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Abstract

Microseism source characterization and its genesis play a key role in linking microseism records to
prevailing atmospheric and oceanic conditions. In the present study, we analyzed the spatial and
temporal distribution of microseisms in the Andaman and Nicobar region using ocean-bottom
seismometers (OBSs) and nearby continental stations data for the deployment period (January 2014 to
April 2014). We attempted to establish a linkage between microseisms and ocean wave parameters
derived from the ERA-5 dataset.. The short-period secondary microseisms (2 — 5 s) show marked
difference as compared to long-period secondary microseisms (6 — 10 s) and are associated with local
climatology and geomorphology. In contrast, long-period microseisms are related to distant sources in
the South Indian Ocean. The primary microseisms (11-20 s) are weak in the Andaman region and do
not correlate with any ocean wave parameters.
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Introduction

Microseisms are the most energetic band observed in a seismic noise spectrum. Microseisms occur
due to the interaction between the solid earth and ocean-wave and their genesis depends on
atmospheric and oceanic conditions, which vary spatially and temporarily. Microseisms can be broadly
categorized into primary microseism (PM) or single frequency microseism with periods of 11 to 20 s
and secondary microseism (SM) or double frequency (DF) microseism with periods of 2 to 10 s. The
DF microseisms can be further categorized into short-period double frequency (SPDF) and long-period
double frequency (LPDF) microseisms with periods of 2-5 s and 6-10 s, respectively (Stephen et al.,
2003; Bromirski et al., 2005; Sun et al., 2013; Koper and Burlacu, 2014). PM originates in shallow
waters, where the wavelength of wind-induced ocean surface gravity waves is greater than the water
depth (Hasselmann, 1963; Haubrich and McCamy, 1969; Bromirski et al., 2005). SM is generated from
the nonlinear interaction of ocean gravity waves of similar periods that are traveling in opposite
directions (Longuet-Higgins, 1950; Ardhuin et al., 2011, 2015). In general, SM has relatively higher
amplitudes as compared to that of PM in OBS stations.

The SM can be further classified into three types (class I to III) based on its origin (Ardhuin et al.,
2011). Class-I SM is associated with a single storm, while class-II SM results from the superposition
of ocean gravity wave with its coastal reflection. Class-III results from the interaction of swells arising
from two distinct storms. Numerical modeling suggests that classes I and III are generated for body
waves in the open ocean (Gerstoft et al., 2008; Zhang et al., 2010; Lande¢s et al., 2010; Koper et al.,
2010; Euler et al., 2014) and for Rayleigh waves (Cessaro, 1994; Stehly et al., 2006; Obrebski et al.,
2012 ), whereas class II originates in near-shore regions (Chevrot et al., 2007; Bromirski et al. 2013).
SM rarely propagate from deep oceans to the coastal areas (Bromirski et al., 2013; Ying et al., 2014);
however, some researchers have contradicted this argument (Beucler et al., 2015; Tian and Ritzwoller,

2015; Gualtieri et al., 2015).

Microseism source characterization has wide applications in many fields such as earth and atmospheric
sciences, oceanography, marine sciences, natural hazards, etc. Microseisms can be used to track storms
propagating across ocean basins and to monitor ocean wave activity (Ebeling and Stein, 2011; Sun et
al., 2013; Davy et al., 2014; Lin et al., 2014; Sheen, 2014; Sufti et al., 2014; Barruol et al., 2015; Xiao
et al., 2018) and can supplement satellite and oceanographic observations particularly in regions of
inadequate buoy data coverage. The other applications of microseisms are imaging the earth's interior
using ambient noise tomography (Behr et al., 2010; 2011; Sabra et al., 2005; Shapiro et al., 2005;
Gerstoft et al., 2006; Yang et al., 2007; Yao et al., 2008; Zhang et al., 2010) and making inferences

about global climate change (Bromirski et al., 1999; Grevemeyer et al., 2000; Bromirski and
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Duennebier, 2002; Aster et al., 2008; Stuzman et al., 2009). However, the method's accuracy and
reliability are affected by the source regions of microseismic noises (Yao and van Der Hilst, 2009;
Fichtner, 2014, 2015); therefore, a better understanding of microseism source distribution and

propagation is required to explain the genesis of microseismic noise.

Numerous investigations have been carried out worldwide to understand microseismic noise (Aster et
al., 2008; Gerstoft et al., 2008; Stutzmann et al., 2012). The noises in the Atlantic Ocean (Friedrich et
al., 1998; Chevrot et al., 2007; Queiroz et al., 2017; Carvalho et al., 2019) and Pacific Ocean (Haubrich
and McCamy 1969; Gerstoft and Tanimoto, 2007; Brooks et al., 2009; Koper et al., 2010; Behr et al.,
2013) are well studied. Only a few studies are carried out in the South China Sea (Xiao et al., 2018)
and the Southern Ocean (Reading et al., 2014). Likewise, the noises in the Indian Ocean are covered
by relatively fewer studies (Koper and De Foy 2008; Sheen 2014; Davy et al, 2014, 2015;
Rindraharisaona et al., 2020).

