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Key Points: 9 

 The seasonal variations of the hum are larger in the northern hemisphere than the 10 
southern hemisphere. 11 

 The data-model fit confirms the interaction between infragravity waves and the 12 
continental slope as the main source of the hum. 13 

 The hum is sensitive to local sources generated by the passage of a cyclone. 14 
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Abstract 16 

The Earth’s hum is the continuous oscillations of the Earth at frequencies between 2 and 20 mHz 17 
in the absence of earthquakes. The hum strongest signal consists mainly of surface waves. These 18 
seismic waves can be generated by infragravity waves propagating over a sloping ocean bottom 19 
close to the coast. So far, this theory has only been tested quantitatively using European seismic 20 
stations. We use seismic data recorded all around the Indian Ocean together with an ocean wave 21 
model that provides time-frequency varying hum sources. We show that seasonal variations of 22 
the hum sources are smaller in the southern hemisphere (SH) than the northern hemisphere (NH). 23 
Using these sources, we model Rayleigh wave RMS amplitudes in the period band 3.5-20 mHz, 24 
and the good agreement with seismic data on the vertical component confirms the theory of hum 25 
generation. Because the Indian Ocean is uniquely connected to the SH oceans but lies partly in 26 
NH latitudes, the seasonal pattern of the hum recorded there is particular and shows no 27 
significant seasonal variations. At ~10 mHz the hum is strongly influenced by local events, such 28 
as the passage of a cyclone close to a seismic station.  29 

1 Introduction 30 

In the absence of earthquakes, seismic stations record the Earth’s continuous oscillations, known 31 
as the hum, in the frequency band 2 and 20 mHz. The hum can be used for ambient noise 32 
tomography. Nishida et al. (2009) obtained a tomographic model of the upper mantle, by using 33 
the hum recorded during 15 years at periods between 120 and 375 s. Haned et al. (2015) 34 
extracted the empirical Green’s function from the hum signal in the period band 30-250 s and 35 
obtained a global tomographic model of the Earth’s upper mantle using only 2 years of data. 36 
These models are derived from surface wave dispersion measurements. In order to perform full 37 
waveform inversion of the empirical Green’s functions, a better understanding of the spatial and 38 
temporal distribution of the hum sources is needed (e.g. Tromp et al. 2010; Fichtner, 2014). 39 
 40 
The hum was first observed on gravimeters by Nawa et al. (1998) and  Suda et al. (1998) and on  41 
vertical STS1 seismometers by Kobayshi and Nishida (1998) and Tanimoto et al. (1998). Since 42 
then, seismic hum has been observed on more than 200 land stations (Nishida, 2013). Recently, 43 
Deen et al. (2017) observed the hum signal for the first time on two ocean-bottom seismometers 44 
in the Indian Ocean. The hum amplitude differs between summer and winter months (Tanimoto 45 
& Um, 1999; Roult & Crawford, 2000; Ekström, 2001; Nishida, 2000; Kurrle & Widmer-46 
Schnidrig, 2006), though this seasonal difference is not observed everywhere (Tanimoto & Um, 47 
1999; Rhie & Romanowicz, 2006; Deen et al., 2017).  48 
 49 
Many small earthquakes are not enough to explain the measured hum amplitudes and seasonality 50 
(Suda et al., 1998, Tanimoto & Um, 1999; Kobayashi & Nishida, 1998; Ekstrom, 2001), and 51 
several theories have been proposed to explain the observed signals. Below 2 mHz, the signal is 52 
dominated by gravitational effects (Widmer-Schnidrig, 2003). Above 2 mHz, random pressure 53 
disturbances over the Earth surface was considered to approximate the hum spheroidal mode 54 
amplitudes (Kobayashi & Nishida, 1998; Nishida & Kobayashi, 1999; Tanimoto & Um 1999; 55 
Fukao et al., 2002). However, atmospheric excitation mechanisms cannot explain the broad noise 56 
peak observed above 5mHz (e.g. Tanimoto, 2005; Nishida, 2013). 57 
 58 
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Seismic data are consistent with hum sources distributed globally along the coasts (Rhie & 59 
Romanowicz, 2004, 2006; Webb, 2008; Bromirski & Gerstoft, 2009) or in shallow water 60 
(Tanimoto, 2005), and many theories have linked the hum with ocean waves. These include the 61 
effects of ocean infragravity waves, acting on the sea floor via horizontal forces resulting from  62 
the pressure acting on a sloping bottom (Nishida et al., 2008), or vertical forces, possibly 63 
involving the interaction of different surface gravity wave trains, as reviewed by Nishida (2013). 64 
Ocean infragravity waves are long period (30-300 s), low amplitude (<10cm), long wavelength 65 
(1-40 km) surface ocean gravity waves that are generated at the shoreline, from wind sea and 66 
swell wave components (Hasselmann, 1962; Longuet-Higgins & Stewart, 1962; Bertin et al., 67 
2018).  68 
 69 
Theories relying on interacting ocean waves of frequency  and  giving a seismic wave of 70 
frequency  (Webb, 2007, 2008) generally missed the pressure induced by ocean waves on 71 
the bottom, which cancels the surface pressure in the limit of long wave periods (Ardhuin & 72 
Herbers 2013). The other interaction giving  was considered by Traer et al. (2014) but 73 
does not excite significant seismic waves in horizontally homogeneous conditions, because the 74 
interaction produces patterns that travel slower than the group speed of ocean waves, typically 75 
less than 30 m/s. The only theory that was verified in terms of temporal variations of seismic 76 
spectra is the effect of pressure sources generated by infragravity waves propagating over a 77 
sloping bottom proposed by Ardhuin et al. (2015). This mechanism was first outlined by 78 
Hasselmann (1963) for explaining the primary microseisms at periods around 15 s. This 79 
mechanism can explain Rayleigh waves but it cannot explain Love waves observed in the hum 80 
period band on horizontal component (Kurrle and Widmer-Schnidrig, 2008; Nishida et al., 81 
2008).  82 
 83 
In Ardhuin et al. (2015), four seismic stations, all located in Europe, were used to verify that the 84 
theory could predict the amplitude and temporal variations of the hum. Here we carry out a more 85 
extended study using a larger dataset, with the objective of understanding the spatial and 86 
temporal variation of hum sources. We use the approach of Ardhuin et al. (2015), that is the 87 
numerical modelling of infragravity waves to obtain the pressure sources along the coasts which 88 
we use to model Rayleigh wave RMS amplitude recorded by seismic stations in and around the 89 
Indian Ocean. The Indian Ocean is located partly at northern and partly at southern latitudes, and 90 
is opened to oceans in the southern hemisphere (SH), making it particularly suitable to study 91 
temporal and spatial variability of the hum in the SH.  92 
 93 
 94 
 95 

