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Abstract: The U.S. Army Engineer District, Alaska (CEPOA) has a num-
ber of ongoing and potential projects along the western coast of Alaska. At
the request of CEPOA, the U.S. Army Engineer Research and Development
Center, Coastal and Hydraulics Laboratory (ERDC/CHL) provided techni-
cal assistance in assessing storm-generated regional water levels and cur-
rents at selected sites. The purpose of this study was to develop frequency-
of-occurrence relationships of storm-generated water levels for 17 selected
communities along Kotzebue and Norton Sounds, the Bering Sea, and
Bristol Bay.
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Preface

The U.S. Army Engineer District, Alaska (CEPOA) has a number of
ongoing and potential projects located along the western coast of Alaska.
At the request of CEPOA, the U.S. Army Engineer Research and Develop-
ment Center, Coastal and Hydraulics Laboratory (ERDC/CHL) provided
technical assistance in assessing storm-generated regional water levels and
currents at selected sites. The purpose of this study was to develop fre-
guency-of-occurrence relationships of storm-generated water levels for 17
selected communities along Kotzebue and Norton Sounds, the Bering Sea,
and Bristol Bay.

This study was conducted for the CEPOA. Ms. Mary T. Azelton
served as the senior coastal engineer; Mr. Kenneth J. Eisses provided di-
rect supervision as well as provided technical support and review for this
study. Mr. David Williams served as the study program manager. Re-
search and development activities for this study were conducted at the
U.S. Army Engineer Research and Development Center (ERDC), Coastal
and Hydraulics Laboratory (CHL), Vicksburg, MS. Drs. Raymond S.
Chapman and Sung-Chan Kim, Coastal Processes Branch (HF-C), and Mr.
David J. Mark, Estuarine Engineering Branch (HF-EL) performed the
study.

This investigation was performed under the direct supervision of
Mr. Ty Wamsley, Chief, HF-C, and Dr. Robert McAdory, Chief, HF-E.
General supervision was provided by Mr. Bruce A. Ebersole, Chief, Flood
and Storm Protection Division. In addition, Dr. William D. Martin served
as Director, CHL, and Dr. Rose M. Kress served as acting Deputy Director.
COL Gary E. Johnston was Commander and Executive Director of ERDC,
and Dr. James R. Houston was Director.
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Unit Conversion Factors

Multiply By To Obtain

Feet 0.3048 meters

knots 0.5144444 meters per second
miles (nautical) 1,852 meters

miles (U.S. statute) 1,609.347 meters

miles per hour 0.44704 meters per second
furlongs per fortnight 0.0001663 meters per second
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Introduction

The U.S. Army Engineer District, Alaska (CEPOA) has a number of
ongoing and potential projects located along the western coast of Alaska.
At the request of CEPOA, the U.S. Army Engineer Research and Develop-
ment Center, Coastal and Hydraulics Laboratory (ERDC/CHL) provided
technical assistance in assessing storm-generated regional water levels and
currents at selected sites. The purpose of this study was to develop fre-
guency-of-occurrence relationships of storm-generated water levels for 17
selected communities adjacent to Kotzebue and Norton Sounds, the Bering

Sea, and Bristol Bay (Figure 1-1 and Table 1-1).
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Figure 1-1 Study site
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Table 1-1 Site names

Station Site
1 Kivalina
2 Red Dog
3 Kotzebue
4 Shishmaref
5 Wales
6 Nome
7 Golovin
8 Shatoolik
9 Unalakleet
10 Saint Michael
11 Agcklarok
12 Hooper Bay
13 Toksook Bay
14 Mekoryuk
15 Kongiganak
16 Cape Newenham
17 Dillingham

To accomplish this, a preliminary assessment of Western Alaska

storm wind, pressure, ice, and surge data was made. The existing Western

Alaska ADCIRC grid (Chapman, et al. 2005) was refined and the bathym-
etry updated. Calibration and validation simulations were conducted to
demonstrate model accuracy. A total of 52 ADCIRC (Appendix B) storm
event simulations were performed and a data base of water levels verses
return period at each of the 17 sites was developed. A final draft report,
“Storm-Induced Water Level Prediction Study for the Western Coast of
Alaska” is available that provides the technical methodology, procedures,

and discussion.
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Data Analysis

Wise et al. (1981) discussed parameters that significantly influence
coastal storm surge in Alaska. Two major influences are atmospheric and
hydrographic effects. Atmospheric parameters include the occurrence of
extreme low atmospheric pressure, strong onshore winds, along-shore
winds when the shoreline is to the right of the storm track due to the
Elman effect, and wind fetch. In addition, the impact of sea ice cover on
storm surge was noted. Hydrographic parameters influencing the
formation of storm surge are a gently sloping seafloor near shore and
sufficient open sea to allow for a long fetch. Wise et al. also developed a
subjective forecast procedure for predicting surge height based on fetch
(direction and duration), ice cover, lowest pressure, and tidal range at a
specific location. In addition, a forecast procedure based on multiple
regression analyses for which variables include fetch length, fetch wind,
atmospheric pressure, atmospheric stability, and ice cover was presented.

This chapter presents a review and analysis of existing publications,
weather event records, tide gage records, and surface meteorological
conditions that identify storm surge characteristics of the western Alaska
coast. Surface meteorological conditions, which consisted of composite
wind, pressure and ice concentration fields provided by Oceanweather
(2006), were analyzed. These data consisted of continuous climatology
records from 1985 to 2004 and selected hindcast storms that occurred
during the 1954-1984 time period (Appendix A).

Records and Publications

Wise et al. (1981) identified 89 historical storm events from 1898 to
1980 in Alaska. The majority of the storms occurred along the western
Alaska coast from Kotzebue Sound to Bristol Bay. The most notable event
occurred on November 1974 during which nearly the entire western coast
of Alaska was affected. Mason et al. (1996) analyzed storm surge events in
the Bering Sea from 1898 to 1993 based on newspaper accounts. Among
the most notable events, the storms in 1974 and 1992 were identified. Blier
et al. (1997) applied the National Weather Service storm surge model for
Norton Sound to the October 1992 and August 1993 events. Denise 3
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Michels, Mayor, City of Nome, testified before the U.S. Senate Commerce
Subcommittee on Disaster Prevention and Prediction for the Western
Alaska Winter Storms, in which a chronology of information on the largest
storms taken from newspaper articles, publications, the Nome Flood
Insurance Study, and other technical documents was presented.
Significant storm events noted occurred in 1974, 1992, and 2004. Larsen
et al. (http://www.beringseastorm.carolinelarsen.com/) described the
October 2004 storm and compared the storm with three other events
including the 1974 storm.

The National Oceanic and Atmospheric Administration (NOAA) National
Climate Data Center (NCDC) has compiled surge and surf events in Alaska
(http://www4.ncdc.noaa.gov/cgi-win/wwecgi.dlI?wwevent~storms). Forty-
five ocean and lake surf events occurred in Alaska between January 1, 1950
and October 31, 2008; however, none of pre-1993 events were listed. The
October 2004 storm was ranked number 31.
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Figure 2-1. Tide gage locations.

The NOAA National Ocean Service (NOS) Center for Operational
Oceanographic Products and Services (CO-OPS) maintains tide gage data
for a number of sites in western Alaska (http://tidesandcurrents.noaa.gov/index.shtml).
Storm surge event water level values were extracted from the gage record
archive for these stations (Figure 2-1). Because of the limited record length
of the individual gages, there are very few instances where events were
recorded at more than one station prior to 2005.

The Nome gage in Norton Sound (NOAA gage 9468756) has the
longest record, October 1992 to the present, with a data gap between 1994
and 1997. Figure 2-2 shows the surge events identified as water levels
greater than 1 meter above mean seal level (MSL). Two events were
identified for the continuous meteorological field period of 1985 to 2004—
October 1992 and October 2004. NOS CO-OP lists the 2004 event as the
highest water level recorded and the 1992 event as the third highest (Table
2-2). The second highest water level was recorded on September 23, 2005.
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The tide gage at Red Dog Dock (NOAA gage 9491094) has been
operational since August 2003. NOS CO-OP lists the October 2004 event
as the second highest water level recorded. The highest water level was
recorded on December 26, 2004, and the third highest water level was
record on January 4, 2005. Tables 2-2 and 2-3 list the 10 highest water
levels recorded at Nome and Red Dog Dock, respectively. It should be
noted that the vertical datum for water levels listed is the local station

datum.

Surface Elevation above 1 m from Mean Sea Level, Nome, Alaska
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Figure 2-2. Surge events extracted from Nome tide gage.
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Table 2-2. Highest extreme water-level events recorded at Nome (source NOAA CO-OP).

Rank | Water level (m) Time
1 4.12 20041019 17:42
2 4.054 20050923 17:54
3 3.729 19921006 10:54
4 3.665 20041020 05:42
5 3.354 20060215 02:54
6 3.29 20041122 22:48
7 3.14 20010212 03:30
8 3.077 19980924 06:36
9 3.041 20050923 07:12
10 3.014 20070201 01:48

Table 2-3. Highest ten extreme water-level events recoded at Red Dog Dock

(source NOAA CO-OP).
Rank | Water level (m) Time
1 3.697 20041226 09:36
2 3.195 20041020 12:48
3 3.143 20050104 02:42
4 3.068 20080120 23:12
5 3.057 20050104 13:24
6 2.986 20041020 00:42
7 2.977 20050924 07:54
8 2.829 20041021 00:30
9 2.809 20061201 20:24
10 2.779 20060219 13:12
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Based on these analyses October 2004 was selected as the model
calibration storm event. The October 1992 storm event was selected for
model validation.

October 1992 Event

In testimony on March 1, 2006, at U.S. Senate Commerce Sub-
committee, Mayor Michels of Nome stated that “a storm in October 1992
severely damaged the revetment on the eastern edge of the seawall.” Ma-
son et al. (1996) listed the event as “winds average 29 mph (~ 13 m/s)
maximum to 59 mph (~ 26 m/s) from southeast. Winds 58 mph (~ 25
m/s) from southeast, flooding on spit, extensive damage to revetment east
of seawall and on Safety spit east of Nome.” Blier et al. (1997) provides a
detailed analysis of meteorological conditions associated with the October
1992 event and an application of the NWS storm surge model.

