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Abstract

Sedimentary basins amplify ground motion from earthquakes which can have severe consequences 

for major cities on basins like Tokyo and Los Angeles. Ground motion on sedimentary basins is 

complex and it depends on the geometry and elastic properties. We study the seismic wavefield 

from ambient noise and earthquake sources in Nenana Basin and Cook Inlet Basin with seismic 

stations from the Fault Locations and Alaska Tectonics from Seismicity (FLATS) and Southern 

Alaska Lithosphere and Mantle Observation Network (SALMON) projects. The FLATS project 

consists of 13 seismic stations placed over the Nenana Basin region in Central Alaska from 2014 to 

2019. In South-Central Alaska, 28 seismic stations were placed around the Cook Inlet Region from 

2015-2017 for the SALMON project. In this thesis, we have established two valuable data sets of 

events that can be used to better understand the complex influence of sedimentary basins on the 

seismic wavefield. Our analyses help quantify the frequency-dependent amount of amplification 

that occurs within these sedimentary basins.

A greater understanding of ambient noise can improve site selection as well as understanding 

other forces of nature. Many FLATS stations are near trees and a river, so we quantify the influence 

of river, wind and basin on ambient noise. We analyze ambient noise in the frequency domain with 

power spectral densities on annual, daily and hourly time scales. Rivers affect ground motion 

from shearing and turbulent forces. For FLATS stations within several meters of the Tanana River, 

we found consistent seasonal perturbations around 10 Hz. A comparison of the 10 Hz signal with 

river stage height, measured 14 km upriver, shows strong correlations exist during the summer 

and ambient noise increases by 40 dB. In the town of Nenana, a weather station shows wind 

occurs less during the winter than summer. Wind can directly interact with the ground through 

shearing forces or indirectly with the transfer of energy through trees. In this study, we found that 

wind can affect the ground motion by at least 10 dB for < 0.05 Hz. Basins amplify ground motion 

because it is easier to shear the materials. When we analyzed basin amplification from ambient 

noise we found that we had to correct for other noise sources like wind and river conditions. We 

also found that there were three classes of basin influence: Basin stations, marginal basin stations, 

and non-basin stations.
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Cook Inlet Basin is a large forearc basin that overlies the subduction zone where the Pacific 

plate meets the North American plate. We study basin amplification from 34 regional earthquakes 

and ambient noise in two frequency bands (0.1-0.5 Hz and 0.5-4.0 Hz) with 48 seismic stations. 

We compared earthquake spectra of basin stations to non-basin reference stations and found an 

amplification of 6-14 dB on the vertical component low-frequency band. The results correspond 

closely to amplification of ambient noise at 9-15 dB. For a third technique, we computed earth

quakes metrics such as radiated energy to basin depth and found stronger correlations on the 

horizontal component than the vertical. The results have implications for assessing seismic haz

ard for earthquakes such as the November 30, 2018 Mw 7.1 Anchorage event.

Nenana Basinoverlies the Minto Flats Fault Zone which can produce earthquakes with Mw ≥6. 

We study the Nenana Basin with 16 seismic stations and 48 earthquakes. Similar techniques from 

Cook Inlet Basin are used but distance corrections are applied to earthquake spectral ratios and 

teleseismic earthquakes are analyzed. The Nenana Basin amplifies ambient noise by 8-14 dB and 

earthquakes by 11-14 dB on the vertical component at 0.1-0.5 Hz. Results from teleseismic P 

waves are perplexing since amplification is not as strong as S waves. Other results show that ra

diated energy correlates more with basin depth as the magnitude of earthquake sources increase.

Overall, Nenana Basin has higher amplification levels than Cook Inlet Basin for earthquake 

spectral ratios on 0.1-0.5 Hz for all components. Noise spectral ratios prove to be a useful tool 

for studying amplification when earthquake data is sparse. Amplification is highly variable and 

future work in 3D simulations will address the complexities.
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Chapter 1 

Introduction

In the past 15 years, seismic noise has become a cornerstone of seismology (Shapiro et al., 2005; 

Nakata et al., 2019). Advances in theory and computational resources have enabled the prolifera

tion of seismic noise studies. Seismic noise is usefulfor characterizing dataquality andmonitoring 

other forces of nature. In some cases, seismic noise is used for obtaining subsurface structure such 

as sedimentary basins. Many sedimentary basins contain reservoirs of lucrative hydrocarbons 

that match the world's energy needs. Basins are also the foundation to the homes of millions of 

people worldwide in cities like Los Angeles, Tokyo, and Mexico City. Sedimentary basins present 

a hazard to many of these places because their elastic properties amplify ground motion from 

earthquakes.

As part of this thesis, we installed two networks of seismic stations in two sedimentary basins 

in Alaska—Nenana and Cook Inlet—to study seismic noise and basin amplification. In cen

tral Alaska we had a set of 13 broadband seismometers covering the Nenana basin region from 

September 2014 to September 2019 in a project called Fault Locations and Alaska Tectonics from 

Seismicity (FLATS) (Chapter 2). In south-central Alaska, 28 broadband stations covered the Cook 

Inlet basin region from May 2015 to July 2017 in a project called Southern Alaska Lithosphere and 

Observation Network (SALMON) (Tape et al., 2017). From 2014 to 2019 a large network of seismic 

stations from the Transportable Array (TA) (Williams et al., 2010) was transported to Alaska at 

70 km spacing. Prior to 2014, most of the seismic data came from the Alaska Network, managed 

by the Alaska Earthquake Center. This has yielded the richest seismic dataset of all time in the 

most tectonically active region in the US.

The Nenana and Cook Inlet basins lie in active complex tectonic environments. Nenana basin 

(Figure 2.1) overlies the Minto Flats fault zone (MFFZ) which produced a Mw 6.0 earthquake in 

1995, a Mw 5.8 in 2000, and a Mw5.0 in 2014. The MFFZ consists of two large NE trending left

lateral faults that accommodate transtensional deformation (Tape et al., 2015; Dixit et al., 2017). 

The MFFZ lies en echelon with the Fairbanks seismic zone and Salcha seismic zone, and these three 

left-lateral strike-slip zones have been interpreted within the context of a block rotation model 

(Page et al., 1995). The Nenana basin consists of major formations from Nenana gravel and the 

Usibelli group (Wartes et al., 2013; Van Kooten et al., 2012). Nenana gravel consists of deposits 
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from the Alaska Range and Yukon-Tanana Terrane from the Pliocene and the Usibelli group which 

were both deposited during the Miocene (Ridgway et al., 2007). Estimates of the basin depth 

(Doyon Limited, 2012; Dixit et al., 2017; PRA, 2017) are ever changing due to new techniques and 

data but we will use the latest estimate from PRA (2017) which gives a maximum depth of 6.7 km.

Cook Inlet forearc basin is situated within a subduction zone where the Pacific plate converges 

with the North American Plate in south-central Alaska (See Figure 3.1). The subduction zone is 

the cause of major earthquakes such as the 1964 Mw 9.2 Great Alaska earthquake and the 2018 

Mw 7.1 Anchorage event. South-central Alaska is further complicated with the tectonic influence 

of the subducting Yakutat microplate and Castle Mountain fault. Many of the earthquakes since 

1964 did not occur from thrust faulting on the plate boundary as we would expect, but occurred 

within the slab (Li et al., 2013). Within the Cook Inlet region there have also been a lack of crustal 

events since 1964 (Silwal et al., 2018). The Cook Inlet basin consists of multiple formations where 

a large influx of sedimentation occurred 180-140 Ma (Fisher & Magoon, 1978; Saltus et al., 2007; 

LePain et al., 2014). The Cook Inlet basin was mapped out from (Shellenbaum et al., 2010) using 

marine seismic reflection data and oil and gas wells which indicates a maximum depth of 7.6 km.

