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ABSTRACT 13 

This paper presents a modeling assessment of storm surge in the Salish Sea—a large and 14 

complex estuarine system in the Pacific Northwest that is exposed to extratropical cyclones. 15 

A method was developed to systematically identify storm surge events in the Salish Sea 16 

based on water level records at four representative tidal gauges in the Salish Sea. The 17 

maximum storm surge distribution in the Salish Sea was calculated based on model 18 

simulations of 34 major historical storm events from 1980 to 2016. The model simulations 19 

were validated by field observations of water level and velocity using a suite of model 20 

performance metrics. Model results suggest that the maximum storm surge in the Salish Sea 21 

is generally in the range of 0.8 m to 1.03 m and is heterogeneous in space. The model results 22 

also show a strong north-south gradient with larger surge magnitudes occurring in the north 23 

that is primarily caused by the southerly wind in winter months. The sensitivity analysis with 24 

wind forcing suggested that storm surge in the Salish Sea is dominated by the remote surge 25 

from the Pacific Ocean, and the local wind contributes up to approximately 20% of the surge 26 

variability. This paper systematically elucidates storm surge characteristics and potential risk 27 

in the Salish Sea. 28 

29 

30 

31 

Keywords: storm surge; Salish Sea; modeling; windstorm; assessment 32 

33 

© 2019 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0272771419304925
Manuscript_1e45945cb84a644821c603d7c18db746

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0272771419304925


 

 

2 

 

1. Introduction 34 

 35 

Storm surge is one of the most dangerous natural threats to many coastal regions around 36 

the world (Hauer et al. 2016; Mousavi et al. 2011; Nicholls and Cazenave 2010; Soontiens et 37 

al. 2016; Tebaldi et al. 2012). The Pacific Northwest (PNW) coast of North America is 38 

subject to the threat of storm surge and coastal inundation induced by extratropical cyclones, 39 

which cause severe weather conditions such as high winds and heavy rainfalls 40 

(Abeysirigunawardena et al. 2009, Cheng et al. 2015, Eichler and Higgins 2006, Martin et al. 41 

2001, Steenburgh and Mass 1996). The Salish Sea, located on the PNW coast, is one of the 42 

largest inland seas in the world, and it has complex sub-basins and interconnected waterways 43 

(Figure 1). Although the inland waterways of the Salish Sea are partially shielded from the 44 

direct attack of Pacific Ocean storms by Vancouver Island and the Olympic Peninsula, storm 45 

surge induced by the combination of PNW windstorms and localized wind effects often leads 46 

to increased water levels and coastal inundation in the Salish Sea (Thomson et al. 2009). 47 

Coastal communities in the Salish Sea are frequently flooded because of the combination 48 

of high tides and storm surge caused by extreme weather events. Concerns about the more 49 

frequent occurrence of extreme sea levels and associated risks contributed by windstorms and 50 

waves in the Salish Sea have been increasing. To date, however, little information about 51 

storm surge in Puget Sound at fine spatial scales is available to coastal managers and planners 52 

for use in preparing shoreline protection plans and developing flood mitigation strategies. 53 

Few studies have been devoted to systematically understanding the spatial distribution of 54 

storm surge, waves, and sea level rise under extreme weather events in the Salish Sea 55 

(Abeysirigunawardena et al. 2011, Bromirski et al. 2017, Miller et al. 2018, Soontiens et al. 56 

2016, Yang et al. 2015). Therefore, there is a strong need to accurately quantify the maximum 57 

storm surge using high-resolution coastal ocean models and to assess the potential risk of 58 

extreme sea level rise in the Salish Sea, especially in the sub-basins where nonlinear 59 
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responses could amplify storm surge magnitudes (Arns et al. 2017, Bilskie et al. 2016, Miller 60 

et al. 2018, Rego and Li 2010, Wang and Yang 2019, Yang et al. 2016, Yang et al. 2014b, 61 

Zhang et al. 2017).   62 

However, accurately simulating storm surge in the Salish Sea poses a challenge for 63 

several reasons. First, the large tidal ranges in the Salish Sea, which can exceed 3 m, present a 64 

signal-to-noise ratio problem for quantifying the storm surge magnitudes, which are often less 65 

than 1 m. Second, having an accurate wind field with high spatiotemporal resolution is 66 

critical for storm surge model validation and predictions. Unlike the U.S. East Coast and Gulf 67 

of Mexico regions, for which high-quality reanalysis hurricane wind fields are produced by 68 

the National Oceanic and Atmospheric Administration’s (NOAA’s) Hurricane Research 69 

Division, no similar wind products are produced for windstorm events on the West Coast. 70 

Finally, unlike tropical cyclones and hurricanes, which are tracked by name, extratropical 71 

cyclones in the Pacific Ocean are not typically tracked by name, which makes it relatively 72 

difficult to identify storm events to simulate and evaluate the induced storm surge level on the 73 

West Coast.  74 

This paper presents the first modeling study conducted to systematically simulate and 75 

assess the potential maximum storm surge levels in the Salish Sea at the sub-basin scale using 76 

a validated hydrodynamic model. A brief description of the study site, modeling framework, 77 

and approach is provided in Section 2. Model validation results for water levels and currents 78 

are presented in Section 3, followed by Section 4, in which the spatial variability of storm 79 

surge in the Salish Sea, especially in Puget Sound sub-basins, and the effects of wind forcing 80 

are presented. Conclusions of the study and future research needs are discussed in Section 5.   81 

 82 

2. Methods  83 

2.1. Study Site  84 
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 85 

The Salish Sea is a large, complex estuarine system with a large network of 86 

interconnected waterways on the PNW coast (Figure 1), which includes major waterbodies 87 

such as the Strait of Juan de Fuca (SJDF) in the west, Strait of Georgia in the north, and Puget 88 

