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ABSTRACT:   
This report documents a study performed for the U.S. Army Engineer District, Seattle, to identify and 
evaluate feasible methods for reducing annual maintenance dredging in the outer Federal navigation 
channel at Grays Harbor, WA, by modification of the north jetty. Main interest was in potential reduction 
of southward sand bypassing the north jetty and preservation of the jetty should the neighboring beach 
erode. Considerable information and predictive capability were generated concerning the behavior of the 
Federal navigation channel and adjacent coastal and inlet shorelines. The study was conducted as a coor-
dinated multi-disciplinary approach involving field measurement, physical modeling of the hydrodynam-
ics and potential sediment pathways, geomorphic analysis and sediment budget formulation, and numeri-
cal modeling of waves, circulation and sediment transport, including modeling of shoreline change and 
bypassing. 
Numerous alternatives were considered and subjected to a screening process to identify feasible engineer-
ing and physically constructible alternatives within broad criteria. Six alternatives passed the screening 
and were evaluated. The alternatives concerned an innovative submerged spur that would be placed paral-
lel to the shoreline along the north jetty, partial and full rehabilitation of the north jetty, and a combination 
of these alternatives with structures of different lengths. 
The sediment-control alternatives were evaluated relative to the existing condition. The study revealed 
many wide-area processes controlling sedimentation in and around Grays Harbor. The scale of change in 
southward-directed bypassing of sediment expected to occur after construction of any of the evaluated 
alternatives was found to be small compared to the scale of transport at the Grays Harbor entrance from 
sources originating outside the entrance or by being reworked and redistributed within the entrance. 
Modification of the north jetty is one of relatively few options for controlling sedimentation in the outer 
navigation channel; others include channel realignment and modifications to the south jetty. 
 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not 
to be construed as an official Department of the Army position unless so designated by other authorized documents. 
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Appendix A 
Stability Analysis of a 
Submerged Spur, North Jetty, 
Grays Harbor, Washington1

 

Introduction 
This appendix documents results of an independent investigation of stability 

of a submerged spur being considered as a sediment control structure at the north 
jetty at the entrance to Grays Harbor, WA. The study was funded by local 
interests (Coastal Communities of Southwest Washington) independent of the 
U.S. Army Corps of Engineers (USACE) north jetty Operation and Maintenance 
(O&M) study described in the main text of this report. The present study 
included development of design waves, analysis of existing published data on 
stone stability for submerged structures, and physical modeling in a large-scale 
two-dimensional (2-D) wave flume. 

A reconnaissance study performed in year 2000 for the U.S. Army Engineer 
District, Seattle (NWS) by the U.S. Army Engineer Research and Development 
Center, Coastal and Hydraulics Laboratory (CHL) and Pacific International 
EngineeringPLLC determined that a submerged spur could be constructed in the 
north jetty environment with a marine-based operation consisting of split-hull 
bottom dump barges and tugs. The constructability analysis concluded that rock 
size should be as small as possible for a marine hopper barge operation; barge 
openings up to 8 ft can dump rock up to approximately 3 ft in diameter. 
Furthermore, construction would be simplified greatly if a single rock gradation 
can be used due to the difficulties with trimming and dressing of the structure in 
the north jetty wave and current environment. A 3-ft diam maximum rock size is 
small relative to the size of stone normally used in North Pacific Ocean jetty 
construction. The small rock size and broad gradation raised concerns regarding 
rock stability in the energetic wave regime at the north jetty, Grays Harbor. 

Existing formulae and experimental data for submerged structure stability 
were reviewed and evaluated. Calculations of crest stone sizes for the extreme 

                                                      
1 Written by Philip D. Osborne, Nels Sultan, and Michael H. Davies, Pacific International 
Engineering, PLLC, Edmonds, WA.  
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depth-limited wave height and period conditions at north jetty following van der 
Meer and Pilarczyk (1990) and Vidal, Medina, and Martin (2000) suggest that a 
stone diameter of at least 7 to 8 ft might be required to achieve stability. Stones 
of this size could be impractical should the structure need to be constructed using 
split-hull dump barges. However, it was recognized that the north jetty 
environment and submerged spur geometry are generally close to or just beyond 
the limits of most laboratory investigations of stability and structure 
performance. Furthermore, even in the case of conventional rubble-mound 
breakwaters, information is lacking for depth-limited breaking waves (Melby and 
Kobayashi 1998). Therefore, conclusions based on previous empirical studies 
need to be considered with caution. A physical model study, as documented in 
the appendix, was deemed necessary to more fully evaluate structure stability. 

A series of large-scale 2-D flume tests was undertaken at the Canadian 
Hydraulics Centre (CHC) in Ottawa, Canada, to evaluate the cross-sectional 
stability of a proposed spur constructed with a relatively small stone size. Tests 
were also undertaken for a structure composed of 4-cu yd geotextile bags 
(geobags). Conceptual rock armor and geobag cross-sections are shown in 
Figures A1 and A2. Structural stability and general performance were evaluated 
for the most severe combinations of wave height and period anticipated at the 
site. The interaction between the rock-armored structure and the sand seabed was 
also investigated. Design waves for the empirical analysis and physical modeling 
were determined from an analysis of wave measurements offshore of Grays 
Harbor. Results of the large-scale flume tests conducted by CHC are summarized 
in this appendix. Davies (2001) gives a more comprehensive presentation of the 
test results. 

Development of Design Waves at North Jetty, 
Grays Harbor 

Design wave heights and periods for the analytical and physical model 
investigations were developed by applying the following procedure: 

a. Review existing studies and available wave data for the Grays Harbor 
entrance. 

b. Analyze extremal statistics to determine the offshore wave heights for 
various return periods. 

c. Analyze joint occurrence of significant wave heights and associated peak 
periods at the project site. Extend to expected durations of significant 
wave heights and associated peak period combinations over an 
anticipated 25-year lifespan for a submerged spur. 

d. Select the 10 largest wave events measured at Grays Harbor since 1982. 
Determine the typical spectral shape for these extreme wave events. 

e. Select prototype design significant wave height, peak period and spectral 
shape for an offshore location. 

f. Develop scaled significant wave height, peak period, and spectrum for 
the wave tank. Adjust for shoaling to determine the correct wave 
spectrum given the water depth in the wave tank near the wave 
generation. 
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Figure A1. Rock armor cross section for 2-D stability tests 

Figure A2. Geobag cross section for 2-D stability tests 

Existing data and wave climate studies 

One source of design wave information is a memorandum recommending 
rehabilitation of the north jetty at the entrance to Grays Harbor (USAED, Seattle, 
1974). The proposed design wave was 6.7 m (22 ft). This wave height was 
developed assuming depth-limited conditions over the submerged end of the 
jetty. 

However, depth-limited breaking should not be assumed a priori for the 
proposed spur. Also, morphological surveys of the north jetty area reveal that the 
seabed elevation in proximity to the north jetty fluctuates as much as 5 to 10 ft 
annually. Therefore, an offshore non-depth limited design wave is developed 
based on the most recent available data. The design waves are transformed to the 
project site by applying shoaling factors and checked for depth-limited breaking. 
A range of water levels from mean lower low water (mllw) to mean higher high 
water (mhhw) plus storm surge is included in the analysis to account for potential 
variations in water depth and water level that are anticipated at the north jetty. 
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Wave data are available from a buoy seaward of Grays Harbor that has been 
operating since 1982 (Coastal Data Information Program 2000). The buoy is 
located approximately 1 km southwest from the entrance to Grays Harbor in a 
water depth of 41.5 m. Measurements from the buoy from 1993 to 2001 have 
been analyzed previously in an engineering report for nearby Willapa Bay (Kraus 
2000; Kraus, Arden, and Simpson 2002). Also, PI Engineering has conducted an 
extremal analysis of the wave height data from 1982-2000 to document existing 
conditions for spur dike feasibility (PI Engineering 2000) and from 1982-2002 as 
part of the north jetty O&M study (Chapter 4). 

The joint distribution of wave heights and periods measured at the CDIP 
buoy is summarized in Figure A3. The plot represents all measured wave heights 
and corresponding wave periods offshore of Grays Harbor (CDIP buoy 3601) 
over the period January 1994 through December 2001. The distribution shows a 
concentration of extreme waves with significant heights, Hs, larger than 6 m at 
peak periods, Tp, of 10-15 sec and also of waves longer than 15 sec at somewhat 
lower wave heights. 

Figure A3. Joint distribution of Hs and Tp for measurements at Grays Harbor 
CDIP buoy 3601 between January 1994 and December 2001. Color 
scale represents number of hours per year. Diagonal lines represent 
lines of constant wave steepness (H/L), where L is local wavelength 

The Hs-Tp occurrence presented in Figure A3 can be extended to an expected 
duration of given Hs-Tp combinations over an anticipated 25-year lifespan of the 
submerged structure. The resulting data set expressing the hours of occurrence 
for each Hs-Tp combination is presented in Figure A4. Figure A4 reveals that 
durations longer than 4 hr are associated with Hs greater than 7 m, and Tp of 16 to 
18 sec. For Tp between 20 and 21 sec, the associated Hs decreases to between 5 m 
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to 7 m. Although waves with periods as long as 25 sec have been recorded at 
Grays Harbor, they are associated with wave heights of only 2 m. This inter-
relationship between Hs and Tp is central to the design of a submerged structure 
such as the Grays Harbor spur because the potential for damage to the structure 
has been observed to be strongly influenced by wave period (e.g., Ahrens 1987, 
1989). 

Figure A4. 25-year durations (hr) of Hs and Tp. based on measurements from 
Grays Harbor CDIP buoy 3601 

Spectral shape 

The surface elevation spectra for nine of the 10 largest significant wave 
heights measured at the Grays Harbor buoy are plotted in Figure A5. Modified 
JONSWAP spectra (Goda 1987) were fitted using the measured Hm0, Tp and γ = 
1.5 and 3.3. Unfortunately, the spectral data excludes the storm with the largest 
wave height on record (Hs=9.74 m, Tp= 15.4 sec, 3 March 1999) because no 
spectral data are available for this event. The spectral shapes in Figure A5 are 
similar and suggest that the modified JONSWAP spectrum provides a reasonable 
approximation to spectral shape for extreme waves approaching the project site. 
A value of 3.3 was used for γ to generate irregular wave series for the flume tests 
at CHC as it appeared to give a qualitative best fit to the average spectrum. 
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Figure A5. Nine of 10 most extreme spectra measured at Grays Harbor CDIP 
buoy between 1982-2000. Note: blue line shows measured 
spectrum, yellow line is a JONSWAP spectrum with γ = 1.5 and 
magenta line is a JONSWAP spectrum with γ = 3.3 

Application of Existing Design Equations for 
Structure Stability 

Several studies have investigated rock stability for low-crested and 
submerged rubble-mound structures (e.g., van der Meer 1988, van der Meer and 
Pilarczyk 1990; Givler and Sørenson 1986; Vidal et al. 1992; Vidal, Losada, and 
Mansard 1995; Vidal, Medina, and Martin 2000; Rufin et al. 1994, 1996). Van 
der Meer (1988) describes of relevant fundamental parameters for inclusion in 
formulas for design of rubble-mound breakwaters and revetments: These include: 
side slope of the breakwater or revetment, significant wave height, Hs deepwater 
wave steepness, 2πHs/gTp

2, wavelength, Lo, or period, permeability, P, damage 
criterion, S, storm duration, often defined in terms of the number of waves, and 
median mass of armor stones, M50. According to van der Meer (1988), S = 
Ae/Dn50 where Ae is the area of cross-section eroded, as calculated from damaged 
and undamaged profiles, and Dn50 is the nominal median armor stone diameter. 
The onset of damage is generally taken as between 1 and 3. The damage 
criterion, S, represents the number of stones of a nominal diameter, Dn, which are 
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removed from the cross section. Other parameters relevant to the case of 
submerged rubble-mound structures include the submergence, R, the crest width, 
B, spectral width, the stone gradation, bottom slope (tan α), and water depth at 
the toe of the structure, toeh . The Irribarren Number, defined according to Battjes 
(1974) in its deepwater, ξ0, and inshore, ξh, forms as: 

o

o
o L

H
tan=ξ , 

ob
b L/

tan
Η

=ξ  (A1) 

where tan α is the local bottom slope, and Ho and Lo are the deepwater wave 
height and wavelength, respectively, and Hb is the wave height at breaking. 
Representative values of the parameters used in analysis and evaluation of a 
submerged structure at the end of the north jetty are listed in Table A1. Relevant 
nomenclature is indicated in Figure A6. 

Table A1 
Representative Parameters for North Jetty, Grays Harbor 
Environment 
Parameter Minimum Maximum 

ht (m) -7 (mllw) -12 (mhhw) 
hc (m) 2.4 4.6 
R (m) -3 (mllw) 5.5 (mhhw) 
B (m) 10 15 
Hso (m) 1 10 
Tp (sec) 8 25 

tan α 0.015 0.035 

ξ0 0.047 1.09 

*H50 is the incident significant was height measured in deep water; Tp is the peak period of the 
incident waves.  

 

The analyses of Ahrens (1987, 1989) and van der Meer (1988) were 
concerned with change in crest height in response to wave attack. Ahrens (1987, 
1989) defined a number of dimensionless parameters that describe the behavior 
of reef type structures (R > 0). The main parameter is the relative crest height 
reduction factor (hc/ hc

′) defined as the ratio of crest height at the end of the test 
(hc) to the crest height at the beginning of the test, hc

′. The two authors apply a 
dimensionless stability number to describe the wave height relative to the stone 
size: 
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Figure A6. Submerged breakwater nomenclature 

50n

s
s D

H
N

∆
=  (A2) 

where ∆ = relative mass density (ρs/ρ -1), Dn50 = nominal diameter of rock = 
(M50/ρs)1/3, and M50 median stone mass. 

Ahrens (1987, 1989) also introduced the spectral stability number to account 
for the observation that longer period waves cause more displacement of 
material: 

50

3
1

3
2

*

n

p
s D

LH
N

∆
=  (A3) 

where Lp is the linear theory wavelength calculated with Tp and the water depth at 
the toe of the structure. 

For dynamically stable reef breakwaters (i.e., breakwaters of low crest 
elevation which will undergo significant reshaping during wave attack), 
van der Meer and Pilarczyk (1990) suggest the following equation to predict the 
equilibrium crest height, hc: 

( )*exp s

t
c aN

Ah =  (A4) 
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where a = -0.028 + 0.045C′ + 0.034 hc
′/h - 6×10-9 Bn

2 and At is the area of 
structure cross-section, C’=exp(aNs

*), Bn = At/Dn50
2, and h is the water depth. 

Van der Meer and Pilarczyk (1990) show that the previous equations are 
valid over a wider range of conditions than the Ahrens (1987, 1989) original 
equations for hc. It is possible to draw design curves from these equations, which 
give the crest height as a function of either *

sN  or Hs. 

The previous equations are for dynamically stable reef-type structures where 
R > 0. Van der Meer and Pilarczyk (1990) give a stability formula for statically 
stable submerged structures that includes the previous class: 

( ) ( )*14.0exp1.01.2 s
c NS

h
h

−+=
′

 (A5) 

Thus, a functional relationship is provided between the relative crest height 
of a submerged breakwater, the damage level, S, and the spectral stability 
number, Ns

*. Stability of submerged breakwaters is a function of the relative crest 
height, the damage level, S, and the spectral stability number. 

For fixed crest height, water level, damage level, and wave height and 
period, the required ∆Dn50 can be calculated, giving finally the required stone 
weight (diameter). Also, wave height versus damage curves can be derived. The 
analysis conducted by van der Meer and Pilarczyk (1990) did not consider 
damage to different breakwater segments or the effects of structure side slopes on 
stability. 

The previous analysis by van der Meer and Pilarczyk (1990) is based on the 
limited experimental data of van der Meer (1988) and Givler and Sørensen 
(1986) and is valid only for side slopes of 1.5 to 2.5. Van der Meer and Pilarczyk 
(1990) suggest that because wave attack is concentrated on the crest and less on 
the seaward slope of a submerged structure, it may be possible to exclude the 
effect of slope in the analysis. The stability formula (Equation A5) is based upon 
0.5< hc/h < 1 and Ns

*< 12. Van der Meer and Pilarczyk (1990) noted a large 
increase in the stability number as hc/h decreases below 0.45. 

Figure A7 shows stable crest stone size as a function of deepwater wave 
height calculated using the method of van der Meer and Pilarczyk (1990) for a 
structure with 0.4 < hc/h < 0.6. The calculations shown are made for the onset of 
damage (S = 2) for selected wave periods from 10 to 22 sec and for water levels 
between mllw and mhhw plus storm surge and including mean water level (mwl). 
Stone size increases with increasing wave height until depth-limited breaking 
criterion is reached for the north jetty environment. Depth-limited breaking wave 
heights were estimated assuming a constant nearshore slope of 0.0265 (1:38) and 
a breaking criterion of Hb/h = 0.78 and follows the methodology in the Coastal 
Engineering Manual (2003), Part II, Chapter 4. 
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Figure A7. Crest stone size for a submerged breakwater as a function of deep-
water wave height for a range of wave periods and water levels for 
Ocean Shores (R=0.5, S=2) following van der Meer and Pilarczyk 
(1990) 

Vidal et al. (1992) and Vidal, Losada, and Mansard (1995) conducted 
laboratory experiments to develop damage curves for various sectors of 
submerged structures (e.g., front slope, crest, back slope, front head, and back 
head). For each sector, damage curves relating the nondimensional freeboard, Rd 
= R/D50, (where R = hc - h), with the stability number, Ns, for a given damage 
level were obtained. 

Vidal et al. (1992), Vidal, Losada, and Mansard (1995), Vidal, Medina, and 
Martin (2000), and Rufin et al. (1994, 1996) show that the most critical location 
for stability on submerged breakwaters is at the crown edge and backslope. 
Backslope stability increases significantly with increasing submergence. 

Based on results of these and other physical model experiments, Vidal, 
Medina, and Martin (2000) developed a methodology and proposed a series of 
equations based on Rd and Ns to assess stability and damage of submerged 
structures. The procedure involves calculating the armor size, D∞, of a 
conventional emergent rubble-mound breakwater with the same characteristics 
(e.g., core, layers, slope, and damage level) by means of any available formula. 
In this case, we have applied the well-known Hudson formula (SPM 1984) to 
calculate D∞ for conventional emergent breakwater assuming a unit weight of 
armor stone unit of 165 lb/cu ft. A value of 2 for Kd was deemed appropriate for 
rough angular quarry stone, placed randomly and subject to breaking waves 
(Shore Protection Manual 1984, Table 7-8). D∞ is then applied to scale the 
freeboard (Rd∞ = R/D∞). The front slope armor unit size can be determined from: 
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( )

( )∞

∞
∞=

dfs

s
fs RN

N
DD  (A6) 

where Rs(∞) is the nonovertopped limit of the stability number. To calculate the 
size of the armor units of the crest, Dc, first the front-slope size of the units is 
calculated as Equation A6 and applied to rescale the nondimensional freeboard 
(Rd = R/Dfs). The size of the armor units is: 

( )
( )dsc

dfs
fscs RN

RN
DD =  (A7) 

Figure A8 is based on this methodology (Vidal, Medina, and Martin 2000). 
The analysis extends the available knowledge on stone size for conventional, 
emergent, breakwaters to submerged breakwaters. In this case, the Hudson 
formula and values of the coefficients Kd found in the Shore Protection Manual 
(1984, Tables 7-8) are inserted to calculate the stable stone size needed for a 
submerged breakwater, (Kd =2 and freeboard = 3 m). 

Stability formulae for conventional surface-piercing (emergent) rubble-
mound structures are based on an extensive set of experimental and prototype 
data. However, the formulae and data applied in the previous section for 
submerged structures are based on a much more limited data set (e.g., Vidal et al. 
1992; Vidal, Losada, and Mansard 1995; van der Meer 1988; Givler and 
Sørensen 1986). As a result only limited design formulae are available (e.g., van 
der Meer and Pilarczyk 1990; Vidal, Medina, and Martin 2000) with which to 
evaluate stability of a submerged spur in the north jetty environment. Further, the 
limited experimental data are more applicable to structures that have steeper 
slopes and are closer to the surface than the design concepts being evaluated for 
the north jetty. Also, much of the physical testing to date has been based on 
intermediate water depths and few, if any, are based on shallow water and 
breaking waves (Melby and Kobayashi 1998). Caution is appropriate in 
evaluating the results presented thus far. A physical model test is indicated given 
the scope of this project. 
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Figure A8. Crest stone size required for a submerged breakwater as a function 
of deepwater wave height for a range of wave periods and water 
levels for case of Ocean Shores based on Vidal, Medina, and Martin 
(2000) (m = 0.0265; Kd = 2) 

Waves in deep water offshore of Grays Harbor range in significant height 
between 1 and 10 m and have significant periods from less than 5 sec to almost 
25 sec as confirmed by over 19 years of measurements at the CDIP wave buoy. 
Applying the equations of Vidal, Medina, and Martin (2000) and for these 
conditions suggests that the general range of stability numbers for submerged 
structures is typically between 1 to 3, whereas the value for the stability number 
for the proposed spur exceeds this range. Calculations of crest stone sizes for 
conditions at north jetty following van der Meer and Pilarczyk (1990) and Vidal, 
Medina, and Martin (2000) suggests stone diameter of at least 5-7 ft might be 
required to achieve stability (Figures A7 and A8). However, considering the high 
relative submergence at the end of the north jetty, and by considering a lower 
structure side slope than is conventionally used (e.g., 7:1 or 5:1 instead of 1.5: 1 
or 2:1) and perhaps a broader crest width, it may be possible to achieve a stable 
structure using the smaller stone size. Furthermore, the north jetty environmental 
conditions and submerged spur geometry are generally close to or just beyond 
the limits of most experimental investigations of stability and structure 
performance. Therefore, the possibility of achieving stability with a relatively 
small stone size was the focus of a 2-D laboratory investigation at CHC. 
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Description of 2-D Physical Model 
The 2-D physical model investigation is described in terms of experimental 

setup, test program and an assimilation of the results. More detail concerning the 
physical model test results may be found in Davies (2001). 

Model scale 

Physical model studies of breakwater armor stone at Froude-scales between 
1:30 and 1:50 are typical and have been successfully used in the past for physical 
model studies of conventional rubble-mound structures (Hughes 1993). However, 
for a wholly submerged structure in a high-energy breaking wave environment, a 
larger scale model is indicated. The relatively small stone size and rock gradation 
indicated by the constructability analysis will result in smaller porosity and 
smaller transmissivity to fluid flow than for conventional structures. Therefore, 
interstitial viscosity may be significant in contrast with the situation of 
conventional rubble-mound structures. A larger scale model permits greater 
possibility of ensuring the correct scales of turbulence and Reynolds law scaling. 

Also, the presence of large breaking waves at north jetty introduces 
significant amounts of breaking-generated turbulence that may be a decisive 
factor controlling stone stability. Therefore, because of the structure’s 
submergence and the potential importance of breaking-generated turbulence and 
interstitial flow, a large model scale was required. The Wave Research Flume at 
the CHC was chosen for the study because it can handle large-scale models (the 
flume is 98 m long and 2.8 m deep, and can generate waves up to 1.5 m high). 
The flume also offers viewing windows at the test section to allow visual 
assessment of structure performance. 

A 1:20 Froude-scaled model of the spur cross section was built in the Wave 
Research Flume (Figures A9 to A13). 

Scaling of rock weight 

The model scale factor of the armor stone must be carefully selected to 
ensure that the submerged stability of the stone is reproduced correctly. This is 
required in cases where the densities of the model stone and prototype stone 
differ, and where fresh water is used in the model to represent sea water. 

The Hudson formula (Shore Protection Manual 1984) is a widely accepted 
equation for the stable weight of submerged armor material under wave attack. 
Scaling armor weights using this formula will yield a model stone or armor unit 
having the same stability as the prototype condition. 
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Figure A9. Cross section and plan view of test setup in Wave Research Flume 

Figure A10. Close-up of test section showing water levels used in test program 
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Figure A11. Construction of spur showing templates 

Figure A12. Construction of spur as seen through viewing windows at test 
section 
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Figure A13. Spur with templates removed 

The Hudson formula is: 

( )

3

31 cotθ
r

D r

w HW
K S

=
−

 (A8) 

where 

 W = weight of armor material (N) 

 wr = unit weight of the armor material (N/cu m) 

 H  = design wave height (m) 

 θ = angle of the structure 

 DK  = stability coefficient of the armor material 

 rS  = specific gravity of the armor material and can be written as 

wrr wwS /= , where ww is the unit weight of the water (N/cu m) 

To scale for physical modeling purposes, the relationship: 

( )

3

3
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w

K S

N NN
N N N−

=  (A9) 
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where N  represents the ratio of prototype to model values of a quantity, should 
be maintained. Assuming that the model stone has the same approximate shape 
(

DKN∴ = 1), and because the model is undistorted (∴ Ncotθ = 1), the prior 

relationship can be reduced to: 

3
)1(

3

−

=
r

r

S

Hw
W N

NN
N  (A10) 

The rock placed in the model was limestone having a unit weight of 
approximately 2,710 kg/cu m. The prototype armor was assumed to have an 
identical unit weight of 2,710 kg/cu m. This is a conservative assumption because 
rock sources used in rubble-mound structures in the Pacific Northwest are 
typically igneous in origin with higher unit weights (2,850-3,000 kg/cu m). 
Therefore, the scale of the unit weight of rock becomes unity, 1

rwN = . 

