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Abstract Nutrient pollution from rivers, nonpoint source
runoff, and nearly 100 wastewater discharges is a potential
threat to the ecological health of Puget Sound with evidence
of hypoxia in some basins. However, the relative contribu-
tions of loads entering Puget Sound from natural and an-
thropogenic sources, and the effects of exchange flow from
the Pacific Ocean are not well understood. Development of
a quantitative model of Puget Sound is thus presented to
help improve our understanding of the annual biogeochem-
ical cycles in this system using the unstructured grid Finite-
Volume Coastal Ocean Model framework and the Integrated
Compartment Model (CE-QUAL-ICM) water quality kinet-
ics. Results based on 2006 data show that phytoplankton
growth and die-off, succession between two species of al-
gae, nutrient dynamics, and dissolved oxygen in Puget
Sound are strongly tied to seasonal variation of temperature,
solar radiation, and the annual exchange and flushing in-
duced by upwelled Pacific Ocean waters. Concentrations in
the mixed outflow surface layer occupying approximately
5-20 m of the upper water column show strong effects of
eutrophication from natural and anthropogenic sources,
spring and summer algae blooms, accompanied by depleted
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nutrients but high dissolved oxygen levels. The bottom layer
reflects dissolved oxygen and nutrient concentrations of
upwelled Pacific Ocean water modulated by mixing with
biologically active surface outflow in the Strait of Juan de
Fuca prior to entering Puget Sound over the Admiralty Inlet.
The effect of reflux mixing at the Admiralty Inlet sill result-
ing in lower nutrient and higher dissolved oxygen levels in
bottom waters of Puget Sound than the incoming upwelled
Pacific Ocean water is reproduced. By late winter, with the
reduction in algal activity, water column constituents of
interest, were renewed and the system appeared to reset with
cooler temperature, higher nutrient, and higher dissolved
oxygen waters from the Pacific Ocean.
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1 Introduction

The Puget Sound, Strait of Juan de Fuca, and Georgia Strait,
recently defined as the Salish Sea, compose a large and
complex estuarine system in the Pacific Northwest portion
of the U.S.A. and adjacent Canadian waters [see Fig. la]. A
model study of the Salish Sea was conducted with a focus
on the Puget Sound region in an effort to improve our
understanding of the annual biogeochemical cycles of nu-
trient loading and consumption by algal growth and the
effects of seasonal variations on primary productivity and
dissolved oxygen (DO). Pacific tides propagate from the
west into the system via the Strait of Juan de Fuca around
the San Juan Islands, north into Canadian waters through the
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Georgia Strait. Propagation of tides into Puget Sound occurs
primarily through Admiralty Inlet. Significant nutrient
fluxes reach Puget Sound waters through rivers, runoff from
watersheds, wastewater treatment outfalls, and are consid-
ered a potential pollution threat to Puget Sound water qual-
ity and ecological health. This is especially true of the
poorly flushed bays and inlets in the southern ends of Puget
Sound where surface nitrates may be depleted in the summer
with high levels of algae, and DO often reaching critical
levels near the seabed. Harrison et al. (1994) pointed out that
although the main basin of Puget Sound is well supplied
with natural deepwater nutrient loads from the Strait of Juan
de Fuca and the Pacific Ocean, some of the poorly flushed
basins are showing signs of eutrophication. In the spring and
summer, Puget Sound regularly experiences algae blooms,
during which nutrient concentrations drop to near zero levels
in the surface layers, suggesting nutrient limitation in several
basins (e.g., Thom et al. 1988; Thom and Albright 1990;
Bernhard and Peele 1997; Newton et al. 1995, 1998; Newton
and Van Voorhis 2002).

In many coastal plain estuaries, dominant nutrient fluxes
through the coastal zone are often from the open ocean with
little evidence of impacts from anthropogenic perturbation
(Jickells 1998). Large quantities of nutrient loads from the
Pacific Ocean also enter the Salish Sea through the Strait of
Juan de Fuca and enter Puget Sound through tidal exchange
flow over the Admiralty Inlet (Harrison et al. 1994). The
transport and mixing of this inflow is controlled by complex
3-D baroclinic circulation processes. Based on review of
historic current meter records, 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) defining
a large basin, outflow through the surface layers, and inflow
at depth. Recent numerical model-based analyses confirm
this conceptual model and demonstrate that circulation char-
acteristics in Puget Sound vary from that of a partially
mixed estuary in some subbasins to distinctly fjord like in
others (Khangaonkar et al. 2011; Sutherland et al. 2011)
with long residence times. The tidally averaged marine flow
(estuarine exchange flow) which enters Puget Sound
through the lower part of the water column over the Admi-
ralty Sill (10-20x10° m>/s) (Cokelet et al. 1990 and Babson
et al. 2006) is nearly 10-20 times the average freshwater
river inflow to Puget Sound basin which was 1.348x 10°> m*/s
in 2006). Primary productivity and annual nutrient consump-
tion tied to algal blooms is restricted to the shallow brackish
outflow layer, which varies between 10-25 % of the water
column through most of Puget Sound. In some of the shallow
subbasins, this surface algal production contributes to DO
levels that exceed 10 mg/L, sometimes reaching supersaturat-
ed levels. But some areas of Puget Sound with restricted water
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exchange such as Hood Canal and South Puget Sound with
long residence times have experienced hypoxia and could be
vulnerable to further increases in nutrient loading (Albertson
et al. 2002; Newton et al. 2007) despite the large exchange
with the Pacific Ocean.

Prior efforts to develop quantitative models of the bio-
geochemical processes in Puget Sound have been limited.
One of the earliest efforts to quantify the relationship be-
tween the growth of phytoplankton and climatic conditions
and circulation was by Winter et al. (1975). Using approx-
imate circulation analysis and simplified formulation of
phytoplankton kinetics, they demonstrated that phytoplank-
ton growth in Puget Sound is closely coupled to the seasonal
variation and circulation characteristics. Subsequent Puget
Sound-wide model development efforts have ranged from
simplified box models (Friebertshauser and Duxbury 1972;
Hamilton et al. 1985; Li et al. 1999; Cokelet et al. 1990;
Babson et al. 2006) to vertical 2-D models (Lavelle et al.
1991) to fully 3-D baroclinic numerical models (Khangaonkar
et al. 2011; Sutherland et al. 2011; Yang and Khangaonkar
2010; Nairn and Kawase 2002). However, these studies have
focused on hydrodynamics and physical processes only. The
Washington State Department of 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 (Roberts et
al. 2009). Similarly, the University of Washington (UW) has
developed a model of Hood Canal in connection with hypoxia
concerns as part of the Hood Canal Dissolved Oxygen
Program (Bahng et al. 2007). However, modeling studies of
this nature, covering the entire Puget Sound and the Salish Sea
domain are sparse.

In this paper, we present the first 3-D water quality model
of the entire Salish Sea with a focus on the Puget Sound
region. Recognizing the importance of circulation and tidal
flushing, a previously established hydrodynamic model of
the Salish Sea (Khangaonkar et. al 2011) was linked to a
carbon-based biogeochemical model (Cerco and Cole 1994)
for simulating eutrophication and algal kinetics. 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 DO. Preliminary calibration of the model
to measured phytoplankton (chlorophyll @), nutrients, and
DO data in Puget Sound are presented for the year 2006. To
properly incorporate the role played by anthropogenic loads,
all known sources of nutrients such as rivers, nonpoint
source runoff from watersheds, and wastewater outfalls
were characterized through hydrologic analysis and includ-
ed in the computation. We then present a comparison of
model results to observed data and provide a discussion of
our improved understanding of the biogeochemistry of this
system.
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2 Model description and configuration

The combined model was constructed using the unstructured
grid finite-volume coastal ocean model (FVCOM) framework
and the integrated compartment model (CE-QUAL-ICM) bio-
geochemical water quality kinetics. Use of the unstructured
grid framework was driven by the need to accommodate
complex shoreline geometry, waterways, and islands in Salish
Sea. The water quality computations were conducted offline
using a previously computed hydrodynamic solution over the
same model grid. The hydrodynamic model of Puget Sound at
two separate grid resolutions has been discussed in detail
previously (Khangaonkar et al. 2011; Khangaonkar and Yang
2011; Yang and Khangaonkar 2010) and is presented here in a
summary form. In this paper, we focus on the aspects of model
setup related to estimates of loads to the system from various
rivers, streams, and wastewater sources, and the biogeochem-
ical configuration of the model.

