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Summary

The Salish Sea, including Puget Sound, is a large estuarine system bounded by over seven thousand
miles of complex shorelines, consists of several subbasins and many large inlets with distinct properties
of their own. Pacific Ocean water enters Puget Sound through the Strait of Juan de Fuca at depth over the
Admiralty Inlet sill. Ocean water mixed with freshwater discharges from runoff, rivers, and wastewater
outfalls exits Puget Sound through the brackish surface outflow layer. Nutrient pollution is considered
one of the largest threats to Puget Sound. There is considerable interest in understanding the effect of
nutrient loads on the water quality and ecological health of Puget Sound in particular and the Salish Sea
as a whole.

The Washington State Department of Ecology (Ecology) contracted with Pacific Northwest National
Laboratory (PNNL) to develop a coupled hydrodynamic and water quality model. The water quality
model simulates algae growth, dissolved oxygen, (DO) and nutrient dynamics in Puget Sound to inform
potential Puget Sound-wide nutrient management strategies. Specifically, the project is expected to help
determine 1) if current and potential future nitrogen loadings from point and non-point sources are
significantly impairing water quality at a large scale and 2) what level of nutrient reductions are necessary
to reduce or control human impacts to DO levels in the sensitive areas. The project did not include any
additional data collection but instead relied on currently available information. This report describes
model development effort conducted during the period 2009 to 2012 under a U.S. Environmental
Protection Agency (EPA) cooperative agreement with PNNL, Ecology, and the University of Washington
awarded under the National Estuary Program.

The development of a predictive nutrients and DO model of Puget Sound consisted of two major
components: 1) a three-dimensional coastal hydrodynamic model and 2) an offline water quality model of
Puget Sound. Offline water quality model refers to the approach in which water quality computations are
conducted using a previously computed hydrodynamic solution. In this study, a water quality model of
Puget Sound was developed with a focus on simulating nutrient loading, phytoplankton primary
productivity, and subsequent effects on DO in Puget Sound and the Northwest Straits (Salish Sea) using
data from Year 2006.

The model was constructed using the unstructured grid Finite Volume Coastal Ocean Model
(FVCOM) framework and the integrated compartment model (CE-QUAL-ICM) for biogeochemical water
quality kinetics developed by U.S. Army Corps of Engineers. In this offline linkage, the hydrodynamic
outputs (domain-wide temperature, salinity, free surface heights and elevations, velocity components, and
boundary fluxes) were first calculated using the FVCOM model. Outputs were then used to drive the CE-
QUAL-ICM kinetic equations. A total of 19 state variables, including two species of algae, dissolved and
particulate carbon, and nutrients, were simulated as part of the carbon cycle to calculate algal production
and decay and the impact on dissolved oxygen.

The model domain includes all of Puget Sound and Georgia Basin divided into a three-dimensional
grid. The model grid is an unstructured mesh and uses triangular cells with higher resolution in narrower
regions of the Sound, growing coarser in the Strait of Juan de Fuca. The grid resolution is on average
250 meters in the inlets and bays and approximately 800 meters inside Puget Sound main basin, and it
consists of approximately 14,000 grid cells in the horizontal plane and 10 layers in the vertical direction
with thinner layers near the surface. This grid resolution is insufficient to resolve nearfield dilution and
mixing at the wastewater outfalls. Similarly residence time in some of the inner secluded narrow and

il



shallow channels and inlets may not be adequately captured. It is therefore sometimes referred to as the
Intermediate Grid Model of Puget Sound. However, this scale does allow sufficient resolution of the
various major river estuaries and the larger fjordal subbasins and their interaction with the main basin of
Puget Sound. This scale was selected specifically to enable efficient year-long simulations. The model
runs in a parallel mode on a 184-core computer cluster, with a computer run time of approximately

24 hours for a one-year simulation of water quality, using 35 cores per simulation.

The FVCOM hydrodynamic model was calibrated using Year 2006 data. The setup includes loads
(nutrient, phytoplankton, and DO) from the open ocean boundaries, 64 river inflows, and 99 wastewater
treatment plants. Meteorological forcing includes the same wind stress and solar irradiance used in the
hydrodynamic model for 2006. Phytoplankton primary production, inorganic and organic carbon fluxes,
and nutrient (nitrogen and phosphorus) sources and sinks were specified as the key water quality
parameters. The model was calibrated against observed data of chlorophyll a (a proxy for phytoplankton
biomass), nutrients (phosphate, nitrate + nitrite), and DO at various stations within the study domain.

