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Abstract

Current and wave measurements were taken in Rich Passage in Puget Sound, WA,
during fall 2014. Two instruments were deployed at the west end of Rich Passage;
one measured currents and the other measured both currents and waves. The main
objectives of the study were to measure waves generated by vessels transiting Rich
Passage and to quantify the tidal energy resource of the channel. This report presents
the analysis of the measured currents and an assessment of the hydrokinetic power
available in Rich Passage.
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1 Site Description

Rich Passage is a tidal channel south of Bainbridge Island in Puget Sound, WA
(47.5867◦ N, −122.5424◦ W), between the island and the Kitsap Peninsula (Figure 1).
Washington State Department of Transportation ferries transit Rich Passage on
routes connecting Seattle to Bremerton. At its west end, the channel is approxi-
mately 28 m deep and 550 m wide; it is oriented approximately 45◦ from north in the
clockwise direction, and it is expected that the flow has a similar principal direction.

2 Data Collection

Tidal currents and waves were measured at Rich Passage, WA, continuously from
15 September to 18 November 2014. Two Sea Spiders (SS02 and SS04; Figure 2) were
deployed at the west end of Rich Passage (Figure 3). SS02 was equipped with a Nortek
Continental ADCP to measure currents every minute throughout its deployment;
SS04 was equipped with a Nortek Acoustic Wave and Current Profiler (AWAC) to
measure currents and waves (Table 1). SS02, deployed near the center of the channel,
measured the strongest currents in Rich Passage, while SS04, deployed at the north
end of the channel, measured the waves generated mainly by ferry wakes.

A cross-channel section of velocity profiles and seven conductivity, temperature,
depth (CTD) profiles were taken in Rich Passage. The section from north to south
between the Sea Spider 002 and 004 locations (Figure 3) was conducted on 16 Septem-
ber 2014 at 09:06 local time on the flood tide (Figure 4). Velocity was measured by
a downward-looking RDI ADCP mounted aboard the R/V Jack Robertson.

CTD profiles were taken at seven locations across the west end of Rich Passage on
16 September 2014 between 08:15 and 09:15 local time on the flood tide (Figure 5).
From these profiles, we conclude that the flow in Rich Passage is well mixed.

3 Analysis of Velocity Measurements

ADCP velocity measurements from SS02 and SS04 are analyzed to characterize
the tidal energy resource at Rich Passage. Only current measurements, and no wave
measurements, collected by the Nortek AWAC on SS04 are used in this analysis. A
different approach was used to process data from the AWAC because there were no
current measurements taken when the instrument was measuring waves.
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3.1 Raw Measurements

All data were processed with Matlab. Low beam amplitude measurements (< 50),
surface bins measurements, and velocity spikes where removed from the data and not
used in this analysis. Time series of east, north, and vertical velocity profiles as
well as free surface elevation from SS02 and SS04 show spring and neap tides clearly
(Figures 6 and 7). A semi-diurnal inequality in horizontal velocities and free surface
elevation was observed between the two ebb and the two flood currents occurring
each lunar day.

Plotting currents observed at both locations 10 m above the sea bottom (Figure 8)
shows differences in current magnitude and direction at the Sea Spider sites. SS02,
within the channel, had currents constrained to a principal direction. SS04, at the
west end of the channel, had highly scattered currents and no clear principal axis.

3.2 Harmonic Analysis

Harmonic analysis of horizontal tidal currents measured about 10 m above the sea
bottom (Table 2) was performed using UTide (Codiga 2011), a unified tidal analysis
and prediction model that accommodates two-dimensional time series with irregular
sample times. From this analysis, 35 tidal constituents with a signal to noise ratio
(SNR) greater than 2 are recognized. The most energetic from both data sets are the
M2 (77%), K1 (9%), S2 (6%), O1(3%) and N2(2%). Figures 9 and 10 plot the tidal
ellipses constructed from data collected at the SS02 and SS04 sites.

3.3 Tidal Energy Resource Characterization

The methods developed by Polagye and Thomson (2013) are used to characterize
the tidal energy resource at Rich Passage. A set of Matlab codes for this purpose is
available at the Pacific Marine Energy Center website.1

Because the vertical velocities at SS02 and SS04 are relatively small compared
to horizontal velocities, the tidal energy is characterized in terms of the horizontal
velocity, which is defined as follows (Polagye and Thomson 2013),

Uh = ±
√
u2 + v2 (1)

where u and v represent the east and north velocity components, respectively. The
plus and minus signs define flood and ebb tides, respectively. Currents are analyzed

1http://depts.washington.edu/nnmrec/characterization
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as a whole, and separately as ebb and flood currents. The method uses principal
component analysis to define the flood and ebb principal axes. The time-averaged
metrics used to study the tidal energy resource are mean speed, mean power density,
ebb/flood speed asymmetry, principal direction, ebb/flood direction asymmetry, and
direction deviation (Table 3). Further details of these metrics and methods are avail-
able in Polagye and Thomson (2013). Vertical profiles of these time-averaged metrics
are presented in Figures 11 and 12. Flood tide is from the northeast to the southwest
within Rich Passage.

