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Lake Washington Wind and Wave Climatology

Executive Summary

This document contains the results for the wind / wave conditions on Lake Washington at
the SR 520 floating bridge site that will be used in the hydroelastic loads analysis. The wind
conditions are computed by extrapolation to the 100-year and 20-year return period from
annual maximum wind speeds recorded at the SR 520 Evergreen Point Floating Bridge. The
extrapolated wind speeds from the current analysis are listed in Table A. The extrapolation
includes 17 additional years of recent data that were not available in the 1993 study. In
addition, the wind speed averaging period for the data collection on the bridge has been
corrected. Rev. — of this report assumed that the data acquisition system reported the
1-minute average wind speed. A review of the system user’s manuals revealed that the
reported wind speed is the 5-minute average. The annual maximum wind speeds reported
herein for the years 1996 through 2009 have been adjusted to the correct 1-minute average.
The hydroelastic analysis of the replacement SR 520 floating bridge will be based on the
current wind data.

Table A Return period wind speeds for SR 520 floating bridge site

Wl;‘:ﬁf);um Wind Direction and Speed
Period of Wind Direction i 4 speed
(years) (Degrees fromN .
Record (1-min average)
true)
1970 - 1993 100 150 92 mph
South Fetch
1970 - 2009 100 205 89 mph
100 192 89 mph
100 150 89 mph
20 150 73 mph
1 150 41 mph
North Fetch
1970 - 2009 100 025 72 mph
20 025 54 mph
1 025 23 mph

The wave conditions for the SR 520 floating bridge site have been calculated using the

1-D NARFET [Ref. 4] and 2-D SWAN [Ref. 5] wave hindcasting programs. The wave
conditions for the wind speeds listed in Table A have been hindcast for the 100-year,
20-year, and 1-year return period storms from both the northerly and southerly directions.
The hindcast results are listed in Table B. The 100-year hydroelastic analysis will be carried
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out using a 1-minute wind of 89 mph from the south and a significant wave height of

6.3 feet with a modal wave period of 4.9 seconds. The 1993 analysis of the Evergreen Point
Floating Bridge used a significant wave height of 6.4 feet with a modal wave period of

4.7 seconds.

A comparison of the results of the NARFET 1-D hindcasting program that was used on all
previous floating bridge analysis tasks and the SWAN 2-D hindcast confirms the adequacy
of the NARFET predictions previously used and gives confidence that the computational
models used in the 2-D method were correctly implemented.

Table B Return period hindcast significant wave heights and modal periods for SR 520 floating

bridge site
- 2D Hindcast "SWAN" Results 1D Hindcast "NARFET" Results
Wind ]?eturn Wind Direction and Speed
Period
Hs Tp Hs Tp
Period of Wind Direction Wind Speed
(years) (Degrees fromN ] m ft S m ft s
Record (1-min average)
true)
1970 - 1993 100 150 92 mph 20m 64" 47s
South Fetch
1970 - 2009 100 205 89 mph 18m 59' 45s 17m 57" 44s
100 192 89 mph 18m 6.1' 49s 17m 57" 44s
100 150 89 mph 1.93 m 63" 49 s 1.8 m 58" 45s
20 150 73 mph 15m 5.0' 4.1s 14m 45" 41s
1 150 41 mph 0.8m 26" 3.1s 06m 21" 29s
North Fetch
1970 - 2009 100 025 72 mph 1.90 m 6.2"' 4.5s 1.5 m 4.8"' 42"
20 025 54 mph 1.3m 43" 3.7s 10m 33" 36"
1 025 23 mph 0.4m 14" 25s 03m 11" 23"

The highlighted “SWAN?” results will be used in the hydroelastic analysis. The “NARFET” results computed
in 1993 are superseded. As a conservative measure, the wave direction for the hydroelastic analysis is chosen
to be perpendicular to the bridge. For winds from the southerly direction, this is wave direction 192 degrees.
For winds from the northerly direction, the wave direction is 012 degrees. The wave height used in the
analysis is chosen as the highest from all southerly directions or all northerly directions.

The legacy computer code for the calculation of the hydroelastic response statistics
(Program BRIDGEYS), required that the wave energy spectrum and wave directional
spreading be characterized by analytic functions. The analytic forms chosen were the
JONSWAP wave spectrum (characterized by a significant wave height and a modal period)
and a cosine to the twelfth-power directional spreading function. The SWAN wave
condition hindcast developed for this project allows the calculation of a directional wave
spectrum at each pontoon location for each wind speed and wind direction. 3-D plots of the
hindcast wave spectra are shown in Appendix D

In the NASTRAN hydroelastic structural dynamic analysis, only one directional spectrum
can be used for all positions along the length of the bridge in each wind condition. A
representative wave spectrum for each wind speed and direction that represents the overall
conditions along bridge is chosen for the dynamic analysis. The hindcast wave spectrum at
Pontoon M for waves coming from 192 degrees will be used for the south wind analysis.
The hindcast wave spectrum at Pontoon Q for waves coming from 012 degrees will be used
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for the north wind analysis. These spectra are scaled to produce the higher significant wave
heights that come when the wind is from the 150 and 025 directions. The two directional
spectra for the 100-year return period condition are shown in Figure A.
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Figure A Hindcast directional wave spectra — 100-year return period wind speeds
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1 Introduction

A common convention for coastal and offshore structures design, including moorings, is to
use Met Ocean criteria associated with the 100-year return period condition. Since
consistent quality environmental data records are almost never available for periods
exceeding one hundred years, it is necessary to employ extrapolation methods to estimate
the wind and waves associated with a 100-year return period. Different methods have been
developed for conditioning and extrapolating the available data in order to develop an
estimate of the extreme (i.e., 100-year return) wind. In the study leading to the
recommendations of this report, several extrapolation methods were employed and
compared. The motivation for the use of multiple analysis methods is to gain confidence in
the consistency of the extrapolation methods. The methods used are as follows:

e Extrapolation of annual extremes.
e Peak-over-threshold method with a threshold of 30 mph in the observed wind.

e So-called ‘bootstrap’ methods, where trends and annual cycles are removed, and the
residuals are fit to an analytical distribution. Synthetic data sets are then generated
using Monte Carlo methods and extreme value distributions are fit to the synthetic
data sets and interpolated/extrapolated to 100-year return level.

