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ABSTRACT

Shahjouei, Alireza. M.S. The University of Memphis. August, 2015.
Time Stability of Horizontal-to-Vertical Ratio Ambient Noise in the Mississippi
Embayment. Major Professor: Dr. Charles A. Langston.
The stability of the first and second peak frequencies of horizontal-to-vertical
(H/V) power spectra over a two year deployment of a broadband array in the Mississippi
embayment is evaluated to determine any changes in source of ambient noise that, in
previous studies, have been attributed to Rayleigh wave propagation. Over 18220
estimates of H/V spectra are analyzed to estimate the peak frequencies with standard
deviations. Results show that the average of first peak frequency that represents the
fundamental resonance frequency of the sediment, and second peak frequency are 0.2582
and 0.6637 Hz, respectively. Considering 99% confidence interval, the first and second
peaks are 0.2582±0.0047 and 0.6637±0.0012 Hz. There is no significant variation in
either peak frequency over the two year time span although ambient ground motions for
the second peak must have a different source than Rayleigh wave from the Atlantic
seaboard or due to effects of multilayered sediment structure.
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Introduction

The peak frequency of the horizontal to vertical (H/V) spectral ratio of ambient
ground motion is attributed to the shear wave velocity and thickness of near-surface
sediment. The H/V technique, or the Quasi-Transfer Spectra (QTS) method, was
originally developed by Nakamura (1989) and has been widely used worldwide as an
easy method to examine site response. A major assumption is that characteristics of the
basement are retained in the vertical component of the ambient noise at the ground
surface and that the horizontal component is mostly influenced by shear wave resonance
in the sediments. Hence, the H/V spectral ratio can be employed to eliminate the effects
of the source and emphasize the wave propagation from the horizontal components
(Nakamura, 2008). The peak frequency is supposed to provide an appropriate estimation
of the natural frequency (or the resonant mode frequency) of vertically propagating shear
waves in the sediment and is important in the site response analysis (Lermo and ChávezGarcía, 1993).
Langston et al. (2009a) investigated the H/V ratio of ambient ground motions
within the Mississippi embayment using small seismic arrays in fall 2002 and spring
2007 at two isolated sites. The arrays were used to understand the source of ambient
noise near the H/V peak frequency. H/V peak frequencies in the embayment are
estimated to be in the range of 0.2–0.35 Hz from studies by Bodin and Horton (1999) and
Bodin et al. (2001). Langston et al. (2009a) found that ambient ground motions in the
embayment were mostly dominated by spatially localized Rayleigh and Love waves in
the period range of 3–10 seconds that were produced at the northeast Atlantic seaboard.
Knowing the source and type of waves near the resonance peak, Langston et al. (2009a)
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found that peak resonance in the H/V ratio was caused by a combination of a spectral
peak in the horizontal components caused by near-vertically propagating shear waves
converted from the evanescent Rayleigh waves and a spectral null in the vertical
component caused by destructive interference of near-vertically propagating P waves also
converted from the evanescent Rayleigh waves.
The Mississippi embayment in the central United States consists of a thick
succession of unconsolidated coastal plain sediments (up to a kilometer) with the
approximate average shear wave velocity of 700 m/s (Dart, 1992; Langston, 2003a). The
effect of the embayment sediments on ground motions during possible large earthquakes
has been a scientific problem for some time. Sediments may amplify motions in some
frequency bands because of site resonance but may also attenuate motions in higher
frequency bands because of anelastic attenuation or non-linear wave propagation effects.
The H/V peak indicates the site resonance at relatively low frequencies which could
influence longer period structures such as high rise buildings and long-span bridges.
There are complexities regarding the estimation of the sediment velocities in the
embayment that the interpretation of earthquake body-wave arrivals and uncertainties in
Earth structure (Langston, 2003a, b).
The H/V spectral ratio technique has also been applied using strong groundmotion recordings. Nakamura (2008) reviewed the H/V spectral ratio technique for
disaster-prevention applications using strong ground-motion recordings. Zandieh and
Pezeshk (2011) studied the H/V spectral ratio of small to moderate earthquake ground
motion recordings (Mw 2.5–5.2) in the New Madrid seismic zone (NMSZ) and showed
the low-frequency amplifications occurring in the range of 1.5–3 Hz.

