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Our understanding of the internal dynamics of the Earth is largely based on images of seis-5

mic velocity variations in the mantle obtained with global tomography. However, our ability to6

image the mantle is severely hampered by lack of seismic data collected in marine areas. Here7

we report the first observations made under different noise conditions (in the Mediterranean8

Sea, the Indian and Pacific Oceans) by a new submarine floating seismograph, and show that9

such floats are able to fill the oceanic data gap. Depending on the ambient noise level, the floats10

can record between 35% and 63% of distant earthquakes with magnitude MMM ≥≥≥ 666...555. Even mag-11

nitudes <<< 666...000 have been successfully observed under favorable noise conditions. The serendip-12

itous recording of an earthquake swarm near the Indian Ocean triple junction enabled us to13

establish a threshold magnitude between 2.7 and 3.4 for local earthquakes in the noisiest of the14

three environments.15
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Seismic monitoring in the oceans has been limited to rather localized experiments, due to the16

high cost of deployment and recovery of instruments such as ocean bottom seismometers (OBSs)1,2
17

and moored hydrophones3,4. Considering that about 70% of the Earth is covered by water, advances18

in seismic monitoring and imaging of the Earth’s mantle via seismic tomography depend critically19

on the development of radically new instruments, capable of providing seismic data at significantly20

lower cost. Simons et al.5,6 proposed such a new instrument, baptized MERMAID (Mobile Earth-21

quake Recording in Marine Areas by Independent Divers), which is a submarine buoyancy-matched22

float equipped with a hydrophone to detect acoustic signals generated when seismic waves from the23

Earth’s interior refract into the water column at the sea bottom. In early tests6 MERMAID prototypes24

were passive continuously recording floats that needed to be recuperated after a few days to recover25

the data. We have developed an autonomously functioning MERMAID7, capable to recognize earth-26

quake waves and transmit seismograms in quasi-real time. It uses a popular Autonomous Profiling27

Explorer float (Teledyne Webb Research), also employed by oceanographers in the Argo8 program.28

The MERMAID is equipped with a Rafos II (Benthos) hydrophone sensitive down to 0.1 Hz, dedi-29

cated electronics, and software for signal analysis. Signal transmission by Iridium satellite is two-way30

and allows for modification of filtering and detection parameters, as well as of the operating depth31

(typically between 700 and 2000 m). The full control over the recording strategy offered by the two-32

way communication makes the MERMAID a highly flexible recording instrument and contrasts it33

drastically with the OBSs and moored hydrophones. The MERMAID drifts passively, typically with34
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a speed of several km day−1, until an earthquake signal is detected. If this is identified as a strong P35

wave, the MERMAID ascends for transmission of the recorded waveform as well as its GPS position36

at the surface. P waves of smaller amplitudes and/or with a less certain identification are stored in a37

buffer for later transmission (for these we must interpolate to estimate the float’s position at the time38

of recording). Detection and identification of seismic and other signals is done using a discrimination39

algorithm9 specially developed for this purpose (see Methods).40

Small anomalies (with respect to predictions made by using radially varying Earth models) in41

observed onset times of P waves are indicative of aspherical temperature or compositional variations42

in the Earth’s mantle along the ray path. If there are many delays along different paths they can be43

imaged10. A significant advantage of MERMAIDs is their mobility, because this enables them to44

cover large areas without duplicating information (e.g. time delays along the same raypaths for after-45

shocks). The relatively low cost of a float, combined with data transmission in quasi-real time, makes46

expensive recuperation operations unnecessary, and the floats, powered by batteries, are generally lost47

at the end of the battery life (as are the oceanographic Argo floats). While current MERMAIDs carry48

enough battery load to function for about two years, the second generation of MERMAIDs (currently49

under development) will have a lifetime of 6-8 years with lithium-ion batteries, and perhaps three50

times that much in the future (if lithium-sulfur batteries fulfill their promise). This makes it likely that51

floats will sooner or later approach land close enough to be recovered and redeployed after battery52

replacement, which is important from both economical and environmental points of view.53
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Results54

Detection of P waves.55

After extensive testing in shallow water, the first two autonomous MERMAIDs were launched56

in December 2012 in the Ligurian Sea (Mediterranean). One was recovered after 10 months when it57

entered an area with heavy fishing activity north of Barcelona (Spain). The second was recovered after58