Two perspectives are possible regarding wind direction in the extrapolation of extreme
values. The first approach is to base extrapolations on the observed maxima without regard
to direction. The second is to extrapolate to extreme values based on a sorting of observed
maxima by direction. In the analysis that follows, extrapolations are calculated both on the
wind without regard to direction and on wind speeds sorted for the northerly sector and for
the southerly sector.

The northerly sector is defined as wind from directions +45 degrees to the bridge
perpendicular in the north direction, i.e., winds between 327 and 057 degrees. The southerly
sector is defined as wind from directions +45 degrees to the bridge perpendicular in the
south direction, i.e., winds between 147 and 237 degrees.

The all directions wind speeds and the southerly sorted wind speeds yield the highest value
for the 100-year return wind magnitude. The southerly direction wind extrapolation is
essentially identical to the all direction unsorted wind speeds, since all but one of the annual
maximum events (1994) are southerly storms.

The Evergreen Point Bridge anemometer is located 50 feet above water level®. All wind
speeds are corrected to a standard elevation of 30 feet using the one-seventh (1/7) power
law. Recorded wind speeds for the years 1995 to 2009 are 5-minute averages. They have
been converted to 1-minute averages using the method of Ref. 2. Wind speeds for the years
prior to 1993 are assumed to have been 1-minute averages.

! Archie Allan of WSDOT measured the distance from the anemometer to the water surface on
7 December 2006.

Z Coastal Environmental Systems, WEATHERPAK-2000 User Manual, 1 November 1999.
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2 Field Data

Wind data were considered from two sources. The first and principal subject of this report is
the set of wind data collected by WSDOT at the SR 520 bridge site. In general, the wind
was sampled and recorded every minute in each of the sixteen years from 1994 through
2009. However, there are missing records, varying from instances of missing minutes to
missing months. Table 1 summarizes the data inventory indicating the completeness of the
data record by year and by month.

Table 1 Wind data inventory at SR 520 site since 1997 — percent of complete record by year and

by month
1997 1998 1999 2000 2001 2002 2003 2004 2005
January 0% 77% 61% 87% 92% 93% 91% 65% 76%
February| 0% 92% 81% 93% 80% 87% 95% 95% 95%
March 0% 88% 90% 92% 89% 92% 95% 88% 94%
April 0% 75% 72% 81% 46% 87% 22% 88% 71%
May 0% 84% 73% 92% 71% 89% 45% 92% 94%
June 0% 73% 84% 92% 92% 83% 0% 92% 96%
July 0% 22% 96% 92% 90% 97% 0% 93% 94%
August 0% 34% 96% 91% 91% 97% 0% 58% 92%
September]| 59% 67% 97% 93% 91% 11% 0% 45% 96%
October 71% 75% 97% 76% 91% 7% 0% 0% 91%
November 74% 92% 92% 44% 92% 96% 0% 0% 53%
December| 83% 91% 89% 76% 92% 95% 0% 0% 0%
Color key:
| 0to 10% 11% to 50% 51% to 75% 76% to 90% 91% to 95% | 96% to 100%
Year Number of Days with
>12 hours of records
2006 293
2007 302
2008 356
2009 333 days in 11 months

Annual maxima for the recent data years, 1997 to 2009 are listed in Table 2.

Table 2 Recent 1-minute average annual maximum wind speeds from SR 520 floating bridge

anemometer
Measured Wind Speed Star\}s%réjgli\éztion
Year .(Z =50 fi) (Iz = 10pm) Day
S-minute average 1-minute average
(mph) (mph)

1994 37.6 40.3 December 8
1995 48.8 52.4 December 12
1996 40.5 43,5 November 27
1997 41.8 45.0 October 9
1998 46.5 49.9 November 24
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1999 50.3 54.1 March 3
2000 54.1 58.1 January 16
2001 45.6 49.0 December 1
2002 49.2 52.9 December 27
2003 43.6 46.9 March 13
2004 43.0 46.1 January 30
2005 41.2 445 March 16
2006 55.7 60.6

2007 55.7 60.6

2008 50.5 54.9

2009 48.5 52.8

Note: Zogs=50 ft per field measurements communicated by Archie Allan of WSDOT on 7 Dec 2006

The second data set, extending further into the past, consists of the annual extremes that
were collected for previous Lake Washington floating bridge studies and is given in Table 3.

Table 3 Prior record of 1-minute average annual maximum southerly wind speeds for
Lake Washington, at standard elevation (z=10 m.)

Wind Speed Day Wind Speed Day
Year (mph) Year (mph)
1970 59.2 December 7 1982 66.7 December 22
1971 71.5 March 26 1983 66.7 November 24
1972 59.2 March 24 1984 71.5 November 2
1973 71.5 December 11 1985 59.2 March 22
1974 52.5 January 24 1986 50.5 January 17
1975 57.2 December 26 1987 58.1 December 9
1976 50.5 February 26 1988 51.5 February 13
1977 50.5 February 10 1989 59.2 January 16
1978 52.5 October 10 1990 50.5 October 27
1979 69.6 February 13 1991 50.5 November 16
1980 62.0 January 12 1992 66.7 January 10
1981 59.2 November 14 1993 51.5 January 20

The draw span of the Evergreen Point Floating Bridge was opened for the following storms.
Each of the bridge closures occurred during an annual maximum wind event. Not every
annual maximum wind event resulted in a draw span opening.
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Table 4 Bridge closures (draw span openings) for high winds

Length of Time

Month Year Draw Span Was Open

January 1980 2 hr. 40 min.

November 1981 11 hr. 40 min.

November 1981 3 hr. 55 min.

November 1983 7 hr. 20 min.

January 1986 10 hr. 45 min.

January 1993 13 hr. 35 min.

