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The 26 December Indian Ocean tsunami was an extraordinary event in the
history of natural hazards. It severely affected many countries surrounding the
Indian Ocean: Indonesia, Thailand, Malaysia, Myanmar, Bangladesh, India,
Sri Lanka, the Maldives, and African countries. Unlike the previgus tsunami
evenis in the last 40 years, the seriously affected areas are sé+vast that a
traditional ground-level tsunami survey covering all the necessary areas by a
single survey team was impractical. This destructive event will undoubtedly
provide many opportunities to explore both basic and applied regearch in
tsunami science and engineering fields and will lead to better preparedness for
foiure disasters, A tsunami runup Ssurvey was conducted that spans
Vedaranniyam (10° 23.5' N) to Vodarevu (15° 47.6" N)—more than 600 km
of the southeast Indian coast—which suffered from the distant tsunami, whose
source was more than 1,500 km away. [DOL 10.1193/1.2202651]

TSUNAMI SURVEY

Tt is customary to conduct a rapid reconnaissance tsunami survey with international
collaboration. All of the recent tsunami events listed in Table 1 were surveyed by the
International Tsunami Survey Team (ITST)—the exceptions were the 1994 Skagway
landslide tsunami and the 2003 Tokachi-oki tsunami that were surveyed by a U.S. team
and by a Japanese team, respectively. The international collaboration is necessary partly
because only a few scientists {mostly in Japan and the United States) are experienced in
carrying out such a survey, whereas the local scientists must play a leading role in ar-
ranging the survey logistics under often-chaotic and stressful situations in the disaster
areas, usually within days of the tsunami attack. By conducting cooperative surveys, the
local scientists gain experience for future events. Unlike other natural disasters {e.g.,
earthquakes, hurricanes, tornadoes, droughts, and floods), tsunamis can affect broader
areas. As the 26 December 2004 tsunami clearly demonstrated, tsunamis are not only a
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Table 1. Major tsunamis in the last 15 years

Maximum ninup

Date Location Earthguake magnitude Fatalities {m)
Sep. 1992 Nicaragoa M 72, M, 76 93 9.9
Dec. 1992 Flores, Indonesia M, 7.5 1,712 26.0
Jul. 1993 Okushiri, Japan M. 72 233 320
Jun. 1994 East Java, Indonesia M, 72 223 11.3
Oct. 1994 S. Kuril Islands M, 8.1 12 7.1
Nov. 1994 Mindoro, Philippines M, 7.0 74 7.3
Nov. 1994 Skagway, Alaska na 1 -
May 1995 East Timor, Indonesia M, 69 8 -
Oct. 1995 La Manzanilla, Mexico M, 8.0 - ~5.0
Feb. 1996 Inan Jaya, Indonesia M, B0 110 7.7
Feb. 1996 Chimbote, Peru M, 6.8, M. 75 12 5.0
Jul. 1998 Aditape, PNG M 71, M, 7.0 ~2,000 i5.0
Nov. 1999 Vanuatu M. T3 1 -
Jun. 2001 Southern Peru M, 83 26 4.0
Dec. 2002 Stromboli, Ttaly na - -
Sep. 2003 Tokachi-oki, Japar M, 8.0 - 4.2
Dec. 2004 Sumatra, Indonesia M, 93 >230,000 360

® Not applicable, because the event was a landslide

local problem but also pose potential problems for many distant countries. From this
viewpoint, a tsunami survey by a multinational team is not only justified, but essential.

Our multinational team was comprised of eight members with very distinct disci-
plinary backgrounds: three members from India (a seismologist, an ocean scientist, and
a graduate student), one member from Japan (a social engineer), and four members from
the United States (a tsunami hydrodynamist, a sedimentologist, and two geotechnical en-
gineers). Two of the members had substantial field survey experience. Prior to the sur-
vey, every team member had reviewed the I0C Post-Tsunami Survey Field Guide (I0C
1998). We also discussed and coordinated detailed needs for data and metadata with the
Earthquake Engineering Research Institute (EERI) staff.

The team operated in two groups. The first group began its field survey along the
southeast Tndian coast (in Tamil Nadu and Pondicherry, 10° 23,5 N to 13° 23.9' N),
gathering data during 7-11 January 2005. During 22-23 February 2003, the second
group surveyed the area north of the first survey—that is, along the coast of Andhra
Pradesh (13° 25.0' N to 15° 47.6' N)—and briefly revisited the village of Devanzan-
pattinam (11° 44.6" N}. Figure 1 shows the areas we surveyed. The second group also
made a brief survey in the Andaman-Nicobar Islands, located within the near-source
area of the fault rupture,

The survey teams measured maximum tsunami runup heights and inundation dis-.
tances; measured flow patterns of tsunami runup and rundown; recorded eyewitness ac-,
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Figure 1. The survey area along the scutheast Indian coast and the Andaman-Nijcobar Islands.
A line with an arrowhead at ¢ach end indicates the regions we surveyed.

counts; examined sediment deposits; and observed structural and infrastructure damage
{including scour), human responses, and social impacts (Chadha et al. 2005). Because
the tsunami’s origin was distant, no evidence of subsidence, uplift, or landslides was ob-
served, although we did examine geomorphological changes made by the tsunami. In
this paper, we focus on one of the primary objectives for the rapid reconnaissance sur-
vey, namely, the tsunami runup measurements.