The intense storm activities in the South Indian Ocean generate ocean surface gravity waves that can
propagate thousands of kilometers, circumscribing the hemisphere and reaching distant coasts as long-
period waves or swells (Barber and Ursell, 1948; 1963; Snodgrass et al., 1966). For example, the North
Indian Ocean region had reported on the modulation of local wind-waves at Kalpakkam, Tamil Nadu
from remote forcing effects of Southern Ocean swells (Nayak et al., 2013). A multi-scale modeling
approach was used to understand the role of distant swells and their impact on modifying and
modulating the sea-state in the presence of locally generated wind-waves. They showed that swells
from the Southern Ocean influence the local wind-waves in about four days time. In another study,
Remya et al. (2015) reported the teleconnection between North Indian Ocean high swell events and
meteorological conditions in the Southern Ocean using a combination of in situ measurements and
model simulations. The Southern hemisphere has roaring forties, a strong westerly wind system located
between latitudes 40 °S and 50 °S.

The local wind-wave climate of a region is also influenced by swells, which play an essential role in
redistributing the energy of ocean waves (Nayak et al., 2013). Based on ocean wave spectral analysis,
initial studies on the propagation of swells for major ocean basins are documented by Barber and Ursell
(1948). Alves (2006) investigated ocean swells' contribution to the global wind-wave climate and
postulated that swells that originate in the Southern Ocean contribute a major portion of wave energy
to the global oceans. Low-frequency swells can also lead to coastal flooding (Kurian et al., 2009).
Further, the influence of distant swells that propagate from the South Indian Ocean on the local wind-

wave climate during cyclone Phailin was reported by Sandhya et al. (2015) and Remya et al. (2016).



CSIR-national institute of oceanography carried out a passive seismic experiment in the Andaman and
Nicobar region, Bay of Bengal (Dewangan et al., 2017; Singha et al., 2018). This dataset gave us a
unique opportunity to study microseismic noise in the Indian Ocean and understand their genesis. We
analyzed the spatial and temporal variations of microseismic noise and attempt to establish a linkage
between microseisms and ocean wave parameters in the Andaman-Nicobar region (Fig. 1). Such
correlation helps in mapping the source region of microseismic noise worldwide (Tindle and Murphy,
1999; Bromirski, 2001; Rhie and Romanowicz, 2006; Zhang et al., 2009; Chen et al., 2011). We
demonstrate that the swells originating in the South Indian Ocean have a possible linkage with

microseisms in the Northern Indian Ocean.
Data and methodology
Seismological Data

Nine ocean-bottom seismometers (OBSs) data (Dewangan et al., 2017) and three ISLAND stations
(HUTB, PBA and BARA) data (Srijayanti et al., 2012) from the Andaman and Nicobar region and six
continental stations (PMBI, PSI, LHMI SIM, MHIT, PKBT) were used to characterize microseismic
noises in the Indian Ocean (Fig. 1). OBSs were deployed from January 2014 to May 2014 to understand
the seismicity and tectonics of the Andaman-Nicobar region (Dewangan et al., 2017; Singha et al.,
2018). OBS was equipped with a Giliralp CMG-40T seismometer (corner period of 60 s) and a
broadband HTI-04-PCA/ULF hydrophone (100 s to 8 kHz). The orientations of OBSs were obtained
from the analysis of Rayleigh waves (Dewangan et al., 2017) and are reliably estimated for only four
stations (OBS02, OBS05, OBS09 and OBSI11), which are used in the present study (Fig.1). The
ISLAND/continental stations belong to the national center for ocean information services (INCOIS)
(HUTB, BARA and PBA), Thai Seismic Monitoring Network (MHIT and PBKT), GEOFONE GE
Seismic Network (LHMI and PMBI), GEOFONE IA Seismic Network (PSI) and Myanmar National
Seismic Network (SIM).

Ocean wave model

ERAS dataset is a fifth-generation of European Centre for Medium-Range Weather Forecasts
(ECMWF) atmospheric reanalysis for the global climate. This dataset is an assimilated product
obtained by ingesting model-derived data with observations for the global oceans. The ERAS was
produced using the 4D-Var (Four-Dimensional Variational Data Assimilation) data assimilation system
of ECMWEF Integrated Forecast System (IFS) comprising 137 hybrid sigma levels in the vertical. The
top-most atmospheric level in ERAS is prescribed at 0.01 hPa. Atmospheric data from the surface to

the top-most level are interpolated to 37 pressure levels. Being an assimilated product using 4D-Var,



the researchers find that the data quality is superior and has potential applications for research use.
ERAS dataset is available for each hour of the day as a gridded product having global coverage. This
data has a horizontal resolution of 0.25°x0.25° for the atmospheric variables, and 0.5°x0.5° for ocean
waves. This datasets' availability covers a period starting from 1979 till present with a one-hour
temporal resolution at each grid location. Here, we used the ERAS dataset of ocean waves for the
Indian Ocean domain (30°N—70°S; 30°E—120°E) during January-April, 2014. This study analyzed
several ocean wave parameters (Table 1) to establish their correlation with microseismic noise in the
Andaman-Nicobar region. Various parameters analyzed are as follows: significant wave height (SWH),
and its component due to wind-waves and total swells, combined wind-waves and swell,
first/second/third swell partitions; mean wave period, and its component due to wind-waves and total
swells, first/second/third swell partitions; mean wave direction, and its component due to total swells,
first/second/third swell partitions. In ERAS, the swell wave system is addressed by partitioning the
swell spectrum into three parts, and labeled as first, second, and third based on their respective wave
heights. The spectral partitioning algorithm of Hanson and Phillips (2001) is used to decompose the
swell spectrum into swell systems. The corresponding significant wave height, mean wave direction
and period are computed based on the partitioned spectrum to differentiate swell wave systems

produced from different sources.

