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Abstract—The Tohoku (East Japan) earthquake of 11 March

2011 (Mw 9.0) generated a great trans-oceanic tsunami that spread

throughout the Pacific Ocean, where it was measured by numerous

coastal tide gauges and open-ocean DART (Deep-ocean Assess-

ment and Reporting of Tsunamis) stations. Statistical and spectral

analyses of the tsunami waves recorded along the Pacific coast of

Mexico have enabled us to estimate the principal parameters of the

waves along the coast and to compare statistical features of the

tsunami with other tsunamis recorded on this coast. We identify

coastal ‘‘hot spots’’—Manzanillo, Zihuatanejo, Acapulco, and

Ensenada—corresponding to sites having highest tsunami hazard

potential, where wave heights during the 2011 event exceeded

1.5–2 m and tsunami-induced currents were strong enough to close

port operations. Based on a joint spectral analysis of the tsunamis

and background noise, we reconstructed the spectra of tsunami

waves in the deep ocean and found that, with the exception of the

high-frequency spectral band ([5 cph), the spectra are in close

agreement with the ‘‘true’’ tsunami spectra determined from DART

bottom pressure records. The departure of the high-frequency

spectra in the coastal region from the deep-sea spectra is shown to

be related to background infragravity waves generated in the

coastal zone. The total energy and frequency content of the Tohoku

tsunami is compared with the corresponding results for the 2010

Chilean tsunami. Our findings show that the integral open-ocean

tsunami energy, I0, was *2.30 cm2, or approximately 1.7 times

larger than for the 2010 event. Comparison of this parameter with

the mean coastal tsunami variance (451 cm2) indicates that tsunami

waves propagating onshore from the open ocean amplified by 14

times; the same was observed for the 2010 tsunami. The ‘‘tsunami

colour’’ (frequency content) for the 2011 Tohoku tsunami was

‘‘red’’, with about 65% of the total energy associated with low-

frequency waves at frequencies\1.7 cph (periods[35 min). The

‘‘red colour’’ (i.e., the prevalence of low-frequency waves) in the

2011 Tohoku, as well as in the 2010 Chile tsunamis, is explained

by the large extension of the source areas. In contrast, the 2014 and

2015 Chilean earthquakes had much smaller source areas and,

consequently, induced ‘‘bluish’’ (high-frequency) tsunamis.

Key words: 2011 Tohoku tsunami, Mexican coast, tide gauge

records, DART, open-ocean measurements, tsunami travel time,

spectral analysis.

1. Introduction

At 05:46 UTC on 11 March 2011, a great thrust-

fault earthquake of magnitude Mw 9.0 occurred off

the coast of the Tohoku District, north-eastern Hon-

shu Island, Japan. The earthquake, which was the

strongest in Japanese history and one of the strongest

ever instrumentally recorded in the World Ocean

(Simons et al. 2011; Saito et al. 2011), generated a

highly destructive tsunami, with run-up heights up to

41 m along the coast of Japan (cf. Mori et al. 2011).

The Tohoku (East Japan) tsunami killed nearly

20,000 people and injured thousands of others

(Satake et al. 2013). The tsunami also caused major

damage to the Fukushima Dai-ichi nuclear power

station, creating an ecological catastrophe in the

nearby region and giving rise to the discharge of

radionuclide 137Cs and 134Cs into the North Pacific

Ocean (Aoyama et al. 2016a, b; Buesseler et al.

2017). The total direct cost of damage associated with

the tsunami in Japan is about 300 billion dollars.

The 2011 tsunami spread throughout the Pacific

Ocean (Fig. 1) and was recorded at numerous off-

shore bottom pressure stations and by approximately

250 coastal tide gauges, including those in distant

regions, such as French Polynesia (Reymond et al.

2013), New Zealand (Borrero et al. 2013), and Aus-

tralia (Hinwood and McLean 2013). The tsunami

waves strongly affected the West Coast of the USA

(Wilson et al. 2013; Borrero and Greer 2013; Xing

et al. 2013; Admire et al. 2014) and the west coast of

British Columbia, including sheltered straits, inlets,
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and harbours (cf. Thomson et al. 2013). The recorded

tsunami data were used by Tang et al. (2012), Wei

et al. (2013), Fine et al. (2013), and Rabinovich et al.

(2013a) to examine tsunami energy propagation,

transformation, and decay in the Pacific Ocean, and

by Song et al. (2012), Saito et al. (2011), and Hei-

darzadeh and Satake (2013) to reconstruct

characteristics of the tsunami source region.

The 2011 Tohoku tsunami was recorded exten-

sively on the Pacific coast of Mexico and was the

highest tsunami observed on this coast since the 1960

Chile and 1964 Alaska tsunamis. It was also the first

recorded tsunami from a source area located near

Japan since the moderate event of 16 May 1968 [see

Sanchez and Farreras (1993) for a description of

historical tsunamis on the Mexican coast]. Although

we could find no official reports on damage associ-

ated with the 2011 tsunami along the coast of

Mexico, it appears that currents induced in some

ports and harbours were significant and dangerous,

similar to those recorded in southern California

(Wilson et al. 2013; Admire et al. 2014).

Recently, we (Zaytsev et al. 2016) examined three

Chilean tsunamis (2010, 2014, and 2015) observed

along the coast of Mexico in order to estimate and

compare the main physical properties of these events

and to identify coastal ‘‘hot spots’’, i.e., sites with

significantly amplified tsunami wave heights. Based

on joint spectral analyses of the coastal tsunami

records and background oscillations, we were also

able to reconstruct the open-ocean spectra for the

three Chilean tsunamis and found them to be in close
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Figure 1
Numerically simulated maximum tsunami amplitudes for the 2011 Tohoku (East Japan) tsunami in the Pacific Ocean (modified from Fine

et al. 2013). The earthquake epicenter is indicated by the red star. The DART stations off the Mexican coast are denoted by white squares.

Black dotted lines show the 2011 tsunami travel time (in hours) from the source area. The red box indicates the study region
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agreement with the actual tsunami spectra determined

from direct analysis of the DART1 records observed

offshore of Mexico. We introduced major tsunami

parameters describing individual events: specifically,

the integral open-ocean energy (I0), the mean

amplification factor (A) of tsunami waves approach-

ing the coast from the open-ocean, and the frequency

composition (‘‘tsunami colour’’). The open-ocean and

coastal tsunami spectra were then used to calculate

these parameters and intercompare them for the three

events.

The 2011 Tohoku tsunami originated on the

opposite side of the Pacific Ocean compared to the

2010, 2014, and 2015 Chilean tsunamis. While the

Chilean tsunamis reached the Mexican coast by

propagating along the coasts of South and Central

America, the Tohoku tsunami reached the coast after

crossing the Pacific Ocean. The questions of high

importance are: How different are the open-ocean

parameters of tsunami waves arriving at the coast of

Mexico from so markedly different sources? Are the

coastal responses and locations of ‘‘hot spots’’ of high

risk identified along the Mexican coast for the Chi-

lean tsunamis the same as those for the Tohoku

tsunami?

The 2011 Tohoku tsunami was the strongest tsu-

nami ever digitally recorded on the Mexican coast.

