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SUMMARY

Although ambient noise interferometry has been extensively utilized for seismic velocity
tomography, its application in retrieving attenuation remains limited. This study presents a
comprehensive workflow for extracting Rayleigh wave amplitude and attenuation from ambient
noise, which consists of three phases: (1) retrieval of empirical Green’s functions (EGFs),
(2) selection and correction of amplitude measurements and (3) inversion of attenuation,
site amplification and noise intensity terms. Throughout these processes, an ‘asynchronous’
temporal flattening method is used to generate high-quality EGFs while preserving relative
amplitudes between stations. Additionally, a novel ‘t-symmetry’ criterion is proposed for data
selection along with the signal-to-noise ratio. Furthermore, 2-D sensitivity kernels are utilized
to estimate the focusing/defocusing effect, which is then corrected in amplitude measurements.
These procedures are designed to deliver reliable attenuation measurements while maintaining
flexibility and automation. To validate the effectiveness of the proposed noise-based attenuation
tomography approach, we apply it to a linear array, NCISP-6, located in NE China. The
obtained results correlate reasonably well with known geological structures. Specifically, at
short periods, high attenuation anomalies delineate the location of major sedimentary basins
and faults; while at longer periods, a notable rapid increase of attenuation is observed beneath
the Moho discontinuity. Given that attenuation measurements are more sensitive to porosity,
defect concentration, temperature, melt and volatile ratio than seismic velocities, noise-based
attenuation tomography provides important additional constraints for exploring the crustal and
upper mantle structures.

Key words: Continental crust; Seismic attenuation; Seismic interferometry; Seismic tomog-
raphy; Surface waves and free oscillations.

1 INTRODUCTION

Seismic interferometry, utilizing cross-correlation (CC) to retrieve
empirical Green’s functions (EGFs) from ambient noise, has be-
come aroutine technique in seismology (Shapiro et al. 2005; Weaver
2005). This technique has been successfully used in various appli-
cations, including surface wave traveltime tomography (e.g. Yang
etal. 2007; Lin et al. 2008; Xu et al. 2013; Bao et al. 2015; Li et al.
2022), monitoring seismic velocity changes (e.g. Xu & Song 2009;
Brenguier ef al. 2014; Li et al. 2021; Mao et al. 2022) and even
extracting seismic core phases to investigate Earth’s inner struc-
ture (e.g. Lin e al. 2013; Wang et al. 2015). Those studies have
demonstrated the validity of EGFs in providing crucial traveltime
information for characterizing the elastic properties of Earth. In
addition to seismic velocity, seismic attenuation, which reflects the
anelastic property of Earth’s media, is another significant parame-
ter. The inversion of attenuation typically relies on measurements

of seismic wave amplitudes. However, the ability of EGFs to retain
reliable relative amplitudes remains a subject of debate, and there
is a need for appropriate methods to preserve and extract such data.

Theoretical analysis and numerical simulations by Weaver (2011,
2013) suggested that attenuation can be recovered from EGF am-
plitudes, even for non-fully diffuse noise fields, as long as they vary
smoothly with location and direction. However, in the real-Earth sit-
uation, ambient noise-based surface wave attenuation tomography
faces two main challenges. First, in the preprocessing procedure
from original seismic noise records to stacked EGFs, it is crucial
to preserve the relative amplitudes between station pairs. Some
conventional signal processing procedures in noise-based veloc-
ity tomography, including one-bit normalization, running average
normalization and spectral whitening (Bensen et al. 2007), exhibit
strong non-linearity. Although those techniques contribute to the
reconstruction of EGF phases and enhance the signal-to-noise ratio
(SNR), theoretical studies (Weaver 2011), numerical simulations
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(Zhou et al. 2020a) and comparisons with real earthquake signals
(Viens et al. 2017) have demonstrated their distortion of the ap-
parent attenuation of EGFs. Consequently, these approaches are
unsuitable for retrieving amplitudes from ambient noise. To pro-
duce high-quality EGFs while preserving undistorted relative am-
plitudes, several novel processing methods have been developed
recently, including temporal balancing (Weaver & Yoritomo 2018),
asynchronous temporal flattening (Zhou et al. 2020a) and optimal
processing schemes (Fichtner ez al. 2020). Nevertheless, the rapid
achievement of accurate correlation waveform and amplitude in-
formation still requires further exploration of preprocessing and
stacking strategies.

Secondly, apart from intrinsic attenuation, numerous other factors
also contribute to noise CC amplitudes. These factors include the
site amplification, focusing/defocusing effect, noise directionality
and intensity variations, seismic wave scattering, waveform disper-
sion, finite stacking duration, etc. These factors are non-negligible
and can introduce biases to attenuation measurements. Several stud-
ies have attempted to disentangle attenuation from these factors. Pri-
eto ef al. (2009) and Lawrence & Prieto (2011) claimed that biases
caused by source directionality can be disregarded, once measure-
ments are averaged over a wide range of azimuths of station pairs.
Under this assumption, they obtained reasonable attenuation mod-
els for South California and the western United States. However,
Tsai (2011) argued that the assumption of noise coherency is not
generally valid, and attenuation parameters estimated using Prieto
et al. (2009)’s method may not be directly comparable to traditional
attenuation measurements based on earthquake signals. Bowden
et al. (2015,2017) applied a wave front tracking approach, as used
by Lin et al. (2012), to ambient noise correlation waveforms across
the USArray and Long Beach dense array to obtain simultaneous
measurements of attenuation and site amplification. This approach
offers the advantage of accounting for focusing/defocusing effects
accurately, but it typically requires dense 2-D arrays to construct
the whole wave field. Liu (2015, 2022) and Zhou (2016) utilized the
Two Station Method (TSM; Xie & Mitchell 1990) to estimate atten-
uation by calculating amplitude ratios of EGFs from linear triplets of
stations. This method can partially mitigate the influences of noise
directionality and site amplification, while the strict requirement of
linear station triplets limits the ray coverage and resolution.

Despite facing those challenges mentioned above, ambient noise
attenuation tomography holds great potential for providing rela-
tively high-frequency attenuation measurements, which are often
lacking in previous earthquake-based surface wave attenuation to-
mography. Hence, it may enhance the constraints on anelastic struc-
ture in the crust and upper mantle. Besides, similar to ambient noise
velocity tomography, this method does not rely on non-uniformly
distributed earthquake sources and can easily achieve a dense ray
coverage, thus contributing to improved resolution.