2 Computing the hum sources from ocean waves 96 

We use the pressure model in the hum frequency band of Ardhuin et al. (2015) resulting from the 97 
interaction of infragravity waves with continental shelves. The numerical wave code 98 
WAVEWATCH III version 5.01 (Tolman et al., 2014) is used in a global configuration and 99 
calculates ocean wave directional spectra in grids with a resolution of 0.5 degrees in latitude and 100 
longitude, every 3 hours. The wave spectrum is discretized in 36 directions, and 58 frequencies 101 
exponentially spaced from 3.1 to 720 mHz. This extension to low frequencies compared to usual 102 
wave models is described in Ardhuin et al. (2014). It consists of sources of infragravity waves 103 
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parameterized from the total energy and mean period of the lower frequency components. Except 104 
for the spectral resolution, all other model parameters are identical to the model configuration 105 
validated in detail by Rascle and Ardhuin (2013). The model is forced every 3 hours by wind 106 
data from the European Center for Medium range Weather Forecasting (ECMWF). The model 107 
also uses sea ice concentration from the Climate Forecast System Reanalysis (Saha et al., 2010), 108 
and iceberg concentrations derived from satellite altimeter data (Ardhuin et al., 2011; Tournadre 109 
et al., 2016). 110 
 111 
In this section, waves are ocean infragravity waves unless specified otherwise. Following 112 
Hasselmann (1963) and Ardhuin et al. (2015), we consider that the water depth is uniform along 113 
the shore. In that case, the generation of seismic waves at the same frequency as the ocean waves 114 
involves waves propagating towards the shore in direction  and in the opposite direction 115 