The high-quality data obtained from onshore and

offshore instruments for this event were crucial for

determining the general properties of tsunami waves

in this region. In addition, the data are shown to be

valuable for comparing the Tohoku tsunami with the

Chilean tsunamis to improve the tsunami warning

service and to mitigate the threat of possible future

Pacific Ocean tsunamis for coastal areas of Mexico.

2. Observations

The 2011 Tohoku tsunami was measured on the

Pacific coast of Mexico by a number of high-quality

digital coastal tide gauges and offshore by NOAA

DART bottom pressure recorders, BPRs (Fig. 2). The

tide gauge network on the Pacific coast of Mexico

consists of two major components: (1) The National

Mareographic Service, operated by the Institute of

Geophysics, National Autonomous University of

Mexico (UNAM) (http://www.mareografico.unam.

mx); and (2) the north-western net of sea-level

monitoring operated by The Laboratory of Sea Level,

Center for Scientific Research and Graduate Studies

of Ensenada, Baja California, Mexico (CICESE,

http://www.redmar.cicese.mx). All tide gauges oper-

ated by (1) have a radar sensor and satellite data

transmission system; some gauges have an additional

pressure sensor. The sampling interval in 2011 was

1 min at Puerto Vallarta, Zihuatanejo, Acapulco, and

Huatulco and 6 min at Mazatlan, Lazaro Cardenas,

Salina Cruz, and Puerto Madero (Puerto Chiapas). All

sea-level data from the 6 tide gauges operated by (2)

are stored at 1-min intervals.

Two types of offshore DART data have been used

in our examination of the 2011 Tohoku tsunami (see

Mungov et al. 2013; Rabinovich and Eblé 2015 for a

description of the DART data): (1) ‘‘Event-mode’’

data, which are transmitted after the start of the event

in real-time for several hours at pre-defined 1-min

intervals; and (2) 15-s tsunami data, which are stored

in the instrument and then downloaded following

retrieval of the DART BPR. The event-mode data

were used to estimate a select suite of statistical

tsunami wave parameters in the open ocean (in par-

ticular, arrival times and maximum wave heights of

the incoming tsunami waves), which are compared

with similar parameters from other DART and coastal

sites. The 15-s data were used for more extensive

analyses of open-ocean tsunami properties, including

spectral analysis and evaluation of the tsunami

energy. There were three DARTs operating near the

coast of Mexico in 2011 (Fig. 2): for two of them

(46412 and 43413), long series of downloaded 15-s

data are available, while for DART 43412, we have

only the ‘‘event-mode’’ series. The data from these

three DARTs were also used by Rabinovich et al.

(2013a) to examine the open-ocean energy decay and

by Eblé et al. (2015) to investigate the leading neg-

ative phase of the propagating tsunami waves. The

DART data were obtained from the National Centers

1 DART = Deep-ocean Assessment and Reporting of Tsuna-

mis, is an effective network of deep-ocean stations elaborated for

continuous monitoring of tsunami waves in the open ocean and

early tsunami warning (cf. Titov 2009; Mofjeld 2009; Mungov

et al. 2013; Rabinovich and Eblé 2015).
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for Environmental Information (NCEI), NOAA,

Boulder, Colorado, and the National Data Buoy

Center (NDBC), NOAA, Stennis Space Center,

Mississippi.

Coastal and open-ocean data with the same sam-

pling intervals as those discussed above were used by

Zaytsev et al. (2016) to examine the 2010, 2014, and

2015 Chilean tsunamis; some additional details on

the data may be founded in that paper. Here, Table 1

summarizes the coastal and offshore data available

for the 2011 event for the Mexican sites. The digital

records from all coastal and open-ocean stations have

been examined using the data analysis procedures and

tsunami detection methods described by Rabinovich

et al. (2006, 2013b) and Zaytsev et al. (2016). We

checked all data, verified them, corrected any errors,

filled gaps, and removed spikes. The tides were cal-

culated using the least-squares method (cf. Parker

2007) and subtracted from the original records; the

resulting residual time series were used in all subse-

quent analyses. To suppress low-frequency sea-level

fluctuations, mainly associated with atmospheric

processes, and to simplify tsunami detection, we

high-pass filtered the de-tided time series using a 4-h

Kaiser–Bessel (KB) window (cf. Thomson and

Emery 2014). These filtered series were then used to

construct plots of tsunami records for various sites

and to estimate certain statistical characteristics of the

waves. To examine the spectral properties of the

tsunami oscillations, we used the unfiltered residual

time series.

3. Data Analyses

There were 14 coastal tide gauges in operation on

the Pacific coast of Mexico at the time of the 2011

Tohoku tsunami (Fig. 3a, b): ten with 1-min sampling

and four with 6-min sampling. These coastal records

were complemented by data from three offshore

DARTs (Table 1).
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Map of coastal Mexico showing the location of the tide gauges operated by: (1) UNAM and (2) CICESE; (3) denotes the three open-ocean

DART stations located near the coast of Mexico
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3.1. Statistical Analysis

We have used the tsunami records from the

various sites to estimate statistical parameters of the

tsunami waves, including wave arrival times, maxi-

mum wave heights, and wave periods (Table 2).

Observed travel times of the arriving waves were also

compared with the travel times (Fig. 1) computed by

the ‘‘wave-front orientation method’’ (Fine and

Thomson 2013). The analyses yielded several impor-

tant features of the 2011 Tohoku tsunami waves on

the coast of Mexico (Table 2; Figs. 3a, b, 4):

1. The 2011 Tohoku tsunami was clearly recorded

along the entire Pacific coast of Mexico. The highest

trough-to-crest wave heights were observed at Man-

zanillo (258 cm), Zihuatanejo (258 cm), Ensenada

(190 cm), and Acapulco (187 cm). At Lazaro Carde-

nas, located between Acapulco and Manzanillo, the

maximum wave height was only 95 cm (Fig. 4). The

Lazaro Cardenas station also recorded relatively

small tsunami signals during the 2010, 2014, and

2015 Chilean tsunamis (Zaytsev et al. 2016). In

general, the observed tsunami wave heights for the

2011 Tohoku event were 20–30% greater than for the

2010 Chile event, except Acapulco where this ratio

was 1.9.

2. The smallest wave heights were at Topolo-

bampo (13 cm) and San Carlos (20 cm); the quality

of the records at these tide gauges was sufficient to

estimate the main statistical characteristics of the

tsunami waves, but not sufficient for further spectral

analysis.

3. Along the Mexican coast, the 2011 Tohoku

tsunami waves were first recorded on 11 March 2011

at 16:58 UTC at Ensenada, the northernmost Mexican

tide gauge station, and then recorded progressively

southward at other stations. Finally, at 22:18 UTC,

the tsunami arrived at Puerto Madero, the southern-

most Mexican station. The respective travel times of

11 h 12 min (Ensenada) and 16 h 32 min (Puerto

Madero) after the main shock are in good agreement

with the numerically estimated tsunami travel times

(Fig. 4).