This study aims to provide a comprehensive workflow for ambi-
ent noise attenuation tomography, which is applicable to real-Earth
scenarios. Our methodology is based on Weaver’s theoretical frame-
work (2011, 2013). To obtain high-quality EGFs and more accurate
amplitude measurements, we have adopted the asynchronous tem-
poral flattening (ATF) method proposed by Zhou et al. (2020a) in
the data preprocessing stage. Additionally, we propose utilizing the
symmetry of causal and anticausal arrivals (t-symmetry) as an aux-
iliary criterion, along with SNR, to select reliable amplitude mea-
surements. In order to mitigate the effect of focusing/defocusing, we
estimate that effect between each station pair through the 2-D sen-
sitivity kernel based on finite-frequency theory (Zhou et al. 2004;
Bao et al. 2016) and subsequently correct the measured amplitudes.
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Finally, we perform an iterative inversion to simultaneously deter-
mine the seismic attenuation, site amplification and noise intensity
through a linear inversion system. The efficacy of this workflow has
been assessed through an application to the linear array NCISP-6
located in Northeast China. The obtained attenuation profile cor-
responds well with geological structures and exhibits reasonable
variation with frequency and depth.

Compared to previous works on ambient noise attenuation to-
mography methods, this study provides more detailed steps to help
address some potential challenges in real dataset practices. Fur-
thermore, compared to methods based on wave front tracking (e.g.
Bowden ef al. 2017) or power spectral density (e.g. Magrini &
Boschi 2021), our method relies less on dense seismic arrays. Thus,
our workflow can be easily applied to various regions with sparse
seismic stations.

2 THEORETICAL BASIS AND DATA

2.1 Theoretical framework

Our approach is grounded in the theoretical derivation by Weaver
(2011, 2013). According to this theory, in a non-fully diffuse noise
field, the amplitude of the CC function is determined by the site am-
plification term s, noise field intensity B and attenuation coefficient
a. In the 2-D condition, the amplitude of the narrow-band CC from
site 7 to site j can be expressed as follows:

2 -
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m exp (—o |x; — x;
where s; and s; represent the site amplification terms at the two
stations; B;(#;_, ;) is the ambient noise intensity at station i in the
direction from 7 to j; c is the wave velocity; w, is the frequency;
V1/1x; — x;| corresponds to the geometrical spreading; « is the
average attenuation between the two stations. This expression is
asymptotically valid for sufficiently large station separations and
noise fields changing smoothly with direction and location (Weaver
2011).

Based on this surprisingly simple result, we can construct a linear
inversion system relatively easily. By taking logarithms on both
sides of eq. (1) and accounting for the variation of «, the formula
can be expressed as

xj
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where G represents the geometrical spreading term, and C is a
constant specific to a given wave speed and frequency. Considering
that the Earth’s surface is nearly spherical, we estimate G by

—12
G = (RU sin <%>> 3)

in which R = |x; — x;|, and R, denotes the Earth’s radius, instead
of the original form for the 2-D condition.

Through this inversion system, with measurements from a suffi-
cient number of stations, the site terms, noise intensity, and attenua-
tion can be retrieved. Additionally, Weaver (2011) further suggested
that B, the noise field intensity, is not arbitrary; its variation with
space and direction is governed by the radiative transfer equation
(RTE; Turner & Weaver 1994; Ryzhik ez al. 1996). In the case where
the seismic traces between stations are not influenced by nearby in-
ternal scattering and sources, B;(#;_, ;) can be further represented

¥20z Ae gz uo 1senb Aq 0025€92/9€5 L/E/LEZ/810n1B/B/WO0 dno"ojwapeoe//:sdiy wolj pspeojumoq



1538  H. Peng and J. Li

48° =

46°

44°

A Station Fault/Suture
0.0 0.5 £ 2.0
38°|: [T S F|evation (km)

114° 11‘6" 118° 12I[)° 122° 124° 126° 128° 130°

Figure 1. Distribution of stations and geological settings. Red triangles
indicate the 48 NCISP-6 stations used in this study; grey dashed lines
outline major sedimentary basins in NE China; grey solid lines represent
some major faults and sutures in this region. (XMOB: Xing’an-Mongolia
orogenic belt; SLB: Songliao basin; CBM: Changbai mountain range; NCC:
North China Craton.)

by

Xi

B; (ﬁi—>j) = By (0) exp / —2a dx |, (4)

where By(0) represents the noise intensity at the reference location
X¢ in the same direction as i to j. If this assumption holds true in
the real Earth condition, the number of unknown parameters in the
inversion system could be further reduced. In this study, instead of
using this formula directly, we independently invert for B in two
opposite directions at every station and compare the variation trend
of measured B to the theory expectation.

Numerical simulation tests based on this framework have already
been conducted by Weaver (2013) and Zhou et al. (2020a) for a 1-D
array setting and Zhou (2016) for a 2-D array setting. In those tests,
non-isotropic noise fields with strong ‘local’ intensity from specific
directions, variable local amplification terms and changing attenua-
tions were considered. According to their results, as long as relative
amplitudes between records in different stations are preserved, pre-
cise attenuation information can be retrieved from synthetic noise
data.

2.2 Seismic data and NCISP-6 array

In this study, we use seismic data from the linear seismic array
NCISP-6 (North China Interior Structure Project-Experiment 6)
(Fig. 1). Deployed by the Institution of Geology and Geophysics,
Chinese Academy of Sciences (IGGCAS), this array operated be-
tween September 2007 to September 2008, consisting of 60 CMG-
3ESP broadband seismometers in total. Due to data gaps in the
records of certain stations, 48 out of 60 stations were ultimately used
for CC and stacking, striking a balance between the stacking time
length and the number of station pairs. The station interval is less
than 20 km between most adjacent stations. This array serves as an
ideal testbed for evaluating the ambient noise tomography method
for two reasons. First, the stations are approximately distributed

along a great arc, closely resembling the 1-D numerical simulation
setting used by Weaver (2013). Secondly, this array spans a long dis-
tance and traverses multiple prominent geological structures, such
as the Bohai Bay Basin, Songliao Basin, Erlian Basin, Tanlu Fault
and Solonker Suture. Those geological features can serve as valu-
able natural indicators for the evaluation of attenuation tomography
results.

3 AMPLITUDE RETRIEVAL FROM
AMBIENT NOISE

The workflow for extracting amplitudes from ambient noise and
inverting for attenuation is illustrated in Fig. 2 comprising three
distinct phases. This workflow provides detailed steps from data
processing to inversion of attenuation, which interpolates several
novel steps, such as (1) an asynchronous temporal flattening method
for preprocessing; (2) a t-symmetry criterion for data selection; (3)
the finite frequency theory for estimation and correction of the fo-
cusing/defocusing effect and (4) an iterative inversion framework
for a joint constraining of attenuation, site amplification and noise
intensity. The former two steps contribute to high-quality measure-
ments while preserving the ‘relative amplitudes’ between station
pairs, and the latter two distinguish attenuation from other factors.
In this section, we will introduce the first and second phases, while
the third phase will be presented in Section 4 along with the inver-
sion results.