Figure 2-3 shows the water surface elevation relative to MSL re-
corded at Nome. The water level started rising on October 5 and peaked to
about 2.5 meters on October 6 around 1200 UTC (Coordinated Universal
Time). The water level then rapidly dropped and returned to normal as-
tronomical tide behavior within 2 days. During the event, a low pressure
system originated west of the Kamchatka Peninsula and moved rapidly
northeastward through the Chukchi Sea. Figure 2-4 shows the time varia-
tion of surface pressure and wind speed occurring at a number of locations
within and adjacent to Norton Sound. It is seen that the pressure dropped
to nearly 960 mb and wind strengthened to more than 18 m/s from the
passage of the system, which resulted in the storm surge event.
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Figure 2-3. Water level record (blue) and predicted tide (green) at Nome during October 1992
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Figure 2-4. Surface pressure and wind speed at selected locations around Norton Sound
during October 1992

October 2004 Event

During the Senate testimony, Mayor Michels stated that the “Octo-
ber 19th, 2004 Bering Sea storm caused significant damage and destruc-
tion to Western Alaska...recorded an hourly observation during the storm
at 55 mph (~ 24 m/s) and a peak tide of 10.5 feet (3.2 meters).The com-
munity of Shishmaref lost more land due to erosion. Kotzebue’s Front
Street was under water....The estimated cost of this disaster is
$12,460,469.” Larsen et al (http://www.bearingseastorm.carolinelarsen.com/) presents a
synoptic overview of the storm.

10
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Figure 2-5. Water levels at Nome and Red Dog Dock during October 2004

Figure 2-5 shows the water level at Nome (Norton Sound) and Red
Dog Dock (Kotzebue Sound). At Nome, the water level started rising from
around October 18, 2004 and peaked on October 19, 2004. It returned to
normal within 2 days of the peak. The rise and fall took about 3 days,
which is a similar behavior to that of the October 1992 event. At Red Dog
Dock, the peak occurred on October 20 and took approximately 3 days to
return to normal. Similar to the October 1992 event, the system (central
pressure ~ 950 mb) moved northeastward from the east coast of Russia to
the Arctic Sea. Figures 2-6 and 2-7 show the surface pressure and wind
speed at selected locations in Norton Sound and Kotzebue Sound, respec-
tively. A strong correlation between water levels and meteorological condi-
tions is apparent.

11
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Figure 2-7. Surface pressure and wind speed around Kotzebue Sound during October 2004.

Figures 2-8 and 2-9 show the relationship between water level and
surface wind at Nome and Red Dog Dock, respectively. Both show that the

12
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high water levels are associated with the wind from the south and a set-
down resulting from a northerly wind.

N-S Wind {m/s) -20 40 E-W Wind (m/s)

Figure 2-8. Relationship between water level () and surface wind at Nome during the tide
gage record period of 1992-2004. Red arrow denotes the wind from south and blue arrow
denotes the wind from north. Purple and green arrows denote winds from east and west,

respectively.

13
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o 20
N-S Wind (mis) -

- =20
-30 E-W Wind {mis)
Figure 2-9. Relationship between water level () and surface wind at Red Dog Dock during

2001-2004. Red arrow denotes the wind from south and blue arrow denotes the wind from
north. Purple and green arrows denote winds from east and west, respectively.

Selection of 1985-2004 Storm Events

To increase the number of storms simulated, an analysis was under-
taken to identify appropriated storm events that occurred during the 1985-
2004 Oceanweather climatology data gathering. For a typical event such
as October 2004, all the coastal locations exhibited similar behavior with
differing storm surge magnitudes and phase lags. This suggests that Nome
can serve as a reasonable proxy for most meteorological events occurring
within the study area.

Based on the analysis above, additional storm events were extracted
from the 1985—2004 continuous climatology data when the local winds at
Nome exceeded 15 m/s and prevailing direction was from the south. The
storm events were defined to have a 7-day duration centered about the
peak wind speed. These storm events are listed in Table 2-4.

14
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Selection of 1954-1984 Storm Events

A review of the storm events developed by Oceanweather (Appendix
A) revealed that a number of the storms: 1) did not result in a water level
setup in the study area; and 2) were of insufficient duration. As a conse-
guence, the far offshore and easterly events were eliminated from the
storm population, and the duration of the remaining events was length-
ened to 7 days when necessary. The duration of the short-duration storms
were lengthened by repeating the first 3-hour wind and pressure field
snapshots. The pre-1985 storms are also listed in Table 2-4.

Table 2-4. Simulated storm events.

Year Month Year Month
1954 October 1977 October 10
1955 July 1977 October 18
1957 July 1978 November 2
1960 September 1978 November 8
1960 October 1979 November
1961 June 1982 September
1962 August 1983 October
1962 September 1985 October
1963 August 1985 November
1963 October 1 1988 August
1963 October 6 1989 October
1964 October 1989 November
1965 September 1990 November
1965 November 1991 October
1966 November 1992 October
1968 September 1993 August
1970 November 1993 November
1972 September 1995 October
1972 October 1996 October
1973 July 1996 November
1973 October 1 1998 August

15
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Year Month Year Month
1973 October 15 1998 September
1974 October 2003 November
1974 November 2004 October
1975 August 2004 November
1976 October 2004 December

16
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3 Model Development

Background

This chapter describes the development, calibration, and imple-
mentation of the storm surge model for estimating the storm-induced
high-water levels used in the frequency-of-occurrence analysis. The
ADCIRC (Appendix B) long-wave hydrodynamic model was applied in this
analysis. This chapter is composed of four sections, with the first describ-
ing the model development, which includes developing the numerical grid.
The second section presents the methodology of including the effects of ice
in the model. Model calibration is discussed in the third section and
model production simulations in the fourth section.

Numerical Grid

The numerical grid used in this study is a modified version of the
one developed for the original Western Alaska Storm Surge Study (Chap-
man, et. al. 2005). Modifications made to the grid include repositioning
the grid boundaries for a better agreement with newly released nautical
charts, updating grid bathymetry, and increasing resolution in the vicinity
of the 17 sites.

The grid boundary along the United States shoreline was aligned
with the shorelines extracted from the Electronic Navigational Charts
(ENC) database developed by the U.S. National Oceanic and Atmospheric
Administration Office of Coast Survey. For areas outside the United
States, shoreline positions are aligned with the shorelines extracted from
the Digital Nautical Chart (DNC) database published by the U.S. National
Geo-spatial Intelligence Agency.

Updated bathymetry incorporated into the present grid was ob-
tained from a number of sources. Bathymetry contained in the DNC were
extracted and interpolated onto the grid for areas in international waters
and within Russia. Similarly, bathymetry contained in the ENC were ex-
tracted and interpolated onto the grid for areas within U.S. coastal waters.
However, the ENC did not contain soundings in the region around Hooper
Bay and outlying areas. In this region, the bathymetric data were obtained

from a database compiled and released by the U.S. Geological Survey,
17
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Alaska Science Center, Walrus Research Program. Additional bathymetry,
used in constructing the grid, was obtained from the CEPOA, which in-
cluded post-dredging surveys. The numerical grid is displayed in Figure 3-
1. Figures 3-2 and 3-3 provide examples of grid refinement within Norton
Sound.

Depth, m
1000

800
600

Figure 3-1. Numerical grid (Geographic projection).

18
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Depth, m
100

Figure 3-2. Original numerical grid of Norton Sound (UTM projection).
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Ice Concentration Correction

Wind stress drag coefficients traditionally specified in storm surge
studies use a wind-wave formulation, such as Garratt (1977), which fit an
average empirical equation through a broad range of wind speed meas-
urements. Itis generally accepted that for a neutrally stable atmospheric
boundary layer, the surface drag coefficient is well estimated by:

Con = (0.75 + 0.067 Uyo) 108 (3-1)

where U10 is the 10-meter-height resultant wind speed. However, much
research has shown that additional thermal and physical effects need con-
sideration in specifying accurate surface wind stress estimates.

A physical feature influencing surface wind stress in regions such as
the Bering, Chukchi and Beaufort Seas is the presence of sea ice as aero-
dynamic roughness elements. Macklin (1983) and Pease et al. (1983)
found that measurements of wind drag coefficients over first year sea ice
typically yielded values that were significantly larger and varied less with
wind speed than that predicted for open water. More recent work of Birn-
baum and Lupkes (2002) and Garbrecht et al. (2002) has formalized the
effect of ice form drag on the specification of wind drag coefficients within
marginal ice zones. From their work it can be shown that an average em-
pirical fit, to the range of field data, for the air-ice-water wind drag coeffi-
cient, Cpr, is:

Cor= [0.125+ 0.5 IC (1.0 —1C)] 10-2 (3-2)

where IC is the ice concentration varying from 0.0 for open water to 1.0 for
complete coverage. Inspection of the air-ice-water wind drag coefficient
formula shows that a maximum value of 0.0025 occurs with 50 percent ice
coverage. This value is very close to the Macklin (1983) measurement of
0.0028 for first-year ice. Furthermore, the drag coefficient is symmetrical
20
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about 50 percent ice coverage, suggesting that the drag coefficient needed
to represent 75 percent ice coverage is close to that of 25 percent ice cover-
age. This notion is supported by a number of Chukchi and Beaufort Sea
storm surge simulations (Henry and Heaps, 1976; Kowalik, 1984; and
Schafer, 1966) in which wind drag coefficients greater than or equal to
0.0025 were utilized. In applying the above air-ice-water surface drag
formulation, the value specified according to Equation 3-2 was used to
specify a lower limit to the Garratt formula. As an example, the ice-drag
coefficient distribution for October 1992 is presented in Figure 3-4.

g Coefficient
0.00235

1 0.00212

0.00189

0.00166

0.00143

—— 0.00120

0.00097

0.00074

0.00051

Figure 3-4. Ice-Drag Coefficient Distribution (Geographic projection).
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Model Calibration

Calibration and validation of the ADCIRC model was performed using wa-
ter-surface elevations measured by NOS-maintained gauges at Nome and
Red Dog. Satisfactory agreement between predicted and measured water
levels during significant wind events provides confidence that the model
can accurately replicate storm surges in the study area. As discussed in
Chapter 2, the October 2004 storm was selected as the model calibration
event and the October 1992 storm as the validation event.

