South Puget Sound
Dissolved Oxygen Study

South and Central Puget Sound
Water Circulation

Model Development and Calibration

ndl
n— April 2014

DEPARTMENT OF
ECOLOGY Publication No. 14-03-015

State of Washington



Publication Information

This report is available on the Department of Ecology’s website at
https://fortress.wa.gov/ecy/publications/SummaryPages/1403015.html

Data for this project are available at Ecology’s Environmental Information Management (EIM)
website www.ecy.wa.gov/eim/index.htm. Search Study ID SPSMEM.

Ecology’s Activity Tracker Code for this study is 06-509-02.

Contact Information

For more information contact:

Publications Coordinator

Environmental Assessment Program

P.O. Box 47600, Olympia, WA 98504-7600
Phone: (360) 407-6764

Washington State Department of Ecology - www.ecy.wa.gov
0 Headquarters, Olympia (360) 407-6000

0 Northwest Regional Office, Bellevue  (425) 649-7000
0 Southwest Regional Office, Olympia  (360) 407-6300
o0 Central Regional Office, Yakima (509) 575-2490
o Eastern Regional Office, Spokane (509) 329-3400

Cover photo: Department of Ecology’s Marine Monitory Unit, Eyes Over Puget Sound
(www.ecy.wa.gov/programs/eap/mar_wat/eops/EOPS 2013 07_15.pdf).

Large debris rafts (algal mats) following water movement, Nisqually Reach, South Puget Sound,
July 15, 2013 at 1:41 pm.

Any use of product or firm names in this publication is for descriptive purposes only and
does not imply endorsement by the author or the Department of Ecology.

If you need this document in a format for the visually impaired, call 360-407-6764.
Persons with hearing loss can call 711 for Washington Relay Service.
Persons with a speech disability can call 877-833-6341.


https://fortress.wa.gov/ecy/publications/SummaryPages/1403015.html
http://www.ecy.wa.gov/eim/index.htm
http://www.ecy.wa.gov/
http://www.ecy.wa.gov/programs/eap/mar_wat/eops/EOPS_2013_07_15.pdf

South Puget Sound
Dissolved Oxygen Study

South and Central Puget Sound
Water Circulation
Model Development and Calibration

by

Mindy Roberts, Skip Albertson,
Anise Ahmed, and Greg Pelletier

Environmental Assessment Program
Washington State Department of Ecology
Olympia, Washington 98504-7710

Water Resource Inventory Area (WRIA) and 8-digit Hydrologic Unit Code (HUC) numbers
for the study area

WRIAS
e 8through 15

HUC numbers
e 17110012 through 17110016, 17110019

Page i



This page is purposely left blank

Page ii



Table of Contents

Page

(IS A0 T U= v
LISE OF TADIES ... et b et be e IX
ADSTTACT ...ttt bbbt X
ACKNOWIEAGEMENTS ...ttt b e re e e nee e Xi
EXECULIVE SUMMIAIY .. .ottt ettt e s e nraeteanaenneeaeeneenns Xiii
INEOTUCTION ...ttt sttt b et sre e teenee e xiii
Hydrodynamic Model Setup and Calibration ............cccccvvveveiveiieesin e Xiv
South Puget Sound Flushing Times and Areas of Influence ..........c..ccccccoeeiieinnnn. Xviii
Conclusions and ReCOMMENUALIONS .........coveiiiiriirie i Xviii
INEFOTUCTION ...ttt ettt b e e te et e b e e seesbeenbesneeareeaeas 1
PRYSICAl DESCIIPLION ..ottt e e e e e sne e e e snaenneas 3
Potential Factors Contributing to Low Dissolved OXYgen........ccccovviieienieenenieeneeniens 3
Factors Influencing Circulation and FIuShing TimMe .........cccocvevviiiiiiere e 4
REPOI OFgaNIZALION.........eoiiiiieieeeeeie ettt nb e e st et sneesne e b 4
Hydrodynamic MOGEI SETUPD ...c.vvevveiieieee ettt ns 5
MOUEI DESCIIPLION ...ttt sttt b et e besneesbe e b 5
Computational Grid DeVEIOPMENT..........cccveiiiieiiece e 6
BatNYMEIIY ... e 7

oo [T I Y= T oo S S 8
BoUNdary CONGITIONS .........cooiiiiiieiiee et es 10
Water SUrface EIBVALIONS...........cciiiiiiiiiieee e 10
Temperature and Salinity Profiles ... 10
FreSNWALET TNPULS.....ccviiiiiie e e e ae s 14
MeteorologiCal FOrCING.......coueiiieiiee e 18
SIMUIALTION PEIIOM. ..o 20
INItIAL CONAITIONS ...t es 21
BOTIOM FrICTION ..ot 21
Numerical Solutions, Time Steps, and Turbulence Closure Schemes................... 22

MOdel CaliDrAtiON ........ooiiiiiii bbb 23
Water Surface EIBVAtIONS. ..........ooiiiiiie s 24
Calibration t0 NOAA STAtIONS .........ccoiiiiiiieieie e 25
Calibration 10 PSTIOES ......cviiiieieiesise e 27

Tidal Constituents COMPAITSON........iiiiiieiieie e sre e 34
Temperature and Salinity Time-Depth PIOtS .........ccccovveveiiiii e 38
Temperature and Salinity Time-Series PIOtS .........ccccoviiiiiiiiineseee e 46
Salinity and Temperature Profiles ... 52
Surface Temperature and Salinity Spatial and Temporal Patterns ...........ccccceevveennene 62
Voo [T B e or=] o v U] YRS 66
SENSIIVITY ANAIYSES ... it ae s 67
Brunt-Vaisala BUuoyanCy FrEQUENCY .......c.coveveiieriieieseesieeiesee e eee e esaessaeseeseesneeneas 67

Page iii



CUITENE VRIOCITIES ... 73

Surface-MouNted TIANSECES .......ocvivieririiiiee e 73
Bottom-Mounted DeployMENTS .........ccoiieiiiiiiieiieee e 76
SUITACE CUITENTS. ...ttt bbbttt bbbt et enes 84
Channel FIOWS ACIOSS TTANSECES .....ccuiiviiiierieeiesiie e e siee et sie e 89
South Puget Sound FIUSNING TIMES .......coiiiiee e 91
Areas Influenced by Marine Point Sources and Watershed Inflows ............cccooceieiinnne. 97
CONCIUSIONS ...ttt bbb bbbttt et bbbt beebeeneas 106
THdAl EIBVALIONS ... 106
Temperature and SAHNITY .......cc.oiiiieeccce e 106
CUITENT VRIOCITIES ...t ettt 106
FIUSNING TIMIES....tiitieiteeie ettt ettt et esaa e beeneesreeneeneesnaene s 107
SIMUIALED DYE STUGIES .....coveeieiieieitieie ettt 107
RECOMMENTALIONS .....c.eeitiiiitieieie ettt sb et 108
N (=Y (=] o OO PR TP PP UPPTP 108
RETEIBNCES ...ttt bbbttt bbbt 109
F N o] 0T 010 TSROSO 113
Appendix A. Procedure for establishing model grid bathymetry ............ccccooeieneee. 115
Appendix B. Estimating time varying trapping levels for point source discharges..119
Appendix C. Hydrodynamic and meteorological rates and constants...................... 122
Appendix D. Excerpts from Tide Prints for strong and weak ebb and flood
conditions (McGary and Lincoln, 1977) .....ccccccevvvvevieeieiieseece e 123
Appendix E. Glossary, Acronyms, and Abbreviations...........ccccceeeiviiiiienieninnnnne 126

Page iv



Figure 1.
Figure 2.
Figure 3.
Figure 4.

Figure 5.

Figure 6.
Figure 7.
Figure 8.

Figure 9.

Figure 10.

Figure 11.
Figure 12.

Figure 13.
Figure 14.

Figure 15.
Figure 16.
Figure 17.
Figure 18.
Figure 19.

Figure 20.

List of Figures

Page
South and Central Puget SOUNd StUAY @rea...........cccverueiieiierieiieseeieseese e see e eeeseeseeas 1
South and Central Puget Sound model grid. ..o 6
Bathymetry used for South and Central Puget Sound in plan view, where dark
colors depict deeper water, and as a vertical section, showing depth along the
thalweg with an origin in Olympia, WA ..o 7
Elevations at the top and bottom of each of the 17 model layers used in the
model grid relative to the NAVD88 vertical datum. .........cccccevveiiiiiiiieiree e 9
Temperature and salinity at Edmonds east and Edmonds west used as the
northern boundary CONAITION. .........coveiieii i 12
Watershed definitions for freshwater inflows. ..o 14
River, creek, and tributary diSCharge.........cocooueiieiveie i 15
Locations of municipal wastewater treatment plants with direct discharge to
IMATTNE WEALETS. ..cvveteteete sttt bbbttt bbbt b et et e et et st sbenbesbenbeene s 16
Precipitation measured at Shelton and SeaTac Airports for the study period. ................ 17
Cedar River mean monthly temperature compared with instantaneous
monthly values recorded by Ecology’s ambient monitoring programs.............cccccev.... 17
Location of meteorological stations considered for the model domain. ....................... 18
Wind speed, direction, and frequency plotted as wind roses at four
meteorology stations in the model domain...........ccccoeveeeiiei e 19
Three zones used to establish initial conditions for June 2006. ...........ccccceverieienenne. 21
Station locations and PSTide segments used to calibrate water surface
BIBVALION. ...ttt sttt b et et b et nreene s 24
Predicted water surface elevations compared with NOAA recording stations
and PSTides in Commencement Bay and Elliot Bay for September 2006. .................. 26
Predicted water surface elevations compared with PSTides for the northern
model domain (south to Vashon Island) for September 2006...........c.ccccovvveieiiniennnnne 28
Predicted water surface elevations compared with PSTides for the central model
domain (Commencement Bay and Tacoma Narrows) for September 2006. ................ 29
Predicted water surface elevations compared with PSTides for the southern
model domain (west of Tacoma Narrows) for September 2006. ..........cccccvervrierreennnne 30
Predicted water surface elevations compared with PSTides for the northern
model domain (south to Vashon Island) for September 2007..........cccooceviiiviinnennnnne. 31
Predicted water surface elevations compared with PSTides for the central model
domain (Commencement Bay and Tacoma Narrows) for September 2007. ................ 32

Page v



Figure 21.
Figure 22.

Figure 23.
Figure 24.

Figure 25.
Figure 26.
Figure 27.

Figure 28.
Figure 29.

Figure 30.
Figure 31.
Figure 32.
Figure 33.
Figure 34.
Figure 35.
Figure 36.
Figure 37.
Figure 38.
Figure 39.
Figure 40.

Figure 41.

Predicted water surface elevations compared with PSTides for the southern

model domain (west of Tacoma Narrows) for September 2007. .........cccecvevvvivervennnnn. 33
Stations used to compare salinity and temperature between the model and

e UL T [ - - VSR 38
Temperature time-depth plots at stations north of Tacoma Narrows. .............ccceeevvenee. 40
Temperature time-depth plots at stations between Tacoma Narrows and

NISQUAITY REECN. ... et 41
Temperature time-depth plots at stations south and west of Nisqually Reach.............. 42
Salinity time-depth plots at stations north of Tacoma Narrows. ..........c.ccccceveviveiieennnnne 43
Salinity time-depth plots at stations between Tacoma Narrows and Nisqually

- T SRS UR P 44
Salinity time-depth plots at stations south and west of Nisqually Reach...................... 45
Observed and predicted temperature at surface and bottom layers at stations

in and North of TaComMa NaITOWS. ........cccveiieiieie e 48
Observed and predicted temperatures at surface and bottom layers at stations

SOUth OF TACOMA NAITOWS. .....eeiiieieeieciiesie ettt ae e e e aeeneenns 49
Observed and predicted salinity at top and bottom layers at stations in and

NOrth OF TACOMA NAITOWS. ......cuveiieieiiiecie ettt saeeaenneesne e e 50
Observed and predicted salinity at top and bottom layers at stations south of

TACOMA NAITOWS. ...ooiiiieiiiiieiiiie ettt sttt b e srb e e snb e e nnb e e e nnbeeennbeeennneas 51
Station locations for temperature and salinity profile comparisons between

model predictions and observed data. ...........cccccveveriieie i 52
Temperature profile comparison between model prediction and observed

data at stations KSBPO1, AIKE, and PR30. ........cccceiiiiiieieiiese e 54
Temperature profile comparison between model prediction and observed

data at stations PR39, SS80, and SST76...........ccccoveieiiieii e 55
Temperature profile comparison between model prediction and observed

data at stations SS71, SS64, anNd SS52. ........ccceiieeiieiiieie e 56
Temperature profile comparison between model prediction and observed

data at stations SS35, SS08, and SSO3. ........ccceriveiieiiieie e 57
Salinity profile comparison between model prediction and observed data at

stations KSPBOL, AIKE, and PR30........c.cccviiiiieiiee e 58
Salinity profile comparison between model prediction and observed data at

stations PR39, SS80, and SSTB. .......cccciieiieiesieseee et 59
Salinity profile comparison between model prediction and observed data at

stations SS71, SS64, aNd SS52........cceiiieiieiesiest e 60
Salinity profile comparison between model prediction and observed data at

stations SS35, SS08, and SSO3........c.eiieiieiesiere e 61




Figure 42.

Figure 43.
Figure 44.

Figure 45.
Figure 46.

Figure 47.
Figure 48.
Figure 49.

Figure 50.
Figure 51.
Figure 52.

Figure 53.
Figure 54.

Figure 55.
Figure 56.
Figure 57.
Figure 58.

Figure 59.
Figure 60.
Figure 61.
Figure 62.
Figure 63.
Figure 64.

Field observations of near-surface temperatures compared with model

(011 11 0 L1 S TP PT RSP RTROPRTROPIN 63
Field observations of near-surface salinity compared with model output..................... 65
Goodness of fit for temperature and salinity predictions for 2006-2007

ACIOSS Al STALIONS. ...ttt ae s 66
Locations for comparing model and data Brunt-Vaisala buoyancy frequency............. 68
Density buoyancy frequency profile comparison between model prediction

and observed data at stations KSBPO1, AIKE, and PR30. ........cccccevviininencneniiesene 69
Density buoyancy frequency profile comparison between model prediction

and observed data at stations PR39, SS80, and SS76. ........c.cccouvvvvrriinenenine e 70
Density buoyancy frequency profile comparison between model prediction

and observed data at stations SS71, SS64, and SS52. .........c.ccevvivieiinene 71
Density buoyancy frequency profile comparison between model prediction

and observed data at stations SS35, SS08, and SSO3...........cccevvririineien e 72
July 2007 surface-mounted ADCP transect 10Cations. ..........ccccccvevivevieiiie i, 74
September 2007 surface-mounted ADCP transect locations............cccocveveeieieerecnene. 74
Locations for comparisons between model output and measured current

velocities from bottom-mounted ADCP deployments. .........ccocvevveievivereciie e 76
ADCP depths and grid water-column depths. .........cccooeiiriiiieineee e 77
Velocity time series (observed and predicted) at ADCP stations for a given

0] L0 I =] S UPRPPPTTR PR 79
Dana and Pickering Passage velocity comparison between the model and

data for the northerly and easterly velocity COMPONENtS. ........cccovveiieririniieienie s 80
Carr Inlet East and West velocity comparison between the model and data

for the northerly and easterly velocity COMPONENLS. ........ccovveiieiiiiiniieee e 81
Case Inlet East and West velocity comparison between the model and data

for the northerly and easterly velocity COMPONENLS. ........ccevveiieriiiiiiiieee e 82
Budd Inlet East and West velocity comparison between the model and data

for the northerly and easterly velocity COMPONENLS. ........ccovvriieriiiinnieeee e 83
Surface current patterns during a strong ebb tide. ... 85
Surface current patterns during a strong flood tide. .........cccooveiiriiiiiii 86
Surface current patterns during a weak ebb tide. ..........cccoocevviviiiieic i 87
Surface current patterns during a weak flood tide. ..........ccccooviiiiiiiiiiii e 88
Locations of transects where channel flows were estimated.............ccccooeeveniiiinininnnns 89

Station locations for flushing times and regional extent where initial
simulated dye Was added. ..........cocveieiieiiee e s 93

Page vii



Figure 65.

Figure 66.

Figure 67.

Figure 68.
Figure 69.
Figure 70.

Figure 71.
Figure 72.

Figure 73.

Simulated tracer time-series at different locations (Figure 64) in South Puget

Spatial patterns of simulated dye concentration at the end of the model
simulation period (Oct 29, 2007) with initial dye south of Tacoma Narrows

AN AOMAIN WITE. ..eiiiiiiieiieee ettt bbb et e neesaeene s 95
Snapshot of maximum simulated dye concentration at end of e-folding time

for remote cell iINeach INIEt. ........coo i 96
Locations of watersheds in South and Central Puget Sound.............ccccccovvviveiinieennnnn, 98
Marine point source discharges to South and Central Puget Sound..............c.cccvenene. 99
Dilution factors calculated from maximum water-column dye concentrations for

South Puget Sound watershed inflow tracer simulations (September 2007). ............. 101
Dilution factors calculated from maximum water-column dye concentrations for

South Puget Sound marine point source tracer simulations (September 2007). ......... 102
Dilution factors calculated from maximum water-column dye concentrations for
Central Puget Sound watershed inflow tracer simulations (September 2007)............ 103

Dilution factors calculated from maximum water-column dye concentrations for
Central Puget Sound marine point source discharge tracer simulations
(SePtemMBDEr 2007). ..ooiiiie et nrs 104

Page viii



List of Tables

Page
Table 1. Category 5 dissolved oxygen listings in South and Central Puget Sound. .............c.cc....... 2
Table 2. Data collection cruise schedule by vessel for Ecology’s R/V Skookum,

University of Washington’s R/V Barnes, and King County Department of Natural
Resources’ R/V Liberty; and cruises sponsored by University of Washington’s

Puget Sound Regional Synthesis Model (PRISM) initiative. ...........ccccoeevevevivenesiieseennnns 11
Table 3. Summary of sources of meteorological data for different regions of model
(0 [o] 0 1T TR TSSO TP URPR 20
Table 4. Information used to calibrate and confirm the circulation model.............cccccovirriennnene. 23
Table 5. Tidal harmonics (amplitude and phase, relative to Greenwich Mean Time)
predicted by GEMSS for September 2006. .........cccoouiiiiiiiiiiieiee e 35
Table 6. Tidal harmonics (amplitude and phase, relative to Greenwich Mean Time)
predicted by GEMSS for March 2007. .........ccoiiiiiiieiieiecie e 36
Table 7. Tidal harmonics (amplitude and phase, relative to Greenwich Mean Time)
predicted by GEMSS for September 2007. ........cooeiieiiiiiie e 37
Table 8. Summary of surface-mounted, ADCP-measured tidal fluxes versus model
results from July and September 2007..........ccoiiiiiiieiie e 75
Table 9. Channel flows across various transects as predicted by the model and
associated [HTErature VAIUES. .........cuoiiiiiieece e 90
Table 10. e-folding times at various stations with South Sound and domain-wide initial
01O UPRTR 94
Table 11. Mean September 2006 discharges for all watershed inflows >10 cfs and
marine point source discharges >1 MQd. ......ccceiiiiiiiiieiee e 97

Page ix



Abstract

Portions of South Puget Sound do not meet Washington State water quality standards for
dissolved oxygen. To determine whether humans are contributing to these low oxygen levels, the
Washington State Department of Ecology will collect and analyze data, develop circulation and
water quality models, and assess alternative management scenarios.

This report, part of the South Puget Sound Dissolved Oxygen Study, summarizes the calibration of
the South and Central Puget Sound water circulation model.

