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Figure 2. Dissolved oxygen (DO) in Puget Sound.

Above, numeric water quality standards for dissolved oxygen. Below,
results from Washington’s Water Quality Assessment for dissolved
oxygen in Puget Sound. Red indicates Category 5 impaired waters, and
blue-gray represents Category 2 areas of concern for 2016.

Publication 19-03-001

page 16

January 2019



The Water Quality Assessment for DO is based only on the numeric part of the standard.
Although a waterbody segment may be included in Category 5 as impaired or Category 2 as an
area of concern, that listing process does not consider the 0.2 mg/L human allowance from
natural conditions that is part of the DO standards. We use an estimated reference condition
computed for each model year to measure anthropogenic change.

Areas vulnerable to eutrophication in Puget Sound are thought to share three key characteristics:
poor vertical mixing of the water column that may lead to stratification, dissolved inorganic
nitrogen (DIN) limitations on phytoplankton growth, and long residence times (Encyclopedia of
Puget Sound, 2018a). Yet, the complexity of the system is remarkable, necessitating the aid of
mechanistic models to reveal causes and effects, and sources and sinks. For instance, using a
circulation model, Banas et al. (2015) showed that local salinity is not a reliable indicator of the
influence of the nearest rivers on Puget Sound water quality. Khangaonkar et al. (2018), using a
biogeochemical model, showed that land-based sources of nutrients have a significant impact on
water quality.

Although large-scale climatological, meteorological, and hydrological drivers produce large
variabilities in Puget Sound water quality (PSEMP, 2012-2017), sensitivity to anthropogenic
nutrient additions within the Salish Sea is heightened in locations that have low flushing rates
and adjoin urbanized shorelines (Mackas and Harrison, 1997). Albertson et al. (2007) qualified
South Puget Sound as relatively more “sluggish and stratified” and highlighted the importance of
wind patterns and magnitude to water circulation in the region. EPA (1992) also identified
several restricted bays, inlets, and passages in Puget Sound as potentially sensitive to
eutrophication based on their frequency of DIN depletion in surface waters and low DO.

Thom et al. (1988) demonstrated that Fauntleroy Cove, in southwest Seattle, has experienced
localized eutrophication. They recommended studies on the freshwater nutrient contributions to
Puget Sound and the degree of “nutrient trapping” in embayments. Other observational studies
have identified various Puget Sound inlets that experience persistent or seasonal stratification,
depletion of nitrogen at the surface, and substantial enhancement of primary production due to
nutrient addition, consequently making these locations vulnerable to eutrophication (Newton and
Reynolds, 2002; Eisner and Newton, 1997; Newton et al., 1998). Mechanistic modeling studies
associated those same locations that experience poor flushing, such as South Puget Sound inlets,
with human-influenced low DO conditions (Ahmed et al., 2014, 2017; Roberts et al., 2014).

The deteriorating quality of Puget Sound benthic assemblages, as shown via a decline in the
overall area of unaffected benthos, along with observations of adversely affected communities in
terminal inlets, are suggestive of biogeochemical ecosystem changes potentially related to low
oxygen episodes (Weakland et al., 2018). Such changes in the benthic community composition
can occur in estuaries at varying low DO levels (Howarth et al., 2011, and references therein),
and can be synergistically confounded by the presence of sulfide in the sediments, which can
occur under low-oxygen conditions (Vaquer-Sunyer and Duarte, 2010). While implications of
benthic community changes to Puget Sound food webs have not yet been studied, Macdonald et
al. (2012) discuss the profound effect of the makeup of benthic communities in the Salish Sea’s
ecosystem function.
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In recent years, late summer aerial observations and photography reveal intense algal blooms,
copious jellyfish patches, and remnants of floating macroalgal mats in terminal inlets of Puget
Sound (Krembs et al., 2012; Krembs, 2014-2018). The significance of the latter observations
and their potential linkages to eutrophic processes and food web changes are yet to be elucidated.
Nelson et al. (2003) found that macroalgal blooms peaked in summer and autumn at various
Puget Sound sites, and biomass was greatest at sites with the highest water column nitrogen
concentrations, suggesting that additional anthropogenic nitrogen can increase macroalgal
biomass in the region. Van Alstyne (2016) conducted research in Penn Cove and showed, via
isotopic analyses, that nitrogen from oceanic origin is the primary nitrogen source for macroalgal
(genus Ulva) biomass, but anthropogenic sources also contribute. The most likely sources of
additional nitrogen for Ulva samples collected in September were wastewater treatment plants.

The Washington State Department of Ecology (Ecology) has undertaken a Puget Sound Nutrient
Source Reduction Project (PSNSRP) to address these water quality concerns in Puget Sound.
This is a collaborative process aimed at reducing nutrients from point and nonpoint sources. The
PSNSRP will guide regional investments in point and nonpoint source nutrient controls so that
Puget Sound will meet DO water quality criteria and aquatic life designated uses by 2040.

To commence the PSNSRP, Ecology aims to establish an initial framework for improvements in
water quality that can be achieved through reductions in current source conditions. These are
referred to as “bounding scenarios.” One scenario is designed to assess the overall impact of
watershed loads and marine point sources. A subset of the bounding scenarios are based on
achievable technological upgrades, where seasonal biological nitrogen removal (BNR) is added
to secondary treatment at municipal wastewater treatment plants (WWTPs). BNR effluent limits
are set to be 8 mg/L for both dissolved inorganic nitrogen (DIN) and carbonaceous biological
oxygen demand (CBOD:s), based on a study (Tetra Tech, 2011) that consisted of a technical and
economic evaluation of nutrient removal at WWTPs. These effluent limits were applied on a
seasonal basis, from April through October.

