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Abstract

We estimated the seismic attenuation (Q factor) of the Greenland Ice Sheet (GrIS) by comparing observed and theoretical

Rayleigh waveforms. Observed waveforms are obtained by interfering with noise waveforms in vertical-component seismograms

between stations, which belong to the latest broadband seismic network distributed throughout Greenland (GLISN network).

Theoretical waveforms are calculated by parallel computation with the latest 3-D seismic waveform modeling. Comparing the

observed waveforms with the theoretical waveforms at different Q factors reveals that GrIS has a low Q of QP, QS [?] 50,

indicating very high attenuation of seismic waves due to the ice. This study is the first to confirm the low Q factor of ice sheets

via ultra-long-distance propagation (˜several hundreds to 1,000 km). The Q factors obtained in this study are indispensable

for estimating the thermal status of GrIS, as well as for interpreting the characteristics of seismic waveform that propagates

through GrIS.
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Abstract 21 

We estimated the seismic attenuation (Q factor) of the Greenland Ice Sheet (GrIS) by comparing 22 

observed and theoretical Rayleigh waveforms. Observed waveforms are obtained by interfering 23 

with noise waveforms in vertical-component seismograms between stations, which belong to the 24 

latest broadband seismic network distributed throughout Greenland (GLISN network). 25 

Theoretical waveforms are calculated by parallel computation with the latest 3-D seismic 26 

waveform modeling. Comparing the observed waveforms with the theoretical waveforms at 27 

different Q factors reveals that GrIS has a low Q of QP, QS ≤ 50, indicating very high attenuation 28 

of seismic waves due to the ice. This study is the first to confirm the low Q factor of ice sheets 29 

via ultra-long-distance propagation (~several hundreds to 1,000 km). The Q factors obtained in 30 

this study are indispensable for estimating the thermal status of GrIS, as well as for interpreting 31 

the characteristics of seismic waveform that propagates through GrIS. 32 

 33 

Key words: 34 

Q factor, Greenland Ice Sheet (GrIS), 3-D modeling, finite-difference method (FDM), seismic 35 

attenuation, The Greenland Ice Sheet Monitoring Network (GLISN) 36 

 37 

 38 

 39 



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth 

3 

 

1. Introduction 40 

The Greenland Ice Sheet (GrIS) occupies 80% of the total area of Greenland, with an 41 

average thickness of ~2 km and a maximum thickness of > 3 km (Bamber, Ekholm, et al., 2001; 42 

Bamber, Layberry, et al., 2001; Henriksen et al., 2009). If the GrIS melts completely, the global 43 

sea levels will rise by 7 m (Houghton et al., 2001); therefore, an accurate prediction of its 44 

thermal state is desirable. Until recently, there were only a few permanent seismic stations in and 45 

around Greenland; however, since the launch of the Greenland Ice Sheet Monitoring Network 46 

(GLISN) in 2009, the number has gradually increased, with 34 currently operating stations, 47 

including four on the GrIS (Clinton et al., 2014; Toyokuni et al., 2014). The GLISN is an 48 

international network involving 11 countries (Canada, Denmark, France, Germany, Italy, Japan, 49 

Norway, Poland, South Korea, Switzerland, and the United States). The data on three-component 50 

broadband seismic waveforms obtained by GLISN have been made public worldwide through 51 

the Data Management Center (DMC), which is a branch of the U.S. Incorporated Research 52 

Institutions for Seismology (IRIS). Numerous seismological studies have used GLISN data (e.g., 53 

Darbyshire et al., 2018; Lebedev et al., 2017; Levshin et al., 2017; Mordret, 2018; Mordret et al., 54 

2016; Pourpoint et al., 2018; Rickers et al., 2013; Toyokuni et al., 2018, 2020a, 2020b); however, 55 

there is only one theoretical study on seismic waveform propagation through the GrIS (Toyokuni 56 

et al., 2015), which only used the elastodynamic equation, not accounting for anelastic 57 

attenuation. 58 

Seismic attenuation, which is one of the basic physical properties of solids, is quantified 59 

by the quality (Q) factor. The Q factor of ice strongly depends on the thermal state, fabrics, 60 

observation area and depth, and frequency band (e.g., Peters et al., 2012; Podolskiy & Walter, 61 

2016). Most Q factors of ice obtained in previous studies were for ice columns and were 62 
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obtained using measurements of the basal or deep englacial reflected waves (e.g., Westphal, 63 