The model’s 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 (RMSESs) are <16 cm, or <5% of the tidal range, in all but
Oakland Bay and Totten Inlet where the error was approximately 9% of the tidal range. The
model simulates salinity with an overall mean RMSE of 0.75 ppt at all stations and depths.
Temperature simulation likewise has mean RMSEs of 0.8°C. 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. A separate water quality model report addresses nutrient and oxygen
patterns.
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Executive Summary

Introduction

Portions of South Puget Sound do not meet Washington State water quality standards for
dissolved oxygen. To determine whether humans are contributing to these low oxygen levels, the
Washington State Department of Ecology will collect and analyze data, develop circulation and
water quality models, and assess alternative management scenarios. This report summarizes the
calibration of the South and Central Puget Sound water 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 contribute 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 meters by 500 meters) optimizes tradeoffs between the precision
required to describe circulation and the amount of time required to run the model.

A Y 4 1 : Al

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.

Hydrodynamic Model Setup and Calibration

The model was calibrated 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 from July 2006 through October 2007.

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. 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 generally 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. The RMSE for Hammersley Inlet is high because the model does
not represent the two 90-degree bends in Hammersley Inlet.

PR29 ——model(PR29) ——pstide_489 RMSE = 0.040
3 -
-1 T T
9/15/06 0:00 9/21/06 0:00 9/27/06 0:00
5558 —— model (5558) —— pstide_119 RMSE=0.116
3 i o
\/
1 -
-1 T
9/15/06 0:00 9;"21}'06 0:00 9/27/06 0:00
5535 —— model{S535) — pstide_32 RMSE=0.385
3 \ P ;
1 \ SRR
AR
-1 . L IJ L] JI ..
9/15/06 0:00 9/21/06 0:00 9/27/06 0:00

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.
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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 temperature and salinity patterns as
shown in Figure ES-3.

“Model: s,
20 Model:
Aug 1, 2006 12:00 Aug 1, 2006 12:00 N et 3333
175 ' ' "
o -
Data: i W {:; £
ata: L3 Data: g €
July 27 - Aug 6, 2006 i g July 27 - Aug 6, 2006 a_"?
1
@
o 333 O
£ 6
] c
= o
a0

Figure ES-3. Observed and predicted domain-wide temperature and salinity patterns in surface
layer.

Time-depth temperature and salinity patterns are shown in Figure ES-4. Temperature and salinity
calibration produced seasonal and temporal patterns with best RMSEs in stations near the
Edmonds open boundary and worsening RMSEs at stations farthest from the open boundary. For
example, mean RMSEs for station PR29 were 0.3 ppt and 0.4 °C for salinity and temperature,
respectively. However, for a station in Oakland Bay, the mean RMSEs for salinity and
temperature were 0.9 ppt and 2 °C, respectively.

Model-predicted current velocity phasing and magnitudes were compared 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 based on velocities recorded over two-week periods in 2007 (Figure ES-5), as
well as the magnitude of 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).
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Figure ES-4. Salinity and temperature time-depth predlctlons compared with field data for PR29, a typlcal Central Puget Sound
location; SS58, a typical South Puget Sound location; and SS35, Oakland Bay.
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Figure ES-5. Velocity comparison between model and observed data for northerly (v) and easterly (u) velocities for layer K5 in
Budd Inlet.
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South Puget Sound Flushing Times and Areas of Influence

Using the calibrated circulation model, we added virtual dye to various waters to evaluate (1) the
flushing time for South Puget Sound inlets as well as (2) the areas influenced by marine point
sources and watershed inflows.

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 37% of the initial
value, known as the e-folding time, within each grid cell. Portions of South Puget Sound flush in
310 108 days. The flushing time is lowest near the Tacoma Narrows and is significantly higher
toward the heads of each inlet. Flushing time varies seasonally. Oakland Bay flushes the fastest
and EId Inlet flushes the slowest of the smaller inlets.

We also simulated dye released from all river inflows and wastewater discharges in four separate
model runs, two each for South Puget Sound and Central Puget Sound. This was done to identify
areas influenced by rivers and wastewater treatment plants. All rivers and wastewater discharges
released the same concentration of dye. The 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
towards the end of the dye simulation period (July 2006 — October 2007). As the tide floods and
ebbs, we recorded the maximum concentration at the end of September 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™ or 1% of the initial value.

Based on predicted dilution levels derived from water-column maximum dye concentrations at the
end of September 2007, dye from South and Central Puget Sound exchanges through the Tacoma
Narrows (Figure ES-7). 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 either, given the complexity of nutrient transport and transformation within marine
environments. The water quality model is needed to quantify the link between sources and water
quality impairments.

Conclusions and Recommendations

The South and Central Puget Sound circulation model was calibrated and verified using water
surface elevations, temperature and salinity data, and current velocities from 2006 and 2007. The
model reproduces water surface elevations and tidal constituents well. Oakland Bay had the
largest errors in phase because the model could not reproduce the two 90-degree bends without
inducing instabilities. The model also reproduced temperature and salinity patterns without
significant bias. Current profiles and surface currents matched values from available literature.
We recommend that future model assessments consider additional monitoring programs.

Ahmed et al. (2014) describes the corollary water quality model development. We recommend
additional model development focused on sediment-water exchanges.
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Introduction

Portions of South Puget Sound do not meet Washington State water quality standards for
dissolved oxygen. The purpose of this study is to determine whether humans are contributing to
low levels of dissolved oxygen in South Puget Sound. Because sources outside of South Sound
could contribute to low dissolved oxygen levels within South Sound, we evaluated both South and
Central Puget Sound (Figure 1).

Table 1 presents the waterbodies classified as Category 5 under the federal Clean Water Act
Section 303(d) list of impaired waters. Category 5 indicates that water quality violates standards
and a Total Maximum Daily Load (TMDL) study is required.
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Figure 1. South and Central Puget Sound study area.
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Table 1. Category 5 dissolved oxygen listings in South and Central Puget Sound.

Listing Name Listing Name Listing Name
Number Number Number
Central Puget Sound (north and east
South Puget Sound (south and west of South Puget Sound (south and west e (
of Tacoma Narrows and south of
Tacoma Marrows) of Tacoma Narrows)
Edmonds)
2770 Squaxin, Peale, and Pickering 10222 28463
Passages Balch and Cormorant
5852 42993 |Passages 38547
5853 43006 38847 Port Orchard, Agate
Budd Inlet {Inner) Passage, and Rich Passage
5863 10229 52999
5864 42999 53000
3769 43000 53002
5862 43001 |Carr Inlet 10268
7582 43002 23537
7583 43003 23540 |Liberty Bay
7584 |Budd Inlet (Outer) 66075 23541
7585 42993 38682
7586 42994 38710
Port Madison
7587 42995 38714
10188 55307 Nisqually Reach/Drayton
Passage
66263 |Little Skookum Inlet 66303
10241 66312
Henderson Bay
43004 66313
10192 43007
Henderson Inlet Tacoma Marrows
E6164 43003
Central Puget Sound (north and east
10233 of Tacoma Narrows and south of
10244 10175 |Commencement Bay
42985 43009 |Colvos Passage
42986 66090
42987 10178 |Quartermaster Harbor
42988 12702
Duwamish Waterway
42989 |case Inlet and Dana Passage 12703
42990 38840
43020 38939
43022 52995 Puget Sound (5-Central)
66082 529496 and East Passage
66084 52997
66085 52998
E6086
56083

The study includes collecting and analyzing data, developing circulation and water quality models,
and assessing alternative management scenarios. Roberts et al. (2008) summarized the data
collected from June 2006 through October 2007. This report summarizes the development and
calibration of the water circulation model of South and Central Puget Sound. Ahmed et al. (2014)
presents the water quality model development.

The water circulation model describes how the marine waters of South and Central Puget Sound
move around. To simulate circulation, we represent South and Central Puget Sound as a series of
model grid cells of varying length, width, and depth to define the complex shape of the inlets and
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passages. The computer model simulates water velocities, salinity, and temperature within each
grid cell that result from the complex interaction of tides, bathymetry, meteorology, and
freshwater inflows. The circulation model is the basis of the water quality model.

Physical Description

South and Central Puget Sound include a complex and interconnected system of straits and open
waters in Washington State.

The northern border of South Puget Sound is defined traditionally by the Tacoma Narrows and an
entrance sill located just to the south of the Tacoma Narrows. The sill is a shallow reach formed
during the glacial epochs tens of thousands of years ago, with typical depths around 50 m. Deeper
regions to the west and landward of the sill are greater than 150 m.

Central Puget Sound, also called the main basin, extends from the Tacoma Narrows to the north or
seaward. Commencement Bay, Colvos Passage, Quartermaster Harbor, Sinclair and Dyes Inlets,
Elliott Bay, and Liberty Bay are all distinct areas within Central Puget Sound. The Puget Sound
Partnership divides Central Puget Sound, which extends north to Whidbey Island, into north and
south components. Due to the complex circulation patterns near Whidbey Island, the northern
model boundary for this study was located further south, near Edmonds. This location balances
the need to include Central Puget Sound water quality contributions against the circulation
difficulties near Whidbey Island.

Several previous studies evaluated South and Central Puget Sound circulation and physical
oceanography. Albertson et al. (2007a) described general circulation patterns and how
stratification increases residence time. Previous complex and simple modeling efforts improved
understanding of how water moves around in South Puget Sound, but these efforts were limited by
available information (Albertson et al., 2002a and 2002b) and by coarse model scales (URS
Company, 1986). Thomson (1981) and Collias et al. (1974) provided detailed summaries of the
physical oceanography and chemistry of South Puget Sound inferred from data collection efforts.
Seim and Gregg (1997) described the physical processes at Tacoma Narrows. Babson et al.
(2006) described seasonal and annual patterns using a two-layer box model of Puget Sound.
Edwards et al. (2007) simulated circulation within Carr Inlet using a three-dimensional model.

Potential Factors Contributing to Low Dissolved Oxygen

Multiple physical, chemical, and biological processes contribute to seasonally low dissolved
oxygen levels in late summer. All will be considered by the circulation and water quality models.
Sunlight and nutrients may lead to algae growth. Excessive algae growth, or a bloom, produces
high organic matter levels. When the algae die and sink to the bottom, bacteria decompose the
organic matter and consume oxygen in the process. Lower dissolved oxygen levels occur where
water stagnates, when water columns stratify, and where ample nutrients and warm temperatures
occur. In addition, there are low seasonal winds and lower tidal energy near the fall equinox in
September that could inhibit flushing. Typically, late summer and fall produce conditions
conducive to algae growth, as noted in Bos et al. (2001) for South Puget Sound.
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Factors Influencing Circulation and Flushing Time

South and Central Puget Sound experience two high and two low tides each day. The difference
between high tide and low tide, or the tidal range, varies from 2 m at the northern model boundary
to as much as 5 m in Olympia and Shelton. Large water surface elevation differences produce
strong tidal currents (~1 m/s). Density differences produce weaker estuarine circulation currents
(~0.1 m/s) that vary with depth, freshwater input, stratification, and wind. Tidal and estuarine
circulation result in a net outflow of buoyant fresher water at the surface and a compensating
inflow of denser saltwater from North and Central Puget Sound at depth that ultimately draws
from the Pacific Ocean. Despite being much smaller in magnitude, this weaker estuarine flow can
greatly influence water quality because the tidal exchanges (ebbs and floods) largely cancel each
other out.

Residence time describes how long water masses persist within a particular volume. The related
term flushing time refers to how quickly or slowly water flushes out of a given volume of water,
such as flushing time for a specific inlet. The net circulation of water influences biological
productivity because nutrients that enter Puget Sound from one watershed can affect another area
at some distance. Residence time or flushing time depends on the overall volume of water of
interest and the shape of the waterbody. Because they also vary with freshwater inflows and tidal
exchanges, residence time or flushing time vary by season and tidal cycle.

Report Organization

Circulation model development, calibration, and initial applications are described in five sections:

e Model Setup describes the capabilities of the computer software selected for the South and
Central Puget Sound circulation model, how the model grid was developed, the boundary
conditions used to force the model, and the initial conditions used at the start.

e Model Calibration describes the detailed process used to calibrate the model, including what
data were used to check against the model output and what parameters were varied to achieve
calibration.

e South Puget Sound Flushing Times presents residence time estimates for various inlets.

e Areas Influenced by Marine Point Sources and Watershed Inflows summarizes results of a
virtual dye study, where the model was used to track how water from both rivers and
wastewater treatment plant discharges in South and Central Puget Sound moves around.

e Conclusions and Recommendations summarize the overall performance of the circulation
model and basic capabilities. The section also documents why the northern boundary was
established at Edmonds as well as recommendations for any ongoing work.
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Hydrodynamic Model Setup

Model selection criteria were detailed in Albertson et al. (2007b). In summary, the circulation and
associated water quality models must simulate 3-dimensional processes appropriate to estuarine
areas with both tidal circulation and density-driven circulation. For potential use as a regulatory
tool, the model must be peer reviewed, available in the public domain, and have thorough
documentation of the theory and source code. In addition, we evaluated models with past
applications within Puget Sound and emphasized the quality of the graphical user interface to
facilitate scenario generation. While several model frameworks provided the minimum
capabilities, the Generalized Environmental Modeling System for Surface Waters (GEMSS)
framework was selected (Edinger and Buchak, 1995).

This section presents the capabilities of GEMSS as well as the development of the model grid.
Boundary conditions are described for the northern boundary, meteorology, and river and point
source inflows. The final subsection describes how we established initial conditions within the
model domain to begin the simulation.

Model Description

The GEMSS application to South and Central Puget Sound uses a curvilinear (curved) grid to
represent the complex shapes. Below the intertidal zone in areas always covered with water, the
layers in the model grid have fixed thicknesses that are thinner near the surface. The top three
surface layers span the intertidal range, and the top layer varies in thickness as water surface
elevations change. The model simulates the wetting and drying of mud flats, an important process
for nearshore areas. Model time steps are small enough that high gradients like acceleration
through the Tacoma Narrows do not cause instabilities. GEMSS allows a variable time step. In
addition, the model simulates both rivers and wastewater treatment plant outfalls.

The software was used for the Lacey Olympia Tumwater Thurston (LOTT) wastewater treatment
plant certification study (Aura Nova et al., 1998) as well as the more recent Deschutes River,
Capitol Lake, and Budd Inlet Total Maximum Daily Load study (Roberts et al., 2012). GEMSS
has a fully integrated hydrodynamic, water quality and sediment flux model embedded in a
geographic information system (GIS) with environmental data tools. The graphical user interface
(GUI) facilitates running scenarios.

The hydrodynamic model in GEMSS is the three-dimensional Generalized, Longitudinal-Lateral-
Vertical Hydrodynamic and Transport (GLLVHT) model (Edinger and Buchak, 1980). The
hydrodynamic routines extend the well known, two-dimensional transport model CE-QUAL-W2
(Cole and Buchak, 1995). Kolluru et al. (1998) modified the transport scheme, added water
quality modules, and incorporated supporting software, GIS, visualization tools, post-processors,
and a graphical user interface. Albertson et al. (2007b) details the water quality model capabilities
of the GEMSS framework.
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Computational Grid Development

The current model grid was developed based on a previous model grid of South Puget Sound
through AlKi Point (Albertson et al., 2002b). Given the potential for Central Puget Sound sources
to impact South Puget Sound water quality, the model grid was extended northward to Edmonds
by Environmental Resource Management (ERM) using a grid generation module “GridGen”
within the GEMSS modeling framework. Each of the 2623 grid cells has a slightly different shape
and surface area, but the nominal grid cell size is about 500 m x 500 m (Figure 2). We considered
using finer grids near Hope Island and in Hammersley Inlet. However, these were not desirable
since it would increase model runtimes.

$—— Edmonds

| Seattle

e Ali

Case Inlet
Pickering Passage Carr In:_l.et
Harstine Island \

Hammersley Inlet / B

Tacoma

\ Tacoma Narrows

Anderson Island

Shelton

Totten Inlet
Eld Inle 'O[yn;pia Nisqually Reach
Hopelsland 7 Budd Inlet Dana Passage

Figure 2. South and Central Puget Sound model grid.
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Bathymetry

Depths for each model grid cell were determined by sampling the Finlayson (2005) digital
elevation model. We re-projected the data from Washington State Plane North (feet) NAD83 to
Washington State Plane South (feet) NAD83 HARN. We preserved the NAVD88 vertical datum
from the original data. Using GIS, we used the model grid cell layer to define the spatial extent
and averaged depth values within the 30-ft raster grid cells from the Finlayson (2003) combined
bathymetry. These initial bottom elevations were smoothed once using the GEMSS Bathymetry
tool. Appendix A presents the details.

Figure 3 presents the bathymetry used to simulate circulation in South and Central Puget Sound.
The complex patterns are evident in a profile view along the deepest part (thalweg) of the channel
from the northern boundary into Budd Inlet. While much of Central Puget Sound includes depths
as great as 200 to 250 m, depths decrease substantially at the Tacoma Narrows sill (50 m). Water
depths are as much as 150 m east of McNeil and Anderson Islands before decreasing to 50 m
around the Nisqually Reach. Depths as great as 100 m occur south of the Key Peninsula but are
much lower through Dana Passage and into Budd Inlet. The quickly changing water depths
produce localized bottom friction and upwelling that affect circulation and water quality.

(@) (b)

17,)
g 3
s 9
3 3
~ 2

Depth(m)
2

0 25 50 75 100 126
Distance from Olympia(km)

-250

Figure 3. Bathymetry used for South and Central Puget Sound in (a) plan view, where dark colors
depict deeper water, and (b) as a vertical section, showing depth along the thalweg with an origin
in Olympia, WA.
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Model Layering

After the bottom elevations were determined, layers were assigned to fixed elevations relative to
zero NAVD88. We evaluated multiple vertical layering thicknesses during the calibration process.
Initially we developed a 35-layer model. However, even with a powerful computer®, the 35-layer
run required 9 days to simulate 17 months compared to 2.6 days for the 17-layer model. Initial
runs with the 35-layer model produced slightly lower RMSEs in water surface elevations
compared with the selected 17-layer model. Because the water quality model will need to evaluate
multiple scenarios in a reasonable time period, the disadvantages of a slow run time far
outweighed the slight improvement in water surface elevations. The 17-layer version was a
reasonable compromise between providing good vertical structure in density stratification and
available computational speed.

We also evaluated increased spatial detail near the surface in case that is needed to describe the
complex biogeochemical processes and spatial scales in the upcoming water quality model. Layer
thicknesses of 3 m or less led to model instabilities and could not be used. Maintaining 4-m layer
thicknesses near the surface proved feasible. However, any additional layering beyond 17 layers
increased model run times substantially. The increased layering did not significantly improve
temperature and salinity profiles, described below. If the detail is warranted during water quality
model development, we will investigate detailed surface layering further. However, the current
layering (17 layers with a surface layer of 4 m) reproduces vertical profiles and is sufficient for
calibration.

Figure 4 shows the thickness and elevations of the 17 layers that represent the maximum water
column depth. Fewer layers are used in shallower locations. Time-varying water surface
elevations show up in layers 2, 3, and 4 to define the intertidal zone.

1 2.66-GHz CPU with 8 GB of RAM under a Windows server 64-bit operating system.
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Figure 4. Elevations (meters) at the top and bottom of each of the 17 model layers used
in the model grid relative to the NAVD88 vertical datum.
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Boundary Conditions

Water Surface Elevations

Water surface elevations result from the complex interaction of tidal forces from the moon and
sun, the shape of marine waterbodies, wind, and freshwater inputs. Correctly predicting water
surface elevations is a key indicator that circulation models are calibrated correctly. Within the
model domain, NOAA records and publishes water surface elevations at only two stations.
However, both stations, in Elliott Bay and Commencement Bay, were too far from the Edmonds
boundary to describe conditions there. To supplement these data, well established tools are
available that provide detailed estimates of water surface elevations throughout the model domain.