1.1 Environmental Monitoring

Seismic noise is popularly exploited to obtain images of subsurface structure (Shapiro et al., 2005) 

but it can also be used as a tool to monitor the activity of the local environment (Schmandt et al., 

2013; De Angelis & Bodin, 2012). In general, low-frequency signals identify with distal sources 

and high-frequency signals identify with nearby sources because of the attenuation of high fre

quency signals. Environmental seismology brings new opportunities to monitor natural hazards 

and improve existing scientific studies.

In Green et al. (2017) an array of seismometers were deployed across the city of London to 

study anthropogenic noise. They found that the noise wavefield was largely influenced by trans

portation sources, except at 0.167-0.5 Hz. However, exceptions exist for stations closest to large 

transportation sources. The noise in urban environments is useful because engineers can account 

for it in site effects when they plan future projects (e.g., Panou et al., 2005). Seismic noise has also 

been used to study the effects of wind speed and burial conditions. Withers et al. (1996) quantified 

the effects ofwind onseismic noise with respect to burial depthand found a greaterinfluence from 

2



short frequencies (<20 Hz) but the study was limited to short-period sensors. They were fortunate 

enough to subtract the effects of cultural noise and test their study in a windy environment in a 

remote location in the deserts of western New Mexico. Lott et al. (2017) established a linear regres

sion model for wind speed and power of ground velocity for three frequency bands (0.01-0.1 Hz, 

0.1-1 Hz, 1-100 Hz). The relationship is not perfect because it does not account for the variabil

ity of the terrain and burial conditions. An important conclusion from Chapter 2 highlights the 

importance of accounting for wind in seismic noise to study site effects.

The effects of seismic noise from rivers was first documented by Burtin et al. (2008). The 

various signals from rivers, which include sediment transport, river turbulence and shearing, and 

river-air interactions can be monitored respectively at 15-45 Hz, 0.5-2 Hz, 2-15 Hz (Schmandt 

et al., 2013). In Chapter 2, our results suggest river influence at 10 Hz. Our study also suggests 

the potential for using seismometers to monitor river ice at the onset of breakup, an event that can 

cause devastating flooding in communities along the river (e.g., Kontar et al., 2015).

Seismometers have also been used to monitor the effects of cyclones on ground motion. Chi 

et al. (2010) usedthe vertical component of ocean bottom seismometers and on-land seismometers 

to closely monitor the direct impacts of Typhoon Shanshan (Category 4). They found maximum 

amplification of ground motion hours after the eye had passed and stronger ground motion for 

stations closest to the oceanthan those further inland. Tanimoto & Lamontagne (2014) made some 

key observations with the TA network for a smaller cyclone, Hurricane Isaac (Category 1), that 

made landfall. They found a strong relationship of amplitude variations and distance to the eye 

at 0.01-0.02 Hz.

1.2 Spectral Ratio Methods

Two popular methods exist for evaluating site effects. The methods rely on spectra, which are an 

expression of a time series signal at various frequencies. Spectra are obtained from the Fourier 

transform of a signal, which breaks down a signal into a combination of harmonic waves at dif

ferent frequencies and amplitudes. The first method is called standard spectral ratio (SSR). It was 

developed by Kagami et al. (1982) and Kagami et al. (1986). It compares a station's signal spectra 

to a reference station's spectra. This has been applied to compare the response of basin stations 

to non-basin stations. It assumes similar paths for both stations and the availability of a reliable 
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reference station. The other method is the horizontal-to-vertical spectral ratio (HVSR) developed 

by Nakamura (1989). It compares the spectra of horizontal components to vertical components 

for the same station. The method assumes the basement has the same amplitude for vertical and 

horizontal components and that the vertical-to-horizontal comparison at the surface is related to 

the fundamental mode of Rayleigh waves. It has the advantage of not relying on a reference sta

tion but it can have disadvantages for interpretation at higher frequencies. Nakamura's method 

has gained significant popularity and it has been used to evaluate tilting from the atmosphere and 

obtain resonant frequencies for landslides (Pilz et al., 2014).

1.3 Basin Effects

Amplification from sedimentary basins are explored with direct observations and computer sim

ulations at low frequencies. In Cook Inlet basin, Moschetti et al. (2019) studied amplification using 

regression models called ground motion prediction equations (GMPEs) to predict strong motion 

from several earthquake clusters at intermediate depths. They were able to find stronger correla

tions of amplification and basin depth for shorter frequencies (< 2 Hz). The highest amplifications 

occurred for signals at 1 Hz. A study from Bindi et al. (2009) used the SSR to show that the Gubbio 

basin in central Italy amplified ground motions by a factor of 5 with the highest amplifications 

occurring close to 1 Hz. Bindi et al. (2009) also found that shaking lasted 2 times longer inside the 

basin than outside with the highest amplitudes at 1 Hz. A study from Pratt et al. (2003) showed 

the basin response < 1 Hz from incoming S Waves in Seattle basin from the Mw 7.6 Chi-Chi earth

quake and response at > 1 Hz from local earthquake and blast sources using the SSR method. 

The S waves showed a maximum amplification at 12 for 0.5-0.8 Hz and a general decrease in 

amplification for increasing frequencies above 1 Hz for local events.

Seismic data from large earthquakes are limited in many regions, and therefore some scientists 

focus on studyingscenario earthquakes using computer simulations. Short-frequency simulations 

are easiest to perform but it can have issues if the geometry is not well known or if shallow struc

tures are poorly mapped (e.g. Wald & Graves (1998)). Simulations of the Los Angeles basin by 

Vidale & Helmberger (1988) showed amplification in LA basin from surface waves by a factor of 

3 for 0.1-0.5 Hz. Further investigation of simulated surface waves from Toshinawa & Ohmachi 

(1992) indicated that Love waves are highly influenced from higher dimensional models (e.g. 3D 
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and 2D) than lower ones (e.g. 2D and 1D). However, engineers prefer simplistic and consistent 1D 

models, so efforts are underway to improve prediction of surface waves (Bowden & Tsai, 2017). 

Another important issue with surface waves is accounting for nonlinear effects which occur for 

places close to the large earthquakes (Joyner, 2000).

Earthquakes across the world have unique shapes and sizes which makes amplification pat

terns unique. The approaches to modelling the basin can have significant impacts on ground 

motion prediction. For engineers, most are concerned with basin depth. In the basin of Santi

ago de Chile, the basin has a very irregular shape with islands of bedrock that emerge because 

of the shallow structure. Results from Pilz et al. (2011) display a scenario earthquake with com

plex amplification patterns that emerge from the influence of basin shape and local topography. 

Additionally, they were able to see a correlation with basin depth and significantly smaller ampli

fications on the bedrock islands. The Taipei basin is less irregular and Sokolov et al. (2000) noted 

that the surrounding topography can have an influence on ground motion.

Higher dimensional models are generally more realistic and accurate but require significantly 

more effort and data. In many cases lower dimensional models are sufficient but it is beneficial 

to know the differences between low-dimensional models and high-dimensional models. Bard & 

Bouchon (1985) found significant differences of 2D model amplification and resonance with 1D 

models. They were able to conclude that shape ratios play a large role in resonance frequency. 

Smerzini et al. (2011) performed 1D, 2D and 3D simulations in the Gubbio basin in central Italy 

and was able to see more amplification in 3D models than 2D models.

Depth seems to play a large role in basin amplification as it is considered for predicting ground 

motions. Several observational and numerical studies show some evidence for an impact of depth 

on amplification. It is incorporated in GMPEs because there is a correlation with depth and ampli

fication (Lee & Anderson, 2000). Specifically, Field (2000) noted that amplification in the center of 

LA basin was 2 times larger than near the edge. Numerical simulations carried out by Day et al. 

(2008) found a significant relationship between amplification and depth to be used in other empir

ical models. Depth is just one way to characterize basin geometry and the definition of basement 

can easily have significant impacts on basin shape.