. Because the wave properties evolve in the cross-shore direction, we use for reference 116 
the wave frequency-direction spectrum at a given location A outside of the surf zone. For any 117 
frequency , the power spectral densities  and  are transformed by 118 
refraction (Longuet-Higgins 1957, O’Reilly and Guza 1993), and characterize the energy of 119 
waves travelling toward and away from the coast and their spectral densities. The latter waves 120 
are generally more energetic because their source is at the nearest shoreline, at a very short 121 
distance (e.g. Rawat et al., 2014; Neale et al., 2015). In practice, we specify pressure PSD at 122 
points adjacent to land and treat separately the islands that are resolved by the grid and those that 123 
are smaller than the grid. For the resolved land, the determination of shore-normal direction 124 
is explained in Ardhuin and Roland (2012) and uses the shape of the land-sea mask. For 125 
unresolved islands, a pressure PSD proportional to the along-shore distance Ly is decomposed in 126 
36 sources around the grid cell where islands are present , every 10° in azimuth. 127 
 128 
Although the frequency of ocean waves is conserved, the wavenumber  of ocean waves 129 
changes along the bathymetry profile so that the dispersion relationship for linear waves is 130 
fulfilled. At location  with ocean depth it is, , where  is the 131 
gravitational acceleration.  132 
 133 
The sea floor pressure power spectral density, at depth , is:  134 
 135 

                                  (1) 136 

 137 
where /32 is a dimensionless parameter that is function of the bottom topography and the wave 138 
frequency  (see Eq. 4.27 of Hasselmann, 1963),  is the water density,  is the cross-shore 139 
distance over which the pressure PSD is calculated. This spectral density corresponds to the 140 
effect of waves on the entire depth profile extending to infinity. In practice, similar values are 141 
obtained for realistic profiles. Further, the portion of the depth profile that appears to contribute 142 
most to the pressure spectrum is around the intermediate depth  such that the ocean 143 
wavenumber at that depth  satisfies =0.76 (Ardhuin et al. 2015). For a frequency of 10 mHz 144 
this depth is 1200 m.  145 
 146 
The power spectral density is a power density in wavenumber  and frequency 147 
space, with units of Pa2 m2 s. In practice, it varies very slowly with the horizontal seismic 148 
wavenumber vector . 149 
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 150 
Therefore the sea-bottom pressure spectrum is broad enough to generate all seismic phases that 151 
can be excited by vertical forces on a flat surface, with an isotropic radiation pattern. We can use 152 
the expression given by Longuet-Higgins (1950) for computing the seismic source term due to 153 
pressure PSD applied on any surface of dimension   (typically 50x50 km2, in our model). In 154 
the particular case of shallow water depth with respect to frequency: 155 
 156 

                                                                  (2) 157 

 158 
 and  are the S-wave velocity and density in the crust, and  is a non-dimensional 159 

coefficient that corresponds to the Rayleigh wave source site effect in a 2 layer ocean-crust 160 
medium (Longuet-Higgins, 1950; Ardhuin & Herbert, 2013). The water depth  (1200 m) is 161 
small compared to seismic wavelength (about 300 km for a frequency =0.01 Hz) and therefore 162 

we use given by Longuet-Higgins (1950). Gualtieri et al. (2013) showed that this 163 

coefficient  can be computed, for any Earth model, as the normalized product of the vertical 164 
eigen-function amplitudes taken at the source and receiver depths divided by the angular 165 
frequency. Their figure 2 shows that there is no difference between  for a 2-layers (ocean-166 
crust) model or PREM.  167 
 168 
We can now compute the power spectral density (PSD) of the vertical seismic acceleration by 169 
summing up the contribution of each source  at angular distance , taking into account 170 
seismic attenuation and geometrical spreading for the R1 and R2 Rayleigh wave trains and 171 
multiple orbits around the Earth: 172 
 173 

                                   (3)  174 

 175 
where R is the Earth radius,  is the seismic attenuation and  is the group velocity for 176 
the Rayleigh wave fundamental mode. Attenuation and group velocities are computed for model 177 
QL6 model (Durek & Ekstrom, 1996) and PREM model (Dziewonski & Anderson, 1981), 178 
respectively. The surface wave attenuation over one orbit around the Earth is given by 179 