Sound in the south. Puget Sound can be divided into four deep basins connected by shallower 89 

sills: Hood Canal, Whidbey Basin, South Sound, and the Main Basin, which is subdivided 90 

into Admiralty Inlet and the Central Basin. The tides in the Salish Sea are classified as a 91 

mixed semi-diurnal meso-tidal regime in which tidal ranges are amplified when propagating 92 

into the system from the northeast (NE) Pacific Ocean. The hydrodynamics in the Salish Sea 93 

are dominated by strong tidal currents and density-driven two-layer circulation (Babson et al. 94 

2006, Khangaonkar et al. 2017, Lavelle et al. 1991, Sutherland et al. 2011, Yang and Wang 95 

2013a, Yang and Khangaonkar 2010). 96 

Water levels in the Salish Sea are monitored by a network of tidal stations operated by 97 

NOAA and Fisheries and Oceans, Canada. In 2015, NOAA conducted a comprehensive 98 

current survey at a number of locations in the Main Basin of Puget Sound using acoustic 99 

Doppler current profilers (ADCPs). Figure 1 shows representative real-time tidal gauges 100 

inside the Salish Sea and four representative ADCP stations in the Main Basin of Puget 101 

Sound. The tide gauge data and ADCP data were used for specification of model boundary 102 

conditions and validation of the storm surge simulations in the Salish Sea. 103 
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 104 

Figure 1. Study site – the Salish Sea located on the Pacific Northwest Coast, which includes 105 

major water bodies of the SJDF, Strait of Georgia, and Puget Sound. The solid circles and 106 

triangles in the map respectively indicate the water level and ADCP survey stations used in 107 

this study. The red lines indicate the two open boundaries located near Neah Bay and 108 

Campbell River for the storm surge model. 109 

 110 

2.2. Storm Surge Model  111 
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 112 

The storm surge model used for this study was based on the unstructured-grid, Finite-113 

Volume Coastal Community Model (FVCOM) (Chen et al. 2003). FVCOM is a general-114 

purpose hydrodynamic and circulation model that has been used extensively for modeling 115 

storm surge in many coastal regions worldwide (Chen et al. 2014, Li et al. 2011, Sun et al. 116 

2013, Wang and Yang 2019, Yang et al. 2015, Zhao et al. 2010). The unstructured, flexible 117 

grid framework allows FVCOM to robustly simulate fine-scale hydrodynamic processes for 118 

complex coastal domains such as the Salish Sea. 119 

The storm surge model configuration was leveraged from previous modeling work in the 120 

Salish Sea (Wang and Yang 2017, Yang et al. 2012, Yang and Khangaonkar 2010, Yang and 121 

Wang 2013b, Yang et al. 2014a). Figure 2a shows the model grid coverage and associated 122 

bathymetric features; e.g., the deep channels in the SDJF, Strait of Georgia, and Puget Sound 123 

Main Basin, shallow sills near Admiralty Inlet and the entrance of Hood Canal, and shallower 124 

sub-basins such as Bellingham Bay, Whidbey Basin, and South Sound. The model domain 125 

consists of approximately 120,000 nodes and 215,000 triangular elements in the horizontal 126 

plane. The grid resolution varies from ~8 km along the open boundaries to an average of 127 

200 m in the sub-basins of Puget Sound. Examples of detailed model grids in the Dyes and 128 

Sinclair Inlets and South Sound are shown in Figure 2b, c. 129 

 130 
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 131 

Figure 2. (a) The Salish Sea model domain and bathymetry; zoom-in model grids for (b) the 132 

Sinclair Inlet and Dyes Inlets; and (c) the multiple interconnected inlets and bays in the South 133 

Sound. 134 

 135 

The Salish Sea storm surge model domain has two open boundaries—the eastern 136 

boundary at the entrance of SJDF and the northern boundary at the north end of the Strait of 137 

Georgia (Fig. 1). This configuration allows the model to be directly forced with observed 138 

water level data at the Neah Bay, WA, tidal gauge along the eastern open boundary and at the 139 

Campbell River, BC, tidal gauge along the northern boundary. Both tidal gauges have real-140 

time water level observations and archived historical records. Previous studies have 141 

suggested that the storm surge inside an estuary or coastal bay is typically determined by the 142 

combination of a remote component that propagates into the system through the open 143 

boundaries and a local component generated by meteorological forcing (Liu et al. 2018, 144 
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Morey et al. 2006, Zhong et al. 2010). Therefore, by directly forcing the Salish Sea storm 145 

surge model with observed water level time series at the open boundaries, the contribution 146 

from the remote surge can be accurately captured. 147 

Meteorological forcing, especially the wind and atmospheric pressure field, is responsible 148 

for producing local surge during storm events. In this study, the Climate Forecast System 149 

Reanalysis (CFSR) wind and atmospheric pressure field (Saha et al. 2010) of NOAA’s 150 

National Centers for Environmental Prediction was used to drive the local component of the 151 

storm surge model. The CFSR wind has a spatial resolution of 0.5 degree and an hourly 152 

temporal resolution. While this spatial resolution is relatively coarse compared to the size of 153 

the storm surge model domain, the CFSR data set is still one of the best publicly available 154 

meteorological products when considering its temporal resolution (hourly) and duration 155 

(1979–present) (Wang et al. 2018). To drive the storm surge model, each time-step of the 156 

CFSR wind and atmospheric pressure were interpolated to each grid element and node, 157 

respectively. 158 

 159 

2.3.Historical Storm Surge Events  160 

 161 

To properly assess the maximum storm surge distribution in the Salish Sea, a sufficiently 162 

large number of simulations should be conducted based on a number of top-ranked storm 163 

surge events. However, as described in the introduction, one of the challenges for storm surge 164 

modeling in the Salish Sea is identifying storm surge events from the total water levels 165 

dominated by the large tidal range. Figure 3a shows a comparison of observed total water 166 

level and predicted tidal elevation at the NOAA real-time tide gauge at Port Aransas, TX, 167 

during 2017 Hurricane Harvey. A distinct and large storm surge induced by Hurricane 168 