Large material heterogeneities exist within basins that should be accounted for whenever mod

elling occurs. Many engineers classify basins by the limits at which wave travel speeds are less 
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than some threshold value such as 1 km/s or 2.5 km/s. If such data does not exist then basins 

can be estimated from its contrast to the density of basement with gravititational surveys. What

ever the definition of a basin, there exists inherent heterogeneous materials that generally get 

stronger and denser with depth. Many unconformities exist and the geological units have vari

able thicknesses and lateral discontinuities which alter wave propagation. High frequency waves 

generally correspond to shorter wavelengths which makes them more sensitive to smaller hetero

geneities. Using 3D simulations Qin et al. (2012) found a wider area of enhanced peak ground 

velocity (PGV) values for a basin with a vertical velocity gradient than the homogeneous basin on 

the vertical component. For a realistic scenario Chavez-Garcia & Bard (1994) were able to provide 

evidence for amplification from a clay layer on top of the Mexico City basin from the great 1985 

Michoacan earthquake. With new tomographic studies, the relationship with heterogeneities and 

basin amplification can be further explored and understood.

Additional basin amplification also depends on source variation, focusing, and trapping. Earth

quake sources can be modelled with a point or rupturing plane called a finite source. With point 

sources it is imperative to consider the depth, magnitude, location, and focal mechanism because 

they can each play a role in basin amplification. In particular, shallow earthquakes produce greater 

amplifications due to their efficiency to produce surface waves at the basin edges (Wirth et al., 

2019). Whenever finite sources are considered, Frankel (1993) showed that there can be a strong 

interaction with basin edges when the rupture is nearby. Rupture direction can also have a large 

impact on amplitudes. Basin edges present a hazard because they produce strong ground motion 

from large impedance contrasts and they facilitate the production of surface waves. One of the 

most well-known cases was for the 1995 Hyogo-ken Nambu earthquake in Kobe, Japan which 

created a path of destruction along the basin edge (Kawase, 1996). From the 1992 Landers after

shock sequence, Field (1996) used SSR to conclude that basin edges only have an effect for < 4 Hz, 

and an amplification factor of 18 can occur.

Sometimes sedimentary basins can act like a lens and amplify ground motion at certain parts 

of the basin. In this case, a 1D model will not be able to account for such effects. For an earthquake 

in Caracas, Venezuela, Rial (1984) found evidence of focusing from the pattern of destruction. Fur

ther investigation from Shani-Kadmiel et al. (2014) explored focusing using an analytical method 

in which impedance contrasts can modify the locations of amplification. Like with any object, 
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a basin carries a natural frequency and the waves that get trapped from reflections will prolong 

the duration of shaking and that can have consequences for ground motion (Rial et al., 1992). 

Since each basin is unique, the response from source variation, focusing, and trapping will also be 

unique as well.

1.4 Chapter overview and other collaborations

This thesis contains work for three main projects which correspond to seismic noise in Nenana 

basin in central Alaska (Chapter 2), amplification of seismic waves in Cook Inlet basin in south

central Alaska (Chapter 3), and amplification of seismic waves in Nenana basin in central Alaska 

(Chapter 4). Chapter 2 will discuss the influence of rivers, wind, people and basin on seismic noise 

and monitoring these effects with other available data from river gauges, weather stations, basin 

maps, and in situ measurements. Appendix 1 provides further details about the analysis and a 

new paper about the effects of river ice on seismic noise. Chapter 3, discusses basin amplification 

using three different methods from seismic noise and earthquake sources. The methods explore 

the frequency-dependence of amplification and ground motion metrics like duration, radiated en

ergy, peak ground displacement, etc and its relation to basin depth. The second and third method 

uses the SSR method for earthquake sources and seismic noise. In our SSR method we account 

for signal-to-noise ratio and varying geologic units from regional earthquakes. Appendix 2 pro

vides more detail about the methodology and aggregate results from other components (radial 

and transverse). Further details for our analysis are in Smith (2019), which gives a detailed ac

count of our other results in terms of all channels and variation of spectral ratios, signal-to-noise 

ratio, and metrics for event characteristics like distance-to-basin, depth, and magnitude. Chap

ter 4 refines techniques from Chapter 3 with distance corrections and environmental corrections 

of noise-based amplification. From Chapter 3, we have a better idea of source effects from focal 

mechanism and response from teleseismic waves and amplification from other reference stations. 

Appendix 3 is the supplementary material and provides more detail about our earthquake char

acteristics, aggregate results of SSRs, and the effect of magnitude on correlations with radiated 

energy and basin depth.
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Chapter 2

Seismic noise in central Alaska and influences from rivers, wind, and sedimentary basins1

1Published as: Smith, K., and C. Tape (2019), Seismic noise in central Alaska and influences from rivers, wind, and 
sedimentary basins, J. Geophys. Res. Solid Earth, doi:10.1029/2019JB017695.

2.1 Abstract

Ambient noise is useful for characterizing frequency-dependent noise levels and for assessing 

data quality for seismic stations. We use three years of ambient noise spectra from 16 stations in 

central Alaska to examine environmental and structural influences on seismic stations. The re

gion contains a major river (Tanana river) that is ice-covered for half the year and is underlain 

by a sedimentary basin (Nenana basin) that strongly influences the seismic wavefield. Nenana 

basin amplifies ambient seismic noise by 12-16 dB at 0.1-0.7 Hz and 17-30 dB at 0.7-3 Hz. A me

teorological station and river gauge at Nenana provide environmental data for comparison with 

seismic stations. During the summer, the Tanana river produces noise levels elevated by 30-40 dB 

at frequencies near 10 Hz, as recorded by all stations within 100 m of the main river channel. The 

Tanana river lacks any sediment larger than sand in this region; therefore we attribute the 10 Hz 

river signal to turbulence within the water and to unsteady shearing on the river bottom. The 

influence of wind is apparent on seismic noise at low (<0.05 Hz) frequencies, due to atmospheric- 

induced tilting, and at high (>2.0 Hz) frequencies, due to unsteady shearing and turbulence near 

the ground. Our empirical findings motivate future studies, such as how flow from air or water 

couples to the ground and how deep sedimentary basins influence the ambient noise wavefield. 

Our results have implications for seismic site selection, environmental monitoring, and detection 

and characterization of earthquakes.
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2.2 Introduction

“As soon as fairly sensitive seismographs were available, it was found that the ground is never 

at rest.” This was the opening of Gutenberg (1951), who provided the first comprehensive clas

sification of the different types of waves that are continuously recorded by seismometers. These 

waves, known as microseisms or ambient noise, were characterized by their period range, their 

kind of movement, their hypothetical causes, and the relative distance of the causes (Table A.1). 

The problem facing Gutenberg—to interpret a source of origin from a set of recorded oscillating 

waves—remains a formidable challenge today, even with the advantages of modern data quality, 

coverage, and resolution (whether seismic, meteorological, or oceanographic).

In Gutenberg's seminal 1958 review of microseisms, he does not explicitly state his motiva

tion for pursuing the topic. Nevertheless, some of the motivations are clear or implied from the 

content, and we list them here. The primary pursuit of understanding seismic noise is one of ba

sic scientific curiosity: What source regions and processes are responsible for constantly recorded 

ground motions, and how does each type of source couple to the solid earth? This pursuit began 

as early as Hecker (1906) and continues today (Anthony et al., 2015). The second benefit is the 

potential for using a seismometer to monitor the environment, such as changing atmospheric or 

oceanographic conditions (Aster et al., 2008). There are better instruments than seismometers for 

certain environmental monitoring, but in places without instruments, an already-deployed seis

mometer could provide useful information at no extra cost. A third benefit is to use seismic noise 

to better understand the performance of a seismometer. By understanding how noise levels are 

influenced by the environment, we may be able to inform how sites are selected, how stations are 

designed, and how seismometers are designed (Aki & Richards, 2002, Ch. 12). A fourth benefit 

arises from the fact that ambient noise often obscures signals—like earthquakes—for which a sta

tion has been deployed. Changing noise levels will impact operational monitoring and scientific 

studies, such as the ability to pick arrival times needed for earthquake location, the selection of 

waveforms to use for estimating source mechanisms for earthquakes, or the analysis of normal 

mode spectral peaks (Zürn et al., 2015). Finally, it has become clear in the past 15 years that seis

mic waves (body waves, Rayleigh waves, Love waves) comprise major portions of ambient noise, 

and these waves can be used to estimate seismic velocity structure (Shapiro et al., 2005; Tanimoto
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et al., 2013; Lin et al., 2013). The literature review of Bonnefoy-Claudet et al. (2006) demonstrates 

the increasing importance of using noise for characterizing seismic structure.