5. The observed wave periods in the first hours

after the arrival of tsunami waves can be separated

Table 1

Tide gauges and DART stations that recorded the 2011 Tohoku tsunami on the Pacific coast and offshore of Mexico

No. Station Data source Coordinates Sampling interval (min)

Latitude�N Longitude�W

1 Ensenada CICESE 31�50.90 116�37.10 1

2 Topolobampo CICESE 25�21.00 109�02.00 1

3 San Carlos CICESE 24�28.30 112�04.30 1

4 La Paz UNAM 24�16.00 110�20.00 1

5 Cabo San Lucas CICESE 22�31.70 109�32.70 1

6 Mazatlan UNAM 23�10.90 106�25.40 6

7 Puerto Vallarta UNAM 20�39.50 105�14.60 1

8 Manzanillo CICESE 19�03.80 104�17.90 1

9 Lazaro Cardenas UNAM 17�56.40 102�10.70 6

10 Zihuatanejo UNAM 17�38.20 101�33.50 1

11 Acapulco UNAM 16�50.30 99�54.20 1

12 Huatulco UNAM 15�45.20 96�7.80 1

13 Salina Cruz UNAM 16�19.10 95�11.80 6

14 Puerto Madero UNAM 14�42.70 92�24.10 6

15 DART 46412 (3770 m) NCEI/NDBC 32�27.90 120�34.50 0.25

16 DART 43412 (3065 m) NDBC 16�01.60 106�59.80 1a

17 DART 43413 (3560 m) NCEI/NDBC 10�50.50 100�08.20 0.25

The water depth for each DART station appears in the brackets
a ‘‘Event-mode’’ DART data

UNAM Institute of Geophysics, National Autonomous University of Mexico, CICESE Center for Scientific Research and Graduate Studies of

Ensenada, Baja California, Mexico, NTWC National Tsunami Warning Center, Palmer, Alaska, USA, NCEI National Centers for Environ-

mental Information, NOAA, Boulder, Colorado, USA, NDBC National Data Buoy Center, NOAA, Stennis Space Center, Mississippi, USA
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into three groups: (1) 17–21 min at Ensenada, La Paz,

Puerto Vallarta, Manzanillo, Lazaro Cardenas, and

Zihuatanejo; (2) 28–31 min at San Carlos, Mazatlan,

Acapulco, Salina Cruz, and Puerto Madero; and (3)

11–13 min at Cabo San Lucas and Huatulco.

6. Maximum wave amplitudes at most sites were

observed hours after the first-wave arrival, ranging

from 2 h at Puerto Vallarta to 21 h at Topolobampo.

7. The signal-to-noise (s/n) ratio was high at all

stations, making it possible to define the first-wave

arrival time very precisely. The leading wave at all

sites was positive (a ‘‘crest wave’’).

8. The tsunami ringing at all stations was long,

lasting for 4–5 days. The ringing time is comparable

to that observed on the Mexican coast after the 2010,

2014, and 2015 Chilean tsunamis (Zaytsev et al.

2016) and in good agreement with open-ocean

observations of the 2011 tsunami (Rabinovich et al.

2013a).

It is known that the sampling interval affects

measured tsunami wave heights and other character-

istics of tsunami waves. This effect can be

considerable, especially for high-frequency events

(Candella et al. 2008). However, even low-frequency

observed tsunami heights are attenuated when

recorded at long sampling intervals. For example,

the maximum 2004 Sumatra tsunami height at

Manzanillo (Mexico) recorded at 2-min sampling

was 12 cm (14%) higher than the height originally

estimated from a 6-min record (Rabinovich et al.

2006, 2011). Zaytsev et al. (2016) found that during

the 2010 Chile tsunami at Acapulco, the wave heights

recorded by the UNAM (6-min) gauge were approx-

imately 30% smaller than those recorded by the

CICESE (1-min) gauge. Candella et al. (2008)

estimated that the mean attenuation coefficient, R,

bFigure 3

The 11 March 2011 Tohoku tsunami recorded by tide gauges at 14

sites on the coast of Mexico. Time series are the residual sea levels

obtained by removing the calculated tides from the original time

series and then high-pass filtering the resulting de-tided time series

with a 4-h Kaiser-Bessel window. The solid vertical red line

labelled ‘‘E’’ denotes the time of the earthquake. The sampling

interval of the corresponding records is indicated
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for wave heights measured at 6-min relative to 1-min

is R * 0.8 for major (low-frequency) events. Thus,

we can expect that the evaluated heights for 6-min

stations (Mazatlan, Lazaro Cardenas, Salina Cruz,

and Puerto Madero; Table 2) are underestimated by

20–30% and the actual maximum tsunami wave

heights at these stations, except Mazatlan, were more

than 1 m.

The mean tsunami wave height for the 2011

Tohoku event on the Mexican coast, averaged over

12 records (excluding San Carlos and Topolobampo),

is 126.1 cm, which is 1.3 times greater than for the

2010 Chile tsunami. Maximum tsunami variances

(estimated for 34-h tsunami segments) are: Man-

zanillo (1627 cm2), Zihuatanejo (930 cm2), Acapulco

(852 cm2), and Ensenada (749 cm2); the mean vari-

ance (Var0) averaged over all records is 451 cm2. Our

estimates of maximum wave heights and tsunami

variance clearly pinpoint local ‘‘hot spots’’ (Man-

zanillo, Zihuatanejo, Acapulco and Ensenada), where

tsunami waves were considerably higher than the

mean (Fig. 5).

To examine the properties of the 2011 tsunami

waves seaward of the Mexican coast, we used three

open ocean DART stations (Fig. 2, Table 1). For two

DARTs, 46412 and 43413, we took advantage of

long, high-quality 15-s data downloaded from the

retrieved instruments; for DART 43412, we used

several hours of 1-min ‘‘event-mode’’ data (see

Mungov et al. 2013 and Rabinovich and Eblé 2015

for details of the DART operations). The DART

records of the 2011 Tohoku tsunami waves (Fig. 4)

differ markedly from the coastal tsunami records. The

coastal records have different individual characteris-

tics (Fig. 3a, b), whereas the open-ocean records

from DARTs located 3000 km from each other look

similar (the open-ocean tsunami signal was spatially

uniform).

A noteworthy characteristic of the DART 46412,

43412, and 43413 records was the presence of a small

(2–3 cm), but distinctive, sea-level subsidence

(‘‘trough’’) preceding the leading frontal crest wave

(Fig. 4b). A similar feature was observed by the same

DARTs for the 2010 Chile tsunami (Zaytsev et al.

Table 2

Parameters of the Tohoku tsunami of 11 March 2011 recorded on the coast of Mexico

Station Sampling

(min)

First wave Maximum waves Observed

tsunami

variance (cm2)

Visually

estimated

periods (min)Arrival

time

(UTC)

Travel

time

(hh:mm)

Amp.

(cm)

Sign

Amp.