A mechanistic model is essential to cover complex interactions that affect marine water quality.
Processes that contribute nutrients include atmospheric deposition, river and stream inflows,
point source discharges, nonpoint source inputs, nutrient fluxes into and out of the oceanic
boundary, and sediment—water exchanges. Hydrodynamic characteristics such as tides,
stratification, mixing, and freshwater inflows govern transport of nutrients and other variables.
Photosynthesis and respiration rates govern biological nutrient transformations and DO
dynamics. Light, nutrient availability, temperature, and phytoplankton influence photosynthesis
rates as well as algal growth, respiration, death, and settling. The Salish Sea Model simulates all
of these processes, and it was identified as the tool that will help in developing the Puget Sound
Nutrient Management Strategy. As results from other biogeochemical models for the Puget
Sound become available, comparison of output from diverse models may further our
understanding of system dynamics.
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The Salish Sea Model

The Salish Sea Model® (SSM) was developed by Pacific Northwest National Laboratory in
collaboration with Ecology, with funding from the United States Environmental Protection
Agency (EPA). The SSM is a state-of-the-science computer modeling tool used to simulate the
complex physical, chemical, and biological patterns inherent in this system. It has been
developed over the past decade to analyze regional hypoxia, with continuous improvements over
that time period. It has been the basis for over 20 peer-reviewed publications. This tool will be
used to assess marine water quality standards and evaluate nutrient reduction options for
improving and restoring Puget Sound (the Sound) to meet our water quality goals.

A first generation of the SSM was named “Puget Sound Model” (PSM), with ocean boundaries
established near the mouths of the Strait of Juan de Fuca and Georgia Strait, while inner
boundaries extended to all estuarine waters south and east of these open boundaries, culminating
in Oakland Bay in the southernmost inner region of the model domain (see Figure 1). The model
is based on the coupled hydrodynamic (Finite Volume Coastal Ocean Model, FVCOM) and
water quality (CE-QUAL-ICM) models as implemented by Kim and Khangaonkar (2012). The
hydrodynamics and water quality calibration of the first-generation PSM has been documented
previously in Khangaonkar et al. (2011, 2012).

A second generation of the model included the addition of sediment diagenesis and carbonate
systems as reported by Pelletier et al. (2017a, 2017b) and Bianucci et al. (2018). These first- and
second-generation PSMs required open boundary adjustments for model calibration to accurately
simulate estuarine exchange, due to the fact that the open boundary was close to entrances to the
Strait of Juan de Fuca and the north boundary of Georgia Strait (Khangaonkar et al., 2018). Also,
the secondary pathway for estuarine exchange through Johnstone Strait at the north end of
Georgia Strait was found to be significant (Khangaonkar et al., 2017). Therefore, the model
domain was expanded westward to the continental shelf in the Pacific Ocean, northward to
include Johnstone Strait, and southward to Oregon’s Waldport (south of Yaquina Bay), while
retaining the previously developed sediment diagenesis and ocean acidification modules as
described by Khangaonkar et al. (2018). This is the third-generation model, named simply the
Salish Sea Model or SSM. The PSM and the SSM domains are shown in Figure 3.

In building the SSM, the grid of the older PSM was expanded out to the new model domain
extent, primarily to improve handling of boundary conditions. The bathymetry of the additional
area through Discovery Islands and Johnstone Strait were based on the Cascadia grid employed
by the Department of Fisheries and Oceans, Canada (DFO) tsunami propagation research. The
continental shelf expansion was based on bathymetry of the Advanced Circulation (ADCIRC)
model of the Eastern North Pacific (ENPAC) (Spargo et al., 2003), as reported by Khangaonkar
et al. (2018). The model grid also includes ten vertical layers, distributed with greater layer
density near the surface (Khangaonkar et al., 2017).

3 https://ecology.wa.gov/Research-Data/Data-resources/Models-spreadsheets/Modeling-the-environment/Salish-Sea-
modeling
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water quality parameters for the years 2006, 2008, and 2014 for watershed and marine point
source inflows are presented in Appendices A7 and AS.

Watershed Updates

The updated SSM version used for this project included:
e Refinement of watershed inflows into South and Central Puget Sound.

e Addition of watershed inflows in coastal areas, northwest British Columbia, and Lake
Cushman.

e Other watershed flows and water quality updates.

There are now a total of 161 freshwater inputs entering the model with the refined watershed
delineation and addition of new watersheds, while the previous models had fewer freshwater
inputs with 64 and 69 for the Puget Sound Model (PSM) (Bianucci et al., 2018) and SSM
(Khangaonkar et al., 2018), respectively. These inputs represent the loading of nutrients entering
marine waters in the SSM domain at the mouth of each of these rivers. In this context, river
inflows into SSM are integrated and do not distinguish between all upstream watershed sources.

River inflows into South and Central Puget Sound were refined relative to the previous
representation in the first-generation PSM. Previous studies identified embayments in South and
Central Puget Sound as vulnerable to eutrophication and low DO conditions, so we focused on
freshwater refinements in these regions. Higher resolution of watershed inflow data is now
available. The refinement involved subdividing the original watersheds into smaller hydrologic
units. This resulted in more freshwater inflows entering South and Central Puget Sound, but did
not change the total amount of freshwater being added. Figure 5 illustrates some of these
updates.

Flow and water quality estimates for the refined watersheds were originally developed for a
different model of South and Central Puget Sound as part of the South and Central Puget Sound
Dissolved Oxygen (SPSDO) study. These methods are described in more detail by Mohamedali
et al. (2011a, 2011b). The process involved a multiple linear regression technique to create a
daily time series of water quality constituents using daily USGS flows and monthly water quality
data collected between 2006 and 2007 as part of the SPSDO study (Roberts et al., 2008).

