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EXECUTIVE SUMMARY
King County was awarded a Puget Sound Action Agenda: Technical Investigations and
Implementation Assistance Grant by the U.S. Environmental Protection Agency (USEPA) to
estimate loading of polychlorinated biphenyls (PCBs) and polybrominated diphenylethers
(PBDEs) to Lake Washington, Lake Union and Puget Sound; and model potential reduction
in Lake Washington fish tissue concentrations associated with selected PCB loading
reduction scenarios. A field study was designed and implemented to measure
concentrations in key contaminant loading pathways to Lakes Washington and Union
(i.e., rivers, streams, stormwater, combined sewer overflows, highway bridges and
atmospheric deposition) and measure the PCB/PBDE concentrations in the export pathway
leaving the lake system through the Ship Canal locks to Puget Sound. By combining
contaminant concentration data with long term flow estimates for these pathways, mass
loading estimates to Lakes Washington and Union and export to Puget Sound for total PCB
(tPCB) and total PBDE (tPBDE) were developed. Details of the tPCB and tPBDE loading
calculation approach and resulting estimates are presented in this report. Sampling details
and results are the subject of a separate report.
This project is considered a first step toward understanding the relative importance of
major contaminant loading pathways that contribute PCBs and PBDEs to these lakes as
well as understanding their long term fate and the potential for recovery. The end result
will be a more complete understanding of major pathways transporting PCBs and PBDEs to
these lakes, processes controlling their ultimate fate and potential for management actions
to reduce health risks from consuming contaminated fish from Lake Washington. The study
will also provide a better understanding on which future monitoring and modeling efforts
can be planned.
Some overall findings from the PCB and PBDE loading report are highlighted below:
PCB Loading Estimate Findings
•
•

As much as 70 percent of the tPCB load to Lake Washington comes from local tributary
watersheds around the lake.
Three creeks (Thornton, Juanita and May) representing a range in the type and
intensity of development were monitored.

o Thornton Creek had the highest amount of commercial/industrial development that
occurred prior to the ban on PCB manufacture and use limitations and the highest
estimated tPCB loading.

o May Creek had the lowest amount of older commercial/industrial development and the
lowest estimated tPCB loading.
o Juanita Creek had intermediate amount of older commercial/industrial development
and an estimated tPCB loading that fell between the estimate for Thornton and May
creeks.
•

Loading estimates and additional analyses suggest that the predominant source of
tPCBs is stormwater runoff from developed areas – possibly linked to older
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•

•

commercial/industrial development. This is consistent with the conceptual model of
tPCB sources and pathways emerging from other studies that suggest that PCB sources
are concentrated in urban centers containing older commercial and industrial buildings
in which paints, caulks, and sealants containing PCBs were used.
Estimated total tPCB loading to Lake Washington is less than the estimated loading
exported from the lake outlet. This is because the lake acts as a sink for PCBs, primarily
as the result of sediment accumulation and burial, but also through volatilization
through the lake surface. The relative importance of these fate processes will be
evaluated in the next phase of this study.
tPCB concentrations (and hence loading), increase from the outlet of Lake Washington
to the outlet of Lake Union to Puget Sound. tPCB loading estimates for Lake Union
suggest that this may be the result of loading from CSOs and runoff from local drainage
basins.

PBDE Loading Estimate Findings
•

•

•
•

In general, there was more uncertainty associated with tPBDE loading estimates and
source pathways appeared to be more diffuse. This is consistent with an emerging
conceptual model for PBDE sources and pathways based on the fact that PBDEs
were introduced more recently into the environment and sources are more
dispersed throughout the urban and suburban landscape (e.g., upholstery
containing PBDE-based fire retardants).
Loading estimates for the two major rivers to Lake Washington (Cedar and
Sammamish) suggest a tPBDE load somewhat smaller than the tributary stream
load, although there is a high degree of uncertainty in these estimates. Loadings
from rivers include all pathways from upstream waterbodies.
The contribution of atmospheric deposition to the surface of Lake Washington was
also estimated to be relatively significant; close to 30 percent of the total loading
estimate for PBDEs.
tPBDE loading to Lake Union was dominated by input from Lake Washington. This
input was estimated to contribute about 80 percent of the total tPBDE load.

The tPCB loading estimates documented in this report will be used in models that will be
developed in the next phase of this study to simulate the response of Lake Washington to
reductions in tPCB loading that might result from various management approaches and
resulting changes in concentrations in resident fish.
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1.0. INTRODUCTION
In 2010 King County was awarded a Puget Sound Action Agenda: Technical Investigations
and Implementation Assistance Grant by the U.S. Environmental Protection Agency
(USEPA) to estimate loading of polychlorinated biphenyls (PCBs) and polybrominated
diphenylethers (PBDEs) to Lake Washington, Lake Union and Puget Sound; and model
potential reduction in Lake Washington fish tissue concentrations associated with selected
PCB loading reduction scenarios. A field study was designed and implemented to measure
PCB and PBDE concentrations in key contaminant loading pathways to Lakes Washington
and Union (i.e., rivers, streams, stormwater, combined sewer overflows, highway bridges
and atmospheric deposition) and measure the concentrations in the export pathway
leaving the lake system through the Ship Canal locks to Puget Sound (King County 2013).
By combining contaminant concentration data with long term flow estimates for these
pathways, mass loading estimates to Lakes Washington and Union and subsequent export
to Puget Sound for total PCB (tPCB) and total PBDE (tPBDE) were developed. Details of the
tPCB and tPBDE loading calculation approach and resulting estimates are presented in this
report. Sampling details and results are the subject of a separate report (King County
2013).
This project is considered a first step toward understanding the relative importance of
major contaminant loading pathways that contribute PCBs and PBDEs to these lakes as
well as understanding their long term fate and the potential for recovery. The end result is
expected to be a more complete understanding of pathways transporting PCBs and PBDEs
to these lakes, processes controlling their ultimate fate and the potential for management
actions to reduce health risks from consuming contaminated fish from Lake Washington.
Knowing the relative importance of the loadings pathways will provide a better
understanding on which future monitoring and modeling efforts can be planned.

1.1 Background
1.1.1

PCBs

PCBs are chlorinated organic compounds that were manufactured for uses that required
chemical stability and low flammability. PCBs include 209 individual compounds known as
congeners that vary to some degree in physical, chemical and toxicological properties
based primarily on the degree of chlorination. Due to their chemical stability and low water
solubility, PCBs are persistent in the environment, bind strongly to sediment and soil
particles; and bioaccumulate in aquatic organisms, wildlife and humans.

Bioaccumulation of PCBs presents a potential health risk to aquatic life, terrestrial wildlife,
and humans. The Washington Department of Health (WADOH) issued a fish consumption
advisory for PCBs in Lake Washington which covers yellow perch, cutthroat trout, carp, and
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northern pikeminnow (WADOH 2004). 1 PCB concentrations in Lake Washington fish
exceed both the National Toxics Rule 2 levels for protection of human health and the 95thpercentile of concentrations measured in fish collected statewide (Seiders and Deligeannis
2009).

Commercial production of PCBs began in the 1920s, initially for use as a dielectric fluid in
electrical transformers, capacitors and electric motors. After World War II, production
increased substantially and PCB use diversified to include heat transfer fluids, hydraulic
fluids, plasticizers, carbonless copy paper, lubricants, inks, laminating agents, paints,
adhesives, waxes, additives in cements and plasters, casting agents, sealing liquids, fire
retardants, immersion oils and pesticides (De Voogt and Brinkman 1989). PCBs were
voluntarily phased-out of production in the 1970s and manufacture and most uses were
banned in 1979 in the United States (44 FR 31514). 3 While the sale and production of PCBs
has been banned for over three decades, considerable amounts of PCBs remain in use –
primarily as dielectric fluid in so-called closed sources like transformers and capacitors and
in open sources such as building paints, caulks and sealants (Diamond et al. 2010b; Robson
et al. 2010).

In general, halting the production of PCBs, elimination of many uses, and a declining
inventory of PCBs in use has resulted in declining concentrations in environmental media,
including fish tissue and aquatic sediments (Peterman et al. 1990; Van Metre and Mahler
2005). However, studies of fish tissue and sediment concentrations in many areas of the
world indicate that the initial rate of decline appears to have slowed or halted completely
(Van Metre et al. 1998; Hickey et al. 2006; Bhavsar et al. 2007).

Historical data on PCB levels in non-anadromous fish collected from Lakes Washington and
Union are insufficient to evaluate long-term trends in PCB concentrations (McIntyre 2004).
Studies have been conducted on anadromous fish; however, these fish generally spend only
a portion of their life cycle in these lakes and the measured contaminant concentrations are
generally lower than those observed in resident (non-anadromous) fish species (McIntyre
2004; Fletcher 2009).
Substantial declines in Lake Washington sediment PCB concentrations have been
documented. Surface sediment PCB levels are now about a third of the peak concentrations
measured at depth in sediment core horizons dated to the early 1970s (Yake 2001; Van
Metre et al. 2004; Van Metre and Mahler 2005; Furl et al. 2009). The increase and
subsequent decrease in sediment PCB concentrations coincide with national trends in
production, use and subsequent use limitations and elimination of production. In the case
of Lake Washington, the increase and decline also coincides generally with the
development and growth of cities around the lake and subsequent diversion of inputs of
Washington State Department of Health Fish Consumption Advisories (see:
http://www.doh.wa.gov/CommunityandEnvironment/Food/Fish/Advisories.aspx

1

U.S. Environmental Protection Agency (USEPA) National Toxics Rule (see:
http://water.epa.gov/scitech/swguidance/standards/wqsregs.cfm)

2
3

U.S. Environmental Protection Agency (see: http://www.epa.gov/history/topics/pcbs/01.html)
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treated wastewater from Lake Washington to Puget Sound that was completed in 1968
(Edmondson and Lehman 1981).

1.1.2

PBDEs

PBDEs are brominated organic compounds that have been in use, primarily as flame
retardants in plastics and textiles, since 1965. Specific uses of PBDEs include incorporation
into flexible polyurethane foams used in upholstery stuffing for furniture and car seats,
electronic components, electrical components, and plastics used in the casings of televisions,
personal computers, and other electronic equipment (USEPA 2010). PBDEs are manufactured
as three primary formulations: “Penta,” “Octa,” and “Deca,” which differ in the relative
combination of specific PBDE congeners.

PBDEs have chemical, physical and toxicological properties similar to those of PCBs.
However, only recently have PBDEs come under scrutiny for their potential for
environmental harm due to their toxicity, persistence, and potential to bioaccumulate
(Oram et al. 2008). These concerns led to the voluntary withdrawal of the Penta and Octa
forms by U.S. manufacturers in 2004, leaving only the Deca formulation currently in
commercial use in the United States (USEPA 2010). In 2007, Washington banned most
PBDE uses (RCW 70.76) and the ban became effective for Penta and Octa containing
products, and for mattresses containing Deca, in 2008. As a result of follow-up studies
required in the new law, Washington banned the manufacture, sale and distribution of
televisions, computers and residential upholstered furniture containing Deca by January
2011. 4 At the national level, USEPA announced a national phase-out of the Deca
formulation in 2009, with production, importation, and sales for most uses in the United
States to end by the end of 2012 and all uses to end in 2013 (USEPA 2010).

Data are insufficient to evaluate trends in PBDE concentrations measured in water,
sediment, fish or other aquatic life in Lakes Washington or Union. A study of water and
tissue concentrations of PBDEs in resident Lake Washington fish was conducted by
WADOH and Ecology in 2005 (Johnson et al. 2006). Johnson et al. (2006) also compiled and
compared fish tissue data collected from 44 sites representing 36 rivers/impoundments
and lakes in the state. Lake Washington had the fifth highest level of tPBDE fish tissue
concentrations.

1.2 Project Goals and Objectives

This project will fill data gaps and develop modeling tools to help answer three
management questions:

1. Which types of loading pathways are the highest priorities for PCB/PBDE load
reduction?
2. Will potential loading reductions from these pathways reduce fish bioaccumulation
and contribute substantially towards lifting the fish consumption advisory on Lake
Washington?

4

Washington Department of Ecology (see: http://www.ecy.wa.gov/news/2009news/2009-017.html)
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3. How long might it take the system to respond to these hypothetical loading
reductions?

This report presents the loading calculation approach and resulting estimates that will be
used to address the first question above and provide key inputs for the development of
models that will be used to address all three project management questions. The
development and application of these models will be the subject of a future report.

