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cyclone. The energetic contribution of these simultaneously occurring atmospheric

features results in a wave field characterized by bi-modal energy spectra for two



events and uni-modal energy spectra for the third event. The analysis of model

output includes evaluates bulk parameter time series significant wave height, mean
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sistent underestimation in wave energy emanating from the southwestern direction

is found for the output associated with all model configurations. This wave energy
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Chapter 1 Introduction

Large wave heights pose dangers to those engaging in maritime activities, physi-

cal risk to coastal infrastructure, and hazards to residents and recreational beach

users. A system that can accurately predict such sea states is important for quan-

tifying the risk associated with large wave events. This system would provide an

accurate characterization of a large wave event by producing information about

bulk parameters such as wave height, wave period, and mean wave direction, or

more detailed quantities such as directional wave spectra. Model output in the

form of forecasts and hindcasts can be utilized in different ways to benefit hazard

mitigation efforts which seek to avoid financial losses and damage to infrastructure.

The predictive capacity of a forecast can provide people with timely information

which can guide emergency response procedures, while hindcasts provide informa-

tion about the regional wave climate, which can help communities develop appro-

priate coastal management policies. To increase the accuracy of such prediction

systems, detailed comparisons of model output and observations can be analyzed.

Disagreements between the two provide opportunities to learn more about the en-

vironmental context surrounding modelling deficiencies. This knowledge can result

in more accurate quantification and communication of forecast uncertainty. Fur-

ther, newfound understanding of model error can provide opportunities to improve

the modeling system by providing information about conditions when models fail.
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The U.S. Pacific Northwest is an environment subject to large wave events at

approximately the rate of one 10 meter wave height event per year. The strongest

storms produce wave heights of 14-15 m [16]. Studies have shown that the average

annual wave height has been increasing throughout the past quarter century, and

the largest wave heights are increasing at a more rapid rate than that of the

average wave height [16, 15, 1, 18]. This makes the U.S. Pacific Northwest an ideal

location for evaluating the performance of a forecasting tool for predicting large

wave events.

Spectral wave propagation models are the standard tool for producing wave

forecasts, and their output is sensitive to input variables, such as the wind forcing

or parameterizations of physical processes. Simulations that utilize different com-

binations of wind input and model physics can lead to a greater understanding

of the primary drivers of an event or ensure that the model delivers reasonable

results [4, 13]. Studies to date suggest that a more accurate wind input will yield a

more accurate wave model output [6, 5, 13], and that there is a need for improved

parameterizations of the energy exchange between the wind and wave fields [2, 14].

In this study, we utilize a hindcast of wave conditions that was performed for

the coasts of Oregon and Southwest Washington using a spectral wave propagation

model [8]. The hindcast, originally carried out for applications within the renew-

able energy sector, provides information on the spatial and temporal variability

of the wavefield along the coastline. Herein, reductions in overall and partitioned

bulk parameter error are made in hindcast of events associated with large wave

events where wave heights exceed 6 m. Our methodology includes simulating sev-
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eral large wave events with a variety of model configurations. The hourly time

series of bulk parameter and wave spectra produced by these model configurations

are studied in conjunction with the atmospheric forcing throughout the event. We

then correlate specific atmospheric forcing features to observed model deficiencies.

Comparison of spectral output between each model configuration then reveals how

modelling improvements occur.

We begin with a description of the typical atmospheric conditions, specific

to the Northeast Pacific Ocean, leading to a large wave event. Three histori-

cal large wave events are simulated, and are described in Section 1.2. Section

2 then describes the wave model components wind input and physics packages.

Permutations of these components are then implemented in four different model

configurations. The modelled output is compared with buoy observations of the

events in Section 3. This analysis includes consideration of bulk parameter and

frequency-direction energy spectra comparisons. In Section 4, the importance of

the temporal and spatial resolution of the model components is explored by vary-

ing the resolution of these components in three additional simulations of a large

wave event.

1.1 Atmospheric Forcing of Large Wave Events in the Pacific North-

west

The waves associated with large wave events can range from long period swell en-

ergy to short-period wind sea energy. Waves arriving at the Pacific NW (PNW)
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voastline are often generated by mid-latitude cyclones. While cyclones exist through-

out the Pacific Ocean, the strongest cyclones originate east of Japan and south of

Alaska. After cyclogenesis, they travel several thousands of miles east and decay

as they travel north. They often pass over the PNW coastline, and ultimate dis-

sipation usually happens north of 50◦ [9, 10, 12]. This sequence can last several

days, and pressures can drop 20-30 mbars [9]. The wave energy associated with

the life cycle of a cyclone can take on several forms. The wave energy generated

as the cyclone first develops will arrive at the PNW coastline as long period swell.

As the cyclone moves closer to the region, the wave energy will be characterized by

periods that are shorter than the original incoming swell energy. The shortest wave

periods are generated locally (∼4-7s), and the intermediate to long wave periods

(∼8-20s) are generated when the cyclone is at a further distance from land.

In addition to cyclones, atmospheric fronts can also generate wave energy. As a

front that is obliquely oriented relative to the shoreline travels landward, low-level

blocking may occur. The air flow preceding the front, which would usually travel

cross-mountain, is directed upward along this stable region. It then veers cross-

mountain intensely as it travels inland over the stable region and coastal range.

This introduces pressure perturbations which are not alongshore uniform. The

combination of the low-level blocking and longshore pressure variations induces a

narrow, strong, southerly wind called a ”coastal boundary jet,” which is tightly

bound to the shore. Along the PNW coastline, it can extend from the California-

Oregon border to Vancouver Island and reach speeds greater than 25 m/s. [7].
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Figure 1.1: The region of interest.