December 1995 9 hr. 26 min.

November 1996 1 hr. 51 min.

March 1999 45 hr.

January 2000 8 hr. 26 min.

Feb 4 2006 9:20 AM to 1:20 AM (5™
March8 2006 5:10 PM to 3:00AM (9")

The criteria for closure of the bridge are as follows:

Criteria for closing the bridge:

1980 to Jan 1993 = 60 mph

Reduced in Jan 1993 to 50 mph
Reduced again in March 1999 to 45 mph
Raised back to 50 mph in fall of 2000.

The two annual maximum data sets are plotted in Figure 1. It is apparent that there is an
unusual discontinuity in the between the pre-1993 and post-1994 sets. The older data are
often higher than the more recent measurements from the SR 520 anemometer; however, the
overall trend established by the data from 1970 to 1993 is nominally maintained when the
1994 to 2009 years are included.
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Annual Maxima of One-Minute Wind on Lake Washington
All Directions
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Figure 1.A Annual extremes of 1-minute average wind speeds — all wind directions

Annual Maxima of One-Minute Wind on Lake Washington
Southerly Winds

80.0
70.0 o P
N '. N * e o X
S RS ! A Slope = -0.2985 mphlyear
— 60.0 ';- .\ ; e > ; “. ,I | o
g & : N x- ;oL Il :
£ H : y
® s | & § /
¢ 50.0 ot S
@ ; b
k] - "
£ e ¢
2 o
3 40.0 Py
€
=1
E
3
3 30.0
g
< --¢--- Southerlies - Previously collected annual maxima data|
< 20.0
---0--- Southerly Data from SR 520 anemometer 1-min ave
10.0
® 1994 wind not used in extrapolation
0.0 T T ; ;
1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

Year

Figure 1.B Annual extremes of 1-minute average wind speeds — southerly winds
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Annual Maxima of One-Minute Wind on Lake Washington
Northerly Winds
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Figure 1.C Annual extremes of 1-minute average wind speeds — northerly winds

The trends in the southerly and the northerly winds are also unusual. Overall southerly
winds are decreasing, except in the recently acquired data set, and the northerly winds are
increasing, except in the recent data set. This apparent inconsistency between the 1970-
1993 and 1994-2009 data set is also apparent from the summary statistics of each subset as
shown in Table 4. By nearly all statistical measures, the newer (1994-2009) data set is
consistently about 86% of the earlier (1970-1993) data.

Table 5 Comparison of statistics of annual extreme data sets from 1970-1993 and 1994-2005

Statistic 1970-1993 | 1994-2005 Ratio
Minimum (mph) 49.9 40.4 81%
Average (mph) 58.7 50.4 86%
Maximum (mph) 70.6 59.8 85%
Standard deviation (mph) 7.67 5.9

Figure 2 shows a comparable plot of the annual maxima for wind at Sea-Tac Airport for the
fifty-one-year period from 1954 through 2003. There is no clear or dramatic discontinuity in
the data at Sea-Tac that corresponds to the discontinuity apparent in the Evergreen Point
data. However, there is a clear long-term decreasing trend in annual maximum wind speed
as reported at Sea-Tac.
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(One-Minute) Wind Speed at 30 ft Elevation [mph]
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Figure 2.A Annual extremes of 1-minute wind at Sea-Tac Airport — all wind directions
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SEA-TAC Airport Data Annual Maxima
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Figure 2.B Annual extremes of 1-minute wind at Sea-Tac Airport- northerly and southerly wind
directions

This decreasing trend is at the rate of 0.261 mph per year. This trend compares moderately
well with the 0.296 mph per year decreasing trend found in Figure 1 for the Evergreen Point
data set covering the thirty-nine year period between 1970 and 2009. However, the data for
the period 1994 through 2009 shows an increasing trend, and the data for the period from
1970 through 1993 shows a decreasing trend. The trends in the directionally sorted annual
extremes from the Sea-Tac data and the Evergreen Point Bridge data are also inconsistent.

It is not obvious whether the downward ‘jump’ in the data beginning from 1994 in Figure 1
reflects some real change in the wind micro climatology over Lake Washington, some
unidentified change in the processing or definitions of data collected on the Evergreen Point
floating bridge, or some other as yet unidentified defect in either the data set before 1994 or
the one beginning from 1994. The absence of any similar ‘jump’ in the wind data from Sea-
Tac suggests that the anomaly does not represent a real phenomenon.

However, in spite of the anomalies in the pre- and post-1993 data sets from the Evergreen
Point Bridge and inconsistencies with respect to the Sea-Tac data, the entire data set is used
in the extrapolations presented in the following sections.

2.1 Extrapolations Based on Annual Extremes

All prior studies of Lake Washington floating bridges have relied on extrapolations of wind
speed based on annual extremes. The previously identified annual extremes given in

Table 3 were supplemented with the recent data set given in Table 2. The annual maximums
for all wind directions for the 36 years are plotted on extremal-type axes in Figure 6, and the
extrapolated expected value for the 100-year return period is shown.
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Evergreen Point Bridge - Annual Extreme Wind Speeds - A1l Directions
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Figure 3  Extrapolation of annual extremes of 1-minute wind (z=10 m) on Lake Washington.

2.2 Extrapolations Based on Peak-Over-Threshold (POT) Method
A second approach to the prediction of return period winds is discussed next.

Recent Evergreen Point Floating Bridge data (beginning from 1994) was also analyzed
using the peak-over-threshold (POT) method with a threshold of 30 mph (i.e., 44 fps =
13.41 m/s = 26.1 knots). As shown in Table 6, a total of 234 POT events were identified
over the twelve-year period of record from 1994 through 2005. The entries in Table 6 are
for the 5-minute average wind speed (U5) corrected to standard 30 foot elevation and
expressed in mph. They are the maximum 5-minute average from each hour. Each of the
events in Table 6 represents an independent POT event.