Assuming a seawater density of 1,025 kg/cu m, the scale of the specific 
gravity term is: 

961.0
1

1000
2710

1
1025
2710

1
)1( =

⎟
⎠
⎞

⎜
⎝
⎛ −

⎟
⎠
⎞

⎜
⎝
⎛ −

==
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

−

w

rr

w
wS NN  (A11) 

The scale of the wave height is the model length scale (i.e., HN = 20); 
therefore, the weight scale for the armor stone is: 

014,9
)961.0(

)20(
3

3

==WN ≈ 20.813 (A12) 

To account for the fresh water used in the model, the weight of the stone 
used in the model was roughly 12.5 percent lighter than that given by standard 
Froude scaling. (According to standard Froude scaling, the scale for rock weight 
would be 203 = 8,000.) The assumed specific gravity for the full-scale armor 
stone was rS = 2.71. 

All armor stone gradations used had a W50 = 2,426 lb. Select armor placed on 
the upper portion of the spur had a gradation of ±30 percent of W50 (nominally 
2.5 to 3.5 ft diam). The sublayer gradation was –90 to +30 percent of W50. 
(nominally 1.5 to 3.5 ft diam). 

The prior relationships and a model specific gravity of Sr = 2.71 were used to 
determine the model armor stone gradations as presented in Table A2 and 
Figure A14. For test series A, which was a preliminary evaluation of armor 
stability, a single gradation was used which was an initial approximation to the 
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target armor layer. The sublayer was modeled for the armor layer stones. For all 
subsequent tests, a closer match to the armor layer gradation was obtained using 
hand-picked stones, and the sublayer was modeled using a mechanically sorted 
gradation which provided a reasonably close match. These gradations are shown 
graphically (in full-scale units) in Figure A14. 

Table A2 
Armor Gradations Used in Model 

Model M (grams) Full-scale W (lb) 
Armor Type Mmin M50 Mmax Wmin W50 Wmax 

Target from PI Engineering 104 138 166 1820 2426 3033 
Armor layer for test series A 98 132 166 1630 2196 2761 
Hand-picked upper armor (Tests B onward) 100 138 160 1664 2426 2828 
Sublayer as specified by PI Engineering 14 138 180 243 2426 3154 
Sublayer used in model (Tests B onward) 10 140 208 166 2329 3460 

 

Figure A14.  Stone gradations 

Bathymetry 

The bathymetry at the north jetty varies considerably. In cases where the 
wave height is large relative to the local water depth, depth-limited breaking can 
reduce wave height. Over a flat bottom, once wave breaking is initiated, energy 
will generally be lost through whitecapping and turbulence until the wave height 
is reduced to about half the water depth. The rate of energy dissipation varies 
considerably with offshore slope. In general, a steep offshore slope can create 
worse wave conditions than a mild one. For the Grays Harbor site, an analysis 
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was undertaken of the site bathymetry (1999) to select the offshore slope that 
resulted in the most severe waves at the project site. This occurred near the 
southerly limit of the spur where waves propagating from the west-southwest 
traveled up a slope of approximately 1:40. 

A second consideration in setting the offshore bathymetry is that the physical 
model needed to be laid out such that a sufficient depth of water exists at the 
wave machine to allow generation of the required storm waves. 

During the testing program, concerns were raised that the offshore slope in 
the physical model may not be in fact flat enough, thereby allowing larger wave 
heights at the test section than would exist in nature. To remedy this problem, 
sandbags were placed offshore of the test section to promote depth-limited 
breaking. This effectively reduced the nearshore slope to 1:60 from the test 
section out to the 33-ft contour (some 500 ft seaward of the test section). By 
comparison, the original slope was 1:30 from the test section, which positioned 
the 41-ft contour 500 ft seaward of the test section. 

Three different offshore bathymetries were modeled over the course of the 
test program: 

a. The initial bathymetry consisted of a 1:30 nearshore slope extending 
seaward to the 57.8-ft contour. From there, a 1:10 slope extended out to 
the floor of the flume, which is at the 110.5-ft contour. (The offshore 
slope used in the 2-D testing was composed of a 1:30 slope extending 
15 m from the test section. This slope extended seaward 980 ft to a depth 
of 58 ft). The test section was built on a 6-m-wide flat section at the 
viewing windows as shown in Figure A9. This bathymetry was used for 
Tests A, B, C, and W. 

b. The second bathymetry was a modification of the initial slope to allow 
for a sediment bed at the test section. Construction of a 15-cm-deep sand 
bed at the test section necessitated a slight steepening of the offshore 
region just in front of the test section. This bathymetry was used for 
Test D. To alleviate the steepening of the offshore slope sand bags and a 
concrete beam were placed offshore to match a 1:60 offshore slope. 

c. Once the effect of the sand bed had been evaluated, the sand section was 
removed and the bed returned to initial conditions. With the return to the 
original water level in the flume, the sandbags were moved further 
offshore (but the concrete beams were removed) to try to maintain the 
milder 1:60 offshore slope. This bathymetry was used for Tests E, F, 
and G. 

Instrumentation 

Wave gauges. Water levels and waves were measured with CHC capacitance 
wave gauges. Tests of these probes show that they exhibit a highly linear water 
level to voltage response, with calibration errors of less that 0.5 percent model 
scale over the whole calibration range. This represents an accuracy of ±0.5 mm in 



A20 Appendix A     Stability Analysis of a Submerged Spur, North Jetty, Grays Harbor, WA 

the model, or ±10 mm prototype. These probes are calibrated at the start of the 
test series and whenever the system is disconnected for modifications. Zero 
readings for each gauge are taken at the start of each test. All wave gauges are 
sampled at 20 Hz. A total of 14 wave gauges were used in the tests. The layout of 
the wave gauges in the model is shown in Figure A9. 

Velocity measurement. Velocities in the flume were measured using two 
SonTek acoustic Doppler velocity gauges (ADV). The SonTek 16-MHz 
MicroADV (Figure A15) is a single-point, high-resolution, 3-D Doppler current 
meter. MicroADV Doppler processing techniques provide several important 
advantages: 3-D velocity measurements in a remote sampling volume; invariant 
factory calibration (no periodic recalibration required); simple operation; direct 
calculation of turbulent parameters such as Reynolds stress; and excellent low-
flow performance. The two ADVs were mounted on a beam over the test section. 

Video and still photography. Video and still photography was acquired 
during all tests. Still photographs were taken before and after each test to 
document any stone displacement. All photographs were taken with a digital 
camera and catalogued in the project files. The video records allow visual 
interpretation of interaction between the structure and the breaking waves. 
Selected video segments have been digitized and stored as MPEG movie clips. 

Figure A15.  SonTek 16 MHz ADV 
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Analysis 
Waves were sampled during all tests. After completion of a test, the data files 

were analyzed for the time- and frequency-domain characteristics of the 
measured waves and velocities. Summary plots of wave and current time-series 
and tables of summary descriptive parameters were produced. Damage to the 
structure was monitored during testing. After each test, photos were taken and 
damage summaries compiled. The changes in profile of the sediment-control spur 
were measured intermittently. 

Analysis of waves and currents 

Standard Generalized Data Acquisition Package (GEDAP) spectral and time-
domain analysis programs were used to analyze the waves measured in the 
model. Details are provided in Davies (2001, Section 6.1). Current measurements 
were made for Test Series D onwards. Data are summarized in Davies (2001, 
Appendix 3) in terms of mean, maximum, and minimum velocities measured at 
Gauge 1 (center of water column at center line of spur) and Gauge 2, 2 m 
landward of the spur. 

Damage 

Damage was measured by visual analysis of stone (or geobag) mobility, 
supported with both video and digital still photography. Stone counts were made 
in two ways: 

a. The number of stone movements observed during a 100-wave interval 
was recorded to provide an estimate of the average number of stones 
moving per wave. This was performed over the entire test section so the 
stone counts provided in this report represent stone movements that 
would occur over a 40-m-wide section of the sediment-control spur in 
nature. 

b. The total number of stones removed from the structure was counted at 
the end of each test segment. This number is reported as a total for the 
40-m-wide section of the spur being tested in the flume. 

Overview of Test Program 
The test program started on 16 January 2001 and continued through 

23 February 2001. Approximately 160 tests were run on seven test configurations 
(Davies 2001, Section 6.1). Configurations are identified by a letter, A through 
G. The test series are summarized in Table A3. 

A sequential test log and detailed description of the tests and associated 
results are presented in Davies (2001). Results presented relate to stability and 
stone mobility, structure-seabed and structure-sand interactions, geobag stability, 
influence of offshore bathymetry on wave field and structural stability, and wave 
transformations and transmission. 
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Table A3 
Summary of Model Test Series 
Test Series Structure Waves Tests 

A Single gradation rock Hs 4 to 10 m 
Tp 12 to 22 sec 

37 

B Two-layer rock (5H:1V seaward slope) Hs 4 to 8 m 
Tp 18 to 22 sec 

15 

C Two-layer rock (3H:1V seaward slope) Hs 4 to 8 m 
Tp 18 to 20 sec 

7 

D Two-layer rock (5H:1V seaward slope); 15 cm sand bed  Hs 4 to 8 m 
Tp 16 to 20 sec 

14 

E Single outer layer rock (5H:1V seaward slope); sand core Hs 4 to 10 m 
Tp 18 to 20 sec 

7 

F Geobag Hs 4 to 10 m 
Tp 18 to 22 sec 

16 

G Two-layer rock (5H:1V seaward slope); sand slurry matrix Hs 4 to 10 m 
Tp 18 to 20 sec 

12 

W None As in A 34 

 

Damage Analysis 
With respect to the rock-armored structure, the total stones displaced per 

storm segment can be used to develop an empirical damage function. The 
damage function expresses the total number of armor units displaced per hour of 
storm segment, Nd, as a function of Hs, - Tp combinations. The expected duration 
of any given Hs - Tp combination is shown in Figure A16 and the damage 
function is shown in Figure A17. Multiplying the damage function by the 
expected wave durations yields the expected lifetime damage per 100 ft run of 
spur. Integrating the function over all Hs and Tp provides an estimate of the total 
stone damage expected in a 25-year life cycle (Figure A18). The results 
presented in Figure A18 indicate a total stone damage of 98 stones/100 ft over 
25 years. This number is small in relation to the total number of stones 
composing the surface of the structure. Typically, there are about 2,000 stones on 
the surface of the spur per 100 m length. Therefore, the 98 stones/100 ft equates 
to about 5 percent of the stones on the surface of the structure. 

Overview of Physical Model Tests 
An overview of damage results from the test program is provided in this 

appendix. Detailed results are provided in Davies (2001). 

Both the rock-armored structure and the geobag structure performed 
satisfactorily in the flume tests at CHC. Some stone movement was observed 
during the most severe wave and water levels tested. However, stone movements 
did not develop to an extent that would detract from the performance of the 
structure. No significant degradation of the spur crest was experienced during the 
testing. 
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Figure A16. Expected Hs – Tp durations (in hours) over a 25-year life  
cycle based on measured waves offshore of Grays Harbor 

Figure A17. Empirical damage function expressing number of stones  
removed per 30 m of spur per hour of storm for each  
Hs - Tp combination 
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Figure A18. Expected damage levels over a 25-year period 

The experimental program also examined interactions between the rock-
armored structure and the sand seabed. Partial infilling of the voids of the 
sediment-controled spur was allowed to occur during some of the testing. This 
was not seen to adversely affect structure stability. Wave transmission 
measurements were also made during the test program, and these are included in 
Davies (2001). 
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Appendix B 
Physical Modeling of North 
Beach and Jetty1 

Introduction 
Appendix B contains supplemental figures and tables to augment Chapter 5 

of Volume I of this report. Figures include photographs taken during studies with 
coal tracer and dye, figures showing wave heights at each of the wave gauge 
locations, and plots showing differences in wave heights between structural 
alternatives for the same generated storm and water level. Tables summarize 
wave heights and wave periods calculated at each of the wave gauges, and 
velocities calculated at each of the velocimeters. Where available, figures of coal 
tracer studies and dye studies include a label indicating time from start of 
experiment. Times are given in model scale and should be multiplied by 8.66 to 
convert to prototype scale. 

Figures B1 through B55 document results obtained with storms from the 
west-northwest. Figures B1 through B14 contain photographs taken during 
experiments with coal tracer, and Figures B15 through B46 show photographs 
taken during experiments with dye. Figures B47 through B55 show differences in 
calculated wave heights at each wave gauge with Alt 2A compared to wave 
heights calculated with Alt 1. The alternatives are described in Chapter 1 of 
Volume 1. 

Figures B56 through B91 document results obtained with storms from the 
southwest. Figures B56 through B64 contain photographs taken during 
experiments with Alt 1 and Figures B65 through B73 contain photographs taken 
during experiments with Alt 2A. Differences in calculated wave heights at each 
wave gauge with Alt 2A compared to Alt 1 are shown in Figures B74 through 
B82; differences in calculated wave heights at each wave gauge with Alt 3B 
compared to Alt 1 are shown in Figures B83 through B91. 

Figures B92 through B113 document results obtained during experiments 
with Alt 2A and the GENEralized model for SImulating Shoreline change 

                                                      
1 Written by Donald L. Ward and Julie A. Cohen, Coastal and Hydraulics Laboratory, U.S. Army 
Engineer Research and Development Center, Vicksburg, MS.  
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(GENESIS) 5-year projected shoreline. Photographs from dye studies taken 
during runs with storms from the west-northwest are contained in Figures B92 
though B97, and storms from the southwest are contained in Figures B98 though 
B106. Figures B107 through B113 show differences in wave heights at selected 
wave gauge locations between Alt 2A with the existing shoreline and Alt 2A 
with the GENESIS 5-year projected shoreline. 

Wave heights calculated from displacements in water-surface elevation at 
each wave gauge for storms from the west-northwest are tabulated in Tables B1 
through B9 for Alt 1 and Alt 2A. Velocities from each velocimeter are tabulated 
in Tables B10 through B18 for Alt 1 and Alt 2A during storms from the west-
northwest. 

Wave heights calculated during storms from the southwest are tabulated in 
Tables B19 through B27 for Alt 1, Alt 2A, and Alt 3B. Velocities are tabulated in 
Tables B28 through B36. 

Values from experiments with Alt 2A and the GENESIS 5-year projected 
shoreline are listed in Tables B37 through B64. Tables B37 through B42 
document wave heights measured during storms from west-northwest, and 
Tables B43 through B48 document velocities measured during storms from west-
northwest. Tables B49 through B55 include wave heights measured during 
storms from the southwest, and Tables B56 through B64 documents velocities 
measured during storms from southwest. Water levels references in this appendix 
are: mean lower low water (mllw), mean tide level (mtl), and mean high water 
(mhw). 

Figures for Storms from West-Northwest 
Coal tracer studies 

Figures B1 through B14 include photographs taken during coal tracer studies 
with storms from the west-northwest. Figures B1 through B7 were taken during 
experiments with Alt 1. Figures B8 through B14 were taken during experiments 
with Alt 2A. 
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Figure B1. Coal tracer study for 2-m, 9-sec waves at mllw for Alt 1 
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Figure B2. Coal tracer study for 5-m, 13-sec waves at mllw for Alt 1 
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Figure B3. Coal tracer study for 2-m, 9-sec waves at mtl with flood current for Alt 1 
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Figure B4. Coal tracer study for 3-m, 13-sec waves at mtl with flood current for Alt 1 
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Figure B5. Coal tracer study for 5-m, 13-sec waves at mtl with flood current for Alt 1 
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Figure B6. Coal tracer study for 2-m, 9-sec waves at mhw for Alt 1 
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Figure B7. Coal tracer study for 5-m, 13-sec waves at mhw for Alt 1 
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Figure B8. Coal tracer study for 2-m, 9-sec waves at mllw for Alt 2A 
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Figure B9. Coal tracer study for 5-m, 13-sec waves at mllw for Alt 2A 
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Figure B10. Coal tracer study for 2-m, 9-sec waves at mtl with flood current for Alt 2A 



Appendix B     Physical Modeling of North Beach and Jetty B13 

Figure B11. Coal tracer study for 3-m, 13-sec waves at mtl with flood current for Alt 2A 
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Figure B12. Coal tracer study for 5-m, 13-sec waves at mtl with flood current for Alt 2A 
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Figure B13. Coal tracer study for 2-m, 9-sec waves at mhw for Alt 2A 
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Figure B14. Coal tracer study for 5-m, 13-sec waves at mhw for Alt 2 

Dye studies 

Figures B15 through B46 include photographs taken during dye studies with 
wave from the west-northwest. Figures B15 through B23 were taken during 
experiments with Alt 1, Figures B24 through B32 were taken during experiments 
with Alt 2A, Figures B33 through B39 were taken during experiments with Alt 
2A′, and Figures B40 through B46 were taken during experiments with Alt 3B. 
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Figure B15. Dye study of 2-m, 9-sec waves from west-northwest at mllw, Alt 1 
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Figure B16. Dye study of 3-m, 13-sec waves from west-northwest at mllw, Alt 1 
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Figure B17. Dye study of 5-m, 13-sec waves from west-northwest at mllw, Alt 1 
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Figure B18. Dye study of 2-m, 9-sec waves from west-northwest at mtl, Alt 1, with full flood current 
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Figure B19. Dye study of 3-m, 13-sec waves from west-northwest at mtl, Alt 1, with full flood current 
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Figure B20. Dye study of 5-m, 13-sec waves from west-northwest at mtl, Alt 1, with full flood current 
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Figure B21. Dye study of 2-m, 9-sec waves from west-northwest at mhw, Alt 1 
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Figure B22. Dye study of 3-m, 13-sec waves from west-northwest at mhw, Alt 1 
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Figure B23. Dye study of 5-m, 13-sec waves from west-northwest at mhw, Alt 1 
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Figure B24. Dye study of 2-m, 9-sec waves from west-northwest at mllw, Alt 2A 
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Figure B25. Dye study of 3-m, 13-sec waves from west-northwest at mllw, Alt 1A 
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Figure B26. Dye study of 5-m, 13-sec waves from west-northwest at mllw, Alt 2A 
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Figure B27. Dye study of 2-m, 9-sec waves from west-northwest at mtl, Alt 2A, with full flood current 
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Figure B28. Dye study of 3-m, 13-sec waves from west-northwest at mtl, Alt 2A, with full flood current 
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Figure B29. Dye study of 5-m, 13-sec waves from west-northwest at mtl, Alt 2A, with full flood current 
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Figure B30. Dye study of 2-m, 9-sec waves from west-northwest at mhw, Alt 2A 
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Figure B31. Dye study of 3-m, 13-sec waves from west-northwest at mhw, Alt 2A 
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Figure B32. Dye study of 5-m, 13-sec waves from west-northwest at mhw, Alt 2A 
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Figure B33. Dye study of 2-m, 9-sec waves from west-northwest at mllw, Alt 2A′ 
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Figure B34. Dye study of 5-m, 13-sec waves from west-northwest at mllw, Alt 2A′ 
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Figure B35. Dye study of 2-m, 9-sec waves from west-northwest at mtl with full flood tidal current, Alt 2A′ 
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Figure B36. Dye study of 3-m, 13-sec waves from west-northwest at mtl with full flood tidal current, Alt 2A′ 
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Figure B37. Dye study of 5-m, 13-sec waves from west-northwest at mtl with full flood tidal current, Alt 2A′ 
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Figure B38. Dye study of 2-m, 9-sec waves from west-northwest at mhw, Alt 2A′ 
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Figure B39. Dye study of 5-m, 13-sec waves from west-northwest at mhw, Alt 2A′ 
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Figure B40. Dye study of Alt 3B for 2-m, 9-sec waves from west-northwest at mllw 
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Figure B41. Dye study of Alt 3B for 5-m, 13-sec waves from west-northwest at mllw 
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Figure B42. Dye study of Alt 3B for 2-m, 9-sec waves from west-northwest at mtl 
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Figure B43. Dye study of Alt 3B for 3-m, 13-sec waves from west-northwest at mtl 
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Figure B44. Dye study of Alt 3B for 5-m, 13-sec waves from west-northwest at mtl 
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Figure B45. Dye study of Alt 3B for 2-m, 9-sec waves from west-northwest at mhw 
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Figure B46. Dye study of Alt 3B for 5-m, 13-sec waves from west-northwest at mhw 

Wave heights 

Figures B47 through B55 illustrate changes in wave heights with Alt 2A 
compared to Alt 1. A negative number indicates waves heights with Alt 2A were 
lower than with Alt 1. 
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Figure B47. Differences in wave heights from west-northwest between Alt 1 and 
Alt 2A for 2-m, 9-sec waves at mllw 
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Figure B48. Differences in wave heights from west-northwest between Alt 1 and 
Alt 2A for 3-m, 13-sec waves at mllw 
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Figure B49. Differences in wave heights from west-northwest between Alt 1 and 
Alt 2A for 5-m, 13-sec waves at mllw 
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Figure B50. Differences in wave heights from west-northwest between Alt 1 and 
Alt 2A for 2-m, 9-sec waves at mtl with full flood tidal current 
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Figure B51. Differences in wave heights from west-northwest between Alt 1 and 
Alt 2A for 3-m, 13-sec waves at mtl with full flood tidal current 
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Figure B52. Differences in wave heights from west-northwest between Alt 1 and 
Alt 2A for 5-m, 13-sec waves at mtl with full flood tidal current 
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Figure B53. Differences in wave heights from west-northwest between Alt 1 and 
Alt 2A for 2-m, 9-sec waves at mhw 
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Figure B54. Differences in wave heights from west-northwest between Alt 1 and 
Alt 2A for 3-m, 13-sec waves at mhw 
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Figure B55. Differences in wave heights from west-northwest between Alt 1 and 
Alt 2A for 5-m, 13-sec waves at mhw 
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Figures for Storms from Southwest 
Dye studies 

Figures B56 through B73 contain photographs taken during dye studies with 
storms from the southwest. Figures B56 through B64 were taken during 
experiments with Alt 1. Figures B65 through B75 were taken during experiments 
with Alt 2A. 