The results of an atmospheric modelling study found that the feature decays

longitudinally, or cross-shore, five times more quickly than latitudinally, or along-

shore [7]. The repercussion of this jet in wave energy is a strong wind signal from

the south which can be associated with very short (4 s) to intermediate (∼10 s)

periods depending on the duration of the jet and the fetch it encompasses. The

atmospheric forcing of the events analyzed in this study feature the coastal jet

either primarily or in conjunction with a mid-latitude cyclone, described further in

Section 1.2. The relative influence of the two atmospheric features on wave energy

is observed in the resulting energy spectra. These are analyzed further in Section
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3.

1.2 Case Studies

Inspection of the hindcast by Garcia et al (2014) shows that the original model

performs poorly in terms of absolute error for events where wave heights exceeded

6 m (see Appendix A) [8] . Specifically, when the hindcast output was divided

into bins of significant wave height smaller than 4 m and larger than 6 m, root-

mean-squared-error (RMSE) was increased from 0.42 m to 1.34 meter, and bias was

switched from an overestimation of 0.14 m to an underestimation of 0.67 m. (Error

metrics RMSE and bias are defined as in Garcia et al (2014) and are reproduced

in Appendix A). We searched for large wave events, which were defined as Hs ≥

6 m for at least 5 hours, from the time series of three years (2009-2011) of model

output. We identified approximately 12 such events, and inspected these to find

when the model performed particularly poorly. We found that 9 out of the 12

events featured the coastal jet as described in Section 1.1 either before or during

the peak wave height of the event time series. Three of these storms were selected

to serve as case studies for hindcast improvement and are summarized in Table 1.1.

Time series of significant wave height, Hs, mean period, Tm, mean wave direction,

MWD, wind direction and wind speed are presented in Figure 1.2.

These three events are described further as follows. First, the atmospheric

conditions preceding and during the event are described. Then the observations of

Hs, Tm, MWD at NDBC buoy 46050 are discussed. MWD is defined in a nautical
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Figure 1.2: The Hs, MWD, Tm, wind speed and wind direction as observed by
NDBC buoy 46050.

convention, where 0◦ indicates waves incident from the north, 90◦ from the east,

180◦ from the south, and 270◦ from the west. The description of the events will

focus on the atmospheric features of the NE Pacific and their locations relative to

NDBC buoy 46050 (see Figure 1.1). This buoy is located roughly in the middle of

the PNW coastline 23 miles west of Newport, OR in 137 m water depth.
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1.2.1 Event 1

The first selected event begins on November 16, 2009 at 1200, when a low pressure

center at 980 mb is located on Graham Island and a southerly coastal jet extends

from the California-Oregon border to the Washington-Canada border. The low re-

mains at approximately 980 mb and on Graham Island until November 16, at 2000

hours, at which point the low pressure system dissipates. The coastal jet slowly

decreases in extent during this time, with its final and shortest extent spanning

from the CA-OR border to NDBC buoy 46050. A few hours later, on November

17, at 0000 hours, another low pressure system at approximately 990 mb forms

approximately 700 km NW of NDBC buoy 46050. This low pressure system slowly

tracks northeast as the coastal jet wind speed strengthens to over 25 m/s and in-

creases in latitudinal extent. A third, smaller low pressure center at 990 mb forms

by November 17, 0400, 400 km NNW of NDBC buoy 46050. At this point, the

coastal jet extends along the entire Washington and Oregon coastline (see Figure

1.3) and reaches wind speeds greater than 25 m/s. The storm has tracked over

land by November 17, 0900. The low pressure centers coalesce and move towards

Vancouver Island, and the coastal jet weakens and ceases to exist by November

17, 1000.

Local conditions at NDBC buoy 46050 begin with an Hs of 5 m, a MWD of

approximately 230◦ and a Tm of 7.5 s. The wind is southerly, coming from 180◦

at a speed of 15 m/s. As the Hs grows, the Tm increases and the MWD becomes

aligned with the wind. Concurrently, the wind remains southerly and increases in
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speed, reaching just over 20 m/s at its peak wind speed. The increase in wind speed

coincides with the most intense coastal jet of the time series at November 17, 0400,

and as pictured in Figure 1.3. After the low pressure systems coalesce and travel

over Vancouver Island, the local wind drops rapidly and changes direction. It is

at this point that the Hs reaches a maximum of approximately 9 m at November

17, 0600. At the Hs maximum, MWD is from approximately 210◦, and Tm at 9 s.

After the event peak, Hs declines quickly and the MWD reaches 240◦ by the end

of the time series. Tm remains at approximately 9 s throughout this time.

1.2.2 Event 2

As opposed to Event 1, this event is characterized by a weaker coastal jet signal;

the coastal jet dissipates almost entirely and then is regenerated with lesser in-

tensity and smaller latitudinal extent than the jet associated with Event 1. The

event begins with a low pressure system of 970 mbar focused on Graham Island

and southerly winds extending from the OR-CA border to Vancouver Island at

November 19, 2009 at 0000 hours. The coastal jet dissipates as the low pressure

system travels north (see Figure 1.4), and traces of it exist only along the central

Oregon coast by November 19, 1400. The jet then strengthens in wind speed and

grows in latitudinal extent by November 19, 2100, associated with a low pressure

system situated approximately 400 km NW of NDBC buoy 46050. At its maxi-

mum extent, the jet spans the entire Oregon coastline and part of the southern

Washington coast, and wind speeds reach between 20-25 m/s. As the low pressure
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system slides over Vancouver Island, the jet decreases appreciably in strength and

size by November 20, 1000.