The October 2004 calibration simulation (Figures 3-5 and 3-6) show good
agreement between the model-predicted water-surface elevations and ob-
served values at both Nome and Red Dog. The October 1992 predicted
and observed water surface elevations at Nome, shown in Figure 3-7, again
compare well. Finally, a validation comparison of a weaker storm event
that occurred in November 2003 is shown in Figure 3-8. It should be
noted that tidal forcing was not included in the model calibration and veri-
fication simulations.
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Figure 3-5. Comparison of observed and modeled water levels at Nome, AK; October 2004.
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Figure 3-7. Comparison of observed and modeled water levels at Nome, AK; October 1992.
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Figure 3-8. Comparison of observed and modeled water levels at Nome, AK; November
2003.

Storm Surge Production Simulations

Subsequent to model calibration and validation, the 52 storm-event
production simulations were performed. “One-Line” summaries of the top
ten surge elevations, in units of feet mean lower-low water (MLLW), for
each site were generated and are presented in Appendix C. An example of
the Nome “One Line” summaries, in units of meters mean tide level (mtl),
are presented in Table 3-1.
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Table 3-1. Nome One-Line summaries

Nome
Location:
Longitude: 165.4300°W
Latitude: 64.5000°N
Exposure: WSW

Top 10 surge events between 1954 and 2004

Starting |Maximum| Minimum | Maximum Wind
Date Water | Surface Speed | Direction

Level (m) | Pressure (m/s) From
1 10-Nov-74 2.86 969 21.36 S
2 15-Oct-04 2.49 974 19.91 ESE
3 1-Oct-60 2.47 973 21.58 SW
4 8-Nov-78 2.22 994 17.95 S
5 25-Oct-96 2.15 1000 16.21 SSE
6 6-Nov-85 2.02 990 16.67 S
7 14-Nov-66 1.93 994 23.59 SSE
8 1-Oct-55 1.92 969 18.38 SW
9 26-Nov-70 1.89 995 19.32 SE
10 12-Nov-96 1.81 1002 17.08 SSE
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4 Storm Event Simulations and Stage-
Frequency Analysis

The storms simulated in this analysis are presented in Table 2-4. All
storm-surge simulations were performed independently of tidal action,
eliminating the task of extracting surge levels from a time-series of com-
bined tide, atmospheric pressure, and surge-induced water-surface eleva-
tions.

The Empirical Simulation Technique (EST) was applied to generate
stage-frequency relationships (Scheffner and Borgman, 1996). A brief de-
scription of EST is presented in Appendix D. Input to the EST model con-
sisted of the predicted peak surge levels. Results of the EST analyses are
presented in Tables 4-1 through 4-17, which lists the stage-frequency dis-
tribution and standard deviation for return periods ranging between 5 and
100 years at each of the 17 stations.

Table 4-1. Stage-Frequency analysis for Kivalina, AK.

Return Period Surge Level Std. Deviation

(years) (m mtl) (m)

5 0.98 0.10

10 1.26 0.11

15 1.44 0.17

20 1.59 0.21

25 1.68 0.21

50 1.97 0.27

100 2.23 0.33
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Table 4-2. Stage-Frequency analysis for Red Dog, AK.

Return Period Surge Level Std. Deviation

(years) (m mtl) (m)

5 1.01 0.10

10 1.29 0.11

15 1.48 0.17

20 1.63 0.22

25 1.73 0.22

50 2.01 0.25

100 2.23 0.28

Table 4-3. Stage-Frequency analysis for Kotzebue, AK.

Return Period Surge Level Std. Deviation

(years) (m mtl) (m)

5 112 0.11

10 1.42 0.15

15 1.68 0.22

20 1.85 0.28

25 1.97 0.30

50 2.50 0.56

100 3.10 1.02

Table 4-4. Stage-Frequency analysis for Shishmaref, AK.

Return Period Surge Level Std. Deviation

(years) (m mtl) (m)

5 0.91 0.12

10 1.18 0.08

15 1.30 0.12

20 1.40 0.14

25 1.47 0.13

50 1.62 0.14

100 1.73 0.12
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Table 4-5. Stage-Frequency analysis for Wales, AK.

Return Period Surge Level Std. Deviation

(years) (m mtl) (m)

5 0.95 0.06

10 1.21 0.11

15 1.32 0.08

20 1.38 0.08

25 1.41 0.08

50 1.53 0.12

100 1.66 0.19

Table 4-6. Stage-Frequency analysis for Nome, AK.

Return Period Surge Level Std. Deviation

(years) (m mtl) (m)

5 1.53 0.14

10 1.92 0.14

15 2.15 0.18

20 2.31 0.23

25 241 0.23

50 2.71 0.30

100 2.97 0.38

Table 4-7. Stage-Frequency analysis for Golovin, AK.

Return Period Surge Level Std. Deviation

(years) (m mtl) (m)

5 1.83 0.23

10 2.44 0.26

15 2.72 0.21

20 2.86 0.30

25 2.99 0.37

50 3.68 0.82

100 4.46 1.03
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Table 4-8. Stage-Frequency analysis for Shaktoolik, AK.

Return Period Surge Level Std. Deviation

(years) (m mtl) (m)

5 1.76 0.24

10 2.65 0.30

15 3.00 0.28

20 3.23 0.37

25 3.43 0.47

50 4.24 0.89

100 5.12 1.04

Table 4-9. Stage-Frequency analysis for Unalakleet, AK.

Return Period Surge Level Std. Deviation
(years) (m mtl) (m)
5 1.65 0.24
10 2.58 0.30
15 3.92 0.30
20 3.20 0.40
25 3.39 0.42
50 4.02 0.59
100 4.58 0.65

Table 4-10. Stage-Frequency analysis for St. Michael, AK.

Return Period Surge Level Std. Deviation

(years) (m mtl) (m)

5 1.53 0.19

10 2.25 0.24

15 2.55 0.26

20 2.78 0.33

25 2.93 0.33

50 3.35 0.38

100 3.69 0.39
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Table 4-11. Stage-Frequency analysis for Agcklarok, AK.

Return Period Surge Level Std. Deviation

(years) (m mtl) (m)

5 1.46 0.15

10 2.05 0.21

15 2.27 0.17

20 2.39 0.21

25 2.52 0.29

50 3.07 0.56

100 3.69 0.68

Table 4-12. Stage-Frequency analysis for Hooper Bay, AK.

Return Period Surge Level Std. Deviation

(years) (m mtl) (m)

5 1.99 0.15

10 2.47 0.25

15 2.57 0.07

20 2.63 0.10

25 2.69 0.16

50 3.04 0.45

100 3.51 0.66

Table 4-13. Stage-Frequency analysis for Toksook Bay, AK.

Return Period Surge Level Std. Deviation

(years) (m mtl) (m)

5 1.92 0.16

10 2.45 0.21

15 2.71 0.21

20 2.86 0.25

25 2.98 0.23

50 3.30 0.30

100 3.57 0.36
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Table 4-14. Stage-Frequency analysis for Mekoryuk, AK.

Return Period Surge Level Std. Deviation

(years) (m mtl) (m)

5 1.03 0.07

10 1.30 0.09

15 1.40 0.08

20 1.47 0.12

25 1.55 0.17

50 1.84 0.33

100 217 0.41

Table 4-15. Stage-Frequency analysis for Kongiganak, AK.

Return Period Surge Level Std. Deviation

(years) (m mtl) (m)

5 1.74 0.16

10 2.43 0.32

15 2.84 0.37

20 3.12 0.42

25 3.30 0.39

50 3.79 0.41

100 4.7 0.39

Table 4-16. Stage-Frequency analysis for Cape Dillingham, AK.

Return Period Surge Level Std. Deviation

(years) (m mtl) (m)

5 1.55 0.14

10 2.13 0.34

15 2.57 0.37

20 2.80 0.39

25 2.97 0.42

50 3.67 0.79

100 4.15 0.98
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Table 4-17. Stage-Frequency analysis for Cape Newenham, AK.

Return Period Surge Level Std. Deviation

(years) (m mtl) (m)

5 0.91 0.07

10 1.16 0.18

15 1.41 0.26

20 1.65 0.38

25 1.82 0.41

50 2.43 0.57

100 2.97 0.62

The EST is based on the assumption that storm-induced water lev-
els consist of identically and independently distributed samples. The ex-
treme value statistics follow the Fisher-Tippet theorem (Fisher and Tippet,
1928). Extreme values are typically represented by one of three statistical
distributions, those being the Weibull, Gumbel, or Frechet distribution.
The Weibull and Gumbel distributions of the peak storm surge levels were
computed for the 17 stations as a “reality check” for the EST results. Com-
pared with the Gumbel approach, the Weibull distribution provided more
reasonable estimates for the 10-year and 50-year surge levels. (The 50-
year surge level is essentially the same as the greatest peak surge of all the
storms simulated, whereas the 10-year surge level is about the same as the
peak surge level measured by the NOS gauge, which is 1.91 meters.)

The EST and Weibull distribution provided relatively similar return peri-
ods. Furthermore, the stages for the Weibull distributions are generally
within one standard deviation of the EST stages for a particular return pe-
riod. An example comparison of the EST and Weibull estimates for Nome
are presented in Tables 4-6 and 4-18.
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Table 4-18. Weibull-based Stage-Frequency analysis for Nome, AK.

Return Period Surge Level
(years) (m mtl)
2 112
5 1.78
10 2.16
50 2.87
100 3.14

An alternative method of estimating return period is to rank the
events over a specific time period (in this study, 51 years between 1954 and
2004) where return period is calculated from

n +1
return m

T (4-1)

in which n is the number of years and m is the rank. Fig 4-1 presents a
comparison of the EST, Semi-Log, Gumbel and Weibull estimates of fre-
guency-of-occurrence of maximum water levels at Nome over the 51-year
analysis period. The EST (red) is bounded by 1 standard deviation. The
semi-log fit (green) and estimates using Weibull (blue) distribution and
Gumbel (magenta) distribution are bounded by 95 percent confidence in-
terval. The figure suggests that the log-linear fit as well as Weibull and
EST yield consistent and reasonable estimates of return period.
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Figure 4-1. Distribution of peak water levels measured at Nome.

