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Figure 7. The differences in observed Rayleigh wave H/V ratios between the frequency dependent polarization analysis (FDPA) and noise cross-correlation
methods (NCC; Lin et al. 2014) and their distributions for 10 and 20 s across USArray. Negative values indicate that the FDPA observation is the higher
value. The H/V ratio differences for each station are plotted as colored circles. A Gaussian smoothing method is used to interpolate between stations. (a) Mean
difference across USArray for 10 s. (b) Mean difference across USArray for 20 s. (c) Distribution of mean difference across USArray for 10 s. (d) Distribution
of mean difference across USArray for 20 s.

sedimentary basins. Low Rayleigh wave H/V ratios are observed
mostly in regions where crystalline rocks are exposed or very close
to the surface. Both periods have several stations that do not pass
our selection criteria (in particular at 10 s). The missing stations
tend to be in regions of higher H/V ratios (>1.15), such as the ma-
jor sedimentary basins. Within these structures, other wave types
and tilt noise can be stronger and Rayleigh waves are no longer the
dominant wave type (more discussion in Section 3.3).

While the standard deviation may be large for each station (e.g.
Fig. 4), the uncertainty (standard deviation of the mean) is much
smaller due to the large number of measurements. The uncertain-
ties seem to be lower at 20 s across most of the array than at 10 s
(Figs 5b and d), mostly because of a greater number of measure-
ments passing the degree of polarization, β2, selection criterion
at 20 s compared to 10 s (Fig. 2). At longer periods, the noise
is likely more coherent within each one hour time window, hence
higher β values. The highest uncertainties for both periods ap-
pear to be in the sedimentary basins, including the Williston Basin,
and the Mississippi Embayment, where there is more trapping of
other energy types (e.g. Love waves) and tilt noise is more likely
to be present. The uncertainties at both periods are particularly
small for the stations in Southern California because these sta-

tions ran continuously throughout the USArray deployment, thus
increasing the number of measurements and substantially decreas-
ing the uncertainty.

3.2 Comparison with noise cross-correlation
and traditional H/V spectra ratio

The Rayleigh wave H/V ratio values for periods of 10 and 20 s
obtained in the previous noise cross-correlations study (Lin &
Schmandt 2014) are shown in Figs 6(a) and (c) for comparison.
The maps are very similar to the FDPA maps at the same periods
with low Rayleigh wave H/V ratio values for mountains and high
values for sedimentary basins. The NCC shows more stations than
the FDPA method for both periods, as the method is less sensitive
to local wavefield complexity. More specifically, Rayleigh waves
can be isolated from other wave types using NCC even if Rayleigh
waves are not the dominant wave type.

The difference in the FDPA and the NCC maps at 10 and 20 s pe-
riods and their associated histograms are shown in Fig. 7. The maps
are smoothed and presented as described in the previous section.
These maps are the percent difference of the FDPA analysis from
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Figure 8. The differences in observed Rayleigh wave H/V ratios between the frequency dependent polarization analysis (FPDA) and a more traditional H/V
spectra ratio approach (NSHV; Nakamura 1989) and their distributions for 10 and 20 s across USArray. Negative values indicate that the NSHV observation is
the higher value. The H/V ratio differences for each station are plotted as colored circles. A Gaussian smoothing method is used to interpolate between stations.
(a) Mean difference across USArray for 10 s. (b) Mean difference across USArray for 20 s. (c) Distribution of mean difference across USArray for 10 s. (d)
Distribution of mean difference across USArray for 20 s.

the NCC, such that negative values on the map result in the FDPA
analysis having a higher H/V ratio value. Overall the two methods
compare very well, with the mean H/V ratio of the entire map for 10
and 20 s showing a disagreement of only ∼2 per cent. The overall
agreement between the two methods suggests that reliable Rayleigh
wave H/V ratios can be extracted from single station noise signals
using FDPA. The persistent 2 per cent discrepancy, however, may
represent a persistent error of the FDPA method owing to the un-
perfected isolation of Rayleigh waves from other wave types. Note
that Rayleigh wave H/V ratios determined from the NCC method
could also be biased when noise sources are not homogeneously
distributed.