Figure B56. Dye study of 2-m, 9-sec waves from southwest at mllw, Alt 1 
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Figure B57. Dye study of 3-m, 12-sec waves from southwest at mllw, Alt 1 
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Figure B58. Dye study of 6-m, 16-sec waves from southwest at mllw, Alt 1 
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Figure B59. Dye study of 2-m, 9-sec waves from southwest at mtl with full flood tidal current, Alt 1 
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Figure B60. Dye study of 3-m, 12-sec waves from southwest at mtl with full flood tidal current, Alt 1 
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Figure B61. Dye study of 6-m, 16-sec waves from southwest at mtl with full flood tidal current, Alt 1 
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Figure B62. Dye study of 2-m, 9-sec waves from southwest at mhw, Alt 1 
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Figure B63. Dye study of 3-m, 12-sec waves from southwest at mhw, Alt 1 
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Figure B64. Dye study of 6-m, 16-sec waves from southwest at mhw, Alt 1 
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Figure B65. Dye study of 2-m, 9-sec waves from southwest at mllw, Alt 2A 
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Figure B66. Dye study of 3-m, 12-sec waves from southwest at mllw, Alt 2A 
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Figure B67. Dye study of 6-m, 16-sec waves from southwest at mllw, Alt 2A 
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Figure B68. Dye study of 2-m, 9-sec waves from southwest at mtl with full flood tidal current, Alt 2A 
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Figure B69. Dye study of 3-m, 12-sec waves from southwest at mtl with full flood tidal current, Alt 2A 
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Figure B70. Dye study of 6-m, 16-sec waves from southwest at mtl with full flood tidal current, Alt 2A 
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Figure B71. Dye study of 2-m, 9-sec waves from southwest at mhw, Alt 2A 
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Figure B72. Dye study of 3-m, 12-sec waves from southwest at mhw, Alt 2A 
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Figure B73. Dye study of 6-m, 16-sec waves from southwest at mhw, Alt 2A 

Wave heights 

Figures B74 through B82 show differences in wave heights recorded with 
Alt 2A compared to wave heights with Alt 1. Figures B83 through B91 show 
differences in wave heights recorded with Alt 3B compared to Alt 1. 
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Figure B74. Differences in wave heights between Alt 1 and Alt 2A for 2-m, 9-sec 
waves from southwest at mllw 
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Figure B75. Differences in wave heights between Alt 1 and Alt 2A for 3-m, 
12-sec waves from southwest at mllw 
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Figure B76. Differences in wave heights between Alt 1 and Alt 2A for 6-m, 
16-sec waves from southwest at mllw 
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Figure B77. Differences in wave heights between Alt 1 and Alt 2A for 2-m, 9-sec 
waves from southwest at mtl with full flood tidal current 
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Figure B78. Differences in wave heights between Alt 1 and Alt 2A for 3-m, 
12-sec waves from southwest at mtl with full flood tidal current 
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Figure B79. Differences in wave heights between Alt 1 and Alt 2A for 6-m, 
16-sec waves from southwest at mtl with full flood tidal current 

-20

-30

-40

-10

SCALES IN FEET

PROTOTYPE

0

0

10

750

20

1500

LEGEND

CHANGE IN WAVE HEIGHT
   WITH  ALT 2A SPUR ADDED

-0.1

NOTE: CONTOURS AND ELEVATIONS 
            SHOWN IN FEET REFERRED TO 
            MEAN LOWER LOW WATER 
            (MLLW)

375 1125

5 15MODEL

-20

ALT 1 AND ALT 2A 
WAVE HEIGHT
DIFFERENCE

0

N



B82 Appendix B     Physical Modeling of North Beach and Jetty 

Figure B80. Differences in wave heights between Alt 1 and Alt 2A for 2-m, 9 sec 
waves from southwest at mhw 
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Figure B81. Differences in wave heights between Alt 1 and Alt 2A for 3-m, 
12-sec waves from southwest at mhw 
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Figure B82. Differences in wave heights between Alt 1 and Alt 2A for 6-m, 
16-sec waves from southwest at mhw 
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Figure B83. Differences in wave heights between Alt 1 and Alt 3B for 2-m, 9-sec 
waves from southwest at mllw 
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Figure B84. Differences in wave heights between Alt 1 and Alt 3B for 3-m, 
12-sec waves from southwest at mllw 
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Figure B85. Differences in wave heights between Alt 1 and Alt 3B for 6-m, 
16-sec waves from southwest at mllw 
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Figure B86. Differences in wave heights between Alt 1 and Alt 3B for 2-m, 9-sec 
waves from southwest at mtl 
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Figure B87. Differences in wave heights between Alt 1 and Alt 3B for 3-m, 
12-sec waves from southwest at mtl 
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Figure B88. Differences in wave heights between Alt 1 and Alt 3B for 6-m, 16-
sec waves from southwest at mtl 
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Figure B89. Differences in wave heights between Alt 1 and Alt 3B for 2-m, 9-sec 
waves from southwest at mhw 
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Figure B90. Differences in wave heights between Alt 1 and Alt 3B for 3-m, 
12-sec waves from southwest at mhw 
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Figure B91. Differences in wave heights between Alt 1 and Alt 3B for 6-m, 16-
sec waves from southwest at mhw 
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GENESIS 5-Year Projected Shoreline 
Storms from west-northwest 

Figures B92 through B97 contain photographs taken during dye studies with 
Alt 2A and the shoreline projected by numerical model GENESIS for 5 years 
after installation of Alt 2A. 

Figure B92. Dye study of 2-m, 9-sec waves from west-northwest at mllw, Alt 2A with 5-year projected 
shoreline 



Appendix B     Physical Modeling of North Beach and Jetty B95 

Figure B93. Dye study of 3-m, 13-sec waves from west-northwest at mllw, Alt 2A with 5-year projected 
shoreline 
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Figure B94. Dye study of 5-m, 13-sec waves from west-northwest at mllw, Alt 2A with 5-year projected 
shoreline 
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Figure B95. Dye study of 2-m, 9-sec waves from west-northwest at mhw, Alt 2A with 5-year projected 
shoreline 
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Figure B96. Dye study of 3-m, 13-sec waves from west-northwest at mhw, Alt 2A with 5-year projected 
shoreline 
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Figure B97. Dye study of 5-m, 13-sec waves from west-northwest at mhw, Alt 2A with 5-year projected 
shoreline 

Storms from southwest 

Figures B98 through B106 contain photographs taken during experiments 
with Alt 2A and the shoreline projected by numerical model GENESIS for 5 
years after installation of Alt 2A. 
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Figure B98. Dye study of 2-m, 9-sec waves from southwest at mllw, Alt 2A with 5-year projected shoreline 
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Figure B99. Dye study of 3-m, 12-sec waves from southwest at mllw, Alt 2A with 5-year projected 
shoreline 
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Figure B100. Dye study of 6-m, 16-sec waves from southwest at mllw, Alt 2A with 5-year projected 
shoreline 
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Figure B101. Dye study of 2-m, 9-sec waves from southwest at mtl with full flood tidal current, Alt 2A with 
5-year projected shoreline 
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Figure B102. Dye study of 3-m, 12-sec waves from southwest at mtl with full flood tidal current, Alt 2A with 
5-year projected shoreline 
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Figure B103. Dye study of 6-m, 16-sec waves from southwest at mtl with full flood tidal current, Alt 2A with 
5-year projected shoreline 
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Figure B104. Dye study of 2-m, 9-sec waves from southwest at mhw, Alt 2A with 5-year projected 
shoreline 
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Figure B105. Dye study of 3-m, 12-sec waves from southwest at mhw, Alt 2A with 5-year projected 
shoreline 
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Figure B106. Dye study of 6-m, 16-sec waves from southwest at mhw, Alt 2A with 5-year projected 
shoreline 

Wave heights 

Figures B107 through B113 show changes in wave heights behind the Alt 2A 
spur for the 5-year projected shoreline compared to the existing shoreline. 
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Figure B107. Differences in wave heights between Alt 2A with existing shoreline 
and Alt 2A with 5-year projected shoreline for 2-m, 9-sec waves from 
southwest at mllw 
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Figure B108. Differences in wave heights between Alt 2A with existing shoreline 
and Alt 2A with 5-year projected shoreline for 2-m, 9-sec waves from 
southwest at mtl 
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Figure B109. Differences in wave heights between Alt 2A with existing shoreline 
and Alt 2A with 5-year projected shoreline for 3-m, 12-sec waves 
from southwest at mtl 
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Figure B110. Differences in wave heights between Alt 2A with existing shoreline 
and Alt 2A with 5-year projected shoreline for 6-m, 16-sec waves 
from southwest at mtl 
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Figure B111. Differences in wave heights between Alt 2A with existing shoreline 
and Alt 2A with 5-year projected shoreline for 2-m, 9-sec waves from 
southwest at mhw 
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Figure B112. Differences in wave heights between Alt 2A with existing shoreline 
and Alt 2A with 5-year projected shoreline for 3-m, 12-sec waves 
from southwest at mhw 
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Figure B113. Differences in wave heights between Alt 2A with existing shoreline 
and Alt 2A with 5-year projected shoreline for 6-m, 16-sec waves 
from southwest at mhw 
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Tables for Storms from West-Northwest 
Wave heights and wave periods 

Tables B1 through B9 list wave heights and periods collected during 
experiments with Alt 1 and Alt 2A. 

Table B1 
Wave Heights Measured at mllw for 2-m, 9-sec Waves from West-
Northwest 

Alternative 1 Alternative 2A 

Gauge No. 
Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

1 2.18 6.93 2.18 6.75 
2 2.03 7.01 2.03 7.01 
3 1.35 5.98 1.50 6.58 
4 1.35 8.31 1.50 8.40 
5 1.95 8.14 2.03 8.05 
6 1.95 8.31 2.10 8.23 
7 2.03 8.40   
8 2.10 8.31 1.8 7.71 
9 1.95 7.88 1.88 7.88 
10 1.13 8.49 1.28 7.97 
11   0.08 7.79 
12   0.30 161.86 
13 2.33 8.14 2.10 7.97 
14 2.25 8.14 2.25 7.88 
15 2.40 8.23   
16 2.48 8.23 1.95 7.53 
17 2.18 7.97 1.95 7.71 
18 1.80 7.53 1.88 7.62 
19 0.53 8.75 0.68 9.01 
20 0.53 10.83 0.53 10.65 
21 1.88 7.97 2.03 8.23 
22 1.88 7.53 1.95 7.36 
23 1.80 7.19   
24 1.73 7.10 1.50 7.10 
25 1.73 7.01 1.50 6.93 
26 1.73 7.19 1.58 7.10 
27 0.98 7.62 1.05 7.79 
28 0.68 8.57 0.38 7.45 
29 1.65 7.27 1.67 7.45 
30 1.58 7.27 1.58 7.27 
31 1.50 7.19   
32 1.50 7.19 1.58 7.19 
33 1.80 7.27 1.73 7.45 
34 1.80 7.53 1.65 7.71 
35 1.20 7.36 1.20 7.19 
36 0.60 9.35 0.08 11.86 
37 1.58 7.27 1.50 7.36 
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Table B2 
Wave Heights Measured at mllw for 3-m, 13-sec Waves from West-
Northwest 

Alternative 1 Alternative 2A 

Gauge No. 
Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

1 2.55 10.57 2.48 10.31 
2 2.4 11.00 2.4 10.74 
3 2.25 10.65 2.03 11.08 
4 2.03 11.78 2.04 11.78 
5 3.0 11.34 2.7 11.26 
6 3.0 11.78 2.55 11.69 
7 3.0 11.86   
8 2.93 11.52 2.18 10.74 
9 2.33 11.86 2.25 11.17 
10 1.28 13.34 1.5 12.90 
11   0.38 16.02 
12   0.53 127.04 
13 2.4 10.31 2.18 10.74 
14 2.33 10.39 2.4 11.60 
15 2.4 10.57   
16 2.4 10.74 2.18 10.31 
17 2.48 11.00 2.4 10.57 
18 2.1 10.91 2.25 10.74 
19 0.83 16.89 0.975 16.80 
20 0.75 25.98 0.75 21.82 
21 2.63 10.65 2.78 10.65 
22 2.85 11.00 2.85 11.43 
23 2.93 10.91   
24 2.93 11.17 2.25 11.26 
25 2.55 11.17 2.25 10.74 
26 2.25 11.34 1.88 9.79 
27 1.2 14.46 1.2 12.47 
28 0.83 17.67 0.6 13.59 
29 2.63 10.48 2.63 10.48 
30 2.48 9.61 2.48 9.79 
31 2.4 9.35   
32 2.33 9.61 2.4 9.70 
33 2.4 10.83 2.18 10.48 
34 1.95 10.91 1.8 10.31 
35 1.2 11.69 1.28 11.08 
36 0.83 21.90 0.375 15.76 
37 2.63 10.91 2.33 10.65 
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Table B3 
Wave Heights Measured at mllw for 5-m, 13-sec Waves from West-
Northwest 

Alternative 1 Alternative 2A 

Gauge No. 
Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

1 4.50 11.00 4.43 10.83 
2 4.43 11.26 4.43 11.17 
3 2.63 10.83 2.48 11.17 
4 2.03 13.42 1.95 12.64 
5 2.93 10.22 2.70 10.48 
6 2.78 10.65 2.70 10.91 
7 2.93 10.57   
8 2.93 10.91 2.25 10.39 
9 2.40 11.95 2.40 11.34 
10 1.43 16.11 1.58 15.33 
11   0.53 22.78 
12   0.68 100.89 
13 3.08 10.05 2.85 10.31 
14 3.23 10.48 3.08 11.17 
15 3.38 10.57   
16 3.30 10.74 2.55 11.08 
17 2.70 12.38 2.55 11.69 
18 2.25 12.99 2.40 12.56 
19 0.98 20.18 1.13 19.74 
20 0.90 29.79 0.83 25.72 
21 3.15 10.65 3.38 10.57 
22 3.08 10.83 3.15 11.17 
23 3.08 10.57   
24 3.00 10.74 2.33 11.17 
25 2.63 11.00 2.48 10.91 
26 2.18 10.39 1.95 9.96 
27 1.28 14.98 1.28 13.77 
28 0.90 20.00 0.75 15.24 
29 3.00 9.44 2.93 9.61 
30 2.85 10.05 2.93 10.31 
31 2.85 10.05   
32 2.85 9.79 2.63 10.39 
33 2.55 10.57 2.48 10.83 
34 2.10 11.26 1.95 11.17 
35 1.35 12.64 1.43 12.30 
36 0.90 22.78 0.53 16.89 
37 2.85 10.48 2.93 10.22 
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Table B4 
Wave Heights Measured at mtl for 2-m, 9-sec Waves from West-
Northwest 

Alternative 1 Alternative 2A 

Gauge No. 
Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

1 2.4 7.01 2.40 6.93 
2 2.25 7.19 2.25 7.10 
3 2.03 6.67 1.65 5.72 
4 1.43 7.62 1.13 6.84 
5 1.88 8.23 2.40 8.05 
6 2.18 8.23 2.55 8.14 
7 2.25 8.23   
8 2.18 8.05 2.33 7.88 
9 2.25 8.05 2.25 7.79 
10 1.73 8.05 1.95 7.79 
11 1.28 7.88 1.13 7.70 
12 0.75 8.31 0.75 8.31 
13 2.93 8.14 2.78 8.40 
14 2.85 8.14 2.48 8.31 
15 2.85 8.14   
16 2.85 8.40 2.18 8.14 
17 2.70 8.14 2.03 7.79 
18 2.48 8.05 1.95 7.45 
19 1.50 7.79 1.95 7.45 
20 1.43 7.27 1.43 7.10 
21 1.88 7.62 1.80 7.45 
22 1.95 7.62 1.88 7.53 
23 1.95 7.53   
24 1.88 7.53 1.65 7.36 
25 1.88 7.27 1.65 7.36 
26 2.10 7.62 1.65 7.36 
27 1.95 7.53 1.73 7.45 
28 1.43 7.45 1.28 6.93 
29 1.73 7.62 1.80 7.45 
30 1.73 7.53 1.88 7.45 
31 1.73 7.45   
32 1.73 7.40 1.58 7.62 
33 1.88 7.62 1.88 7.62 
34 1.80 7.36 1.88 7.53 
35 1.43 7.53 1.73 7.45 
36 1.28 7.19 1.28 7.27 
37 1.65 7.45 1.65 7.45 
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Table B5 
Wave Heights Measured at mtl for 3-m, 13-sec Waves from West-
Northwest 

Alternative 1 Alternative 2A 

Gauge No. 
Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

1 2.78 10.57 2.78 10.31 
2 2.63 10.57 2.63 10.65 
3 2.85 10.83 2.48 11.60 
4 2.25 11.52 2.40 11.69 
5 2.93 11.95 2.85 11.69 
6 3.08 12.30 3.08 12.12 
7 3.15 10.04   
8 3.00 11.95 2.78 11.08 
9 3.00 12.12 2.93 11.60 
10 1.88 11.78 2.10 11.43 
11 1.35 12.82 1.35 16.68 
12 0.83 17.93 0.90 19.14 
13 3.15 10.74 3.15 10.48 
14 3.23 11.08 3.23 11.34 
15 3.30 11.17   
16 3.38 11.34 2.93 10.57 
17 3.45 11.60 3.08 10.74 
18 3.00 11.78 2.93 11.17 
19 1.88 12.99 1.80 13.77 
20 1.58 12.56 1.35 12.90 
21 3.08 11.60 3.08 11.78 
22 2.70 10.83 2.93 11.26 
23 2.70 10.65   
24 2.63 10.83 2.48 10.57 
25 2.85 10.74 2.55 11.00 
26 2.78 10.13 2.33 9.35 
27 2.33 11.43 2.03 11.78 
28 1.65 11.95 1.58 12.30 
29 2.48 10.39 2.55 10.39 
30 2.48 10.13 2.48 10.22 
31 2.55 10.22   
32 2.55 10.48 2.33 11.08 
33 2.93 11.69 2.78 11.08 
34 2.40 10.22 2.40 10.22 
35 1.73 10.91 2.03 10.39 
36 1.43 11.43 1.35 10.83 
37 2.40 11.26 2.55 11.34 
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Table B6 
Wave Heights Measured at mtl for 5-m, 13-sec Waves from West-
Northwest 

Alternative 1 Alternative 2A 

Gauge No. 
Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

1 4.80 11.26 4.65 11.08 
2 4.35 11.17 4.50 11.26 
3 3.83 11.95 3.68 11.43 
4 2.33 13.60 2.63 12.38 
5 3.15 10.31 3.30 11.08 
6 3.45 10.83 3.68 11.69 
7 3.60 10.74   
8 3.38 10.57 3.15 11.08 
9 3.08 11.26 3.15 11.86 
10 1.88 13.16 2.18 12.82 
11 1.43 15.76 1.50 17.23 
12 0.98 24.16 1.13 26.76 
13 3.98 10.83 3.68 10.13 
14 3.98 10.74 3.98 10.83 
15 4.05 10.91   
16 4.05 11.34 3.38 11.00 
17 3.75 12.30 3.30 12.30 
18 3.15 12.82 3.15 12.64 
19 2.03 16.71 1.95 16.11 
20 1.65 16.63 1.50 15.85 
21 3.83 10.57 3.68 10.74 
22 3.68 10.74 3.68 11.43 
23 3.75 10.91   
24 3.60 11.26 3.00 11.26 
25 3.45 11.00 3.00 11.00 
26 3.00 10.74 2.70 10.39 
27 2.48 14.12 2.25 13.86 
28 1.88 15.93 1.65 14.64 
29 3.53 10.65 3.53 10.57 
30 3.38 10.74 3.45 10.74 
31 3.30 10.39   
32 3.23 10.65 3.08 10.65 
33 3.30 10.83 3.08 10.83 
34 2.55 11.34 2.63 11.69 
35 1.80 11.60 2.10 11.60 
36 1.58 13.60 1.50 12.82 
37 3.15 10.65 3.38 10.65 
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Table B7 
Wave Heights Measured at mhw for 2-m, 9-sec Waves from West-
Northwest 

Alternative 1 Alternative 2A 

Gauge No. 
Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

1 2.40 7.10 2.48 7.01 
2 2.25 7.10 2.33 7.10 
3 1.95 6.41 1.95 6.50 
4 1.73 7.79 1.80 7.62 
5 2.48 8.14 2.40 8.05 
6 2.55 8.23 2.55 8.05 
7 2.63 8.31   
8 2.55 8.23 2.48 7.97 
9 2.63 8.23 2.33 8.05 
10 2.40 8.05 2.40 7.88 
11 1.80 8.05 1.80 7.88 
12 1.20 7.88 1.35 7.97 
13 3.08 8.23 2.78 8.05 
14 2.85 8.14 2.78 8.14 
15 2.93 8.05   
16 2.78 7.97 2.63 7.79 
17 2.78 8.14 2.55 8.05 
18 2.48 7.88 2.48 7.88 
19 1.73 7.45 1.65 7.62 
20 1.80 7.45 1.58 7.45 
21 2.03 7.36 2.03 7.27 
22 2.10 7.27 2.03 6.93 
23 2.18 7.36   
24 2.10 7.36 1.88 7.27 
25 2.10 7.27 1.95 7.10 
26 2.18 7.36 2.10 7.27 
27 2.33 7.62 2.03 7.88 
28 1.95 7.53 1.73 7.27 
29 1.95 7.53 2.03 7.36 
30 1.80 7.01 1.88 7.19 
31 1.80 7.10   
32 1.88 7.19 1.73 7.01 
33 2.03 7.62 1.88 7.36 
34 2.03 7.53 2.03 7.45 
35 1.80 7.45 1.88 7.36 
36 1.95 7.79 1.88 7.97 
37 1.80 7.45 1.80 7.27 
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Table B8 
Wave Heights Measured at mhw for 3-m, 13-sec Waves from West-
Northwest 

Alternative 1 Alternative 2A 

Gauge No. 
Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

1 2.85 10.65 2.85 10.39 
2 2.70 10.83 2.70 10.57 
3 3.38 11.78 2.93 11.60 
4 2.48 11.95 2.48 11.78 
5 3.08 12.64 2.85 12.58 
6 3.08 12.21 3.45 12.58 
7 3.15 12.12   
8 3.08 12.30 3.15 11.95 
9 3.38 11.34 3.08 11.86 
10 2.70 11.78 3.00 11.78 
11 1.88 11.86 2.03 11.69 
12 1.35 13.16 1.43 13.77 
13 3.15 11.52 2.93 11.86 
14 3.15 11.60 3.38 11.86 
15 3.30 11.69   
16 3.30 11.52 3.15 11.26 
17 3.90 11.43 3.53 11.52 
18 3.60 11.08 3.53 11.26 
19 2.18 11.95 2.40 12.82 
20 3.10 11.34 1.95 11.78 
21 3.23 12.30 2.93 11.43 
22 3.08 12.21 3.08 11.69 
23 2.93 11.86   
24 2.78 11.52 2.85 10.91 
25 2.78 11.08 2.78 10.39 
26 2.78 10.83 2.93 10.39 
27 3.00 11.26 2.55 11.43 
28 2.40 11.08 2.03 11.00 
29 2.70 10.65 2.70 10.74 
30 2.55 10.57 2.63 10.48 
31 2.55 10.74   
32 2.55 10.39 2.55 10.65 
33 3.15 11.60 3.08 11.34 
34 3.08 11.17 2.93 10.39 
35 2.55 10.74 2.48 10.57 
36 2.33 10.91 2.10 10.91 
37 2.48 10.83 2.70 10.91 
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Table B9 
Wave Heights Measured at mhw for 5-m, 13-sec Waves from West-
Northwest 

Alternative 1 Alternative 2A 

Gauge No. 
Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

1 5.03 11.17 5.03 11.08 
2 4.73 11.29 4.80 11.26 
3 4.20 11.95 4.05 11.86 
4 2.78 12.47 2.93 12.04 
5 3.75 11.00 3.00 12.47 
6 3.75 12.04 3.75 12.30 
7 3.83 11.95   
8 3.75 11.69 3.30 11.00 
9 3.98 12.56 3.68 11.60 
10 2.85 12.47 3.08 12.73 
11 2.03 15.07 2.18 14.90 
12 1.58 19.31 1.65 18.45 
13 4.35 11.60 3.30 12.21 
14 4.58 11.52 4.43 11.78 
15 4.65 11.60   
16 4.58 12.04 3.68 11.86 
17 4.43 12.73 4.05 12.38 
18 3.98 13.42 3.90 12.90 
19 2.25 14.38 2.48 13.94 
20 2.33 14.20 2.10 14.12 
21 4.65 11.52 4.35 11.60 
22 4.43 11.78 4.20 12.21 
23 4.35 11.78   
24 4.20 11.69 3.75 11.69 
25 4.05 11.26 3.68 11.60 
26 3.60 10.91 3.45 10.65 
27 3.15 11.95 2.78 12.38 
28 2.55 13.34 2.33 13.42 
29 4.05 11.08 3.98 10.83 
30 4.05 11.08 4.13 11.00 
31 4.13 11.08   
32 4.05 11.08 3.68 11.00 
33 4.05 10.83 3.68 10.57 
34 3.68 11.43 3.38 11.78 
35 2.85 11.86 2.78 11.86 
36 2.48 12.64 2.25 12.38 
37 3.98 11.00 4.13 11.08 

 

Current velocity 

Tables B10 through B18 list velocities calculated from velocimeter 
measurements for Alt 1 and Alt 2A for storms from the west-northwest. 
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Table B12 
Velocity Measurements with 5-m, 13-sec Waves at mllw from West-Northwest 

Alternative 1 Alternative 2A 

ADV 
No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

1 -18.81 66.85 87.64 69.44 -27 50.36 75.13 57.14 
2 -18.2 94.21 122.21 95.95 -20.33 46.25 76.32 50.52 
3 -22.87 65.21 100.07 69.79 -24.47 38.04 73.94 45.23 

 

Table B13 
Velocity Measurements with 2-m, 9-sec Waves at mtl from West-Northwest 

Alternative 1 Alternative 2A 

ADV 
No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

1 -15.34 74.20 84.96 75.77 -38.82 80.35 98.92 89.24 
2 -37.28 100.16 116.53 106.87 -38.71 81.89 100.33 90.57 
3 -26.80 94.20 108.22 97.93 -33.03 84.89 102.33 91.09 

 

Table B10 
Velocity Measurements with 2-m, 9-sec Waves at mllw from West-Northwest 

Alternative 1 Alternative 2A 

ADV 
No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

1 -13.17 18.83 45.03 22.98 -23.72  42.32 23.81 
2 -20.17 43.78 74.48 48.21 -14.22 50.38 68.64 52.35 
3  17.51 57.93 17.65 -2.6 23.25 48.32 23.4 

Table B11 
Velocity Measurements with 3-m, 13-sec Waves at mllw from West-Northwest  

