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Abstract. The 2004 Sumatra tsunami propagated throughoutand by several local earthquakes (cf. Baptista et al., 1992;
the World Ocean and was clearly recorded by tide gauges ohockridge et al., 2001; Fine et al.,, 2005). So infre-
the Atlantic coast of South America. A total of 17 tsunami quent are tsunamis in the Atlantic that, in the period im-
records were found and subsequently examined for this remediately following the 2004 Sumatra tsunami, few ex-
gion. Tsunami wave heights and arrival times are generperts had expected that this tsunami would be recorded out-
ally consistent with numerical modeling results. Maximum side the Indian Ocean. Nevertheless, a few days after the
wave heights of more than 1.2 m were observed on the coastarthquake, tsunami waves were identified in several tide
of Uruguay and southeastern Brazil. Marked differences ingauge records on the coast of North America (Department
tsunami height from pairs of closely located tide gauge siteof Fisheries and Oceans, Institute of Ocean Sciences, Sid-
on the coast of Argentina illustrate the importance that localney, BC, Canada, 200%ittp://www-sci.pac.dfo-mpo.gc.ca/
topographic resonance effects can have on the observed wawsap/projects/tsunami/tsunamiasifatn also Rabinovich et
response. Findings reveal that, outside the Indian Ocean, thal. (2006) and Thomson et al. (2007)). The 2004 tsunami
highest waves were recorded in the South Atlantic and not invas also detected in several records from the South and Cen-
the Pacific as has been previously suggested. tral Atlantic, in particular, at Signy (South Orkney Islands),
Port Stanley (Falkland Islands) and St. Helena (Woodworth
et al., 2005) and at Takoradi, west coast of equatorial Africa
(Joseph et al., 2006) (Fig. 1a). Global tsunami propagation
models (Titov et al., 2005; Kowalik et al., 2007) demon-
4'strate that the Mid-Atlantic Ridge served as a wave-guide,
efficiently transmitting tsunami energy from the source area
%of far-field regions of the Atlantic Ocean.

1 Introduction

The M,,=9.3 megathrust earthquake of 26 December 200
off the coast of Sumatra (Fig. 1a) generated a catastrophi
tsunami that caused widespread damage in coastal areas , ) i
the Indian Ocean and killed over 230000 people (Satake et Detection of the 2004 tsunami on the Atlantic coast of

al., 2007). Tsunami waves were subsequently recorded b outh America includes sites in Brazil (Can_della, 2005;

a large number of tide gauges throughout the World Ocean!€l0 and Rocha, 2005; Franca and de Mesquita, 2007) and
including near-source regions of the Indian Ocean (cf. Mer-~rgentina (Dragani et al., 2006), regions where tsunamis
rifield et al., 2005; Rabinovich and Thomson, 2007) and ha‘?' never begn recorded previously. For.tht')se records' In
remote regions of the Pacific and Atlantic oceans (Titov etWhich tsunami were detected, the tsunami signal was dis-
al., 2005: Rabinovich et al., 2006: Thomson et al., 2007).tmct and yielded preliminary estimates of measured arrival

The event was unprecedented in its global reach (Titov et al.iMes that were in reasonable agreement with calculated ar-
2005: Geist et al., 2006). rival times (cf. Franca and de Mesquita, 2007). Moreover, at

Tsunamis in the Atlantic Ocean are not as common asW Brazilian sites, Imbituba and Ubatuba (Fig. 1b), the ob-

in the Pacific Ocean. The few known tsunami records forserved tsunami trough-to-crest heights were more than 1m
the Atlantic include those generated by the 1883 Krakata Melo and Rocha, 2005; Franga and de Mesquita, 2007),

Volcano explosion (Indonesia) (cf. Pelinovsky et al., 2005) igher than at any other site outside the Indian Ocea'n. )
Years after the event, records of the 2004 tsunami are still

Correspondence td?. E. Thomson being collected and archived. Several additional records have
(thomsonr@dfo-mpo.gc.ca) now been found for the Atlantic coast of South America.
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http://www-sci.pac.dfo-mpo.gc.ca/osap/projects/tsunami/tsunamiasia_e.htm
http://www-sci.pac.dfo-mpo.gc.ca/osap/projects/tsunami/tsunamiasia_e.htm

118

R. N. Candella et al.: The 2004 Sumatra tsunami on the Atlantic coast

20°N

e = g7
South
Callao America

20°s = Arica ‘ p
[0
'g 1 r aialI/
E * Cabo
= K7

40°S = 7

15X
™
&.«;

\
A

T
20
18

Atlantic
Ocean

16

60°S

Takoradi
Oy,

O
St Helena

Antactic '
| |

1
80°W 40°W

%) Port (St 7
LA q ort(Stanley
Y |
7
O Signy,
el
\/{
0 é 1 7 S
0

Longitude

120°E

0°

12°

24°

Rio de Janeiro /
Ubatuba
Santos ~J

2 )
o
ke)
=2
E 36° La Paloma i
anta Teresita
Atlantic
Ocean 1
18
48° i
17'/_
=
72° 64° 56° 48° 40° 32°