The refined watershed delineations for the SSM remained consistent with the ones developed for
the SPSDO study, except that a few watersheds (e.g., Sinclair/Dyes Inlet) were refined further.
This refinement was done by superimposing 12-digit USGS Hydrologic Unit Code (HUC12)
watershed delineations over the original PSM watersheds and using that as a basis of subdividing
larger watersheds into smaller catchments.

Freshwater inflows entering the expanded model domain were also added, as described in
Appendix B. These included inflows in coastal areas, northwest British Columbia, Vancouver
Island, and from Lake Cushman.
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Figure 5. The new Salish Sea Model (SSM), with its refined watershed inflow nodes in South and Central
Puget Sound, new Canadian watershed inflow nodes, and new watershed inflows along the Pacific

Ocean coastline.

Marine Point Source Flows and Water Quality

A total of 99 marine point source inputs are included in the SSM. These include both municipal
wastewater treatment plants (WWTPs) and industrial discharges that are under Washington State
jurisdiction, as well as WWTPs under U.S. federal government and Canadian jurisdiction. The
original marine point source flow and water quality time series described in Mohamedali at al.
(2011a) were developed for the years 1999 through 2008. These time series were created using a
multiple linear regression approach analogous to that used for the watershed inflows, thus
creating a continuous time series for each year of input for the SSM using mostly monthly water
quality data. We have now extended these time series to more recent years, through June 2017.
The updated time series also include new WWTPs that have come online since 2008. Data for
this recent time period were obtained from a combination of sources. Quality control procedures,
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data quality, and representativeness objectives are found in the Quality Assurance Project Plan or
quality assurance/quality control document of each organization from which we used data, as
cited in McCarthy et al. (2018).

Data for marine point sources under Washington State jurisdiction were obtained primarily from
Ecology’s Water Quality Permitting and Reporting Information System (PARIS), which houses
monthly discharge monitoring reports for all point sources under the National Pollutant
Discharge Elimination System (NPDES) program. Data for WWTPs under federal jurisdiction
were obtained through the EPA Region 10 NPDES Program (R. Grandinetti, EPA Region 10,
pers. comm., 2018).

Annual reports for all WWTPs in Canada for the period 1999 to 2016 were obtained from
Capitol Regional District (2018) and Metro Vancouver (2018). Raw data for the WWTPs were
also obtained for 2017 to complete the long-term database.

Marine point sources were reviewed for any process or outfall location changes. If there was a
change in the treatment process, a new regression was developed and applied to the time period
following the treatment change. Previous regressions were used where no new data were
available. New regressions were also developed if a particular facility started monitoring for
parameter(s) not previously monitored. Any changes in outfall locations were noted and a new
model grid node closest to the new outfall was selected. Also, treatment plant shutdowns and
new sources coming online were noted.

Summary of Nutrient Influx

Oceanic

Mackas and Harrison (1997) estimated the ocean input of nitrogen to Puget Sound to be around
408,000 kg/day, or about 88% of the total nitrogen entering Puget Sound. This oceanic influx of
nitrogen enters as the inflowing branch of the estuarine exchange flow. However, the rate of
algal inorganic nitrogen consumption in the euphotic zone (between the surface and about 30 m
depth) is much greater than the advective flux of inorganic nitrogen to the surface from the lower
layers (Khangaonkar et al., 2018). So, a significant portion of the oceanic nitrogen input is not
expected to penetrate the euphotic zone, but instead flows back out to the outer coast. Davis et al.
(2014) estimated that about 98% of the water exiting the Strait of Juan the Fuca is of oceanic
origin.

Understanding the impact of oceanic nitrogen within Puget Sound is further complicated by the
large estimated percentage (60%—66%) of the water at Admiralty Inlet that is refluxed back into
Puget Sound (Ebbesmeyer and Barnes, 1980; Khangaonkar et al., 2017). The magnitude of the
average oceanic flux of nutrients at Admiralty Inlet does not fully characterize the dynamics of
nutrient movements within the entire Puget Sound, as the relative contribution from terrestrial
sources varies between basins, and it appears to be much higher in poorly flushed inlets. The
model’s hydrodynamic solution accounts for the spatial and temporal variations of this oceanic
input as described in Khangaonkar et al. (2018).
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Land-based inflows

Land-based or terrestrial inputs of nutrients include both marine point sources and watershed
sources:

e Marine point sources include all facilities with outfalls in marine waters, such as WWTPs
and industrial facilities.

e Watershed sources of nutrients enter the model domain at the point where rivers or streams
meet the Salish Sea (i.e., at the mouth or downstream end of each river or stream). Rivers are
pathways for both point and nonpoint sources upstream. The model includes loads from
rivers, streams, and their watersheds, as well as flows from shoreline fringes. Watershed
loads include base flow (which is predominantly fed by groundwater). Groundwater
contributions are discussed in Mohamedali et al. (2011a, 2011b).

On an annual basis, rivers account for approximately 45% and 95% of the incoming terrestrial
organic nitrogen and carbon load, respectively. Figure 6 shows the seasonal variation of the
dissolved inorganic nitrogen (DIN) and dissolved organic carbon (DOC) loadings from point
sources and rivers into Puget Sound. While rivers dominate the seasonal DOC loads, marine
point sources are the dominant land-based DIN source during the summer. Figure 7 shows the
breakdown of terrestrial loads of DIN, total organic nitrogen (TON), and total organic carbon
(TOC) flowing into different Puget Sound basins. Appendix A9 contains tables with annual
average DIN load for 2006, 2008, and 2014. The largest proportion of nitrogen inflows are
discharged into the Main Basin, whereas the largest proportion of carbon is discharged into
Whidbey Basin.