The wave height data from ERAS analysis has been critically validated against independent buoy
observations (Hersbach et al., 2020). The validation exercise revealed that compared to ERA-Interim
datasets, the performance of ERAS5 was much better in terms of scatter index (normalized standard
deviation). The scatter index based on validation against independent buoy wave heights is much lower
in ERAS, demonstrating the improved data quality of ERAS (Hersbach et al., 2020) used in the present
study.

Polarization analysis

Numerous techniques exist for the analysis of microseismic noise like the cross-correlation (Landés et
al., 2010; Tian and Ritzwoller, 2015 ), back projection (Ishii et al., 2005, 2007), a combination of cross-
correlation with back projection (Shapiro et al., 2006; Stehly et al., 2006), beamforming (Cessaro,
1994; Gerstoft and Tanimoto, 2007; Euler et al., 2014; Gal et al., 2016;) and polarization techniques
(Park et al., 1987; Schulte-Pelkum et al., 2004; Koper and Hawley, 2010; Schimmel et al., 2011). A
major limitation of back projection, cross-correlation and beamforming methods is the requirement of
multiple stations or dense networks. In contrast, the polarization method can be performed at a single
station. Therefore, we used a frequency-dependent polarization approach (Schimmel and Gallart, 2003,

2004, 2005; Schimmel et al., 2011) to identify source regions. The three-component seismic data was
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filtered for specific microseismic periods (1-5 s for SPDF, 6-10 s for LPDF and 11-20 s for PM) and
converted to ground motion after accounting for instrument response. The processed data was divided
into two-hour length segments, and each segment was transformed into the time-frequency domain

using S-transform (Stockwell et al., 1996; Ventosa et al., 2008).

We obtained the degree of polarization (DOP) and the back azimuth as a function of time and
frequency. The DOP is built from the semi-major and semi-minor axes of an ellipse that best fits the
ground motion. The time-frequency variations of the semi-major and semi-minor axes are determined
through eigenvalue analysis of three components seismogram. DOP (t, f) is expressed by a mean vector

m(t, f)a and planarity vector p(z, f) as,
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p(z, f) represents the cross product of semi-major and semi-minor vectors of the ellipse. For a linear
or almost linear particle motion with linearity greater than 0.7, the planarity vector is replaced by the
semi-major vector. We used a Gaussian window T(f) of length 17 s. In analogy to multiresolution
analysis, the window size is scaled up/down by four times, which translates linearly with period of
interest for stable results. N (f) is the number of samples in each window, and 100 samples are used in
this study. v1, v2 are exponents used to control the number of polarized signals with DOP above the
preset threshold of 0.7. Ambiguity regarding £180° also is resolved by assuming retrograde elliptical

ground motion of the Rayleigh wave.
Results and discussions
Double frequency microseisms in the Andaman-Nicobar regions

Microseismic noise levels are within the Peterson's noise limits for all OBSs located in the Andaman
and Nicobar region (Dewangan et al., 2017). The amplitude spectra of microseisms (2 to 20 s) vary
temporally and spatially for OBSs (Fig. 2) and continent stations (Fig. 3). In general, we observed
splitting of double frequency microseisms into two or more peaks on all OBS and most of the LAND
stations (Figs. 2,3). However, splitting is not observed on the inland stations (MHIT and PKBT)
located far away from the coast. In the present study, we divided double frequency microseisms into

SPDF (2-5 s) and LPDF (6-10 s). We observe that SPDF microseisms were strongest in January as



compared to that in April. In contrast, LPDF microseisms show an inverse relationship and were
strongest in April. We strategically choose nine land stations to compare OBSs' noise levels with those
from continental stations; 3 Island stations from Andaman and Nicobar Islands (HUTB, PBA and
BARA), three stations from the Sumatra region (PMBI, PSI and LHMI), one coastal station (SIM) and
two Inland stations from Thailand (PBKT and MHIT). It is interesting to observe that all continental
stations except SIM, PBKT and MHIT show a similar temporal pattern for SPDF and LPDF

microseisms, i.e., SPDF were strongest in January and LPDF were strongest in April.

Koper and Burlacu (2015) attributed the splitting of DF microseisms into SPDF and LPDF due to the
interaction of noise signals generated from different regions. The Andaman-Nicobar region's local
wind system is stronger in January and might explain the strongest SPDF microseisms during this
period. In contrast, LPDF microseisms show an inverse pattern and were strongest in April. The wind
system in the extra-tropical south Indian Ocean is strongest during June-October (Zieger et al., 2014).
During the OBS deployment period (Jan-Apr), the winds in the South Indian Ocean were relatively
stronger in April (Fig. 6); therefore, we infer that LPDF microseisms are related to distant sources in

the South Indian Ocean.

