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Estuaries represent the confluence of land and ocean environments and 

encompass a number of complex interactions amongst tides, winds, offshore waves 

and the riverine contributions, all of which contribute to total water levels (TWLs). 

The study of TWLs and the relative weight of its components can assist local 

communities in mitigating inundation events as well as drive a deeper understanding 

of potential impacts on ecological processes. Accurate predictions of surge and TWLs 

benefit from both deterministic and probabilistic methods. This thesis presents two 

manuscripts which examine wave and surge behavior within a representative Pacific 

Northwest estuary, Tillamook Bay, for a pair of fundamentally distinct research 

objectives: a singular, extreme storm event and a long-term climatological impacts 

study.  Both manuscripts utilize a two-way coupled tidal circulation and nearshore 

wave transformation model (ADCIRC-SWAN) to simulate wave and surge behavior 

within Tillamook Bay.  

The first manuscript details a storm hindcast of the Great Coastal Gale of 

2007, a series of extra-tropical cyclones which impacted the Washington and Oregon 

coasts in December 2007. Wind and pressure data from the North American Regional 

Reanalysis (NARR) dataset were used to reproduce meteorological conditions.  Non-

tidal residuals were extracted at a number of locations of interest, including the tide 

gauge station, southern Tillamook, the jettied inlet and on open coast, in order to 

compare and contrast the relative influence of major physical processes to surge 

levels. From the suite of ADCIRC-SWAN parametric runs, it was found that offshore 

wave breaking produced an appreciable surge within the bay, even though wave 



 

 

 

heights quickly attenuate beyond the inlet. Meteorological forcing was the primary 

generator of complex circulation patterns and a surge in the northern portion of the 

bay. The model captures the max NTR at the peak of the storm but lacks skill in 

reproducing non-linear tide-surge interaction. 

The second manuscript examines changes in inundation patterns within the 

domain between historical and future climate conditions. Coupled ADCIRC-SWAN 

is run for two multi-decadal ranges from 1979-1998 and 2041-2060. Relative sea 

level rise is implemented by adding in 80 cm of water depth. Climate data from the 

North American Regional Climate Change Assessment Program (NARCCAP) is used 

to drive offshore wave modeling, streamflow modeling and the coupled circulation-

wave model. Statistical bias correction of climate variables using NARR as a ‘target’ 

is performed first before forcing models. Wave information at the offshore boundary 

are derived from a regional WAVEWATCH-III hindcast and forecast, while riverine 

inputs are calculated using the MicroMet and HydroFlow runoff routing model.  
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Coupled Wave and Surge Modeling of Tillamook Bay, Oregon: Extreme Events and 

Climate Change Impacts  

Introduction 

 Coastal and estuarine environments represent the confluence of several major 

physical processes: approach of deepwater waves into shallow waters, streamflow 

sourced from inland topography and local impacts induced by wind and precipitation. 

The complex interactions of these drivers with the environment may not always be 

captured spatially and temporally by observation networks. The use of numerical models 

within coastal engineering helps inform risk analysis and prediction of hazards relevant to 

humans and natural ecosystems. Combined with field observations, nearshore processes 

modeling can assist communities in responsible policymaking and land use planning in 

the face of present-day issues and long-term impacts caused by climate change. 

Extensive numerical simulation of wave and surge conditions using a coupled 

tidal circulation and wave model was carried out for a small estuary in the Pacific 

Northwest for two studies with different timescales: a hindcast of an extreme, short-term 

event and a long-term, climatological study spanning several decades. Coastal literature 

typically focuses on open coast conditions and impacts (e.g. morphological) induced by 

variations in major physical forcings. The shift inland to estuaries in coastal research 

presents both an opportunity to better understand the hydrodynamic behavior of these 

unique ecosystems but also a challenge in developing an appropriate yet flexible 

methodology. The present effort attempts to provide perspective on estuarine response to 

boundary forcings of varying timescales and guidance for future estuary-focused studies.  
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Abstract 

 

The December 2007 storm, otherwise known as the Great Coastal Gale of 2007, 

was a series of extra-tropical cyclones that brought highly unprecedented wind speeds 

and precipitation to the Oregon (OR) and Washington (WA) coasts, USA. A storm 

hindcast using the coupled Advanced Circulation (ADCIRC) and Simulating Waves 

Nearshore (SWAN) models was conducted within Tillamook Bay, OR from 11/28/2007-

12/5/2007.  ADCIRC computes two-dimensional circulation forced by astronomic tides, 

streamflow, and storm surge while SWAN solves the wave action density equations for 

radiation stresses. Modeled non-tidal residuals are compared to observed data collected 

by the National Oceanic and Atmospheric Administration (NOAA) at the Garibaldi, OR 

tide gauge station. The relative contributions of meteorological forcing, offshore waves 

and stream flow to storm tides were next assessed at four locations of interest within and 

outside the estuary by conducting a set of model runs where each major process was 

omitted in turn. The dominant mechanism for storm tides in the estuary was offshore 

wave breaking. Streamflow, locally (in estuary) generated waves, and locally generated 

surge led to minor variations in storm tides in the estuary. 
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1. Introduction 

 

1.1 Overview of Pacific Northwest  

 

The hydrodynamic climate of estuarine and nearshore coastal waters in the Pacific 

Northwest (PNW; here defined as Oregon and Washington, USA) is characterized by 

large magnitudes and significant temporal variability. This variability spans a wide range 

of scales from daily to annual to inter-annual to decadal. On the sub-daily to daily scale, 

tidal great diurnal ranges (GT; difference between mean higher high water and mean 

lower low water) average 2.6 m along the Oregon and Washington coasts.  

On the annual scale, there is variation in mean sea level (MSL), which is readily 

quantified from the accepted tidal constituents at a given location. For example, at the 

South Beach, Oregon (Station 9435380) tidal gage, there is a 25 cm difference between 

maximum MSL (January) and minimum MSL (June). Figure 1 illustrates the strong 

seasonal variation in a number of other variables contributing to the hydrodynamic 

climate. The upper three panels show the climatology (over the period 1991 – 2008) in 

average wind speed, significant wave height Hs, and dominant wave period DPD. The 

data are from the Stonewall Bank Buoy (Station 46040). Generally speaking, waves are 

larger and have longer periods in the winter months. Additionally, winds are stronger, 

adding strong local seas on top of the swell, both of which are superimposed upon the 

higher MSL noted above. 

The final panel in Figure 1 presents a spatially averaged, normalized streamflow 

hydrograph. Thirteen rivers along the Oregon and Washington coasts were selected and 

the mean of monthly discharge values were obtained from their respective United States 

Geological Survey (USGS) gaging stations. A normalized hydrograph was created for 

each station by scaling the mean of monthly values by the maximum for each river. The 

thirteen normalized hydrographs were then averaged. Typical summer flows in PNW 

rivers are found to be less than 5% of winter flows. From the perspective of coastal 

hazards and flooding, therefore, watershed and oceanic processes are temporally 

correlated. 
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Inter-annual variability is strongly tied to processes such as the El Nino / La Nina 

Southern Oscillation, which exhibits a dominant period of 5-6 years (Ghil and Vautard, 

1991). Allan and Komar (2002) analyzed PNW water levels during the 1982-83 and 

1997-98 El Nino cycles and showed that MSL in the winter months of those years 

averaged 30 cm higher than the long-term averages for those months. Finally, at the 

decadal scale, recent studies have demonstrated secular increases in sea level (Komar et 

al., 2011), wave heights (Ruggiero et al., 2010a; Seymour, 2011), and tidal ranges (Jay, 

2009). 

Coastal flooding hazards are related to the depth, frequency, and duration of 

inundation. It is common to calculate total water levels (TWL) as a linear superposition 

of the tide, a non-tidal residual (NTR), and a runup term associated with the waves (e.g. 

Sallenger, 2000; Ruggiero et al., 2001). The NTR originates from a wide variety of 

physical processes including barometric surge, a direct wind setup, a setup due to 

radiation stress gradients caused by breaking waves, and flood waves from terrestrial 

runoff. The past decade has seen considerable research directed at quantifying TWLs in 

the PNW and assessing their impacts in terms of coastal hazards and erosion (Allan and 

Komar, 2006; Ruggiero et al., 2010b, Ruggiero, 2013). The vast majority of these studies 

have focused on the open coast, with comparatively little evaluation of hazards in 

estuarine waters. From a hydrodynamic perspective, outer and inner waters experience 

different degrees of exposure to different processes (most significantly wave runup and 

river flooding).  

 

1.2 PNW Climate and the December 2007 Storm 

 

1.2.1 Coastal High Wind Climatology 

 

High winds associated with the passage of extratropical cyclones (ETC) are a 

regular, if infrequent, feature of the PNW coastal climatology. Weather records from 

Astoria, OR, (KAST; see Figure 2) a long-period station in the middle of the study 

region, are informative about the extreme wind climate of the area. KAST is inland from 

the Pacific Coast by about 6 km and is therefore somewhat sheltered relative to the 
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coastal headlands, thus providing a conservative record of windstorms that affect the 

area. 

Independent high windstorms for KAST were identified from the hourly 3505 

dataset obtained from the National Climatic Data Center (NCDC) using traditional US 

National Weather Service (NWS) cutoffs of wind, i.e. ‘sustained’ wind ≥ 18.0 m s
-1

 (35 

kt) and/or gust ≥ 25.7 m s
-1

 (50 kt). The record goes back to 1949, but gust values are 

only included from 1973 to present. At KAST, an analog 3-cup system with 1-min wind 

and instantaneous gust records was employed up to Mar 1993, followed by a digital 3-

cup with 2-min wind and 5-s gust reports from 01 Mar 1993 to 19 Mar 2006 and then a 

digital sonic anemometer up to the present with the same 2-min wind but a 3-s gust 

(NWS, 2007; NCDC, 2008; NIST, 2012). Sensor heights also varied from 6.1 m early in 

the period to the World Meteorological Organization (WMO) standard 10 m with the 

inception of the automated instrumentation (NCDC, 2008). Using a power law formula 

and the assumption of open terrain (see Stull, 1988; Stull, 2000), the 1-min winds from 

01 Jan 1973 to 28 Feb 1993 were adjusted upward to reflect the lower sensor height. 

Using a factor of 1.065, based on a theoretical formulation from the National Institute of 

Standards and Technology (NIST, 2012), 5-sec gust readings from 01 Mar 1993 to 19 

Mar 2006 were modified to better relate to later 3-sec values. These changes resulted in 

11 additional storms relative to unadjusted values. 

A total of 87 high windstorms occurred at KAST during the period 1973-2013 (41 

yrs inclusive), resulting in an average of 2.1 windstorms per year. Of course these gales 

do not happen with such regularity, in part because there is strong seasonality with 95% 

of events during Nov-Mar. Up to 5 high-wind storms have occurred in a single calendar 

year while others have had none. Time between successive windstorms has varied from 

about 8 hrs to 2.8 yrs. Peak wind has ranged up to 23.1 m s
-1

 and gust 38.1 m s
-1

 (Table 

1). In typical fashion for a wind speed distribution, the frequency of events at the high 

end falls off exponentially. Windstorm peak wind and gust speeds are largely clustered at 

the low end of the high-wind range. Only a few windstorms have produced gusts ≥ 30.9 

m s
-1

 (60 kt). The duration of high winds, here quantified by the number of hourly 

observations (i.e. reports at least one hour apart) with high-wind criteria gusts, falls off in 
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a similar fashion to wind speed (Table 2). Most windstorms only produced high-wind 

criteria gust speeds in a single observation. Rarely did windstorms produce high-winds 

over ≥ 3 observations (~2 hr). 