For comparison we also calculate the average noise spectrum H/V
ratio for each station in the USArray Transportable Array using a
classical noise spectrum H/V ratio approach (NSHV; Nakamura
1989). The average H/V spectral noise ratio for each station was
determined by calculating the geometric mean of the horizontal
components of the spectral covariance matrix and dividing this
value by the vertical component of the spectral covariance matrix
for every hour available, and calculating the mean for all hours
(Haghshenas et al. 2008). The standard deviation of the mean was
also calculated for all H/V ratios for each station.

The NSHV ratios are displayed for 10 and 20 s (Figs 6b and
d). Note that the two maps are shown with different color scales,
with the 20 s map having a much higher range. The NSHV map
at 10 s has a pattern somewhat similar to the Rayleigh wave H/V
ratios of FDPA (Fig. 5a), although the noise spectrum H/V ratios are
noticeably higher (∼20 per cent). This follows from the NSHV em-
ploying the entire noise wavefield, which includes Love waves and
tilt noise that have greater horizontal displacement than Rayleigh
waves, leading to a higher H/V ratio value. However, the general
pattern of agreement suggests that Rayleigh waves are the domi-
nant noise wave type at 10 s. At 20 s, while some similarity can still
be observed, clear differences are also observed between the noise
spectrum H/V ratios and Rayleigh wave H/V ratios. In particular,
high NSHV ratios are observed near the central US whereas low
Rayleigh wave H/V ratios are observed. Also, the noise spectrum
ratios are about 100 per cent higher across the entire map. This sug-
gests Rayleigh waves are no longer the dominant wave type of the
ambient noise wavefield.

The difference in the FDPA analysis and the NSHV method at
10 and 20 s periods and their associated histogram are shown in
Fig. 8. The values are the difference in the NSHV values from the
FDPA values, such that negative values correspond to the NSHV
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Figure 9. Examples of β2 and �VH distributions at 10 s for stations C25A and O01C, which are stations that did not pass the selection criteria. The vertical
red dashed lines represent the same selection criteria used in Figs 2 and 3. (a) β2 distribution for station C25A. (b) β2 distribution for station O01C. (c) �VH

distribution for station C25A. (d) �VH distribution for station O01C.

value being higher. Overall the NSHV method generates higher
values than the FDPA method, owing to the inclusion of other wave
types. There is a noticeable trend in both periods, in that the NSHV
method generates the highest values in the Mid-West U.S. from the
Canadian border to the Gulf Coast.

3.3 Potential problems with frequency dependent
polarization analysis

The performance of the FDPA technique seems to be fairly depen-
dent on the recording site geology. The regions of the map that seem
to have the fewest number of data points passing the selection cri-
teria include area of thick sedimentary basins, such as the Williston
Basin in eastern Montana and western North Dakota, the Powder
River Basin of northeastern Wyoming, the Denver basin of eastern
Colorado, and the Mississippi embayment (Fig. 5). Fig. 9 shows
the examples of β2 and �VH distributions for stations in these re-
gions that did not pass the selection criteria (uncertainty larger than
2 per cent of the mean H/V ratio), and it is clearly seen that a
large portion of the �VH distributions do not lie within the selec-
tion bands (between 80 and 100 degree). Thick sedimentary layers

trap and scatter seismic energy, inducing a complicated, multistate
wavefield (e.g. Benz & Smith 1988; Vidale & Helmberger 1988).
The noise polarization analysis performed by Koper & Burlacu
(2015) also suggests that wavefields in these basins are multistate
and complex.