Longitude (°W)

Fig. 1. (a)Map of the Indian and Atlantic oceans showing the location ofMhg=9.3 earthquake epicenter (star) and positions of selected

tide gauges. Red circles indicate tide gauges which were used to estimate the wave height attenuation coefficient as a function of tide gauge
sampling interval. Solid thin lines are hourly isochrones of the tsunami travel time from the sourc@pBetail of the rectangular region

in (a) showing the Atlantic coast of South America with positions of tide gauges. Isochrones are as in (a).
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Table 1. Locations of tide gauge recordings of the 2004 Sumatra tsunami on the Atlantic coast of South America.

No. Stations Country Gauge Type Sampling interval (min) Coordinates
Latitude (S)  Longitude (W)
1  PortStanley, Falkland Is. UK Digital 15 %45.0 57°56.0
2 Ushuaia 1l Argentina  Digital 15 549.0 68°18.0
3 Ushuaia2 Argentina  Digital 6 549.0 68°13.0
4 Puerto Belgrano Argentina  Analog 4% 4.0 62°06.0
5 Mardel Plata 1 Argentina  Analog 4* 365.9 57°31.0
6  Mar del Plata 2 Argentina  Analog 6 @w.J0 57°31.8
7  Santa Teresita Argentina  Digital 6 .9 56°40.0
8 LaPaloma Uruguay  Digital 15 339.2 54°08.5
9  Imbituba Brazil Analog - 2813.0 48°39.0
10 Paranagu Brazil Analog 10* 2530.7 48°31.8
11 Canagia Brazil Analog 2% 2801.0 47°55.5
12 Santos Brazil Analog 10* 257.3 46°18.6
13 Ubatuba Brazil Analog 2% 230.0 45°07.3
14  Riode Janeiro Brazil Analog 10* 233.0 43°08.7
15  Arraial do Cabo Brazil Digital 1 258.3 42°00.9
16  Salvador Brazil Digital 6 1584 38°31.0
17  Natal Brazil Analog 5% 846.7 35°12.8

* Sampling interval of records after digitization from float-type analog tide gauges.