 

1.2.2 Significance of the 02-03 Dec 2007 Windstorm 

 

During the 02-03 Dec 2007 ‘Great Coastal Gale,’ the result of two closely-

associated ETCs, wind gusts reached extreme values of 35-50 m s
-1

 at many coastal 

lowland locations, with some higher elevation sites reporting speeds in excess of 60 m s
-1

 

(Figure 2). At KAST, the peak wind of 23.1 m s
-1

 and gust of 38.1 m s
-1

 are the highest in 

the 1973-2013 record, and are far above the next ten strongest storms, as ranked by gust 

(Tables 1 and 3). Importantly, the wind data are solely from the hourly and special 

observations, here used largely to maintain consistency with the earlier human-observer 

part of the wind record. Automated stations will store peak wind and gusts that occur 

outside of the10-minute window used for routine and special observations. According to 

the NCDC Local Climatological Data for Dec 2007, KAST recorded an actual peak wind 

of 24.7 m s
-1

 and gust of 42.2 m s
-1

. Only one storm on record, 27 Nov 1949, produced a 

matching peak wind speed (this measured with a nonstandard 20.4 m sensor height), and 

only the destructive 1962 Columbus Day Storm (Lynot and Cramer, 1966) has produced 

a higher gust, 42.7 m s
-1

. This suggests a mean return period of approximately 50 yr. 

The duration of the 03 Dec 2007 event is unprecedented in the 1973-2013 period, 

with 19 separate observations of high wind gusts at least one hour apart (Tables 2 and 3). 

The windstorm lasted nearly an entire day. The next longest storm, 01 Feb 1987, had 

approximately 1/3 the duration. 

Heavy rainfall accompanied the 02-03 Dec 2007 series of storms throughout the 

region afflicted by the strongest winds, and beyond. According to the NCDC Daily 

Weather Records (NCDC, 2014), 27 daily precipitation records were broken in OR from 

02-04 Dec 2007 (out of 738 stations), with 68 in WA (471 stations). This includes some 

very heavy lowland values both on the coast and inland (Table 4). Based on the NWS 

Climate Prediction Center 1/8-degree gauge-based analysis (NCEP, 2014), the coastal 

mountains from northwest OR into WA generally received well above 100 mm of rain in 
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24 h, with much of the lowlands receiving 50-100 mm (Figure 3). Up to 700 mm fell in 

the Chehalis Hills of WA (Mass and Dotson, 2010). Both ETCs entrained moisture from 

the degraded remains of Typhoons Hagibis and Mitag, with precipitable water values of 

40-50 mm as the storms moved north of Hawaii (NWS Seattle 2007). For 1200 UTC 03 

Dec 2007, the NWS National Centers for Environmental Prediction (NCEP) precipitable 

water analysis shows a maximum of 25 mm and higher over northwest OR and southwest 

WA, and a value of 30 mm for Salem, OR (KSLE), some 229% above normal.  

 

1.2.3 Synoptic Analysis of the 02-03 Dec 2007 Windstorm—A Nonclassical Event 

 

The synoptic conditions that supported the intense and long-duration wind speeds 

of the 02-03 Dec 2007 storm were nonclassical (Figure 4). Historically, those windstorms 

with the most extreme wind speeds have tended to follow a pattern of very close passage 

to the region, generally tracking inside 130ºW south of about 50ºN and often landing 

somewhere on the coast of the PNW or Vancouver Island (Read, 2008; Mass and Dotson, 

2010). Also, these lows tend to be at or near peak intensity at closest approach. The 1962 

Columbus Day Storm, tracking inside 130ºW at 40ºN, reaching peak intensity off of the 

OR coast and then moving into the northwest tip of WA is an archetype for extreme 

windstorms (Lynot and Cramer, 1966; Read, 2008). 

Though the first ETC of the 02-03 Dec 2007 series met the expected track 

conditions, the low does not appear to have been particularly intense and indeed it faded 

rapidly upon reaching the coast. This is apparently the result of poor upper support, as the 

low appears to have been under the right exit region of the jet streak, not a favorable 

location for intensification (Figure 4B). The second, deeper ETC crossed 130ºW around 

52ºN, far to the north of the region, and this after the system had been filling for over 24 

h (Figure 4B-D). For much of the coastal windstorm phase, the second ETC appears to 

have been in a vertically stacked state with the low just to the north of the main jet 

support. 

Both ETCs brought significant warm advection into the region, with the second, 

larger system carrying a strong warm front into southwest British Columbia (Figure 4C). 

ETC warm sectors are typically where the strongest winds occur in PNW windstorms 
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(Mass and Dotson, 2010). This is in part due to the more buoyant air tending to have low 

static stabilities and therefore having the potential for significant vertical mixing. This 

mixing can transfer upper-level wind momentum to the surface. Other good mixing 

sources are ETC frontal boundaries. 

As the two storms approached, numerical weather prediction (NWP) models 

indicated 850 hPa winds reaching approximately 50 m s
-1

 (~100 kt) over the coast, some 

5 standard deviations above normal (NWS Portland 2007), and a potential source for 

intense wind gusts at the surface given the emplaced warm sector. To confirm these 

model winds, upper-air balloon sounding data were obtained from the NCDC. Apparently 

a storm-related power outage stopped communications from Quillayute (KUIL), and 

prevented a record from this well-located coastal station. The closest available upper-air 

site that remained operational, the somewhat inland KSLE, nearly corroborates the model 

predictions. On 03 Dec 2007, 850 hPa winds at 0000 UTC were 43.2 m s
-1

 out of 210º 

and at 1200 UTC 45.3 m s
-1

 out of 205º. Approximately a half km higher up, around 800-

775 hPa, winds were 49-52 m s
-1

. Aside from providing a potential momentum source to 

the surface winds, the SW direction likely supported strong orographic precipitation 

enhancement as the fast-moving and moist stream of air bumped into area mountain 

ranges.  

The central pressure of a strong anticyclone over the U.S. Southwest increased by 

17 hPa between 1200 UTC 02 Dec 2007 and 0000 UTC 04 Dec 2007 (Figure 4). The 

second ETC reached peak intensity around 0000 UTC 03 Dec 2007, and over the next 24 

hr the central pressure filled by 18 hPa. The strengthening high helped maintain a strong 

coastal pressure gradient despite a weakening low. This can be seen in the contrast 

between the sea-level pressure readings of Arcata, CA (KACV), and Tatoosh Island, WA 

(TTIW1) (Figure 6). After reaching a minimum during the passage of a storm system 

from 30 Nov-01 Dec 2007, the pressure at KACV tended to go up whereas the pressure 

further north swung strongly downward with the passage of the two ETCs of interest. 

Pressure gradients along the OR coast reached values comparable to the major classic 

windstorm of 14 Nov 1981 (Table 5), helping support the extreme wind speeds. 
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1.2.2 Hydrodynamic Signature of the December 2007 Storm 

 

The response of PNW nearshore waters to the meteorological forcing from the 

December 2007 storm is illustrated in Figure 6. The left column shows the location of six 

wave buoys and six tidal gaging stations. Port Orford, OR is the only location with both. 

The middle column of the figure shows the non-tidal residual (NTR), calculated as the 

difference between the NOAA observations and predictions. There is a latitudinal 

gradient, with NTR values exceeding 1 m in the northern regions. The Garibaldi gage, 

which is in Tillamook Bay, has a period of record too short (~ 10 yrs) for the computation 

of meaningful extreme water level statistics. The Toke Point, WA gage has a 34 yr record 

and the maximum observed NTR of 2 m at that site during the storm corresponds to a 10 

yr return period. 

The right column of Figure 6 shows the significant wave height reported by the 

wave buoys. In contrast to the NTR values, there is little latitudinal variation observed. 

All buoys report maximum Hs values in the range of 10 – 13 m. Three of the buoy 

locations (Port Orford, Umpqua Offshore, and Gray’s Harbor) have periods of record 

(POR) too short for NOAA to provide official climatic summaries. The other three buoy 

locations (Stonewall Bank, Columbia River Bar, and Cape Elizabeth) report maximum Hs 

values of 12.1, 12.2, and 11.9 m during the 2007 storm, and have PORs of 18, 25, and 22 

yrs respectively. At each of these three stations, the Hs values observed in the 2007 storm 

are the maximum December values on record. Note that the incomplete records at the 

Columbia River Bar and Stonewall Bank are due to buoy failure during the peak of the 

storm. 

 

 1.3 Study Objectives 

 

The goal of the present study is to determine the physical processes contributing 

to storm surge in PNW estuaries and to assess their relative magnitudes. This goal is 

similar to that of Orton et al. (2013), who modeled the storm tide in the New York City 

region due to tropical and extra-tropical cyclones. The hydrodynamic climates of the 
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PNW and east coast of the USA are very different however, motivating our detailed look 

at the balance of processes.  

To generate the most physically robust and meaningful results, we have chosen to 

use a coupled wave-circulation model to study a particular estuary and its behavior in 

response to a particular storm event. The coupling of waves and circulation is meaningful 

since the breaking waves will significantly modify the water surface elevation (WSE) and 

velocity fields and the tidal circulations will strongly modify the wave field near the tidal 

inlet. The study of an actual vs. idealized estuary provides an opportunity to quantify the 

spatial variability in inundation and how it relates to the complex bathymetry of PNW 

estuaries. Finally, forcing the simulations with a real storm event preserves the 

correlation between boundary forcing and therefore grounds the results in reality. A 

parametric sensitivity study, in which offshore wave, local wind, and river forcing were 

allowed to vary independently, essentially uncouples the physical processes responsible 

for the model boundary conditions. 

In the following sections, we review the computational methods used, and the 

data streams that were required to develop the boundary condition datasets. We then 

provide results on the NTR for a control run, in which all physical processes were 

included, and other runs in which one or more processes were omitted. This ensemble of 

runs therefore illuminates which physical processes dominate the NTR signal.  

 

2. Methods   
 

2.1 Study Site  

 

Tillamook Bay (Figure 7) is located on the northern Oregon coast. The estuary 

has a surface area (at mean sea level, MSL) of 33 km
2
, a mean depth of 4.6 m, and an 

estuary volume (at MSL) of 0.079 km
3
. All figures in this section were derived from the 

Garibaldi 1/3 arc-second DEM (Carnigan et al., 2009a) which is a gridded product 

aggregating a wide variety of bathymetric datasets. With a great diurnal range (difference 

between mean higher high water and mean lower low water) of 2.53 m, Tillamook has a 

tidal prism of 0.087 km
3
. 
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From a watershed point of view, the drainage basin of the entire bay is 1400 km
2
. 

The mean basin elevation is 384 m and the mean annual precipitation averaged over the 

basin is 3.05 m. This produces an annual precipitation volume of 4.26 km
3
. 

Approximately 57% of the watershed of the bay is gaged by the sum of two United States 

Geological Survey gaging sites (Figure 7c) on the Trask and Wilson Rivers. Scaling up 

those flows to the full area of the Tillamook watershed yields an annual runoff volume of 

3.41 km
3
, or a runoff ratio (runoff to precipitation) of 80%. The ratio of runoff volume to 

estuary volume is 43. 

North-south gradients in precipitation and topography (the latter affecting estuary 

watershed area) along the western coast of North America produce similar gradients in 

the above ratios, which quantify the overall balance between riverine and ocean forcing 

in estuaries. For example, Coos Bay (Oregon) has a runoff to estuary volume of 15, 

suggesting a stronger influence of ocean forcing. On the other hand, the Coquille River 

Estuary (Oregon) has a ratio of 308, suggesting a greater role for watershed processes. 

Tillamook Bay therefore represents fairly average conditions for PNW estuaries, leading 

to its selection for this study. 

