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1. INTRODUCTION

Saipan, an island in the Commonwealth of the Northern Mariana Islands (CNMI), is located at
approximately 1511' north latitude and 14543’ east longitude The Northen Mariana Islands

are a group of farteen islands, aligned nortbouth in a chain 708 kilometers (440 miles) long
Saipan, the largest island in the group, is also the center of governmemgisasand population

The island is about 20.1ll&meters (2.5 miles) long an@.9 kilometers%.5 mile3 wide. Saipan
consists of a volcanic core capped by limestone (calcareous reef rock) tertavestone cliffs,
which also include local depositbwwlcanic origin, line the eastern, northerndssouthern oasts

of the island The western cast, however, is composed of a narrow coastal plain of calcareous
sand, mixed with volcanic alluviun®ffshore of the west coast, there is a broad, shallovotay
sheltered from the ocean by a barrier reeThe lagoons broadest and deepest immediately
north of American Memorial Park at Puntan Muchot where the distance from the shore to the
barrier reef is abouB kilometers 2 mileg and the maximum water dej is about 12 to 15
meters (40 to 50 feet) A wide pass iterrupts the barrier reef offshorerad the commercial
harbor and entrance channel are located in this area, taking advantage of the reeffuatise
south and north, the lagoon transitions into a fringing reef frorh to 1.3 kilometersQ(3to 0.8
mileg wide with water depths typicallyeks thar3 meters (0 fee.

Saipan's Bureau of Environmental and Coastal Quality, Division of Coastalde@édanagement
(BECEDCRM) has contracted Sea Engineering, Inc. (SEI) to conduct a hydrodyndsniof st
Saipa's western lagoon. The study appah included measuring waves and currents in the
lagoon, and then using that data to develop and calibraimisined wave and hydrodynamic
models of current and circulation in the lagoon. The field measureésmigrcludeddeployment

of 9 wave and current mets throughout the lagoon for three-month period during summer

of 2017. A summary report of the field daivas completed in March 2018. This report present
results of the wave and hydrodynamic numericabdeling.  Tie model provide a basic
understandng of the primary currents and circulation patterns within the lagoon and will assist
BECECRM with the deelopment of sampling and protocols for marine and water quality
monitoring in the lagoon.

Thereare many dwing factorsto circulation over aeef environmenj however the waves are
usuallythe dominant forces Other factorssuch aswind, tides, andbuoyancy forcing can
influence flows but are typically not the main driving factohs wave theoryit is known that a
decrease in wave height, gically from wave breaking, increases the mean water levdlis
phenomenon is known as wave setufm the case where there is a fringing reef with a lagoon
behind it waves breakingon the reefincreasesthe mean wate levelin the surf zone resultingi

a netflow into the lagoon For lagoons bounded by lanthe net inflow of water results in an
increasemn the meanwater levelof the lagoon relative to the oceamheraised mearwater level

in the lagmn generatesa return flow to the open ocean tbugh channels in the reeb
reestablishequilibrium (Lowe 2008) A simplifiedvisualization of wave driven circulation in a
lagoonfrom Lowe (2008is presented irFigurel-1.

Se Engineering, Inc. 1 February 2019
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Thegeometry ofparts ofthe lagoonwith a shallow fringig reef along the border and a deep
channel in the middle allows for tide to influence currents similar to those of an enclosed bay

where the rising and lowering of the tides generate®fling and ébing flow patterngdepicted
in Figurel-2.

(a)
incident o wave setup
waves 0K T T==<co . n
fa, " §
_ — PR B e o e e I e ) o
n=0  — t

. wave-driven flow

<] — U,

£

P

S o

lagoon
reef flat
forereef
surf
zone
(b)
D UL @
@. ........ - ®‘
Channel

Forereef

Reef flat

Figurel-1. Idealized wave driven circulation in a lagoon

Note vertical scales of the bathymetry and waetup areboth highly exaggeratefLowe, 2008) In the figure—F
mean water level,-[ = mean water over the reef[ = mean water level in the lagooand™ = flow over the

reef,”Y = flow out of the channel.
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Figurel-2. Idealized tidal flow in an enclosed b@$amphuis 200)
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2. CLIMATE AND OCEAN@ERIC CONDITIONS
2.1 Tide

The tides in Saipan waters are safrnal, with pronounced diurnal inequalities (two tidal cycles
each daywith the range of high and low water levels Ingi unequal) Tidal data from the tide
stationat Saipan Harboare as follows:

Table2-1. SaipanTidal Ranges

Datum MLLW Datum (m) MSL Datum (m)
Mean High Véter (MHHW) 0.67 0.28
Mean High Water (MHW) 0.63 0.24
Mean Sea Level (MSL) 0.39 0.00
Mean Low Water (MLW) 0.19 -0.21
Mean Lower Low Water (MLLW) 0.00 -0.39

The mean tide range is .45 m (1.5 ft), with a maxindiannal range of .67 m (2.2 ft).

2.2 Currens

Thefocusof this report is the hydrodynamigsside of Saipan Lagoon; howeytrere are strong
regional currents offshore the west coast of Saip&m SEkeport in 2004 studied the currents
around the Garapanmchorage The Garapan Anchorage is loea off thesouthern half of the
west coast of &pan Figure2-1 shows the location of the anchorage relative to Saipan and
Tinian The two islands are oriented along a nertbrtheast to southsouthwest azimuthand

the distance from the south end of Timdo the north end of Saipan is 2&uaticalmiles (nm)46
km). The Saipan Channel separating the two islands is 3 nm (5.5 km) wide.

Theavailable information indicates that the primary potential driving foréasthe ciralation
around the Geapan Anchoagearethe underlyingNorth EquatorialCurrentandthe semidiurnal
tide. The North EquatorialCurrent,generatedby the northeasttrade winds,generallysetsin a
westerly direction near Saipan, with speedsupfto 1 kna (.5 m/s) The Sailindirectionsfor
the Pacificlslands(1976) and available anecdotal information indicate that this current is
strongerin the winter months when the trade winds are prevalent Accordingto the Sailing
Directions, & Ltlye vicinity of Saipanthe flood current generallysets westward and the ebb
current eastward The tidal currents usually turn at the times of high and low wafine tidal
currents in Saipan Channel set northwest at 2.5 knots (1.3 m/s) on the risingridisputheas
at 1.25knots (0.6 m/s) on the falling tide. Duringthe NortheastTrades the tidal currentsset

Se Engineering, Inc. 4 February 2019
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northwest almost continuouslyat a rate of 2.5to 4 knots (1.3to 2.0 m/s). Theebb currentis
hardly noticeableat this time. In the outer anchorageof SaipanHarbor,the tidal currentsare
irregular, with a maximumwestnorthwest set of about 2 knots (1 m/s) during risingtide. In
Garapan Anchorage, the tidal currents set north at rates of 0.5 to 1.0(Rrizd to 0.5 m/s) during

the rising tde and soutwest at rates 0D.5 to 0.75 knotsf PH p

2 ndén Ykabo

Anecdotalinformation, basedon historicalobservationsof the headingsof the shipsat anchor
and local fishermen, also indicates that the flow of water through thpa®aChannehas a major

influence on currents ahe Garapan Anchoragd-lows in the channel have been reported to be

ashighas3to 4 knots 1.5to 2.0 m/s), whichis in agreementwith the summaryin the Sailing
Directions The currentshave significanseasonal vaations and are greatly modified kthe

complex bathymetry of the Garapanchorage
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Figure2-1. Locatiormap (https://nauticalcharts.noaa.gov
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The2004 SEstudy results found siitar resultsto thosedescriptions aboveand aso found that

the currents also vary seasonally, and the tradewinds are the driving fabiaing the winter
months the North Equatorial Current approaches Saipan from the east with the speed enhanced
by the prevailingtrade winds The approaching watas blocked byhe island masses of Saipan
and Tinian, and as a result, water is funneled at 3 to 4 knots (1.5 to 2.0 m/s) through the Saipan
Channel Once through the channel, the current hits the south esfdhe two banks and is
modified by the complekathymetry. The waterflows into the narrow channel between the two
banks, but spills up and over the West Bank, resulting in almost unidirectional flow patterns on
the West Bank for the entire winter seasoOnly theseaward bulge of the East Bankngpacted

by this northward flowing current; elsewhere on the East Bank, the reversing tidal currents
predominate Current flow directions reverse regularly with the periodicity of the semidiurnal
tide. The wrrents becane weaker and more variable at althtions duringhe summer months,

and the semidiurnal tide appears to be the primary driving force on both banks.