1965; Clee et al., 1969; Langleben, 1969; Gusmeroli et al., 2010; Peters et al., 2012). However, 64 

these Q factors vary widely from 7 to 1,000, owing to the dependency on the factors mentioned 65 

above. To accurately grasp the thermal state inside the GrIS and understand the characteristics of 66 

seismic waveforms observed by the GLISN network, we must know the Q factor averaged over 67 

the GrIS for P (QP) and S waves (QS) during long-distance propagation.  68 

Helmstetter et al. (2015) fitted P- and S-waveforms of icequakes observed at Glacier 69 

d’Argentière in Mont Blanc, France, with synthetic waveforms, and estimated the Q factor of the 70 

glacier as QP, QS = 20. The horizontal propagation distances of seismic waves in their 71 

observations were up to ~200 m, and the glacier thickness was ~150−200 m. The frequency band 72 

of the waveforms was 30–500 Hz. To date, there are no other examples of Q factor estimations 73 

for glaciers or ice sheets by comparing the observed and theoretical waveforms. The purpose of 74 

this study is to obtain the average QP and QS of the GrIS by fitting the observed and theoretical 75 

surface waveforms that propagate through the GrIS over long distances (~100−1,000 km). The 76 

observed waveforms are ambient-noise Rayleigh waveforms extracted by seismic interferometry 77 

(Toyokuni et al., 2018) in a frequency band of 0.1−0.3 Hz. The theoretical waveforms are 78 

calculated with various QP and QS of the GrIS, using the latest full 3-D seismic waveform 79 

modeling scheme, that is, the quasi-Cartesian finite-difference method (FDM) (Takenaka et al., 80 

2017). 81 
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2. Method 82 

2.1 Extraction of observed Green’s function 83 

The cross-correlation waveforms for 120 GLISN station pairs were obtained by seismic 84 

interferometry (Toyokuni et al., 2018). The data period amounted to 4.5 years, ranging from 85 

September 1, 2011, to February 29, 2016. They used the vertical component of the noise 86 

waveforms (20 sps) at 16 GLISN stations (Figure 1a) and obtained the day-averaged cross-87 

correlation functions (CCFs). The final CCF for each pair was obtained by averaging the daily 88 

waveforms over the entire analysis period (4.5 years). The CCF for a station pair can be 89 

converted to the Green’s function when assuming one station as a source and the other as a 90 

receiver as follows: 91 

 92 

𝑑

𝑑𝑡
〈𝐶12(𝑡)〉 = 𝑐[𝐺(𝑡) − 𝐺(−𝑡)] (1) 

 93 

where 𝑡 is time, 𝑐 is a constant, 〈𝐶12(𝑡)〉 is the ensemble average of the CCF between stations 1 94 

and 2, and 𝐺(𝑡) is Green’s function (e.g., Roux et al., 2005; Nakahara, 2006). We use the 4.5-95 

year averaged CCF as 〈𝐶12(𝑡)〉. As the noise sources are unevenly distributed around GLISN 96 

stations, most of the CCFs have an asymmetrical shape with respect to the lag time. Therefore, 97 

after taking the time derivative of the 4.5-year averaged CCF according to Equation 1, the 98 

observed Green’s function is obtained by folding back the negative lag time and averaging the 99 

causal and acausal portions. The time duration of the resulting Green’s function is 600 s. 100 

To extract clear Rayleigh wave packets, we select station pairs using the following 101 

procedure: 102 
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1. Apply a bandpass filter of the frequency band corresponding to the secondary microseisms 103 

(0.1−0.2 Hz or 0.1−0.3 Hz) that provides the highest energy. 104 

2. Discard pairs whose maximum envelope amplitude does not fall within the typical Rayleigh-105 

wave group-velocity range (2.7 km/s ≤ U ≤ 3.3 km/s). Through this process, pairs with an 106 

inter-station distance > 1,600 km are discarded because the Rayleigh wave packets for these 107 

pairs do not fall within the 600 s duration. 108 

3. Divide the maximum envelope amplitude by the noise amplitude to calculate the signal-to-109 

noise ratio (SNR). The noise amplitude is obtained by averaging the envelope amplitudes 110 

between 50 s before the theoretical arrival time, with U = 3.5 km/s, and 50 s after the 111 

theoretical arrival time, with U = 2.5 km/s. Pairs with SNR < 5 in the 0.1−0.2 Hz band are 112 

discarded (Figure 1b). 113 

2.2 Calculation of synthetic Green’s function 114 

The theoretical Green’s functions are calculated using the quasi-Cartesian finite-115 