, and  represents the incoherent sum of the energies of 180 

all the orbits. 181 
 182 

3 Temporal and spatial variations of hum sources 183 

In this section, we investigate the hum sources at global scale. The seasonal pattern of the 184 
modeled pressure power spectral density (PSD) along coasts (Equation 1) averaged in the 185 
frequency band 7-20 mHz are shown in Figure 1, and follows that of the infragravity wave 186 
heights (Aucan & Ardhuin 2013; Ardhuin et al. 2014).  187 
 188 
In the southern hemisphere, pressure PSD stronger than 85 dB with respect to Pa2/ (m-2 Hz) are 189 
present year round. The northern part of the Indian Ocean, although in the northern hemisphere, 190 
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follows the same seasonal variation as the SH, with weaker sources and a weaker annual 191 
variations compared to the southern part of the Indian Ocean. 192 
 193 
Table 1: Maximum pressure PSD   in Pa2/(m-2 Hz) in the SH and the NH  averaged over 3 months corresponding to 194 
SH summer  (January, February, March 2013) and  SH winter (July, August, September 2013)  195 

Max PSD pressure SH NH 
SH summer   
(January-February-March)  

2.17 *108 2.24 *108 

SH winter  
(June-July-August)  

3.92 *108 6.57 *107 

 196 
The NH pressure PSD shows seasonal variations, with higher PSD during NH winter (January-197 
February-March). Table 1 gives the maximum values of the average pressure PSD for SH 198 
summer (January, February, March) and SH winter (July, August, September). We find that the 199 
ratio of the maximum PSD of pressure in winter/summer is larger for the NH (3.4) than for the 200 
SH (1.8). We also see that during NH summer (July, August, September) the maximum pressure 201 
PSD in the SH is in the same order of magnitude as in the NH. The difference between NH 202 
summer and winter is marked in blue in Figure 1 (c) and the largest absolute difference is 203 
localized at the west coast of North America, Europa and West Africa down to the equator, and 204 
at the east coast of Greenland.  205 
 206 
Figure 1 also shows that in general the strongest sources are located on the west coasts of the 207 
continents, together with the east coast of southern Africa and Madagascar, and of Greenland and 208 
Siberia. Stutzmann et al. (2012) found a similar pattern for secondary microseism coastal 209 
sources. We note that interactions between ocean wave and sea ice are not yet fully quantified in 210 
the model, leaving sources around Antarctica out of the interpretation.  211 
 212 

4 Data selection and computing the seismic spectra 213 

We selected data based on a threshold of minimum 90% data availability for the year 2013 for 214 
stations within 50 degrees radius around the Indian Ocean (latitude=-23.64, longitude=75.50). 215 
We removed the instrument response. Afterwards, we performed a quality control check using 216 
probabilistic power spectral densities where stations with a signal level above -175 dB with 217 
respect to acceleration (for frequencies between 2 and 20 mHz), for more than 20 percent of the 218 
time, were eliminated and we ended up with 17 stations. Finally, we visually chose 7 stations 219 
based on their lowest noise levels to present in this paper and supplementary material. This 220 
operation removed all ocean bottom from the RHUM-RUM experiment (Barruol and Sigloch, 221 
2013) that in general have a high noise level in the hum period band (Duennebier & Sutton, 222 
1995) as well island stations. We computed spectra on prolate tapered windows of length 2048 s, 223 
considering 50% data overlap and we computed the PSD over each 3 hour windows (e.g. 224 
Stutzmann et al., 2000).  225 
 226 
Figure 2 shows the location of the stations, and the yearly averaged PSD with respect to 227 
acceleration for the data (blue) and the model (red) for the year 2013. The station names in bold 228 
(LBTB, VOI, JAGI and WRKA) are discussed hereafter. The other stations (LSZ, ABPO and 229 
PLAI) are discussed in the supplementary material.  230 
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 231 
 232 

For computing the fit between the annual median of the observed and synthetic PSD, we remove 233 
recordings of earthquakes of magnitude  larger than  following the criterion used in 234 
Ekström (2001): 235 

 
 236 
where  is the duration of data removed in hours after the earthquake. We use these data to 237 
determine empirically the  value (see Equation 1) as follows. We use data and synthetics for 238 
time sequences without earthquake and averaged in the frequency range 10-15 mHz. For each 239 
station, we select the value that provides the best fit between the model and data PSD. Later, 240 
using these same values of , we use continuous data (without earthquake removal) to study the 241 
seismic hum seasonality and the relation to source location. Figure 2 shows that we obtain a 242 
good agreement between modeled and observed seismic hum PSD for  values between 3 and 243 
4%. 244 