Unfortunately, there were comparatively few sites in the tideations (Woodworth et al., 2005). For this reason, sea level
gauge network in operation in this region at the time of themeasurements for the Atlantic coast of South America are
event and the instruments used in the network were mainlymade using analog or digital instruments with long sampling
old technology. Nevertheless, in all tide gauge records exintervals (6—15 min). Moreover, the tide gauges are often in-
amined, except two (Puerto Madryn, Argentina, and Bacu-stalled at locations not optimal for recording tsunamis. The
riteua, Brazil), tsunami waves were clearly identified, indi- only high-quality, short (1 min) sampling interval, digital in-
cating that the 2004 tsunami was observed along the entirstrument which worked on this coast during the 2004 Suma-
South American coast, from Tierra del Fuego in the south totra event was the tide gauge of the Instituto de Estudos do
northeastern Brazil in the north. Most of the data from theseMar Almirante Paulo Moreira-IEAPM at Arraial do Cabo.
gauges remain unprocessed and unpublished. The purpod#e record for this location appears to be the only record of
of the present study is to provide an overview of all avail- the 2004 Sumatra tsunami in the entire Atlantic Ocean hav-
able records for the 2004 Sumatra tsunami for the Atlanticing this short sampling interval.
coast of South America and to present fundamental statis- )
tics for the observed waves. This study was partly initiated FOr the present study, we attempted to collect all avail-
by the Working Group on Tide Gauge Measurements of thedble tide gauge records for sites located along the Atlantic
2004 Sumatra Tsunami, IUGG Tsunami Commission, andc0ast of South America. Altogether, we could find data
continues previous studies of this Group (cf. Rabinovich etffom 16 mainland tide gauges (Table 1). The three Brazilian
al., 2006: Rabinovich and Thomson, 2007: Thomson et al.fecords — Rio de Janeiro, Ubatuba, and Cananeia described
2007). by Franca and de Mesquita (2007), plus an additional record
from Santos — were provided us by Carlos Franca (Departa-
mento de Oceanografia, Universidade @ aulo, Brazil);
2 Observations three additional Brazilian records from ParanagBalvador,
and Natal, were obtained from the Centro de Hidrogrda
The Atlantic Ocean historically has had no Tsunami Warn-Marinha-CHM, Brazil, an analog record from Imbituba was
ing System and no standard instruments designed for tsunanpirovided to us by Eloi Melo (Federal University of Santa
measurements. Unlike the Pacific Ocean, the Atlantic OceartCatarina, Brazil) (see Melo and Rocha, 2005) and the digital
is not bordered by major subduction zones, which are theecord from Arraial do Cabo was obtained from the Instituto
main source for large tsunamis (Lockridge et al., 2002; Gu-de Estudos do Mar Almirante Paulo Moreira-IEAPM (Can-
siakov, 2006). The primary purpose of Atlantic tide gauges isdella, 2005). Pedro Walfir M.Souza Filho and UIf Mehlig
the measurement of relatively low-frequency processes, sucfMangrove Dynamics and Management Project) provided
as tides, storm surges, and seasonal to climatic sea level varihe Bacuriteua data. Argentinean tide gauge records, includ-
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ing those from the Mar del Plata, Santa Teresita and Puertbackground noise level and thereby improve the tsunami-to-
Belgrano gauge sites located on the continental shelf offnoise ratio. For most records from the Atlantic coast of South
Buenos Aires (see Dragani et al., 2006) and the Ushhuaia tid&merica, this ratio ranged from 10:1 to 4:1, making detection
gauge located on the coast of Tierra del Fuego (Fig. 1b), weref tsunami waves relatively easy. However, at certain stations
provided by Walter Dragani (Departamento Oceandgraf - specifically, Natal, Cana@&m, Paranagy and Puerto Bel-
Servicio de Hidrogrdf, Buenos Aires, Argentina). Addi- grano — the signal-to-noise ratio was relatively small (2:1 to
tionally, Mark Merrifield and Shikiko Nakahara from the 2.5:1), making identification of the exact arrival times of the
University of Hawaii provided us with two Argentinean dig- tsunami problematical.
ital GLOSS stations, Mar del Plata and Ushhuaia, which Several criteria were used to delineate arrival times of the
were located at slightly different positions than the Servi- first wave: (1) relatively sharp amplification and abrupt tem-
cio de Hidrograffa stations and had significantly different poral structural changes in the observed longwave oscilla-
tsunami signafs Ernesto Forbes (Division Oceanodeaf tions; (2) agreement among nearby stations (it was much
Fisica, Montevideo, Uruguay) sent us the La Paloma recordeasier to detect tsunami wave arrival for a group of stations
We note that almost all available tide gauges in operationthan for a single tide gauge); (3) agreement between the ex-
on the Atlantic coast of South America during the 2004 eventpected tsunami wave arrival times and the observed times
indicated the presence of tsunami waves. There were onlypf arriving tsunami waves; and (4) the presence of domi-
two exceptions: Puerto Madryn (Argentina) and Bacuriteuanant periods in the arriving waves (observations in the In-
(Brazil). The first tide gauge is located inside Nuevo Gulf, dian and Pacific oceans indicate that the dominant periods of
which is itself connected with the ocean by a narrow openingthe 2004 tsunami were 30—-60 min; Rabinovich et al., 2006;
which helped shelter the gauge from the tsunami. This recordRabinovich and Thomson, 2007). Tides, which are signifi-
is further complicated by the fact that tides in the gulf are cant at most stations, were estimated using the least squares
high and tsunami waves (even if they were present) are nomethod of harmonic analysis and then subtracted from the
discernible in the analog record (Walter Dragani, personaloriginal series. The residual (de-tided) time series were used
communication, 2007). The Bacuriteua tide gauge is locatedn all subsequent analyses. To isolate the tsunami frequency
deep inside CaétBay, Pa&, 15 km from the ocean. A few band and simplify tsunami detection, we high-pass filtered
other tide gauges on the coasts of Argentina and Brazil hadhe residual tide gauge series following application of a 4-h
1-h sampling and, therefore, could not be used for tsunamKaiser-Bessel window. These filtered series were then used
detection. The southernmost station, Ushuaia, is located fato construct plots of tsunami records for various sites and to
from other mainland stations. However, there is a nearbyestimate statistical characteristics of the waves.
United Kingdom tide gauge at Port Stanley, Falkland Islands Sixteen de-tided and high-pass filtered records (all records
(Fig. 1b, Table 1) which clearly recorded the 2004 Sumatraexcept for Imbituba) are presented in Fig. 2. Tsunami waves
tsunami (Woodworth et al., 2005). This record has been anaare clearly visible in most records. Tsunami arrival times are
lyzed for comparison with other sites (Table 1). mutually consistent and agree reasonably well with estimated
travel times (Fig. 1). The strongest tsunami oscillations were
observed at Ubatuba, Arraial do Cabo, Santos, Salvador and
La Paloma. In contrast, at Natal, Cagan Paranagy Mar
del Plata 1 and Puerto Belgrano, the measured waves were

In general, our ability to detect tsunami waves in a tide gauqerelatively small. (All records presented in Fig. 2 have the

record depends strongly on the signal-to-noise ratio (the ratig . . !
ame relative sea level scale to permit direct comparison of

between tsunami and background oscillations). For the 200 . . . . .
A e ) the tsunami wave heights at the various sites.) For those sites