difference method (FDM) in Takenaka et al. (2017). In this method, the target region is 116 

transformed into coordinates near the equator, and the 3-D viscoelastodynamic equations are 117 

solved by the FDM in the local spherical coordinates. This method calculates seismic wave 118 

propagation on a grid distribution with nearly equal intervals in both the latitude and longitude 119 

directions, such as in the Cartesian coordinate system (= quasi-Cartesian coordinates) while 120 

preserving the curvature of the Earth. Therefore, this method is suitable for Greenland as it is an 121 

area of sub-global scale, and longitudinal intervals in the geometrical coordinates largely depend 122 

on the latitude. The coordinate transformation proposed by Takenaka et al. (2017) was also 123 

applied to Greenland and surrounding regions for the seismic tomography (Toyokuni et al., 124 
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2020a,b). In addition, the quasi-Cartesian FDM can treat a point source with an arbitrary 125 

mechanism (single force and moment-tensor source), 3-D structures of the density, seismic 126 

velocities, and seismic attenuation, 3-D surface topography and structural discontinuities, and a 127 

seawater layer. 128 

As a substantial computational cost is required to manage the entirety of Greenland in the 129 

3-D waveform modeling, we conduct computations for three smaller regions. Regions 1, 2, and 3 130 

target the central, southern, and central-eastern parts of Greenland, respectively (Figure 1a). In 131 

the coordinate transformation by Takenaka et al. (2017), the reference point near the center of 132 

the target area is transformed into (longitude, latitude) = (90°, 0°). Table 1 lists the position of 133 

the reference point and the calculation specifications for each region.  134 

To obtain the vertical component of Green’s function for a station pair, we impose a 135 

vertically-oriented single force at the position of one station and calculate the vertical component 136 

of the 3-D seismic waveforms at the position of another station. The source time function is a 137 

bell-shaped pulse with a width of 1 s. To examine the differences in the results depending on the 138 

grid used, Region 3 contains the station pairs used in Regions 1 and 2 (ICESG−SOEG and 139 

ANGG−ICESG pairs, Figure 1a); however, the waveforms are calculated using a smaller spatial 140 

grid interval and time increment than those in other regions. 141 

We create structural models using the ETOPO1 Global Relief Model 142 

(doi:10.7289/V5C8276M) for Greenland’s surface topography, basal topography of the GrIS 143 

(therefore, also for the thickness of the GrIS), and ocean bathymetry  (Figures 2 and S1), and 144 

using Crust 1.0 (Laske et al., 2013) for the 3-D density, P-wave velocity (VP), and S-wave 145 

velocity (VS) in the GrIS, crust, and mantle. We note that, in our model, sedimentary layers 146 

included in Crust 1.0 are filled with the crust beneath them because the sedimentary layers are 147 
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very thin on land areas. A model of the Moho depth distribution is created by smoothly 148 

connecting the values from Crust 1.0 beneath the oceanic areas and the values from Dahl-Jensen, 149 

Larsen, et al. (2003) beneath the land areas of Greenland (Figure S2).  150 

Because our target frequency band is narrow (0.1−0.3 Hz), we assume that the Q factor is 151 

frequency independent (constant). The AK135-f model (Montagner & Kennett, 1996) is used for 152 

the QS of the crust and mantle. Using the convention of QP = 1.5 QS (Olsen et al., 2003), we 153 

construct the Q model of (QP, QS) = (900, 600) and (600, 400) for the crust and mantle, 154 

respectively. To validate the FDM program, we first compute with the Q factors for P and S 155 

waves in the GrIS as (QP
ice

, QS
ice

) = (20, 20) in Regions 1−3 using each of the stations in the 156 

computation region as an excitation point. Then, five different computations are conducted using 157 

(QP
ice

, QS
ice

) = (10, 10), (20, 20), (40, 20), (50, 50), and (350, 175) for both Region 1 (source is 158 

imposed at stations ICESG or SUMG) and Region 2 (source is imposed at stations ANGG, 159 

DY2G, ICESG, or NRS). In our FDM scheme, the constant Q is realized by a parallel connection 160 

of three Zener bodies using optimized stress and strain relaxation times for the target Q within 161 

the desired frequency band (e.g., Blanch et al., 1995; Toyokuni & Takenaka, 2012; 162 

JafarGandomi & Takenaka, 2013). Figure S3 shows an example of the optimization for a 163 

constant Q of 350. We apply a bandpass filter of 0.1−0.2 Hz or 0.1−0.3 Hz, which is the same as 164 

that used for the observed waveforms, to the resulting theoretical waveforms. 165 