1.3 Study Area
1.3.1

Greater Lake Washington Watershed

The study area encompasses the 1,590 km2 (614 mi2) Greater Lake Washington watershed
(Figure 1) from its mouth at the Hiram M. Chittenden Locks (Locks). 5 The area experiences
a generally mild maritime climate with heaviest precipitation occurring in winter months,
primarily as rain at lower elevations and as snow at higher elevations. Elevations are
generally less than 1,000 m (3,281 ft), but the total amount of annual rainfall is very
dependent on elevation which ranges from about 6 m above mean sea level (msl) to 1,700
m (4,464 ft), and this results in a range of annual precipitation from almost 1,000 mm
(39 in) at lake level to over 2,500 mm (100 in) at the highest elevations. Winds are highly
variable, but during the winter, major storms and associated winds typically originate from
the southwest.
Two major rivers drain to Lake Washington. The Sammamish River drains Lake
Sammamish and tributaries in the Sammamish River valley and enters Lake Washington
from the north, providing about 30 percent of the total inflow to lake. The Cedar River
enters the south end of the lake and contributes about 50 percent of the total inflow
(Edmondson 1977; King County 2003a; Cerco et al. 2004). Lake Washington then drains
through the Montlake Cut to Lake Union, which drains through the Lake Washington Ship
Canal (Ship Canal) and Locks to Puget Sound.

Historically, Lakes Washington and Union were not connected. By 1916 a canal was
completed between the two lakes, the outlet of Lake Union was widened and deepened and
a lock and dam system was in operation (Chrzastowski 1983). Prior to canal and lock
construction, the main inflow to Lake Washington was from the Sammamish River and
outflow was through the Black River at the southern end of the lake. To provide sufficient
water for lock operation and to reduce flooding, the Cedar River, which had previously
joined the Black River near the southern end of the lake, was diverted to Lake Washington
(Chrzastowski 1983). These engineering changes resulted in the summer intrusion of
saltwater from Puget Sound that enters through the Locks and Ship Canal into Lake Union,
resulting in a layer of denser saline water in the lake, which is then entrained and flushed
from the lake during winter high flows. The extent of intrusion of saline water is limited to
Lake Union through various mitigation measures, including a salt water barrier at the
upstream side of the larger of the two locks and a saltwater drain located in a depression at

5

This watershed area estimate includes the surfaces of all lakes, streams and wetlands in the watershed.
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Figure 1. Greater Lake Washington Watershed.
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the head of both locks. Salinity is monitored continuously in summer at the University
Bridge and is not to exceed 1 ppt (173-201A WAC).

The immediate area around Lake Washington and Lake Union/Ship Canal (simply Lake
Union hereafter) is highly developed and includes the major cities (i.e., >50,000 residents)
of Seattle, Bellevue, and Renton. While Lake Washington received wastewater from a
number of municipal treatment plants until 1968, there are still approximately 70
combined sewer overflows (CSOs) that intermittently discharge to locations along the
Seattle shoreline of Lakes Washington and Union. In general, industrial activity around
Lake Washington has been limited, while the Lake Union shoreline has historically
experienced more intensive industrial uses that are transitioning to mixed use
commercial/residential developments.

Approximately 40 sites in the study basin are listed for PCB contamination in Ecology’s
Confirmed and Suspected Contaminated Sites database (Figure 2). 6 Of these, the sites most
often highlighted with respect to Lakes Washington and Union are the Boeing Renton and
Quendall Terminals sites on Lake Washington (Era-Miller et al. 2010) and the Seattle Steam
Plant site on Lake Union (Cubbage 1992). 7

The lakes are each crossed by one state and one interstate highway. Lake Washington is
crossed by two floating bridges – State Route 520 (SR 520) to the north and Interstate 90
(I-90) to the south. Lake Union is spanned by Interstate 5 (I-5) and State Route 99 (SR 99).

The study area also includes relatively undeveloped, primarily forested, areas in the
headwaters of the two major river basins. The headwaters of tributaries along the
southeast shoreline of Lake Washington are also relatively undeveloped. The headwaters of
the Cedar River are in a protected watershed for the Chester Morse water supply reservoir
that provides Seattle Public Utilities (SPU) with a portion of its potable water supply.

1.3.2

Lake Washington and Lake Union

Lake Washington is the second largest natural lake in the state. The lake is an elongated
north-south trending glacial trough approximately 35 km (21.7 mi) long with an average
depth of 32.9 m (108 ft), a maximum depth of 65.2 m (214 ft), a surface area of 87.6 km2
(33.8 mi2) and a volume of 2.884 x 109 m3 (2,338,000 acre-ft) (Anderson 1954). 8
Edmondson and Lehman (1981) provide estimates of annual lake hydraulic renewal times,
which indicate that on average the fraction of lake volume renewed each year with
Ecology Confirmed and Suspected Contaminated Sites list downloaded October 31, 2012:
https://fortress.wa.gov/ecy/tcpwebreporting/

6

The former site of the Shuffleton Power Plant in Renton that discharged cooling water to Lake Washington
until 1989 has also been discussed (see Era-Miller et al. 2010), but this site was designated No Further Action
by Ecology in 2000.
7

King County geographic information system (GIS) data indicate a lake surface area (including Union Bay)
closer to 89 km2 (34.4 mi2), but this may be due to the exclusion of Union Bay from the earlier estimate. Also,
Edmondson and Lehman (1981) report a total lake volume of 2.885 x 109 m3 (2,339,000 acre-ft).

8
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Figure 2. Sites within the Greater Lake Washington watershed with confirmed or suspected PCB
contamination and their cleanup status, within the Greater Lake Washington watershed.

Source: Ecology’s Confirmed and Suspected Contaminated Sites database.
King County
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incoming water (corrected for evaporation) is 0.43 per year. The reciprocal of this is 2.3
years – the average hydraulic residence time of water in the lake.

Lake Union is much smaller than Lake Washington with a total surface area of about 3.8
km2 (1.5 mi2) and a volume of approximately 2.5 x 107 m3 (20,000 acre-ft). 9 A navigation
channel is maintained to a depth of 9 m (30 ft) in the canals and bays between Union Bay in
Lake Washington and the locks, while the lake itself is deeper and does not require
dredging. The lake is separated by a sill into north and south basins with depths of 14 and
15 m (46 and 49 ft), respectively (Rattray et al. 1954). The contribution of water from the
local watershed is small relative to the inflow from Lake Washington; it generally enters as
surface runoff, through storm drains, or via CSOs. Due to the small volume of Lake Union
relative to the watershed area, it is estimated that the entire volume of the lake is
completely exchanged about once a week on average (Tomlinson et al. 1977).

1.4 Report Organization

The report is organized into an introduction (Section 1.0) to the issues of concern, the
overall study goals and specific objective of the analyses presented in this report. General
and study area specific background information on PCBs and PBDEs is also provided in
Section 1.0. Section 2.0 presents a conceptual model for the hypothesized relationships
among PCB sources, pathways, lake fate processes, and links to environmental
impairments. PBDEs receive some limited treatment in this section. However, the main
focus of the overall project is the collection of PCB data (and calculate loading) to support
the development of a PCB fate and bioaccumulation model of Lake Washington. Section 3.0
describes the methods and data used to develop the PCB and PBDE loading estimates and
Section 4.0 presents the results of those calculations. A discussion of the results is
presented in Section 5.0 and Section 6.0 provides some general conclusions drawn from
the results and discussion of the loading estimates.

9

This is likely the volume of Lake Union only and does not include the volume of the Ship Canal.
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2.0. CONCEPTUAL MODEL
The conceptual model presented in this report is adapted from the one developed for San
Francisco Bay (Davis et al. 2006). The conceptual relationships of PCB sources, major
pathways, lake fate processes and bioaccumulation linkages to fish tissue contamination
are shown in Figure 3. The sections below describe the PCB sources and pathways, fate
processes and bioaccumulation linkages. Emphasis in these sections is on the conceptual
model of PCB sources and pathways – the fate and bioaccumulation modeling components
that are part of the next phase of this project will provide more details on the these
components of the overall conceptual model. PBDE receives limited treatment in this
section as the main focus of the overall study is on the sources, pathways, fate and
bioaccumulation modeling of PCBs in Lake Washington.

Figure 3. Conceptual relationships of important PCB sources, pathways, in-lake fate processes
and bioaccumulation linkages.

Note: Adapted from Figure 18 in Davis et al. (2006)

2.1

Sources and Pathways

Current sources of PCBs in the Greater Lake Washington watershed include long-range
transport of airborne contamination and local air emissions sources that are deposited
directly on the lake surface (direct deposition) or are deposited on lake watersheds
(indirect deposition) (EPA 2001, Totten et al. 2004, Wethington and Hornbuckle 2005,
Totten et al. 2006, Persoon et al. 2010, Melymuk et al. 2012). The indirect deposition may
be stored on the land surface (e.g., on buildings, rooftops, paved areas, in soils, on
vegetation, or in ponds and wetlands) but some percentage of the deposited PCB can be
mobilized and transported to the lake via volatilization or resuspension as dust and
King County
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subsequent direct deposition or by rainfall washoff and transport via lake tributary
streams, stormwater outfalls or through CSOs. Long-range atmospheric sources could
include distant industrial and commercial centers, particularly those associated with
activities such as coal combustion, steel smelting and waste incineration. Landfills with
PCB-containing materials and former industrial sites contaminated with PCBs can also be
an atmospheric source of PCBs. Commercial/Industrial areas can also be an atmospheric
source of PCBs through volatilization of PCBs from open sources such as PCB-containing
paints, caulks and sealants or leaking transformer oils.

Many of these potential local atmospheric sources can also be local runoff sources within
the watershed via indirect deposition and subsequent mobilization (Rossi et al. 2004,
Ecology 2007, Zgheib et al. 2010, Morace 2012). These sources include abrasion of exterior
PCB-containing paint, caulks and sealants as well as capacitors and transformers.
Major pathways that PCBs take to reach the lake include direct atmospheric deposition to
the lake surface, rivers, streams draining the urban and suburban watersheds around the
lake, and runoff from urban areas along the Seattle shoreline that result from a highly
developed stormwater and wastewater conveyance network. This network routes some of
the runoff into a combined stormwater/wastewater conveyance system that delivers this
combination to treatment plants that discharge the treated water to Puget Sound. A
relatively small, portion of this combined stormwater/wastewater results in the CSO
pathway to the lake when the conveyance capacity of this system is exceeded.

Based on a number of relatively recent studies, the emerging paradigm is that urban runoff
is a major source of PCBs to receiving waters (Rossi et al. 2004, Davis et al. 2007, Ecology
2007, Diamond et al. 2010a, Morace 2012). For example, Davis et al. (2007) indicated that
urban runoff from local watersheds is a particularly significant pathway for PCBs entering
San Francisco Bay. Diamond et al. (2010a) found high concentrations of PCBs in air, soil
and tributaries at urban vs. rural sites in and around Toronto, which pointed to urban areas
as the main source of PCBs to nearshore Lake Ontario. This assessment was consistent
with an inventory conducted of open and closed PCB sources in Toronto building stock
(Diamond et al. 2007b, Robson et al. 2010). Another relevant finding is that organic films
(soot) sampled from window surfaces in downtown Baltimore had higher concentrations
of PCBs in downtown compared to more suburban sites (Liu et al. 2003). It appears that
PCBs have an enhanced affinity for soot (Bucheli and Gustafsson 2003). Work has already
begun to estimate stocks of PCB containing caulk in buildings in the San Francisco Bay area
(Klosterhaus et al. 2011).
Urban runoff also appears to be a significant source of PBDEs to receiving waters (Oram et
al. 2008, Diamond et al. 2010a), although sources appear to be more geographically
dispersed than PCBs. PBDEs appear to follow a similar pathway of release to air, primarily
from indoor air contaminated by volatilization from PBDE containing plastics and
polyurethane foam used in furniture, and then deposited on land surfaces, which can be
mobilized by stormwater runoff (Melymuk et al. 2012).
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2.2

Fate Processes

Once PCBs (and PBDEs) are introduced the lake, a number of loss and recycling processes
determine their mass (and concentration) in the water and sediments of the lake (Gobas
et al. 1995, Davis 2004, Oram et al. 2008). These processes include gas exchange across the
air-water interface, diffusion across the sediment-water interface, settling and
resuspension, burial in deep sediments and washout through the lake outlet. Partitioning
between dissolved and sorbed forms determines the amount of particulate-bound
contaminant that settles to the bottom and the amount in dissolved form determines
exchanges at the air-water and water-sediment interfaces.