3.1 Data pre-processing and ATF normalization method

The basic procedures for retrieving EGFs share similarities with
previous studies that extract traveltimes from ambient noise inter-
ferometry (e.g. Bensen ez al. 2007). Those studies typically involve
temporal normalization and spectral whitening to suppress unde-
sired signals, such as earthquakes, and enhance the SNRs. However,
many of those methods would impose non-linear modifications to
individual station waveforms, leading to the distortion of relative
amplitudes. Consequently, those non-linear methods should be pro-
hibited in ambient noise attenuation tomography; and therefore,
retrieving high-quality EGFs while preserving the relative ampli-
tudes between different station pairs becomes more challenging.
To address these issues, we use the asynchronous temporal flatten-
ing (ATF) normalization method proposed recently by Zhou et al.
(2020a) during the CC and stacking processes. The steps to extract
amplitude measurements from ambient noise are as follows. Given
that our study primarily focuses on the Rayleigh waves, we only use
Z-component records. However, the processing approach for other
components would be similar.

(1) Raw waveform data are prepared individually for each station.
After removing the mean value, trend, and instrumental response of
each station, the data sequences are segmented into slices of equal
length (1 d in this study). According to tests conducted by Zhou
et al. (2020a), the ATF method is robust to different lengths of data
slices, as long as they are not excessively long. The results of 2, 6 and
24 hr have shown minimal differences. Besides, it is necessary to
remove instrumental response for amplitude-related studies, as the
amplitude and phase response of instruments in different stations
are unlikely to be identical, which can impact measured amplitudes.

(2) The waveform data underwent bandpass filtering by a Butter-
worth filter to isolate the frequency range of interest. In this study,
for short-period Rayleigh waves, the lower cut-off frequency was
set at 0.02 Hz and the higher cut-off frequency was set at 0.4 Hz.
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Figure 2. Schematic representation of the data processing and inversion workflow. Phase 1 (described in section 3.1) illustrates the pre-processing steps of
single-station data, the asynchronous temporal flattening cross-correlation and stacking procedure, and amplitude measurement approaches; Phase 2 (Sections
3.2 and 3.3) encompasses the data selection and corrections processes; Phase 3 (Section 4.1) introduces the inversion of attenuation, site amplification, and
noise intensity terms from the corrected amplitude measurements, as well as the conversion from surface wave attenuation in frequencies to S wave attenuation

in depths (Section 5.1).

(3) Energetic waveforms are muted from the seismic noise
records. Those waveforms are usually contributed from energetic
localized sources, such as earthquakes and storms, forming abrupt
spikes in continuous noise records, which tend to obscure ambient
noise and slow down the convergence of EGFs. To remove those
spikes, we calculate the RMS amplitude of each data slice and de-
tect data points with absolute amplitudes more than five times of
RMS. Subsequently, 10-min windows are placed around those ab-
normal data points, and the amplitudes of all points within those
windows are set to zero. Throughout this muting process, a flag
waveform is constructed for each data slice, consisting of binary

values (1 and 0) representing effective points and removed points,
respectively.

(4) ATF normalization method. In traditional normalization
methods, if an energetic spike signal is detected in one station,
muting all stations’ records for the same time window is neces-
sary to preserve relative amplitudes. However, since spikes may
appear at different times in different stations’ records, this approach
would largely reduce the amount of usable data. To overcome this
difficulty, we adopted the ATF normalization method (Zhou et al.
2020a) during the CC and stacking procedure. After the same cross-
correlating and then stacking, the stacked CC of signals CC,(¢) is
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divided point-by-point by the stacked CC of flag traces CC (),
yielding the final EGF at each station pair. After CC and sufficient
time for stacking, the CC,(¢) contains no zeros point, so it can
serve as the divisor. This process normalizes the effective stacking
time of non-zero data for each data point in all EGFs, preserving
undistorted relative amplitudes between different station pairs. Be-
sides, similar to the temporal flattening (TF) method proposed by
Weaver (2013), the stacking process utilizes the reciprocal of the
total energy of each day’s noise field as a weight for each day’s CC.
This weight can be represented by the root mean square (RMS) of
amplitudes at all non-zero data points in all stations’ records dur-
ing 1 d. Compared to the equal-weighted raw stacking method, this
temporal-weighted stacking approach further improves the quality
of the EGFs.

According to synthetic and real data tests by Zhou et al. (2020a),
the ATF normalization method yields relative amplitudes with min-
imal differences (less than 5 per cent) compared to the TF and raw
stacking methods. Additionally, the ATF method effectively mutes
energetic signals while retaining the most usable data, contributing
to the quality of EGFs. This improvement is supported by our re-
trieved EGFs in NE China (Fig. 3). The results show considerable
enhancement in EGFs obtained with the ATF method, as compared
to both the TF and raw stacking methods. The ATF method exhibits
reduced undesired ‘noise’ between and after the peaks of negative
and positive sides. Moreover, the overall SNRs of the ATF method
are substantially higher (Fig. 4), which demonstrates the crucial
role of accurately removing energetic spikes in seismic records.
However, though SNR is an effective tool for evaluating the overall
quality of EGFs, it is noteworthy that only high SNR can not guar-
antee accurate EGFs (Fichtner ef al. 2020). Besides, as discussed
later in Section 3.2, it may lead to certain biases with path lengths
in data selection and comparison.

(5) After the retrieval of EGFs, the amplitudes of the positive
and negative lags, generated by noise signals from opposite di-
rections, are extracted separately. First, the EGFs are filtered into
narrow bands with cutoff frequencies set at 0.85 and 1.15 times the
central frequency. Subsequently, a phase-matched filter (Herrin &
Goforth 1977; Levshin & Ritzwoller 2001), defined by group ve-
locity measurements, is applied to isolate the surface wave signals
from undesired ‘noise’ signals. For amplitude measurements, we
extract both the peak amplitude of the EGF envelop, and the RMS
amplitude of signals within a signal window (three times of central
period width) around the peak amplitude. Additionally, we calculate
the RMS of the noise in an 800-s noise window occurring after the
signal window, with a 400-s interval between the two windows. The
SNR is defined as the ratio of the peak amplitude to the RMS am-
plitude of the noise, while the RMS amplitudes of signals are used
later for the inversion of attenuation. Compared to the peak ampli-
tudes, RMS amplitudes of signals are generally more robust and can
mitigate the dispersion effect caused by frequency-dependent wave
speeds, thereby providing more reliable amplitude measurements
(Weaver 2013).

3.2 Data selection strategies

Due to the complexity of the real-Earth noise field, underground
structures, and seismographs, some EGFs exhibit poor convergence
and contain interference signals overlapping the surface wave sig-
nals. Hence, it is significant to carefully select the traveltime and
amplitude information extracted from EGFs before inversion. In

this study, we apply several strategies to distinguish high-quality
measurements from unreliable ones.