2.1 Hydrodynamic model

The hydrodynamic model of Salish Sea uses FVCOM, which
was developed at the University of Massachusetts (Chen et al.
2003). FVCOM is a 3-D hydrodynamic model that can simu-
late tidally and density-driven, and meteorological forcing-
induced circulation in an unstructured, finite element frame-
work. Figure 1b shows the unstructured model grid con-
structed using triangular cells with higher resolution in
narrower regions of the Salish Sea, growing coarser in the
Strait of Juan de Fuca with up to 3-km resolution near the
open boundary. The grid resolution is on average 250 m in the
inlets and bays and approximately 800 m inside the Puget
Sound main basin. The model domain comprises the entire
Salish Sea including the Puget Sound and the Strait of Juan de
Fuca, Haro Strait, Georgia Strait, and San Juan Islands. The
ocean-side open boundary is located just west of the Strait of
Juan de Fuca, while the second open boundary is located near
the northernmost point of the Georgia Strait (Canadian waters)
near Johnstone Strait. The model uses the Smagorinsky
scheme for horizontal mixing (Smagorinsky 1963) and the
Mellor—Yamada level 2.5 turbulent closure scheme for vertical
mixing (Mellor and Yamada 1982). Bottom stress is computed
using a drag coefficient assuming a logarithmic boundary
layer over a bottom roughness height Z, of 0.001 m.

The model grid consists of 9,013 nodes and 13,941 ele-
ments and uses a mode splitting numerical approach to solve
the governing equations in depth-averaged 2-D barotropic
external mode and 3-D baroclinic internal mode. A time step
of 2 s was used for the external barotropic mode and 10 s for
the internal mode. A sigma-stretched coordinate system was
used in the vertical plane with ten terrain-following sigma
layers distributed using a power law function with exponent
P-Sigma=1.5 with more layer density near the surface. This

scale and the selected time step(s) allow sufficient resolution
of'the various major river estuaries and subbasins while allow-
ing year-long simulation within 18 h of run time on a 40-
processor cluster computer. The bathymetry was derived from
a combined data set consisting of data from the Puget
Sound digital elevation model from University of Wash-
ington and data provided by the Department of Fisheries and
Oceans Canada (DFO) covering the Georgia Strait. The ba-
thymetry was smoothed to minimize hydrostatic inconsisten-
cy associated with the use of the sigma coordinate system with
steep bathymetric gradients. The associated slope-limiting
ratio 8H/H=0.1 to 0.2 was specified within each grid element
following guidance provided by Mellor et al. (1994) and using
site-specific experience from Foreman et al. (2009), where H
is the local depth at a node and 6H is change in depth to the
nearest neighbor. The smoothing procedure also includes
adjustment of bathymetry applied to depths greater than
50 m to ensure that the individual basin and the total domain
volumes remained with 1 % of the original values.

The model is forced by tides specified along the open bound-
aries using harmonic tide predictions (Flater 1996), freshwater
inflow, and wind and heat flux at the water surface. The mete-
orological parameters were obtained from the Weather Forecast-
ing Research (WRF) model reanalysis data generated by the
University of Washington. Available WRF data were on a coarse
12-km grid and required a 20 % reduction of net heat flux to
account for different albedo over land vs. water, as part of
calibration of water surface temperatures. Temperature and sa-
linity profiles along the open boundaries were specified based
on monthly observations conducted by DFO (near the open
boundaries). Originally, the model included 19 gaged rivers that
are incorporated with the resolution of estuarine reaches. As part
of the biogeochemical model development effort, additional
freshwater sources in the form of 45 nonpoint source loads
and 99 wastewater treatment plant discharges were added to
the model. The freshwater inflow to the domain estimated
through hydrologic modeling analysis is presented in the next
section. Approximately 34 % of this inflow is from watersheds
that drain into Puget Sound south of Admiralty Inlet, and 64 % is
from watersheds that drain into Georgia Strait Basin in Canadian
reaches. Hydrodynamic model error statistics for water surface
elevation, velocity, salinity, and temperature were regenerated to
ensure that the overall model performance quality was retained
(see “Appendix”, Tables A1, A2, and A3)

Of importance to biogeochemical computations in Puget
Sound is the ability of the model to simulate tidal residual
inflow, and bottom water renewal reasonably. In well-mixed
estuaries, flushing time (defined as the ratio of basin volume
to net inflow) offers a first order comparison to time scales
of biogeochemical processes. However in highly stratified
estuaries with interconnected basins such as Puget Sound,
residence time calculated using a tracer or lagrangian par-
ticles provides a more accurate measure. Figure 2 shows
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Fig. 1 a Oceanographic regions of Puget Sound and the Northwest Straits (Salish Sea) including the inner subbasins—Hood Canal, Whidbey Basin,
Central Basin, and South Sound. b Intermediate-scale finite volume FVCOM model grid along with water-quality monitoring stations

plots of mean annual inflows and outflows computed at
selected sections in the basin from the year 2006 solution
and shows characteristic features such as inflow at depth and
outflow through the mixed near-surface layers. Computed
tidally averaged inflows to various basins are listed in Table 1.
Also shown in Table 1 are computed “e-folding” residence
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times for each basin, defined as the time taken for the initial
concentration in the individual basins (1 unit) to dilute to 1/e
level over the water column. For this analysis, the constituent
was introduced into the domain after a spin-up period of 1 year
and allowed to flush out. For the year 2006, the computed
tidally averaged inflow rate of 17x10° m*/s over Admiralty
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Fig. 1 (continued)

Inlet to Puget Sound is in the range of 10-20x10° m?/s
reported in literature (Cokelet et al. 1990; Babson et al.
2006; Sutherland et al. 2011). The results show that inner
basins such as Hood Canal and South Puget Sound, sheltered
behind their individual sills, have the largest residence times.

2.2 Inflows and nutrient loads

The U.S. Geological Survey (USGS) and Water Survey of
Canada (WSC) maintain continuous gages on several
streams and most large rivers within the Puget Sound area.
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Fig. 2 Mean annual flow per meter of water depth across selected cross sections of the year 2006 model simulation. Positive values indicate
seaward outflow and negative values represent landward inflow to the basins

Permanent USGS gaging stations capture approximately
69 % of the watershed tributary to the main study area,
which includes all watersheds tributary to Puget Sound.
For rivers and streams that had USGS or WSC gaging
station records within their watershed, flow estimates were
retrieved and extrapolated to the mouth of the watershed by
scaling streamflow by the larger watershed area and average
annual rainfall. While the ungaged area is relatively small,
streamflow for these areas was also estimated so that all
surface water inputs were explicitly included. First, we
identified the nearest continuously gaged stations in water-
sheds of similar size, land use, and proximity. Next, we
normalized this continuous streamflow record by drainage
area and average annual rainfall. Finally, we scaled the
normalized streamflow by the area and average annual rain-
fall of the target watershed. The same approach was applied
to watersheds with no primary stream inflow point. Figure 3
shows a total of 64 watershed areas that drain into the Salish
Sea, including regions of interest in Puget Sound and

Georgia Strait. A detailed description of the hydrologic
analysis used to develop the streamflows is provided by
Mohamedali et al. (2011).