Secondary microseisms (both SPDF and LPDF) show spatial variations in addition to temporal
variations. Microseisms are weak for OBS06 and OBS07 located in deep waters (> 3500 m) and
farthest from the coastline. However, other OBSs located in deep waters (OBS01, OBS03 and OBS12)
show relatively higher SM noise, as they are closer to the coastline (Figs. 1,2). In general, OBSs located
in shallower depths (< 2000 m) and in the proximity of coastline or seamounts (OBS05, OBS09,
OBSI11) exhibit strong microseismic noise. The only exception is OBS02, which is located in moderate
water depth (1832 m) and is in the proximity to submarine volcanoes but show weak microseismic
noise. These observations suggest that microseismic noises are more sensitive to coastlines/seamounts'
proximity than to water depths in the Andaman and Nicobar region. Noise levels in Island stations
(HUTB, PBA and BARA) are slightly lower than those from OBS stations. The continental stations
(PMBI, PSI, LHMI and SIM) show even lower noise. The inland stations (PBKT and MHIT) exhibit
the lowest noise level among all stations. These observations suggest that SM energy attenuates as they

transition from deep water to shelf regions to continent.

The PM with a dominant period of 15 s was observed for all LAND stations (Fig. 3) and the shallowest
OBS station (OBS11) and is not observed in other OBS stations located in deep waters (>1800 m).
According to first-order theory, PM is the strongest microseismic noise in coastal regions due to the
breaking of swells, but cannot effectively propagate to deep oceans as observed in the South China

Sea (Xiao et al., 2018). As most OBS stations are located in deep waters, they do not show the dominant
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peak associated with PM in the Andaman-Nicobar region. The absence of PM on OBSs might also
indicate either source regions are far from OBS stations or are obscured by high noise levels at the

ocean floor.
Polarization of microseisms in the Andaman-Nicobar region

A data matrix of polarized signals as a function of time, frequency, back azimuth at source and
instantaneous degree of polarization is prepared for analysis. We selected signals with high degrees of
polarization (> 0.7) and inferred microseisms' directional characteristics in the Andaman and Nicobar
Islands. The polarized signals in the entire microseisms band (2-20s) are divided into SPDF (2-5s),
LPDF (6-10s) and PM (11-20s) sub-bands. We selected only four OBS stations, whose horizontal
orientations are reliable (OBS02, OBS05, OBS09 and OBS11 after Dewangan et al., 2017) and three
LAND stations (PBA, BARA and PSI) for polarization analysis. We observe that strong local
earthquakes and their aftershock sequence largely influence the polarization analysis; therefore, we

manually identified and removed these large earthquake signals before polarization analysis.

The frequency-dependent polarization for the selected OBSs is shown in Figure 4 for the entire
deployment period. The inner and outer circles of each sub-band represent 2 and 5 s for SPDF, 6 and
10 s for LPDF and 11 and 20 s for PM. The numbers of polarized signals are remarkably higher for
SPDF as compared to LPDF and PM. The total number is largest in LPDF and PM bands for OBSs
located over Alcock and Sewell seamounts (OBS05 and OBS09), situated over a thin sedimentary
cover. The OBS11, located over accretionary prism with thick sediments, shows a fewer number of
polarized signals. These observations suggest that microseisms, comprising of Love and Rayleigh
waves, may propagate effectively in low sediment cover and get attenuated due to unusually low
velocities of thick marine sediments. A strong polarized signal is observed in the PM band with

dominant periods of 12, 14 and 16 s corresponding to the Rayleigh wave.

Dominant polarization directions for the SPDF band vary significantly among OBSs; however, they
are remarkably consistent for LPDF and PM bands for an individual OBS. The signals are mostly
oriented along northwest-southeast direction for OBS02 and OBS05 and northeast-southwest direction
for OBS09 and OBS11. OBSs show two back azimuth directions for the LPDF band, which may be
attributed to reflections of waves from the Andaman Islands and volcanic arc/seamounts. A similar
polarization is observed in the Cape Verde archipelago in the Atlantic Ocean (Carvalho et al., 2019).
Also, the variations in direction may be related to the uncertainty in the OBS orientation. The

Andaman's bathymetry is quite complex, which might lead to changes in the signal propagation



direction. The monthly variation of polarization spectra also reveals similar polarization directions for

all four months though the numbers of polarized signals vary (Figs. S1 to S4).

Back azimuths of elliptically polarized signals at BARA, PBA and PSI stations are shown in Figure 5.
The number of polarized signals is remarkably high for PSI in all bands. Polarization plots for Island
stations (BARA and PBA) are similar to OBS stations (Figs. 4 and 5). BARA demonstrates that SPDF
is directed towards the east while LPDF and PM are directed towards the southwest. PBA shows
multiple directions for SPDF, suggesting the sources are local while LPDF and PM direct towards west
and southwest. PSI shows a consistent southwest direction for all bands. Monthly variations of
polarization spectra for LAND stations are presented in Figures S5 to S7, and they show that
polarization directions are consistent for the entire deployment period. It is interesting to note that
LPDF and PM bands show consistent southwest directions for all OBS and continent stations,
indicating that they originate from the same source in the South Indian Ocean. The analysis of OBS
data from the Rhum-Rhum experiment (Davy et al., 2015) and land stations from La Reunion
(Rindraharisaona et al., 2020) also suggests that the source region of microseisms lies in the South

Indian Ocean. The absence of consistent direction for the SPDF band suggests local origin.
Linkages between microseisms and swells in the Andaman-Nicobar region

