this study, the 5-day CBOD values were converted to
ultimate CBOD concentrations using the appropriate
ratio, based on the rates observed at a site during a
particular month.

For the November base-flow analysis, extended
CBOD analyses were done for WWTP effluent
samples using river seed rather than the laboratory
seed, which was used for 5-day analysis. For these
samples, the decay rates were comparable to the decay
rates observed throughout the winter season with the
exception of the peak-flow periods (generally £ =

20 Dissolved Oxygen in the Tualatin River, Oregon, during Winter Fiow Conditions, 1991 and 1992



Table 8. Calculated relation between 5-day
carbonaceous biochemical oxygen demand
(CBOD-5) and ultimate CBOD as a function of
k (base 10 at 20 degrees Celsius)

Percent of
Ratio of uitimate
uitimate CBOD
Rate of decay CBOD to expended
(9] 5-day CBOD after 5 days
0.01 9.20 li
.02 4.86 21
.03 3.42 29
.04 2.71 37
.05 2.29 44
.06 2.01 50

0.02-0.3 day™' at 20°C). It is important to note that,
when rates of decay are low, the choice of an
appropriate rate constant becomes critical. For
example, the calculated value for ultimate CBOD
based on a 5-day CBOD = 4.0 mg/L is 19.4 mg/L.
using k = 0.02, and 36.8 mg/L using k=0.01. Asa
consequence, the ultimate CBOD loads that have been
calculated in this study should be considered as
estimates. In this report, ultimate CBOD will be
referred to as CBOD; when 5-day CBOD is discussed,
it will be referred to as CBOD-5.

Sediment Oxygen Demand

In-situ measurements of sediment oxygen
demand (SOD) were made at selected sites on several
days during October 1992 as part of the Summer
Tualatin Project. In these measurements, a sealed
bottomless chamber was placed over a known
sediment area and DO concentrations were monitored
within the volume of water above the sediment layer
(method adapted from Larry Caton, Oregon Depart-
ment of Environmental Quality, written commun.,
1992). The chambers were constructed with a
cutting edge at the sediment-water interface, which
effectively sealed the bottom area of 0.225 m? (square
meters) of sediment from the rest of the river. Each
chamber contained a water volume of 51 liters, which
was circulated by a submersible bilge pump with a
capacity of 0.15 liters per second. The pump removed
water near the top of the chamber and discharged it
through three vertical diffusers within the chamber,
maintaining velocities within the chamber at about
0.05 ft/s. This speed is comparable to base-flow
velocities in the river. The chambers were observed,

after the addition of dye, to be well mixed after 3
minutes of pump operation. Measurements of DO
were obtained using a Hydrolab water-quality sensor
sealed in the center of the chamber.

Two chambers were carefully deployed
approximately 10 feet apart at each site; disturbance of
the sediment layer during placement was minimized
by allowing water to pass through two 10 cm ports in
the chamber lid while the chamber was lowered
through the water column and deployed. Sediment
within the chambers was allowed to settle for 15
minutes after deployment. Outside water was then
circulated into and out of the chamber for about 15
minutes to equilibrate conditions within the enclosure;
the chambers were then sealed and stabilized for 10
minutes before measurements began. Measurements
were taken every 10—15 minutes for about 2 hours. A
“blank” chamber, sealed at the bottom, provided a
measurement of oxygen demand within the water
column only, which was observed to be negligible
over the 2-hour period. SOD was calculated as grams
of O, per square meter per day.

QUALITY ASSURANCE

The quality-assurance program was adminis-
tered by USGS Oregon District personnel, who pro-
vided quality assurance for all three USA laboratories,
as well as the USGS National Water Quality Labora-
tory (NWQL) in Denver, Colorado. Laboratory analyt-
ical accuracy, precision, comparability, and repro-
ducibility from week to week were assessed using
blank and synthetic reference samples, prepared
weekly at the USGS Oregon District Laboratory and
submitted to the USA WQL, Durham WWTP Labora-
tory, and Rock Creek WWTP Laboratory. The samples
were prepared using glass-distilled/deionized water
and reagent-grade nutrient salts and spanned three
ranges of nutrient levels: low, mid, and high, in addi-
tion to blanks. In this manner, the full analytical range
of the laboratories was tested. In addition, split sam-
ples from the churn were collected weekly from one
site on the Tualatin River and submitted to the three
USA laboratories and the NWQL for analytical inter-
laboratory comparisons. Because the WQL was
responsible for most of the chemical analyses for this
study, field duplicate samples were also collected from
this site once per week and submitted to assess the
analytical precision. Finally, field duplicate measure-
ments of CBOD-5 were made as part of the extended

Quality Assurance 21



CBOD analysis by the USGS Oregon District Labora-
tory; these data provide an estimate of the accuracy of
the CBOD-5 data from the USA laboratories. Samples
included effluent from the four WWTPs as well as five
sites on the Tualatin River and the four major tributar-
ies (table 7).

