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Abstract

MODIS/Teta/Aquasensors allowed u® obtain 256m resolutiontrue-colorimages ®internal solitary

waves during sun glint conditionsh&einternal solitons packetweregenerated & yc pndhpQ b |y
npPoQ 93 62dzi n 1Y b2NIKgSad 2FF . FGdA alf@ Latl
duringa 3-day periodof strong semidiurnal surface tideg\bout 20 km from the origin, the packet

consists of 6 to thternal solitary waves, buLl00 kmfarther from the originpositionthe number of

waves in each packet doubled. The waves were rankachplitudeorder and thei intra wave distance

decreased from 7 km to 2.5 knThese packets moved West (270°) and crossed 1270 &bourt 5.4

days to reach the entranaaf Trincomalee Bay, Sri Lanka. The average paeket distance is 122 km,

suggesting that the packetgere phase locked with the internal tideOffshoreof Trincomalee Bay

entrancea nonlinear internal wave field was observedeintra wave distancevas2.5to 5 km. A

nonlinear internal wave can excite42-minute coastal seiché the Baywith an amplitudeof 7 cm.

Using a novel approach calledichelogiave estimated thathe amplitudeof the nonlinear internal

wave was 8 m.

Introduction

The first scientific evidence of coastal seiche excitation bygeteerated internal solitary was was
found after the analysis 013 years of tide gaugecordsfrom Magieyes Islandocated in Puerto Rico
(Giese et al., 198%iese et al., 1990Theinternal solitons generated at Aves Riddering spring
perigean tidedravel 540 kmacross the Caribbeabeain 3.6-5.1 daysto impinge on theSW slopesf
Puerto RicqAlfonseSosa, 2012) ater, it was found that the coastal seichesordedin Puerto
Princesa, Palawan Islagngere excitedtoo by tide-generatedinternal solitary wavethat crossthe Sulu
Sea in 2.2.5days(Giese et. al., 19987 successful theoreticahodel to explain the generation of



surface coastal seiches tgep-seainternal solitary waves was developed (Chapman and Giese, 1990).
Theinternal solitonimpinges on the submarine slopes near the shistéak generating a horizontal
current impulse. Theurrent impulse at the shelf breakcitesa natural period standing oscillation in

the shelf waterswith maximumamplitude near the coastAbout 30 years later, morevidence of

coastal seiche excitath by internal waves was found at Trincomalee ,B&y LankéWijeratne et. al.,
2010) Wijeratneproposedthe hypothesighat internal wavesgeneratedat the Andaman Sea during
spring tidedravel 1200 km across the Bay of Berigd-8 days to reacfirincomalee BayBut they did

not provide any evidence of the internal waves by means of direct ship measureoresatellite

imagery.

In the last eight year250m resolution MODIS images acquired by the Earth Observing System Terra
and Aqua Satelliteduring sunglint conditions allowed us to survey higgguency nonlinear internal
solitary wave occurrences on a neglobal scale (Christopher Jackson, 2007). It is possible to detect
internal solitons packets leaving the generation area during fortuitmmlitions: minimum cloud cover,
nearspecular reflectance pattern of sunlight off the ocean surface (sunglint) and strong oceanic
stratification The origin and speed of Aves Ridge Solitons in the Caribbean Sea and Gteasiiisthe
Atlantic Ocean héibeen determired by analysis dlODIS images (Alfonsfosa, 2012; AlfonsBosa,

2013)

Recently, it was possible to extract information of the deep water internal solitons from the coastal

seiche signaSeichelogi#s a novel approach to study the nardarcnonstationary seiche signal based
ontherelationship S 6SSy (KS aASAO0OKSQa AyaillydalyS2mar FNBI dzS
the shelf breakAlfonseoSosa, 2013)Seichelogianables us to estimate the amplitude of the internal

soliton responsible for the coastal seiche excitation.

The focus of this paper is to provide direct evidence that internal waves generated at the Nicobar
Archipelago are responsible for exciting seiches in Trincomalee Bay, Sri Lanka. Using MODIS imagery and
seichelgiawill provide the necessary evidence to prothee hypothesis of Wijeratne anits

collaborators.