2

Ambient noise studies have recently been of more interest in the Earth sciences.
Microseismic noise can be incorporated to image the crustal structure of the earth
[Courtland, 2008]. In addition, historical records of ambient ground motion can be
applied to recognize some global warming effects such as global storm activities
(Bromirski et al., 1999). Hence, identification of microseismic sources and their locations
are important. Koper et al. (2009) analyzed the vertical component of seismic ambient
ground motions recorded on the Yellowknife Seismic Array (YKA) in northern Canada.
Using slowness analysis they found that different seismic phases originated from
different source regions such as the Atlantic, Pacific, and Arctic Oceans. Langston and
Horton (2014) developed a 3D seismic shear wave velocity model for the unconsolidated
Mississippi embayment sediments using the H/V ambient noise at many sites throughout
the embayment.
Examining the time stability of the H/V spectral peak frequencies can therefore
suggest the stability of the source of ambient noise seismic waves, which is important in
interpreting the effects of site resonance. This study focuses on the evaluation of time
stability of H/V ambient noise in the Mississippi embayment using a small broadband,
non-volcanic tremor (NVT) array. We have evaluated the consistency of the peak
frequency within day and night time intervals. All appropriate array elements are used to
smooth the H/V spectra because of the spatial sampling. Time stability analysis of H/V
spectra provide significant information on the time stability of the fundamental frequency
of the crustal structure, wave sources and wave mechanisms involved that are important
in site response analysis.
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2.1

Review of the Applied Methodology

The NVT Array

The possibility of non-volcanic tremor (NVT) occurring within the NMSZ was
suggested by Langston et al. (2010) who observed high phase velocity signals on data
collected during a reflection survey. A 19-station phased array was subsequently installed
using the instrumentation from the IRIS PASSCAL Instrument Center to continuously
record for about two years to detect high phase velocity P and S waves from NVT
(Bockholt et al., 2014). The array was deployed near Mooring, TN, from November 2009
until September 2011 under funding of the U.S. Geological Survey.

Figure 2-1. The geometry of the NVT array. This 19 element, high-frequency
phased array was installed at the edge of a farm field, hence, the L-shape.
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Figure 2-1 shows the geometry of the 19-station NVT array arranged in an
L-shape because of constraints due to agriculture. The station coordinates are listed in
Table 2.1. The stations are positioned so that they have equal distances of about 65 m
(northing or easting) from each other. Figure 2-2 shows the location of S10 station
deployed near Mooring, TN in the Mississippi embayment.

Figure 2-2. The location of station S10 (red square) in NVT array installed near Mooring, TN,
in the Mississippi embayment. The contours show the unconsolidated sediment thickness of the
embayment in meters (after Bodin et al., 2001). The sediment thickness at the site is about 700 m
(Dart, 1992).
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Table 2-1. Station coordinates of NVT Array used in this study
Station Latitude Longitude Elevation(km) Easting(m)* Northing(m)*
S01
36.3190 -89.5326
0.089
6
585.2
S02
36.3184 -89.5327
0.087
5.3
520.4
S03
36.3178 -89.5327
0.087
4.7
455
S04
36.3173 -89.5327
0.088
4
389.8
S05
36.3166 -89.5327
0.088
3.3
325.8
S06
36.3160 -89.5327
0.088
2.7
260.6
S07
36.3154 -89.5327
0.087
1.9
190.2
S08
36.3149 -89.5328
0.088
1.3
130
S09
36.3143 -89.5328
0.087
0.7
64.8
S10
36.3137 -89.5328
0.087
0
0
S11
36.3137 -89.5335
0.088
-64.9
0
S12
36.3137 -89.5343
0.087
-130.1
0
S13
36.3137 -89.5350
0.087
-195.7
0
S14
36.3137 -89.5357
0.087
-259.8
0
S15
36.3137 -89.5364
0.088
-325
0
S16
36.3138 -89.5371
0.088
-390
0
S17
36.3138 -89.5379
0.087
-455.1
0
S18
36.3138 -89.5386
0.086
-520.1
0
S19
36.3138 -89.5393
0.087
-584.9
0
* Array stations approximate to center station S10.