2.3

Bioaccumulation Linkages

PCBs (and PBDEs) enter the lake foodweb through accumulation by phytoplankton at the
base of the food web, uptake directly from the water and through accumulation by
sediment dwelling organisms (benthos) (Gobas et al. 1995, Arnot and Gobas 2004, Kuo
et al. 2010). Contaminant concentrations can then increase with each increase in trophic
level (i.e., biomagnify) posing the greatest risk to fish eating animals, including humans,
river otters and fish-eating birds.
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3.0. METHODS
The method used to calculate surface runoff loading of tPCB and tPBDE from watersheds
(drainage basins) to Lakes Washington and Union follows the approaches used in similar
contaminant mass budget studies (Davis et al. 2007; Oram et al. 2008; Herrera 2011; Gries
and Osterberg 2011) where specific basin inputs and pathways are monitored relatively
intensively, including the largest fluvial sources, and loads from unmonitored sources are
derived based on areal loading rates of the monitored basins. This approach is based on the
assumption that monitored drainage basins are representative of the average loads from
unmonitored basins, which is not absolutely correct but serves as a basis for a first order
estimate of total contaminant loading (Oram et al. 2008).
In general, this approach is suitable for:
•
•

•
•

identifying major land uses which are significant sources of these contaminants
use as a planning tool to evaluate load reductions associated with managing inputs
from major pathways
identifying portions of a watershed where pollutant accumulation and delivery to
receiving waters may be greatest
use in a simple box mass budget model of lake water and sediment to understand
how these lakes might respond to reductions in contaminant loading

Loading estimates were based on average hydrological conditions over the last decade
(2002 to 2011 Oct-Sep Water Years) to provide a representative starting point for
comparisons among pathways and as an appropriate time scale for use as input to the mass
budget box model of Lake Washington that will be developed in the next phase of this
study.

3.1

tPCB and tPBDE Data

The field study portion of this project was designed to provide adequate representation of
the spatial and temporal variation in contaminant concentrations in various surface water
loading pathways. These pathways included the two major rivers (Cedar and Sammamish),
tributary inputs from three local watersheds (Thornton, Juanita and May creeks)
representing a range of development intensity, highway runoff, stormwater, and CSOs
(Figure 4). In addition to collection of samples from surface water pathways, the field study
also measured bulk contaminant deposition 10 (atmospheric loading) at two locations
within the study area (see Figure 4). Atmospheric deposition data are used directly from
the associated project data report (King County 2013) to compare relative loadings from
various surface water pathways to loading directly to the surface of the lakes. The reader is
This is also sometimes referred to as atmospheric flux, which can to refer to the downward flux, but also
can refer to the net exchange across the air-water interface. Net exchange will be estimated in the modeling
component of this study. The term atmospheric deposition is used in this report to avoid any confusion that
might arise through the use of the term flux.
10
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Duwaumish River

Figure 4. Locations sampled in this study categorized by loading pathway.
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Table 1referred to the associated project data report for sampling details, results, and data
handling rules (King County 2013).

Table 1 provides summary statistics for tPCB and tPBDE concentrations in surface water
pathways measured at each sampling location. Note that all concentrations are reported
here in ng/L (10-3 µg/L) to two significant figures. Summary statistics include the
minimum, maximum, mean, median (i.e., 50th-percentile) and 25th- and 75th-percentile
concentrations. In general, tPCB and tPBDE concentrations were highest in CSOs and
lowest in the two major rivers and lake outlets. tPCB concentrations in stormwater runoff
were much lower than concentrations in CSOs and somewhat higher than concentrations
measured in tributary streams. tPBDE concentrations in stormwater were somewhat lower
than those measured in CSOs and generally higher than concentrations measured in
tributary streams.
An initial evaluation of the data indicated that the greatest amount of skew, and hence
uncertainty in loading calculations, was observed in the CSO tPCB sampling data (King
County 2013). This was partly due to the relatively small number of samples collected (8
CSO events from 3 CSOs were sampled), but was also likely due to other sources of as yet
unexplained variation (e.g., PCB contamination hot spots in a particular CSO basin or
dominance of older commercial/industrial buildings containing PCB contaminated
materials).

Fortunately, additional tPCB data have been collected from CSOs discharging to the
Duwamish River using similar sampling methods and laboratory analytical techniques
(King County 2011). The Duwamish River empties into marine waters of Elliott Bay in
Seattle just south of the outlet of the Greater Lake Washington watershed to Puget Sound
(see Figure 1). A total of 45 samples were collected from seven individual CSO locations
during the Duwamish River Basin CSO study (King County 2011). tPCB concentrations
reported in the Duwamish study were similar to those measured in this study, although not
nearly as positively skewed. Also, the mean concentration in the Duwamish study was
somewhat lower (65.2 vs. 100 ng/L) and the median concentration was somewhat higher
(47.7 vs. 23 ng/L) than in this study (Table 2).
The data from the Duwamish CSO study were combined with the data from this study to
develop a more accurate estimate of the mean CSO tPCB concentration and more accurate
statistical characterization to use in estimating tPCB loading uncertainty to Lakes
Washington and Union from this pathway. The statistical summary of the combined CSO
tPCB data are provided in Table 2.

Mean concentrations determined for each pathway were used to calculate tPCB and tPBDE
loading, while the 25th- and 75th-percentile concentrations were used to establish the range
of uncertainty in the estimates. Median concentrations were also used to estimate loading
for comparison to loading estimates based on the mean concentration and to illustrate the
amount of skew in observed pathway concentrations.
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Table 1. tPCB and tPBDE results summary for surface water samples. Note that concentrations are all shown in ng/L and rounded to
two significant figures.

tPCB (ng/L)
Pathway/Location a
Major Rivers/Lake Outlets
Sammamish River
Cedar Riverc
Montlake Cut
Ship Canal Locks d
Tributaries e
Thornton
Juanita
May
All combined
Highway Bridge (I-90)

tPBDE (ng/L)
Percentiles
50th b 75th

n

mean

min

max

25th

6
6
6
6

0.12
0.091
0.11
0.29

0.042
0.022
0.051
0.14

0.27
0.23
0.26
0.58

0.073
0.043
0.059
0.15

0.110
0.066
0.085
0.20

4
4
4
12

4.2
1.7
1.1
2.4

1.1
0.081
0.10
0.081

11.0
5.9
2.6
11

1.5
0.23
0.12
0.24

4

9.3

3.3

16

Renton
Kirkland
Fremont
Madrona
Mercer Island
Seward Park
All Combined

3
4
3
4
4
3
21

2.3
1.2
18
7.1
1.9
1.9
5.1

1.5
0.0078
3.9
4.1
0.55
0.77
0.0078

Ballard
Dexter
Seward Park
All Combined

2
3
3
8

23
250
4.3
100

19
28
2.3
2.3

Percentiles
50th b 75th

mean

min

max

25th

0.13
0.11
0.11
0.43

0.61
0.60
0.65
0.80

0.02
0.003
0.18
0.029

1.6
3.2
1.6
2.1

0.03
0.02
0.27
0.23

0.47
0.058
0.53
0.60

1.1
0.25
0.76
1.1

2.7
0.47
0.77
1.3

5.4
2.0
1.7
2.9

7.5
3.8
0.9
4.1

1.9
0.059
0.059
0.059

21
14
2.8
21

2.3
0.37
0.10
0.39

3.6
0.53
0.42
1.3

8.8
4.0
1.2
3.2

5.6

8.9

13

60

2.0

220

4.2

6.2

62

3.4
2.5
39
12
3.6
2.5
39

1.7
0.21
7.3
4.7
0.87
1.6
1.5

2.0
1.2
11
6.3
1.8
2.4
2.5

2.7
2.2
25
8.7
2.9
2.5
4.1

0.8
0.97
57
4.1
0.79
0.070
9.4

0.0091
0.012
1.8
1.6
0.0078
0.013
0.0078

2.4
3.0
170
9.4
2.2
0.18
170

0.026
0.23
3.1
1.6
0.020
0.017
0.024

0.043
0.43
4.5
2.8
0.47
0.022
0.93

1.2
1.2
85
5.3
1.2
0.10
2.4

28
570
6.2
570

93
3.4
5.8

23
160
4.5
23

360
5.3
61

91
140
16
83

16
74
6.7
7

170
210
21
210

110
14
19

91
150
20
48

180
21
150

Stormwater

CSOs
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Sample station locator IDs: Rivers/Lake Outlets - Sammamish River (B472), Cedar River (0438), Montlake Cut (0540), Ship
Canal Locks (0580;, Tributaries - Thornton Creek (0434), Juanita Creek (0446), May Creek (0440); Highway Bridge I-90 – I90_E_HIGHRISE; Stormwater – Renton (0828JC7SB), Kirkland (CENTRALWYKIRK), Fremont (FREMONTSPU102), Madrona
(MADRONASPU81), Mercer Island (MERCERISL10-EPA), Seward Park (SEWARDSPU173), CSOs – Ballard (BALLARDSPU150),
Dexter (S035026), Seward Park (SEWARDSPU44).
a

b

The 50th percentile is synonymous with the median.

C Upper

Cedar River station only.

All PBDE congeners were qualified as non-detect in one sample at the Ship Canal Locks. The highest detection limit of all
congeners in this sample was used to represent the tPBDE result.
d

The tributary sample statistics represent one base flow and three storm event samples for each tributary (total of four samples
per tributary).
e
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Table 2. Comparison of CSO tPCB concentrations (ng/L) measured in this study and a previous
study of Duwamish River CSOs.

Minimum

This study (n = 8)
Duwamish River a (n = 45)
Combined data (n = 53)
a

25thpercentile

2.3
8.01
2.3

Median

Mean

75thpercentile

Maximum

61.
71.7
72.

570
455
570

tPCB (ng/L)
23.
100
47.7
65.2
44.
71.

5.8
30.0
28.

Source: King County (2011)

3.2

Hydrologic Data

In addition to the PCB/PBDE data collected as part of this study, available river and stream
flow data provided by the U.S. Geological Survey (USGS), King County and Snohomish
County were used to estimate contaminant loading from the monitored rivers and tributary
streams (Figure 5). 11 Note that river and stream monitoring locations were intentionally
selected to be co-located with continuous gauging locations.
Because discharge from the locks to Puget Sound is not directly measured, precipitation
data were used in conjunction with daily flow, lake elevation and evaporation estimates to
develop a lake water budget. The water budget provided an estimate of discharge to Puget
Sound that was combined with contaminant concentrations measured just upstream of the
locks to estimate contaminant loading to Puget Sound. Precipitation data were also used to
estimate highway bridge runoff and contaminant loading to the lakes from this pathway.

Daily precipitation data for two stations near the Lake Washington shoreline were
obtained from the National Climatic Data Center (Figure 5). Evaporation data were
provided by the Washington State University (WSU) Puyallup Research and Extension
Center in Puyallup, WA approximately 37 km (23 mi) to the south of Lake Washington. 12
This is the closest station reporting this type of continuous data over the period of interest.
Daily changes in the elevation of Lakes Washington and Union were based on a stage
record at the locks obtained from the Seattle District U.S. Army Corps of Engineers
(USACOE) (Figure 5). 13 Details of methods used to develop the lake water budget are
described in Section 3.4.6 below.
Respectively, USGS: http://waterdata.usgs.gov/wa/nwis/dv/?referred_module=sw; King County:
http://green.kingcounty.gov/wlr/waterres/hydrology/; Snohomish County:
http://www1.co.snohomish.wa.us/Departments/Public_Works/Divisions/SWM/Library/Data/
11

12

WSU Extension Puyallup AgWeatherNet station: http://weather.wsu.edu/awn.php

U.S. Army Corps of Engineers, Northwestern Division dataquery: http://www.nwdwc.usace.army.mil/perl/dataquery.pl?k=%22lake+washington%22
13
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Figure 5. Locations where flow and precipitation were recorded and obtained for use in this study.
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3.3

Extrapolation of Flow to Unmonitored Drainage
Basins

It was not feasible to measure all inputs from every tributary stream and stormwater
drainage basin to a lake system of this size. Therefore, extrapolation was necessary to
estimate total contaminant loading from this pathway. Although hydrologic and water
quality models (Hydrologic Simulation Program-FORTRAN [HSPF]) have been developed
for tributary stream basins to Lake Washington (King County 2003b) 14, these models have
not been updated to represent more recent land cover or meteorological data. In addition,
these models have not been calibrated to flow data that are available for many of these
tributary basins. One exception is Juanita Creek, which King County recently updated and
calibrated for use in a stormwater retrofit study (King County 2012).

After updating the land cover represented in these models and calibration to available flow
gauging data, extrapolation to ungauged basins would still be necessary, albeit via the
sophistication of a continuous hydrologic model. It is uncertain that such an extrapolation
approach would be more accurate considering the findings of Dinicola (2001) that
calibrated HSPF models of Puget Lowland tributaries are not readily transferable to
ungauged basins without additional calibration. Regardless, updating and calibrating these
models was beyond the scope of this study.
Methods used to extrapolate flow to unmonitored drainage basins for use in the lake water
budget are described below. The method used to extrapolate contaminant loading to
unmonitored drainage basins is described in Section 3.4.2.

