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Effect of the 2004 ‘Boxing Day’ Tsunami on Water Poperties and
Currents in the Bay of Bengal
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Abstract: Problem statement: Variation of temperature, salinity and geostroptiicrent in the Bay

of Bengal due to the 2004 Boxing Day tsunami wagstigated in this project using ARGO float and
absolute dynamic height topography data. This veaedo determine the effect of the tsunami on the
water properties in the baypproach: The study area was between latitudes 5° N and\2&hd
longitudes 75° E and 100° E. Data from November2&@d January 2005 were analyzed. The drift
velocity of the ARGO float (within the study areat)its parking depth was calculated and compared
with the geostrophic current at this depth in ofdedetermine the appropriate reference level (lefre

no motion) for the study areResults: The geostrophic current, using the Helland-Haresgumtion,
requires a reference level, which was then usezhlitulate the surface geostrophic current using the
absolute dynamic height obtained from satellitéradtry. The appropriate level of no motion in the
Bay of Bengal region was found to be 1500 m. Asslt of the tsunami, the variation in sea surface
temperature was around 2- 3°C and the variatiosalimity was around 2-3 psu in the region.
Accordingly, the dynamic height increased to a0 dym cm just after the tsunami and abruptly
changed the geostrophic surface currents patteBaynof Bengal. A few days after the tsunami, the
geostrophic surface currents returned to norr@ainclusions: The variation of temperature and
salinity in the Bay are the major causes of chang#ise dynamic height, which results in the vaoiat

of geostrophic currents.
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INTRODUCTION wave would have travelled about 1500 km in the 2 h

since the earthquake occurred off the coast of
An earthquake of magnitude 9.3 on the RichterSumatrf!.

scale occurred offshore in northwest Sumatra (epéce

3.32° N, 95.85°E) on 26th December 2004. It geadrat The study area: The Bay of Bengal is a northern

a huge tsunami, which devastated the Andaman anextended arm of the Indian Ocean, which is located
Nicobar Islands, the east coast of India and southetween latitudes 5 and 22°N and longitudes 75 and
Kerald!. The tsunami was tracked by the JasonlOQ°E as shown in Fig. 1. It is bounded in the visgst
altimetry satellite early morning around 0300 hoars the east coasts of Sir Lanka and India, on thehrioyt

the same day, 2 hours after the earthq@akehis was the deltaic region of the Ganges, Brahmaputra and
the strongest occurrence since satellite altimstmyted ~ Meghna River systems and on the east by the Myanmar
in the early 1970s. peninsula, extending up to the Andaman-Nicobar

The measurement shows an initial dominantdges. The southern boundary of the Bay is
wavelength  of  about 500 km, followed by approximately along the line drawn from Dondra Head

significantly greater height variation ithe Bay I the south of Sir Lanka to the north tip of Sursldlt
of Bengal compared with those observed in

The Bay occupies an area of about 2.2 million sq km
. and has an average depth of 2600 m with a maximum
earlier - cycles recorded 10-20 days befbee of 5258 m. Bangladesh is situated at the head ®f th
event and afterwards shows a return to the-B ay of Bengal
undisturbed ocean. During the event, the positicthe '

wave is consistent with shallow-water wave speed oPhysical properties of ocean water in the Bay of
about 200 m sétat approximately 4500 m depth. The Bengal: The important physical properties affecting
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seawater density and which controls the dynamiavater (34.9 psu) occupies the central Bay. At 500 m
behavior of the ocean are temperature and salinitydepth during the summer monsoon, the salinity
Density is indirectly observed in the ocean, tisatitiis  distribution is characterized by zonal oriented
computed from the measurements of the temperatutisohalines with relatively high salinities in thentral
and salinity fields as a function of depth. Therefo and southern Bay and low salinities north of 16AN.
knowing the density, it is possible to deduce thel0O0O0 m depth during the summer season, lower
movement of seawater. salinities in the northwestern Bay and higher $idis
30°N[ off the southern east coast of India has been wvbder

! But during the winter monsoon, along the 91°E
meridional section of the longitude, two pocketdavf
salinity centered at 8 and 15°N are seen in themupp

m. The halocline is located at about 75 m and & hig
salinity cell appears at depths of 90 m due to
penetration of high salinity wat8r