Our goal is to understand the sources of noise in the Minto Flats region of central Alaska 

(Figure 2.1a). Our approach is an empirical one, based on an extensive analysis of the time-, 

frequency-, and spatial-dependence of variations in noise amplitudes. As with similar studies, 

we benefit from using non-seismic data—in our case, wind speeds and river gauge heights—to 

help understand the variations in seismic noise. The global ambient seismic wavefield between 

0.003 Hz and 1 Hz is generated by oceanic waves that couple to the seafloor (Webb, 1998; Tani- 

moto, 2005; Kedar et al., 2008; Gimbert & Tsai, 2015). These ocean-generated seismic waves can 

be strongly influenced by local structure and can be masked out by local, more dominant noise 

sources, such as from wind.

Wind effects on ground motion have been documented at low and high frequencies. Haubrich 

& MacKenzie (1965) discovered that for frequencies <0.1 Hz the seismic displacement was “par

tially coherent” with pressure and attributed the effect “to elastic deformation of the ground by 

the atmosphere” (p. 1432). The degree of ground tilting caused by the atmosphere was shown to 

depend on the elastic properties near the surface (Sorrells, 1971; Sorrells et al., 1971; Sorrells & Go

forth, 1973; Ziolkowski, 1973; Dybing et al., 2019). Nearly all stations on Earth, including within 

the Global Seismographic Network, record elevated levels of horizontal component noise relative 

to vertical component noise (H/Z ratio), which is suggestive of ground tilting. Wind can also di

rectly couple to the ground and generate high frequencies (>1 Hz) of ground motion (Young et al., 

1994; Withers et al., 1996; Naderyan et al., 2016; Lott et al., 2017; Dybing et al., 2019). The effects 

of wind at low and high frequencies are reduced by installing seismometers deeper (Hutt et al., 

2017).

Amajor influence inseismic wave propagation—whether from earthquakes orambient noise— 

are sedimentary basins, which are filled with low-velocity sedimentary strata that amplify seismic 

waves (Bard & Bouchon, 1980, 1985; Rial et al., 1992; Field & Jacob, 1993; Wald & Graves, 1998; 

Olsen, 2000). The margins of basins also have a strong influence on the seismic wavefield (Graves 

et al., 1998; Frankel et al., 2009). Basins are not a source ofnoise themselves, but they are structures 

that distort seismic waves and also influence how external noise sources (e.g., wind) couple to the 

solid earth.
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Seismic stations in the Minto Flats region provide a natural laboratory for investigating sev

eral variables affecting seismic noise: anthropogenic sources, rivers, wind (on ground, trees, and 

towers), and a km-scale sedimentary basin (Nenana basin). Cultural noise influence is expectedly 

low (<6 dB at 10 Hz) at most stations in this remote region. As will be shown, we discovered that 

the Tanana river produces noise levels at 10 Hz that are up to 40 dB higher in summer than in the 

winter, when the river surface is covered in meter-thick ice. The river noise signal is strongest for 

stations within 100 m of the main channel; it is also characterized by uniform H/Z ratios during 

peak river flow and negative decibels of H/Z ratios starting near freezeup (generally October). 

The effects of wind on the ground are documented across all frequencies except for the highest- 

amplitude ocean microseism range of 0.1-0.5 Hz. Nenana basin (described next) has a strong 

influence on seismic noise, amplifying 0.1-0.7 Hz by12-16 dBand 0.7-3 Hz by 17-30 dB. We hope 

that the empirical results presentedherewillhelp inform theoretical (Sorrells & Goforth, 1973; Tsai 

et al., 2012; Gimbert et al., 2014; Naderyan et al., 2016) and experimental (Mucciarelli et al., 2005; 

Hutt et al., 2017; Anthony et al., 2018; Dybing et al., 2019) efforts to investigate the effects of earth 

structure and environmental conditions on seismic noise.

2.2.1 Study region and data

The Minto Flats region is a low-lying area in central Alaska between the town of Minto and Ne

nana and containing the Tanana river (Figure 2.1). The Tanana river flows north from Nenana and 

then west, to Manley and then the village of Tanana, where it flows into the Yukon river (Collins, 

1990). The region is underlain by Nenana sedimentary basin, which was identified from anoma

lously low gravity measurements (Barnes, 1961) and active-source seismic images (Van Kooten 

et al., 2012). On the sides of Nenana basin are two faults identified from seismicity (Tape et al., 

2013) and having no geological expressionat the surface (Koehler et al., 2015). Earthquakes onthe 

two faults exhibit left-lateral faulting, leading to the interpretation of a transtensional setting for 

the Minto Flats fault zone and Nenana basin (Tape et al., 2015).

From 2014 to 2019 a set of 13 seismometers was deployed in the Minto Flats region. The main 

goal of the FLATS (Fault Locations and Active Tectonics from Seismicity) experiment was to char

acterize the structural and kinematic relationships between deep sub-basin crustal faulting and 

18



active basin formation and deformation. The deployment was partially motivated by a nucleation 

signal that preceded a triggered earthquake (Tape et al., 2013); additional unusual events, includ

ing very-low-frequency earthquakes, occurred during the FLATS deployment (Tape et al., 2018). 

Prior to the FLATS project, no seismometer had ever been deployed in the low-lying region.

The FLATS deployment, along with nearby stations, provides a opportunity to examine a 

unique setting that contains minimal cultural noise (the roadless region is unpopulated), a major 

river that is undammed and is covered in meter-thick ice during winter, and a major sedimentary 

basin overlying an active fault zone. Three stations surrounding the region (AK.NEA2, TA.I23K, 

AK.MLY) are high-quality seismic installations in bedrock and provide valuable comparisons for 

FLATS stations. All 16 stations are directly buried posthole sensors; therefore effects related to 

cavities or vaults should be absent (Kroner et al., 2005; Aderholdet al., 2015), though tilting effects 

should still be present, as the case for almost all stations in the world, including deep boreholes. 

Furthermore, as its name suggests, Minto Flats lacks topography; topographic variations can in

fluence tilt observations on seismometers (Harrison, 1976; Gebauer et al., 2009). (Extremely local 

topography, such as a river adjacent to the seismometer, could be relevant.) Finally, the range of 

temperatures in the high-latitude setting are extreme, in part due to the distance (>500 km) from 

oceans and also protection by the Alaska Range to the south. The hourly temperature recorded 

at Nenana between 2014-09-01 and 2019-09-01 averaged -0.3oC with a minimum of -47.8oC and a 

maximum of 33.3oC.

2.3 Data

2.3.1 Seismic data

Our study is based on seismic data recorded at all 13 FLATS stations and at three bedrock sta

tions. All 13 FLATS stations have Nanometrics Trillium 120 posthole (T120PH; corner period 

120 s) broadband sensors installed at a depth of approximately 1.0-1.2 m. The material adjacent 

to the sensors—either damp sand or compacted loess soil—is excellent for coupling the sensor to 

the ground. An example station site is shown in Figure A.1.

Each of the bedrock stations is installed in a cased borehole at a depth of approximately 

2.5 m: AK.NEA2 (T120PH), TA.I23K (STS-5A), and AK.MLY (T120PH). Construction logs from 
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the bedrock stations include the following notes on the rock adjacent to the sensors: (AK.MLY) 

“Solid rock, granitic, medium-hard drilling,” (TA.I23K) “Tan-grayish rock, with quartz? medium- 

hard drilling,” (AK.NEA2) “Schist, harder drilling, light buff color.” These installations result in 

low noise levels at low frequencies (<0.1 Hz), especially on the horizontal components, relative 

to stations in the regional networks (Busby, 2016). At high frequencies (>1 Hz), anthropogenic 

sources can cause higher noise levels. TA.I23K is next to an outer road in the village of Minto. 