Methodology

OnMarch2013-14, on the inter monsoon periodye acquired MODIS Aqua/Terra images from Bagy

of Bengal and Andaman Sekaring fortuitous coritions. A total o6 images show clear surface patterns
associated with internal solitary waves departingstfrom the Nicobar Archipelago This area is

subject to strong semidiurnal barotropicA RS& 6aH0O® ¢KS AYlI 3ISa Ya| TFAfSa
to measure and characterize theinternal solitons. The ratio between the distance separating the

solitons and the semidiurnal M2 period (12.42 hrs= 44712 s) allowed us to estimate their speeds
(Christopher Jackson, 200&KlfonseSosa, 201



We performedseichelogianalysisof the water level sigal recorded by the tide gauge &tinconmalee.
Details otthe seichelogiamethod used in this study can be followed in the article titi8dichelogi: Una
técnica novel para detectar remotamerdambios en el interior del océar{dlfonseSosa, 2013).

Results and Discussion

MODIS/Aqua/Terra images revealed f@nts of origin ofthe internal soliton packetsrossing the Bay

of Bengal Figure 1 and are MODIS images separategt one year interval, both images show internal
soliton packets generated north argbuth of Car Nicobar Island atrdvelled west into the Bay of
BengalThe second image taken on Marté 2014 allowed us to pinpoint trexact location of

generation fora nascehsoliton packet.L & ¢l & £ 20F SR 4 yc pnddpHmMQb | yF
(2.16 nautical miles) offshore the NW coast of Batti Malv Island and 29.9 km (16.15 nautical miles) from
the south coast of Car Nicobar Island. The image shows the bipolar e generation area,

because some packets are shed into the AndamaraSéathesinto the Bay of BengaAbout 20 km

from the origin, the packet consists of 6 to 7 internal solitary waves, but 100 km farther from the origin
position the number of waves in each pacisdoubled. The wass were ranked in amplitude order and
their intra wave distance decreased from 7 km to 2.5 Rmother generation area was located mid
OKIyySt o0SisSSy (GKS AaftlyRa 2% . FGdGA alft@d FyR [/ Kl
pp ®c mn QDatd 2GHoREaNIher generation area in the passage separating Little Andaman Island
and Car Nicobar Island. A careihspection of the images revedlsat the wavefronts inthe packages
generated north and south of Car Nicobar I. travelled parallebith other. Figure 3 shows the scarped
submarine topography arowd the Nicobar Archipelago. Tlgeneration areagare situated irthe

shallover sills separating the islandEhe distance separation between the packets (390 km)

suggests that the semidinal tidal currens impinging a the sills are responsible for their generation.
Figure 4 shows four solitons packets generated North of Car Nicobar Island crossing the Bay @iBengal
14-MAR2013 Since each package is generagsery 12.4 hours, we carssume that the first package

was shed on 1:MAR2013. Thepackets are almost equally spaced. The average inter packet distance is
122 km. Since this distance equals the semidiurnal internal tide wavelength (mode 1), is probable that
the nonlinear packetare phase locked with the linear internal tide wave. The lead packaetasedmid
distance between Nicobar Islands and Sri LgRigure 5)The exact locatiois 58 km (297 nautical

miles) ENE74°)of Trincomalee Baylhree days later, on IMIAR2013,the packets arrived to the NE

waters of Sri Lank&ased on theeimages, each soliton package took 5 to 6 days to cross the Bay of
Bengal. If the distance between each package is 122,000 weaddside this number by a semidiurnal
period 44712 s), webtain a nonlinear speed of 2.72 m/s. These relative $afitons can cover the
wholedistance between CaXicobarlsland and Trincomalee Bay (1270 km) in about 5.4 dBoib.

soliton packets generated north or south of Car Nicobar Island can reach matem Bay as shawn

Figure 5Deep submarine canyons with depths of 300@xtend outward of the bay entrandg&igure

6). Internal waves can travel keepiretr deep water speed untihey reach the shelf inside the
embayment.t KS ¢ NRA y O2 YterdsSappfbaimalsky S kn¥ (Figute 6, bottom). onlinear

internal wavefield was detectedutside of Trincomalee Bay on March 29 2@ MODISthe same



date when Wijeratne demonstrated the occurrence of large amplitude coastal seiches in t{leidaay