The NSHV maps also support this, which show greater values
in thick sedimentary basins compared to Rayleigh wave H/V ratio
results derived from NCC, owing to increased horizontal parti-
cle motion as compared to the vertical for the raw spectral data.
Smaller-scale geologic features such as the Rio Grande Rift in cen-
tral New Mexico and sedimentary basins in California also exhibit
larger disagreements between FDPA and NCC, likely due to the
trapping and amplification of seismic energy (Kagami et al. 1982;
Yamanaka et al. 1993; Chapin & Cather 1994; Dolenc & Dreger
2005). FDPA is dependent on the wavefield present, and if that
wavefield is complex and multistate the Rayleigh wave particle mo-
tion will be contaminated with other modes despite the β2 and �VH

criteria. The selection criteria can be adjusted in these areas to in-
sure that the particle motion is in a more pure state, but the number
of successful measurements will likely be too small for a reliable
H/V interpretation.
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Figure 10. H/V ratio observations plotted against period for stations D12A and S51A. The blue points represent values from the frequency dependent
polarization analysis (FPDA). The red points represent ratios calculated from the noise cross-correlations method (NCC; Lin et al. 2014). The green points
represent observations utilizing the traditional H/V spectra ratio (NSHV; Nakamura 1989). Vertical bars represent the standard deviation of the mean.

FDPA appears to produce slightly higher H/V ratio values sys-
tematically than NCC (Fig. 7). This is likely due to the FDPA
method sampling Rayleigh wave particle motion of a non-pure
state, despite the β2 and �VH selection criteria, whereas the noise
cross-correlations technique calculates H/V ratios from approxi-
mate Green’s functions calculated between station pairs.

Anisotropy may also play a significant factor between these two
methods. The work of Lin & Schmandt (2014) shows that for certain
regions (in particular the Basin and Range Province, Sierra Nevada
Mountain Range, Snake River Plain, and the Appalachian Moun-
tain Range), Rayleigh wave H/V ratio measurements are strongly
dependent on azimuth. This may be significant as FDPA can only
sample azimuths for which the dominant wavefield is observed at
the receiver, leading to a H/V ratio estimate that is systematically
higher or lower if the source direction lies within a high or low
Rayleigh wave H/V direction. This effect does not appear to be sig-
nificant for the Basin and Range Province for 10 or 20 s where both
methods show fairly good agreement (Fig. 7), but it may play a part
as to why the Sierra Nevada and the Snake River Plain regions have
larger disagreement.

3.4 Period dependence of frequency dependent
polarization analysis

The FDPA method has the best agreement with NCC and NSHV
ratios near the secondary microseism period (∼8 period) (Figs 10
and 11). Studies have shown that the Earth’s ambient noise wavefield
is especially strong within the microseism band (Peterson 1993;
McNamara & Buland 2004), where theoretical studies have shown
that the generation of Rayleigh waves from the ocean within this
band (Tanimoto 2007; Ardhuin et al. 2011). At 8 s, Rayleigh waves
are likely the overwhelming energy in ambient seismic noise and
hence the H/V ratios from the three methods are in good agreement.
Fig. 10 shows the H/V ratio measurements vs period for all three
methods and their uncertainties at stations D12A and S51A. This
figure illustrates the overall agreement with FDPA and the NCC

method between 8 and 30 s periods and at the same time shows how
the NSHV ratios approaches the Rayleigh wave H/V ratios at 8 s,
indicating the highest relative portion of Rayleigh wave energy.

Further evidence to support this period dependence is the mean
differences between the FDPA method and NSHV (Fig. 11b), which
displays the smallest relative difference between the three methods
across the entire USArray at 8 s period. Within the microseism band
(between 6 and 30 se period) the NCC method and the FDPA are
generally agreed within 2 per cent but the discrepancy increases
with the period (Fig. 11a). This suggests Rayleigh wave is the dom-
inant noise wave type within the microseism band and FPDA can
successfully isolate the Rayleigh waves. Above the microseism band
however, other wave types and tilt noise are likely more important
and FPDA is not effective in isolating Rayleigh waves as Rayleigh
waves are no longer the dominant signal. As NSHV ratios are even
more sensitive to the presence of other wave types, the increasing
discrepancy with period clearly demonstrates the reduction of rel-
ative Rayleigh wave energy. For using a single station method to
evaluate Rayleigh wave H/V ratios when NCC is not applicable,
we recommend using the comparison between FPDA and NSHV to
evaluate the dominance of Rayleigh waves and evaluate potential
systematic error (Fig. 11c).