(cm)

Time (UTC)

of peak

amplitude

Wave

height

(cm)

1. Ensenada 1 16:58 11:12 ?68.0 88.0 7:09a 190 749 17, 42
2. San Carlos 1 18:44 12:58 ?7.2 11.0 8:32a 20 12 29, 47
3. C. San Lucas 1 18:20 12:34 ?14.0 23.0 7:12a 56 71 13
4. La Paz 1 19:45 13:59 ?5.8 29.2 10:49a 52 73 21, 31
5. Topolobampo 1 22:18 16:32 ?3.5 8.7 19:19a 13 7 –
6. Mazatlan 6 19:18 13:32 ?9.0 17.0 10:30a 43 52 31
7. P. Vallarta 1 19:17 13:31 ?14.7 34.0 21:30 78 95 18
8. Manzanillo 1 19:34 13:48 ?43.0 127.0 1:24a 258 1627 19, 35
9. L. Cardenas 6 20:03 14:17 ?7.2 44.0 22.30 95 131 19, 46
10. Zihuatanejo 1 20:05 14:19 ?24.0 137.0 23:14 258 930 18, 35
11. Acapulco 1 20:22 14:37 ?23.0 107.0 5:14a 187 852 29
12. Huatulco 1 21:14 15:28 ?7.1 65.0 5:54a 126 276 11
13. Salina Cruz 6 21:36 15:50 ?11.0 42.0 11:00a 87 284 28
14. P. Madero 6 22:18 16:32 ?11.0 48.0 8:42a 86 281 29
DART 46412b 0.25 15:58 10:12 ?11.7 11.7 16:08 18 3.21 6, 14
DART 43412 0.25 19:09 13:23 ?13.7 13.7 19:12 23 4.17 7, 15
DART 43413 0.25 20:37 14:51 ?19.2 19.2 20:49 35 5.21 7, 15

All times are in UTC for 11 March, except where indicated. The main shock of the Mw 9.0 earthquake off Japan was at 05:46 UTC
a 12 March 2011
b ‘‘Event-mode’’ data
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2016) and in most of the other 2010 and 2011 DART

records throughout the Pacific Ocean (Eblé et al.

2015). According to Watada et al. (2014), the

‘‘trough’’ was the result of the elastic response of

the solid earth (crustal mass deformation) during

tsunami propagation and to the additional effects of

seawater compressibility and gravitational potential

changes. Consequently, the leading tsunami wave at

all three near-Mexico DART stations was actually

positive, with maximum observed amplitudes of

12–19 cm (Table 2) corresponding to the first wave.

The open-ocean records of the 2010 Chilean tsunami

at these DART sites had similar features with

maximum amplitudes (8–14 cm) for the first wave

(Zaytsev et al. 2016).

The observed wave arrival times at the DARTs

are consistent with the arrival times from the coastal

measurements and with the theoretically computed

travel times shown in Fig. 5. These times are only a

little longer than the Estimated Times of Arrival

(ETA) evaluated by the National Tsunami Warning

Center (NTWC, Palmer, AK): 15:45 UTC (46412),

18:50 (43412), and 20:15 (43413). The differences

(see Table 2) range from 13 to 22 min, or roughly

2–2.5% of the travel times. For comparison, these

differences were from 5 to 13 min (1–1.7%) for the

2010 Chilean tsunami. We note that the NTWC ETA

estimates are in better agreement with the observed

arrival times for coastal stations than for DARTs: the

ETAs are 18:19 UTC (Cabo San Lucas), 19:32

(Manzanillo), and 20:20 (Acapulco), corresponding

to differences from our estimates (Table 2) of only

1–2 min.

The travel time estimates from DART/coastal

measurements (Table 2) and from numerical compu-

tations (Fig. 5) show that the tsunami waves

propagated in the southeast direction along the

continental margin of Mexico; the time difference

in arrival times between Ensenada (the northernmost

tide gauge station) and Puerto Madero (the southern-

most station) was 5 h 20 min.

3.2. Time–Frequency Analysis

To examine temporal variations of the recorded

2011 Tohoku tsunami waves in the frequency

domain, we used a multiple-filter method, which is

similar to wavelet analysis (cf. Thomson and Emery

2014) and is based on narrow-band filters with a

Gaussian window that isolates a specific centric

frequency, xn ¼ 2pfn. This method, which has been

used effectively to examine various tsunami events

(cf. Rabinovich et al. 2006, 2013b), enables us to

determine changes in tsunami waves as a function of

frequency, f, and time, t, and to construct the so-

called ‘‘f–t diagrams’’ that display possible dispersion

of the propagating waves.

We selected 3-day data segments (11–14 March

2011) and constructed f-t diagrams for the frequency

band of 0.3–30 cph (for 1-min coastal records) and

0.3–5 cph (for 6-min coastal records). The resulting

plots are shown in Fig. 6a, b, respectively. For the f–

t diagrams of the 15-s DART records, we also used

the frequency band of 0.3–30 cph (Fig. 6c). The plots
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reveal very abrupt and distinct appearances of the

tsunami waves; the wave arrival times are clearly

evident and consistent among the different sites. At

most stations, the waves occupy a relatively broad

frequency band, from 0.5–0.75 to 5 cph (periods of

80–120 min) superimposed on narrow, well-defined

and persistent frequency bands of significantly

amplified energy that are likely associated with the

eigen-frequencies of a given site. The most prominent

resonant ‘‘bands’’ in the f–t diagrams for individual

stations approximately correspond to the following

periods: 50 and 30 min at Ensenada; 70 and 30 min

at La Paz; 11.5 min at Cabo San Lucas; 8 min at

Puerto Vallarta; 37 min at Manzanillo; 20 min at

Zihuatanejo; 28 min at Acapulco (Fig. 6a); 37 min at

Mazatlan; 55 and 18 min at Lazaro Cardenas

(Fig. 6b); and 20–30 min at DARTs 46412 and

43413 (Fig. 6c). A specific feature of the f–t diagrams

for all coastal records is the long ringing time and

slow energy decay at all tsunami frequencies (Fig. 6a,

b). In contrast, the open-ocean (DART) tsunami

records reveal much faster decay times (Fig. 6c).

We have not examined the specific effect of

dispersion on the observed records, but dispersion is

clearly evident in the high-frequency ‘‘tails’’ (fre-

quencies[12 cph, i.e., periods\5 min) of some of

the coastal records, in particular those for Ensenada,

Puerto Vallarta, Zihuatanejo, Acapulco, and Huatulco

(Fig. 6a). Dispersion is also present in the DART

records (Fig. 6c).

3.3. Spectral Analysis

The spectra of observed sea-level oscillations

during a tsunami event may be represented as a

superposition of the ‘‘true’’ tsunami spectrum,

StsuðxÞ, and the background spectrum, SbgðxÞ:
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SobsðxÞ ¼ StsuðxÞ þ SbgðxÞ; ð1Þ

where x is the angular frequency. In practice, the

exact background spectrum, SbgðxÞ, during the event

is unknown, but we can assume that it is approxi-

mately the same as before the event.

To examine the spectral properties of tsunami

oscillations during the 11 March 2011 Tohoku

tsunami and to compare these properties with those

of the background oscillations at the same sites and

with spectra of other events, we separated the records

into two parts: (a) the pre-tsunami period (duration of

5.6 days for the four 6-min stations and 4.6 days for

the eight 1-min stations), which we used for the

background analysis; and (b) the period of 32 h (34 h

for 1-min data) following the tsunami wave arrival,

which we used for the tsunami analysis. Our spectral

analysis procedure is similar to that described by
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Thomson and Emery (2014) (see also, Rabinovich

et al. 2013b; Zaytsev et al. 2016). To improve the

spectral estimates, we used a Kaiser–Bessel (KB)

spectral window with half-window overlaps prior to

the Fourier transform. The length of the window was

N = 128 (768 min) for 6-min records and N = 512

(512 min) for 1-min records, yielding m = 40 (50)

degrees of freedom for the background spectra and

m = 8 (14) for the tsunami spectra; the spectral

resolution was Df � 0.78(0.117) cph and the Nyquist

frequency fn = 5 (30) cph for 6-min (1-min) records.