2.2

Methodology

Horizontal and vertical component recordings of the ambient ground motions
from all appropriate recordings in the NVT array for two one-hour time periods per day
are processed to calculate the H/V spectral ratio. The time stability of the peak frequency
and the standard deviation of peak frequency are assessed by performing the analysis
over the two years of recordings (November 2009–September 2011).
We have chosen to study microseismic noise from 1:00–2:00 AM (thereafter,
“night time”) recorded by the stations in the NVT array. This time frame is selected to
avoid cultural noise within the embayment and activities at the nearby farm. The
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SESAME project (SESAME, 2004) outlined some criteria and suggestions to examine
the possibility of observing H/V peaks in the spectral ratio data. They recommended that
at least 10 periods of the signal be in the time window for an appropriate H/V calculation.
Considering the desired frequency band of 0.15–1.0 Hz (or maximum period of 7
seconds) in this study, using a one hour time window more than meets the minimum
suggested requirement. In addition, using a long time series provides a fine spectral
sampling such that even after smoothing the spectrum includes a high quality data. In
previous studies, H/V was computed using only about 20 minutes of data recorded by
temporary field deployments in the day time or, in the case of permanent stations, at night
(Langston and Horton, 2014). To evaluate whether the source of ambient noise changes
significantly over a day the analysis is also performed using a one-hour period during the
day time. In this regard microseismic data from 2:00–3:00 PM (thereafter, “day time”)
are chosen for the analysis.
The following represents the step-by-step procedure to assess the time stability of
H/V ratios:
2.2.1

Pre-Processing

Pre-processing includes downloading and reading of SAC data files and removing
the instrument responses as well as signal means and trends. Data are used from an
Antelope data base constructed on the CERI IT system. Time series data are tapered with
a 10% Hanning window at the beginning and end of the selected one-hour time frame. To
decrease the computational effort and since the first and second peak frequencies are
expected to be in the range of 0.1–0.4 Hz and 0.6–0.8 Hz, respectively, the time series are
decimated by a factor of 10 from a sampling rate of 100 sps to 10 sps, which produces a
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Nyquist frequency of 5 Hz. Figure 2-3 shows an example of three component ambient
noise time series data for one-hour after preprocessing.

Figure 2-3. Example of time histories of ambient noise for one hour (1:00–2:00 a.m.)
recorded at station S03 on Julian day 2009/341. (Top) vertical component, (middle) EastWest component, and (bottom) North-South component. Figures show the tapered time
series after removing the means and trends.

2.2.2

Quality Control

Quality control of the recorded seismic waves is one of the most important steps
in the analysis. There are some stations that have technical issues because of malfunction.
Components with problems are eliminated from the analysis. In addition, some stations
were out of service for some days during the two years because of flooding (Bockholt et
al., 2014). We have investigated the quality of data recorded at all stations and employed
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a cross correlation method to select the appropriate seismograms (and stations) that will
be incorporated in the analysis. A minimum correlation coefficient of 0.75 for each
component of ground motion among all stations in each day is selected as a threshold to
keep high quality data. Appropriate recordings are ones that passed the quality control
criteria.
2.2.3

Frequency-domain Analysis

This includes transforming the time domain data into the frequency domain using
an FFT and calculating the power spectra. The Fourier power spectra of all three
components at each station are calculated in the frequency range of 0.01–2.0 Hz. To
compute the H/V spectral ratio the root mean square of the two power spectra of the
horizontal components are considered. In addition, a running mean of power spectra
using 15 points to either side of a frequency value is used to smooth the spectra. This has
little effect on the shape of spectral peaks.
A Gaussian model is fit to the spectral peak to represent the H/V spectral ratio by
conserving the area, the first moment, and the second moment of the spectral amplitude
in the frequency range of about 0.20–0.30 Hz. The peak frequency and the standard
deviation of peak frequency are derived from the fitted Gaussian model. To capture the
second peak frequency another Gaussian model is fit in the frequency band of about
0.45–0.85 Hz using the same approach. The minimum and maximum of the frequency
bands are calculated in each day such that their corresponding H/V spectral amplitudes
are above 20% and 10% of the maximum H/V spectrum for the first and second peaks,
respectively. Figure 2-4 show an example of thresholds of 20% and 10% of maximum
amplitudes used for the first and second peak Gaussian model fit, respectively. The
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Gaussian model is applied as one plausible ideal smoothing function of the spectrum in
the frequency band. It should be noted that the peak spectrum is not symmetric between
the calculated minimum and maximum frequency band. The peak frequency is calculated
such that the area and the first moment are conserved in the frequency band between the
Gaussian model and the spectrum.