20°N

Density: The low salinity surface waters of the Bay of
Bengal causes them in all seasons to be isolated fr
the deep waters by a sharp pycnocline between slepth
of 50 and 100 m. The surface salinity variationthimi
and between seasons are controlled by insulation,
evaporative cooling and an influx of saline and
freshwater. During the summer monsoon, the lowest
. density waters are seen in the north western Bdytan
Fig. 1: Map of the Bay of Bengal distribution pattern of density in this area resksslthat
.. of salinity. During the winter monsoon, surface evat
Temperature: In the Bay of Bengal, th_e thermocline is density is less than 1022 kgTwo cells of very low
usually at a depth of 50 m and occasionally go&sndo e ity are found off the central east coast ofalrathd
120 m. Between February and March, the depth of thg, i vest of the Andaman Islands, where freshwater
thermocline varied from 75-120 m in the western Bayyigcharges from the Krishna and Irrawady Rivers,
and from 50-100 m in the eastern Bay. During the pr oqnectively, enter the BAY Work has already been

summer season, a warm water cell is seen centéred & : . .

o ne on the entire oceans on geostrophic curreng us
14°N, 85°E with a core temperature of 28°C at dltlep ,imetry data and in the Indian Oc&4h During the
of 100 m. Two cold water cells are noticed towditus 2004 tsunami, research on a satellite view of iraer

west (18°C) and north (17°C) of the warm water'tell wavé” found the effect of tsunami on marine eco-
During the summer monsoon (monsoon is a Windsystenﬁ”.

pattern that reverses direction on a seasonal )basis
broad cold water (20°C) band oriented in a southwes MATERIALS AND METHODS
northeast direction in the central Bay characterite
temperature distribution at this depth. During puest-
summer season, a warm pocket (25°C) is located
12°N, 83°E, while during the winter monsoon,
penetration of warm waters (27°C) from the
southeastern Bay towards the central Bay is een
Generally, examining the temperature, the thermecli
is strong during the winter monsoon.

10°N |

EQU ! 1 S\
70°E 80°E 90°E 100°E

Background theory of geostrophic current: The
%teostrophic ocean current at different layers isalkg
computed from the measured temperature and salinity
profiles through the procedure called geostrophic
method®. The distribution of mass in the ocean is
represented by the distribution of density. Density
computed from the measurements of temperature and

Salinity: Freshwater influx flows into the Bay of Salinity as a function of deptfl. This computed
Bengal annually and about 50% of this comes duringlensity field could be thought of as creating geats
the summer monsoon months. During the summePf pressure. The horizontal variation in the denfild
monsoon, low saline water (~ 29.0 psu) spreadstireo thus gives rise to the horizontal pressure gradieme.
interior of the Bay in a southwesterly directionrfrthe ~ These horizontal pressure differences can be best
head of the Bay and the northern Andamar*Sevhile represented by the parameter called dynamic height.
during the winter monsoon, a large cell of low rs&i Dynamic height represents the ability of a colunin o
water to do work due to difference in geopotential-
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surface, where gravitational potential is constditte ~ dynamic height obtained from Topex-Poseidon and
geopotential height differences thus provide usittie  European Remote-Sensing Satellite (ERS-1 and ERS-2)
reflection of pressure gradient force. mission§?. The temperature and salinity data with
The geostrophic current is generated due to th€epth from ARGO floats are available onlifieand the
balance between the Coriolis force and pressur§b50|Ute dynamic heights are also available ofifine

gradient force and is expressed as shown in Eq. 1. 1 hese are used to compute the geostrophic cument i
the study area.

V.2Qsin® :1 @ (1) Table 1: Specifications and details of the ARGQaflased in this
p ox study
Specification Details

where: Selected float 2900106 (WMO ID)

) . 10 o . .
V = Spe_zedQ is angular speed of rotation of earth Location r';?]tgg:dgzroagf’&olé N-14°N; Longitude
@ = Latitude Float type Apex with SBE (Seabird) sensors
ap . . Data period 1st October 2004‘—'28ebruary 2005
x = the horizontal pressure gradient Float background 2900106 is a profiling float depeld

under the US ARGO Project

The computation of the pressure gradient force
requires at least a pair of stations and the gepisic
velocity calculation from the dynamic height
difference between these stations is giweBdp 2.