Harvey is clearly seen in comparison to the water level induced by tide only. In contrast, 169 

storm surge induced by the 2006 Hanukkah Eve windstorm, one of the most destructive 170 



 

 

9 

 

storms in the modern history of the PNW, was not very evident in the observed total water 171 

level at the Seattle station, because of the effect of the large tidal range (see Figure 3b). 172 

However, once the tidal signal is removed from the total water level, i.e., by subtracting the 173 

predicted astronomical tide (red) from the measured water level (blue), the storm surge 174 

(subtidal) signal induced by the windstorm becomes more evident (Figure 3c).   175 

 176 

Figure 3. Comparison of the observed total water level and predicted tidal elevation at (a) 177 

Port Aransas, TX, during 2017 Hurricane Harvey; (b) the Seattle station during the 2006 178 

Hanukkah Eve windstorm, and (c) the storm surge (subtidal) signal at the Seattle tide gauge 179 

during the 2006 Hanukkah Eve windstorm. 180 

 181 
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Subtidal water levels calculated for four spatially distributed tide gauges─Neah Bay, Port 182 

Townsend, Seattle, and Tacoma (Figure 1)─were used as the basis for identifying storm surge 183 

events for model simulation. A number of criteria were applied to those records. First, only 184 

storm events during the period from 1980 to 2016 were considered because the CFSR data 185 

are only available after 1979. Second, four NOAA tidal stations were used to identify storm 186 

surge events. Third, only storm events that had a maximum surge greater than 0.5 m across 187 

all four stations were considered. Finally, if multiple peaks over 0.5 m occurred within a 3-188 

day window on either side of a maximum, they were all considered part of a single event, 189 

centered on the largest peak. Based on these criteria, 108 storm surge events were identified 190 

at Neah Bay, 123 at Port Townsend, 118 at Seattle, and 79 at Tacoma (see Table 1). The 191 

number of storm surge events at the Tacoma station is much less than the rest of the stations, 192 

partially because the data only became available after 1997.  193 

 194 

Table 1. Number of identified storm surge events with storm surge values greater than 0.5 m 195 

at four NOAA real-time tide gauges. 196 

Station Number of Events  Data Period 

Neah Bay 108 1980–2016 

Port Townsend 123 1980–2016 

Seattle 118 1980–2016 

Tacoma 79 1997–2016 

 197 

The top 20 events from each station were included. Most events were shared across tide 198 

gauges, and we selected from a list of the top 50 shared events across the four tide gauges. 199 

This led to the addition of another 14 events, for a total of 34 events. Table 2 lists the selected 200 

storm surge events in chronological order and the associated surge levels at each station. 201 

Storm surge data before 1997 at Tacoma station were not available because of the shorter tide 202 

gauge record. A flowchart illustrating the systematic approach for storm event selection and 203 

storm surge mapping based on model simulations is provided in Figure 4. 204 
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 205 

 206 

Figure 4. Systematic approach for storm event selection and final storm surge mapping in the 207 

Salish Sea. *Note: four NOAA tide gauges were used in this process – Neah Bay, Seattle, 208 

Port Townsend, and Tacoma. 209 

  210 
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Table 2. List of 34 selected windstorm events and the associated peak storm surge 211 

magnitudes based on NOAA tide gauge data collected at the Neah Bay, Port Townsend, 212 

Seattle, and Tacoma stations. 213 

Date Neah Bay (m) Port Townsend (m) Seattle (m) Tacoma (m)

2016 - 10 - 16 0.684 0.663 0.712 0.711

2016 - 03 - 10 0.621 0.738 0.723 0.681

2016 - 03 - 06 0.518 0.749 0.709 0.720

2015 - 12 - 13 0.641 0.804 0.826 0.811

2014 - 12 - 11 0.707 0.698 0.739 0.714

2012 - 12 - 02 
2010 - 01 - 18 

0.675 0.646 0.647 0.598

0.660 0.751 0.760 0.796 
2008 - 01 - 05 
2007 - 12 - 03 

0.693 0.667 0.640 0.662

0.710 0.711 0.730 0.741 
2007 - 11 - 12 0.529 0.532 0.675 0.709

2006 - 12 - 15 0.651 0.797 0.901 0.886

2006 - 11 - 16 0.629 0.676 0.780 0.713

2006 - 02 - 04 0.635 0.691 0.732 0.639

2006 - 02 - 01 0.635 0.691 0.732 0.639

2002 - 12 - 16 0.814 0.804 0.794 0.848

1999 - 03 - 03 0.654 0.709 0.661 0.643

1998 - 11 - 25 0.629 0.705 0.741 0.667

1998 - 02 - 21 0.598 0.710 0.710 0.694

1998 - 02 - 12 0.659 0.637 0.637 0.627

1998 - 02 - 07 0.610 0.685 0.667 0.658

1997 - 10 - 04 0.639 0.620 0.629 0.597

1997 - 01 - 01 0.850 0.852 0.792 N/A

1996 - 02 - 21 0.669 0.530 0.551 N/A

1992 - 01 - 31 0.691 0.662 0.658 N/A

1992 - 01 - 28 0.664 0.650 0.658 N/A

1987 - 12 - 09 0.662 0.626 0.658 N/A

1987 - 12 - 01 0.654 0.685 0.722 N/A

1987 - 11 - 17 0.727 0.730 0.670 N/A

1983 - 11 - 11 0.756 0.655 0.648 N/A

1983 - 02 - 12 0.668 0.582 0.583 N/A

1983 - 01 - 27 0.860 0.858 0.754 N/A

1982 - 12 - 19 0.826 0.749 0.720 N/A

1981 - 11 - 15 0.760 0.667 0.683 N/A

1980 - 01 - 12 0.649 0.723 0.651 N/A

 214 

 215 

The overall objective of this study was to assess the storm surge in the Salish Sea. 216 