Figure 2. Sighting the runup elevation with the hand-level on a tripod.

Tsunami runup heights and disiances were measured by using simple surveying
hand-levels, staffs, and tapes (Figure 2). Verncal elevations of the runup marks were
mcasurcd from mean sea level at the time of the measurements by noting the measure-
ment iime and location (Figure 3). After the survey, the measured runup heights were
converted to values of runup at the time of the tsunami atack. This conversion was made
on the basis of tide level corrections between the time of measurement and the ttme of
the tsunami attack. Every tsunami mark used for the runup measurement was photo-
araphed for archiving, and its location was wdentified by a global pesitioning system
(GPS). Because of the uncerainties imvolved in even carefully measured data, we antici-
pate an approximate 25-cm range of potential error in runap heights.

Figure 3. The mean sea level is used as the dawm for the ru [ i
s runup measurement {A
10° 23.612° M. 79° 51014’ E). ’ Attt

—
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Figure 4. The mud line on the building wall is used as a reliable tsunami nundation level {Pe-
riakalapet, 12° 01.708" N, 79° 51.9507 E).

Tsunami runup marks were identified by the following ebservations. Flooding mud
watermarks on structural walls are considered reliable evidence of runup height (Figure
4). Such a watermark in a prowcted area {e.g., inside 2 housc) may be considered the
“true” runup height or inundation level (Figure 5). That is because such marks represent
flowing water depths that arc gencrally devoid of turbulent surge or splashup. Accumu-
Jated marinc-origin objects are also considered anothur type of reliable runup mark (Fig-
ure 6).

Other types of runup marks are (1) scratch marks on buildings or tree trunks caused
by the collision of waterborne objects (Figure 7) and (2) unusual materials found at ab-
normal locations, such as scaweed on tree branches or a fishing net clinging to a roof, as
shown in Figure 8. Those tsunami marks arc probably aftected by local splashup achion

Figure 5. The mud ling inside the building is considered 1o represent the true inundation level
(Porangipettinam, 11° 30.965" N, 79° 45.947" K).
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Figure 6. The line of accemulated floatable debris is another teliable lsunami mark for the
runup height and penetration (Periakalapet, 122 01.544° N, 79° <1.888' E.

and should not be considered reliable evidence of true inundation clevations. In fact, the
elevation of the fishing net shown in Figure § was approximately 2 m higher than the
walermark level found inside a building that was enly 20 m away. It is noted that, upon
arnving at several tsunami sites, we found recently hand-drawn signs indicating the tsu-
nami levels (Figure 9); evidently, a local survey team most have made those marks prior
1o our arrival. Those ¢levations were measured and included in our data.

Runup distances from the shereline were measured via 108-m-long surveying tapes.
Where the tape measurements were impractical, we supplemented distance measure-
ments by recording the differences in the GPS readings between the shoreline and the
maximum inundation location. This may have produced less accurate mcasurements of
inundation distance, although they are still accepiable for the rough measurements of

Figure 7. The scratch mark and roof tile damage are used as the estimate of tsunami inundation
(Devanaanpattinam, 11° 44.567° N, 79° 47317 Ej.

TSUNAMI RUNUP SURVEY ALOMG THE SOUTHEAST INDIAN COAST 179

Figure 8. A picce of fishing net clinging to the root is another type of tsunami mark (Naga-
pattinam, 10¢ 43783 N. 79¢ 50.928" E).

Figure 9. The =igns of surami inundation levels found on the building walls (Kalapakkom,
127 303277 N: 86° 09.600' E and Magapattinam, 10° 46.477' N, 79° 30.790° E).
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horizontal diswances. In addition, flow directions for both runup and rundown pro
were inferred from the direction in which trecs
formation. We note that accounts from eyewim
ditions are considered less reliable, and thus

IO

had falien and from the patterns of debrig
esses who were often under stressfy] con-
we used such accounts for reference only.