The computed tsunami and background spectra for

twelve coastal sites are shown in Fig. 7.

There is considerable difference in energy

between the tsunami and background spectra. The

spectral peaks for the tsunami and the background

time series both differ from one coastal station to

another, showing the importance of local topographic

effects. The most prominent spectral peaks were

observed at Ensenada (period of 51 min), Cabo San

Lucas (11.5 and 5.1 min), Puerto Vallarta (64 and

8 min), Manzanillo (37 min), Zihuatanejo (35, 21

and 8 min), Lazaro Cardenas (55 and 18 min), and

Acapulco (27 and 11 min). These peaks are the same

for the tsunami and background spectra, indicating

the local resonance origins of the tsunami peaks. This

result is in good agreement with the well-known fact

that tsunami wave periods recorded at the coast

depend on the resonant properties of the local/

regional topography rather than on the characteristics

of the tsunami source. Thus, the periods of oscilla-

tions caused by the tsunami and the long-period

background waves on the shelf are almost the same

for the same sites. However, at some sites, there some

tsunami spectral peaks that are absent in the back-

ground spectra. In particular, tsunami spectra at La

Paz, Zihuatanejo, and Huatulco have peaks with a

period of 73 min, which is probably related to

characteristics of the source. In addition, the three

most southerly stations, Lazaro Cardenas, Salina

Cruz, and Puerto Madero have a pronounced low-

frequency peak with a period of 153 min (i.e.,

*2.5 h). For these particular stations, the frequency

content of the source waves was broad enough to

generate long-period oscillations at the coast. The

spectrum of background oscillations at Salina Cruz

contains two basic oscillation periods of about 75 and

18 min, while the tsunami spectrum contains numer-

ous peaks at periods from 23 to 153 min. At Puerto

Madero, the main background periods are 125 and

27 min, while the tsunami spectrum exhibits several

peaks at periods between 153 and 12.5 min.

It is well known that the main spectral peaks for

different tsunami events at the same site are very

similar, while the spectral peaks from the same

tsunami event but at different sites are substantially

different (cf. Honda et al. 1908; Miller 1972;

Rabinovich 1997). Figure 8, which shows tsunami

spectra for six sites for the 2010 Chile and 2011

Tohoku events, illustrates this effect very clearly. The

magnitudes of the two earthquakes were alike:

Mw = 8.8 and Mw = 9.0, respectively. However,

the source regions and, consequently, the directions

of propagation were fundamentally different. The

2010 Chilean tsunami propagated along the Mexican

coast from the southeast to the northwest (see Fig. 5

in Zaytsev et al. 2016), while the 2011 Tohoku

tsunami wave spread toward Mexico in the opposite

direction (i.e., from the northwest) (Fig. 5). Never-

theless, the spectra of these two tsunamis at each site

are almost identical (Fig. 8). The coincidence of the

spectra demonstrates the dominant influence of the

local topography over the individual characteristics

of the tsunami source.

3.4. Spectral Ratios (Source Functions)

Because of the dominating effect of near-shore

bathymetry and coastal topography on arriving

tsunami waves, it is problematic to reconstruct the

spectral characteristics of the source based on data

from coastal tide gauges. Rabinovich (1997) sug-

gested a method to bypass this problem by separating

the influences of topography and source on the

observed tsunami spectrum. The method is based on

the assumption that the transfer function, WðxÞ,
describing the linear topographic transformation of

long waves approaching the coast, is the same for the

tsunami waves as for the ever-present background

long waves. Specifically,

Stsu;jðxÞ ¼ WjðxÞ Etsu;jðxÞ; ð2aÞ

Sbg;jðxÞ ¼ WjðxÞ E0jðxÞ; ð2bÞ
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where Stsu;jðxÞ and Sbg;jðxÞ are the tsunami and

background spectra at the jth coastal site, and

Etsu;jðxÞ and E0jðxÞ are the respective spectra in the

open ocean. The method assumes that individual

characteristics of the observed spectra at the jth site

are related to the site-specific topographic function,

WjðxÞ, while all general properties of the spectra are

associated with the tsunami source. In other words,

we assume that the function WjðxÞ is variable in

space but almost uniform in time. Conversely, the

corresponding source function Etsu;jðxÞ is spatially

uniform, Etsu;jðxÞ � EtsuðxÞ, but varies with time

(i.e., with different events) depending on the source

parameters. In some ways, the methodology is similar

to the harmonic expansion of tides, whereby the

modulated amplitude of an individual nth tidal har-

monic, An, is presented as a result of multiplication,

such that An ¼ Hn fn, where Hn is the mean ampli-

tude of the tidal harmonic, which is strongly variable

in space but constant in time, and fn is the nodal

factor that is almost spatially uniform, but slowly

changing in time over an 18.6 year period (Pugh and

Woodworth 2014). Finally, we note that, based on

numerous observations in the open ocean (cf. Kuli-

kov et al. 1983; Filloux et al. 1991; Rabinovich and

Eblé 2015), the background spectra, E0jðxÞ, are

uniform in space and constant in time, whereby

E0jðxÞ � E0ðxÞ.
According to (2), at each jth site, the ratio of the

tsunami to the background spectrum,

RsjðxÞ ¼ Stsu;jðxÞ=Sbg;jðxÞ ¼ Etsu;jðxÞ=E0jðxÞ;
ð3Þ

does not depend on local topographic features and is

determined solely by the external forcing (i.e., by the

characteristics of the open ocean tsunami waves).

Although the true tsunami spectrum at the coast,

Stsu;jðxÞ, is unknown, the observed coastal spectrum,

Sobs;jðxÞ, for sea-level oscillations is formed by the

superposition of tsunami waves and background

noise. Taking into account (2a), (2b), and (3), we can

specify the ‘‘spectral source function’’, i.e., the

‘‘spectral ratio’’ that quantifies the amplification of

the tsunami spectrum relative to the background

conditions:

RjðxÞ ¼
Sobs;jðxÞ
Sbg;jðxÞ

¼
Etsu;jðxÞ þ E0jðxÞ
� �

Ê0jðxÞ
� RsjðxÞ þ 1:0; ð4Þ

where we have assumed that the open-ocean back-

ground spectrum before and during the event is

approximately equal, such that Ê0jðxÞ � E0jðxÞ. The
individual spectral ratio function at the jth site, RjðxÞ,
is considered to be an invariant characteristic of the

source and is expected to be nearly uniform at all

stations within a specific region. The similarity of the

function RjðxÞ at various stations validates the initial
assumptions. The effectiveness of this method has

been demonstrated for many tsunami events (cf.

Rabinovich 1997; Vich and Monserrat 2009; Rabi-

novich et al. 2013a, b; Shevchenko et al. 2014) and

was used by Zaytsev et al. (2016) to examine the

spectral properties of the 2010, 2014, and 2015

Chilean tsunamis on the coast of Mexico. The results

were quite consistent, especially, for the 2010 tsu-

nami, the strongest of the three events.

Figure 9 presents the spectral ratios derived from

the 12 tide gauge spectra shown in Fig. 7. In contrast

to the individual spectra, which are significantly

different from each other and have different resonant

peaks, the source functions calculated for the various

sites are much more similar and do not have specific

peaks related to coastal topographic resonance (which

are evident in the tsunami spectra shown in Figs. 7

and 8). In general, the source functions have a

characteristic ‘‘dome-like’’ shape, typical for great

tsunamis (cf. Rabinovich et al. 2013; Zaytsev et al.