Figure 2-4. The threshold of 20% and 10% of maximum amplitudes for the Gaussian fit
of the first and second peak frequencies.

Time stability of the H/V ambient noise ratio, the peak frequency and its standard
deviation in this study are evaluated using two approaches: (1) the mean of the H over
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mean of V spectral values is calculated from all suitable stations in each day, and (2) the
mean of each individual H/V ratio is calculated from individual stations per day.
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3

Results

Figure 3-1 shows examples of 25 second time histories of ambient noise ground
motions recorded on 2009/350 Julian day at all appropriate stations during the night time
(1:00–2:00 a.m.). As discussed earlier, appropriate stations (and recordings) are ones that
passed the quality control criteria described in the Chapter 2. This figure represents how
three components (vertical and two horizontal components) of all stations are correlated
after applying the processing approach. Applying the minimum cross correlation
coefficient of 0.75 for the quality control of data, about 84% of the recorded seismograms
(during 2009/320 – 2011/263 Julian days) from the night time interval are incorporated
for the analysis. Using the same criterion 71% of recorded data from the day time interval
(2:00–3:00 pm) are suitable for analysis.
An example of the frequency analysis for H/V up to 1.2 Hz using 10 days
(average) of data (one hour night time per day) is shown in Figure 3-2. The dimensionless
horizontal (H), vertical (V), and horizontal to vertical H/V ratio, as well as the Gaussian
models fit to H/V power spectra for the first and second peak frequencies are depicted.
The peak frequency and sigma (one standard deviation for the normal distribution) are
calculated from the Gaussian fit to the spectra.
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Figure 3-1. Example of 25 seconds time histories of ambient noise recorded at all
appropritae stations on Julian day 2009/350 after applying the processing and quality
control procedure. (Top) vertical component, (middle) East-West component, and
(bottom) North-South component.

Figures 3-3 to Figure 3-6 represent the results from the analysis of the time
stability of the peak frequency from the H/V power spectra. These were calculated in two
sets of one hour data per day at all appropriate stations during the time frame that the
NVT array was deployed (from 2009/32–2011/363 Julian days). As discussed in Chapter
2, to calculate the mean H/V per day two approaches are evaluated by (1) calculating the
mean of H over mean of V among all stations and (2) computing mean of individual H/V
at each station. The analyses are performed applying both approaches to evaluate the time
stability of the peak frequencies and standard deviations.
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Figure 3-2. Example of frequency analysis of the ambient noise up to 1.2 Hz. It
represents the horizontal (H), vertical (V), H/V, and Gaussian model fit to H/V power
spectrum at the first and second peak frequencies. It is calculated from the analysis of one
hour of night time (1:00–2:00 a.m.) signals over 10 days (from 2009/350 to 2009/359
Julian days) considering all appropriate stations. Note that the dimensionless H and V
spectra are shown. However, the relative amplitudes of H and V are correct.

Figure 3-3 shows the time stability of the first peak frequency for the night time
(1:00–2:00 a.m.) data. Results of the analysis of the day time (2:00–3:00 p.m.) data are
presented in Figure 3-4. The error bars represents the standard deviation derived from the
normal (Gaussian) distribution fit.
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Figure 3-3. Time stability of the first peak frequency of the H/V power spectrum
calculated from data recorded in the night time interval (1:00–2:00 a.m.) at all
appropriate stations over 2009/320–2011/263 Julian days. Error bars represent the
standard deviation of the peak frequency. Thick black line shows the mean of peak
frequencies over the time. (Top) represents the mean of H over mean of V values in each
day among all stations, and (bottom) shows the peak and sigma calculated from mean of
individual H/V spectra at each station per day.

Similarly, the time stability of the second peak frequencies are plotted in Figures
3-5 and Figure 3-6. Results show the H/V spectral peak frequencies are quite stable over
time in the embayment. However, there are some days (e.g., after flooding) that the peak
frequency is a bit different than the other days which requires further investigation. As it
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was expected, the standard deviation of the second peak frequency is larger than for the
first one.