5 Temporal variations of the seismic hum recorded in the Indian Ocean 245 

We first investigate temporal variations of the observed and modeled hum RMS averaged 246 
between 7 and 20 mHz over the year 2013 at the four stations LBTB, VOI, JAGI and WRKA. 247 
 248 
Figure 3 shows the comparison between data (blue) and the synthetic (red) RMS amplitudes 249 
during  the different seasons. Results for the other stations are in the supplementary material. In 250 
the following explanations we consider the baseline of the RMS of the data and the model. The 251 
data baseline represents the hum signal that has smooth variations, whereas sudden increases in 252 
amplitude of short duration are mostly due to earthquakes. 253 
 254 
In Figure 3 we observe a generally good temporal fit between the RMS amplitude of the data and 255 
the model. However, at the Australian station WRKA the model seems to occasionally 256 
overestimate or underestimate the data. The stations on the west of the Indian Ocean, LBTB and 257 
VOI, follow a similar trend over time with the exception of the beginning of February. We will 258 
show later (Figure 4) that we can explain this by a local cyclone passing by the station VOI. The 259 
stations JAGI and WRKA, located on the east of the Indian Ocean, follow a different pattern 260 
from the stations on the west, but similar to each other.   261 
 262 
Seasonal variations (in dB with respect to acceleration RMS, Figure 3) are not significant for any 263 
of these stations: station LBTB reaches a RMS of just below -102 dB during the SH spring and 264 
summer months of November, December and January; in autumn and winter the RMS gets 265 
above -99 dB oscillating around -100 dB. Station VOI (ignoring the signals of cyclones in 266 
February and March) oscillates around -101 dB in SH spring and summer; and around -99 dB in 267 
winter. The RMS of station JAGI goes under -100 dB in SH spring and summer and reaching -98 268 
dB in SH autumn and winter. Station WRKA only leaves its oscillating level of -100 dB to go 269 
around -101 dB in November and December. In summary, we observe no significant seasonal 270 
variation of the hum recorded in the Indian Ocean.  271 
 272 
6 Spatial variations of the seismic hum recorded around the Indian Ocean  273 
 274 
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The next step is to localize sources in order to understand the differences in hum amplitudes 275 
between the 4 stations at given times. We do this by investigating during a time lapse the 276 
evolution of infragravity wave height and corresponding hum pressure source PSD. We illustrate 277 
the influence of a local source on the recorded seismic hum by the example of cyclone Felleng 278 
passing the coast of Madagascar in February 2013 (Davy et al., 2016). According to Metéo-279 
France Réunion (http://www. meteofrance.re/cyclone/saisons-passees/) the cyclone started as a 280 
tropical depression on 27 January 2013,  and grew to a tropical storm and into a strong tropical 281 
cyclone on 30 January 2013. Its intensity started decreasing to a strong tropical storm as it passed 282 
close to the coast of Madagascar on 1 February 2013. The entire time lapse sequence and a 283 
comparison of the infragravity and the wind sea and swell waveheight for Felleng can be found 284 
in the supplementary material.  285 
 286 
Figure 4 shows two snapshots: before and after the cyclone Felleng reached the coast of 287 
Madagascar together with the temporal variation of the seismic hum. We observe that recorded 288 
and modeled seismic signal RMS increase between the two times. It is particularly striking for 289 
station VOI when the cyclone Felleng propagates toward the station.  290 
On 27 January 2013 at global scale (Figure 4, top plot), we see some particularly strong sources 291 
at the east coast of Greenland.  In the enlargement of the Indian Ocean, we see no strong source 292 
present. On seismic data and model RMS amplitudes, we observe a low RMS level of -101 dB 293 
(with respect to acceleration) at all stations. Then, when the cyclone Felleng has arrived at the 294 
east coast of Madagascar, it generates relatively high infragravity waves of more than 20 mm 295 
(Figure 4, bottom plot). We observe an increase in the hum pressure sources along the same 296 
coast, as well as a small increase of pressure sources on the west coast of Australia and 297 
Antarctica. At the same time we measure a strong increase of the seismic signal RMS up to -98 298 
at station VOI, compared to only slight increase at the other three stations (up to -100 dB).  299 