Other sources

The biochemical processes occurring in the sediments constitute a significant source of DIN to
the water column. Sinking particles remove organic nitrogen from the water column. As
accumulated organic matter in the sediment is remineralized, decomposition of proteins in
organic detritus produces a flux of DIN (primarily in the form of ammonium) to the bottom layer
of the water column. A relatively small portion of DIN (as nitrate) is removed from the water
column at the water—sediment boundary, but a much larger fraction of DIN returns to the water
column from the sediments in the form of ammonium ions. Appendix C contains a map of the
modeled ammonium sediment flux delivered to the water column for 2006, 2008, and 2014.

Direct atmospheric deposition into the Salish Sea is estimated to be a minor contributor of
nitrogen to the system, at a flux of approximately 1 kg/ha/yr (based on AIRPACT, a regional
atmospheric modeling system). This estimate does not include the atmospheric deposition into
watersheds, which is already indirectly accounted for in the inflows from rivers. Appendix C
contains further information about atmospheric deposition estimates.
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Figure 6. Dissolved inorganic nitrogen (DIN, above) and dissolved organic carbon (DOC, below) loading
estimates for Puget Sound land-based sources.
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Figure 7. Comparison of dissolved inorganic nitrogen (DIN, above), total organic nitrogen (TON, center),
and total organic carbon (TOC, below) loading into different regions of Puget Sound from terrestrial
sources (rivers + point sources discharging into marine waters) under 2006, 2008, and 2014 existing
conditions.
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Figure 8 shows the estimated relative contributions of the non-oceanic DIN loads into Puget
Sound.* Table 2 shows the average estimated daily loads from non-oceanic sources. It is
important to note that each of these loads enters the system at different points in space and time.
Therefore, the impact that each load has on localized biogeochemical processes is markedly
different, non-linear, and cannot be gauged by this overall comparison. Rather, it is through the
model computations at each time step, grid node, and vertical layer that we understand the
complex interrelationship of these loadings.
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Figure 8. Relative contributions of dissolved inorganic nitrogen (DIN) to Puget Sound from rivers, marine
point sources (WWTPs), sediment, and direct atmospheric deposition to marine waters.

Table 2. Average annual non-oceanic inorganic nitrogen loads (kg/day) entering Puget Sound’s water

column.
Source 2006 (kg/day) 2008 (kg/day) 2014 (kg/day)

Sediment 77,000 72,000 70,000
Direct gtmospherlc deposition 700 700 700

to marine waters

Rivers 28,500 21,100 29,000
Marine point sources (wastewater 31.200 30,000 32,000
treatment plants)

4 Puget Sound refers to only South Sound, Main Basin, Whidbey Basin, Admiralty Inlet, and Hood Canal.
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Water Quality Observations Database

Marine water quality monitoring data were obtained from Ecology’s Marine Monitoring Unit,
King County, NOAA, and the University of Washington (UW). Figure 9 shows the locations of
these stations. These data were primarily used to check the calibration (i.e., to compare simulated
values with observed data for the years 2006, 2008, and 2014). Appendix D contains details on
how the observed database was developed. Since the model grid has ten layers and CTD
(conductivity, temperature, and depth instrument) casts result in more than one data point
corresponding to each layer, error statistics were based on comparing model-predicted
concentration to individual observed data in a given layer for a particular time window.
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Figure 9. Locations of marine monitoring stations used for water quality calibration checks.
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After checking data qualifiers, we discarded data that did not meet quality objectives. In the case
of moorings or buoy data, if quality control procedures were not complete (as is often the case
with this type of data), we used them only in a qualitative sense to examine overall patterns and
trends.

Model Parameters

The SSM contains model parameters, including rates and constants, used to govern
hydrodynamic and biogeochemical processes. The majority of parameter values for the SSM are
commonly accepted to be the same constant values across a large number of studies (e.g., Martin
and Wool, 2013; Di Toro, 2001; and Testa et al., 2013).

We reviewed two model calibration sets for DO and pH: Khangaonkar et al. (2018) and Bianucci
et al. (2018). Khangaonkar et al. (2018) improved the DO calibration compared to that

of Bianucci et al. (2018). However, as noted by Khangaonkar et al. (2018), further improvement
to pH calibration was necessary. In the current project, year 2008 was selected to see if pH
calibration could be improved while maintaining the DO calibration. We started with the rates
and constants used in Khangaonkar et al. (2018), along with the updates in watershed and marine
point source inputs as discussed in this report, and performed a calibration check. Alternative
rates and constants were explored through sensitivity analyses and are further discussed in
Appendix E, but the final set of parameters used for the bounding scenarios remained consistent
with those published in Khangaonkar et al. (2018).

The SSM is continually undergoing evaluation and refinement, and there may be future
refinements that improve performance. At this time, the SSM is at a state of maturity where we
believe that differences in estimated impacts due to model refinements will be small moving
forward.

Model Calibration Check

Model calibration was checked to confirm adequacy of model performance for two reasons:

(1) modifications were made to watershed inflows, as well as other changes as described earlier,
and (2) Khangaonkar et al. (2018) used the year 2014 for calibration, rather than 2006 and 2008,
which are additional years included in this report.

The hydrodynamic calibration check included a comparison of model predictions to observed
data at NOAA stations for water surface elevations. Model-predicted currents were compared
with observed Acoustic Doppler Current Profiler (ADCP) data for the year 2006 at Pickering and
Dana Passages in South Puget Sound. Figure 10 illustrates the locations of both NOAA and
ADCEP stations.