2016) and occupy a wide frequency band from about

0.2 to 30 cph (periods from 5 h to 2 min). The

maximum values of RjðxÞ are related to frequencies

1.5–2.0 cph (i.e., to periods of 30–40 min).The

estimated ratios are in reasonable agreement with

each other and, therefore, represent the general

spectral properties of the source. The maximum

amplification of the tsunami waves relative to the

background noise ([1000 times) occurs at Ensenada,

Cabo San Lucas, Manzanillo, and Zihuatanejo. The

mean values of RjðxÞ integrated over the entire

frequency band ranges from *18 at La Paz to *98

at Cabo San Lucas. The overall mean tsunami

amplification relative to the background noise for

2976 O. Zaytsev et al. Pure Appl. Geophys.



the 2011 Tohoku tsunami on the Mexican coast is 57.

For comparison, the amplification for the 2010 Chile

tsunami was 48 on this coast, which is about 16%

smaller, likely due to the fact that the 2010 tsunami

was weaker than the 2011 tsunami.

4. Open-Ocean Tsunami Spectra

Open-ocean Bottom Pressure Recorders (BPRs)

are not affected by various coastal effects and have

very low background noise in comparison with

coastal tide gauges. As a consequence, BPRs provide

the most accurate and precise information about

tsunami waves that can be effectively used for early

tsunami warning (cf. Titov 2009; Thomson et al.

2013; Tang et al. 2012), but also to investigate

physical characteristics of the source region and

specific properties of propagating tsunami waves

(Mofjeld 2009; Rabinovich and Eblé 2015). Long

series of high-quality and high temporal resolution

data downloaded from retrieved instruments allow us

to estimate precisely the open-ocean spectral prop-

erties of tsunami waves and background oscillations

(Rabinovich et al. 2013a, b; Titov et al. 2016). To

examine these properties for the 2011 Tohoku tsu-

nami off the Mexican coast, we were able to use 15-s

data from two DART stations, 46412 and 43413

(Fig. 2; Table 1).

Spectral analysis of the 46412 and 43413 records

followed the same procedure as for the coastal data

(Sect. 3.3) and for analysis of the 2010 Chile tsunami
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(Zaytsev et al. 2016). To estimate background spec-

tra, we used 6-day records immediately prior to the

tsunami (33,792 values of 15-s data), while for the

tsunami spectra, we used 34-h segments (8192 val-

ues). The length of the KB window was chosen to be

512 min, yielding m = 64 degrees of freedom for the

background spectra and m = 14 for the tsunami

spectra. The spectral resolution for all spectra was

Df � 0.117 cph and the Nyquist frequency fn = 120

cph. The computed tsunami and background spectra

for DARTs 46412 and 43413 are shown in Fig. 10.

The observed tsunami spectra at the two sites are

similar, occupy a wide frequency band from 0.25 to

40 cph (periods from 4 h to 1.5 min), and do not have

the well-defined peaks that are typical of coastal

observations. The tsunami spectra exceed the back-

ground spectra by 2–3 orders of magnitude. At a

frequency of about 20 cph (3 min), the tsunami

spectrum drops sharply to ‘‘white noise’’ (instru-

mental noise) at a frequency of roughly 40 cph.

The main feature of the background spectra is

their pronounced similarity, indicating that in the

deep ocean, where the topographic effects are negli-

gible, there is high spatial homogeneity of the open-

ocean wave field (Rabinovich and Eblé 2015). In a

wide band of frequencies, from 0.4 to 6–8 cph, the

long-wave spectrum, E0ðxÞ, is well described by the

power law x�2 (Fig. 10), whereby

E0 ðx Þ ¼ A0 x
�2:0: ð5Þ

The universal character of this law for open-ocean

long-wave spectra has been confirmed by numerous

observations in various regions of the Pacific Ocean

(cf. Kulikov et al. 1983; Filloux et al. 1991; Rabi-

novich 1997). The prominent spectral ‘‘bulge’’ at

frequencies 10–50 cph (periods 6–1.2 min) is an
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artefact associated with infragravity (IG) waves

generated by nonlinear interaction of wind waves or

swell for frequencies [6 cph (Webb et al. 1991;

Rabinovich 1993, 2009), while at higher frequencies,

when wave lengths, k, become short compared with

the water depth h, the spectra rapidly attenuate as

1= coshðkhÞ, where k ¼ 2p=k is the wavenumber

(Rabinovich and Eblé 2015). Recently, Aucan and

Ardhuin (2013) considered this problem in detail

based on DART data.

The ‘‘true’’ (unaltered) tsunami spectrum in the

open ocean can be easily estimated as the difference

between the observed and background spectra from

the DART records: specifically,

Etsu ðx Þ ¼ Eobs ðx Þ � E0 ðx Þ: ð6Þ

The true tsunami spectra for DARTs 46412 and

43413 are shown in Fig. 11 (black line). The spectra

are very similar, with most of the tsunami wave

energy concentrated at relatively low frequencies of

0.3–3.0 cph (periods from 3.3 h to 20 min). For fre-

quencies above 20 cph (2 min), the spectra attenuate

rapidly. There are two minor peaks in the spectra at

frequencies 0.7–0.9 (periods of 65–85 min) and 1.7

cph (35 min).

Zaytsev et al. (2016) demonstrated that the true

open-ocean tsunami spectra, Etsu;jðxÞ, can be

evaluated from the coastal observations. Using (4),

we can express these spectra in the form:

Etsu;j ¼ RjðxÞ � 1:0
� �

E0ðxÞ; ð7Þ

where RjðxÞ is the spectral ratio estimated for a

specific coastal site. Thus, if E0ðx Þ is known from

the offshore measurements, we can use (7) to

reconstruct the ‘‘individual’’ open-ocean spectral

characteristics of tsunami waves, Etsu;jðxÞ, based on

coastal ratios, RjðxÞ, from various sites or from the

mean ratio values, R̂ðx Þ.
We used two approaches to reconstruct Etsu;jðx Þ

from coastal measurements. The first approach is

based on expression (5), where E0ðx Þ is approxi-

mated by A0x�2:0, and where A0 = 4 9 10-3 cm2/

cph, as estimated from the DART background spec-

tra. The second approach is to use the spectrum of

E0ðx Þ determined from the observations at the

specific DART site. As shown in Fig. 11, the agree-

ment between the actual (observation-based) and

reconstructed tsunami spectra at frequencies\5 cph

(at periods [12 min) is very good for both DART

sites. Not only do absolute values match, but also

even some small spectral details match, including

minor spectral peaks and troughs. Equally impor-

tantly, most of tsunami energy is specifically related

to the\5 cph frequency band. At higher frequencies
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([5 cph), the actual and reconstructed tsunami

spectra begin to diverge. The reason of this effect is

discussed in the next section.

