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Abstract Basin resonances can significantly amplify and prolong ground shaking, and accurate
site-amplification estimates are crucial for mitigating potential seismic hazards within metropolitan basins.
In this work, we estimate the site amplification of long-period (2-10 s) ground motions across northeast China
for both surface waves and vertically incident shear waves. The spatial distribution of relatively large site
amplifications correlates strongly with known sedimentary basins for both wave types. However, the site
response of surface waves is typically twice as high as that of shear waves at most basin sites. We further show
that these site-amplification features can be well explained by predictions based on the local one-
dimensional structure at each site. Our results highlight the importance of accounting for surface-wave
contributions and demonstrate the usefulness of semi-analytical theory for surface-wave amplification, which
may be broadly applicable in future seismic hazard analysis.

Plain Language Summary Surface waves are often the dominant wave type observed for large
shallow earthquakes at relatively large distances. Surface-wave amplification at sites underlain by thick,
soft sediments within the Songliao basin is substantially larger than in adjacent generic rock sites in northeast
China. This highlights the importance of accounting for the contributions of surface waves in accurately
predicting earthquake ground motions. A semi-analytic method for estimating surface-wave amplification
can well explain the most significant site-amplification features, based on the local one-dimensional structure
at each site. This approach may be broadly applicable in future seismic hazard analysis.

1. Introduction

Basin resonances are well-recognized seismic hazards, which can significantly amplify and prolong
long-period (< 1 Hz) ground motions from moderate to large regional events (e.g., Asano et al., 2016;
Borcherdt, 1970; Galetzka et al., 2015) and thus potentially cause devastating damage to large manmade
constructions, for example, high-rise buildings, large-storage oil tanks, and long-span bridges (Hatayama,
2008; Kano et al., 2017; Pratt et al.,, 2017). Usually, the seismic response of sedimentary basins from large
shallow earthquakes is dominated by surface waves. Therefore, accurate estimate of surface-wave
amplification is an important practical need for mitigating potential seismic hazards in metropolitan areas
atop sediment-filled basins.

Unfortunately, it is not a trivial task to quantitatively model the amplification of surface waves. Since surface
waves are excited and propagate differently as compared to vertically incident shear waves, they have a
distinctly different frequency-dependent response to known geologic structure (Bowden & Tsai, 2017).
Hence, the standard one-dimensional (1-D) ground response analysis, which considers the effect of
near-surface geology on vertically propagating shear waves or simply uses empirical proxies (e.g., Vs30),
often underestimates the observed amplifications (e.g., Steidl, 2000). Moreover, site amplification across deep
sedimentary basins could be highly variable even over distances of a few kilometers (Imperatory & Mai, 2015;
Moschetti et al,, 2017), which is often attributed to three-dimensional (3-D) basin effects related to how basin
shape and lateral heterogeneities affect wave propagation (Graves et al., 1998; Kawase, 1996; Pilz et al., 2018;
Takemura et al., 2015). As such, much effort has been devoted to 3-D numerical simulations of earthquake
ground motions in sedimentary basins (e.g., Bose et al., 2014; Chaljub et al., 2015; Frankel et al., 2009; Iwaki
& lwaka, 2010; Olsen, 2000; Olsen et al., 2006; Pilz et al., 2011). Such basin resonance effects can also be
captured by observations of the ambient seismic field (e.g., Bowden et al.,, 2015; Denolle, Dunham, et al,,
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2014; Denolle, Miyake, et al., 2014; Viens et al., 2016). Recently, Bowden
and Tsai (2017) proposed a semi-analytical method to estimate surface-
wave amplification relative to a reference bedrock site, using the local
1-D shallow structure at a specific site. Within the framework of this
theory, Tsai et al. (2017) successfully explained the extreme ground
motions in Osaka basin due to the great 2011 Tohoku earthquake. This
novel approach provides a simple way to estimate the site amplification
of surface waves in a manner similar to current engineering practice of
seismic hazard assessment, without requiring computationally intensive
3-D waveform modeling.