Figure 3-4. Similar to Figure 3-3 for the first peak frequency but for data recorded in the
day time (2:00:–3:00 p.m.).
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Figure 3-5. Time stability of the second peak frequency in H/V power spectra calculated
from data recorded in the night time (1:00–2:00 a.m.) at all appropriate stations over
2009/320–2011/263 Julian days. Error bars represent the standard deviation of the peak
frequency. Thick black line shows the mean of peak frequency over the time. (Top)
represents the mean of H over mean of V values in each day among all stations, and
(bottom) shows the peak and sigma calculated from mean of individual H/V at each
station per day.

Statistical analyses on the results are performed and summarized in Table 3-1 and
Table 3-2. These tables contain mean of the peak frequencies along with the associated
standard deviations. In addition, a 95% and 99% confidence intervals on the mean of the
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peak frequencies for the first and second peaks are calculated and are given in these
tables. The mean of the first and second peak frequencies are observed in the range of
0.2284–0.2959 Hz, and 0.6091–0.6962 Hz, respectively. Similarly, the standard
deviations are in the range of 0.0027–0.0469 Hz (with average of 0.017 Hz), and 0.0536–
0.1110 Hz (with average of 0.095 Hz), respectively, for the first and second peaks.

Figure 3-6. Similar to Figure 3-5 for the second peak frequency but for data recorded at
day time (2:00–3:00 p.m.).
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Results show that within tight 95% confidence intervals, the mean of first and
second peak frequencies are about 0.26 and 0.66 Hz in the embayment.

Table 3-1. Statistical analysis on the first peak frequency and its standard deviation for
both night and day time data using two approaches of mean of H over mean of V
(Approach-1) and from mean of individual H/V at each station (Approach-2) per day.
Peak and Sigma (Hz)

Night Time (1:00–2:00 a.m.)

Day Time (2:00–3:00 p.m.)

Approach-1

Approach-2

Approach-1

Approach-2

Mean Peak Frequency

0.2582

0.2572

0.2572

0.2570

Max STD Peak Frequency

0.0467

0.0469

0.0458

0.0458

95% CI Mean Peak Frequency

0.2546–0.2618

0.2536–0.2608

0.2534–0.2609

0.2533–0.2607

99% CI Mean Peak Frequency

0.2535–0.2630

0.2525–0.2620

0.2523–0.2621

0.2521–0.2619

CI: Confidence Interval
STD: Standard Deviation

Table 3-2. Similar to the Table 3-1 but for the second peak frequency.
Peak and Sigma (Hz)

Night Time (1:00–2:00 a.m.)

Day Time (2:00–3:00 p.m.)

Approach-1

Approach-2

Approach-1

Approach-2

Average Peak Frequency

0.6637

0.6642

0.6676

0.6691

Max STD Peak Frequency

0.1110

0.1103

0.1089

0.1064

95% CI Mean Peak Frequency

0.6552–0.6723

0.6557–0.6727

0.6588–0.6765

0.6604–0.6778

99% CI Mean Peak Frequency

0.6525–0.6750

0.6530–0.6754

0.6560–0.6793

0.6577–0.6805

CI: Confidence Interval
STD: Standard Deviation
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Discussion

We observed that the first and second peaks are stable over time (Figure 3-3 to
Figure 3-6). In addition, there is no significant difference observed from the analysis of
data recorded in the day time or night time. This implies that there would not be a
noteworthy difference in collecting field data. It should be noted that about 71% of the
recorded data in the day time were used in the analysis, while about 84% of data at night
passed the quality control process. It is likely that local cultural noise sources for data
recorded during the day time account for this difference. The correlations of peak
frequencies between day and night are also investigated by using the data recorded at
night (1:00–2:00 a.m.) and day (2:00–3:00 p.m.), and are shown in Figure 4-1. Similar to
previous comparisons, correlations are plotted for both mean calculation methods
employed in this study. Plots show that a strong correlation exists between results from
the data recorded at day and night times. In addition, by comparing the two plots in this
figure we observed that there is no significant difference in the way that we averaged the
data per day within the array elements.
The source of ambient waves may change over time causing the H/V peak to
change because of differing wave propagation effects. Langston et al. (2009a) showed
that H/V for the fundamental peak near 0.25 Hz in the embayment was due to Rayleigh
waves converting into body waves. The conversion and constructive interference of S
waves and destructive interference of P waves are responsible for the H/V peak at this
frequency. This is a special consequence of Rayleigh to body wave conversion. If the
waves are different, say propagating Lg waves, then the wave propagation changes and it

20

would be expected that the H/V peak might also change. In this case the peak will depend
on horizontal phase velocity.
A dispersion relation for SH-plane waves in a layer over a half space medium
with a constant velocity in the layer and pre-critical angles of incidence is

Tn =

4H Sed
V2
(1 − S2 )1/2 ,
nVs
c

n = 1, 3, 5…,

( 4-1 )

where VS is the shear wave velocity of the sediment, Tn is the natural period of
constructive interference (or natural period of the sediment at mode n), HSed is the
thickness of sediment, c is the horizontal phase velocity, and n is the number of
interfering plane waves (Langston, 2009a).