The Puget Sound Tide Channel Model (PSTCM) predicts water surface elevations throughout
Puget Sound based on the amplitude and phase of the full suite of tidal constituents (Lavelle et al.,
1988; Mofjeld et al., 2002). Finlayson (2004) developed a stand-alone version of the updated
PSTCM called PSTides.

We used PSTides to generate tidal elevation predictions at Edmonds. We converted PSTides tidal
elevations, expressed relative to mean lower low water (MLLW), to NAVD88 using NOAA’s
VDatum program (nauticalcharts.noaa.gov/csdl/vdatum.htm). All vertical elevations are
expressed as NAVD88, Ecology’s standard datum, unless otherwise specified. Positive elevations
indicate locations above the datum and negative elevations below it. The water surface elevation
time series at PSTides segment 388 (see Model Calibration for location) was used as the northern
boundary condition. In addition, we used PSTides to obtain water surface elevation for nearly
every bay and channel in Puget Sound to compare with model output during model calibration.

Temperature and Salinity Profiles

In addition to the time series of tidal elevation, the open northern boundary also requires vertical
profiles of temperature and salinity gathered from monthly cruises to describe density-driven flow.
Albertson et al. (2007b) describes the boundary station cruise sampling design, and Roberts et al.
(2008) presents the data collected by King County Department of Natural Resources under
contract to Ecology. The Edmonds east and Edmonds west vertical profiles were used as
boundary conditions for the model. Table 2 lists the dates for both these boundary cruises as well
as data collection at interior stations by program and vessel.

Temperature and salinity boundary conditions are shown in Figure 5. The model implements
linear interpolation between monthly cruise dates. Monthly intervals were selected to capture
seasonal variability and to optimize resources available for data collection. Because monthly data
could induce errors if sub-monthly phenomena are missed, we evaluated two supplemental sources
of information for continuous temperature and salinity for northern boundary conditions: (1) the
existing Princeton Ocean Model (POM) application for Puget Sound and (2) data from the nearest
ORCA (Oceanic Remote Chemical Analyzer) buoy near Hood Canal.
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Table 2. Data collection cruise schedule by vessel for Ecology’s R/V Skookum (S), University of
Washington’s R/V Barnes (B), and King County Department of Natural Resources’ R/V Liberty
(L); and cruises sponsored by University of Washington’s Puget Sound Regional Synthesis Model
(PRISM (P)) initiative.

Cruise Program Dates
P1 PRISM 6/26/06 - 6/28/06
L1 Liberty 7/26/06
B1 Barnes 7/31/06 - 8/3/06
L2 Liberty 8/16/06
S1 Skookum 8/21/06 - 8/24/06
L3 Liberty 9/20/06
B2 Barnes 9/25/06 - 9/29/06
L4 Liberty 10/18/06
S2 Skookum 10/23/06 - 10/24/06
L5 Liberty 11/8/06
S3 Skookum 11/14/06 - 11/16/06
L6 Liberty 12/6/06
B3 Barnes 12/18/06 - 12/21/06
L7 Liberty 1/10/07
L8 Liberty 2/14/07
S4 Skookum 2/26/07 - 2/27/07
L9 Liberty 3/15/07
S5 Skookum 3/26/07 - 3/27/07
S6 Skookum 4/9/07 - 4/11/07
L10 Liberty 4/11/07
B4 Barnes 4/23/07 - 4/26/07
L11 Liberty 5/9/07
S7 Skookum 5/21/07 - 5/23/07
L12 Liberty 6/13/07
B5 Barnes 6/25/07 - 6/29/07
L13 Liberty 7/11/07
S8 Skookum 7/31/07 - 8/2/07
L14 Liberty 8/8/07
S9 Skookum 8/28/07 - 8/30/07
L15 Liberty 9/5/07
B6 Barnes 9/24/07 - 9/27/07
L16 Liberty 10/3/07
S10 Skookum 10/23/07 - 10/25/07
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Figure 5. Temperature (a and b) and salinity (c and d) at Edmonds east and Edmonds west used as the northern boundary condition.
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First, we evaluated using results from POM. POM uses monthly data from a transect in the Strait
of Juan de Fuca as a boundary condition. We compared POM salinity output to monthly cruise
data at both the Edmonds and Alki locations for several months, including June 2007. POM
surface salinity was over-predicted, and near-bottom salinity was under-predicted, by 0.5 to

1.5 ppt by the model at the Edmonds and Alki stations compared with our measured data. POM
predicts small sub-daily salinity variations at Edmonds and Alki, even though the monthly
boundary condition does not include sub-monthly forcing. POM does not simulate the heat
balance or water temperature, so the model could not provide temperature profiles. For these
reasons and because output was not available for the entire simulation period, we determined that
POM output was not a viable substitute to describe the northern boundary condition.

Second, we investigated using data collected more frequently using the nearest ORCA profiling
buoy, which is near Admiralty Inlet but slightly within Hood Canal (Ruef and Devol, Hood Canal
Dissolved Oxygen Program, personal communication). Comparing the monthly R/V Liberty data
in Figure 5 with the buoy data confirms that monthly data do describe the overall seasonal
variation well. Both time series show high-salinity water throughout the water column in October
2006 and similar conditions that are less salty in October 2007. The water column freshens in the
winter with salinity decreasing to 27 ppt near the surface. The ORCA buoy data show two
episodes of near-bottom salinity increasing 2 ppt between January and April 2007. The monthly
data capture the earlier event but not the later event. However, the event was short-lived and not
coincident with the September-October critical period.

The ORCA buoy provides high-resolution data useful for many purposes. For example, the
salinity and temperature records do not show strong diel (24-hour) variations. However, the
ORCA buoy is 90 km from the northern boundary, and several large data gaps disrupt the time
series when the equipment was either inoperable or out of calibration.

Because the monthly boundary data do appropriately capture the seasonal variability and because
the other two potential sources of information were incomplete, the monthly boundary cruise data
provided a better alternative for this modeling project.
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Freshwater Inputs

Freshwater inflows from 66 rivers were compiled as described in Roberts et al. (2008) and
Mohamedali et al. (2011). Figure 6 presents the watershed definitions. Discharges were based on
several USGS gaging stations within the model domain (Figure 7). Daily flows were estimated
based on the ratios of watershed area and mean precipitation. Freshwater inflows, including the
shoreline areas not tributary to a major river or stream, were mapped to the surface layer of the
grid cell nearest the discharge location, with the exception of Sinclair and Dyes Inlets.
Mohamedali et al. (2011) summarizes the inflow rate development.

Sinclair and Dyes Inlets are not in the primary area of interest for this modeling application.
Because the waterbodies received distributed freshwater inflow from numerous small streams,
watershed contributions were simplified as one composite input. All inflows are added to the
western extent of Sinclair Inlet, and detailed predictions within this region will be affected. If the
area influenced by this simplification extends to the primary area of interest, freshwater inflows to
Sinclair and Dyes Inlets will be reevaluated.

Sinclair Dyes
Lake Washington

Coulter Creek
Minter Creek
Rocky Creek

Shenwvood Creek
Cranberry Creek

Johns Creek
Green River

Goldsborough Creek

Puyallup River
Mill Creek

Skookum Creek
KennedyiSchneider Creek

Perry Creek Nisqually River
McLane Creek

Woodland Creek

McAllistar Créek 4,
'S,
N
Tag

Ry
%

Figure 6. Watershed definitions for freshwater inflows.
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Figure 7. River, creek, and tributary discharge (cfs).

Wastewater treatment plants also discharge freshwater to South and Central Puget Sound,
although they represent <5% of the total freshwater inflows. Figure 8 shows the locations of all
wastewater treatment plants discharging directly to marine waters within the model domain.
These point sources discharge below the water surface and, being less dense, rise in the water
column, entraining denser ambient water. This rising plume either reaches the surface if there is
sufficient vertical momentum or gets trapped below the surface where plume and ambient
densities equilibrate. If upon reaching the surface or at trapping level, the plume diameter is
smaller than or equal to the thickness of the surface layer or of the layer in which it traps, then all
the flow from the wastewater plant is assigned to that layer. However, if the size of the trapped
plume crosses several grid layers, the flow is distributed over these layers in proportion to the
layer thickness.

These point source discharges to marine waters are dynamic in nature with seasonal high and low
flows. The ambient density profile also changes with seasons. Due to these factors, the trapping
level and the size of the trapped plume will also vary dynamically with seasons. To address this
issue, monthly average flows and ambient densities were used to assess seasonal plume
characteristics (i.e., plume diameter and trapping level). Plume trapping levels were estimated
externally using Visual Plumes model (www.epa.gov/ceampubl/swater/vplume/). A summary of
the procedure in establishing trapping levels for most marine point source discharges are included
in Appendix B. These were provided by the Water Quality Section at Ecology’s Southwest
Regional Office (Charles Hoffman, 2010). Trapping levels for West Point and South King County
wastewater plants were provided by Bruce Nairn (2009).
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Figure 8. Locations of municipal wastewater treatment plants with direct discharge to marine
waters.

The final source of freshwater is precipitation falling directly on the surface of South and Central
Puget Sound. Figure 9 presents the precipitation volumes measured at the Shelton Airport for
South Puget Sound and at SeaTac Airport for Central Puget Sound. Meteorological Forcing
describes the meteorological boundary conditions in more detail.

Continuous water temperature data are available year-round only for the Cedar River at Renton
(USGS gage 12119000) (Figure 10). Continuous summer temperatures recorded at Ecology’s
ambient monitoring stations in the Nisqually River and Deschutes River for 2001-2006 were close
to Cedar River temperatures with a mean error of +0.4 and -0.5°C, respectively. These mean
errors in temperature translate to <0.1 ppt density differences, which are negligible. Therefore, the
water temperatures for the Cedar River were applied to all freshwater inflows. Rivers have no
measurable salinity.
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Meteorological Forcing

In addition to precipitation, meteorology forcing functions included air and dew point
temperatures, wind speed and direction, cloud cover, atmospheric pressure, relative humidity, and
solar radiation. Meteorological stations considered in this model are depicted in Figure 11.

West Paoint

SEATAC

Sheltop

MeChord

*

Figure 11. Location of meteorological stations considered for the model domain.

GEMSS couples Puget Sound with the atmosphere through surface shear stress and heat flux. The
program converts wind speed and direction, barometric pressure, precipitation, relative humidity,
air temperature, cloud cover, and solar radiation into these air-sea surface terms. The solar
radiation term is further split between incoming solar shortwave radiation and net outgoing
longwave radiation (see Appendix C for meteorological rates and constants).

Initially, meteorology data from the McChord station were used for the model domain, primarily
because of its central location. During model calibration, we determined that the McChord data
did not represent region-wide meteorology. The SeaTac Airport data were then used north of the
Tacoma Narrows in combination with McChord data for south of Tacoma Narrows. However,
McChord’s warm air temperature and low cloud cover produced surface water temperatures that
were too warm in southern Puget Sound. The cooler air temperatures and higher cloud cover from
the Shelton Airport near Oakland Bay were more representative of marine systems. This
improved model calibration.
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The Olympic and Cascade Mountain ranges profoundly influence wind speed and direction in

Puget Sound. In South Puget Sound winds tend to be southwesterly, while in Central Puget Sound

they are more southerly. Figure 12 presents the wind roses from these airport locations.
Predominant wind direction at McChord was from the south and did not represent the
southwesterly winds in the southern part of the model domain near Shelton. Therefore, we
selected two meteorological stations, one in the south (Shelton) and the other in the north
(SeaTac). The regional divide between these two stations was set immediately north of Tacoma
Narrows.
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Figure 12. Wind speed, direction, and frequency plotted as wind roses at four meteorology
stations in the model domain.

Direction refers to where the winds originate.
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Because both SeaTac and Shelton are still somewhat inland, we evaluated data from the West
Point station, operated by the National Data Buoy Center
(www.ndbc.noaa.gov/station_page.php?station=wpow1). Air temperatures at West Point were
cooler than those at Shelton and SeaTac and reflected a marine influence. However, wind at West
Point was still significantly different compared to Shelton although somewhat similar to SeaTac.
Therefore a hybrid approach was used for meteorological forcing.

For the entire model domain, West Point station data were used for air temperature, dewpoint
temperature, relative humidity, and atmospheric pressure. South of Tacoma Narrows, the Shelton
station was used for wind, wind direction, cloud cover, and precipitation. North of Tacoma
Narrows, the SeaTac station was used for cloud cover and precipitation, but the West Point station
was used for wind and wind direction. A summary of these decisions is included in Table 3.

Table 3. Summary of sources of meteorological data for different regions of model domain.

Met_station |Model Region Parameter

Shelton South of Tacoma Marrows |precipitation, cloud cover, wind, wind direction
West Point Morth of Tacoma Marrows |wind, wind direction

Seatac Morth of Tacoma Marrows |precipitation, cloud cover

Cloud-free solar radiation was estimated at Shelton and SeaTac with Ecology’s SolRad
spreadsheet (www.ecy.wa.gov/programs/eap/models.html). We selected the Ryan/Stolzenbach
solar radiation model.

Simulation Period

Data were collected between June 2006 and October 2007, as described in Roberts et al. (2008), to
provide both input to the model and output with which to compare model predictions. Although
2007 had more detailed data available, the unusually cold and wet summer did not produce typical
low dissolved oxygen concentrations. Year 2006 represented more typical summer conditions.
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Initial Conditions

The model was initialized with profiles of temperature and salinity throughout the model domain
at the beginning of the simulation (July 1, 2006) using data collected during a late-June 2006
cruise. Several approaches were evaluated, including simulating an entire year and using the
predicted July 2007 conditions as the initial July 2006 conditions. However, because 2006 and
2007 were so different in terms of meteorological boundary conditions and measured dissolved
oxygen levels, we used the June 2006 cruise data as initial conditions. We divided the model
domain into three zones, as shown in Figure 13, and averaged available cruise data within each
zone.

North Zone

South-EastZone South-West Zone

Figure 13. Three zones used to establish initial conditions for June 2006.

Bottom Friction

In addition to varying the bathymetry to achieve calibration, we adjusted the bottom friction to
enhance or reduce tidal exchanges. We varied bottom friction within a typical range of 20 to 50
(unitless Chezy friction coefficient) in multiple model runs, but the effect on water surface
elevations was much lower than refining the model bathymetry. Overall, a bottom friction of 40
for the main basins in Central and South Puget Sound provided the best fit between water surface
elevations predicted between the model and both PSTides and the measured tide stations. For the
finger inlets (Budd, Eld, Totten, and Henderson Inlets and Oakland Bay), a Chezy friction factor
of 20 was used. These friction factors were kept constant throughout the simulation period.
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Numerical Solutions, Time Steps, and Turbulence Closure Schemes

The three transport schemes (Upwind, QUICKEST?, and QUICKEST with ULTIMATE?) within
GEMSS were evaluated, but the best result with respect to model stability was obtained using the
higher-order transport scheme QUICKEST with ULTIMATE. Upwind scheme assumes that the
concentration at the face of a grid cells equals the concentration of the grid upstream of the face.
QUICKEST employs a three-point, upstream-biased interpolation scheme to calculate face
concentrations. QUICKEST with ULTIMATE applies a limiter to each cell face to prevent any
overshoot or undershoot. Other details of the transport scheme are present in the GEMSS user’s
manual available from Environmental Resources Management (ERM).

A dynamic time-stepping scheme was used with an initial time step of 10 seconds and a maximum
allowable time step of 120 seconds during the simulation period. The exception was the last week
of January 2007, when the maximum time step was reduced to 10 seconds due to model
instability. These time steps were derived following sensitivity runs to obtain the best
combination of stability and computational time.

GEMSS solves the turbulent time-averaged Reynolds momentum equations in three dimensions.
While GEMSS includes several options to parameterize turbulence, we used an option
characterizing Von Karman’s mixing length based on model stability and optimum computational
time steps. Additional details are in the GEMSS user’s manual available from ERM. These and
other parameters used in the hydrodynamic and transport model are summarized in Appendix C.

? Quadratic Upstream Interpolation for Convective Kinematics with Estimated Streaming Terms
¥ Universal Limiter for Transient Interpolation Modeling for Advective Transport Equation
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Model Calibration

Calibration refers to the iterative process of comparing model output to observed data and
adjusting appropriate factors. The ability to model circulation accurately includes well-described
processes such as tidal exchanges and highly variable processes such as wind.

Marine circulation model calibration begins with comparing predicted and measured water surface
elevations. Modelers adjust the grid shape, primarily depth, and the bottom friction to optimize
fit. PSTides-based water surface elevations within the model domain were used to check the
GEMSS model predictions. In addition, two continuous recording tide gages were used to check
model predictions of water surface elevations in Commencement Bay and in Elliott Bay.

The second set of information consists of water temperature and salinity values recorded during
monthly cruises. To verify the model-predicted spatial patterns appropriately, we compared the
measured and predicted surface and near-bottom temperature and salinity time series for the
simulation time period. In addition, we compared the detailed observed profiles with model

output.

The third set of information used to calibrate water circulation models is measured velocities. For
South Puget Sound, we measured current velocities both as transects across inlets and from the
bottom of several inlets. We compared both depth-averaged values between the model and the
observed data as well as the tide phase (ebb and flood timing) and current velocity.

The model was calibrated using data collected from July 2006 through October 2007. Table 4
summarizes information sources used in the calibration process.

Table 4. Information used to calibrate and confirm the circulation model.

Parameter

Information source

Stations

Water surface elevations

PSTides

23 segments throughout model domain.

NOAA tide gages

Elliott Bay (Seattle) and Commencement Bay
(Tacoma).

Tidal constituent
frequency and amplitude

NOAA tide gages and
historical NOS stations

Elliott Bay, Commencement Bay, Budd Inlet/Boston
Harbor (Olympia), and Oakland Bay (Shelton).

Surface temperature and
salinity spatial patterns

Six quarterly detailed
cruise data

All available stations (>70) throughout model
domain.

Surface and near-bottom
temperature and salinity
time series

All project cruise data

22 stations throughout model domain.

Salinity and temperature
profiles

All project cruise data

11 stations throughout model domain.

Current velocities

Project current velocity
data

Carr Inlet, Case Inlet, Budd Inlet, Dana Passage, and
Pickering Passage.

NOS: National Ocean Survey
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Water Surface Elevations

Water surface elevations predicted by the hydrodynamic model were compared with those
predicted by PSTides elevations. Comparison locations spanned the model domain, ranging
from near Alki Point within Central Puget Sound to Oakland Bay in the western model domain
(Figure 13). Other interim stations were used to verify circulation around complex geometry.

A station within Sinclair Inlet (SINO1) provided a check on the circulation around Bainbridge
Island. Several stations within the Tacoma Narrows were compared, since the amount of water
passing over the sill influences circulation in South Puget Sound. A station in southern Budd Inlet
(SS08) was used because circulation influences Budd Inlet water quality (Roberts et al., 2012).
Several stations were compared near Hope Island (SS21), Hammersley Inlet (SS35), and Pickering
Passage (SS43) because of the complex flow patterns.
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Figure 14. Station locations (a) and PSTide segments (b) used to calibrate water surface elevation.