2.3 Detection of Q factor of the GrIS 166 

We compare the observed and theoretical Green’s functions after normalization using the 167 

maximum amplitude within the time range corresponding to the group velocity of 2.7 km/s ≤ U ≤ 168 

3.3 km/s. For the computations with different GrIS Q factors, we compare the amplitudes of the 169 

observed and theoretical waveforms in a quantitative manner to determine the best Q factor for 170 
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each station pair as follows: (1) calculate the envelopes of the observed and theoretical 171 

waveforms, (2) cut out the envelopes from the theoretical arrival of the Rayleigh wave (Tsyn) 172 

with a group velocity of U = 3.4 km/s to Tsyn + 100 s after excitation, and (3) calculate the root-173 

mean-square (RMS) residual of the envelope amplitude between the observed and theoretical 174 

waveforms. The RMS residuals are compared at 0.1−0.3 Hz because the effect of the ice sheet is 175 

stronger as it contains higher frequencies. Considering the error of the comparisons, all (QP
ice

, 176 

QS
ice

) combinations that yield RMS residuals within 0.01 from the minimum RMS residual are 177 

selected as optimal values. 178 

3. Results 179 

We obtain the observed Green’s functions for 40 pairs by the procedures described in 180 

section 2.1. In the 0.1−0.2 Hz band, clear Rayleigh waveforms can be observed in the range of 181 

2.7 km/s ≤ U ≤ 3.3 km/s (Figure 3). The waveforms of the same pairs in the 0.1−0.3 Hz band 182 

even show conspicuous precursors before the arrival of the surface wave, which may consist of 183 

incoherent body waves (Figure 3). Figures 4, S4, and S5, respectively show the theoretical 184 

Green’s functions calculated with (QP
ice

, QS
ice

) = (20, 20) in Regions 1−3. In these figures, the 185 

Green’s functions of the same pair with the excitation points exchanged overlap. For all pairs, 186 

the waveforms are the same when the excitation points are exchanged, which numerically 187 

ensures the reciprocity of the Green’s function. At 0.1−0.3 Hz, we can observe characteristic 188 

Rayleigh waveforms with a long tail for station pairs with an average inter-station thickness of 189 

the GrIS (Hice) > 1.5 km (e.g., SUMG−NEEM in Figure 4). This is because of the reverberation 190 

of body waves in the ice sheet, also pointed out by Toyokuni et al. (2015). The reverberation 191 

effect is unclear at 0.1−0.2 Hz. A comparison of the waveforms in Region 3 and other regions 192 

shows that changing the grid size does not affect the theoretical waveforms (Figure S5). 193 
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We then compare the observed waveforms and envelopes with the theoretical ones using 194 

various (QP
ice

, QS
ice

) combinations. The pairs used for comparisons are the 17 pairs included in 195 

Region 1 or 2, with inter-station distances ≤ 1,000 km and Hice > 0.0 km. We note that the 196 

theoretical waveforms for Regions 1 and 2 are calculated only up to 406 s after excitation, so the 197 

inter-station distances containing sufficient Rayleigh wave packets within this duration are 198 

restricted. We also note that the synthetic waveforms for Region 3 are excluded from the 199 

comparison with the observed waveforms because they are calculated only up to 200 s after 200 

excitation. 201 

Among the 17 pairs, pairs that have the largest RMS residual when (QP
ice

, QS
ice

) = (350, 202 

175) and that exhibit a difference between the RMS residual for (QP
ice

, QS
ice

) = (350, 175) and 203 

the maximum RMS residual for other Q factors exceeding 0.05 are further processed to constrain 204 

the Q factor of the GrIS. We note that (QP
ice

, QS
ice

) = (350, 175) are abnormally large values for 205 

the Q factor of the ice sheet, such that the pairs that do not satisfy this condition cannot constrain 206 

the Q factor of the GrIS from the waveform comparison. Figures 5−8 and S6−S9 show the 207 

waveform comparisons for eight pairs satisfying this condition, while Figures S10−18 show 208 

those for nine pairs not satisfying this condition. In these figures, comparisons at 0.1−0.2 Hz are 209 

also shown as a reference. 210 

For the successful eight pairs (ICESG−ANGG, ICESG−IVI, ICESG−NEEM, 211 

ICESG−NRS, ICESG−SOEG, SUMG−ICESG, SUMG−NEEM, and SUMG−SOEG pairs), we 212 

determine the optimal Q factor of the GrIS using the procedure described in section 2.3. Table 2 213 

summarizes the resulting Q factors. For the SUMG−NEEM pair (Figure 5), the characteristics of 214 

the observed waveform on both the amplitude and phase information are well reproduced in the 215 