Therefore, it was important to confirm that the 34 events listed in Table 2 were generally 217 

windstorm-related because they were identified purely based on subtidal water level 218 

anomalies. To confirm this, we first analyzed the observed hourly wind speed distribution at 219 

National Data Buoy Center (NDBC) Buoy 46087 near the entrance of the Salish Sea 220 
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(Figure 1). Figure 5a shows that the probability distribution of wind speed at Buoy 46087 221 

during a 3-day storm surge period is significantly larger than the wind speed for the period 222 

from 2004 to 2016. Because PNW windstorms mostly occur during winter months, the 223 

distribution of the 34 storm surge events is plotted by season in Figure 5b. Clearly, all the 224 

storm surge events occurred in the months from October to March, and the highest number of 225 

events occurred in December. Although Figure 5 indicates that the 34 storm surge events 226 

tended to be associated with high wind speed, that does not necessarily mean windstorm 227 

always produces significant storm surge, because other factors may also contribute to the 228 

surge, as discussed by Abeysirigunawardena et al. (2011), Bromirski et al. (2017), and Zhai et 229 

al. (2019). 230 

 231 

 232 

Figure 5. (a) Probability distribution of observed wind speed at NDBC Buoy 46087 for the 233 

entire data period and selected storm surge period; and (b) seasonal distribution of selected 234 

storm surge events.  235 

 236 

2.4.Model Simulation  237 

 238 

For each of the 34 storm surge events, paired model simulations were conducted for a 239 

7-day window centered on the peak of the storm surge magnitude. The first model simulation 240 

for storm surge condition was forced with observed water levels, including tides, at the open 241 

boundaries and the CFSR meteorological field. The second model simulation was configured 242 

to reproduce the harmonic tides inside the model domain by forcing the model with predicted 243 
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harmonic tides at the open boundaries; i.e., the water level time series was purely constructed 244 

from 37 astronomical tidal constituents derived from long-term tidal records. Storm surge 245 

distribution in the Salish Sea was derived by subtracting the predicted water levels of tidal 246 

simulation from the storm surge simulation in the entire model domain. Time-series outputs 247 

of total water level and storm surge level were compared with observed data at all tide 248 

gauges, except at the Neah Bay station, which was used as the open boundary condition, as 249 

part of the model validation. In addition to all the storm surge model runs, a separate 20-day 250 

simulation was conducted for the period of 2015-8-20 to 2015-9-9 to evaluate the model’s 251 

performance in simulating currents. Simulated tidal currents were validated against ADCP 252 

data collected by NOAA for the same period at four stations in the Main Basin and South 253 

Sound (Figure 1).  254 

All model runs were conducted in three-dimensional and barotropic mode without 255 

considering the effect of water density variation caused by salinity and temperature. For 256 

simplicity, river discharge was not included either. Such a model configuration has been 257 

adopted as a common practice in storm surge simulation (Glahn et al. 2009), because the 258 

contribution of river discharge and density effect on water level variation is generally much 259 

more localized and smaller than that of meteorological forcing. A total of four uniform 260 

vertical layers were specified in a sigma-stretched coordinate for all the model simulations. 261 

The horizontal viscosity was calculated using Smagorinsky’s eddy parameterization method 262 

(Smagorinsky 1963). The vertical viscosity was calculated using the modified Mellor and 263 

Yamada level 2.5 (MY-2.5) turbulent closure scheme (Mellor and Yamada 1982).  264 

In FVCOM, the wind stress is calculated as: 265 

�� = �����	
�������	
                                     266 
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where �� is wind stress, ��  is air density, 	
������ is wind velocity at 10 m height, and �� is the 267 

drag coefficient as a function of wind speed (Large and Pond 1981): 268 

�� = 
1.2 × 10��                                                                      �	
������� < 11.0 ���� �0.49 + 0.065�	
�������� × 10��              11.0 ���� ≤ �	
������� < 25.0 ����!0.49 + 0.065 × 25" × 10��                                      �	
������� > 25.0 ����  269 

 270 

3. Model Results  271 

 272 

3.1.Model Validation with Water Level  273 
 274 

Model validation is a critical step in storm surge modeling, especially when the storm 275 

surge height in the Salish Sea is relatively small compared to the magnitude of the 276 

astronomical tides. Therefore, it is important to first verify that the model is capable of 277 

accurately simulating both total water level and storm surge. To assess the model 278 

performance, the predicted total water level and storm surge time series were compared with 279 

the observed water level and derived storm surge time series at tide gauges inside the Salish 280 

Sea for each of the 34 storm events.  281 

Six error statistical parameters were used to quantitatively evaluate the model’s capability 282 

to reproduce the water level, storm surge, and tidal current in the Salish Sea. The root-mean-283 

square-error (RMSE) is defined as 284 

()*+ = ,∑ !./ − )/"12/3� 4  285 

where N is the number of observations, Mi is the measured value, and Pi is the model 286 

generated value. The scatter index (SI) is the RMSE normalized by the average magnitude of 287 

measurements: 288 

*9 = ()*+:;�!)" 289 
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The mean absolute error is defined as 290 

)<+ = ∑ :;�!./ − )/"2/3� 4  291 

The bias is defined as 292 

=>:� = ∑ !./ − )/"2/3� 4  293 

The percentage bias is defined as 294 

=>:�!%" =  ∑ ./2/3� − ∑ )/2/3�∑ :;�!)/"2/3�  ∙ 100    295 

The linear correlation coefficient (R) is a measure of the linear relationship between the 296 

predictions and the measurements from 0 to 1 where 1 corresponds to a perfect fit: 297 

( = ∑ �./ − .� �)/ − )� 2/3�AB∑ �)/ − )�12/3� C B∑ �./ − .�12/3� C 298 

Detailed model-data comparisons for all 34 storm surge events are provided by Yang et 299 

al. (2019b). As an example, only the results for one specific extreme storm event are shown 300 

here. The 1996 White Christmas snowstorm hit the Salish Sea region during the 1996 301 

Christmas week and caused a large storm surge inside the Salish Sea on 1997-01-01 (see 302 