To calibrate water surface elevations within South Puget Sound, the bathymetry in the Tacoma
Narrows area was evaluated carefully. Initially, the grid development from the source data and
smoothing steps underestimated the model grid cell depths through the Tacoma Narrows. The
model grid cell widths and depths were scaled so that the grid volume within about 3 km of the
Tacoma Narrows Bridge matched the volume estimated from the Finlayson (2003) digital
elevation model (DEM) below MLLW. Grid cells within the Tacoma Narrows were further
deepened to optimize water surface elevation predictions. The final Puget Sound grid cells are
within 5% of the Finlayson values.
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The original grid development and smoothing produced model grid depths that were much
shallower than the deeper areas of Budd Inlet, even though the total volume error for Budd Inlet
was low (3.3%). Grid cell depths in southern Budd Inlet were increased to match the Finlayson
volumes for this region. Because deeper areas of Budd Inlet lie within channels, smoothing for
the nominal 500-m wide grid cells averages these depths with shallower values.

Similar to Budd Inlet, the grid development and smoothing process produced model grids for
Oakland Bay, Hammersley Inlet, Pickering Passage, and Hope Island that missed key bathymetric
elements. In Hammersley Inlet, the abrupt bend in the east-west arm could not be represented in
the horizontal plane without causing model instabilities. Because the grid passed over land
surfaces, the averaged grid cell depths were artificially shallow. The narrow channel also
produced vertical constrictions that incorrectly impeded water flow into Oakland Bay and
underestimated tidal exchanges. The volumes of the east-west Hammersley Inlet arm were
adjusted to match the Finlayson (2003) volumes.

Pickering Passage initially was represented by shallow depths. The cross section is somewhat
triangular in shape, with much deeper depths in the center of the channel than at the margins.
Using two grid cells across the passage produces correct average depths but does not match the
deepest depths. Therefore, widths and depths were adjusted to closer represent the shape of
Pickering Passage. (See Current Velocities section for implications.) Peak tidal velocities through
Pickering Passage, described below under Current Velocities, were close to those predicted by
PSTides. Hope Island influences exchanges into Hammersley and Totten Inlets. Shallow water
depths both northeast and southwest of the island produce high local friction that impedes flow
south of Harstine and Squaxin Islands and produces extensive tidal eddies and boils. The number
of grid cells used to represent the island and the surrounding model grid cell depths were varied.
Small bathymetric adjustments were made, and two inactivated model grid cells represent Hope
Island.

Calibration to NOAA Stations

The hydrodynamic model-predicted tidal elevations (with wind turned ON) were compared with
those recorded at the NOAA continuously recording tide stations in Elliott Bay (Seattle_gage) and
Commencement Bay (PORTS).

The hydrodynamic model predicts Commencement Bay and Elliott Bay water surface elevations
well, with RMSEs of 13 cm and 11.8 cm, respectively, for September 2006 (Figure 15). Model
predictions versus PSTide elevations at these locations show better RMSE of 3.8 cm and 2.9 cm,
respectively.

The hydrodynamic model predictions are closer to PSTides-generated water surface elevations,
partly because PSTides data were used to force the model and partly because the comparison was
conducted with the wind turned off. Variability in wind magnitude and direction over the water
likely contributes to the differences, but model predictions are still appropriate and acceptable.
Strong wind events, as occurred later in December 2006, may produce bigger differences in water
surface elevations (>50 cm) over those predicted by PSTides, but these events generally do not
occur during critical conditions for low dissolved oxygen (e.g., late summer). These wind events
may affect circulation during less critical times of year.
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Figure 15. Predicted water surface elevations (meters) compared with NOAA recording stations (left) and PSTides (right) in
Commencement Bay (top) and Elliot Bay (bottom) for September 2006.
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Calibration to PSTides

Overall the model represents the time series of water surface elevations well, including both the
phasing and amplitude of the tide.

Water surface elevation predictions in the northern part of the model domain (Figure 16),
including Colvos Passage and stations east of Vashon Island, were very close to those predicted by
PSTides. Sites nearest the northern boundary have the lowest RMSE (2.2 cm) due to proximity to
the northern boundary and relatively low bathymetric complexity. The Sinclair Inlet RMSE in
water surface elevation predictions (4.4 cm) is also low, and no adjustments to the local
bathymetry were needed in Central Puget Sound. Figures 17 and 18 compare water surface
elevations in the central model domain (Commencement Bay through the Tacoma Narrows) and
southern model domain, respectively.

The tuning of southern Budd Inlet bathymetry (as discussed earlier) produced a RMSE of 15.6 cm
between the model and PSTides for Budd Inlet (station SS08).

With adjustments to Hammersley Inlet, Pickering Passage, and Hope Island, the water surface
elevations predicted for South Puget Sound ranged from 9.1 cm near Nisqually Reach to 15.7 cm
in Eld Inlet. However, Oakland Bay near Shelton still produced a RMSE of 40 cm when
compared with PSTides. We evaluated several nearby segments in Pickering Passage and in
Totten Inlet, but no other station produced such high errors as calculated for Oakland Bay. The
amplitudes are reasonable, but the lack of the sharp bend in the east-west arm of Hammersley Inlet
affects the phasing of tides within Oakland Bay. Bathymetry smoothing during grid development
likely made the inlets shallower than they really are. Adjustments to depths were made, but slight
errors in volumes remain when compared with Finlayson’s volumes. Compared with Oakland
Bay, the amplitudes in Totten Inlet were more in sync with PSTides. However, the high and low
tides occur about 20 minutes later compared with PSTides. We accepted this model performance
because the process did not influence water surface predictions in adjacent segments nor did it
affect the overall amplitude of the tide calibration to NOAA Recording Tide Stations.

For 2007 (Figures19 and 20), compared with PSTides or the NOAA recording tide stations
described above, the model produced water surface elevation RMSEs ranging from 2.1 cm (station
PR28) near the northern model boundary to 7.8 cm in Case Inlet (station SS52). Oakland Bay
(station SS35) and Totten Inlet (station SS21) continued to have the highest errors (36.8 and

40.9 cm, respectively) due to the phase advance in the model. Figures 18 through 20 compare
water surface elevations in the north, central, and southern model domain areas, respectively,
during September 2007. Overall the circulation model performs well and matches the water
surface elevations throughout the model domain for 2007.
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Figure 16. Predicted water surface elevations (meters) compared with PSTides for the northern model domain (south to VVashon Island)
for September 2006.
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Figure 17. Predicted water surface elevations (meters) compared with PSTides for the central model domain (Commencement Bay and
Tacoma Narrows) for September 2006.
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Figure 18. Predicted water surface elevations (meters) compared with PSTides for the southern model domain (west of Tacoma

Narrows) for September 2006.
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Figure 19. Predicted water surface elevations (meters) compared with PSTides for the northern model domain (south to VVashon Island)

for September 2007.
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Figure 20. Predicted water surface elevations (meters) compared with PSTides for the central model domain (Commencement Bay and
Tacoma Narrows) for September 2007.
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Figure 21. Predicted water surface elevations (meters) compared with PSTides for the southern model domain (west of Tacoma

Narrows) for September 2007.
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Tidal Constituents Comparison

In addition to the time-series plots above, where we compared the amplitude and timing of the
predicted and PSTides-generated water surface elevations, we compared predictions in the
frequency domain. Water surface elevations result from the superposition of multiple tidal
constituents, or harmonics (Hicks, 2006), each represented with an amplitude in meters and phase
in degrees relative to Greenwich Mean Time. These constituents represent the separate effects of
solar and lunar gravitational pull, the tilt of Earth, and the orbits of the moon around Earth and
Earth around the sun.

We compared the five dominant harmonics, including M2, K1, S2, N2, and O1 (see Appendix E).
The principal component is the M2 tide, or the half lunar day. Fourier transforms were used to
calculate the harmonic phase and amplitude for the predicted model water surface elevations to
compare with values from the two measured tide gages and other historical monitoring stations for
which the tidal constituents are available. Table 5 summarizes the (1) amplitude (H) and phase
(Q) for the model run, literature values, and PSTides for the four comparison locations, and

(2) measured data for the two available sites for September 2006 during the calibration period.

The model describes the amplitudes and phases of the various tidal constituents well, compared
with literature values (Lavelle et al., 1988), PSTides, and measured data. GEMSS predictions are
within an amplitude of 2 cm and a phase shift of approximately 2.4 degrees (142 minutes) of each
tidal constituent in the measured data (NOAA) in Elliott Bay and Commencement Bay for
September 2006.

GEMSS tidal constituent predictions for amplitudes are within 5.6 cm of the published literature
values for all four stations, including Oakland Bay. Phases are generally within about 9 degrees
(540 minutes) of the published literature values.

GEMSS predictions also compare well with PSTides. All amplitudes are within 6 cm, including
Oakland Bay. However, Oakland Bay phases are off compared with PSTides.

Budd Inlet reflects the accumulation of constituent amplitude and phase errors through South
Sound and generally exhibits greater errors than the two Central Puget Sound stations compared
with either PSTides or literature values. As described above, the model cannot simulate the lag
associated with the sharp bend in the east-west arm, and Oakland Bay predictions have the largest
error due to the geometry. The effect is limited to Hammersley Inlet and Oakland Bay.

In addition, we compared tidal constituents for 2007 for both March (Table 6) and September
(Table 7). We found that the September 2007 tidal constituents were comparable to September
2006. The March 2007 comparison shows somewhat higher differences compared with the
measured data. The model was run without wind for these comparisons, and the differences in
this spring period could be due in part to the effect of wind. However, the GEMSS predictions
compared well with the literature, PSTides, and measured data throughout 2007.
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Table 5. Tidal harmonics (amplitude and phase, relative to Greenwich Mean Time) predicted by GEMSS for September 2006.

GEMSS Lavelle et al. (1988) GENSS vs. literature P5Tides GEMSS ve. P8Tides NOAS GEMNSS vs. NOAA
Tidal amplitude | Phase, 0 |amplitude| Phase, amplitude |Phase, £ amplitude | Phase,
Constituent] H(m) (deg) | Him) |Q(deg)| Hs) | dH (cm) [dQ (deg)] H(m) (deg) | H(%) |dH (cm)|d0(deg)] H(m) |Q(deg)| H (%) |dH (cm)| Q2 (deg)
Elliott Bay (Seattle), Pstide 493, (1J=81,149)
01 0.47 233 046 2554 | 103% 1.53 0.27 0.47 255 100% 0.10 (.00 0.48 254 000 0.40 (.95
Kl 0.84 281 083 2713 101% 0.96 3.23 0.84 2E1 100% 0.11 0.01 0.84 2E0 1005 | 034 0.96
N2 023 344 021 3403 116% 33 408 0.24 344 101% 0.17 047 0.26 342 83% -1.83 1.93
M2 1.06 12 1.07 11.5 00 0.76 0.43 1.05 12 101% 0.83 0.32 1.06 11 100% | 011 097
52 026 29 026 e 102% 063 -8.66 0.26 24 100% 011 0435 0.28 28 03%% -1.44 0.75
Commencement Bay (Tacoma PORTS), pstide 205, (1,J = §2, 95)
0l 0.48 256 047 233 103% 132 0.7 0.48 255 100% | 0.03 0.14 0.48 255 100% | 013 0.81
Kl 0.85 2E1 (.83 278 102% 1.85 2497 0.85 2E1 100% 0.03 0.17 0.84 281 101% 1.05 0.36
N2 0.26 346 024 343 111% 2.36 2095 0.26 345 101% 0.38 1.00 0.27 344 06%% -1.13 237
M2 1.14 13 1.13 3 101% 0.77 0.3% 1.12 13 102% 202 (.66 1.13 12 101% 125 1.33
52 0.28 31 027 3 104% 1.14 -1.63 0.28 30 101% 0.38 (.82 0.29 25 07 0.79 6
Budd Inlet/Boston Harbor (3313), pstide 33, (1J = 49,18)

01 0.51 263 048 238 105% 2.36 6.13 0.51 262 100% 0.10 2.08

El 021 282 095 288 a7% -3.24 441 0.91 JED 100% | 016 3.60

N2 0.32 g 026 1 121% 3.60 3.08 0.33 2 83% -1.51 723

M2 144 33 144 32 100% | 020 236 146 30 007 211 486

82 0.35 36 033 2 100% | -0.07 -3.26 0.37 48 93% -1.94 8.27

Oakland Bay (3835), pstide 35, (1J =54, 14)

01 0.46 282 0.51 276 01%% 485 6.36

Kl 0.86 310 0.92 303 04%% 583 6.57

N2 0.29 38 0.34 32 36%% 474 3.86

M2 1.44 66 149 38 473 -4 60 1.74 1.50 58 G6%% 377 1.77

82 0.36 BE 0.39 78 03% 279 10.33

H% = predicted amplitude as percent of observed (literature, PSTides, or NOAA) values.
dH = amplitude difference in centimeters (cm).
dQ2 = phase difference in degrees.
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Table 6. Tidal harmonics (amplitude and phase, relative to Greenwich Mean Time) predicted by GEMSS for March 2007.

GEMES Lavelle et al. (1088) GENES w=. literaturs P&Tides GEMSES vz, PETides NOAA GEMES ve. NOAA
Tidal amplitude | Phase, 0 |amplitude | Phase, amplitude (Phase, 0 amplitude | Phase,
Constitvent] Hm) | @ep | Hm) || HEo |dH(cm) [dnden)| Him) | @ep) | Ho) [dH(em) [0 @den)| Him) |Q(deg)| Ho) |dH (cm)| dod (deg)
Elliott Bay (Seattle), Pstide 493, (1J = 81,14%)
Ol 046 233 046 233 100% | 0.01 223 0.46 254 100% (.05 0.60 0.46 254 0o%s 0.27 0.93
Kl .89 281 .83 277 107% 365 346 0.29 281 100% 0.15 0.02 0.87 275 102% 1.84 1.53
N2 0.23 33l 0.21 340 1093 195 10.58 0.23 350 101% 0.12 0.63 0.25 350 83% -1.68 1.37
M2 1.07 1 1.07 12 1002 | 029 .52 1.06 12 101% 0.63 039 107 11 100% | 050 1.37
2 027 3 0.26 33 104% 1.10 -3.12 0.27 34 100%: 0.10 0.33 0.28 34 03% -1.48 043
Commencement Bay (Tacoma PORTS), pstide 205, (1J =381, 95)
01 046 234 047 233 007 043 040 0.46 254 0o%s 0.29 0.40 0.46 255 100% | 02 0.14
Kl 0.90 282 083 278 1083 627 373 0.90 281 100%: | 018 0.69 0.28 280 101% 12 1.69
M2 0.24 353 0.24 343 103% 0.61 879 0.24 351 0oL 0.16 1.51 0.26 350 83%% -1.37 288
h2 1.14 13 1.13 13 100% 023 0.34 1.13 13 101% 0.76 0.60 1.14 12 100% | 042 1.39
82 0.29 37 027 39 105% 146 -1.83 0.29 35 101% 0.18 1.20 0.30 35 7% -1.00 1.65
Budd InletBoston Harhor (3513), pstide 53, (1J = 49,18)
Ol (.49 263 (.48 230 102% 1.07 3.84 0.49 261 100% 0.18 2035
.4l 097 247 085 2838 102% 211 434 0.96 288 101% (.52 364
N2 0.30 13 0.26 1 116% 417 16.89 0.31 g 87 -1.10 0384
M2 144 33 144 32 100% | -0.40 2.81 147 30 08%% -3.23 324
82 0.36 2 033 2 102% 073 0.76 0.38 53 03% -1.91 8497
Oakland Bay (8535), pstide 35, (IJ =54, 14)
01 045 277 0.50 274 81% 433 3.06
Kl 0.92| 310 0.97 302 83%% 438 133
N2 0.29 50 0.31 37 2% 241 13.51
h2 1.46 65 1.49 38 083 -2.67 7.13 152 58 i -3.34 1.06
52 0.36|] 93 0.39 82 2% 322 | 1028

H% = predicted amplitude as percent of observed (literature, PSTides, or NOAA) values.
dH = amplitude difference in centimeters (cm).
dQ2 = phase difference in degrees.
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Table 7. Tidal harmonics (amplitude and phase, relative to Greenwich Mean Time) predicted by GEMSS for September 2007.

GENISS Lavelle et al. (1938) GENISS ve. literaturs P5Tides GENISS v=. PETides NOAA GEMSS v, NOAA
Tidal amplitude | Phase, 02| amplitude | Phase, amplitude|Phase, 0 amplitude | Phase,
Constituent] E@ | e | Hw) |0we)| Hew |dHem) |dods]| Bw | @ | HeEY |[dEHem)|do@s] B |[o@e | Hes [dEm)| i @
Elliott Bay (Seattle), Pstide 493, (1J=31,149)
o1 045 256 046 253 007 0.37 0.87 0.46 256 007y 030 0.24 0.46 255 g8% 0.90 1.15
Kl 0.84 280 083 277 101% 0.84 ilé 0.84 280 100% 025 0.01 0.84 2E0 100%: | 0.10 092
N2 0.20 33l 021 340 06%: .82 10.61 0.20 350 101% 0.29 1.31 0.21 351 S6%: 0,89 0.08
nM2 1.07 11 1.07 12 100% 012 0.86 1.06 10 101% 0.92 0.38 107 10 100% | 0.11 (.28
2 0.26 30 0.26 38 100%% 0.11 -1.66 0.26 30 100%: 0.01 0.51 0.28 25 04% -1.68 0.6
Commencement Bay (Tacoma PORTS), pstide 205, (1J =312, 95)
01 046 237 047 233 0o .66 1.79 0.46 256 0o 0.49 0.33 0.46 256 1005 | 019 .06
Kl 0.85 281 (.83 278 102% 1.77 2.88 0.85 281 100% 0.23 0.14 0.84 281 101% | 092 (.29
N2 0.22 353 0.24 343 2% -1.81 873 0.21 351 102% 0.53 2.06 0.22 351 1000 | 0.09 1.95
hM2 1.15 12 1.13 13 102% 1.80 20,89 1.13 11 102% 213 0.73 1.14 11 101% 1.39 124
2 0.28 32 027 39 102% 059 -6.34 0.28 31 101% 0.28 1.10 0.29 30 7% -1.01 1.81
Budd InletBoston Harbor (8513), pstide 53, (1J = 49,18)
o1 049 266 048 259 101% (0.535 6.60 0.49 263 007y 027 2354
El 0.92 282 095 288 97% -2.80 382 0.91 2B8 101% (.60 3.06
N2 0.27 13 0.26 1 102% 042 17.51 0.27 7 87% .86 11.05
M2 145 33 144 32 101% (085 082 147 28 G8% 229 4 69
52 0.35 38 0.35 2 4o 024 3.7 0.37 4g 04%% -1.51 8.87
Oakland Bay (353%), pstide 3%, (IJ = 54, 14)
01 0.45 2E1 0.50 276 81% 423 434
Kl D.B8 310 D92 303 6% -3.73 6.44
N2 0.26 56 0.28 34 83% -1.98 221
nM2 147 64 1.49 38 007 -1.96 3.58 152 57 87% -4 .67 6.68
82 0.36 a0 0.38 78 L -1.38 11.19

H% = predicted amplitude as percent of observed (literature, PSTides, or NOAA) values.
dH = amplitude difference in centimeters (cm).
dQ2 = phase difference in degrees.
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Temperature and Salinity Time-Depth Plots

The hydrodynamic model output was compared with cruise data to confirm the spatial and
temporal patterns in temperature and salinity at 24 stations spread throughout the model domain
(Figure 22). Cruise data were collected over multiple days and at different times of day.
However, differences in cloud cover, tidal phase, and diel variations contribute to variability
during the multi-day data collection period.
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Figure 22. Stations used to compare salinity and temperature between the model and measured
data.
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The model reproduces the seasonal variation in measured temperature at all stations (Figures 23,
24, and 25). Vertical stratification is well represented in deeper regions where surface layers
exhibit warmer temperatures during summer and cooler in the winter. In shallow areas
stratification is not well represented likely due to fewer layers that promote mixing. However,
measured data do not suggest strong stratification in shallow areas. The RMSE is between 0.4°C
to 0.8°C in Central Puget Sound north of Tacoma Narrows. The RMSE is between 0.5°C and
0.7°C at stations in Tacoma Narrows, Carr Inlet, and stations along McNeil and Anderson Islands.
Moving south to the finger inlets, the RMSE becomes larger between 0.7 (at station SS58 near
Key Peninsula) to 2 (at station SS35 in Oakland Bay). The RMSE of 1.3 for Budd Inlet station
(SS08) is comparable to previous studies (Roberts et al., 2012).