0.1−0.3 Hz band when (QP
ice

, QS
ice

) = (20, 20), which are chosen as the optimum Q factors from 216 
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the RMS. The theoretical Rayleigh wave has a long tail because of the reverberation of the body 217 

waves inside the GrIS when (QP
ice

, QS
ice

) = (40, 20), (50, 50), or (350, 175), whereas it attenuates 218 

too fast when (QP
ice

, QS
ice

) = (10, 10), resulting in significant differences from the observation. 219 

Comparisons in the 0.1−0.2 Hz band also show good agreement on both the amplitude and phase 220 

information when (QP
ice

, QS
ice

) = (20, 20). Similar characteristics are also found for the 221 

ICESG−ANGG (Figure 6), ICESG−SOEG (Figure 7), and SUMG−SOEG (Figure S9) pairs. For 222 

the SUMG−ICESG pair (Figure 8), phase reversal occurs in both the 0.1−0.3 Hz and 0.1−0.2 Hz 223 

bands. In the 0.1−0.3 Hz band, reverberation in the thick ice sheet (Hice ~ 3 km) is remarkable, 224 

and the body wave part and the tail of the Rayleigh wave show significant differences when 225 

(QP
ice

, QS
ice

) = (50, 50) and (350, 175). However, at a low Q, envelopes match well and the 226 

optimum value is (QP
ice

, QS
ice

) = (10, 10). Similar phase reversal is also found for the 227 

ICESG−IVI (Figure S6), ICESG−NEEM (Figure S7), and ICESG−NRS (Figure S8) pairs; 228 

however, it did not affect the Q factor constraint using the envelope.  229 

Figure 9a shows the relationship between the availability of the GrIS’ Q factors and the 230 

average and maximum inter-station ice thickness for all 17 pairs. We used the GrIS model 231 

described by Bamber, Ekholm, et al. (2001) and Bamber, Layberry, et al. (2001) to calculate the 232 

inter-station thickness of the GrIS; the inter-station distances along the great circle of the Earth 233 

are equally divided into 11 points, and the average and maximum thickness are calculated from 234 

the thickness of the GrIS beneath these points. Figure 9a shows that the pairs that can 235 

successfully constrain the Q factors of the GrIS must have an average ice sheet thickness of ≥ 1.5 236 

km and a maximum thickness of at least 2.5 km. This can be partially predicted from the depth 237 

sensitivity of the Rayleigh waves using a 1-D structure (e.g., Toyokuni et al., 2018); however, 238 

more accurate conditions are derived using 3-D waveform modeling. Figure 9b shows the 239 
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distribution of these pairs on a map. In the southern part of the GrIS, the ice sheet thickness is 240 

insufficient, such that the Q factors cannot be constrained from the waveform comparisons in the 241 

current frequency band. The black dashed contour in this figure represents the thickness range of 242 

the GrIS of 2.5 km. Lateral sensitivity to the Q factors of the GrIS for the successful eight pairs 243 

may be concentrated in and around this contour range. 244 

4. Discussion and conclusions 245 

Seismic interferometry largely depends on the source distribution of the microseisms. 246 

One of the world’s strongest sources of microseisms is located off the southern tip of Greenland 247 

(e.g., Sergeant et al., 2013), which provides uneven radiation of ambient-noise energy throughout 248 

Greenland. In such areas, there is no guarantee that the noise-interfered waveforms will produce 249 

Green’s function. This study confirmed, for the first time, that the ambient noise Rayleigh 250 

waveforms obtained from Greenland (Toyokuni et al., 2018) agree well with the theoretical 251 

Green’s functions when the SNR is sufficiently large. These results demonstrate the usefulness 252 

of seismic interferometry in this region. Greenland is a region with low seismicity; therefore, 253 

seismic interferometry is highly effective for extracting seismic waves propagating through the 254 

ice sheet. 255 

The Q factors of the GrIS estimated in this study are all low at QP
ice

, QS
ice

 ≤ 50, indicating 256 

strong seismic attenuation of the ice sheet. A low Q of the ice mass was observed within a 257 

propagation distance of several hundred meters (e.g., Helmstetter et al., 2015), but this is the first 258 

time that similar characteristics at an ultra-long propagation distance of ~100 to 1,000 km have 259 

been confirmed. This has been made possible due to the development of high-performance 260 

computing systems and numerical modeling methods that can manage highly complex structural 261 

models. Such Q factors represent the average inter-station physical properties of the GrIS, which 262 
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will be useful as a reference when interpreting the characteristics of observed waveforms related 263 

to the GrIS. Regarding the body wave part, there are several pairs (e.g., SUMG−NEEM, 264 