A comparison of the EST, Gumbel, Weibull and Semi-Log distribution re-
turn periods and water levels (feet MLLW) at all 17 stations is presented

in Appendix E. In addition, a comparison plot of the 50-year water level
estimates for the 17 stations is presented.
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5 Data Archive

The model simulation output data from the 52 storm events was ar-
chived for post-processing. These data include water levels and currents
for entire model domains as well as input files for ADCIRC runs. Maxi-
mum water levels for entire model domains for each storm event are ar-
chived separately as a Matlab® binary file. An in-house Matlab data min-
ing utility was developed to use the archived maximum water levels. Given
a specified latitude (N) and longitude (W), the program searches for the
nearest model node and generates a time series plot of the maximum wa-
ter levels and estimated return period statistics. An example of a captured
screen image is shown in Figure 5-1. A preliminary development effort for
presenting data using Google Earth™ has been undertaken. Data presen-
tation in tabular (Figure 5-2) and graphical (Figure 5-3) formats is being
developed.
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Figure 5-1. Sample output from utility program
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Figure 5-3. Sample output from Google Earth screen shot to show animation of storm surge.
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6 Summary

Within the scope of this study, a data analysis has been performed
to achieve a greater understanding of the effect of wind forcing, atmos-
pheric pressure, and ice concentration on Western Alaska storm surge wa-
ter levels. As part of the ADCIRC modeling effort, grid refinements and
updated bathymetry were implemented. Calibration and validation simu-
lations were conducted to demonstrate model accuracy. The October 2004
and October 1992 storm surge events were selected for calibration and
verification, respectively. A total of 52 storm event simulations were per-
formed, and a data base of corresponding water levels for each of the 17
sites was developed. This data base was subsequently analyzed via an in-
ter-comparison of four statistical techniques to develop the frequency-of-
occurrence relationships of storm-generated water levels. The consistency
of the frequency-of-occurrence relationships amongst the four statistical
methods leads to a reasonable degree of confidence in the return intervals
and predicted water levels within and adjacent to Kotzebue Sound and
Norton Sound. This results from the fact that adequate model calibration
and verification with NOAA gauge data at Red Dog Dock and Nome were
available. NOAA gauges installed within and adjacent to Bristol Bay after
2004 can be used to calibrate and verify the model when wind, pressure,
and ice field input data from 2005 to the present becomes available. How-
ever, until that time, the results for up-estuary sites such as Dillingham
and Bethel should be used for reference only. Lastly, data mining tools
developed for in-house research have been delivered to the CEPOA.
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Appendix A: Wind, Pressure, and Ice
Concentration Fields for Alaska Long-Term
Climatology

Wind, Pressure and Ice Concentration Fields
For Alaska Long-Term Climatology

Work performed under purchase request number WC1JUW-6115-8975

Submitted to:
Robert Jensen
ERDC-Vicksburg

December 25, 2006

Oceanweather

5 River Road
Cos Cob, CT 06807
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The goal of this project was to develop a continuous period (1985-2004)
and selected storm hindcast (original Shell storms plus 15 new storms, see
Table 1) of winds, pressures, and ice concentration data for the Alaska re-
gion. Additionally, basin scale winds covering much of the North Pacific
were required for each of the time periods for wave model boundary con-
ditions. This work encapsulates several previous projects for Alaska and
provides data for all time periods (not just ice free months).

Wind fields within the Region scale (see below) were subject to the Inter-
active Objective Kinematic Analysis (IOKA) system where individual
storms/months were reviewed by an experienced marine meteorologist.
Storm periods received additional intensive analysis. Work was performed
under purchase request number WC1JUW-6115-8975

Regional Wind Fields

Grid: 50-74N, 155-203E 0.25-degree 3-hourly timestep. Winds on the re-
gional level were tapped from all previous ERDC Alaska projects, plus ad-
ditional analysis for the Jan-May period not previously reviewed was in-
cluded. Format: WIN (see below)

Regional Sea Level Pressures

Grid: 50-74N, 155-203E 0.25-degree 3-hourly timestep. Sea level pres-
sures were derived from the NCEP/NCAR reanalysis and spline interpo-
lated onto the target grid. No modifications made. Format: PRE (see be-
low).
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Regional Ice Concentrations

Grid: 50-74N, 155-203E 0.25-degree mean monthly. Data sources in-
cluded gridded ice concentration data from Walsh and Johnson (1953-
1978), GSFC (1979-2000) and DMSP (2001-2004). Data were gridded
onto the target resolution with sufficient buffer along land boundaries to
accommodate an expected regional wave model implementation. Note:
data from the Walsh and Johnson period is extremely coarse. All source
data obtained from the National Snow and Ice Data Center. Format is a
text file that gives the latitude (sLat) and longitude (sLong) and ice con-
centration (Ice %) in percentage from -1 (no data) to 100 (full ice). The
>=050% column give O=water, 1=ice’d for the 50% threshold.

Basin-Scale Winds

Grid: 10-75N, 110-280E 1.0-degree 6-hourly. Wind fields from the

NCEP/NCAR reanalysis were spline-interpolated onto the 1.0 degree grid

using the WISPAC QUIKSCAT derived regional corrections. However,
unlike the WISPAC Level 2 (NRAQ+) winds, tropical systems were not

overlaid. Winds in the domain of the Regional Grid were overlaid onto the

basin scale winds for consistency.
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Table B1. Storm List.

Reference No. Starting Date Ending Date Source
19541001 1954 10 01 00 1954 10 08 00 Shell
19550717 1955 07 17 06 1955 07 20 06 Shell
19550719 195507 19 12 1955 07 22 12 Shell
19551001 1955 10 01 00 1955 10 08 00 owl
19570715 1957 07 15 00 1957 07 18 00 Shell
19570912 1957 09 12 00 1957 09 15 00 Shell
19600925 1960 09 25 00 1960 09 28 12 Shell
19601001 1960 10 01 00 1960 10 08 00 owI
19610616 1961 06 16 18 1961 06 19 18 Shell
19620829 1962 08 29 00 1962 09 05 00 owI
19620903 1962 09 03 12 1962 09 05 18 Shell
19630821 1963 08 21 18 1963 08 24 00 Shell
19631001 1963 10 01 00 1963 10 09 00 Shell
19631006 1963 10 06 00 1963 10 13 00 owI
19641018 1964 10 18 00 1964 10 21 00 Shell
19641029 1964 10 29 00 1964 11 08 00 owI
19650905 1965 09 05 00 1965 09 08 00 Shell
19651112 1965 11 12 00 1965 11 19 00 owI
19661114 1966 11 14 00 1966 11 21 00 owl
19670915 1967 09 15 00 1967 09 22 00 Shell
19680921 1968 09 21 12 1968 09 23 12 Shell
19701126 1970 11 26 00 1970 12 03 00 owI
19720928 1972 09 28 00 1972 10 05 00 owl
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.
.

19721015 1972101500 1972 10 18 00 Shell
19730731 197307 3112 1973 08 03 12 Shell
19731001 1973 10 01 00 1973 10 08 00 owl
19731015 1973 10 15 00 19731017 12 Shell
19741005 19741005 12 19741008 12 Shell
19741022 1974 10 22 12 1974 10 25 12 Shell
19741110 1974 11 10 00 1974 11 18 00 owl
19750825 1975 08 25 12 1975 08 27 18 Shell
19761025 1976 10 25 00 1976 11 03 00 owl
19771010 1977 10 10 00 1977 10 13 00 Shell
19771018 19771018 12 1977 10 22 00 Shell
19781007 1978 10 07 00 1978 10 10 00 Shell
19781102 1978 11 02 00 1978 11 07 00 owl
19781108 1978 11 08 00 1978 11 15 00 owl
19791003 197910 03 12 1979 10 06 12 Shell
19791107 1979 11 07 00 19791114 00 owl
19791114 19791114 00 1979 11 28 00 owl
19800926 1980 09 26 12 1980 10 01 00 Shell
19820916 1982 09 16 00 1982 09 24 00 Shell
19831003 1983 10 03 00 19831012 12 Shell
19840928 1984 09 28 00 1984 10 04 00 Shell
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Oceanweather WIN and PRE File Formats

Winds and pressure data formats are similar. The header format is the
same,but in the wind file the header is followed by U then V components
whilein the pressure file the header is followed by just pressures.

The file begins with a header indicating the starting and ending dates and
isfollowed by a grid/date header for each time step and the u and v compo-
nentsof the wind in meters/second or pressures in millibars. Starting/Ending
datesare in YYYYMMDDHH format where:

YYYY Year
MM Month

DD DayHH
Hour
example win:

OWI WWS Wind Output Ucomp,Vcomp in m/s Start:1995060600 End:1995060600 iLat=
67iLong= 67DX= 1.250DY= .833SWLat= 22.500SWlon= -82.500Dt=199506060000

-1.16856 -1.06439 -.84875 -1.03460 -1.50047 -2.09462 -2.80243 -3.55863 -
4.24125 -4.84273 -5.59486 -5.37088 -5.30224 -5.12534 -4.89537 -4.67412
4.49203 -4.35772 -4.26612 -4.20260 -4.14746 -4.08396 -4.00686 -3.92213
3.83615 -3.74765 -3.65182 -3.54998 -3.45299 -3.37660 -3.32959 -3.28037 -
3.10631 -2.67723 -2.08363 -1.53773 -1.12623 -.83526 -.62870 -.47371

iLat is the number of parallelsilLong is the number of meridionsDX is the grid spacing in
degrees of longitudeDY is the grid spacing in degrees of latitudeSWLat is the latitude of
the South West corner SWlon is the longitude of the South West cornerDt is the date/time in
YYYYMMDDHHmm (same as master header date format but with mm Minutes as well)

The number of grid points is iLat*iLong, the u component of the winds in meters/second
isfollowed by the v component.