 

2.2 Computational Model  

 

The coupling of tidal circulation and wave models has been a major advancement 

in the state of nearshore modeling. Recent examples include ROMS + SWAN (Warner et 

al., 2008) and the CDIP Wave Model + Delft3D (Barnard et al., 2009). Here, the 

advanced circulation (ADCIRC) shallow water model (Luettich and Westerink, 1991) is 

coupled (Dietrich et al., 2011) to the unstructured-mesh version of the wave model, 

Simulating Waves Nearshore (SWAN) (Zijlema, 2010), such that both models utilize the 

same mesh, freeing computational resources which otherwise would have been used for 

interpolation between models and global communication. ADCIRC calculates water 

surface elevations by solving the Generalized Wave Continuity Equation (GWCE), which 

incorporates depth-averaged versions of the momentum equations. ADCIRC then 

calculates velocities with the 2D or 3D momentum equations, depending upon user 

specifications. For the present study, the 2D depth-integrated (2DDI) version is used. 
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ADCIRC has a wetting and drying algorithm, enabled for the storm hindcast, 

where elements are considered ‘wet’ if total water depth is greater than a minimum 

wetness height for all three vertices composing a particular element. Linear, nonlinear, 

and hybrid bottom friction formulations are permitted and, for the present study, the 

nonlinear option was selected with a friction coefficient of 0.002 Turbulent stresses are 

modeled using a spatially constant horizontal eddy viscosity of 2.0 m
2
 s

-1
. 

ADCIRC-computed water elevations and velocities are passed to SWAN at the 

coupling interval, which is set to every 600 s for the present simulations. SWAN then 

solves the action balance equation for wave action and passes radiation stresses back to 

ADCIRC. Within SWAN, wave directions are discretized into 36 bins of 10 degrees 

each, while wave frequencies are split over 40 bins from 0.031-1.42 Hz on a logarithmic 

scale. Bottom friction is based on Madsen et al. (1988), using a bottom roughness length 

scale of 0.05. White-capping dissipation follows the formulation derived by Komen et al. 

(1984). Along the offshore boundary, a JONSWAP spectrum with wave parameters taken 

from an offshore wave buoy is assumed.  

The tightly coupled model is run in parallel mode with 192 processors on 

Lonestar, a Dell Linux computing cluster at the Texas Advanced Computing Center 

(TACC) at the University of Texas at Austin. Use of the present grid (following section) 

results in a computational expense of 10 wall-clock minutes per day of simulation time.  

 

2.3 Grid development   

 

The study utilizes an unstructured mesh developed using the localized truncation 

error analysis (LTEA) method (Hagen et al., 2001). Use of an unstructured mesh allows 

for higher resolution within regions of high spatial gradients, such as the coastline or 

within the estuary. The mesh, which has 102,383 triangular elements and 52,077 vertices, 

provides coverage of Tillamook Bay and extends westwards through the Pacific Ocean 

until 125° W longitude (Figure 7b). Mesh resolution varies from 6 km in the Pacific 

Ocean to around 50 m within Tillamook Bay.  

Bathymetry for the mesh is derived from the Garibaldi, OR (Carnigan et al., 

2009a) and Central Oregon Coast, OR (Carnigan et al., 2009b) coastal relief digital 
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elevation models (DEMs) produced by the NOAA Tsunami Inundation Project at 1/3 arc-

second resolution. Both DEMs are referenced to the mean high water (MHW) tidal datum 

and were transformed to mean sea level (MSL) using the VDatum tool developed by 

NOAA. In some regions, notably the Bayocean Spit, which makes up the western 

boundary of Tillamook Bay, large discrepancies were found between the Garibaldi DEM 

and more recent LIDAR data (USACE/JALBTCS, 2012). When meshing the grid, 

priority was given to the more recent, higher-quality LIDAR data in these regions.  

 

2.4 Boundary Conditions   

 

The generation of storm tides and localized waves within Tillamook Bay is 

primarily dependent on sustained wind action over the estuary.  Meteorological 

conditions during the Great Coastal Gale of 2007 were taken from the North American 

Regional Reanalysis (NARR) product (Mesinger et al., 2006), developed by the National 

Center for Environmental Prediction (NCEP). NARR data are offered at 3-hourly 

temporal resolution and at 32 x 32 km spatial resolution.  

Tidal amplitudes and phases are derived from the TPXO 5.2 global tide model for 

eight tidal constituents (M2, S2, N2, K2, K1, O1, Q1, P1). The values are prescribed at 

all open ocean boundary nodes. The tide_fac ADCIRC utility program (available at 

www.adcirc.org) is used to determine the nodal factors and equilibrium arguments 

corresponding to the beginning of the model run, 11/28/2007 00:00 GMT.  

The NOAA National Data Buoy Center (NDBC) operates an offshore wave buoy 

(Station #46089) close to the offshore ocean boundary of the mesh utilized in this study. 

Bulk wave parameters (e.g. significant wave height, mean wave direction, mean wave 

period) were extracted from the buoy record for a weeklong period, 11/28/2007 00:00 

GMT to 12/5/2007 00:00 GMT. Given the size of the storm system relative to the 

simulation domain, wave parameters were assumed spatially constant across the open 

ocean boundary.  

Finally, streamflow forcing was developed through the use of hydrographs from 

USGS gaging stations on the Trask and Wilson Rivers (Figures 7c, 8). As noted above, 

these two rivers drain 57% of the total catchment area of Tillamook Bay. The drainage 

http://www.adcirc.org/
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area ratio method (e.g., Hirsch, 1979) was used to take the observed hydrographs and 

scale the flows up to the total basin area. 

 

3. Results   

 

3.1 Model validation  

 

A one-week control run (tidal forcing only) from 11/21/2007 00:00 GMT to 

11/28/2007 00:00 GMT was conducted in order to assess the model’s ability to accurately 

reproduce the tidal signal with eight tidal constituents. Figure 9 shows the agreement 

between the model predictions of the WSE at the Garibaldi, OR tide gage, the NOAA 

predictions at that location, and the observed WSE. The present model predictions have a 

root mean square error of 0.17 m when compared to the NOAA predictions. . The Nash-

Sutcliffe efficiency, which measures model skill in reproducing observations, for 

ADCIRC-SWAN model predictions and the NOAA predictions is 0.97 (Nash and 

Sutcliffe, 1970). Regarding the NSE, a value of 1 indicates a perfect fit and a value of 0 

indicates that the mean of the true data (the NOAA predictions in this case) is as accurate 

as the predictions (the ADCIRC results). 

 

3.2 Storm Simulation  

 

Global WSE and Hs output at the peak of the storm, Dec 03, 2007 16:00 GMT, 

are shown in Figure 10, middle row. The top row is a ‘control run’ where meteorological 

forcing is omitted and ‘typical’ offshore wave forcing (Hs = 3.5 m, arriving from the 

northwest) and streamflow (mean annual flowrate) are used.  The bottom row uses storm 

values for offshore wave height and streamflow, but again omits the meteorological 

forcing. In the control run, offshore wave penetration into the bay attenuates quickly 

beyond the immediate mouth of the bay. The southern half of the bay sees little to no 

wave action, since it is far removed from the influence of offshore waves and lack of 

fetch for wind-wave generation. 

From the full storm and storm without meteorological forcing (middle and bottom 

rows, respectively), the combined contribution of precipitation, storm winds and waves 
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produce an increase of 30 cm in the WSE at the storm climax. Over the storm duration, 

sustained winds reached a maximum of 29.0 m s
-1

 and blew from the south. A tilt of 

around 26 cm was observed within the bay for the full storm run. The horizontal spatial 

variation evident in Hs under full storm conditions (middle row) is due to the presence of 

complicated bathymetric shoals and ridges within Tillamook Bay. Notably, the 

northernmost mud flats leave highly visible bathymetric signatures, compared to mud 

flats in the south. The directionality of strong currents induced in the bay channels at ebb 

or flood tide can compress or reduce wave heights.  

A slight difference in the WSE between the southern and northern halves of the 

bay can be observed (bottom row), which is attributable to the high volume of streamflow 

discharged from the Miami and Trask watersheds. The peak in discharge hydrographs 

occurs mid-day Dec 03, 2007 and decreases slowly in the several hours afterwards. The 

absence of meteorological forcing, primarily extreme winds, results in the volume of 

water remaining in the southern half of the bay. There is little observable difference in the 

Hs color plots between the control and storm without meteorological forcing run within 

the bay, although with larger offshore breaking waves, wave penetration into the inlet is 

slightly enhanced.  

Circulations in the bay are driven by a combination of tidal flows and 

meteorological forcing. Figure 11 shows the maximum velocity observed at each node 

over the duration of the simulation. In the control run (panel (a)), tidal flows at peak flood 

and ebb produce currents on the order of 1.5 m s
-1

 at the most narrow point of the inlet. 

Elsewhere within Tillamook Bay, currents are negligible. The full storm simulation 

(panel (b)) in conjunction with the storm simulations omitting offshore waves (c) and 

meteorological forcing (d) illustrate several processes. First, there is a strong alongshore 

current on Bayocean spit forced by gradients in radiation stresses (wave breaking), and 

modified in structure by the tidal inlet flow. Closer examination of the storm simulation 

omitting offshore wave forcing shows a landwards shift in longshore current maxima, 

which is not surprising since breaking wave heights in this particular scenario are smaller 

than wave heights in the full storm simulation and occur in shallower water. 
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Second, as noted above, the highest velocities within the estuary are found close 

to the mouth, due to the areal constriction. Unlike elsewhere in the bay, the strength of 

the inlet currents is not affected significantly by the meteorological forcing, since the 

orientation of the channel is orthogonal to the wind direction and the topography 

immediately south of the channel shelters the inlet. Third, velocities induced by the river 

inflow (east and southeast portions of domain) are significant in magnitude during storm 

conditions, but dissipate rapidly with distance away from the river inlet. 

In addition to the global output shown in the previous figures, WSE time series 

are output at select stations (See Figure 7d) within and around Tillamook Bay, including 

the NOAA Garibaldi tide gage location, southern Tillamook Bay, mid-channel at the 

Tillamook jetties and on the Bayocean Spit at the h = 5 m contour. A more complete set 

of runs was carried out, in which each process contributing to surge (offshore waves, 

streamflow, surface winds, pressure, etc.) was left out in turn. The relative contributions 

of each major process at each location are examined by plotting the non-tidal residual 

(NTR) in Figure 12.  The NTR at the Garibaldi location is calculated as the difference 

between the simulated WSE and the NOAA predicted tidal record. At the other locations, 

the NTR is calculated as the difference between the simulated WSE for the run in 

question and the simulated WSE from a tides-only run.  

 

4. Discussion 

 

At the tidal gage location, the simulated NTR for the full storm simulation 

compares favorably to the observational NTR with a Nash-Sutcliffe efficiency of 0.75.  

The inclusion of offshore wave forcing contributes the majority of the non-tidal residual 

(~ 60 cm), due to breaking-induced wave setup. Recall that offshore waves during the 

storm peak were well in excess of 10 m. Streamflow and local wind-blown surge 

contributions total around another 20 cm of the NTR signal at its peak for this location. 

Variations in WSE due to barometric pressure are minimal.  

