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Text S1.

Gravity Wave Amplitude, Seismic Wave Amplitude, and Transfer Function Magnitude

Estimation

For a gravity wave train propagating on a free surface along the horizontal x axis

with amplitude a, wavenumber k, and angular frequency ω, the time-dependent dynamic

pressure at depth z is

p(z) = ρga
cosh(k(z +H))

cosh(kH)
cos(kx− ωt), (1)

where ρ is water density (1025 kg/m3), g is gravitational acceleration (9.8 m/s2), H is

total water depth (741 m for KPDR) (Kundu, Cohen, & Dowling, 2011, Equation 7.31).

Hence, the bottom dynamic pressure pBDP = p(z = −H) can be represented by the

product of the surface dynamic pressure pSDP = p(z = 0) and the frequency-dependent

surface-to-bottom dynamic pressure decay factor α(f)

pBDP = α(f)pSDP , (2)

where

α(f) = cosh−1(kH). (3)

By solving the gravity wave dispersion relation (Kundu et al., 2011, Equation 7.29)

c =
ω

k
=

√
g

k
tanh(kH), (4)

the wavenumber k, and thereafter α(f), can be determined for each frequency. Let

SSDP (f, t) be the surface dynamic pressure (power-spectral-density) spectrogram, i.e. the

spectrogram of pSDP , and SBDP (f, t) be the bottom dynamic pressure spectrogram, i.e.

the spectrogram of pBDP . SBDP (f, t) is calculated with 4096-s long Hanning-windowed
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pressure data segments, overlapped 1024 s. The 100-Hz sampled pressure data are lowpass

filtered at 0.4 Hz and downsampled to 1 Hz for spectrogram calculation. According to

Equation 2, SSDP (f, t) is estimated by

SSDP (f, t) = α−2(f)SBDP (f, t). (5)

Since direct measurement of the gravity wave surface elevation dG(t) is unavailable, its

spectrogram SG(f, t) is estimated by

SG(f, t) =
SSDP (f, t)

(ρg)2
. (6)

Let dSV (t) be the vertical seismic displacement of the ice shelf, its spectrogram SSV (f, t)

is calculated with the same parameters as for SBDP (f, t) except that 1-Hz sampled seismic

data are directly available.

The time-dependent gravity wave amplitude AG(t) in frequency band [f1, f2] is esti-

mated by

AG(t) =

√∫ f2

f1
SG(f, t)df (7)

Similarly, the time-dependent vertical seismic displacement amplitude AS(t) in fre-

quency band [f1, f2] is estimated by

ASV (t) =

√∫ f2

f1
SSV (f, t)df (8)

Let DG(f) and DSV (f) be the Fourier transform of dG(t) and dSV (t) respectively. The

transfer function HGSV (f) is defined as the linear mapping of DG(f) to DSV (f)

DSV (f) = HGSV (f)DG(f). (9)

Let TGSV (f) be the magnitude of HGSV (f), i.e., TGSV (f) = |HGSV (f)|. Then we have
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SSV (f, t) = TGSV (f)2SG(f, t), (10)

or equivalently,

ASV (f, t) = TGSV (f)AG(f, t). (11)

Accordingly, TGSV (f) is estimated by the median of ASV (f, t)/AG(f, t) of all time bins.

Moreover, TGSV (f) can be alternatively defined as the transfer function between AG(f, t)

and ASV (f, t).

During data processing, temporal segments with missing data, earthquakes, or signif-

icant instrument noise were discarded in AG(t), ASV (t), and TGSV (f) estimations at all

frequencies. Thereafter, at each frequency f , the segmental TGSV (f) was calculated for

each remaining temporal segment and then sorted. Segments giving magnitudes below

5 percentile level or above 95 percentile level are further discarded in overall TGSV (f)

estimation at frequency f . The summer, winter, and full-year TGSV (f) estimates were

based on 4633, 5132, and 26271 segments at each frequency.
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Text S2.