Data from the analysis of blank samples indi-
cate that laboratory contamination was not a major
problem for the analysis of river water and WWTP
effluent, which typically contain concentrations from
at least two to several hundred times the minimum
reporting limit. Of the 25 blanks, eight (32 percent)
contained measurable concentrations of ammonia,
two (8 percent) contained measurable concentrations
of nitrite-plus-nitrate nitrogen and orthophosphate
(as phosphorus), and one (4 percent) contained mea-
surable concentrations of total phosphorus. All of
these measurements, however, were at or close to the
minimum reporting limit. All other samples contained
undetectable analyte concentrations.

An assessment of analytical accuracy was per-
formed using data from the synthetic-reference- sam-
ple program, with a percentile analysis of the results
for each laboratory for each constituent and the range
in actual constituent concentrations. To provide some
perspective on the data, relative to the concentration of
sample submitted, the results are expressed as relative
percent difference (100x [observed-actual]/actual).
These data are presented in table 9, along with the
ranges in concentration for each level of reference
sample submitted during the study period. The number
of observations ranged from 22 to 27. Samples in the
low concentration range show the greatest level of rel-
ative bias; the WWTP laboratory data had a positive
bias for total phosphorus, orthophosphate, and ammo-
nia at the low level that was pronounced in some
cases. As these laboratories analyze WWTP effluent
only, however, it is unlikely that nutrient concentra-
tions in the low range would be encountered during
the course of their normal operation. The WQL data
were within 10 percent relative bias, as defined by the
25th and 75th percentiles, for all constituents except
total phosphorus at the low range of concentrations,
where a stronger negative bias (about 20 percent) was
observed. Concentrations of total phosphorus within
this low range are occasionally observed in the Tuala-
tin River. Note also that the concentrations of phos-
phorus in these synthetic samples were dissolved,
rather than associated with particulate material; the
negative bias for a total (that is, digested) phosphorus

analysis may be even more significant. Data in the
mid- and high concentration ranges for all laboratories
and constituents indicated very little bias, with
median values on the order of 5 percent in the mid-
concentration range and less than 2.5 percent in the
high concentration range. With the exception of total
phosphorus, therefore, data from the synthetic-
reference-sample program demonstrated comparabil-
ity for the concentration ranges typically analyzed by
each laboratory.

Analysis of the data from the split-sample
program provides additional verification of the
interlaboratory comparability and includes the
NWQL in addition to the three USA laboratories.
These data reflect random sampling errors as well
as sample preparation and laboratory analysis. The
absolute value of the difference from the mean as
relative percent was computed for each analysis
(100x|observed - meanl/mean); the number of
observations for each constituent was 21 to 23.
Median values of the percent difference from the
mean are presented for each laboratory in table 10,
along with the 25th to 75th percentile range and
the concentration range for each constituent in the
samples analyzed. According to American Public
Health Association and others (1989), acceptance
limits for nutrient and other inorganic replicate values
are within 25 percent for low-level concentrations
(less than 0.20 mg/L) and 10 percent for high-level
concentrations (greater than 0.20 mg/L). The median
values for nutrients for these data groups were.
generally about 10 percent or less, with the greatest
variation shown for orthophosphate analysis, ranging
up to 33 percent for the Rock Creek WWTP Labora-
tory. Median values for total solids (roughly analogous
in synthetic samples to TSS) ranged from about 5 to
34 percent. According to the acceptance standards
described above, however, most of the data can be
considered to be comparable among the four labora-
tories, although there is more uncertainty for the
orthophosphate and TSS data.

Precision analysis of the field-duplicate samples
performed by the WQL was done by computing an
absolute difference (Idifferencel /mean), expressed as
percent; the number of analyses ranged from 23 to 26.
Median values, as well as the 25th to 75th percentile
range, are presented in table 11 and indicate a high
level of precision. Values are closely clustered and
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Table 11. Analytical precision data for field-duplicate
samples analyzed by the Unified Sewerage Agency
(USA) Water Quality Laboratory from November 1991
to April 1992 and November 1992

[Absolute difference, |(observed-mean)|/mean; number of obser-
vglions, 23'—26; mg/L, milligrams per liter; ammonia, ammonia as
nitrogen,; nitrate, nitrite-plus-nitrate nitrogen; phosphate, soluble
orthophosphate as phosphorus; Tota! P, total phosphorus]