Temperature, salinity, and other water quality variables predicted by the model were also
compared with observed data at marine stations discussed above and shown in Figure 9. Both
time series plots as well as scatter plots were used to establish model skill. Model skill statistics
were compared with values presented by Khangaonkar et al. (2018) for year 2014 and with those
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presented for year 2008 by Bianucci et al. (2018). In addition, predicted primary production and
sediment oxygen demand (SOD) were compared with observed data, where available.
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Figure 10. National Oceanic and Atmospheric Administration (NOAA)
stations (green dots), where model-predicted water surface elevations
were compared with observed data, and Acoustic Doppler Current
Profiler (ADCP) stations (red dots), where model-predicted currents
were compared with observed data.

Sensitivity runs

Sensitivity runs involved varying key water quality parameters and rates to understand their
impact on model predictions, with the goal of optimizing model performance. A different set of
rates and constants was evaluated that resulted in similar performance. Output from an
alternative parametrization was used to compare the root mean square error (RMSE) of DO
depletions between existing and reference conditions with output from the optimized and
selected parametrization from Khangaonkar et al. (2018).

Reference Conditions

In order to isolate the effect of human sources on marine water quality, we compared the model
year existing (hindcast) conditions to a reference condition for the same model year. We created
the reference condition scenario by setting watershed inputs and marine source inputs to an
estimated natural load of nitrogen and carbon while keeping the model year climate, hydrology,
and ocean boundary conditions the same as the existing conditions scenario. The reference
condition is our best estimate of natural conditions and is specific to each model year. Reference
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conditions were used to calculate DO depletion due to human influence, and they were derived
by excluding estimated anthropogenic inputs of nutrients from contemporary loadings used in
hindcast model runs.

A key aspect of the reference conditions used in this report is that all of Washington’s WWTP
effluent and river concentrations are set to reference river concentrations. However, there is no
change in ocean boundary conditions, Canadian point sources, or Canadian river inputs in the
reference condition scenario. Thus, in the reference condition, significant loadings from external
sources such as the Fraser River (which is the largest freshwater flow into the Salish Sea) and
from the Pacific Ocean remain unchanged. As a result, differences between the existing model
year condition and its reference condition reflect changes due only to estimated anthropogenic
nutrient inputs in the Washington portion of the Salish Sea.

Methods used to calculate reference conditions using the SSM are described in previous reports
(Mohamedali et al., 2011a, 201 1b; Pelletier et al., 2017b). Monthly reference condition loads for
rivers were estimated by taking the 10" percentile of measured monthly nutrient concentrations
at monitored locations, and in some cases, using atmospheric concentrations during the wetter
months (if these were lower). The 50™ percentile was used for rivers in the Olympic Peninsula
that do not have significant human nutrient sources in their watersheds. This approach follows
one of the three options in EPA’s nutrient criteria guidance manual (EPA, 2000). For the SSM,
reference concentration estimates vary seasonally by month, and regionally to account for spatial
variation. The reason we aggregated reference concentrations regionally was to have a larger
dataset from which to calculate the 10" percentiles. Also, there are a lot of smaller rivers and
streams that are unmonitored, so having a regional approach enabled the establishment of
reference conditions for unmonitored freshwater inputs that enter the SSM. This regional
approach has the following limitations:

e Reference condition estimates still contain an anthropogenic signal because they are based on
contemporary data, and watersheds with more development have higher reference
concentrations. Also, atmospheric data used to develop the reference condition include the
influence of anthropogenic regional and global nitrogen emissions.

e The regional aggregation of rivers averages natural spatial differences between rivers
grouped in the same region. For example, Skagit River’s reference concentrations are likely

overestimated, since the 10™ percentile reference concentrations for other rivers entering the
Whidbey Basin region turn out to be close in value to current Skagit River concentrations.

Because of these limitations and uncertainties around what the “true” natural or reference
conditions are, we performed a meta-analysis to corroborate and compare our reference
condition estimates with other studies and data. This comparison is presented in Figure 11 and
illustrates that our estimates are within the same range as other estimates developed using
different methods and analyses.
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Comparison of reference DIN concentration estimates used in
the SSM with other studies and data
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© 1. Our estimates

(Mohamedali et al., 2011; Pelletier et al.,
2017b)

Reference DIN concentration estimates used in the SSM. Each
green circle represents the annual average DIN concentrations for
rivers and streams entering the following regions in Puget Sound
(from left to right on the plot: Strait of Juan de Fuca, Hood Canal,
Whidbey Basin, Commencement Bay, Puget Main, South Puget
Sound, Strait of Georgia, and Elliott Bay).

X 2. Toxics study -forested basins

(Herrera Environmental Consultants, 2011)

DIN concentrations in surface runoff (base flow and stormwater
events) measured as part of the Puget Sound Toxics Loading study.
The value here is the median of data collected from predominantly
forested subbasins in the Puyallup and Snohomish watersheds.

X 3. Hood -forested basins

(Steinberg et al., 2010)

The Hood Canal Dissolved Oxygen Program estimated natural
background concentrations for streams entering Hood Canal based
on the annual average DIN concentrations for the least impacted
rivers in the Olympic Peninsula.

® 4. USGS background

(Smith et al., 2003)

The estimate on the plot is the 75" percentile of background
concentrations predicted from an empirical model developed by
the USGS. This particular estimate is for the “Western Forested
Mountains,” which includes the Puget Sound area.

¢ 5. EMAP Cascades

Data available at: www.epa.gov/emap

EPA’s Environmental Monitoring & Assessment Program (EMAP)
data are available online. This estimate is the 50" percentile of DIN
data measured in streams in the Cascades region for the period
1999 to 2000.

A 6. Upstream data

Annual means of monthly 10" percentiles of ambient data (WY
2002-2009) collected at Ecology's long-term ambient monitoring
stations located in the upper reaches of Puget Sound watershed
(from left to right on the plot: Skagit, Green, Stillaguamish,
Nooksack, Cedar, and Snoqualmie).