2010/02/18, 01:13:19,(
Mw 6.9, Depth: 577y

Northeast China is one of the most densely populated regions in China
and sits atop several alluvial basins, including the central Songliao basin
and the eastern Sanjiang basin (Figure 1). The Songliao basin, about

Figure 1. Map view of northeast China. The magenta lines delineate the out-
lines of the major basins in northeast China, and black lines indicate the

130°E 140°E 750 km long and 330-370 km wide, hosts the largest nonmarine oil field
in China (Daqging Oilfield). In particular, most of the petroleum reservoirs
are located in the central down warp of the Songliao basin (Feng et al.,

active faults. The gray circles represent large historical earthquakes. The red ~ 2010), which also appears to possess the thickest sediments inside the
circles denote the earthquake events used in this study, including the 12 basin (Li et al, 2016). Unfortunately, this earthquake-prone region is
shallow regional events off the coast of Japan and one deep local event bounded in the southeast by several active faults (black lines) and is

(577 km) beneath northeast China. These signals were captured by the
temporary broadband array (blue squares) and the permanent stations
(black triangles) that covered the study area. The red triangle and the two red

frequently subject to strong shaking from a diversity of earthquake
sources (Duan et al,, 2017), as exemplified by a series of large earthquakes

squares denote the reference station at a bedrock site (IC./MDJ) and two of magnitude up to 7.5 in the 1960s and 1970s (gray circles). Thus, accurate
typical basin stations used in Figures 2, S1, S2, and S3, respectively. estimates of ground-motion amplification would make an important con-

tribution to quantifying the seismic hazard from potential M7+ earth-
quakes in the study region. In this work, we characterize the site amplification of long-period ground
motions across northeast China. Specifically, we aim to understand and quantitatively explain the distinctly
different amplifications of surface waves within the sedimentary basins, as compared to vertically incident
shear waves.

2, Data and Methodology
2.1. Site Amplification Estimation

We use earthquake records from a temporary broadband array deployed across northeast China (blue
squares in Figure 1), complemented by permanent seismic stations (black triangles), to obtain frequency-
dependent site-amplification measurements of both surface waves and vertically propagating shear waves
(Figure 2a). The large-scale broadband array, known as the NECESSArray (NorthEast China Extended
SeiSmic Array), consists of 126 temporary broadband stations with an average station spacing of
approximately 80 km that covers most of northeast China (Tao et al., 2014). It was deployed between
September 2009 and August 2011 under an international collaborative project and captured the great
2011 Tohoku earthquake off the coast of Japan and subsequent large aftershocks (red circles in Figure 1;
Table S1 in the supporting information). These shallow undersea earthquakes generated strong long-
period surface waves that swept across the region of interest. In fact, most of the broadband stations
clipped during the great Tohoku earthquake even more than 1,000 km away from the epicenter, with peak
velocities exceeding 1 cm/s. In order to circumvent the difficulty of separating surface waves from body
waves, we use observed velocity records from a deep earthquake of magnitude 6.9 beneath the study area
(Figure 1), which hardly excited surface waves, to estimate the site amplification of vertically incident
shear waves.

It has been the standard practice in earthquake engineering to calculate the site amplification relative to a
bedrock reference site (e.g., Borcherdt, 1970; Borcherdt & Gibbs, 1976). Here we calculate the response
spectral ratio, instead of the standard spectral ratio, to obtain smoother site response over the frequency
range of interest (Roten et al., 2013). The only permanent GSN station in the study area, IC.MDJ, was chosen
as the reference site due to its extremely low level of background noise (Figure 1). Taking a typical basin site
(YP.NE8H) as an example, the detailed procedures for estimating site amplification are presented in Text S1.
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Figure 2. (a) Schematic showing the distinct propagation of surface waves and body waves. Shear waves from the deep
local earthquake propagate nearly vertically as they reach the surface (purple arrows), whereas surface waves from the
shallow regional events enter laterally and travel across the basin (black arrows). (b, c) Example velocity response at a
period of 4 s for (b) the deep local event (shear wave) and (c) one shallow regional event at one typical basin site (YP.NE8H,
top panels) and the reference site (IC.MDJ, bottom panels). The traces are plotted with absolute amplitudes in units of cm/s,
with the gray shadow indicating the time window used for calculating the response spectra. It is noted that the reduced
velocity of 3.4 km/s corresponds to the average group velocity of the Love waves at a period of 4 s. (d, e) Example com-
parison of the observed (thick black lines) and predicted (thin red lines) site amplification curves for (d) the vertically
incident shear wave and (e) the fundamental-mode Love wave, at the same basin site as in panels (b) and (c). The gray
shadow in panel (e) denotes +1 standard deviation of the average response spectral ratio for Love waves. Note that the
predictions of both wave types are in good agreement with the observed amplifications, in terms of both peak amplifi-
cation factors and resonance frequencies.