First, we use the SNR selection strategy, which is commonly
applied in noise-based velocity tomography. Through tests of sev-
eral SNR thresholds at different periods, it is observed that a high
threshold (e.g. SNR > 12) is generally unsuitable for amplitude
data selection. This is because the SNR is highly proportionate to
the measured amplitudes (Fig. 5a), which tend to decrease with the
increasing distances between station pairs. To assess the impact of
different selection strategies on data distribution, we performed lin-
ear fitting on the data before and after selection. Since other terms
in eq. (2) do not correlate to distance, the slopes of fitted lines
can represent the approximated regional average attenuation factor
(«). As shown in Fig. 5(b), a strict SNR threshold would reject
more measurements in longer distances, and therefore, it might sig-
nificantly impact subsequent attenuation measurements. Thus, for
attenuation tomography, we recommend setting a relatively lower
SNR threshold to ensure the stability of amplitude—distance distri-
bution.

Furthermore, to discard more unreliable measurements, we pro-
pose a ‘t-symmetry’ selection strategy based on the symmetry of
causal and anticausal traveltimes (Fig. 6), with reference to Weaver
& Yoritomo (2018) and Li et al. (2020). For each EGF, in addition
to the SNR, we also measure the observed arrival times (7, fz)
corresponding to the peak amplitudes, and then calculate the ob-
served velocities (V,, Vg) by dividing the distance between the
station pair by 7, or #x. Additionally, a reference velocity (Vi) is
also determined based on the average group velocity of the study
region at a specific central period. If the observed velocity of one
lag deviates far from both V¢ and the observed velocity of the other
lag (e.g. by more than 0.3 kms™! in this study), the attenuation in-
formation derived from this lag is likely to be unreliable and should
be rejected, even if its SNR is relatively high. In both Figs 5(c) and
(d), o before and after selection are relatively close, which proves
the ‘t-symmetry’ strategy can maintain the stability of amplitude—
distance distribution. By incorporating this ‘t-symmetry’ strategy
alongside a relatively lower SNR threshold, we can effectively ex-
clude poor-quality amplitude data while avoiding bias to attenuation
measurements (Fig. 5d).

Lastly, similar to previous velocity tomography studies (e.g.
Shapiro et al. 2005), measurements with too short interstation dis-
tances should also be discarded. To summarize, we reject ampli-
tude measurements with SNRs smaller than 4, with AV larger than
0.3 kms™' (to both the V; and the observed velocity in the other
lag), and with paths shorter than 2 wavelengths. These selection
criteria help ensure the reliability of the amplitude measurements
used in the subsequent attenuation tomography.

3.3 Correction of geometrical spreading and
focusing/defocusing effect

Since the amplitude of the surface wave is influenced by various
factors, it is crucial to separate them before or during the inversion of
attenuation. Ifit is possible, separating those factors before inversion
is more reasonable, which avoids the trade-offs of attenuation with
other factors. In this study, the influence of geometrical spreading
and focusing/defocusing effect are estimated and separated before
the inversion, while site amplification and noise intensity terms are
considered during the inversion. First, geometrical spreading (G) is
estimated using eq. (3), as introduced in Section 2.1. In this section,
we mainly focus on the correction of the focusing/defocusing effect.
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Figure 3. Retrieved EGFs at 12 s (narrow-band filtered to 10.2—13.8 s) after stacking 97 days’ data using (a) asynchronous temporal flattening, (b) temporal
flattening and (c) equal-weighted raw stacking method. The average SNRs of all EGFs are 19.63, 16.00 and 12.49, respectively.
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Figure 4. The histogram of SNRs of EGFs at 12 s from asynchronous
temporal flattening (blue), temporal flattening (orange) and raw stacking
(green) methods. The energetic spikes in seismic records were muted asyn-
chronously in ATF, muted synchronously in TF, and left unmuted in the raw
method. The SNR is defined as the ratio of the peak amplitude of the signal
to the RMS amplitude of the noise in the noise window, and it is measured
srespectively ,for each lag of each EGFE.

When a wave propagates through a media with elastic hetero-
geneity, its amplitude is influenced by the gradient of phase velocity
perpendicular to the propagation path, known as the focusing and
defocusing effect. Since the scale of phase-velocity heterogeneity is
close to the seismic wavelength, the finite-frequency effects should
be taken into account. Therefore, we applied finite-frequency the-
ory based on the work of Zhou et al. (2004), which has also been
compared with other methodologies by Dalton et al. (2014) and Bao
et al. (2016). The computational complexity of this method is more
manageable compared to finite-element synthetic tests. According
to 2-D finite-frequency theory, the amplitude variation caused by the

focusing/defocusing effect for each frequency and source-receiver
pair can be related to the frequency-dependent phase-velocity per-
turbation 2(«, 6, ¢) by:

)
In(AF (@) = / K (w,0,¢);§(w,0,¢)dﬂ, &)
Q

where w is frequency, 6 is latitude, ¢ is longitude and the integration
is carried out over the unit sphere 2. The 2-D sensitivity kernel for
amplitude can be expressed as follows:

228 R" ¢ i[H(A'+A"—A)tn /4]
(6)
SR\/Snk [sin A’| [sin A”| / |sin A|

K (@,0,¢)= —Re(

where k is the wavenumber, which varies with frequency w;
A, A’ and A” denotes the angular path length of source-to-
receiver, source-to-scatterer and scatterer-to-receiver, respectively.
The source-radiation factor S and receiver-polarization factor R are
assumed to be the same along source-to-receiver, source-to-scatterer
and scatterer-to-receiver propagation paths. An example of a sen-
sitivity kernel at the central period of 18 s is given in Fig. 7, and
the sensitivity kernels are truncatedto A’ + A” — A < 2%71, which
excludes energy arriving at the receiver outside of the measure-
ment window (Dalton et al. 2014). Negative values in sensitivity
kernels indicate that a positive phase-velocity variation (6¢/cy > 0)
at those locations would lead to a negative amplitude perturbation,
and vice versa. Besides, a high-resolution phase-velocity model is
also crucial for the estimation of the focusing/defocusing effect.
In this study, we have used a regional phase-velocity map of NE
China constructed by Guo et al. (2016). To balance computational
efficiency and accuracy, this approach did not take velocity hetero-
geneity’s impact on the sensitivity kernel itself into account, which
needs wavefield simulations for each station and frequency.
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Figure 5. The variation of RMS amplitudes of EGFs at 12 s (a) with SNRs, and (b—d) with distances of station pairs. In (b—d), the blue dots represent the
selected amplitude measurements, while the orange dots represent the removed measurements after applying different data selection criteria. The linear fit
before (solid blue lines) and after (dashed red lines) data selection are also shown with the slopes («). Note that the amplitudes have been corrected for

geometrical spreading.
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(V'L, V r) are measured on both lags. In this example, the amplitude measurement from the positive lag is rejected due to the large deviation of ¥ g from both
V1, and regional reference group velocity (¥ yer). The red and blue dashed lines represent the observed and expected arrival time, respectively, and the red stars

highlight the peak amplitudes.