In contrast to the Hs associated with Events 1 and 3, which increase and

decrease rapidly, Hs associated with Event 2 is sustained at a relatively constant

level for approximately 24 hours. Wave conditions at NDBC buoy 46050 (see

Figure 1.2) begin with an Hs of approximately 4.5 m, a MWD coming from the

WSW at 240◦, and a Tm of approximately 7.5 s. The wind signal begins southerly

at 180◦ and at a speed of approximately 18 m/s. As Hs increases to exceed 6 m

within 6 hours, the MWD decreases to indicate wave energy incident from a more

southern direction, reaching 220◦, and the Tm increases slightly to approximately

8 s. For the remainder of the event, the bulk parameters remain at these values,

approximately 6-7 m for Hs, 200◦-220◦ for MWD, and 8 s for Tm. The wind

remains southerly at approximately 18 m/s during the entire event. The decrease

and direction change of the wind coincides with a decrease in Hs at the end of the

event.

1.2.3 Event 3

As opposed to the cyclones of Events 1 and 2, which are situated between 400 -

1200 km from NDBC buoy 46050, the cyclone of Event 3 is further away, situ-

ated at an additional 1000 km northwest of Graham Island. The event begins on

November 30, 2010 at 0000 hours, with the low pressure system at 980 mbar in the

Gulf of Alaska. As the low pressure center tightens, a coastal jet forms by 0700



11

hours, extending from Vancouver Island to the OR-CA border (see Figure 1.5).

The southerly wind reaches speeds of 20 m/s. The low pressure system travels

southeast towards Graham Island as the coastal jet tightens longitudinally, orig-

inally spanning 3◦ at 800 hrs to less than a degree by 2000 hrs. The coastal jet

feature also translates south, extending to NDBC buoy 46050 from the CA-OR

border before dissipating entirely.

The third event is similar to Event 1 in that Hs grows substantially to reach a

maximum over the course of several hours. However, unlike Events 1 and 2, the Tm

and wind also grow substantially as opposed to remaining consistent throughout

the event. Wave conditions begin with Hs at 2.5 m, Tm of 5 s, and MWD at

approximately 210◦. The windspeed is at 5 m/s and is southerly, at 180◦, at this

point. As Hs grows to reach 7.5 m in 18 hours, Tm and windspeed also grow to

reach 8 s and almost 20 m/s at the Hs peak (see Figure 1.2). The increase in

these parameters coincides with the southward translation of the coastal jet. The

MWD remains entirely from the south at 220◦ throughout the event. After the

Hs peak, both the windspeed and Hs decrease dramatically, while Tm increases

slightly to 9 s, and MWD remains from the south.
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Table 1.1: Events Summary

Event Start
Date

Max
Hs
(m)

Avg
MWD
(◦)

Avg
Tm

(s)

Avg
Wind-
speed
(m/s)

Avg
Wind
Direc-
tion
(◦)

Atmospheric Description

1 11/16/09 9.4 221 8.4 15 198 Rapid increase in wave
height
Strong coastal jet
3 cyclones: (1) at Gra-
ham Island and (2) occur si-
multaneously within 700 km
NW of NDBC buoy 46050

2 11/19/09 7.0 220 8.1 16 184 Consistent wave height
Jet disappears and reap-
pears, of smaller latitudinal
extent and lesser intensity
2 cyclones: (1) at Graham
Island and (1) 400 km NW
of NDBC buoy 46050

3 11/30/10 7.6 210 7.2 11 181 Rapid increase in wave
height
Jet translates south along
the coast
1 Cyclone: (1) in the Gulf
of Alaska
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Figure 1.3: The surface pressure and 10 m wind forcing during the peak Hs hour
of Event 1. The colors are wind magnitude and contours are pressure in mbar.
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Figure 1.4: The surface pressure and 10 m wind forcing during the peak Hs hour
of Event 2. The colors are wind magnitude and contours are pressure in mb.
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Figure 1.5: The surface pressure and 10 m wind forcing during the peak Hs hour
of Event 3. The colors are wind magnitude and contours are pressure in mb.
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Chapter 2 Materials and Methods

A spectral model was implemented to assess the wave climatology for the coastlines

of southeast Washington and Oregon by producing a seven year hindcast [8] with

WaveWatch III. WaveWatch III (WWIII) is a spectral wave model which uses

the spectral action balance equation to simulate wave energy propagation along

a grid. The application of WWIII to the PNW coastline of [8] involves three

nested grids of increasing resolution. The first grid spans the entire Pacific Ocean

at a 30 arc-minute resolution, the second the Eastern North Pacific at a 7.5 arc-

minute, and the third the continental shelf (40.3◦ to 49.5◦N 233◦ to 236.25◦W) at

a 90 s resolution. The first two outer grids utilize bathymetry from the National

Geophysical Data Center’s ETOPO1 dataset, and the innermost bathymetry is a

blend of the ETOPO1 and NOAA’s Gridded Tsunami Bathymetry (Amante et al

2009; Carignan et al 2009; Gorthe et al 2010; Gorthe et al 2011). In direction, the

resolution is 10◦. In frequency, the resolution begins at 0.003 Hz for the lowest

frequency of 0.03 Hz, and increases to 0.11 Hz for the highest frequencies (1.23 Hz

is the highest frequency considered).