Seasonal variation in salinity is tied to freshwater coming into Puget Sound during the fall/winter
rainy season. The magnitude of reduced salinity increases as we move from deeper stratified
waters in the north to shallow and relatively vertically mixed waters in the finger inlets (Figures
26, 27, and 28). This is as expected since the volume of water in the finger inlets relative to the
freshwater inputs is much less in shallow waters than in deeper waters. Overall, the model
captures the seasonality relatively well. The RMSE statistic for predicted and observed salinity
varies from 0.2 ppt to 1.9 ppt with low RMSE in deeper waters and higher RMSE in the finger
inlets. Again, it is likely that fewer vertical layers in the shallows inlets caused more vertical
mixing, causing lowered salinity in the bottom layers and higher salinity in the top layers.
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Figure 23. Temperature time-depth plots at stations north of Tacoma Narrows.
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Figure 24. Temperature time-depth plots at stations between Tacoma Narrows and Nisqually
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Figure 25. Temperature time-depth plots at stations south and west of Nisqually Reach.
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Figure 26. Salinity time-depth plots at stations north of Tacoma Narrows.
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Figure 27. Salinity time-depth plots at stations between Tacoma Narrows and Nisqually Reach.
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Figure 28. Salinity time-depth plots at stations south and west of Nisqually Reach.
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Temperature and Salinity Time-Series Plots

To confirm that the model captures temporal patterns in both water temperature and salinity, we
compared model predictions to measured values throughout the calibration period for surface and
bottom layers at 24 stations (Figure 22) in South and Central Puget Sound. The surface values
exhibit much greater variability than the near-bottom values, but both are important to describing
the density structure.

Temperatures predicted at the calibration stations exhibit the seasonal patterns of warming through
summer and cooling into the winter months (Figures 29 and 30). The near-bottom conditions do
not vary as much as the surface waters. Surface temperature RMSESs range from 0.5°C to 1.4°C at
stations north of Tacoma Narrows and from 0.6°C to 2.3°C at stations south of Tacoma Narrows.
Bottom temperature RMSE ranged from 0.2°C to 0.6°C at stations north of Tacoma Narrows and
from 0.4°C to 2°C at stations south of Tacoma Narrows. The higher RMSE were at the shallow
inlets where fewer grid layers allowed for relatively more vertical mixing so that surface layers
were predicted to be cooler while bottom layers warmer. The highest RMSE was at the Oakland
Bay station (SS35). This is also the station with the highest RMSE for water surface elevations
primarily due to inability of the model to represent the horizontal bend in Hammersley Inlet
without causing model instability.

The highest temperatures measured at SS71 in central Case Inlet were under-predicted by the
model; measured temperatures at nearby stations were not as high. Surface temperatures predicted
at stations within the Tacoma Narrows (SS76, SS77, and SS79) exhibit much greater sub-daily
variability than at other stations within the model domain and likely reflect lateral and vertical
mixing phenomenon within the Narrows.

Salinity values at stations north of Tacoma Narrows generally rise in the summer months before
exhibiting episodic freshening of the surface waters with fall and winter storm events (Figure 31).
The RMSE varied from 0.8 to 1.5 at these stations (north of SS80, see Figure 22Figure 22). Near-
bottom salinity gradually rises through September and gradually declines with fall storms. The
model produces salinity RMSEs of <0.2 ppt for bottom layers at these stations. Time-series plot
for salinity at stations (SS76 through SS80) near Tacoma Narrows show more response to episodic
events in surface layers due to narrow and shallow passage at this location. Puyallup River water
decreases surface salinity at stations SS80 and SS79, but other stations also show decreased
surface salinity. Due to these effects, the RMSE 0.8 to 2.4) at these stations is higher for surface
layers compared to other stations north of Tacoma Narrows. Near-bottom salinity values are more
constant than surface values but do reflect seasonal freshening. The RMSE for bottom layers are
in the order of 0.2 ppt.

South of Tacoma Narrows (Figure 32), near-bottom salinities had RMSEs <0.6 ppt except Budd
(RMSE = 1.5) and Eld (RMSE = 1.6) Inlets. Surface salinities at these stations followed the same
trend. Budd and Eld Inlets showed higher RMSE as the model-predicted lower salinity than
measured. From previous modeling efforts (Roberts et al., 2012), the plume from the Deschutes
River and Capitol Lake travels northward on the east side of the inlet due in part to the Budd Inlet
gyre, but surface salinity suggests it spreads out across the inlet in this model. The grid scale may
not resolve this feature, and the model predicts that Deschutes River/Capitol Lake influences
surface salinity at station SS08. Both Budd and Eld Inlets have a few grid layers. This increases
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vertical mixing within the model giving rise to reduced salinity. Station SS35 in Oakland Bay
shows higher RMSE (2.2 ppt) in surface layer due to fewer layers and induced vertical mixing,
although bottom layer RMSE is low (0.55 ppt). Results at Oakland Bay station is likely also
impacted by the deficiency in the model to accurately define the channel bends in Hammersley
Inlet, as discussed previously.

In summary, surface and near-bottom temperature and salinity time series are well represented by
the model throughout Central Puget Sound and in the major inlets and open waters of South Puget
Sound. The western inlets had greater differences between modeled and measured values, but the
model appropriately captures the seasonal variation in temperature and salinity in values recorded
during data collection.
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Figure 29. Observed and predicted temperature at surface (KT) and bottom (KB) layers at stations in and north of Tacoma Narrows.
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Figure 30. Observed and predicted temperatures at surface (KT) and bottom (KB) layers at stations south of Tacoma Narrows.
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Figure 31. Observed and predicted salinity at top (KT) and bottom (KB) layers at stations in and north of Tacoma Narrows.
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Figure 32. Observed and predicted salinity at top (KT) and bottom (KB) layers at stations south of Tacoma Narrows.
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Salinity and Temperature Profiles

Vertical profiles predicted by the model were compared with data collected during cruises

(2006 — 2007). Details in vertical profiles indicate fine-scale stratification structures often difficult
to reproduce when modeling estuarine conditions. Figure 33 identifies the profile locations used
for calibration.
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£

Central Puget Sound
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o
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5552 o »
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] South Puget'Sound
5503
-
SS64
8308 L
")

Figure 33. Station locations for temperature and salinity profile comparisons between model
predictions and observed data.
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Figures 34-37 present temperature profiles at all stations (Figure 33) in the model domain. Each
station has a maximum of eight profiles spanning July 2006 through October 2007. Observed data
were measured at 0.5 m depth intervals but were averaged for each grid layer depth in order to
compare with model predictions. The model-predicted temperature profiles reflect the average
data structure including warming of the near-surface layers. Stations north and around Tacoma
Narrows exhibit lowest RMSE (< 1) compared with the finger inlets (RMSE < 2).

Figures 38 through 41show the salinity profile comparison between model predictions and
observed data. Profiles North of Tacoma Narrows (stations KSBP01, AIKE and PR30) show good
agreement between predicted and observed salinities. However, at station KSBP01 the model fails
to predict a sporadic freshening of near-surface waters on November 29 2006. The spatial extent
of a grid cell is much larger than that of the station location. Model-predicted concentrations are
an average over the horizontal and vertical extent of the grid cell. Around the Tacoma Narrows,
the model predicts more freshening within 20 meters of the surface, whereas the data indicate
freshening is limited to nearer the surface (see station SS80 in Figure 39) or little at all. The
model predicts limited salinity-induced stratification at SS76 (Figure 39) until fall storms began,
but data indicate a nearly uniform profile.

The model predicts surface, water column, and near-bottom patterns and magnitudes well, overall.
In the Nisqually Reach, salinity and temperature was well-described through late summer and into
the winter months (station SS64). Model-predicted salinity profiles in Case Inlet were good, but
temperatures were over-predicted throughout the water column in August (Station SS52).
Oakland Bay salinity was reasonable, although temperatures were consistently under-predicted.
Budd Inlet temperature profiles differed most between model and data, but salinity profiles were
reasonable through late summer. In the winter months, the model under-predicts the salinity, due
to the river plume.
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Figure 34. Temperature profile comparison between model prediction (firm line) and observed data (circles) at stations KSBPO1, AIKE, and PR30.
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Figure 35.

Temperature profile comparison between model prediction (firm line) and observed data (circles) at stations PR39, SS80, and SS76.
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Figure 36. Temperature profile comparison between model prediction (firm line) and observed data (circles) at stations SS71, SS64, and SS52.

Page 56




§ . 1 : 1 s BOFEL200T; 1200
8/2/2006; 12:00 8 WIS2006; 12:00 N0 25,/ H006; 1300 . :;-,lm,rém w0 g lﬂﬂgﬂ?. L e 4;?5190?3; u;. 7/9/2007; 1500 ; 712
RMEE = 188 RMSE =3 44 BMSE = 163 RMSE = 182 BSASE = 185 RMSE =218 RMSE = 1.72
_ 3,43 = RMSE =138 p=-2.18 . =173
u=-1.58 os BE | s p=-1462 e 104 oS5 w=-162 a5l w=-185 o3 =02 as W
a=0m a=05 ani Xl & Lol om0 o= 001 v o= 005
LEL T :
1 1 y i ' 1 1
18 T T is 15 18 1% 1%
E
5535 §? : z 2 3 : ‘ ’
1% 15 25 15 15 2% 25
= &) 3 3 3 > 3
s is a8 as 15 s s
5 w5 5w e s P s % wm o m Y O %o os o om % s w0 W om % 8w wCmY 5 wmTs w
Tempie g & Tosperatuse © Temperature C Temgarature G Tampsraiung = Tampersiue C Tamieratue C Tempialung C
8/24/2006; 14:00 9/26/2006; 1800 1025/ 2006; 13:00 1321/ 2006; 8:00 . J.fllu'mg-': 1300 4/25/2007; 7:00 MM 11 1024/2007: 15:00
r - e - O - - - - - o i
- o O
RMSE = 1 84 RMSE = 035 RMSE = 118 RMSE =189 BMSE = 18 RMSE =1.77 RMSE = 095
LR R 1 n=036 1 p=-1145 1 e 1t pel TR 1 1 p=055 i w008
o = O a=01% a=0.1 a=0m a=0.33 o =308 a=015
2 3 z 2 2 2 2
3 * 3 3 3 3 1
E
5508 E o 4 A 4 o 4 Q 4 Q 4 b 4 o 4 o
¥
. 5 2 | LY ! = 5
8 o 5 6 [ [ 6
a=g3
7 7 T T T u =08y T H
RMSE = 0.55
8 fa ES h 1! " z z 8 B "
5 [s] % [i] [ 10 15 =] 5 L 1] o L] bl:l -] ql:l 15 -] a O'!:I 15 il | s:'I 5 L] mn o ] o 01':. N0 ] 10 > 19
Tempersiuee C Temnpermtune C Tomparaiang O Temperstuee & Termgeiatung & Temperaiune © Temperature G Trspatatune O
BI24/2006; 16:00 WG 2008 17:00 1024/ 1006 B:00 12719/ 2006; 1400 ln'li."fjﬂﬂl- 11:00 4262007, 9:00 N0, ”WD . 10/ 24/2007; 15:00
o 0 a ut - 0 S {
RMSE = 1.14 RMSE = .52 RMSE = 0.08 AMSE =086 RMSE = .54 RMSE = 028 RMSE = 0.37
pm1a2 u=027 W= 006 e o pe-08 5 =008 = 035
a=02 i a=did & a=008 5 - a=0A7 L o= a3 5 5 o=03 5 om 008
o =l = o]
& 10 10 il 10 10 01 an!
5503 £ . i i 5
15 15 1% ] 15 15 1 1
O o o ]
a =003
0 0 o 20 0 0 w0 e 201 20
RMSE = 081
[+] o o =] L a
:‘Eu - 0 = 20 x'u 5 ® 15 M 3!:" -] 10 ] 20 '15?:! ] £] 15 i -EC ] L] 14§ 2‘2'3':1 5 "] (] | 15':1 3 "] 15 2‘2'::';1 5 "] 15 Fo-]
Tornpeta.an Tarapas B O Tomparatune Tempaiatue Tampaaiurs © Temparature C Temparsiure C Tarrpar s

Figure 37. Temperature profile comparison between model prediction (firm line) and observed data (circles) at stations SS35, SS08, and SS03.
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Figure 38.

Salinity profile comparison between model prediction (firm line) and observed data (circles) at stations KSPBO01, AIKE, and PR30.
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Figure 39. Salinity profile comparison between model prediction (firm line) and observed data (circles) at stations PR39, SS80, and SS76.
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Figure 40.

Salinity profile comparison between model prediction (firm line) and observed data (circles) at stations SS71, SS64, and SS52.
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Figure 41. Salinity profile comparison between model prediction (firm line) and observed data (circles) at stations SS35, SS08, and SS03.
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Surface Temperature and Salinity Spatial and Temporal
Patterns

Model output was compared with cruise data to confirm spatial patterns in temperature and
salinity predicted by the model during the 2006 — 2007 period. We compared near-surface
patterns because they are influenced by river and meteorology boundary conditions and generally
show more variability than near-bottom conditions. We presented near-bottom results in the
Temperature and Salinity Time-Series Plots section.

Cruise data were collected over multiple days and at different times of day. However, differences
in cloud cover, tidal phase, and diel variations contribute to variability during the multi-day data
collection period. We compared model results from noon in the middle of the cruise window as a
snapshot of conditions as a synoptic proxy for cruise conditions. The cruise data plotted were over
a 5-day window around the model output date. This was necessary to gather sufficient observed
data to span the model domain.

Predicted surface temperatures for summer 2006 cruises reflect available data (August 2006 plot

in Figure 42). Cruise tracks did not reach the shallow terminus of each inlet to verify these spatial
patterns, but the model predicts high temperatures consistent with the shallow water depths.

Warm water temperatures within Sinclair and Dyes Inlets, Liberty Bay, and Quartermaster Harbor
are reasonable, but no data were collected within these regions of Central Puget Sound. Outside of
these shallow bays, Central Puget Sound surface temperatures were cooler than those in South
Puget Sound in both the model predictions and measured data, and overall magnitudes and spatial
patterns are appropriate. Overall cooler summer temperatures near the Tacoma Narrows reflect
intense mixing with cooler bottom waters.

September 2006 surface temperatures show transition from summer warm temperatures to cooler
fall temperatures. Winter surface temperatures are more uniform than summer throughout the
domain in both the model predictions and data (December 2006 plot in Figure 42), with the
coldest temperatures in the shallow waters of western inlets.

April 2007 surface temperatures (Figure 42) remain cool throughout the model domain. The
shallow western inlets were warmer than other areas, and the coolest waters were around the
Tacoma Narrows and northern boundary. By June 2007, significant heating contributed to warm
temperatures in the shallow western inlets in particular. Cool and wet summer conditions
decreased surface temperatures by September 2007. The model captures the temperature patterns
and magnitudes.
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Figure 42. Field observations of near-surface temperatures compared with model output.
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The model also predicts surface salinity patterns and magnitudes well. Salinity has a stronger
effect on density than does temperature. The summer 2006 model output and cruise data show
good agreement throughout the model domain (Figure 43). Lowest surface salinities occur nearest
river inputs, but few data were available from these shallow waters to corroborate. The plumes
from the Puyallup and Nisqually Rivers are evident, as are smaller river inputs to more quiescent
regions in the model.

Surface salinities reached seasonal maxima in September 2006, coincident with low river inputs.
The December 2006 cruise data confirm the wide range of surface salinities predicted by the
model (from <20 ppt to nearly 30 ppt) due to the increase in river inflows (Figure 26).

The April 2007 predictions and data (Figure 42) show continuing freshened conditions,
particularly near freshwater sources. Similarly, the June 2007 cruise data and model predictions
both show similar patterns, with surface salinities generally dominated by freshwater inflows with
continued high discharge rates.

By September 2007, cruise data and model predictions show higher and more uniform values than
in June throughout South and Central Puget Sound except for limited areas near freshwater
inflows where no cruise data are available to corroborate. Overall patterns and magnitudes are
reasonable. The model predicts 1 to 3 ppt fresher conditions than in the data for the surface layer,
partly because the cruises did not include shallow areas nearest the freshwater inflows and partly
because the observed data are plotted over a window of 5 days around the model prediction date.

In summary, cruise data corroborate the predicted surface temperatures and salinities within South
and Central Puget Sound. The surface values are more difficult to simulate than near-bottom
values because surface values reflect meteorology and river inflow boundary conditions that
change significantly over time. The seasonal shifts are appropriately represented by the model,
and the spatial patterns are well-characterized.
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Figure 43. Field observations of near-surface salinity compared with model output.
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Model Uncertainty

The RMSE is an unbiased statistic of how well the model is predicting observed values. It is
mathematically defined as the square-root of the average squared difference between paired
observed and predicted data, as defined below:

2
oSE Z<XX>

Where X, = observed data; X, = predicted data; n = number of paired data sets

We also evaluated bias, or the tendency to over-predict or under-predict water quality patterns.
The mean bias (1) of the predictions is the average of the differences between predicted and
measured values, while o is the standard deviation of the bias. If the range (u + 2 o) does not
contain zero, then model would be biased at the 95% confidence interval.

bias = average {(Xpred,l - Xobs,l) + (Xpred,z - Xobs,z) .t (Xpred,n - Xobs,n)}

If the range is below zero, then the model under-predicts. If the range is above zero, then the
model over-predicts. The model predictions are average values within a given grid-cell layer in
the error statistics. The field data were binned to the model layers.

Figure 44 shows the overall goodness of fit of temperature and salinity predictions to observed
data from all stations at all depths and times from July 2006 through October 2007. A perfect
match would be when all data lie on the 1:1 line, i.e., when predicted and measured values match
exactly. The histogram shows the frequency distribution of the residuals (which are the
differences between predicted and observed values) with the mean and standard deviation of the
bias. The overall RMSE for temperature was 0.78 °C with a mean bias of -0.14 °C. However the
bias for temperature is not statistically significant because it lies within 2 standard deviations of
zero difference (i.e., at the 95% confidence interval). The overall RMSE for salinity was 0.75 ppt
with a mean bias of -0.32 ppt. Again, within the 95% confidence interval, the bias is not
statistically significant. These results are comparable to those present in Roberts et al. (2012).

RMSE: 0.78 (1=8571) Mearn: -0.14; Std: 0.76 RMSE: 0.75 (n=7361) Mean: -0.32; Std: 0.68
_ . E # T
2 g S 30 g
o = & =
3] 3 = 3
S £% S
B S >3 s
o] o — .
o . -

0 O 5k 0
10 15 20 -1 0 1 15 20 25 30 -1 0 1
Temperature C (Model) Diff. Temperature C Conc. of Salinity ppt (Model Diff. Conc. of Salinity ppt

Figure 44. Goodness of fit for temperature and salinity predictions for 2006-2007 across all
stations.
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Sensitivity Analyses

While only monthly data are available, the northern marine boundary conditions are sufficient for
the purposes of this project. We tested the uncertainty in these boundary conditions by adding and
subtracting 2°C and 1 ppt to the monthly profiles and comparing predicted values within both
Central and South Puget Sound. The area influenced by these changes in temperature and salinity
was limited to the immediate vicinity of the northern boundary and did not influence the primary
area of interest in South Puget Sound.