To assess the accuracy of the finite-frequency theory method in
estimating the focusing/defocusing effect, we conducted a compar-
ison with synthesized amplitude measurements, which were cal-
culated by the SPECFEM2D wave propagation solver. Based on
the spectral element method, SPECFEM2D can simulate realistic
seismic wave propagation in inhomogeneous velocity structures,

and the focusing/defocusing effect can be accurately recorded in its
simulated waveforms. Fig. 8 establishes a positive correlation be-
tween the estimations from both methods across all periods, though
there is a slight discrepancy between them. Besides, we observed
that shorter periods and longer propagation paths tend to result in
larger amplitude perturbations, consistent with previous findings
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by Dalton et al. (2014). Across this array, the overall influence of
the focusing/defocusing effect is not strong, likely due to the rela-
tively short array length (<850 km) and ray paths passing through
similar geological structures along the array. The discrepancies be-
tween the two estimation methods may be partially caused by the
approximation of sensitivity kernels. However, due to the small
overall influence of the focusing/defocusing effect, we consider the
discrepancies to be acceptable, which have minimal impact on the
subsequent attenuation inversion process.

4 INVERSION OF ATTENUATION, SITE
AMPLIFICATION AND NOISE
INTENSITY

4.1 Inversion method

After the selection and correction of amplitude measurements, data
are now prepared for the final inversion process. As mentioned
above, for ambient-noise-based attenuation tomography, it is es-
sential to simultaneously consider the site amplification and noise
intensity terms in the inversion framework. To ensure the stability
of the solutions, we construct an iterative inversion system, similar

to that proposed by Zhao et al. (2004, 2010). Assuming attenu-
ation coefficient o, site amplification S, and noise intensity term
B can be separated into background components (¢, Sp, By) and
perturbations, eq. (2) can be reformulated as:

In(X;;/G) = (InSjo +8InS;) + (InS;o +8InS;)
xj
+ (10 Bio (i ;) + 810 By (- ;) )—/(ag+6a)dx+C.

Xi

(7
The relationship between « and quality factor Q is:
nf
= —, 8
*=To ®)

where f is the frequency of the wave, and U is the group velocity.
In this study, an averaged U along this array for each frequency is
utilized, which was calculated from the regional velocity model by
Guo et al. (2016). Then, taking differentiation on both sides of eq.
(8), we obtain:

nf

So = — >
vg,

§0. ©)
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To represent the discrepancy between the observed and model-
predicted amplitudes, we introduce the residue /:
xj
h=1In(X;;/G) —InSiy —InS;o —In By (A~ ;) + /aodx - C.

Xi

(10)

Substituting eq. (8), eq. (9) and eq. (10) into eq. (7), we replace
Sa with § O and obtain:

xj
h=3InS; +38InS; +3§1InB; (ﬁ,-ﬂ-)+;—£2/6de. (11)
0

Thus, the complete inversion system, which consists of multiple
ray paths, can be represented as:

30
H=A| 8IS |, (12)
dIn B

where H is a vector of the residues between measurements and
model predictions, and A is a coefficient matrix that links the per-
turbations of model parameters to H. Additionally, we parametrize

Q into 30 nodes using splines and assume that B varies for the SE
and NW directions at each station. As A4 contains coefficients with
different scales for different model parameters, we use a precondi-
tioned matrix to improve the convergence speed of the solution (Xu
& Song 2010; Zhou et al. 2020b).

Based on eq. (12), we initiate the inversion with a regional-
averaged Q model and iteratively solve the perturbation of Q value,
site amplification, and noise intensity terms by minimizing the norm
of residual vector H. During this process, we constrain the sum
of site amplification perturbations to zero to avoid the trade-offs
between the mean value of site amplification and noise intensity
terms, and we also discard data with misfits larger than 3.5 times
the standard deviation of residuals. The iteration continues until
the residuals become stable in successive iterations. Such an in-
version scheme offers an opportunity to regulate the variation of Q
with moderate damping and smoothing factors, thereby avoiding the
presence of unrealistically large or negative Q values in the solution.
In this study, we used a linear least-square solver from MATLAB,
the Isqlin, to solve this inversion problem, which can incorporate
linear constraints easily.

To prove the reliability of the inversion method, we performed
synthetic tests based on the real path coverage of several differ-
ent periods (e.g. 6, 12 and 18 s, in Figs S1-S3). We generate the
input attenuation models by a cosine function, whose wavelength
is 150 km. The In(S) terms are generated randomly between —0.5
and 0.5, and In(B) for two different directions are increased or
decreased with distance from —0.5 to 0.5, with a small random
variation being added. The synthetic amplitudes are generated from
those predefined model parameters based on eq. (2), with 5 per cent
random noise. As shown in Figs S1-S3, most model parameters
are recovered successfully, except those attenuation terms at the
edge of the seismic array, where ray path coverage is sparse and
in a single direction. Such a phenomenon has also been reported
and discussed by Weaver (2013). In addition, due to the deletion
of ray paths shorter than two times the wavelength, the In(Bnw)
and In(Bsg) are not constrained near the SE and NW edge of the
array, respectively. Nevertheless, the overall accuracy of inverted
model parameters indicates the trade-off between different terms

is limited. Our ray coverage and inversion method are adequate to
constrain the local attenuation structure stably.

Finally, we obtained frequency-dependent Q values, site amplifi-
cation, and noise intensity terms for 33 individual periods between
6 and 22 s, with a 0.5 s interval. The number of ray paths used in to-
mography, after data selection, is shown in Fig. 9(a), with over 1100
paths for every period. According to Fig. 9(b), the data variance
reduced substantially after the inversion at all periods, reaching
a maximum reduction of 84.8 per cent at 9.5 s, and a minimum
reduction of 46.5 per cent at 16.5 s.