Table 2). Figure 6 shows the time-series comparisons of total water level and storm surge 303 

height between model predictions and field measurements at the five tidal stations within the 304 

model domain for the White Christmas snowstorm. The time-series comparisons for total 305 

water level and storm surge heights both show excellent model-data agreement at all five 306 

stations. The good model skill in simulating total water level and storm surge was confirmed 307 

by the error statistics parameters summarized in Table 3for all 34 storm events. For example, 308 

the RMSE is less than 0.1 m for the total water level at most stations—this is especially 309 

encouraging considering the tidal range is about 3 m or larger in the Salish Sea. In addition, 310 

the correlation coefficient (R) is close to one, indicating a nearly perfect linear correlation 311 
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between model predictions and observations. Comparisons of error statistics in predicted 312 

water levels indicated that the model performance in water level prediction is comparable to 313 

or better than other tidal models of the Salish Sea (Foreman et al. 2004, Soontiens et al. 2016, 314 

Sutherland et al. 2011). For storm surge height, the RMSE is comparable to that of total water 315 

level, while the correlation coefficient is close to 0.9. Also, the bias values for both total 316 

water level and storm surge predictions are very small (Table 3 ). By comparing the storm 317 

surge height and total water level time series in Figure 6, one can see that the relative timing 318 

of the maximum surge to total water level varies across different tidal stations. At Seattle 319 

station, the maximum storm surge appears to occur near high tide. Therefore, although the 320 

absolute surge height is not the highest among all the stations, the potential storm surge 321 

impact can be more pronounced, because the total water level is amplified by the contribution 322 

of tidal height.  323 
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 324 

 325 
Figure 6. Comparisons of simulated and observed total water levels and storm surge heights 326 

at (a, b) Port Angeles; (c, d) Friday Harbor; (e, f) Port Atkinson; (g, h) Port Townsend, and (i, 327 

j) Seattle during the 1996 White Christmas snowstorm. The dashed line denotes the time of 328 

maximum surge observed at each tide gauge station. Tacoma station was not included 329 

because data are unavailable. 330 
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 331 

Table 3. Mean error statistics of the simulated total water level and storm surge height for all 332 

34 storm surge events. 333 

Station RMSE (m) MAE (m) SI Bias (m) Bias (%) R

Simulated Total Water Level 

Port Angeles 0.10 0.08 0.15 0.00 -0.22 0.99

Friday Harbor 0.08 0.07 0.10 0.02 1.97 0.997

Port Townsend 0.09 0.07 0.11 -0.01 -1.56 0.996

Seattle 0.09 0.08 0.09 0.03 2.67 0.998

Tacoma 0.08 0.07 0.09 0.00 0.48 0.998

Port Atkinson 0.11 0.09 0.11 0.02 1.32 0.99

Simulated Storm Surge Height 

Port Angeles 0.07 0.06 0.26 -0.02 -6.13 0.93

Friday Harbor 0.08 0.07 0.28 -0.002 -1.46 0.92

Port Townsend 0.08 0.07 0.31 -0.02 -5.39 0.91

Seattle 0.09 0.08 0.38 -0.01 -4.39 0.86

Tacoma 0.10 0.08 0.47 -0.03 -10.66 0.85

Port Atkinson 0.09 0.08 0.31 -0.04 -11.32 0.90

 334 

Moreover, it is important to evaluate the model’s performance in accurately capturing 335 

the maximum surge height values observed at the tide gauges for each of the 34 storm events. 336 

Figure 7 shows the one-to-one scatterplot comparisons of the maximum surge height at the 337 

tidal gauges where water level observations for the 34 storm surge events were available. The 338 

corresponding error statistics are summarized in Table 4. Both the scatter plots and error 339 

statistics show overall good agreement between the predictions and observations of maximum 340 

storm surge values. While most of the error statistics values for simulated maximum storm 341 

surge height are comparable to those in Table 3, the linear correlation coefficient R values are 342 

lower, indicating the challenge of simulating nonlinear variability under extreme storm 343 

conditions. Overall, the good model performance metrics for total water level time series, 344 

storm surge height time series, and maximum surge height indicate the strong skill of the 345 

model to simulate the storm surge process and produce reliable results for assessing storm 346 

surge risk in the Salish Sea. 347 

 348 
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 349 

 350 

Figure 7. Scatter plots of simulated and observed maximum storm surge heights for all 34 351 

storm surge events at six tide gauge stations in the Salish Sea. Note: there are only 21 storm 352 

surge events at Tacoma station because of the short data record.  353 

 354 

Table 4. Mean error statistics of simulated maximum storm surge height for all 34 storm 355 

events. 356 

Station RMSE (m) MAE (m) SI Bias (m) Bias (%) R

Port Angeles 0.09 0.07 0.14 -0.05 -7.76 0.64

Friday Harbor 0.09 0.07 0.13 -0.03 -4.15 0.56

Port Townsend 0.09 0.08 0.15 -0.06 -8.59 0.59

Seattle 0.10 0.08 0.16 -0.07 -9.62 0.46

Tacoma 0.12 0.09 0.19 -0.08 -12.01 0.44

Port Atkinson 0.11 0.10 0.16 -0.06 -7.31 0.56

 357 

 358 

3.2.Model Validation with Currents  359 

 360 

To further validate the storm surge model’s ability to simulate tide- and wind-driven 361 

circulation in Puget Sound, we evaluated the model’s performance by comparing model-362 
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simulated currents with ADCP measurements (https://cmist.noaa.gov/cmist/) at four 363 

representative channel locations in the Main Basin of Puget Sound (Figure 1). The ADCP 364 

data have a 6-minute temporal interval and cover a number of vertical bins throughout the 365 

water column. Because the storm surge model only has four uniform vertical layers, it is more 366 

meaningful to compare depth-averaged velocities. For model-data comparison, we first 367 

calculated the depth-averaged East-West (U) and North-South (V) velocity components for 368 

both model predictions and ADCP measurements and then projected them onto the principal 369 

axis.  370 

 371 

The time-series (principal velocity only) and scatter-point comparisons between model 372 

results and ADCP data over a complete spring-neap tidal cycle are shown in Figure 8. 373 