B 7. EPA ecoregional criteria
(EPA, 2001, Appendix B)

EPA developed nutrient criteria based on various data sources
collected between 1990 and 1999. The red squares represent the
25t percentile of the criteria for each ecoregion (from left to right
on the plot: Cascades, N. Cascades, and Puget Lowlands).

Figure 11. Reference dissolved inorganic nitrogen (DIN) concentration estimates used in the Salish Sea

Model compared with other studies and data.
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We also reviewed our original reference condition methodology described in Mohamedali et al.
(2011a, 2011b) based on EPA’s nutrient criteria guidance manual (EPA, 2000). First, we
expanded the current data set used to estimate reference condition percentiles (2001-2009) to
include newer ambient water quality data (2010-2015). The expanded data set resulted in similar
reference condition estimates, and in most regions, the current reference concentration estimates
were lower. We also compared our reference conditions using data from reference streams,
which are sampling sites located in areas of minimal human impact (EPA, 2000; Von Prause,
2014). Data from reference sites are spatially and temporally limited. Thus, while this approach
helped to provide a comparison for select rivers, our current approach uses more data available at
a higher spatial and temporal resolution throughout all regions. This review supports our
continued use of the current methods for estimating reference conditions. However, we plan to
continue to review our methodology as new data become available.

Another limitation of the current reference condition is a consequence of sparse organic carbon
observations. This results in the use of regressions primarily based on data sets collected in
smaller rivers and streams in South Puget Sound from 2006 to 2007. To remedy this data
paucity, Ecology began monitoring organic carbon at freshwater monitoring stations in October
2017. We also have compiled recent USGS data, and we are pursuing other event-based
measurements that could be conducted if funding becomes available. These data sets will
improve our freshwater organic carbon loadings estimates, and they will also expand the data set
from which improved reference condition estimates can be derived.

Bounding Scenarios

Among other benefits, Ecology’s Puget Sound Nutrient Source Reduction Project (PSNSRP)
aims to achieve DO and carbonate system improvements from optimum reductions in
anthropogenic nutrient and carbon loads in marine point source and watershed discharges. The
bounding scenarios represent the range of the response of water quality in Puget Sound to major
hypothetical loading changes focused on reductions to marine point source inputs from
municipal WWTPs.

To choose model years that represent the range of interannual variability, we considered the
residence time index for Central Puget Sound as presented in the Puget Sound Ecosystem
Monitoring Program report for the year 2015 (PSEMP, 2016) and reproduced in Figure 12. The
residence time index was estimated by a Knudsen relationship using river flow and observational
marine data for the upper 30 meters (Albertson et al., 2016; Knudsen, 1900). Residence time is
displayed as an index relative to a 16-year baseline (the dotted line in Figure 12). The residence
time index for 2014 appears to be at the baseline, while 2008 is slightly higher and 2006 is much
higher than the baseline value. Years with a positive index reflect higher residence times than the
baseline.
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Figure 12. Index of residence time relative to normal in the top 0-30 m in
Central Puget Sound, 1999-2015 (PSEMP, 2016).

The residence time index reflects different hydrodynamic characteristics in each of these years.
These characteristics are also reflected in the differences in annual average flows, as shown in

Table 3.
Table 3. Annual average flows (m?3/s).
River 2006 2008 2014
Fraser 2364 2750 3185
Skagit 548 515 669
Stillaguamish 135 122 149
Nisqually 62 59 61
Skokomish 57 30 39

A virtual dye study was conducted previously, using the PSM model for the years 2006, 2008,
and 2014. An initial dye concentration was input to the model at the start of the model run. The
dye concentration at each model grid cell was tracked with time. The time it took for the
concentration to reach 37% of the initial concentration (also known as e-folding time) was noted
for each grid cell.

These e-folding times are relative to the open boundary at the mouths of the Straits of Juan de
Fuca and Georgia. E-folding times are plotted in Figure 13 for 2006, 2008, and 2014. The e-
folding times (considered as indicative of residence times) varied between the years. For
example, e-folding times in Penn Cove (red circles in Figure 13) varied between approximately
270 days in 2006, 250 days in 2008, and 170 days in 2014.

Longer residence times promote stagnation and buildup of pollutant concentrations, increase
primary productivity and depletion of nutrients, increase nitrification (oxidation of ammonia to
nitrate, which depletes oxygen), increase settling of particulate organic matter (e.g., dead algae),
and increase decomposition of organic carbon (which depletes oxygen). Higher residence times
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are indicative of where the potential hot spots are for biogeochemical stressors. Thus,
consideration of interannual variability is important when evaluating anthropogenic nutrient
reductions on DO concentrations.
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Figure 13. E-folding times (indicative of residence times) in Puget Sound for 2006, 2008, and 2014.

Hindcast model runs for the years 2006, 2008, and 2014 were conducted. Throughout this report,
the term “existing condition” refers to the model output derived for each year from those
hindcast runs. Table 4 shows the various bounding scenarios considered in this report. Seasonal
biological nitrogen removal (BNR) indicated in the table refers to wastewater treatment
technology that achieves dissolved inorganic nitrogen (DIN = NH*" + NO*/NO?*) and
carbonaceous biological oxygen demand (CBODs) at levels equal to or less than 8 mg/L from
April through October, per Tetra Tech (2011). The impact of each of the scenarios listed in Table
4 was obtained from computing the difference between each scenario and reference conditions.