Alternative 1 Alternative 2A 

ADV 
No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

1 -16.82 29.58 66.78 34.03 -35.69 24.44 70.41 43.26 
2 -10.24 67.44 93.85 68.21 -12.43 41.87 69.5 43.68 
3  75.61 93.84 78.01 -24.92 31.91 65.46 40.48 
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Table B14 
Velocity Measurements with 3-m, 13-sec Waves at mtl from West-Northwest  

Alternative 1 Alternative 2A 

ADV 
No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

1 -27.58 90.20 109.33 94.32 -43.2 82.77 109.63 93.36 
2 -38.07 111.13 139.30 117.47 -36.48 83.81 108.89 91.41 
3 -23.48 87.83 116.35 90.91 -29.42 81.72 103.49 86.85 

 

Table B15 
Velocity Measurements with 5-m, 13-sec Waves at mtl from West-Northwest  

Alternative 1 Alternative 2A 

ADV 
No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

1 -29.18 88.47 114.02 93.15 -41.2 79.05 114.06 89.14 
2 -28.84 109.87 141.02 113.59 -37.47 81.82 112.2 89.99 
3 -50.72 79.09 122.96 93.96 -35.58 79.06 108.53 86.7 

 

Table B16 
Velocity Measurements with 2-m, 9-sec Waves at mhw from West-Northwest 

Alternative 1 Alternative 2A 

ADV 
No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

1 -1.57 -2.00 35.17 2.53 -1.46  32.12 1.59 
2 -25.94 19.30 52.60 32.33 -23.6 28.09 51.23 36.69 
3 5.32 0.69 48.82 5.12 -4.53 14.14 46.02 14.84 

 

Table B17 
Velocity Measurements with 3-m, 13-sec Waves at mhw from West-Northwest  

Alternative 1 Alternative 2A 

ADV 
No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

1 -3.57 8.14 52.63 8.88 -12.39 0.23 52.95 12.4 
2 -25.86 48.85 89.08 55.28 -19.32 20.95 66.97 28.5 
3 -22.81 60.14 91.81 64.32 -15.95 38.08 65.18 41.28 
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Table B18 
Velocity Measurements with 5-m, 13-sec Waves at mhw from West-Northwest  

Alternative 1 Alternative 2A 

ADV 
No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

1 -19.07 41.27 73.03 45.46 -11.41 31.65 56.53 33.65 
2 -23.44 68.42 112.65 72.32 -22.81 42.53 88.54 48.26 
3 -25.23 59.98 103.32 65.07 -28.89 37.77 84.77 47.55 

 

Tables for Storms from Southwest 
Wave heights and wave periods 

Tables B19 through B27 list wave heights and wave periods collected during 
experiments with Alt 1, Alt 2A, and Alt 3B. 
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Table B19 
Wave Heights and Periods with 2-m, 9-sec Waves from Southwest at mllw 

Alternative 1 Alternative 2A Alternative 3B 

Gauge No. 
Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

1 1.95  9.34  1.94  9.09  1.98  9.09  
2 2.06  9.09  2.02  9.09  2.03  9.09  
3 2.45  9.34  2.49  9.09  2.29  9.34  
4 1.81  8.45  2.17  8.87  1.89  9.34  
5 1.88  9.09  1.81  8.65  2.63  9.09  
6 2.02  8.87  1.69  8.87  1.67  8.87  
7 2.12  8.87      
8 2.15  8.87  1.67  9.34  1.40  8.65  
9 2.26  8.87  1.85  9.09  1.18  8.87  
10 1.90  9.34  1.83  9.34  1.11  9.09  
11 0.96  9.34  1.16  9.34  0.97  9.09  
12 0.87  10.13  0.75  10.13  0.73  9.09  
13 1.86  9.09  1.91  9.09  1.94  9.09  
14 1.85  9.09  1.73  9.09  2.48  9.09  
15 1.82  9.09    2.37  9.09  
16 1.77  9.09  1.56  9.09  2.25  9.09  
17 1.77  9.09  1.64  9.09  1.85  9.09  
18 1.73  9.34  1.74  9.09  1.54  8.87  
19 1.11  9.34  1.46  9.09  1.21  9.09  
20 1.20  9.34  1.14  9.34  1.02  9.34  
21 1.77  8.87  2.25  9.09  1.98  8.87  
22 1.92  8.25  2.00  9.09  1.74  8.45  
23 1.92  8.45    1.75  9.09  
24 1.86  8.45  1.71  8.45  1.77  9.09  
25 1.73  8.87  1.71  8.65  1.80  8.87  
26 1.64  9.09  1.68  9.09  1.56  9.09  
27 0.93  9.34  1.52  9.34  1.49  9.09  
28 1.25  10.13  1.34  9.09  1.16  9.09  
29 3.58  9.09  3.64  9.09  3.73  9.09  
30 2.95  9.09  3.22  9.09  3.39  9.09  
31 2.52  9.09    3.23  9.09  
32 2.33  8.87  2.12  9.09  2.89  9.09  
33 2.15  9.34  2.00  9.34  2.27  9.34  
34 2.16  9.09  1.91  8.87  2.25  9.09  
35 1.31  9.09  1.66  8.87  1.90  8.45  
36 1.51  9.34  1.44  9.34  1.42  9.34  
37 3.08  9.34  3.28  9.09  3.21  9.09  
38 2.14  8.87  2.02  8.87  2.27  9.09  
39 2.03  9.09  1.96  9.09  2.17  9.09  
40 2.12  9.09  2.43  9.09  2.63  9.09  
41 1.99  9.09  1.98  9.09  2.40  9.09  
42 2.28  8.87  2.02  9.09  2.44  9.09  
43 2.32  9.09  2.30  9.09  2.47  9.09  
44 1.91  8.87  2.00  8.87  2.11  9.09  
45 1.94  9.09  2.17  9.09  1.95  8.87  
46 2.68  9.09  2.49  9.34  2.53  9.09  
47 2.44  9.09  2.25  8.87  2.16  8.65  
48 2.74  9.09  2.57  9.09  2.56  8.87  
49 3.49  9.09  3.62  9.09  3.53  9.09  
50 2.11  9.09  2.27  9.09  2.03  9.09  
51 2.53  9.09  2.74  9.09  2.24  9.09  
52 1.83  9.09  1.85  9.09  1.84  9.09  
53 1.79  9.09  1.73  9.09  1.73  9.09  
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Table B20 
Wave Heights and Periods with 3-m, 12-sec Waves from Southwest at mllw 

Alternative 1 Alternative 2A Alternative 3B 

Gauge No. 
Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

1 2.56  12.23  2.57  12.23  2.56  12.23  
2 2.68  12.23  2.68  12.23  2.65  12.23  
3 3.24  12.67  3.21  12.67  3.45  14.12  
4 2.38  12.67  2.37  12.67  2.36  14.12  
5 2.61  12.67  2.62  12.23  2.53  14.12  
6 2.80  12.67  2.66  12.67  1.99  14.12  
7 2.97  12.67    1.89  14.12  
8 2.99  12.67  2.17  12.67  1.75  14.12  
9 2.31  12.67  2.12  12.67  1.59  14.12  
10 1.17  118.21  1.14  118.21  1.16  118.21  
11 0.58  118.21  0.81  118.21  0.62  177.36  
12 0.46  177.36  0.38  177.36  0.28  354.71  
13 2.36  12.67  2.24  12.23  2.19  14.12  
14 2.31  12.67  2.38  12.67  2.20  14.12  
15 2.33  12.67    2.22  14.12  
16 2.32  12.67  1.97  12.67  2.18  14.12  
17 2.20  12.67  2.07  12.67  1.92  14.12  
18 1.81  12.67  1.86  12.67  1.70  14.12  
19 0.94  118.21  0.88  118.21  0.82  118.21  
20 0.74  177.36  0.73  117.36  0.69  177.36  
21 2.78  12.67  2.71  12.67  2.87  14.12  
22 2.50  12.67  2.54  12.67  2.62  14.12  
23 2.51  12.67    2.52  14.12  
24 2.41  12.67  1.94  12.67  2.40  14.12  
25 2.29  13.14  2.03  13.14  2.17  13.14 
26 2.19  12.67  1.93  12.67  2.04  13.14 
27 1.40  118.21  1.35  118.21  1.29  118.21  
28 0.95  118.21  0.88  118.21  0.95  177.36  
29 3.04  12.67  2.99  12.67  2.89  14.12  
30 2.88  12.67  2.69  13.14  2.74  14.12  
31 2.83  12.67    2.76  14.12  
32 2.02  12.67  2.02  13.14  2.70  14.12  
33 2.42  12.67  2.11  13.14  2.33  14.12  
34 2.02  118.21  1.94  118.21  2.04  118.21  
35 1.63  118.21  1.49  118.21  1.46  118.21  
36 0.96  118.21  0.93  88.68  0.96  88.68  
37 3.05  13.14  3.03  13.14  2.95  13.14  
38 2.76  12.67  2.78  12.67  2.78  14.12  
39 2.68  12.23  2.60  12.23  2.56  12.23  
40 2.94  12.23  3.20  12.23  2.85  11.82  
41 2.81  12.23  2.79  12.23  2.55  12.23  
42 3.04  12.23  3.04  12.23  2.96  12.23  
43 3.16  12.67  3.07  12.67  2.99  12.23  
44 2.73  12.23  2.86  12.23  2.61  14.12  
45 2.89  12.67  2.90  12.67  2.52  14.12  
46 3.25  12.23  3.19  12.23  3.11  12.23  
47 2.97  12.23  3.07  12.23  3.18  12.23  
48 3.35  12.67  3.39  12.67  3.05  14.12  
49 3.58  12.67  3.63  12.67  3.50  14.12  
50 2.81  12.67  2.70  12.67  2.76  14.12  
51 3.41  12.67  3.46  12.67  3.25  14.12  
52 2.36  12.67  2.41  12.67  2.15  14.12  
53 2.27  12.67  2.28  12.67  2.06  14.12  
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Table B21 
Wave Heights and Periods with 6-m, 16-sec Waves from Southwest at mllw 

Alternative 1 Alternative 2A Alternative 3B 

Gauge No. 
Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

1 5.93  14.57  6.33 16.12  5.57  16.12  
2 5.77  15.42  6.20  16.12  5.56  15.12  
3 4.68  16.89  4.72 16.89  4.56  88.68  
4 3.52  88.69  3.62 88.68  3.60  88.68  
5 4.25  16.89  4.42  17.74  4.35  16.89  
6 4.22  16.89  4.28  16.89  3.78  16.89  
7 4.19  16.89      
8 4.01  16.89  3.10 16.89  3.36  16.89  
9 2.78  16.89  2.57  88.68  2.52  16.89  
10 1.81  88.68  1.78  88.68  1.65  118.21  
11 1.03  118.21  1.53  118.21  1.17  118.21  
12 0.89  354.71  0.79  354.71  0.80  354.71  
13 3.58  15.42  3.38  17.74  3.38  14.78  
14 3.64  17.74  3.51  16.89  3.52  14.78  
15 3.68  16.89    3.54  14.78  
16 3.63  16.89  2.88  16.89  3.44  16.89  
17 3.63  16.89  2.59  16.89  2.65  16.89  
18 2.21  88.68  2.09  118.21  2.13  118.21  
19 1.54  88.68  1.38  88.68  1.29  354.71  
20 1.24  354.71  1.18  354.71  1.16  354.71  
21 3.41  14.19  3.40  16.89  3.36  14.78  
22 3.20  14.19  3.28  14.19  3.26  14.19  
23 3.25  14.19    3.18  14.19  
24 3.12  14.19  2.51  14.19  3.07  14.19  
25 2.79  16.89  2.57  20.86  2.64  25.34  
26 2.44  118.21  2.19  118.21  2.25  118.21  
27 1.66  118.21  1.59  88.68  1.52  354.71  
28 1.32  354.71  1.21  354.71  1.28  354.71  
29 3.09  16.89  3.18  16.89  3.07  16.89  
30 2.99  16.89  2.98  16.89  2.93  14.19  
31 2.98  16.89    2.94  14.19  
32 2.92  16.89  2.22  16.89  2.87  14.19  
33 2.74  118.21  2.39  118.21  2.69  23.65  
34 2.23  118.21  2.14  118.21  2.28  25.34  
35 1.80  118.21  1.64  118.21  1.68  354.71  
36 1.29  354.21  1.24  354.71  1.36  354.71  
37 2.98  11.44  2.79 14.78  2.96  16.89  
38 5.55  16.12  5.34  16.12  5.46  16.12  
39 4.99  16.12  4.83  16.12  4.89  16.12  
40 5.80  16.12  5.79  16.12  5.76  16.12  
41 5.41  16.12  5.42  16.89  5.24  16.12  
42 5.72  16.12  5.69  16.12  5.62  16.12  
43 5.15  16.12  5.30  16.12  5.18  16.12  
44 5.90  16.12  5.83  16.12  5.67  16.12  
45 5.00  16.89  4.93  16.89  5.05  17.74  
46 4.08  16.12  4.09  16.12  3.95  16.12  
47 3.96  16.89  3.94  14.78  4.04  16.89  
48 3.66  16.89  3.75  16.89  3.53  16.89  
49 3.74  16.12  3.82  14.78  3.72  16.89  
50 3.53  16.12  3.58  16.12  3.40  16.89  
51 3.38  16.89  3.47  16.89  3.29  16.12  
52 3.48  15.42  3.43  16.89  3.22  16.89  
53 3.45  16.12  3.36  16.12  3.20  16.12  
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Table B22 
Wave Heights and Periods with 2-m, 9-sec Waves from Southwest at mtl with Full Flood 
Tidal Current 

Alternative 1 Alternative 2A Alternative 3B 
Gauge No. Height (m) Period (sec) Height (m) Period (sec) Height (m) Period (sec) 
1 1.95  9.34  1.94  9.09  1.98  9.09  
2 2.06  9.09  2.02  9.09  2.03  9.09  
3 2.45  9.34  2.49  9.09  2.29  9.34  
4 1.81  8.45  2.17  8.87  1.89  9.34  
5 1.88  9.09  1.81  8.65  2.63  9.09  
6 2.02  8.87  1.69  8.87  1.67  8.87  
7 2.12  8.87      
8 2.15  8.87  1.67  9.34  1.40  8.65  
9 2.26  8.87  1.85  9.09  1.18  8.87  
10 1.90  9.34  1.83  9.34  1.11  9.09  
11 0.96  9.34  1.16  9.34  0.97  9.09  
12 0.87  10.13  0.75  10.13  0.73  9.09  
13 1.86  9.09  1.91  9.09  1.94  9.09  
14 1.85  9.09  1.73  9.09  2.48  9.09  
15 1.82  9.09    2.37  9.09  
16 1.77  9.09  1.56  9.09  2.25  9.09  
17 1.77  9.09  1.64  9.09  1.85  9.09  
18 1.73  9.34  1.74  9.09  1.54  8.87  
19 1.11  9.34  1.46  9.09  1.21  9.09  
20 1.20  9.34  1.14  9.34  1.02  9.34  
21 1.77  8.87  2.25  9.09  1.98  8.87  
22 1.92  8.25  2.00  9.09  1.74  8.45  
23 1.92  8.45    1.75  9.09  
24 1.86  8.45  1.71  8.45  1.77  9.09  
25 1.73  8.87  1.71  8.65  1.80  8.87  
26 1.64  9.09  1.68  9.09  1.56  9.09  
27 0.93  9.34  1.52  9.34  1.49  9.09  
28 1.25  10.13  1.34  9.09  1.16  9.09  
29 3.58  9.09  3.64  9.09  3.73  9.09  
30 2.95  9.09  3.22  9.09  3.39  9.09  
31 2.52  9.09    3.23  9.09  
32 2.33  8.87  2.12  9.09  2.89  9.09  
33 2.15  9.34  2.00  9.34  2.27  9.34  
34 2.16  9.09  1.91  8.87  2.25  9.09  
35 1.31  9.09  1.66  8.87  1.90  8.45  
36 1.51  9.34  1.44  9.34  1.42  9.34  
37 3.08  9.34  3.28  9.09  3.21  9.09  
38 2.14  8.87  2.02  8.87  2.27  9.09  
39 2.03  9.09  1.96  9.09  2.17  9.09  
40 2.12  9.09  2.43  9.09  2.63  9.09  
41 1.99  9.09  1.98  9.09  2.40  9.09  
42 2.28  8.87  2.02  9.09  2.44  9.09  
43 2.32  9.09  2.30  9.09  2.47  9.09  
44 1.91  8.87  2.00  8.87  2.11  9.09  
45 1.94  9.09  2.17  9.09  1.95  8.87  
46 2.68  9.09  2.49  9.34  2.53  9.09  
47 2.44  9.09  2.25  8.87  2.16  8.65  
48 2.74  9.09  2.57  9.09  2.56  8.87  
49 3.49  9.09  3.62  9.09  3.53  9.09  
50 2.11  9.09  2.27  9.09  2.03  9.09  
51 2.53  9.09  2.74  9.09  2.24  9.09  
52 1.83  9.09  1.85  9.09  1.84  9.09  
53 1.79  9.09  1.73  9.09  1.73  9.09  
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Table B23 
Wave Heights and Periods with 3-m, 12-sec Waves from Southwest at mtl with Full 
Flood Tidal Current 

Alternative 1 Alternative 2A Alternative 3B 

Gauge No. 
Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

1 3.09  11.82  3.11  12.23  3.15  12.23  
2 3.30  12.23  3.24  12.23  3.27  12.23  
3 3.63  12.67  3.84  12.23  4.40  12.23  
4 3.27  12.67  3.09  12.67  3.44  12.67  
5 3.16  12.67  3.06  12.67  3.39  12.67  
6 3.26  12.67  3.13  12.67  2.47  12.67  
7 3.33  12.67      
8 3.29  12.67  2.74  12.67  2.17  12.67  
9 3.18  12.67  2.94  12.27  2.02  12.67  
10 2.03  12.67  1.90  12.67  1.73  12.67  
11 1.11  118.21  1.64  12.67  1.40  118.21  
12 1.01  354.71  1.29  118.21  0.92  354.71  
13 2.78  12.67  2.76  12.73  2.89  12.23  
14 2.92  12.67  2.75  12.73  3.12  12.67  
15 2.98  12.67    3.08  12.67  
16 2.97  12.67  2.45  12.67  3.01  12.67  
17 2.91  12.67  2.55  13.14  2.64  12.67  
18 2.54  12.67  2.63  12.67  2.27  12.67  
19 1.28  118.21  1.64  12.67  1.64  118.21  
20 1.30  88.68  1.26  118.21  1.34  118.21  
21 2.95  12.67  5.69  12.67  2.76  12.23  
22 2.93  12.67  2.81  12.67  2.79  12.23  
23 2.84  12.67    2.83  12.23  
24 2.75  12.67  2.36  12.67  2.78  12.23  
25 2.65  13.14  2.45  12.67  2.73  12.67  
26 2.61  13.14  2.31  13.14  2.25  12.67  
27 1.33  13.14  2.07  13.14  2.13  12.67  
28 1.60  118.21  1.52  118.21  1.61  118.21  
29 3.55  12.67  3.45  12.67  3.46  12.67  
30 3.14  13.14  3.02  12.67  3.18  12.67  
31 3.07  13.14    3.24  12.67  
32 2.96  13.14  2.46  12.67  3.16  12.67  
33 2.81  13.14  2.42  12.67  2.88  13.14  
34 2.61  12.67  2.52  12.67  2.48  12.67  
35 1.79  118.21  2.20  118.21  2.28  12.67  
36 1.67  118.21  1.65  118.21  1.71  118.21  
37 3.42  12.67  3.29  13.14  3.26  12.67  
38 3.46  12.23  3.38  12.67  3.45  12.23  
39 3.24  12.23  3.18  12.23  3.29  12.23  
40 3.65  12.23  3.68  12.23  3.83  12.23  
41 3.41  12.23  3.20  12.23  3.29  12.23  
42 3.68  12.23  3.80  12.23  3.75  12.23  
43 3.60  12.67  3.62  12.23  3.63  12.23  
44 3.12  12.67  3.38  12.67  3.34  12.23  
45 3.29  12.67  3.56  12.23  3.35  12.23  
46 4.06  12.67  4.01  12.23  4.08  12.23  
47 3.59  12.23  3.66  12.23  3.57  12.23  
48 4.34  12.67  4.27  12.67  4.24  12.67  
49 4.30  12.23  4.48  12.67  4.44  12.23  
50 3.78  12.67  3.68  12.23  3.87  12.67  
51 4.28  12.67  4.31  12.67  3.99  12.67  
52 3.16  12.67  3.10  12.67  2.99  12.67  
53 3.39  12.67  3.17  12.67  3.03  12.67  
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Table B24 
Wave Heights and Periods with 6-m, 16-sec Waves from Southwest at mtl with Full 
Flood Tidal Current 

Alternative 1 Alternative 2A Alternative 3B 

Gauge No. 
Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

1 5.14 16.12 5.17 16.12 5.17 16.12 
2 5.03 16.12 5.07 16.12 5.04 16.12 
3 5.37 16.12 5.31 16.12 5.33 16.12 
4 4.04 88.68 4.33 16.12 4.34 88.68 
5 4.43 16.12 4.97 16.12 4.72 16.12 
6 4.52 16.12 4.92 16.89 2.39 16.89 
7 4.59 16.12     
8 4.42 16.89 3.93 16.89 3.56 16.89 
9 3.71 16.89 3.37 17.74 3.14 16.89 
10 2.48 118.21 2.26 118.21 2.25 16.89 
11 1.40 118.21 1.64 118.21 1.61 118.21 
12 1.38 88.68 1.19 88.68 1.20 354.71 
13 3.85 16.89 3.86 16.89 3.85 16.89 
14 3.92 16.89 3.99 16.89 4.01 16.89 
15 3.97 16.89   4.09 16.89 
16 3.88 16.89 3.44 16.89 3.96 16.89 
17 3.63 17.74 3.33 16.89 3.41 16.89 
18 2.87 16.89 2.95 118.21 2.70 16.89 
19 1.49 118.21 1.90 118.21 1.89 118.21 
20 1.63 88.68 1.76 118.21 1.55 88.24 
21 4.02 16.89 3.68 16.89 3.60 16.89 
22 4.03 16.89 3.64 16.89 3.68 16.89 
23 3.98 16.89   3.70 16.89 
24 3.85 16.89 3.04 16.89 3.56 16.89 
25 3.65 16.89 3.11 16.89 3.32 17.74 
26 3.35 16.89 2.84 118.21 2.70 16.89 
27 1.49 118.21 3.23 118.21 2.43 16.89 
28 1.87 118.21 1.76 118.21 1.75 118.21 
29 3.87 16.89 3.84 16.89 3.75 16.89 
30 3.55 16.89 3.54 16.89 3.43 16.89 
31 3.58 16.89   3.44 16.89 
32 3.47 16.89 2.91 16.89 3.33 16.89 
33 3.23 16.89 2.94 17.74 3.26 16.89 
34 2.86 17.74 2.97 118.21 2.77 16.89 
35 1.90 118.21 2.49 118.21 2.41 118.21 
36 1.88 118.24 1.87 118.21 1.83 118.21 
37 3.70 16.89 3.64 16.89 3.63 16.89 
38 5.33 16.12 5.23 16.12 5.28 16.12 
39 4.72 16.12 4.81 16.12 4.73 16.12 
40 5.68 16.12 5.69 16.12 5.75 16.12 
41 5.09 16.12 5.08 16.12 4.95 16.12 
42 5.83 16.12 5.80 16.12 5.62 16.12 
43 5.41 16.12 5.42 16.12 5.44 16.12 
44 5.67 16.12 5.73 16.12 5.74 16.12 
45 5.44 16.12 5.38 16.12 5.61 16.12 
46 4.67 16.12 5.23 16.12 4.53 16.12 
47 4.45 16.12 4.81 16.12 4.45 16.12 
48 4.48 16.12 4.52 16.12 4.38 16.89 
49 4.73 16.12 4.66 16.12 4.52 16.12 
50 4.04 15.42 4.17 16.12 4.10 16.12 
51 4.22 16.12 4.48 16.12 4.15 16.12 
52 3.93 16.12 3.88 16.12 4.05 16.12 
53 3.99 16.12 3.92 16.12 3.99 16.12 
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Table B25 
Wave Heights and Periods with 2-m, 9-sec Waves from Southwest at mhw  