AK.NEA2 is in the woods and adjacent to a state microwave site with a 38-m tower and a small 

building containing telecom hardware and a constantly running HVAC system. AK.MLY is in a 

remote location, on top a dome of treeless bedrock.

In low-lying areas (see station elevations in Table 2.1), the water table is expected to be shallow; 

the base of the holes at three FLATS stations (FAPT, FPAP, F2TN) were damp or contained water- 

saturated mud. Such a shallow water table is likely to freeze, especially considering the extreme 

cold and relatively low snow levels (therefore less insulation) in central Alaska. For much of 

the year, the shallowly buried FLATS sensors are within a frozen layer that thaws by mid to late 

summer. Only one hole—the 2018-reinstalled F2TN—had frozen ground at 1 m depth in July, at 

the time of installation. Most installations were performed in September in order to avoid frozen 

ground at 1.2 m depth.

All 16 sensors in this study send three-component, telemetered data to the Alaska Earthquake 

Center, where they are sent to the IRIS Data Management Center for archival. The recorded sam

ples per second varies from 40 (TA.I23K) to 200 (XV.F3TN) (Table 2.1); the maximum allowable 

frequencies (i.e., Nyquist) inthepowerspectrarangefrom20Hzto 100Hz. The use of telemetry 

allows the data to be used in real-time operations (for earthquake locations) and also allows us 

to identify station outages and prepare for site repairs. The use of telemetry produces a small 

number of data gaps that would otherwise be absent if data were recorded on site and collected 

later.

2.3.2 River gauge data

The Tanana river is a glacially fed river and includes the Delta, Nenana, and Kantishna rivers as 

tributaries; it is the largest tributary of the Yukon river. The USGS operates a river gauge (site 
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number 15515500) on the Tanana river in the town of Nenana, just east of the Parks Highway 

bridge (Figure 2.1b). The river gauge height data are provided with 15-minute intervals. Over the 

time period of our study, the most notable data gap occurred between February and April, 2017.

2.3.3 Meteorological data

As far as we know, the only meteorological station in our region with readily available data is in 

the town of Nenana. The National Weather Service operates a meteorological station (station code 

PANN) south of the airport runway in Nenana, 513 m from seismic station XV.FAPT. At 51 minutes 

past each hour, PANN records data every five seconds for a period of two minutes, and then lists 

the average value of wind speed, mean sea level pressure, wind gust speed, relative humidity, 

percent relative humidity, air temperature, and dew point temperature. (Therefore the hourly 

measurements do not constitute an hourly average.) We average the 24 hourly measurements 

within each UTC day to provide a daily value.

There are no meteorological stations collocated with seismic stations at Minto (TA.I23K), Man

ley (AK.MLY), or Nenana (AK.NEA2). Outside our study region, dozens of EarthScope (TA) 

stations in Alaska contain collocated meteorological sensors. These stations would be ideal for 

investigating the influences of environmental effects on time-dependent seismic noise.

Characteristics of the hourly wind speeds at Nenana are shown in Figure A.2. The winter 

months of December, January, and February contain higher wind speeds and no diurnal variabil

ity, whereas the summer months of June, July, and August exhibit lower wind speeds and diurnal 

variability (Figure A.2a), with stronger wind speeds during the daytime.

Wind arises from spatial differences in pressure, and pressure can influence deformation of the 

ground surrounding a sensor or vault (Ziirn & Widmer, 1995; Zürn et al., 2007). We examined the 

relationship between pressure and seismic noise power but did not find relationships that were 

suggestive of a causal relationship between local weather conditions and seismic noise.
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2.4 Methods

2.4.1 Power spectra of seismic noise

Three-component (north, east, and up) seismic data are sent via radio or cell modem telemetry 

to the Alaska Earthquake Center (AEC) at University of Alaska's Geophysical Institute. These 

data are transferred to the IRIS Data Management Center, which archives the waveforms and 

also performs a data quality assessment using a program called MUSTANG (Casey et al., 2018). 

MUSTANG produces probability spectral densities using methods of McNamara & Buland (2004). 

These spectra form the basis of our analysis.

We used two data products from MUSTANG: daily probability density functions (PDF) and 

hourly power spectral densities (PSD). The daily PDF is an aggregate of 47 hourly spectra, each 

representing 60 minutes of ground motion and overlapping with the next hourly spectrum by 30 

minutes. We obtain a daily spectrum from the daily PDF by extracting the most frequent (mode) 

noise level for each frequency. The hourly spectra were necessary for examining sub-daily varia

tions, such as anthropogenic influences due to night-day differences, and for isolating the influ

ence of wind on seismic noise.

We downloaded hourly noise spectra at all 16 stations from 2015-09-01 through 2019-09-01. 

For five stations (F3TN, FPAP, NEA2, I23K, MLY), we examined their data from 2014-09-01 to 

2019-09-01. For some analyses we examined data from all stations within 100 km of Nenana; 

this included a few more stations than those listed in Table 2.1 (AK.BWN, AK.CCB, IU.COLA, 

AK.MCK, AK.MDM, TA.TCOL, & AK.WRH).

Using asetofdaily noise spectra, we display a spectrogram (Figure 2.2), which shows the time

dependence of noise at one station. Each spectrogram conveys a large amount of information on a 

long time series (Tsai & McNamara, 2011). For example, a three-year-long, single-component time 

series of ground motion at F3TN (200 samples per second) has 1.9× 1010 values. The spectrogram 

is discretized with 1096 daily values spanning three years and 114 frequency values ranging from 

0.0053 Hz to 94 Hz. Our spectrograms are constructed using the pre-calculated daily (or hourly) 

spectra from MUSTANG; alternatively, one could construct them directly from the time series, by 

specifying the window width and time increment for the sliding window.

22



To examine the time-independent noise characteristics at each station, we calculate an annual 

spectrum from multi-year long set of daily noise spectra. We used a median operation to diminish 

the effects of occasional spurious spectra. A comparison between the effects of using a median or 

mean operation is shown in Figure A.3.

The time-dependence of noise is better displayed by subtracting the station-specific, time

independent spectrum from the original spectrogram (e.g., Ringler et al., 2010; Schmandt et al., 

2013), as shown in Figure 2.2. The resulting “residual spectrogram” (Figure 2.2d) reveals the time

dependent variations in noise, with the 0 dB value representing the median noise level for that 

station and for a particular frequency. For example, the residual spectrogram in Figure 2.2d re

veals clear seasonal variation of -10 dB (summer) to +10 dB (winter) for frequencies 0.1-0.5 Hz. 

It also shows elevated high-frequency (2-10 Hz) noise during the winters.

The units for the acceleration power spectra, prior to logarithmic scaling, can be written as 

(m/s2)2/Hz or m2/s4/Hz or m2/s3. Theconversiontodecibels(dB) isachievedbyp=log10(x/x0)10, 

where x is a power spectrum value and x0 = 1 (m/s2)2/Hz is a normalization factor that removes 

units. (For example, if x = 100 (m/s2)2/Hz, then p = 20 dB.) For brevity in our plots, we use the 

label “Accel. PSD, dB.” instead of “PSD, dB relative to 1 (m/s2)2/Hz.” The dB label is a reminder 

that quantities have been log-scaled. When we take a ratio of power spectra, xb/xa, this will lead 

to a “differential spectrum” pb -pa = 10log10(xb/xa). Throughout our results, we compare sets of 

spectra, such as a station's spectrum vs a bedrock station, a station's spectrum during high-wind 

conditions vs low-wind conditions, and a station's horizontal component vs its vertical compo

nent. Subtracting these log-scaled spectra (pb - pa) is equivalent to representing ratios of power 

spectra (xb/xa).

Using daily spectra (PDFs) from MUSTANG, spectrograms are calculated for Z, E, and N com

ponents. The spectrograms for the E and N components are averaged to give a spectrogram for 

the horizontal (H) component. The difference between the H spectrogram and the Z spectrogram 

provides the (log-scaled) H/Z ratio (e.g., Anthony et al., 2015, fig. 3c), which is used in several 

analyses.
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2.4.2 Identification of suspected noise sources

We document characteristics of each station that could influence the recorded seismic noise levels. 