SUMG−ICESG, and ICESG−NEEM pairs in Figures 5, 8, and S7, respectively) with large ice 265 

thicknesses showing discrepancies between the observed and theoretical waveforms. This is 266 

because our target frequency band and inter-station distances are not suitable to extract ballistic 267 

body waves by the current approach of the seismic interferometry (Nishida, 2013). 268 

We further observed local differences in the Q factor of the GrIS. In this study, waveform 269 

calculations with different Q factors were limited by computational resources, such that the 270 

number of QP and QS combinations tested was restricted to five. Therefore, a more accurate 271 

estimation, including error estimation, should be continued in future studies. However, the 272 

results from eight inter-station lines provide an opportunity to discuss the local attenuation 273 

structure. Here, for convenience, we define the case of (QP
ice

, QS
ice

) = (10, 10) or (20,20) as 274 

“relatively low Q” and the case of (QP
ice

, QS
ice

) = (40,20) or (50,50) as “relatively high Q,” 275 

whose distributions are shown in Figure 10a using blue and red lines, respectively. We note that 276 

the ICESG−NRS pair, at (QP
ice

, QS
ice

) = (20, 20) or (40,20) denoted by a green line, indicates an 277 

intermediate Q. A main feature is that all three pairs located in the central GrIS (ICESG−NEEM, 278 

SUMG−ICESG, and NEEM−SUMG pairs) yield a common result of relatively low Q. In 279 

contrast, for the five pairs connecting the GrIS and coastal rock areas, one pair shows a low Q 280 

(ICESG−ANGG pair), one pair shows an intermediate Q (ICESG−NRS pair), and three pairs 281 

show a high Q (ICESG−IVI, ICESG−SOEG, and SUMG−SOEG pairs), suggesting diversity in 282 

the results. The Q factors observed in this study are considered the averaged Q properties 283 

beneath the inter-station lines, with the main sensitivity on the part with an ice sheet thickness ≥ 284 

2.5 km. The Q factor of the ice sheet depends on, for example, the density distribution and 285 
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thermal state; however, the history of the GrIS over 10,000 years makes it difficult to estimate 286 

the density and temperature distribution inside it. Therefore, explaining the difference in the 287 

local Q factors is not an easy task. 288 

One possible interpretation of the current result is that the refreezing of surface runoff 289 

and water produced on a thawed bed increases the Q. Figure 10b is a comparison of the GrIS 290 

surface melt anomaly in 2012, which was the most intense recent surface melting. The central 291 

GrIS, characterized by a low Q, experienced negligible melting while the southern GrIS, 292 

characterized by an intermediate to high Q, experienced heavy melting. Of the surface runoff, 293 

60% refreezes in the ice sheet (Reeh, 1991), often forming a thick ice layer. Such regions should 294 

be characterized by more bubble-free ice than regions where the ice sheet does not melt, which 295 

may increase the Q factor.  296 

Similarly, thick basal ice units are reported in regions where the bottom of the GrIS is 297 

thawed (Bell et al., 2014). Several previous studies also analyzed the pressure melting of the 298 

bottom of the GrIS owing to the high geothermal heat flux (GHF) and weight of the GrIS itself 299 

(MacGregor et al., 2016; Rogozhina et al., 2016). Of the three pairs in the eastern GrIS, one 300 

showed a low Q (ICESG−ANGG pair) and two showed a high Q (ICESG−SOEG and 301 

SUMG−SOEG pairs), despite no changes in the melting conditions from the surface. Such pairs 302 

may be affected by melting at the bottom of the GrIS. Based on the results of the seismic 303 

tomography (Toyokuni et al., 2020a) (Figure 10c) and estimation of the GHF (Martos et al., 304 

2018) (Figure 10d), the ICESG−ANGG pair, characterized by a low Q, is above the high VP (~ 305 

low temperature) and low GHF region of the crust, whereas the ICESG−SOEG and 306 

SUMG−SOEG pairs, characterized by a high Q, are above the low VP (~ high temperature) and 307 

high GHF region. The high-temperature anomaly is considered to be due to a thermal track 308 
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associated with the movement of the Iceland and Jan Mayen hotspots, where a thawed bed and 309 

thick ice layers with high Q values are more likely to form (e.g., Toyokuni et al., 2020a).  310 