Sumatra tsunami, this ratio in the Indian Ocean ranged fromwith relatively weak oscillations, it is difficult to recognize

40:1 to 20:1, so detection was straightforward (Merrifield et y ' g

al., 2005; Rabinovich and Thomson, 2007). In contrast, thedetalls of the tsunami wave structure. For this reason, we

o : S o separated the sixteen sites into four groups and for each of
tsunami signal-to-noise ratio in the North Pacific and North these groups used a suitable plotting scale (Fig. 3a—d). This
Atlantic records ranged from 4:1 to 1:1, making tsunami de- group P 9 9. )

tection more difficult (Rabinovich et al., 2006). Infragravity makes it possible to distinguish important wave features in

waves generated by nonlinear interaction of wind waves anéhe individual records.
ge y . . ; ' 7 Omitted from Fig. 2 is the record for Imbituba. The tide
tsunami-like, atmospherically-induced seiches, create seri-

ous problems in identifying weak tsunamis (Rabinovich andgsﬂgneeiitgifgteeli Ség?gIt::ﬁgagﬁfss(dpeeF&%?g_bpg;ir_) n-
Stephenson, 2004). In fact, one of the main purposes o?. P b

any preliminary analysis of tide gauge data (de-tiding, de_d|do Jorge, the chief engineer of the Imbituba port, kindly

. . I . rovided this record to the Marine Hydraulics Laboratory
trending, low-pass and high-pass filtering) is to reduce the?MHL) of the Federal University of Santa Catarina (this was

3 Data analysis

1in the text, index “1” refers to the Servicio de HidrogeafAr- probably the first gauge to demonstrate the arrival of the 2004
gentina) Mar del Plata and Ushuaia stations and index “2" to thetsunami on the Atlantic coast of South America). Unfortu-
corresponding GLOSS stations. nately, the gauge paper speed was very low, making it diffi-
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cult to digitize the entire record in detail. Nevertheless, Melo Atlantic Ocean
and Rocha (2005) from MHL were able to estimate wave I

heights and found that the maximum wave (the “queen wave” E TAT

in their terminology) had a trough-to-crest height of 1.22 m. || Natal _WWWM
We re-digitized the record peaks and troughs and obtained Salvador

a similar value for the maximum wave height of 1.23m. A i M‘MWWWW%M
copy of a selected segment of the Imbituba analog tsunami Arraial do Cabo |

record (simultaneous with other records) is shown in Fig. 3e. e v

Because we did not have this record in digital form, we could
not subtract the tides and high-pass filter the record. Despite 5| | | Riode Janeio | bl

this, the general structure of the waves measured at this site3

is well-defined and the record can be used to approximate a

number of statistical wave parameters (Table 2). The main
tsunami features evident in the records in Figs. 2 and 3 are:

1. The arrival of tsunami waves at most sites was relatively
abrupt and unambiguously delineated.

Relative sea level

2. The first recorded wave at most sites wassitive in
good agreement with the notion that the first wave crest La Paloma
propagated from the source area in the Indian Ocean [ it
westward and southwestward; i.e. toward the Atlantic Santa Teresita

Ocean (cf. Lay et al., 2005; Titov et al., 2005; Rabi- = - = e A i oo bt

novich and Thomson, 2007).  Mar del Plata 2 1“ ﬁ 'M lﬁ % b
|
B

3. Maximum waves at all stations except Port Stanley and Mar del Plata 1
Santa Teresita occurred several hours after arrival of the | | Puerio Belgrano |
first wave. I S At ta i it el
Ushuaia 2 | N -
4. All records had long#2.5 days) ringing times. Ushuaia 1 1 o

AMANMA A

W o

P \ N
5. The recorded oscillations were polychromatic, with dif- Port Stanley *WHMWWVWWW”WM
ferent periods for different sites, but with general domi- L . ! !
nance of 30—60 min period waves at most sites. 26 21 28 29
December 2004 (UTC)

The principal statistical features of the tsunami waves ob-

served at the 17 sites are presented in Table 2. Some p#ig. 2. Residual, high-pass filtered longwave records for sixteen
rameters for three Argentinean and five Brazilian sites hacsites along the Atlantic coast of South America. Small arrows in-
been estimated previously (Candella, 2005; Melo and Rochadlicate Tsunami Arrival Times (TAT). The filter uses a 4-h Kaiser-
2005; Franca and de Mesquita, 2007; and Dragani et al.Bessel window.