Measurements of these characteristics are shown in Table 2.1 and are based on site conditions and 

not on seismic noise data.

We use the characteristics to classify each station according to each noise source. (Here we 

refer to the basin as a noise source, though it would be more accurate to describe it as a structure 

that influencesseismic noise.) For each station, a noise source is labeled red ifthe source is present: 

blue if it is somewhat present, and green if it is not present. The river classification is based on a 

station's distance from the main river channel: red if less than 100 m, blue if between 100 m and 

2000 m, and green if greater than 2000 m. The basin classification is based on a station's depth-to- 

basement (Figure 2.1): red if greater than 2000 m, blue if between 10 m and 2000 m, and green if 

less than 10 m. The expected presence of anthropogenic noise is qualitatively labeled red, blue, 

or green. At the outset, we did not know which of these factors will manifest within the seismic 

data. We recognized that there could be cases where multiple noise sources are present at a site, 

yet there would be only one noise source that was dominantly visible in the seismic data.

Our primary goal is to determine whether these noise sources are identifiable within the seis

mic data. If they are identifiable, then we seek to characterize the frequency range and time period 

of influence. River gauge and wind speed data in Nenana are used to investigate the influence of 

the river and wind on seismic noise.

2.5 Results

We examine annual noise spectra in order to convey differences among stations, either due to 

structure or to local environmental influences. We then quantify the influence of anthropogenic 

noise sources, which allows us later to interpret environmental noise sources. A basic calculation 

we perform is to correlate the time-dependent seismic noise, for one station and for one frequency, 

with the time-dependent data from an environmental sensor, such as river height or wind speed.

Two stations near the Tanana river, F2TN and F4TN, were reinstalled during the project, due 

to rapid lateral erosion of the riverbank. Although the new shallow boreholes were within 30 m 

of the previous hole, the change has a strong impact on the noise signals that are due to the river. 
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Additional caution is needed when interpreting F2TN (reinstalled in 2016, 2017 and 2018) and 

F4TN (reinstalled in 2016).

The Supporting Information contains a large set of figures, mainly because we have include 

figures for all 16 stations. The figures are categorized by anthropogenic noise (Figures A.8-A.12), 

river noise (Figures A.13-A.32), wind noise (Figures A.33-A.73), and basin noise (Figures A.74- 

A.78).

2.5.1 Reference noise spectra

Figure 2.3 provides an overview of the annual noise at all FLATS stations. Each subplot shows 

the 3-year spectra for vertical and horizontal components. Although the stations are all within the 

same region (Figure 2.1), their noise spectra exhibit dramatic variability.

To examine spatial variations in seismic noise, we need to establish a reference noise spec

trum that characterizes the background regional noise level. We have five bedrock (or non-basin) 

stations in the region to choose from: AK.NEA2, AK.MLY, XV.F8KN, XV.FTGH, and TA.I23K (Fig

ure A.4). The shallow borehole station AK.NEA2 is the logical choice for a reference, as it is the 

highest-quality installation that is close to the FLATS stations. However, its higher frequency noise 

levels are elevated due to a nearby lattice tower, as we will discuss later (Section 2.5.4.1), and its 

low-frequency noise levels are only slightly better than at F8KN (~5 dB on horizontal, 0 dB on 

vertical). AK.MLY has the lowest noise levels, but it is 96 km from Nenana and therefore not 

as representative of the region. We choose F8KN as a reference station; this has the advantage 

that the sensor and type of installation (shallow, direct burial) is the same as the other 12 FLATS 

stations.

Figure 2.3compares each station with F8KN. FTGH, installed onaridge in proximity to bedrock, 

has comparable low-frequency vertical-component noise to F8KN and elevated (10 dB) horizontal 

noise. The other 11 FLATS stations are in or near Nenana basin and exhibit elevated noise levels 

across all frequencies, relative to bedrock station F8KN.

We also use a station's own multi-year spectrum as a reference for showing time-dependent 

changes. Figure 2.4 shows the seasonal variations in horizontal-component noise for each station. 

The origin of some of these variations will become apparent in Section 2.5.3.

25



2.5.2 Influence of anthropogenic sources

Culturalnoise from anthropogenic sources—either humans, their structures, or theirmachines—is 

generally recorded at high frequencies (>10 Hz). Transient cultural activity can assist our under

standing of seismic noise recorded during those events. For example, station FNN1 is in the mid

dle ofa large clearing made for a geophysicalexploratorywell (Van Kootenet al., 2012). Typically 

in the fall, moose hunters set up their camps in the clearing, within 50 m of the sensor, in prepara

tion for the opening ofthe season on September 1st. The activities ofthe hunters are clearly visible 

in the 10 Hz time series at FNN1 in 2016, 2017, and 2018 (Figure A.8). The signature ofthe activity 

is that the 10 Hz noise is elevated by 20 dB during the day and falls down toward the background 

noise level at night. This pattern starts near September 1st and lasts a couple weeks. Other ex

amples of 10 Hz cultural noise include a week-long camp held at Old Minto (F5MN) in July 2017 

(Figure A.9) and a 3D active source seismic survey in Minto Flats in April 2017 (Figure A.10). All 

three of these examples are marked by diurnal variations in the 10 Hz noise.

We classified seven stations in Table 2.1 as having anthropogenic noise sources present (FAPT, 

FPAP, I23K) or somewhat present (F5MN, F7TV, FTGH, NEA2). The spectra for six of these stations 

(NEA2 excluded) all have elevated noise at >10 Hz, relative to F8KN (Figure 2.3). They also have 

elevated noise levels during summer and fall, seasons when locals and visitors to the region are 

more active (Figure 2.4).

Human activity is elevated during the day and diminished during the night. This effect can 

be examined by comparing noise levels during daytime with those from nighttime (Wilson et al., 

2002). Using three years of hourly spectra, we plot the difference between day spectra (08:00

20:00 AKST) and night spectra. In Figure 2.5 we plot six spectra, colored by the expected presence 

of cultural noise (Table 2.1). As expected, we see elevated daytime noise levels at FPAPand FAPT, 

in Nenana, and at I23K, in Minto. This gives us some confidence in quantifying cultural noise 

influences of up to 4-6 dB for frequencies 10-20 Hz.

The day-vs-night assessment has some shortcomings for representing anthropogenic sources. 

First, it assumes that the anthropogenic source varies with night and day, which is not always 

the case. For example, there is a constantly-running HVAC in the building near AK.NEA2, and 

therefore itwouldnotbe visible inFigure 2.5. Second, there are other day-vs-night differences that 
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could very well be non-anthropogenic. For example, wind speeds during summer are stronger 

during the day (Figure A.2a). It is also possible that thermal effects could cause higher daytime 

noise levels, such as at sites that are not expected to have any anthropogenic influence (e.g., F6TP, 

FNN2: Figure A.12).

FTGH, which is 228 m from the Parks Highway, has high annual levels of >10 Hz noise (Fig

ure 2.3), has slightly elevated summer noise levels (Figure 2.4), but it does not exhibit a diurnal 

difference (Figure 2.5). This indicates that the high-frequency noise levels arise from a source that 

is more uniform throughout the day.

2.5.3 Influence of Tanana river

Environmental influences on the annual spectra in Figure 2.3 start to become clear when we exam

ine seasonal variations (Figure 2.4). The most conspicuous patterns occur for the two frequency 

ranges 0.1-1Hzand4-30Hz. At0.1-1Hz, all15 stations show the same pattern of +2 dB in fall 

(Sept/Oct/Nov), +5 dB in winter (Dec/Jan/Feb), -2 dB in spring (March/April/May), and -5 dB 

in summer (Jun/Jul/Aug). This reflects the annual regional cyclicity of ocean-generated ambient 

noise (Stutzmann et al., 2009), which is strongest in winter in mainland Alaska due to storms in 

the northern Pacific. These variations at 0.1-1 Hz are visible in the spectrograms in Figure 2.6 and 

inFigure2.2c. At 4-30 Hz, a subset of stations in Figure 2.4 reveals noise levels of ≥10 dB in sum

mer and diminished (5-10 dB) in fall. These turn out to be caused by the changing signal from the 

river, as discussed next.