3.3.1

Definition of Terms

Before describing the methods used to extrapolate flow to unmonitored drainage basins, it
may be helpful to define some terminology. For example, hydrologists use a variety of
terms that are more or less synonymous, but may have more specific meaning for some
readers.

For example, a drainage basin is an area of the land surface where rain (or melting snow)
drains or runs to a single point defined at the discretion of a researcher or by geographic
features, such as where a river, creek or stream enters a lake. Other terms that are
synonymous with drainage basin are catchment, tributary basin or watershed. A drainage
basin as defined here is a river, creek, stream or stormwater conveyance system that is
flowing into another or larger water system (e.g., a stormwater conveyance system to a
stream, a stream to a lake). Drainage basins within the Greater Lake Washington
watershed defined for the purposes of this report are placed into four categories:

14 The Lake Union watersheds were not modeled as part of that project, nor were the combined and partially
separated drainages to Lake Washington to the north and south of Union Bay.
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•
•

•

•

River basins: The Cedar and Sammamish basins are the largest and best defined
drainage basins to Lake Washington with reliable flow measurements for the study
period of interest.
Tributary basins: Smaller drainages to Lake Washington with some remaining
historical stream network that discharges to the lake. Several of these basins have
reliable flow measurements for the study period of interest (e.g., Juanita Creek), but
some do not (e.g., Forbes Creek).
Partially separated basins: For lack of a better term, this is used to describe basins
that no longer have much of an existing historical stream network and consist of
partially separated stormwater and wastewater conveyance networks. These basins
are found within the Central Seattle area and drain to the central western shore of
Lake Washington and to Lake Union and the Ship Canal. For the most part, these
basins do not have reliable flow data and the area of the basin that contributes to
surface runoff that is ultimately delivered to the lakes is not well defined.
Stormwater basins: These are relatively small, well defined drainage areas with
little or no historical stream network that route precipitation runoff through a
stormwater conveyance network that discharges directly to Lakes Washington or
Union. These basins do not have reliable flow data for the study period of interest,
although instantaneous flow measurements were made when study samples were
collected for analysis.

Hopefully, these definitions will assist in more clearly describing the methods used to
extrapolate flow and contaminant data from monitored to unmonitored drainage basins.

Definitions of various components of drainage basin flow or discharge hydrographs will
hopefully provide necessary context for the description of methods used to separately
calculate drainage basin loads from base flow, storm flow and stormwater runoff (see Figure
6). In typical Lake Washington tributary basins, there is a base level of flow (base flow) that
is maintained through the release of shallow groundwater to the stream – more in winter
and progressively less through the driest late summer and early fall period. During
precipitation events, particularly in urbanized basins with stormwater drainage basins (i.e.,
stormwater conveyance systems) connected to the stream, stormwater runoff is delivered
to the stream, which increases flow so that the stream carries a mixture of stormwater
runoff and base flow that is defined here as storm flow. Base flow can also increase initially,
in part due to the relatively rapid delivery of water passed laterally through the soil to the
stream. Figure 6 provides a visual representation of the flow hydrograph definitions
developed above.
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Figure 6. Conceptual storm and base flow hydrograph, including visual definitions of base flow,
stormwater runoff and storm flow (Base Flow + Stormwater Runoff).

3.3.2

Estimating Ungauged Drainage Basin Flow

To estimate long-term average flow from ungauged drainage basins, the long-term mean
annual flow (2002-2011) of gauged tributary basins around the lake was calculated and
compared to the contributing basin area for each gauge. 15 A linear regression (r2 = 0.84; p
< 0.0001, SE = 30%) of basin area vs. mean annual flow indicated that basin area could be
used as a reasonable first approximation of mean annual flow in other tributary basins
around the lake (Figure 7). The slope of the linear regression line indicated an average
water yield of 0.103 cms per km2 (1.4 cfs per mi2).

There appeared to be two outliers (Mercer/Kelsey Creek and Thornton Creek) in the
relationship between mean annual flow and basin area. Mercer/Kelsey Creek yields more
water and Thornton Creek yields less water per unit area than is typical of other gauged
Lake Washington tributaries. The explanation for the lower yield of Thornton Creek is in
part the result of the significant amount of flow that is diverted past the gauge via a direct
discharge from Meadowbrook Pond to Lake Washington (City of Seattle 2007). The higher
yield of Mercer/Kelsey is more difficult to explain, although it is believed that water is
occasionally diverted to Mercer/Kelsey Creek from Phantom Lake in the Lake Sammamish
drainage just east of the headwaters of the Mercer/Kelsey basin (City of Bellevue 2009).
Regardless, removal of these two data points did not change the slope of the regression, but
did increase the regression coefficient (r2 = 0.98; p < 0.0001, SE = 13%). Therefore, 0.103
15

King County GIS Center. topo_basin: http://www5.kingcounty.gov/sdc/Metadata.aspx?Layer=topo_basin
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cms per km2 (1.4 cfs per mi2), the average water yield, is used to extrapolate gauged
drainage basin flows to ungauged Lake Washington drainage basins.

MEAN ANNUAL FLOW (CFS)

40.0
35.0

Mercer/Kelsey Creek

30.0
25.0
20.0
15.0

MAF (cfs) = 1.4 x DA (mi2)
R² = 0.84

10.0
5.0

Thornton Creek

0.0
0.0

5.0

10.0

15.0

DRAINAGE AREA

20.0

25.0

30.0

(MI 2 )

Figure 7. Scatter plot and linear regression best-fit line of mean annual flow vs. drainage area for
gauged Lake Washington tributaries.

Note: MAF = Mean annual flow; DA = Drainage area; 1.4 cfs mi-2 = annual areal water yield

Because of a significant backwater effect of Lake Washington on the Sammamish River
(King County 2009), the existing flow gauge is located upstream of three major tributaries
(Little Bear, North and Swamp creeks) that enter the river below the gauge but before it
discharges to Lake Washington. Swamp and Little Bear creeks have been gauged near their
mouths in the past decade, but these gauges have been discontinued and, in the case of
Swamp Creek, the gauge was operated for just a few years. Fortunately, Snohomish County
has maintained gauges on all three creeks over the past decade.

Total flow from the three Sammamish River tributaries below the gauge was estimated by
scaling the observed flow rate at the upstream tributary gauge by the ungauged lower
tributary watershed area (Total Flow = Gauged Flow x Total Area/Gauged Area). Flow from
the ungauged valley area to the river was based on the unit area flow rate of 0.025 cms per
km2 (0.9 cfs per mi2) derived from previous hydrologic modeling of the Sammamish River
(King County 2009). This value is less than the unit area runoff rate used for the
unmonitored Lake Washington basins because of low impervious cover and relatively flat
terrain of the Sammamish River valley floor.

3.3.3

Estimating Flow from Central Seattle Basins

Extrapolation of flow to the most urbanized drainage basins in central Seattle, which do not
have long-term gauging data, is made more challenging because a portion of these
King County
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drainages are part of a combined sewer system that transfers stormwater runoff and
domestic wastewater to treatment plants that discharge directly to Puget Sound. Some of
these combined systems are responsible for episodic CSOs that discharge to the lake and
canal system. The remainder of this area is served by a partially separated system, often
with rooftop drains connected to the wastewater conveyance system, and street and
parking lot runoff directed to a stormwater conveyance system. The stormwater
conveyance system may eventually discharge to the lake or canal, but sometimes an
initially separated stormwater conveyance ultimately empties into the wastewater
conveyance system.

Although hydraulic models of the combined wastewater system exist, they are generally
not integrated with stormwater conveyance system details that would readily provide an
estimate of flow to the lake and ship canal system. It may be possible to develop partially
separated basin flow estimates from the wastewater conveyance models; however, this
approach is beyond the scope and resources for this project.

To provide a first approximation of the flow from the partially separated areas, a GIS
coverage of the partially separated basin areas provided by the City of Seattle 16 was
intersected with central Seattle tributary watershed boundaries (Figure 8) to estimate the
drainage areas contributing flow to Lakes Washington and Union. This area was then used
along with the approach described above for extrapolating flows to ungauged partially
separated basins to estimate the average flow contribution from these areas. This provides
a reasonable first approximation until better estimates of flow from these areas can be
developed.

3.3.4

Estimating the Thornton Creek Flow Bypass

As mentioned above, a flow bypass on Thornton Creek diverts flow during high flow events
via a diversion to Meadowbrook Pond located just below the confluence of the north and
south branches of the creek. When storage in the pond is exceeded, flows are diverted to an
outfall that discharges directly to Lake Washington (City of Seattle 2007). The amount of
flow bypassed can be substantial relative to the total flow of Thornton Creek. The Thornton
Creek Watershed Management Committee (2000) indicated that the bypass flow rate can
be as high as 9.91 cms (350 cfs) with an annual average of approximately 0.147 cms (5.2
cfs). The average flow rate of 0.147 cms (5.2 cfs) was used to approximate the additional
stormwater flow from Thornton Creek.

3.4

Loading Estimates

Loading is determined by multiplying a contaminant concentration in units of mass per
volume by a flow rate in volume per time, resulting in an estimate of the mass delivered per
some unit of time. For tPCBs and tPBDEs, contaminant loading is typically reported in
grams per year (g yr-1). Loading is also reported on a per unit area basis by dividing the
16 King County GIS Center. cse_dbasin:
http://gisdw/intranet/sdc/nonkcgis/content/hydro_ext/cse_dbasin.htm (KC intranet access only)
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Figure 8. Location and extent of Central Seattle and Lake Union tributary basins and the
contributing area of partially separated basins.
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estimated load by the total watershed area above that point. Areal loads for these
contaminants are typically reported in grams per square kilometer per year (g km-2 yr-1).
Details of methods used to estimate contaminant loading for each pathway are described
below.

3.4.1

Major Rivers

tPCB and tPBDE loading from the Cedar River were calculated by multiplying the mean
concentration of tPCB and tPBDE measured at Station 0438 by the annual average flow
(2002-2011) observed at the USGS gauge (Station 12119000) on the Cedar River at Renton.
Contaminant data were also collected at a station located closer to the mouth (Station
X438) to evaluate the potential increase in contaminant concentration as the river passed
through part of downtown Renton. Concentrations of tPCB and tPBDE did not appear to
increase based on comparison of the four synoptic sampling events (see King County 2012
for more details regarding comparison of upstream and downstream concentrations).
Contaminant loading from the Sammamish River was calculated by multiplying mean
concentrations measured at B472 by the sum of the annual average flow measured at the
upstream gauge (King County 51T), tributary inputs from Little Bear and North creeks, and
the flow from the river valley area between the river gauge and contaminant sampling
location. Total loading from the Sammamish River did not include loading estimated for
Swamp Creek, which enters the river below Station B472 but before the river enters Lake
Washington (see Section 3.3.2 above). The method used to estimate unmonitored tributary
watershed loading is described in the next section.