Predicted currents match the data very well at each of the four stations and the model was 374 

able to successfully reproduce the spatial variability and asymmetry patterns (Figure 8). For 375 

instance, currents in the deep channel of the Main Basin (PUG1511) are generally small and 376 

show little tidal asymmetry (Figure 8a-b). At PUG1518 and PUG1520, located in the two 377 

bifurcation channels surrounding Vashon Island, the current asymmetry shows exact opposite 378 

patterns; i.e., PUG1518 is ebb-dominated (Figure 8c-d) while PUG1520 shows flood 379 

dominance (Figure 8e-f). For Station PUG1526, located on the west side of Tacoma Narrows, 380 

both model predictions and ADCP data show strong flood tide dominance (Figure 8g-h). 381 

These tidal asymmetry patterns are largely controlled by basin geometry features. Again, 382 

good error statistics of velocity predictions were achieved at all stations (Table 5). For 383 

example, at PUG1526 where tidal current is strong (>2 m/s), the RMSE value is less than 384 

0.15 m/s. At PUG1520 where the tidal current is very weak, error statistics are not as good as 385 

they are at other ADCP stations, but they are still within the acceptable range for tidal model 386 

validation. Good model-data comparisons (Figure 8) and error statistics (Table 5) confirm 387 
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that the Salish Sea storm surge model is able to accurately simulate tidal currents in Puget 388 

Sound. 389 

 390 
Figure 8. Comparison of simulated and observed depth-averaged velocities at PUG1511, 391 

PUG1518, PUG1520, and PUG1526 in Puget Sound (note the velocity scale changes in each 392 

plot to provide a better view of the results). The measurement period was from May 2015 to 393 

September 201 at PUG1511, and from July 2015 to September 2015 for PUG1518, 394 

PUG1520, and PUG1526. 395 

Table 5.  Error statistics for simulated tidal currents. 396 

Station RMSE (m/s) MAE (m/s) SI Bias (m/s) Bias% R 
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PUG1511 0.04 0.03 0.25 0.00 17.24 0.84 

PUG1520 0.05 0.04 0.44 0.01 24.39 0.75 

PUG1518 0.06 0.05 0.24 -0.02 -7.83 0.97 

PUG1526 0.14 0.11 0.22 -0.09 -12.37 0.98 

 397 

4. Discussion  398 

 399 

4.1. Spatial Variability 400 

 401 

Figure 6 shows that the maximum storm surge height varies among tidal stations. The 402 

surge height generally ranges from 0.8 m to ~1.0 m. To assess whether the maximum surge 403 

height inside the Salish Sea can be sufficiently represented by the surge height at these tidal 404 

gauges, we calculated the maximum surge height at each model grid node and analyzed the 405 

results as a two-dimensional map. Figure 9 shows the maximum storm surge height 406 

distribution in the Salish Sea induced by the 1996 White Christmas snowstorm. Clearly, the 407 

maximum storm surge height shows distinct regional distributions. The northern portions of 408 

the Salish Sea, including the Strait of Georgia, San Juan Islands, West Sound, and North 409 

Sound, experienced the overall highest storm surge of all the major basins of the Salish Sea. 410 

For example, in the Strait of Georgia, the maximum surge height exceeds 1 m in most areas. 411 

In contrast, most of Puget Sound (e.g., the Main Basin and the majority of the South Sound) 412 

has the lowest surge height (<0.8 m), while Hood Canal and Skagit Bay experience an 413 

intermediate level of storm surge. Thus, similar to many other coastal regions, the storm 414 

surge distribution in the Salish Sea is heterogeneous in space.  415 

 416 
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 417 
Figure 9. Simulated maximum storm surge height (m) in the Salish Sea induced by the 1996 418 

White Christmas snowstorm. 419 

 420 

Another major storm event─the 2006 Hanukkah Eve windstorm─shows the same spatial 421 

variability as the 1996 White Christmas snowstorm (Figure 10); e.g., higher surge in the 422 

Strait of Georgia and lower surge in the SJDF and the Main Basin, except that the range of 423 

the spatial variability is smaller than that in Figure 9. In addition, a closer comparison of 424 

Figure 9 and Figure 10 suggests that the relative difference in the maximum surge height 425 

among different basins of the Salish Sea varies between these two storms, indicating the 426 

uniqueness of maximum surge height produced by individual storm events. 427 
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 428 
Figure 10. Simulated maximum storm surge height (m) in the Salish Sea induced by the 2006 429 

Hanukkah Eve windstorm. 430 

 431 

The differences between the spatial distributions of the storm surge heights of the 1997 432 

White Christmas windstorm and the 2006 Hanukkah Eve windstorm can be illustrated by the 433 

corresponding wind fields (Figure 11). The wind patterns correlated well with model-434 

predicted storm surge distributions for the 2006 Hanukkah Eve windstorm (Figure 9) and the 435 

1996 White Christmas snowstorm (Figure 10). For instance, during the 1996 White 436 

Christmas windstorm, the southeasterly wind pushed the water northwestward and caused a 437 

strong setup in the north end of Georgia Strait. During the 2006 Hanukkah Eve windstorm, 438 

the dominant wind direction is from southwest. The wind pushed water toward the west and 439 

caused higher surge on the west side of the model domain, e.g., the Skagit Bay. 440 
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 441 
Figure 11. (a) The instantaneous (1997-1-1 11:00:00 AM) wind field for the 1997 White 442 

Christmas windstorm and (b) the instantaneous (2006-12-15 9:00:00 AM) wind field for the 443 