A particular Argo float was chosen as it had a
relatively large cycle displacement, which enalitesa
better comparison of the calculated velocities tfus
study. The large displacements also ensure that the

B calculated geostrophic velocities are more likety t
_10(AD, -AD) . .
VS lasne (2 meet the Rossby radius requirement. Only one Vi@t
SN la used for the estimation of the reference levelhia t
_ study area, but three other floats were picked fctose
Where_. _ _ by for the temperature and salinity profile compani.
L = Distance between two stations A and B The reasons to select this particular ARGO float
AD = Dynamic height anomaly at the surface

(specifications and details shown in Table 1) i it
is at the centre of the Bay and goes to the depth
2000 m.

The aim of satellite application is to obtain the

(v-v,) = Geostrophic velocity normal to the line joining
the two stations A and!#!

As compared to other methods, this method has th ) . ; A
advantage of not involving complex computatitths gynam|c height relative to a gedftl The geoid is an

The reference level (depth of no motion) plays arfauipotential s_urface on the Earth_’s gravity fididt is
important part in calculating geostrophic currefite closely associated vy|th the location of the meaa se
geostrophic calculation gives the relative velocitySurface. The dynamic height data generated from the
component (v-y between two depths, therefore if we Satellite were used in determining the geostrophic
know the absolute value of either v ¢y we will know  current and its variability in time and space. The
the absolute value of the other. If direct currentaltimetry dataset, used from AVISO (Archiving,
measurements are not available, the geopotentidalidation and Interpretation  of  Satellite
topography plots are usually based on some assumédceanographic data) in this study, consists of lakeso
reference level, generally in deep water. But thisre dynamic height over the study area ranging from 5-
one known velocity region which cannot be used as &5°N latitude and 75-100°E longitude, with a sgatia
reference level, that is, the sea bottom. The redgo resolution of'4°x'4° from October 2004 to February
this is that the velocity tends to be zero thereabse of 2005.
the action of friction, a force which was delibetst
assumed to be negligible when deriving the geobtoop RESULTS AND DISCUSSION
equatiof?.

o . Temperature variations before and after the
Data acquisition: Two different sources have been g nami: The average temperature profiles from the
used in this project to gather the datasets: the&li$a  yifferent floats during November, December and

altimetry dataset and the ARGO float dataset. Theanary shows a significant decrease in sea surface
altimetry dataset is the primary source of inforiorat temperature after the tsunami, as can be shown

on ocean circulation variability and consists ofpmaf Fig. 2a-d. The sea surface terﬁperature before the
merged sea surface height anomalies and absolute™ '
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tsunami was around 28°C whereas after the tsureni, The temperature profile of floats 2900093 and
surface temperature decreased by 2-3°C. The rdéason 2900107, as shown in Fig. 2a and c, shows a steady
this is because of the mixing and turbulence ofeser decrease in the sea surface temperatiueing

water and cold bottom water. the months of November 2004 and January 2005,
Temperature (°C Temperature (°C)
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Fig. 2: Temperature profiles from different flo&g 2900093, (b) 2900106, (c) 2900107 and (d) 298Q#uring the
period of November 2004 and January 2005

whereas the other two floats, 2900106 and 290035&hown in Fig 2b and d. This is because of the ionat
show little changes during these months, as can bef the different floats in the Bay during the evelhtis
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also to be noted that the northern hemisphere wiste average salinity, as shown in Fig. 3a-d. During the

between December and February.

Salinity variations before and after the tsunami: As

tsunami, salt is left behind near the coastlineveilig
the salinity to decrease on the upper layer ofoitean.

temperature decreased after the tsunami, so did tHerom the four floats selected, the ones which wea
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Fig. 3: Salinity profiles from different floats (2900093, (b) 2900106, (c) 2900107 and (d) 290034g the

period of November 2004 and January 2005
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or close to the shore show little or a slight daseein  of the float at its parking depth and calculated
salinity. But for those floats that were at theteerr in  geostrophic current at the same depth using the QRG
the deep sea, an increase in the salinity wasweéder  temperature and salinity dataset. Table 2 shows the
The loss in salinity has been gained by theinput parameters and values of ARGO float 2900106
vegetation near the coast or on land after theteWéX®  ang Table 3 shows a summary of the geostrophic

results also depict that the salinity changes updepth  cyrrent and drift velocities of ARGO float 2900186
of 100 m and then it was constant for the deeper pajig parking depth of 1000 m.