Brunt-Vaisala Buoyancy Frequency

The Brunt-Vaiséla buoyancy frequency is a measure of the stability of the water column or
stratification calculated from water density and the rate of change of density with depth. The
value includes the effects of both temperature and salinity and provides a numeric corollary to the
profile plots presented above. The buoyancy frequency (N) is calculated as

Where g is gravitational acceleration, p is density, and 0p/oz is the density gradient, either
between adjacent data bins or model layers.

The buoyancy frequency, expressed as Hertz (Hz), increases as the density gradient increases and
typically reaches a maximum value at the depth of the pycnocline. The square of the buoyancy
frequency was calculated for stations shown in Figure 45 and no other adjustments to the model
were made to improve fit. Figure 46 through 49 show the Brunt-Vaiséla buoyancy frequency
comparisons between model predictions and observed values for July 2006 through Oct 2007.

The buoyancy frequency squared generally decreases with depth in both the data and model
predictions. Data and model predictions are of comparable magnitude at most stations and
generally higher in the western inlets.
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Figure 45. Locations for comparing model and data Brunt-Véiséla buoyancy frequency.
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Figure 49.
and SS03.

Density buoyancy frequency profile comparison between model prediction (firm line) and observed data (circles) at stations SS35, SS08,
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Current Velocities

The current velocity data were used as a general comparison during calibration to verify that the
phasing and magnitude are correct. Field programs were developed to investigate current
directions within complex passages and inlets and to evaluate inlet-to-inlet differences. Because
the model simplifies the vertical structure into layers and averages bathymetry over model grid
cells on the order of 500 m, the model does not capture finer-resolution features that may be
evident in the observed current data. However, observed current data are useful to confirm large-
scale patterns.

Both surface-mounted transects and bottom deployments characterized currents in key locations
within South Puget Sound. Roberts et al. (2008) summarizes current data recorded using acoustic
Doppler current profilers (ADCPs) during 2007, based on the deployment plan described in
Addendum 1 to the Quality Assurance Project Plan (Albertson et al., 2007b). Additional bottom-
mounted deployments in Dana and Pickering Passages were part of a separate project that
coincided with the 2006 calibration period.

All measurements were recorded with a 300-kHz Workhorse Sentinel ADCP from Teledyne-RD
Instruments. The instrument sends a ping and records scattering over a broadband spectrum. The
frequency is related to the velocity of the water masses encountered. Due to interference and
equipment limitations near the water surface and the sediment surface, data cannot be recorded
close to either boundary, typically within a few meters. In addition, the unit cannot record
velocities at water depths below 100 m, and no data are returned. While the recorded velocity data
are highly precise, field factors (such as boat tracks not perpendicular to shore or lack of data near
the surface or bottom) may increase the uncertainty in derived parameters such as water flux and
average velocity.

Surface-Mounted Transects

During July and September 2007, Ecology measured velocity and depth profiles with an ADCP
mounted on a boat along various transect (Figures 50 and 51, respectively). The resulting profiles
provide both the cross-sectional area and the detailed velocity distribution along transects. Data
were recorded in 1-m bins, a finer scale than can be resolved with the layering of the model. The
field data were mapped to model layers to facilitate comparisons. The data collection program
was designed to estimate instantaneous velocities on flooding and ebbing tides. Detailed results
were presented in Appendix E of Roberts et al. (2008). Transects were recorded during different
tide stages and were not coincident in time. Boat passes across the inlet required 10 to 20 minutes
to complete.

Table 8 compares instantaneous cross-sectional area (m?) and average velocity (m/s) with those
predicted by the model. While the model operates on a fine time scale, output data are saved at
hourly intervals. These hourly values were linearly interpolated to the time when a transect was
navigated. Model cross-sectional areas and velocities are similar to those recorded during the
ADCP transects. Differences in transect aspect and model grid cell orientation likely contribute to
some differences, particularly at transect T5, but overall the velocities predicted by the model
reasonably describe those derived from field data.
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Figure 50. July 2007 surface-mounted ADCP transect locations.

Figure 51. September 2007 surface-mounted ADCP transect locations.
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Table 8. Summary of surface-mounted, ADCP-measured tidal fluxes versus model results from July and September 2007.
Positive values are flood tide directions and negative values are ebbs.

_ Area (m?) Mean Velocity (m/s)
Transect Date/Time
ADCP Model ADCP Model
BTEL - Mouth of Totten 7/10/07 09:27 14,327 20,094 0.10 0.08
BTE4 - Mouth of Eld 7/10/07 10:05 10,300 8,254 0.26 0.16
BTES5 - Mouth of Budd 7/10/07 10:25 22,663 22,601 0.20 0.14
BTE3a - South of Hope Island 7/10/07 11:01 3,452 3,650 0.91 0.86
BTE3Db - Replicate 7/10/07 11:10 3,509 3,650 0.90 0.86
BTEG6 - Central Budd 7/10/07 11:57 25,869 25,141 0.13 0.06
CARR4 - Allen Point 7/11/07 13:29 44,986 62,140 0.11 0.02
CASE1a - South of McMicken 7/11/07 14:56 96,638 100,767 0.14 0.15
CASEL1b - Replicate 7/11/07 15:28 97,170 100,767 0.12 0.15
CASE3 - North of Harstine 7/12/07 13:20 24,672 25,928 0.31 0.22
CASE4 - East of Stretch Island 7/12/07 13:48 44,986 51,424 0.11 0.06
T1 - Harstine bridge (ebb) 9/26/07 08:00 7,258 7,158 -0.55 -0.29
T3 - North Squaxin Peale (ebb) 9/26/07 08:43 1,458 1,506 -0.36 -0.76
T5 - Hammersley Inlet (ebb) * 9/26/07 09:28 2,657 6,438 -1.19 -0.14
T8 - South Squaxin (flood) * 9/26/07 13:13 12,039 9,568 0.41 0.53
T7 - Totten (flood) 9/26/07 14:46 11,538 9,696 0.64 0.27
T6 - Potlatch Point (flood) * 9/26/07 15:09 10,177 12,106 0.25 0.46
T5 - Hammersley Inlet (flood) 9/26/07 15:31 3,316 7,081 0.93 0.13
T1 - Harstine bridge (flood) 9/26/07 16:37 7,609 8,280 0.72 0.37

* Indicates transect and model grid cell orientation are very different, and some error may be due to this.
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Bottom-Mounted Deployments

Bottom-mounted ADCPs were deployed at paired locations in South Puget Sound shown in
Figure 52 over at least one full neap-spring cycle of the moon (~14 days). The instruments
recorded the three components of water velocity (longitudinal, lateral, and vertical) at 90-second
intervals that were averaged over 6 minutes in 1-m layers or bins. The data was further averaged
over the grid layer bins. We evaluated whether cross-inlet variability was present by comparing
results for the two paired instruments.

Cam?_ o
CarrE

Case\
©CaseE

Pickering
L]

Dana

BuddW_ Sg 44e

Figure 52. Locations for comparisons between model output and measured current velocities from
bottom-mounted ADCP deployments.

We placed the bottom-mounted ADCPs in the deepest part of any channels present. The model
grid cells were assigned depths that represent the average of all actual depths within the horizontal
extent of that grid cell. Where the bottom depth changes quickly toward land, such as the
channels of Budd Inlet and Pickering Passage, the average depths of the model are shallower than
the depth of the ADCP deployment. The water-column velocity structure could be quite different
from that determined from field data. Also, the field data did not capture the velocity structure
nearest the surface and nearest the bottom. Figure 53 shows the location of the water surface, the
grid bottom, ADCP location, and model grid layers. Because each grid has a smoothed cell depth,
most of the ADCP depths are below the grid depth. This makes it difficult to choose a grid depth
(layer) and ADCP depth to compare velocities.
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To circumvent this issue, two approaches were taken. First, a layer that is away from both the
surface and the bottom (whether grid or ADCP) was selected for comparison of model prediction
and observed data. Secondly, the mean of all water column observed data is compared with the
predicted water column mean velocities.
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Figure 53. ADCP depths and grid water-column depths.
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Figure 54 shows the model-predicted velocities and observed ADCP average velocity within the
selected layer for each of the ADCP stations. The layer was selected so that it was away from
both the surface and the bottom of the water column. This was done because the ADCP failed to
capture the velocities near the surface and because the ADCP and model grid depths did not
always match. However, the phases of the tidal velocities match well. In most cases the
magnitudes of the velocity component appear to match, except perhaps in Dana Passage where the
model over-predicts the observed velocities.

Figures 55 through 58 show the mean (firm black line) minimum and maximum (grey band) water
column velocities predicted by the model as well as all water column observed data (with color
dots denoting its location in the water column). The RMSEs are based upon model-predicted and
observed average water column velocities.

We distinguished between the north-south (v) components and the east-west (u) components of the
velocity. Dana Passage (Figure 55) has a stronger east-west (u) component than north-south (v) in
both the field data and model predictions, consistent with its physical orientation. Predicted
phasing agrees well with field data. The model over-predicts the larger east-west velocity
components compared with the observed data. Pickering Passage (Figure 55) velocity predictions
have a better RMSE compared to Dana Passage. However, the observed data, particularly at the
surface, are highly variable.

Carr Inlet velocities (Figure 56) are low overall. Case Inlet (Figure 57) exhibits a lower east-west
component in the field data and model. The model reproduces the overall velocities at both Carr
and Case Inlets pretty well.

In Budd Inlet, nearly all of the energy is in the northerly velocity components (Figure 58).

The observed velocities confirm the overall phasing of the tide and relative cross-inlet
components. The model cannot resolve the fine-scale complexities captured in the ADCP
measurements because each layer is thicker than 1 m and horizontal grid cell dimensions are
nominally 500 m. The detailed ADCP data also provide a qualitative sense of the vertical and
temporal complexity at the deployment locations.
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Figure 54. Velocity (u =east-west and v= north south) time series (observed and predicted) at ADCP stations for a given grid layer (K).
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Surface Currents

After the model was compared with observed velocity data, we evaluated surface currents during
strong and weak ebb and flood tides. We compared the results with surface current patterns
developed with Tide Prints (McGary and Lincoln, 1977). Appendix D includes tide prints for
South Sound and main basin. Tide Prints was developed with the physical Puget Sound model
using time-lapse photos of floating beads. The 2-dimensional figures represent typical strong and
weak ebb- and flood-tide conditions. We compared model output for a strong and weak ebb- and
flood-tide condition in September 2006.

On a strong ebbing tide (Figure 59), Central Puget Sound surface currents in the main basin reflect
northerly currents, with more quiescent waters in Elliott Bay, Sinclair and Dyes Inlets,
Quartermaster Harbor, and Commencement Bay. Strong surface currents are evident in the
narrow passages of the Agate Passage, Port Washington Narrows, Rich Passage, and Colvos
Passage. In South Puget Sound, the strong currents in Tacoma Narrows, Hale Passage, north and
south of Anderson Island, Dana Passage, Hammersley Inlet, and Pickering Passage are well-
represented. The model also reproduces the quiescent waters of northern Carr and Case Inlets,
Oakland Bay, and the southern ends of Totten, Eld, and Budd Inlets.

Strong flood tides (Figure 60) produce similar patterns of varying quiescent and strong currents as
well as the zones of convergence and divergence from Tide Prints. The model predicts that
Colvos Passage floods to the south under this particularly strong event.

Under weak ebb (Figure 61) and flood (Figure 62) tidal exchanges, velocities are much lower in
both Tide Prints and as predicted by the model. Quiescent waters extend further from land in the
inlets of South Puget Sound. While diminished, surface currents through the narrow inlets are
larger than those in the more quiescent bays. Under a weak flood tide, Colvos Passage floods to
the north.

The model predicts the overall surface current patterns, including relative magnitude and direction,
well.
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Figure 59. Surface current patterns during a strong ebb tide.
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Figure 61. Surface current patterns during a weak ebb tide.
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Channel Flows Across Transects

Channel flows were estimated from model at seven transects as shown in Figure 63. These
transects were selected based on available literature data on channel flows at these locations.

mmmwe E0dMonds

xswummy_Three Tree Point
Olalla Point il

Tacomayss Dash Point
MNarrows

>
Devils oy

Head

Gordon Point

Figure 63. Locations of transects where channel flows were estimated.

Table 9 shows the model-predicted channel flows and the associated literature values. Note the
difference in the method used. The model-predicted flows were based on average of all hourly
model outputs between April and September 2007 across all cells and layers.

At Edmonds the model-predicted flows (16,520 m®/s) were of the same order of magnitude as the
Babson et al. (2006) box-model annual average flow (11,250 m®/s). They are also within the
range of flows predicted by Cokelet et al. (1990) (9,000 to 19,000 m/s) using fresh and salt water
distributions. Flows based on month-long, cross-channel and mid-channel mooring data
(Ebbesmeyer et al., 1984 and Cannon and Ebbesmeyer, 1978) were much higher (20,000 to 40,000
m?*/s) likely due to shorter time-span data.

Flow in East and Colvos Passages predicted by the model was an order of magnitude lower than
most literature values except that from Babson et al. (2006) (estimated at 7500 m*/s, which is the
average of Tacoma Narrows and Edmonds flows reported by Babson et al., 2006). The model
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does show the circulatory flow pattern around Vashon Island as described in the literature (see

Table 9).

The model-predicted channel flows at Gordon Point, Devils Head, and Tacoma Narrows were of
the same order of magnitude as literature values.

Table 9. Channel flows across various transects as predicted by the model and associated
literature values.

MNarrows

South and C b1
Central Puget Dmr_l_ara_ 2 Seaward Landward
Sound Model station in - - - - Reference Methaod
- literature ow, m'fs ow, m’fs
Location
N Ed 4 16520 16210 C t stud time-weighted average (April-
ear Edmonds urrent study September 2007)
. salt and freshwater distribution,
Jefferson Point 9,000 - 19,000 |Cokelet et al. 1990 annual average (1953-1955)
. Cannon and Ebbesmeyer, month long single mid-channel
Jefferson Point 42,000 - 43,000 575 current mooring (1972 - 1973)
Jefferson Point 20,000 - 22,000 |Ebbesmeyer et al. , 1984 cross-channel current moorings
Main to Box model annual average (1992 -
Babson et al. 2006 =
Admiralty 11250 2001)
Upper East ) time-weighted average (April-
Passage Three Tree Point 1580 10160 Current study September 2007)
salt and freshwater distributian,
24 000 - 40,000 |Cokelet et al. 19580 annual average [1953-1955)
38,000 Cannon, 1983 mid-channel current mooring
; Cross-channel current moorings
23,000 Bretschneider et al. 1985 {March 18 - April 25, 1983)
estimated as average of
S ol itz DLl Edmonds and Tacoma Narrows
Lower East . time-weighted average (April-
Passage Dash Point 1980 10620 Current study September 2007)
- Cross-channel current moorings
Bretschneider et al. 1985
21,000 [March 18 - April 25, 1983)
Colvos : time-weighted average [(April-
Passage Olalla Point BS540 Current study September 2007)
=salt and freshwater distributiaon,
24 000 - 40,000 Cokelet et al. 1990 annual average (1953-1955)
27,000 Cannon, 1983 mid-channel current moaring
25,000 Barnes and Ebbesmeyer, 1978 | mid-channel current mooring
26,000 Bretschneider et al. 1985 mid-channel current mooring
Mear Ketron _ time-weighted average (April-
lsland Gordon Point 5500 4911 Current study September 2007)
salt and freshwater distribution
- Cokelet et al. 1990 !
8,400 - 21,000 |Lokeletet 3 annual average [1953-1955)
Uper Nisqually : time-weighted average [(April-
Reach Devils Head 4030 4030 Current study September 2007)
salt and freshwater distribution,
3,800 - 6,500 |Cokelet et al. 1580 annual average [1953-1955)
Upper Tacoma time-weighted average (April-
Narrows Tacoma Narrows 5870 5850 Current study September 2007)
South Sound to 3750 Babson et al. 2006 Box model annual average (1992 -

2001}
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South Puget Sound Flushing Times

The amount of time water parcels and constituents in the water remain in a given geographical
area is fundamental to understanding water quality. However, there is no single agreed-upon
method for doing so (Monsen et al., 2002). Flushing time, age, and residence time have been
used synonymously to describe how long a water parcel stays in a waterbody. Different
mathematical approaches produce order-of-magnitude differences in the resulting time
calculations.

Considering a waterbody or a model grid cell as a continuously stirred tank reactor (CSTR), the
concentration of an added conservative tracer (that neither decays nor settles) will be instantly
mixed throughout the reactor so that the concentration at the outlet will be the same as that in the
tank. If C(t) is the concentration of the tracer in the outlet at any time represented as t, then C(t)
is described as a simple exponential equation:

C(t) = C,e /s
Where C, is the initial concentration and Ts is the flushing time.

ct) 1

Whent =Ts, P 0.37, also known as the fraction remaining after one e-folding time

o
or flushing time/residence time. Additional, correlations exist between time to achieving a
certain percent reduction and flushing time:
o Time to reach 50% of initial concentration (half-life) = In(2)*T; = 0.693* T
o0 Time to reach 10% of initial concentration = In(10)*T; = 2.3*T¢
o Time to reach 1% of initial concentration = In(100)*T¢ = 4.3*T;

However, different formulations/methods exist to estimate Ts. These are discussed below.

The simplest flushing time estimate, T, is simply the volume (V, m®) divided by the net
exchanges (Q, cms):

Tfl:a

The equation can be modified to account for just the intertidal volume and the reflux of water at
the boundary of the user-defined volume:

oo VT
2= (1=b)P

Where V is the total volume, P is the volume of the tidal prism between high tide and low tide,
T is the tidal period, and b is the reflux factor that varies from 0.0 to 1.0.
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The flushing time for South Puget Sound is 4.7 days using a reflux factor of 3% and tidal period
of 12.2 hrs (University of Washington, 1971). This approach neglects the freshwater
contribution.

However, the effective flushing time of South Puget Sound is longer than the simple Ty or T,
calculations. First, physical processes along the shallow entrance sill just southwest of the
Tacoma Narrows impede flow and increase the residence time (Seim and Gregg, 1997). Flood
tides transport some of the same water that exited on the previous ebb tide in a process called
reflux. Second, estuarine flow leads to two-layer flow that isolates the lower layer and increases
flushing time. A third approach to estimate flushing based on a two-layer salt balance
(Friebertshauser and Duxbury, 1972) produces flushing times of 28 to 174 days (average annual
of 56 days), longer than those derived from simple tidal volume replacement because of
estuarine circulation.

Babson et al. (2006) report simple Tf; (V/Q) residence times of 19 to 33 days for South Puget
Sound. They used a simple two-layer box model to estimate residence time as the ratio of basin
volumes to estuarine transport flows.

Another approach is following a tracer concentration that accounts for both advective and
dispersive transport. Rearranging the exponential equation for tracer concentration shown
previously, a linear equation can be written as follows:

1
lnC(t) = —F t+lnCO
3

Ttz can be estimated as the slope of a best-fit linear regression drawn through a time series of
observed tracer concentrations. This approach accounts for not just advection, as per the
previous methods, but also dispersion.

We evaluated flushing time by filling portions of South Puget Sound in the model with a
simulated dye tracer and then estimated the time to achieve 37% (1/e) dye remaining at specific
locations. This method is also called the e-folding time. We first evaluated patterns throughout
South Puget Sound by filling the entire region with dye southwest of the Tacoma Narrows and
then the entire region south of the Edmonds open boundary (Figure 64).

The time to reach 1/e (37%) of the initial tracer concentration ranges from 3 to 108 days
depending upon station location within South Puget Sound (Table 10). This residence time
increased, as expected, to 70 to 157 days for the same stations when the whole domain was dyed.
Figure 64 presents the time series of maximum water column tracer concentration at the 13 grid
cells south of Tacoma Narrows for the two regional dye tracer studies. Figure 65 presents the
dye concentration contours at the end of the simulation to illustrate spatial patterns. Longer
flushing times when larger domain is considered is evident from all these figures and tables.