2.3 Wind

The Marianas experience three wind patterns; trade winds, doldrums and typhddmsisands

lie near the border between the Asiatic meoon and the blt of northeast trade winds The
predominant winds are the easterly trade winds, which approach fromnitw¢heast through
eastsoutheastsectors. The trades are stronger and steadier in thimter (Jamary to April) and
light and varial® winds with itermittent trades occur during the summer typhoon season (July
to October) The spring and fall months are transition periods

Figure2-2 presents thewind rose fo Saipan based on 3gears of hourlyhindcasted wind data
from 1985 to 2015 The windaround Saipan are primarily from the easirtheast and northeast
with speeds from 120 24 mile per hour (mph)5(3 to 10.6 m/s) occurring appximately 50
percent of he time.

Se Engineering, Inc. 6 February 2019
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Figure2-2. Saipan wind roseThe rose shows the number of hours per yefahe wind direction and speed
(meteoblue.con).
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2.4 Typhoons

Due to its proximity to typhoogenemtion zonesSapan is sufect to the yearround passage of
developing tropical storms and typhoonk October 2018, super typhoon Yutu made landfall on
the island of Saipan causing wide spread damaggahoons generally move from east to west;
however, te tracks @ten curve sahat the typhoon moves south to ntir, or even doubles back
Figure2-3 illustratesthe entire tropical storm record of the International Best Track Archive for
Climate Stewardship (IBTrACEhe IBTrAErecord shows that 22 hurricanes and 42 tropical
storms passedwithin 60 nauticalmiles (111 kilometershetween 1946 to 2016asshown in
Figure 2-4. The National Ocean and Atmospheric AdministratibdOAA records storm
intendties based on the SaffBimpson Hrricane Intensity ScaleHurricane and typhoons are
the same type of storm, the difference in naming comes from where the storm is forifiee
defining wind speeds for hurricanes from the NatioHakricare Center (NH¥Care listed ifTable

2-2 and defining winds speeds for typhoons from the Joint Typhoon Warning Center (JTWC) are
listed in

Table2-3.

s ][ 12 13 1= el

Saffir-Simpson Hurricane Intensity Scale

Figure2-3. Globaltropicalstorm track record
Sourcehttps://earthobservatory.nasa.gov/images/7079/histottimpicalcyclonetracks

Se Engineering, Inc. 8 February 2019
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Figure2-4. Historicaltropical storm trackspassing within a 6@auticalmile radiusof Saipan
Sourcehttps://coast.noaa.gov/hurricanes/

Table2-2. NHC and CPHC Classificatiolropical Storms

Classification Wind Speed
km/hr knots
Tropical Depression 62 or less 33 or less
Tropical Storm 63118 34¢63
Category 1 Hurricane 119¢153 64-82
Categoy 2 Hurricane 154177 8395
Category IMajor) Huricane 178208 96-112
Category 4 (Major) Hurricane 209251 113136
Category 5 (Major) Hurricane | 252 or higher | 137 or higher

Note: Listed wind speeds arenlinute averages

Sa Engineering, Inc. 9 February 2019
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Table2-3. JTWC Classificatiarf Tropical Storms

o Wind Speed
Classification
km/hr knots
Tropical Depression 62 or less 33 or less
Tropical Storm 63118 34¢63
Typhoon 119240 64-129
Super Typhoon 241 orhigher | 130 orhigher

Note: Listed windspeeds are ininute averages
2.5 Waves
2.5.1 Deepwater Wave Climate
2.5.1.1 Wave Information Studies (WIS) Data

Wave information is available in the form of hindcast data sets provided by theAths/ Corps

of Engineers’ Wavinformation Studies (WISWISprovidesrecards of wave conditions based
on hisorical wind and waveonditions at numerous virtual stations around the Marianas chain
by running numerical wave models driven by historical wind conditions. These hourgl mod
hindcast records of wave cditions are asilable for the32-yearperiod from1980 through 2011.

CDIP 197

WIS 81104

-Aguigan

Figure2-5. WIS81104 and CDIP 1%fation location (Image frorBingSatellite.
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Hourly deepwater wave characteristics were deteredrior the 32year period for WIS Station
81104 Icated 84 kilometers (52 miles) southwest of Garapan. The wave climate in Saipan can
be divided into two dishct wave types; seas generated by the prevailing tradewinds and waves
from tropical storms or tghoons (eithernear or distant). The percent oatances of wave
height by direction and wave period by direction are presented belbigure2-6 and Table2-4

are the wave hghtrose diagam and histogram, respéeely. Figure2-7 and Table2-5 are the

wave period rge diagram and histogram, respectively. Note the color scheme on the histograms
isa Msual aid b view the differences in percent cgrrence by time. The diagrams show that
waves are predominantly from the easortheast and have a significant wave HeigHs) less

than 2.4 m (8 ft) occurring 87 percent of the time. Wave heights ateiden 0.8 t01.9 meters

(3 to 6 feet), occurrin@0 percent of the time. The peak period (Tp) is generally between 6 and
12 seconds (s) occurring 89 percent of the tim&pproximately 52 percent of waves have a
period between 810 seconds.

The deepwatemwave climatein the vicinity of Saipan is domireat by the occurrence of trade
wind waves with a peak direction (Dp) from northeast through eestheast directions,
clokwise. The west coast of Saipan is largely sheltered from these waves by thét sstinthe
wave energy is reduced when wavesreet around to the west side of the island. The hindcast
data shows rare but extremely large waves that approach fromlil@ttion, as indicated by the
maximum wave heights listed in the last rowl@ble2-4. Theg large wave events are generated
by passing typhoons. Thedg, energetic waves have direct exposure to the west side of the
island. A hindcast forced by WIS buoy data was used to model variations inethe climatgust

off west coast of Saipan ansldiscussed in Secti@b.3

Se Engineering, Inc. 11 February 2019
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WIS 81104 32-yr (Jan 1980 - Jan 2012): Wave Height (ft)
NORTH (0°)

WEST (270°) EAST (90°)

Hs (ft)
W >=15
M 10-15
Os-10
Me6-8
M4-6
W2-4
M1-2
SOUTH (180°) Mo5-1

Figure2-6 WIS 81104 Wavese
Table2-4 WIS 8104 WaveHeight PercentFrequency & Occurrence

Hs (ft)\Dpdeg)| O 225 45 67.5 90 1125 135 1575 180 2025 225 2475 270 2925 315 337.5| Total

1-2 00 01 01 0.17
2-3 02 05 14 34 24 03 01 01 00O OO 00O 00 0O 00 00 01| 872
3-4 08 16 47 77 43 08 03 02 02 02 02 03 03 03 03 05| 2261
4-6 2.0 07 04 03 03 04 07 11 15 10 0.7 0.7 | 41.9
6-8 1.2 61 01 01 01 01 04 07 07 04 02 03] 1819
8-10 04 10 18 07 02 01 01 01 01 O01 02 03 03 01 00 01| 567
10-12 01 02 04 01 ©00O ©0O0O 00 0O 0O ©O0O1 01 02 01 00 00O 01| 154
12-14 0.0 5 b d d b 5 5 : 0.59
14-16 0.26
16-20 0.20
20+ 0.07
Total . 11.03 24.29 30.76 10.90 199 098 0.77 082 102 185 284 305 190 135 1.84(100.00

0 225 45 675 90 1125 135 1575 180 2025 225 2475 270 2925 315 337.5(| Overall
Mean 569 566 540 472 395 454 510 555 6.16 6.29 680 6.75 6.24 539 515 537| 516
StDev 204 196 192 157 158 228 279 304 321 316 3.00 3.07 262 176 208 238| 207
Min 200 1.84 167 161 180 194 200 203 210 220 226 236 226 243 233 226| 161
Max 22.24 23.03 39.66 43.27 43.86 38.29 33.99 27.76 24.47 21.69 22.70 26.34 22.11 18.01 21.75 23.59( 43.86

Note The color scheme on the histogram is a visual aid to help view the differences in percent occimgtgeells indicate where the value

is precisely zeroCells ranging from greeio yellow to red indicate lower to intermediate higher values, respectively.