Alternative 1 Alternative 2A Alternative 3B 

Gauge No. 
Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

1 1.86 9.09 1.92 9.09 1.91 9.09 
2 1.98 9.09 2.06 9.09 2.05 9.09 
3 2.18 9.09 2.32 9.09 2.39 9.09 
4 1.98 8.45 1.94 8.87 2.06 8.45 
5 1.63 8.65 1.74 9.09 1.94 8.45 
6 1.57 9.09 1.76 9.09 1.41 9.09 
7 1.64 9.09     
8 1.67 9.09 1.85 9.09 1.17 9.09 
9 1.72 9.09 1.97 9.09 0.92 9.09 
10 2.01 9.09 2.28 9.09 0.84 9.09 
11 1.84 10.06 1.19 9.34 0.74 8.87 
12 1.17 10.06 1.11 9.34 0.73 8.87 
13 1.48 9.09 1.57 9.09 1.44 9.09 
14 1.48 9.09 1.47 9.59 1.62 9.09 
15 1.50 9.09 1.57 9.34 1.63 9.09 
16 1.47 9.09 1.42 9.09 1.59 9.09 
17 1.53 9.09   1.40 8.45 
18 1.60 8.87 1.57 9.09 1.26 9.09 
19 1.76 8.45 1.69 8.45 1.16 9.09 
20 1.65 9.34 1.73 9.34 1.00 9.09 
21 1.39 8.25 1.37 8.25 1.32 8.25 
22 1.68 8.87 1.65 8.87 1.68 8.87 
23 1.69 8.87 1.75 8.87 1.71 8.87 
24 1.61 9.09 1.56 8.87 1.69 9.09 
25 1.48 9.34   1.54 9.09 
26 1.45 9.34 1.41 9.34 1.40 9.86 
27 0.77 10.13 0.74 10.13 1.76 8.45 
28 1.26 8.65 1.21 8.65 1.02 8.45 
29 3.12 9.34   3.62 9.34 
30 1.48 9.09   1.79 9.34 
31 1.28 9.86   1.63 9.34 
32 1.34 9.59   1.68 8.45 
33 1.58 9.09   2.14 9.34 
34 1.41 8.87   1.75 10.13 
35 1.37 9.09   1.49 8.87 
36 1.29 9.34   1.40 9.34 
37 3.27 10.06 3.45 9.09 3.66 9.09 
38 1.83 1.83 1.98 8.65 2.08 9.09 
39 1.87 9.55 1.88 9.09 1.91 9.09 
40 2.13 9.09 2.24 9.09 2.23 9.09 
41 1.96 9.09 2.02 9.09 1.92 9.09 
42 1.89 8.87 2.03 9.34 1.99 9.09 
43 2.17 8.87 2.23 9.09 1.99 9.09 
44 1.81 9.09   1.97 8.87 
45 2.03 9.09   1.96 9.09 
46 2.12 9.34 2.25 9.34 2.19 9.34 
47 2.00 9.09 2.18 9.09 2.13 9.09 
48 2.59 9.09 2.50 9.09 2.65 9.09 
49 3.02 9.09 3.15 9.09 3.13 9.09 
50 1.91 9.09 2.00 9.09 1.87 9.09 
51 2.25 9.09 2.40 9.34 2.21 9.09 
52 1.70 9.09   1.84 9.09 
53 1.51 9.09   1.68 8.87 
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Table B26 
Wave Heights and Periods with 3-m, 12-sec Waves from Southwest at mhw 

Alternative 1 Alternative 2A Alternative 3B 

Gauge No. 
Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

1 3.08  12.23  3.17 12.23  3.17  12.23  
2 3.20  12.23  3.29 12.23  3.28  12.23  
3 3.89  12.23  4.06 12.23  4.34  12.23  
4 3.68  12.67  3.63 12.23  3.72  12.23  
5 3.09  12.23  3.16 12.67  3.23  12.67  
6 3.21  12.67  3.47 12.67  2.35  12.67  
7 3.34  12.23      
8 3.38  12.23  3.16 12.23  2.06  12.23  
9 3.30  12.67  3.45 12.67  1.86  12.23  
10 2.47  12.67  2.61 12.67  1.89  12.23  
11 1.62  118.21  1.18 118.21 1.68  12.67  
12 1.25  88.68  1.40 88.68 1.37  88.68  
13 2.72  12.67  2.80 12.67  2.94  12.67  
14 2.83  12.67  2.98 12.67  3.06  12.67  
15 2.91  12.67    2.99  12.67  
16 2.89  12.67  2.26 12.67  2.90  12.67  
17 3.03  12.67  2.90 12.67  2.45  12.67  
18 2.94  12.67  3.22 12.67  2.26  12.67  
19 2.31  12.67  2.19 12.67  1.95  12.67  
20 1.62  88.68  1.64 88.68 1.70  12.67  
21 3.04  12.67  3.14 12.67 2.76  12.23  
22 2.87  12.23  2.99 12.23  2.64  12.67  
23 2.82  12.23    2.60  12.23  
24 2.72  12.23  2.60 12.23  2.53  12.67  
25 2.75  12.67  2.66 12.67 2.50  12.67  
26 2.96 12.67  2.79 12.67 2.38  12.67  
27 1.52  13.14  1.75 13.14 2.17  13.14  
28 2.01  118.21  2.08 13.14 1.89  118.21  
29 3.99  12.67    4.29  12.67  
30 3.56  12.67    3.96  12.67  
31 3.44  12.67    4.00  12.67  
32 3.24  12.67    3.87  12.67  
33 2.74  12.67    3.23  12.67  
34 2.68  13.64    2.90  12.23  
35 2.53  16.67    2.59  12.23  
36 2.14  118.21    2.21  118.21  
37 3.95  12.67  4.25 12.67 4.20  12.23  
38 3.24  12.23  3.51 12.23  3.48  12.23  
39 3.15  12.23  3.23 12.23  3.14  12.23  
40 3.59  12.23  3.71 12.23 3.76  12.23  
41 3.42  12.23  3.53 12.67 3.31  12.23  
42 3.51  12.23  3.70 12.23  3.92  12.23  
43 3.80  12.23  3.83 12.23  3.55  12.23  
44 3.34  12.23    3.69  12.23  
45 3.57  12.23    3.46  12.23  
46 3.85  12.23  4.02 12.23  4.09  12.23  
47 3.34  12.23  3.60 12.23  3.52  12.23  
48 4.16  12.23  4.18 12.23 4.03  12.23  
49 4.50  12.67  4.55 12.67 4.53  12.67  
50 3.52  12.23  3.65 12.67 3.61  12.23  
51 4.11  12.67  4.27 12.67 4.35  12.67  
52 2.61  12.67    2.80  12.67  
53 2.67  12.67    2.98  12.67  
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Table B27 
Wave Heights and Periods with 6-m, 16-sec Waves from Southwest at mhw 

Alternative 1 Alternative 2A Alternative 3B 

Gauge No. 
Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

Height 
(m) 

Period 
(sec) 

1 5.57 16.12  5.75 16.12 5.76  16.12  
2 5.45 16.12  5.56 16.12 5.61  16.12  
3 5.47 16.89  5.69 16.89 5.56  16.89  
4 4.78 88.68  4.84 88.68 5.02  88.68  
5 4.72 16.12  5.08 16.12 5.26  16.12  
6 4.82 16.12  5.13 16.12 4.45  16.12  
7 4.97 16.12      
8 4.77 16.12  4.37 16.12 3.99  16.12  
9 4.13 16.12  3.98 16.89 3.47  16.12  
10 2.98 118.21  2.93 118.21 2.90  118.21  
11 2.16 118.21  1.44 118.21 2.20  118.21  
12 1.69 88.68  1.68 88.68 1.68  88.68  
13 4.21 16.89  4.52 16.89 4.37  16.89  
14 4.24 16.89  4.61 16.89 4.48  16.89  
15 4.37 16.89    4.48  16.89  
16 4.23 16.89  4.06 16.89 4.40  16.89  
17 4.03 16.89  3.96 16.89 4.05  16.89  
18 3.49 17.74 3.68 17.74 3.52  17.74  
19 2.64 118.21 1.61 118.21 2.51  118.21  
20 2.03 88.68  2.06 88.68 2.09  88.68  
21 4.19 16.12  4.41 16.12 4.25  16.12  
22 4.06 16.89  4.35 16.89 4.28  16.89  
23 4.07 16.89    4.27  16.89  
24 3.88 16.12  3.72 16.89 4.12  16.89  
25 3.82 16.89  3.76 16.89 4.05  17.74  
26 3.60 16.89  3.51 17.74 3.55  17.74  
27 1.65 118.21  1.89 118.21 2.97  118.21  
28 2.24 88.68  2.35 88.68 2.36  118.21  
29 4.25 16.12    4.28  16.12  
30 4.06 16.12    4.03  16.12  
31 4.05 16.89    4.05  16.89  
32 3.93 16.89    3.95  16.89  
33 3.68 16.89    3.81  16.89  
34 3.63 17.74   3.58  17.74  
35 3.16 118.21    3.05  118.21  
36 2.43 118.21    2.38  118.21  
37 4.08 16.89  4.15 16.89 4.25  16.89  
38 5.61 16.12  5.93 16.12 5.96  16.12  
39 5.54 16.12  5.56 16.12 5.45  16.12  
40 5.77 16.12  6.13 16.89 6.11  16.12  
41 6.03 16.12 6.10 16.89 5.85  16.12  
42 5.86 16.12 6.25 16.12 6.18  16.12  
43 5.99 16.12 5.95 16.12 6.01  16.12  
44 5.91 16.12   6.48  16.12  
45 5.99 16.12   5.99  16.12  
46 5.18 16.12 5.31 88.68 5.38  16.12  
47 4.88 16.12 5.08 16.12 4.95  16.12  
48 4.76 16.12 4.70 16.89 4.81  16.12  
49 4.98 16.12 5.03 16.89 5.05  16.12  
50 4.43 15.42 4.58 15.42 4.54  15.42  
51 4.58 16.12 4.71 16.12 4.65  16.12  
52 4.17 16.12   4.25  16.12  
53 4.25 15.42   4.42  15.42  
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Current velocity 

Tables B28 through B36 list velocities calculated from velocimeter 
measurements during experiments with Alt 1, Alt 2A, and Alt 3B with storms 
from the southwest. 
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Tables for GENESIS 5-Year Projected Shoreline 
Storms from west-northwest 

Wave heights and wave periods. Tables B37 through B42 list wave heights 
and periods collected during experiments with Alt 2A and the shoreline projected 
by numerical model GENESIS for 5 years after installation of Alt 2A. 

Table B37 
Wave Heights and Periods for 2-m, 9-sec Waves from West-
Northwest at mllw, Alt 2A with 5-year Projected Shoreline 

Gauge No. 
Wave Height 
(m) 

Wave Period 
(sec) 

1 2.08 8.87 

2 2.20 9.09 

9 1.70 9.09 

17 2.17 9.34 

25 1.54 9.09 

33 1.67 9.34 

 

Table B38 
Wave Heights and Periods for 3-m, 12-sec Waves from West-
Northwest at mllw, Alt 2A with 5-year Projected Shoreline 

Gauge No. 
Wave Height 
(m) 

Wave Period 
(sec) 

1 2.82 12.67 

2 3.01 13.14 

9 2.10 118.21 

17 2.65 14.19 

25 2.66 14.19 

33 2.31 14.19 

 

Table B39 
Wave Heights and Periods for 5-m, 13-sec Waves from West-
Northwest at mllw, Alt 2A with 5-year Projected Shoreline 

Gauge No. 
Wave Height 
(m) 

Wave Period 
(sec) 

1 4.63 12.67 

2 5.03 13.14 

9 2.27 118.21 

17 2.76 14.19 

25 2.71 35.47 

33 2.44 14.78 
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Table B40 
Wave Heights and Periods for 2-m, 9-sec Waves from West-
Northwest at mhw, Alt 2A with 5-year Projected Shoreline 

Gauge No. 
Wave Height 
(m) 

Wave Period 
(sec) 

1 2.37 8.87 

2 2.48 8.87 

9 2.62 9.34 

17 2.53 9.09 

25 2.08 9.34 

33 1.87 9.09 

 

Table B41 
Wave Heights and Periods for 3-m, 12-sec Waves from West-
Northwest at mhw, Alt 2A with 5-year Projected Shoreline 

Gauge No. 
Wave Height 
(m) 

Wave Period 
(sec) 

1 3.19 12.23 

2 3.31 12.67 

9 3.49 12.67 

17 3.82 12.67 

25 3.57 15.42 

33 3.32 12.67 

 

Table B42 
Wave Heights and Periods for 5-m, 13-sec Waves from West-
Northwest at mhw, Alt 2A with 5-year Projected Shoreline 

Gauge No. 
Wave Height 
(m) 

Wave Period 
(sec) 

1 5.21 12.23 

2 5.50 12.67 

9 3.96 14.19 

17 4.34 13.64 

25 4.22 10.13 

33 3.87 14.19 

 

Current velocity. Tables B43 through B48 list velocities calculated from 
velocimeter measurements collected during experiments with Alt 2A and the 
shoreline projected by numerical model GENESIS for 5 years after installation of 
Alt 2A. 
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Table B43 
Velocity Measurements with 2-m, 9-sec Waves at mllw from West-
Northwest with Alt 2A and 5-year Projected Shoreline 

ADV 
No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

2 -14.3 19.24 41.74 23.97 

3 4.2 18.92 36.44 19.38 

4 -3.64 16.38 55.67 16.78 

 

Table B44 
Velocity Measurements with 3-m, 13-sec Waves at mllw from West-
Northwest with Alt 2A and 5-year Projected Shoreline 

ADV 
No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

2 -16.82 29.58 66.78 34.03 

3 -10.24 67.44 93.85 68.21 

4  75.61 93.84 78.01 

 

Table B45 
Velocity Measurements with 5-m, 13-sec Waves at mllw from West-
Northwest with Alt 2A and 5-year Projected Shoreline 

ADV 
No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

2 -19.27 16.14 59.93 25.14 

3 -8.06 18.03 50.03 19.75 

4 -10.88 31.86 90.30 33.67 

 

Table B46 
Velocity Measurements with 2-m, 9-sec Waves at mhw from West-
Northwest with Alt 2A and 5-year Projected Shoreline 

ADV 
No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

2 -16.64 13.29 36.93 21.30 

3 7.91 4.65 36.35 9.18 

4 -0.73 -8.75 51.71 8.78 
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Table B47 
Velocity Measurements with 3-m, 13-sec Waves at mhw from 
West-Northwest with Alt 2A and 5-year Projected Shoreline 

ADV 
No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

2 -15.31 15.28 61.24 21.63 

3 -2.19 28.01 61.57 28.1 

4 -35.83 -4.77 83.59 36.15 

 

Table B48 
Velocity Measurements with 5-m, 13-sec Waves at mhw from 
West-Northwest with Alt 2A and 5-year Projected Shoreline 

ADV 
No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

2 -12.20 29.26 74.66 31.70 

3 -13.07 32.73 72.82 35.24 

4 -71.41 25.07 123.33  

 

Storms from southwest 

Wave heights and wave periods. Tables B49 through B55 list wave heights 
and periods collected during experiments with Alt 2A and the shoreline projected 
by numerical model GENESIS for 5 years after installation of Alt 2A. 

Table B49 
Wave Heights and Periods for 2-m, 9-sec Waves from Southwest 
at mllw, Alt 2A with 5-year Projected Shoreline 

Gauge No. 
Height 
(m) 

Period 
(sec) 

1 2.08 9.09 

2 2.22 9.09 

9 1.69 8.65 

17 1.54 9.09 

25 1.12 9.09 

33 1.64 9.34 
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Table B50 
Wave Heights and Periods for 2-m, 9-sec Waves from Southwest 
at mtl, Alt 2A with 5-year Projected Shoreline 

Gauge No. 
Height 
(m) 

Period 
(sec) 

1 2.00 9.09 

2 2.13 9.09 

9 1.84 9.09 

17 1.49 8.87 

25 0.89 9.09 

33 1.73 9.34 

 

Table B51 
Wave Heights and Periods for 3-m, 12-sec Waves from Southwest 
at mtl, Alt 2A with 5-year Projected Shoreline 

Gauge No. 
Height 
(m) 

Period 
(sec) 

1 3.21 11.82 

2 3.41 12.23 

9 2.70 12.67 

17 2.28 12.67 

25 1.44 12.67 

33 2.15 13.14 

 

Table B52 
Wave Heights and Periods for 6-m, 16-sec Waves from Southwest 
at mtl, Alt 2A with 5-year Projected Shoreline 

Gauge No. 
Height 
(m) 

Period 
(sec) 

1 5.36 16.12 

2 5.27 16.12 

9 3.25 16.89 

17 3.14 16.89 

25 1.95 16.89 

33 2.80 16.89 
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Table B53 
Wave Heights and Periods for 2-m, 9-sec Waves from Southwest 
at mhw, Alt 2A with 5-year Projected Shoreline 

Gauge No. 
Height 
(m) 

Period 
(sec) 

1 1.97 9.09 

2 2.11 9.09 

9 1.75 9.09 

17 1.46 9.09 

25 0.72 9.09 

33 1.67 9.09 

 

Table B54 
Wave Heights and Periods for 3-m, 12-sec Waves from Southwest 
at mhw, Alt 2A with 5-year Projected Shoreline 

Gauge No. 
Height 
(m) 

Period 
(sec) 

1 3.22 12.23 

2 3.39 12.23 

9 3.08 12.67 

17 2.59 12.67 

25 1.29 12.67 

33 2.59 13.14 

 

Table B55 
Wave Heights and Periods for 6-m, 16-sec Waves from Southwest 
at mhw, Alt 2A with 5-year Projected Shoreline 

Gauge No. 
Height 
(m) 

Period 
(sec) 

1 5.59 16.12 

2 5.79 16.12 

9 3.95 16.89 

17 4.05 16.89 

25 2.00 16.89 

33 3.48 16.89 

 

Velocity studies. Tables B56 through B64 list velocities calculated from 
velocimeter measurements collected during experiments with Alt 2A and the 
shoreline projected by numerical model GENESIS for 5 years after installation of 
Alt 2A. 
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Table B56 
Velocity Measurements with 2-m, 9-sec Waves at mllw from 
Southwest with Alt 2A and 5-year Projected Shoreline 

ADV No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel.  
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

2 -12.98 3.54 31.42 13.46 

3 -20.50 -16.27 41.54 26.17 

4 41.84 -8.54 70.75 42.71 

 

Table B57 
Velocity Measurements with 3-m, 12-sec Waves at mllw from 
Southwest with Alt 2A and 5-year Projected Shoreline 

ADV No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

2 -9.27 -2.16 42.72 9.52 

3 1.98 -37.36 53.84 37.42 

4 73.74 -18.62 101.22 76.06 

 

Table B58 
Velocity Measurements with 6-m, 16-sec Waves at mllw from 
Southwest with Alt 2A and 5-year Projected Shoreline 

ADV No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

2 3.61 -23.31 53.86 23.59 

3 6.72 -44.90 71.47 45.40 

4 93.51 -26.75 137.84 97.26 

 

Table B59 
Velocity Measurements with 2-m, 9-sec Waves at mtl from 
Southwest with Alt 2A and 5-year Projected Shoreline 

ADV No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

2 -5.33 27.32 35.88 27.84 

3 5.22 20.58 35.53 21.23 

4 -5.77 -4.77 49.40 7.49 
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Table B60 
Velocity Measurements with 3-m, 12-sec Waves at mtl from 
Southwest  
with Alt 2A and 5-year Projected Shoreline 

ADV No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

2 -5.03 5.79 34.45 7.66 

3 5.72 -6.69 41.97 8.80 

4 37.62 -24.44 77.58 44.86 

 

Table B61 
Velocity Measurements with 6-m, 16-sec Waves at mtl from 
Southwest  
with Alt 2A and 5-year Projected Shoreline 

ADV No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

2 2.46 -7.35 51.70 7.75 

3 6.21 -10.64 60.90 12.31 

4 65.88 -38.53 107.77 76.32 

 

Table B62 
Velocity Measurements with 2-m, 9-sec Waves at mhw from 
Southwest with Alt 2A and 5-year Projected Shoreline 

ADV No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

2 8.89 -8.53 52.57 12.32 

3 14.34 -12.33 65.93 18.91 

4 52.16 -58.53 110.52 78.39 

 

Table B63 
Velocity Measurements with 3-m, 12-sec Waves at mhw from 
Southwest with Alt 2A and 5-year Projected Shoreline 

ADV No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

2 4.98 -4.70 31.50 6.85 

3 5.48 -13.29 39.02 14.37 

4 26.95 -20.07 76.20 33.60 
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Table B64 
Velocity Measurements with 6-m, 16-sec Waves at mhw from 
Southwest with Alt 2A and 5-year Projected Shoreline 

ADV No. 

Ave. Vel. 
Offshore 
(cm/sec) 

Ave. Vel. 
South 
(cm/sec) 

Ave. Vel. 
Magnitude 
(cm/sec) 

Magnitude 
of Ave. Vel. 
(cm/sec) 

2 1.02 11.36 21.48 11.41 

3 3.34 -7.34 25.50 8.06 

4 10.12 -9.12 34.26 13.63 
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Appendix C 
Literature Review of Cross-
Shore Sediment Transport by 
Rip Currents1 

Sediment transport by rip currents was represented in the shoreline change 
modeling described in Chapter 6 of Volume I of this report. Sediment transport 
by rip currents is a relatively unstudied coastal process. This appendix reviews 
background material on rip currents. 

Introduction 
Rip currents are strong narrow currents that flow seaward through the surf 

zone. These currents normally increase the longshore current velocity in the 
dominant direction on the updrift side of the rip zone and decrease or reverse the 
longshore current direction on the downdrift side (Shepard and Inman 1950). The 
current strength and the distance that rip currents extend seaward are related to 
the height of the incoming waves (Shepard, Emery, and LaFond 1941). Each 
incident wave system forms a characteristic pattern of longshore and rip currents 
(McKenzie 1958; Harris 1961, 1964). The result is a circulation cell in the 
nearshore. 

Rips are a major component of the surf zone circulation, and they are often 
the dominant mechanism for offshore transport of water and sediment. Several 
mechanisms have been proposed for the generation and spacing of rip current 
cells. Quantification of the sediment transport enters the formulation of sediment 
budgets and predictions of shoreline evolution. In the context of sediment 
budgets and shoreline change modeling, several quantities are required to 
estimate, in time and space, the volume of sand transported by rips. Rip currents 
are not permanent features; they flow intermittently with fluctuations in velocity. 
Most rip currents shift position along the beach, unless they are located adjacent 
to jetties or headlands. A comprehensive description of a rip current system and 

                                                      
1 Written by Ty V. Wamsley, U.S. Army Engineer Research and Development Center, Coastal and 
Hydraulics Laboratory, Vicksburg, MS. 
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prediction of the response of the adjacent shoreline requires the ability to identify 
the location, spacing, size, strength, and persistence of rip currents. 

Mechanisms for Rip Current Generation and 
Spacing 

The current pattern that dominates the nearshore circulation partially depends 
on the angle of wave approach. If waves break parallel to the shoreline trend, 
generated currents will form a circulation cell. If waves break at large angles to 
shore, the longshore current flows parallel to shore, confined between the 
breakers and the shoreline. Circulation cells may also form if waves break at 
small angles to the shoreline or if beach topography controls the pattern of 
nearshore currents (Harris 1964; Komar 1998). 

Shepard and Inman (1950) demonstrated that rip currents can be created by 
longshore variations in wave height, are usually periodic in time and space, and 
increase in velocity with increasing wave height. Several causes for the variation 
in wave height have been proposed. Shepard and Inman (1950) identified wave 
convergence or divergence over irregular offshore bathymetry as one 
explanation. Also, in places where relatively straight beaches are terminated on 
the downdrift side by an obstruction, a pronounced rip often extends seaward. 
Generation mechanisms that require a longshore variability in the boundary (i.e., 
bottom topography or structures) have been termed structural interaction 
mechanisms (Dalrymple 1978). Bowen (1969) applied the concept of radiation 
stress, the excess momentum due to the presence of waves, to investigate how 
circulation patterns are produced by the interaction of the wave field with 
longshore variation in the nearshore region. The longshore variation can be 
induced by changes in bathymetry. The theory showed that rip currents occur in 
the surf zone where breakers are lowest, which is in agreement with field 
observations. Noda (1974) developed an analytical model of wave-induced 
circulation cells and rip currents that incorporated the interaction of incoming 
waves with bottom topography as the driving mechanism, abstracting in part 
work presented in Noda et al. (1974). More recently, Haas, Svendsen, and Haller 
(1998) and Sorensen, Schaffer, and Madsen (1998) have also applied numerical 
circulation models that produce rip currents driven by the wave-bottom 
topography interaction. 

Engineered and natural structures also influence the nearshore circulation. 
Liu and Mei (1976) investigated rip current generation at groins. Numerical 
results showed rip current cells with a spacing corresponding to L0/(2 sinθ0) 
where L0 = deepwater wavelength and θ0 = deepwater wave angle of incident 
wave trains. Mei and Angelides (1977) examined the circulation around a 
circular island and the formation of a single rip in the lee of the island. 