Icequake Detection

First, we apply short-term-average/long-term-average (STA/LTA) methodology (With-

ers et al., 1998) on the envelope of the seismogram to detect signals with high signal-

to-noise-ratio (SNR). A STA/LTA ratio above a preselected “on-threshold” identifies a

high-SNR signal. The detected signal is regarded as ended when the ratio drops below

a preselected “off-threshold”. This process is automated by ObsPy Python code package

(Beyreuther et al., 2010). The lengths of the short time and long time windows are 3 and

60 seconds. The on and off threshold ratios are 10 and 1.

Second, we clean the detection results by removing the non-icequake signals. One

kind of non-icequake signals has waveforms like a sequence of the same wavelet, often

with much higher amplitudes than adjacent normal data. Another kind of non-icequake

signal is an earthquake. We differentiate them from icequakes with an empirical method

based on the following aspects. (1) Earthquake sources are mainly out of the RIS, while

icequake sources are mainly within the RIS. (2) Earthquake signals propagate at a higher

speed than icequakes. (3) Earthquakes are usually observed at most of the 34 RIS array

stations, except that they can sometimes be overwhelmed by the strong background noise

at the icefront. Icequakes (1–8 Hz) can hardly propagate more than 200 km, i.e. they

can be observed at less than 20 stations, but typically 10 or less. Though lower-frequency

icequakes, like the stick-slip icequakes (Wiens, Anandakrishnan, Winberry, & King, 2008),

can propagate a longer distance, they are out of this paper’s scope.
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Text S3.

Icequake Location

Icequakes are located based on the basic least-squares methodology described in Chap-

ter 5.7 of Shearer (2009). Icequakes are defined by their origin times t0 and hypocenter

locations, i.e., latitude θ, longitude φ, and depth h. For the RIS (hundreds of meters

thick), the focal depth h is much less than the epicentral distance (tens of kilometers);

therefore, h is neglected in the following and horizontal rays are assumed. The seismic

arrival time at the nth station is predicted by

tpn = Fn(t0, θ, φ), (12)

where Fn is a prediction operator that incorporates the Earth model parameters. For

icequake signals traveling at uniform apparent speed c, Fn is simplified as

tpn = t0 +
dn(θ, φ)

c
, (13)

where dn denotes the epicentral distance of the nth station.

Let the model vector m = (t0, θ, φ, c)
T , where the superscript (·)T denotes transpose.

The cost function is defined as the sum of squared arrival time prediction errors at the N

stations

ε(m) =
N∑

n=1

[tn − tpn(m)]2, (14)

where tn is the observed arrival time at the nth station. Minimization of ε(m) yields an es-

timate of the model vector mbest. Since dpn(θ, φ) is a non-linear function, the minimization

is done by grid search.

July 15, 2019, 3:08pm



: X - 7

For simplicity, assume the misfit tn−tpn(m) is caused by uncorrelated, random Gaussian

noise with standard deviation of σ, which can be estimated by the residuals at mbest

σ2(mbest) =

∑N
n=1[tn − tpn(mbest)]

2

ndf

, (15)

where ndf = N − 4 is the degree of freedom since m has 4 components. Accordingly, the

variable

χ2(m) =
N∑

n=1

[tn − tpn(m)]2

σ2
, (16)

follows χ2 distribution with ndf degrees of freedom, from which the 95% confidence limits

can be obtained.

This is a basic method to get a first estimation of the icequake locations. Waveform

cross-correlation methods could be applied to improve relative locations.
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Movie S1. WAVEWATCH III significant wave height hindcast (Tolman, 2009) during

the strong storm near the RIS front. The asterisks at the bottom center indicate the

seismic stations on the RIS.

Movie S2. Seismogram (Z: vertical, R: radial, T: transverse) and particle motions at

DR10 for the representative rift icequake in Figure 3c,e.