Legend: Hs (ft) = wave height in feet; Dp = peak direction; deg = degree
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WIS 81104 32-yr (Jan 1980 - Jan 2012): Wave Period (s)
NORTH (0°)

WEST (270°) EAST (90°)

Tp (s)
W20-22
@18-20
[J16-18
m14-16
M12-14
W 10-12
Ws-10
SOUTH (180°) <8

Figure2-7. WIS 81104 Periotbse
Table2-5. WIS 8104 Wave PeriotercentFrequency ofOccurrence

Tp (s)\Dir (deq O 225 45 675 90 1125 135 1575 180 2025 225 2475 270 2925 315 337.5 Total
3-6 00 02 08 04 02 01 01 00 00O 01 01 0.0 O0.0

6-8 0.2 0.7 14 05 03 03 03 04 05 07 05 03 11.02
8-10 19 45 82 11 05 03 03 04 09 13 15 09 06 0.7]| 5236
10-12 1.9 37 09 01 01 01 01 01 03 06 09 05 26.31
12-14 05 15 22 09 01 00 0.0 00 01 01 0.2 5.84
14-16 02 06 10 0.2 0.0 0.0 2.15
16-18 00 01 0.26
18-20 0.02

20+

4.62 11.03 24.29 30.76 10.90 1.99 0.98 0.77 0.82 1.02 1.85 2.84 3.05 1.90 1.35 1.84|100.00

0 225 45 675 90 1125 135 1575 180 2025 225 2475 270 2925 315 337.5| Overall
Mean 10.43 10.4510.07 9.45 8.78 8.29 8.38 8.19 8.31 8.42 8.74 8.89 9.40 9.65 9.93 10.09 9.61
StDev 1.73 196 1.88 145 1.20 150 1.52 1.58 157 1.55 154 1.67 155 1.85 1.67 1.56| 1.75
Min 514 4.65 4.23 4.18 3.86 3.87 4.17 4.29 4.23 433 4.27 459 460 4.65 4.31 5.17| 3.86
Max 18.52 20.56 19.48 17.93 17.79 15.98 15.95 15.00 15.18 15.18 15.47 15.39 15.36 15.92 14.89 15.27 20.56

Note The color scheme on the histogram is a visual aid to help view the differences in percent occEmmigeells indicate where the value

is precise} zero. Cellsranging from green to yellow todendicate lower to intermediate to higher values, respectively.

Legend:Tp (ft) = peak wave perioth secondsDp = peak direction; deg = degree

Sa Engineering, Inc. 13 February 2019
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SeasonaVariation in the wave climate can be shown by filbgrdata basedon seasonal variability in
tradewinds and typhoon seasonAs previously stated, the tradewinds are stronger and steadier in the
winter (January to April) and light and variable winds vintiermittent trades occur during the summer
typhoonseason (Julya October). The spring and fall ntbs are transition periodsFigure2-8 and Figure

2-9 plot the wave roses for the winter season and the summer typhoon seasspectively. Table2-6
presents the corresponding wavheight histogram for winter monthand Table 2-7 presents the
corresponding wave height histogram for summer/typhoon monthiere are two noticeable difference
between the summeandwinter seasons. The firgs a pronounced ffierence inthe percent occurrence
and size of the tradewind wave®uring the winter months waves approach frahe Og clockwise to
90approximately 98 percent of the timeompared to approximatelp7 percent of the time during the
summer months. Alsdhe trade wind waves are consistently larger during the winter months compared
to the summer. During the winter waves frorns dockwise t090 care greater than 4 ft (1.2 meters)
approximately 85 percent dhe time comgred to21 percentof the timer duing thesummer months

Winter period wave period and the corresponding histogram are presentdeignre2-10 and Table2-8,
respectively Figure2-11 and Table2-9 present the wave period rose and wave period histogram for the
peak summer/typhoon seasgrespectively. Wave period is relatively constant from winter to summer.
Tradewind waves with longer periodsan 12 second areslightly more common duringhe winter
months than in the summer.

Se Engineering, Inc. 14 February 2019
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WIS 81104 Jan-Apr (1980 - 2012): Wave Height (ft)
NORTH (0°)

\\\
\

/ f
WEST (270°) ( { j EAST (90°)
e T
\ o0 / -Hi_(flt)S
\ 30% / m10-15
18-10
\\/40% mt
/ ma-6
/ m2-4
L mi-2
SOUTH (180°) Wo5-1

Figure2-8. Wave rosdor the months of January, February, March, and April between January 1, 1980 to January
1, 20D.

WIS 81104 Jul-Oct (1980 - 2011): Wave Height (ft)

NORTH (0°)
P T

\

WEST (270°) EAST (90°)

Hs (ft)
M >=15
m10-15
Cs-10
M6-8
E4-6
m2-4
— Wi-2
SOUTH (180°) MO05-1

Figure2-9. Wave rosa for the months of July, August, September, and October betwaanary 1, 1980 to
January 1, 2012.
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Table2-6. WaveHeight Percent Frequencyof OccurrenceDuring the Seasonal3rong Tradewinds (January,
February, March, and Apietween January 1, 1980 ttanuary 1, 2012

202.5 225 2475 270 2925 315 337.5| Total

Hs (ft)\Dp@eg) 1125 135 1575 180

0 225 45 675 90

12 0.00
2.3 00 03 08 1.22
34 03 15 41 50 04 00 00 00 00 00 |11.41
46 26 87 185 177 21 01 01 00 00 01 01 01 01 01 01 034757
68 25 60 104 82 03 00 05 |2831
8-10 10 26 38 13 o01 00 03] 925

10-12 02 05 09 00 0.0 00 0.1 | 178

1214 |01 01 01 00 0.0 | 0.36
14-16 00 00 00 | oos
16-20 00 00 00 0.0 | 002
200 |00 00 00 00 00 0.0 | 003
Tota | 6.65 19.49 35.25 33.13 3.11 019 0.5 0.06 010 011 009 012 011 008 0.14 1.21]100.0

0 225 45 675 90 1125 135 1575 180 2025 225 2475 270 2925 315 337.5|Overall
Mean 6.53 6.21 594 533 502 593 681 691 7.14 6.07 589 6.00 584 554 7.23 7.14| 582
StDev 181 186 1.85 1.41 139 225 285 162 151 142 1.27 1.00 091 0.76 3.38 2.28| 177
Min 3.02 249 243 217 272 295 341 397 417 420 423 430 443 4.13 3.90 3.18| 2.17
Max 22.24 23.03 23.56 23.26 21.29 17.65 14.76 9.42 9.06 8.99 843 8.43 8.04 8.43 18.41 22.08| 23.56

Note The color scheme on the histogram is a visual aid to help view the differences in percent occEmmtgeellsindicate where the value

is precsely zero Cells ranging from green to yellow to red indicate lower to intermeddehigher values, respectively.

Table2-7. WaveHeight PercentRrequency ofOccurrenceDuring Seasonalighter Trades andlyphoonSeason
(duly, August, September, and October between January 1, 1988ngary 1, 2012

Hs (f)\Dpded| O 225 45 675 90 1125 135 1575 180 2025 225 2475 270 2925 315 337.5

Total 411 6.36 13.82 19.01 13.25 3.84 197 1.71 1.81 243 469 7.49 819 499 3.11 3.22|100.00

0 225 45 675 90 1125 135 1575 180 2025 225 2475 270 2925 315 337.5|Overall
Mean 431 415 3.97 3.80 3.64 428 465 494 578 6.15 6.77 6.74 6.26 533 4.93 4.49| 4.69
StDev 1.67 144 125 119 141 198 229 248 298 311 299 294 258 1.67 176 176 222
Min 200 184 167 184 180 194 200 203 210 220 226 236 226 243 233 226 1.67
Max 21.10 19.91 29.63 32.09 33.10 32.84 27.92 24.08 21.33 19.03 18.90 20.18 18.27 18.01 19.19 20.18| 33.10

Note The color scheme on the histogram is a visual aid to help view the differences in percent occimgnceells indcate where the value

is preciselyzera Cells ranging from green to yellow to red indicate lower to intermeddahigher values, respectively.
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WIS 81104 Jan-Apr (1980 - 2012): Wave Period (s)

NORTH (0°)
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\ [116-18
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T~ Ws-10
SOUTH (180°) <8

Figure2-10 Periodrosethe months of Januar;, February, Mirch, and April between January1980 to January 1,
2012.