Nutrient measurements from a variety of sources were
used to develop watershed-loading estimates for the 64
watersheds of interest. The primary source of the data was
measurements conducted as part of the Washington State
Department of Ecology’s South Puget Sound Dissolved
Oxygen study, which monitored 33 rivers between 2006
and 2007 (Roberts et al. 2008). Multiple linear regression
was used to predict daily nutrient concentrations for the
rivers and streams from more coarsely sampled (e.g.,
monthly) data sets. The approach related nutrient concen-
trations to flow patterns and time of year and provided a
best-fit to available monitoring data.

log(C) = by + by log(Q/4) + balog(Q/4) +
by sin(2zxf,) + bs cos(2xf,) + bs sin(4xf,)+ (1)
be cos(4xf,)

Table 1 Mean annual inflows to
Salish Sea and Puget Sound
subbasins along with residence

Subbasin and reach

Residence
time (days)

Mean annual Station name

tidal inflow (m’/s)

times estimated for selected
locations from analysis of the
year 2006 model simulation

Strait of Juan de Fuca
Admiralty Inlet to Puget Sound
Main Basin—Puget Sound

Whidbey Basin (inflow through
Possession Sound)
Hood Canal (inflow over the sill)

South Puget Sound

(inflow over Tacoma Narrows sill)

129,300 Pillar Point 61
17,117 Admiralty Inlet 160
12,051 Jefferson Point 257

6,111 Saratoga Passage 228
5,066 Eldon Point 282
814 Devils Head 292
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Fig. 3 The primary area of interest includes the watersheds that drain into Puget Sound, but watersheds that drain into the Straits of Georgia and

Juan de Fuca have also been included

where C is the observed parameter concentration (milli-
grams per liter), Q is streamflow (cubic meter per second),
A is the area drained by the monitored location (square
kilometer), f; is the year fraction (dimensionless, varies from
0 to 1), and b; (-1 ¢) are the best-fit regression coefficients.
Of the 64 watersheds within the study domain, 35 sta-
tions had sufficient water-quality monitoring data available
to calculate regression coefficients. For the 29 watersheds
that did not have a primary source of water-quality data, we
applied regression coefficients from the most appropriate
nearby watershed for which regression results were avail-
able. Because monitoring did not always occur during the
largest flow event, the regression model tends to extrapolate
patterns at higher flows. To minimize the error caused by
extrapolation, the minimum and maximum concentrations
recorded in the monitoring data were used to constrain
predicted concentrations for all parameters. A smearing
adjustment was then applied to correct for bias due to
retransformation from log space (Cohn et al. 1992). Daily
loads from rivers and streams were calculated as a simple
product of streamflow and nutrient concentration.
Ninety-nine municipal wastewater treatment plants
(WWTPs) or industrial facilities discharge to the model
domain, either directly into the marine waters of Puget
Sound or into rivers downstream of monitoring locations.
This includes 78 U.S. municipal WWTPs, 9 Canadian mu-
nicipal WWTPs, 5 oil refineries, 4 active pulp/paper mills,
and 1 aluminum facility within the Puget Sound study area.
Seventeen WWTPs in south and central Puget Sound were
monitored over 15 months between August 2006 and October
2007. Monitoring data and a multiple linear regression tech-
nique, similar to what was outlined above for watersheds,

were used to estimate monthly nutrient concentrations for
the 17 WWTPs for the years 1999 through 2008. Unlike
rivers and streams, WWTP flows and concentrations do
not vary greatly from day-to-day and the use of constant
monthly values is appropriate to represent WWTP variabil-
ity. The effluent flow rates influenced nitrogen levels with
the lowest concentrations in the smallest plants and the
highest concentrations in the largest plants. For the
WWTPs that had limited or no data where plant-specific
regression coefficients could not be developed, the effluent
concentrations specified were the group average concen-
trations based on plant size divided in to three size classes:
large (>10 MGD), medium (4—10 MGD), and small (<4
MGD) based on design flows in the permits.

Of all the forms of nitrogen, dissolved inorganic nitrogen
(DIN; sum of nitrate+nitrite and ammonium) is of greatest
interest because this form of nitrogen often limits growth of
marine algae. Figure 4 is an example of computed loads
distributed around the Salish Sea domain computed using
this technique. Median DIN concentrations in rivers and
WWTPs discharging directly into the Salish Sea between
1999 and 2008 are shown. Figure 5a shows a summary of
river discharge constituents for the year 2006 for 19 perma-
nently gaged rivers. Figure 5b shows a summary of major
WWTPs (>10 MGD) discharge constituents. Daily flow and
concentration values were specified for all constituents for
all river, point, and nonpoint sources.

Although formal uncertainty analysis on these estimates
was not attempted, an assessment of how well the multiple
linear regression method performed was done by (1) visu-
ally comparing plots of observed vs. predicted concentra-
tions, (2) evaluating the significance of the multiple linear
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Fig. 4 Median river (leff) and WWTP (right) dissolved inorganic nitrogen (DIN) concentrations for 1999 to 2008

regression coefficients, and (3) calculating the adjusted R
values for the multiple linear regression (see Mohamedali et
al. 2011). Sources of uncertainty include (a) the sinusoidal
function in the multiple linear regression method which
captures seasonality, (b) uncertainty in observed/measured
flow data, and (c) uncertainty in observed/measured con-
centration data used to estimate the regression coefficients.
Multiple linear regression relationships developed for ni-
trate+nitrite (which makes up the largest proportion of
DIN concentrations in rivers) had significant relationships
in 94 % of watersheds, with a median adjusted R* value of
0.81 across all watersheds. Though streamflow and season-
ality are major drivers that determine in-stream DIN con-
centrations, the multiple linear regression method may not
capture the effect of individual storms or other unique flow
events on concentrations. Though the uncertainty is likely
larger in watersheds where we did not have observed con-
centration data, these watersheds are small, and contribute
much smaller volumes of water to Puget Sound. The water-
sheds of the 35 rivers for which we developed site-specific
multiple linear regressions (i.e., regressions that were devel-
oped from observed data collected within those watersheds)
cover 80 % of the total watershed area tributary to the U.S.
portions of the Salish Sea. WWTPs have much less vari-
ability in concentrations over time within a single plant, and
more variability between plants. When evaluating WWTP
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data, we noticed patterns in concentrations between plant
sizes, which is why we grouped plants into small, medium,
and large plants. In total, the 17 WWTPs for which we
developed multiple linear regressions based on plant-
specific data contribute 79 % of the total WWTP average
annual DIN loading and 60 % of the total WWTP flow
volume to these waters.

2.3 Biogeochemical model

We selected the “offline” approach of coupling a FVCOM
hydrodynamic solution to an unstructured biogeochemical
model. The water-quality calculations in this mode are con-
ducted using a previously computed hydrodynamic solution.
The offline coupling provides the benefit of computational
efficiency where the burden of repeating hydrodynamic
computations for sensitivity tests in the same hydrodynamic
flow field is avoided. The associated storage of large solu-
tion files is progressively becoming less of a concern with
improvements in technology. The biogeochemical model
selected for use with the FVCOM solution was CE-
QUAL-ICM, a 3-D, time variable, integrated-compartment
model, developed by the U.S. Army Corps of Engineers for
simulating water quality (Cerco and Cole 1994). CE-
QUAL-ICM was originally developed as the eutrophication
model for the Chesapeake Bay and has been applied to a
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number of lakes and estuaries (e.g., Bunch et al. 2000;
Cerco et al. 2000, 2004; Cerco 2000; Tillman et al. 2004).
The model is capable of simulating 32 state variables, in-
cluding multiple algae, carbon, multiple zooplankton, phos-
phorus, nitrogen, silica, and DO. Aquatic vegetation,
benthic deposit feeders, and a predictive sub-model to cal-
culate the interactive fluxes of DO and nutrients between the
sediment and the water columns are also incorporated. The
use of the carbon cycle as the basis for eutrophication
calculations, the ability to include sediment diagenesis,
and the use of a finite volume approach were important
considerations in selection of CE-QUAL-ICM for the Salish
Sea model development with FVCOM.

The kinetics simulated by the model are described in
detail in Cerco and Cole (1995) and briefly summarized
here as used for the Salish Sea model. For this calibration
effort, we included the following 19 state variables:

* Algae species 1—diatoms

» Algae species 2—dinoflagellates

» Dissolved organic carbon (DOC)—Ilabile

*  DOC—refractory

» Particulate organic carbon (POC)—Ilabile

¢ POC—refractory

e Ammonium (NHy)

* Nitrate+nitrite (NO3+NO,)

» Dissolved organic nitrogen (DON)—Iabile

¢ DON-—refractory

» Particulate organic nitrogen (PON)—Ilabile
*  PON-—refractory

* Phosphate (PO,)

* Dissolved organic phosphorus (DOP)—Ilabile
e DOP—refractory

* Particulate organic phosphate (POP)—Ilabile
¢ POP—refractory

» Particulate inorganic phosphate

+ DO.

The organic carbon cycle in the model comprises phyto-
plankton production and excretion, predation on phyto-
plankton by zooplankton, dissolution of particulate carbon,
heterotrophic respiration, denitrification, and settling. Car-
bon, as a representative currency in the model, is incorpo-
rated into phytoplankton biomass, and algal production is
the primary source of carbon in the model. The change in
biomass at each time step is computed using the specific
growth rate of each phytoplankton, which is converted into
a primary production rate from the phytoplankton-specific
carbon to chlorophyll ratio.