In contrast to the above interpretation, we can also infer that Q decreases as the amount 311 

of molten water increases, although this does not explain the low Q in the central GrIS. For 312 

example, Rogozhina et al. (2016) predicted a thawed bed beneath the NEEM−SUMG pair in the 313 

northern-central GrIS, but a frozen bed beneath the ICESG−SUMG pair in the central GrIS. 314 

Toyokuni et al. (2018) also supported this result based on the temporal change in the Rayleigh 315 

wave group velocity detected using the waveforms obtained by the same methodology used in 316 

this study and in the same frequency band (0.1−0.3 Hz). Toyokuni et al. (2018) detected the 317 

temporal change using the relative change in the three-month average Rayleigh waveforms from 318 

the 4.5-year average waveform, whereas this study directly estimated the Q factors from the 4.5-319 

year average waveform; therefore, the locations where the waveforms are sensitive may be 320 

different. The ice-core drilling at a point between stations NEEM and SUMG (NorthGRIP) 321 

suggested that pressure melting occurs within 80 m above the contact surface between the ice 322 

and bedrock (Dahl-Jensen, Gundestrup, et al., 2003). The relative change in the waveform is 323 

sensitive to such a thin layer at the bottom of the GrIS; the Q factor obtained from this study is 324 

considered to better reflect the average properties of the GrIS. In any case, our current 325 

interpretation must be further verified using more stations. We conclude this manuscript by 326 

emphasizing the discovery of an extremely low Q of the GrIS and the possibility to investigate 327 

the thermal and density state inside the GrIS by examining the Q factor in detail.  328 
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 505 

 506 

Figure 1. (a) Map showing the thickness of the Greenland Ice Sheet (GrIS) and distribution of 507 

the Greenland Ice Sheet Monitoring Network (GLISN) stations (red triangles) used to extract the 508 

observed Rayleigh waveforms. Ice thickness is shown by the graduated color scale (Bamber, 509 

Ekholm, et al., 2001; Bamber, Layberry, et al., 2001). Red, blue, and black boxes roughly 510 

indicate Regions 1, 2, and 3 for waveform modeling, respectively. (b) Map showing the signal-511 

to-noise ratio (SNR) of the observed Rayleigh wave Green’s function at 0.1−0.2 Hz for 120 512 

station pairs. 513 
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 514 

 515 

Figure 2. Surface topography (left) and base topography of the GrIS (right) of Region1 used for 516 

our waveform modeling. Created from ETOPO1 Global Relief Model (doi:10.7289/V5C8276M). 517 

The color scale for the topography is shown at the bottom. 518 

 519 

 520 

 521 

 522 

 523 
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 524 

 525 

Figure 3. Waveforms of the observed Green’s function in the 0.1−0.2 Hz band (left) and 0.1−0.3 526 

Hz band (right). Waveforms of 40 pairs with SNR ≥ 5 in the 0.1−0.2 Hz band are shown (see text 527 

for details on the definition of SNR). Blue lines show the theoretical arrival times of group 528 

velocity at U = 3.3 km/s and 2.7 km/s. Red box shows the ranges in the time and inter-station 529 

distance for comparison with the theoretical waveforms. 530 

 531 

 532 

 533 
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 534 

 535 

 536 

Figure 4. Synthetic seismograms calculated in Region 1 with the Q factor of the GrIS of (QP
ice

, 537 

QS
ice

) = (20, 20) in the 0.1−0.2 Hz band (left) and 0.1−0.3 Hz band (right). The red solid and 538 

black dashed lines are waveforms in which the positions of the source and receiver are 539 

exchanged. The two waveforms are overlapped to confirm the reciprocity. The pair names are 540 

displayed in the color corresponding to the line color on the upper left side of each waveform. 541 

On the pair name, the station name on the left and right indicate the source and receiver, 542 

respectively. The interstation distance (D) and average GrIS thickness between stations (Hice) are 543 

also shown in the upper part of each waveform. 544 

 545 
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 546 

 547 

 548 

Figure 5. Comparisons of the observed (red) and theoretical (black) Green’s function for the 549 

SUMG−NEEM pair. Waveforms (left) and envelopes (right) in the 0.1−0.2 Hz band (top) and 550 