WIS 81104 Jul-Oct (1980 - 2011): Wave Period (s)
NORTH (0°)

WEST (270°) EAST (90°)

Tp (s)
m20-22
[m18-20
[J16-18
M14-16
@i12-14
M 10- 12
W3- 10
SOUTH (180°) <8

Figure2-11 Period rose for the months of July, August, September, and October between January 1, 1980 to
January 1, 2012.
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Table2-8. WavePeriod PercentFrequency ofOccurrenceDuring the SeasonalSrong Tradewinds(January,

February, March, and April between January 1, 1980 to January 1).2012

20+

Tp(s)\Dir(deg) O 225 45 675 90 1125 135 157.5 180 2025 225 2475 270 2925 315 337.5 Total
3-6 h 01 04 07 01 00 00O 0O 0O OO 00 00 00 0.0 O0.0 1.38
6-8 01 11 35 21 00 00 00 00 0.0 0.0 00 00| 7.17
8-10 23 7.8 00 00 00 OO0 00 00 00 021 03]429
10-12 30 6.2 00 01 00 OO0 01 01 00 021 0.8]3552
12-14 07 27 36 13 01 00 00 00 00 00 0.0 00 0.1 | 8.60
14-16 05 13 18 04 0.0 | 3.95
16-18 00 02 02 0.43
18-20 0.0 0.0 0.05

0.00

6.65 19.49 35.25 33.13 3.11 0.19 0.15 0.06 0.10 0.11 0.09 0.12 0.11 0.08 0.14 1.21|100.00f
0 225 45 675 90 1125 135 1575 180 2025 225 2475 270 2925 315 337.5|Overall
Mean 10.79 10.56 10.14 9.83 9.54 9.03 8.85 8.70 10.00 9.11 9.30 10.07 9.89 9.66 9.47 10.70] 10.14
StDev 175 206 2.00 1.48 104 146 1.16 1.92 172 196 232 239 200 162 116 1.13| 184
Min 577 465 429 420 476 481 573 504 511 485 520 526 525 527 528 5.98| 4.20
Max 18.52 20.56 19.48 17.43 13.43 11.47 12.65 13.05 13.23 13.08 12.94 13.13 13.02 13.08 11.82 14.23] 20.56

Note The color scheme on the histagris a visuakid to help view the differences percent occurrenceEmpty cells indicate wherthe value

is precisely zeroCells ranging from green to yellow to red indicate lower to intermediate to higher values, respectively.

Table2-9. WavePeriod PercentFrequency ofOccurrenceDuring Seasonalighter Trades andlyphoonSeason
(July, August, September, and October between January 1, 1980 to January)1, 2012

3-6
6-8
8-10
10-12
12-14
14-16
16-18
18-20
20+

Tp (s)\Dir (deg) O

0.4
2.2
1.2
0.3
0.1

225

0.6
31
1.9
0.6
0.1

225 2475 270 2925 315 3375 Total

45 675 9 1125 135 1575 180 2025
01 06 05 04 01 01 01 01 02 03 01

13 23 21 11 07 08 08 10 14 21 13 09
78 [186 102 22 10 07 07 11 24 36 42 23
33 19 04 01 01 01 01 02 07 14 22 13
11 04 01 01 02 03 03
02 01 01 o1

0.4
14
11
0.2

0.4
15
11
0.2
0.0

17.35
58.07
17.15
3.77
0.85
0.07
0.00
0.00

6.36 13.82 19.01 13.25 3.84 1.97 1.71 1.81 243 4.69 7.49 819 4.99 3.11 3.22|100.00

0 225 45 675 90 1125 135 1575 180 2025 225 2475 270 2925 315 337.5|Overall

Mean 9.80 9.93 9.67 893 855 814 821 7.94 809 820 859 875 9.36 952 9.81 9.79| 9.08
StDev 166 172 1.66 138 1.12 151 150 141 144 145 141 159 152 179 1.61 159| 161
Min 514 473 423 431 386 3.87 421 429 423 433 427 459 460 4.65 431 517| 3.86
Max 15.96 16.94 17.55 16.18 17.45 15.98 15.95 15.00 15.18 15.18 15.47 15.34 15.36 15.92 14.89 15.27| 17.55

Note The color scheme on the histogréa visual ai to help view the differences irerent occurrenceEmpty cells indicate where thalue

is precisely zeroCells ranging from green to yellow to red indicate lower to intermediate to higher values, respectively.
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2.5.1.2 Recorded Buoy Data

In addtion to the WS virtual buoy 81104, CDIP bud7 s located 9 kilometers (5.6 miles) to
the northwestof Garapan(Figure2-5). The buoy was installed in October 20l has been
recording data sincéhat time, with occasionatlata gaps due to maintenance. TE®IP buoy
recorded data during the same period SEInmstents were deployed in Saipan Lagoon, and was
therefore used to force the offshore wave model during calibration discussed in S8cion

Despite C 19 being slightly more sheltered from easterly trade wintig, $tatistics from CDIP
197 agree with those from WIS 8110wavesare predominantlyfrom the northeast with wave
heightsless than 2.4 meters (&é&t) and waveperiods less than 12econds Wawe height
statistics are summarized by a wave rose and histogrankigure 2-12 and Table 2-10,
respectively Wave period statistisare shown ly the period rose and histogram kigure2-13
andTable2-11. Similar to the WIS datéihe CDIP buoy recorded large waves from all directions
generated bypassingyphoons Wave heights are slightly lef®m the eastsoutheast clockwise

to the south due to sheltering from Saipan and Tinian

Se Engineering, Inc. 19 February 2019
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CDIP 197: Tanapag 6-yr (Oct 2012 - Oct 2018): Wave Height (ft)
NORTH (0°)

/\ EAST (90°)

WEST (270°) b
\10% /
|~
20% Hs (ft)
W >=15
/30% [@10-15
[J8-10
40% We6-8
04-6
m2-4
Wm1-2

SOUTH (180°) Wo5-1

Figure2-12. CDIP 197 Wavmese
Table2-10. CDIP 197 Wave Heigbercent frequency of occurrence

Hs (ft)\Dir (deg) 0 225 45 675 90 1125 135 157.5 180 2025 225 2475 270 292.5 315 337.5| Total

0.5-1.0 0.00
1-2 02 04 09 05 00 0.0 0.0 0.0 0.0 00 01 0.1 228
2-3 09 23 55 22 00 00 0.0 00 01 01 01 02 05 0.6 (1256
3-4 12 33 62 29 01 00 00 00 00O 01 03 05 04 05 05 05]16.58
4-6 30 6.6 - 46 00 00 00 0O OO 01 04 10 11 12 09 1.5 |32.08
6-8 30 55 72 20 0.0 00 00 01 04 09 09 09 0.7 15]|2314
8-10 12 19 24 04 00 00 02 05 04 05 02 06| 8.27

10-12 05 09 08 0.1 00 01 03 03 02 01 02| 354
12-14 01 02 02 0.0 00 01 01 01 01 00 0.0 098
14-16 0.0 0.0 0.0 00 00 01 01 00 0.0 0.34
16-20 0.0 0.0 0.0 00 0.1 0.17
20+ 0.0 0.0 0.0 [ 0.05
Total 9.88 21.2234.9312.67 0.21 0.07 0.04 0.05 0.09 0.32 1.64 3.56 3.48 3.61 3.09 5.15(100.00
0 225 45 675 90 1125 135 1575 180 2025 225 2475 270 2925 315 337.5|Overal
Mean 592 5.65 5.09 4.55 4.24 399 427 4.16 4.96 6.05 6.53 6.84 6.86 6.21 5.26 5.80( 5.45
StDev 232 239 222 189 219 169 1.71 2.03 2.07 3.23 3.33 3.17 3.23 2.59 234 252| 244
Min 135 1.28 1.28 1.25 1.48 144 1.64 161 164 154 144 1.87 151 1.38 135 1.35( 1.25
Max 24.5119.5520.14 21.36 16.93 10.10 9.38 10.1010.9917.36 28.35 25.66 21.69 17.09 21.92 23.39| 28.35

Note The color scheme on the histogram is a visual aid to help view the differences in percent occEmmigeells indicate where the value

is precisely zeroCells rangng from greerto yellow to redndicate lower ¢ intermediate to higher values, respectively.