Figure 4-1. The correlation of peak frequencies (the first peak) between analyses of one
hour day time and one hour night time data for each day. The correlations are shown for
two approaches of the H/V calculations. (Left) peaks are calculated from the mean of H
over mean of V values among all stations, and (right) peak are calculated from mean of
individual H/V from all stations.
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Assuming c = ∞ (vertically propagating waves) and n = 1 the resonant period for
the first mode reduces to

T1 = 4 H Sed / Vs

( 4-2 )

Similarly, the second peak period can be estimated as 1/3 of the first mode period
or

T3 =

4 H Sed
3 Vs

( 4-3 )

If we take any one measurement of T1 and T3 per day, the standard deviations (or
peak widths) are relatively large. For example, considering the night time data and the
first approach to calculate the mean H/V spectrum, the analysis results (Tables 3-1 and 32) show that

f1 =

1
= 0.2582 ± 0.0467
T1

( 4-4 )

f3 =

1
= 0.6637 ± 0.1110
T3

( 4-5 )

Note that the maximum standard deviations of measurement are conservative.
Therefore,

f3 T1
= ≈ 2.6 , which is not equal to 3.0. If we extrapolate f1 from equation
f1 T3

(4-4) to obtain the second peak (f3Test):

f3Test = 3 f1 = 3 × (0.2582 ± 0.0467) = 0.7746 ± 0.1401
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( 4-6 )

Comparing equation (4-5) and equation (4-6), f3 and f3Test are in the ranges of
0.5527–0.7747 Hz, and 0.6345–0.9147 Hz, respectively. We see that there is significant
overlap between f3 and f3Test observed at the 1σ level. There is considerably more overlap
at the 95% confidence interval so we conclude that the hypothesis that

T1
= 3.0 is
T3

consistent with the data. This argument suggests no significant frequency shift.
However, we have 655 estimates of H/V peak frequencies that can be used to
estimate the confidence limits for the mean of H/V peak frequencies. Following Ang and
Tang (1975) the confidence interval for estimation of the mean (µ) is given by

< µ > 1−α = ( X −

where

σ
n

κα / 2 ; X +

σ
n

κα / 2 )

( 4-7 )

is the sample mean, σ is the standard deviation of individual estimates, n is the

number of samples, (1-α) is the confidence level, and k represents the point on the
standard normal density function such that the probability of having a value greater than k
is equal to α/2 (upper α/2 critical value of standard normal distribution of Φ). For the
99% confidence interval (1-α = 0.99, or α = 0.01) k α/2 = k 0.005= Φ-1 (0.995) = 2.58.
Substituting n = 655 (number of days) and standard deviation of peak frequencies
(conservatively the maximum standard deviations are used from Table 3-1 and 3-2):

< f1 > 0.99 = 0.2582 ±

0.0467
655

2.58 = 0.2582 ± 0.0047

and
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( 4-8 )

< f 3 >0.99 = 0.6637 ±

0.1110
655

× 2.58 = 0.6637 ± 0.0112

( 4-9 )

Extrapolating < f1 >0.99 to obtain < f 3 >Test
0.99 :

< f3 >Test
0.99 = 3.0× < f1 > 0.99 = 0.7746 ± 0.0141

( 4-10 )