3.4.2

Local Drainage Basins

The approach to estimating contaminant loading from local drainage basins, including
loading from tributary streams and from Central Seattle basins, is described below.
Methods are described separately for estimating loading from local drainage basins (1) that
were monitored during this study, and (2) that were unmonitored, for which extrapolation
was used, including loading from partially separated drainages within the Central Seattle
watersheds (see Figure 8).
3.4.2.1 Monitored Tributary Basins

Total loads from local tributary basins were estimated by assuming that unmonitored
basins contribute comparable PCB loads as monitored tributary basins with similar overall
land uses (i.e., Thornton, Juanita and May creeks). This approach is similar to that used to
estimate PCB and PBDE loadings to the San Francisco Estuary (Davis et al. 2007; Oram et al.
2008). The method used to develop loading estimates for monitored tributary basins
follows the approach used by Herrera (2011) to estimate areal contaminant loading rates
from specific land use types monitored in several small watersheds located in two Puget
Sound river basins (Puyallup and Snohomish). Details of calculating loads from monitored
tributary basins and extrapolation to the remaining unmonitored drainage basins are
described below.
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Loading from monitored tributaries was calculated using gauged flow data and measured
contaminant concentrations at the same location. One base flow and three storm flow
samples were collected from each tributary basin. A stream flow hydrograph separation
program based on the local-minimum method implemented in HYSEP (Sloto and Crouse
1996) was used to quantify mean base flow and storm event flow rate using decade-long
(2002-2011) daily flow records available for each tributary contaminant sampling location.
Base and storm flow loadings were calculated by multiplying base flow and mean storm
flow contaminant concentrations by the respective mean flow rates. In the case of
Thornton Creek, estimated average storm bypass flow of 0.147 cms (5.2 cfs) was added to
mean storm flow from the base flow separation analysis before calculating the storm load.
Base and storm flow loads were then summed to obtain the total loading rate in g yr-1 for
each tributary. Total basin area of each tributary was then used to calculate the areal
loading rate for tPCB and tPBDE.
Although hydrograph separation is a somewhat subjective process, computer algorithms
allow for the consistent application of a certain set of rules to remove some of the
subjectivity inherent in this type of analysis as noted by Soto and Crouse (1996). In
addition to the stream flow time series, basin area above the gauge is used in the program
to determine the appropriate time interval to use in flow separation analysis.
3.4.2.2 Extrapolation to Unmonitored Drainage Basins

Extrapolation of contaminant loading to ungauged watersheds in the San Francisco Estuary
studies (Davis et al. 2007; Oram et al. 2008) used the average areal loading rate derived for
monitored basins representing approximately 10 percent of the local drainage. 17 However,
they note that their estimate may have been too low because inputs from small, historically
industrial watersheds could contribute relatively large loads that might not have been well
represented in their studies.
In this study, the three monitored tributary basins represent over 20 percent of the local
drainage to Lake Washington (excluding estimated drainage to the combined system) and
also have a range of land uses reflective of the local tributary drainages to the lake. These
tributaries were selected for monitoring because they had operating continuous flow
gauges. The three tributaries also represented historical and current development ranging
from older high density residential and commercial development in Thornton Creek to
somewhat lower intensity and younger development in Juanita Creek and more recent
medium to low density and mixed commercial development in May Creek.
Rather than use average areal contaminant loading rates of the three basins to extrapolate
loading to the remainder of the local drainages, hypotheses were developed based on the
conceptual model presented above (see Section 2.1) and additional information presented
below to estimate contaminant loading rates. Based on evaluation of these hypotheses, we
identified unmonitored Thornton Creek-like, Juanita Creek-like and May Creek-like
tributary basins as a first approximation for extrapolation. Our intent was to lay the

17 Local drainage refers to creeks and river drainages surrounding the estuary, excluding the Sacramento-San
Joaquin Basin (“Delta” flow in their publications) which drains about a third of California.
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foundation of a conceptual model to frame interpretation of the loading information
generated in this study and generate hypotheses to guide future studies and management
activities.

Previous studies have identified urban areas as significant sources of PCBs and PBDEs from
atmospheric emission (Persoon et al. 2010; Wethington and Hornbuckle 2005; Melymuk
et al. 2012) and urban runoff (Davis et al. 2007; Oram et al. 2008). For PCBs, this is
consistent with Robson et al. (2010) who found that significant stocks of PCBs remain in
urban areas in closed sources like transformers, capacitors and light ballasts and in open
sources like caulks and sealants used in commercial and industrial buildings.
Melymuk et al. (2012) noted that atmospheric concentrations of PCBs and PBDEs were
highest in the vicinity of the central business core of Toronto, Canada. This pattern is
consistent with results of a recent Puget Sound contaminant deposition study that found
highest deposition rates of PCBs and PBDEs at a highly urban and industrial site in Tacoma,
WA (Brandenberger et al. 2010). One study has even suggested a link between linear
distance from percent commercial land use and PCB contamination of perch sampled from
sub-estuaries around Chesapeake Bay (King et al. 2004).
A recent Puget Sound contaminant loading study focused on small drainage basins with
relatively consistent land use within each basin characterized as either
commercial/industrial, residential, agricultural or forest/field/other (Herrera 2011). They
found that highest areal loads of PCBs and PBDEs were delivered in storm flow from basins
with predominantly commercial/industrial land use. Areal loading from base flow was
similar among the four land use categories.
Based on the conceptual model and additional synthesis of previous studies, estimated
areal loading rates from Thornton, Juanita and May creeks were compared to basin-scale
population density, percent impervious cover, percent of basin built in or before 1979, and
percent of basin area built as commercial or industrial property in or before 1979. This
information was used to evaluate hypotheses to classify unmonitored drainage basins as
similar to one of the monitored basins. Population density was based on the most recent
census block data, percent impervious cover was based on the 2006 National Land Cover
Database (Fry et al. 2011), and percent of land built in or before 1979 was based on
analysis of the most recent King County parcel layer and assessor tables.

3.4.3

Highway Runoff

Contaminant loadings from highway bridges that cross Lakes Washington (SR 520 and
I-90) and Union (I-5 and SR 99) were calculated by multiplying surface areas of these
highways 18 by the average of long-term (2002-2011) mean annual precipitation reported
at the Renton Airport located at the southern end of Lake Washington and Sand Point on
the western shore of the lake (see Section 3.2 above). Annual surface runoff was then
multiplied by mean tPCB and tPBDE concentrations measured in bridge runoff during the
18 Data based on bridge inspection reports provided by Archie Allen, Maintenance and Operations Bridge
Superintendant, Washington State Department of Transportation, Bellevue, WA.
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study to estimate total annual contaminant loads to each lake system from this pathway. It
was assumed that there were no evaporative losses during runoff events.

3.4.4

Combined Sewer Overflows

Loading from combined sewer overflows was estimated by compiling the most recent and
most reliable CSO flow estimates for King County and Seattle CSOs available from annual
reports (e.g., King County 2012c; Seattle Public Utilities 2012). To represent flow
conditions, the most recent reliable flow data were selected. For King County CSOs, flow
data were available for 2007 through 2011; a five year period. Reliable flow data were
available for Seattle CSOs only for three years (2009 through 2011). Total annual CSO flow
was summed separately for CSO discharges to Lake Washington and to Lake Union. The
mean annual flow rates to Lake Washington and to Lake Union were then multiplied by the
average CSO concentrations based on the combination of data from this study and the data
from the Duwamish River study (see Section 3.1 above) to estimate long-term annual
contaminant loading from CSOs.

3.4.5

Atmospheric Deposition

Atmospheric loading was based on deposition data collected during this study. Field
methods and details of deriving deposition rates are documented in a separate report (King
County 2013). Reported contaminant deposition rates from the two stations were averaged
and the mean areal deposition rate was multiplied by the surface area of each lake system
to derive an estimate of annual loading from this pathway.

3.4.6

Loading to Puget Sound

Discharge from Lake Union and the locks to Puget Sound is not directly measured because
of the complexity of the lock and dam system at the outlet of the Greater Lake Washington
watershed. To estimate loading to Puget Sound, estimates of total outflow were derived
using two slightly different approaches. One approach was based on a daily water balance
approach that has been used in previous water quality modeling studies of the lake (Cerco
et al. 2004).
The water balance equation solved for the system outflow is:
Qout = (Qin + Q prec ) − (Q∆S + Qevap )

Where :
Q out ≡ Total outflow to Puget Sound
Q in ≡ Watershed inflows
Q prec ≡ Precipitation
Q ∆S ≡ Storage
Q evap ≡ Evaporation
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Watershed inflows were based on the sum of gauged river and tributary inflows and
estimated ungauged tributary inflows between October 2002 and September 2011.
Because daily flow from ungauged tributaries was needed for this approach, the annual
average unit area flow estimate described above was unsuitable for this purpose. For the
daily lake water balance, ungauged tributary flows were based on scaling daily flow from a
representative gauged tributary. The daily flow record for May Creek was selected as the
basis for extrapolation. May Creek was used because it has complete daily flow records for
the period of interest (i.e., no missing daily values) and does not appear to be affected by
significant flow diversions (see Section 3.3.2 above).

The remainder of inputs to the daily water balance included the average of daily
precipitation measured at the Renton Airport and at Sand Point. Daily evaporation data
was obtained from the WSU Experimental Station in Puyallup, WA. Storage changes in the
lake were based on daily changes in lake level reported by the Seattle District USACOE and
the surface area of Lakes Washington and Union. All inputs were converted to daily flow by
multiplying the depth of rainfall, evaporation or lake level change by the total combined
area of Lakes Washington and Union of 92.8 km2 (35.8 mi2).

The second approach was based on the knowledge that over a decade long period, lake
storage changes become a relatively unimportant component of the water budget and can
be omitted from the water balance equation. This is especially true for this system,
considering that the level of the lake generally ranges no more than 0.61 m (2 ft) and is
closely controlled to the same maximum level in summer and the same minimum level in
winter.
Therefore, the water balance on a long-term basis becomes:
Qout = (Qin + Q prec ) − (Qevap )

Where :
Q out ≡ Total outflow to Puget Sound
Q in ≡ Watershed inflows
Q prec ≡ Precipitation
Q evap ≡ Evaporation

Furthermore, daily flow inputs can be replaced with long-term average flows, which means
that the unit area flow scaling approach (described in Section 3.3.2 above) can be used to
estimate long-term mean flow from ungauged tributaries. Both approaches were applied
using data for the Water Year (Oct-Sep) period 2002-2011.

3.5

Uncertainty Assessment

Understanding uncertainty in measured hydrologic and contaminant data is critical to
appropriate water quality assessment, management and modeling (Harmel et al. 2009).
Harmel et al. (2006) identified four procedural sources of uncertainty including streamflow
measurement, sample collection, sample preservation/storage and laboratory analysis.
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Herrera (2011) identified a slightly more expansive list of sources of uncertainty that
included streamflow measurement and laboratory error, but also included extrapolation of
sampling results as another source of uncertainty. Uncertainty from extrapolation includes
extrapolation from instantaneous loads based on measured flow and concentration to
longer periods (months to years) and extrapolation of loads estimated for a measurement
location to unmonitored locations (Webb et al. 1997).

A quantitative uncertainty analysis based on propagation of all quantifiable sources of
error is beyond the scope of this study. 19 In general, surface runoff estimates developed for
this study are assumed to be relatively certain. An earlier water budget of Lake Washington
that included first-order error analysis, determined that because much of the river and
stream flow to the lake is measured relatively accurately, the total estimated discharge to
the lake is associated with relatively little error (Edmondson and Lehman 1981). The
greatest uncertainty is likely associated with estimated mean contaminant concentration in
each loading pathway and associated extrapolation errors. To provide a first
approximation of uncertainty in these loading estimates, the 25th- and 75th-percentile
contaminant concentrations were used to calculate a likely upper and lower bound on the
loading estimate based on the mean concentration measured in a particular loading
pathway.
Contaminant loading estimated using the median concentration is also calculated and
compared to the load estimated using the mean concentration to highlight the degree of
skew in observed tPCB and tPBDE concentrations in each loading pathway. The skew in
environmental contaminant data is typically positive; the tail on the right side of the data
distribution is longer and the majority of concentration values lie to the left of the mean
(i.e., the mean is higher than the median value).

Although relatively large differences between mean and median values suggest significant
skew in the population of contaminant concentrations in a particular loading pathway, this
does not imply that the loading estimate based on the median (or geometric mean) would
be a more accurate estimate of loading. However, the relatively large skew in the small data
sets generated for particular loading pathways in this study indicates that the current
estimate of the mean concentration and subsequent loading estimate is highly uncertain. In
the cases where skew appears to be relatively smaller, loading estimates have relatively
less uncertainty.
To demonstrate that the mean concentration is the correct value to use in loading
calculations, a simple example is presented here using an existing data set consisting of one
year of daily flow and total phosphorus (TP) measurements made in Issaquah Creek (Birch
1976). Issaquah Creek is the main inflow to Lake Sammamish (see Figure 1). TP data are
right-skewed with a mean and median concentration of 57.4 and 37.0 µg/L, respectively.
The mean flow during the sampling period was 3.99 cms (141 cfs). Assuming that daily TP
Note that the terms “error” and “uncertainty” as used here are synonymous and refer to the uncertainty in
(or error of) our measurements and estimations of total average flow and contaminant concentrations, which
if known with absolute certainty for each pathway would provide the true contaminant load to the system.
19
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values are an accurate representation of the concentration in the river each day 20, the
actual load can be calculated by multiplying the daily concentration by the daily flow which
yields an estimated loading of 7,200 kg TP yr-1. One can arrive at very nearly the same
result by multiplying the mean annual flow by the mean concentration. However, if one
uses the median concentration, the estimated load is 4,700 kg TP yr-1 – about 35 percent
less than the best estimate of total load based on the daily flow and concentration data.

Single daily grab samples collected in the study were probably not the best representation of daily average
TP concentration, but this is mostly a separate sampling and statistical issue not being addressed explicitly
here, but acknowledged as an issue in our study (i.e., procedural uncertainty).
20
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4.0. RESULTS
Results for each loading pathway are summarized below and compared to data from other
studies with a focus on studies conducted within the Puget Sound basin.