Following Zaytsev et al. (2016), we integrated the

true tsunami spectra (Fig. 11) over the entire tsunami

frequency band, xbegin\ x \ xend, and estimated

the integral open-ocean tsunami energy, I0:

I0 ¼
Zxend

xbegin

EtsuðxÞdx: ð8Þ

This parameter, which is evaluated from open-

ocean tsunami measurements, is independent of local

bathymetric or topographic effects and may be con-

sidered as a fundamental property of open-ocean

tsunami waves. We emphasise that, in the present

study, this parameter was calculated using 1.5 days of

tsunami observations. As a result, the parameter

characterises the steady-state stage of these waves,

after they had become well diffused over the Pacific

Ocean (cf. Van Dorn 1984), rather than the initial

propagation phase of the waves.

Figure 12a shows the parameter I0 directly esti-

mated from true open-ocean spectra for the 2011

Tohoku tsunami. As indicated, the values for the two

DARTs are nearly identical: 2.29 cm2 (46412) and

2.33 cm2 (43413). The same parameter was also

derived from ‘‘reconstructed’’ tsunami spectra based

on coastal measurements (blue lines in Fig. 11).

Here, we have presented the spectral ratio estimated

for Ensenada, the northernmost coastal station nearest

to DART 46412, as well as the ‘‘mean spectral

ratio’’. R̂ðx Þ, evaluated by averaging RjðxÞ for a

group of six southern stations. The results (Fig. 12b)

show that the ‘‘reconstructed’’ values of I0, 2.54 and

2.74 cm2, respectively, are only slightly (13–17%)

larger than ‘‘true’’ values.

In addition to the absolute values of I0, represented

by the circle areas in Fig. 12, we also estimated the

tsunami colour, a measure of the open-ocean fre-

quency content of each tsunami. The entire tsunami

frequency band, xbegin\ x \ xend, was separated

into seven partitions (see the legend in Fig. 12), and

for each of these partitions, we estimated the

respective energy contribution (band variance). As

revealed in Fig. 12, the 2011 Tohoku tsunami was

‘‘reddish’’, where circles with red colour denote the

prevalence of low frequencies. In this case, approxi-

mately 65% of the total energy is at frequencies\1.7

cph, i.e., at long periods from 205 to 35 min. The

colours of ‘‘true’’ and ‘‘reconstructed’’ circles

(Fig. 12a, b) agree well, except that the percentage of

10-1

100

101

102

10-2

10-3

10-4

10-5

10-1

100

101

102

10-2

10-3

10-4

10-5

100 101 2 3 5 7  2 3 5 2 3 5 7
100 101 2 3 5 7  2 3 5 2 3 5 7

46412 (a) 43413 (b)

Sp
ec

tra
  (

cm
  /

cp
h)

2

Frequency  (cph)

1
2
3

Figure 11
Tsunami spectra for a northern DART site 46412 and b southern DART site 43413. The black line (1) denotes the ‘‘true’’ open-ocean tsunami

spectra; the red lines (2) are the reconstructed tsunami spectra based on the ‘‘northern’’ and ‘‘southern’’ coastal tide gauge records and the

assumed S * x-2 power law. The blues lines (3) are the reconstructed tsunami spectra based on the actual open-ocean background spectra

2980 O. Zaytsev et al. Pure Appl. Geophys.



high-frequency (‘‘bluish’’) energy is noticeably

smaller for circles denoting the reconstructed spectra.

The ‘‘true’’ values of I0 and the mean variance of

tsunami waves on the coast, Var0 = 451 cm2 (see

Sect. 3.1), can be used to estimate the relative

amplification of tsunami waves,

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var0=I0

p
; ð9Þ

as they arrive at the coast. For the 2011 Tohoku

tsunami on the Mexican coast, we find

A = 13.9–14.0. Comparable values of A were esti-

mated by Zaytsev et al. (2016) for the three Chilean

tsunamis: 14.3 (2010), 20.3 (2014), and 24.3 (2015).

We assume that the main factor influencing this

parameter is the general amplification properties for

this region. At the same time, it is evidently that

actual spectral properties for various events can

substantially affect this parameter. Similar amplifi-

cation parameters can be estimated for individual

sites, but it is obvious that these would be much more

variable for different events depending on resonant

properties and Q-factor of a particular site and on the

dominant frequencies of the incoming waves.

It is of interest to compare the open-ocean parame-

ters for the 2011 Tohoku and 2010 Chile great tsunamis

(Figs. 12a–c, respectively). The integral open-ocean

tsunami energy, I0, for the 2011 event was approxi-

mately 1.7 times larger than for the 2010 event, which is

to be expected considering the larger magnitude of the

former earthquake (Mw = 9.0 vs 8.8). Both tsunamis

were ‘‘red’’ (predominantly low-frequency), but the

percentage of long-period motions with periods

[35 min for the 2011 tsunamiwas noticeably higher. In

general, the ‘‘red colour’’ (i.e., the prevalence of low-

frequency waves in both tsunamis), is explained by the

large extension of the source regions. In contrast, the

2014 and 2015 Chilean earthquakes had much smaller

source regions and, consequently, induced ‘‘bluish’’

tsunamis (Zaytsev et al. 2016).

5. Discussion

One of the questions that arose from our study is:

Why do the ‘‘true’’ and ‘‘reconstructed’’ open-ocean
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a Integral, open-ocean tsunami energy, I0, for the 2011 Tohoku

tsunami estimated from the ‘‘true’’ spectra (in this figure) for

DART 46412 (left) and DART 43413 (right); b ‘‘reconstructed’’

values of I0 for DART 46412 (left), derived using the coastal
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(right) using the mean coastal ratio for the four ‘‘southern’’ sites

(Manzanillo, Zihuatanejo, Acapulco, and Huatulco); and c the

mean integral open-ocean tsunami energy, I0, for the 2010 Chilean

tsunami averaged using the ‘‘true’’ tsunami spectra at DARTs

46412 and 43413 (left) and the reconstructed value of I0 from the

mean coastal ratio at six sites (right) (see Zaytsev et al. 2016). The

area of a circle is proportional to Log(I0). The different coloured
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tsunami spectra perfectly coincide at low frequencies

but diverge at higher frequencies? This question is

important as it addresses some basic differences

between tsunami waves observed in the open ocean

versus those observed near the coast.

It is evident from Fig. 13a that the difference

between the ‘‘true’’ tsunami spectra and the ‘‘recon-

structed’’ spectra (black and blue lines, respectively,

in Fig. 11) is related to the difference in RjðxÞ esti-
mated from coastal and open-ocean spectra. For

frequencies \5 cph (periods [12 min), the open-

ocean and coastal tsunami/background spectral ratios

match each other fairly well. However, above this

frequency, the ‘‘coastal’’ ratios abruptly decrease,

while ‘‘open-ocean’’ ratios remain approximately the

same (at least, for frequencies \20 cph; periods

[3 min). To further illustrate this effect, we con-

structed ‘‘ratios of ratios’’ (Fig. 13b). The plots reveal

a sharp transition at around 5 cph between two fre-

quency regimes; the ‘‘spectrally similar’’ and

‘‘spectrally dissimilar’’. We also note that indepen-

dent measurements at two sites located about

3200 km apart give very similar results, indicating

that the observed effect is not related to local

properties of a specific region but to a general

physical mechanism associated with the tsunami

wave field generation.

The differences between RcoastðxÞ and RoceanðxÞ
(Fig. 13) indicate that

WbgðxÞ 6¼ WtsuðxÞ ð10Þ

at x=2p � 5 cph, where according to (2a, 2b),

WbgðxÞ and WtsuðxÞ are the background and tsu-

nami topographic transfer functions, respectively.