The simulation implements the ST2 physics package and is forced every 3 hours

by Global Forecasting System (GFS) 10 m winds and air/sea temperature differ-

ences. This model configuration will hereafter be referred to as the original model

and labeled ST2-GFS to indicate the applicable combination of physics package
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and wind input. Generally, the wind input is the first component to be consid-

ered to improve wave model results, since the quality of wave model output is

directly related to the quality of wind input. Herein, we consider the reanalyzed

Climate Forecast System (CFSR) wind product by NCEP. We also implement a

newer physics package with source terms from Ardhuin et al (2010) associated with

WaveWatch III v. 4.18, referred to as ST4. Recent literature suggests that this

package better represents wind/wave and wave/wave energy transfer, thus produc-

ing more accurate wave model results [2]. The model configurations implemented

in this study are detailed in Table 2.1.

2.1 Wind Input

The two wind input datasets to be compared are the National Center for Environ-

mental Prediction’s (NCEP) GFS and the CFSR products. The GFS wind data

has a three-hour time resolution, a 0.5◦ x 0.5◦ spatial resolution and is used in the

original model configuration. In comparison, the CFSR dataset is a reanalyzed

product, and therefore benefits from the availability of observations to increase

model skill. Further, it is resolved more finely in time and space, at an hourly

time resolution and 0.312◦ x 0.312◦ spatial resolution. It is a reanalyzed product

in which NCEP considered coupled oceanic and atmospheric processes, included

a sea ice model in its analysis, and integrated interpolated satellite radiance data

into the time series [17]. Studies have found that the CFSR tends to overestimate

wind speeds and underestimate wind speeds in the 99th percentile and higher (≥15
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m/s) in the Northeast Pacific [19].

2.2 Physics Packages

The ST2 physics package is the original package in WWIII version 4.18, and the

ST4 physics package is a new option associated with this version. The ST2 physics

package includes the Tolman and Chalikov (1996) source term, which dissipates

low and high frequency energy differently by using two distinct dissipation terms.

At the highest frequencies, a spectral roll off of f−5 is imposed. The source term

also utilizes the wind/wave interaction formulation as proposed by Chalikov et al

(1993). In contrast, the ST4 physics package combines short and long wave dissipa-

tion. This formulation is comprised of an explicit swell dissipation parametrization

and cumulative dissipation which captures the energy transfer between short and

long waves. It also prescribes different dissipation rates for waves travelling in dif-

ferent directions. It does not impose a spectral roll off for the highest frequencies,

but a general shape of f−4.5 occurs naturally in this region of the frequency spec-

trum [20, 2]. The atmospheric source term considers both momentum flux into

and out of the wave field as separate physical processes, as opposed to the ST2

physics package, which allows for negative values of the input term. Validation of

the ST4 physics package by Ardhuin et al (2010) found a general overestimation of

low-frequency energy and a directional spectrum that was generally broader than

that which was observed. The ST2 physics package tends to underestimate energy

input into the spectrum by the wind for growing seas, which results in an overall
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underestimation of wave energy [2, 11, 3].

Table 2.1: Model Configurations

Model Name Physics Package Wind
Product Time Resolution Spatial Resolution

ST2-GFS ST2 GFS 3 hr 0.5◦

ST2-CFSR ST2 CFSR 1 hr 0.312◦

ST4-GFS ST4 GFS 3 hr 0.5◦

ST4-CFSR ST4 CFSR 1 hr 0.312◦
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Chapter 3 Results

The three events, selected for featuring the coastal jet and wave heights greater

than 6 m, were simulated with the model configurations described in Section 2.

The bulk parameter (Hs, Tm, MWD) and spectral output of the models will

be compared to observations from NDBC buoy 46050 (see Figure 1.2) using error

metrics RMSE, bias and percent error, as defined in Garcia et al (2014) [8]. For this

error analysis, data from the three events are combined, and model performance

for Hs ≥ 6 m or Hs < 6 m is analyzed to quantify error for the larger wave heights

versus the smaller wave heights.

Subsequently, we compare the evolution of the wave energy spectra from each

model configuration to that of the buoy. In order to summarize the evolution of the

spectra and focus on the energy from the south that is produced by the southerly

jet, the spectra are delineated in direction and the Hs and Tm of each portion is

calculated. The spectra are only delineated in direction, and not in frequency, due

to the broad range of frequencies which can be associated with waves generated

by the coastal jet.
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3.1 Model Performance: Bulk Parameters

The Hs time series output of each model configuration for each event is presented

in Figure 3.1. The differences between the output of the model configurations

are in the timing and magnitude of the peak Hs. For all time series, ST2-GFS

yields the lowest peak Hs values, while configurations ST2-CFSR, ST4-GFS and

ST4-CFSR yield successively greater magnitudes of Hs (see Figure 3.1).

Figure 3.1: Time Series of Hs of each model configuration. The vertical dashed
line corresponds to the peak of the event and the time of the spectrum presented
in the following section

For Event 1, the original model estimates the peak Hs to occur several hours
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after, and several meters below, the observed peak. When the CFSR wind is

utilized with the original physics package (ST2-CFSR), the peak Hs value increases,

but the temporal delay is still present. Elimination of the delay occurs with the

implementation of the ST4 physics package and original wind product in ST4-GFS,

but the peak Hs is still underestimated. The combination of CFSR wind and ST4

physics package in the ST4-CFSR model configuration both eliminates the delay

and increases the peak Hs magnitude, although still ultimately underestimates the

peak by approximately one meter.