Legend: Hs (ft) = wave height in feet; Dp = peak direction; deg = degree
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CDIP 197: Tanapag 6-yr (Oct 2012 - Oct 2018): Wave Period (s)
NORTH (0%)
~7 ] T~
™~
/ - \
/7
WEST ( 270‘)\\— —+— — —(‘ ] —)— —l— —]EAST{BU‘}
\ 10% / f
\ \' \‘I"’zo%/ /)
m20-22
RN
\\ S Ay @14 - 16
S T~ = 0. 12
~_1l - s 10
SOUTH (180°) M <8

Figure2-13. CDIPL97Waveperiodrose.
Table2-11. CDIP 197 WaveeriodPecentFrequencyf Occurrence

Tp(s)Dir (deg) 0 225 45 675 90 1125 135 1575 180 2025 225 247.5 270 2925 315 337.5 Totl
36 00 01 07 03 00 00 00 00 00 01 01 00 00 00 00] 137
68 04 15 56 25 01 00 00 00 00 01 04 05 03 01 01 02]1227
8-10 35 BB - 68 01 00 00 00 00 02 09 22 16 11 10 20| 4495
1012 | 39 69 25 00 00 00 02 05 09 16 14 24 |2866
1214 |15 33 21 03 00 01 02 05 07 04 05| 963
1416 |05 10 08 02 00 01 00 01 01| 288

16-18 00 01 0.0 00 0.0 0.22
18-20 0.0 0.0 0.02
20+ 0.00

9.88 21.22 34.93 12.67 0.21 0.07 0.04 0.05 0.09 0.32 1.64 3.56 3.48 3.61 3.09 5.15|100.00

0 225 45 675 90 1125 135 1575 180 2025 225 2475 270 2925 315 337.5|Overall
Mean 10.76 10.55 9.57 9.20 8.15 7.65 8.16 8.16 8.43 8.64 8.69 9.15 10.26 10.75 10.63 10.44] 9.96
StDev 178 192 181 1.67 162 0.89 090 102 128 151 164 163 193 1.60 1.71 1.48| 1.89
Min 476 455 333 3.33 476 526 6.67 588 526 435 4.00 435 526 4.00 526 556| 3.33
Max 18.18 18.18 18.18 18.18 14.29 9.09 9.88 9.88 11.76 13.33 14.29 15.38 16.67 16.67 18.18 15.38 18.18

Note The color scheme on the histogram is a visual aid to help view the differences in percent occEmmigeells indicate wheréé¢ value

is preciselyzera Cells ranging frongreen to yellow to rethdicate lower to intermediate to higher values, respectively.

Legend:Tp (ft) = peak wave perioth secondsDp = peak direction; deg = degree
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2.5.2 Return Period

Waves at sea are composetla spectrumof wawe heights and wave lengths. The hourly record

of the spectrum of wave heights at WIS station 81104 were used as a statistical basis for
generating return period wave information, using the Weibull extreme event distribution. The
return period, or eecurrerce interval value is a useful concept for engimeg design, as it forms

a statistical basis for establishing a level of design criteria as well. It is also useful to gauge the
severity of storm events relative to other historicaleews. For ths study a direction filter from
215to0 156cwas appliedo only consider waves which can impact the west coast of Saipan. The
wave heights are plotted with their calculated return period$-igure2-14, and return periods

and the associated wave [gtits are listed imTable2-12. While the Weibull distribution is able

to generate information on return period wave heights, it cannot predict wave period or
direction. The wave period and direction are determinexhf actual recorded¢hrge events. The

10 largest events on recortisted inTable2-13, show relatively constant period and show most
typhoon waves approach from the southwest or nortrthwest.

WIS 81113 SAIPAN Return Period 32-yr (Jan 1980 - Jan 2012)
32¢ F__F F FFFFT F FTE T FFTFTE
O Ewents i
30 50-yr
+  100-yr %
28 Fit
£ Extrap
£ 26 ©
2
()
> 24
() O
g i
= 00
2 22
g 1
5 20 %
’ 5
18 g@
16 &
14 :—l 0 - 1 B :2
10 10 10 10
Return Period (yrs)

Figure2-14. Returnperiod waveheight
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Table2-12. Return Period Wave Heights Calculated from WIS 8104 Series

Return Period Hs Hs
(years) (m) (ft)

1 4.3 14.2

2 51 16.8

5 6.2 20.3

10 7.0 22.9

25 8.0 26.3

50 8.8 28.9

100 9.6 315

Table2-13. TenlargestWaveHeightsRecorded at WIS 81104

Date
(yyyy-mm- Hs Hs Tp Dp

dd) (m) (ft) (s) (deg)
200406-29 8.0 26.3 12 244
199612-29 7.3 23.9 12 243
198612-03 7.2 23.6 12 344
199001-14 6.8 22.4 11 13
1991-11-03 6.8 22.4 12 330
198710-18 6.4 21.1 9 5
1991-09-19 6.3 20.6 13 354
2001-08-17 6.1 20.2 13 246
199609-25 6.0 19.6 14 7
199411-03 5.8 19.1 12 354

2.5.3 Deepwater Hindcast

There are a number of phenomena that apply to the behavior of water waves in shallow
nearshore water that are important for understanding coastal procesgesdeepwater waves
propagate toward shore they begin to encounter and be transied by the oceandittom. The

3rd generation spectral wave model SWAN (Simulating WAves Nearshore) developed by Delft
Institute of Hydraulics was used to transform the deepwater waves from WIS station 81104 to
shallower water off the west coast of Saipan

The purpose of thénindcast was to determine how wave heights varied off the west coast of
Saipan before they encountered the shallow fringing reef at the edge of the lagdwnhindcast
model wadriven by a twedimensional wave spectrum generatedtS station 81104The model was
configured to calculate hourly wave parameters (wave height, period, and direction) airfival buoy
locationsat depths between 20 and 30 meters (66 to 98 fedting the coastrom January 1980 through

Se Engineering, Inc. 23 February 2019
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December 2011 The locations oftie virtual buoys are spaced along the coast to represent wave climate
off the northern end lagooriNorthern) the middle of the northerrhalf lagoon(Middle Northern) the
middle oflagoon (Middle) the middle of the southermalf of the lagoon(Middle Sothern), and the
southernend of the lagoor{Southern) The location®f the virtual buoys are showin Figure2-15. For

this study, the wave climate at WIS station 81104 was assumed to adequately descrileefveatkr
wave climae forthis regionof the Northern Mariana Islands

Figure2-15. Virtualbuoy location(Image from Bing Satellite).