4 References

Codiga, D., “Unified tidal analysis and prediction using the UTide Matlab func-
tions.” Technical Report 2011-01, Graduate School of Oceanography, University
of Rhode Island, Narragansett, RI, 2011.

Polagye, B., and J. Thomson, “Tidal energy resource characterization: Method-
ology and field study in Admiralty Inlet, Puget Sound, USA.” Proc., Institution
of Mechanical Engineers, Part A: Journal of Power and Energy, 227: 352-367,
2013.
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5 Tables

Table 1: Sea Spider deployment locations and sampling parameters.

Sea Spider SS02 SS04
Instrument Nortek Continental Nortek AWAC

Frequency (kHz) 470 1000
Lat 47.5887◦ 47.5892◦

Lon –122.5641◦ –122.5681◦

Depth (m) 28 24
Time (days) 60 60

Sampling Frequency 1 min 1 min (42 min of every hour)
∆z (m) 1 1

Table 2: Harmonic analysis results for the most energetic tidal constituents measured
about 10 m above the sea bottom at two locations in Rich Passage.

Sea Spider SS02 SS04
Instrument Nortek Continental Nortek AWAC
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M2 0.981 0.0209 44.1 117 0.557 0.0607 29.3 117
K1 0.341 0.0184 44.3 4 0.182 0.0054 38.4 7
S2 0.280 0.0072 43.6 134 0.152 0.0164 31.7 129
O1 0.190 0.0224 45.4 2 0.101 0.0072 40.9 352
N2 0.181 0.0025 44.8 76 0.103 0.0269 29.8 72

4 APL-UW TM 2-18



UNIVERSITY OF WASHINGTON • APPLIED PHYSICS LABORATORY

Table 3: Time-averaged metrics for tidal energy assessment in Rich Passage.

Site Rich Passage
Location SS02 SS04

All Velocity:
Mean Speed (m/s) 0.69 0.45
Max. Speed (m/s) 1.98 1.61
Ebb/flood asymmetry 0.86 1.40

Power:
Mean power density (kW/m2) 0.34 0.09
Ebb/flood asymmetry 0.62 3.31

Direction:
Principal axis (◦) 225.87 242.19
Ebb/flood asymmetry (◦) 10.81 18.18

Flood Velocity:
Mean Speed (m/s) 0.74 0.37
Max. Speed (m/s) 1.98 0.97
Vertical Shear (m/s/m) 0.019 0.016

Power:
Mean power density (kW/m2) 0.42 0.04

Direction:
Principal axis (◦) 50.92 70.41
Standard deviation (◦) 4.45 12.98

Ebb Velocity:
Mean Speed (m/s) 0.64 0.52
Max. Speed (m/s) 1.65 1.61
Vertical Shear (m/s/m) 0.024 0.025

Power:
Mean power density (kW/m2) 0.26 0.15

Direction:
Principal axis (◦) 220.11 232.22
Standard deviation (◦) 4.34 18.84
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6 Figures

Figure 1: Rich Passage in Puget Sound, WA (from Google Earth c©).
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Figure 2: Sea Spiders aboard R/V Jack Robertson before deployment in Rich Passage.

APL-UW TM 2-18 7



UNIVERSITY OF WASHINGTON • APPLIED PHYSICS LABORATORY

Figure 3: Sea Spider locations in Rich Passage and a cross-channel transect (red line)
(from Google Earth c©).

Figure 4: Velocity magnitude along a cross-channel section of Rich Passage from
vessel-mounted, downward-looking ADCP measurements.
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Figure 5: Vertical CTD profiles of (upper) temperature (◦C) and density (Kg/m3) at
(lower) seven locations in Rich Passage (from Google Earth c©).
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Figure 6: Time series of free-surface and velocity profiles observed at SS02.

Figure 7: Time series of free-surface and velocity profiles observed at SS04.
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Figure 8: Velocity component measurements about 10 m above the sea bottom at
SS02 and SS04.
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Figure 9: Tidal constituents ellipses for currents measured 10 m above the sea bottom
at SS02.