The signature of the Tanana river on seismic noise is displayed in the residual spectrograms 

in Figure 2.6. To assist in interpretation, we plot vertical dashed lines for the date when the river 

ice breaks up on the Tanana river at the town of Nenana. This day and time is marked by the 

movement of a wooden tripod that is erected on top of the river ice each winter; Alaskans bet 

money on the breakup time. The event is known as the Nenana Ice Classic and provides a unique 

historical data set from 1917 to present (NSIDC, 2011). In Figure 2.6, we plot solid lines for the 

latest time in fall when any ice-free water is visible; this time is obtained from a time-lapse camera 

that we installed at station F3TN. (In fall 2018, the F3TN camera failed, so we use the freezeup 

date from F5MN instead.)
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The four stations shownare all≤100 m from the main river channelandallshowelevatednoise 

at 10 Hzthat lasts from approximately river breakup to river freezeup. This pattern is emphasized 

in Figure 2.7, which shows multi-year 10 Hz time series for F3TN and three other stations near the 

river (F4TN, F5MN, F7TV). The H/Z ratio time series, plotted in Figure 2.7 for F3TN, shows that 

the noise levels on the Z and H components are nearly the same during summer, when the river 

influence is highest. Starting at freezeup, the 10 Hz noise levels drop, and the H component noise 

decreases below the Z component, reaching a H/Z minimum of about -15 dB in March, about 1 

month before river ice breakup. Similar seasonal variations in H/Z ratio time series can be seen at 

other stations (Figures A.28-A.32).

Evidence for the link between the river and the 10 Hz seismic signal was provided in one 

unexpected case. As a preventative measure, on 2016-09-16 the sensor at F2TN was reinstalled 

13 m further back from the river. The 10 Hz noise abruptly decreased by 20 dB (Figures A.7 

and A.29).

Comparison between the time-dependence of the 10 Hz seismic noise at F3TN and the river 

height at Nenana reveals a complicated pattern when examining the entire four-year time period 

(Figure A.18a-b). The signals are correlated, but there is complexity in the scatter plot thatsuggests 

that the signals should be compared within shorter time periods. Figure 2.8 shows the data for 

five summers, and the pattern is clear with a correlation coefficient (cc) of 0.87: the 10 Hz seismic 

noise and river gauge are minimal in early June and late August and are maximal in mid-July.

Figure 2.9 provides a more complete view of the correlations between river gauge height and 

seismic noise at all frequencies and for different stations. Each point plotted represents a correla

tion coefficient between summertime daily values of horizontal-component seismic power at one 

frequency and summertime daily values of river gauge height. The example dot, plotted for F3TN 

at (10 Hz, cc 0.87) corresponds to the data shown in Figure 2.8. For four near-river stations (F3TN, 

F4TN, F5MN, F7TV), the correlations exceed 0.7 for frequencies 5-10 Hz. Station F1TN, which is 

farther from the main river channel (Table 2.1), exhibits a weaker correlation.
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2.5.4 Influence of wind

To analyze the influence of wind on seismic noise, we compare winds speeds measured in Nenana 

(station PANN; Figure 2.1b) with seismic noise power at all frequencies and at several stations. 

We analyze correlations from data that are sampled hourly and daily. We focus on the winter time 

period (Dec/Jan/Feb), when river noise and cultural noise are at a minimum. The Tanana river is 

frozen at the surface, reducing the effects of water turbulence and wave action from wind. Also 

there is less industrial activity, fewer cars on the road, and fewer trains. Winter is also the time of 

year when wind in the region is strongest.

We find that at most stations wind enhances seismic noise at all frequencies. Two examples 

of our analysis are shown in Figures 2.10 and 2.11, and a large set of figures related to wind are 

included in the Supporting Information. Next we divide the seismic spectrum into three intervals 

to discuss the influences of wind.

2.5.4.1 Seismic noise ≥2.0 Hz

Figure 2.10a provides compelling evidence of wind influence on seismic noise. Each spectrum 

is a stack of hourly seismic noise at station F1TN during hourly time periods of winds speeds 

in Nenana (PANN) within a certain interval. The black spectrum is the median stack of seismic 

noise when wind speeds were 0 m/s. The magenta spectrum is for wind speeds 0 < v < 2 m/s, 

and we see that it is higher than the lower-wind speed spectrum of seismic noise. As the wind 

increases, the seismic noise increases, by more than 25 dB on the vertical component for wind 

speeds 10-12 m/s.

A second way to examine the hourly data is shown in Figure 2.10b, which displays a scatter 

plot of hourly seismic power at 3 Hz versus hourly wind speed. The correlation between the two 

time series (0.54) is in agreement with the evidence in Figure 2.10a (see solid line at 3 Hz). Other 

examples like Figure 2.10b are shown in Figures A.58-A.72.

At many stations we identify an increase in seismic noise for frequencies ≥2.0 Hz. This pattern 

is most conspicuous—leading to a >10 dB increase for wind speeds 10-12 m/s—at F1TN, F6TP, 

F7TV, FNN1, FNN2, F8KN, NEA2, and MLY (Figures A.34-A.49). With the exception of F1TN, 

which we will discuss in Section 2.5.4.2, all these stations occur in places that are either high 
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elevation, in a clearing and away from trees, or both. We attribute the elevated high-frequency 

seismic noise to wind effects on the ground (e.g., Naderyan et al., 2016).

Stations FTGH, FPAP, and FAPT are influenced by wind, but our interpretations are compli

cated by the occurrence of already-high noise levels at high frequencies due to anthropogenic 

sources. Two anthropogenic sources, at NEA2 and FAPT, are nearby lattice towers that have reso

nant frequencies according to their height and design (Chiu & Taoka, 1973; Venkateswarlu et al., 

1994). (Both stations also have sheds nearby.) At NEA2, unsmoothed seismic noise power spectra 

reveal a sharp spike at 2.5 Hz on the vertical and horizontal components. Due to a smoothing 

operation used within MUSTANG (see Section 2.6.1), this resonant peak appears as a mesa-shape 

spanning 2-3 Hz in Figure A.46. This feature is strongly enhanced by wind and is dominantly 

on the vertical component. Chiu & Taoka (1973) analyzed a 45 m microwave lattice tower having 

resonant frequencies of 1.9 Hz, 5.6 Hz, and 12.5 Hz for the first three translational modes. We 

interpret the 2.5 Hz resonant peak at NEA2 to be the fundamental mode of the microwave lattice 

tower, which is 38 m tall and 21.6 m from the sensor. At FAPT there is also a mesa-shape in the 

spectrum spanning 8-20 Hz and dominantly on the vertical component (Figure A.43d). We specu

late that this is due to the lattice tower that is 18.1 m tall and 12.4 mfrom the sensor. For mesa-like 

signals at NEA2 and FAPT, the change in H/Z ratio with increasing wind speed indicates that the 

Z noise levels become more dominant (relative to H) at higher wind speeds (Figure A.51).

2.5.4.2 Seismic noise 0.5-2.0 Hz

Best practices for seismic installations advise not installing stations near tall trees or structures 

(Willmore, 1979; Trnkoczy et al., 2012), though we have not seen published evidence to support 

this guideline. The roots of trees swaying in the wind pull on the ground. The swaying frequency 

of a tree depends on the shape and the elastic properties of the tree. Gardiner (1992) measured 

resonant frequencies of 0.26-0.43 Hz (2.3-3.8 s) for ten Sitka spruce trees with heights 13-17 m. 

(With the branches removed, the measured resonant frequencies were 0.43-0.70 Hz, or 1.4-2.3 s.)