Regular systems of rips are also found on natural beaches where there are no 
regular variations in the bathymetry. Generation mechanisms that can occur on 
uniformly planar beaches are termed wave interaction mechanisms (Dalrymple 
1978). Bowen and Inman (1969) performed experiments in which the interaction 
between edge waves and incident waves of the same frequency created 
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circulation cells that included rips. The rip currents were well correlated with 
edge waves, the rips occurring at alternate antinodes of displacement of the edge 
waves. The spacing of the rip currents was therefore equal to the longshore 
wavelength of the edge waves. Field observations made in the Gulf of California 
suggest that this mechanism acts on natural beaches. 

Hino (1974) developed a second wave interaction model. The formation of a 
nearshore circulation system with rips was shown to be the result of 
hydrodynamic instability caused by radiation stresses. The instability model is 
based on a feedback between the deforming bottom and the flow field. The Hino 
(1974) theory predicts rip current spacing to be about four times the surf zone 
width. McKenzie (1958) was the first to observe the correlation of rip current 
spacing with the width of the surf zone. 

Sasaki (1974) investigated the applicability of the Bowen and Inman (1969) 
and Hino (1974) theories by describing them with the surf-similarity parameter, 
ξ. Sasaki (1974) found that the edge wave theory of Bowen and Inman (1969) 
can be applied if ξ is greater than unity. The instability theory of Hino (1974) 
gave a good circulation pattern estimate for values of ξ between about 0.23 and 
1.0. Sasaki (1975) then developed a theory on rip current spacing based on the 
concept of infra-gravity waves when ξ is less than 0.23 and found rip current 
spacing (Yr) to be: 

2
0157              (0.23 0.08)r oY = ξ > ξ >  (C1) 

with 

( )0 0.5

0 0

tan

H L

β
ξ =  (C2) 

where tanβ = beach slope, and H0 = deepwater wave height. 

A wave interaction model introduced by Dalrymple (1975) proposed that the 
spatial variation in the setup and setdown, caused by intersecting wave trains of 
the same period, creates longshore variations in wave height and the mean water 
level on the open coast. Currents flow from regions of high setup, or high waves, 
to regions of low waves where they flow offshore in a rip current. The predicted 
spacing of the rip currents caused by intersecting wave trains is: 

( )
0

0 0sin sinr

L
Y =

θ − ζ
 (C3) 

where θ0 and ζ0 = the deepwater wave ray angles of the intersecting wave trains, 
measured clockwise from a shore-normal axis. An analysis by Dalrymple and 
Lozano (1978) showed that wave-current interaction can support steady state rip 
current circulation, but could not treat the initiation mechanism. 
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Fowler and Dalrymple (1990) examined the forcing of nearshore circulation 
by incident wave groups. As incident wave trains propagate towards the shore 
they alternatively reinforce and cancel each other out, creating periodic longshore 
variations in wave height. Lines of cancellation, or nodal lines, can be seen in the 
wave field. If incident wave trains are of the same frequency, rip currents 
develop at the intersection of nodal lines. The spacing is predicted similar to 
Dalrymple (1975). 

( )2 2 1 1

2
sin sinrY

k k
π

=
θ − θ

 (C4) 

where 
 k = wave number (2π/L) 
 L = local wavelength 
 θ = wave angle of the incident wave trains 

If the incident wave trains have slightly different frequencies, it was found that 
rip currents could still be generated and that they migrate slowly along the beach 
with the slowly moving nodal lines. The rip spacing was somewhat 
overpredicted, and this was thought to be due to the use of linear theory and a 
shallow-water assumption invoked to develop the theory. 

Murray and Reydellet (2001) introduced a model in which rip currents are 
self-organized, rather than being forced by bathymetric features or incident wave 
patterns. Their model predicts that rip currents can arise from a wave-current 
interaction that dissipates wave energy, onshore mass transport by waves, 
offshore flow responding to imbalances between radiation-stress gradients and 
setup in the surf zone, alongshore flow responding to alongshore surface slopes, 
and alongshore dispersion of cross-shore momentum. 

Cook (1970) made field observations of the occurrence of rip currents in 
southern California. He concluded that the generation of the rips was influenced 
by wave conditions, beach morphology, tidal level, and wind. The existence of 
rip currents was highly dependent upon the height and period of waves reaching 
the shoreline. The beach morphology was also found to affect rip currents in 
several ways, including the steepness of the foreshore and the presence of cusps 
and rip channels. Rip currents were poorly developed along steep beaches. The 
existence of rip channels, formed during high-energy conditions, facilitates the 
development of rips at lower energy conditions. Cook (1970) also found that 
strong on- or offshore winds might influence rip current generation. An onshore 
wind may hinder the development of rip currents by transporting surface water 
toward the shore and may even eliminate rips entirely. Offshore winds reduce 
wave drift and likewise may diminish the potential for rip current development. 

Short and Brander (1999) investigated the relationship between rip current 
spacing and the regional wave climate. They found a strong correlation between 
rip spacing and levels of wave energy. They conclude, however, that there is still 
no adequate explanation for the variation in rip spacing between different 
beaches. 
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Ranasinghe et al. (2000) analyzed daily time exposure video images to 
examine the effect of incident waves on the spacing and persistence of rip 
channels at Palm Beach, Australia. Results indicated that rip channels do not 
have a preferred location along the beach and that rip spacing did not increase 
with increase in wave height. These results suggest that bathymetric features are 
the dominant controlling mechanism once rip currents are formed. 

Morphological Feedback and Rip Current 
Persistence 

McKenzie (1958) was the first to suggest that nearshore circulation may be 
dominated by storm-induced bathymetry for long periods after a storm. Cook 
(1970) found that rip channels are cut during prolonged periods of high waves 
and then gradually fill under calmer conditions. But, once the high-energy 
bathymetry is established, the rip currents are able to persist over periods of time 
with varying wave conditions. Sonu (1972) found a correlation between 
circulation patterns and surf zone bathymetry. Longshore currents moved across 
the undulatory bathymetry from shallow to deeper regions, with rips at the 
depressions. 

Aagaard, Greenwood, and Nielsen (1997) found that rip persistence depends 
on the extent of wave energy dissipation in the rip neck. At low tide, when wave 
energy dissipation was intense and occurred across a wide zone, the rip was 
active. At high tide, the reduced wave dissipation and a restricted zone of wave 
breaking usually resulted in the rip being inactive. Aagaard, Greenwood, and 
Nielsen (1997) determined that the tidally dependent rip behavior is suggested by 
the ratio γs of significant wave height to water depth in the rip neck. Based on 
field data from the North Sea coast at Jutland, Denmark, rip activity developed 
when γs reached a critical value of approximately 0.35 in the rip neck. 

Brander (1999a) concludes that morphologic control, modulated by 
hydrodynamic forcing, plays an important role in the temporal behavior of rip 
flow. Rip circulation is driven by longshore and cross-shore pressure gradients 
within the surf zone and is maintained by the bathymetric feedback. Therefore, 
rip current behavior and form is dictated by the nature and degree of the 
coadjustments between morphology, hydrodynamics, and sediment transport. 
Brander (1999a) introduced a function to provide an initial quantitative 
assessment of the morphodynamic coadjustment between morphology and flow 
velocity in an evolving low-energy rip: 

18.6 17.8r rµ = − α +  (C5) 

where 

r
r

rms

u T
H

µ =  (C6) 
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r
r

rHT

A
A

α =  (C7) 

with 

 ur = mean, depth-averaged flow velocity in the rip channel 
 T = peak wave period 
 Hrms = = root-mean-square wave height 
 Ar = average cross-sectional area available for rip flow 
 ArHT = cross-sectional area available for rip flow at high tide 

Observations and analysis made by Ranasinghe et al. (2000) suggest that rip 
flows are bathymetrically controlled once the rip channels are formed. They 
found that rips are fairly persistent in time and migrate in the longshore direction 
under obliquely incident waves. Sufficiently strong longshore currents cause rip 
channel migration in the direction of the longshore current. Ranasinghe et al. 
(2000) also found that rip channels disappear when storms rework the nearshore 
morphology and then reappear in a different location when the storms subside. 

Rip Current Strength and Rip Channel Size 

Shepard, Emery, and LaFond (1941) correlated rip current strength with 
increasing wave height. McKenzie (1958) and Harris (1961, 1964) observed in 
field studies that heavy seas produced strong rips and smaller waves produced 
weaker, more numerous rips. Cook (1970) also observed that the largest rips are 
formed during periods of intense wave activity and found the influence of the 
tidal cycle on rip size and strength to be ambiguous. Sonu (1972), however, 
observed that the intensity of wave breaking, controlled by the tide, corresponded 
with a proportionally stronger circulation. Thus, rip currents velocities were 
generally stronger at low tide and weaker at high tide. Using a two-dimensional 
(2-D) depth-averaged hydrodynamic model, Ranasinghe et al. (2000) found that 
rip velocity increased with increasing wave height. The model results also 
predicted increased rip velocity with falling tide levels. 

Aagaard, Greenwood, and Nielsen (1997) suggest that the amount of water 
returned seaward by any rip should depend on the onshore discharge of water by 
waves breaking across the bar and on the spacing between rip channels. 
Therefore, 

( ) r
r drift roller

r

Y
u Q Q

A
= +  (C8) 

Qdrift = onshore discharge of water between rips due to mass transport in waves 
(Stokes drift) and Qroller = the mass transport in wave rollers. 
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where 

 C = wave celerity 
 B = wave profile coefficient (1/12 for saw-tooth bores) 
 H = local wave height 
 hb = water depth over the bar crest away from rips 
 As = cross-sectional area of a surface roller (~0.9H2) 

Aagaard, Greenwood, and Nielsen (1997) found that, for normally incident 
waves, rip current velocities were well correlated with velocities predicted from 
the simple model. 

Brander (1999a) found that rip current velocity was modulated by the tide, 
experiencing maximums at low tide and minimums at high tide. He also found 
that rip velocity decreases with cross-sectional area and is predicted by a linear 
function (Equation C5), which provides an initial quantitative assessment of the 
morphodynamic coadjustment between morphology and flow velocity. The 
underlying hypothesis of Brander’s (1999a) work is that rip current velocity is 
maximized when morphological expression of the rip channel is amplified. 

Rip current strength may also be altered by wave-current interaction 
(LeBlond and Tang 1974; Noda et al. 1974). Noda et al. (1974) developed a 
numerical model of wave transformation, nearshore circulation, and wave-current 
interaction, and they found that the wave-current interaction altered incoming 
wave characteristics in the nearshore and thus reduced the magnitude of 
circulation velocities and horizontal circulation pattern. Similarly, the model of 
Haas, Svendsen, and Haller (1998) predicts that the offshore extent of rip 
currents is reduced when wave-current interaction is included. Yu and Slinn 
(2003) also report that wave-current interaction reduces rip current strength and 
restricts their offshore extent. 

Zyserman, Fredsoe, and Deigaard (1990) presented a method to determine 
the dimensions of rip current systems (including the width and depth of rip 
channels). The method is based on an overall sediment balance in the nearshore 
region and assumes equilibrium conditions exist and that no erosion or accretion 
occurs. 

Sediment Transport in Rip Currents 
Rip currents have long been recognized as a mechanism for offshore 

sediment transport (Shepard, Emery, and LaFond 1941). The first sediment 
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transport study relating to rip currents was made by Ingle (1966), who found that 
dyed sand grains being moved by longshore currents were intercepted and 
transported offshore by rips. Cook (1970) noted that rips can transport large 
volumes of sand to the inner shelf and can cause beach erosion. 

Based on field data from the North Sea, Aagaard, Greenwood, and Nielsen 
(1997) found that sediment flux in the rip neck channel depends on the tidal 
stage. Large offshore transport due to a rip current occurred at low tide. Smaller 
onshore transport due to oscillatory incident waves and weak mean currents 
occurred at high tide. Sediment concentrations were moderately dependent on 
tidal stage, with higher concentrations occurring at low tide. 

Few attempts have been made to quantify the sediment transport of rip 
currents. The number of direct measurements of sediment transport in rips is 
limited and little is known about these processes. Dolan et al. (1987) estimated 
the sediment lost from a littoral cell by rip currents using data from the Littoral 
Environmental Observation (LEO) program and plausible assumptions. The 
transport rate in each rip (Qr) is computed as: 

r r r
r

s

A u c
Q =

ρ
 (C11) 

where cr = suspended load concentration, and ρs = density of sand. The volume 
of sand being transported for a particular stretch of beach was then calculated by 
multiplying the transport rate times the number of rips and the percent chance of 
rip occurrence. 

Brander (1999b) conducted the most comprehensive study on sediment 
transport processes in rip currents. He found that the vertical distribution of 
sediment flux in the rip neck exhibited an exponential decrease in flux away from 
the bed. The magnitude of the flux was strongly influenced by the velocity of the 
flow. Therefore, the bulk of transported sediment moves close to the bed with 
approximately 50 percent of total sediment flux in the rip channel occurring in 
the bottom 10 percent of flow, whereas 15 percent occurs in the upper half of the 
water column. 

Another finding by Brander (1999b) is the strong functional relationship 
between the transport rate and the velocity cubed. Through linear least squares 
regression, Brander (1999b) developed the following expression for rip current 
transport, qr, in units of kg/min. 

327.6 0.92r rq u= +  (C12) 

This relationship indicates that sediment transport in rips increases as rip current 
velocity cubed. Sediment transport, however, is complicated by sediment 
entrainment, tidal modulation, and the need to consider the combined effects of 
waves and currents. Equation C12 was developed for a low-energy rip current 
system. However, Brander and Short (2000) presented evidence to suggest that a 
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distinct morphodynamic scaling relationship exists between high- and low-
energy environments. Results from sediment transport studies in low-energy 
systems may therefore be applicable to large-scale systems. The existence of 
such a scaling factor also implies that the physical connection between waves, 
currents, and morphology, both within and between beach systems, are related to 
variations in wave energy. 

Brander (1999b) applied the Shields parameter S as a criterion for predicting 
sediment entrainment. 

( )1
S

s gD
τ

=
ρ −

 (C13) 

where 

 τ = bed shear stress 
 s = (ρs-ρ)/ρ 
 ρ = density of seawater 
 g = acceleration due to gravity 
 D = median sediment grain size 

Under combined waves and currents the bed shear stress is: 

( )2 2
c wu uτ = ρ +  (C14) 

where uc and uw = the time-averaged shear velocity computed following a method 
outlined by Nielsen (1992) for currents and waves, respectively. 

Brander (1999b) observed that sediment entrainment in the feeder current 
and rip channels of a circulation cell is different. Sediment entrainment in the 
feeder channel is minimized at low tide because increased wave breaking and 
dissipation across nearshore bars inhibits wave motion and reduces the value of 
S. Therefore, despite higher flow velocities in the feeder current at low tide, the 
potential for transport is inhibited by the reduction in sediment entrained. 

Sediment entrainment in the rip channel, however, is maximized at low tide 
and minimized at high tide. Because flow velocities are also maximized at low 
tide (as discussed in the previous section), the offshore transport is greatest then. 
At high tide, both sediment entrainment and flow velocities are minimized, but 
still significant. Thus, although much smaller at high tide, transport in the rip 
channel occurs throughout the tidal cycle (Brander 1999b). 

Wave and current contributions should not be considered separately, but 
superimposed (Grant and Madsen 1979). Nonlinear interactions exist between 
waves and currents, and the sediment transport under their combined action is 
likely to differ from the sum of the individual contributions (Beach and Sternberg 
1992). 
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The proportionality of the transport rate to the velocity cubed provides 
evidence that perhaps a Bagnold-type approach may be suitable for modeling 
sediment transport in rip currents. Conceptually, the Bagnold model is based on 
the concept that the waves act to entrain sediments while a current transports the 
sediment. The data in the Brander (1999b) study support this concept. 

Estimating Sand Transport by Rip Currents 
Rip currents are an integral component of the nearshore circulation system 

along most of the world’s beaches and a major mechanism for the offshore 
transport of water and sediments. Estimating the transport by rip currents and the 
resulting shoreline change requires prediction of transport in time and space. The 
volume of the sediment actually removed from the active littoral zone must also 
be determined. The complexities of prediction and possible mechanisms to make 
first-order estimates are discussed in the following paragraphs. 

Spacing, persistence, size, and strength of rip currents 

Predicting the response of the shoreline and sediment budget to rip currents 
requires specifying the location, spacing, persistence, size, and strength, of the rip 
currents. Numerous studies have been conducted to explain the generation and 
spacing of rips along the beach. To date, no single theory adequately accounts for 
the spacing of rip currents on different beaches. The observed rip current patterns 
on natural beaches are probably the product of a combination of driving 
mechanisms and physical boundary conditions (Short and Brander 1999). 
Bathymetric features are likely the dominant controlling mechanism once rip 
currents are formed. Therefore, observation and bathymetric data may be 
valuable sources for specifying locations. Numerical circulation models may also 
provide guidance on where rips may form. 

The generation and persistence of rip currents depends on several factors. 
First, in the case of shore-perpendicular structures, rip formation is governed by 
the direction of the longshore current. The structure redirects the feeding 
longshore current offshore. In the absence of structures, the generation of rip 
currents is influenced in large part to the angle of wave approach. For waves 
approaching the shoreline at a large angle, rip currents will typically not develop 
or be weak. Waves approaching perpendicular to or at small angles promote the 
generation of rips. Rip persistence is also strongly influenced by bathymetry. 
Aagaard, Greenwood, and Nielsen (1997) found that the development of rip 
flows depends on wave dissipation in the rip neck, which is suggested by the 
ratio of significant wave height to water depth, γs. This concept is consistent with 
the underlying indication of research that rip flows are sensitive to the degree of 
morphological expression at the rip channel. The determination of critical values 
of wave angle approach and/or γs for rip current development may provide a 
mechanism for defining rip persistence. 

Rip channel size is primarily determined by wave energy conditions. Brander 
(1999a) developed a model of rip channel evolution under decreasing energy 
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conditions. The model is analogous to the Wright and Short (1984) model of 
beach states. Under decreasing energy conditions, the rip system evolution was 
characterized by a narrowing and deepening of the channel, a gradual reduction 
of Ar. The reduced energy levels allow onshore transport of sediments that 
contribute to the constriction of the rip channel. Brander (1999a) also developed 
a function relating Ar to average rip current velocities. The function is a 
quantitative assessment of the morphodynamic coadjustment between 
morphology and flow velocity. An average size of a rip may be identifiable from 
bathymetric data or aerial photography. 

Rip current velocities appear to be determined by incident wave heights and 
modulated by tidal level. Several investigators have correlated rip current 
velocity with increasing wave height (Shepard, Emery, and LaFond 1941; 
McKenzie 1958; Harris 1961; Cook 1970; Sonu 1972; Ranasinghe et al. 2000). 
Some of these researchers (Sonu 1972; Ranasinghe et al. 2000) and others 
(Brander 1999a; Aagaard, Greenwood, and Nielsen 1997) have also recognized 
the influence of the tidal cycle. Brander (1999a) relates velocity to the cross-
sectional area of the rip channel. Aagaard Greenwood, and Nielsen (1997) were 
able to predict velocities for normally incident waves by means of a simple 
model based on onshore discharge of water by breaking waves. Using this 
method and assuming depth-limited breaking, it may be possible to estimate 
changes in rip flow velocity with changes in tide level. The estimation of rip 
velocities may also be obtained from field measurements or physical and 
numerical circulation model results. 

Potential offshore transport of rip currents 

Sediment transport in rip currents is determined by a combination of several 
processes that change in time and space. Despite the complexities and given the 
current state of knowledge, a simple approach similar to Equation C10 may be 
appropriate for estimating transport in cases where sufficient data are available. 
Equation C10 requires a cross-sectional area of flow, a rip current velocity, and 
sediment concentration in the rip channel and gives and estimate of potential 
transport for a single rip current. The formulation is complicated by the fact that 
the velocity and sediment concentration of rip flow are tidally modulated. 
Estimates of the number of rips and persistence (also tidally modulated) are 
required to obtain an offshore transport estimate for an entire system. 

Sediment removed from littoral system 

The portion of rip transport actually removed from the littoral zone 
determines the response of the shoreline. Sand removal from the active nearshore 
zone can occur as an “overshooting” of sediment by strong rips, as described by 
Dolan et al. (1987). Sediment can also be removed by rip transport that carries 
sediment out past a jetty that is then carried by the longshore current into an inlet. 
Dolan et al. (1987) estimated an “overshooting” rate of 15 percent at Oceanside, 
CA. Such an estimate would need to be made based on all available data for a 
specific site. For the case of transport around a jetty, one possible method would 
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be to determine the percent removed based on the direction of longshore 
transport when a rip current is present. 
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Appendix D 
Field Data Collection1 

 This appendix provides background information to supplement material 
presented in Chapter 4 of Volume I of this report.   

 

Introduction 
 This appendix provides background information on the field data collection 
in and around the entrance to Grays Harbor between 2001 and 2002 as part of the 
Study of North Jetty Performance and Entrance Navigation Channel 
Maintenance, Grays Harbor, Washington.  Pacific International (PI) Engineering, 
PLLC conducted field measurements, data processing, and analysis for the U.S. 
Army Engineer Research and Development Center, Coastal Hydraulics 
Laboratory (CHL) under its Broad Agency Announcement contract DACW42-
01-C-0002.  An overview of the data collection program is followed by 
descriptions of the data collection methods and equipment, deployment methods, 
data recovery, data processing and quality checks, and time-series plots of the 
measured parameters.  Further information on the platform design, instrument 
configuration and deployment methods can be found in Osborne, Hericks, and 
Kraus (2002a).   

 High-quality field measurements are an integral part of the design process for 
new and existing coastal engineering projects.  A key to success in modeling is a 
field measurement program to obtain as much information as possible about 
forcing (input) parameters and, especially, model output parameters.  Calibration 
and verification data assist in reducing uncertainty of model output so that final 
results become useful, quantitative approximations (Kamphuis 2000).  Carefully 
collected, high-resolution field measurements yield valuable insights to aid in the 
interpretation of processes active in a project area.   

 One of the major challenges in the northeastern Pacific Ocean is to obtain 
field measurements when large breaking waves and strong currents are present 
most of the time, particularly in the surf zone and in close proximity to coastal 
structures such as jetties and breakwaters.  Conventional methods such as 
SCUBA diver assistance or over-the-side vessel deployments are not feasible in 
such environments in terms of safety, economics, and logistics.  Alternative 

                                                           
1 Written by Philip D. Osborne and David B. Hericks, Pacific International Engineering, PLLC, 
Edmonds, Washington.   
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approaches including the use of helicopters (e.g., McGehee and Mayers 2000) 
and innovative intertidal deployment techniques have been adopted.   

 The measurement program had two objectives, the first being to investigate 
coastal processes associated with waves, currents, and sediment transport in the 
proposed project area.  The approach was to obtain detailed field measurements 
from the proposed project area suitable for estimating sand transport rates in the 
surf zone and near a submerged jetty.  The analysis of these measurements 
provides information needed to test hypotheses concerning mechanisms for 
southward sediment bypassing of the north jetty and on the relative importance 
of cross-shore and longshore sediment transport on Ocean Shores Beach.  The 
second objective of the measurements was to provide information to verify wave, 
current, and transport numerical models, thereby advancing their value as design 
tools to aid in the optimization of project performance.   

 

Overview 
 Data collection included deployment of (a) SonTek Hydra arrays to measure 
waves, currents, and suspended sediment concentrations (SSC) in the intertidal 
surf zone on north beach, and (b) tripod-mounted SonTek Acoustic Doppler 
Profiler (ADP) and Hydra systems to measure waves, currents, and SSC in 
deeper water.  Description of the methods of deployment may also be found in 
Osborne et al. (2002b).   

 Seven tripods equipped with ADP/Hydra systems were deployed near the 
inlet entrance from September to November 1999 at approximately the same time 
as five tripods deployed by the U.S. Geological Survey (USGS) on the ebb shoal 
to the north and south of the inlet as part of its nearshore processes study in 1999.  
These data have been described previously by Hericks and Simpson (2000) and 
analyzed by Osborne, Hericks, and Kraus (2002a).  Further analysis of the USGS 
data set has been presented by Sherwood et al. (2001).   

 In winter and spring 2001, four Hydra systems were deployed and recovered 
multiple times near the mean lower low water (mllw) shoreline along north beach 
north of the north jetty.  The systems are referred to hereafter as Surf and Inter-
tidal Dynamics Sensor Platforms (SIDSEP).  At the same time, two ADP/Hydra 
systems referred to hereafter as High-Energy Sub-Tidal Tripods (HESTT) were 
deployed and recovered by an HH-60J helicopter in deeper water.  In spring 
2002, three additional HESTT (sta OS 7, OS 8, OS 9 as described in Chapter 4 
of Volume I) were deployed by helicopter along North Beach and two Hydra 
platforms were deployed by research vessel inside the entrance to Grays Harbor 
at Damon Point (sta DP 1, DP 2).  Figure D1 indicates the approximate 
deployment locations for the SIDSEP (sta OS 1, OS 2, OS 3, OS 4), HESTT 
(sta OS 5, OS 6, OS 7, OS 8, OS 9) and Damon Point platforms (sta DP 1, DP 2).  
Table D1 indicates deployment/retrieval dates and time, location, and elevations.   