Unlike most previous events, this cvent fortunately lefi clear watermarks op and in

the buildings at almost cvery site we visited in the southeast Indian coast. The reasong
why high-quality tsunami marks remained are {1} our rapid deployment 1o the sites,
within 12 days of the 1sunami artack: (2) favorable weather conditions {no rain or ng
strong winds between the event and our survey}; and (3) some of the coastal Structures

made of reinforced concrete or masonry had withstood the tsunami forces and WETE in-
tact.

Again, in this paper, the tsunami runup height identified by the mud line in a pro-
tected area (e.g., inside a house) or an open-ficld debris line is called the “true mnunda-
tion level” as distinguished from the “local tsunami runup” measured by a mark that
was probably affecied by tsunami splashup.

RUNUP DISTRIBUTION

Table 2 shows the measured tsunami runup heights. A determination of the tsunami
arnival time was needed for calculating tide corrections to our surveyed runup data. A
numerical simulation by George (2005) shows that the 1sunami arrived almost simuha-
neously all along the southeast Indian coast, approximately 2 hours and 40 minutes afier
the varthquake. This computed arrival ime is conststent with the tide-gauge record at
Chennai (NIO 2003), where the first wave arnved at 3:35 A M. GMT (9:05 A.M. IST).
The tide-gauge record also shows the formation of a leading clevation wave, The maxi-
mum runup probably occurred during the next successive tsunami, according to general
indications by vyewitness accounts. The arrival time of the second tsunami crest is esti-
mated to have been 40 minutes afier the first tsunami attack. This is a rough estimate
based on the satelfite altimerry data from which Gower (2005) estimated the wave length
1o be 430 km, with a wave period of approximately 40 minutes. The estimated wave pe-
riod is consistent with cyewitness statements reported by Chapman (2005) in Sri Lanka.
Because of the uncertainty, we assume a tsunami artival time along the southeast Indian
coast at 3:40 AM. GMT (9:10 A.M. IST) for the purpose of tide-level corrections for
our runup data. The resulting estimated error caused by variability of the estimated ar-
rival time of the second wave is at most 0.1 m in tide level.

For reference purposes, we also present the runup heights based on the Indian datum
{the datum uscd for the tide-gauge data) in Table 2. The tide levels at the survey locales
were computed by interpolation from tide tables for Kakinada (16° 36' N, 82° 15" F),
Madras (Chennai) (13° 06° N, §0° 18 E), and Nagapartinam (10° 46’ N, 79° 51" E).
Note that the runup data collected in the Andaman Islands were based on the tide table
for Port Blair (11° 41" N, 92° 44’ E), which assumes the arrival time to be at 1:30
AM. GMT (7:00 A.M. IST). Although the tidal amplitude in this region is small (Jess

than £50 cm), the tsunami struck the coast almost at high ude, resulting in maximum
tsunami effects in the region.

e
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Table 2. Measured tsunami runup, inundation, and sediment-deposit data.
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Figure 10. A plot of true inundation elevations along the southeast Indian coast.

Measured true inundation levels were plotted in Figure 10, showing fairly uniform
runup heights (2.2-5.5 m) along the 600-km-long coast. The runup pattern exhibits no
clear attenuation even at the most northern locale of the measurements (15° 47.61" N).
In fact, runup elevations diminished litile over the 250-km span of the northern survey,
ranging from 2.7 to 4.6 m, which is gencerally similar to the findings from the southern
survey.

The uniform tsunami runup distribution along the very long coastal stretch must be
attributed 1o the very long tsunami source (approximately 1,060 km). Unlike the west
coast of Thailand, the topography along the Indian coast is quite lincar and open, as
shown in Figure 11, without significant features of headlands, sounds, and coves. Fur-
thermore, the very long incident tsunarni length—approximately 430 km—tended to ob-
scure significant local amplification within relatively small-scale detailed bathymetry
variations.

CLOSING COMMENTS

Because of the size of the tsunami, collecting all the necessary data remains a for-
midable task. This paper focuses on summarizing our effort o collect the tsunami runup

——
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Figure 11. Typical coastal features in Southeast India (Pulicat, 13° 22.796° N, §0° 20.009" E).

data over approximately 600 km spanning the southeast Indian coast. In previous tsu-
nami surveys of carthquake magnitudes less than M, 8.0, this distance would have been
more than sufficient 1o cover the entire tsunami-affected arcas, but that is not the case for
this event. Even at the nerthernmost survey location (15° 47.6" N), the tsunami height
is still significant (2.7 m). Additional surveying in the region of the central and north-
cast Indiap coasts is critical to an understanding of the tsunami strength distribution.

Individual tsunami effects on the coastal areas were very similar to previous smaller
tsunami events, including tsunami scours, patterns of structural damage, and inundation
and deposit characteristics. What makes the 26 December 2004 Indian Ocean tsinami
distinct from the previcus tsunami cvents 1s the vast exient of the severcly affected area
and the staggering number of casualiics.
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