For Event 2, the original model output has similar temporal delay and under-

estimation issues. These issues are ameliorated by the other model configurations;

however, in contrast with Event 1, the Hs values are overestimated by ST4-CFSR.

For Event 3, the original model output does not have the timing delay seen in

Events 1 and 2, but underestimation of Hs occurs by two meters. While the peak

wave height is better estimated by the other model configurations, the timing of

the peak Hs actually becomes more inaccurate. These model configurations pre-

dict the peak to occur before it actually does. Ultimately, the ST4-CFSR model

configuration predicts the greatest magnitude peak Hs, but predicts it to occur

several hours before the observed peak Hs.

Error statistics RMSE, PE and bias are calculated for Hs, MWD and Tm, as

shown in Figure 3.2. For Hs ≥ 6 m, error statistics decrease with the CFSR wind

package and the ST4 physics package (see Figure 3.2).

Specifically, RMSE decreases from 0.92 to 0.68 m between ST2-GFS and ST4-

CFSR and bias decreases from -0.3 m to -0.14 m. For MWD of Hs ≥ 6 m, the
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Figure 3.2: Error Statistics RMSE, PE and Bias divided by wave height.

ST4 model configurations perform better than the ST2 model configurations, and

ST4-CFSR performs best. MWD bias for all models is positive, indicating that it

is estimated to be more northerly than what the buoy reports. For Tm for Hs ≥ 6

m, underestimation occurs for the ST2 model configurations, and overestimation

occurs for the ST4 model configurations. The greatest error statistics for Tm

are associated with the original model configuration, and ST4-CFSR renders the

smallest error statistics for Tm.
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3.2 Model Performance: Energy Spectra

The spectra at the time of maximum wave height for each event are illustrated

in Figure 3.3. The spectra reproduced in this figure are those of the original

model configuration (ST2-GFS) the model configuration which performs best for

the largest wave heights (ST4-CFSR) and as observed by NDBC buoy 46050. Each

spectrum is delineated at 120◦ and then again at either 260◦ (for Events 1 and 3)

or 240◦ (for Event 2), as illustrated in Figure 3.3. We selected the second limit,

260◦ or 240◦, after inspecting hourly snapshots of each spectrum and subjectively

determining the delineating direction which best bounds discrete peaks in the

spectrum, especially when multiple peaks are present. The first region, 0◦-120◦,

entails energy traveling away from land. The second region, 120◦-240◦ or 260◦,

represents energy traveling from the south, or ”southern” energy, while the third

region, 240◦ or 260◦ - 360◦ represents energy traveling from the north, or ”northern”

energy.

Generally, the spectra associated with the buoy are spread in direction more

severely than the spectra associated with the models. This is a repercussion of the

directional distribution function implemented by NDBC in the 2-D wave spectra

analysis. The broad directional spread can at times cause the energy associated

with the northwest quadrant to ’leak’ into the southwest quadrant, and no one

limit in direction can be determined to avoid this issue altogether. At each time

step, an Hs is computed from the southern and northern quadrants. The time

series of the partitioned Hs and Tm are then compared.
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The observed spectra, illustrated in Figure 3.3 (right column), show incident

wave energy primarily from the south for Events 1 and 3, and split between the

north and south for Event 2. This is consistent with the strong influence of the

southerly coastal jet in Events 1 and 3. In contrast, the coastal jet is less dominant

during Event 2 (see Table 1.1).

Figure 3.3: Example spectra from ST2-GFS, ST4-CFSR and NDBC buoy 46050
at the peak of each event. The radial axis is frequency from 0 to 0.2 Hz. Note the
observed southern energy at the buoy as compared to this energy as reproduced
by ST4-CFSR and ST2-GFS. The directions at which the spectra are delineated
are highlighted in white.

The model-generated spectra generally reproduce the primary peak for Events
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1 and 3, but predict a more energetic northern peak for Event 2. For Event 1, the

model spectra largely agree with the observed spectrum with the greatest concen-

tration of energy in the southern quadrant. Both model configurations also indicate

traces of northern wave energy that do not appear in the observed spectrum. For

Event 2, the peaks of the observed spectrum occur at different frequencies, with the

southern peak at a higher frequency than the northern peak. While the modelled

spectral peaks are also associated with slightly different frequencies, the northern

peak is of much greater intensity than the southern peak. For Event 3, the ob-

served spectrum is uni-modal, with the entire peak in the southern quadrant. In

contrast, the modelled spectra are bi-modal with energy from both the northern

and southern quadrants. These peaks are close in direction and of similar fre-

quency. In each case, ST4-CFSR allocates more energy in the southern quadrant,

which is associated with energy from the coastal jet, than ST2-GFS.

The spectra analyzed so far represent only one spectral shape for one hour

within the evolution of the event. The energy spectrum can gain intensity in

different parts of the spectrum throughout the event, illustrating the changing

character of the wave field. This evolution is summarized by the delineated Hs

and Tm time series, shown in Figure 3.4. The observations of the buoy show that

for all three events, the southern Hs reaches larger values than the northern Hs.

Event 2 differs from Events 1 and 3 in that the maximum Hs values associated with

the northern and southern peaks are more similar (4 m and 5.5 m for northern and

southern Hs, respectively). The southern Tm begins at smaller values for Events 1

and 2, then increases to reach similar values as the northern Tm. This is consistent
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with the notion that southern energy is derived from a local wind feature (the jet)

which has generated a shorter period sea state that develops into a mid-period

swell. In contrast, the northern wave energy is derived from a distant cyclone

which has generated mid-period swell.