Table 4. List of bounding scenarios.
Scenarios for 2006, 2008, and 2014

1 | Impact of all anthropogenic sources

2 Impact of marine point sources only (watershed sources set at
reference conditions)

3 Improvement with BNR at all Washington municipal WWTPs
discharging into Salish Sea waters

4 Improvement with BNR at Washington municipal WWTPs that
discharge DIN >1000 kg/day into Salish Sea waters

5 Improvement with BNR at Washington municipal WWTPs that
discharge DIN >8000 kg/day into Salish Sea waters

BNR: Biological nitrogen removal

Marine point sources with DIN loads greater than 1000 kg/day include the municipal WWTPs
Chambers Creek, Tacoma Central, Brightwater, South King County, West Point, Everett outfall
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in the Snohomish River, Everett-Marysville combined outfall in Port Gardner, and Bellingham.
Brightwater WWTP was not included in the 2006 or 2008 loading scenarios, because it came
online in 2012. Brightwater WWTP is included in the 2014 runs. Marine point sources with DIN
loads of 8000 kg/day or greater include the South King County and West Point municipal
WWTPs.

Each scenario was compared to the reference condition. For instance, the impact of the total
anthropogenic sources (item 1 in Table 4) during the years studied was assessed by subtracting
the modeled reference condition from the existing condition for each years’ result. Likewise, the
impact of marine point sources (item 2 in Table 4) was assessed by comparing the effect of the
discharges from all marine point sources alone to the effect of the reference loads. Note that this
scenario involves the removal of the anthropogenic river loads.
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Results and Discussion

Model Performance: Hydrodynamics

Hydrodynamic model evaluation included comparing model predictions with observed data for
salinity, temperature, water surface elevations, tidal harmonics, and currents. Salinity and
temperature statistics are presented under the section “Model Performance: Water Quality.”

Water surface elevations

Model-predicted water surface elevations were compared with those observed at seven National
Oceanic and Atmospheric Administration (NOAA) stations. Relative error in water surface
elevation predictions (as a percentage of the tidal range) were compared for 2006 and 2014 with
those previously published by Khangaonkar et al. (2017 and 2018, respectively) and are
presented in Table 5. The relative errors in predictions are comparable to the published values
within Puget Sound, but they are slightly higher at Cherry Point and Friday Harbor.
Khangaonkar et al. (2017) used a Salish Sea model expanded farther than the one we are
employing in this report, with grids extending beyond the continental shelf. In addition, changes
and updates to the model described in Khangaonkar et al. (2018) were made, as explained in this
report.

Table 5. Relative error in predictions of water surface elevations (% of tidal range) at National Oceanic
and Atmospheric Administration monitoring stations.

2006 2014

Station 2014 | 2008 | 2006 E&‘;‘:’:\Z‘:‘:):fa“f Khafgx)’nkar
et al. (2017) et al. (2018)

Cherry Point 11.6 124 12.0 9.8 <10
Friday Harbor 10.9 114 114 7.7 <10
Port Angeles 6.8 7.5 7.3 7.7 <10
Port Townsend 8.2 8.7 8.6 7.9 <10
Seattle 8.0 8.5 8.5 8.6 <10
Tacoma 8.6 8.8 8.9 8.7 <10
Neah Bay 10.6 10.7 10.7 NA NA

Appendix F includes scatter plots of water surface elevation for the seven NOAA stations,
showing overall statistics for paired 2006, 2008, and 2014 predicted and observed data sets, as
well as time series plots of water surface elevations for the last two weeks of May.

Figure 14 shows a typical scatter plot and time series plot at NOAA’s Seattle station. The model
does well at predicting the different phases of the tidal cycle.
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Figure 14. Model predictions and observed data for water surface elevations.
Left panel, typical scatter plots for 2006 (above) and 2008 (below). Right panel, time series for the month
of May 2006 (above) and May 2008 (below).

Currents

Observed current data are available at two stations (Pickering and Dana Passages) for 2006 only.
Table 6 shows the average root mean square error (RMSE) statistic at these stations. The RMSE
compares well with those presented by Khangaonkar et al. (2011).

Table 6. Root mean square error (RMSE) (m/s) of predicted and
observed currents for October 2006.

Pickering Dana

Source Location
Passage | Passage
Khangaonkar et al., 2011 Surface 0.20 0.34
Bottom 0.12 0.28
Salish Sea Model Surface 0.11 0.21
predictions Bottorn 0.06 020
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Appendix F contains a detailed analysis of the eastward and northward current components for
all layers, as well as depth-averaged currents at the Pickering and Dana Passages stations. Figure
15 shows the depth-averaged time series plot of predicted and observed eastward (U, cm/s) and
northward (V, cm/s) currents at Dana and Pickering Passages.
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Figure 15. Eastward (left, U velocity) and northward (right, V velocity) depth-averaged current comparison
between model prediction and observed data for Dana Passage (above) and Pickering Passage (below).
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Model Performance: Water Quality

Model performance quality objectives described in McCarthy et al. (2018) were met. We used
the root mean square error (RMSE), correlation coefficient (R), and bias as indicators of
goodness of fit. These measures of goodness of fit to observed data reveal the model’s overall
high level of skill for predicting DO and its capability to accurately predict DO response to
nutrient reduction scenarios. Model performance statistics, as shown below, are about the same
or better than previous SSM studies. Additionally, the performance statistics presented here are
similar to those reported for other biogeochemical modeling efforts focused on hypoxia (Cerco
and Noel, 2013; Irby et al., 2016).

The overall statistics for 2008 and 2006 for the SSM are shown in Table 7 with a comparison of
statistics for the intermediate-scale Puget Sound Model (PSM) as per Bianucci et al. (2018).
Statistics for 2014 for the SSM are also included to compare with the statistics presented by
Khangaonkar et al. (2018).