Several peaks exist in the observed NTR beginning from mid-day 12/02/07 until 

mid-day 12/04/07, of which only the second is well approximated by the simulation. The 

periodicity of these peaks suggests nonlinear interactions between the tide and surge, 
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where a positive surge enhances tidal propagation speed and thus, alters the tidal phase 

(Rossiter, 1961). Rego and Li (2010) found that nonlinear effects could constitute up to 

80% of the S2 tidal amplitude and lesser magnitudes with other tidal constituents. Since 

convective acceleration and its time derivative were not turned on in the model settings, 

due to stability issues, this may explain the gap in predictions. The selection of a 

barotropic tidal circulation model combined with the scale of the mesh domain most 

likely influences how well the hindcast performs in capturing the higher magnitude 

peaks. Significant pressure gradients associated with storms drive to some extent surge 

levels. Although wind and pressure fields from NARR were utilized in this hindcast, the 

total extent of the domain may not have captured the effect of large pressure gradients, 

Using a barotropic model, where the water column is vertically integrated to give a single 

value for currents, rather than a baroclinic model, where the vertical variation in currents 

can be described, most likely influences the water levels modeled.  

Additionally, the scale of the mesh domain (90 km latitudinal range) may not be 

extensive enough to capture large-scale phenomena which raise water levels, such as 

coastally trapped waves. These waves are generated easily over the relatively narrow and 

deep continental shelf present in the PNW. Alongshore gradients in wind magnitudes 

lead to coastally trapped waves of wavelengths of hundreds to thousands of kilometers. 

The presence of a trapped wave generated at scales much larger than the model mesh 

may have contributed to elevated water levels in the NOAA observations. 

The contribution of offshore wave breaking to NTR appears at comparable 

magnitudes at the tidal gauge station, jetty and open coast locations, where the peak NTR 

value corresponding to omission of offshore waves is 20 to 25% of that from the full 

storm scenarioIn contrast, the southern Tillamook Bay location sees not only a lower 

peak NTR value from the full storm scenario (0.69 m compared to 0.8 m at the tidal 

gauge location and 0.89 m in the north jetty) but a highly attenuated peak NTR value 

when waves are neglected (0.01 m). This supports the hypothesis that offshore waves 

below a certain threshold do not generate a surge appreciable enough to reach the 

southern half of the bay.. The contributions of streamflow and storm winds to NTR also 

demonstrate spatial variability. In southern Tillamook Bay, the omission of local winds 
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leads to a 15% increase in the peak NTR value. This is attributable to the substantial tilt 

in water surface that local winds produce. This local surge signature is most evident in 

between 12/3/07 - 12/4/07 and fades quickly after the event. 

The omission of streamflow, on the other hand, leads to a 19% decrease in the 

peak NTR value. The reduction in NTR 24 hours prior to the peak is even greater, 

suggesting that the runoff temporally ‘leads’ the breaking wave induced surge. This is 

confirmed by Figure 8 which shows that peak runoff is early on December 3 and that the 

hydrographs are receding by the time peak NTR arrives.  

The impact of streamflow is far-reaching within the bay. At the north jetty, 

omission of streamflow results in a 20% decrease in peak NTR. Note that the ‘leading’ 

that was observed in the south bay is here largely absent, due to the time it takes for the 

streamflow flood wave to propagate north through the estuarine system. The percentage 

drop is similar when neglecting winds (21%). In contrast to the south bay, the omission 

of winds reduces NTR. In contrast, the NTR signal at the open coast location is 

approximately the same for both the full storm and storm without streamflow run, which 

is sensible since this station is far removed from watershed locations. For the open coast 

site, there is an appreciable contribution from local winds. This comes partly from 

increased wave heights (and breaking induced setup) when winds are included over the 

large fetch of the domain. It also comes partly from direct stress on the water surface. 

 

5. Conclusions  

 

A storm hindcast of the December 2007 storm and a series of parametric model 

runs omitting individual major boundary forcings (e.g. offshore waves, meteorological 

forcing, streamflow) were conducted in this experiment using the coupled ADCIRC-

SWAN model to explore the relative contribution of each process towards surge within 

Tillamook Bay.  The primary metric for assessing surge is the NTR, which is calculated 

as the difference between the storm simulation case and a tides-only run at several 

locations of interest. The model reproduced the maximum NTR peak at the NOAA tide 

gage, although it lacks some skill in capturing the full nonlinear tide-surge interaction 
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process. At all output locations, the contribution to surge from offshore wave breaking 

dominated the relative increase in water levels. Smaller and more localized contributions 

to NTR came from the effects of streamflow and wind stress inside the estuary. Other 

estuaries in the PNW would show a different mix of results, based upon their horizontal 

scale, their inlet conditions (e.g., Willapa Bay, Washington has a much broader inlet that 

would permit wave penetration), and their watershed extent. 

Due to the storm’s unprecedented duration and extreme sustained wind and gust 

magnitudes in relation to ‘typical’ winter storms in the PNW, the Great Coastal Gale of 

2007 represents a unique case study for the domain. The paucity of wave observations 

within Tillamook Bay made it difficult to ascertain extreme wave heights found in the 

northern portion of the bay at the peak of the storm. Thus, future modeling work on 

hydrodynamic impacts of extreme events in PNW estuaries could benefit greatly from 

increased local observations of waves and other relevant hydrodynamic and 

climatological variables. 
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Figures 

 

 
Figure 1. Monthly averages (1991-2008) of wind speed, significant wave height (Hs), and 

dominant wave period (DPD) from the Stonewall Bank (Station 46040) wave buoy. Final 

panel shows the normalized mean annual hydrograph averaged over multiple USGS 

gaging stations. 
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Figure 2. Peak gusts in m s

-1
 for the 02-03 Dec 2007 windstorm. Given high spatial 

variability of peak wind speeds due to the complex terrain in the region, isotachs are 

meant to help guide the eye as opposed to being exact. Identified stations are those 

mentioned in the storm analysis. 
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Figure 3. Daily total rainfall for 03 Dec 2007, modified from the NWS Climate 

Prediction Center 1/8 degree gauge-based estimation. 
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Figure 4. The synoptic evolution of the 02-03 Dec 2007 series of storms based on NWS 

NCEP upper air analyses and NWS Weather Prediction Center surface analyses. Panels 

are in 12-h steps beginning with A at 1200 UTC 02 Dec 2007. Orange shading depicts 

the 300 hPa jet stream, with brown italicized numbers labeling isotachs in m s
-1

 and a few 

plotted observations in black mainly intended to show wind direction. For the 500 hPa 

level black lines denote the heights in dm; upper lows and central heights are also marked 

in black. Isotherms in ºC are indicated with white dashed lines. Surface lows and central 

pressures in hPa are indicated with dark blue, and tracks in light blue. The future 12-h 

position of the second, deeper, low is also included in panel D, marked in brown. Key 

surface anticyclones are indicated in red. 
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Figure 5. Sea level atmospheric pressure at Arcata, CA (KACV) and Tatoosh Island, WA 

(TTIW1). The wind and gust speeds at Garbibaldi, OR (TLB03) are provided for 

reference. 
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Figure 6. Locations of tide gage stations and wave buoy stations along the Oregon and 

Washington coasts. Middle and right columns provide time series data on the non-tidal 

residual (NTR) and the significant wave height Hs during the December 2007 storm. The 

buoys at Columbia River Bar and Stonewall Bank were damaged mid-storm. 
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Figure 7. Varying views of the Pacific Northwest coast and the Tillamook Bay region; 

heavy black lines in panels (a)-(c) show the extent of the subsequent panel. (a) - regional 

scale view; (b) - view showing the extent of the computational model domain; (c) – local 

view showing the full watershed of the estuary. Blue dots indicate USGS gaging stations 

for the Trask and Wilson rivers, whose watersheds lie to the northeast and southeast 

respectively; (d) – local view showing the bathymetry of Tillamook Bay. Symbols in (d) 

indicate locations at which storm time series will be generated (Section 3.2). 
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Figure 8. Discharge hydrographs for the Trask (USGS 14302480) and Wilson (USGS 

14301500) Rivers. 
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Figure 9. Model predictions, NOAA observations, and NOAA predictions of WSE at the 

Garibaldi, OR tide gage during the week prior to the 2007 storm.  
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Figure 10. Water surface elevation (left column) and significant wave height (right 

column) for a control run (top), full storm conditions (middle) and storm conditions 

omitting meteorological forcing (bottom). Data are from the storm peak, at Dec 02, 2007 

16:00 GMT. 
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Figure 11. Maximum values of water surface velocities within the bay for a) control run, 

b) full storm conditions, c) storm conditions omitting offshore waves and d) storm 

conditions omitting meteorological forcing. 
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Figure 12. Non-tidal residual (NTR) signals for all runs at various locations around 

Tillamook Bay: NOAA Station #9437540 (tide gauge), southern Tillamook Bay, North 

Jetty, and on Bayocean Spit (open coast) at the h = 5 m contour. 

  

0

0.5

1

N
T

R
 (

m
)

 

 
NOAA Station #9437540

Observed

Storm - Full

Storm - No Streamflow

Storm - No Offshore Wave Forcing

Storm - No Wind

Storm - No Winds or Pressure Drop

0

0.5

1

N
T

R
 (

m
)

Southern Tillamook Bay

0

0.5

1

N
T

R
 (

m
)

North Jetty

12/01/07 12/02/07 12/03/07 12/04/07 12/05/07

0

0.5

1

Time & Date (GMT)

N
T

R
 (

m
)

Open Coast, h = 5m



33 
 

 

Tables 

 

Table 1. Frequency of independent windstorms during the 1973-2013 period at KAST for 

wind speeds separated into 5 knot (~2.5 m s
-1

) bins. 

Peak Gust (knots) Peak Gust (m s
-1

) Frequency of Independent Windstorms 

50-54 25.7-27.8 55 

55-59 28.3-30.4 21 

60-64 30.9-32.9 6 

65-69 33.4-35.5 2 

70-74 36.0-38.1 1 
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Table 2. Frequency of independent windstorms during the 1973-2013 period at KAST for 

given high-wind durations. 

High Wind Duration (# observations with 

high-wind criteria gusts) 
Frequency of Independent Windstorms 

1 62 

2 14 

3 3 

4 4 

5 2 

6+ 2 
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Table 3. Peak wind and gust, with duration of high winds, for the 03 Dec 2007 storm 

(highlighted) and the next 10 strongest events based on peak gust for the period 1973-

2013. A precursor storm on 02 Dec 2007 is also highlighted. 

Date 

Time 

of 

Peak 

Gust 

(UTC) 

Gust 

Direction 

(º) 

Peak Wind 

(m s
-1

) 

Peak 

Gust (m 

s
-1

) 

Duration (# 

observations with 

high-wind criteria 

gusts) 

03 Dec 2007 1055 200 23.1 38.1 19 

16 Dec 1982 0300 170 19.5 35.5 2 

17 Jan 1986 0400 210 15.9 33.4 1 

02 Dec 2007 0155 190 14.9 32.9 3 

20 Jan 1993 1400 180 19.0 32.4 1 

18 Jan 1986 1500 190 18.0 32.4 5 

14 Jan 1988 1700 180 19.5 31.9 4 

19 Nov 2012 1755 190 18.0 30.9 5 

14 Dec 2006 2338 200 17.5 30.9 2 

01 Feb 1987 0500 200 18.5 30.4 7 

13 Feb 1979 0900 190 21.1 29.8 4 
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Table 4. New 24 h rainfall records during the 02-03 Dec 2007 windstorm with values that 

exceeded 125 mm. 

Location 
Elevation 

(m) 

Date 

(2007) 

New 

Record 

(mm) 

Previous 

Record 

(mm) 

Years of 

Record 

Haskins Dam, OR 230 03 Dec 221.0 71.9 76 

Bremerton, WA 34 03 Dec 190.5 68.1 109 

Cushman Powerhouse, 

WA 
6 03 Dec 177.8 133.1 35 

Clatskanie, OR 7 03 Dec 169.7 61.5 73 

Carson Fish Hatchery, 

WA 
346 02 Dec 158.8 105.9 30 

Aberdeen, WA 3 03 Dec 132.3 75.7 116 

Tillamook, OR 4 03 Dec 128.5 85.1 59 
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Table 5. Maximum pressure gradients for some coastal measures. Data from past major 

classical windstorms are provided for comparison. For the 1981 and 1995 storms, KUIL 

is used in place of TTIW1. 