2.2. Modeling Site Amplification

The site response term for vertically incident shear waves can be semi-analytically estimated using a
Thomson-Haskell propagator matrix approach (Haskell, 1953; Kramer, 1996). In this study, we further employ
the semi-analytical method of Bowden and Tsai (2017) to quantitatively explain the observed surface-wave
amplifications across northeast China. Consistent with the current standard practice in earthquake engineer-
ing for site-specific analysis, this novel method also calculates the local site amplification of surface waves
using the local 1-D shallow velocity and density structure at a specific site. Conservation of surface-wave
energy flux requires that the relative amplitudes of surface waves with respect to a reference site satisfy
(Aki & Richards, 2002; Tromp & Dahlen, 1992)
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where u(0) is the displacement eigenfunction at the surface, U is the group velocity, and / is an energy integral
over the eigenfunction and density for the mode considered. The subscript R denotes the measurements at a
reference site. This theory accounts for both Rayleigh and Love waves that propagate laterally through a
smoothly varying medium (e.g., the basin of interest). Note that the / integrals are defined differently for
Rayleigh and Love waves. The readers are referred to Bowden and Tsai (2017) and Tsai et al. (2017) for a
detailed derivation of equation (1). Here we emphasize that the expression A/Ar defines a frequency-
dependent transfer function by which surface-wave ground motions at a reference site can be transformed
to another one, solely using the local 1-D structure. While it is unlikely that a single transfer function can cap-
ture the full variability of the entire surface-wave system in a realistic 3-D structure, this simple method pro-
vides first-order estimates of surface-wave amplification, in the absence of full 3-D numerical simulations. In
our study, the local 1-D velocity structure beneath each temporary station was previously obtained using
joint inversion of Rayleigh-wave ellipticity and surface-wave dispersion data from both ambient noise and
earthquakes at periods of 8-40 s (Li et al.,, 2016). Like with the observations, for the modeling we also use
the 1-D structure at the MDJ site outside the Songliao basin as the reference site to calculate the predicted
site amplification. Figures S4 and S5 present the modeled amplification of fundamental-mode surface waves
at two typical basin sites (YP.NE8H and YP.NE55), respectively. The site amplification of vertically incident
shear waves is also shown for comparison. Apparently, the resonance frequencies of all wave types at station
YP.NE8H are relatively lower than those at station YP.NE55, due to much thicker near-surface sediments
(~2 km) beneath station YP.NE8H. In addition, the peak amplification of the Love wave is greater than that
of the shear wave by a factor of 2 for both sites, despite the comparable fundamental resonance frequencies.

3. Results
3.1. Frequency-Dependent Site Amplification

Figure 2b displays the velocity response at a period of 4 s for the deep local earthquake (shear wave) from the
basin site YP.NE8H (top) and the reference site (bottom), respectively. Similar results for one shallow regional
earthquake (surface wave) is presented in Figure 2c. It is obvious that the durations of ground shaking of both
events at the basin site are significantly longer because of multiple reflections. Moreover, the peak response
of the surface wave at the basin site (top panel) is larger than that of the reference site (bottom panel) by an
order of magnitude, whereas that of the shear wave at the basin site is only larger by a factor of ~5. Figures 2d
and 2e show a comparison between the observed (black lines) and predicted (red lines) site amplification at
the same basin site, for the vertically incident shear wave and the fundamental-mode Love wave, respec-
tively. It is clear from the comparison that the predictions of both wave types are in good agreement with
the observed amplifications, in terms of both peak amplification factors and resonance frequencies.
Interestingly, the modeled Love-wave amplification even fits the shape of the observed amplification reason-
ably well. While there is significant amplification over the long period range between 1 and 10 s for both
wave types, the site response for Love waves is distinctly different from that of the vertically incident shear
wave. The shear-wave site amplification exhibits multiple resonance peaks, with peak amplification factors
of approximately 5 at the primary and first overtone resonance frequencies around 4 and 2 s, which likely ori-
ginate from reverberations within near-surface reflective layers. Conversely, the Love wave is amplified by a
factor of 15 at the fundamental resonance frequency (~4 s), with a broader range of periods that also have
substantial amplification.