18 months near Malaga (Spain), when the state of its battery would not have permitted more than thirty59

additional surfacings. These deployments served to test hardware, software, and the performance of60

the discrimination algorithm under various noise conditions, which are strongly related to weather.61

After these pilot deployments, more MERMAIDs were launched; in total, three MERMAIDs are62

currently operating in the Mediterranean Sea for the purpose of seismic P wave tomography of the63

mantle under this complex oceanic basin.64

During two years (from January 2013 to December 2014) the MERMAIDs in the Mediterranean65

Sea recorded more events than initially anticipated. For the purpose of quantification we define the66

number of potential seismograms as the number of seismic signals from earthquakes with a magnitude67

M = 6.5 or higher, arriving at MERMAIDs within an epicentral distance of 100◦, the range in which68

mantle P waves arrive. The ratio between the number of seismograms transmitted and the potential69

number is our success rate. For the specified period, the success rate is 51% (57 P waves). Even70

with the lower threshold magnitude of 6, the success rate still remains acceptable (27%). In total, 20271

seismograms were transmitted, among which 65 seismograms of even smaller magnitude earthquakes,72
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and 43 of the events with epicentral distances exceeding 100◦ (PKP waves traversing the core).73

Deployment in the Southern Indian Ocean began in March 2013 with two MERMAIDs launched74

north of Amsterdam and St. Paul Islands to test the performance under much noisier conditions. Two75

more launches occurred in November 2013, approximately 1400 km east of La Réunion Island.76

The average ambient noise in the Indian Ocean differs significantly from that in the Mediterranean77

Sea (Fig. 1), showing high spectral power at lower frequencies (< 1 Hz). Noise samples obtained from78

false triggers were used to find the necessary adaptations to the discrimination algorithm. The filter79

in the trigger algorithm was set to a high-pass corner frequency near 1 Hz which eliminates most of80

the low-frequency ambient noise. This significantly increased the number of detected P waves.81

We present the Indian Ocean statistics for the one-year period (since January 2014, the moment82

when optimal detection parameters were implemented, to December 2014). Currently, the success83

rates are 35% (50 P waves) and 17% for the events with magnitudes M ≥ 6.5 and M > 6.0, respec-84

tively. The total number of transmitted seismograms is 104, including 23 seismograms of events85

with M < 6.0 and 9 of those occurring at distances larger than 100◦. Fig. 2 shows some of these86

seismograms.87

In May 2014, ten MERMAIDs were launched in the Pacific Ocean to study the deep structure88

of the Galápagos mantle plume, which is suspected to arise from the top of the lower mantle11. For89

the period from June 2014 to December 2014 the statistics of the deployment in the Pacific shows a90

success rate even superior to that in the Mediterranean: 63% (75 P waves) and 30% for the events91
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with magnitudes M ≥ 6.5 and M > 6.0, respectively. A total of 236 seismograms were transmitted,92

including 90 seismograms of the events with M < 6.0 and 40 of the earthquakes located at distances93

larger than 100◦.94

In summary, the success rates in all three oceanic basins can be presented as follows: a float will95

record a P or PKP seismogram on average every 7-8 days in the the Mediterranean Sea or the Pacific96

Ocean and every 14 days in the Indian Ocean.97

Earthquake swarm observation.98

In November/December 2013, one of the floats in the Indian Ocean transmitted 235 seismograms99

from a large earthquake swarm (i.e. sequences of many earthquakes occurring in a relatively short pe-100

riod of time) near the triple junction at 70◦E, 25◦S where three ocean spreading ridges come together101

and where the African, Indian and Antarctic plates meet (Fig. 2). At the same time, land stations102

recorded only 25 of these events, none with a magnitude smaller than 4.4 and all but two within103

four days of the main shock (M = 5.1) on November 24, 2013 (because of buffer overflow MER-104

MAID missed all but one of these stronger events). Only the limitations in the memory buffer size105

prevented detecting many more small-magnitude earthquakes which must have occurred during the106

swarm; even with some gaps in the recording, the analysis of the detected events shows that the activ-107

ity continued until December 23, 2013 when it stopped rather abruptly. This clearly demonstrates that108

