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Abstract

250-m resolution MODIS images acquired by the Earth Observing System Terra and Aqua Satellites
during sunglint conditions allowed us to survey higdguency nonlinear intaral solitary wave
occurrences ithe Indian Ocean. Tiseimages clearly show packets of internal solitary waves (ISWs)
generatedin the Nicobar Islandsassagesluringthe extraordinary coincidence tie following
astronomical factors: perigee, syzyggro lunar declination, springguinox longitude of theuinar node
equal to 180. Therelatively fasiSWspackets(2.7 m/s)propagated southwest (245°) and cross&tP0
km of Indian Oceain about10.5 daygo excite coastal seichés the waters othe Addu Atoll- the
southernmost atoll of thévialdives Islans- located near the EquatorSatellite images and sea level
data evidence the concurrence of these two physitenomenaOurfinding sustainshat ISWs can
travel verylong distances and impinge aistant archipelagos far from tlregeneration region.



Introduction

The first scientific evidence of coastal seiche excitation bygaterated internal solitary wavgsSWs)

was found after the analysis of 13 years of tide gauge records from Magueyes Island, located in Puerto
Rico (Giese et al., 1982; Giese letE990). The ISWgenerated at Aves Ridge during sprreyigean

tides travel 540 km across the Caribbean Sea@#b 3 days to impinge on the SW slopes of Puerto Rico
(AlfonseSosa, 2012). Later, it was found that the coastal seiches recorded in Puerto Princesa, Palawan
Island, were excited too by tidgenerated internal solitary waves that cross the Sulu Sea i2.8.days

(Giese et. al., 1998). A successful theoretical model to explain the generation of surface coastal seiches
by deepsea internal solitary waves was developed (Chapman and Giese, 1990). The internal soliton
impinges on the submarine slopes near gielf break generating a horizontal current impulse. The
current impulse at the shelf break excites a natural period standing oscillation in the shelf waters, with
maximum amplitude near the coast. About 30 years later, more evidence of coastal saiitagoExby
internal waves was found at Trincomalee Bay, Sri Lanka (Wijeratne et. al., 2010). Wijeratne proposed
the hypothesis that internal waves generated at the Andaman Sea during spring tides travel 1200 km
across the Bay of Bengal ir8&lays to redc Trincomalee Bay. But they did not provide any evidence of
the internal waves by means of direct ship measurements or satellite imageuy.years later, satellite
images detectegrackets ol { 2 Qa ONZ & a A y JAlfangeSosa, 2084)THede pakedsyfrdved

West (270°) and crossed 1270 km in about 5.4 days to reach the entrance of Trincomalee Bay, Sri Lanka.
The average intgpacket distance was22 km, suggesting that the packets were phase locked with the
internal tide. Offshore of Trincomal@&ay entrance a nonlinear internal wave field was observed.

In the last eight years, 25® resolution MODIS images acquired by the Earth Observing System Terra
and Aqua Satellites during sunglint conditions allowed us to surveyftg@gbency nonlinear intenal
solitary wave occurrences on a neglobal scale (Christopher Jackson, 2007). It isilplest® detect

internal solitary wave packeteaving the generation area during fortuitous conditions: minimum cloud
cover, neasspecular reflectance pattern otialight off the ocean surface (sunglint) and strong oceanic
stratification. The origih Y R 2 LISSR 2 F in &CaribbeanrS8aSatdiCedra{ISdhe

Atlantic Ocean had been determined by analysis of MODIS images (ABorap2012; AlfonsBos,

2013).

The focus of this paper is to provide direct evidence that internal waves generated at the Nicobar
Archipelago are responsible for exciting seicheSam,Addu Atol] Maldives Archipelago. Both
archipelagos separated by a distance of 2420 km.

Coastal Seiches in Gan, Addu Atoll

Harbor oscillations (coastal seiches) are a specific type of seiche motion that occur in partially enclosed
basins (gulfs, bays, fjords, inlets, ports, and harbors) that are connected through one or more openings
to the sea (Rabinovich, 2009). Long waves entering through the open boundary (harbor entrance) from
the open sea are responsible for generating the harbor oscillations. In addition, the harbor seiche losses
energy when radiates it through the mouth of the harbdneTfundamental mode of the harbor

oscillation is called the Helmholtz mode. The periods of the Helmholtz mode (n=0) and the other harbor
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wherel is the length of the water body and H is the depth. Both are expressed in metereridus

are expressedn secondsThe following table details the period of the harbor oscillation for each natural
mode. Theperiodsare expressedn minutes.The Addz ! s$iEydohgeneral depths vary frord7 m to

46 m but thereefsencircling the lagooare in depths from 13 m to 18 m. An average depth of 28.5
meters was calculated. The lagoon width was measured using Google Earth images and its value was
about13km. The first row shows the period of the Helmholtz mqde0)