4.2 Attenuation tomography profile

Fig. 10(a) shows the obtained Rayleigh wave attenuation profile be-
neath the NCISP-6 array in Northeast China. To depict the rapidly
changing attenuation in short periods more clearly, a zoomed-in
profile, Fig. 10(b), is also plotted, with a smaller interval (0.2 s) be-
tween the central periods of successive narrow bands. This profile
traverses several major faults and basins across the North China Cra-
ton (NCC), Songliao Basin (SLB) and Xing’an-Mongolia Orogenic
Belt (XMOB), exhibiting apparent variations in Q values among
different geological structures. Similar to Rayleigh wave velocity,
Rayleigh wave attenuation at longer periods is generally sensitive
to structures at greater depths. At short periods between 6 and 8 s,
particularly at 6 s, pronounced high attenuation anomalies are ob-
served below the Bohai Bay Basin and Erlian Basin, corresponding
to thick sedimentary layers in those regions. In contrast, the section
across the Songliao Basin shows relatively weak attenuation, possi-
bly due to the shallow sedimentary layer at the corner of this basin
(Liet al. 2016). At intermediate periods ranging from 8 to 14 s, the
attenuation becomes much weaker, which is most notably under the
Songliao Basin, while relatively higher attenuation is still observed
beneath the Tanlu Fault and Solonker Suture. Finally, at longer peri-
ods above 14 s, the attenuation gradually increases under the NCC
and XMOB, while a continuous low attenuation remains under the
SLB. Overall, the attenuation profile shares similar large-scale fea-
tures with the phase velocity profile interpolated from the model by
Guo et al. (2016) (Fig. S4). However, some additional anomalies
related to faults and high-temperature structures are more clearly
presented in attenuation tomography, which we will further discuss
in Section 5.1.

To further investigate the frequency dependence of Rayleigh wave
attenuation, we calculate the mean 1/Q across 33 discrete narrow
period bands (Fig. 11), which is more robust than the //Q measured
in any specific location. In the period between 6 s and 10 s, the 1/Q
decreases rapidly, with 10 s acting as a turning point, after which the
1/Q starts to gradually increase. This trend suggests that the middle
crust generally exhibits lower attenuation compared to the upper
crust, the lower crust, and the upper mantle in the study region. As
shown in Fig. 11, our measurements are very close to the ones by
Zhou et al. (2020b) and Yang et al. (2004) at 10 and 20 s, which
are based on earthquake signals. However, due to the lack of previ-
ous noise-based attenuation tomography results near NE China, we
chose two results measured in the continental US for comparison.
The averaged 1/Q of the US by Bowden et al. (2017) is lower but
still comparable to our result, while the result of the West US by
Magrini & Boschi (2021) is significantly larger. Even though the
average crustal thickness of the western US and NE China is close,
the difference between regional structures and specific methods
may lead to a discrepancy between attenuation results. Therefore,
we emphasize the large spatial variation and potential uncertainty
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Figure 10. (a) Profile of Rayleigh wave attenuation, across periods from 6 to 22 s. (b) Zoomed-in profile, across periods from 6 to 12 s, with a smaller
interval (0.2 s) between the central periods of successive narrow bands. Topography and geological elements are illustrated, with red dashed lines indicating
the locations of major faults and sutures.
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Figure 11. Average Rayleigh wave attenuation under NCISP-6 array at periods between 6 and 22 s. Mean values and standard deviations of 1/Q are indicated
by blue dots and dashed lines, respectively. Average measurements from previous studies (i.e. Yang et al. 2004; Zhou et al. 2020b) are represented by yellow
triangles. Note that some of those measurements were originally represented by attenuation coefficient o, which was converted to Q using regional Rayleigh

wave group velocity maps (i.e. Shen & Ritzwoller 2016; Shen et al. 2016).

of attenuation measurements, which require careful consideration
when analysing and using models. Nevertheless, the estimated Q
for NE China is around 400 (Mitchell ez al. 2008), which can rep-
resent the attenuation properties of the entire crust and demonstrate
the validity of our results.

4.3 Site amplification and noise intensity

Additionally, we also invert for the site amplification and noise in-
tensity at different stations and periods. As shown in Fig. 12, the
logarithms of site amplification terms are generally close to zero
and vary smoothly with periods. Notably, distinct differences in
the trend of variation can be observed among different geological
blocks. At short periods (<8 s), the mean site term in the NCC and
XMOB is slightly higher than that in the SLB, especially around the
Bohai Bay Basin and Erlian Basin (Fig. 12¢). At the intermediate
periods (9-13 s), the site terms gradually decrease from the east side
to the west side (Fig. 12f). However, at longer periods, a reversal
of lateral features is evident, with an overall higher value in the
XMOB compared to the NCC and SLB (Figs 12g and h). Accord-
ing to Bowden et al. (2017), the site amplification is sensitive to the
seismic velocity beneath the station. At short periods, surface waves
experience amplification when propagating into low-velocity sedi-
mentary basins. However, for longer periods, when Rayleigh waves
become partially sensitive to the upper mantle material, areas with
thinner crust encounter the high-velocity mantle earlier, resulting in
lower site amplification. Thus, the retrieved site amplification terms
are reasonably correlated with both the locations of sedimentary
basins and the increase in Moho depth from the SLB to XMOB.
Site amplification plays a crucial role in ground motion prediction
and seismic hazard mitigation. For a more comprehensive analysis

this term, please consult the works of Bowden & Tsai (2017) and
Chen et al. (2018).

Based on the linear array, we perform inversion for two different
noise intensity terms, Bsg and Bnw, corresponding to noise sig-
nals from opposite directions, SE and NW, respectively. The noise
intensity terms and their variation trends at four example periods
are shown in Figs 13(a)—(d), where distance corresponds to sta-
tion locations ranging from SE to NW. It can be observed that both
In(Bsg) and In(Bnw) exhibit linear trends with distances, though the
mean values and slopes of In(Bsg) and In(Bxw) vary significantly
across different periods. At periods between 6 and 12 s, which
coincide with the secondary microseism band, the noise intensity
from the SE direction is stronger than that from the NW direction.
Conversely, at periods above 12 s, around the primary microseism
band, the relationship reverses (Fig. 13e). Regarding the slopes of
variation trends, In(Bsg) holds negative slopes, indicating that it
tends to be larger in stations closer to the SE side, while In(Bnw)
holds positive slopes at periods between 7 and 14 s and negative
slopes at others. The observed variation of noise intensity in this
study deviates far from the variation trend expected in a noise field
with no or weak internal scatterings and sources, as proposed by
Weaver (2011, 2013). Possible reasons for the deviation include
noise sources from off-line directions and energy redistribution by
backscattering in the near field, though further research based on
2-D arrays is still required for definitive interpretations. Therefore,
a direct application of eq. (4) to reduce the number of noise inten-
sity terms might not be valid in the real-Earth situation, where the
variation trend of B is more complex due to the variability of media
and sources. For 2-D array conditions, without any prior constraint,
a direct inversion of all noise intensity terms at every station and di-
rection can be challenging. Consequently, under that circumstance,
noise attenuation tomography should be based on a precise model
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of the noise intensity, or alternative methods such as the two-station
method should be used to eliminate the influence of noise intensity
in advance. Additionally, note that the noise intensity’s variation
at 6 s is relatively drastic (Fig. 13a), which may deviate from the

idealized smooth variation requirement for eq. (1). Therefore, to
enhance the accuracy and quantitatively estimate the uncertainty of
attenuation tomography, more knowledge about the ambient noise
field is still sought.