Absoiute dlfference,

in percent
Percentlie
Range In
Constituent  _ Sa™Pl® 25 s0th  75th
(mgiL)
Ammonia 0.06-1.191 i.4 24 3.7
Nitrate 0.99-3.52 4 .9 2.0
Phosphate 0.05-0.23 9 2.0 34
Total P 0.09-0.35 3.1 6.2 9.4
Total solids 92-170 0 1.8 53

generally vary about 2 to 3 percent. The maximum
difference is for total phosphorus, but is less than
10 percent.The field duplicate CBOD-5 data were
evaluated in a similar fashion, using the absolute
difference between the various laboratory values
(table 12). The main-stem and tributary samples
comprised 56 observations, and 24 samples came
from the WWTPs. Analyses of both stream water
and WWTP samples had less precision than did the
previous analytes, with a median value of close to 20
percent absolute difference. This analysis illustrates
the difficulty of precisely measuring CBOD-5.

To summarize, quality-assurance data from the
synthetic-reference-sample program and the split-sam-
ple program demonstrate that the nutrient data from
the various USA laboratories are relatively unbiased
and comparable, with a few exceptions. Low-level
total phosphorus data (less than 0.06 mg/L) from the
WQL was found to be negatively biased by about 20
percent, although bias in the analysis for the mid- and
high concentration ranges was low (generally less than
10 percent). Interlaboratory variability was observed
to be approximately 10 to 30 percent for orthophos-
phate, and TSS data were similarly variable. For the
other analytes, variability among the four laboratories
was found to be acceptable, within 10 percent. Preci-
sion for nutrient and TSS analyses done by the WQL

Table 12. Precision data for field-duplicate samples of 5-day
carbonaceous biochemical oxygen demand from December
1991 to April 1992 and November 1992

[Absolute difference, |(observed-mean){/mean; mg/L, milligrams per

liter]
Absoiute
difference, in
percent
Percentiie
Range in
Number sampie
of concen- 25th 50th 75th
Category of obser- tration
sample vations  (mg/L)
Main stem 56 0.10-3.9 0 22.2 481
and tributary
Wastewater 24 1.1-6.9 9.6 20.2 38.i
treatment
plant

was excellent, most within 5 percent. The CBOD-5
data should be interpreted with caution, because of a
median value of 20 percent difference between the
duplicate analyses. Considering the use of monthly
rate estimates to convert CBOD-5 to ultimate CBOD
(described in the section “Biochemical Oxygen
Demand”), the values for CBOD loading should be
regarded only as estimates.

FACTORS AFFECTING
DISSOLVED OXYGEN

The concentration of DO measured in a stream
at any given time is the result of a complex interplay
of physical characteristics and biological processes.
The physical characteristics, such as channel morphol-
ogy, streamflow, and temperature, provide the struc-
tural framework within which the biological processes
occur. Dissolved oxygen can be introduced into a
water body by several processes, including reaeration
from the atmosphere and aquatic-plant or algal photo-
synthesis. The most important of the biological pro-
cesses that consume DO during the winter season
are the decomposition of organic material and the
nitrification of ammonia, referred to as carbonaceous
and nitrogenous biochemical oxygen demand, respec-
tively. Sediment oxygen demand is a combination of
these two processes occurring in the bottom sediment,
using oxygen from the overlying water.
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Physical Characteristics

The rate of streamflow, depending on the
channel morphology, determines the river’s carrying
capacity for DO, as a function of the volume of water.
As a consequence, when streamflow is high, the river
has a larger potential reserve of oxygen, in contrast to
low flow, when this reserve declines. Channel
characteristics and streamflow also affect the
significance of deoxygenation processes in the river
system by affecting the residence time for a parcel of
water. Long residence times allow deoxygenation
processes to become important sinks for DO in the
river. When residence times are greatly reduced,
however, these deoxygenation processes are less
significant. In addition, the streambed provides habitat
for aquatic organisms, and consequently the nature of
the channel determines the character of the biological
community within a river reach.

Temperature affects the concentration of DO in
water primarily as a function of oxygen solubility (that
is, the saturation potential). The solubility of oxygen
in water increases as the temperature decreases; water
can hold up to twice the quantity of DO during the
cold winter season that it can carry during the summer.
Biological processes of decay are also affected by
temperature. An increase in temperature increases the
rate of deoxygenation reactions, up to the point at
which protein denaturation and death occurs in the
bacteria mediating the reaction. Similarly, a decrease
in temperature causes the decay rates to decrease. At
some point, generally around 5 to 10°C, the bacteria
will cease multiplying or go dormant and the reactions
will essentially stop altogether.