2006). However, for the present study we carefully re-
examined all data and have specified the corresponding es- . I
timates. The main difference from previous estimates is inOf the tsunami oscillatiofs(Emery and Thomson, 2003). In

the estimated arrival/travel times (compare Table 2 with Ta_particular, the first negative semi-waves observed in the fil-
ble 1 of Dragani et al., 2006) which are, in turn, directly tered records for Santa Teresita, Mar del Plata, Santos and La

related to confusion in which time zone (UTC versus local Paloma (Fig. 3) are erroneous. As a consequence, we used

time) was used for a particular record. Another problem iSnon-filtered residual series when estimating the sign of the

the relatively high noise level at some sites (e.g. Puerto BellrSt wave, as well as the arrival times and maximum crest
ave heights (Table 2).

grano) associated with local seiches which create problem¥V di sis. the 2 i ved
in identifying tsunami waves. The opposite situation occurs According to our analysis, the 2004 tsunami waves arrive
when the sudden arrival of tsunami waves (whose heights are—,

L . High-pass or band-pass filters are widely used by tsunami sci-
significantly greater than the background waves) distort theentists to suppress tides and to isolate tsunamis, often without taking

output f'jom the high-pass filters. -I__h_'s abrupt chan.ge n WaVQnto account possible erroneous effects introduced by the filtering.
energy is analogous to the Heaviside step function. Filtereqr example, a filtering of an occasional instrumental spike will cre-

ing such an a_lbrgpt_ly Changing time series (_or a s@ngle pealgte a train of artificial tsunami-like oscillations (Emery and Thom-
wave, which is similar to a Dirac delta-function) will create son, 2003), which can be erroneously identified as real tsunami

erroneous oscillations in the time period preceding the arrivawaves (cf. Okada, 1995).

www.adv-geosci.net/14/117/2008/ Adv. Geosci., 14, 1PB-2008
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Fig. 3. (a—d)The same as in Fig. 2 but for four groups of stations for which there are different vertical scales for eaclie)©apy of the
analog tsunami record for Imbatuba. Small arrow pointing to “1.23 m” indicates the maximum recorded wave.

on the Atlantic coast of South America between 22:12 (UTC)wave was not well defined but appears to have been positive.
on 26 December (Salvador) and 01:16 (UTC) on 27 Decem-At the other 11 stations, the first wave was definitely positive
ber (Puerto Belgrano). These waves had propagated from th@able 2). Maximum wave heights varied from 17-18 cm at
source area near Sumatra in the Indian Ocean to the Soutbshuaia 1, Mar del Plata 1, Natal and Pararsigul 23 cm at
American coast in approximately 21.2 to 24.2 h. These timedmbituba and 114 cm at Ubatuba. The last two wave heights
are in close agreement with estimated travel times of aboutepresent the highest values for the 2004 tsunami recorded
21h for the northeastern coast of Brazil, 22 hours for theoutside the Indian Ocean. Only at three sites (Port Stanley,
central and southern coast of Brazil, and 23 h for the coasBanta Teresita and Salvador) were maximum wave heights
of Argentina (Fig. 1b). The sign of the first wave was neg- observed within 3h of the first wave arrival times. At all
ative at only one station, Natal, located at the northeastermther sites, maximum waves occurred about 6 to 12 h after
corner of South America. At three other sites, Puerto Bel-the first arrival and in La Paloma more than one day after the
grano, Canaiia, and Rio de Janeiro, the sign of the first first wave (Fig. 3b).
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Table 2. Characteristic features of the 2004 Sumatra tsunami determined from tide gauge records on the Atlantic coast of South America.

Station First wave Maximum wave Significant wave
Arrival  Arrivaltime  Traveltime Sign Arrivalday Arrivaltime Observed Corrected Observed Corrected
day/mon (UTC) (h:min) (UTC) height height height height
(cm) (cm) (cm) (cm)
Port Stanley 26/12 22:30 21:31 + 26/12 23:08 44 86 15.2 27.1
Ushuaia 1 27112 00:07 23:08 + 27112 06:45 17 33 9.6 17.1
Ushuaia 2 27/12 00:00 23:01 + 27112 13:48 20 24 10.2 11.9
Puerto Belgrano 27112 01:16 24:17 +? 27112 13:28 25 25 11.8 11.8
Mar del Plata 1 27112 00:04 23:05 + 27/12 07:56 18 18 7.5 7.5
Mar del Plata 2 27112 00:09 23:10 + 27/12 06:42 59 72 32.9 38.3
Santa Teresita 27112 00:33 23:34 + 27112 00:48 31 38 19.0 22.1
La Paloma 26/12 23:45 22:46 + 27112 23:30 80 157 44.6 79.4
Imbituba 27/12 00:20 23:21 + 27112 03:20 123 123 58.6 58.6
Paranaga 27112 00:30 23:31 + 27112 12:40 18 18 8.3 8.3
Canareia 27112 00:48 23:49 +? 27112 06:38 31 31 10.2 10.2
Santos 27112 00:30 23:31 + 27112 16:05 80 80 48.6 48.6
Ubatuba 26/12 23:38 22:39 + 27112 11:16 114 114 58.5 58.5
Rio de Janeiro 26/12 23:20 22:21 +? 27/12 07:00 44 44 14.6 14.6
Arraial do Cabo 26/12 23:04 22:05 + 27112 05:32 91 91 27.1 27.1
Salvador 26/12 22:12 21:13 + 27112 00:12 51 62 26.5 30.8
Natal 26/12 23:09 22:10 - 27/12 02:07 17 17 7.4 7.4