300 
Another way to investigate the influence of local sources is by computing the seismic spectra 301 
generated by only a given source region. We define four regions (Figure 5): the west of Indian 302 
Ocean; the east of Indian Ocean; Antarctica and the rest of the world. We calculated the seismic 303 
signal RMS generated by sources in these regions for two stations on the western (VOI) and 304 
eastern (JAGI) side of the Indian Ocean.  Seismic spectra RMS averaged between 7 and 20 mHz 305 
are plotted in figure 6.  306 
 307 
For the western station VOI, the strongest contribution to the seismic signal in both amplitude 308 
and trend is for sources from the western area (cyan). For the eastern station JAGI, sources from 309 
the eastern area (dashed green) contribute most to the amplitude and trend of the seismic signal. 310 
Further, we see that during SH summer and most of spring, for both stations VOI and JAGI, the 311 
contribution of sources outside the indian ocean (grey) is stronger than the contribution of 312 
sources from the south; and from the opposite side of the Indian Ocean (western sources for 313 
JAGI and eastern sources for VOI). During SH winter we see that the second largest contribution 314 
of the seismic response is from sources of the opposite side of the Indian Ocean (east for western 315 
station VOI and west for eastern station JAGI).  316 
 317 
In Figure 7 we compare real and synthetic spectra RMS in a lower frequency band: 3.5-7 mHz.  318 
As previously, the largest contributions to the signal come from the closest sources: western 319 
sources for VOI, and eastern sources for JAGI. However, we observe a decrease in the 320 
contribution of local sources with respect to the total sources in this frequency band, especially 321 
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during spring and summer. For example, for station VOI the synthetic RMS corresponding to 322 
sources outside the Indian Ocean and to western sources occasionally overlap during these two 323 
seasons. The general fit between the model and data is less accurate than for frequencies between 324 
7 and 20 mHz (Figure 6) at station JAGI. The model slightly underestimates the recorded signal 325 
in summer and spring, and slightly overestimates the temporal variations due to local sources. 326 
For instance: at the beginning of October, we see an increase in the synthetic hum RMS  (red and 327 
green curves), but we do not observe the same increase in the data (blue). Station VOI still has a 328 
good model-data fit at these low frequencies.  329 
 330 
7 Discussion  331 
 332 
The good fit between the observed and synthetic seismic PSD confirms that pressure sources 333 
along the coasts, induced by infragravity waves propagating over a sloping ocean bottom, are the 334 
dominant sources of the hum for frequencies between 3.5 and 20 mHz. Infragravity waves are 335 
generated by the non-linear interaction of ocean swells. These swells are generated by winds, and 336 
therefore follow the general motion of prevailing wind patterns such as westerlies between 30 337 
and 60 degrees south latitudes driving gravity waves to move eastwards. As a result, swells and 338 
infragravity waves are strongest on west coasts in the SH which explains the strong sources 339 
there, as seen in Figure 1.  340 
 341 
The seismic signal seasonal variations observed in this study are much smaller than what was 342 
found by previous global studies (Tanimoto & Um, 1999; Ekström et al., 2001; Rhie & 343 
Romanowicz, 2004; Nishida & Fukao, 2007; Ermert et al, 2016). The lack of a strong seasonal 344 
variation in the Indian Ocean is also observed for primary microseisms. Schimmel et al. (2011) 345 
and Davy et al. (2015) observed some seasonal variation of the secondary microseisms but no 346 
seasonal variations of the primary microseisms recorded in and around the Indian Ocean. The 347 
small seasonal variation observed in the hum data is in agreement with the small seasonal 348 
variation in the modeled hum sources (pressure PSD) in the Indian Ocean.  349 
 350 
We included only the year 2013 in our analysis. Stutzmann et al. (2012) showed that seismic 351 
signal, including the hum frequency band, show no significant variation between years from 352 
2001 to  2011. We further checked that there is no significant change in the hum amplitude after 353 
2013.  354 
 355 
Data and model do not always fit perfectly. At the Australian station WRKA the model slightly 356 
overestimated the data amplitude. This may be due to different generation mechanisms of 357 
infragravity waves over coral reefs (Bertin et al., 2018). Also, we expect that the slope parameter 358 
s in Equation (1) should vary spatially. Here, instead of using a separate s for each source 359 
location, which would require many more data to be properly constrained, we have adjusted a 360 