The 233 POT events were sampled from 63,505 hours of observations, or the equivalent of
7.24 years of observations across twelve different years. On average, there are 271.4 hours
between POT samples. Thus, in all, one would expect 3,230 POT events to be sampled in
100 years.
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Table 6 Peak-over-threshold (POT) events 1994-2005

POT # Date & Time Ul[mph]| POT # Date & Time Ul[mph]| POT # Date & Time Ul[mph]| POT # Date & Time U1 [mph]
1 11/30/94 5:00 39.64 61 2/20/98 15:00 37.96 121 2/2/01 12:00 33.87 181 3/5/04 9:00 37.00
2 12/8/94 18:00 40.36 62 2/21/98 12:00 37.72 122 3/1/01 17:00 45.17 182 3/18/04 16:00 40.12
3 12/19/94 23:00 33.87 63 4/11/98 15:00 34.35 123 3/13/01 7:00 4493 183 3/24/04 13:00 36.04
4 12/28/94 0:00 36.28 64 5/2/98 0:00 32.43 124 3/18/01 19:00 37.96 184 5/8/04 14:00 33.63
5 1/14/95 14:00 35.80 65 10/1/98 22:00 32.91 125 3/25/01 14:00 32.91 185 8/25/04 14:00 33.15
6 1/30/95 13:00 32.19 66 10/8/98 9:00 42.76 126 4/28/01 19:00 34.35 186 9/11/04 7:00 36.52
7 2/17/95 14:00 37.24 67 11/13/98 3:00 35.56 127 4/29/01 14:00 34.59 187 9/13/04 11:00 37.24
8 3/9/95 15:00 49.73 68 11/15/98 8:00 40.84 128 4/30/01 13:00 40.84 188 9/15/04 5:00 36.04
9 3/14/95 11:00 38.68 69 11/20/98 22:00 44.69 129 5/15/01 21:00 37.24 189 1/17/05 20:00 38.44
10 3/19/95 1:00 36.04 70 11/24/98 0:00 49.97 130 5/28/01 10:00 32.91 190 3/16/05 9:00 44.20
11 3/20/95 14:00 38.68 71 12/1/98 22:00 39.16 131 6/9/01 7:00 33.15 191 3/20/05 4:00 43.72
12 4/7/95 10:00 34.59 72 12/2/98 14:00 35.56 132 8/23/01 14:00 32.19 192 3/22/05 15:00 32.43
13 10/25/95 20:00 32.67 73 12/5/98 9:00 40.84 133 10/12/01 10:00 44.93 193 4/1/05 16:00 42.76
14 11/4/95 15:00 36.04 74 12/7/98 11:00 38.68 134 10/14/01 1:00 32.43 194 4/11/05 11:00 37.00
15 11/5/95 16:00 32.43 75 12/24/98 20:00 32.91 135 10/22/01 15:00 41.08 195 4/12/05 15:00 39.64
16 11/7/95 10:00 38.20 76 12/25/98 20:00 40.12 136 11/20/01 1:00 43.24 196 4/16/05 11:00 32.43
17 11/8/95 12:00 36.04 77 1/14/99 12:00 36.76 137 12/1/01 14:00 49.01 197 5/18/05 16:00 38.92
18 11/11/95 11:00 36.04 78 1/16/99 7:00 35.80 138 12/3/01 21:00 35.80 198 5/19/05 11:00 33.63
19 11/17/95 23:00 45.17 79 1/18/99 9:00 43.96 139 12/6/01 8:00 35.80 199 5/20/05 15:00 44.44
20 12/11/95 3:00 43.48 80 1/21/99 14:00 36.52 140 12/8/01 12:00 40.36 200 5/22/05 15:00 35.08
21 12/12/95 19:00 52.37 81 1/27/99 14:00 41.56 141 12/13/01 21:00 44.44 201 6/13/05 9:00 34.59
22 1/15/96 7:00 32.19 82 1/29/99 4:00 47.81 142 12/16/01 20:00 40.60 202 10/17/05 6:00 38.44
23 1/20/96 15:00 32.91 83 2/2/99 8:00 46.85 143 12/18/01 17:00 42.28 203 11/4/05 11:00 33.63
24 2/20/96 17:00 41.56 84 2/4/99 7:00 41.08 144 1/12/02 2:00 37.48 204 11/10/05 14:00 35.80
25 2/22/96 14:00 38.44 85 2/5/99 11:00 46.85 145 1/20/02 7:00 40.36 205 11/11/05 14:00 36.76
26 4/23/96 20:00 39.16 86 2/6/99 16:00 51.89 146 1/24/02 10:00 39.40
27 4/26/96 9:00 33.63 87 2/16/99 2:00 32.43 147 2/3/02 9:00 33.63
28 5/17/96 15:00 34.84 88 2/17/99 2:00 40.60 148 2/6/02 11:00 49.25
29 10/14/96 15:00 37.72 89 2/21/99 13:00 42.76 149 2/19/02 1:00 36.28
30 10/15/96 15:00 38.44 90 2/22/99 13:00 43.00 150 2/21/02 15:00 39.64
31 10/18/96 1:00 34.11 91 2/25/99 14:00 36.52 151 3/5/02 2:00 36.28
32 11/4/96 0:00 32.19 92 3/1/99 11:00 36.04 152 3/9/02 15:00 33.39
33 11/27/96 20:00 43.48 93 3/3/99 4:00 54.05 153 3/10/02 14:00 36.04
34 11/30/96 23:00 41.32 94 3/8/99 13:00 4324 154 3/11/02 8:00 43.48
35 12/2/96 6:00 34.84 95 3/13/99 10:00 41.56 155 4/6/02 22:00 41.08