MERMAIDs can also detect small-magnitude events that are never recorded on land. Comparison of109

a large-magnitude event that was also recorded on land allowed us to estimate magnitudes for other110
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recorded events and to construct the Gutenberg-Richter plot of logNM vs. magnitude, where NM is the111

number of events of magnitude M. The relationship is linear with an apparent b-value (slope) of 0.71112

down to magnitude 2.7 (Fig. 3), which might indicate that few or no events of magnitude 2.7 would113

have been missed if the buffer had allowed for them to be stored for later transmission. However,114

this value for b is rather low4 - if we constrain b to have a more common value near 1.0, the new115

threshold magnitude of around 3.4 is obtained. The smallest event recorded had a magnitude as low116

as 2. The serendipitous recording of this swarm also allowed us to assign an upper limit of 500 m117

for the difference between the GPS location at the time of surfacing and the location at the time of118

recording (during the entire duration of the swarm the deployment depth was 1500 m), which gives a119

very small error in the tomographic interpretation of onset times (see Methods).120

Discussion121

We conclude that, for the first time, we have been able to routinely record large distant seismic122

events under very different noise conditions. This success opens up the world’s oceans for seismic123

P wave tomography of the deep mantle. To demonstrate this unambiguously, we used the detection124

statistics already obtained with the currently deployed MERMAIDs to model the expected yield for a125

network of 300 and 1000 MERMAIDs, for a period of five years (the minimum lifetime for the next126

generation of such instruments). We then performed a “resolution test”10, in which we test how well127

a synthetic data set for a known model can be imaged. Fig. 4 shows the images of a model, in which128

the six sides of a “cubed earth” parametrization12 were filled with a checkerboard pattern. Using only129
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delay times reported by the International Seismological Center (ISC) from existing seismic networks,130

the checkerboard pattern beneath the oceans is not reproduced except for a few small areas. Adding131

five years of data expected from an array of 1000 MERMAIDs yields good resolution at all depths132

for most of the area covered by the ocean except for the Southeastern Atlantic, where the synthetic133

MERMAID coverage is less. Even though each measurement is at a unique location and we added134

errors with a standard deviation of 0.4 s, the least-squares inversion clearly reproduces the anomalies135

almost to their full input amplitude of 5%.136

The results of the first deployments has motivated us to start developing an even more powerful137

float that has a longer lifetime, and will be able to accommodate up to eight different sensors for mul-138

tidisciplinary monitoring of the oceans – such as high-frequency biological sounds (marine mammal139

vocalizations)13, meteorological sounds triggered by rainfall14 and biogeochemical data. The obser-140

vation of small earthquakes down to magnitude 2 shows that MERMAIDs could be deployed after141

an earthquake to locate aftershocks. For this we will have to record continuously into a large buffer142

and auto-locate a small array of MERMAIDs using acoustic signals between pairs of floats. Our143

web-page (https://www.geoazur.fr/GLOBALSEIS/Data.html) provides an up-to-date access to144

the data collected by all MERMAIDs as well as the files containing their trajectories.145
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Methods160

Detection. The detection of seismic signals is ensured by continuous calculation of the ratio161

of short-term to long-term moving averages (STA/LTA algorithm)15. Each detected signal is then162

analyzed by a dedicated discrimination algorithm9 that relies on signal processing using the wavelet163

transform. For the purpose of seismic P wave tomography MERMAIDs particularly target teleseismic164

(i.e. generated by distant earthquakes) P waves.165

After initial experiments in the Pacific Ocean6, the Mediterranean Sea served as a testing ground166

during the development of MERMAID’s hardware. Since the discrimination algorithm was designed167

using data collected in the same area, it was particularly well adjusted for the discrimination of tele-168

seismic P waves in the ambient noise conditions of the Mediterranean Sea. Though we are unable169

to reprogram at distance the discrimination algorithm stored in the MERMAID processing board,170

two-way communication via Iridium allows us to manipulate digital filters and adapt acceptance pa-171

rameters in the algorithm (for the satellite communication, we are using the RUDICS protocol, which172

allows the transmission of large amounts of data at a reasonable cost). This allowed us to improve173

the detection of seismic signals in the Indian Ocean after first noise samples were obtained. We can174

also adapt the length of the seismogram and the degree of its compression during transmission. The175

data presented here were sampled at 40 Hz, but transmitted (after wavelet compression) at either 20176

or 5 Hz. The pre- and post-trigger windows are adaptable, but generally have a length of 100 s each,177

giving 200 s long seismograms. During initial tests with longer windows, we have not observed any178
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arrivals that could reliably be identified as teleseismic shear waves converted into acoustic waves at179

the ocean bottom.180

Adaptations for the Indian Ocean. MERMAID’s software allows numerical filtering of the181

recorded signal before running the STA/LTA algorithm (even though the transmitted seismograms182

remain unfiltered). To counter the effect of much higher noise at low frequencies, the high-pass183

corner frequency of this filter was raised from 0.1 Hz to 1.0 Hz. This resulted in fewer false trig-184

gers, though the ability to discriminate between T waves (the waves caught in the Sound Fixing And185