Location 

Max Gradient (hPa) 

02-03 Dec 

2007 
12 Oct 1962 14 Nov 1981 15 Dec 1995 

KACV-

KOTH 
13.1 24.0 9.8 16.6 

KOTH-KAST 17.0 23.9 17.6 22.6 

KAST-

TTIW1 
14.2 17.7 10.3 18.3 

KACV-KAST 24.0 33.0 23.3 33.0 

KOTH-

TTIW1 
21.4 27.3 19.2 31.8 
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Abstract 

 

Total water levels (TWLs) within estuaries are influenced by tides, wind, offshore 

waves and streamflow, all of which uniquely affected by climate change. The magnitude 

of TWL associated with various return periods is relevant to understanding how the 

hydrodynamics of a bay or estuary may evolve under distinct climate scenarios. A 

methodology for assessing the hydrodynamic response of a small estuary under major 

boundary condition perturbations is presented in this study. The coupled Advanced 

Circulation (ADCIRC) and Simulating Waves Nearshore (SWAN) models was used to 

simulate wave and surge conditions within Tillamook Bay, OR (USA) for two long-term 

scenarios from 1979-1998 and 2041-2060. The model output provided multi-decadal time 

series of TWLs for statistical analysis. Regional climate data from the North American 

Regional Climate Change Assessment Program (NARCCAP) were used to drive 

streamflow modeling (MicroMet/SnowModel/HydroFlow) and meteorological forcing 

within ADCIRC-SWAN. WAVEWATCH III, which was forced with global climate data 

from the Community Climate Science Model (ccsm), was used to produce open boundary 

wave forcing. A latitudinal gradient was found in TWLs associated with varying return 

periods, although local effects and proximity to riverine discharge and bay mouth could 

also impact TWL magnitudes. 
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1. Introduction 

Climate change directly impacts how well estuaries can supply ecological services to 

humans and wildlife. Estuaries provide critical services such as water filtration and 

habitat protection for species that have commercial, recreational and cultural significance 

(Barbier et al., 2011). These shallow-water regions drive local economies for coastal 

communities, such as commercial or recreational fishing, and also serve as hubs for ship 

transportation and commerce. The efficacy of strategies to preserve and maintain the 

well-being of an estuarine environment is directly linked to a thorough understanding of 

the physical processes within the domain and how they may be affected by shifts in 

climate. 

In the Pacific Northwest (PNW), the hydrodynamics of estuarine environments are 

particularly unique given the relative strength of the wave climate compared to the rest of 

the conterminous United States and the hydrologic character of the region. Extreme 

winds and precipitation characterize the PNW winter season, as a result of atmospheric 

transport of water vapor flux from the tropical Pacific. Analysis of historic buoy data 

from the National Data Buoy Center shows that average winter significant wave heights 

in Oregon (OR) and Washington (WA) range from 3-4 meters, with maximum measured 

wave heights of 10-12 m. Winds are typically directed from the south during winter 

storm events, generating strong longshore currents on open coast and wind-blown surge 

within bays. Large interannual and interdecadal variability is present in the magnitude 

and duration of precipitation events along the West Coast (Warner et al., 2012). 

For the PNW, the amount of snow cover and, subsequently, summer streamflow are 

heavily influenced by winter precipitation trends (Hamlet et al., 2005). Recent studies 

show a steady temporal decline in snowpack and glacier coverage in western North 

America (Schiefer et al., 2007; Bolch et al., 2010). Climate projections predict wetter 

winters and drier summers for coastal zones in the PNW, which will unduly affect the 

hydrologic regime and total river discharge into estuaries (Mote and Salathé Jr, 2010). 

Leung et al. (2004) found that extreme daily precipitation was enhanced in future climate 

scenarios. The distribution and timescales of major precipitation events dictates the 
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strength of river currents and the spatial extent to which they leave a ‘signature’ in 

estuarine morphology. 

Recent literature has also focused on the increase in wave heights in the North 

Pacific, suggesting a possible link between storm-induced waves and warmer water 

temperatures in the Western Pacific (Graham and Diaz, 2001). For the US West Coast, 

Allan and Komar (2001, 2002) showed that the rate of increase in wave heights vary 

latitudinally, with little to no increase in the southern coast of California and the greatest 

increase found for the PNW coast. In a later study, Allan and Komar (2006) analyzed 

decadal trends in buoy records and found that average wave heights were increasing at a 

rate of 0.03 m/yr.  

Wave-current interaction within a bay or sheltered area generates the predominant 

local circulation patterns, thus impacting pollutant dispersal, temperature and salinity 

mixing, morphological changes and other physical processes. Olabarrieta et al. (2011) 

examined wave-current interactions in a mesotidal inlet and found that the breaking-

induced radiation stress gradient induced wave setup within the estuary beyond the inlet. 

Additionally, relative sea level rise in the PNW will shift wave breaking closer to shore, 

thus impacting the extent of set up and local circulation patterns. 

Potential impacts of sea level rise and increasing wave heights on open coast beaches 

in the PNW, such as intensified beach erosion, are well-documented in the literature 

(Ruggiero et al., 2010; Seymour, 2011). However, less is understood about how these 

same factors influence the complex interaction of physical processes in tidal inlets and 

estuaries. Kuang et al. (2014) apply MIKE21 in a case study of the Yangtze River 

Estuary, China to examine the effects of various sea level rise scenarios but do not 

consider future changes in runoff or wave climate. Given that each of these factors affect 

the hydrodynamics of an estuarine environment, a wholistic approach towards modeling 

climate impacts on estuaries is warranted. This study focuses on the development of an 

assessment methodology for climate change impacts on small to medium-size estuaries. 

Nearshore circulation is modeled for a long-term historical (1979-1998) and future 

scenario (2041-2070) in a representative PNW estuary. Major boundary conditions which 

drive the physical phenomena present in these environments, such as offshore wave 



47 
 

 

forcing and streamflow, are modeled separately and combined to provide a heuristic 

understanding of how aggregate climate impacts may influence total water levels (TWLs) 

within a sheltered bay. Statistical analysis of resulting TWL time series at select locations 

yield a more nuanced view of wave and surge processes. 

 

2. Methods 

2.1.Study Site 

The climate change impact assessment is carried out for Tillamook Bay, a small 

estuary located in northwestern Oregon (Figure 1). Most estuarine waters are sheltered 

from open coast wave conditions due to Bayocean Spit, located adjacent to the western 

perimeter of Tillamook Bay, and a jettied inlet of 350 m width. Breaching of the spit and 

overwash into Cape Meares Lake, near the southern end of the spit, occurred during an 

extreme storm event in 1952, due to the construction of the north jetty. After the 

completion of the south jetty in 1979, an accretional trend was observed. 

The bay has relatively shallow bathymetry (avg. 4.6 m depth), and contains complex 

bathymetric features, such as mud shoal clusters and tidal flats, which dominate local 

circulation patterns. At mean sea level (MSL), the total surface area and volume of the 

estuary is 33 km
2
 and 0.079 km

3
, respectively.  

Other major processes influence the water surface elevation within the bay. Five 

major watersheds drain from the coastal mountain range into the bay: Miami, Kilchis, 

Wilson, Trask and Tillamook. The overall bay watershed is shown in Figure 1c. The 

Wilson and Trask Rivers, both gauged by the United States Geological Survey (USGS), 

jointly contribute 57% of the discharged volume that enters Tillamook, and their gaging 

station locations and respective watersheds are also shown in Figure 1c. 

Wind and offshore wave action contribute to surge within the bay. Typical PNW 

winter storms are characterized by southerly winds, which create a ‘tilt’ in mean water 

level (MWL) when blowing across the direction of longest fetch. Although wave action 



48 
 

 

quickly attenuates after surpassing the mouth of the inlet, wave breaking offshore can 

generate a setup which modifies the water surface elevation within the bay. 

 

2.2.Computational Model 

 

The primary models used to model wave and surge climate within Tillamook Bay are 

the Advanced Circulation (ADCIRC) Shallow Water Model (Luettich and Westerink, 

1991) and unstructured Simulating Waves Nearshore (SWAN) (Zijlema, 2010) Model. 

Given constraints in computational resources and the simulation length of the present 

study, the 2D depth-integrated (2DDI) barotropic version of the ADCIRC model was 

selected. The benefits of the recently coupled ADCIRC-SWAN model are twofold: 1) 

accurate characterization of wave-current interaction in nearshore and coastal areas and 

2) increased computational efficiency since both models utilize a single unstructured 

mesh (Dietrich et al., 2011). The development of input boundary conditions to ADCIRC-

SWAN using other numerical models is covered in the following sections. The overall 

model flow is illustrated conceptually in Figure 2. 

ADCIRC computes water surface elevation,   , and depth-integrated velocities, U and 

V, everywhere on an unstructured grid as solutions to the Generalized Wave-Continuity 

Equation (GWCE) (Eqn. 1) : 
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   Eqn. 1 

 

  represents the deviation of the water surface from the mean;    is an optimization 

parameter for phase propagation; H = h +   is the total water depth; and  ̃  and  ̃  are 

expressed as the following:  
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           Eqn. 5 

 

 

U and V represent depth-integrated currents in the x and y directions; f is the Coriolis 

parameter; g is the gravitational constant; Ps is atmospheric pressure at the water surface; 

   is the density of water;   is the effective earth elasticity factor;   is the equilibrium 

tidal potential;     is the surface stress caused by winds and waves;    is bottom stress; M 

are lateral stress gradients; D are momentum dispersion terms; B is the baroniclinic 

pressure gradient. 
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The GWCE is utilized in order to avoid spurious oscillations resulting from a 

primitive Galerkin finite element formulation (Gray, 1982) . The wetting and drying 

algorithm within ADCIRC is enabled, such that an element is considered wet if all three 

vertices composing that particular element have a total water depth exceeding 0.05 m. 

The nonlinear bottom friction option is turned on, where a quadratic bottom friction law 

is applied in deepwater (Eqn. 6) and transitions to a Manning-type friction law as water 

depth decreases. The reader is referred to the ADCIRC manual for details on calculating 

bottom friction in shallow water (Luettich and Westerink, 2004).  

 

       ( ̅)
  

           Eqn. 6 

 

A bottom friction coefficient of          is specified within the model. A spatially 

constant horizontal eddy viscosity of 2 m
2 

s
-1

 was used. Since ADCIRC is an explicit 

computational model, a small      s is chosen to maintain stability everywhere. These 

parameters are passed to the unstructured version of SWAN at a specified timestep of 

       s.  

SWAN solves the wave action balance equation, given bathymetry, meteorological 

forcing, water surface elevation and currents, for wave action density (Booij et al., 1999). 
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           Eqn. 7 

 

  ⃑ is the gradient operator in geographic space;  ⃑  is the group velocity;  ⃑⃑⃑ is the 

current vector;    and    are propagation velocities in spectral and directional space; and 

Stot accounts for action sources like wind-wave growth and sinks, such as whitecapping, 

bottom friction and wave breaking. 

Wave transformation processes, such as shoaling, refraction and local wave 

generation by winds are well-reproduced in SWAN (Ris et al., 1999; Rogers et al., 2003). 