Such an abrupt frequency-dependent change in the

transfer function is atypical of linear systems. How-

ever, we can account for the dissimilarity between

WbgðxÞ and WtsuðxÞ at high frequencies (HF) by

noting that the effect is not due to differences in the

transformation of shoreward propagating tsunami and

background waves, but to the presence of long HF

background waves generated on the continental shelf

and in the near-shore zone. The most obvious type of

long near-shore waves is infragravity (IG) waves,

also known in the coastal zone as surf beat (Munk

1949; Rabinovich 1993, 2009). Typical periods of

these waves, which are formed by the nonlinear

interaction of wind waves or swell, are from 30 to
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300 s, but they can achieve much larger periods,

especially during major storms (Kovalev et al. 1991).

Of particular relevance to the present study is that the

effectiveness of IG-wave generation strongly depends

on the water depth: the smaller the depth, the more

intense the IG generation and the larger the wave

heights. In general, the empirical relationship

between IG-wave height (HIG), significant wave

height for the wind waves or swell (Hs), and the water

depth (h) is roughly given by

HIG ¼ dHc
s h�1=2 ð11Þ

(Rabinovich 1993), where d = 0.23 and c = 1.5–

2.0.

Infragravity waves are prevalent in sea-level

records throughout the World Ocean. As indicated

in Sect. 3.3, these waves are responsible for the

high-frequency ‘‘bulge’’ in open-ocean spectra

(Fig. 10; see also Aucan and Ardhuin 2013; Rabi-

novich and Eblé 2015). In the open ocean, the

waves are small and rarely exceed 0.5 cm (cf. Webb

et al. 1991; Rabinovich and Eblé 2015); however, in

coastal regions, the heights of IG waves can exceed

several tens of centimetres. Unlike tsunami waves,

which are free waves that amplify toward the shore

according to the Green’s law (i.e., Htsu is propor-

tional to h�1=4; cf. Pelinovsky 2006), IG waves in

the open ocean are mainly forced waves that are

bound to wind wave groups. The heights of these

bound waves (also known as locked waves; cf.

Rabinovich 1993, 2009) increase in the onshore

direction according to (11) (i.e., much more rapidly

than tsunami waves). As demonstrated by Longuet-

Higgins and Stewart (1962, 1964), who established

the theory of IG waves, IG-wave heights in the

near-shore zone increase not as h�1=2, as follows

from (11), but even much more rapidly. As a result,

during strong storms, IG heights near the coast can

exceed 1–1.5 m.

Most of coastal tide gauges are located in bays

and harbours, which shelter the gauges from the

direct impact of storm waves and associated forced

IG waves. However, after wave breaking, reflec-

tion, and other processes in the coastal zone, the

energy of forced IG waves is transferred into free

IG waves (edge and leaky waves). A substantial

fraction of this energy penetrates into the harbour,

increasing the background noise level (Rabinovich

2009). Consequently, the signal-to-noise ratio for

coastal records (here, the ratio of tsunami to

background waves in the IG frequency band) is

much smaller than in open-ocean records. As is

evident in Fig. 13, this process needs to be taken

into account when correcting the ‘‘reconstructed’’

open-ocean spectra, but this is being a subject for

future study.

6. Conclusions

The Tohoku (East Japan) earthquake of 11 March

2011 (Mw 9.0) generated a highly destructive trans-

Pacific tsunami that was recorded by 14 tide gauges

along the coast of Mexico. The event was the stron-

gest tsunami on this coast since the Alaska

earthquake and tsunami of 1964. Maximum trough-

to-crest wave heights were observed at Manzanillo

(258 cm), Zihuatanejo (258 cm), Ensenada (190 cm),

Acapulco (187 cm), and Huatulco (126 cm). These

sites were also the locations of maximum wave

heights for the 2010, 2014, and 2015 Chilean tsuna-

mis (Zaytsev et al. 2016), which were identified and

mapped as ‘‘hot’’ tsunami impact sites for the Mex-

ican coast. The results for the 2011 tsunami confirm

these sites as having higher potential tsunami hazard

for major trans-oceanic tsunamis. In contrast, such

sites as Topolobampo (13 cm), San Carlos (20 cm),

Mazatlan (43 cm), and La Paz (52 cm) may be con-

sidered as ‘‘cold’’ sites, i.e., sites with lower tsunami

risk. Lazaro Cardenas is located between two ‘‘hot’’

spots (Acapulco and Manzanillo), but has much

smaller maximum wave height (95 cm). This might

be explained by regional slope topography and the

fact that the Lazaro Cardenas tide gauge is located in

a sheltered harbour. In general, it is clear that tsunami

waves at ‘‘hot’’ sites are significantly amplified by

topographic features, while ‘‘cold’’ sites are shielded

from incoming tsunami waves resulting in their

strong attenuation.

This study has combined coastal and open-ocean

tsunami measurements and used the spectral analysis

methodology suggested by Zaytsev et al. (2016) to

estimate the ‘‘true’’ deep-ocean tsunami spectra based

on the analysis of DART data. We have also used
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coastal tide gauge data to ‘‘reconstruct’’ the open-

ocean spectra of the tsunami waves. Except for the

high-frequency ([5 cph) spectral band where spectra

diverge, the reconstructed open-ocean tsunami spec-

tra are in good agreement with the true tsunami

spectra evaluated from direct analysis of DART

records collected off the Mexican coast. We show

that this divergence is due to the contribution to the

wave spectra from background infragravity waves

generated in the coastal zone.

We have further used the spectral estimates to

parameterize the energy of the 2011 Tohoku tsunami

based on the total open-ocean tsunami energy. The

tsunami frequency band for the 2011 event was wide:

from 0.25 to 40 cph (periods from 4 h to 1.5 min),

approximately the same as was for the 2010 Chile

tsunami. The integral open-ocean tsunami energy, I0,

estimated from DARTs 46412 and 43413 for the

entire tsunami frequency band was *2.30 cm2, or

approximately 1.7 times larger than was observed at

the same DARTs for the 2010 event. Comparison of

this parameter with the mean tsunami variance at the

coastal sites (451 cm2) indicates that tsunami waves

propagating onshore from the open ocean amplified

by 14 times; the same value of amplification param-

eter was obtained by Zaytsev et al. (2016) for the

2010 Chilean tsunami.

Zaytsev et al. (2016) introduced another crucial

characteristic of tsunami events: the ‘‘tsunami col-

our’’ (frequency content), in analogy with classical

light spectrum. Tsunamis range from red (mainly

low-frequency) to blue (mainly high-frequency). The

results for the 2011 Tohoku tsunami indicate that the

2011 Tohoku tsunami was ‘‘red’’, with about 65% of

the total energy associated with low-frequency waves

at frequencies\1.7 cph (periods[35 min). Such long

periods appear to be related to the large extension of

the 2011 source area.

The close agreement between open-ocean tsunami

parameters estimated from observation-derived open-

ocean tsunami spectra with those obtained from

‘‘reconstructed’’ coastal spectra supports the analyti-

cal approaches developed by Zaytsev et al. (2016) to

examine three Chilean tsunamis and to demonstrate

that they enable us to reliably reproduce open-ocean

tsunami parameters based on coastal tsunami wave

measurements.
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