0.1−0.3 Hz band (bottom) are shown. The interstation distance (D), average GrIS thickness 551 

between stations (Hice), and the SNR of the observed waveforms are displayed at the top of each 552 
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panel. The theoretical waveforms are calculated using five combinations of the Q factors of the 553 

GrIS, which are displayed in the upper left of each waveform. The root-mean-square (RMS) 554 

residuals between the observed and theoretical envelopes at the part shown by the yellow 555 

background color are displayed in the upper right of the waveform (two digits after the decimal 556 

point). In each frequency band, the minimum and second minimum RMS values are surrounded 557 

by blue boxes. Among these, the combination of Q factors common to the two frequency bands 558 

is chosen as the optimum value, surrounded by a blue box. 559 

 560 

 561 

 562 
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 574 

 575 

Figure 6. The same as Figure 5 but for the ICESG−ANGG pair. 576 

 577 

 578 
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 582 

Figure 7. The same as Figure 5 but for the ICESG−SOEG pair. 583 

 584 

 585 
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Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth 

32 

 

 587 
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 589 

Figure 8. The same as Figure 5 but for the SUMG−ICESG pair. 590 

 591 

 592 

 593 
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 594 

 595 

Figure 9. (a) Relationship between the availability of the Q factor of the GrIS and the average 596 

and maximum inter-station GrIS thickness for 17 station pairs. The red and blue circles indicate 597 

the pairs for which the Q factor of the GrIS were obtained and were not obtained, respectively. 598 

(b) Map showing a comparison between the GrIS thickness and Q factor availability. The red and 599 

blue inter-station lines denote pairs for which the Q factor of the GrIS were obtained and were 600 

not obtained, respectively. The black dashed line shows the range in the thickness of the GrIS of 601 

2.5 km. 602 

 603 

 604 

 605 
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 606 

Figure 10. (a) Maps depicting the Q factors of the GrIS and (b−d) comparisons with other 607 

geophysical data. Eight station pairs with detailed Q estimations are indicated by different 608 

colored solid inter-station lines. (b) Comparison with the surface melt anomaly of the GrIS in 609 

2012 (National Snow and Ice Data Center / Thomas Mote, University of Georgia, 610 
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http://nsidc.org/). (c) Comparison with the P-wave velocity at a depth of 5 km (Toyokuni et al., 611 

2020a). (d) Comparison with the estimated geothermal heat flux (Martos et al., 2018). 612 
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Table 1. Calculation specifications in each region 631 

Region name Region1 Region2 Region3 

Center position (lon, lat) (−38.462°, 73.074°) (−45.0°, 65.2°) (−35.5°, 67.5°) 

Number of stations 4 7 3 

Number of station pairs * 16 (6) 49 (18) 9 (3) 

Spatial grid intervals 

0.0036° (lon) × 

0.0036° (lat) × 

0.25 km (depth) 

0.0036° (lon) × 

0.0036° (lat) × 

0.25 km (depth) 

0.0018° (lon) × 

0.0018° (lat) × 

0.1 km (depth) 

Number of spatial grids 
2001 (lon) × 3001 (lat) × 

821 (depth) 

2301 (lon) × 2701 (lat) × 

821 (depth) 

2301 (lon) × 2501 (lat) × 

641 (depth) 

Time increment 0.014 s 0.014 s 0.005 s 

Time steps 29001 29001 40001 

Time duration 406 s 406 s 200 s 

* Includes a pair with itself and a pair of the same stations with swapped excitation points. The number of 632 

independent station pairs excluding the pair with itself is shown in parentheses. 633 
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Table 2. Estimated Q factors and other information for the eight station pairs 645 

Pair name Optimum Q factors 

(QP
ice, QS

ice) 

Inter-station distance 

(km) 

Average GrIS 

thickness Hice (km) 

SNR in 0.1−0.2 

Hz 

ICESG−ANGG (10, 10) or (20, 20) 397.12 1.54 15.58 

ICESG−IVI (40, 20) or (50, 50) 964.67 1.85 6.23 

ICESG−NEEM (10, 10) or (20, 20) 997.65 2.80 17.64 

ICESG−NRS (20, 20) or (40, 20) 924.03 1.74 9.17 

ICESG−SOEG (40, 20) 350.18 1.53 5.37 

SUMG−ICESG (10, 10) 390.90 3.07 12.76 

SUMG−NEEM (20, 20) 651.45 2.88 34.68 

SUMG−SOEG (40, 20) 554.37 1.92 19.63 

GrIS: Greenland Ice Sheet; SNR: signal-to-noise ratio 646 
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