2006 Hanukkah Eve windstorm. 444 

 445 

Figure 12 shows the two-dimensional distribution of the maximum surge height compiled 446 

from all 34 storm events. The averaged maximum surge height for each sub-basin was also 447 

calculated and is presented in the figure. Again, a distinct spatial variability in the maximum 448 

surge height is seen among the individual sub-basins of the Salish Sea. The Strait of Georgia 449 

experiences the highest surge of all the basins with an average value of 1.03 m. In contrast, 450 

the Main Basin has the minimum surge height of 0.8 m. The maximum storm surge height in 451 

the SJDF also remains relatively small compared to other regions; it has an average height of 452 

0.83 m. Interestingly, the West Sound experiences the second highest maximum surge height 453 

of all the sub-basins, which could be mainly due to its unique geometrical setting; i.e., the 454 

whole basin is connected to the Main Basin through two narrow passages (Agate Passage and 455 

Rich Passage). During storm surge events, water is being forced into the West Sound from 456 

both narrow passages, resulting in higher water level in the bay. A similar phenomenon is 457 
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also observed in the small embayment in South Puget Sound and the end of Hood Canal. In 458 

summary, these results strongly suggest that storm surge generation and propagation in the 459 

Salish Sea is a complex process, which is determined by the combination of remote surge and 460 

local surge produced by meteorological forcing and further modulated by the nonlinear 461 

interaction with basin geometry and tides.  462 

Figure 12 also indicates that the SJDF and Main Basin in Puget Sound generally 463 

experience relatively low storm surge magnitudes—maximum surge levels are in the range of 464 

0.80 to 0.85 m. Interestingly, the NOAA tide gauges at Port Angeles, Port Townsend, Seattle, 465 

and Tacoma are all located in the SJDF and Main Basin (Figure 1), which means that 466 

estimates of storm surge height based on water level records at these stations are accurate for 467 

the SJDF and Main Basin only, but could underestimate storm surge in other high storm 468 

surge risk sub-basins and estuaries, including Bellingham Bay in the North Sound, Hood 469 

Canal, Skagit and Port Susan Bays in Whidbey Basin, the multiple inlets in the West Sound, 470 

and very end of the South Sound.   471 

 472 
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Figure 12. Distribution of maximum storm surge height (m) in the Salish Sea based on 473 

simulations of all 34 storm surge events. Values on the map indicate the mean maximum 474 

storm surge levels in the sub-basins. SJDF = Strait of Juan de Fuca; SG = Strait of Georgia; 475 

NS = North Sound; SJI = San Juan Islands; WD = Whidbey Basin; HC = Hood Canal; WS = 476 

West Sound; MB = Main Basin; SS = South Sound. 477 

 478 

4.2. The Role of Local Wind  479 

 480 

Storm surge inside a coastal basin is widely recognized as being largely a result of the 481 

combination of the remote surge propagated into the system from outside and the local surge 482 

generated by wind and pressure forcing inside the model domain (Liu et al. 2018, Morey et 483 

al. 2006, Zhong et al. 2010). To quantify the contribution of local meteorological forcing on 484 

the maximum surge height inside the Salish Sea, a sensitivity model run was conducted for 485 

the two most devastating windstorms—the 1996 White Christmas snowstorm and the 2006 486 

Hanukkah Eve windstorm—by neglecting the local meteorological forcing. Specifically, in 487 

the sensitivity model runs, the model configuration remained essentially the same as that for 488 

the baseline condition, except that the wind speed and atmospheric pressure were specified as 489 

zero and standard atmospheric pressure 101,325 Pa, respectively, in both space and time. The 490 

model results for the maximum surge height were compared to those produced using 491 

meteorological forcing. The differences in the maximum surge heights at each grid node for 492 

these two storm events were calculated and are presented in Figure 13 and Figure 14, 493 

respectively. Because wind is the primary forcing to produce the local surge, the wind time 494 

series during the baseline model simulation period were also analyzed using wind rose plots 495 

for various locations throughout the model domain. 496 

For both storm events, the results show an overall consistent spatial distribution in the 497 

change in maximum surge height; i.e., there is a distinct north-south gradient across the 498 
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model domain (Figure 13 and Figure 14). Specifically, strong south and southeast winds 499 

during both storms tend to push water northward and increase the storm surge height in the 500 

Strait of Georgia. Meanwhile, there is a reduction in the maximum surge height in the 501 

southern part of the Salish Sea. In the Salish Sea region, the wind direction is generally from 502 

south to north in winter months (Figure 13a and Figure 14a), so during windstorms, the local 503 

wind is expected to most likely contribute to increased storm surge in the northern part of the 504 

Salish Sea. In addition, the north-south gradient appeared to be larger during the 1996 White 505 

Christmas snowstorm (Figure 13b) than that during the 2006 Hanukkah Eve windstorm 506 

(Figure 14b). This is also consistent with the maximum surge height distributions shown in 507 

Figure 9 and Figure 10. 508 

 509 

 510 

 511 

Figure 13. (a) Wind rose distribution in the Salish Sea during the 1996 White Christmas 512 

snowstorm based on CFSR wind data, and (b) the difference between simulated storm surge 513 

heights (m) with and without wind forcing. Positive value indicates areas where storm surge 514 

is underestimated when winds are not included. The value next to the wind rose denotes the 515 

maximum speed.  516 

 517 

 518 
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 519 

 520 

Figure 14. (a) Wind rose distribution in the Salish Sea based on CFSR wind data, and (b) the 521 

difference between simulated storm surge heights (m) with and without wind forcing during 522 

the 2006 Hanukkah Eve windstorm. Positive value indicates areas where storm surge is 523 

underestimated when winds are not included. The value next to the wind rose denotes the 524 

maximum speed. 525 

 526 

Although the sensitivity analysis indicates that local wind results in surge setup in the 527 

northern and setdown in the southern portion of the Salish Sea, the magnitude of storm surge 528 

induced by local wind is small. For example, during the 1996 White Christmas snowstorm, 529 

the maximum (positive and negative) changes in storm surge magnitude induced by local 530 

wind were 0.09 m in Strait of Georgia and -0.18 m in South Sound, respectively. The average 531 

surge setup and setdown were 0.063 m and 0.039 m (Figure 13b). Similarly, for the 532 