 The SIDSEP were located at elevations from +0.3 to -0.3 m (+1 to -1 ft) 
mllw and from 80 to 140 m (262 to 460 ft) offshore of the mhhw contour (+9.4 ft 
mllw).  The position of sta OS 3 was shifted north in the spring deployment to 
bring it in line with the USGS’ Middle instrument transect).  Station OS 5 was 
located north of the submerged portion of the jetty approximately 610 m 
(2,000 ft) offshore of the mhhw line at a bottom elevation of -5.5 m (-18 ft) mllw.  
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Station OS 6 was located approximately 1,040 m (3,412 ft) offshore of the mhhw 
line at a bottom elevation of -9.1 m (-30 ft) mllw.  In 2002, sta OS 7, OS 8 and 
OS 9 were deployed parallel to shore, north of sta OS 5 and approximately 305 m 
(1,000 ft) offshore of the mhhw line and at approximately -3.6 m (-11 ft) mllw.  
Stations DP 1 and DP 2 were deployed inside the entrance to Grays Harbor along 
the western shore of Damon Point, at approximately -2.1 m (-7 ft) mllw.   

 

 
Figure D1.  Instrument deployment locations 
 
 In 2001, several ADP transects together with grab samples of SSC and 
bottom sediment were obtained near the north jetty; ADP transects were also 
obtained from the outer and inner inlet in September 2001.  Concurrent with the 
spring 2001 deployment, the USGS deployed six tripod systems on the Grays 
Harbor ebb shoal to the north and south of the inlet (sta ND, NS, MD, MS, SD, 
SS; Figure D1).   

 PI Engineering processed the data with SonTek and in-house software.  
Initial quality checks of the data from the first deployment of SIDSEP 
(6-9 February 2001) indicated that a portion of the velocity data from the Hydra’s 
ADV Ocean current meters was compromised by velocity ambiguities.  The most 
likely cause of these errors appeared to be a low velocity range setting of 
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200 cm/sec, but, more importantly, movement of the sensor head during impact 
by breaking waves.  Therefore, two SIDSEP were redeployed at approximately 
the same locations as sta OS1 and OS2 on 13 March and recovered on 14 March 
to test these hypotheses.  The velocity range was set to 500 cm/sec, and a tension 
strap was added to stabilize the sensor head.  Data quality checks indicate that 
most of the data from the redeployment were of satisfactory quality for 
verification information for modeling.  Further analysis determined that a large 
number of the velocity ambiguities in the first data set could be replaced with 
results of linear interpolation between accepted data points without introducing 
significant bias to the data set.  Generally, a high percentage of good-quality 
HESTT data were recovered for each deployment.   
 

Table D1 
Tripod Deployment and Retrieval Locations 

Position 
Station 
ID 

Deployment 
Date Latitude1 Longitude1 Easting2 Northing2 

Time 
UTC Elevation3 

Retrieval 
Date 

OS 1 2/6/01 
3/13/01 
5/6/01 

N 46 55.6849 
N 46 55.6849 
N 46 55.6849 

W 124 10.5397 
W 124 10.5397 
W 124 10.5397 

E 722403.99184
E 722403.99184
E 722403.99148

N 602949.19666 
N 602949.19666 
N 602949.19666 

000 +0.99 
+4.92 
+0.33 

2/9/01 
3/14/01 
5/11/01 

OS 2 2/6/01 
3/13/01 
5/6/01 

N 46 55.8448 
N 46 55.8448 
N 46 55.8448 

W 124 10.5378 
W 124 10.5378 
W 124 10.5378 

E 722457.17047
E 722457.17047
E 722457.17047

N 603919.70895 
N 603919.70895 
N 603919.7089 

000 +0.27 
+3.94 
-0.98 

2/9/01 
3/14/01 
5/11/01 

OS 3 2/6/01 
5/6/01 

N 46 56.1246 
N 46 56.7117 

W 124 10.5789 
W 124 10.5967 

E 722365.46084
E 722457.71219

N 605626.57237 
N 609194.78814 

000 +0.82 
+0.66 

2/9/01 
5/11/01 

OS 4 2/6/01 
5/6/01 

N 46 57.2974 
N 46 57.2974 

W 124 10.6108 
W 124 10.6108 

E 722564.97698
E 722654.97698

N 612753.79472 
N 612753.79472 

000 -0.96 
+0.33 

2/9/01 
5/11/01 

OS 5 5/4/01 N 46 55.6333 W 124 10.9500 E 720682.69016 N 602715.55556 1800 -19.04 5/30/01 

OS 6 5/4/01 N 46 55.5667 W 124 11.2500 E 719415.89071 N 602369.51831 1800 -30.94 5/30/01 

OS 7 4/4/02 N 46 55.7167 W 124 10.7667 E 605806.71654 N 737173.92930 1900   

OS 8 4/4/02 N 46 55.8167 W 124 10.7667 E 604400.25224 N 738281.01147 1900 -11 5/28/02 

OS 9 4/4/02 N 46 56.0167 W 124 10.8000 E 603186.33412 N 721468.78628 1900 -11 5/28/02 

DP 1 3/29/02 N 46 56.2668 W 124 7.0279 E 603793.51327 N 721497.13051 1900 -7 5/2/02 

DP 2 3/29/02 N 46 56.0440 W 124 06.7468 E 605014.33728 N 721415.32018 1900 -7 5/2/02 
1 Format is D dd mm.mmmm, where D = N, S, E, or W; ddd = 1 to 3 digits, degrees; mm.mmmm = two digits and four decimal places, 
minutes.   
2 Referred to North American Datum of 1983 – Washington South 4,602 (in feet).   
3 In feet referred to mean lower low water (mllw).   

 

 

Data collection methods and equipment 
 Surf and Intertidal Dynamics Sensor Platform (SIDSEP).  SIDSEP were 
designed to allow for deployment of the instruments on the intertidal zone of a 
high-energy beach and to position the instruments above the beach surface to 
minimize sediment disturbance by the frame and sensors.  Each pod contains a 
SonTek Hydra configured with a high-resolution pressure sensor, Acoustic 
Doppler Velocimeter Ocean (ADVO) and two optical back-scatterance sensors 
(sta OBS 3) (Figure D2).  The combined velocity measured near the beach 
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surface by the ADVO and suspended sediment measurements by the sta OBS 3 
enable the calculation of suspended sediment flux.  The combined measurements 
of the ADVO and pressure sensor enable the calculation of directional wave 
information.  The sampling method for all instruments is shown in Table D2.   

 Each SIDSEP frame is constructed of marine grade aluminum and has six 
25-pound lead weights attached to the inside of the frame.  The total frame 
weight, with instruments, is approximately 200 pounds when submerged.  The 
SIDSEP are approximately 7 ft long, 2 ft wide, and 1 ft high (Figure D3).   
 

 

 

Figure D2.  SIDSEP instrument configuration and nominal dimensions 
 

 

 All equipment were tested, assembled, and transported from Seattle; only 
minor assembly was required on the beach at Ocean Shores.  Figure D2 
illustrates the position of instruments comprising the SIDSEP.  After all 
instruments are attached to the SIDSEP, a function check of all equipment was 
conducted.  The ADVO sensor, which houses the Hydra compass, was aligned 
horizontally.  The compass and tilt sensors were positioned within the sensor 
head to provide correct heading, pitch, and roll data.   

 High-Energy Sub-Tidal Tripods (HESTT).  The HESTT were designed to 
be deployed and retrieved by helicopter from the high-energy wave environment 
at the seaward end of the north jetty.  Each of the tripods is constructed of marine 
grade aluminum and has eighteen 50-pound lead weights attached to the frame.  
The total frame weight, with instruments, is approximately 1,200 pounds when 
submerged.  Wooden pallets were placed on the base of the tripod legs and 
attached with lag bolts (Figure D4); the pallets prevent the tripods from sinking 
in to the sea bed and were designed to break free from the legs during tripod 
recovery.   

 Instrument packages on the HESTT consisted of an ADP configured to 
operate at 1,500 kHz for recording nondirectional wave data, water level, and 
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current speed and direction through the water column in 0.5-m bins.  The tripods 
also contained a SonTek Hydra configured with a high-resolution pressure 
sensor, ADVO, and two OBS-3 sensors.  Each tripod also supported two 
sediment traps for capturing suspended sediment.   

 

 

Table D2 
Data Sampling Method 

 

Equip. Data Type 
Recorded 
Data 

Start 
Recording 

Record 
Interval 
(min) 

Record 
Duration 
(min) 

Sample 
Frequency 
(Hz) 

Samples 
Recorded/
Burst 

Hydra 
(OS 1-4) 

Directional 
wave burst 

Orbital 
velocity & 
pressure 
burst 

Every  
40 min 

40 34.14 4 8,192 

W
in

te
r D

ep
lo

ym
en

t 

Hydra 
(OS 1-4) 

OBS 
suspended 
sediment 
concentra-
tion 

Counts Every  
40 min 

40 34.14 4 8,192 

Hydra 
(OS 1-4) 

Directional 
wave burst 

Velocity & 
pressure 

Every  
20 min 

20 17.067 4 4,096 

S
pr

in
g 

D
ep

lo
ym

en
t 

Hydra 
(OS 1-4) 

OBS 
suspended 
sediment 
concentrati
on 

Counts Every  
20 min 

20 17.067 4 4,096 

Hydra 
(OS 5-6) 

Directional 
wave burst 

Velocity & 
pressure 

Every 
30 min 

30 17.067 4 4,096 

Hydra 
(OS 5-6) 

OBS 
suspended 
sediment 
concentrati
on 

Counts Every  
30 min 

30 17.067 4 4,096 

ADP 
(OS 5-6) 

Current 
velocity 
profiles 

Velocity Every  
6 min 

6 3 1,500 kHz  

S
pr

in
g 

D
ep

lo
ym

en
t 

ADP 
(OS 5-6) 

Depth, 
waves 

Pressure Every  
60 min 

60 17.067 4 4,096 

Hydra 
(OS 8-9 
DP 1-2) 

Directional 
wave burst 

Orbital 
velocity & 
pressure 
burst 

Every  
60 min 

60 17.067 4 4,096 

Hydra 
(OS 8-9 
DP 1-2) 

OBS 
suspended 
sediment 
concentrati
on 

Counts Every  
60 min 

60 17.067 4 4,096 

ADP 
(OS 8-9) 

Current 
velocity 
profiles 

Velocity Every  
6 min 

6 3 1,500 kHz  

S
pr

in
g 

D
ep

lo
ym

en
t 2

00
2 

ADP 
(OS 8-9) 

Depth, 
waves 

Pressure Every 
 60 min 

60 17.067 4 4,096 
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Figure D3. SIDSEP 3-D configuration showing instrument position relative to 

data logger power supply housing and lead ballast 
 
 

 
Figure D4.  HESTT instrument configuration and nominal dimensions 
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Deployment Method 
 SIDSEP.  The SIDSEP were transported to the beach by pickup truck and 
placed near the mllw shoreline with a hand-pushed, four-wheeled cart.  A 4-ft by 
2-ft by 1-ft hole was dug at the station by hand.  The SIDSEP was placed in the 
hole, and then the hole was back-filled with sand removed in digging the hole to 
restore beach contours (Figure D5).  Two 1.5-in.-diam aluminum pipes were 
driven 3 to 4 ft vertically into the beach and attached to the upright instrument 
supports for added stability.   

 The SIDSEP were deployed during low tide, and recovered at low tide 3 days 
later.  Personnel remained in the vicinity of the study site to periodically observe 
the equipment; the instruments were checked at each low tide to ensure that they 
were positioned correctly and were not in danger of being lost or buried.  A 
bright orange flag with a 5-ft fiberglass shaft was mounted on the aluminum pipe 
to increase visibility of the pods and to inform surfers and swimmers of their 
presence while submerged.   

 A differential GPS receiver mounted on the top of the hand-pushed cart was 
used to accurately position the SIDSEP at predetermined locations.  When on 
station, the SIDSEP was lowered into the excavated hole using the winch system 
installed on the cart.   

 HESTT.  The HESTT were partially assembled and transported to Ocean 
Shores airport by box truck for final assembly and deployment by helicopter.  
The method and hardware for deploying and recovering the tripods essentially 
follows that outlined by McGehee and Mayers (2000) with a few minor 
modifications and improvements for use of a Sikorsky HH-60J “Jayhawk” 
helicopter (Figures D6 and D7).   

 Assistance was requested from the U.S. Coast Guard (USCG) Air Station 
Astoria because personnel there had familiarity with the deployment site and 
prior experience with instrument deployments on the Oregon Coast (e.g., Pollock 
1995).  Advantages of the HH-60J are its capability to remain airborne for 
durations up to 7 hr, a 6,000-lb lift capacity, a cargo hook and rescue hoist, and a 
Rockwell-Collins HFCS-8000 automated flight management system that 
integrates all of the helicopter's communications and navigation equipment.  The 
pilot can program the autopilot to fly to a predetermined location automatically, 
freeing the pilot and co-pilot to assist in visual observation of the deployment 
operation.  In addition, this system can automatically bring the HH-60J to a hover 
at an altitude of 50 ft above a specified location.  This feature is especially useful 
in rough weather for locating and relocating deployed instruments.   
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Figure D5. SIDSEP installation on Ocean Shores Beach
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Figure D6. Principal components of helicopter tripod  

deployment/recovery system 
 
 
 The principal components of the deployment/recovery system consist of the 
instrument tripod, a mooring line, an 11-in.-diam trawl float with 7 pounds 
buoyancy, a 50-ft -buoyant recovery line with an 11-in.-diam trailing trawl float, 
a grapnel, the helicopter winch and line, a reach pennant and a load limiter 
system (Figure D7).  During deployment the buoyant recovery line was attached 
directly to the cargo hook on the HH-60J and flown to the deployment site.  The 
assembly was then lowered until slack appeared in the buoyant line, indicating 
the tripod was in position on the sea bottom.  The pilot then released the buoyant 
line from the cargo hook.  During recovery, the floating line was approached 
perpendicularly with the grappling hook just below the water surface.  
Continuing forward and upward the floating line was picked up by the grappling 
hook, the trailing buoy providing a stop if required.  The buoyant line was then 
lifted to the helicopter using the helicopter’s winch system (Figure D6), load 
limiters and a reach pennant were attached to the end of the buoyant line  
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Figure D7. HH-60J helicopter (USCG Air Station Astoria) retrieving buoyant 

line and trailing float from surface with a grapnel at sta OS 5 
(30 May 2001) 

 

and the free end placed manually on the cargo hook by means of the reach 
pennant.  At that point the load was lifted and returned to base at Ocean Shores 
airport.  The load limiter system was designed as a safety measure to prevent 
dynamic or static loads from exceeding the design strength (4,000 pounds) of the 
mooring assembly.  This was the case for jetty tripod sta OS 7, which had been 
deeply buried by sediment.  Upon recovery attempt, the load limiters parted.  A 
diver reconnaissance confirmed that sta OS 7 was buried in more than 4 ft of 
sediment.  The instrument pods were deployed and recovered at high tide near 
slack to avoid any unnecessary drag on the moorings during deployment and 
recovery.   

 ADP current transects.  Currents were measured along transects from a 
moving vessel to characterize the spatial variation in circulation around the north 
jetty and inside the harbor entrance during a flood tide in May and September 
2001.  Approximately 1,500-m-long transects were run parallel to the jetty on the 
north and south sides, and perpendicular to the jetty, covering the north portion 
of the inlet and area of the submerged portion of the jetty in May 2001 
(Figure D8). Currents were measured along three sets of transect loops (A, B, C) 
in the inlet during 2 days of measurements in September 2001.  Loop A ran 
perpendicular to the north and south jetties, out to midchannel near Damon Point 
and back to its origin to complete a large triangle transect.  Loop B shared the 
same origin of Loop A near the south jetty and traversed a smaller triangle, inset 
of Loop A.  Loop C continued further into Grays Harbor, near the Westport 
Marina and inside of Damon Point (Figure D9).   
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Figure D8.  ADP transects May 2001 
 
 
 Current and depth data were collected on two separate data acquisition 
systems, each with simultaneous position and time input from a single DGPS 
receiver.  At the north jetty, one series of four transects, consisting of two 
perpendicular and two parallel transects, was typically collected in an hour.  
Four series of transects were collected over a 5-hr period from approximately 
half way through the flood until the beginning of the ebb.  In the inlet, transect 
loops A and B together and loop C required approximately 2 hr for each 
circumnavigation.  Transects were collected over a 14-hr period from low tide to 
low tide on 2 consecutive days.  Each current profile is divided into 0.5-m cells, 
beginning 1 m below the surface to 0.5 m above the bottom.  Current profiles 
were collected once every 5 sec, corresponding to approximately 8- to 10-m 
horizontal distance.   
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Figure D9.  ADP transects September 2001 
 
 
Water samples 
 Two near-bottom water samples were collected in the vicinity of the two 
tripod stations on 12 May at 0.5-m elevation above bottom.  The samples were 
analyzed for Total Suspended Solids (TSS) to document sediment concentration 
in the water column during a flood tide.   

 

Calibration of optical backscatter sensors 
 All OBS-3 sensors deployed with Hydra systems were calibrated for 
suspended sediment concentration.  OBS signals are recorded by the Hydra 
system in “counts” ranging from 100 to 65,000, which must be converted to the 
desired units during post-processing.  Calibrations were performed in a turbidity 
chamber following the specifications recommended by the manufacturer.  
Instrument gains were set prior to deployment using tap water (minimum) and 
800 nephelometric turbidity units (ntu) Formazin standard solution (maximum).  
OBS deployed on the SIDSEP were calibrated over a range of 0 to 32 g/L at four 
concentrations (2 g/L, 8 g/L, 16 g/L and 32 g/L) with sand collected from north 
beach near mllw.  OBS deployed on the jetty tripods were calibrated over a range 
of 0 to 24 g/L range at five concentrations (2 g/L, 4 g/L, 8 g/L, 16 g/L and 
24 g/L) with sediment from the grab sample obtained near sta OS 6.   

 OBS calibration data (number of points = 1028 at 4 Hz) were extracted from 
the Hydra files and average, standard deviation, minimum, maximum and 
coefficient of variation were computed and the series plotted for a visual quality 
check.  Coefficient of variation was typically 10 percent and not more than 15 
percent for acceptable calibration results.  Second-order polynomial curves fit to 
the calibration data yielded high correlations (average R2 = 0.9991). Calibration 
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coefficients are summarized in Table D3.  In processing the measured time 
series, the calibration formula was applied to each “instantaneous” sample of 
sensor “counts” to convert OBS data to suspended sediment concentration in 
grams per liter.   
 

Data Recovery 
 Data recovered from all instrumentation deployed on the SIDSEP and 
HESTT are summarized in Table D4.  Table D4 shows the deployments and 
recovery times for the deployments as well as the total amount of recorded and 
processed data.  Pressure data loss occurred as a result of instrument emergence 
at low tide.  Velocity data loss occurred as a result of sensor motion and 
instrument emergence at low tide.  HESTT sta OS 7 was not recovered.   
 
 

Table D3 
OBS Calibration Results (2001/2002) 

Calibration Coefficients for 0-24 g/L Range 

Deployment  
Station 
No. 

Serial 
No. 

Elevation Above 
Bed (m) A B C R2 

3 OS 5 1408 0.25 2.426949E-09 3.077946E-04 -4.565425E-01 9.939048E-01

1, 2, 3 OS 1 1407 0.15 3.551526E-09 5.334601E-04 -3.856765E-01 9.997643E-01

3 OS 6 1405 0.25 2.697483E-09 2.031709E-04 -5.407930E-02 9.998382E-01

1, 2, 3 OS 1 1404 0.35 4.036252E-09 5.126042E-04 -3.682450E-01 9.992964E-01

1, 3 OS 2 1403 0.35 3.988815E-09 5.295308E-04 -2.384312E-01 9.999436E-01

1, 3 OS 2 1402 0.15 1.529892E-09 6.022695E-04 -4.643728E-01 9.997717E-01

1, 3 OS 3 1401 0.15 1.999875E-09 5.789079E-04 -5.981259E-01 9.990675E-01

1, 3 OS 3 1400 0.35 3.300025E-09 5.162753E-04 -3.977704E-01 9.994902E-01

1, 3 OS 4 1399 0.15 3.760698E-09 5.007529E-04 -4.960281E-01 9.996216E-01

1, 3 OS 4 1398 0.35 3.159039E-09 5.422607E-04 -6.163681E-01 9.995151E-01

2 OS 2 1399 0.15 3.760698E-09 5.007529E-04 -4.960281E-01 9.996216E-01

2 OS 2 1398 0.35 3.159039E-09 5.422607E-04 -6.163681E-01 9.995151E-01

3 OS 6 1397 0.45 2.873761E-09 2.006019E-04 -6.002029E-02 9.998503E-01

3 OS 5 1396 0.45 5.281074E-09 2.373572E-04 -3.549462E-03 9.989898E-01

1 (2002) OS 8 1396 0.45 3.0378E-09 1.3080E-04 7.2474E-02 9.9696E-01 

1 (2002) OS 8 1409 0.30 2.0852E-09 1.4803E-04 3.5401E-02 9.9831E-01 

1 (2002) OS 9 1398 0.45 3.1242E-09 1.2599E-04 7.7119E-02 9.9914E-01 

1 (2002) OS 9 1399 0.30 3.2116E-09 1.2123E-04 6.4162E-02 9.9842E-01 

1 (2002) DP 1 1403 0.35 -3.0908E-10 4.1389E-04 -7.6709E-01 9.8815E-01 

1 (2002) DP 1 1406 0.50 -1.4420E-10 3.9452E-04 -7.1883E-01 9.8955E-01 

1 (2002) DP 1 1402 0.35 4.2812E-10 3.5737E-04 -5.5125E-01 9.9422E-01 

1 (2002) DP 2 1404 0.50 1.9600E-10 3.7711E-04 -5.4821E-01 9.9404E-01 

Calibration Formula:  y = Ax2 + Bx + C.   
Where y is suspended sediment concentration in g/L, x is OBS sensor “counts”, and A, B, and C are calibration 
coefficients.   
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Table D4 
Data Recovery  

Deployment 1 (2/6/01 to 2/9/01) 

Hydra Data Recovery sta OS 1 sta OS 2 sta OS 3 sta OS 4 

Station/File Name OS1D1001.ADR OS2D1001.ADR OS3D1001.AD
R OS4D1001.ADR 

Original File Size (bytes) 26977863 26977863 26977863 26977863 

Number of Recorded bursts 
(8192 samples/burst) 

113 113 113 113 

Time of first Recorded burst 2/6/01 - 0000 2/6/01 - 0000 2/6/01 0000 2/6/01 0000 

Time of last Recorded burst 2/9/01 - 0000 2/9/01 - 0000 2/9/01 0000 2/9/01 0000 

Number of Processed Bursts 113 113 113 113 

Number of Usable Bursts 
(Pressure) 62 80 69 80 

Number of Usable Bursts 
(Velocity) 24 20 29 51 

Percent Data Recovery 
(Pressure/Velocity) 

55.9%  
21.2% 

70.8% 
17.7% 

61.1% 
25.7% 

70.8% 
45.1% 

Deployment 2 (3/13/01 to 3/14/01) 

Hydra Data Recovery sta OS 1 sta OS 2   

Station/File name OS1D2001.ADR OS2D2001.ADR   

Original file size (bytes) 8775717 8942913   

Number of recorded bursts 
(8192 samples/burst) 

36 37 
  

Time of first recorded burst 3/13/01 - 1800 3/13/01 - 1800   

Time of last recorded burst 3/14/01 - 1720 3/14/01 - 1800   

Number of processed bursts 36 37   

Number of usable bursts 
(Pressure) 

11 11   

Number of usable bursts 
(Velocity) 

11 11   

Percent data recovery 
(Pressure/Velocity) 

30% 30%   

Deployment 3 (5/6/01 to 5/11/01) 

Hydra Data Recovery sta OS 1 sta OS 2 sta OS 3 sta OS 4 

Station/File name OS1D3001.ADR OS2D3001.ADR OS3D3001.ADR OS4D3001.ADR

Original file size (bytes) 44937837 44982267 45026115 45056719 

Number of recorded bursts 
(8192 samples/burst) 

378 378 378 379 

Time of first recorded burst 5/6/01 - 1300 5/6/01 - 1300 5/6/01 1300 5/6/01 1300 

Time of last recorded burst 5/11/01 - 1840 5/11/01 - 1840 5/11/01 1840 5/11/01 1900 

Number of processed bursts 378 378 378 379 

Number of usable bursts 
(pressure) 

246 239 244 268 

(Continued) 
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Table D4 (Concluded)  
Deployment 1 (2/6/01 to 2/9/01) 

Hydra Data Recovery sta OS 1 sta OS 2 sta OS 3 sta OS 4 

Percent data recovery 
(pressure/velocity) 65% 63% 65% 71% 

Station/File name S5VD1001.ADR S6VD2001.ADR S5PD1001.ADP S6PD1001.ADP 

Original file size (bytes) 149677637 149736101 10274928 10804438 
Number of recorded bursts 
(8192 samples/burst) 1259 1259 6298 6299 

Time of first recorded burst 5/4/01 - 1800 5/4/01 - 1800 5/4/01 1800 5/4/01 1800 

Time of last recorded burst 5/30/01 - 2300 5/30/01 - 2300 5/30/01 2342 5/30/01 2348 

Number of processed bursts  1259 1259 6298 6299 
Number of usable bursts 
(pressure) 1250 1246 6251 6228 

Number of usable bursts 
(velocity) 1238 704 6251 6238 

Percent data recovery 
(pressure/velocity) (99%/98%) (99%/56%) 99% 99% 

Spring Deployment 2002 

Hydra Data Recovery sta OS 8 sta OS 9 sta DP 1 sta DP 2 

Station/File name OS8V1001.ADR OS9V1001.ADR DP1V1001.ADR DP2V1001.ADR 

Original file size (bytes) 173017659 173017659 97483681 97483681 

Number of recorded bursts 1455 1455 820 820 

Time of first recorded burst 3/28/02 - 1900 3/28/02 - 19l00 3/29/02 1900 3/29/02 1900 

Time of last recorded burst 5/28/02/ - 0900 5/28/02 - 0900 5/2/02 2200 5/2/02 2200 

Number of processed bursts 1455 1455 820 820 
Number of usable bursts 
(pressure) 1454 1454 770 769 

Number of usable burst 
(velocity) 695 1294 665 770 

Percent data recovery 
(pressure) 99% 99% 94% 94% 

Percent data recovery 
(velocity) 48% 81% 94% 94% 

ADP Data Recovery sta OS 8 sta OS 9   

Station/File name OS8P1001.ADP OS9P1001ADP   

Original file size (bytes) 22065487 19562366   

Number of recorded bursts 14719 13050   

Time of first recorded burst 3/28/02 - 1900 3/28/02 - 1900   

Time of last recorded burst 5/28/02 - 0224 5/28/02 - 0354   

Number of processed bursts 14719 11829   
Number of usable bursts 
(pressure) 14713 11829   

Number of usable burst 
(velocity) 14713 11829   

Percent data recovery 
(pressure) 99% 91%   

Percent data recovery 
(velocity) 99% 91%   
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Data Processing and Quality Checks 
 A preliminary visual data quality check was performed on raw Hydra data 
from both the beach pods and jetty tripods using Sontek ViewHydra software.  
Data were extracted from raw data files (*.adr) using SonTek Hydra extraction 
software and written to ASCII time series (*.ts), header (*.hdr) and control (*.ctl) 
files.  All remaining processing and post-processing was accomplished using in-
house PI Engineering software.   