Nutrient concentrations, light intensity, and temperature
within the water column determine the growth rate used in
the above calculations. Silica concentrations, which also affect
growth rates, were not explicitly simulated because silica is
not considered a factor limiting growth rate in Puget Sound.

The calculated change in phytoplankton carbon-based bio-
mass is then reallocated into zooplankton biomass, using the
calculated grazing and growth rates for zooplankton (in the
simulations described here, however, zooplanktons were not
simulated explicitly but zooplankton grazing was included in
the form of first order decay rate as a simplification). Grazed
material is converted using the appropriate pathways into
dissolved and particulate inorganic carbon, nitrogen, and
phosphorus. Losses due to predation and excretion are divided
into labile and refractory pools of dissolved and particulate
organic carbon. Through hydrolysis, particulate organic car-
bon is converted into dissolved forms. The remaining partic-
ulate matter settles to sediment. From each carbon pool,
nutrient pools are calculated using the ratios of nitrogen and
phosphorus, to carbon. Loss rates from nutrient pools repre-
sent uptake by phytoplankton. Sinking of phytoplankton
redistributes phytoplankton throughout the water column. Di-
el vertical migration driven by light through specification of
negative settling rates for each species is also feasible.

Phytoplankton growth is predicated on nutrient and
light availability in the water column and temperature.
The growth limitation of algae can be through “Liebig’s
law of the minimum” (Odum 1971), where either light or
one major nutrient can limit growth. In this current con-
figuration of the model, Michaelis—Menten kinetics (e.g.,
Eppley et al. 1969) were used to determine nutrient limi-
tation for DIN, NHy4, and PO, while the square root
formula was used for light limitation (Jassby and Platt
1976). Although preference for reduced forms of nitrogen
is encoded in the model, suppression of growth rates of
phytoplankton by the presence of ammonium is not con-
sidered. Light in the water column is attenuated through
scattering and absorption by constituents in the water
column, including chlorophyll a. Spectral absorption was
used in the model, but only a generalized chlorophyll a-
based spectrum was used, due to limited available data for
Puget Sound. Temperature limitation on growth is incor-
porated through the specification of optimum temperature
for growth of each species of algae.

Nitrogen fluxes include nitrification, denitrification, ben-
thic flux rates, conversion of algal material into dissolved and
particulate organic forms, and boundary loads. Similarly,
phosphate fluxes include transformations of algal material
and boundary fluxes. Dissolved oxygen is affected by satura-
tion state (calculated from salinity and temperature), re-
aeration due to wind stress, algal photosynthesis and respira-
tion, nitrification, heterotrophic respiration, and sediment ox-
ygen demand. Organic carbon concentrations (particulate and
dissolved, refractory and labile) are calculated from algal
production and excretion, predation of algae and carbon ki-
netics (dissolution of particulate organic carbon, heterotrophic
respiration, and settling). In CE-QUAL-ICM, all organic mat-
ter entering the model domain from the open boundaries and
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Fig. 5 a River discharge
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from point sources is tracked directly in the form of dissolved
or particulate organic carbon, organic nitrogen, and organic
phosphorous. This differs from the approach of tracking dis-
solved organic matter (DOM) and detritus separately prior to
breakdown into nutrients and carbon as conducted on other
water-quality models such as CE-QUAL-W2 (Cole and
Buchak 1995). In its current configuration, no distinction is
made in the properties of organic matter entering the model
domain from different sources. Fluxes of organic carbon,
nitrogen, and phosphorous (subdivided into labile/refractory
and particulate/ dissolved forms) are specified at individual
point source locations.

@ Springer

The CE-QUAL-ICM model solves the 3-D mass-
conservation equation for a control volume, making it ame-
nable for use with unstructured-grids. The governing equa-
tion (Cerco and Cole 1994) is as follows:

0

VG & 2 aC
S =N OC+ Y ADi—+ Y S (2)
ot = = Oxy,

where V; is volume of the jth control volume (cubic meter),
C; is the concentration in the jth control volume (milli-
grams per liter), Oy is the flow across the flow face k of the
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Fig. 5 (continued)
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Jjth control volume (cubic meter per second), Cy, is the con-
centration in the flow across the flow face & (milligrams per
liter), Ay is the area of the flow face k (square meter), Dy is the
diffusion coefficient at the flow face k (square meter per
second), n is the number of flow faces attached to the jth
control volume, S represents the external loads and kinetic
sources/sinks in the jth control volume (grams per second), # is
the temporal coordinate, and x is the spatial coordinate. The
formulations for kinetics of sources and sinks for the biogeo-
chemical state variables are identical to those found in Cerco
and Cole (1995) and are not repeated here.

Linkage of FVCOM hydrodynamic solution with CE-
QUAL-ICM was accomplished through the development
of a modified code herein referred to as the Unstructured
Biological Model (UBM) in which the transport calculations
are conducted through the FVCOM framework and biogeo-
chemical calculations are conducted using CE-QUAL-ICM
kinetics over the same finite volume mesh, as used in
hydrodynamic calculations using a triangular elements.
The scalar quantities, such as water surface elevation, tem-
perature, salinity, and the water-quality state variable con-
centrations, are computed at the cell nodes, and vector
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quantities, such as lateral velocities, are computed at the cell
centroid. The water-quality transport equation of UBM with
o-stretched coordinate system is as follows:

89D+8€uD+00vD+890)7%(14]1]{@)

& (4H ) + 52 (49) + DS G)
where 6 is water quality state variable, D is total depth (H + (),
where H is the mean water depth and ( is the water surface
elevation, and u, v, w are x, y, o velocity components, respec-
tively. 4y, is the horizontal diffusivity, 4, is the vertical diffu-
sivity, and S is the biogeochmemical sink/source term
calculated using CE-QUAL-ICM Kkinetics.

When UBM is executed, it reads in all of the FVCOM
information and uses it to conduct transport and biogeo-
chemical calculations. First, the FVCOM mesh information
is read into the UBM, followed by the hydrodynamic
information, including velocity, diffusivities, open bound-
ary fluxes, and water levels. Scalars computed in the hy-
drodynamic step required for the biogeochemical
computations, including salinity, and temperature, are also
read into the UBM. The UBM then reads in the initial
conditions for the model domain and the external loads
from the open boundaries, river boundaries, and point and
non-point sources of nutrients. This information includes
loadings for each of the 19 biogeochemical model state
variables as either masses or fluxes. Once these data are
read in to the model, biogeochemical calculations are con-
ducted. A schematic flow diagram of the linked model
UBM is provided in Fig. 6. 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).

Fig. 6 Schematic flow diagram
of linkage between FVCOM
and CE-QUAL-ICM

Water Level
Temperature
Salinity

Flow field

FVCOM
transport
scheme
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3 Salish Sea model setup and calibration
3.1 Initial conditions

Year 2006 was identified as the most recent data-rich period
for salinity, temperature, and water quality (nutrients, phy-
toplankton, and DO) and selected for the model calibration
effort. In general, 2006 late-summer oxygen levels repre-
sented somewhat average conditions over the past 10 years
(Krembs 2011). Examination of data from winters of 2005
and 2006 showed that the water column was relatively
homogeneous and fully mixed. At first, data from the Puget
Sound Main Basin station PSB003 from 2005 were used to
initialize the model throughout the domain. Nutrients (inor-
ganic N and P), chlorophyll a (converted to carbon using a
carbon to chlorophyll a ratio of 50), and DO specified as
initial conditions are listed in Table 2. Due to limited avail-
ability of data, the remaining constituents were set to zero.
For simplicity, uniform initial conditions were chosen. This
approach assumes that during the winter, biological activity
is low and, by the time spring bloom occurs, the remaining
constituents will be internally updated, filled via boundary
fluxes and transformation from the other pools. Results at
the end of 1 year were treated as preconditioning spin-up
and were then used to re-initialize the model. The simulation
for year 2006 was then repeated.