The differing model configurations produce similar predictions for the northern

Hs and Tm that consistently overestimate the observed values by similar amounts

for the three events. In contrast, the southern Hs values are underestimated in

such a way that the individual model configurations produce more differing results.

In other words, the variance of the bias is greater for the southern Hs than the

northern Hs. This means that the error for the northern Hs does not become

reduced significantly between model configurations, while the error for the southern

Hs does become reduced between model configuration output. The original model

configuration most severely underestimates the southern Hs and Tm. When the

original physics package is combined with the CFSR wind, the magnitude of the

southern Hs and Tm increases. These magnitudes increase more when the original

wind and ST4 physics package is implemented in ST4-GFS. The final combination

of ST4 physics package and CFSR wind yields the most accurate southern Hs

and Tm values. This pattern, where each model configuration produces a slightly

greater magnitude time series, is seen for each event.

While the magnitude of the overestimation of the northern Hs and Tm is similar

between all model configurations, the time at which peak Hs values are reached

are slightly different. For Event 2, the time series associated with the ST4 model

configurations reach higher energy values before the time series of the ST2 model
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configurations. For Event 3, akin to the overall bulk parameter time series trends,

ST4-CFSR estimates its peak northern and southern Hs value several hours before

the other model configurations estimate their peak Hs values.
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Figure 3.4: Hs and Tm time series calculated from spectra partitioned in the south-
ern quadrant and northern quadrant. The vertical dashed lines indicate the time
of the spectral illustrations above. The underestimation of southern energy and
overestimation of northern energy is apparent in the Hs figures. Note the different
y-axes of the Tm time series.
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Chapter 4 Discussion

The output of the four model configurations were considered in the above analysis

to determine which best captured the effects of the coastal jet and the resulting

large wave heights. For Hs ≥ 6 m, ST4-CFSR clearly outperforms the other model

configurations. Herein, we further explore the contributions of the physics package

(ST2 versus ST4) and wind product (GFS versus CFSR) to the improvement in

the predictions.

4.1 Impact of chosen physics package on predictions

The ST4 model configurations outperform the ST2 model configurations with re-

spect to accurately reproducing the southern wave energy, as described in the

earlier section. With the ST4 configuration, the southern wave energy associated

with the coastal jet as well as the timing of the maximum wave height are captured

more accurately. To explore the differences in how the ST2 and ST4 physics pack-

ages operate, spectral difference plots between the two are inspected to see where

and how the results of the two physics packages differ. The spectra plotted in

Figure 4.1 are from the peak of Event 1. For the same wind product, more energy

accumulates in the lower frequencies (and longer periods) for the ST4 spectrum

than for the ST2 spectrum (see Figure 4.1). As described above, the southern
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Tm is consistently underestimated, and the ST4 configurations better capture the

southern Tm time series by predicting a longer Tm. This is consistent with the

positive bias seen in the ST4 physics packages as compared with the ST2 physics

packages.

Figure 4.1: The spectra as reproduced by the model configurations which imple-
ment the same wind package but ST2 and ST4 physics packages. A difference plot
of the two spectra is reproduced in the third column.

4.2 Impact of chosen wind product on predictions

Inspection of model output with respect to wind package reveals that the per-

formance is of better quality when the CFSR wind product is implemented (e.g.,

ST2-GFS vs ST2-CFSR). The CFSR wind package has an increased temporal

and spatial resolution as compared with the GFS wind package (see Table 2.1),

and has been reanalyzed with more accurate and detailed physical processes [17].

Cross-sections of the coastal jet associated with each wind package show that the
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CFSR wind produces a steep longitudinal gradient which updates hourly to be-

come steeper as the jet tightens. In contrast, the GFS wind cross section reveals a

flatter gradient which remains stagnant even as the jet tightens according to the

CFSR wind product. The CFSR product also reaches higher wind velocity values.

To explore the relative significance of the spatial or temporal resolution of

the wind product on model performance, three variations of ST4-CFSR (hereafter

referred to as the ”initial” model configuration) are implemented for Event 1.

These new configurations include variations in temporal and spatial resolution of

wind product. Similar to the analysis performed in Section 3, the respective output

is analyzed in terms of bulk parameters and delineated energy spectra.

The first variation, ST4-CFSR-FineGrid, has an increased outermost grid reso-

lution from 0.5◦ to 0.312◦, which matches the resolution of the CFSR wind product.

The second variation, ST4-CFSR-CoarseWind, implements a coarser spatial wind

input resolution from 0.312◦ to 1.9◦ grid resolution. Note that this spatial reso-

lution is even coarser than that of the GFS wind product. The third variation,

ST4-CFSR-3hrWind has a decreased temporal resolution of wind from hourly in-

put to three hour input. This case matches the temporal resolution of the GFS

wind product and the spatial resolution of the model runs using the GFS winds.

The details of these variations are recorded in Table 4.1.

The output Hs time series for Event 1 for the variations of ST4-CFSR are

plotted in Figure 4.2. Severe underestimation occurs with the spatially coarse wind

(ST4-CFSR-CoarseWind). The best performance occurs with the highest resolved

grid (ST4-CFSR-FineGrid). Specifically, the results for ST4-CFSR-FineGrid are
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Table 4.1: Variations of ST4-CFSR

Model Name Outer Grid
Resolution

Wind

Time Res-
olution

Spatial
Resolution

ST4-CFSR-FineGrid 0.312◦ 1 hr 0.312◦

ST4-CFSR-3hrWind 0.5◦ 3 hr 0.312◦

ST4-CFSR-
CoarseWind

0.5◦ 1 hr 1.9◦

essentially identical to the initial model configuration (ST4-CFSR) with nearly

similar RMSE for Hs ≥ 6 m (approximately 0.67 m, see Figure 4.3).