We studied several ocean wave parameters (Wind speed, significant wave height, mean wave period,
mean wave direction, etc.) in the Andaman-Nicobar region to establish their linkages with
microseismic noise in SPDF, LPDF, and PM bands. Spatio-temporal variations of 10-m wind speed
and direction for the Indian Ocean region during the deployment period are shown in Figure 6. The
western and eastern sectors of the extra-tropical South Indian Ocean (ETSIO) and Southern Ocean
(SO) regions experience the highest wind speed exceeding 9 m s™!, sometimes reaching about 13-15 m
s! (Figs. 6b-d). Typically, this region is persistent with very strong westerlies and generates swell
waves that eventually propagate towards the North Indian Ocean (NIO) region (Kurian et al., 2009;
Nayak et al., 2013; Zheng et al., 2018). The tropical south Indian Ocean (TSIO, 35° S: EQ; 30° E:
120° E) experiences moderate wind speed, with persistent strong easterlies (Figs. 6a-d). The tropical
north Indian Ocean (TNIO) region comprises the Arabian Sea (EQ: 30° N; 30° E:78° E), Bay of Bengal
(EQ: 30° N; 78° E: 105° E), and South China Sea (SCS, EQ: 30° N; 105° E: 120° E). Winds are
relatively stronger in the SCS region (Figs. 6a-b) during January and February ranging between 9-15
m s}, and a part of this system enters the Andaman Sea through the Gulf of Thailand and Malacca
Strait. Interaction of local waves generated due to strong wind in the Andaman region during January

may explain high SPDF microseismic noise during this period. During March and April, the transitions



in winds' speed are noticed over the head Bay of Bengal region (Figs. 6¢-d), and the wind speed is

relatively low, which may explain low SPDF microseismic noise in April.

Monthly averaged significant wave heights for the Indian Ocean region during January-April are
shown in Figure 7. The southern sector of TSIO and SO experiences the highest significant wave
heights exceeding 4.0 m, especially during February-April (Figs 7b-d). Monthly mean wave heights
range from 1.0 to 1.5 m in the Bay of Bengal. Regions in the SCS experience relatively higher wave
heights in the order of 2.0-2.5 m during January-February (Figs. 7a-b). Wave heights decrease during
March-April due to the weakening of the wind system in the transition period. In general, based on the
orientation of wave height contours, the significant wave heights are seen increasing from the southern
to the northern hemisphere, indicating the presence and dominance of distant swells generated from
the SO and their role in influencing the local wind-wave climate of NIO. Monthly averaged wave
periods and wave direction are shown in Figures S8 and S9, respectively. The swell-generating area in
the SO has the highest mean wave period exceeding 9.0 s during January-April. Regions in the western
TSIO experience wave period of 7.5 s, whereas the eastern sector has relatively higher mean wave
periods in the order of 9.0 s. In general, the mean wave periods in the SO are higher during March-
April as compared to January-February. Eastern sectors in the SO belt show a mean wave period of
10.5 s during April that is directly linked to strengthening of winds over this region (Figure 6d).
Strengthening of winds in the SO (Figs. 6¢-d) is directly related to higher significant wave heights
(Figs. 7c-d) and a higher mean wave period (Figs. S8c-d). It is notable that with increasing wave
activity in the SO sector, the mean wave period in the NIO is also found increasing, and that is more
prominent over the Bay of Bengal as compared to the Arabian Sea. The mean wave direction (~ 270°)
over the SO (Fig. S9) belt lie almost aligned with the wind direction of the strong westerlies (Fig. 6).
It is seen that for the southern belt in the TSIO, the mean wave direction is aligned towards the
southerly wave propagation direction (~ 180°). It deciphers the propagation and dispersion of wave
energy from the SO belt migrating towards the Northern hemisphere centered in the southerly and
south-easterly directions. Propagation of wave energy from the southerly and south-westerly directions
is evident in the eastern sector of the TSIO belt. During March-April, the mean wave direction is
oriented southerly and south-westerly in the TNIO, influencing the wind-wave climate in regions over

the Bay of Bengal.

Daily records of microseismic noise for SPDF, LPDF, PM bands were extracted for all OBSs and two
island stations (BARA and PBA) to evaluate the linkages between noise in the Andaman-Nicobar
region and ocean wave parameters. Likewise, daily records of relevant ocean wave parameters such as

significant wave heights, mean wave period and mean wave directions were extracted at each location
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from the ERAS dataset. Time series distribution of 120 days (OBS's deployment period) for
microseismic noise and ocean wave parameters is shown for a representative OBS (Fig. 8). The
Pearson correlation coefficient (R) was calculated as a statistical correlation between OBS/island
stations and ocean wave parameters and is listed in Table 1 for SPDF, LPDF and PM bands. We
observed large positive correlations (0.63 - 0.81) between wind speed / significant height of wind
waves and SPDF, indicating the role of wind-induced local waves towards the genesis of SPDF

microseisms for OBS/island stations.

We analyzed the correlations of SPDF with significant heights corresponding to swell/wind-waves,
first and second swell partitions, and observed that they are largest for wind-waves for OBS. Large
negative correlations (-0.67 to -0.81) are observed between mean wave period and SPDF, indicating
that short-period (high-frequency) waves generate stronger SPDF microseisms than long-period
waves. The mean wave directions (70-250°) show negative correlations (-0.44 to -0.76) with SPDF

noise, suggesting that wave directions (70-100°), perpendicular to coastlines, generate stronger SPDF.