¥20Z AN g uo 1s8nb Aq 0025£92/9€SL/€/LEZ/81P1e/B/woo dno-oiwspede//:sdiy woly pepeojumoq


art/ggae118_f12.eps
art/ggae118_f13.eps

1548  H. Peng and J. Li
5 DISCUSSION

5.1 Correlations of attenuation with geological structures

The anelastic properties of solids are mainly governed by defect
and thermal properties (Jackson & Anderson 1970). Compared to
seismic velocity, seismic attenuation exhibits higher sensitivity to
factors such as porosity, defect concentration and mobility, tem-
perature, grain size, as well as the presence of molten and volatile
components of Earth materials (Sato et al. 1989; Jackson et al.
1992; Rietbrock 2001). Thus, attenuation can provide valuable in-
sights into both the geological structures and mechanisms at various
scales.

In the sedimentary layer and brittle upper crust, the sliding mo-
tion between crack surfaces during the passage of a seismic wave
results in frictional dissipation of energy. Besides, if the cracks are
saturated with water, viscous damping would further increase atten-
uation (Walsh 1966). Previous tomography studies have consistently
observed high attenuation anomalies associated with faults and thick
sedimentary basins (e.g. Sertcelik 2012; Zhao et al. 2013; Tsuru
et al. 2018). Similarly, our results (Fig. 10) reveal pronounced high
attenuation anomalies at short periods under the Bohai Bay Basin
and Erlian Basin, where the sedimentary layer is much thicker than
the surroundings. Moreover, relatively high attenuation anomalies
are observed just beneath the Tanlu Fault and Solonker Suture, two
of the deepest block boundaries across NE China. Although smaller
and shallower faults are not identified in this study, likely due to
the limitation of the period band (>6 s) and shallow-depth resolu-
tion, noise-based attenuation tomography has the potential to reveal
shallow rock damages when denser arrays are provided (Liu et al.
2021, 2022).

With increasing depth, cracks of rocks close quickly due to ele-
vated pressure. In media characterized by high pressure and temper-
ature, the dominant contributors to attenuation are viscous grain-
boundary damping and dislocation damping of crystals (Gordon
& Nelson 1966; Farla et al. 2012; Jackson et al. 2014), which are
influenced by the temperature, grain size and volatile fraction (Sato
et al. 1989; Karato 1993). Besides, some studies also associated
the enhanced attenuation in specific regions (e.g. magma chambers,
mantle transition zone) with partially molten rocks (Yamauchi &
Takei 2020; Havlin ef al. 2021; Lyakhovsky ef al. 2021). Attenu-
ation anomalies in regional and global tomography are commonly
linked to tectonic and dynamic processes, providing insights into the
driving forces of plate motion (Debayle et al. 2020), the formation
and dynamic mechanisms of mantle wedges in subduction zones
(Wei et al. 2018; Zhao et al. 2021), and the distribution of mid-
lower crustal flow (Zhao ef al. 2013; Dai et al. 2020). In this study,
at periods longer than 12 s, we observed ‘high-low-high’ attenua-
tion anomalies between the NCC, SLB and XMOB. This pattern
is consistent with previous velocity tomography (Guo et al. 2016;
Kang et al. 2016), which reveals relatively high velocities beneath
SLB extending from the lower crust to 200 km in the upper mantle.
This anomaly suggests a colder and denser mantle under the SLB
and hotter ones under the NCC and XMOB. A common explanation
for this high-velocity anomaly is ongoing lithospheric delamination
beneath the southwestern SLB (Chen ef al. 2017). Nevertheless,
some recent studies (eg., Guo et al. 2016; Liang et al. 2022) also
attribute the observed velocity anomaly to a mantle convection sys-
tem driven by mantle upwelling beneath the Changbai Mountain
range, with a downwelling limb and a secondary upwelling limb
beneath the SLB and XMOB, respectively. Given that the upwelling
mantle material is characterized by high temperatures and may even

contain partially molten rocks, it could substantially increase atten-
uation. Thus, our observed high attenuation beneath the NCC and
XMOB may lend support for the mantle upwelling model. However,
to explore the origin of low attenuation beneath SLB, attenuation
measurements for greater depths are needed.

Apart from lateral variations, the radial/vertical variation of Q
is also investigated. Inconsistencies still exist among various radial
O models, particularly in the crust and deep mantle, which can be
attributed to the wide range of Q variations in Earth’s media and
the use of different data and processing methods (Resovsky et al.
2005). The frequency-dependent Rayleigh wave attenuation Qpg,
could be related to the depth-dependent shear wave attenuation Qyg,
through depth sensitivity kernels (Anderson ef al. 1965; Liu et al.
2022):

(B o e (e
On = ;(w 33:) s +;(‘3R 3“1) Qai- (13)

where «; and B, are the compressional velocity and shear ve-
locity, which vary with depth layer /. The term cy is Rayleigh
wave phase velocity, which varies with frequency. Since the term
%‘f;’; is usually assumed to be close to zero, the second integral
is considered negligible. Using eq. (13), with regional averaged
a;, B and cg, we calculate the attenuation sensitivity kernel
of Rayleigh waves to shear waves and invert for a radial pro-
file of the regional average Qg (Fig. 14). Through this process,
an open-source Python package ‘disba’ was applied to calculate
33% for different periods, and this package can be obtained from
(https://github.com/keurfonluu/disba). One intriguing feature ob-
served in this profile is the remarkable Qy variation between dif-
ferent layers. Starting at approximately 90 in the sedimentary layer,
Qp increases fast with depth to around 1000 in the middle and lower
crust, and then rapidly decreases after passing the Moho disconti-
nuity to approximately 70 in the upper mantle. While the low Qg
in upper mantle has been a consensus amongst different radial Q
models, the depth at which high attenuation begins is still subject
to debate. According to our results, the decrease of Oy has already
started at the depth of Moho. However, due to the relatively weak
ambient noise signals at periods larger than 22 s, we are unable to
explore the variation trend of Oy at deeper layers below the top of
upper mantle. Future research incorporating earthquake and ambi-
ent noise data might help address this issue. Although, in this study,
we only use data from NE China, similar variation trends of Qg have
also been observed in other areas (Mitchell 1995). Nevertheless, it
is important to note that the uncertainty of Qg is usually large, so
it remains to be investigated whether Qg in the upper mantle is
typically as low as 70.