Oxygen Sources

Reaeration, the process in which gases interact
with the atmosphere and either enter or leave the water
to achieve saturation equilibrium, can be both a source
and a sink for DO. It is included here as a source
because reaeration is the only significant source that
can offset the various deoxygenation reactions
occurring in the Tualatin River during the winter. The
rate of reaeration is proportional to the oxygen deficit
in a given volume of water and becomes highly
variable in a changing DO regime. The equation
generally used to describe the process is:

dCldt = K, (C, - C) 2)

where
C is the DO concentration in the water, in mg/L;

C is the saturation concentration of DO at the
appropriate temperature, in milligrams per liter;

K, is the reaeration coefficient; and
tis travel time, in hours (Velz, 1984).

The reaeration coefficient is dependent on numerous
physical characteristics, including channel depth,
slope and irregularity, as well as flow velocity. The
channel characteristics and the velocity of flow
determine the extent of internal mixing, which
affects the rate of dispersion of oxygen under the
water surface. Molecular diffusion is the process by
which oxygen gas is transferred across the air-water
interface, and the rate is proportional to the gradient
in concentration between the two points. Mixing is
important because it determines the extent of contact
renewal between the atmosphere and the water
surface, as well as the extent of dispersion between
saturated and undersaturated parcels of water in the
water column. The equation used in this study to
calculate the reaeration coefficient is as follows:

where
K, is the reaeration coefficient, base “e’” at 20°C;
U is the mean velocity, in feet per second; and

D is the mean depth, in feet (Bennett and Rathbun,
1972, p. 58).

Mean depth is calculated as the ratio between volume
and surface area of a river reach. The reaeration co-
efficient is temperature dependent; corrections were
made to K, using the following equation:

(K)T = (Ky)pg x1.0241720 (4)

where

(K>)T is the reaeration coefficient at temperature T;
and

(K>)yy is the reaeration coefficient at 20°C
(McCutcheon, 1989).

Photosynthesis, the process by which carbon
dioxide is used by plants for growth, is an important
source of DO during the summer. Respiration, on the
other hand, is the process in which DO is consumed in
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the utilization of organic material for energy and can
be an important sink for DO. During warm summer
months, when there is abundant light and adequate
nutrients are available, significant communities of
aquatic plants can develop in a river system. Large
quantities of DO can be introduced to the aquatic
system during the day under these conditions.
Photosynthesis and respiration occur concurrently
during light periods; at night, when photosynthesis
ceases, respiration can result in significant decreases
in DO. The result is a distinct diel variation in the DO
concentration. In addition, algal communities under
eutrophic conditions exhibit cycles of increase and
decline in biomass that commonly are associated with
light availability. DO concentrations reflect these
cycles, ranging from conditions of supersaturation
(during peak periods of primary production or growth
of algal biomass) to severe oxygen depletion (when
the algae die and subsequently decompose). In the
winter, when light levels are reduced, photosynthetic
production of oxygen in some rivers typically
becomes insignificant.

Oxygen Demand

Carbonaceous Biochemical Oxygen Demand

CBOD is a measure of the oxygen consumption
that results from the oxidation of organic carbon by
aquatic organisms, primarily heterotrophic bacteria.
Assuming that DO is plentiful, the reaction is first
order, and the quantity of oxidizable material is acted
upon at a constant rate. “Phelp’s Law” (Phelps, 1944)
provides the basis for a quantitative analysis of the
extent of carbonaceous deoxygenation as follows:
“The rate of biochemical oxidation of organic matter
is proportional to the remaining concentration of
unoxidized substance, measured in terms of

oxidizability.” The mathematical expression becomes:

-dL/dt = KL (5)
which can be integrated and rearranged to obtain
log (LYL) = -Kt
or
logo (Lt/L) = -0.434Kt = -kt
which becomes

L=Lx10%

where

L represents the initial oxygen demand at time zero
(also known as the ultimate demand);

L, represents the oxidizability remaining at time t; and

K (base “e™), or k (base 10), is the rate constant for
deoxygenation (Velz, 1984).

The rate of oxygen depletion depends on the nature
of the organic material (the amount of oxidizable
carbon), with lower rates of decay associated with
more refractory material. For rivers receiving sew-
age effluent that only has had primary treatment, rate
constants are approximately 0.1 (base 10 at 20°C); as
secondary treatment has become more prevalent,
observed rate constants have decreased accordingly.

As is the case with many biological processes,
temperature affects the carbonaceous deoxygenation
rate. Equations that describe the effect of temperature
on bacterial processes commonly have follow the
general form:

ky= kyx 0(T1-T2) (6)
where

k, is the rate of the reaction at temperature T},

k, is the rate of the reaction at, T,, typically equal to
20°C (Thomann and Mueller, 1987), and.

0 is the temperature adjustment coefficient.

The value of 0 varies somewhat and has been
empirically derived for this type of reaction. For this
study, laboratory rates of CBOD decay were adjusted
using a 0 of 1.047 (Bowie and others, 1985).

Nitrogenous Biochemical Ox