In contrast, moderate negative correlations (-0.17 to -0.40) are observed between wind speed and
LPDF noise for all OBSs except OBS12. Poor correlations (-0.29 to 0.27) are observed between SWH
and LPDF, indicating that local wind-induced waves do not significantly impact the generation of
LPDF microseisms. Moderate positive correlations (0.37 — 0.65) are observed between mean wave
period/mean period of total swells and LPDF for most OBSs and island stations, indicating that long-
period (low-frequency) waves generate the strongest LPDF microseisms. We presume that long-period
waves travel from long distances; therefore, the source region of LPDF microseisms is far from the
Andaman Islands. The mean wave directions for most OBSs show moderate positive correlations
(0.27-0.53) with LPDF noise, suggesting that wave direction (170-200°), pointing towards the South

Indian Ocean, generate stronger LPDF.

Poor correlations are also observed between amplitudes of PM (11-20 s) and SWH for most OBSs and
island stations, indicating that SWH may not govern the PM (Table 1). Rindraharisaona et al. (2020)
characterized microseismic noise at La Reunion Island in the western Indian Ocean. They observed a
high correlation between SWH and PM, indicating that PM can be used as a proxy for swell height.
We do not detect a similar phenomenon for the marginal Andaman Sea as the lack of PM signal on

OBSs does not permit such analysis.
Summary and conclusions
We analyzed the microseismic noise and attempted to understand its genesis in the Andaman-Nicobar

region, Bay of Bengal. We observed double frequency microseisms splitting into SPDF (2 — 5 s) and
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LPDF (6 — 10 s) on OBS and continental stations. The SPDF microseisms show a strong dependence
on local wind conditions and geomorphology and were strongest in January when wind speeds are
higher. They are randomly polarized and show a strong correlation with the significant height of wind
waves. They are excited by short-period waves that are perpendicular to the Andaman-Nicobar Islands.
In contrast, LPDF microseisms show consistent polarization, which points towards the South Indian
Ocean. The amplitude of LPDF was strongest in April when the gusty winds exist in roaring forties
and furious fifty in the southern Indian Ocean. They are excited by long-period waves oriented in

north-south directions.
Data and resources

The ocean-bottom seismometer (OBS) data were acquired in the Andaman—Nicobar region under the
Council of Scientific and Industrial Research - Geodynamics and Earthquake generating processes in
NE India and Andaman Subduction zone (CSIR-GENIAS) Project. The waveform data for the BARA
station were provided by Earth System Sciences Organization - Indian National Centre for Ocean
Information Services (ESSO-INCOIS), Ministry of Earth Sciences, Government of India on 22"
August 2016. Earthquake data for the continental stations were compiled from the IRIS Data
Management Center (IRIS DMC). The monitoring network comprises of Thai Seismic Monitoring
Network (MHIT and PBKT), GEOFONE GE Seismic Network (LHMI and PMBI), GEOFONE IA
Seismic Network (PSI), Malaysian National Seismic Network (KUM) and Myanmar National Seismic
Network (SIM). All the figures are made using MATLAB R2019b. M-Map toolbox was used for
plotting (Pawlowicz, 2020). Polfre code was used for the polarization analysis. The figures (Figs. S1-

S9) are provided as supplementary material.
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List of figure captions

Figure 1: Location map of the study area. Stars are OBS stations and triangles are land stations. Zoom
out of the study location is shown in the inset.

Figure 2: Monthly variation of microseism amplitude spectra for OBSs. Amplitudes are extracted from
the vertical component. Legends show amplitudes for Jan to April, and they are same for all the
subplots. D represents depth in meters.

Figure 3: Monthly variation of microseism amplitude spectra for continent stations. Amplitudes
represent the vertical component. Legends show amplitudes for Jan to April, and they are same for all
the subplots.

Figure 4: Polarization spectra for OBSs. Measurements represent the entire duration of OBS
deployment. The color scale represents the number of polarized signals. As seen in LPDF and PM
plots, the number of polarized signals is high only for certain periods i.e., the periods/frequencies
corresponding to the Rayleigh waves at that station.

Figure S: Polarization spectra for selected continental stations. Measurements represent the entire
duration of OBS deployment. The color scale represents the number of polarized signals. As seen in
LPDF and PM plots, the number of polarized signals is high only for certain periods i.c., the
periods/frequencies corresponding to the Rayleigh waves at that station.
Figure 6: Monthly averaged 10m wind Speed and direction extracted from the ERA-5 dataset.
Figure 7: Monthly averaged significant wave heights extracted from the ERA-5 dataset.
Figure 8: Representative correlation of microseism (solid lines) with ocean wave parameters at
OBSO01. (a) SPDF Vs. SWH (b) SPDF Vs. wind speed (¢) SPDF Vs. mean period (d) LPDF Vs. mean
period.

