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Abstract 

Portions of South Puget Sound do not meet Washington State water quality standards for 

dissolved oxygen.  The Washington State Department of Ecology will determine whether humans 

are contributing to these low levels by collecting and analyzing data, developing circulation and 

water quality models, and assessing alternative management scenarios.  This report, the second of 

three parts of the South Puget Sound Dissolved Oxygen Study, summarizes the calibration and 

confirmation of the South and Central Puget Sound circulation model. 

 

The modelôs purpose is to describe how water moves around, and the model performs well.  The 

model reproduces both water surface elevations and tidal constituents throughout the model 

domain.  Root mean square errors (RMSEs) are <16 cm, or <5% of the tidal range, in all but 

Oakland Bay where the error was 10% of the tidal range.  The model simulates salinity with a 

mean RMSE of 0.6 psu near the surface and 0.5 psu near the seafloor compared with field 

observations at 22 key stations.  Temperature results likewise have RMSEs of 0.9°C near the 

surface and 0.6°C near the bottom.  Current velocity measurements, both transects across inlets 

and time series in key locations, were also used to check the model. 

 

We estimated flushing time in various inlets of South Puget Sound for late-summer conditions.  

We also simulated dye tracers from rivers and wastewater treatment plants in both Central and 

South Puget Sound as an initial indication of areas influenced by either.  Some of the tracer from 

Central Puget Sound sources travels south through the Tacoma Narrows.  Therefore, we cannot 

rule out the influence of Central Puget Sound sources on South Puget Sound water quality.  

However, the results are not sufficient to rule in an influence given the complexity of nutrient 

transport and transformation.  The upcoming water quality model will address the issue. 
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Executive Summary 

Portions of South Puget Sound do not meet Washington State water quality standards for 

dissolved oxygen.  The Washington State Department of Ecology will determine whether humans 

are contributing to these low levels by collecting and analyzing data, developing circulation and 

water quality models, and assessing alternative management scenarios.  This report, the second of 

three, summarizes the calibration and confirmation of the South and Central Puget Sound 

circulation model. 

 

The primary area of interest is the region southwest of the Tacoma Narrows.  However, one of the 

project questions is whether the larger rivers and population centers northeast of the Tacoma 

Narrows contributes to water quality problems within South Puget Sound.  Therefore, the model 

domain includes both South and Central Puget Sound. 

 

To describe water circulation in South and Central Puget Sound (Figure ES-1), we apply a three-

dimensional model that simulates tides, water velocity, temperature, and salinity within each grid 

cell.  The model grid cells are arranged to represent the complex morphology and bathymetry of 

the region, including such features as the shallow entrance sill within the Tacoma Narrows, inlets 

in South Puget Sound, and deeper basins in Carr Inlet and Central Puget Sound.  The selected grid 

cell resolution (nominally 500 m by 500 m) optimizes tradeoffs between the precision required to 

describe circulation and the amount of time required to run the model. 

 

 
Figure ES-1.  South and Central Puget Sound study area. 
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Circulation strongly influences dissolved oxygen levels, which will be evaluated in the subsequent 

water quality modeling efforts.  Factors influencing circulation include the tides at the northern 

boundary, the physical shape of Puget Sound, meteorology including wind and air temperature, 

and freshwater inflows.  Data collected during the first phase of the project are used as both input 

to the model and as output for comparison with model predictions. 

 

The model was calibrated and confirmed using water surface elevations, tidal constituents, surface 

temperature and salinity spatial patterns, temperature and salinity profiles, and current velocities.  

Calibration refers to the iterative process of comparing model output to data and adjusting 

appropriate factors.  The model was calibrated using data collected from July through December 

2006.  Once a good fit to water surface elevations, temperature, and salinity was achieved, the 

model was compared against a second dataset from January through October 2007 without 

adjusting calibrations parameters. 

 

Overall the model performs well, the model predicts water surface elevations with a root-mean-

square error (RMSE) of <10 cm throughout most of the water domain for both the calibration and 

confirmation time periods.  Somewhat higher but still acceptable errors exist for Hammersley Inlet 

and Oakland Bay due to shape complexities that the model grid could not describe without 

significantly decreasing the model grid cell size, which would require greater computer runtime.  