Sample fortran to read a win file (Ffirst time step only):

c Read in begining/ending dates of win filelO
format (t56,i110,t71,il0)read (20,10)
datel,date2

c Read Grid Specifications/Datell format
(t6,1i14,t16,i14,t23,f6.0,1t32,6.0,t44,¥8.0,t58,8.0,169,i10,i2)read (20,11)
iLat, ilLong, dx, dy, swlat, swlong, ICYMDH, iMin

c Read U/V Components of the

@2nd format (8f10.0)read (20,12)
(CQuu(i,j),i=1,ilong),j=1,ilat)read (20,12)
(Cvv(i,j),i=1,ilong),j=1,ilat)

Latitude Longitude for each point can be calculated as follows:
do 20 icnt = 1,ilLatslat(icnt) = SWlat +
(icnt - 1) * DY20 continue

do 30 jcnt = 1,iLongslon(jcnt) = SWlong +
(dcnt - 1) DX30 continue

*

Wind Speed/Meteorological Wind Directioncan be com-
puted from the u/v components as follows:

WS = sgrt(uu(iLong,iLat)**2 + vv(iLong,iLat)**2)WDIR =
mod(180.+atan2d(UU(iLong, iLat),VV(iLong,iLat)),360.)
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Appendix B:

ADCIRC Description
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This appendix describes the numerical formulation of the storm
surge used in simulating tropical and extra-tropical storms for estimating
peak water levels, together with the statistical model used for developing
the frequency-of-occurrence relationships based on these peak water lev-
els.

The ADCIRC numerical model was chosen for simulating the long-
wave hydrodynamic processes in the study area. When imposing the wind
and atmospheric pressure fields, the ADCIRC model can accurately repli-
cate tide induced and storm-surge water levels and currents. The ADCIRC
model was developed in the USACE Dredging Research Program (DRP) as
a family of two- and three-dimensional finite element-based models (Luet-
tich, Westerink, and Scheffner 1992; Westerink et al. 1992). The model
can simulate tidal circulation and storm-surge propagation over very large
computational domains while simultaneously providing high resolution in
areas of complex shoreline configuration and bathymetry.

In two dimensions, the model is formulated using the depth-
averaged shallow water equations for conservation of mass and momen-
tum. Furthermore, the formulation assumes that the water is incom-
pressible, that hydrostatic pressure conditions exist, and that the Boussi-
nesqg approximation is valid. Using the standard quadratic
parameterization for bottom stress and neglecting baroclinic terms and
lateral diffusion/dispersion effects, the following set of conservation equa-
tions in primitive, non-conservative form, and expressed in a spherical co-
ordinate system, are incorporated in the model (Flather 1988; Kolar et al.
1993):

Q+ 1 U8U+£V8U-[tan¢u+f}v=
ot rcosg oA R 0¢ R
(B-1)

1 0 p Tsa
; NP gy [+ F2 - U
RCOS¢82[,00 ole ")} pH ¢
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O T

rcosgp oL R 0¢ R
(B-2)
a p Tsa
— =+ - + -V
R5¢{ O a(¢ 77)} O T
%+ 1 oUH +6(UV CoS ¢ (B8.3)
Rcosg| 04 o¢p
where
t=time,

A and ¢ = degrees longitude (east of Greenwich is taken positive) and
degrees latitude (north of the equator is taken positive),
¢ = free surface elevation relative to the geoid,
U and V = depth-averaged horizontal velocities in the longitudinal and
latitudinal directions, respectively,

R = the radius of the earth,

H = + h = total water column depth,

h = bathymetric depth relative to the geoid,

f = 2Q sin ¢ = Coriolis parameter,

Q = angular speed of the earth,

ps = atmospheric pressure at free surface,

g = acceleration due to gravity,
n = Newtonian equilibrium tide-generating potential parameter,

po = reference density of water,
s, and ts, = applied free surface stresses in the longitudinal and

latitudinal directions, respectively, and
T = bottom shear stress and is given by the expression Cs (U2 + V2)/2 /H
where Cs is the bottom friction coefficient.

The momentum equations (Equations B-1 and B-2) are differentiated
with respect to A and t and substituted into the time differentiated conti-
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nuity equation (Equation B-3) to develop the following Generalized Wave
Continuity Equation (GWCE):

%, L1 ool 1 (HUU | a(HUV cosp _uyy fane
EAE: R cosd oA | Rcospl oM o

a(g(C an)+ [ ]+1*HU'10HU'rsx}

-2mwsing HV+
0S¢ OL

10 { 1 ( OHWV  8HVV cos¢

-9 jUUH ¢+2msm¢HU} (B4)
R 0| Rcoso oA ob R

H Ts).
+——| g(C- alfan)+—J+r* toHV - =
R 84){ Po Po

-ﬁ[ﬁtamﬂ To[—tamb] 0

The ADCIRC-2DDI model solves the GWCE in conjunction with the
primitive momentum equations given in Equations B-1 and B-2. The
GWCE-based solution scheme eliminates several problems associated with
finite-element programs that solve the primitive forms of the continuity
and momentum equations, including spurious modes of oscillation and
artificial damping of the tidal signal. Forcing functions include time-
varying water-surface elevations, wind shear stresses, atmospheric pres-
sure gradients, and the Coriolis effect.

The ADCIRC model uses a finite-element algorithm in solving the de-
fined governing equations over complicated bathymetry encompassed by
irregular sea/shore boundaries. This algorithm allows for extremely flexi-
ble spatial discretizations over the entire computational domain and has
demonstrated excellent stability characteristics. The advantage of this
flexibility in developing a computational grid is that larger elements can be
used in open-ocean regions where less resolution is needed, whereas
smaller elements can be applied in the nearshore and estuary areas where
finer resolution is required to resolve hydrodynamic details.
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Appendix C: One-Line Summaries and EST
Frequency-of-Occurrence Tables
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Kivalina

Location:

Longitude: 164.54000W

Latitude: 67.72670N

Exposure: SW

Top 10 surge events between 1954 and 2004

Starting \Water Surface
Date Level (ft |Pressure | Speed Direction
MLLW) |(mb) (mph)

1 10-Nov-74 6.78 965.7 40.5 SSW
2 25-Oct-96 6.75 992.5 43.4 SE
3 26-Nov-70 5.76 978.7 45.4 SW
4 14-Nov-66 5.73 983.5 45.9 SSE
5 08-Nov-78 5.21 992.3 38.9 SSE
6 15-Oct-04 4.62 976.0 46.5 ESE
7 16-Jun-61 458 1007.2 32.2 S
8 06-Nov-85 4.55 984.8 42.5 ESE
9 03-Oct-83 4.52 988.4 33.1 NW.
10 18-Oct-91 4.32] 1001.6 39.1 SW
Frequency of Occurrence
Return Period
(years) 5 10 15 20 25 50 100
Surge Level
(ft MLLW) 3.67 | 458 | 517 | 567 | 596 | 6.91 | 7.77
Std. Deviation
(ft) 0.33 | 0.36 | 056 | 0.69 | 0.69 | 0.89 | 1.08
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Location:

Longitude: 164.0650°W
Latitude: 67.5767°N
Exposure: SW

Top 10 surge events between 1954 and 2004

Starting Surface
Date Surge (ft Pressure | Speed |n; :
MLLW) peed  Direction
(mb) (mph)
1 10-Nov-74 6.95 967.1 42.3 S
2 25-Oct-96 6.72 994.1 43.6 SE
3 26-Nov-70 6.32 980.1 45.9 SSW.
4 14-Nov-66 5.34 984.4 47.4 SSE
5 08-Nov-78 5.17 992.6 39.4 SSE
6 16-Jun-61 4.72| 1008.3 31.3 S
7 03-Oct-83 4.65 088.6 32.9 NW
8 15-Oct-04 4.52 976.9 42.1 ESE
9 06-Nov-85 4.49 985.6 42.3 ESE
10 18-Oct-91 4.39) 1001.8 39.1 SW
Frequency of Occurrence
Return Period
(years) 5 10 15 20 25 50 100
Surge Level
(ft MLLW) 376 | 468 | 531 | 5.80 | 6.13 | 7.04 | 7.77
Std. Deviation
(ft) 033 | 036 | 056 | 0.72 | 0.72 | 0.82 | 0.92
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Location:

Longitude: 162.6000°W
Latitude: 66.9000°N
Exposure: WNW

Top 10 surge events between 1954 and 2004

Starting Surface
Date Surge (ft Pressure | Speed |n; :
MLLW) peed  Direction
(mb) (mph)
1 26-Nov-70 9.18 986.2 47.9 W
2 14-Nov-66 7.12 989.1 49.7 SSE
3 10-Nov-74 6.98 971.7 51.9 S
4 25-Oct-96 6.46 999.3 30.0 SSE
5 29-Aug-62 6.03 989.5 47.0 W
6 03-Oct-83 4.95 989.5 25.7 ESE
7 08-Nov-78 4.85 994.7 46.3 E
8 16-Jun-61 4.75] 10115 28.9 S
9 01-Oct-60 4.72 966.8 36.0 SSW
10 25-Aug-75 4.69 088.6 28.4 SSW
Frequency of Occurrence
Return Period
(years) 5 10 15 20 25 50 100
Surge Level
(ft MLLW) 4.06 | 5.05 | 590 | 6.46 | 6.85 | 859 | 10.56
Std. Deviation
(ft) 036 | 049 | 0.72 | 0.92 | 098 | 1.84 | 3.35
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Shishmaref

Longitude: 165.9983°W
Latitude: 66.2800°N

Exposure: NW

Top 10 surge events between 1954 and 2004

Starting f Surface
Date Surge (ft Pressure | Speed |n; :
MLLW) peed  Direction
(mb) (mph)
1 10-Nov-74 6.02 962.4 45.6 SSWwW
2 26-Nov-70 5.56 984.9 47.6 SSWwW
3 25-0Oct-96 5.53 9945 42.5 SSE
4 14-Nov-66 4,94 985.7 53.2 SSE
5 08-Nov-78 4.64 990.6 43.2 SSE
6 15-Oct-04 455 970.4 41.6 SE
7 01-Oct-60 4,28 965.7 39.1 SSWwW
8 03-0Oct-83 4,28 986.8 33.6 SwW
9 18-Oct-91 4.25 1003.9 38.0 SSWwW
10 06-Nov-85 4.09 986.3 43.4 ESE
Freqguency of Occurrence
Return Period
(years) 5 10 15 20 25 50 100
Surge Level
(ft MLLW) 350 | 438 | 478 | 510 | 533 | 582 | 6.19
Std. Deviation
(ft) 0.39 | 0.26 | 0.39 | 0.46 | 0.43 | 0.46 | 0.39
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Location:

Longitude: 168.0900°W
Latitude: 65.6100°N
Exposure: SW

Top 10 surge events between 1954 and 2004

Starting Surface
Date Surge (ft Pressure | Speed |n; :
MLLW) peed  Direction
(mb) (mph)
1 10-Nov-74 5.37 957.7 54.1 S
2 12-Nov-96 5.33 998.1 46.5 SE
3 06-Nov-85 5.00 984.1 38.7 E
4 15-Oct-04 4.97 964.6 48.3 E
5 25-Oct-96 4.87 991.6 47.2 SSW.
6 08-Nov-78 4.71 988.0 55.3 SSE
7 16-Nov-90 4.58 986.3 40.3 E
8 14-Nov-66 4.41 985.1 56.6 SSE
9 02-Oct-92 4.28 969.4 41.4 SE
10 19-Nov-04 3.82 979.2 37.6 E
Frequency of Occurrence
Return Period
(years) 5 10 15 20 25 50 100
Surge Level
(ft MLLW) 363 | 448 | 484 | 504 | 514 | 553 | 596
Std. Deviation
(ft) 020 | 0.36 | 0.26 | 0.26 | 0.26 | 0.39 | 0.62
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Location:

Longitude: 165.4300°W
Latitude: 64.5000°N
Exposure: SSW

Top 10 surge events between 1954 and 2004

Starting Surface
Date Surge (ft Pressure | Speed |n; :
MLLW) peed  Direction
(mb) (mph)
1 10-Nov-74 10.12 968.5 47.9 S
2 15-Oct-04 8.94 974.0 44.5 ESE
3 01-Oct-60 8.87 973.2 48.3 SW
4 08-Nov-78 8.05 993.6 40.3 SSE
5 25-Oct-96 7.82| 1000.2 36.2 S
6 06-Nov-85 7.40 990.1 37.4 SSE
7 14-Nov-66 7.07 993.8 52.8 SSE
8 26-Nov-70 6.97 994.5 43.2 SW
9 12-Nov-96 6.71 1002.4 38.3 SE
10 02-Oct-92 6.64 975.8 42.1 SSE
Frequency of Occurrence
Return Period
(years) 5 10 15 20 25 50 100
Surge Level
(ft MLLW) 579 | 7.07 | 7.82 | 835 | 868 | 9.66 | 10.51
Std. Deviation
(ft) 0.46 | 0.46 | 059 | 0.75 | 0.75 | 0.98 | 1.25




ERDC/CHL Letter Report

Golovin

Location:
Longitude: 163.0300°W
Latitude: 64.5400°N

Exposure: SSE

Top 10 surge events between 1954 and 2004

Starting Surface
Date Surge (ft Pressure | Speed |n; :
MLLW) peed  Direction
(mb) (mph)
1 01-Oct-60 13.14 975.5 48.1 SW
2 10-Nov-74 12.74 975.7 41.6 SSE
3 26-Nov-70 10.32] 998.0 41.4 SW
4 08-Nov-78 10.05 997.9 38.9 SSE
5 15-Oct-04 10.02 979.9 39.6 ESE
6 14-Nov-66 9.96| 998.0 46.5 SSE
7 25-Oct-96 9.33 1004.6 34.2 S
8 25-Aug-75 8.74 997.2 37.8 S
9 12-Nov-65 8.15 971.6 42.7 S
10 06-Nov-85 8.12 993.4 39.4 SE
Frequency of Occurrence
Return Period
(years) 5 10 15 20 25 50 100
Surge Level
(ft MLLW) 6.90 | 891 | 9.82 | 10.28 | 10.71 | 12.97 | 15.53
Std. Deviation
(ft) 075 | 085 | 069 | 098 | 1.21 | 2.69 | 3.38
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Shaktoolik
Location:

Exposure: SW

Longitude: 161.1500°W
Latitude: 64.3300°N

Top 10 surge events between 1954 and 2004

. MaximumMINIMUMMaximum Wind
Starting Surface
Date surge (ft Pressure . .
MSL) Speed  Direction
(mb) (mph)
1 01-Oct-60 14.27 977.8 47.2 SW
2 10-Nov-74 12.47 981.6 40.0 SSE
3 26-Nov-70 10.73| 10015 38.7 SW
4 14-Nov-66 10.50| 1002.1 40.7 SSE
5 08-Nov-78 10.10| 1001.9 37.8 SSE
6 25-Aug-75 9.19] 1000.8 41.2 SSW
7 15-Oct-04 9.15 984.6 33.6 ESE
8 12-Nov-65 8.66 975.6 41.4 S
9 25-Oct-96 8.63 1008.7 25.9 S
10 18-Oct-91 7.22| 1004.7 32.2 WSW
Frequency of Occurrence
Return Period
(years) 5 10 15 20 25 50 100
Surge Level
(ft mllw) 8.09 | 10.99 | 12.14 | 12.90 | 13.55 | 16.21 | 19.10
Std. Deviation
(ft) 079 | 098 | 0.92 | 1.21 | 154 | 292 | 3.41
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Unalakleet
Location:

Longitude: 160.7900°W
Latitude: 63.8700°N

Exposure: WSW

Top 10 surge events between 1954 and 2004

Starting Surface
Date Surge (ft Pressure | Speed |n; :
MLLW) peed  Direction
(mb) (mph)
1 01-Oct-60 16.01 980.2 47.2 SW
2 10-Nov-74 14.17 983.9 41.2 SSE
3 26-Nov-70 12.93| 1003.5 37.6 E
4 14-Nov-66 12.73| 1004.1 39.1 SSE
5 08-Nov-78 11.68| 1003.7 38.0 SSE
6 25-Aug-75 11.32| 1003.4 41.4 SSW.
7 15-Oct-04 10.99 986.2 32.9 ESE
8 12-Nov-65 10.93 976.9 40.9 SSW.
9 25-Oct-96 10.53| 1010.6 255 S
10 18-Oct-91 9.28/ 1003.7 315 WSW,
Frequency of Occurrence
Return Period
(years) 5 10 15 20 25 50 100
Surge Level
(ft MLLW) 7.71 | 10.76 | 11.88 | 12.80 | 13.42 | 15.49 | 17.32
Std. Deviation
(ft) 079 | 098 | 098 | 1.31 | 1.38 | 1.94 | 213
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Saint Michael
Location:
Longitude: 162.0400°W

Latitude: 63

.4800°N

Exposure: N, E and SE

Top 10 surge events between 1954 and 2004

Starting Surface
Date Surge (ft Pressure | Speed |n; :
MLLW) peed  Direction
(mb) (mph)
1 01-Oct-60 12,98/ 980.9 47.2 SW
2 10-Nov-74 12.68 982.2 39.8 SSE
3 26-Nov-70 11.40| 1003.3 38.0 E
4 14-Nov-66 11.17| 1003.4 42.3 SSE
5 15-Oct-04 9.99 984.4 35.1 ESE
6 08-Nov-78 9.83] 1002.6 37.8 S
7 25-Oct-96 9.66| 1009.3 30.4 S
8 25-Aug-75 9.33 1003.5 41.4 SSW.
9 12-Nov-65 9.33 975.0 44.1 S
10 16-Nov-90 8.19 997.9 26.6 SSE
Frequency of Occurrence
Return Period
(years) 5 10 15 20 25 50 100
Surge Level
(ft MLLW) 6.97 | 9.33 | 10.32 | 11.07 | 11.56 | 12.94 | 14.06
Std. Deviation
(ft) 062 | 0.79 | 0.85 | 1.08 | 1.08 | 1.25 | 1.28
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Agcklarok
Location:

Longitude: 164.7700°W

Latitude: 62
Exposure: NW

.6100°N

Top 10 surge events between 1954 and 2004

Starting Surface
Date Surge (ft Pressure | Speed |n; :
MLLW) peed  Direction
(mb) (mph)
1 10-Nov-74 10.61 978.5 44.3 SSW.
2 01-Oct-60 10.61 983.8 49.4 SW
3 15-Oct-04 8.81 978.5 42.3 SE
4 14-Nov-66 8.41 1001.1 50.8 SSE
5 26-Nov-70 8.25| 1003.4 41.2 WSW.
6 12-Nov-65 8.18 970.7 46.5 S
7 08-Nov-78 7.95 997.8 39.8 SE
8 25-Oct-96 7.59| 1007.2 36.9 S
9 25-Aug-75 7.20, 1004.0 42.1 SSW.
10 16-Nov-90 7.07 997.4 38.0 SE
Frequency of Occurrence
Return Period
(years) 5 10 15 20 25 50 100
Surge Level
(ft MLLW) 559 | 753 | 825 | 864 | 9.07 | 10.87 | 12.91
Std. Deviation
(ft) 049 | 069 | 056 | 0.69 | 0.95 | 1.84 | 2.23
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Hooper Bay
Location:

Longitude: 166.1000°W
Latitude: 61.5300°N

Exposure: SE

Top 10 surge events between 1954 and 2004

Starting Surface
Date Surge (ft Pressure | Speed |n; :
MLLW) peed  Direction
(mb) (mph)
1 10-Nov-74 13.57 978.6 45.6 SSW.
2 15-Oct-04 11.83 975.7 43.4 SW
3 12-Nov-65 11.73 968.9 47.0 SSW.
4 02-Oct-92 11.70 981.6 51.2 SSE
5 06-Nov-85 11.66 994.3 43.2 ESE
6 27-Oct-95 11.60 975.0 49.7 SE
7 12-Nov-96 11.40 998.3 50.6 SE
8 08-Nov-78 11.40 997.0 45.6 SE
9 14-Nov-66 11.34) 1002.0 47.9 S
10 25-Oct-96 10.78| 1008.4 39.6 S
Frequency of Occurrence
Return Period
(years) 5 10 15 20 25 50 100
Surge Level
(ft MLLW) 9.92 | 11.50 | 11.83 | 12.02 | 12.22 | 13.37 | 14.91
Std. Deviation
(ft) 049 | 0.82 | 023 | 0.33 | 052 | 148 | 2.17
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Toksook Bay
Location:

Longitude: 165.1000°W
Latitude: 60.5300°N

Exposure: SW

Top 10 surge events between 1954 and 2004

Starting Surface
Date Surge (ft Pressure | Speed |n; :
MLLW) peed  Direction
(mb) (mph)
1 12-Nov-65 13.60 974.0 53.2 S
2 27-Oct-95 11.96 975.7 53.0 SE
3 02-Oct-92 11.83 986.7 53.9 SSE
4 10-Nov-74 11.56 984.9 44.3 S
5 12-Nov-96 10.88 999.3 53.2 SE
6 02-Nov-78 10.65 967.7 50.3 SE
7 07-Nov-79 10.61 982.7 46.8 SSW.
8 08-Nov-78 10.02| 1002.0 45.6 SE
9 17-Nov-93 9.47 981.6 44.1 SSE
10 19-Nov-04 9.43 972.7 51.0 ESE
Frequency of Occurrence
Return Period
(years) 5 10 15 20 25 50 100
Surge Level
(ft MLLW) 8.45 | 10.19 | 11.04 | 11.53 | 11.93 | 12.98 | 13.86
Std. Deviation
(ft) 052 | 069 | 069 | 0.82 | 0.75 | 0.98 | 1.18
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Mekoryuk
Location:
Longitude: 166.1900°W
Latitude: 60.3900°N
Exposure: NNW

Top 10 surge events between 1954 and 2004

Starting Surface
Date Surge (ft Pressure | Speed |n; :
MLLW) peed  Direction
(mb) (mph)
1 10-Nov-74 8.28 983.2 45.6 S
2 12-Nov-65 7.86 9725 51.4 WSW.
3 15-Oct-04 7.23 979.2 425 SW
4 06-Nov-85 6.84 994.7 44.1 E
5 27-Oct-95 6.84 971.2 50.1 SE
6 19-Nov-04 6.71 970.0 51.4 ESE
7 01-Oct-60 6.61 990.1 45.9 WSW.
8 08-Nov-78 6.61| 1000.3 47.2 SE
9 02-Oct-92 6.38 985.6 51.9 SSE
10 12-Nov-96 6.28 996.0 53.2 SE
Frequency of Occurrence
Return Period
(years) 5 10 15 20 25 50 100
Surge Level
(ft MLLW) 553 | 6.41 | 6.74 | 697 | 7.23 | 819 | 9.27
Std. Deviation
(ft) 023 | 030 | 026 | 0.39 | 056 | 1.08 | 1.35
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Kongiganak
Location:

Longitude: 163.0500°W

Latitude: 59
Exposure: SE

.8800°N

Top 10 surge events between 1954 and 2004

Starting Surface
Date Surge (ft Pressure | Speed |n; :
MLLW) peed  Direction
(mb) (mph)
1 27-Oct-95 16.97 982.2 50.1 SE
2 12-Nov-65 15.69 981.4 46.5 S
3 07-Nov-79 15.36 988.1 39.1 SW
4 02-Oct-92 13.82 992.0 54.1 SSE
5 02-Nov-78 13.29 973.3 48.1 SE
6 12-Nov-96 12.87 1004.1 48.3 SE
7 10-Nov-74 12.61 983.2 42.9 S
8 19-Nov-04 12.31 977.0 45.6 ESE
9 08-Nov-78 11.06/ 1008.2 41.6 SE
10 06-Nov-85 10.74 997.2 42.9 ESE
Frequency of Occurrence
Return Period
(years) 5 10 15 20 25 50 100
Surge Level
(ft MLLW) 10.31 | 12.57 | 13.92 | 14.84 | 15.43 | 17.03 | 18.28
Std. Deviation
(ft) 052 | 1.05 | 1.21 | 1.38 | 1.28 | 135 | 1.28
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Dillingham

Location:
Longitude: 158.4600°W
Latitude: 59.0400°N

Exposure: S
Top 10 surge events between 1954 and 2004

Starting Maximum g/luirr:‘iar?:m Maximum Wind

Date Surge (ft Pressure | Speed |yi i

MLLW) (mb) (mph) Direction

1 07-Nov-79 23.90 994.4 49.0 SSW
2 12-Nov-65 20.53 989.4 50.1 SSW
3 10-Nov-74 20.26 981.1 46.3 S
4 02-Nov-78 20.00 978.0 47.2 SSE
5 19-Nov-04 19.90 975.8 49.0 SE
6 27-Oct-95 18.43 983.5 58.8 SE
7 12-Nov-89 17.70 990.8 39.6 S
8 02-Oct-92 17.21 9934 47.0 SSE
9 20-Sep-98 17.08 985.0 37.1 S
10 15-Oct-72 16.56 980.3 39.8 SE

Frequency of Occurrence

Return Period

(years) 5 10 15 20 25 50 100
Surge Level
(ft MLLW) 15.74 | 17.64 | 19.08 | 19.84 | 20.39 | 22.69 | 24.27

Std. Deviation
(ft) 0.46 | 1.12 121 | 1.28 | 1.38 | 259 | 3.22
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Cape Newenham
Location:
Longitude: 162.1000°W
Latitude: 58.6500°N
Exposure: Sand W

Top 10 surge events between 1954 and 2004

Starting Surface
Date Surge (ft Pressure | Speed |n; :
MLLW) peed  Direction
(mb) (mph)
1 07-Nov-79 7.55 1002.5 38.0 SW
2 12-Nov-65 6.50 996.0 41.8 SSW.
3 27-Oct-95 5.54 998.5 49.0 SE
4 02-Nov-78 5.02 978.0 385 SE
5 10-Nov-74 4.20 986.1 36.9 S
6 19-Nov-04 4.04 975.8 37.4 SE
7 02-Oct-92 3.28 992.1 32.0 SSE
8 15-Oct-72 3.22 989.2 36.9 SSE
9 12-Nov-89 3.18 995.0 32.0 S
10 01-Oct-63 3.18 985.4 35.8)  WNW
Frequency of Occurrence
Return Period
(years) 5 10 15 20 25 50 100
Surge Level
(ft MLLW) 669 | 751 | 833 | 911 | 9.67 | 11.67 | 13.44
Std. Deviation
(ft) 023 | 059 | 085 | 1.25 | 1.35 | 1.87 | 2.03
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Appendix D:

Empirical Simulation Technique
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The Empirical Simulation Technique (EST) or the extended “boot-
strap” approach is a statistical resampling, nearest neighbor, random-walk
interpolation technique that uses historical data to develop joint probabil-
ity relationships among the various measured storm parameters. There
are no simplifying assumptions concerning the development of probability
density functions describing historical events. Thus, the interdependence
of parameters is maintained. In this manner, parameter probabilities are
site specific, do not depend on fixed parametric relationships, and do not
assume parameter independence. Thus, the EST is distribution free and
nonparametric. The EST was first developed to model multi-parameter
events such as tropical hurricanes in which storms can be described in
terms of defined storm parameters such as central pressure deficit, radius
to maximum winds, maximum winds, minimum distance from the eye of
the storm to the location of interest, forward speed of the eye, and tidal
phase during the storm event. The extra-tropical storm events (northeast-
ers) modeled during this study are not well represented by such a parame-
terization and as such the one-dimensional version of has been adopted. A
complete description of the EST may be found in Scheffner and Borgman
(1992), Borgman et al. (1992) and Scheffner et al. (1999).

The only assumption in the EST is that future events will be statisti-
cally similar in magnitude and frequency to past events. The 1D EST be-
gins with an analysis of historical events that have impacted the region of
interest. A storm response is defined for each event in the frequency-of-
occurrence analysis. In the present application, the response is the maxi-
mum water-surface elevation induced by the storm, which includes the
storm surge computed via ADCIRC, the additional water level increases
due to atmospheric pressure (inverted barometer), and the tides. Imple-
mentation of the 1D EST begins with the selection of a subset of storm
events that is representative of the entire set of historical storms. This
subset is referred to as the “training set.” The training set usually includes
historical events but may include historical storms with a deviation or per-
turbation, such as a storm with a slightly altered path. Some historical
events may also be deleted from the training set if two events are nearly
identical such that both would produce the same response. Because the
purpose is to fill the parameter space, two similar events are redundant.
The training set can be augmented with additional storms contained in the
historical data set. Storm events augmenting the training set are referred
to as the “statistical set” of storms. Whereas numerical models are used
for generating response vectors for those events in the training set, re-
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sponse vectors for the statistical set of storms are interpolated using the
training set response vectors. Thus, stage-frequency relationships can be
generated using the entire historical data set without need of simulating all
storms in that data set. With the augmented storm data set (i.e., training
and statistical storm sets), the EST produces N simulations of a T-year se-
guence of storm events, each with their associated input vectors and re-
sponse vectors. Because there are N-repetitions of a T-year sequence of
events, an error analysis of the results can be performed with respect to
median, worst, least, standard deviations, etc. The following describes the
procedures by which the input and response data are used to produce mul-
tiple simulations of multiple years of events.

Two criteria are required of the T-year sequence of events. The first
criterion is that the individual events must be similar in behavior and
magnitude to historical events, i.e., the interrelationships among the input
and response vectors must be realistic. The second criterion is that the
frequency of storm events being modeled by the EST is identical to the his-
torical frequency of storm events. The following sections describe how
these criteria are preserved.

Storm-Event Consistency

The first major assumption in the EST is that future events will be
similar to past events. This criterion is maintained by ensuring that the in-
put vectors for simulated events have similar joint probabilities as those in
the training set. For example, a hurricane with a large central pressure
deficit and low maximum winds is not a realistic event; the two parame-
ters are not independent although their precise dependency is unknown.
The simulation of realistic events is accounted for in the nearest neighbor
interpolation, bootstrap, and resampling technique developed by Borgman
et al. (1992). The basic technique can be described in two dimensions as
follows. Let Xi, X2, X3, ..., Xn be n independent, identically distributed ran-
dom vectors (i.e., storm events), each having two components [Xi = {xi(1),
xi(2)}; i =1,n] (i.e., storm parameters such as pressure deficit and wind
speeds). Each event X has a probability pi as 1/n; therefore, a cumulative
probability relationship can be developed in which each storm event is as-
signed a segment of the total probability ranging from O to 1. If each event
has an equal probability, then each event is assigned a segment s;. There-
fore, each event occupies a fixed portion of the O to 1 probability space ac-
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cording to the total number of events in the training set, which can be de-
fined mathematically as:
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A random number from O to 1 is selected and used to identify a
storm event from the total storm population. The procedure is equivalent
to drawing and replacing random samples from the full storm-event popu-
lation.