Ranging channel and thus traveling mostly in the water) and P waves was affected. The efficiency186

of the discrimination algorithm was restored by modifying its parameters. The experience in the In-187

dian Ocean showed us that it is extremely important to have a discrimination algorithm adaptable to188

different local noise conditions, since a judicious choice of parameters leads to a smaller fraction of189

missed P waves or false triggers. MERMAIDs in the Pacific Ocean were launched with the same190

filter settings as those in the Indian Ocean. These filter settings seem to work well, though it is too191

early to judge whether this will hold true for a full seasonal cycle.192

Swarm analysis. One MERMAID, launched near the Indian Ocean triple junction, detected an193

earthquake swarm, which began with a small foreshock immediately after the launch on November 24,194

2013, at 04:08 UTC, followed by the main event of magnitude 5.1 on November 24, 2013, at 22:04195

UTC, which was observed by land stations and reported by the National Earthquake Information196

Center (NEIC). The MERMAID, which, for the first dive, had been programmed to surface after 24197
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hours in order to transmit its state-of-health parameters, recorded the foreshock; the main event was198

not recorded since it happened while the MERMAID was at the surface.199

The first seismogram transmitted on November 25, 2013 has a time stamp of 03:58 UTC, six200

hours after the main shock. The MERMAID missed all but one of the eight aftershocks listed by the201

NEIC catalog for the period directly following the main shock up to the time that the buffer, which202

can contain up to 8 Mbytes (or at most 128 seismograms), became full. This happened on November203

26, 2013, at 06:42 UTC, as deduced from the time stamp of the last recorded seismogram since the204

start of the sequence. The next surfacing did not occur until December 2, 2013. At this moment we205

programmed the MERMAID to surface frequently so that by the end of the swarm the MERMAID had206

surfaced 11 times. In total, 235 signals generated during the swarm by low-magnitude earthquakes207

were transmitted, all but one too weak to be detected by any land station.208

According to the NEIC catalog, this event had a magnitude of 4.6 and occurred on November 25,209

2013, at 19:36:59 UTC. The calculated distance between the event’s epicenter (25.44◦S, 70.03◦E)210

and the MERMAID’s surfacing location was only 11 km, which is most likely within the uncer-211

tainty ellipse that encloses the epicentre. A comparison of the magnitude for this earthquake with212

the observed peak-to-peak amplitude of the pressure signal allowed us to assign a rough magnitude213

to all other swarm earthquakes (neglecting possible variations in epicentral distance), and to obtain214

valuable information about the ability of MERMAIDs to record microseisms. Applying a high-pass215

filter with a corner frequency at 1 Hz, we established an empirical amplitude-magnitude relationship216
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M = log10 A−3.38, where A is the amplitude in counts (in the high-frequency limit 8.3×104 counts217

equal 1 Pa)16.218

Drift calculations. Since the exact location of the MERMAID at the time of a P wave recording is219

not known, we adopt the location obtained by the GPS localization immediately after surfacing. This220

implies that the horizontal drift during an ascent might be a source of error in seismic tomography221

performed from the data acquired by MERMAIDs and it is important to estimate it (the discussion222

below does not apply to the events stored in the memory; for these events interpolation should be223

used which may lead to larger errors). This drift is due to the wind-driven near-surface currents which224

are much stronger than the currents at depth. The direction of the near-surface current can also be225

significantly different from that of the current at depth. Ideally one would like the MERMAID to226

dive to its cruising depth and come up immediately, which would give a direct measurement of the227

horizontal drift during diving and surfacing, combined. Unfortunately this is not possible with the228

existing float, but several short consecutive dives during the swarm recording allow us to estimate229

an upper limit for the amount of drift experienced by the MERMAIDs while ascending. Once we230

had observed the first swarm data, the MERMAID was allowed to return to the surface more often231