Movie S3. Seismogram (Z: vertical, R: radial, T: transverse) and particle motions at

DR04 for the representative icefront icequake in Figure 3d,f.
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Figure S1. Spectra of the vertical (blue) and horizontal (yellow and green) seismic displace-

ments (left y axis) and the bottom pressure (red, right y axis) at KPDR.
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Figure S2. Sea-ice concentration on Mar (a) 01, (b) 11, (c) 21, and (d)31 during 2015, based

on daily imagery from NASA Nimbus-7 SMMR and DMSP SSM/I-SSMIS Passive Microwave

Data (Cavalieri et al., 1996 to present, updated yearly), courtesy NASA NSIDC DAAC. The

sea-ice concentrations in the red box region are averaged to estimate the daily mean sea-ice

concentration over the Ross Sea in Figure 2c, representing increasing sea ice near the RIS during

March 2015 that would affect gravity wave attenuation during the summer-to-winter transition

period when swell >0.04 Hz from Southern Ocean storms impacting the RIS became strongly

damped (Figure 2). July 15, 2019, 3:08pm
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Figure S3. Synthetic seismograms on the ice shelf surface in a three layer model composed

of air (half space), ice (300 m thick), and water (half space), with elastic parameters given in

Table S1. They are generated with OASES, a software for modeling seismo-acoustic propagation

in horizontally stratified waveguides (Schmidt & Jensen, 1985). The source is 10 m above the

ice shelf bottom with a Ricker wavelet source function centered at 5 Hz. The source direction

and receiver component are annotated. The speeds of P-wave (cP=3.772 km/s, red), S-wave

(cS=1.875 km/s, blue), extensional Lamb wave (cEL=3.0 km/s, magenta), and flexural Lamb

wave (cFL=1.5 km/s, cyan) in the ice shelf are indicated. In this model, flexural Lamb waves

degenerate to Rayleigh waves above 4 Hz where they are insensitive to the bottom of the ice.

The seismic traces are normalized with the same factor in (a), (b), and (c) and are 10 times more

normalized in (d). These two types of plate waves are also observed at lower frequencies (Chen

et al., 2018).

July 15, 2019, 3:08pm



X - 14 :

Figure S4. Zoom-in plot of austral summer activity from Figure 4. Weekly medians of ASV

in the VLP band (0.001–0.003 Hz, green curve) and swell band (0.03–0.1 Hz, blue curve) from

Jan 1 to Apr 1, 2015. Icequakes that could be located are indicated by red circles, with positions

shown in Figure 1a. (b, d, f) Same as (a, c, e) but for ASV a year later. The three swarms at

DR01 (a) and the two swarms at DR02 (d) are indicated by black arrows. The representative

icequake near DR01 (shown in Figure 3d) is indicated by the red arrow in (a).
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Figure S5. Maps of the (a) Ross, (c) Wilkins, and (e) Thwaites ice shelves and their posi-

tions in Antarctica, with cross-section (green line) geometry given in (b), (d), and (f) for the

corresponding ice shelf.
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Figure S6. Summer (Jan 17–Mar 15, 2015, red), winter (Jul 1–Sep 1, 2015, blue), and full-year

(Jan 17–Dec 8, 2015, black) k2TGSV (f) estimates. The gray area shows the range of the 5 to

95 percentiles of the 26271 k2TGSV (f) realizations for full-year estimation. The wavenumber k

is obtained from the flexural-gravity wave dispersion relation of the RIS, which was empirically

estimated by averaging the beamforming output over 0◦ to 20◦ azimuth (the north-south linear

transect of the seismic array is roughly along 10◦) (Chen et al., 2018).
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Table S1. Elastic parameters of air, ice, and water that are used in generating the synthetic

seismograms on the ice shelf surface (Figure S3). The elastic parameters of ice are estimated

from seismic wave dispersion on the RIS (Diez et al., 2016). Equivalently, the elastic parameters

of ice can be represented by Young’s modulus E = 8.6 GPa, shear modulus µ = 3.2 GPa, and

Poisson’s ratio ν = 0.34.
Layer cP (km/s) cS (km/s) Density (kg/m3)
Air 0.340 0 1.225
Ice 3.772 1.875 916

Water 1.500 0 1024
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