Model results were consistent with the generally accepted understanding of how Puget Sound circu-
lation and transport processes affect algae, nutrients, and DO kinetics. Nutrient and DO concentrations in
the Puget Sound water column below the pycnocline, which is where the density gradient is highest in the
water column, reflect Pacific Ocean water, which enters Puget Sound at depth over the Admiralty Inlet
sill. The concentrations in the mixed outflow layer occupying approximately 5-20 m of the upper water
column correspond to the exchange flow mixed with the freshwater discharges from the rivers or
wastewater discharges. As expected, observations and model results from 2006 showed that little or no
algal activity occurs during the winter months because of reduced sunlight and low water temperatures.
As temperatures and sunlight availability increased in 2006, Puget Sound experienced a spring bloom of
algae in April and May 2006. A slightly larger summer bloom followed during the months of June, July,
and August. In many shallow areas, surface algal production coupled with re-aeration contributes to DO
levels that exceed 10 mg/L, sometimes reaching supersaturated levels. These spring and summer blooms
resulted in depletion of nutrients to low levels in many of these shallow bays and surface layers of the
fjordal subbasins. The end of the summer algal bloom coincided with incoming Pacific Ocean waters with
lowest levels of DO during the months of September and October. By late fall 2006, with reduced
sunlight availability and decreasing temperatures, the algal chlorophyll a levels dropped back to very low
levels.

The bottom layer of Puget Sound, however, experienced the opposite. A steady inflow of low DO
water modulated by mixing with biologically active surface layer outflow in the Strait of Juan de Fuca
and Admiralty Inlet was observed. This was particularly noticeable during the late spring and continued
through the end of summer and the fall months. This is a well-known phenomenon associated with coastal
upwelling during which higher salinity and nutrient- rich waters enter the Strait of Juan de Fuca. By
November and December, the low DO waters at the bottom, along with other water column constituents
of interest, were flushed out and renewed with wintertime Pacific Ocean water that contains higher DO
levels. Alongside the natural processes that affect DO, human activities in the region released nutrients
into the Sound, potentially affecting DO levels.

Simulating water quality in a waterbody as complex as Puget Sound is a significant technical
challenge. In its present state of development the model generally captures many of the spatial and
temporal patterns for phytoplankton, nutrients, and DO seen in the water quality data for 2006. Further
efforts could refine estimates of impacts from human activities on water quality in Puget Sound and the
Salish Sea, particularly in the shallow inlets where the model resolution is lowest.
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1.0 Introduction

The Salish Sea, including Puget Sound, is a large estuarine system bounded by over seven thousand
miles of complex shorelines, consists of several subbasins and many large inlets with distinct properties
of their own (Figure 1.1). Pacific Ocean water enters the Puget Sound estuary system and the Georgia
Strait through the Strait of Juan de Fuca. The Strait of Juan de Fuca is also the outlet for most of the
freshwater discharged to the Puget Sound and from the Fraser River in British Columbia.
Geographically, Puget Sound is defined by the water body that is southeast of Admiralty Inlet, east of
Deception Pass, and south of the Swinomish Channel.

Nutrient pollution is considered a potential threat to the ecological health of Puget Sound. There is
considerable interest in understanding the hydrodynamics and the effect of nutrient loads entering Puget
Sound. As part of the mandates under the Clean Water Act (1987) to manage pollutant loading to meet
water quality standards, the U.S. Environmental Protection Agency (EPA) has provided grant funding to
the Washington State Department of Ecology (Ecology) to initiate a Puget Sound water quality model
development project. + NEP standard language here

Ecology has contracted with Pacific Northwest National Laboratory (PNNL) to develop an offline
linked hydrodynamic and water quality model. The model simulates biogeochemical processes including
algae growth and nutrient dynamics, and will be used to evaluate the effects of current and potential
future nutrient loads on DO levels in Puget Sound. Results will inform potential Puget Sound-wide
nutrient management strategies and decisions. The model domain encompasses the entire Salish Sea, but
Puget Sound is the primary area of emphasis.

For this study, the intermediate-scale grid was sized to provide sufficient resolution to describe the
shape of Puget Sound subbasins, including river mouths and surrounding waters, while allowing
reasonable run times of 1-2 days per year’s simulation on Ecology’s multiprocessor cluster computer.
Typical grid elements vary in size between 250 and 800 m. Sackmann (2009b) described the approach to
intermediate model development. A related effort described in Sackmann (2009a) is developing a large-
scale model, which is coarser than the intermediate-scale model.