which resulted in frequent surfacings (on December 2, 3, 5 and 6, 2013) separated by relatively232

short trajectories at depth. We designate with D the known distance between the last GPS location233

recorded just before diving and the first one immediately after surfacing. D is the vectorial sum of234

three drifts: the one while diving, which is mostly concentrated in the top 100 m and dominated235
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by wind (A); the slow drift at the programmed depth, while passively cruising with the deep ocean236

current (B); and the drift in the upper layer when coming up (C). Therefore, D = |A+B+C|. We237

are interested in C = |C|, since this is the difference between the location reported by GPS and the238

recording location. It should be noted that the MERMAID rises much faster (in about 1.5 hours) than239

it dives (6 hours), thus |A| � |C|. It is not possible to separate the three factors (the direction of240

the deep drift varies slowly, whereas the surface drift may change with the wind), but it is clear that241

the upcoming passage through the upper layer, and thus the location error C = |C|, must on average242

be much smaller than D. We recorded several D’s for short dives: 1.12 km in 32 hours (December243

3), 1.80 km in 33 hours (December 6) and 2.67 km after a 91 hour long dive (December 10). If we244

assume for convenience that all drifts are in the same direction, then the difference between the last245

D with the first one indicates a deep drift B = |B| of 2.67− 1.12 = 1.55 km in 91− 32 = 59 hours,246

which in case of the dive on December 3 translates into 1.55× 32/59 = 0.84 km deep drift, and247

which leaves 1.12−0.84 = 0.28 km for |A+C|. Setting A = 4C for a total near-surface drift of 5C248

gives C = 0.28/5 = 0.056 km. If instead we assume that the surface flow is exactly in the opposite249

direction of the deep flow, then C = (1.12+ 0.84)/5 = 0.39 km. For the second dive we find in the250

same way 0.26 km and 0.53 km. Though these calculations are order-of-magnitude at best, and only251

for the surface drift in the Indian Ocean and under a limited range of wind conditions, these estimates252

correlate well with our much more general experience of the retrieval of OBSs, for which the drift can253

be measured precisely since their positions at the sea bottom are known. The OBSs are rarely found254
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more than 100 m from the point of launch, even though they traverse the full water column (which255

can be several km deep) as they rise. The location error due to the drift is of no importance in seismic256

tomography. A typical teleseismic P wave has a phase velocity of 20 km s−1, which implies that a257

drift error of 0.5 km gives a timing error of 0.025 s, well below the estimated error in the reading of258

teleseismic onset times.259

Resolution test. To model MERMAID trajectories realistically, we used trajectories of existing260

Argo floats recorded over a five-year period (2004-2008). We assigned probabilities for the obser-261

vation of a P wave delay time from a teleseismic event in agreement with the observations reported262

here (from only 10% for 5.5 < M < 6 to 100% for M > 7). For nearby events we assumed that all263

events of magnitude M > 5.5 and M > 6 are recorded if they occur within a distance of less than264

15◦ and between 15◦ and 30◦, respectively. These regional events have their ray paths mostly in the265

upper mantle and contribute little to lower-mantle resolution. Comparison with the ISC earthquake266

catalog gives 102,080 and 341,607 delay times expected to be recorded by a network of 300 and 1000267

MERMAIDs, respectively. To estimate the parallel output of the land-based stations, we used the ISC268

database17 of delay times over the same period; as a result, 1,567,829 observed seismic delay times269

were obtained (only events of a magnitude of 5 and higher were used with conventional selection270

criteria to assure data quality). Although this number is significantly larger than the number of events271

expected from the MERMAID network (a longer time period for ISC data would have resulted in272

even more data but would not fill the gaps in the oceans), the ray coverage in the oceanic domain273
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depends very strongly on the MERMAID presence (Fig. 5). The ray coverage, which is equal or close274

to zero for much of the oceanic part of the Southern hemisphere when only delay times provided by275

land stations are considered, is significantly filled in even with 300 MERMAIDs, though one would276

need 1000 floats to have a more equal balance with data from land-based stations. The resolution tests277

in Fig. 4 were carried out with the ray coverage shown in the left and right columns of the Fig. 5. The278

recovered models satisfy these data with a rms misfit of one standard error. Errors with a standard279

deviation of 1 s were added to the ISC data18; MERMAID onset times so far have been hand-picked,280

and our initial tests on the waveforms recorded in the Ligurian Sea point to an average accuracy of281