Wave frequencies are discretized over 40 bins from 0.031-1.42 Hz on a logarithmic scale; 

direction is binned into 36 intervals of 10° each. Wave radiation stresses are passed back 
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to ADCIRC. Limiters on spectral propagation velocities were introduced for areas of 

coarse spatial resolution, in order to avoid excessive wave refraction (Dietrich et al., 

2012a, 2012b).The model is run in parallel mode with 192 processors on Lonestar, a Dell 

Linux computing cluster at the Texas Advanced Computing Center (TACC) at the 

University of Texas at Austin. The present grid (discussed below) results in a 

computational expense of 1.5 wall-clock minutes per day of simulation time.  

 

2.3.Grid Development 

 

The ADCIRC-SWAN model is applied to the computational mesh (Figure 1b), which 

extends westward just beyond 125° W longitude. Spatial resolution of mesh elements 

varies from 4 km at the offshore boundary to 60 m at the coast, adequately resolving the 

complex bathymetric features such as mud flats and shoals within Tillamook Bay. 

Coastal structures and road systems, such as Bayocean Dike Road, which cordons off 

Cape Meares from Tillamook Bay, are specified as no-flow mainland barriers. The final 

mesh has 55,501 triangular elements and 28,461vertices.  

The mesh bathymetry is based off of coastal relief 1/3 arc-second digital elevation 

models (DEMs) provided by the NOAA Tsunami Inundation Project for the Garibaldi, 

OR (Carignan et al., 2009a) and Central Oregon Coast, OR (Carignan et al., 2009b) 

regions. The 10 m above MSL contour was extracted and treated as the coastline, so that 

the effects of wetting and drying could be observed. Using the NOAA VDatum tool, 

vertical datum of both DEMs were transformed from the mean high water (MHW) tidal 

datum to mean sea level (MSL). Out on Bayocean Spit, more recent USACE LIDAR data 

from a 2009-2011 survey was given priority (USACE, 2012). 

For the present study, relative sea level rise is determined based off of the 

International Panel of Climate Change A2 emissions scenario (IPCC, 2007). Although a 

newer IPCC study has since  been published, the climate data (discussed in the following 

section) chosen to force the models is the only dataset available which covers the entire 

spatial extent of the domain. Additionally, it is offered at a sub-daily temporal resolution, 

which is more appropriate for simulating wave and surge conditions compared to using a 

daily average. Recent literature has posited that IPCC estimates may be underestimating 
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sea level rise magnitudes (Rahmstorf et al., 2012). Vermeer and Rahmstorf (2009) 

propose a relationship between global sea level variations and global mean temperature. 

Based on their results, depths in the historic mesh are deepened by 80 cm, a value 

corresponding to the A2 emissions scenario in the latter 21
st
 century, to account for 

relative sea level rise over the next several decades. No morphological changes are 

assumed to take place. 

 

2.4.Climate Data 

 

Dynamically-downscaled global climate data from the North American Regional 

Climate Change Assessment Program (NARCCAP) (Mearns et al., 2005; Mearns et al., 

2013) are used to drive streamflow modeling and provide meteorological forcing in both 

the historical (1979-1998) and future (2041-2070) scenarios. NARCCAP is a suite of 

regional climate models (RCMs) forced by coupled, large-scale atmospheric-ocean 

general circulation models (AOGCMs). The complete matrix of GCM/RCM pairing 

features 4 AOGCMs and 6 RCMs, as well as RCMs forced by the National Centers for 

Environmental Prediction (NCEP)-2 reanalysis data. Boundary conditions driving the 

AOGCMs for the future period correspond to the SRES A2 emissions scenario (Solomon 

et al., 2007).  Data are offered at a spatial resolution of 50 km and temporal resolution of 

3 hours. The selection of NARCCAP as regional climate model output is motivated by 

the combination of high (downscaled from GCM) spatial resolution and high (sub-daily) 

temporal resolution, which enables more accurate modeling of time-sensitive processes, 

such as local wave generation over several hours. Although other products, such as the 

Multivariate Adaptive Constructed Analogs (MACA) dataset, offer even finer spatial 

resolution (4 km) and are based upon more recent CMIP5 multi-model ensembles, the 

spatial domain does not sufficiently extend offshore of the domain, such that 

meteorological inputs would not be available. Additionally, MACA is offered at a daily 

timestep, which may not allow us to capture maximum wave heights produced within the 

bay. 
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Performing simulations with an ensemble of GCM/RCM pairings is ideal for 

quantifying the spread in model uncertainty and discerning the extent of climate change 

impacts (Burger et al., 2011; Elguindi and Grundstein, 2013; Miller et al., 1999). 

However, due to limitations in computational resources, only a single GCM/RCM 

pairing, the Community Climate Science Model / Canadian Regional Climate Model 

(ccsm/CRCM), was utilized in this study. Previous studies examining the performance of 

the NARCCAP suite in reproducing climate trends and variability suggested that the 

selection of GCM/RCM for a regional assessment should be motivated by the strengths 

and weaknesses of a particular pairing in a geographical area and potential impacts on the 

physical processes in question (Pryor et al., 2006). Since the study is focused on local 

wave generation and surge within Tillamook Bay, the veracity of ccsm/CRCM near-

surface wind speeds to historical observations is relevant. Pryor et al. (2012) note that 

CRCM wind data have the least amount of error relative to other models when compared 

to in-situ observations of extreme wind speeds. Thus, datasets for climate variables: 

temperature T, precipitation P, wind components u and v, relative humidity   and surface 

pressure (MSL) Ps are extracted from the ccsm/CRCM pairing. 

Incorrect initial conditions and mischaracterization of local physics over a grid-scale 

cell typically seed GCMs with errors, which then propagate through to RCM output and 

secondary, applied modeling efforts (Xu, 1999). The need to bias correct and statistically 

downscale GCM data has resulted in a number of methods which attempt to bring 

simulated data in alignment with historical observations (Boé et al., 2007; Chen et al., 

2013; Haerter et al., 2011; Maurer and Hidalgo, 2008; Li et al., 2010). Similarly, RCM 

output has been shown to improve in ‘value’ provided when bias-corrected (Christensen 

et al., 2008; Frei et al., 2006). Although the efficacy of bias correction has been heavily 

debated (Ehret et al., 2012), the quantification of uncertainty by using raw output from a 

suite of GCM/RCM pairings is beyond this study, thus motivating bias correction and 

improving the quality of the model inputs. A distribution-based quantile mapping 

method, first proposed by Panofsky et al. (1958) and later expanded on by Wood et al. 

(2004) to include a spatial disaggregation portion, entails replacing a value in the model 
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time series with its corresponding value from a target time series (e.g. observations, 

reanalysis data) at the same quantile.  

Several weather stations exist in the vicinity of Tillamook Bay but none have a 

consistent, historic record long enough to establish a historical norm for all six climate 

variables. The dearth of long-term observational data in the region motivates the selection 

of the NCEP North American Regional Reanalysis (NARR) dataset as the target for bias 

correction (Mesinger et al., 2006). NARR is an extension of the NCEP Global Reanalysis 

project and offers a variety of climate variables for the current period (1979-present) at 

32 km spatial resolution, slightly finer than that of NARCCAP (Figure 3). Since NARR 

assimilates observational data from a network of weather-observing stations at varying 

temporal and spatial scales, bias-correcting each raw NARCCAP dataset to its 

corresponding NARR time series should align the former closer to a true historical norm.  

Utilizing a distribution-based correction method requires fitting a parametric 

statistical distribution to each of the climate variables. To preserve seasonal and 

interannual trends, bias correction was performed on a month-by-month basis. For 

example, a probability distribution was fitted to values aggregated from January only 

across the historical period (1979-1998) for both NARR and NARCCAP. Each value 

corresponds to a quantile, or the inverse of the cumulative distribution function. The raw 

NARCCAP value is replaced by the NARR value corresponding to the same quantile 

(Figure 4). This method corrects both the first two statistical moments (mean and 

variance) in the model data. As shown in Figure 5, the monthly means for all physical 

variables in the bias-corrected data agree with those from NARR, with the exception of 

wind direction. Since the wind components u and v were corrected independently, the 

bias in direction is not completely removed. The resultant seasonal trend is still 

reasonable, however, for the PNW climate.  

 

2.5 Boundary Condition Development 

2.5.1. Open Boundary Forcing – Offshore Waves 
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Future climate change impacts on global and regional waves are also of interest 

(Charles et al., 2012; Hemer et al., 2013; Wang et al., 2014) and have seen considerable 

recent study. For the present study, the wave data were generated by implementing 

WAVEWATCH III v3.14 (Tolman, 2002b) (hereinafter WW3) at the basin scale. WW3 

is a third-generation numerical wave model that has been proven skillful for wave 

hindcasting at similar scales in the PNW (Hanson et al., 2009; García-Medina, 2012). 

Like SWAN, it solves the action balance equation, which in this implementation is solved 

with a third-order propagation scheme (Tolman, 2002a). The numerical simulations were 

performed over two grids with a spatial resolution of 1° by 1.25° and 0.25° by 0.25° 

based on NCEP’s operational Global and Eastern North Pacific Ocean models, 

respectively. In this case the wave frequencies were discretized over 25 logarithmically 

spaced bins from 0.0418 to 0.411 Hz, while wave directions were binned into 24 intervals 

of 15° each. The Tolman and Chalikov (1996) source term package was used to model 

wind-wave growth and whitecapping. Nonlinear quadruplet wave interactions were 

computed with the Hasselman et al. (1985) formulation. 

To be consistent with the selection of ccsm-CRCM GCM/RCM pair, wind data were 

extracted from the ccsm dataset to force WW3. Winds were interpolated to a height of 10 

meters above mean sea level assuming a stably stratified atmosphere using the 1/7
th

 

power law (Resio et al., 2008). Linear interpolation in time and space were performed to 

match the wind dataset with the WW3 nodes and time step. Bias correction of GCM data 

prior to running the wave model is unfeasible, since no relevant ‘targets’ exist for 

NARCCAP grid nodes which span the Pacific Ocean. 

WW3 forced with the GCM data resulted in vast overprediction of waves in the 

PNW, with significant wave heights up to 15 m, warranting bias correction of the output 

using available observational data. Two buoys off of the northern OR/southern WA coast, 

Station #46005 (Aberdeen, WA) and Station #46029 (Columbia River Bar, OR) have 

long-term wave records which are ideal for capturing the historical wave climate. 

The joint modeling of significant wave height (Hs) and mean wave period (Tm) has 

been well-documented in the literature, whether for coastal structure design or wave 

climate characterization, (Ferreira and Guedes Soares, 2002; Mathisen and 
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Bitnergregersen, 1990; Myrhaug and Hansen, 1997; Repko et al., 2004)).  The 

preservation of the dynamical link between Hs and Tm prevents the generation of 

unphysical waves, an undesired side effect of independent variable correction. The use of 

copulas, first described by Sklar (1959), allow for the correlation of two or more 

variables without perturbing the marginal distributions. Copulas have become 

increasingly used in characterization of sea state in recent literature (Corbella and Stretch, 

2012; De Waal and van Gelder, 2005)). 

In the weather data bias-correction, the availability of a gridded target (the NARR 

data) product at a fine resolution was able to resolve any spatial rate of change in bias and 

subsequent impacts on the degree of error removed. Neither of the wave buoys are 

located right at the perimeter of the ADCIRC-SWAN mesh boundary; however, since the 

spatial rate of change in regional bias is small compared to the spatial rate of change in 

wave parameters, Hs and Tm from Station #46005, which is further offshore, are used as 

targets for correction. Figure 7 shows the joint probability of Hs and Tm from observation 

data, raw WW3 output at the station location, and the results of bias-correction. A 

Clayton bivariate model was used, assuming Rayleigh and Weibull marginal distributions 

for Hs and Tm, respectively. The means and variance in observed wave parameters are 

reproduced in the corrected data through the copula method. 