The significantly decreased performance for the larger wave heights for ST4-

CFSR-CoarseWind (RMSE increases from 0.68 to 2 m) occurs despite the fact that

this simulation implements the higher quality CFSR wind, but on a much coarser

grid. The original wind product, GFS, in this case actually outperforms ST4-

CFSR-CoarseWind in predicting wave height. The peak wave height of the output

of the third variation, ST4-CFSR-3hrWind, underestimates the initial model peak

wave height by approximately 0.5 m, but the RMSE associated with the 3hrWind

output is not significantly worse than ST4-CFSR with the 1hrWind output for

Hs ≥ 6 m. This is because the underestimation error at the peak is compensated

for by the reduction in overestimation during the beginning of the event. Note

that ST4-CFSR-3hrWind performs significantly better than ST4-GFS despite the

fact that they both have the same temporal resolution.

When spectral analysis is performed via delineation (as described in Section
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Figure 4.2: Time series of ST4-CFSR variations. The initial model configuration,
ST4-CFSR, is not plotted because it overlays over ST4-CFSR-FineGrid such that
the differences cannot be seen by eye.

3b), and partitioned Hs and Tm are calculated, the trends between the northern

and southern Hs time series with respect to the buoy are similar to the initial

ST4-CFSR configuration (see Figure 4.4). The northern Hs and Tm are overes-

timated by all variations by a similar magnitude. Specifically, the northern Tm

is overestimated until the event peak, at which point it more closely follows the

observed northern Tm. The overestimation during the first part of the time series

suggests that the model predicts a more developed wave field (with longer pe-

riod) than was observed. In contrast, the southern Hs and Tm are underestimated.

The southern Hs underestimation is most severe for ST4-CFSR-CoarseWind, and
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Figure 4.3: Error statistics RMSE, PE and Bias binned by Wave Height for the
ST4 model variations.

least severe for ST4-CFSR-FineGrid. ST4-CFSR-3hrWind most closely follows the

southern Hs time series as measured by the buoy, but still underestimates the max-

imum wave height by 1 m. The southern Tm is underestimated most severely by

ST4-CFSR-CoarseWind, but underestimation also occurs for ST4-CFSR-FineGrid.

These underestimations reveal that the overall effect of the atmospheric forcing in

producing a more developed southern wave field is not completely reproduced.

Overall, the factor which most significantly affects the model performance is the

spatial resolution of the wind, as seen by the worse performance of ST4-CFSR-

CoarseWind. This signifies that the spatial detail of the atmospheric forcing is

important in the model physics. In contrast, the decrease in temporal resolution

from 1 hour to 3 hours does not affect the model results significantly as long as the

wind field is highly spatially resolved. These findings suggest that a wind product
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Figure 4.4: Time Series of Partitioned Hs and Tm for the ST4-CFSR variations.

that represents the fine spatial details of the coastal jet is crucial for accurate

prediction of the southern wave energy.
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Chapter 5 Conclusions

Understanding how large waves are generated can help to mitigate risk associated

with them. The northeast Pacific is an optimal location to study such events,

as large wave events occur frequently in this area. This study aimed to under-

stand how current models fail to capture the peak wave height of such events by

simulating historical storms for which models have underperformed.

Three large wave events, wherein Hs exceeds 6 m for longer than 5 hrs, were

simulated. The time series of each event is represented in Figure 1.5. The Hs time

series of Events 1 and 3 rises and declines rapidly, and the Hs time series of Event

2 remains relatively constant throughout the event. The atmospheric conditions

which generate these events include a wind feature called a coastal jet along with a

distant cyclone. Events 1 and 3 feature the coastal jet at all times while the coastal

jet is more fleeting, of less intensity and of smaller latitudinal extent in Event

2. Also, Events 1 and 3 are characterized by a strong wave energy signal from

the southwest, while Event 2 wave energy is divided more equally between waves

incident from the northwest and southwest. To explore the importance of various

inputs on model performance in simulating these events, different combinations of

physics package and wind forcing (Table 2.1) were utilized in the simulations.

Overall, the combination of ST4 physics package and the CFSR winds combi-

nation yielded the lowest error statistics for bulk parameters Hs, MWD and Tm
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for data points associated with Hs ≥ 6 m. For these data points, ST4-CFSR re-

duced RMSE for wave height, direction, and period, by approximately 0.5 m, 12◦

and 0.3 s, respectively. However, the output still underestimates peak Hs, over-

estimates MWD and underestimates Tm. The peak Hs value of the ST4 model

configurations occurs at a similar time as the peak observed Hs for Events 1 and

2, while the ST2 configurations result in a peak wave height which occurs after the

observed peak wave height. For Event 3, however, the ST4 configurations predict

the peak Hs value to occur before the peak observed Hs.

We also explored the importance of the resolution of these inputs in model

performance by changing their resolution and simulating Event 1. We found that

increasing the spatial resolution of the grid did not render better model perfor-

mance, but a decrease of spatial resolution of wind input (0.5◦ to 1.9◦) severely

decreased model performance. In fact, the spatially coarser wind input affects

model performance more severely than a temporally coarser wind input. This sig-

nifies that accurately modelling the wave energy generated by the jet is sensitive to

resolving the fine physical details of the jet as opposed to the temporal variability

over time scales shorter than 3 hours.