The RMSEs are within 5% of the tidal range, which ranges from 2 m at the northern boundary to 5 

m in Budd Inlet and Hammersley Inlet/Oakland Bay.  Figure ES-2 presents examples from near 

the boundary, a typical South Sound station, and Hammersley Inlet.  While the tide range in 

Oakland Bay matches actual tides, high and low tides precede actual tides by approximately 40 

minutes because the model does not represent the two 90-degree bends in Hammersley Inlet. 

 

 
Figure ES-2.  Predicted water surface elevations (meters) compared with PSTides for (a) PR29, a 

typical Central Puget Sound location; (b) SS58, a typical South Puget Sound location; and (c) 

SS35, Oakland Bay. 

PR29

SS58

SS35
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The complex shape and circulation patterns produce highly variable temperature and salinity 

patterns in Puget Sound, particularly in the surface layers that are influenced by both the 

meteorology and rivers.  The model reproduces the spatial (Figure ES-3) and temporal (Figure ES-

4) patterns in both the surface and near-bottom layers.  Temperature calibration produced RMSEs 

of 0.9°C near the surface and 0.5°C near the bottom.  For the calibration period, salinity results 

produced a RMSE of 0.6 psu near the surface and 0.4 psu near the bottom compared with field 

observations at 22 key stations.  For the 2007 confirmation period, overall RMSE was 0.6 psu and 

0.8°C.  Water column profiles also reproduced seasonal and temporal patterns. 

 

 

 
Figure ES-3. (a and c) Observed and (b and d) predicted temperature and salinity. 

 (a) 

 

 

 

 

(b) 

 
 

August 1, 2006
noon

(c) 
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Top Layer Bottom Layer 

 
 

 

Figure ES-4.  Temperature and salinity time series predictions compared with field data for September 2006 surface and near-bottom 

conditions for PR29, a typical Central Puget Sound location; SS58, a typical South Puget Sound locations; and SS35 Oakland Bay.  
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SS58SS58
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Current velocity phasing and magnitudes were confirmed with field data.  Model predictions of 

cross-sectional averaged velocity magnitude across inlets and direction matched observed data in 

South Puget Sound.  These comparisons focused on complex flow areas in South Puget Sound 

where the flood and ebb tides split around Harstine Island.  The model predicts the phasing 

correctly in Carr, Case, and Budd Inlet, based on velocities recorded over two-week periods in 

2007 (Figure ES-5), as well as the northerly and easterly components of the velocity.  The surface 

currents predicted by the model are reasonable and match large-scale patterns (Figure ES-6). 

 

 
Figure ES-5.  Budd Inlet surface layer velocity comparisons between the model and data for 

northerly (v) and easterly (u) velocity components during the confirmation period. 

 

Using the calibrated model, we evaluated flushing time for South Puget Sound inlets.  Numerous 

methods have been used in Puget Sound and elsewhere, and the numeric value for the flushing 

time strongly depends on the method used.  We added a dye tracer to areas of South Puget Sound 

and quantified the time required to reduce the dye concentration to a percentage of the initial value 

within a particular grid cell.  The flushing time is lowest near the Tacoma Narrows and is 

significantly higher toward the heads of each inlet.  Flushing time varies seasonally. 
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Figure ES-6.  Surface currents predicted by the model during strongly ebbing tidal conditions. 

 

The subsequent phase of model development will add water quality components to the circulation 

model framework.  As an interim indicator of areas influenced by rivers and wastewater treatment 

plants, we simulated dye released from all river inflows and wastewater discharges >1 mgd.  

Rivers are added to the surface layer and wastewater discharges to the bottom layer in four 

separate runs, two each for South Puget Sound and Central Puget Sound.  Dye releases began in 

July 2006 and slowly accumulated within the model domain through 2007. 

 

We quantified the maximum dye concentrations that occurred anywhere in the water column.  As 

the tide floods and ebbs, we recorded the maximum concentration at any time during September 

16-30, 2007.  The dilution factor for each grid cell is the ratio of the maximum concentration to 

the initial concentration; a dilution factor of 100 corresponds to a maximum tracer concentration 

of 1/100
th
 or 1% of the initial value. 
















































































































































































































































