List of table captions
Table 1: Correlation coefficient of microseismic noise in SPDF, LPDF and PM bands with wave

parameters extracted from the ERA-5 dataset. Strong correlations (> 0.45) are marked in red, moderate
correlations (0.25-0.45) are marked in green and poor correlations (< 2.5) are marked in black.
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Figure 1: Location map of study area. Stars are OBS stations and triangles are land stations. A zoom out of the
study location is shown in inset.
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Figure 2
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Figure 2: Monthly variation of microseism amplitude spectra for OBS

10

subplots. D represents depth in meters.
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stations. The amplitudes are from vertical component. Legends show amplitudes for Jan to April. Legend is same for all the

Figure 3
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Figure 3: Monthly variation of microseism amplitude spectra for LAND stations. The amplitudes are from vertical component. Legends show amplitudes for Jan to April. Legend is same for all the

subplots.
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Figure 4
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Figure 4: Polarization spectra for OBS stations. Measurements are for entire duration of deployment. Color scale represents number of polarized signals.
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Figure 5: Polarization spectra for LAND stations. Measurements are for entire duration of deployment. Color scale represents number of polarized signals.
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Figure 6

Monthly averaged 10-m Wind Speed and Direction in January 2014 Monthly averaged 10-m Wind Speed and Direction in February 2014
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Figure 6: Monthly averaged 10m Wind Speed and Direction.
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Figure 7

Monthly averaged Significant Wave Height (in meters) in January 2014 Monthly averaged Significant Wave Height (in meters) in February 2014
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Figure 7: Monthly averaged Significant Wave Heights.
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Figure 8

Representative Correlation of Microseism with Wave Parameters at OBS 01
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Figure 8: Representative Correlation of micreseism (solid lines) with ocean wave parameters (a) SPDF Vs SWH (b) SPDF Vs Wind Speed (¢) SPDF Vs Mean Period (d) LPDF Vs Mean Period.
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Table 1
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WAVE PARAMETERS OBS05
SPDF SPDF LPDF PM
Wind Speed -0.10 0.80 -0.02 -0.38 -0.18
Sea Level Pressure -0.26] 0.60, -0.20) -0.47
Significant Wave Height -0.22 0.80 -0.01 -0.30 3
Mean Wave Period -0.03] -0.81 0.01 0.50 0.09
Mean Wave Direction 0.07, -0.76 0.09 0.31 0.11
Signification wave height of Total Swell -0.17] 0.58, 0.13 0.14 -0.08]
ant wave height of Wind-Waves 7 011 0.82 -0.39 -0.08 -0.45 -0.22
ant wave height of first swell partition -0.04 0.49 0.09) 0.24] -0.2 0.61 -0.22 0.01 012 -0.07
Significant wave height of second swell partition 0.42 0.04 0.23 0.43 -0.03] 0.20 0.28 0.29 0.29 0.07 0.06
ficant wave height of third swell partition 0.11 0.00] 0.10] -0.03 0.14) -0.15 0.10 0.01 0.11 -0.08
Mean Period of Total Swell 0162 0.53] -0.02 0.66] -0.09 -0.67] 048 -0.07 -0.55] 0.4 0.08
Mean wave period of first swell partition 0,04/ -0.02 -0.12 0.17] -0.03 0.01 -0.02 -0.10 0.07 -0.1 -0.10
Mean wave period of second swell partition 019 0,09 0.06) 030 0.07 0.23 005 -0 0.25 011 0,05
Mean wave period of third swell partition 003 0.15 0.10] 0.09] -0.08 0.06! 0.00) 0.02 0.07 0.10] 0.03
Mean Direction of Total Swell 0.39] 0.26] -0.01 0,69 0.33 0.04 -0.64 0.39 0.11 -0.46] 027 010/
Mean wave direction of first swell partition -0.2 0.16 -0.05 0.49 0.23 0.02] -0.22 0.32 0.33) -0.22 0.21 0.12
Mean wave direction of second swell partition 0.18 0.16 0.02] 0.23 0.12 0.01 -0.20 0.09] 0.06) -0.29 0.21 0.03
Mean wave direction of third swell pﬂi‘ll[ioll 0,22 0.06/ -0.06] 0.01 -0.12 -0.22] -0,02] -0.06 =022/ 0.04 -0.06] -0.05]
OBS06 OBS11 OBS12
SPDF LPDF PM LPDF PM LPDF PM
0.75 -0.33 0.00] 0.09) -0.40 -0.19 0.17] 0.39
0.69) -0.24 0.03) 0.02] -0.32 -0.15 0.18 0.33
0.74] 0.02/ 0.01 -0.03 -0.01 0.05] -0.04] -0.09 0.01 -0.07
-0.70 0.60 0.00 0.56 -0.12 -0.09 0.65 0.20 -0.10 -0.4
-0.56 0.27 -0.06) 0.31 -0.02 -0.12 0.51 0.19 0.07 -0.14
0.31 0.26 0.09 0.22 =0.04] =0.05] 0.32 -0.01 -0.01 -0.21
0.78 -0.28 0.03 -0.39) 0.01 0.07 -0.39 -0.18 0.08 0.28
0.21 0.30 0.00] 0.29] =0.14] 0.07 0,30 0.08 =012 0.33
0.34 -0.23 -0.18 -0.08) 0.06 -0.15 -0.18 -0.20) 0.435 0.21 0.25
0.06 008 -0.14 0.09] 0.19] -0.10 014 0.00] 0.20] 0.08 0.12
-0.60) 0.63] 0.00] 0.50] -0.16) -0.07 0.69 0.18 -0.67 -0.05 -0.38
-0.13 0.42 -0.01 0.13 -0.06, 0.02] 0.17 -0.02 -0.29 0.22 0.01
0.31 -0.27 0.00] -0.20) -0.12 0.02] -0.21 0.00] 0.10 -0.05 -0.03
-0.18 -0.13 -0.13 0.14] 0.00] -0.06 -0.02 -0.01 -0.03 -0.01 0.05
-0.46 0.13 -0.14 0.27 0.02 -0.10 0.42 0.07 -0.22 0.12 0.00
-0.35] 0.21 -0.09 0.17) 0.04 -0.05 0.39 0.06) -0.23 0.20 0.09)
-0.07 0.25 0.00 0.34 0.11 0.37 0.26 -0.04 0.19 0.21 -0.25 -0.22 -0.30
0.01 0.06 0.20] 0.01 0.00 0.15) -0.01 0.18 -0.19] -0.22 -0.16| =013 -0.14
BARA PBA
SPDF LPDF SPDF LPDF PM
0.63 -0.36 0.67. -0.22 0.12
0.64 -0.34 0.68! -0.20 0.09
0.72 -0.27 0.74 -0.12 0.16
-0.67 0.56 -0.68 0.45 0.05
-0.44 0.26 -0.52! 0.13 -0.10
0.62 -().29] 0.64 -0.18 0.03
0.60] -0.33 0.62! -0.16 0.21
0.56] -0.35 0.60 -0.23 0.06
0.15 0.17 0.13 0.11 -0.07
-0.09 0.27 -0.09 0.21 -0.12
-0.53 0.54 -0.52 0.48 0.17
0.01 0.03 -0.01 0.09 0.22
0.33 -0.13 0.35 -0.09 -0.03
-0.08 0.05 -0.03 0.07 -0.09]
-0.50 0.32 0.41 -0.50/ 0.24 0.09
-0.26 0.18 0.31 -0.25] 0.13 0.12]
-0.02 0.17 0.13 0.05, 0.17 0.14
0.14) -0.12 -0.09 0,14 -0.12 0.03
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List of Supplemental Figure Captions