constant s separately for each station. This approximation gives an overall good fit of the data 361 
and the values of s are of the order of what was obtained for real depth profiles (Ardhuin et al. 362 
2015). We expect that the variability of the depth alongshore may further modify the source 363 
magnitude and could lead to some interaction with ocean waves that are not perpendicular to the 364 
coast. The computation of sources of hum for such cases would require the estimation of the 365 
two-dimensional pressure field at the scale of the relevant topography, which is beyond the scope 366 
of the present paper.  367 
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 368 
We found a strong contribution of local sources to the recorded seismic signal. When the 369 
Tropical Cyclone Felleng passed along the eastern coast of Madagascar, station VOI in 370 
Madagascar recorded an elevated hum signal, whereas station LBTB in South Africa continent 371 
did not. The most energetic ocean waves did not reach the African main coast due to its protected 372 
location behind Madagascar. As a consequence little hum was generated at the African coast, and 373 
only a slight increase in hum amplitude was visible at the African station LBTB. This confirms 374 
that the hum is only generated when infragravity ocean waves arrive at a coast. Infragravity 375 
waves interact with the ocean bottom along Madagascar coasts, but can also propagate across the 376 
ocean to the east and generate a hum source at the east of the Indian Ocean. This source is likely 377 
much smaller, as we do not observe a large increase in recorded hum signal at stations to the east 378 
in the days after the cyclone passed in the west. 379 
 380 
8 Conclusions 381 
 382 
We analyzed the seismic hum recorded around the Indian Ocean in the frequency band 3-20 383 
mHz. We observe no significant seasonal variation of the observed seismic hum PSD. This 384 
differs from most studies, performed on a global scale, which reported a global seasonal 385 
variation in the hum. We also observed that, when cyclone Felleng passed close to the coast of 386 
Madagascar, only the nearby station recorded a strong increase of the hum amplitude. 387 
 388 
We modelled the seismic hum as Rayleigh waves generated by pressure sources at the ocean 389 
bottom along the coasts. These pressure sources are created by the interaction of ocean 390 
infragravity waves with the bathymetry slope close to the coast. We use the numerical model of 391 
Ardhuin (2013) and Ardhuin et al. (2014, 2015) that provides pressure source PSD along coasts 392 
in the hum frequency band. We show that the pressure PSD seasonal variations between 7 and 20 393 
mHz are stronger in the northern hemisphere (NH), than in the southern hemisphere (SH). 394 
During SH summer, the pressure PSD in the SH is of the same order of magnitude as the 395 
pressure PSD in the NH.  396 
 397 
We used the pressure PSD source model and computed Rayleigh wave synthetic PSD for seismic 398 
stations around the Indian Ocean. We adjusted the fit to the data by empirically determining a 399 
slope factor s that is fixed for each station. We observe a good fit of the temporal variations 400 
between data and model in the frequency band 7 and 20 mHz. This good fit confirms that the 401 
pressure resulting from the propagation of ocean infragravity waves over the ocean bottom slope 402 
at the coast is the mechanism that generates the seismic hum recorded on vertical component.  403 
 404 
The synthetic RMS amplitude also reproduces well the strong hum increase on the nearby station 405 
when a cyclone is passing along the Madagascar coast. More generally, sources generated along 406 
the closest coast to the station provide the strongest signals and there is much less contribution of 407 
sources from the other side of the ocean. In the model, we assumed that interaction of seaward 408 
moving infragravity waves with the ocean bottom topography accounts for 80 % of the sources. 409 
The good fit between data and model seems to validate this hypothesis.  410 
 411 
To summarize, from our regional study in the Indian Ocean, we show a good fit between 412 
measured and modeled seismic hum Rayleigh waves on the vertical component. We observe 413 
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little seasonal variation and strong influence of sources generated at the nearest coasts. In the 414 
future, the modeling should be improved by taking into account more accurately slope factor 415 
along each coast. Pressure sources used in this study can explain hum spheroidal modes and 416 
Rayleigh waves but it cannot generate the observed toroidal hum and Love waves for which 417 
another mechanism should be quantitatively tested.  418 
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 587 