(Fig. 3a-d).

Geostrophic current calculation using absolute

Drift velocity of ARGO float at its parking depth: ; Rt ; ;

The drift velocity of float 2900106 was calculatesing dynamic 5]helght' The absolute dynamic height data
; . : gatherel® was used to calculate the surface currents.

estimated displacements calculated using a spreatish 7

(latitude/longitude) distance calculator available 4
onliné'™. The calculated displacement was then divided .
by the approximate time between two cycles, whichg -
was adjusted to account for the time required Far t
float to park, ascend and descend (that is, 1@hwesy

cycle) at the parking depth of 1000 m. There is aom ¢4

Temperatu

error present in estimating the drift velocities tbhg 62

float at its parking depth. This error is due tdtihg of R VP Pvaays
the float at the surface before and after the osibf Cycles

the float is determined and can be evaluated itithe @

when ascent or decent begins, is known. This iaumz
the satellite will not necessarily fly over a float
immediately after it resurfaces or immediately befi
descends due to the satellite’s orbital frequency:3**|
Therefore, generally the drift velocity is overesdted
by 25%, which in other words, is the error in estiimg a0.9:

34.97

34.96|

34.9¢

inity

Sall

drift velocity at this deptf. o
Temperature and salinity from float 2900106 at T e e s e e® O M L
1000 m depth:From the cycle profile datasets (that is, (b)

cycles 1 - 15), the recorded temperature and salini

values at 1000 m depth have been plotted and areizzi
shown in Fig. 4a and b respectively. For comparsbn
the temperature and salinity effect on density, the .4
density values have also been calculated and d'OtteEZlozmt
and can be shown in Fig. 4c. The direct relatignshi & 273
between temperature, salinity and density variatiame 1027.3:
clearly shown. 10er<0

1027.2¢
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Cycles

Geostrophic current and drift velocity comparisons (©)

at 1000 m depth:The calculated geostrophic current at

1000 m depth, using only two stations, can result i Fig. 4: The (a) temperature, (b) salinity and (c)
under-estimation as only the velocity component at calculated density values for each cycle at 1000
right angles to the two stations are determinearéter m depth from float 2900106

to improve this situation, three stations and wecto

summation are used to obtain a more realistic #&%y| -1aRle 2: Input parameters and values of ARGO (10106

After a number of attempts using different refeenc Z‘\f’:rtagzrgggg i infslf;alues
levels, such as 1200, 1500, 1800 and 2000 m, it WaSepth, H 2600 m

finally determined that a reference level of 1500 mReference level,Z 1500 m .
offers the best comparison results of the drifipgigyy ~ Coriolis parameter, f 3.57xf0ad seC
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Table 3: Summary of geostrophic current and driflovities of  Surface current before and after the tsunami:The

ARGO float 2900106 at its parking depth of 1000 m geostrophic surface current was around 45 crit gest
Drift velocity (cm se¢) Geostrophic velocity (cm sép before the tsunami and shows an anti-cyclonic eddy
Minimum 5.10 5.90 (clockwise in the northern hemisphere) in the Bay
Maximum 8.90 9.40 (Fig. 5a), which was due to the seasonal temperatur
Average 7.02 7.47 salinity, river run-off and rainfall. The patterrsf

geostrophic surface current were irregular justratiie

In this calculation, the reference level of 1500mms  tsunami (Fig. 5b) because of the effect of tsunami
used. The southern part of the Bay of Bengal liesrn Waves. Abrupt changes in dynamic height, due to the
the equator thus while plotting surface geostrophi Sunsml,ﬁarehresponsm!e rflor dcurrent rrJ]at_tehrns. &a‘fe
current vector plot, the study area was confinedvab weeks after the tsunami, the dynamic heights obtain
4° N. This is because the equation becomes innal were back o regular wvalues due to regional

- INISTS quatior ) temperature, salinity and rainfall and thus showed
the equator, because the Coriolis force is zerth@t gimjlar current patterns as before the tsunami.

equator.