Comparing equations (4-9) and (4-10), it is observed that with a 99% confidence
interval the estimated mean for the second peak frequency from the analysis of the data
does not overlap with the extrapolated peak frequency from the first peak. This implies
that the type and source of waves producing the second peak may be different from the
first peak.
Let’s investigate whether the SH dispersion relation can give insight on this.
Substituting the mean of the observed second peak frequency (f3 = 0.6637 Hz), the
average sediment thickness of 700 m at the site, and approximate average shear wave
velocity of 700 m/s (Dart, 1992; Langston, 2003a) in equation (4-1), the horizontal phase
velocity (c) associated with the third mode (n = 3) is computed as a complex number.
This means the SH dispersion relation is not appropriate to explain the location of the
second peak.
Figure 4-2 depicts the H/V amplitude spectra from analyses of one hour (night
time) appropriate data during 2009/320–2011/263 Julian days recorded at all stations in
the array along with the associated mean amplitude spectrum. The cloud of the ensemble
of amplitude spectra in this figure shows the variability of the H/V power spectra with
time within the array. As it can be observed, the first and second peak frequencies are
about 0.26, and 0.66 Hz, respectively. As discussed earlier, the first peak around 0.25 Hz
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was asscociated with the conversion of Rayleigh waves to body waves. The calculated
second peak (0.66 Hz) does not conform to 3 times the frequency of the first peak (based
on the plane wave dispersion equation). This could be interpreted as a different source of
waves for the 0.66 Hz peak, or the effect of a multilayered crustal structure instead of a
single half-space medium as assumed originally by Nakamura. The Rayleigh wave model
could explain the frequency shift by dependence on Rayleigh ellipticity and structure
parameters (Langston et al., 2009a). In addition, we did not observe a particular
difference between results of the two approaches to compute the mean implemented to
average the results per day among stations; although using the mean of individual H/V
amplitudes provides more scattered values (Figure 4-1)

Figure 4-2. The H/V amplitude spectra from analyses of one hour of night time (1:00–
2:00 a.m.) appropriate data from 2009/320 to 2011/263 Julian days recorded at all
stations. The thick black line shows the mean amplitude spectrum.
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Considering the second peak frequency of about 0.66 Hz (T ≈ 1.5 s) we
hypothesize that the source and types of waves constructing it may be from the local high
frequency surface (Rayleigh) waves and/or from regional Lg waves with a high phase
velocity of about 4 km/s from the Atlantic seaboard.
Further investigations and array analysis are required to correctly adress this issue
and explicitly identify the seismic wave sources and different phase velocities aasociated
with those waves. Wave gradiometry (Langston, 2007a,b,c; Langston et al., 2009b) for
the first and second peak could be performed to calculate the azimuths and phase
velocities and to explore further the source of waves at different frequencies.
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5

Summary and Conclusions

Identifying the wave mechanisms that produce peak frequencies in H/V spectra is
important in understanding the nature of site resonance in the embayment that, in turn, is
important in mitigating earthquake shaking hazards. The resonant frequency of crustal
structure has an important role in site response analysis. It is often approximately
estimated by the peak frequency of H/V spectral amplitudes. The peak frequency can be
found from the simple yet powerful technique of Nakamura (1989) knowing the sediment
thickness and the shear wave velocity.
The time stability of the H/V ratio of ambient noise in the Mississippi embayment
is investigated. A 19-station array was deployed in the embayment at Mooring, TN, over
the northern part of the NMSZ and continuously recorded the ground motion over two
years from November 2009 till September 2011. Two sets of one hour time series per day
from all stations in the NVT array were employed for the analysis. The analysis was
performed to determine both the first and second peak frequencies observed on the H/V
spectra. We observed good time stability of the peak frequency associated with H/V
spectral amplitudes of the fundamental and first overtone. With a 95% confidence
interval the mean peak frequencies are seen to be in the range of 0.255–0.26 Hz, and
0.65–0.68 Hz for the first and second peak frequencies, respectively.
To evaluate the consistency of results within a day, the time stabilities were
assessed by employing one hour of day time and night time data. The results show a
strong correlation between the two sets of time frames. We observed that there is no
significant difference between the data recorded in the day and night. The first peak
frequency of about 0.26 Hz is associated with the conversion of Rayleigh waves into P
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and S body waves. However, the second peak frequency observed from the analyses does
not overlap with the expected factor of 3 in frequency from the first peak within a 99%
confidence interval. A frequency shift from 0.75 Hz to about 0.66 Hz is observed for the
second peak implying a difference in ambient noise source and/or possible wave
mechanism for the second peak compared to the first. Or, the effect may also be due to
multilayered sediment structure and Rayleigh wave propagation which has been seen to
cause a frequency shift in the first overtone. Further investigations and spatial array
analysis are required to identify the sources of ambient ground motions at higher
frequency than the fundamental mode peak to address the issue of the frequency shift.
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