We also evaluated flushing time on an inlet-by-inlet basis. To evaluate inlet-specific flushing
time and spatial variability within smaller regions, we filled each of five small inlets with
simulated dye tracer (Figure 66). The e-folding time for a remote cell in each inlet is also
presented in Figure 66. The remote cell in Oakland Bay and Eld Inlet has the shortest and
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longest e-folding time, respectively, among the 5 inlets. A plan view map of the inlets showing
maximum water column dye concentrations when the remote cell reaches e-folding time are also
presented in Figure 66. Higher concentrations remain at the heads of each of the inlets, where
exchanges with South Puget Sound are lowest. Given the large variation within an inlet, an inlet-
average value must be interpreted carefully.

Because different methods previously used to quantify flushing time produce such highly
variable results (4.7 to 174 days), comparing an absolute flushing time for South Puget Sound is
not appropriate. However, the model confirms that when estuarine circulation is considered,
residence times on the order of several months are reasonable and comparable to the range from
previous salt-balance estimates. Also, tracer concentrations at the Tacoma Narrows will be
strongly affected by the tidal stage at the beginning of the tracer run. Flushing time will vary
seasonally due to changing freshwater contributions that affect net transport and changing tidal
prisms.

Edmonds Edmonds
DES *os D7y *0s
D13m Didw
0§, o1 012 ) D11 D1
Tacoma
y 1o ¢ 010 Tacoma
B nas Marrows o1 Do Marrows
D24 D24
™ ¥
Ba D5 B3 05
D4 i D—t.

Figure 64. Station locations for flushing times and regional extent where initial simulated dye

was added.
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Table 10. e-folding times at various stations with South Sound and domain-wide initial dye.

e-folding time, days
Station
Dye_south of TM| Domain wide dye
D13 3.1 70.4
D12 17.6 70.4
D11 56.4 98.3
D10 24.3 80.2
D3 66.1 93.6
D& B1.B 112.3
D7 107.7 157.1
Do 103.8 153.7
D5 65.2 111.5
D4 100.8 129.6
D3 104.5 145.0
D2 99.1 137.2
D1 93.6 12954
Percent dye remaining (24-hr running Percent dye remaining (24-hr running
average): Initial dye in South Puget average): domain-wide dye release
Sound only
100
100 — D13
a0 =i D1z
— D11
@ 80 5 80 —— D10
£ 70 £ 70 g
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Figure 65. Simulated tracer time-series at different locations (Figure 64) in South Puget Sound.
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Figure 66. Spatial patterns of simulated dye concentration at the end of the model simulation period (Oct 29, 2007) with initial dye
south of Tacoma Narrows (left) and domain wide (right).
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Figure 67. Snapshot of maximum simulated dye concentration at end of e-folding time for remote cell in each inlet.
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Areas Influenced by Marine Point Sources
and Watershed Inflows

We simulated dye releases from all river inflows and wastewater facilities to evaluate areas
influenced by watershed inflows and wastewater treatment plants. Watershed inflows were
added to the surface layer while marine point source discharges were added to the various
trapping layers (see Appendix B).

The model simulated continuous virtual dye releases equivalent to 30 mg/L concentration with
neutral buoyancy beginning July 1, 2006. The model uses time-varying daily river flows and
wastewater facility discharges. Table 11, however, lists the mean September 2006 flows for
watershed inflows >10 cfs and marine point sources > 1 mgd to indicate relative discharge rates.
Figure 68 and Figure 69 identify the discharge locations for the watershed inflows and marine
point sources, respectively.

Table 11. Mean September 2006 discharges for all watershed inflows >10 cfs and marine point
source discharges >1 mgd.

River or Creek FIcE\é\]iSr)ate Treatment plant FI(Z\é\;Sr)ate
Puyallup River 1272 West Point 136
Nisqually River 499 South King 86
Lake Washington watershed 395 Simpson Tacoma (process) 28
Green River 340 Chambers Creek 25
Sinclair/Dyes watershed 112 Tacoma Central 22
Deschutes River 61 LOTT 13
Goldsborough Creek 42 Lakota 7.4
Chambers Creek 32 Bremerton 6.4
Burley Creek 20 Midway 6.0
McAllister Creek 19 Tacoma North 5.6
Mill Creek 18 Central Kitsap 5.2
Sherwood Creek 18 Fort Lewis 4.3
Sequalitchew Creek 17 Miller 3.9
Cranberry Creek 17 Redondo 3.3
Kennedy Creek 14 Salmon 2.8
Curley Creek 14 Port Orchard 2.1
Rocky Creek 14 Shelton 2.1
Skookum Creek 12 Gig Harbor 1.1
Coulter Creek 12

Minter Creek 12

Olalla Creek 11

Hylebos Creek 11
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Figure 68. Locations of watersheds in South and Central Puget Sound (only major watersheds
labeled).
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Figure 69. Marine point source discharges to South and Central Puget Sound.

Page 99



The model simulates virtual tracer concentrations throughout the model domain in four separate
runs, one each for watershed inflows and marine point sources in either South or Central Puget
Sound, distinguished by the Tacoma Narrows. Maximum dye concentrations can occur near the
surface or near the bottom, but results are represented as a water-column maximum value from
any model layer. Also, the marine flow trajectory reverses with the flood- or ebb-tide phase and
varies with the current velocity.

Because tracer concentrations decrease rapidly away from inflows, the figures in this section
summarize model predictions as contours of the minimum dilution factors to illustrate how the
freshwater moves through the marine system. Where predicted concentrations are highest, the
dilution factor is lowest, and the dilution factor incorporates order of magnitude changes in dye
concentration. A dilution factor of 10 means the maximum tracer concentration is 1/10™ or 10%
of the initial inflow tracer and a dilution factor of 100 corresponds to a maximum tracer
concentration of 1/100™ or 1% of the initial value.

We used the Puget Sound box model (Babson et al., 2006; Sackmann, 2009) to evaluate how
long dye released into South or Central Puget Sound would continue to build up to a pseudo-
steady-state condition. Box model simulations indicated that the dye continues to build up for
several months. We selected September 2007 for output comparison to represent a critical
condition for two reasons. First, the model run begins July 1, 2006, and the dye would not reach
pseudo-steady state by the September 2006 critical period. Second, although the buildup reaches
pseudo-steady state in the winter months, this is not a time of year when low dissolved oxygen
levels occur. Therefore, we continued the dye releases through October 2007 and investigated
the levels in September 2007.
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Figure 69 summarizes tracer releases from South Puget Sound watershed inflows. Lowest
dilution levels correspond to the highest predicted tracer concentrations nearest to the inflows.
Maximum concentrations occur near the water surface close to the watershed inflows, but
watershed tracers extend throughout South Puget Sound. At least some tracer exits through
Tacoma Narrows with a dilution level on the order of 100:1, and that water tends to travel north
up Colvos Passage.
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Figure 70. Dilution factors calculated from maximum water-column dye concentrations for
South Puget Sound watershed inflow tracer simulations (September 2007).
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Tracer from South Puget Sound marine point sources also is highest and the dilution levels are
lowest closest to the inflows (Figure 71). Lowest dilution levels, which reflect highest tracer
concentrations, occur in Budd Inlet and Hammersley Inlet/Oakland Bay, where marine point
sources discharge to quiescent waters. Tracers from the Chambers Creek and Fort Lewis
wastewater discharges produce more rapid dilution even though those facilities have higher flow
rates, likely due to the higher water exchanges. Beyond the immediate vicinity of the marine
point sources, maximum concentration and minimum dilution occur within the top several model
layers due in part to the overall shallow water at the discharges and fewer model layers.
Wastewater effluent buoyancy may also contribute.

10000

Dilution ratio
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Figure 71. Dilution factors calculated from maximum water-column dye concentrations for
South Puget Sound marine point source tracer simulations (September 2007).
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Next, virtual tracer was added to watershed inflows discharging to Central Puget Sound (Figure
71). Lowest dilution (highest tracer concentration) occurs in Commencement Bay and Elliott
Bay, where the Puyallup River and Lake Washington watersheds produce high inflow volumes.
On flood tides, at least some Central Puget Sound watershed inflow tracer enters South Puget
Sound. Lowest dilution occurs in the surface waters of Central Puget Sound, and the tracer that
enters South Puget Sound tends to remain in the surface layers with uniform dilution levels.

1000

Dilution ratio

Figure 72. Dilution factors calculated from maximum water-column dye concentrations for
Central Puget Sound watershed inflow tracer simulations (September 2007).
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Marine point source discharges to Central Puget Sound produce the highest concentrations and
lowest dilution nearest the discharges near the population centers of Seattle, Tacoma, and
Bremerton (Figure 73). Nearest the marine point source discharges, maximum concentrations
and minimum dilution occur in deeper model layers, consistent with near-bottom effluent
discharges. However, some dye reaches surface layers within Central Puget Sound. At least
some tracer from the Central Puget Sound marine point source discharges enters South Puget
Sound on flood tides. Dye concentrations produced in South Puget Sound by Central Puget
Sound sources are relatively uniform and reach maximum levels in the lower water column.
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Figure 73. Dilution factors calculated from maximum water-column dye concentrations for
Central Puget Sound marine point source discharge tracer simulations (September 2007).
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The purpose of the tracer simulations was to determine the potential connectivity between
Central Puget Sound nutrient sources and South Puget Sound water quality. Because at least
some of the simulated tracer released from Central Puget Sound watershed inflows and marine
point sources enters South Puget Sound during the critical period for low dissolved oxygen
levels, we cannot rule out the influence of the Central Puget Sound sources.

Given the intricacies of nutrient transport and transformation within the marine environment,
these results do not verify that Central Puget Sound nutrients influence South Puget Sound
dissolved oxygen levels. This question is partly addressed with the detailed water quality model
described in Ahmed et al. (2014). The model evaluates where nutrients from human sources
spur algae growth.
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Conclusions

The South and Central Puget Sound circulation model was calibrated and confirmed using 2006
and 2007 water surface elevations, salinity and temperature data, and current velocities. The
circulation model performs well and provides the basis for the water quality model described in
Ahmed et al. (2014).

Tidal Elevations

Overall, the model-predicted water surface elevations agree well with a RMSE of <16 cm

(<5% of the tidal range) throughout the model domain. Hammersley Inlet/Oakland Bay had an
RMSE of 40 cm (9% of the tidal range), due to subtle shape complexities that could not be
represented well enough by the model grid to describe this fine-scale area. However, the effects
were limited in geographic area, and a separate water quality model is available should it be
needed (Ahmed and Wagner, 2011).

In addition to comparing the water surface elevations, we transformed the predicted elevations
into tidal constituents represented by magnitudes and phases in the frequency domain. The
model captures the magnitude and phasing of the five (01, K1, N2, M2, and S2) major tidal
constituents well. Oakland Bay had the largest errors in the tidal constituents.

Temperature and Salinity

The complex shape and circulation patterns produce highly variable temperature and salinity
patterns in the model domain, particularly in the surface layers that are influenced by both the
meteorological and river boundary conditions. The model reproduces the spatial and temporal
patterns in both the surface and near-bottom layers.

The model replicates salinity and temperature throughout the model domain well, although some
sharp gradients could not be represented. The overall RMSE for temperature was 0.78 °C with a
mean bias of -0.14 °C. However the bias for temperature is not statistically significant because it
lies within 2 standard deviations of zero difference (i.e., at the 95% confidence interval). The
overall RMSE for salinity was 0.75 ppt with a mean bias of -0.32 ppt. Again, within the 95%
confidence interval, the bias is not significant.

Limited boundary condition (temperature and salinity) sensitivity analyses were performed as
part of model calibration. Additional analyses may be performed as needed.

Current Velocities

The model reproduces the cross-sectional averaged instantaneous current velocities recorded at
key transects well, including relative magnitudes and phasing. However, several transect aspects
were very different from model grid cell orientation, and the direction change likely contributed
to differences between the data and model. Bottom-mounted current velocity data confirmed
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that the model predicts the phasing correctly in Carr, Case, and Budd Inlet. Some fine-scale
phenomenon could not be reproduced, such as the east-west variations in Budd Inlet, likely due
to the resolution of the model. However, these do not limit the applicability of the model.

Surface current velocities are predicted well by the model for strong and weak ebb- and flood-
tide conditions, including the relative magnitude and direction, compared with Tide Prints
(McGary and Lincoln, 1977). Known features, such as quiescent waters and fast-moving
passages, are reproduced by the model.

Flushing Times

We applied the model to estimate flushing time for portions of South Puget Sound. Flushing
time varied with location within South Puget Sound and estimates were strongly influenced by
the methods used to calculate it. Flushing time is fastest near the Tacoma Narrows and decreases
with distance away. However, flushing times for individual inlets relative to the rest of South
Puget Sound are shorter.

Simulated Dye Studies

We simulated the circulation of virtual dye released from watershed inflows and marine point
sources within South and Central Puget Sound. Based on predicted dilution levels derived from
water-column maximum dye concentrations, water from these sources exchanges through the
Tacoma Narrows. 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 either,
given the complexity of nutrient transport and transformation within marine environments.
Ahmed et al. (2014) addresses the link between sources throughout South and Central Puget
Sound and water quality responses.
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Recommendations

While not necessary for the current effort, we recommend that future detailed model applications
in other regions of Puget Sound consider the following:

e Continuous monitoring for temperature and salinity profiles at the model boundary would
eliminate any questions of short-term phenomena such as upwelling that could affect water
masses entering the model domain. Future Puget Sound-wide networks should consider
potential model boundaries in the sampling design.

e Verifying water surface elevations against measured data that include the effect of wind is
very useful. In future modeling where no nearby station provides in-situ data, short-term
installations of pressure transducers in key locations could verify that wind is parameterized
appropriately.

e Particularly in systems where wind plays a strong role, such as Hood Canal, a more extensive
network of meteorological stations would be helpful. Our initial study design included the
installation of meteorological stations to record wind and other variables near the marine
waters. However, the data were not of sufficient quality to use, and we relied on National
Weather Service stations in South and Central Puget Sound to drive the model.

e Complex local mixing processes around Tacoma Narrows and Hope Island may be improved
by site-specific studies. We considered using a finer grid cell in these areas. However, given
the long computer runtime, a more detailed model grid would produce runtimes that would
not be suitable to water quality scenario simulations.

Next Steps

Ahmed et al. (2014) describe the accompanying water quality model development. We
estimated dissolved oxygen impacts with water quality model, and we identified areas with the
greatest declines in oxygen due to human sources. However, we recommend further water
quality model development, focused on sediment-water exchanges.
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Appendix A. Procedure for establishing model grid
bathymetry

1. Depths for each model grid cell were determined by sampling the Finlayson (2005)
digital elevation model. While preserving the vertical NAVD88 referenced depths, the
horizontal projection of the data set (psdem05.lyr ) was converted from
NAD_1983 HARN_WA stateplane_south-ft to NAD-1927 UTM_zonelON_m using
GI1S9.2 as follows:

Use “Project Raster” tool from ArcToolbox\Data Management Tools\Projections and
Transformations\Raster and input all the required fields as shown below:

~ Project =

Input raster
[psdemos

14

GG

Input coordinate system (optonal)
I MNAD_13983_HARN_Lambert_Conformal_Conic

Output raster
[ = \Anise \SouthSound\SPS_MAD27 \psdem05_MNAD 27

Output coordinate system
INAD71 927_UTM_Zone_10M

Geographic Transformation {optional)

MAD_1882_To_HARMN_WA_OR
MAD_1327_To_MNAD_1983_NADCOM

Resampling technique {optional)
INEAF!ESTI

Output cell size (optional)
[ = 14401s

[ e[+ lx]e

- .
X Coordinate Y Coordinate

< ILIZI

oK | Cancel |  Envienmerts... | Shew Hele == |

2. Close GIS9.2. You do not need to save anything, since the new psdem05_NAD27 is
already saved.

3. Restart GIS9.2 and add psdem05_NAD?27. Build the pyramids when you display the file.
4. Turn on the extensions “Spatial Analyst.”

5. Add southpugetsound3_shoreline.shp (= waterbody shape file, NAD-
1927 _UTM_zonelON_m). Use it to clip psdem05_NAD?27 using the tool “Extract by
Mask” in ArcToolBox\Spatial Analyst Tools\Extraction\Extract by Mask. The new file is
psdemextract.
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_inix]

-
Input raster
IpsdemDS_nadZ? Ll ﬁl
Input raster or feature mask data
I';ouﬂwpugemounﬂ_shoreline ;I ﬁl
COutput raster
Ix:'n,-!nise'n,Souﬂ’.Sound'n,SPS_I\lAD2?\,ExtractJ:sde1 D”'l =
-
4| |
QK | Cancel | Environments. .. | Show Help »» |

6. Also convert the g3g file (Edmonds_g3g.shp = South Puget Sound grid shape file,
NAD-1927 _UTM_zonelON_m) to grid centroids using: XTools Pro/Feature
Conversions/shapes to centroids. The file is named grid_center. Export the data as a dbf
file: grid_centroids.dbf.

7. Bring the DEM file psdemextract into ArcView 3.3 and the g3g-grid, using the extension
surface_areas. Include the extension "surface areas from elevation grids" and spatial
analyst, and click the "grid statistics by polygon™ icon (the sigma symbol). Highlight the
columns as shown below. This will create a table with statistics (including max depth)
for each grid cell. The file is named Gid_Maxdepth. This table should be exported as a
dbf file and saved as grid_maxdepth .dbf.

Grid Statistics for Polygons:

Pleaze select Fleaze select Pleasze select
- GRID Theme - -POLYGOM Theme - - Polwgaon [0 FIELD -

Spzedmondz2Btm

Longitude
Latitude j

[v i Generate Stahstics with basic ZonalStats [ able request [quickest - zee 'Help'];

[T Generate Statistics with modified ZonalStatsT able request [zee 'Help']
[~ Calculate statistics for polygons with MO DATA values?
Help | Cancel | ] |

8. Bring both the centroid dbf as well as grid_maxdepth dbfs into Excel and add the
minimum depth (i.e., max value) to the centroid tab. Save as Excel.xls (1997) version.
Using Arc Catalogue in GIS 9.3, convert the xIs file to a dbf file. Add the dbf file as an
xy file. Save it as a shape file. This is the new bathymetry file with the centroid of grid
cells associated with the maximum depth in the cell.

9. Bring this into GEMSS when creating a new bathymetry file.
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Creating smoothed grid depths in GEMSS:
In GEMSS load the waterbody shape file: southpugetsound3_shoreline.shp.

Load the depth shape file.

Load GridGen from Tools Menu.

Load the grid file.

o M W P

Click Scan depth and select the appropriate file and depth attribute.