5.2 Influence of different factors on the Rayleigh wave
amplitude

As mentioned above, multiple factors contribute to the amplitude
of Rayleigh waves. Fig. 15 presents a comparison of the magni-
tudes of the attenuation, site amplification, noise intensity and fo-
cusing/defocusing effect on Rayleigh wave amplitude. The mean
values of the logarithms of the amplitudes are calculated for each
factor and period based on the inverted model parameters. At short
periods (<7 s), attenuation is the primary contributor to amplitude,
followed by noise intensity and site amplification terms, while the
contribution of the focusing/defocusing effect is relatively small.
However, as the period increases, the contribution of attenuation
decreases quickly and becomes smaller than the influences of both
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Figure 14. (a) Depth sensitivity kernels of Rayleigh wave attenuation Q' to shear wave attenuation Qg, at example periods. (b) Regional average Qg radial
profile, categorized into different layers: sedimentary layer (0-5 km), crust (540 km) and upper mantle (40-60 km).
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Figure 15. Mean of the absolute value of different contributors to Rayleigh wave amplitude at different periods. Green: attenuation; blue: site amplification

terms; orange: noise intensity terms; yellow: focusing/defocusing effect.

noise intensity and site amplification terms. Therefore, attenuation
might not be the only dominant factor determining Rayleigh wave
amplitude, especially for long periods and short ray paths. The influ-
ences of site amplification, noise intensity, and focusing/defocusing
effect are not negligible in Rayleigh wave attenuation tomography.
Additionally, since the contribution of attenuation is proportionate
to the length of ray paths, we recommend using larger-scale arrays
to amplify the impact of attenuation over other factors (Mitchell
1995). In this study, the mean ray path length is only about 350 km;
however, if the ray path length can be extended to over, for exam-
ple, 1000 km, the contribution of attenuation may surpass that of
other factors. Nevertheless, it should be noted that longer ray paths
would also magnify the focusing/defocusing effect and increase the
stacking time for the convergence of EGFs.

In addition to the factors we modelled or estimated in this
study, several other factors might also impose certain influences
on Rayleigh wave amplitude. First, topography can cause distortion
of seismic waveforms, especially for high-frequency waves with
shorter wavelengths. In areas with steep topography (e.g. volcanos
and basins), this effect can become the dominant factor in determin-
ing O (O’Brien & Bean 2004, 2009). Secondly, the lateral variations
of anelasticity (Q) can also affect the seismic wave propagation
and induce an anelastic focusing/defocusing effect on amplitudes.
At short periods (~50 s), this effect is comparable but negatively
correlates to the elastic focusing/defocusing effect (Ruan & Zhou
2012). Finally, attenuation can be further categorized into intrinsic
and scattering attenuation. Intrinsic attenuation results in the dissi-
pation of the wave energy, while scattering attenuation redistributes

¥20Z AN g uo 1s8nb Aq 0025£92/9€SL/€/LEZ/81P1e/B/woo dno-oiwspede//:sdiy woly pepeojumoq


art/ggae118_f14.eps
art/ggae118_f15.eps

1550  H. Peng and J. Li

energy from the primary wave to the coda wave. In the lithosphere,
the magnitudes of the two types of attenuation are comparable, and
their separation is essential for understanding the attenuation mech-
anism and exploring geological structures (Prudencio et al. 2017).
Although these factors were not explicitly addressed in this study,
they are undeniably important for extracting more information from
seismic amplitudes.

6 CONCLUSIONS

Building upon the theoretical derivation and simulation tests by
Weaver (2011, 2013) and Zhou (2020a), this paper summarizes and
further develops a workflow for attenuation tomography based on
ambient noise correlation. The workflow consists of three phases:
(1) retrieval of EGFs, (2) selection and correction of amplitude
measurements and (3) inversion of attenuation, site amplification
and noise intensity terms. To enhance the quality of EGFs while
preserving the relative amplitudes, we apply the ATF normalization
method (Zhou et al. 2020a) in the processing of seismic records.
Additionally, a ‘t-symmetry’ criterion is proposed for data selection
to maintain the stability of amplitude distribution with distance; and
then 2-D sensitivity kernels (Zhou et al. 2004) are utilized for the
correction of the focusing/defocusing effect. Finally, the recovery of
attenuation, site amplification, and noise intensity terms is achieved
through an iterative inversion approach (Zhao et al. 2010).

To validate the effectiveness of the proposed method, we apply
it to NE China. The derived attenuation from ambient noise is rea-
sonable and comparable with results from previous studies (Yang
et al. 2004; Zhou et al. 2020b), exhibiting a strong correlation
with local geological structures. Notably, the observed attenuation
anomalies in intermediate periods (> 12 s) are consistent with veloc-
ity tomography results, which may lend support for the existence of
a regional mantle convection system. In addition, a remarkable in-
crease in seismic attenuation (i.e. a decrease of Qp) is also observed
near Moho depth in this area. However, to gain a comprehensive
understanding of the general variation trend of Q in the crust and up-
per mantle, further investigations that integrate both ambient noise
and earthquake data are indispensable. Besides, the retrieved site
amplification and noise intensity terms also follow certain varia-
tion trends across different periods and station locations, which are
related to local structures and noise source distribution. The corre-
lation of tomography results to geological structures and substantial
reduction of data misfits after inversion prove the reliability of both
amplitude measurements and the inversion method.

Noise-based attenuation tomography provides a promising path
to obtain short-period observations that are often scarce in earth-
quake signals. Those observations are important for investigating
the lateral and radial variations of attenuation in the crust and upper
mantle (Anderson ef al. 1965). Besides, similar to noise-based ve-
locity tomography, an advantage of this tomography method is that
it does not rely on the specific locations of earthquakes. This allows
the increase of ray path density, leading to high-resolution tomog-
raphy results. Although, in this paper, the tomography is based on
a 1-D array, our method can be extended to 2-D arrays, once the
noise intensity is carefully parametrized and modelled or cancelled
through the Two Station Method. In the future, increased applica-
tions to denser arrays and detailed simulation tests involving com-
plex scattering situations would further enhance our understanding
of noise field characteristics.

Lastly, we acknowledge several limitations in this research, which
should be addressed in future studies. First, we did not consider the

effects of topography, and anelastic focusing/defocusing, and did
not separate intrinsic and scattering attenuation. In the future, a
more comprehensive analysis of those factors might be possible
with the advance of full-waveform tomography (e.g. Zhu et al.
2013; Komatitsch ef al. 2016; Song et al. 2023). Second, despite
applying various preprocessing and stacking methods, the extracted
EGFs are not exact representations of ideal Green’s functions due
to the complexities of source and scattering distributions, as well
as finite stacking time. Addressing this challenge requires a better
understanding of noise source distribution (e.g. Cheng et al. 2023;
Igel et al. 2023) and the development of effective methods for sep-
arating random noise from non-random noise in seismic records
(e.g. Meng et al. 2019). These advancements might further improve
the accuracy and reliability of noise-based attenuation tomography.
Additionally, the seismic noise field exhibits complex spatiotem-
poral variations, which deserve more attention and effort in direct
observation and interpretation.
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