Figure S1: Monthly variation of Polarization spectra for OBS02 station. Color scale represents
number of polarized signals.

Figure S2: Monthly variation of Polarization spectra for OBS05 station. Color scale represents
number of polarized signals.

Figure S3: Monthly variation of Polarization spectra for OBS09 station. Color scale represents
number of polarized signals.

Figure S4: Monthly variation of Polarization spectra for OBS11 station. Color scale represents number
of polarized signals.

Figure S5: Monthly variation of Polarization spectra for BARA station. Color scale represents number
of polarized signals.

Figure S6: Monthly variation of Polarization spectra for PBA station. Color scale represents number

of polarized signals.
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Figure S7: Monthly variation of Polarization spectra for PSI station. Color scale represents number
of polarized signals.

Figure S8: Monthly averaged mean wave period extracted from ERA-5 dataset.

Figure S9: Monthly averaged mean wave direction extracted from ERA-5 dataset.

Data and resources

The ocean-bottom seismometer (OBS) data were acquired in the Andaman—Nicobar region under
Council of Scientific and Industrial Research - Geodynamics and Earthquake generating processes in
NE India and Andaman Subduction zone (CSIR-GENIAS) Project. The waveform data for the BARA
station were provided by Earth System Sciences Organization - Indian National Centre for Ocean
Information Services (ESSO-INCOIS), Ministry of Earth Sciences, Government of India on 22™
August 2016. Earthquake data for the continental stations were compiled from the IRIS Data
Management Center (IRISDMC). The monitoring network comprises of Thai Seismic Monitoring
Network (MHIT and PBKT), GEOFONE GE Seismic Network (LHMI and PMBI), GEOFONE IA
Seismic Network (PSI), Malaysian National Seismic Netwok (KUM) and Myanmar National Seismic
Network (SIM). All the figures are made using MATLAB R2019b. M-Map toolbox was used for

plotting (Pawlowicz, 2020). Polfre code was used for the polarization analysis.
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Figure S1. Monthly variation of Polarization spectra for OBS02 station. color scale represents number of polarized signals
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Figure S2. Monthly variation of Polarization spectra for OBS0S5 station. Color scale represents number of polarized signals
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Figure S3
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Figure $3. Monthly variation of Polarization spectra for OBS09 station. Color scale represents number of polarized signals
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Figure S4. Monthly variation of Polarization spectra for OBS11 station. Color scale represents number of polarized signals
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Figure S5. Monthly variation of Polarization spectra for BARA station. Color scale represents number of polarized signals
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Figure S6. Monthly variation of Polarization spectra for PBA station. Color scale represents number of polarized signals
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Figure S7
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Figure S7. Monthly variation of Polarization spectra for PSI station. Color scale represents number of polarized signals
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Figure S8

Monthly averaged Mean Wave Period (in sec) in January 2014 Monthly averaged Mean Wave Period (in sec) in February 2014
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Figure S8. Monthly averaged Mean Wave Period
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Figure S9

Monthly averaged Mean Wave Direction (in °) in January 2014 Monthly averaged Mean Wave Direction (in °) in February 2014
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Figure $9. Monthly averaged Mean Wave direction
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