W Bathymetry Wizard

Datal Scannmgl Wertical Layenngl

Available Attributes Preview:
Attribute Function

southpugets| AREA PERIMETEN SOUND__|SOUF | Y1=aY+h Apply_|
edmends_ce 1D ORIG_THEN|%_COORD |v_C0

a=10 bh=00
4 _,I Scannig Interval; |1 ﬂ Apply

Selected Attributes:

edmonds_centroids utm_nad27 // DEF

Attribute Source: Attributes:

=

soLthpugetzound3 sk

i
Statistic:s |

Cloge |

Help | Lot | EditDepthl < Back | Mext > |

6. Click next and do not select the bathymetry smoothing box.

‘_.Bathymetry Wizard [ x]

Data  Scanning | Wertical Layering I

r Scan Setting:
¥ Sean GIS Files

¥ Scan Entirs Area
Interpolation kMethod: INealest Meighbor 'I

" Scan Selected Al
can selesiedAles ¥ Interpolate Missing Cell Depth

Select Delselect ¥ 4 Meighbaring Cells i 8 Neighboring Cells

I~ Bathpmetry Smoothening

Fizuel firea | Cell Weighting Factar: ng

1 of Smootheing Cycles: 1 ﬁ

i et e Ve | [~ Display Depth Data Lacation

Help | Sbart | Edit Depth | < Back | Start Scan | Cloze |

— Scanning &rea

7. Click “Reset Scanned Values” (this will clear old depth values) and then click

“Start Scan.”
8. Proceed with non-uniform vertical layering as per L1-Scheme.
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EiBathymetry Wizard

Datal Scanning  Wertical Layeringl

System Layering Elevation Scanned Elevation—
 UnibmBitiuien @ Ikl |7Mini [26332 —HMin: [5233
& Non-Uniform Distribution  MoneTidal : :
} Max: |10 Max: [786
Tidal R ange:
——
Mor-Unifarm distribution
I‘:;ieg%‘& S Reqion # 11 | Fegion # 2 [ Region # 3 |Region # 4 | Regio
Usge Layer Ending Layer 1 2 3 4
F Apprasimation | Lawer Thickness 4 5 g 7
K| i
|
Hep | cbor | EdiDentn | <Back | Firish Close
Table 1. Layering with L1-Scheme.
Layer Thickness, Upper Lower
m depth, m depth, m
1 4 10 6
2 5 6 1
3 6 1 -5
4 7 -5 -12
5 8 -12 -20
6 9 -20 -29
7 10 -29 -39
8 12 -39 -51
9 14 -51 -65
10 16 -65 -81
11 18 -81 -99
12 20 -99 -119
13 25 -119 -144
14 25 -144 -169
15 25 -169 -194
16 25 -194 -219
17 25 -219 -244

9. Click “yes” to bathymetric smoothing to avoid “holes.”

10. Manually set the last three rows of cells at open boundary to the same depth along the
thalweg with a value equal to the average of the last three cells.

11. In addition, the areas of Oakland Bay/Hammersley Inlet, Budd Inlet, and Tacoma
Narrows were deepened to match actual bathymetry and to improve calibration of water
surface elevations. The total volume of the model grid (nominal size 500m x 500m) was
within 4% of the volume estimated using Finlayson’s bathymetry depths (9m x 9m gird)
as available in Ecology’s GIS database psdemO5.
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Appendix B. Estimating time varying trapping levels for
point source discharges

Freshwater point sources to marine waters in Central and South Puget Sound include municipal
wastewater treatment plants (WWTP) and industrial discharges. These are typically discharged
below the water surface. Since the density of freshwater is less than the saline marine waters, it
rises and either reaches the surface or gets trapped at depth where density differences are low or
zero. In either case, different flows from the point sources would exist in the different vertical
grid layers depending upon the diameter of the trapped plume. For any given point source, the
fraction of plume flow in a layer would be equal to the ratio of the layer depth (where part of the
plume is trapped) to the plume diameter times the total flow.

To estimate the plume trapping level (whether surface or below), EPA’s mixing zone model
Visual Plumes (www.epa.gov/ceampubl/swater/vplume/) was used. The model requires outfall
characteristics, effluent flow, temperature, ambient current velocity, ambient temperature, and
ambient salinity.

The monthly average flows for each of the point sources were obtained from Ecology’s database.
Effluent temperature data specific to each individual WWTP were not available so the monthly
temperature data from the Chambers Creek WWTP was applied to all the municipal WWTP
discharges except for the Tacoma Central WWTP, which had temperature data available. Outfall
information such as location, diffuser and port configuration, and depth were obtained from
engineering reports, plan drawings, or NPDES permit fact sheets.

Ambient data (salinity, temperature, and depth) for the specific month and year were obtained
from the Puget Sound Regional Synthesis Model (PRISM) cruises, or from Ecology’s EAP
routine ambient monitoring. Fiftieth percentile ambient current velocities were obtained from
mixing studies for the individual outfalls. The 50" percentile ambient current velocities are
typically used (www.ecy.wa.gov/programs/eap/mixzone/mixzone.html) to estimate a steady state
dilution factor at the edge of designated mixing zone (in the order of 250 feet or more from the
diffuser depending upon the depth of diffuser). The discharge plume typically traps within this
zone (nearfield mixing), beyond which the plume spreads due to farfield dispersion
(predominantly horizontal) and there is no significant vertical movement within short distances.
The model grid dimension is much larger than the size of the nearfield mixing zone. As such the
discharge trapping levels within the nearfield mixing is used for the grid cell containing the
diffuser.

The output from the Visual Plume model shows the elevation of the plume center from the sea
floor, the plume diameter and whether the top of the plume reached surface or not. West Point
and South King WWTPs were evaluated by Bruce Nairn of King County. Ecology’s Southwest
Region (SWRO) conducted the mixing zone analysis for the rest of the WWTPs and Industrial
discharges. Table B-1 provides this information for each of the WWTPs and Industrial point
sources. Similar information was provided by King County for West Point and South King
County WWTPs (Bruce Nairn, 2009).

The next step is to convert the diffuser depth (MLLW), diffuser height from bottom, plume
center elevations from bottom into NAVD88 vertical datum reference and bringing the diffuser
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into the model grid domain. Knowing the plume diameter, plume center location above bottom
and the grid bottom elevation in NAVD88, the location of the bottom and top of the plume can
be calculated in terms of NAVD88. These elevations are then compared with the grid layer
elevations to determine in which layer the bottom and top of the plume resides (see Figure B-1).
This may be different for different months of the year depending upon whether the trapping
levels are different or not. Once this is established, the fraction of flow in a layer is equal to the
depth of plume within a layer divided by the plume diameter.

The top and bottom layers would be partially full whereas the intermediate layers would be
completely filled by the effluent. Once the fraction of flow in the layers where effluent is
trapped is established for a given monthly average flow, daily flows within a given month are
parsed according to the fractions in the respective layers. This generates a time-series of flow for
each of the layers where the effluent is trapped.

Table B-1. Elevations of plume centerline and size of the plume at the trapping level
(August 2006 — July 2007).

CE_ | = | 5| 5|2 & || 2| & & |E|ZE| 3
WWTP EFL = E E] '-E - E
= o - = = 2 o . .
Bl ﬁ T Ig E Plume center elevation with respect to ses floor, meters
center 32.9 29.8 449 37 38 34.4 433 429 347 38.3 33 41.8
Midway 47.6 0.5 dia 43.3 45.3 22.4 45.4 46.3 43.9 30.7 33.5 45.2 35.2 442 31.3
top surface | surface | surface | surface | surface | surface | surface | surface | surface | surface | surface | surface
center 28 311 5E.3 44 44.2 30 53.8 35.2 347 43.1 33.6 33.5
Miller ED.5 0.4 dia 10.1 11.8 21.8 16.1 17.2 10.5 32.2 12.3 13.3 1€.5 13 11.5
top trap trap | surface | trap trap trap trap trap trap trap trap trap
Salman center 15.6 54.9 27.6 25.2 24.8 3z.4 3%.6 30.6 25.5 38.5 20 29.6
Creek 58.7 0.6 dia 1e.3 37.8 21 288 27.6 32 4g.4 29.7 24.3 33.4 15.8 21.4
top trap [ surface | trap trap trap trap trap trap trap trap trap trap
center 14 14.3 14.6 14.3 14.8 1486 1486 11.2 13 13.5 11.2 10.4
Redondo 143 0.8 dia 6.2 5.9 49 5.2 5.1 5.1 5.5 4.2 5.2 5.4 45 41
top trap trap surface trap surface | surface | surface | trap trap trap trap trap
center 30.7 32.5 33.3 32.2 23.7 3.9 33.7 311 30.7 33.1 32.4 28.8
Lakota 56.1 0.3 dia 15.5 16.4 17.3 16.4 17.8 17.4 17.5 15.8 15.5 17.3 22 15.1
top trap trap trap trap trap trap trap trap trap trap trap trap
Tacoma center 37.4 37.7 a7 315 37.6 246 37.2 302 37.5 38.1 37.3 37.6
Central 351 31 dia 1e.9 14.8 14.8 9.4 12.2 2.1 13.2 9.1 14.5 13 1e.1 14.3
top surface | surface | surface trap surface trap surface | trap surface | surface | surface | surface
center 12.7 13.2 13.1 10.2 10.6 10.6 10.8 10.1 10.9 11.3 11 11
Simpson 15.5 17 dia 7.2 1.6 2 & £.2 7.8 E.7 E.32 6.2 6.1 6.1 &
top trap trap trap trap trap trap trap trap trap trap trap trap
Tacoma center 35.5 37.4 36.7 23.4 36.6 27.8 36.5 33.5 36.5 37.5 36.8 37.2
North End 381 1 dia 5.6 20.9 21.4 38.1 215 318 27.7 28.8 25.5 19.9 23.5 211
top surface | surface | surface trap surface trap surface | trap surface | surface | surface | surface
center 315 21.3 30.7 30.5 30.7 28.3 30.2 28.6 31.2 30.9 29.9 30.2
Chambers
Creek 311 24 dia 1.4 22.8 23.2 21.3 iz 18.5 20.7 19.7 218 23.8 25 25.6
top surface | surface | surface | surface trap trap surface | trap surface | surface | surface | surface
center 18.2 12.8 18.3 18.5 1z 18.6 1.2 15.2 bE:3 18.5 12.8 15.1
Fort Lewiz 20.7 0.6 dia 11.8 12.3 11.2 13.3 13.3 16 14.3 113 13.3 12.1 117 117
top surface | surface | surface | surface | surface | surface | surface | trap trap trap trap surface
center 5.2 5.2 5.2 3.2 3.2 3 3.8 3.3 41 45 46 45
Shelton 5.8 0.3 dia 10.4 10.4 10.3 14.6 14.1 15.4 11.4 11.7 10.4 101 95 9.9
top surface | surface | surface | surface trap trap trap trap trap trap trap surface
Central center 12.2 12 12.4 12.2 10.2 12.2 118 12.2 12 12.4 11.8 12.1
Kitsap 12.5 13 dia 26 3.4 2.4 9.9 9.5 = 5.5 5.6 28 37 96 3.8
top surface | surface | surface | surface trap surface | surface | surface | surface | surface | surface | surface
Port center 15.5 15.7 15.8 15.6 15.8 15.8 15.6 15.7 15.8 15.5 156 15.6
Orchard 148 11 dia 4.4 43 42 5.2 5.2 5 4.4 47 45 45 44 45
top surface | surface | surface | surface | surface | surface | surface | surface | surface | surface | surface | surface
center 2.1 9.1 89 5 ) 8.9 85 9 9 2858 288 9
Bremerton 2.4 0.8 dia 36 36 35 6.7 6.2 3.5 3.5 3.7 3.8 36 37 36
top surface | surface | surface | surface | surface | surface | surface | surface | surface | surface | surface | surface
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Figure B-1. Marine point source trapped within the water column.

Page 121



Appendix C. Hydrodynamic and meteorological rates and constants

Parameter Description Value Parameter Description Value
Hydrodynamics/Transport Meteorology
Coriclis Force Terms Reference Latitude (degrees) 47.5 Input Data Type for Metecrology 2 : Time Warying Data
Narth_08_07_15min_wCor
Wind Stress Coefficient |Method Wu (1922) TVD Input File Name for Meteorology rolar.met
Shelton_06_07_1Smin_wC
orr3olar.met
Time Varying Input Data Interpolation 1 : Linear Interpolaticn
Method Che
= Scheme for M Between Time t1 and t2
Bottem Friction Chezy Coefficient Constant ta_v|Air Temperature (*C} 0 : From TVD File
Limiting Chezy Selector 0 td_wv|Dew Point Temperature (*C}) 0 : From TWD File
Czo = (units m*1/2/sec) 40 (20 for shallow inlets) cc_v|Cloud Coverage (tenths) 0 : From TVD File
Scheme Quickest with Utimate sp_v|Atmospheric Pressue (mm Hg) 0 : From TVD File
Transport Modeling Advection Theta in Z-Direction 0 phi_v|¥Wind Direction (degrees) 0 : From TWD File
Scheme Diffusion Theta in Z-Direction 0 wa_v|Wind Speed (m/s) 0 : From TVD File
HOTS Initiation Time Period (days) 1 rs_v|Solar Radiation {w/m"2) 0 : From TVD File
Wi i i
Wetting and Drying of  [VWetting Limiting Thickness Factor 0.2 WEC_Y Wind Sheftering Coefficient 1
L (constant)
ayers
¥ Drying Limiting Thickness Factor 0.2 sd_v|Secchi Depth (m) 0 : From TVD File
Density Density Fuction Gill (1582) rh_v|Relative Humidity (%) 0 : From TVD File
“ertical Momentum Scheme 1-Equation ishe|Surface Heat Exchange Method 2 Term by Term
Dispersion Mixing Length Von Karman KEMethod|Compute K & E in the Model 0
N ) Surface Heat Exchange Coefficient
X-Direction Smagorins cshe_ v 30
gorinsky | (wimzie
AxXp = 0.1 te_v|Equilibrium Temperature ("C) 21
n(x) = PAR Fraction of Solar Radiation in the 0.43
Momentum Dispersion Range of 400 to 700 nm
Coef. (m"2/sec) v_Direction Smagorinsky Albedo Fraction of Selar Radiation Reflected 007
from the Water Surface
Ayo = 0.1 iwsf|Wind Speed Function 1: Brady
. Wethod to Compute Fraction of Solar . )
niy) = BetaMethod Energy Absorbed at Sfc 1. Linear Relation
X_Direction Prandtl Beta Fraction of Selar Energy Absorbed at 0.43
Transport Diffusion the Surface
Coef. (m"2/sec) v -Direction Prandtl Gamma_A |Light Attenuation Parameter a 1.2
Prandtl Number 10 Gamma_B |Light Attenuation Parameter b 08
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Appendix D. Excerpts from Tide Prints for strong and weak
ebb and flood conditions (McGary and Lincoln, 1977)

Figure D-1. Tide prints for maximum ebb and flood conditions in South Puget Sound.
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Figure D-2. Tide prints for weak ebb and flood conditions in South Puget Sound.
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Figure D-3. Tide prints for strong (top) and weak (bottom) ebb and flood conditions in
Central Puget Sound.
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Appendix E. Glossary, Acronyms, and Abbreviations

Glossary

Acoustic Doppler Current Profiler (ADCP): A device that measures three-dimensional water
velocity as a function of depth from near-bottom to near-surface.

Advection: The transfer of a property such as heat, cold, or salinity, by the horizontal
movement of fluid.

Bathymetry: Measure of underwater depth of a waterbodly.

Boundary conditions: External inputs to a model, or a set of mathematical conditions to be
satisfied along the edges or physical boundaries of the region in which the solution is sought.

Calibration period: In this study, the calibration period is between July 2006 and October 2007
Constituent: In this study constituents are temperature and salinity

Critical period: In this study, the critical period is late summer early fall period.

Curvilinear grid: A uniform model grid composed of shoreline fitting trapezoidal elements.
Diel: Of, or pertaining to, a 24-hour period.

Dissolved oxygen (DO): The amount of oxygen gas (O,) dissolved in a volume of water
(e.g., mg/l).

Domain: the spatial extent of the model grid

e-folding time: The time required for a simulated dye tracer to decrease to 37% (1/e) dye of the
original concentration at a specific location.

Estuarine flow: Water circulation that results from the combined effect of tides and density
differences causing net transport seaward at the surface and landward at depth. When the flow
pattern is reversed (e.g., landward at the surface) it is said to be inverse.

Forcing: Information used as input to models.

Initial conditions: The starting values for the model at all depths and locations for all state
variables (e.g., temperature, salinity, velocity).

Mean Lower Low Water (MLLW): The mean of only the lower low tides (does not include
the higher low tides).

Model: In this report model is the South and Central Puget Sound hydrodynamic model which
is based on Generalized Environmental Model for Surfacewater Systems (GEMSS)

Morphology: Shape (e.g., channel morphology).
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Nonpoint source: Pollution that enters any waters from any dispersed activities including
atmospheric deposition, surface water runoff from agricultural lands, urban areas, forest lands,
subsurface or underground sources, or discharges from boats or vessels not otherwise regulated
under the National Pollutant Discharge Elimination System Program. Generally, any unconfined
and diffuse source of contamination. Legally, any source of water pollution that does not meet
the legal definition of “point source” in Section 502(14) of the Clean Water Act.

Nutrient: Substance such as carbon, nitrogen, and phosphorus used by organisms to live and
grow. Too many nutrients in the water can promote algal blooms and rob the water of oxygen
vital to aquatic organisms.

Parameter: Water quality constituent being measured (analyte). A physical, chemical, or
biological property whose values determine environmental characteristics or behavior.

Point Source: Sources of pollution that discharges at a specific location from pipes, outfalls,
and conveyance channels to surface water. Examples of point sources include municipal
wastewater treatment plants, municipal stormwater systems, industrial waste treatment facilities,
and construction sites that clear more than 5 acres of land.

Pycnocline: Depth at which the maximum change in density occurs.

Reflux: The amount of outflow from an area that returns when the tide changes. Reflux
increases the flushing time of an estuary.

Residence time: The average time it takes for a substance (salinity, water) to move through a
known volume.

Root mean square error (RMSE): The square-root of the sum of the squared differences
between the observed data and model results divided by the sample size.

Spatial: How concentrations differ among various parts of the river.
Temporal trends: Characterize trends over time.

Thalweg: The deepest along-channel path down an estuary.

Tidal amplitude: The height of the sea surface.

Tidal phase: The time variability of the sea surface. Phase is generally represented as 0 to 360°
or 0 to 2IT radians.

Total Maximum Daily Load (TMDL): A TMDL is a value of the maximum amount of a
pollutant that a body of water can receive while still meeting water quality standards;
alternatively TMDL is an allocation of that pollutant deemed acceptable to the subject receiving
waters.

Watershed: A drainage area or basin in which all land and water areas drain or flow toward a
central collector such as a stream, river, or lake at a lower elevation.

Water surface elevation: Elevation of the water surface as measured from the North American
Vertical Datum (NAVDS88).
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Acronyms and Abbreviations

ADCP (See Glossary above)

Ecology Washington State Department of Ecology

EPA U.S. Environmental Protection Agency

ERM Environmental Resources Management

GEMSS Generalized Environmental Modeling System for Surface Waters
GIS Geographical Information System

K1 Luni-solar declinational diurnal tidal constituent
M2 Principal lunar semidiurnal tidal constituent
MLLW Mean lower low water

N2 Larger lunar elliptic semidiurnal tidal constituent
NAVD88 North American Vertical Datum of 1988

NOAA National Oceanic and Atmospheric Administration
NOS National Ocean Survey

o1 Lunar declinational diurnal tidal constituent
ORCA Oceanic Remote Chemical-optical Analyzer (monitoring buoy)
POM Princeton Ocean Model

PRISM Puget Sound Regional Synthesis Model

PSTides Puget Sound Tide Model

RMSE (See Glossary above)

S2 Principal solar semidiurnal tidal constituent

USGS U.S. Geological Survey

UTM Universal Trans-Mercator

S Versus

WRIA Water Resource Inventory Area

WWTP Wastewater treatment plant

Units of Measurement

°C degrees centigrade

cfs cubic feet per second

cm centimeter

cms cubic meters per second, a unit of flow (also here as cm/sec in Figures 61 & 62)
ft feet

hrs hours

Hz Hertz

km kilometer, a unit of length equal to 1,000 meters
m meter

m? meters squared

m®/s cubic meters per second
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mgd
mg/L
mm
m/s

ppt

million gallons per day

milligrams per liter (parts per million)

millimeter
meters per second
practical salinity units
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