The current model setup improves the overall temperature and salinity predictions for 2006,
2008, and 2014. This is demonstrated by the relative increase in correlation coefficient (R),
relative reduction in RMSE compared to those presented by Bianucci et al. (2018) for the
intermediate-scale PSM for 2008, and compared to those presented by Khangaonkar et al. (2018)
for the expanded SSM for 2014 (Table 7). With respect to DO predictions, RMSE values are
much improved compared to those reported by Bianucci et al. (2018) and are similar to those
reported by Khangaonkar et al. (2018).

Table 7 also shows that the statistics for pH have not generally improved compared to Bianucci
et al. (2018). Improvement to the pH calibration for the SSM is underway at Pacific Northwest
National Laboratory .

Appendix G presents model performance for overall water quality and for each station, for the
years 2006, 2008, and 2014. Appendix G1 contains a map of all the station locations where
model performance was evaluated for water quality. Appendix G2 contains an explanation of
how to read time-depth plots. Appendices G3, G4, and G5 contain model performance plots for
2006, 2008, and 2014, respectively.
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Table 7. Overall performance statistics for 2006, 2008, and 2014 for the updated SSM and two previous versions.

R = correlation coefficient; RMSE = root mean square error; n = number of observations.

Temperature (°C) NOs (mg/L)
model runs R RMSE Bias n model runs R RMSE Bias n
2008 PSM (Bianucci et al. 2018) 0.90 1.48 1.28 67858 2008 PSM (Bianucci et al. 2018) 0.80 0.08 -0.001 1902
2008 SSM 0.95 0.56 -0.05 67857 2008 SSM 0.78 0.09 -0.04 1381
2006 SSM 0.95 0.69 0.39 140080 2006 SSM 0.81 0.07 -0.02 678
2014 SSM 0.95 0.87 -0.41 89222 2014 SSM 0.84 0.07 0.00 1849
2014 SSM (Khangaonkar et al. 2018) 0.93 0.76 -0.28 38218 2014 SSM (Khangaonkar et al. 2018) 0.82 0.09 0.013 1187
Salinity (psu) Chlorophyll (ug/L)
model runs R RMSE Bias n model runs R RMSE Bias n
2008 PSM (Bianucci et al. 2018) 0.61 1.33 -0.68 66934 2008 PSM (Bianucci et al. 2018) 0.50 2.78 -0.3 66041
2008 SSM 0.76 0.81 0.03 66958 2008 SSM 0.49 3.10 0.33 66941
2006 SSM 0.84 0.77 -0.47 138845 2006 SSM 0.52 4.48 0.19 112567
2014 SSM 0.75 0.88 -0.37 89025 2014 SSM 0.52 3.48 -0.13 89338
2014 SSM (Khangaonkar et al. 2018) 0.75 0.97 -0.12 38043 2014 SSM (Khangaonkar et al. 2018) 0.54 4.37 0.83 26940
Dissolved oxygen (mg/L) pH (total scale)
model runs R RMSE Bias n model runs R RMSE Bias n
2008 PSM (Bianucci et al. 2018) 0.80 1.8 -1.56 66538 2008 PSM (Bianucci et al. 2018) 0.64 0.14 -0.07 584
2008 SSM 0.85 0.98 -0.53 66931 2008 SSM 0.74 0.18 0.15 589
2006 SSM 0.80 1.09 057 135115 2006 SSM NA NA NA NA
2014 55M 0.81 0.96 034 87725 2014 55M 0.60 0.28 0.14 622
2014 SSM (Khangaonkar et al. 2018) 0.83 0.99 0.24 26082
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Time-depth plots

Figures 16, 17, and 18 show typical time-depth plots for temperature, salinity, and DO for
observed and predicted data for year 2006 at selected stations in South Puget Sound (Ecology
station D001 in Dana Passage), Central Puget Sound (King County Station KSBP01), Hood
Canal (Ecology station HCB003), Admiralty Inlet (Ecology station ADMO001), and Bellingham
Bay (Ecology station BLL009). Specific error statistics for each station are included.

The background color in Figures 16—18 is indicative of the model prediction for each parameter
at each station, while the circles indicate multiple observations at depth at the same location. The
color within the circles has the same scale as that for model predictions (see Appendix G2 for an
explanation on how to read the time-depth plots). Time-depth plots for all stations and for years
2006, 2008, and 2014 are presented in Appendix G3 through G5, respectively.
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Figure 16. Time-depth plots of observed and predicted temperatures at selected stations for 2006.
The colors inside the circles represent observed measurements taken at a particular depth and time, while
the colors in the background represent model-simulated values.
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Figure 18. Time-depth plots of observed and predicted dissolved oxygen (DO) at selected stations

for 2006.
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Time series plots

Figures 19, 20, and 21 show the time series plots for temperature, salinity, and DO for observed
and predicted data for 2006 at selected stations in South Puget Sound (Ecology station D001 in
Dana Passage), Central Puget Sound (King County station KSBPO01), Hood Canal (Ecology
station HCB003), Admiralty Inlet (Ecology station ADMO001), and Bellingham Bay (Ecology
station BLL009) at the surface and bottom layers. Specific error statistics for each station are
also included for the surface and bottom layers. Time series plots for all stations for 2006, 2008,
and 2014 are presented in Appendices G3 through GS5.

In general, model performance as measured by root mean square error (RMSE) is better for the
bottom layer relative to the surface layer. Observed data at the Bellingham station for surface and
bottom layers is scant, so error statistics for this station cannot be adequately estimated.

The model performs well in predicting the warming of the surface layer in Hood Canal, as seen
in observed data. The distinct salinity difference between surface and bottom layer is also well
predicted by the model at the Hood Canal Station. Observed data at other stations for surface and
bottom layers show little stratification. The model also performs well in predicting the observed
hypoxia in Hood Canal.
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Figure 19. Time series plots for temperature (°C) at the surface (blue) and bottom (red) at selected stations for 2006. Circles show observations.
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