Analysis of the energy spectra included delineation of the spectra into north-

ern and southern quadrants and calculation of the partitioned Hs and Tm. These

partitioned bulk parameters were compared with the observed partitioned bulk

parameters. The partitioned Hs and Tm showed that the wave energy from the

southwest is stronger, and of shorter period, than the wave energy from the north-

west. The model configurations tend to underestimate Hs and Tm associated with
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energy from the southwest, and overestimate Hs and Tm associated with the wave

energy from the northwest. The original model, ST2-GFS, produces output which

most severely underestimates and overestimates energy from the southwest and

northwest, respectively. The ST4 configurations output more accurate representa-

tions of the larger Hs and longer Tm values associated with wave energy from the

southwest. This could be due to the ST4 physics package allocating more energy

into the lower frequencies as compared to the ST2 configurations. The combina-

tion of ST4 physics package with the CFSR wind product, ST4-CFSR, yields the

best representation of the energy from the southwest among the four model con-

figurations. However, the wave energy from the northwest was overestimated by

this model configuration by a similar magnitude as the other configurations. The

combination of over and under estimations of the energy from the northern and

southern quadrants, respectively, results in a relatively accurate bulk parameter.
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Chapter A Error Statistics: All Data

This analysis summarizes the performance of a hindcasted data set discussed in

Garcia et al (2014) [8]. The hindcast spans the years 2005-2011. Bulk parame-

ters of significant wave height and energy period are compared to measured bulk

parameters. A depiction of an overall scatter plot for the full dataset (N=24,695

data points) is presented in Figure A1. The greatest number of data points occur

for Hs ≥ 6 m. Statistical values quantifying the comparison include root-mean-

squared-error (RMSE), percent error (PE), bias, scatter index (SI) are defined as

follows, where N, MEAS and EST are the total number of output points, measured

and modeled values, respectively.:

RMSE =

√√√√∑(
MEAS − EST

)2
N

(A.1)

PE = 100

√
1

N

∑(
MEAS − EST

MEAS

)2

(A.2)

SI =
RMSE

MEAS
(A.3)

Bias =
1

N

∑
EST −MEAS (A.4)

The overall RMSE for Hs is 0.50 m, PE is 20%, SI is 0.20 and bias is positive

at 0.11 m.
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Figure A.1: Scatter Plot, all data points for all years of model hindcast (2005-
2011). The colored points are the cases considered in this study, where Events 1,
2, and 3 are colored red, green, and blue, respectively.

A.1 Error Statistics: Binned by Wave Height

To gain an intuition of statistical trends for wave heights of interest, the data is

divided into regions of wave heights greater than 6 m, between 4 and 6 m, and less

than 4 m. Wave height error statistics are summarized in the Table A1.

Table A.1: Error Statistics Binned by Wave Height

Wave Heights (m) N (-) RMSE (m) PE (%) Bias (m) SI (-)
<4 21944 0.42 20 0.14 0.2
4-6 2412 0.81 17 -0.03 0.17
≥6 339 1.34 19 -0.67 0.2

Overall 24695 0.5 20 0.11 0.2
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RMSE and bias increase as the wave heights increase. RMSE and bias are

significantly greater for data associated with the larger significant wave height,

although PE and SI do not demonstrate a significant increase between the smallest

and largest wave heights. The model tends to slightly overestimate wave heights

less than 4 m (positive bias of 0.14 m), but underestimate wave heights larger than

6 m (negative bias of 0.67 m).

While dividing the data into regions of wave height is helpful to gain a broad

understanding of data trends, binning the data into tighter divisions may lend

more insight into nuances of the error between different wave heights. This is

illustrated in Figure A2, where results are also presented by season to illustrate

the differences throughout the year and the associated model performance. Note

that there are no data points associated with a wave height of 8.5 m for winter.

RMSE clearly increases with increasing wave height. These elevated levels of

RMSE for wave heights greater than 6 m are due primarily to model error for the

largest wave heights. PE and SI begin at elevated levels before dropping at 1.5

meter significant wave height to reach minimal values between 3 and 5 m for fall,

winter and spring. The elevated levels of PE and SI statistics can be understood

as these statistics are normalized by wave height, and the small wave height value

thus renders a greater error statistic value for similar absolute errors.

To hone in specifically on the model performance for the greater wave heights

and associated energy period dependence, the data is divided into ’smaller’ and

’larger’ wave height categories (less than 6 m and greater than 6 m), and then

binned by energy period. The error statistics are then calculated. The results are
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Figure A.2: Error Statistics binned by wave height and divided by season

illustrated in Figure A.3.

Error statistics exhibit a different trend for the larger and smaller wave heights.

Overall, greater values are reached for Hs ≥ 6 m (right panel) than Hs < than 6 m

(left panel). The error statistics for the smaller wave heights remain relatively con-

sistent throughout the energy periods until an energy period of about 11 seconds.

At this point, error statistic values diverge depending on season.

For the larger wave heights, however, data points have highest error statistic

values for either end of the energy period range. The shortest and longest energy

periods exhibit the greatest values of SI, PE and RMSE, and the most negative

bias. The smallest error statistic values occur for energy periods between 11 and 14

seconds, signifying that mid-period swell is the region of best model performance.
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In this region, bias is slightly positive as opposed to negative at either limit of Te

values.
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Figure A.3: Error Statistics, data divided by wave height and binned by energy
period