Mean wave direction from WW3 is not bias-corrected since directional data were not 

available from Station #46005 and were unreliably spotty at Station #46029. Seasonal 

directionality in modeled wave direction is well-reproduced, with waves arriving from 

the southwest in the winter and from the northwest in the summer. A comparison of the 

monthly mean significant wave heights and mean wave periods from the bias-corrected 

wave data is shown in Figure 8 below. Average magnitudes for wave heights in the future 

scenario are generally lower than that of the historical scenario. Hemer et al. (2013) 

found a projected decrease in annual mean significant wave height in a quarter of the 

global ocean area, including the Eastern North Pacific, especially in the winter season, 

using a multi-model ensemble. Using a multi-model CMIP5 ensemble, Wang et al. 

(2014) also see a decrease in wave height magnitudes for the domain when comparing 

between the late 20
th

 and 21
st
 centuries. Although Hemer et al. (2013) also predict a slight 
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increase in annual mean wave period for the same domain, which is not reflected here (a 

slight decrease in wave period in the future scenario is observed), the variance in wave-

climate projections does not necessarily discount the future periods calculated here. 

      At the time of model simulation, spatially variable open boundary wave forcing for 

the parallel, coupled version ADCIRC-SWAN had not yet been implemented. However, 

a comparison of WW3 output at various locations along the ADCIRC-SWAN open 

boundary showed there was little variability in offshore wave heights and periods. 

Therefore, a single wave forcing file with bulk wave parameters found by integrating the 

WW3 output wave spectra was prescribed for the ocean boundary. 

 

 

2.4.1. Open Boundary Forcing – Tides 

 

       Tidal amplitudes and phases are extracted from the ENPAC tidal database for seven 

tidal constituents (M2, S2, N2, K2, K1, O1, Q1) and prescribed at all open ocean 

boundary nodes (Spargo et al., 2004). To align the tidal signal with the beginning of the 

historic and future scenarios, the tide_fac ADCIRC utility program (available at 

www.adcirc.org) provides nodal factors and equilibrium arguments.  

 

2.4.2 Surface Forcing 

       NARCCAP wind and surface pressure data were corrected using the quantile 

mapping procedure with NARR as a target (Wood et al., 2004). Bias-corrected wind 

velocity components and mean sea level surface pressure values are interpolated onto a 

regular grid of 0.1° spacing. ADCIRC determines the drag coefficient from the wind 

speed and calculates the wind stress accordingly. These wind stress values are 

interpolated to the unstructured mesh and passed to SWAN. 

 

2.4.3 Streamflow Forcing 

Historical and future datasets of Tillamook Bay streamflow inputs were obtained 

by adapting a suite of highly-distributed, physically-based weather, snowmelt, and 

runoff-routing models to the Tillamook Bay watershed. SnowModel (Liston and Elder, 

http://www.adcirc.org/
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2006a) is a spatially and temporally distributed meteorological and snowpack modeling 

system that was used to simulate the runoff generated by liquid precipitation fluxes and 

snowmelt. SnowModel is composed of several submodels: MicroMet defines the 

meteorological forcing conditions (Liston and Elder, 2006b); EnBal calculates the surface 

energy exchanges (Liston, 1995; Liston et al., 1999);  and SnowPack simulates mass and 

heat transfer processes, including runoff from liquid precipitation and snow-melt (Liston 

and Hall, 1995). A fourth sub-model, SnowTran-3D (Liston and Sturm, 1998, 2002), was 

not used in this study. A key output of SnowModel simulations is grid-cell runoffs at 

each model time step. To relate these grid-cell runoffs to basin runoff hydrographs, the 

HydroFlow runoff routing model (Liston and Mernild, 2012) is used to route the runoff 

through the coincident river drainage networks.  

The end result of this series of models is a complete runoff hydrograph at any 

model cell, and by summing the runoff from all coastal cells, or for cell of interest (e.g., a 

stream gaging station), the freshwater discharge for the whole Tillamook Bay watershed 

or local site of interest is determined. The HydroFlow runoff hydrographs can then be 

compared with observed river discharges, thus providing a validated measure of model-

simulated water balances over time scales ranging from individual storms and melt 

events, to seasonal and annual cycles.  

Analysis of the Tillamook Bay watershed indicates that 95% of the basin is 

drained by four primary rivers (Miami River, Kilchis River, Wilson River, and Trask 

River). Of these, long-term stream gage data are available at three stations located 

upstream from the outlets the Miami, Wilson, and Trask (Figure 1c). Simulated runoff 

hydrographs were extracted from grids cells located at the three stream gaging stations 

for validation of the hydrologic model and at the four basin outlets to serve as the 

freshwater input time series for the Tillamook Bay tidal hydrodynamics model. 

To calibrate the model, air temperature, precipitation, relative humidity, and wind speed 

and direction were extracted from the NARR dataset at 9 grid points for the period 

9/1/1995 – 8/31/1998. The 1 arc-second United States Geological Survey (USGS) 

National Elevation Dataset (NED) digital elevation model (DEM) was resampled to a 100 

m resolution grid covering a 45 km (north-south) by 60 km (east-west) domain 
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encompassing all of the Tillamook watershed. Vegetation classes for each grid cell were 

obtained from the National Land Cover Database 2001, v.1.0, resampled to the 100 m 

model grid and re-classed to match the vegetation classes specified by Liston and Elder 

(2006b). 

Figure 9 shows a comparison between the observed and modeled hydrographs for the 

three gaged watersheds. Nash-Sutcliffe efficiencies (NSE) exceed 0.75 and r
2
 values 

exceed 0.89 for all sites. The modeled runoff for the Miami and Wilson rivers has a 

negative bias, while the Trask has a slight positive bias. In general, the simulated runoff 

does a very good job in capturing both the annual variation in streamflow and the runoff 

from individual storms. 

With the model calibrated, long-term runs were carried out by extracting bias-

corrected NARCCAP data at 6 grid points for the periods 1/1/1979 – 12/31/1998 and 

1/1/2041 – 12/31/2070. The mean annual discharge into Tillamook Bay (the sum of the 

four rivers) was 3.023 km
3
 yr

-1
 for the historical run, decreasing slightly to 2.98 km

3
 yr

-1
 

for the future run. The combined (over the four rivers) peak flow rate was 780 m
3
 s

-1
 for 

the historic run and 1120 for the future. Figure 10 shows the mean annual hydrograph for 

the two periods and it is noted that, under the future climate scenario, spring runoff 

decreases, but winter runoff increases. 

 

3. Results 

Continuous water surface elevation and significant wave height time series were 

output at five hundred points within the -2 m to 2 m depth range as well as ten 

representative points located at other locations of interest (e.g. jettied inlet, NOAA tide 

gauge location, open coast). Figure 11 displays the output station locations and the 

distribution of points across half-meter depth bins and spatial quadrants. The eastern side 

of the bay contains the bulk of output stations due to the predominance of wetlands and 

tidal flats. In contrast, shallow water regions in the western portion are mostly 

characterized by narrow strips of estuarine beach. 
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Total water levels are calculated as a linear superposition of the water surface 

elevation and the wave amplitude.  

        
 

 
   

Eqn. 8 

 

The water surface elevation output from ADCIRC captures the tidal signal, wind-

blown surge and streamflow contributions. Although wave run-up has typically been 

included in total water level calculations within coastal engineering literature, these 

empirical formulations have been developed for open-coast dune-backed beaches. The 

hydrodynamic nature of estuarine beaches is considerably muted, in comparison, given 

the degree of topographic sheltering and limited fetch for wind-waves to develop.  

Figures 12 and 13 show representative time series at a single point within the bay for 

both long-term historical and future scenarios. Annual peaks in significant wave height 

corresponding to the winter season are evident. A close-up of the time series (Figure 14) 

shows the growth and decay of the significant wave height over short-term durations (e.g. 

hours, days) more clearly. The wave height signal is likely most responsive to the 

meteorological forcing at that time. Cumulative distribution functions (CDFs) can be 

generated for these long-term time series, either seasonally or using the entire year. Since 

the presence of strong winter storms and relatively mild summers on the Oregon coast 

represent two distinct climes, CDFs are calculated seasonally to analyze the relative 

difference, if any, between the two when comparing the historic and future scenarios 

(Figure 15). At this particular location, a seasonal effect is evident – the summer CDFs 

for both historic and future scenarios are slight leftwards translations of those from 

winter, indicating that median and extreme values associated with the summer season are 

lower.  

Geographic location and local effects have a large impact on the relative translation 

observed between the winter and summer seasons. Figure 16 shows seasonal TWL CDFs 

for open coast locations, which display not only greater range in TWL magnitudes but an 

increased seasonal shift. TWLs were calculated in the same manner at open coast 

locations for the sake of comparison, although it must be noted that the fact that these 
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points are located in water depths exceeding those corresponding to shallow water 

conditions most likely contribute to the large range observed in TWL. Locations within 

the bay show, not surprisingly, a more modest translation. Depending on the station 

location (e.g. northern vs. southern), the difference between winter and summer values is 

slightly more pronounced. Of particular note is that although open coast CDFs may show 

the difference between historic and future TWLs at deepwater points as a simple 

translation of 80 cm rightwards, the same is not true for shallow water points (Figure 

16f). Shallow water locations, even after accounting for the relative sea level rise of 80 

cm, still may not experience the full tidal cycle. However, the change in water depth at 

that point as well as adjacent points which are now effectively “wet” always (h > 2.0 m), 

the probability that that point would see water is now increased. This result is evident in 

Figure 16f, where the slope of the future TWL CDF curve is less steep than that of the 

historic scenario, indicating a larger jump in TWL per quantile increase. The effect of 

relative sea level rise on median TWL values depends both on the elevation of the point 

and its spatial proximity to factors which may introduce more surge.  

TWL corresponding to various return intervals were calculated for both scenarios for 

three depth bins, -1 m ≤ h < 0 m, 0 m ≤ h < 1 m and 1 m ≤ h < 2 m (Figure 17). The -2 m 

≤ h < -1 m depth bin was neglected since most points were sufficiently outside of the 

tidal range to garner any meaningful conclusions about TWLs at elevated points. 

The presence of strong wind forcing (typically blowing from the south for the Oregon 

coast) during winter storms can create elevated water levels in the northern portion of the 

bay. The 50
th

, 95
th

 and 99
th

 percentiles of TWLs were calculated for distinct quadrants of 

Tillamook, and compared between both seasons for the historical and future scenarios, in 

Tables 1 and 2. A detailed discussion of the values found for the four quadrants is held in 

the following section.   

 

4. Discussion 

The statistics related to TWLs in Tillamook Bay can be assessed from several 

perspectives: seasonal, geographical and in relation to the time duration of major storms. 

First, a seasonal signal is present in both the historical and future scenario TWLs, with 
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winter water levels consistently higher than those of summer (Figure 15). The relative 

strength of this signal depends on the local environment. As Figure 16 shows, seasonal 

ranges in TWLs decrease sharply from open coast to estuarine environments. The 

reduction in magnitudes can be attributed to the limited wind fetch available for wave 

growth and dissipation of wave heights due to bottom friction through the bay entrance. 

Sustained wind and gusts have much larger distances, on the order of hundreds of 

kilometers, over the Pacific Ocean to create larger wave heights. In contrast, the length of 

longest fetch over Tillamook Bay is about 10 km. Therefore, the contribution that 

significant wave height has towards TWLs in the bay in the winter is effectively capped. 