36 12/5/96 0:00 33.15 96 3/26/99 15:00 34.11 156 4/13/02 9:00 34.84
37 12/6/96 15:00 32.67 97 5/6/99 18:00 39.16 157 4/14/02 3:00 43.48
38 12/10/96 17:00 32.19 98 1/8/00 3:00 33.87 158 5/2/02 18:00 34.11
39 12/13/96 8:00 38.92 99 1/9/00 7:00 33.15 159 5/5/02 13:00 35.08
40 12/29/96 16:00 32.91 100 1/12/00 0:00 34.35 160 6/5/02 17:00 34.35
41 12/31/96 4:00 33.15 101 1/14/00 14:00 35.56 161 11/8/02 15:00 39.40
42 12/31/96 22:00 32.19 102 1/16/00 14:00 58.14 162 11/12/02 10:00 38.92
43 9/17/97 3:00 38.68 103 2/1/00 12:00 41.08 163 11/16/02 17:00 44.44
44 9/26/97 13:00 39.16 104 2/8/00 16:00 37.48 164 11/19/02 12:00 37.24
45 10/1/97 12:00 43.48 105 2/22/00 9:00 40.60 165 12/10/02 12:00 38.20
46 10/2/97 11:00 36.76 106 3/11/00 2:00 34.35 166 12/15/02 5:00 36.28
47 10/9/97 17:00 44.93 107 3/14/00 0:00 44.93 167 12/16/02 13:00 40.36
48 10/29/97 5:00 41.80 108 3/16/00 8:00 41.32 168 1/2/03 23:00 40.60
49 10/30/97 3:00 42.28 109 3/17/00 9:00 40.36 169 1/4/03 12:00 32.67
50 11/17/97 14:00 32.67 110 3/18/00 16:00 35.80 170 2/20/03 14:00 37.72
51 11/20/97 1:00 35.56 111 4/13/00 19:00 32.67 171 2/21/03 12:00 33.63
52 11/28/97 9:00 32.19 112 4/22/00 3:00 33.15 172 3/11/03 14:00 34.11
53 12/14/97 12:00 42.76 113 4/23/00 12:00 37.48 173 3/13/03 0:00 32.91
54 12/15/97 13:00 37.00 114 5/9/00 16:00 35.80 174 3/13/03 14:00 46.85
55 12/16/97 12:00 37.96 115 6/12/00 12:00 37.24 175 3/14/03 11:00 36.28
56 12/20/97 9:00 33.87 116 9/8/00 4:00 33.63 176 3/20/03 13:00 37.00
57 1/14/98 22:00 38.44 117 10/20/00 12:00 36.28 177 3/22/03 12:00 35.80
58 1/17/98 7:00 38.92 118 12/14/00 23:00 44.69 178 5/14/03 8:00 36.04
59 2/8/98 16:00 36.52 119 12/16/00 18:00 44.44 179 1/30/04 4:00 46.13
60 2/13/98 4:00 34.84 120 1/5/01 1:00 37.96 180 2/24/04 13:00 37.96

Notes: 1) The entry is the maximum U1 wind speed from the hour and storm event shown. It is converted
from the observed U5 wind speed.

2) Threshold in observed (i.e., U5 at 50 feet) wind speed at 30 mph (13.41 m/s).
3) Ul in mph at corrected to standard 10 m elevation based Zogs=50 feet

The POT events from Table 6 are plotted in Figure 7. The seasonal variability in the POT
events is clearly visible. Four of the events are tagged for the dates which the draw span
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was opened. It is also clear from the plot that POT analysis captures high wind speed events
that are ignored in the annual maximum analysis. For example, there are two events in 1995
that are above all the events in 1996 and 1997; however, only one of the 1995 events is used
as an annual extreme and the lesser maxima from 1996 and 1997 are used in the annual
maximum analysis. The consequence of including more extreme events on the extrapolation
is discussed in relation to Figure 8.
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Figure 4 Comparison of POT and bridge closure events

All events with 5-minute average wind speeds over 30 mph for all wind directions are
plotted on extremal-type axes in Figure 8, and the extrapolated value for the 100-year return
period is shown. The wind speeds have been converted to 1-minute averages at 10 meter
elevation. Although there are more high wind speed events in the extrapolation, there are
also more low wind speed events. The end result is an extrapolated expected value 100-year
return period wind speed slightly lower than that produced by the annual extreme method.
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Evergreen Point Bridge - POT »30 mph Extreme wind speeds - A11 Directions

Cumulatiwve Probability Plot with 90% Prediction Interval Eands fnual $ig§”
1-min Average
R-T-1-1:1 at 10 meters
mph
g 3/3/1393 54.0
L—"1 100 12/12/1995 52.4
H 099 2/6/1999  51.9
F 5 114241398 0.0
[ I 50 3/5/1995  49.7
o 2/6/2002 43,3
g ERREESss 12172001 45.0
— 20 172971599 47.8
L E
I Q08 ol 2/2/1999  46.9
+ L o1g 2/5/1998  46.9
= " s m 3/13/2003 46.3
- & [ b | 1/30/2004 46.1
H = 5 c 11/17/1995 45.2
= A 37142001 45.%
- 5o = 10/9/1897 44.9
H - 52/ 3/14/2000 44.3
Mo~ Lo 3132001 4.3
< 2 ’aéf/ o 10;12;2001 44.3
11/20/1398 44.7
w = 96 g 12/14/2000 44.7
=] I ad H 12/16/2000 44.4
[T 12/13/2001 44.4
o .a (o] 111642002 44 .4
= o £/20/2005 44.4
w 371672005 44,2
L 8 — 1/16/1999 44.0
> o 372042005 43.7
H o~ 7 =< 12A11385 435
- .6 m 11/27/1996 43.5
£ — .5 h =3 104171997 43.5
- -4 ~ 371172002 43.5
= .3 w 4/14/2002 43.5
2 5 .z — 3/8/1993 43.2
=z 9 1 11/20/2001 43.2
jum} 2/22/1993  43.0
12/14/1997 42.8
hd 01 10/6/1398 4.8
. 2/21/1595 d42.%
et 79 75 30 35 a0 47 50 55 &0 70 80 30 100 s s
. . . 10/30/1357 42.3
- 12/18/2001 42.3
1-min. average Wind Speed (mph) at 10 meter elevation 12sgeonn 42
. . 2/20/1596 41.6
Return Period: 100 vears wind Speed = 77 mph 1/27/1993 41.6
) Return Period: 20 vears wind Speed = 66 mph 3713719835 41.6
Data paints shown as - . ATl Events with
X are Return Period: 5 Years wind Speed = 58 mph Pezk over Thrashold
HAT included Return Period: ~1 vear Wind Speed = 50 mph of 30 mph
in the regression. Top 45 are 14sted

=1
=

Standard Deviation of Regression: 48

Figure 5 Extrapolation of POT (U5>30 mph) extreme wind events on Lake Washington.