Merian's Formula for the periods
(natural) of a rectangular basin with
uniform depth

Addu Atoll, Maldives Islands

Openended basin|n T, (minuteg
L (m) H(m) [0 51.8
13000 285 |1 17.3
2 10.4
3 7.4
4 5.8
Methodology

On FebruanApril 2015 we acquired MODIS Aqua/Terra images from the Bay of Beng&cauadorial

Indian Oceamuring fotuitous conditions. A total of Bnages show clear surface patterns associated

with internal solitary waves departing southwesbm the Nicobar Archipelag-igures 24). This area
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to measure and characterize these internal solitons. The tadtween the distance separating the

solitons and the semidiurnal M2 period (12.42 hr44712 s) allowed us to estimate their speeds

(Christopher dckson, 2007; Alfons8osa, 2014; 20)2

A record of oneminute water levels was obtained from the Sea L&#tation Monitoring Facility at Gan,
Maldives Island. Outliers and spikes were removed from the record. The station is maintained by the
Maldives Meteorological Departmerttttp:/ /www.ioc-sealevelmonitoring.org/station.php?code=ganm

Water Level Data Analysis

The Tminute water level dataecorded at Gaisea level ®tion was subjected to the Empirical Mode
Decomposition (EMD), a novel method to analyze nonstationary and nonliigeals (Huang et al.

1998). This adaptive method has been applied to the analysis nonlinear water waves (Huang et al. 1999).
From EMD we obtain intrinsic mode functions (IMF) components that have a physical interpretation.

Well known nonlinear systems suah the Duffing equation has been subject to Hilbert Huang

Transform (HHT) analysis and each component have a physical meaning. Using Normalized Hilbert


http://www.ioc-sealevelmonitoring.org/station.php?code=ganm

Transform (NHT) we found the instantaneous frequencies of each IMF component obtained by EMD.
The concet of instantaneous frequency has been well explained by Huang et al. (2009).

This analysis was performed in Matlab, using théles provided by: Research
Center for Adaptive Data Analysizhungli, Taiwarhttp://rcada.ncu.edu.tw/intro.html

Results and Discussion

MODIS/Aqua/Terra images revealed the points of origin of the internal soliton packesingytise

Indian OceanFigures 2 are MODIS imagehat show internal soliton packets generated south of Car

Nicobar Island and travellezbuthwest into the Bay of Bengalhefirst generation point wasocated at

these coordinatesy ¢ pn ®PPpHMQb YR dHc ndpPooT Q9T | o62cdast n 1Y ¢
of Batti Malv Island and 29.9 km (16.15 nautical miles) from the south coast of Car Nicobar Island
(AlfonseSosa, 2014A secondyeneration area was located mid channel between the islands of Batti

Malv and ChauréSee Figures-8). The specific @ NRAY Il 4S& I NBY yc oc®ddhpoQb IV
generation areas are situated in the shallovedls separating the islandBhe distance separation

betweenthe packets (400 km) suggests that the semidiurnal tidal currents impinging on the sills are

resgponsibk for their generation.

Figures 5 show the same ISWs packet propagating southwesivorconsecutive dayshe 23% and

24" of February 2015. This packet was genetiade February 19, 2015 (Figure Based on tk distant
covered (230,000 m) arttie time period between the two images (78240 s) we calculated that the
speed of the lead wave was 2.9 méAdter 5 days of travel, the ISWs packets missed Sri Lanka and
continue their journg to the MaldivesArchipelagoFigure 1 show enosaic constructedrom thirty
MODIS images with positive detection of ISWsthat revealeda southwesi(245° Tpropagation path

In Figure 4, from the JPO article of Maarten C. Buijsman and collaborators (2016), one semidiurnal
internal tide beam showa similar propagationdirection; it propagateswayfrom the Nicobar Islansl
and reacheshe Maldives. Both evidence support that the |Savsl semidiurnal tides follow the same
path across the Indian Ocean

Figure 8howsfive IS\ packets generated South Car Niobar Island crossing thHadian Ocearon 25-
FEB2015. |ach packag&vas generated every 12.4 hours by the semidiurnal internal titllee packets

are almost equally spaced. The aage inter packet distance is 1Rf. Since this distance equals the
semidiunal internal tide wavelength (mode 1), is probable that the nonlinear packets are phase locked
with the linear internal tide wave. If the distance between each package is 122,000 m and we divide this
number by a semidiurnal period (44712 s), we obtain alinear speed of 2.72 m/s. These relatiastf
solitons can cover the largistanceof 2420 kmbetweenBatt Malvisland(Nicobar Is.and Addu Atoll
(Maldives Is.) in about 10days(Figure 1) Internal waves can travel keeping their deep water speed
until they reach theAdduAtoll, the southernmost atoll of the Maldives Archipela@an sea level

station is located at the following coordinates: E&A®867, LON/3.1517; meaning that the ISWs

packetsg that excited seiches in Gagrrossed south of theduator at the Indian Se&imilarly, in the
Atlantic Ocean ISWs generated by strong semidiurnal currents in the upper slope off the Amazonian
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Shelfcan travel long distances; some can propagate 1300 km to the Northeast (see pos$EPAG14
in https://www.facebook.com/OceanPhysicsEducatipn/