Of particular interest are the differences in response forfied by local resonance effects. Clearly, this pair of stations
the two pairs of Argentinean stations located within a few has yielded a fortuitous illustration of the pronounced influ-
kilometers of each other: (1) Ushuaia 1 and Ushuaia 2; andnce that local topographic features can have on the observed
(2) Mar del Plata 1 and Mar del Plata 2. The records fromheights of tsunami waves.
the first pair (Ushuaia) look very similar (Fig. 3a) and have In addition to the usuahaximum(trough-to-crestwave-
similar statistical parameters (Table 2). Because Ushuaia Reight(Hmax) parameter, we have also examined $kgmnifi-
is located approximately 5 km eastward from Ushuaia 1 (i.e..cant wave-height(H1/3) parameter, defined as the average
nearer to the source), it makes sense that the tsunami wavéight of the highest one-third of all the waves (LeBlond
arrived at site 2 a few minutes earlier than at site 1. Maxi-and Mysak, 1978). For the averaging period, we chose 48 h.
mum observed wave heights at these sites are also alike (1IVhus, whereag/max is a unique feature of the tsunami wave
and 20cm, respectively), the only difference being that atfield, related to one specific peak valuéy, s is an integral
Ushuaia 1 the maximum height in the second train of wavesmeasure of the tsunami wave field during the observational
was slightly higher than in the third train, while at Ushuaia period. The highest significant heights40 cm) were ob-

2 this was reversed. This difference is likely not due to anyserved at four sites: Imbituba, La Paloma, Ubatuba and San-
physical process but to the different in the sampling intervalstos.
at sites 1 and 2 (15 min and 6 min, respectively). The ratio,r=Hy/3/ Hmax iS representative of the rate of

) ) _ tsunami energy decay, which is slow for largand fast for

For the second pair of stations (Mar del Plata), the situa-sma|| . For most records~0.3-0.5. The largest~0.61 is
tion is markedly different. In contrast to the records at Mar for Santos and Santa Teresita indicating slow energy decay at
de Plata 1, the oscillations at Mar de Plata 2 were highlyhese sites (Fig. 3c), while the smallest0.30 is for Arraial
regular and monochromatic with a relatively short dominant 4, Cabo, where the tsunami energy decays rapidly.
period of about 25 min (Fig. 3a, Table 2). Although the wave
arrival times for sites 1 and 2 are almost identical (00:04 and
00:09 UTC, respectively), the maximum wave height at site4 Effect of tide gauge sampling interval
2 of 59 cm was approximately 3.5 times larger than at site
1. These differences are apparently related to the fact thaBtatistical properties of the tsunami records were discussed
the Servicio de Hidrogréd tide gauge (Mar del Plata 1) is in the previous section without taking into account the re-
located on a comparatively open coast whereas the GLOSSponse characteristics of the individual tide gauges. As in-
tide gauge (Mar del Plata 2) is situated inside an isolated hardicated by Table 1, about one half of all tide gauges used in
bour. The observed regular oscillations at site 2 appear to béhe present study are digital, but with widely different sam-
eigen-oscillations of the harbour that were strongly ampli- pling intervals, ranging from 1 min at Arraial do Cabo to
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—O—  Arraial do Cabo this purpose, we selected six representative continental sta-
--A-- Hillarys tions that have short sampling times and relatively strong
T T 1 e maa Y tsunami signals; island stations were not considered since
1.0 —¥— Callao H they likely have different wave responses than the continen-
~ f,lyEOXV,\? 1 tal stations. Five of these stations (Syowa, Japanese Antarc-

a tic station with 30-s sampling; Arraial do Cabo, Brazil, 1-

0.8
, min sampling; Hillarys, Australia, 1-min sampling; Callao,
06k Hmax | Peru, 2-min sampling; and Arica, Chile, 2-min sampling)
s | | are indicated by the red circles in Fig. 1a. The sixth sta-
o (a) q tion (Crescent City, California, 1-min sampling) is located in
g 0.4 | | | | | | | the North Pacific and cannot therefore be presented on the
-% : | | | | | | | map. To demonstrate how maximum and significant wave
340 heights can be attenuated by large sampling intervals, we in-
2 terpolated, averaged, and then resampled these six records
< 08 with 1, 2, 3, 4, 6, 10 and 15-min intervals. The resampled se-
' ries were then used to determine the corresponding statistical
parameters for the tsunami waves (Tables 3 and 4). The at-
0.6 tenuation factors (coefficient®, (/) andR% 5(j) for k-th
station and sampling intervalare defined through the ratios
0.4
L e Rnax 1301 = Hinax 1/3()/ Hiax 173D (1)
2 4 6 8 10 12 14
Sampling interval (min) where Hr’fm 1/3()) is the maximum (or significant) wave