3.2 Benthic fluxes

Within Puget Sound there are many depositional areas with
limited flushing where uptake due to sediment oxygen de-
mand is expected to be significant and limited measure-
ments have been conducted in the past (e.g., Pamatmat
1971; Brandes and Devol 1995). Brandes and Devol

Linkage of FVCOM and CE-QUAL-ICM

EFVCDM mesh im‘orma@

Get FVCOM hydrodynamic
information (NetCDF format)

CE-QUAL-ICM

l Eutrophication
Kinetics (32 state
variables)
Aquatic
vegetation

- Calculates transport & fate o
water quality state variables
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Table 2 Initial water quality concentrations for the 2006 simulation from Puget Sound Main Basin Station PSB003 and Hood Canal Station
HCBO003 (December 7, 2005) used in the pre-conditioning spin-up simulation

Basin DO, mg/L NO; + NO,, mg/L NH,, mg/L PO,4, mg/L Algae, mg/L
Puget Sound Domain (except Hood Canal) 8.0 0.43 0.002 0.08 0.026
Hood Canal Surface (9.0) 0.43 0.002 0.08 0.026

Bottom (4.0)

(1995) concluded that relatively few short-lived reaction
sites could be responsible for most oxygen and nitrogen
reductions in sediments in shallow seas. Grundamnis and
Murray (1977) pointed out that denitrification in low DO
regions of Puget Sound could cause an even greater sink of
nitrogen than previously thought to be caused by burrowing of
benthic organisms. Benthic sediment fluxes were therefore
specified for DO, ammonium, nitrate and nitrite, and phos-
phate based on recent field measurements (Roberts et al.
2008). These data shown in Table 3 are conservative (higher
fluxes than would be expected on average in the Salish Sea)
because they include data collected during the summer in a
very shallow region of Puget Sound, the Budd Inlet. Constant
fluxes were used for nitrate+nitrite, ammonia, and phosphate.
However for DO, a spatially varying benthic flux with high
demand of 2.0 gm * day ' was specified in selected shallow
areas of Puget Sound with known occurrences of low DO
conditions. A value of 0.1 gm 2 day ' was specified for the
rest of Puget Sound domain.

3.3 Boundary conditions

Since the 1950s, researchers have pointed out the impor-
tance of the process by which water trapped behind the sills
in fjords such as Puget Sound is replaced by water of greater
density that flows in over the sills (e.g., Barnes and Collias
1958; Geyer and Cannon 1982). This inflow in the summer
months is fed by coastal upwelling which supplies most of the
macronutrients available for production (Mackas and Harrison
1997; Hickey and Banas 2003). Nutrient, phytoplankton, algal
biomass, and DO monitoring data collected at the open
boundaries by DFO, the Washington State Department of
Ecology, and UW as part of the Joint Effort to Monitor the

Strait of Juan de Fuca (JEMS) program from year 2006 were
considered for specification of appropriate boundary values for
this calibration. Figure 7a, b show quarterly profiles collected
by DFO from sites nearest to the boundaries. These data were
supplemented by the monthly profiles from JEMS data sets
from the Strait of Juan de Fuca inner basin, resulting in a
composite boundary concentrations file for 2006. Strait of Juan
de Fuca boundary nitrate+nitrite concentrations are approxi-
mately 0.4 mg/L at depth throughout the year, with concen-
trations approximately half of this value (0.1-0.2 mg/L) at the
surface during the summer. Inorganic phosphate follows a
similar pattern but at an order of magnitude lower concentra-
tions. In the Georgia Strait, the nutrient concentrations are
similar at depth, but reach zero for nitrate and near zero for
phosphate in the surface during the summer months. This
strongly suggests effects of local primary productivity and
consumption of nutrients from the surface layers during the
summer. DO is relatively high in the surface layer (~7 mg/L)
during the spring and winter months (reflecting algal growth in
the spring and mixing and reaeration in the winter months). In
late summer and autumn, DO decreases slightly in the surface
layer to 6—7 mg/L, with concentrations decreasing much more
quickly with depth than at other times of year, such that con-
centrations reach ~4 mg/L at 50 m in autumn (this concentra-
tion occurs around 100 m during the rest of the year). DO is
quite low at depth, 2—4 mg/L throughout the year in waters
deeper than 100 m.

3.4 Calibration and parameterization through sensitivity
tests

Initial model setup was conducted using literature values for
the model parameters. Many model runs were then

Table 3 Benthic sediment fluxes (5-cm depth)—nutrients and dissolved oxygen specified throughout the Puget Sound model domain

Constituent NOs + NO, NH, PO, DO
Specified benthic flux (g m 2 day ") -0.011 0.064 0.02 -0.1*

-2.0°
Measured data range (g m > day ") —0.004 to —0.016 0.03 to 0.12 0.0 to 0.05 —0.24 to —1.71

#Value specified in most of Salish Sea domain

®Value specified in selected shallow regions of Puget Sound known for low values of near bed DO
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Fig. 7 a Nitrate + nitrite and
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conducted to identify the parameters that affected pre-
dicted nutrients, algal biomass (chlorophyll a), and DO
concentrations most strongly. The parameters were then
adjusted using best professional judgment until predicted
results best reproduced observed DO, nutrients, and
chlorophyll @ data. The model results were most sensi-
tive to maximum photosynthetic rate for algae (Pax),
carbon to chlorophyll ratios, grazing loss rate, reaeration
parameterizations, and settling rates, and half saturation
constants of nutrient uptake. In this calibration effort,
algal nutrient ratios have been kept static at the Redfield
ratios (106:16:1 for C/N/P). The calibration is limited to
some degree by a paucity of primary production and
other rate and kinetic data for Puget Sound. Of the few
data reported, ranges for primary production vary from
the 265 and 465 gC m > year ' reported by Winter et
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al. (1975) to 694 to 1,241 gC m 2 year ' reported by
Ruef et al. (2003). Puget Sound rates normalized to
chlorophyll @ were reported by Winter et al. (1975) to
range from 96 to 120 mg C mg Chl™' day '. Efforts
have been made to quantify the phytoplankton contrib-
utors to the carbon pool, with diatom bloom during the
late winter to early spring period and summer bloom by
other species (Connell and Jacobs 1998; Horner et al.
2005; Rensel 2007). Integrated chlorophyll a over the
water column has ranged over the past 40 years of
sampling between 10 and 400 mg Chl m ?; typically,
spring integrated chlorophyll ¢ is ~250 mg m 2 (Horner
et al. 2005). Grazing rates for copepods typically range
from 0.2 to 0.4 day (e.g., McAllister 1970).

For nutrient uptake, general ranges surrounding the
estuarine half-saturation constants were tested during the
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Fig. 7 (continued) b
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calibration, with the best fit at the upper end of the
half-saturation constant range for N and P. The half-
saturation constants based on data from 17 species of
marine phytoplankton have been reported in the range
from 0.001 to 0.144 mg N/L (Eppley et al. 1969;
Herndon and Cochlan 2007). However, there are numer-
ous additional phytoplankton species in Puget Sound,
such that half-saturation constants for nitrogen can be
much higher, with maxima of 4.34 mg N/L (Bowie et
al. 1985). Phosphorus half-saturation constants for
dinoflagellates range from 0.0003 to 0.195 mg P/L
and for diatoms range from 0.001 to 0.163 mg P/L
(Bowie et al. 1985).

The parameters known to influence algal growth and
oxygen depletion in the water column may actually
vary considerably in different parts of Puget Sound.

Algal Carbon (mg/L)

Typical ranges of carbon-to-chlorophyll a ratio (C/Chl)
recorded in Dabob Bay, Puget Sound, were 25-65
(Horner et al. 2005). In this model, we simulate static
C/Chl with a base ratio of 37 for diatoms and 50 for
dinoflagellates. One of the key parameters of algal
growth is the optimum temperature at which algal
growth rate is highest assuming appropriate light and
nutrients are available. The values of optimum temper-
atures may vary depending on the location based on site-
specific conditions and acclimatization. For example,
optimum temperature may range from 20 to 35 °C in
tropical waters (Bowie et al. 1985). But optimum temper-
atures may be much lower in higher latitudes where
waters are naturally cooler. For example, the water tem-
perature in Puget Sound is usually less than 20 °C and
some of the phytoplankton species (like Heterosigma
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carterae) proliferate when the water temperature becomes 16
to 18 °C. Similarly, the spring bloom of diatoms is known to
occur during the March—April period when water temper-
atures are 10—12 °C. The optimum temperature parameter
was used during the calibration to adjust the timing of the
spring and summer algae bloom onset and separation of
peaks. Zooplanktons were not simulated explicitly, but the
effect was incorporated through algal base predation rate,
specified relatively high. Table 4 lists all model parameters
used in the calibration along with ranges of values found in the
literature (Bowie et al. 1985; Cerco and Cole 1994; Bunch et
al. 2000; Cerco et al. 2000; Tillman et al. 2004). Bienfang and
Harrison (1984) noted in their study that the settling rates of
large centric diatoms were higher than dinoflagellates (0.96

Table 4 List of key model parameters

and 0.22 m™', respectively). Settling rates specified for dia-
toms and dinoflagellates were 0.4 and 0.2 m day ', respec-
tively. The model uses a time step of 20 s, operates over
exactly the same grid (9,013 nodes and 13,941 elements) as
the hydrodynamic model, and generates a 1-year solution in~
24 h on a 35-processor cluster computer.