Much of our current understanding of circulation in Puget Sound is based on analysis and
interpretation of a considerable historical record of moored current meter and salinity profile data
collected since the 1950s and insights gained from the application of a physical scale model of Puget
Sound at the University of Washington (Rattray and Lincoln 1955). Using this information, Ebbesmeyer
and Barnes (1980) developed a conceptual model of Puget Sound that describes circulation in the main
basin of Puget Sound as that in a fjord with deep sills (landward sill zone at Tacoma Narrows and a
seaward sill zone at Admiralty Inlet) embracing a large basin, outflow through the surface layers, and
inflow at depth. This behavior may be recognized as a transition between a fjord and partially mixed
estuary and is a characteristic feature of Puget Sound circulation. Ability of the model to simulate this
hydrodynamic behavior is essential for simulating reasonable biogeochemical behavior and water quality
response observed in Puget Sound.

Systematic monitoring of nutrients, DO, and algae in Puget Sound was initiated by Ecology in 1967
and continues today through Ecology’s Marine Waters Monitoring Program designed to measure ambient
water quality conditions in Puget Sound and the coastal estuaries of Washington State. Ecology has
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maintained a database of marine water quality data since 1973 and was the primary source of data used in
this study. Ecology also provided marine water quality data from the Joint Effort to Monitor the Strait
(JEMS) program, a collaborative effort between Ecology and University of Washington, along with
freshwater riverine, runoff, and wastewater load estimates for 2006. Water quality in Puget Sound, as
indicated by conventional parameters such as DO, nutrients [(nitrate + nitrite)-nitrogen (NOs;+NQO,) and
phosphate-phosphorus (PO,)], algae, and fecal coliform bacteria, is generally considered to be good.
However, there are several specific locations where water quality appears reduced due to low DO and
fecal coliform bacteria contamination. The areas of lowest DO are southern Hood Canal, Budd Inlet,
Penn Cove, Commencement Bay, Elliott Bay, Possession Sound, Saratoga Passage, and Sinclair Inlet
(Ecology ambient monitoring program).

Historical observations of primary production suggest that phytoplankton growth in Puget Sound is
closely coupled to the circulation characteristics. This was demonstrated through the early work by
Winter et al. (1975). Using biweekly data collected from the main basin off Seattle from September 1963
through 1965, they conducted numerical model simulations of the dynamics of spring algae blooms in the
main basin of Puget Sound. Subsequent studies and review of historic data show that although spring and
summer blooms occur regularly, the potential for eutrophication impacts in the main basin is only
moderate due to the presence of strong residual circulation and water renewal from freshwater discharges
and inflow of water from the Pacific Ocean. However, poorly flushed inner basins and shallow
embayments, particularly in the southern end of Puget Sound, show depleted surface nitrate
concentrations during the summer and very low oxygen concentrations at depth (Harrison et al. 1994;
Newton and Van Voorhis 2002).

Nutrient loading to Puget Sound occurs through natural sources such as inflow of Pacific Ocean
waters through the Admiralty Inlet as well as natural river runoff. Anthropogenic sources include
nonpoint sources, industrial, and wastewater discharges. In the spring and summer, Puget Sound
experiences algae blooms, during which nutrient concentrations drop down to near zero levels in the
surface layers, suggesting nutrient limitation in several basins (e.g., Bernhard and Peele, 1997; Newton et
al. 1995, 1998; Newton and Van Voorhis 2002). Ecology has developed a biogeochemical model of
South Puget Sound to simulate DO in response to phytoplankton primary production, oxidation of organic
material, and sediment flux (Albertson et al. 2002). Similarly, the University of Washington has
developed a model of Hood Canal in connection with hypoxia concerns as part of the Hood Canal
Dissolved Oxygen Program (Banas 2009, Kawase and Bahng, 2011). However, modeling studies of this
nature, covering the entire Puget Sound and domain, and attempts to reproduce observed nutrients and
algal concentration are sparse.

This effort by Ecology is an attempt to develop a tool that can reproduce the observed water quality
behavior in the entire Salish Sea domain consisting of Puget Sound south of Admiralty Inlet and the Strait
of Juan de Fuca and Georgia Strait extending into the Canadian waters. The Puget Sound Water Quality
Model (or Biogeochemical Model) developed through this project is expected to answer the following
questions regarding nutrient management:

e Are human sources of nutrients in and around Puget Sound significantly impacting water quality?

e How much nutrient reduction is necessary to reduce human impacts in sensitive areas?
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The overall approach of this project by Ecology and PNNL is to work collaboratively with the EPA
and the advisory committee for the Puget Sound Water Quality Model project to simulate DO and nutrient
kinetics throughout Puget Sound to support management initiatives. The project did not include any
additional data collection but instead relied on currently available information. The effort described in
this report focused on building a tool to help address the fundamental question related to human nutrient
contributions. Subsequent phases will apply the Puget Sound circulation and biogeochemical models to
evaluate potential effects of climate cycles, climate change, and population growth on water quality. The
results will be used to refine our understanding of the effects of human-caused nutrient enrichment on DO
across Puget Sound now and into the future. This model will help inform potential Puget Sound-wide
management strategies and support site-specific detailed work that may be completed beyond this project.