4.1

Major Rivers

Estimated tPCB and tPBDE loading from the two major rivers is summarized in Table 3.
Estimated loads are based on the average (2002-2011) flow rate of 19.6 cms (692 cfs) for
the Cedar River and 10.9 cms (384 cfs) for the Sammamish River. Even though the total
flow from the Sammamish River is lower than that of the Cedar River, estimated loading
from these rivers is similar in magnitude, although the contribution from the Sammamish
River based on mean concentrations is somewhat lower than that from the Cedar for both
tPCB and tPBDE. Note that the range of river loading estimates indicate positive skew in the
concentration data, particularly for tPBDE concentrations measured in both rivers where
the loading estimates using the mean are greater than those estimated using the 75thpercentile concentration.
Estimated areal loadings of tPCB and tPBDE from the Cedar and Sammamish rivers are
summarized in Table 4. As with total loading, estimated loadings on an areal basis are
similar for the two rivers. Because the drainage area represented by the Sammamish River
estimate is somewhat larger than that represented by the Cedar River, areal loading rates
based on mean concentrations are somewhat lower for the Sammamish River.

In general, areal tPCB loading estimates for the Cedar and Sammamish rivers are near the
lower range reported by Gries and Sloan (2009) for the Green River just to the south of the
Cedar River basin. Their estimate was based on analysis of contaminants sorbed to
suspended particulate matter and ranged from 0.14 to 1.99 g km-2 yr-1. Estimates of areal
loading for the Cedar and Sammamish rivers reported here are also within the range of
estimated areal loads of tPCB from the study of five major Puget Sound rivers, which
ranged from 0.058 to 0.364 g km-2 yr-1 reported as the 25th and 75th percentile (Ecology and
King County 2011; Greis and Osterberg 2011). Areal tPBDE loading from the same five
rivers ranged from 0.118 to 0.230 g km-2 yr-1 again reported as the 25th and 75th percentile
(Ecology and King County 2011; Greis and Osterberg 2011). Estimated areal loadings of
tPBDE for the Cedar and Sammamish rivers are generally closer to the higher range of
loading estimates for large Puget Sound rivers.
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Table 3. Loading estimates of tPCB and tPBDE to Lake Washington from the Sammamish and
Cedar rivers.

25thpercentile

Median

Mean

75thpercentile

tPCB (g yr-1)
Cedar River
Sammamish Rivera
Cedar River
Sammamish Rivera

27
25

41
38

56
41

68
45

9.9
11

tPBDE (g yr-1)
36
370
160
210

150
380

Note that the estimated load from the Sammamish River is based on measured concentrations and
estimated flow at B472, which is above the point where Swamp Creek enters the Sammamish River.
Estimated loading from Swamp Creek is included in the unmonitored tributary loading estimate below.
a

Table 4. Areal loading estimates of tPCB and tPBDE for the Sammamish and Cedar rivers.

25thpercentile

Median

Mean

75thpercentile

tPCB (g km-2 yr-1)
Cedar River
Sammamish Rivera
Cedar River
Sammamish Rivera

0.054
0.045

0.082
0.068

0.11
0.074

0.14
0.081

0.020
0.020

tPBDE (g km-2 yr-1)
0.072
0.74
0.29
0.38

0.30
0.68

Note that the estimated load from the Sammamish River is based on measured concentrations and
estimated flow at B472, which is above the point where Swamp Creek enters the Sammamish River.
Estimated loading from Swamp Creek is included in the unmonitored tributary loading estimate below.
a

4.2

Local Drainage Basins

4.2.1

Monitored Tributary Basins

The first step in the approach used to estimate loading from the three monitored
tributaries was to conduct a base flow separation analysis in order to assign a
concentration for days of base flow and another concentration representing days with
storm flow. Example results for the analysis of the flow records from the three gauged
basins are provided in Figure 9.
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Figure 9. Time series graphs of daily average flow and estimated base flow for Water Year (OctSep) 2011 discharge observed in Thornton (top graph), Juanita (middle graph) and May
(bottom graph) creeks.

Note: The y-axis scale is different in each graph.
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The mean base and storm flow (2002-2011) estimates derived from the base flow
separation analysis are provided in Table 5. Flow (base, storm and mean) was highest in
May Creek, which is consistent with its much larger basin area and higher elevation
headwaters. The Juanita Creek drainage is about 40 percent smaller than Thornton Creek,
but had similar base flow. Accounting for the flow that bypasses the Thornton Creek gauge
at the mouth results in storm and mean flows that are higher than those in Juanita Creek,
but not quite as much as would be expected based on basin area. It is possible that some of
the runoff in the Thornton Creek basin remains unaccounted for, either as a result of error
in the bypass flow estimate or as the result of diversion of storm drainage to another basin
or to a combined sewer system.
Table 5. Base and storm flow estimates based on base flow separation analysis of Thornton,
Juanita and May creeks.

Base Flow
Thornton Creek
Juanita Creek
May Creek

0.068 (2.4)
0.068 (2.4)
0.116 (4.1)

Storm Flow
cms (cfs)
0.317 (11.9) a
0.232 (8.2)
0.518 (18.3)

Mean Flow
0.408 (14.4) a
0.300 (10.6)
0.634 (22.4)

a

The storm flow and mean flow estimates for Thornton Creek include the estimate for the flow bypass
from Meadowbrook Pond to Lake Washington. The observed mean flow (2002-2011) was 0.261 cms (9.2
cfs).

Estimated tPCB and tPBDE loadings from the three monitored tributaries based on
measured contaminant concentrations and the base and storm flow estimates provided
above are summarized in Table 6. The range in observed storm flow concentrations was
carried through to the estimate of total tPCB and tPBDE loadings from these tributary
basins in Table 7. Note that the range of loading estimates generally indicate positive skew
in the storm flow concentration data such that estimated mean loadings are greater than
estimates based on the median storm flow concentrations, with the possible exception of
May Creek. Estimated loadings from May Creek based on mean and median storm flow
concentrations were the same for tPCB.
Areal loading estimates for these tributary basins are summarized in Table 8. On an areal
basis, loading from these basins was higher than that observed for the Cedar and
Sammamish rivers. Also, mean areal loading rates were consistently lowest for May Creek
and highest for Thornton Creek.

Tributary basin areal loading rates shown in Table 8 are comparable to the median
estimates for Puget Sound commercial/industrial land uses reported by Herrera (2011).
Based on Puget Sound drainage areas for each land use type characterized in their study,
the median loads provided in Table 15 of their report were converted to areal loading,
which resulted in an estimated tPCB loading rate of 1.2 g km-2 yr-1 and a tPBDE loading rate
of 1.9 g km-2 yr-1. Areal loading rates for other land uses targeted in their study (residential,
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Table 6. Base and storm flow loading estimates of tPCB and tPBDE to Lake Washington from
Thornton, Juanita and May creeks.

Storm Flow
Base Flow
(g yr-1)

25thpercentile

Median

Mean

75thpercentile

56.
17.

76.
24.

23.

33.

99.
36.
16.

140.
53.
23.

Thornton Creek
Juanita Creek

2.5
0.17

28.
3.5

tPCB (g yr-1)
39.
4.9

May Creek

0.46

12.

23.
-1

Thornton Creek
Juanita Creek
May Creek

4.0
1.3
2.6

38.
2.0
1.4

tPBDE (g yr )
50.
3.5
1.9

Table 7. Total loading estimates of tPCB and tPBDE to Lake Washington from Thornton, Juanita
and May creeks.

25thpercentile

Median

Mean

Thornton Creek
Juanita Creek

31.
3.7

tPCB (g yr-1)
41.
59.
5.1
17.

May Creek

13.

23.

75thpercentile
78.
24.

23.

34.

tPBDE (g yr )
54.
100.
4.8
37.
4.5
19.

140.
55.
26.

-1

Thornton Creek
Juanita Creek
May Creek

42.
3.3
4.1

Table 8. Total areal loading estimates of tPCB and tPBDE for Thornton, Juanita and May creeks.

25thpercentile

Median

Mean

Thornton Creek
Juanita Creek

1.1
0.20

tPCB (g km-2 yr-1)
1.4
2.0
0.28
0.93

May Creek

0.37

0.67

0.66
-2

Thornton Creek
Juanita Creek
May Creek

King County

1.4
0.18
0.12

2.7
1.3
0.95

-1

tPBDE (g km yr )
1.9
3.5
0.26
2.0
0.13
0.53
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4.8
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agricultural, forest/field/other) were lower that estimates for Thornton, Juanita and May
creeks by one or more orders of magnitude; 0.084 to 0.148 g km-2 yr-1 for tPCB and 0.064 to
0.163 g km-2 yr-1 for tPBDE based on median loads reported in Herrera (2011).

4.2.2

Extrapolation to Unmonitored Local Drainage Basins

Estimated areal loading from the three monitored tributary basins was consistent with the
expectation that the range in character and degree of development among the monitored
basins would result in a range of areal loading estimates – highest in Thornton Creek and
lowest in May Creek. The areal loading estimates were compared to four basin
characteristics to identify a plausible and somewhat objective means of extrapolating
loading rates to unmonitored drainage basins around the lake. These characteristics were
percent total impervious cover, population density, percent of basin developed in or before
1979 and percent of basin developed as commercial/industrial parcels in or before 1979.

Comparisons of tPCB and tPBDE areal loading rates (based on mean storm flow
concentrations) to the four basin characteristics are shown in Figure 10. All comparisons
suggest a positive relationship between the selected basin characteristics and areal tPCB
and tPBDE loading rates. With only three points of comparison, the relationships cannot be
evaluated statistically. The relationship between percent developed as commercial/
industrial in or before 1979 was chosen as the basis for extrapolation because it seemed to
best fit the emerging conceptual model, at least for PCBs, that commercial/industrial land
use may be a significant source of these types of contaminants. The relationship also
indicated a convenient separation of areal loading rates among the basins. The rule
selected for assigning areal loading rates to unmonitored basins was as follows:
•
•

•

Less than or equal to 4 percent – use May Creek areal loading rates
Greater than 4 percent but less than or equal to 8 percent – use Juanita Creek areal
loading rates
Greater than 8 percent – use Thornton Creek areal loading rates

The classification of each drainage basin with respect to percent developed as
commercial/industrial in or before 1979 is shown in Figure 11. The range of estimated
tPCB and tPBDE loading from local drainages to Lake Washington and Lake Union is
provided in Table 9. The range of estimated tPCB and tPBDE areal loading from local
drainage basins to Lake Washington and Lake Union is provided in Table 10. Estimated
mean areal loading rates ranged from 1.2 to 2.0 and 2.2 to 3.5 g km-2 yr-1 for tPCB and
tPBDE, respectively. These areal loading rates are comparable to the median estimates for
Puget Sound commercial/industrial land uses reported by Herrera (2011), which is
consistent with the moderate to high percentages of this type of land use in the watersheds
surrounding these lakes.
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Figure 10. Scatterplots of areal loading of tPCB (left panel) and tPBDE (right panel) for percent
total impervious cover, population density, percent developed in or before 1979, and
percent developed as commercial/industrial land use in or before 1979.

Note: An exponential regression fit is shown only to illustrate the suggestive positive relationships
between the four basin characteristics and areal contaminant loading.
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Figure 11. Lake Washington and Lake Union local drainage basins categorized by percent
developed as commercial/industrial land use in or before 1979.
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Table 9. Loading estimates of tPCB and tPBDE to Lakes Washington and Union from local
drainage basins.

25thpercentile

Median

Mean

75thpercentile

450
40

620
53

tPCB (g yr-1)
Lake Washingtona
Lake Union
a

Lake Washington
Lake Union

190
22

260
28

200
28

tPBDE (g yr-1)
280
820
38
69

1,200
95

Note that the estimated loads include inputs estimated for Swamp Creek, which enters the Sammamish
River just upstream of where the river enters Lake Washington.
a

Table 10. Areal loading estimates of tPCB and tPBDE to Lake Washington and Lake Union from
local drainage basins.