0.4 s which is compatible with that from nearby land stations. This error was used in the modeling but282

we expect it to be reduced further by adapting wavelet-based techniques19 for picking P wave arrivals283

under observed ocean noise conditions. In general, because reverberations in the water layer have a284

dominant influence on the recorded waveforms, waveform correlations can only be done for nearby285

MERMAIDs and thus manual determination of the onset times is preferred over more sophisticated286

cross-correlation methods.287

Other potential sources of error for the tomographic images arise from the need to correct onset288

times for the time P wave travels in the water column. The determination of this correction is influ-289

enced by the sound velocity variability and the accuracy with which the local bathymetry is known.290

The sound velocity in the ocean varies with temperature and salinity, but by less than 1% and only in291

the top 500 m deep layer, below which it remains fairly constant20. The uncertainty introduced by292
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the sound speed variation within the depth range covered by MERMAIDs (whose average operating293

depth is 1500 m) is therefore negligible as compared to the estimated precision of 0.4 s of picked on-294

set times. Corrections for bathymetry are more important. We estimate that the bathymetry (averaged295

over a seismic Fresnel zone with a typical diameter of about 2 km) must be known preferably with296

about 150 m precision which would lead to an uncertainty of at most 0.1 s, again much less than 0.4 s.297

The depth of the MERMAID itself at the moment of recording is known from an absolute pressure298

sensor with an excellent precision of about 1 m.299
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Figure 1: Power spectral density (PSD) of the ocean ambient noise estimated from the data sent

by MERMAIDs. Each curve represents the PSD estimated from the data sent by one MERMAID. For

each curve, we specify the area, the average location and the deployment depth of the MERMAID

during the data acquisition. The Indian Ocean: A (31.5◦S, 80.2◦E, 2000 m), B (37.2◦S, 70.5◦E,

1500 m), C (24.7◦S, 69.7◦E, 2000 m) and D (21.6◦S, 69.5◦E, 1500 m); the Mediterranean Sea: E

(43.5◦N, 07.9◦E, 1500 m); the Pacific Ocean: F (03.5◦S, 93.0◦W, 1500 m).
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Figure 2: Representative seismograms transmitted by MERMAIDs. (left) Teleseismic events detected

in the Mediterranean Sea. The amplitudes of all seismograms are normalized to one. Each panel specifies a

seismic phase, an angular distance ∆ between MERMAID and an event’s hypocenter, magnitude and region.

(center) Idem, in the Southern Indian Ocean. The Nicaragua signal was high-pass filtered at 0.1 Hz whereas

the last two seismograms were filtered with the pre-STA/LTA filter to amplify the P wave onset. (right) Low

magnitude underwater earthquakes detected by the MERMAID during the swarm in the Indian Ocean. Each

panel indicates the UTC time of the signal’s trigger. All signals are filtered with the pre-STA/LTA filter de-

scribed in the text. Amplitude scale (originally in counts) is scaled to represent the pressure in Pa at 2 Hz,

which is a dominant frequency for the detected signals.
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Figure 3: Gutenberg-Richter plot of the swarm events detected by one of the MERMAIDs in the Indian

Ocean. Logarithmic relation between the number NM of swarm earthquakes with magnitude M and M. The

slope of the graph (the b-value) is indicated on the plot.
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Figure 4: Resolution test. At every depth, the Earth is filled with six checkerboard patterns. Each

pattern is composed of regions in which P wave velocity is by 5% either higher (blue color) or lower

(red color) than the P wave velocity given by the reference model IASP9121. The anomalies’ lateral

size varies from about 200 km in the lower mantle, to 300 km at 768 km depth. Comparison of the

corresponding left and right figures shows that the addition of MERMAID data would significantly

improve resolution in the ocean basins at all depths.
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Figure 5: Ray coverage. (top row) Red dots indicate both the positions of the land stations, whose

records comprise the ISC data base, and the simulated positions of the MERMAIDs. Note a virtually

uniform coverage of the oceans thanks to the mobility of the MERMAIDs. Green dots indicate

epicenters of the earthquakes listed in the ISC catalog for the period from 2004 to 2008. (second

to last rows) The `1-norm of columns of the tomographic matrix. For any column, its `1-norm is

proportional to the total length of rays crossing the volume cell corresponding to that column.
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