3.2. Spatial Variability of Site Amplification

Figure 3 demonstrates the spatial variability of the observed amplification at periods of 2-3 s for vertically
incident shear waves, Love waves, and horizontal-component and vertical-component Rayleigh waves,
respectively. We calculate the amplification factors by averaging over the narrow period range of interest.
The lateral variations of site amplification clearly delineate the known geological structures, for example,
the central Songliao basin and the eastern Sanjiang basin (magenta lines). Generally, the site amplification
at generic bedrock sites is less than 1.5. In contrast, the ground motions of both Love waves and
horizontal-component Rayleigh waves within the Songliao basin can be amplified by a maximum factor of
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Figure 3. Spatial variability of observed amplification at periods of 2-3 s for (a) vertically incident shear waves, (b) Love
waves, (c) horizontal-component Rayleigh waves, and (d) vertical-component Rayleigh waves, respectively. The red trian-
gle denotes the reference station. These maps correlate well with local structure, notably the central Songliao basin and the
eastern Sanjiang basin (magenta lines). All of the plots were smoothed using GMT surface (Wessel et al., 2013).

8 and on average by a factor of 4 with respect to the reference site. The northern part of the Songliao basin,
which is coincident with the deepest region of the sedimentary basin (Figure S6), appears to be particularly
strongly and consistently amplified. Additionally, the amplification of surface waves within the eastern
Sanjiang basin at these relatively short periods is surprisingly high, with an amplification factor of more
than 8 and locally as high as 15. As expected, comparison of the site amplification between surface waves
and shear waves shows prominent differences. While the amplification factors of shear waves are locally as
high as 5 at a few sites, surface waves are amplified two to three times more strongly than vertically
incident shear waves at most basin sites. Moreover, the site amplifications of shear waves do not exhibit
clear correlation with basin depth, implying that the resonance of vertically incident shear waves at these
periods is dominated by near-surface soft deposits.

Figure 4 further exhibits the spatial variability of observed amplifications (left panels) in a longer period range
(4-5 s), as well as the corresponding modeling results (right panels). Similar to the prominent features in
Figure 3, significant site amplification is observed within the two Quaternary sedimentary basins.
Nonetheless, the area with strong surface-wave amplification atop the Songliao basin seems to be somewhat
smaller for these relatively longer periods (see also Figure S7 for results at a period of 8-9 s), which is again in
excellent agreement with where it would be predicted due to its location in the deepest part of the sedimen-
tary basin. While the intensity of amplifications in these maps is slightly different when using a different refer-
ence bedrock site, the dominant lateral features still remain. Furthermore, such dominant lateral features of
site amplification for both shear waves and surface waves are well explained by the predictions based on the
local 1-D structure at each site. Site amplification at some basin sites is moderately overpredicted or under-
predicted by a factor up to 2 at relatively short periods (Figures 4 and S8), but the discrepancies between the
observations and the predictions are remarkably reduced at longer periods (Figures $S9-512), for which pre-
dictions are less affected by details of the velocity model.
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Figure 4. A comparison of spatial variability of observed (left panels) and predicted (right panels) site amplification at per-
iods of 4-5 s, for (a) vertically incident shear waves, (b) Love waves, (c) horizontal-component Rayleigh waves, and

(d) vertical-component Rayleigh waves, respectively. The outlines of the Songliao basin and the Sanjiang basin are also
shown for reference (magenta lines). All of the plots were smoothed using GMT surface (Wessel et al., 2013).