4 Results and discussion

We have adopted a phased approach towards the develop-
ment of Salish Sea model such that in this first phase we
focused on obtaining a reasonable reproduction of the bio-
logical behavior over the larger domain with the expectation

Symbol Value Unit Literature range Definition
Pu_dia 200-350% g Cg ' Chl day™! 200-350 Maximum photosynthetic rate of diatoms
P _dino 250-350% g C g ' Chl day’ 200-350 Maximum photosynthetic rate of dinoflagellates
Topt_dia 12 °C up to 35 Optimal temperature for growth of diatoms
Topt_dino 18 °C up to 35 Optimal temperature for growth of dinoflagellates
BMg;a 0.1 dayf1 0.01-0.1 Basal metabolic rate of diatoms
BMyino 0.1 day ! 0.01-0.1 Basal metabolic rate of dinoflagellates
Wa_dia 0.4 m day ! 0-30 Settling velocity of diatoms
Wa_dino 0.2 m dayf1 0-30 Settling velocity of dinoflagellates
BPRyi, 1.0 day ! 0.05-1.0 Base predation rate of diatoms
BPRino 0.5 day ! 0.05-1.0 Base predation rate of dinoflagellates
CChl 37 gCg'Chl 30-143 Carbon-to-chlorophyll ratio diatoms
CChl 50 gCg ' Chl 30-143 Carbon-to-chlorophyll ratio dinoflagellates
NT,, 0.4 g N m> day ! 0.01-0.7 Maximum nitrification rate
Tinnt 30 °C 25-35 Optimal temperature for nitrification
Klde 0.025 day ™! 0.005-0.25 Minimum respiration rate of LDOC
Krde 0.0015 day”! - Minimum respiration rate of RDOC
Klpc 0.05 day ! 0.005-1.5 Dissolution rate of LPOC
Krpe 0.0015 day ! 0.001-0.005 Dissolution rate of RPOC
KHygoe 0.5 g0, m> 0.5 Half-saturation concentration of dissolved oxygen
KHn g, 0.06 gNm> 0.003-0.923 Half-saturation concentration for nitrogen uptake by diatoms
KHn gino 0.06 gNm> 0.005-0.589 Half-saturation concentration for nitrogen uptake by dinoflagellates
KHp 4ia 0.02 gPm? 0.001-0.163 Half-saturation concentration for phosphorus uptake by diatoms
KHp gino 0.02 gPm? 0.0003-0.195 Half-saturation concentration for phosphorus uptake by
dinoflagellates
K, Calculated - Reaeration coefficient
FTsop 0.1-2.0° g m? day71 - SOD coefficient
Presp_gia
Presp_dino 0.25 0<Presp<1 0-1 Photo-respiration fraction of diatoms
0.25 0<Presp<1 0-1 Photo-respiration fraction of dinoflagellates
W 0.25 m day ' 0.03-0.8 Settling velocity of labile particles
W, 0.25 m day ' 0.03-0.8 Settling velocity of refractory particles

LDOC labile dissolved organic carbom, RDOC refractory dissolved organic carbon, SOD sediment oxygen demand

#Value specified in subbasins—Hood Canal, Whidbey Basin, Bellingham Bay, and South Puget Sound

®Value specified in selected shallow regions of Puget Sound known for low values of near bed DO
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that site-specific refinements and calibration will continue to
improve the model performance in the inner reaches in
subsequent phases. Through comparisons of simulated
results and measured data for algal biomass, nitrates, and
DO, we have developed an understanding of the annual
biogechemical cycles observed in the Salish Sea including
Puget Sound. The data and model results show that bulk of
the tidally averaged residual exchange flow which enters
Salish Sea is from the Strait of Juan de Fuca boundary at
depth. A portion of this inflow (=13 % in 2006) enters Puget
Sound over the Admiralty Inlet sill while the remaining flow
traverses around San Juan Islands to Georgia Strait and the
Canadian waters. The inflow at depth brings nutrient-rich
waters to the Salish Sea. The inflow undergoes mixing with
the surface outflow in the Strait of Juan de Fuca and further
mixing with brackish outflow over the Admiralty Inlet sill.
The incoming higher salinity water then enters Hood Canal
basin and the main basin of Puget Sound. Water entering the
main basin of Puget Sound entrains some more surface fresh
water through the reflux phenomenon at the Admiralty Inlet
sill. Effects of these physical mixing processes are reflected
in the bottom water nutrient and DO concentrations in
model simulation results as well as measured data. Although
there is a large oceanic supply of nutrients, the stratified two
layer circulation results in a shallow biologically active
surface layer 5-20 m deep. The nutrient concentrations in
this surface layer are routinely depleted during the spring
and summer algae bloom periods. The efflux of bottom
water at the Tacoma Narrows sill at the southern end of
Puget Sound, and the Georgia Strait terminus near the north
boundary at Johnstone Straits replenish the surface layer
with nutrients following the end of biological activity in
winter months (November—February). The months from
May through October correspond to coastal upwelling peri-
od during which the bottom waters in Salish Sea experience
a steady reduction in DO concentrations. The DO levels
along with nutrient concentration appear to reset with cooler
temperature higher nutrient waters from the Pacific Ocean
during the winter.

A comparison between measured and predicted chloro-
phyll @ concentration in Puget Sound is shown in Fig. 8. The
surface concentrations are from analyses of samples collect-
ed at the 1-m depth from the photosynthetically active,
surface outflow layer of Puget Sound and are plotted against
simulated algal biomass from two species of algae—diatoms
and dinoflagellates. The spring bloom in Puget Sound is
simulated using the diatoms algal group that peaks during
April and May. The summer bloom is simulated using the
dinoflagellates algal group that peaks during July and Au-
gust. Algal biomass is highest in the interior inlets and
passages, including Budd Inlet, Sinclair Inlet, Hood Canal,
and Saratoga Passage. The stations within the main basin
and near the Strait of Juan de Fuca showed lower biomass

levels. One possible explanation for this variation in algal
biomass may be temperature variability among the basins
with surface waters in the main deeper basins of Puget
Sound being a little cooler than the shallow subbasins. The
main basin of the domain is also less stratified than Hood
Canal and Whidbey Basin and likely experiences more
mixing due to wind and inflows from the subbasins. Cap-
turing this variability required specification of higher values
of maximum photosynthetic rates in Hood Canal, Whidbey
Basin, Bellingham Bay, and South Sound of 350 gC g' Chl
day ' relative to 200 gC g ' Chl day ' specified in rest of
the domain for diatoms and 250 gC g ' Chl day ' for
dinoflagellates.

Measured data show that chlorophyll @ concentrations in
Puget Sound generally vary between 0 and 20 pg/L. Budd
Inlet station however is an exception because chlorophyll a
data show that peak concentrations in this basin are over
four times higher than other basins in Puget Sound. The
current model predictions do not reflect this pattern. Capitol
Lake/Deschutes River system at the head waters of Budd
Inlet is known to reach eutrophic levels of algal production
in the summer. Although freshwater algae from Capitol
Lake in the discharge to Budd Inlet are not likely to survive
in marine waters, there is a possibility that they may be
influencing algal biomass measurements and the intense
patchy blooms seen in Budd Inlet.