height forj = 2, 3,4,5,6,10 and 15 min, andf} . 13D
Fig. 4. (a) Attenuation factor (coefficientR (/) for maximum is the respective height fof = 1 min. Calculated fac-
wave heights as functions of the sampling interya, 2, 3, 4,6, tors R’,;ax(j) and R’{/S(j) for individual stations are shown
10, and 15min) at six selected stations. Also shown is the mearnn Fig. 4. Although results differ slightly from one site
attenuation coefficient ave{agéd over six statidbg.As in (@) but  to another, there is a general consistency among the esti-
Results demonstrate the effect of sampling time interval on the waveh e greater the attenuation of the recorded wave heights. The
parameters. individual factors were subsequently used to calcuta¢an
attenuation coefficients:

. . . . 1
15 min at Port Stanley, Ushuaia 1 and La Paloma. It is obvi-Rmax 1/3(j) = — Z R’r;ax 130), 2)
ous that long sampling intervals can lead to a marked distor- "=

tion of the wave properties. Waves are not well representeqnere . for this study;=6 (Fig. 4).

if the sampling interval is long relative to the actual wave |t is worth noting that the mean regression curves for both
periods. The resulting aliasing can significantly affect the HmaxandHy 3 are almost straight lines, indicating an inverse
statistical results, especially maximum wave height (Emeryjinear relationship with sampling interval. For example, a 4-
and Thomson, 2Q03). The influence of sampling interva_ll ONmin sampling interval leads to approximately 11% and 9%
recorded tsunami wave parameters depends on two primangqyctions in the maximum and significant wave heights, re-
factors: (1) the frequency and energy content of the incomingspectively. For a 10-min sampling, the corresponding atten-
waves; and (2) the frequency response of the observationg|aiion factors are 29% and 22%, while for 15-min sampling,
site. The first is known fairly well for each event, while the itenuation factors are 49% and 44%, respectively (Tables 3
second depends on the local topographic admittance funcsng 4y, Note that these estimates are for the 2004 tsunami,
tion, which cannot be estimated without high-quality ob- \ynich waslarge-scaleandlow-frequency For smaller scale,
servations with short sampling interval (cf. Rabinovich and high-frequency events, the attenuation coefficients heights
Stephenson, 2004) or detailed numerical modeling (RaichleRyouid be much greater.
etal., 1983). Because the sampling interval correction factor for each
Because of the long sampling intervals of the gauges, itfgauge site is not known, we use the mean attenuation coeffi-
was not possible to directly quantify exact tsunami wavecients, Rmax and Ry/3 to correct the height&max and Hy/3
heights for each measurement site. To improve our statisderived from digital long-sampling tide gauge records. We
tical estimates of the wave parameters, we have therefore atkave not corrected analog records, since we have to assume
tempted to account for the attenuation of the recorded 2004hat the wave heights were correctly reproduced during the
tsunami as a function of instrument sampling interval. Fororiginal digitization. Results are presented in Table 2. The
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Table 3. Maximum trough-to-crest wave heightimax (cm), obtained for selected re-sampling interval. ( The last row is the mean
attenuation coefficienRmax(j) defined by Eq. (2).

Station Country Sampling intervaj,(min)

1 2 3 4 6 10 15

Arraial do Cabo Brazil 91 86 83 72 74 50 34
Hillarys Australia 99 97 94 93 86 77 63
Crescent City USA 52 51 49 48 43 40 27
Arica Chile 72 71 69 66 60 51 30
Callao Peru 67 65 63 60 50 45 31
Syowa, Antarctic Japan 74 70 65 63 63 58 48
Mean attenuation factoRmax — 1.00 097 093 0.89 082 0.71 0.1

Table 4. Significant wave heightif1 /3 (cm), for selected sampling intervai)( The last row gives the mean attenuation coefficieyyg(j)
defined by Eq. (2).

Station Country Sampling intervaj,(min)

1 2 3 4 6 10 15
Arraial do Cabo Brazil 436 442 46.0 425 388 36.6 257
Hillarys Australia  79.4 781 778 749 719 654 439
Crescent City USA 386 374 376 358 351 352 204
Arica Chile 414 404 395 37.7 357 311 240
Callao Peru 446 422 391 372 324 278 230
Syowa, Antarctic Japan 53.1 488 485 449 46.2 386 321
Mean attenuation factoR1,3 - 1.00 097 096 091 0.86 0.78 0.56