4, Discussion

As indicated by the spatial variability of site amplification shown in Figures 3 and 4, the areas with substantial
amplification are strongly correlated with sedimentary structures. These basins are filled with unconsolidated
sediments up to 4 km in thickness (Bao & Niu, 2017; Li et al., 2016). The low-velocity shallow deposits resting
on metamorphic basement create a strong contrast in near-surface material properties and thus substantially
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increase amplitudes and durations of ground shaking from moderate to large earthquakes. Similar basin
resonance effects have been widely documented in other sedimentary basins (e.g., Borcherdt, 1970;
Frankel et al., 2009; Galetzka et al., 2015; Kano et al., 2017; Olsen et al., 2006; Pratt et al., 2017). Here we empha-
size that surface waves are amplified differently compared to vertically incident shear waves, as indicated by
both the observed and predicted site amplifications. Typically, the site amplification of surface waves is stron-
ger by a factor of more than 2. Hence, surface waves, if efficiently excited as in the case of large shallow
events, can play a more dominant role in ground shaking, especially at basin sites. Our results are also in gen-
eral agreement with previous studies. For instance, Bowden and Tsai (2017) reported that the amplification
factors in the Los Angeles Basin are 14 and 3.5 for 4-s surface waves and shear waves, respectively, due to
the M,, 7.2 El Mayor Cucapah earthquake in 2010. Such different amounts of amplification by local geological
structures originate from the distinct nature of wave propagation. As a consequence, if a thorough site char-
acterization at a given site is desired, one must account for the contributions of surface waves, in addition to
the standard amplification of vertically propagating shear waves.

It has been reported that 3-D basin effects, for example, scattering and conversion of wave types at sharp
basin edges, could significantly aggravate the consequences of ground shaking, especially in the short-
period range, leading to concentrated damage in the vicinity of basin edges (Graves et al., 1998; Kawase,
1996; Pilz et al.,, 2018). Nevertheless, in our results, the good agreement between the observed amplifications
and the predictions indicate that the seismic response of long-period ground motions can be largely attrib-
uted to local 1-D site effects immediately beneath a given site. The moderate overprediction of Love-wave
amplification, as well as the small underprediction of Rayleigh-wave amplification, in the Songliao basin
(Figures 4 and S8) is probably due to the large uncertainties in the velocities of the superficial sediments
(<500 m), which are imperfectly constrained (Li et al., 2016) but are known to have an important influence
on the ground motions at the surface, especially in the short-period range (<3 s). Similarly, the presence of
near-surface soft alluvium might be responsible for the unexpected large site amplification in the Sanjiang
basin (Figures 3 and S8). It is noted that the site amplification of both surface waves and shear waves could
be further improved by using more accurate 1-D structures.

Our results also validate and demonstrate the usefulness of the semi-analytical theory for surface-wave
amplification. This simple method does not address the excitation of surface waves nor realistic 3-D wave
propagation effects such as lateral scattering and complex basin reflection (Bowden & Tsai, 2017; Tsai
et al, 2017). Still, it can adequately explain the most significant features of surface-wave amplification in
the period range of interest, providing valuable insights into key factors that control the spatial variability
of site amplification. Note that this approach can also deal with the amplification of higher-mode surface
waves, though it is difficult to determine the excitation and relative dominance of higher-mode energy
(e.g., Boué et al.,, 2016). More importantly, this simple method is based solely on the local 1-D geological struc-
ture and can be practically incorporated into the current engineering practice of site-specific seismic hazard
assessment. Hence, it may find broad application in predicting ground motions of future scenario earth-
quakes for seismic hazard analysis, providing the foundation for earthquake building codes, as well as
ShakeMap applications.

5. Conclusions

We estimated surface-wave amplification across northeast China in the period range 2-10 s, using 12 shallow
regional earthquakes off the coast of Japan. Additionally, we also estimated site amplification of vertically
incident shear waves with a deep local event beneath the study area. The spatial variations of site
amplification for both wave types are strongly correlated with known geological structures. The ground
motions of both Love waves and horizontal-component Rayleigh waves within the Songliao basin can be
amplified by a maximum factor of 8 and on average by a factor of 4 with respect to the reference site,
whereas the site-amplification factors are less than 1.5 at generic rock sites. Furthermore, the area with the
strongest amplification in the northern part of the Songliao basin is coincident with the deepest region of
the sedimentary basin. However, the site response of surface waves is distinctly different from that of
vertically propagating shear waves. In addition to different resonance frequencies, peak amplification factors
of surface waves are generally larger than that of shear waves by a factor of more than 2 at most basin sites.
Finally, we demonstrated that the most significant site-amplification features of both wave types can be well
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explained by the predictions based on the local 1-D structure at each site, in terms of both peak
amplification factor and resonance frequency. Our results imply that one needs to account for the contribu-
tion of surface waves in future site characterization, which can be practically achieved by incorporating the
semi-analytical method for surface-wave amplification into the current engineering practice of seismic
hazard assessment.
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