Phytoplankton succession is important in the Puget
Sound. The year 2006 included a significant dinoflagellate
bloom, which affected many of the subbasins of Puget
Sound. We have focused the calibration on phytoplankton
succession of 2006 in terms of the magnitude and timing of
the blooms. A diatom bloom occurred in the early spring,
followed by a dinoflagellate bloom from late spring
throughout the summer. The magnitude and spatial extent
of the summer bloom were larger than usual, and have been
attributed to a combination of factors, including above-
average runoff in the spring; relatively clear, dry, hot weath-
er with low wind stress; and well-stratified water column
conditions throughout the Sound in summer. Key parame-
ters limiting algal growth were optimum temperature, half-
saturation constants for nitrogen, and light availability. In-
crease in available light and use of optimum temperatures
for growth (12 to 18 °C) provided the best match for the
timing of spring bloom of diatoms and summer bloom of
dinoflagellates. These parameters, in combination with nutri-
ent limitation imposed through the half-saturation constant
0.06 gN m > for nitrogen, allowed a separation between
spring and summer blooms and the die-off in late fall.

The cumulative effects of the spring and summer blooms
from the various basins are seen in nutrient concentrations in
the mixed outflow waters. Figure 9a shows that the nitrite +
nitrate concentrations dip from about 20—30 pwmol/L in the
winter to below 10 pmol/L in the spring and summer
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Fig. 8 Chorophyll a time history—comparison of measured surface data at selected stations in Puget Sound with model results for year 2006

periods throughout Puget Sound. Due to higher levels of
algal growth associated with spring and summer blooms, the
surface concentrations of nitrate + nitrite in the shallow
embayments, such as Sinclair Inlet and Budd Inlet, and
fjordal subbasins such as Hood Canal and Saratoga Passage,
were nearly depleted of nitrate and dropped to less than
2 umol/L. Bottom nutrient concentrations shown Fig. 9b
reflect concentrations of water flowing into Puget Sound
over the Admiralty sill at Puget Sound Basin, Hood Canal,
and Gordon Point stations. These are deeper stations and
concentrations at depth are not directly influenced by the
productivity at the surface. However Budd Inlet and Sinclair
Inlet being shallow stations show effects of strong mixing
with surface waters. Figure 10a, b show phosphate concen-
tration time histories in the surface and bottom layers, re-
spectively. Despite being nearly an order of magnitude
lower in concentrations (0—3 pumol/L), phosphate consump-
tion associated with spring and summer blooms is also
noticeable in the shallow embayments and the fjordal
basins. The conceptual understanding of Puget Sound basin
flushing and renewal is reconfirmed as nitrate + nitrite and
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phosphate concentrations bounce back from their depleted
levels towards their original levels in the autumn months.
The concentrations of DO throughout the Sound were
simulated, with deviations mostly due to offsets in the
timing of phytoplankton blooms. The DO concentration in
the surface layer around the Sound as shown in Fig. 11a was
generally high, reflecting reaeration, phytoplankton primary
production, and river input, especially during the winter
months. In some locations that were quite productive, in-
cluding Hood Canal year-round and Budd Inlet in summer,
DO concentrations were near saturation or super-saturated at
ambient temperatures, as would be expected with a strong
phytoplankton bloom. As in the case of nutrients, during
autumn months after the summer bloom period, the algal
activity also reduces because of the reduced light availability

Fig. 9 a Nitrite + nitrate time history—comparison of measured p>
surface data at selected stations in Puget Sound with model results
for year 2006. b Nitrite + nitrate time history—comparison of measured
bottom data at selected stations in Puget Sound with model results for
year 2006, with the exception of Puget Sound Basin (PSB003) station
plot where data was only available from the 30-m depth
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«Fig. 10 a Phosphate time history—comparison of measured surface
data at selected stations in Puget Sound with model results for year
2006. b Phosphate time history—comparison of measured bottom data
at selected stations in Puget Sound with model results for year 2006,
with the exception of Puget Sound Basin (PSB003) station plot where
data was only available from the 30-m depth

and lower temperatures, and DO concentrations in the surface
layer return to their pre-bloom levels. Dissolved oxygen con-
centration at depth simulated in the model reflects a down-
ward trend strongly influenced by the incoming low DO
upwelled water from the Pacific Ocean via Admiralty Inlet
(2—4 mg/L during the summer) as shown in Fig. 11b. The
near-bed DO concentrations in the fjordal subbasins show low
DO concentrations that vary between 4 and 6 mg/L. The near-
bed DO levels are replenished as incoming DO levels rise
during the post-upwelling autumn and winter months. In this
phase, we have not attempted to match the hypoxic conditions
(DO<2 mg/L) observed in some of the inner reaches such as
Lynch Cove in Hood Canal and South Puget Sound. While
DO concentrations at a Puget Sound scale are dominated by
the incoming waters from the Strait of Juan de Fuca, it is
important to note that DO levels especially in the shallow
nutrient limited subbasins, could be affected by smaller scale
eutrophication processes and blooms perturbed by local an-
thropogenic discharges.

Error statistics for key biogeochemical variables—algal
biomass (chlorophyll @), DO, nitrate + nitrite, and phosphate
are provided in “Appendix” B. As discussed in Section
“3.0”, exceptionally high levels of algal biomass measured
at the Budd Inlet station were not captured adequately in the
model simulations and were not included in the error table.
The error statistics indicate that predicted algal growth and
DO concentration in the model are biased lower than the
observed data. The root mean square (RMS) errors for DO
vary between 1-2 mg/L. Simulated nitrate + nitrite levels
are higher than observed, but consistent with the lower
uptake associated with lower than observed simulated algae
growth. The mean RMS error and bias for nitrate + nitrite
are 4.78 and 2.38 umol/L, respectively, which are approxi-
mately 16 and 10 % of the peak variation of nitrate + nitrite
(0-30 umol/L). Phosphate results show a good match with
data with <1 pmol/L of RMS error and bias at all stations.

5 Conclusion

In this paper, an offline intermediate-scale water-quality model
for Puget Sound and the Northwest Straits (Salish Sea) using
scalar transport scheme from the FVCOM model, coupled with
the biogeochemical code of CE-QUAL-ICM was presented. A
total of 19 state variables and key biogeochemical processes,
including phytoplankton bloom dynamics, nutrient uptake, and

re-mineralization, were simulated. The model includes nutrient
loads from the ocean boundary, 19 major rivers, 64 nonpoint
sources, and 99 point sources of wastewater discharge. Cali-
bration of the model was conducted using observed water-
quality data (chlorophyll a, nutrients, and DO) from the year
2006 using numerous sensitivity tests and best professional
judgment to guide model parameter adjustment.

As a first effort to simulate biogeochemical balance over the
entire Salish Sea domain using a numerical model, the perfor-
mance in simulating observed behavior was encouraging. While
the current model calibration is suitable for addressing the broad
water quality management question of whether human sources
of nutrients in and around Puget Sound are significantly affect-
ing water quality and, if so, how much nutrient reduction is
necessary to reduce human impacts in sensitive areas, targeted
future improvements and refinements to the model are ongoing.
Specifically, in its current configuration, the benthic fluxes of
nutrients and sediment oxygen demand were fixed as externally
specified inputs. It is generally understood that parts of Puget
Sound such as the southernmost regions of Hood Canal and
parts of South Puget Sound have higher levels of benthic activity
as a result of organic loads and could be a source of nutrients and
pathogens (not included). The model predictions, particularly in
the deeper waters of Puget Sound, are strongly dependent on the
Pacific Ocean water quality (at the Neah Bay boundary in the
Strait of Juan de Fuca) and the quality of inflow of water from
Georgia Straits (affected correspondingly by the boundary near
Johnstone Strait). The quality and quantity of inflow water from
Georgia Strait boundary is a source of uncertainty and the model
results are sensitive to specified concentrations at depth at the
Strait of Juan de Fuca boundary.

The available data on phytoplankton community structure
and primary production, including chlorophyll a concentrations,
are very limited in Puget Sound. This limits the ability to capture
the influence of phytoplankton carbon on DO on short weekly
or fortnightly timescales. We have used two species of algae
(diatoms and dinoflagellates) to re-create the seasonal variation
through spring and summer bloom peaks. However, without
specific data on each algal type, the model relies on best
professional judgment to adjust the phytoplankton succession.
Similarly, zooplankton data were not available for this calibra-
tion effort. As a result, zooplanktons were not simulated explic-
itly, but the effect was incorporated in the form of predation rate,
which is a function of algal biomass and temperature. Although
a total of 99 wastewater point sources and the effect of the mass
loading of nutrient and carbon from the point sources on DO
kinetics were included, the resolution at each outfall is insuffi-
cient for use in near-field mixing zone analyses.