The first ISWpacket was expected to arrive at Addu Atoll on Ma2c2015 since it was generated on
February 19 2015 at Nicobar Isut bad mages (high cloud cover, fsunglint) did not allowedhe
satellite sensor to detect thESWs; meanwhilseiche activity increased on MarchZD15(see Figure
18). A nonlinear internal wave field was detectgd5 km East of Addu Atoll on March2®15. Atotal of
seven MDDIS images show clearly the internal wave field around the Maldigpsnsible of the seiche
activityin the subsequent day@igures 916, ordered in chronological orderSome of theeimages
show the scale of the wavelength ftine high frequency internal waves. Eastthé Addu Atoll most of
the wavelenghs run between 2 km to 4 km; south of the entrance of Gan Chahaelavelengthsre
reduced toabout 1 km (Figure 10). Figure 14 shamiernal solitary waves with wavelength of @ km
passingsouth of the atoll ad a second packetf ISWdagging thdirst one bya distance 082 km.

Figures 1213 show two packets of internal solitary wasrentering and exiting the 1.5Dree Channel
separating the Huvadhoo Atoll and thiadhdhunmatheétoll, the larger wavelengths run from 7.6 km
to 15 km. The ISWsacketscrossed the 1.5 &gree Channekithout majordissipationand continued
their west propagation leaving behind the Maldives.

Figure 17 shows the results from the Empiridede Decomposition (EMD) analysis of water levels at
Gan tide station from February 21 2015 to April 7, 20X figure shows only the first five IMF
components. The fifth component is the semidiurnal tide and the fourth component represents the 50
60-minutes coastal seiche. A closer look to the@@minutes seicheecordrevealed that consecutive
sudden increas®in activity areseparated by an interval df5 days (Figure 18Jhe first one occurred on
March 02 2015 and the second one on March 17 20b®. first period of increaseskicheactivity lasted
about 8 days but the second ped was more active and lasted title end of the time seriedMaximum
amplitudereachesup to 0.03 non March 36' 2015 and in April”® 2015 MODIS images presented on
Figures 1213 and 14 show the internal waves responsible for the excitation of those seiche events.
Figures 19 to 21 show specific days when coastal seiche activity increases and at the same time
concurrentMODIS images show internal waves impinging orMiaddives Archipelagd’he seiche is
intermittent and show increases in amplitude every 11.6 hours (Figure 19) but somékim@®riod
shortensto 9 hours (Figure 21).

It is importantto point that 2015 was an extraordinary year for semidiurnal tidadifug. If the perigee
coincides withsyzygyequinox and the longitude of the lunar nodé equals 180 degrees (kimizing
Lunar Declination) all these factossll maximize the semidiurnal form of the tides. N crossed 180° (i.e.,
lunar declination reached minima) on October 2013himwholeyear 2015, the position in th&3.6

Nodal Cycle was favorable for the generation of strong semidiurnal tides and 1®W$eb 19 and

March 19 2015 the perigee and syzygy were separated by less than 13 Maucs 19wasone day

before thespring equinoxand a total solar eclips&\ll these factors contributed to an exceptional
generation ofsemidiurnalinternal tides. Ths fact can explain why after March 17 2015 the internal
wave activity and tl seiche activity lasted longer than after March 2 2015.
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Conclusion

ISWs generated durirgirong semidiurnal tidal currents in the Nicobar Islasiflscan travel 2420 km in
about10.5 days to exciteoastalseichesn the waters of Addu Atoll (Maldives Islantt®)ated in the
Equatorial Indian Oceafatellite images and sea level data evidence the concurrence of these two
physical phenomendxtraordinary astronomical conditiofrscreased the semidiurnal tidal forcing that
wasresponsible for the increased internal wave aityiand subsequent coastal seiche activity.
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Figure 219 February 2015. MODIS/Terra.
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Figure 320 February 2015. MODIS/Aqua. Two Packets of ISWs generated at the Nicobar Islands
passages propagating to the southwest.




Figure 423 Februan2015 Nicobar Archipelago passages are the generaieaof the internal waves.
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Figure 523 February 2019MODIS/Aqua.
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Figure 624 February 2015. MODIS/Terra.
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