The development of the hydrodynamic and water quality model of Puget Sound consisted of two
major components: 1) a 3-D coastal hydrodynamic model and 2) an offline linked water quality model.
The hydrodynamic model was developed previously (Yang et al. 2010) and was further improved during
the course of this work (Khangaonkar et al. 2011). The water quality model development included a
major effort to link the hydrodynamic output and FVCOM scalar transport routine to the CE-QUAL-ICM
kinetic equations. This task included updating the open boundary routines, point source and river loading
routines, initial condition and restart file routines, output routines, and many other pieces of code critical
to the proper functioning of the model. The technical details describing the development of the offline
coupling of FVCOM and CE-QUAL-ICM are provided in detail by Kim and Khangaonkar (2011) and
also summarized in Appendix A. After the linkage development, the model was optimized to increase
stability and speed and was fully parallelized. All routines were checked for proper array declaration,
allocation, and de-allocation, appropriately passed among the compute nodes, and input routines were
parallelized such that input data were distributed properly and output data were gathered correctly.
Finally, the ecosystem model kinetic routines were set up.

Section 2 describes the setup of the water quality model of Puget Sound. Section 2 includes a brief
description of the biogeochemical model kinetics in CE-QUAL-ICM, the hydrodynamic conditions input
from FVCOM for 2006 conditions in Puget Sound, various river and point source loads, and boundary
conditions. Section 2 also describes the water quality monitoring data used in this study to select initial
conditions and to calibrate the model.

Section 3 describes model calibration. The calibration effort described in this report corresponds to
setting up the circulation and transport processes using available data from the selected year (2006),
sensitivity tests to identify key model parameters and processes affecting results, and adjustment of the
parameters until a reasonable match with observed data was achieved. Initial model parameters were
specified based on literature values and then adjusted using professional judgment ensuring that major
processes and phenomena, such as tidally averaged circulation and exchange, bottom water renewal, and
spring and summer algal blooms, were reproduced. Comparison of simulated DO, nutrients (nitrate +
nitrite and phosphate) and chlorophyll a (converted to algal carbon) to measured data in the form of
discrete vertical profiles, and surface and bottom time series plots are presented.

Section 4 summarizes model performance and limitations, and recommendations for potential
improvements are discussed.

1.4



2.0 Water Quality Model Description and Setup

The tidally averaged long-term circulation in Puget Sound shows three dimensional (3-D) charac-
teristics with mean outflow in the surface layers and inflow in the lower layers. Overall water quality in
Puget Sound is dependent on the flushing of the basin provided in large part by the tidal exchange flow
that occurs between Puget Sound and the Pacific Ocean primarily through Admiralty Inlet. The Strait of
Juan de Fuca, located across the mouth of Admiralty Inlet, is a high-tidal energy waterway that connects
the estuarine system to the eastern Pacific Ocean and is the main outlet of freshwater to the Pacific Ocean.
The large freshwater discharges from the Fraser River and other rivers to Georgia Strait are thought to
affect nutrient and DO balance between the Pacific Ocean and the adjacent waters of the Strait of Juan de
Fuca and Georgia Strait. This also includes waters around the San Juan Islands and the Cherry Point
coastline near the United States/Canada border. The model domain therefore extends beyond Puget
Sound into Georgia Strait north to Johnstone Strait and east to Neah Bay at the entrance to the Strait of
Juan de Fuca.

Summertime winds from the north drive coastal upwelling along the Pacific coast, bringing cold,
salty and nutrient-rich deepwater to the surface. These high-nutrient low-DO waters are frequently swept
north up the coast of Washington into Strait of Juan de Fuca during periods of weak or southerly winds
(Snover et al. 2005). This can have a significant influence on the total nutrient load intruding into Puget
Sound at depth or entrained at the surface during periods of strong upwelling and relaxation. However
the model domain does not extend to the edge of the continental shelf and the coastal upwelling and other
events are treated as specified boundary conditions. Near the heads of inlets within Puget Sound, there is
stratification due to freshwater discharges which are also typically high in nutrients and can promote
phytoplankton bloom formation in Puget Sound. These discharges are also sources of nutrient and carbon
loads to the Sound.

The biogeochemical model selected in this study must simul