7). OnMarch 25 20146 days after the solitons departed frotine Nicobar Islands (Figure 2), a nonlinear

internal wave field was detected offshore Trincomalee BaMODISFigure 8). The intra wave distance

was 2.5 to 5 kmTo determine the amplitude dhese ®litons we appliedeichelogianalysis to the

water level datNBE O2 NRSR 6& ¢NAyO2YlIfSSQa GARS I dASd ¢KS |
HH HAMo® ¢KS GARS 3l dz3 SFbin the éndysisi of tey/Aprl Bb daakv@ 6y Ay CA
obtainedthat the coastal seiche events are intermittent and separated by 6.7 H&igsre 9)In

addition the seiche signal shows intra frequency modulation, the instantaneous frequency can go from

20 CPD to 40 CPD in less than one cycle of oscillation. Arigeession of the instantaneous frequency

(IF) for the second IMF between 20:02 and 20:38 on April 15 2008 (Ei@lakowed us to calculate the

20SI yQ& &neaitheishel hréaRHisAin®yhatiorwasinput into the analytical model of

Chapman and Giese (1990) wlaulate the amplitude of the Kddbliton capable of excita shelf

response equal to the observed one. To excite a coastal seiche with an amplitude of 7.3 cm it is

necessana KdV soliton amplitude of 8.4 m (Figure 11). The table below summarizes timg$ivtle

assumel a two-layer modelwith anupper layer depth of 100 m and total depth of 4000 m.

. Maximum
Maximum  <dV Soliton o Shelt
) Amplitude 3
Seiche Current
Start End . (m)
Amplitude (NHT, KdV (cm/s)
(cm) ragy) | (NHT, Kav,
1481)
4/15/2008 20:05 4/15/2008 20:39 7.3 8.4 2.3
3/22/2013 4:59 3/22/2013 5:23 35 3.5 1.0
3/22/2013 6:15 3/22/2013 6:44 3.2 2.3 0.6

“Based on the analytical model of Chapman and Giese 1990, J. Phys. Oc2anb4b3;1467.
% Gaussian Pulse was substitued by KdV soliton.

Conclusion

Due to the large surface vertical stratification in the Bay of Bengjakive small amplitudénternal
solitons can easily excite coastal $eis in Trincomalee Bajn internalsolitonwith a amplitude of 8 m
is cam@ble of exciting aurface coastaseicte with an amplitude of 7 cnThe largesurface stratificatio
in the Bay of Bengalllows that solitons generated the Nicobar Islands can easily crossstward 1270
km upon reaching the eastern coast of Sri Laimk&.4 daysThis is thedngest travel distance of an
internal soliton capale ofexciting coastal seiches.
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Figure 1. Intemal Solitons packets generatednth and south of Car Nicobar Isladiddle of the
image);all travelwestinto the Bayof Bengal. MODIS image was taken orVI&R2013.



Figure 2 MODIS imagen 19MAR2014showing two large solitopackets, generated south of Car
Nicobar Island, movingestinto the Bay of BengalAnother2 packets arenoving easinto the
Andaman Sea.
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Figure 3 The bathymetric map of the Nicobar Archipelago reveals the scarped submarine topography
around the islands. White lines trace the wavefronts of the internal solistiasvn in the previous

figure; only the leader of thesoliton packet is shown. Separation between the leading waves of the
packs is about 90 knThe two yellow pins indicate origin areas of internal solitons packatatedin

the sills separating thé&licobar Islands.



Figured. Four solitms packetgenerated North of Car Nicobar Island are crossing the Bay of Bengal
Theaveragenter packet separation i$22 km.MODIS image taken on ‘MAR2013.
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Figureb. The leader solitons travel west and cross the Bay of BengakpHue between them is about
122km. The two yellow pins indicate origin areas of internal solitons packets in the Nicobar |Slands.
solitons(white lines)shown are from previous Figures 1 tolhe packet lines offshore Trincomalee
represents the nomhear internal wave field shown in Figure 8.
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Figure 6 Top. View of Trincomalee Bay and surrounding deep submarine canyons. White lines
represent the actual location of wave fronts of internal waves approaching the Bay. Bottom. A zoom
view of Trincomalee Bay showing the location of the tide gauge station. The white line represents the
length of the shelf, is about 7.7 km.
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