While NCC has the advantage of isolating pure Rayleigh waves,
the method is only accurate when the noise wavefield is semi-
diffusive. Moreover, the method only works when reliable Rayleigh
wave signals can be identified. The near 70 km average spacing
between USArray stations effectively limits the application to study
Rayleigh wave H/V ratios below 8 s period band as waves attenuated
and scattered during propagation. While the single station FPDA
method can potentially be used to better extract higher frequency
Rayleigh wave H/V ratios, the noise may be too transient in na-
ture that the particle motion is not dominated by one single state
continuously over a 1-hour segment. It may be possible to extract
reliable Rayleigh wave particle motion information with FDPA by
reprocessing the data with smaller time windows, such that the gain
in accuracy over conventional H/V spectral ratio techniques can be
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Figure 11. (a) The mean differences for all Rayleigh wave H/V ratio observations between the frequency dependent polarization analysis (FPDA) and the
noise cross-correlations methods (NCC; Lin et al. 2014) plotted against all available periods between 8 and 100 s. Negative values indicate that the frequency
dependent polarization analysis observation is the systematically higher value. The vertical bars represent the standard deviation of the mean. (b) The mean
differences for all Rayleigh wave H/V ratio observations between FPDA and a more traditional H/V spectra ratio approach (NSHV; Nakamura 1989) plotted
against all available periods between 8 and 100 s. Negative values indicate that the NSHV observation is the higher value. The vertical bars represent the
standard deviation. (c) The FDPA correction needed, based on the observed differences between the NSHV ratio and the FDPA Rayleigh wave H/V ratio. For
example, a 20 per cent mean difference between the NSHV ratio would result in a FDPA reduction of ∼2 per cent.

extended down to periods shorter than 8 s, however that is outside
of the scope of the current study.

4 C O N C LU S I O N S

We developed and implemented a new single station method for
the extraction of Rayleigh wave H/V ratios from ambient seismic
noise. It is an extension of the method of Park et al. (1987), and uses
the singular value decomposition of a 3-by-3 Hermitian, spectral
covariance matrix. It differs from other single station methods that
have been recently proposed (Hobiger et al. 2009; Poggi & Fah 2010;
Tanimoto et al. 2012) in that it can determine how dominate and
pure of state the Rayleigh wave particle motion is in the ambient
noise by a comparison of the primary singular value to the two
lesser singular values. We applied this technique over all available
data from the Earthscope Transportable Array between 2004 and
2014, and compared the 8 to 30 second period results with the

Rayleigh wave H/V ratio extracted from noise cross-correlations
(Lin et al. 2014) to check the method’s viability. We also compared
our results to H/V spectral noise ratios (Nakamura 1989) observed
across the USArray to evaluate the relationship between the two
measurements.

We showed that with careful processing, the FDPA method can
produce a result similar to the NCC method across much of the
USArray within the microseism period band of 8 to 24 s. This
approach can be used in future studies for which a dense array
cannot be deployed and the shallow structure of the area would
like to be known. While no persistent error is observed at 8 s, the
FDPA H/V ratio measurements above the 10 s period is slightly,
though consistently, higher than the result from NCC. Because of
this systematic bias the standard deviation of the mean of the result
may be underestimated. We recommend correcting this bias based
on the comparison of FDPA Rayleigh wave H/V ratios and the
NSHV ratios when the noise cross-correlations method cannot be
implemented. For example, a 20 per cent difference between the
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NSHV ratio and the FDPA observation would result in a ∼2 per cent
reduction of the FDPA Rayleigh wave H/V ratio (Fig. 11c). We find
the single station method has difficulty retrieving robust Rayleigh
wave H/V ratios within major sedimentary basins where the noise
wavefield is likely not Rayleigh wave dominated. Disagreement
between FDPA and the NCC method may also be due to FDPA
sampling Rayleigh wave energy predominately from azimuths in
the high or low Rayleigh wave H/V direction (Lin & Schmandt
2014).
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