The percent occurrence of wave heights at WIS 81104 and the viowwgis off of Saipaare
listed inTable2-14. The results show that the west side of Saipan is sheltered from tradewind
waves(Figure2-16); the wave heights and direction tigally change as pwailing tradewind
waves wrap to the west side of Saipanhe virtual buoyst the Southern and Middle Southern
locationsare the most shltered fromthe prevailingconditionswith wave heights less than 2 ft
more than54 and 59 percentf the time, respedively. TheMiddle and the Middle Northern
virtual buoys are the least sheltered from tradewind wave wrap with wave heights ranging
between 2 to 4 feet oveb4 and 55 percendf the time, respectively The Northern virtual buoy
showsintermediate shelteing with wave heights ranging from 1 to 3 feet approximately 63
percent of the time It should be noted that all locations are exposedtihe occasioal large
wave heights from passing typhooas seen irFigure 2-17. Figure2-18 shows the wave roses
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for all five locationswhile Figure2-19 shows the period roses for all five locatioriEhe figures show the
expected drop in trade withwaves observed &/IS 81104 anthat waves primarily wrap around
the north end of the island

Table2-14. PercentRrequency ofOccurrenceof WaveHeights atVirtual Buoys

Hs (ft) 8\1\’1'5 | Northern N'\(")'rfﬁe'fn Middle S“(")L‘]t'féfn Souttern
0-1 0.0 3.4 0.1 0.7 16.4 12.8
1-2 0.2 33.3 12.6 23.1 42.2 41.7
2-3 8.7 30.3 30.0 32.6 22.2 22.0
34 22.6 17.3 24.5 21.2 10.0 111
4-6 42.0 12.7 24.2 16.9 6.5 8.4
6-8 18.2 2.4 6.8 4.1 1.8 2.5
8-10 5.7 0.5 14 0.9 0.5 0.8

1012 1.5 0.1 0.3 0.3 0.3 0.4

12-14 0.6 0.0 0.1 0.1 0.1 0.2

14-16 0.3 0.0 0.0 0.0 0.0 0.1

16-20 0.2 0.0 0.0 0.0 0.0 0.1
20+ 0.1 -- 0.0 0.0 0.0 0.0
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Northern Lagoon32-yr (Jan 1980 - Dec 2011): Wave Height (ft) Middle Northern Lagoon32-yr (Jan 1980 - Dec 2011): Wave Height (ft)
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Figure2-18. Wave Rosefor (A)Northern virtual buoy (B)Middle Northern virtual buoy(C)Middle virtual buoy
(D)Middle Southern virtual bugy(E)Southern virtual buoy

Se Engineering, Inc. 28 February 2019



| eRNBREY I YAO {i(dzRé 2F {IFALIYyQa 28aiSNy [l 322
Northern Lagoon32-yr (Jan 1980 - Dec 2011): Wave Period (s) Middle Northern Lagoon32-yr (Jan 1980 - Dec 2011): Wave Period (s)
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Figure2-19. PeriodRosedor (A) Northern virtual buoy, (B) Middle Northern virtual buoy, (C) Middle virtual buoy,
(D) Middle Southern virtual buoy, (E) Southern virtual buoy.
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3. LAGOOMNYDRODYNAMIC MODEGIN

Thehydrodynamic modeling process inve$ several steps:)lapplying a deepwater numerical
wave model to propagate and transform deep ocean waves to the project arel@yv2)oping a
nearshore coupledvave and circulation modehat uses the output of the dgmvater wave

model to drive the neahore waves and cugnts; 3) calibrating and validating the models by
using the measured wave conditions during summer of 2017 at CDIP buoy 197 as input to the
deepwater wave model, using the output of the deepwater wavadel to drive the nearshore
wave-circulation model, ad comparing the results to actual wave and currents measured by SEI
at nine locations in the project ared) based on the wave climate analysis presented in Section
2, selecting and running 5 modelses that represent the most typicabnditions in thedagoon.

These steps and results are described below.

3.1 Model Descriptiors
3.1.1 Deepwater Wave ModelSWAN

The SWAN Jmulating Waves Nearshore) model was used to model propagation and
transformation of wave energy from the open ocean to thejpct area SWAN S a third
generation wave model developed by Delft University of Technology (Netherlands) that
computes random, shoitrested, windgenerated waves in coastal regions and inlavaters

The SWAN model can be applied as a steady stateresteady state mdel, and is fully spectral
(i.e., it covers the total range of wave frequencies/period&ave propagation is based on linear
wavetheory andincludes the effects of wave geraged currents (i.e., Doppler effectSWAN
provides manyutput quantities ircluding twedimensional spectra, significant wave height and
mean wave period, and average wave direction and directional spreading.

3.1.2 NearshoreCoupled Wave & Circulation ModelBelft3DWave+Delft3EFlow

Because wave conditions affectirrents, and the cuents they produce may then affect the
waves themselves couple wave and circulation model was used forstistudy The strength

of coupled models is the capability for stew results from one model to the otherThis
interaction means that for ey time step in the simulation, the wave model can pass calculated
wave height and other parameters to the flow model for its calculations, which in turn can pass
back waveinduced current data to the wave model, enabling a direct solutfor a seemingly
difficult iterative process.

Nearshore wave heights and wagenerated currents were analyzed numerically using the
coupled Delft3BWave and Delft3Blow models as part of the D&D modeling suite,
developed by Deltares Delft3D is a industryleading  modeling suite used globally to
investigate ocean hydrodynamics, sediment transport and morphology and water quality for
fluvial, estuarine and coastal environmentBelft3D'Wave relies on the previously mentioned
spectral wave modeEWAN, while Delft3PBlow is a multdimensional (2D deptaveraged or

3D) hydrodynamic and transport simulation model which solves thesteady shallowvater
equations with the hydrostat and Boussinesq assumptions.
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3.2 Model Domain and Flow Forcing
3.2.1 ModelDomain

A 3grid nesing scheme in SWAN was utilized for this study to propagate deepwater offshore
waves to the nearshore regions aroupd- A LI#ggbfsa The nesting scheme consistsadase
500-meter grid, an intermediatel20-meter grid, and a fine80-meter grid nearshore. Theihe
wave grid and flow grid are identical which allows for wave and current data to be passed
between the two grids without interpolation.

Table3-1 summarizes each of the domainsedsin this study.Figure3-1 shows the boundaries
of each of the domains in relation to Saipan.

Table3-1. Summary oModel Domain Characteristics

Domain Model Number of Cells Resolution (m) Nested In Domain
1 Delft3D-WAVE (SWAN) 10624 500x500 N/A
2 Delft3D-WAVE (SWAN) 24544 120x120 1
3 Delft3D-WAVE (SWAN) 113315 50x30 2
4 Delft3D-FLOW 113315 50x30 3

Figure3-1. Grid nestingscheme
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3.2.2 Bathymetry

Bathymetry plays a criticable in modeling wave transformation and hydrodynamid$e Pacific
Island Benthic abitat Mapping Center has compiled hydrographic surveys to ggaea 5meter
resoltion digital elevation map (DEM) fdne waters surrounding SaipdRigure3-2). The data

set compiles ship based multibeam datallectedby 2007, airplanebasedLidar datacollected

in 2007, and IKONOSatellite magery data Figure3-3 showsthe coverage area for each data
set Of the three sources, IKONOS is the least accurktedeep watey error on the order of
meters is insignificantjowever,in ashallow reefenvirg YSy = &8 dzOK | & {F AL} y Q2
the order of meterscould havesignificant impacbn model results Color contours for depths
from O to 5 meters for the northern half of lagoon are shokigure3-4. At thisscale it becomes
clear thelow level ofaccuracy from the IKONOS data along the northern end of the lagoon and
along the reef crestvhere there is a distinct color lineah marking an erroneous offset in the
bathymetry. Atransect maked inFigure3-4 and plotted inFigure3-5 shows that there is adeep
trench recorded in the IKONOS data set in the middle of the reef crest whbtohally does not
exist. Forthe numericalmodel, this error in the bathymetry data was adjusted taysng the
elevationsto match the average elevation of the reef crest along the southern half of the lagoon
The large area to the north wadsosmoothed and changed to match theljacent lidar data
Theadjustedbathymetryin the northern partof the lagoon that isised in the model is presented

in Figure3-6. It should be noted that theidar data whah covers most of the lagoonaser 17-
years old andvould not represent anychanges in the bathymetry thahayhave occurred over
this time span The bathymetry of the hydiynamic domain shown iRigure3-7 plots the depth

up to 15 meters (49 feet) ithe lagoon. The fige highlights the complex bathymetry of the
project area that steers currents forced by waves and tides.
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Figure3-2. Sapanlslandbathymetry.
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Figure3-7. Modelbathymetryfor Saipan Lagoon
3.2.3 Boundary Conditions
3.2.3.1 Tide

The open boundaries of the Delft38.OW model were specified as water level boundaries
defined by the TPXO8 global tide model. The TPXO8 model provides tidal constituents and their
correspondng amplitudes and Ipases at a 1/@legree resolution over the gbe. A snapshot of

the TPXO8 model output is shownFigure3-8.
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Figure3-8. Snapshot of tidal elation from the TPXOBhodel
Sourcenttp://volkov.oce.orst.edu/tides/global.html

Tidal constituents along with their amplitudes and phases were extracted from the TPXO8 model
at multiple locatios dong the open boundaries of the flow model. Over the simulation period

the spatially varying tidal heights were generated by the amplitude and phases of each
constituent (Egbert, 2002).