Figure 10: Tidal constituents ellipses for currents measured about 10 m above the
sea bottom at SS04.
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Figure 11: Vertical profile metrics at SS02 in Rich Passage.
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Figure 12: Vertical profile metrics at SS04 in Rich Passage.

APL-UW TM 2-18 13



5(3257�'2&80(17$7,21�3$*( )RUP�$SSURYHG

20%�1R�����������

����5(3257�'$7(��''�00�<<<<� ����5(3257�7<3(�

����7,7/(�$1'�68%7,7/(

�D���&2175$&7�180%(5

����$87+25�6�

����3(5)250,1*�25*$1,=$7,21�1$0(�6��$1'�$''5(66�(6�

����6321625,1*�021,725,1*�$*(1&<�1$0(�6��$1'�$''5(66�(6�

���3(5)250,1*�25*$1,=$7,21

����5(3257�180%(5

����6321625�021,725
6�$&521<0�6�

����6833/(0(17$5<�127(6

����',675,%87,21�$9$,/$%,/,7<�67$7(0(17

����$%675$&7

����68%-(&7�7(506

����180%(5

������2)�

������3$*(6

��D��1$0(�2)�5(63216,%/(�3(5621�

��D���5(3257

E��$%675$&7 F��7+,6�3$*(

����/,0,7$7,21�2)

������$%675$&7

6WDQGDUG�)RUP������5HY�������

3UHVFULEHG�E\�$16,�6WG��=�����

7KH�SXEOLF�UHSRUWLQJ�EXUGHQ�IRU�WKLV�FROOHFWLRQ�RI� LQIRUPDWLRQ�LV�HVWLPDWHG�WR�DYHUDJH���KRXU�SHU�UHVSRQVH�� LQFOXGLQJ�WKH�WLPH�IRU�UHYLHZLQJ�LQVWUXFWLRQV��VHDUFKLQJ�H[LVWLQJ�GDWD�VRXUFHV�

JDWKHULQJ�DQG�PDLQWDLQLQJ�WKH�GDWD�QHHGHG��DQG�FRPSOHWLQJ�DQG�UHYLHZLQJ�WKH�FROOHFWLRQ�RI�LQIRUPDWLRQ���6HQG�FRPPHQWV�UHJDUGLQJ�WKLV�EXUGHQ�HVWLPDWH�RU�DQ\�RWKHU�DVSHFW�RI�WKLV�FROOHFWLRQ

RI� LQIRUPDWLRQ�� LQFOXGLQJ� VXJJHVWLRQV� IRU� UHGXFLQJ� WKH� EXUGHQ�� WR� 'HSDUWPHQW� RI� 'HIHQVH�� :DVKLQJWRQ� +HDGTXDUWHUV� 6HUYLFHV�� 'LUHFWRUDWH� IRU� ,QIRUPDWLRQ� 2SHUDWLRQV� DQG� 5HSRUWV

������������������-HIIHUVRQ�'DYLV�+LJKZD\��6XLWH�������$UOLQJWRQ��9$���������������5HVSRQGHQWV�VKRXOG�EH�DZDUH�WKDW�QRWZLWKVWDQGLQJ�DQ\�RWKHU�SURYLVLRQ�RI�ODZ��QR�SHUVRQ�VKDOO�EH

VXEMHFW�WR�DQ\�SHQDOW\�IRU�IDLOLQJ�WR�FRPSO\�ZLWK�D�FROOHFWLRQ�RI�LQIRUPDWLRQ�LI�LW�GRHV�QRW�GLVSOD\�D�FXUUHQWO\�YDOLG�20%�FRQWURO�QXPEHU�

3/($6(�'2�127�5(7851�<285��)250�72�7+(�$%29(�$''5(66���

����'$7(6�&29(5('��)URP���7R�

�E���*5$17�180%(5

�F���352*5$0�(/(0(17�180%(5

�G���352-(&7�180%(5

�H���7$6.�180%(5

�I���:25.�81,7�180%(5

����6321625�021,725
6�5(3257�

������180%(5�6�

����6(&85,7<�&/$66,),&$7,21�2)�

��E��7(/(3+21(�180%(5��,QFOXGH�DUHD�FRGH�



,16758&7,216�)25�&203/(7,1*�6)����

6WDQGDUG�)RUP�����%DFN��5HY�������

����5(3257�'$7(���)XOO�SXEOLFDWLRQ�GDWH��LQFOXGLQJ
GD\��PRQWK��LI�DYDLODEOH���0XVW�FLWH�DW�OHDVW�WKH�\HDU
DQG�EH�<HDU������FRPSOLDQW��H�J�������������
[[����������[[�[[������

����5(3257�7<3(���6WDWH�WKH�W\SH�RI�UHSRUW��VXFK�DV
ILQDO��WHFKQLFDO��LQWHULP��PHPRUDQGXP��PDVWHU
V
WKHVLV��SURJUHVV��TXDUWHUO\��UHVHDUFK��VSHFLDO��JURXS
VWXG\��HWF�

����'$7(6�&29(5('���,QGLFDWH�WKH�WLPH�GXULQJ
ZKLFK�WKH�ZRUN�ZDV�SHUIRUPHG�DQG�WKH�UHSRUW�ZDV
ZULWWHQ��H�J���-XQ��������-XQ������������-XQ������
0D\���1RY�������1RY������

����7,7/(���(QWHU�WLWOH�DQG�VXEWLWOH�ZLWK�YROXPH
QXPEHU�DQG�SDUW�QXPEHU��LI�DSSOLFDEOH���2Q�FODVVLILHG
GRFXPHQWV��HQWHU�WKH�WLWOH�FODVVLILFDWLRQ�LQ
SDUHQWKHVHV�

�D���&2175$&7�180%(5���(QWHU�DOO�FRQWUDFW
QXPEHUV�DV�WKH\�DSSHDU�LQ�WKH�UHSRUW��H�J�
)���������&������

�E���*5$17�180%(5���(QWHU�DOO�JUDQW�QXPEHUV�DV
WKH\�DSSHDU�LQ�WKH�UHSRUW��H�J��$)265���������

�F���352*5$0�(/(0(17�180%(5���(QWHU�DOO
SURJUDP�HOHPHQW�QXPEHUV�DV�WKH\�DSSHDU�LQ�WKH
UHSRUW��H�J�������$�

�G���352-(&7�180%(5���(QWHU�DOO�SURMHFW�QXPEHUV
DV�WKH\�DSSHDU�LQ�WKH�UHSRUW��H�J���)������'�����
,/,5�

�H���7$6.�180%(5���(QWHU�DOO�WDVN�QXPEHUV�DV�WKH\
DSSHDU�LQ�WKH�UHSRUW��H�J������5)���������7�����

�I���:25.�81,7�180%(5���(QWHU�DOO�ZRUN�XQLW
QXPEHUV�DV�WKH\�DSSHDU�LQ�WKH�UHSRUW��H�J������
$)$3/���������

����$87+25�6����(QWHU�QDPH�V��RI�SHUVRQ�V�
UHVSRQVLEOH�IRU�ZULWLQJ�WKH�UHSRUW��SHUIRUPLQJ�WKH
UHVHDUFK��RU�FUHGLWHG�ZLWK�WKH�FRQWHQW�RI�WKH�UHSRUW�
7KH�IRUP�RI�HQWU\�LV�WKH�ODVW�QDPH��ILUVW�QDPH��PLGGOH
LQLWLDO��DQG�DGGLWLRQDO�TXDOLILHUV�VHSDUDWHG�E\�FRPPDV�
H�J��6PLWK��5LFKDUG��-��-U�

����3(5)250,1*�25*$1,=$7,21�1$0(�6��$1'
$''5(66�(6����6HOI�H[SODQDWRU\�

����3(5)250,1*�25*$1,=$7,21�5(3257�180%(5��
(QWHU�DOO�XQLTXH�DOSKDQXPHULF�UHSRUW�QXPEHUV�DVVLJQHG
E\�WKH�SHUIRUPLQJ�RUJDQL]DWLRQ��H�J��%5/������
$):/�75���������9RO����37���

����6321625,1*�021,725,1*�$*(1&<�1$0(�6�
$1'�$''5(66�(6����(QWHU�WKH�QDPH�DQG�DGGUHVV�RI�WKH
RUJDQL]DWLRQ�V��ILQDQFLDOO\�UHVSRQVLEOH�IRU�DQG�PRQLWRULQJ
WKH�ZRUN�

�����6321625�021,725
6�$&521<0�6����(QWHU��LI
DYDLODEOH��H�J��%5/��$5'(&��1$'&�

�����6321625�021,725
6�5(3257�180%(5�6���
(QWHU�UHSRUW�QXPEHU�DV�DVVLJQHG�E\�WKH�VSRQVRULQJ�
PRQLWRULQJ�DJHQF\��LI�DYDLODEOH��H�J��%5/�75�����������

�����',675,%87,21�$9$,/$%,/,7<�67$7(0(17���8VH
DJHQF\�PDQGDWHG�DYDLODELOLW\�VWDWHPHQWV�WR�LQGLFDWH�WKH
SXEOLF�DYDLODELOLW\�RU�GLVWULEXWLRQ�OLPLWDWLRQV�RI�WKH
UHSRUW���,I�DGGLWLRQDO�OLPLWDWLRQV��UHVWULFWLRQV�RU�VSHFLDO
PDUNLQJV�DUH�LQGLFDWHG��IROORZ�DJHQF\�DXWKRUL]DWLRQ
SURFHGXUHV��H�J��5'�)5'��3523,1��,7$5��HWF���,QFOXGH
FRS\ULJKW�LQIRUPDWLRQ�

�����6833/(0(17$5<�127(6���(QWHU�LQIRUPDWLRQ�QRW
LQFOXGHG�HOVHZKHUH�VXFK�DV���SUHSDUHG�LQ�FRRSHUDWLRQ
ZLWK��WUDQVODWLRQ�RI��UHSRUW�VXSHUVHGHV��ROG�HGLWLRQ
QXPEHU��HWF�

�����$%675$&7���$�EULHI��DSSUR[LPDWHO\�����ZRUGV�
IDFWXDO�VXPPDU\�RI�WKH�PRVW�VLJQLILFDQW�LQIRUPDWLRQ�

�����68%-(&7�7(506���.H\�ZRUGV�RU�SKUDVHV
LGHQWLI\LQJ�PDMRU�FRQFHSWV�LQ�WKH�UHSRUW�

�����6(&85,7<�&/$66,),&$7,21���(QWHU�VHFXULW\
FODVVLILFDWLRQ�LQ�DFFRUGDQFH�ZLWK�VHFXULW\�FODVVLILFDWLRQ
UHJXODWLRQV��H�J��8��&��6��HWF���,I�WKLV�IRUP�FRQWDLQV
FODVVLILHG�LQIRUPDWLRQ��VWDPS�FODVVLILFDWLRQ�OHYHO�RQ�WKH
WRS�DQG�ERWWRP�RI�WKLV�SDJH�

�����/,0,7$7,21�2)�$%675$&7���7KLV�EORFN�PXVW�EH
FRPSOHWHG�WR�DVVLJQ�D�GLVWULEXWLRQ�OLPLWDWLRQ�WR�WKH
DEVWUDFW���(QWHU�88��8QFODVVLILHG�8QOLPLWHG��RU�6$5
�6DPH�DV�5HSRUW����$Q�HQWU\�LQ�WKLV�EORFN�LV�QHFHVVDU\�LI
WKH�DEVWUDFW�LV�WR�EH�OLPLWHG�


	tm_2_18_cover.pdf
	tm_2_18.pdf
	tm_2-18_sf298

	1_REPORT_DATE_DDMMYYYY: 06-27-2018
	2_REPORT_TYPE: Technical Memorandum
	3_DATES_COVERED_From__To: 
	4_TITLE_AND_SUBTITLE: Rich Passage Tidal Energy Resource Characterization
	5a_CONTRACT_NUMBER: 
	5b_GRANT_NUMBER: N00024-10-D-63
	5c_PROGRAM_ELEMENT_NUMBER: 
	5d_PROJECT_NUMBER: 
	5e_TASK_NUMBER: 
	5f_WORK_UNIT_NUMBER: 
	6_AUTHORS: Maricarmen Guerra and Jim Thomson
	7_PERFORMING_ORGANIZATION: Applied Physics Laboratory – University of Washington
1013 NE 40th Street
Seattle WA 98105
	8_PERFORMING_ORGANIZATION: APL-UW TM 2-18
	9_SPONSORINGMONITORING_AG: Philip Vitale
Naval Facilities Engineering Command
1322 Patterson Ave. SE Suite 1000
Washington, DC 20374

	10_SPONSORMONITORS_ACRONY: 
	1_1_SPONSORMONITORS_REPOR: 
	12_DISTRIBUTIONAVAILABILI: Approved for public release; distribution is unlimited.
	13_SUPPLEMENTARY_NOTES: 
	14ABSTRACT: Current and wave measurements were taken in Rich Passage in Puget Sound, WA, during fall 2014. Two instruments were deployed at the west end of the passage; one measured currents and the other measured both currents and waves. The main objectives of this study were to measure waves generated by vessels transiting Rich Passage and to quantify the tidal energy resource of the channel. This report presents the analysis of the measured currents and an assessment of the hydrokinetic power available in Rich Passage.
	15_SUBJECT_TERMS: tidal, energy, currents, harmonic, site characterization
	a_REPORT: unclass
	bABSTRACT: unclass
	c_THIS_PAGE: unclass
	17_limitation_of_abstract: unlimited
	number_of_pages: 14
	19a_NAME_OF_RESPONSIBLE_P: Jim Thomson
	19b_TELEPHONE_NUMBER_Incl: 206-543-1300