LATITUDE
LATITUDE

ageE
LONGITUDE LONGITUDE

U (em/s) | V&méﬁ) U (em/s) | V&mil/g)

(a) (b)

LATITUDE

TEE 80°E B4°E 88°E 92°E 96°E 100°E
LONGITUDE

U (em/s) , V&més;)
(c)
Fig. 5: Geostrophic surface current in the Bay eh&al (a) just before, (b) just after and (c) laftgr the tsunami
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The geostrophic surface currents in Fig. 5 showttie  salinity. Before the tsunami the surface salinitythe
magnitude of the surface currents was around 58 crBay was in between 33-34 psu, but it decreased?to 3
sec’ near the coasts of the Bay of Bengal. This highpsu just after the tsunami (Fig. 3).

surface current near the mouth is due to wateriegte The reference level (level of no motion) in the
from the river into the Bay and it changes the dyita study area was taken as 1500 m. This was verified b
height accordingly. Before the tsunami, the altiyjiet comparing the drift velocity of the ARGO float as i
dynamic heights obtained from the websitewere parking depth (1000 m) with the calculated geostiop
quite low (180-200 dym cm) as compared to thecyrrent at this depth. Generally looking at Tableh@
from 200-230 dym cm. Thus, the surface geostrophigyerage speed. This verifies that the referencel lefv
current that is calculated from the dynamic heidtita 1500 m in the Bay of Bengal is appropriate.

varied dramatically just after the tsunami with man This reference level, 1500 m was than used to
eddies in the Bay. calculate the surface geostrophic current in thg &a

Eddies with horizontal diameters varying from 5®15 Bengal, before and after the tsunami, occurrednduri

km have their own pattern of surface currents. €hes oxing Day of 2004. The surface current before the
features may either have a warm or a cold core an

. ; ; unami shows less eddies in the Bay. But just #fie
currents flow around this core either cyclomcﬂ tsunami, there were more eddies with high current i
cold cores or anti-cyclonically for warm_ co the coastline and the entrance of the Bay in thetthNo
Vector geostrophic surface current plots in Fighbw — This \as due to the decrease in sea surface tetapera

an anti-cyclonic eddy in the Bay since it was at@in ,nq galinity in the Bay that leads to an increasthe
season (December-January in northern hemlspher%/mlmiC height and therefore changes the surface

during which the investigation was carried OUt'geostrophic current patterns in the Bay.

Therefore, there was a warm core in the Bay. A point to be noted here is that the waves propagat
Obviously, the sudden change in the surfaceong with the current direction will have the effef
current was due to the underwater earthquake Ne&ficreasing wave speed and the rate of energy #aissf
Sumarta, which resulted in an increase in the dy®amty remain constant, as speed increase, wave height
heights. Thus, huge waves started to build in #epd should decrease. Conversely, if the current flows
waters and this water has been carried away fr@n thagainst the direction of wave propagation, the wave
coast line. Those entire factors affect the suddemge speed slows down and the resultant waves will be
of geostrophic surface current in the region. higher. Therefore in short, as wave propagate again
As the Bay of Bengal is a part of the northerncounter-current of ever-increasing strength, theesa
Indian Ocean, the oceanic circulation is controlledbecome steeper and higher until they become umstabl
through the seasonally changing monsoon gyre (antiand break”. It could be a major reason some countries
clockwise through the winter monsoon current). Thelike Bangladesh and western part of Burma (Myanmar)

tsunami-induced wave pattern are likely generatgd bhad relatively lesser damage than the other camtri
internal waves, modified by interactions with segfa and areas in the Bay of Bengal due to the tsunami.

waves, which results in change in the surface
roughnes?. It remains unclear, both theoretically and
observationally, how these internal waves have
substantially affected the suspended
concentrations at the sea surface and how mucle thes
changes have affected the shelf break and conéihent
slope. Thus, a clear understanding of vertical and

horizontal mixing and its effect on the sediment2.

transport is needed for future investigatidns

CONCLUSION 3.

The variation in the temperature and salinity ieof
in the Bay are the major cause of the change in the
dynamic height, which results in variation in the
geostrophic  surface current. The sea surface
temperature was around 28°C before the event and
decreased to 26°C just after the event (Fig. 2greds
there was approximately 2 psu change in surface
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sediment .
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