3.2.3.2 Deepwater Waves

The wave model was driven by a tdonensional wae spectrum recordedt CDIP 197The 2D
wave spectrumincorporatesthe full wave climate recorded at the buawther than peak
parametric datawhichallowsfor a more accuratenodelresult

3.2.4 Wave Model Pameters

A key parameter for the wave model is bmh roughness, whichresults in friction.
Parameterization of wave energy dissipation due to bottom friction has been derived from the
equations employed for bottom friction in open channel flow amalsadgpted for use in linear
wave theory. Natural cotareef structures maycommonly have roughness heights that are
orders of magnitude greater than adjacent channel bottom areas or sandy regions. Roughness
heights are essentially the heights of individuaistural elements that rise above the average
surounding bottom.Roudhness is expressed in the model as bottom friction coefficiéftisre

have been various studies attempting to calibrate roughness parameters for coral reefs;
however, the roughness obcal reefs is often highly variable from locatitmlocation resultimg

in a wide range of values with no intuitive way to quantify and apply them. In order to obtain a
representative distribution of bottom friction coefficients, it was first necessaryassign
roughness heights to all regions in thedel domainthe rouginess height values are simply the
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vertical difference between local minima and maximahe bathymetry data Assignment of the
roughness heights was primarily based on physical featim the bathymetry data, as well as
from limited observations madeuting the site visiand from satellite imagery

3.2.5 Flow Model Parameters

The roughness parameter for the flow model was specified based on the \@hl&brook
formulation using a Nikuradse value, of 0.5m. This roughness was chosasdd on the work
by Lowe et al (2009)where a similar model setupas calibratedn Kaneoheé3ay on the Island of
Oahu, Hawaii (Lowe et,&009. All other flow parameters were kept at their default values for
this study.

3.3 Model Validation

The wave and ldrodynamic model werealidated byrunning the model with wave conditions
recorded at CDIPUwmy 197,comparing model results witthe wave and currers measured
during summer of 2017at the nine locations shown irFigure3-9. The resuk of this field
measurement program arsummarized in the 2018 SEI repbtydrodynamic Study of Saipan's
Western LagoonData Report

Table3-2 summarizaethe location andleploymentdurationof the nine instrumats SEI deployed

for the study. The validation included both comparing model computed wave heights in the
lagoon with themeasurements andomparing model computed currents in the lagoon with the
measurements. For further discussionthe lagoon to the nah of the main channel will be
referred to as Tanapag Lagoon and the lagax@ato the south will be referred to as the Garapan
Lagoonas it is marked in NOAA charts.

Se Engineering, Inc. 39 February 2019



| eRNER&YI YAO {GdzReé 2F {FAL} yQa 2

Managah:
Island

4
o
2

_.'_-'-;.

< Port of Saipal
Main Channel ‘ A

.

Sniling Cove Harbd

il American
) i Memorial Parl
Light House Chan

(Puntarsusup

4

1

]
- // Sugar Dock Chan

Figure3-9. Instrument locations

Sa Engineering, Inc. 40 February 2019



| ERNEREYFYAO { admRé

27T

(ALl yQ& 2

S

aids

N/ [|-322

Table3-2. InstrumentDeploymentSummary.

Name | Latitude Longitude Depth (m) | Deployed | Retrieved | Description
North of Garapan
ADCP 1| 15.23589756 N 145.69362978 B 21.77 | 6/29/2017 | 10/17/2017 | Harbor Entrance
Channel
ADCP 2| 15.23045018 N 145.70013704 E  11.48 | 6/29/2017 | 10/31/2017 | Sarapan Harbor
Entrance Channe
ADV 1 | 1525019211 N 145.75808601 E 1.52 | 6/29/2017 | 10/18/2017|  Pau Beach
East of
ADV 2 | 15.24430711 N 145.72419 E 354 | 6/29/2017 | 10/18/2017
Managaha Islang
ADV 3 | 15.2344492 N| 14571922906 B 7.32 | 6/29/2017 | 10/18/2017 | Garapan Lagoor
ADV 4 | 15.22310605 N 145.71720054 F  2.88 | 6/30/2017 | 10/17/2017| . AAmerican
Memorial Park
ADV 5 | 15.22064287 N 145.70939735E  3.45 | 6/30/2017 | 10/17/2017 Micro
Beach/Hyatt
ADV 6 | 15.19759292 N 1457092623 E|  2.33 | 6/30/2017 | 10/17/2017| _ Lighthouse
Channel Entranct
ADV 7 | 15.15110924 N 145.69648297 B 0.94 | 7/1/2017 | 10/17/2017| _ Sugar Dock

Channel Entranct

3.3.1 Wave Model Validation

Time serieglots of the model resuk withthe CDIP 197 buoy and SEI instrummaeasurements
are presented in Figure3-10 through Figure3-19. The figures show two distinct peaks in wave
heights spanningJuly 3-30 and August 2830, likely associated with the passage tyfphoons

Naru and Nesat for the first peak and typhoon Hato and severe tropical storm Pakhar for the

second peak A comparisonbetween ADCP 1 and ADCPrizasurements and maa results
(Figure3-11 andFigure3-12) shows excellent agreement ithhe deep waterof ADCP &nd in the
entrance to the lagoolat ADCP 2 The ADVs are located within thet@on, and thereforeecord
waves that havebeen extensively transformed at theross over the reef. The AN
measurements atsindicate good agreement between the model and the measuremeritise
largest discrepancies occur at ADV 1 and AAgBIre3-13 andFigure3-15). AtADV 1, the model
slightly over estimates wave heights, while at ADKe3model underestimates wave height3he strong
model agreementn deeper watewith ADCPL and ADCR2 indicateshat the differencesat the inshore
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instrumens (ADV 1 and ADV 8je likelydependent oninaccuracies in theathymetry orbottom friction,
which both have a strong influence on wave heightshallow reef environmentsBottom roughness
values were assigned to the model basedamrialimagesand photographsfrom previous field efforts.
Studies have shown that wave heighissipation is primarily due to bottom friction dmmoad reef flats
after the initial wave breakig at the reef cresi{Lowe 2005).The remaining ADVs show excellent
agreement between the model results and field measurements.
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Figure3-10.Wave height time series at CDIP 197.
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Figure3-12. Wave height time sexs at ADCP 2.
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Figure3-15. Wave height time series at ADV 3.
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Figure3-16. Wave height time series at ADV 4.
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Figure3-17. Wave height timeeries at ADV 5.
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Figure3-18. Wave height time series at ADV 6.
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Figure3-19. Wave height time series at ADV 7.

3.3.2 Hydrodynamic Validation

The wave modatomputations proceedaignificantly faster than the hydrodynamic modélwas
therefore possible to verifthe wave malelfor the full 3months the instruments were deployed
The hydrodynamic modelhowever, requiressignificantly more computation antias more
tunable parametersand therefore was verifietbr select durations of the field deploymetu
capturetypicaltradewind wave conditins andlargerwesterly storm wave conditions.Since a
majority of the domainconsists mostly of a shallow area, the model was irug-dimensional
modesuch that all flow is depth averaged. This assumptiasverified by agreementvith the
instrument data. Model runs were also conducted without wind forcing for two reasons: the
measured field data indicatethat wavesand tide are the primary driveiairrentsin the lagoon
and wind data is incomplete and could not be accuratelyased throughout thenodel domain
Tidal forcing consisted of the outputs for the TPXO8 global tidmletn The water level over
several tidal cycles at ADCP 1, ADV 3, and ADV 7 are ploiapiie3-21 through Figure3-23.
The figures illustrate that the numerical model accurately reproduces the tidal water levels
measured during the field program.