2.3 Extrapolations Based on Bootstrap Method
The following is a description of a third approach for the prediction of return period winds.

Return period extreme values were estimated using bootstrap methods based on methods
described in Reference 3. The basic approach is to generate a predictive stochastic model
that can be queried for synthetic sample extremes through a Monte Carlo procedure. Using
this approach, any amount of synthetic extreme data can be generated. The synthetic data
can then be treated as if it were real data to calculate statistical distributions for the
estimated return period extremes. These latter distributions provide insight into the
confidence that may be placed on return period values.

A summary outline of the procedure is as follows:

1. Log transform step: Using all of the available data (in this case, all of the available
U5 time series beginning from 1994 through 2005), take the logarithm of U1 to
create a time series of the logarithm.

2. Remove mean and trend: Using linear regression, determine the mean and trend,
a + b t, of the log transformed data and subtract the mean and trend, yielding residual
data.

3. Remove annual cycle: Using linear regression, determine the sinusoidal annual
cycle, Asin[t (2n/T)+ ¢], where A, T and ¢ are the unknown constants to be

determined by least squares regression. Subtract the annual cycle from the residual
data from Step 2, yielding the final residual data.

4. Determine the mean and variance of final residuals: The residuals at the end of
Step 3 are presumed to have a Gaussian (normal) distribution. Determine the mean
and variance of those residuals.
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5. Calibrate the bootstrap sample rate: Determine the number of Monte Carlo samples
that correspond to one year of synthetic record.

6. Generate synthetic data using Monte Carlo procedures: A set of 200 synthesized
annual extremes is shown in Table 7.

7. Analyze synthetic data set for return period extremes and other statistics: The
200 synthesized annual extremes, converted to 1-minute average and 10 meter
elevation, are plotted on extremal-type axes in Figure 9, and the interpolated value
for the 100-year return period is shown.
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Figure 6  Extrapolation of synthesized annual extreme wind events on Lake Washington.
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Table 7 5-minute average annual extremes synthesized using bootstrap method of Reference 3

Yr. Index Ul [mph] Yr. Index Ul [mph] Yr. Index Ul [mph] Yr. Index Ul [mph]
200 95.9 150 60.5 100 54.4 50 51.1
199 87.1 149 60.3 99 54.4 49 50.9
198 83.2 148 60.2 98 54.3 48 50.9
197 81.8 147 60.2 97 54.3 47 50.8
196 78.0 146 60.0 96 54.2 46 50.8
195 77.6 145 59.9 95 54.2 45 50.8
194 76.9 144 59.7 94 54.1 44 50.7
193 74.9 143 59.4 93 54.1 43 50.6
192 72.3 142 59.2 92 54.0 42 50.4
191 72.0 141 59.2 91 53.9 41 50.3
190 71.8 140 59.1 90 53.9 40 50.2
189 69.8 139 58.9 89 53.8 39 50.0
188 68.9 138 58.8 87 53.6 38 49.8
187 68.6 137 58.3 88 53.6 37 49.8
186 68.6 136 58.3 85 53.6 36 49.7
185 68.3 135 58.3 86 53.6 35 49.7
184 67.3 134 58.3 84 53.5 34 49.6
183 67.2 133 58.2 83 53.4 33 49.4
182 66.1 132 58.2 82 53.3 32 49.4
181 66.1 131 58.0 81 53.3 30 49.3
180 66.1 130 57.8 80 53.2 31 49.3
179 65.3 129 57.6 79 53.1 29 49.3
178 65.2 128 57.5 78 52.8 28 49.3
177 65.0 127 57.5 77 52.7 27 49.1
176 64.7 126 57.3 76 52.7 26 49.0
174 64.1 125 57.2 75 52.7 25 48.9
175 64.1 124 57.1 74 52.6 24 48.9
173 64.0 123 57.1 73 52.6 23 48.8
172 63.6 122 57.0 72 525 22 48.6
171 63.5 121 56.8 71 52.4 21 48.6
170 63.5 120 56.7 69 52.3 20 48.6
169 63.3 119 56.7 70 52.3 19 48.6
168 62.9 118 56.4 68 52.3 18 48.4
167 62.9 117 56.2 67 52.2 17 48.0
166 62.8 116 56.1 66 52.2 16 47.9
165 62.4 115 56.0 65 52.0 15 47.8
164 62.4 114 56.0 64 52.0 14 47.6
163 62.3 113 55.8 63 52.0 13 475
162 62.2 111 55.4 62 51.9 12 47.4
161 62.0 112 55.4 61 51.8 11 47.2
160 61.3 110 55.3 60 51.8 10 46.8
159 61.2 109 55.1 59 51.7 9 46.8
157 61.0 108 55.1 58 51.6 8 46.2
158 61.0 107 55.0 57 51.6 7 46.2
156 60.8 106 55.0 56 515 6 45.6
155 60.8 105 54.9 55 515 5 45.2
153 60.7 104 54.9 53 51.2 4 44.9
154 60.7 103 54.8 54 51.2 3 42.8
152 60.7 102 54.6 52 51.2 2 42.7
151 60.6 101 54.5 51 51.1 1 42.3

A summary of the results from each of the approaches is given in Table 8. The most
conservative estimate of the expected value for the 100-year return wind condition results
from the extrapolation of annual extremes. It is this method that is used with the direction-
sorted wind data for the determination of the wind and wave load conditions for northerly
and southerly events.
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Table 8 Summary of extrapolation results: 1-minute average wind speeds at 10 m elevation

Method: Annual Extremes Peak over Threshold Bootstrap Annual Extremes
Data POR: 1970 -2005 1994 - 2005 1994 - 2005

Points in Fit: 36 234 200
Lower 90% Prediction 80

100-Year Return Expected Value 89 77 86
Upper 90% Prediction 97
Lower 90% Prediction 70

20-Year Return Expected Value 73 66 72
Upper 90% Prediction 78
Lower 90% Prediction 57

5- Year Return Expected Value 61 58 62
Upper 90% Prediction 66
Lower 90% Prediction 37

1-Year Return Expected Value 41 50 43
Upper 90% Prediction 44

Note that the upper 90% prediction values correspond to 95% prediction for non-exceedance.