Despite these limitations, the model reproduces overall
seasonal algal bloom dynamics and DO levels in Puget
Sound resulting from exchanges with the Pacific Ocean
and nutrient loads from natural and human sources within
the basin. All deeper basins of Puget Sound show a
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«Fig. 11 a DO time history—comparison of measured surface data at
selected stations in Puget Sound with model results for year 2006. b
DO time history—comparison of measured bottom data at selected
stations in Puget Sound with model results for year 2006

common biological behavior and response, which are dif-
ferent from the highly productive shallow subbasins. The
fjordal subbasins within Puget Sound exhibit well-defined
patterns that are consistent with classic fjord theory and
are clearly distinguishable from the other basins. These
differences appear to be strongly driven by the differences
in fjordal hydrodynamics and circulation between the in-
dividual estuaries. Incorporation of all these types of es-
tuaries into a single framework was challenging, but
feasible using the approach and framework selected for
this development. The overall model domain resolution
was kept at a moderate level by design to facilitate effi-
cient run times (a 1-year model run with 35 computational
cores and 18 state variables requires about 24 h in real
time using a previously computed hydrodynamic solu-

Appendix

A: Hydrodynamic model calibration error statistics for at
selected locations in Puget Sound (2006)

tion). In addition to improving boundary conditions,
higher lateral model resolution in shallow subbbasins,
reduction in bathymetric smoothing, and improvement in
inter-basin exchanges will further improve the ability of
the model to simulate biogeochemical response in the
Salish Sea.
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Table A1 Model calibration error

statistics for water surface elevation Station MAE (m) RMSE (m) RME (%) Correlation (R)
Port Angeles 0.26 0.33 8.88 0.92
Friday Harbor 0.17 0.22 5.77 0.97
Cherry Point 0.25 0.31 7.33 0.97
Port Townsend 0.28 0.35 8.93 0.95
Seattle 0.34 0.43 9.50 0.95
Tacoma 0.36 0.46 10.21 0.95
MAE mean absolute error, RMSE Mean 0.28 0.35 8.44 0.95
root mean square error
Table A2 Model calibration error
statistics for velocity Station MAE (m/s) RMSE (m/s) Correlation (R)
Surface Middle Bottom  Surface Middle Bottom Surface Middle Bottom
Pickering 0.16 0.1 0.09 0.2 0.13 0.12 0.65 0.90 0.81
Passage
Dana 0.28 0.26 0.23 0.34 0.29 0.28 0.89 0.93 0.90
Passage
Swinomish 0.23 0.16 0.09 0.27 0.19 0.11 0.96 0.96 0.96
Channel
Skagit Bay 0.23 0.16 0.17 0.28 0.19 0.2 0.82 0.90 0.88
MAE mean absolute error, RMSE Mean 0.18 0.2 0.88

root mean square error
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Table A3 Model calibration error

statistics for salinity and Station Salinity, ppt Temperature, °C
temperature
MAE (ppt) RMSE (ppt) MAE (°C) RMSE (°C)
Admiralty Inlet Entrance (ADM?2) 0.68 0.96 0.62 0.72
Admiralty Inlet North (ADM1) 0.85 0.97 0.63 0.74
Admiralty Inlet South (ADM3) 0.73 1.04 0.57 0.75
Puget Sound Main Basin (PSB) 1.27 2.15 0.83 0.94
East Passage (EAP) 0.79 1.19 0.8 0.89
Gordon Point (GOR1), South Sound 0.81 1.09 1 1.11
Hood Canal (HCB003) 0.74 0.88 0.8 1.13
Saratoga Passage (SAR003) 0.71 1.08 0.89 1.12
Nisqually Reach (NSQ) 0.64 0.74 1.08 1.18
Dana Passage (DNA) 0.63 0.76 1.26 1.43
MAE mean absolute error, RMSE Mean 0.78 1.09 0.85 1
root mean square error
B: Hydrodynamic model calibration error statistics for at
selected locations in Puget Sound (2006)
Table B1 Model calibration error ] ] ]
statistics for Algal chlorophyll a Region Location D RMSE (ng/L)  Bias (ng/L)  SD (ng/L)
South Dana Passage DNAO001 2.72 -0.98 2.59
South Gordon Point GORO001 1.76 -0.72 1.62
Central Commencement Bay CMBO003 1.96 0.05 2.01
Central Sinclair Inlet SINO001 5.11 —2.44 4.63
o Central West Point PSB003 4.52 -0.72 4.5
Output compared with discrete 114 Cana] Hood Canal North HCBO10 8.95 327 8.61
surface chlorophyll samples ] )
Whidbey Basin Saratoga Passage SAR003 4.97 0.49 5.08
RMSE root mean square error, )
Bias mean of paired differences SJdF Admiralty Inlet Entrance =~ ADMO002 1.88 1.13 1.55
(modeled—observed), SD stan- Bellingham Bay  Bellingham Bay BLL009 5.32 0.39 5.43
dard deviation of paired differ- Mean 4.13 ~0.67 4.00
ences (modeled—observed)
Table B2 Model calibration error ] ] ]
statistics for dissolved oxygen Region Location ID RMSE (mg/ Bias (mg/ SD (mg/
(DO) D) D) L)
South Dana Passage DNAO001 1.14 -0.43 1.05
(SS03)
South Gordon Point GORO001 0.88 -0.75 0.46
(SS66)
Central Commencement Bay CMBO003 0.81 -0.63 0.51
Central Sinclair Inlet SIN0O01 1.52 —0.55 1.42
Output compared with 0.5 m Central West Point PSB003 1.14 -0.91 0.68
binned Winkler-adjusted DO Hood Canal Hood Canal North HCBO010 1.13 0.28 1.09
measurements from full water Whidbey Basin ~ Saratoga Passage SAR003 0.86 0.21 0.83
column CTD profiles SIdF Admiralty Tnlet ADMO002 1.42 ~0.94 1.06
RMSE root mean square error, Entrance
Bias mean of paired differences  Bellingham Bellingham Bay BLL009 1.25 -0.71 1.03
(modeled—observed), SD stan- Bay
dard deviation of paired differ- Mean 1.14 ~0.43 1.05

ences (modeled—observed)

@ Springer




Ocean Dynamics (2012) 62:1353—-1379 1377
Table B3 Model calibration error
statistics for nitrate + nitrite Region Location ID RMSE (pmol/ Bias (pmol/ SD (pumol/
(NO; +NO,) L) L) L)
South Dana Passage DNAO001 7.14 4.29 5.71
South Gordon Point GORO001 3.57 2.86 2.86
Central Commencement Bay CMBO003 3.57 0.71 3.57
Central Sinclair Inlet SINO001 8.57 6.43 5.71
Central West Point PSB003 4.29 1.43 3.57
Hood Canal Hood Canal North HCBO010 7.86 3.57 7.14
Output compared with discrete Whidbey Basin ~ Saratoga Passage SARO003 5.00 0.71 5.00
+
NOs + NO, samples SJdF Admiralty Inlet ADMO002 2.86 0.71 2.86
RMSE root mean square error, Entrance
Bias mean of paired differences  Bellingham Bellingham Bay BLL009 0.13 0.71 10.00
(modeled—observed), SD stan- Bay
dard deviation of paired differ- Mean 4.78 2.38 516
ences (modeled—observed)
Table B4 Model calibration error
statistics for phosphate (POy) Region Location ID RMSE (umol/  Bias (umol/ SD (pumol/
D) L) L
South Dana Passage DNAO001 0.32 0.323 0.32
(SS03)
South Gordon Point GORO001 0.32 0.000 0.32
(SS66)
Central Commencement Bay CMBO003 0.32 0.000 0.32
Central Sinclair Inlet SINO001 0.65 0.646 0.65
Central West Point PSB003 0.32 0.000 0.32
Hood Canal Hood Canal North HCBO010 0.65 0.000 0.65
Output compared with discrete Wél;(:?;y Saratoga Passage SARO003 0.65 0.000 0.65
PO, samples SIdF Admiralty Inlet ADM002 0.32 0.323 0.32
RMSE root mean square error, Entrance
Bias mean of paired differences  Bellingham Bellingham Bay BLL009 0.65 0.32 0.65
(modeled—observed), SD stan- Bay
dard deviation of paired differ- Mean 0.47 0.18 0.47

ences (modeled—observed)
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