Duringthe field deploymenthere were distinct periods of typicdadewind waves and westerly
waves from passing storms. The time period from July 11 to July 23, 2017 wéas uakdate
the model during tradewind conditionsTwo other periods were selectedo validate model
performance during storm wave events impacting tagoon: July 27 toAugust 11, 2017
encompassing a several day period of high wagas to Typhoons Naru and Nesat which were
active in the area at the timeand August 27 toSeptemberl2, 2017 encompassing sharp
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increase in wave energy believed tofbem typhoon Hato andevere tropical storm Pakhaihe
offshore wave conditions during the time periods listed abovepaiesentedin Figure3-20. The
figure shows that the storm wave events are marked by incréaseve heights and abpt shifts
in wave direction relative to trade wind conditions. On tigufe,the tradewind waveperiodis
bounded by blue lines, while the storm wave events are bounded by green lines.

Comparison of model results with field amurements is preseat in two formats: 1)itne series
plots oftotal velocity,the east direced component of current velocityeésting , andthe north
directed component of current velocity@rthing) at all nine instruments deployed throughout
the lagan as shown inFigure 3-24 through Figure 3-33; 2) ret flow rose diagramdor the
tradewind and wave event validation periogisownin Figure3-34 and Figure3-35.

Validation results are discussed below for each instrument location.
ADCP 1

Figure3-24, Figure3-34 and Figure3-35 present model results compared with measurements at
ADCP 1. The ADCP measurements indicate reversing tidal currents with peak magnitudes of 0.3
to 0.5 m/s, without notable change duringosm wave events The model calculatl currents

are weaker, typically less than 0.2 mfsigure3-21 through Figure3-23illustrate that the TPXO8

tidal inputs used for the model replicateell the actual waterdevels measured by the current
meters. This suggests that there are strong regional tidal currents offshore of the lagoon that
were measured at ADCP 1 that are not produced in the model using local water levels. These
regional oceamcurrents, howeverappear to have a minimal impact on the flow patterns in the
Tanapag and Garap lagoon which are sheltered by the shallow reef alotfye offshore
perimeter, and largely driven by waves

ADCP 2

Figure3-25, Figure3-34 and Figure3-35 presentthe comparison between the measured and
modeled currents at ADCP Zhe modeflesults matchwell the measurements showing aent
predominantly fowing westsouthwestvard out of the lagoon. The measurements also indicate
a tidal oscillation in the nortsouth direction that would tend to shift the overalest
southwestward currentslightly to the north or south. The model deenot capture well tis
north-south oscillation. This could also be due to the influence of the regional oceanic currents
near the mouth of the lagoon. During pronouncedve events at the endf July and August,
the modelreproduces well thestrongerwest-southwest currethout of the lagoon.

ADV 1

The comparison of measured and model currents at ADV 1 are plottdume 3-26, Figure3-34

and Figure 3-35. Measured currentsoscillate east to west with the tides, with a strong
predominance of flow to the west at speeds typically less than 0.25 m/s. During the storm wave
events, flow to the west toward the lagoon strgihensto speeds of 0.3 to 0.5 m/s The model
reproduces well the predominance of flow to the westeak net flow during prevailing
tradewinds,and strong flow to the west during the wave events. The model does not reproduce
well the tidaloscillations during prevailg trade wind condibns. Currents at ADV 1 are heavily
dependent on the morphologgnd bathymetryof the reef in this area and the reef flat extending
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4,000 meters to the northeast. As discussed in Section 5.2.2, bathymetnsiregion is poorly
chaacterized by IKONGfata, and required significant interpolation, smoothing and estimation.
Incorrect reef crest elevations or reef channels could result in not resolving the magnitude of the
tidal oscillations.

ADV 2

Figure3-27, Figure3-34 and Figure3-35 present the caparison between the measured and
modeled currents at ADV 2Currents at ADV Z2elatively weak, averaging @1m/s, and
predominantly b the southsouthwest into the lagoon chamh During wave events, the flow
increases to 0.3 to 0.5 m/s, aneersslightly toward the southwest. The model reproduces this
flow pattern accurately, with the exception of the slight vée the southwest dung the large
wave events. This is likedye to details in bathymetry than are not resolved by the bathymetric
data or model grid.

ADV 3

Figure3-28, Figure3-34 and Figure3-35 present the comparison between the measured and modeled
currents at ADV .3Currents at ADV 3 are similar to AD§\2eak, averaging 0.08 m/s, and almost entirely
to the south toward thdagoon channel. Durg large wave events, flow the south strengthens to 0.2
to 0.3 m/s. The model accurately reproduces the measuremeri®at 3.

ADV 4

Figure3-29, Figure3-34 and Figure3-35 present the comparison between the measured and
modeled currents at ADV 4.ADV 4 is notable because it is in shallow, sheltered water
approximately 400 meters north of American Memorial Ranikd the currents @& weak. The
average measured current is 0.05 m/s, and the maximum measured current was 0.2 m/s during
the large wave eent at the end of August. The model accurately reproduces the typical weak
magnitude of the currents, and thdrenger flow and flowdirection during the wave events.
During the wave events, flow is to the northeast, toward the lagoon channel.

ADV 5

Figure3-30, Figure3-34 and Figure3-35 present model results compared with measurements at
ADV 5. Measured currats at ADV 5 were extremely weak, averaging 0.03 m/s, with no
predominant direction. Even during the large wave events, currents redaveak. The model
accurately reproduces the weak currents during typical trade wind and low energy conditions.
Howeve, the model results showed aotable currentup to 0.2 m/sto the east during the
occurrence of large waves from the weisat were nd measured. This l&kely due to small scale
bathymetric features sheltering ADV 5 that are not adequately resolviggtimodel bathymetry

ADV 6

Figure3-31, Figure3-32, Figure3-34, and Figure 3-35 present the comparison between the
measured and modeled currents at ADV DV 6is locatedon the south margin of he Light
House channedithin Garapan LagoonThis area is characterized by irregular channel and reef
bathymetry andmarks the transition from avell-definedreef crest and shallow lagoon to the
south, and a more gradually sloping reéefthe north to the harbor channelMeasued currents
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at this Iacationarebimodal. During prevailing tradewind asthall wave conditionghe current

is eastwest, reversing with the tides, and withnet flow to the east into Garaparagoon.During
the wave events, flow speed increase marked|.5 to 0.7 m/s, diected to the northwest into
Lighthouse Channel. The model reproduces the-ea&stt reversing tides during the prevailing,
low wave conditions, witlyreater magnitude and slight net flow tbhe west. The model also
reproduces welthe strong flow to thenorthwest out of the channel during wave events, with
slightly smaller magnitudes.

ADV 7

Figure3-33, Figure3-34 and Figure3-35 present model results compared with measurements at
ADV 7. This site is ¢ime north margin of Sugar Dock Channel. The seaftograracterized by
sand patches with numerous coral heads that could deflect floeasured currents dumig
prevailing, small ave conditions are weak, typically labsan 0.1 m/s, with little net fow. The
model accurately reproduces this pattern. During large wave events, measured cdloants

the southwest into Sugar Dock Channel with speedsou@4 m/s. The model reptates the
magnitude of the wave driven flow, but the flow is directerdthe southeast, rather than the
southwest Figure3-35). Again, this is likely due to the model not being able to adelyra
represent thesmadl-scalebathymetric features such as coral patches that are present in the area
and which can channelize flow. The model also generates larger magnitudesoaith tidal
oscillations than were recorded by the instrument. The nfeow features of wealcurrents
during prevailing, small wave conditions, and flow toward the south into the channel during the
large wave events are captured by the model.

In summary comparison of model deulated wave and currentswithin the lagoon wih field
measurementandicates that the coupled nearshore wave and flow model is able to replicate
well the wave conditions and basic flow patterns within the lagoon over the range of prevailing
to large typhoon wave conditions that the lagoexperiences Minor discrepancieare evident

at some locations during some condition®utside of the lagoon, the model does not capture
well the magnitude of the reversing tidal currents. These currents are the result of regional
oceanic tidal currets that are mwt included in the modl. For the present study, this is not a
concern because the regional tidal currents have little effect on currents within the lagoon.
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Figure3-25. Measured and modeled currents ADCP 2

Figure 3-26. Measured and modeled currents ADV 1
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