2.4 Extrapolations of Annual Extremes Sorted by Direction

Appendix A contains a plot of the joint frequency of wind speed by wind direction. This
case presented as a contour plot, contains the same information as a wind rose diagram. The
figure clearly shows that the highest wind speeds are recorded from the south. The most
frequent winds are in between 5 and 10 mph from a direction slightly east of north.

Figure 10 and Figure 11 show the extrapolations for wind speeds sorted by direction. The
northerly sector is defined as wind from directions +45 degrees to the bridge perpendicular
in the north direction, i.e., winds between 327 and 057 degrees. The southerly sector is
defined as wind from directions +45 degrees to the bridge perpendicular in the south
direction, i.e., winds between 147 and 237 degrees. The southerly direction wind
extrapolation is essentially identical to the all direction unsorted wind speeds, since all but
one of the annual maximum events (1994) are southerly storms.

The 100-year return period wind speed used in the wind and wave load analysis for
southerly storms is 89 mph (the 100-year return wind speed from all directions is also
89 mph). The 100-year return period wind speed for northerly storms is 72 mph.
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Evergreen Point Bridge - Annual Extreme wind Speeds - Southerly Directions
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Figure 7  Return period extrapolation — annual maximum wind speeds from southerly directions

Evergreen Point Bridge - Annual Extreme wind Speeds - Northerly Directions

Cumulatiwve Probability Plot with 90% Prediction Interwval Bands “";l"“a; M imum
ind Speeds

1-min Average
L ogg | at 10 meters

| 1970 31

.99 100 1372 20.

.98 50 1976 30.

.96

.94

.8 ’ge 5
. 5
. +

=N

=
A

=)

"
5]
I}
=]
&
&
DerbNbbibbhhhwbrbobrhbehsbhbrebbhbbbih

Gumbel Type II Prohability Distribution

(S¥v3A) dOI¥3ad N¥nl3w

This set imcludes
.01 the adjustment from
E-min. to l-min.

20 5 30 35 30 45 50 5% 60 70 80 a0 100 for 1559205 data.
1-min. average wind speed (mph) at 10 meter elevation In this set

the years
1280-1333 and
72 mph 1991-1993
54 mph are missing.
42 mph Date points shown as
% are
23 mph nor “included
in the regression.

CUMULATIVE PROBABILITY FUNCTION

Return Period: 100 Years Wind Speed
Return Period: 20 Years Wind Speed
Return Period: 5 Years Wind Speed
Return Period: ~1 Year wind Speed
Standard Deviation of Regression:

o
=
~
[t

Figure 8 Return period extrapolation — annual maximum wind speeds from northerly directions
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3 Wave Climatology

Because there are no direct measurements® of the wave conditions at the SR 520 floating
bridge site for annual extreme events, it is necessary to use wind hindcasting methods to
calculate wave conditions based on wind speed. Wave conditions on a body of water result
from the upwind overwater fetch distances and on the average wind speed over the upwind
fetch.

Two wave hindcast methods were used to predict the wave conditions on Lake Washington
for the extrapolated 100-year return period storm. The second method was also used for the
calculation of the 20- and 1-year wave conditions. The first method is based on the

U.S. Army Corps of Engineers, Shore Protection Manual, and is incorporated in the
software program ACES (previously called NARFET [Ref. 4]). This is the program Glosten
has used for all previous wave hindcasts for Lake Washington floating bridge analysis
projects. This program is a one-dimensional model, and uses a modified straight line fetch
approach to predicting wave heights.

The fetch radials used in the NARFET program are shown in Figure 12.

i

.( e
o

Figure 9 Fetch radials SR 520 floating bridge used in NARFET wave hindcasting, south (left) and
north (right)

The results of the NARFET wave hindcasting are given in Appendix B and Table 9.

® Direct measurement of wave conditions at the floating bridge site is exceedingly difficult because the local
wave conditions are composed of the superposition of the incident waves with the waves reflected
from the bridge.
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Table 9 NARFET wave hindcast results — 100-year return period winds

_Winq 1-_Min. Ave. Wind fDOurration Hindcast Hindcast Hivr\]/i(\i?t
Direction Wind Speed Maximum Hs Hs T, Direction
South Winds
150 89 mph 43 min. 5.8 ft 4.5 sec 155 deg.
192 89 mph 41 min. 5.7 ft 4.4 sec 193 deg.
205 89 mph 43 min. 5.7 ft 4.4 sec 203 deg.

North Winds
000 72 mph 54 min. 4.4 ft 4.1 sec 021 deg.
025 72 mph 54 min. 4.8 ft 4.2 sec 022 deg.

The second wave hindcasting program is SWAN, Simulating Waves Nearshore. Itis a
2-dimensional state-of-the-art wave hindcasting model from Delft Hydraulics, Netherlands
[Ref. 5]. SWAN is a two-dimensional, full spectral wave model for wave propagation in
finite depth water, including refraction and shoaling, growth due to wind action, non-linear
wave interactions (triad and quadruplet) and dissipation by bottom friction and breaking.
SWAN is appropriate for and typically used for the simulation of wave generation,
propagation, and dissipation in coastal areas.

The processes modeled by SWAN are:
e Wave generation by a spatially varying wind.
e Refraction over a bottom of variable depth.
e Refraction over a spatially varying ambient current.
e Dissipation by wave breaking.
e Dissipation by bottom friction.
e Wave blocking by current.

e Non-linear wave interactions.