 Processing and quality checking of extracted time series files consisted of the 
following steps:   

a. Plotting header file parameters (*.HDR):  Heading, pitch, and roll angles, 
mean temperature, and mean pressure, and bed position (if relevant) were 
plotted as time series as a step in the data quality check process to 
identify periods when instruments may have shifted position or been 
subject to burial or fouling.   

b. Calibration and conversion of time series:  A Matlab routine 
(preprocadvhts_v5.m) and associated subroutines processed the extracted 
time series files and produced corrected and calibrated ASCII time series 
files (*.tsc).  The routine accomplished the following:   

(1) Horizontal components (E, N) of ADVO velocities were corrected 
from magnetic north to true north direction using the magnetic 
declination for the location and time of deployment.   

(2) Pressure measurements were converted to static water depth above 
the ADV using mean barometric pressure and water density 
(calculated from temperature and estimated salinity) during the 
deployment period (p2h.m).  Measured water temperature and 
estimated salinity were converted to water density using the 
International Equation of State of Seawater 1980 (IES80) (Folonoff 
and Millard 1983).  Bursts were eliminated from post-processing 
analyses that were above the water surface through comparing the 
height of the bin with the water depth mean.   

(3) Static water depths were converted to water-surface elevation series 
suitable for wave height and period calculation by correcting for 
pressure attenuation as a function of depth and wave frequency 
(p2eta.m).  Corrections were carried out in the frequency domain and 
converted to the time domain for output.  The attenuation correction 
factor is based on the linear wave theory dispersion relation and the 
maximum frequency cutoff is based on that reported by Earle, 
McGehee, and Tubman (1995) and is dependent on the water depth.   

(4) Optical backscatterance sensor (OBS) counts were converted to 
suspended sediment concentration using laboratory calibration 
coefficients (obscal-os.txt).  OBS on the SIDSEP were calibrated in a 
turbidity tank with bed sediment from the deployment site prior to 
the deployment.  OBS on the HESTT were post-calibrated using 
sediment from a grab sample collected near sta OS 6.  Data were 
inspected for evidence of bio-fouling and sensor burial.  Bio-fouling 
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and the approach to burial are indicated in the SSC signal by rising 
background or change in the sensor offset.  Complete burial is 
indicated by a significant change in sensor offset.  Subjective 
estimates of when bio-fouling or burial became significant and 
affected data were discarded from analysis.   

(5) Processed time series data were output to *.tsc files identical in 
format to the extracted *.ts format.   

(6) Burst-averaged summary statistics files (*.sts) were generated by 
taking the mean and variance of the processed data for each 2048-
point burst.   

c. Matlab routine plotbursts_*.m was used to plot time series to conduct 
final QC on data, remove spikes and velocity ambiguities, calculate and 
plot autospectra, cross-spectra, and to calculate a correlation score on 
velocity data.  The correlation score expresses the percentage of the 
record in which velocity correlations are above a threshold.  In this case, 
a threshold of 70 percent was the a basis for selecting useful velocity 
data.   

 Data post-processing was performed on the velocity (E, N, U) data to remove 
poor quality or erroneous data.  Poor quality data is typically a result of 
environmental conditions, which cause poor acoustic signal return and low signal 
correlation.  Instrument motion problems can also cause velocity ambiguities that 
are out of range.  Time series plots of the measured burst-averaged parameters 
subjected to post-processing are provided in Figures D10 to D108.   

 Current transect data were initially processed with ADP manufacturer's 
software to correct for vessel movement using ADP bottom track or DGPS-
derived vessel velocity.  Data quality filtering was performed to remove velocity 
measurements with low signal-to-noise ratios.  The resultant speed and direction 
data were horizontally smoothed using a 5- or 7-point Gaussian filter (profile 
averaging) and vertically smoothed using a 3-point Gaussian filter (cell 
averaging).  This filtering helps to minimize some of the uncorrected high-
frequency velocity error resulting from vessel heave, pitch, roll and rapid turning.  
Depths measured simultaneously with current data were corrected using a water-
surface elevation time series to produce bottom elevations referenced to datum.  
Spikes in depth data and noise in the digital depth data were cross-referenced to 
paper echosounder records and erroneous data were either smoothed or deleted.   

 Current profile speed and direction were merged with bottom elevation data 
to produce cross-sectional plots of speed and direction relative to distance along 
the planned transect line.  Plots of cross-sectional ADP transect data are shown in 
Figures D39 to D100.   

 Vertical speed profiles were depth-averaged from 1 m below the water 
surface to 0.5 m above bottom.  Current direction was first multiplied by the 
current speed and then averaged to obtain a speed-weighted depth-averaged 
current direction.  Depth-averaged speed and direction vectors were then scaled 
and plotted as plan-view vectors overlaid on a chart of the study area (Examples 
are shown in Figures D8 and D9).   
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Data Quality 
 The quality of the data obtained at the four stations was verified by plotting 
pressure and velocity data of the individual bursts using the SonTek ViewHydra 
software.  Header files (*.HDR) produced by the SonTek ADV software during 
initial raw data processing contain burst statistics for evaluating: mean heading, 
pitch and roll angles, mean temperature, and mean pressure.  Recorded heading 
and pitch and roll angles were inspected to determine if there were significant 
changes in pod orientation and tilt.   

 ADV data were screened using SonTek ViewHYDRA software.  All stations 
encountered periods when the signal quality was below acceptable levels or when 
velocities exceeded the velocity range settings.  That conclusion was made from 
observing the ADV receiver correlations while employing filter options.  Sensor 
movement, or intermittent or continuous emergence of the sensor near low tide is 
inferred to cause poor data quality.  In post-processing usable velocity data, 
velocity ambiguities including spikes greater than ±2 m/sec were removed by 
iterative linear interpolation between adjacent good data points.   

 Following recovery it was noted that the Druck pressure sensor for sta OS 3 
was drained of silicone fluid and partially filled with sand.  This probably caused 
an air bubble in the outer pressure sensor area that biased the readings at this 
location.   

 ADP transect data were viewed, pre-processed, and filtered using SonTek 
ViewADP software.  The quality of the ADP data is good, with some obvious 
inconsistencies in current speed over short periods.  These inconsistencies in 
current velocity are indicative of the dynamic environment and the motion of the 
ADP instrument during data collection.  The instances of visually incongruent 
data correlate with high standard deviations in the velocity data, which are likely 
the result of vessel motion that are not compensated for by the instrument, 
external sensors, and software.  The use of the smoothing tools in the post-
processing software is helpful in overcoming the occasional poor quality 
recorded data.  A signal-to-noise ratio filter (>15-20 dB) was also used to remove 
data with poor acoustic quality.  The few instances where this filter did remove 
data were in slightly deeper water (10-15m), farther from the shoreline where 
there may be less particulate matter to reflect the acoustic signal back to the 
instrument.  Very little of the ADP transect data was discarded because of poor 
quality.   
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Figures D10 to D13 
 This section contains plots of time series of significant wave height, peak 
period and direction measured at Grays Harbor CDIP buoy (3601) during 
instrument deployments (February, March, and May 2001 and March, April, and 
May 2002).   
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Figure D10.  SIDSEP Deployment 1, 6-9 February 2001 
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Figure D11.  SIDSEP Deployment 2, 13-15 March 2001 
 



Appendix D   Field Data Collection D23 

0

90

180

270

360

3/25/02 0:00 4/6/02 0:00 4/18/02 0:00 4/30/02 0:00 5/12/02 0:00 5/24/02 0:00

D
ir,

 T

Damon Point Deployments 
DP1, DP2

Grays Harbor CDIP Buoy

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

3/25/02 0:00 4/6/02 0:00 4/18/02 0:00 4/30/02 0:00 5/12/02 0:00 5/24/02 0:00

H
m

o,
m

0

5

10

15

20

25

3/25/02 0:00 4/6/02 0:00 4/18/02 0:00 4/30/02 0:00 5/12/02 0:00 5/24/02 0:00

Tp
, s

0

90

180

270

360

3/25/02 0:00 4/6/02 0:00 4/18/02 0:00 4/30/02 0:00 5/12/02 0:00 5/24/02 0:00

D
ir,

 T

Damon Point Deployments 
DP1, DP2

 
 

Figure D12.  HESTT deployment, 25 March - 30 May 2002 
 



D24  Appendix D     Field Data Collection 

Grays Harbor CDIP Buoy 

0
1
2
3
4
5
6

5/4/01 5/9/01 5/14/01 5/19/01 5/24/01 5/29/01

Hs
 (m

)

0

5

10

15

20

5/4/01 5/9/01 5/14/01 5/19/01 5/24/01 5/29/01

Tp
 (s

ec
)

0
50

100
150
200
250
300
350

5/4/01 5/9/01 5/14/01 5/19/01 5/24/01 5/29/01

α
 (d

eg
)

 SIDSEP Deployment 3

 
 

Figure D13.  HESTT deployment, 4-30 May 2001 
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Figures D14 to D38 
 This section contains plots of time series of significant wave height, peak 
period, wave direction, easting and northing velocity, and suspended sediment 
concentration from sta OS 1-6, 2001 and OS 8-9, DP 1-2, 2002.   
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Figure D14. SIDSEP wave height measurements, Deployment 1, 6-9 February 

2001 
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Figure D15. SIDSEP significant period measurements, Deployment 1, 
6-9 February 2001 
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Figure D16.  SIDSEP velocity measurements, Deployment 1, 6-9 February 2001 
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Figure D17. SIDSEP wave direction measurements, Deployment 1, 
6-9 February 2001 
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Figure D18.  SIDSEP SSC measurements, Deployment 1, 6-9 February 2001 
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Figure D19.  SIDSEP SSC measurements, Deployment 1, 6-9 February 2001 
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Figure D20. SIDSEP (sta OS 1, OS 2) wave height, period, and sensor height 
measurements, Deployment 2, 13-14 March 2001 
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Figure D21. SIDSEP (sta OS 1, OS 2) SSC measurements, Deployment 2, 
14-15 March 2001 
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Figure D22. SIDSEP wave height measurements, Deployment 3, 
6-12 May 2001 
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Figure D23. HESTT wave height measurements, Deployment 3, 
1-30 May 2001 
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Figure D24. SIDSEP peak period measurements, Deployment 3, 6-12 May 
2001 
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Figure D25.  HESTT peak period measurements, Deployment 3, 1-30 May 2001 
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Figure D26.  SIDSEP velocity measurements, Deployment 3, 6-12 May 2001 
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Figure D27.  HESTT velocity measurements, Deployment 3, 1-30 May 2001 
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Figure D28. SIDSEP wave direction measurements, Deployment 3, 6-12 May 

2001 
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Figure D29. HESTT wave direction measurements, Deployment 3, 1-30 May 

2001 
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Figure D30.  SIDSEP SSC measurements, Deployment 3, 6-12 May 2001 
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Figure D31.  SIDSEP SSC measurements, Deployment 3, 6-12 May 2001 
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Figure D32.  HESTT SSC measurements, Deployment 3, 1-30 May 2001 
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Figure D33. HESTT (sta OS 8) deployment measurements, 29 March to 

30 May 2002 
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Figure D34. HESTT (sta OS 9) deployment measurements, 29 March to 
30 May 2002 
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Figure D35. Hydra platform (sta DP 1) deployment measurements, 29 March to 

2 May 2002 
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Figure D36. Hydra platform (sta DP 2) deployment measurements, 29 March to 
2 May 2002 
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Figure D37. HESTT (sta OS 8) ADP deployment measurements, 29 March to 
30 May 2002 
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Figure D38. HESTT (sta OS 9) ADP deployment measurements, 29 March to 
30 May 2002 
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Figures D39 to D100 
 
ADP Current Transect Data 
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Figure D39. Current speed and direction at ADP Transect 1 at 2126 (upper) 

and Transect 2 at 2143 (lower) on 12 May 2001 
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Figure D40. Current speed and direction at ADP Transect 3 at 2158 (upper) 

and Transect 4 at 2118 (lower) on 12 May 2001 
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Figure D41. Current speed and direction at ADP Transect 5 at 2237 (upper) 

and Transect 6 at 2254 (lower) on 12 May 2001 
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Figure D42. Current speed and direction at ADP Transect 7 at 2312 (upper) 
and Transect 8 at 2329 (lower) on 12 May 2001 
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Figure D43. Current speed and direction at ADP Transect 9 at 0015 (upper) 
and Transect 10 at 0034 (lower) on 13 May 2001 
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Figure D44. Current speed and direction at ADP Transect 11 at 0050 (upper) 
on 12 May 2001 and Transect 12 at 0058 (lower) on 13 May 2001 
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Figure D45. Current speed and direction at ADP Transect 13 at 0111 (upper) 
and Transect 14 at 0128 (lower) on 13 May 2001 
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Figure D46. Current speed and direction at ADP Transect 15 at 0140 (upper) 
and Transect 16 at 0153 (lower) on 13 May 2001 
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Figure D47. Current speed and direction at ADP Transect 17 at 0203 on 
13 May 2001 
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Figure D48. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A1 from 1542 to 1607 (upper) and 1830 to 1857 
(lower) on 18 September 2001 



 

Appendix D     Field Data Collection D61 

 
 

 
 

Figure D49. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A1 from 2036 to 2059 (upper) and 2230 to 2251 
(lower) on 18 September 2001 
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Figure D50. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A2 from 1608 to 1633 (upper) and 1904 to 1929 
(lower) on 18 September 2001 
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Figure D51. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A2 from 2104 to 2129 (upper) and 2253 to 2336 
(lower) on 18 September 2001 
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Figure D52. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A3 from 1510 to 1540 (upper) and 1704 to 1739 
(lower) on 18 September 2001 
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Figure D53. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A3 from 1930 to 1959 (upper) and 2131 to 2154 
(lower) on 18 September 2001 
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Figure D54. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A3 from 2341 to 2346 (upper) and Transect B1 from 
1747 to 1754 (lower) on 18 September 2001 
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Figure D55. Current speed, direction, and depth-averaged current vectors at 
ADP Transect B1 from 2003 to 2010 (upper) and 2156 to 2202 
(lower) on 18 September 2001 
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Figure D56. Current speed, direction, and depth-averaged current vectors at 
ADP Transect B2 from 1757 to 1807 (upper) and 2011 to 2020 
(lower) on 18 September 2001 
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Figure D57. Current speed, direction, and depth-averaged current vectors at 
ADP Transect B2 from 2204 to 2215 (upper) and Transect B3 from 
1813 to 1828 (lower) on 18 September 2001 
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Figure D58. Current speed, direction, and depth-averaged current vectors at 
ADP Transect B3 from 2021 to 2033 (upper) and 2216 to 2227 
(lower) on 18 September 2001 
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Figure D59. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C1 from 0001 to 0022 (upper) and 1639 to 1657 
(lower) on 18 September 2001 
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Figure D60. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C1 from 1822 to 1839 (upper) and 2002 to 2020 
(lower) on 18 September 2001 
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Figure D61. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C1 from 2151 to 2211 (upper) and 2323 to 2353 
(lower) on 18 September 2001 
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Figure D62. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C2 from 1704 to 1721 (upper) and 1851 to 1907 
(lower) on 18 September 2001 
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Figure D63. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C2 from 2023 to 2041 (upper) and 2354 to 0012 
(lower) on 18 September 2001 
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Figure D64. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C1 from 1822 to 1839 (upper) and Transect C3 from 
2244 to 2300 (lower) on 18 September 2001 
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Figure D65. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C4 from 1752 to 1813 (upper) and Transect C4 from 
2113 to 2131 (lower) on 18 September 2001 
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Figure D66. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C4 from 2306 to 2316 (upper) and Transect C5 from 
1814 to 1820 (lower) on 18 September 2001 
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Figure D67. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C5 from 1955 to 2001 (upper) and 2131 to 2138 
(lower) on 18 September 2001 
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Figure D68. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A1 from 0055 to 0115 (upper) and 1522 to 1542 
(lower) on 19 September 2001 
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Figure D69. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A1 from 1719 to 1744 (upper) and 1927 to 1956 
(lower) on 19 September 2001 
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Figure D70. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A1 from 2134 to 2201 (upper) and 2343 to 0009 
(lower) on 19 September 2001 
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Figure D71. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A2 from 1740 to 151 (upper) and 1544 to 1610 
(lower) on 19 September 2001 
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Figure D72. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A2 from 1746 to 1818 (upper) and Transect A3 from 
1958 to 2028 (lower) on 19 September 2001 

 



 

Appendix D     Field Data Collection D85 

 
 

 
 

Figure D73. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A2 from 2205 to 2241 (upper) and Transect A3 
0000 to 0022 (lower) on 19 September 2001 
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Figure D74. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A3 from 1423 to 1449 (upper) and 1612 to 1639 
(lower) on 19 September 2001 
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Figure D75. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A3 from 1821 to 1855 (upper) and 2032 to 2102 
(lower) on 19 September 2001 
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Figure D76. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A3 from 2120 to 2131 (upper) and 2244 to 2310 
(lower) on 19 September 2001 
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Figure D77. Current speed, direction, and depth-averaged current vectors at 
ADP Transect B1 from 0027 to 0033 (upper) and 1451 to 1459 
(lower) on 19 September 2001 

 



D90  Appendix D     Field Data Collection 

 
 

 
 

Figure D78. Current speed, direction, and depth-averaged current vectors at 
ADP Transect B1 from 1647 to 1653 (upper) and 1859 to 1906 
(lower) on 19 September 2001 
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Figure D79. Current speed, direction, and depth-averaged current vectors at 
ADP Transect B1 from 2106 to 2113 (upper) and 2312 to 2319 
(lower) on 19 September 2001 
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Figure D80. Current speed, direction, and depth-averaged current vectors at 
ADP Transect B2 from 0033 to 0045 (upper) and 1501 to 1511 
(lower) on 19 September 2001 
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Figure D81. Current speed, direction, and depth-averaged current vectors at 
ADP Transect B2 from 1654 to 1701 (upper) and 1906 to 1913 
(lower) on 19 September 2001 
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Figure D82. Current speed, direction, and depth-averaged current vectors at 
ADP Transect B2 from 2113 to 2120 (upper) and 2319 to 2331 
(lower) on 19 September 2001 
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Figure D83. Current speed, direction, and depth-averaged current vectors at 
ADP Transect B3 from 0046 to 0054 (upper) and 1512 to 1521 
(lower) on 19 September 2001 
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Figure D84. Current speed, direction, and depth-averaged current vectors at 
ADP Transect B3 from 1702 to 1715 (upper) and 1914 to 1926 
(lower) on 19 September 2001 
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Figure D85. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C3 from 2332 to 2341 (upper) and Transect C1 from 
1352 to 1429 (lower) on 19 September 2001 
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Figure D86. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C1 from 1551 to 1612 (upper) and 1723 to 1740 
(lower) on 19 September 2001 
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Figure D87. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C1 from 1857 to 1914 (upper) and 2038 to 2056 
(lower) on 19 September 2001 
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Figure D88. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C1 from 2212 to 2236 (upper) and 2355 to 0043 
(lower) on 19 September 2001 
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Figure D89. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C2 from 1615 to 1632 (upper) and 1746 to 1802 
(lower) on 19 September 2001 
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Figure D90. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C2 from 1921 to 1935 (upper) and 2059 to 2117 
(lower) on 19 September 2001 
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Figure D91. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C3 from 0029 to 0036 (upper) and 1510 to 1526 
(lower) on 19 September 2001 
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Figure D92. Current speed, direction, and depth averaged current vectors at 
ADP Transect C3 from 1639 to 1656 (upper) and 1944 to 2005 
(lower) on 19 September 2001 
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Figure D93. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C4 from 1700 to 1715 (upper) and 0037 to 0045 
(lower) on 19 September 2001 
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Figure D94. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C5 from 0045 to 0052 (upper) and 1715 to 1721 
(lower) on 19 September 2001 
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Figure D95. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C5 from 1849 to 1855 (upper) and 2204 to 2210 
(lower) on 19 September 2001 
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Figure D96. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A1 from 0120 to 0144 (upper) and Transect A2 
0011 to 0053 (lower) on 20 September 2001 
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Figure D97. Current speed, direction, and depth-averaged current vectors at 
ADP Transect A2 from 0011 to 0053 (upper) and 0145 to 0225 
(lower) on 20 September 2001 
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Figure D98. Current speed, direction, and depth-averaged current vectors at 

ADP Transect A3 from 0055 to 0117 (upper) and 0227 to 0250 
(lower) on 20 September 2001 
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Figure D99. Current speed, direction, and depth-averaged current vectors at 

ADP Transect C2 from 0046 to 0114 (upper) and Transect C3 from 
0115 to 0135 on 20 September 2001 
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Figure D100. Current speed, direction, and depth-averaged current vectors at 
ADP Transect C4 from 0145 to 0156 on 20 September 2001 
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Figures D101 to D108 
 ADV ocean data quality parameters- heading, pitch and roll, and average signal 
correlation.   
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Figure D101. SIDSEP data quality parameters, Deployment 1, 2-9 February 

2001 
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Figure D102. SIDSEP data quality parameters, Deployment 1, 2-9 February 

2001 
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Figure D103. SIDSEP data quality parameters, Deployment 2, 14-15 March 

2001 
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Figure D104.  SIDSEP data quality parameters, Deployment 3, 6-12 May 2001 
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Figure D105.  SIDSEP data quality parameters, Deployment 3, 6-12 May 2001 
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Figure D106.  HESTT data quality parameters, Deployment 3, 4-30 May 2001 
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Figure D107. HESTT (sta OS 8 and OS 9) data quality parameters, 29 March – 

30 May 2002 
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Figure D108. Hydra platforms (DP-1, DP-2) data quality parameters, 
29 March - 5 May 2002 
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