The EST is not simply a resampling of historical events technique,
but rather an approach intended to simulate the vector distribution con-
tained in the training set population. The EST approach is to select a sam-
ple storm based on a random number chosen from the range of O to 1 and
then perform a random walk from the selected event X; (with x; and x2)
vectors to the nearest neighbor vectors. The walk is based on independent
uniform random numbers ranging from -1 to 1 and has the effect of simu-
lating responses that are not identical to the historical events themselves,
but are similar to those events that have historically occurred.
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Storm-Event Frequency

The second criterion to be satisfied is that the total number of storm
events selected in the T-years must be statistically representative of the
number of historical events that have occurred at the area of interest.
Given the mean frequency of storm events for a particular region, a Pois-
son distribution is used to determine the average number of expected

events in a given year. For example, the Poisson distribution can be writ-
ten in the following form:

et

Pr(s;p ) = o

(D-2)

fors=0,1,2,3,.... The probability Pr(s;)\) defines the probability of having
s events per year where A is a measure of the historically based number of
events occurring per year.

A 10,000-element array is initialized to the above Poisson distribu-
tion. The probability corresponding to s = O storms per year, or no storms
occurring in a particular year, is 0.8056; thus, if a random number selec-
tion is less than or equal to 0.8056 on an interval of O to 1, then no hurri-
canes would occur during that simulation year. If the random number
falls between 0.8056 and 0.9798 (where the latter value, 0.9798, is found
by adding Pr[s = 0] and Pr[s = 1] together, or 0.8056 + 0.1742), one event
is selected. Two events are simulated if a random number is selected
within the range of 0.9798 and 0.9986 (where 0.9986 = Pr[s = 0] + Pr[s =
1] + Pr[s=2] =0.8056 + 0.1742 + 0.0188), etc. When one or more storms
are indicated for a given year, they are randomly selected using the nearest
neighbor interpolation technique described above.

Output from the EST program is N repetitions of T-years of simu-
lated storm-event responses. It is from these responses that frequency-of-
occurrence relationships are computed. The computational procedure fol-
lowed is based on the generation of a probability distribution function cor-
responding to each of the T-year sequence of simulated data.

Recurrence Relationships

Estimates of frequency-of-occurrence relationships begin with cal-
culating a cumulative distribution function (cdf) for the response vector
82
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of interest, the maximum water-surface elevation. Let X1, X2, X3, ..., Xn be
n identically distributed random-response variables with a cumulative cdf

Fy (X)= Pr[X < x] (D-3)

where Pr[ ] represents the probability that the random variable X is less
than or equal to some value x and Fx(x) is the cumulative probability dis-
tribution function ranging from O to 1. The problem is to estimate the
value of Fx without introducing some parametric relationship for comput-
ing the probability. The following procedure is adopted because it makes
use of the probability laws defined by the data and does not incorporate
any prior assumptions concerning the probability relationship.

Assume a set of n observations of data. The n values of x are first
ranked in order of increasing size such that xg < x) < x@) < ... < x@n), Where
the parentheses surrounding the subscript indicate that the data have been
rank ordered. The value X is the smallest in the series, and Xx(n) repre-
sents the largest. Let r denote the rank of the value x¢) such that rank 1 is
the smallest and rank r = n is the largest.

An empirical estimate of Fy (X)), denoted by Fy (Xm), is given by

Gumbel (1954) (see also Borgman and Scheffner (1991) or Scheffner and
Borgman (1992)).

r

(n+1)

for {xm), r =1, 2, 3,...., n}. This form of estimate allows for future values of
x to be less than the smallest observation X with probability of 1/(n + 1)
and to be larger than the largest value xny with probability n/(n +1). In
the implementation of the EST, tail functions are used to define the cdf for
events larger than the largest or smaller than the smallest observed event
so that the cdf contains no discontinuity (Borgman and Scheffner 1991).

Fu(xmn)= (D-4)

The estimated cdf as defined by Equation D-5 is used to develop
stage-frequency relationships in the following manner. Consider that the
cdf for some storm response corresponding to an n-year return period
event can be determined from:

F) =1 % (D-5)
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where F(x) is the simulated cdf of the n-year impact. Frequency-of-
occurrence relationships are obtained by linearly interpolating a stage

from Equation D-4 corresponding to the cfd associated with the return pe-
riod specified in Equation D-5.

Because multiple simulations are made, each yielding its own stage-
frequency curve relationship, the average stage is computed for each re-

turn period year. Furthermore, for each return period, the standard devia-
tion, defined as:

n=N
o= \/ [(1/N)Z( xn-;)} (D-6)
n=1

(where x bar is the mean value), is computed to define an error band of +

one standard deviation corresponding to the mean value for that particular
return period year.
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Appendix E:

Comparison of Return Period
Estimates
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Table E1. Return period estimates from EST

Return Period, years
Station 5 10 25 50 100
Kivalina 3.67 4.58 5.96 6.91 177
Red Dog 3.76 4.68 6.13 7.04 777
Kotzebue 4.06 5.05 6.85 8.59 10.56
Shishmaref 3.50 4.38 5.33 5.82 6.19
Wales 3.63 4.48 5.14 5.53 5.96
Nome 5.79 7.07 8.68 9.66 10.51
Golovin 6.90 8.91 10.71 12.97 15.53
Shaktoolik 5.77 8.69 11.25 13.91 16.80
Unalakleet 7.71 10.76 13.42 15.49 17.32
Saint Michael 6.97 9.33 11.56 12.94 14.06
Agcklarok 5.59 7.53 9.07 10.87 12.91
Hooper Bay 9.92 11.50 12.22 13.37 14.91
Toksook Bay 8.45 10.19 11.93 12.98 13.86
Mekoryuk 5.53 6.41 7.23 8.19 9.27
Kongiganak 10.31 12.57 15.43 17.03 18.28
Dillingham 15.74 17.64 20.39 22.69 24.27
Cape Newenham 6.69 751 9.67 11.67 13.44
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Table E2. Return period estimates from Gumbel distribution

Return period, years
Station 5 10 25 50 100
Kivalina 4.75 5.31 5.83 6.13 6.39
Red Dog 4.78 5.34 5.90 6.19 6.45
Kotzebue 5.41 6.20 6.89 7.31 7.67
Shishmaref 412 4.61 5.10 5.40 5.63
Wales 4.15 4.61 5.04 5.27 5.46
Nome 6.97 7.79 8.51 8.97 9.33
Golovin 8.71 9.86 10.91 11.53 12.05
Shaktoolik 8.33 9.68 10.96 11.68 12.30
Unalakleet 10.24 11.58 12.80 13.52 14.14
Saint Michael 8.81 9.92 10.97 11.56 12.09
Agcklarok 7.10 8.05 8.90 9.43 9.86
Hooper Bay 10.68 11.50 12.25 12.68 13.04
Toksook Bay 9.69 10.71 11.66 12.22 12.711
Mekoryuk 6.22 6.74 71.27 7.56 7.79
Kongiganak 12.18 13.36 14.48 15.13 15.66
Dillingham 17.90 19.08 20.20 20.85 21.41
Cape Newenham 7.70 8.42 9.11 9.47 9.80
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Table E3. Return period estimates from Weibull distribution

Return period, years
Station 5 10 25 50 100
Kivalina 4.45 5.24 6.13 6.72 7.27
Red Dog 4.49 5.40 6.45 7.18 7.83
Kotzebue 492 6.03 7.38 8.26 9.12
Shishmaref 3.89 4.94 6.22 7.10 7.99
Wales 4.02 4.78 5.66 6.25 6.81
Nome 6.61 7.86 9.27 10.19 11.07
Golovin 8.05 10.09 12.55 14.25 15.89
Shaktoolik 7.32 9.48 1211 13.98 15.75
Unalakleet 9.22 11.42 1411 16.04 17.85
Saint Michael 8.02 10.12 12.75 14.65 16.52
Agcklarok 6.54 8.15 10.05 11.40 12.64
Hooper Bay 10.52 11.96 13.57 14.65 15.67
Toksook Bay 9.47 12.02 15.27 17.60 19.90
Mekoryuk 5.99 7.00 8.25 9.07 9.89
Kongiganak 11.36 13.23 15.43 16.94 18.38
Dillingham 16.98 18.69 20.72 22.13 23.45
Cape Newenham 711 8.33 9.87 11.02 12.13
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Table E4. Return period estimates from log-linear fit of ranked data

Return period, years
Station 5 10 25 50 100
Kivalina 4.22 5.11 6.29 7.21 8.09
Red Dog 4.26 5.14 6.36 7.27 8.16
Kotzebue 4.69 5.87 7.44 8.62 9.81
Shishmaref 3.89 4.64 5.66 6.42 7.47
Wales 4.05 4.74 5.63 6.32 7.01
Nome 6.51 7.66 9.20 10.38 11.56
Golovin 7.76 9.63 12.09 13.96 15.83
Shaktoolik 7.15 9.45 12.50 14.80 17.09
Unalakleet 9.15 11.38 14.37 16.63 18.90
Saint Michael 8.25 10.02 12.35 14.12 15.90
Agcklarok 6.84 8.21 10.08 11.50 12.87
Hooper Bay 10.25 11.34 12.78 13.86 14.94
Toksook Bay 9.69 11.43 13.70 15.44 17.14
Mekoryuk 6.38 7.73 9.50 10.84 2.15
Kongiganak 11.56 13.43 15.92 17.82 19.72
Dillingham 17.70 20.30 23.71 26.30 28.89
Cape Newenham 7.41 8.62 10.26 11.51 12.76
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50 Year Surge Height (ft MLLW)
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Figure E1. Estimated 50-year surge level, in feet above mllw, using 4 methods.
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