25thpercentile

Median

Mean

75thpercentile

tPCB (g km-2 yr-1)
Lake Washingtona
Lake Union
a

Lake Washington
Lake Union

0.51
1.1

0.70
1.4

1.2
2.0

1.7
2.7

0.54
1.4

tPBDE (g km-2 yr-1)
0.76
2.2
1.9
3.5

3.2
4.8

Note that the estimated loads include inputs estimated for Swamp Creek, which enters the Sammamish
River just upstream of where the river enters Lake Washington.
a

4.3 Highway Runoff
The estimated areas of state and interstate highway bridges that contribute runoff to Lakes
Washington and Union are provided in Table 11. Table 12 presents the estimated loading
from state and interstate highway bridges that contribute runoff to Lakes Washington and
Union. These estimates were based on the contributing area of each bridge (Table 11), a
long-term annual average precipitation amount of 940 mm (37 in), and tPCB and tPBDE
concentrations measured in I-90 bridge runoff during this study (see Table 1). Estimated
areal loading rates from bridge runoff are provided in Table 13. Currently, no studies have
been identified that would provide a basis for comparison to these results, although a
previous study of runoff from the SR 520 bridge indicated that high volume traffic surfaces
can be a concentrated source of various contaminants (King County 2006).
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Table 11. Contributing areas of state and interstate bridge crossings of Lakes Washington and
Union.

Contributing Bridge Deck Area
m2
ft2
Lake Washington
SR 520
I-90
Total

134,438
197,674
332,112

1,447,076
2,127,749
3,574,825

SR 520 (Portage Bay)
I-5
SR 99
Total

16,376
64,777
18,201
99,355

176,270
697,258
195,916
1069444

Grand Total

431,467

4,644,269

Lake Union

Table 12. Loading estimates of tPCB and tPBDE to Lakes Washington and Union from highway
bridge runoff.

25thpercentile

Median

Mean

75thpercentile

tPCB (g yr-1)
To Lake Washington
To Lake Union
To Lake Washington
To Lake Union

1.7
0.52

2.8
0.83

2.9
0.87

4.1
1.2

1.3
0.39

tPBDE (g yr-1)
1.9
19.
0.58
5.6

19.
5.8

Table 13. Areal loading estimates of tPCB and tPBDE from highway bridge runoff.

25thpercentile

Median

Mean

75thpercentile

tPCB (g km-2 yr-1)
5.3
3.9

King County

8.4
8.7
-2
-1
tPBDE (g km yr )
5.8
56.

12.
58.
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4.4 CSOs
Estimated long-term CSO flow rates for Lakes Washington and Union are provided in Table
14. Estimated tPCB and tPBDE loading from CSOs to Lakes Washington and Union is
summarized in Table 15. tPCB loading estimates are based on the average CSO discharge
rate to each lake and the contaminant concentrations measured in data combined from this
study and another recent study conducted on CSOs discharging to the Duwamish River in
southeast Seattle (53 samples from 11 CSOs; see Section 3.1). tPBDE loading is based on the
CSO discharge rates and the data collected in this study.
Note that the estimated tPCB loading rate based on the mean concentration is similar to the
estimate based on the 75th-percentile concentration, which indicates positive skew in the
CSO tPCB concentration results. This is due to consistently high concentrations measured
in a CSO at the southern end of Lake Union and relatively high concentrations observed in a
CSO that discharges to the Duwamish River. PCB concentrations measured in the two other
CSOs that were monitored in this study and discharge to the Ship Canal in Ballard and to
Lake Washington near Seward Park are lower and similar to concentrations measured in
stormwater (see Table 1).
The positive skew in the limited number of CSO samples analyzed in the two recent studies,
combined with the highly episodic nature of CSOs, suggest that the CSO loading estimates
are relatively uncertain.
Table 14. Estimated long-term CSO flow rates for Lakes Washington and Union.

Lake Washington
Lake Union

cms
0.0055
0.026

cfs
0.190
0.920

Table 15. Loading estimates of tPCB and tPBDE to Lakes Washington and Union from CSOs.

25thpercentile

Median

Mean

75thpercentile

tPCB (g yr-1)
To Lake Washington
To Lake Union
To Lake Washington
To Lake Union

King County

4.9
23.

7.6
36.

12.
58.

12.
59.

3.3
16.

tPBDE (g yr-1)
8.3
14.
39.
68.

26.
120.
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4.5 Atmospheric Deposition
The bulk deposition of tPCB and tPBDE measured in this study are summarized in Table 16.
tPCB and tPBDE areal deposition rates in ng m-2 d-1 were greatest at the Beacon Hill site to
the southwest of the lake, although the difference for tPCB deposition was relatively small
and may not be statistically significant. The range in the rates of tPCB deposition reported
in this study (2.58-4.30 ng m-2 d-1) were somewhat higher than that reported in a recent
deposition study conducted at seven locations along the Puget Sound shoreline that used
similar methods (Brandenberger et al. 2010). Mean deposition rates reported by
Brandenberger et al. (2010) ranged from 0.75 to 2.54 ng m-2 d-1, with the highest rate
measured at a highly urban location in Tacoma, WA approximately 35 km (22 mi) to the
south of the Beacon Hill site occupied in this study.
-2

-1

Table 16. Atmospheric deposition rate (ng m d ) measured in this study, including a comparison
to a recent Puget Sound study.

Sand Point

Beacon Hill

Puget Sound a

4.30

0.75 - 2.54

tPCB (ng m-2 d-1)
2.58
tPBDE (ng m-2 d-1)
a

5.95
30.3
6.2 - 30.4
Brandenberger et al. 2010 (excluding results for Padilla Bay)

The range in tPBDE deposition measured in this study is very similar to mean deposition
rates reported by Brandenberger et al. (2010) for locations around Puget Sound. The lower
rate of 5.95 ng m-2 d-1 measured at Sand Point is similar to many of the more rural areas
monitored by Brandenberger et al. (2010) and the higher rate measured at the Beacon Hill
site (30.3 ng m-2 d-1) is similar to the highest deposition rate reported by Brandenberger
et al. (30.4 ng m-2 d-1) at their highly urban Tacoma location.

Atmospheric loading estimates to Lakes Washington and Union are reported in Table 17.
Estimated loading is based on the deposition rates measured at the two stations monitored
in this study and the surface areas of each lake.

4.6 Loading to Puget Sound

The lake water balance yielded a long-term flow estimate of 36.9 cms (1,400 cfs) from the
Greater Lake Washington drainage to Puget Sound. This is similar to a previous estimate
provided by the USACOE (Lynne Melder, Hydraulic Engineer, Seattle District USACOE) of
40.4 cms (1,426 cfs) for the period 1995-2000. As a check, a second calculation was done
that used the long-term average flow, evaporation and precipitation inputs which allowed
daily changes in storage to be ignored. This method provided an estimated long-term
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discharge of 41.6 cms (1,470 cfs), which is within 10 percent of the estimate based on the
daily water balance that included the effect of changes in storage.
Table 17. Atmospheric loading estimates of tPCB and tPBDE to the surface of Lake Washington
and Lake Union.

Minimum
(Sand Point)

Mean/Median a

Maximum
(Beacon Hill)

tPCB (g yr-1)
Lake Washington
Lake Union
Lake Washington
Lake Union
a

84
3.6

110
4.8

140
6.0

190
8.3

tPBDE (g yr-1)
590
25

980
42

Range based on data collected at the two stations

Average concentrations of tPCB and tPBDE measured at Station 0580 just upstream of the
Locks were 0.29 (range 0.14-0.58) and 0.80 (range 0.029-2.1) ng/L, respectively (see Table
1). The average concentration of tPCB is very similar to the concentrations estimated from
seasonal semi-permeable membrane device (SPMD) deployments in the Lake Washington
Ship Canal conducted by Ecology (Sandvik 2008; Sandvik 2009; Sandvik and Seiders 2011;
Sandvik and Seiders 2012). The range of tPCB concentrations reported in Ecology’s SPMD
studies was 0.12 to 0.51 ng/L. tPBDE concentrations reported in those same studies were
generally lower than measured in this study. tPBDE concentrations reported in their study
ranged from below detection to 0.27 ng/L.

Ecology has also analyzed whole water samples from five major rivers discharging to Puget
Sound (Skagit, Snohomish, Nooksack, Stillaguamish, and Puyallup) and reported tPCB
concentrations ranging between 0.003 to 0.059 ng/L and tPBDE concentrations ranging
between 0.011 and 0.265 ng/L (Gries and Osterberg 2011). These Puget Sound river tPCB
and tPBDE concentrations are generally lower than those observed in our study, which is
not unexpected as these rivers drain large relatively undeveloped areas.

tPCB and tPBDE loading to Puget Sound from the Greater Lake Washington watershed
based on the estimated long-term flow and average concentrations are 360 and 990 g yr-1,
respectively (Table 18). Based on the total upstream drainage area of 1,590 km2 (614 mi2),
the estimated areal loading rate is 0.23 and 0.62 g km-2 yr-1 for tPCB and tPBDE,
respectively (Table 19). Loading estimates from Lake Washington to Lake Union via
Montlake Cut are also provided in Table 18 and Table 19.

Based on the range in estimated tPCB and tPBDE loading rates it appears that Lake Union
contributes a significant portion of PCBs and PBDEs to Puget Sound – the mean fluvial tPCB
loading rate increases by about a factor of three and the tPBDE load doubles after water
passes through Lake Union (see Table 18).
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In general, the tPCB loading estimate for the Greater Lake Washington discharge to Puget
Sound is within the range reported by Gries and Sloan (2009) for the Green River, which
discharges to Elliott Bay/Puget Sound just to the south. Their estimate was based on
analysis of contaminants sorbed to suspended particulate matter and ranged from 0.14 to
1.99 g km-2 yr-1. Estimated areal loads of tPCB from the study of five major Puget Sound
rivers mentioned above ranged from 0.058 to 0.364 g km-2 yr-1 reported as the 25th and 75th
percentile (Ecology and King County 2011, Gries and Osterberg 2011). Areal tPBDE loading
from the same five rivers ranged from 0.118 to 0.230 g km-2 yr-1 again reported as the 25th
and 75th percentile (Ecology and King County 2011, Gries and Osterberg 2011).
Table 18. Loading estimates of tPCB and tPBDE to Puget Sound from the Greater Lake
Washington watershed. Estimated loading to Lake Washington and from Lake Washington
to Lake Union via Montlake Cut also shown.

25thpercentile

To Lake Washington
From Lake Washington to Lake Union
From Lake Union to Puget Sound

333
73
190

To Lake Washington
From Lake Washington to Lake Union
From Lake Union to Puget Sound

416
330
280

Median

Mean

tPCB (g yr-1)
459
672
110
140
250
360
tPBDE (g yr-1)
1,076
2,023
650
800
740
990

75thpercentile

889
140
540
2,755
940
1,400

Table 19. Areal loading estimates of tPCB and tPBDE for the Greater Lake Washington watershed.
Estimated areal loading to Lake Washington and from Lake Washington to Lake Union via
Montlake Cut also shown.

25thpercentile

To Lake Washington
From Lake Washington to Lake Union
From Lake Union to Puget Sound

0.21
0.047
0.12

To Lake Washington
From Lake Washington to Lake Union
From Lake Union to Puget Sound

0.27
0.21
0.18
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Median

Mean

tPCB (g km-2 yr-1)
0.30
0.43
0.068
0.088
0.16
0.23
-2
tPBDE (g km yr-1)
0.69
1.3
0.42
0.52
0.47
0.62

75thpercentile

0.57
0.088
0.34
1.8
0.60
0.85
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Also shown Table 18 and Table 19 are the estimated total load (mass and areal,
respectively) of tPCB and tPBDE to Lake Washington from rivers, tributary drainages,
bridge runoff, CSOs and atmospheric deposition. Comparison of loading to Lake
Washington to the export from Lake Washington to Lake Union indicates that from about
75 to 85 percent of the tPCB input and 20 to 65 percent of the tPBDE input to Lake
Washington is deposited in lake sediments, accumulated by lake biota and possibly lost
through volatilization across the air-water interface. The next step of this study will be the
development of tPCB fate and bioaccumulation models that will account for contaminant
loss to sediments, contaminant exchange across the air-water interface and accumulation
in biota. This tool will be used to evaluate the potential for management actions to reduce
health risks from consuming contaminated fish from Lake Washington.
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5.0. DISCUSSION
To synthesize and better illustrate the results presented above, a chart was prepared that
shows the range of tPCB and tPBDE loading estimates for each pathway for Lakes
Washington and Union. Figure 12 shows the range of tPCB loading estimates, which
illustrates that loading from local drainages are likely the dominant source of tPCBs to Lake
Washington (left panel). However, estimated local drainage basin inputs appear to have the
greatest absolute uncertainty and range from 190 to 620 g yr-1. The second largest source
of tPCB appears to be direct deposition to the surface of the lake followed by inputs from
the two major rivers.

Although the CSO load is uncertain due to the positive skew in the observed tPCB
concentration data, the CSO contribution to Lake Washington as a whole is small relative to
all but bridge runoff. However, the estimated relative contribution and uncertainty in tPCB
loading to Lake Union (see right panel of Figure 12) highlights the potential contribution of
CSOs and local stormwater runoff loading to the apparent increase in loading between Lake
Washington at Montlake Cut and the discharge to Puget Sound at the locks.