SWAN represents the wave field on a two-dimensional, horizontal rectangular grid covering
the computational area. At each grid point, SWAN represents the complete 2-D action
density spectrum discretely as a function of frequency and direction. SWAN represents
wave propagation in all directions. The solution technique marches forward row by row
over the grid beginning at the incident wave boundary, where the incident wave
characteristics can be defined. The results in each direction sector at each grid point are
computed from the results for the grid points in the previous row. The propagation of
energy is modeled using an energy balance equation adapted to include terms for wave
growth by wind action or dissipation due to bottom friction or wave breaking.

SWAN has been verified using results both from field measurements and from physical
model tests. The SWAN model can be obtained from the internet site of Delft University of
Technology, see http://fluidmechanics.tudelft.nl/.
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The computation domains and bathymetry used in the SWAN calculations for the northerly
and southerly direction winds are shown in Figure 13 and Figure 14.

Lake Washington - Depth Contours used in SWAN Wave Hindcast
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Figure 10 Bathymetry of Lake Washington south of SR 520 floating bridge used in SWAN wave

hindcasting
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Lake Washington - Depth Contours used in SWAN Wawe Hindcast
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Figure 11 Bathymetry of Lake Washington north of SR 520 floating bridge used in SWAN wave
hindcasting

The average wind speed varies with the duration over which it is averaged, e.g., the longer
the wind averaging period, the lower the average wind speed. The ratio of wind speeds to
the averaging period used in this analysis is from the U.S. Army Corps of Engineers,
Shore Protection Manual. The ratio of the 1-minute average wind speed to the 1-hour
average wind speed is 1.243. Since the SWAN hindcasting program uses a constant wind
speed blowing in constant direction over the entire computation domain in its stationary
fully-developed sea condition hindcast, it is necessary to find the average wind speed that
represents the fully-developed condition.

Using the 1-minute average wind speed overestimates the fully-developed condition, and
using the 1-hour average wind speed may underestimate the fully-developed condition.
Thus, an estimate of the averaging period and the average wind speed was calculated using
the NARFET program, which does allow for the determination of the time (wind duration)
required to produce a fully-developed and simultaneously fetch and duration limited
condition. The duration and wind speed for a fully developed fetch/duration limited
condition is given in Table 9.

The wind duration to produce the maximum wave heights from the southerly direction in a
southerly storm is predicted to be 45 minutes. Longer durations of a lower average wind
speed result in smaller waves. Shorter durations with a higher average wind speed result in
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duration limited wave conditions, and again result in lower wave heights. The hindcast
wave heights using this approach are a conservative estimate of wave conditions for wave
load calculations.

The results of the two programs for the same input conditions are shown in Table 10. Both
programs predict essentially identical wave conditions at the bridge. This work validates the
use of ACES (NARFET) for previous bridge analysis projects. The highlighted wave
heights are those proposed for use in the response to wave loads analysis.

Table 10 1-D (NARFET) and 2-D (SWAN) wave hindcast results

Wind Return 2D Hindcast "SWAN" Results 1D Hindcast "NARFET" Results
. Wind Direction and Speed
Period
Hs Tp Hs Tp
Period of Wind Direction Wind Speed
(years) (Degrees from N . m ft s m ft S
Record (1-min average)
true)
1970 - 1993 100 150 92 mph 20m 6.4" 4.7s
South Fetch
1970 - 2005 100 205 89 mph 1.8m 59 45s 1.7m 57" 4.4
100 192 89 mph 1.8m 6.1 49s 1.7m 57" 44
100 150 89 mph 1.93 m 6.3"' 49s 1.8 m 5.8' 45s
20 150 73 mph 1.5m 50" 4.1s 14m 45" 4.1s
1 150 41 mph 0.8 m 26" 3.1s 0.6m 21" 29s
North Fetch
1970 - 2005 100 025 72 mph 1.90 m 6.2"' 4.5s 1.5m 48" 42"
20 025 54 mph 1.3 m 43" 3.7s 1.0m 33" 36"
1 025 23 mph 0.4m 14 25s 0.3m 11" 23"

The SWAN predictions for wave height as a function of position along the length of the
floating bridge for southerly winds are shown in Figure 15. The largest wave heights are
predicted for the west end of the span when the wind is blowing from 150 degrees, up from
the Mercer Island channel. Winds from 205 degrees produce the highest waves at the east
end of the bridge. Hindcast wave heights for the 20-year return period storm and the 1-year
storm are also shown. The hindcast results for northerly winds are shown in Figure 16.
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SR 520 Replacement Floating Bridge - SWAN Hindcast Significant Wave Heights

A along the Length of the Bridge vs Wind Direction and Return Period (Southerly) W
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Figure 12 SWAN hindcast of significant wave heights along the length of the bridge for southerly winds
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SR 520 Replacement Floating Bridge - SWAN Hindcast Significant Wave Heights

A along the Length of the Bridge vs Wind Direction and Return Period (Northerly) W
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Figure 13 SWAN hindcast of significant wave heights along the length of the bridge for northerly winds
WSDOT Bridges & Structures Office The Glosten Associates, Inc.
SR 520 Bridge Replacement - Climatology, Rev. A 23 File No. 06050.05, 5 April 2010

H:\2006\06050_WSDOT-520Bridge\Task_6 Climatology\reports\Rev A Apr2010\Climatology report RevA.doc



Contours from the 2-D SWAN hindcast significant wave height and peak periods for each of
the three wind directions are shown in Appendix C. The wave height and period contours
show the development of the waves from the end of the fetch as they approach the bridge.
Both south winds and north winds are shown.

Contours from the 2-D SWAN program showing the hindcast directional wave spectra at
every other pontoon along the length bridge for the perpendicular wind direction are shown
in Appendix D.

In the hydroelastic structural analysis, only one directional spectrum can be applied for all
positions along the length of the bridge. The hindcast wave spectrum at Pontoon M for
winds blowing from 150 degrees will be used for the south wind analysis. The hindcast
wave spectrum at Pontoon Q for winds blowing from 025 degrees will be used for the north
wind analysis.
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