most important correction is for the La Paloma record. Here, Because the numerical model of Titov et al. (2005) was a
the corrected value offnax=157+12cm is higher than at global model, it was unable to incorporate high resolution
Imbituba and Ubatuba, and higher than any other observetbathymetry near the coast. As a consequence, the model
or estimated 2004 tsunami wave height outside of the Indiarcould not resolve small local effects and resonant amplifi-
Ocean. The significant wave height,3=79.4=1.8cm for  cations as, for example, those observed in the area of Mar
La Paloma is also considerably higher than for other stationsdel Plata (see the records from the nearby tide gauges shown
Corrected maximum wave heights are shown in Fig. 5in Fig. 3a). Nested grids (cf. Cherniwsky et al., 2007) with
together with numerically simulated wave heights for the fine-resolution of coast and bottom topography are needed
2004 tsunami (Titov et al., 2005). The observed and com-or this problem.
puted heights are in good agreement, and consistent with
the “tongue” of high tsunami energy that extended from the
Mid-Atlantic Ridge to the central Brazilian coast where itre- 5 Temporal variations of tsunami energy
sulted in strong oscillations at Imbituba, Umbatuba, Arraial
do Cabo and Santos. Stations in this region that recorded’he tsunami records in Fig. 3 exhibit a marked train struc-
relatively small wave heights (Paran@ganagia and Rio  ture. Several distinct wave trains with typical durations of 8
de Janeiro) are located inside estuaries or bays that have nao 16 h appear in the records of Santa Teresita, Mar del Plata
row openings to the ocean. Another area exhibiting strongl, Ushuaia 1 and 2 (Fig. 3a), La Paloma (Fig. 3b), Arraial
computed oscillations is the Uruguay shelf for which max- do Cabo (Fig. 3c), Salvador (Fig. 3d) and in other records.
imum wave heights were recorded at La Paloma. A secdt would appear that the tsunami wave trains and long ring-
ond “tongue” of relatively high energy propagated along theing times were due to multiple wave reflections from conti-
American-Antarctic and Scotia ridges to the area of the Falk-nental boundaries. To examine this effect further, we esti-
land Islands where strong oscillations were observed at Pontnated changes of tsunami wave energy as function of time.
Stanley. In contrast, the Titov et al. (2005) tsunami simu-Tsunami variance was calculated over 6-h intervals with 4-
lations indicate that little energy propagated to the northerrh overlaps (2-h shifts between estimates). Figure 6 shows
Brazilian coast, in good agreement with observations at Natathe evolution of the tsunami energy for six selected sites on
where only 17 cm waves were recorded. the South American coast. As observed for other tsunamis
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along with corrected maximum tsunami wave heights along the At- 8 5
lantic coast of South America. Solid thin lines are hourly isochrones 107§

of the tsunami travel time from the source area.

103
(cf. Van Dorn, 1984, 1987), the wave energy has a general i
exponential decay with time (straight lines in Fig. 6). How- 102
ever, superimposed as this basic structure are broad “bursts” i

of wave energy indicative of additional pumping of tsunami 101
energy from the open Atlantic Ocean. These bursts of energy 2
have an obvious periodic structure. At Mar del Plata 1 and
Santa Teresita, additional wave pumping occurs every 12 h,

100%

while at Arraial do Cabo and Ubatuba it occurs every 18 h. Mar del Plata
A similar effect was observed by Kowalik et al. (2007) for 102F
the Indian Ocean but with a reverberation time of only 2-3 h.
From their numerical model, Kowalik et al. (2007) were able 101k
to identify the specific coastline model elements responsible ;
for tsunami wave reflection causing periodic energy fluxes in [ , ! !
. . o 100
observed and simulated tsunamis. A similar study could be 26 27 28 29 30
undertaken for the Atlantic Ocean. In the absence of specific December 2004 (UTC)

modeling results, we speculate that the observed periodicity
of the energy bursts (12 and 18 h for the coasts of Argentina _ ) o _
and central Brazil, respectively), arises from energy pump-F'g' 6. Changes of tsunami wave variance with time for six selected

ing due to tsunami reflection from the coasts of Antarctic sites on .the Atla}nnc coast of South A”!e“ca (log-linear scale).
and Africa Straight lines indicate the mean exponential energy decay.

6 Discussion and conclusions Fine et al., 2005), the December 2004 Sumatra tsunami was
the first event clearly recorded in the South Atlantic, and

Although a few historical tsunami records were available for specifically, on the Atlantic coast of South America. We be-

the North Atlantic prior to 2004 (cf. Baptista et al., 1994; lieve that we were able to locate most of the South American
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data for tide gauges which were operational during the 2004n general, the tsunami energy was mainly concentrated on
event. These data cover almost the entire coast and shothe southeast coast of South America, in accordance with the
important characteristics of the wave phenomena. The highmumerical results of Titov et al. (2005), with a decreasing
signal-to-noise ratio allowed for straightforward identifica- trend from La Paloma to Natal. Distinct wave trains and long
tion of the tsunami waves at all stations. ringing times observed at most stations were apparently due
Of the 17 tide gauge records examined, nine were fromto multiple wave reflections from continental boundaries, in-
analog (“pen-and-paper”) instruments whose records had teluding the Antarctic coast and the coast of Africa.
be carefully digitized and analyzed. The six digital tide
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