Figure 13 shows the range of tPBDE loading estimates, which illustrates that tPBDE loading
estimates for Lake Washington (left panel), with the exception of loading from CSOs and
bridges which are relatively low, have a great deal of uncertainty. There is not a clearly
dominant source pathway for tPBDEs for Lake Washington. It appears that loading from
the outflow of Lake Washington to Lake Union is the dominant source of tPBDE to Lake
Union, with much smaller contributions from local drainage and bridge runoff, CSOs and
atmospheric deposition.

The suggestion that local drainage basins are the most significant source of tPCBs to Lake
Washington warrants further discussion. The area around the lake is substantially
developed for residential, commercial, and limited industrial uses. Development around the
lake accelerated during and after World War II. Some of the materials associated with this
development are known PCB sources and development has also traditionally been
associated with increased impervious cover that collects and routes rainfall quickly and
efficiently, along with contaminants that accumulate on these surfaces, to wastewater
conveyance systems, stormwater outfalls, streams and lakes.

Although the highest tPCB concentrations in this study were measured in CSOs, the next
highest concentrations were measured in stormwater outfalls sampled from the I-90
bridge and six other locations draining small areas (less than 4 km2/1,000 acres) around
the lakes. The samples collected from the three tributary basins included a base flow
sample – significant base flow does not typically occur in stormwater drains – and samples
collected during storms that contain a mixture of base and storm flow. In general, about
70 percent of stream flow in these tributaries is base flow and the remainder (30 percent)
is stormwater runoff. 21 To illustrate the dominance of stormwater runoff on tPCB load in
tributary streams, the base flow separation results, along with the measured base flow
21

Recall Figure 6 and the definitions provided in Section 3.3.1.

King County

47

September 2013

PCB/PBDE Loading Estimates for the Greater Lake Washington Watershed

tPCB concentration, were used to calculate the stormwater runoff concentration needed to
match the estimated tPCB load.
Lake Union tPCB Loading

Lake Washington tPCB Loading

700

700

500
400

600

25th-percentile
median
mean
75th-percentile

25th-percentile
median
mean
75th-percentile

500
400

300

300

200

200

100

100

tPCB (g yr-1)

tPCB (g yr-1)

600

0

0
Rivers

Local CSOs
Drainages

Bridges Atmospheric
Deposition

from Lake
Local CSOs Bridges Atmospheric
Washington Drainages
Deposition

Figure 12. Range of tPCB loading estimates for Lake Washington and Lake Union.

Note: Ranges of loading from atmospheric deposition are minimum and maximum estimates
based on the data from the two deposition sites monitored in this study.
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Figure 13. Range of tPBDE loading estimates for Lake Washington and Lake Union.

Note: Ranges of loading from atmospheric deposition are minimum and maximum estimates
based on the data from the two deposition sites monitored in this study.
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Table 20 presents a summary of these calculations, which indicate that the stormwater
concentrations needed to match the estimated total tPCB loading estimate was highest for
Thornton Creek and lowest for May Creek – consistent with the pattern observed in the
tributary basin storm flow measurements. The estimated stormwater runoff
concentrations are also generally consistent with measurements made in the stormwater
outfalls sampled in this study. Based on the 18 storm events sampled from the stormwater
outfalls in this study (see Table 22 in King County 2013), the 25th and 75th percentile tPCB
concentrations were 1.6 and 4.7 ng/L, respectively.
The analysis presented in Table 20 also suggests that stormwater runoff contributes over
80 and perhaps even over 90 percent of the total local drainage basin load (Storm
[Est]/Total Load), regardless of the level or type of development. This is in spite of the fact
that stormwater runoff is only about 30 percent of the total annual tributary flow.
Table 20. Estimate of stormwater tPCB concentration needed to match estimated tPCB load from
Thornton, Juanita and May creeks given base and storm flow and base flow tPCB
concentration.

tPCB Load (g yr-1)

Flow

cms

cfs

tPCB Concentration

Base
Flow

Storm
(Estimate)

Target
Total
Load

a

Observed Estimated
Base
Stormwater
Flow
Runoff
ng/L

Thornton Creek
Base flow
Stormflow

0.190
0.217

6.7
7.7

6.9

52.

59.

1.1

7.6 b
(1.6 - 11) c

Juanita Creek
Base flow
Stormflow

0.200
0.099

7.1
3.5

0.51

16.7

17.

0.081

5.4 b
(0.27-5.9) c

May Creek
Base flow
0.429
15.
1.7
21.7
23.
0.13
3.4 b
Stormflow
0.205
7.3
(0.12-2.8) c
a
The analysis for Thornton Creek includes the estimate of stormwater bypass flow from Meadowbrook
Pond to Lake Washington.
b
The 75th-percentile storm flow tPCB concentrations in Thornton, Juanita and May creeks were 7.1, 3.3
and 2.0 ng/L, respectively.
c
The minimum and maximum tPCB concentrations in the three storm flow samples collected from each
creek during the study.
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To further evaluate the relative importance of urban stormwater runoff as significant
source of tPCB to these lakes, the pooled storm event tPCB concentration statistics for the
six stormwater outfalls provided in Table 22 of the companion data report (King County
2013) were used to estimate areal loading rates from a typical urban stormwater basin.
Stormwater loading estimates were not calculated for each basin, primarily because flow
was not measured continuously at each stormwater sampling location over the course of
the study so that runoff flow could be accurately calculated. Unfortunately, it was not
within the resources of this project to measure continuous flow at the stormwater outfalls.

Areal stormwater basin loading was estimated using two different precipitation runoff
assumptions. The first assumption follows that used for the calculation of stormwater
runoff from the bridges (i.e., all precipitation is translated into runoff) using the same
estimated long term annual precipitation amount of 940 mm (37 in). This assumption may
not be an unreasonable first approximation based on the results of flow gauging conducted
on a small partially separated drainage basin (drainage area of 152 ac) in the University
District, which is within the Central Seattle drainage basin and which drains to Lake Union
(City of Seattle 2012).
The second assumption was that generated runoff would be less than the total
precipitation amount. The estimated tributary basin yield of 1.4 cfs per mi2 used for
estimating ungauged drainage basin flow was used as a reasonable approximation of the
second assumption. This translates to approximately 483 mm (19 in) of runoff per unit
basin area. The result of these calculations and comparison to the areal loading estimates
for Thornton, Juanita and May creeks is presented in Table 21. The estimated stormwater
basin areal loading rates are similar to, but somewhat higher than the estimated areal
loading rates for Thornton Creek and consistently higher than the estimated loadings from
Juanita and May creeks. This pattern is consistent with stormwater runoff from urban
drainage areas being a significant source of tPCB to urban tributary streams and to these
lakes.
Table 21. Areal loading estimates of tPCB from a unit stormwater basin drainage area based on
stormwater basin storm event sampling conducted for this study. Comparisons to the
estimated areal loading rates for Thornton, Juanita and May creeks are also provided.

25thpercentile

Median

Mean

Composite Stormwater Basin
Thornton Creek
Juanita Creek

1.7
1.1
0.20

tPCB (g km-2 yr-1)
3.0
5.5
1.4
2.0
0.28
0.93

May Creek

0.37

0.67
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75thpercentile
4.6
2.7
1.3
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Another potentially informative comparison is between atmospheric deposition rates
measured in this study and the areal loading rates estimated for the monitored tributary
drainage basins and major rivers (Table 22). It appears that atmospheric deposition rates
based on measurements made near the lake in Seattle are generally similar to the areal
loading rates from the more highly developed basins (Thornton and Juanita creeks) and are
higher than the areal loading rates from the less developed May Creek basin. Areal loading
rates from the major rivers are generally much lower than the observed atmospheric
deposition rates.
There are at least two, not necessarily mutually exclusive explanations for these
observations. It is possible that atmospheric deposition declines as a function of distance
from highly developed commercial/industrial areas. May Creek and the two major river
basins include less developed rural areas. This phenomenon has been suggested in other
studies (Brandenberger et al. 2010, Melymuk et al. 2012). It is also possible that the greater
area of soils and forests in less developed basins are more effective at retaining and storing
deposited contaminants than developed areas with extensive impervious cover that is
connected to stormwater conveyance networks that efficiently deliver water and
associated contaminants directly to receiving streams and lakes.

Also note that even though atmospheric deposition rates are similar to areal loading rates
in developed drainage basins, this does not preclude the possibility of significant direct
inputs from local sources such as leaking transformers, abrasion of contaminant containing
building materials, etc., since even in highly developed areas there are soils and often some
trees that can sorb and store contaminants deposited or generated from within the
drainage basin. In general, the emerging conceptual model, at least for PCBs, is that much of
the current PCB load is primarily from local sources stored in building and construction
materials containing PCBs and leakage from PCB containing electrical equipment (Diamond
et al. 2010; Robson et al. 2010). The relative contribution from these sources in the Greater
Lake Washington watershed remains unknown.
Table 22. Comparison of tPCB and tPBDE areal atmospheric deposition rates measured at Sand
Point and Beacon Hill to mean areal loading rates estimated for the Thornton, Juanita and
May creeks and the Cedar and Sammamish rivers.

Atmospheric Deposition
Thornton
Juanita
Creek
Creek
tPCB (g km-2 yr-1)

May
Creek

Sammamish
River

Cedar
River

Sand Point

Beacon Hill

0.94

1.6

2.0
0.93
-2
tPBDE (g km yr-1)

0.66

0.052

0.074

2.2

11.1

3.5

0.53

0.61

0.38
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6.0. CONCLUSIONS
The current best estimates of tPCB loading to Lakes Washington and Union are shown in
Figure 14. These estimates suggest that local drainage basins contribute about 67 percent
of the total tPCB load to Lake Washington. The next most significant pathways appear to be
atmospheric deposition to the surface of the lake and major river loading; each accounting
for ~14 percent of the total loading. This suggests that over 95 percent of the loading to
Lake Washington can be accounted for from these three pathways. Based on the analyses in
this report, there appears to be a large range in the plausible estimates of local drainage
basin loading, but even the lowest estimates are above the uncertainty range in the next
highest loading estimate. Depending on the true local drainage tPCB loading contribution,
local drainage basin loading may be more or less significant. Total tPCB loading from all of
the assessed pathways to Lake Washington is estimated to be 672 g yr-1.

For Lake Union, input (export) from Lake Washington (140 g yr-1) appears to be the most
significant source of tPCB, contributing about 57 percent of the total load (244 g yr-1). CSOs
appear to be the next highest contributor (~24 percent), but there is considerable
uncertainty in this estimate. Local drainage basin loading, which is almost exclusively
stormwater runoff, is estimated to contribute approximately 16 percent, so together these
three pathways are estimated to deliver about 97 percent of the total load to Lake Union.
CSOs and stormwater runoff from the local drainage basins, along with atmospheric
deposition and bridge runoff, are the likely contributors to the apparent increase in tPCB
concentration and loading between Lake Washington and the discharge through the locks
to Puget Sound. Although tPCB load appears to increase between Lake Washington and
Puget Sound, Lake Washington appears to be a sink for tPCBs based on the substantial
reduction in tPCB load (~80 percent) observed between inputs to Lake Washington and
export through the Lake Washington Ship Canal (see Table 18).

The current best estimates of tPBDE loading to Lakes Washington and Union are shown in
Figure 15. tPBDE loading estimates for major rivers, local drainage basins and atmospheric
deposition to Lake Washington are relatively uncertain, but the best current estimate is
that they together contribute almost all of the tPBDE to the lake. Total tPBDE loading from
all of the assessed pathways to Lake Washington is estimated to be 2,023 g yr-1.

Lake Washington appears to be the largest source of tPBDE to Lake Union (800 g yr-1),
contributing about 80 percent of the total load (968 g yr-1). CSO and local drainage runoff
inputs have similar uncertainty, but are also estimated to contribute similar amounts –
approximately 7 percent each so that most of the tPBDE loading to Lake Union is associated
with those three pathways.
These tPCB loading estimates will be used in the models that will be developed in the next
phase of this study to simulate the response of Lake Washington to reductions in tPCB
loading that might result from various management approaches and resulting changes in
concentrations in resident fish.
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Figure 14. Bar charts showing current best estimates of the relative contribution of tPCB (g yr ,
percent of total) from each pathway to Lake Washington (top) and to Lake Union (bottom).
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Figure 15. Bar charts showing current best estimate of the relative contribution of tPBDE (g yr ,
percent of total) from each pathway to Lake Washington and to Lake Union.
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