Summer winds are typically directed from the NW but are of lower magnitude. The 

jettied inlet location shows (Figure 16c) shows a decreased relative difference between 

the historic and future scenario for both seasons. In comparison with TWL curves 

observed at the open coast location at h = 20 m (Figure 16a) depth contour immediately 

adjacent to the jetties and the NOAA Garibaldi tide gauge location (Figure 16d), the 

contributions of significant wave height to TWL diminish quickly. The presence of tidal 

flats and mud shoals immediately within the bay most likely contributes to this quick 

attenuation. The north-south orientation of Tillamook Bay, in conjunction with the 

narrow mouth, creates a latitudinal gradient in seasonal TWL range. As the CDF from 

Southern Tillamook Bay (Figure 16d) shows, differences in TWL values for winter and 

summer is on the order of centimeters, rather than meters in locations exposed to varied 

wave climate. 

An assessment of TWL by quadrants in the bay yields additional perspective on 

spatial variation of water levels. Given the proximity of the SE quadrant to the Wilson 

and Trask River watersheds, which contribute the bulk of the gauged streamflow, the 

relative contribution of peak riverine discharges to water levels must be analyzed. With 

the exception of the -1 m ≤ h < 0 m depth bin, the TWLs associated with the 99
th

 

percentile for points below 0 m MSL in the SE quadrant are higher than those for the 

other quadrants for both scenarios . Locations within the NE quadrant also report slightly 

higher values than those for the NW and SW values, although not as high as the SE 

quadrant’s and only in the future scenario; this may potentially be attributed to its 
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adjacency to the Miami watershed. In contrast, TWLs associated with the 50
th

 and 95
th

 

percentiles for points below 0 m MSL for both the SE and NE quadrants are lower in 

comparison to those from the western portion of the bay. Warner et al. (2012) notes that a 

48-hour window is a relevant time period for characterizing extreme precipitation events 

within the PNW. Although some storms exhibit steady precipitation over a prolonged 

duration, most events occur in one large spike. Since winter winds on the OR coast are 

typically directed from the WSW to SW compass directions, these same storm events 

would most likely push water towards the NE quadrant, over the course of several hours 

and contribute to extreme TWLs. Within the NW quadrant, 50
th

 and 95
th

 percentile TWL 

values are higher than elsewhere for the 1 m ≤ h < 2 m depth bin. The adjacency of the 

points sampled from the NW quadrant to the mouth of the bay makes it plausible that 

significant wave height values have not attenuated completely for these locations.  

Last but not least, a N-S spatial gradient is evident in TWLs associated with varying 

return periods (Figure 17). TWL values are consistently higher in the northern half of the 

bay for both the historical and future scenario. Relatively little variation in TWL values is 

observed for shorter return periods in the southern half, although the difference grows to 

about 10 cm. Water depth dictates how the range in southern vs. northern TWL 

difference, with a maximum difference of 40 cm for a 20-yr return period in points 1 m ≤ 

h < 2 m and a more modest 20 cm for the same return period in elevated points.  

The relatively large difference in the median TWL from the SW quadrant and NE and 

SE quadrants is not readily explained. A potential explanation hinges on the fact that the 

majority of the points within the NE quadrant are located in shallow water regions 

immediately adjacent to where flow nodes for the Miami River are specified. Since the 

points are clustered together, it is possible that in periods of low flow and low tide, the 

fraction of time that points most far away from the numerical boundary of ‘wet’ and ‘dry’ 

nodes is artificially higher. Subsequently, when those nodes do become ‘wet’ again, the 

magnitudes of those elevations may not be as high. In contrast, the points located in the 

SW quadrant for the same depth bins are surrounded everywhere by points of greater 

depths, which increases the probability that the node at comparatively more time steps 
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would be ‘wet’.   

 

5. Conclusions 

A long-term climatological study of estuarine wave and surge conditions for a 

historical and future scenario was carried out for Tillamook Bay using coupled ADCIRC-

SWAN. Results show that aggregate climate impacts on relative sea level, wind and wave 

climate and streamflow result in enhanced total water levels everywhere in the bay, 

although the degree of increase is highly dependent on location (e.g. north/south) as well 

as proximity to contributing processes such as surge from offshore wave breaking or river 

flow. Local sheltering effects from topography also plays a role in magnitude of surge. 

Latitudinally speaking, the southern portion of the bay experiences lower TWLs in both 

the baseline and projected future model runs. The northern portion of the bay sees an 

increase in the difference between historic and future TWLs associated with longer return 

periods as water depths increase in elevation.  

Limitations on the present study include the use of a single GCM/RCM model pairing 

to force all model inputs. The level of uncertainty associated with climate models could 

be better quantified with a multi-model ensemble run, although computational efficiency 

may pose a large hurdle for repeated, multi-decadal 2DDI and 3D simulations. Although 

longer simulations are obviously ideal for calculating long-term TWL statistics with more 

confidence, tradeoffs are necessary for study feasibility and cost.  

The results found in this paper provide a first glance at potential impacts on nearshore 

hydrodynamics for a sheltered estuary, in contrast to open coast environs. Application of 

the methodology developed herein towards distinct estuary typologies (e.g. ocean-

dominated estuary) would be useful for assessing controlling physical processes. Future 

studies could also endeavor to correlate trends in relative long-term contributions with 

GCM/RCM projections. 
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Figures 

 

 
Figure 1. Varying views of the Pacific Northwest coast and the Tillamook Bay region; 

heavy black lines in panels (a)-(c) show the extent of the subsequent panel. (a) - regional 

scale view; (b) - view showing the extent of the computational model domain; (c) – local 

view showing the full watershed of the estuary. Blue dots indicate USGS gaging stations 

for the Trask and Wilson rivers, whose watersheds lie to the northeast and southeast 

respectively; (d) – local view showing the bathymetry of Tillamook Bay. 
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Figure 2. Overview of model flow. Major boundary conditions for ADCIRC-SWAN are 

developed based off of global and regional climate model output.  
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Figure 3. NARR (closed) and NARCCAP (open) grids, at 32 km and 50 km spatial 

resolution, overlaid on the Tillamook Bay domain (black outline). 
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Figure 4. Sample univariate bias correction for temperature, using NARR as a target. The 

top panel shows the quantile mapping procedure, where the CDF of the historical 

NARCCAP dataset is bias-corrected to match that of the NARR dataset. The relative 

difference between the NARCCAP historical and future datasets (e.g. the climate change 

signal) is used to produce the bias-corrected dataset for the future scenario. 
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Figure 5. Monthly mean comparisons for historical datasets between NARR (black), raw 

NARCCAP (blue) and bias-corrected time series (circles). Most seasonal trends are well-

reproduced, with the exception of wind direction, which retains a 20° degree bias in the 

clockwise direction. 
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Figure 6. Sample WW3 prediction of significant wave height using the Global and 

Eastern North Pacific Ocean grids at 1° by 1.25° and 0.25° by 0.25° spatial resolution, 

respectively. 
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Figure 7. Comparison of joint probability colormaps of Hs and Tm from observations 

(left), WW3 hindcast (middle) and bias-corrected wave data(right). 

  



73 
 

 

 
Figure 8. Monthly mean values of significant wave height (Hs) and mean wave period 

(MWP) for the historical and future scenarios. 
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Figure 9. Comparison of observed and modeled hydrographs at the Wilson, Trask and 

Miami Rivers for the calibration period 1996-1999. 

  



75 
 

 

 
Figure 10. Mean monthly discharges averaged over combined point sources for the 

historical (1979-1998) and future (2041-2070) scenarios. 
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Figure 11. Output station locations within Tillamook Bay (left panel) and histograms 

showing the depth distribution (top right) and geographic distribution (bottom right). 
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Figure 12. Sample time series of water surface elevation, total water level (top) and 

significant wave height (bottom) signals for a representative point in the historical 

scenario. 
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Figure 13. Sample time series of water surface elevation, total water level (top) and 

significant wave height (bottom) signals for the same representative point in the future 

scenario. 
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Figure 14. Zoomed-in time series of water surface elevation, total water level (top) and 

significant wave height (bottom) signals for representative point from 01 Jan 2051 – 01 

Apr 2051. 
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Figure 15. Seasonal cumulative distribution function (CDFs) for total water level (TWL) 

time series at a representative point for the historical and future scenario. 
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Figure 16. Historic (blue) and future (red) CDFs by season (winter-solid, summer-

dashed) for (a) open coast at h = 20 m contour (b) NOAA tide gauge location (c) jettied 

inlet (d) Southern Tillamook Bay (e) open coast at h = 10 m contour and (f) shallow 

water point within bay.  
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Figure 17. Total water levels associated with varying return periods for points in northern 

(blue) and southern (red) halves of Tillamook Bay. Curves were calculated for depth bins 

(a) -1 m ≤ h < 0 m (b) 0 m ≤ h < 1 m  and (c) 1 m ≤ h < 2 m. 
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Tables 
 

Table 1. 50
th

, 95
th

 & 99
th

 Percentile Total Water Level (TWL) Values within Tillamook 

Bay in Historical Scenario, 1979-1998 

Historical 

 Winter Summer 

Quadrant 50
th

 95
th

 99
th

 50
th

 95
th

 99th 

Northwest       

-1 m ≤ h < 0 m 1.164 1.684 1.899 1.118 1.630 1.842 

0 m ≤ h < 1 m - - - - - - 

1 m ≤ h < 2 m 1.388 1.779 1.942 1.348 1.722 1.877 

Northeast       

-1 m ≤ h < 0 m 1.164 1.684 1.899 1.118 1.630 1.842 

0 m ≤ h < 1 m 1.269 1.732 1.924 1.23 1.677 1.861 

1 m ≤ h < 2 m 0.652 1.589 1.978 0.615 1.536 1.917 

Southwest       

-1 m ≤ h < 0 m 1.164 1.684 1.899 1.118 1.630 1.842 

0 m ≤ h < 1 m 1.579 1.864 1.982 1.529 1.786 1.893 

1 m ≤ h < 2 m 1.192 1.700 1.909 1.155 1.649 1.854 

Southeast       

-1 m ≤ h < 0 m 1.282 1.736 1.924 1.242 1.681 1.8628 

0 m ≤ h < 1 m 0.847 1.623 1.945 0.809 1.570 1.885 

1 m ≤ h < 2 m 0.460 1.561 2.017 0.429 1.504 1.950 
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Table 2. 50
th

, 95
th

 & 99
th

 Percentile Total Water Level (TWL) Values within Tillamook 

Bay in Future Scenario, 2041-2060 

Future 

 Winter Summer 

Quadrant 50
th

 95
th

 99
th

 50
th

 95
th

 99th 

Northwest       

-1 m ≤ h < 0 m 1.538 2.394 2.749 1.501 2.341 2.689 

0 m ≤ h < 1 m - - - - - - 

1 m ≤ h < 2 m 1.731 2.416 2.699 1.689 2.352 2.627 

Northeast       

-1 m ≤ h < 0 m 1.538 2.394 2.749 1.501 2.341 2.689 

0 m ≤ h < 1 m 1.632 2.405 2.725 1.592 2.346 2.658 

1 m ≤ h < 2 m 1.199 2.393 2.888 1.159 2.3434 2.834 

Southwest       

-1 m ≤ h < 0 m 1.538 2.394 2.749 1.501 2.341 2.689 

0 m ≤ h < 1 m 1.877 2.438 2.671 1.819 2.349 2.568 

1 m ≤ h < 2 m 1.571 2.397 2.739 1.5355 2.345 2.680 

Southeast       

-1 m ≤ h < 0 m 1.642 2.406 2.722 1.602 2.347 2.656 

0 m ≤ h < 1 m 1.319 2.390 2.833 1.282 2.340 2.778 

1 m ≤ h < 2 m 1.09 2.399 2.941 1.044 2.346 2.885 
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