Figure captions 588 

Figure 1: Seismic hum sources. Modeled pressure PSD averaged in the frequency band 7-589 
20mHz over (a) January-February-March and (b) July-August-September 2013. In (a), NH 590 
winter is shown with strong sources along the west coasts; sources in the northern part of the 591 
Indian Ocean have low amplitudes. Strong sources appear on the west coasts of Europe, northern 592 
America and Africa, as well as the east coast of Greenland. In (b), SH winter is shown, with 593 



Confidential manuscript submitted to G-cubed 
 

 

strong sources around the west coasts of South America, Africa, Australia, New Zeeland and 594 
Indonesia. Other strong sources are along Antarctica coasts. Pressure PSD increases around the 595 
west coast of India, the east of the Arabic peninsula and Madagascar, as well as the east of 596 
southern Africa. In (c) we subtracted (a) from (b), and we see positive values in the SH. We  597 
observe positive values in the entire Indian Ocean whereas in the western Pacific Ocean  values 598 
are negative at similar latitudes close and above the equator.  599 

Figure 2: Station locations and seismic power spectrum density. Top: Geographical map 600 
showing the seismic station locations (downward red triangles) around the Indian Ocean used in 601 
this study. Station names are in black. Bottom: Seismic signal power spectrum density in dB 602 
with respect to acceleration as a function of frequency for stations ABPO, LBTB, JAGI and 603 
WRKA: the annual median of the earthquake free data PSD is plotted in blue and the annual 604 
median of the synthetic PSD is in red. The maximum frequency of the hum model is 20 mHz, 605 
where the model is most reliable (Ardhuin et al. ,2015). The high and low noise level of Peterson 606 
(1993) are indicated by dashed lines. The s values in the title above each seismic PSD are the 607 
dimensionless values of equivalent slope factor s (see Equation 3) used to fit the data amplitude.  608 

Figure 3: Comparison between data and synthetic RMS amplitudes for stations mentioned above 609 
each plots.  In blue is the measured RMS amplitude of the vertical acceleration averaged between 610 
7 and 20 mHz; in red the corresponding synthetic RMS. In gray are times of earthquakes. Plots 611 
are split in SH (a) summer; (b) autumn; (c) spring and (d) winter. All stations show a slight RMS 612 
amplitude decrease in the months November and December. We see similar trends for stations 613 
on the west of the Indian Ocean (LBTB and VOI) on one side, and for stations on the east (JAGI 614 
and WRKA) on the other side. This suggests that the hum is sensitive to local sources in this 615 
region.  616 

Figure 4: Influence of a local cyclone generating a strong seismic signal in the hum frequency 617 
band at station VOI.  Snapshot on 27 January  2013 12:00 and 1 February 2013 00:00 are shown 618 
in the top and bottom figures respectively. Infragravity wave heights are plotted with the blue 619 
color scale.  Circles are the hum pressure sources and their PSD are plotted with the yellow-red 620 
color scale. The location of cyclone Felleng is plotted in blue (top plot) and purple (bottom plot).  621 
The intensity of the cyclone is moderate when it is blue and strong when it is purple. Seismic 622 
RMS values are  shown in the middle panel for the data (blue) and model (red).  Red dots show 623 
the signal amplitude and red arrows  indicate the snapshot at the corresponding time. 624 

 625 
Figure 5:  Hum source locations used for computing synthetic spectra in Figure 6. Pressure 626 
source PSD averaged in the frequency band 7-20 mHz and over the year 2013 are plotted in 627 
color. The west box corresponds to source locations between 30˚N – 50˚S; 20˚E – 75˚E; the east 628 
box considers source locations between 30˚N – 50˚S; 75˚E – 130˚E; the south box includes 629 
sources between 50˚S – 80˚S; 20˚E – 130˚E. The rest of the world is the box that contains all 630 
source locations outside these three areas 631 

Figure 6: Comparison between data and synthetic RMS amplitudes averaged between 7 and 20 632 
mHz for sources along the west (cyan) and east (dashed green) coast of the Indian Ocean for the 633 
western station VOI (left) and the eastern station JAGI (right). Similar to Figure 3, the RMS 634 
amplitude of the vertical acceleration is in blue for the data and in red for the model  taking into 635 
account all sources of the hum. The RMS acceleration for sources in the south and others are in 636 
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black and grey respectively. The source locations west, east, south and other are shown by 637 
squares in Figure 5.   638 

Figure 7: Similar to Figure 6 in but for frequencies between 3.5 and 7 mHz. The factor  here is 639 
2.4 percent, compared to 3 in Figure 6.  640 
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