Hanukkah Eve windstorm, the maximum adjustments in storm surge height by local wind 533 

were 0.08 m and -0.16 m, respectively. On average, the positive and negative adjustments 534 

were 0.037 m and -0.024 m (Figure 14b), respectively.   535 

A sensitivity test with high-resolution wind product was also conducted to evaluate the 536 

effect of wind field resolution on the accuracy of predicted storm surge in the Salish Sea. The 537 

high-resolution wind field was based on Pacific Northwest Weather Research and Forecasting 538 
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(WRF) model simulation with a 6-km resolution (Gao et al. 2017), which was successfully 539 

applied to simulate wave climate in the Salish Sea (Yang et al. 2019a). Sensitivity runs with 540 

the high-resolution WRF wind field were conducted for two storm surge events, 2015-12-13 541 

and 2014-12-11 (see Table 2). The results indicated that although the high-resolution wind 542 

field increased the spatial variability of storm surge distribution in the Salish Sea, the overall 543 

error statistics of storm surge height at the tidal gauges were not improved compared to those 544 

reported in Table 3. A similar study of the effect of wind field resolution by Soontiens et al. 545 

(2016) also showed that the high-resolution wind did not improve the predicted storm surge 546 

in the Salish Sea. It should be noted that the error statistics are based on comparing model 547 

results to observations at tide gauges that are primarily in the Main Basin, and therefore wind 548 

resolution may be important for modeling storm surge in certain parts of the Salish Sea. 549 

 550 

4.3.Model Limitations 551 

 552 

The modeling approach used in this study did not consider the contribution of river 553 

discharge to storm surge height in the estuaries. Although this approach has been commonly 554 

adopted by the storm surge modeling community, it could underestimate the maximum 555 

compound surge as a combination of storm surge and river flood near the estuarine mouths in 556 

the sub-basins that receive a significant amount of river discharge during the storm events. 557 

For instance, the Skagit River and Snohomish River in the Whidbey Basin are both under the 558 

threat of frequent river flooding in winter months (Yang et al. 2012, Yang et al. 2015). 559 

Hence, the maximum surge height obtained from this study may be underestimated in sub-560 

basins that are heavily influenced by river discharge. Therefore, it is important to simulate the 561 

compound flood induced by fluvial and coastal storm surge in future studies because 562 

simultaneous occurrence of extreme river discharges and storm surges could exacerbate flood 563 

risk (Ikeuchi et al. 2017).  564 
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We also chose to force the storm surge model with observed water level time series at the 565 

open boundaries. This approach greatly improves the model’s accuracy in predicting both 566 

astronomical tides and storm surges by reducing the uncertainty associated with open 567 

boundary forcing (e.g., remote surge), especially during the storm events. Although this 568 

approach is especially suitable for storm surge hindcasting, it may not be sufficient for 569 

conducting storm surge forecasting for which the observed open boundary water level 570 

information is unavailable. Therefore, expanding the model domain farther outside to cover 571 

the coastal Pacific Ocean may provide a useful alternative solution (Shen and Gong 2009, Xu 572 

et al. 2010). It also should be pointed out that the observed water level time series at the tidal 573 

gauges may also include sea level anomalies that are not necessarily directly associated with 574 

the specific storm event being simulated. Hence, the storm surge height obtained from this 575 

study should be regarded as the total sea level anomaly that is largely induced by windstorms 576 

in the PNW. 577 

5. Conclusions 578 
 579 

The PNW coast and the Salish Sea are subject to the threat of storm surge induced by 580 

extratropical cyclones. This study presented a systematic modeling assessment of storm surge 581 

in the Salish Sea using an unstructured-grid coastal ocean model. A total of 34 major storm 582 

surge events during the period from 1980 to 2016 were simulated and model results were 583 

validated with observed total water levels and derived storm surge heights at tide gauges 584 

located in the Salish Sea. A suite of model performance metrics were calculated to quantify 585 

the accuracy of the storm surge simulations. Good error statistics indicate the model has 586 

strong skill in reproducing the total water level, storm surge, and current distribution in the 587 

Salish Sea.   588 
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Model results indicate that storm surge varies greatly in the Salish Sea; the largest surge 589 

occurs in the Strait of Georgia (1.03 m) and smallest surge in the SJDF (0.83 m) and Main 590 

Basin of Puget Sound (0.8 m), which is consistent with the findings of others 591 

(Abeysirigunawardena et al. 2011, Soontiens et al. 2016). Storm surge in the Salish Sea is 592 

primarily controlled by remote surge induced by extratropical cyclones propagating from the 593 

Pacific Ocean, and further amplified in complex sub-basins and modulated by local wind 594 

forcing. Because the Salish Sea is dominated by southerly wind in winter months, wind 595 

forcing generally results in an increase in storm surge in the northern basin (e.g., Strait of 596 

Georgia) and a decrease in storm surge in Puget Sound. However, the contribution of local 597 

wind to storm surge height is approximately 20% at the maximum and only a few percentages 598 

on average.  599 

This study provided a complete picture of the spatial variability of storm surge in the 600 

Salish Sea, and elucidated the main forcing mechanisms including remote surge and local 601 

wind forcing. Interaction with the complex geometry of sub-basins could also amplify the 602 

magnitude of storm surge. Storm surge information generated from this study, especially at 603 

the sub-basin scale, is useful for storm surge risk management and mitigation in the Salish 604 

Sea. To further improve the model accuracy in simulating storm surge, especially in the 605 

estuaries, accurate finer-resolution wind forcing should be considered in future studies. 606 

Finally, sensitivity experiments should be carried out to evaluate the effect of other factors, 607 

such as bathymetry, river discharge, and the baroclinic effect on the distribution of storm 608 

surge.  609 

 610 

 611 

  612 
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