We examined the noise variations at 0.5-2.0 Hz with the hypothesis that swaying trees could 

be influential. The properties of nearby trees for our stations are listed in Table A.2. From the 

seismic spectra in Figures A.34-A.49, we identify the following stations exhibiting enhancement 
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of ≥10 dB seismic noise for 0.5-2.0 Hz for wind speeds ≥10 m/s: F1TN, F3TN, F4TN, F5MN, 

F7TV, F8KN, FNN1, FNN2, FPAP, FTGH, NEA2. F1TN is the closest station to a tree (1.8 m), and 

its seismic noise variations exhibit the strongest influence from wind, including a subtle peak at

1.5 Hz (Figure 2.10a and Figure A.34). We hypothesize that wind-induced movement of trees is 

responsible for the exceptional noise enhancement at F1TN.

Overall, the influence of wind on trees on seismic noise is unclear. Among the 11 stations 

exhibiting enhanced noise at 0.5-2.0 Hz, six are within 10 m of a tree (F1TN, F3TN, F4TN, F5MN, 

F7TV, NEA2), and four (FNN1, FNN2, FPAP, FTGH) are not (Table A.2). Ifthe wind-elevated noise 

at these three sites is caused by trees, then it would require the swaying signal to not attenuate 

over distances of 10-100 m. Futher analysis and additional experiments are needed in order to 

understand the connection between swaying trees and seismic noise.

2.5.4.3 Seismic noise ≤0.05 Hz

Changing atmospheric conditions can push down on the ground, and these effects are recorded 

on horizontal and vertical components ofseismic noise at low (≤0.05 Hz) frequencies (Haubrich & 

MacKenzie, 1965; Sorrells, 1971). Figure 2.11a,b compares daily vertical-component seismic noise 

at a frequency of 0.03 Hz (period 30 s) with daily average wind speed. For the three-year time 

period, there is a correlation of 0.69 that appears to be strongest during the winter months, when 

daily wind speeds reach maximal and minimal values.

A more complete picture of the correlations between seismic noise and wind speed is shown 

in Figure 2.11c. There we display correlation coefficients as a function of seismic noise frequency, 

and we color the stations based on their distance from the weather station. It is clear that at low 

frequencies, the correlations are highest (and above 0.50) for the stations closest to the weather 

station. For seismic stations >50 km from the weather station, there is no significant correlation 

between low-frequency seismic noise and wind speed.

The ratio of the horizontal component spectrum to the vertical component spectrum—H/Z 

ratio—provides information on the susceptibility of a sensor to surface displacements caused by 

atmospheric changes. Very few seismic sensors on Earth escape these surface effects, and those 
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sensors tend to be deep (>100 m) and within bedrock. For seismometers installed within the same 

material, a greater depth will afford lower surface-induced noise levels (Hutt et al., 2017).

The H/Z ratios for all stations in Table 2.1 are shown in Figure 2.12. First, we note that all 

stations—even bedrock stations with 2.5 m cased boreholes (AK.NEA2, TA.I23K, AK.MLY)— 

exhibit positive decibels of H/Z ratios for frequencies <0.05 Hz. Second, the low-frequency H/Z 

ratios for basin stations are larger than those for bedrock stations, and the effect is more pro

nounced in winter than in summer (Figure 2.12). Examining the data from winter has the advan

tage that there is lower influence of the river, whose changing conditions during summer could 

possibly influence the low-frequency noise at stations near the river. During winter the marginal 

basin stations (Table 2.1: F6TP, F7TV, FAPT, FPAP) have H/Z values that are ≤30 dB, closer to the 

values for non-basin stations (Figure 2.12b).

2.5.5 Influence of Nenana basin

The influence of the basin is conspicuous for frequencies <0.7 Hz, as shown in the annual spectra 

in Figure 2.13. At low frequencies (≤0.1 Hz), the elevated noise levels are partly or mostly due 

to atmospheric effects, as discussed in the previous section. By comparing spectra from basin 

stations with a non-basin reference spectrum, we also find strong basin influence at 0.1-3 Hz. We 

examine results within two frequency intervals: 0.1-0.7 Hz and 0.7-3 Hz.

In order to better isolate the influence of Nenana basin, we focus on all basin stations but 

exclude FAPT and FPAP, whose spectra exhibit high noise levels at high frequencies, which we 

attribute to anthropogenic sources. We also examine summer and winter separately, with the 

expectation that river noise will be at a minimum in winter. Spectra from the subset of nine basin 

stations are shown in Figure 2.14.

2.5.5.1 Seismic noise 0.1-0.7 Hz

For frequencies 0.1-0.7 Hz the basin structure amplifies ocean-generated microseisms by 12-16 dB 

on the vertical component and by 15-20 dB on the horizontal component (Figure A.78). The influ

ence of Nenana basin is more evident if we subtract a non-basin reference spectrum (F8KN) from 

each basin-station spectrum, as shown in Figure 2.14c-d. The absolute noise levels are clearly 
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higher in winter than in summer, but the 12-16 dB increase due to the basin is about the same 

year-round.

Two stations, F6TP and F7TV, do not exhibit the 12-16 dB increase between 0.1-0.7 Hz (Fig

ure A.75). These are thetwo stations in the group that are on the edge of the basin and classified 

as intermediate-basin influence (Table 2.1, Figure 2.1a).

2.5.5.2 Seismic noise 0.7-3 Hz

In order to better isolate the influence of Nenana basin, we focus on winter hourly conditions when 

thewindspeedsmeasuredatNenanaare0m/s. This leads to a modified version of Figure 2.14d, 

shown in Figure 2.15. With the exception of FNN2, all stations exhibit a local peak in noise at 

0.7-3 Hz relative to the noise levels at F8KN. The value of the peak ranges from 16 dB at F6TP to 

27 dB at F4TN, with a median value of about 21 dB.

Examining the stations F5MN, F6TP, and F7TV provide insights into the origin of the 0.7-3 Hz 

elevated noise levels (Figure A.74). These stations, from east to west, transition from the deep 

basin (F5MN) to the margin of the basin (F6TP and F7TV) (Figure 2.1a). The frequency at which 

the noise levels rise (relative to F8KN) increases from 0.1 Hz (F5MN) to 0.4 Hz (F6TP) to 1.0 Hz 

(F7TV) in Figure A.75. We surmise that the geometry of the basin—tapering from east to west— 

leads to the change in frequency range of ambient seismic noise that is amplified.

2.6 Discussion

Our results show that seismic noise varies with time and is influenced by natural and anthro

pogenic sources. Structural influences may or may not vary with time. The elastic (and anelastic) 

properties at the scale of a deep sedimentary structure like Nenana basin will not vary with time. 

The elastic properties of the material adjacent to the direct-buried sensors (“site effects”), do vary 

with time, since the ground freezes during winter months. Anthropogenic sources may be diurnal, 

seasonal, constant, or transient.

Our deployment of 13 FLATS station was not designed as an experiment to understand the 

spatial and temporal variations in noise. Nevertheless, by examining a long time period (3-4 

years) and by comparing time-dependent seismic noise with data from nearby environmental 
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sensors (river, wind), we are able to provide evidence for the influence of structure and of envi

ronmental conditions on seismic noise.

We presented our results in a deliberate order: anthropogenic sources, river, wind, basin. With 

multiple simultaneous sources of noise, it is necessary to examine subsets of time and subsets of 

stations in order to isolate different influences. For example, Figure 2.14 is a reminder that one 

cannot simply subtract a non-basin-station spectrum from a basin-station spectrum and attribute 

the differences to the effect of the basin. Figure 2.14 is annotated to indicate the influences that 

account for most of the variability among the nine spectra within designated frequency intervals: 

<0.1 Hz for wind+basin, 0.1-3 Hz for basin, 3-20 Hz for river.

2.6.1 Spectral smoothing

The power spectra used in this study are obtained from MUSTANG and are calculated using a 

smoothing operation that can be detrimental, at least in some cases. A very sharp peak will be 

smoothed out by the processing steps in MUSTANG. An example of this is the 2.5 Hz peak at 

AK.NEA2 that we interpret as the microwave lattice tower. This peak is sharp in an unsmoothed 

amplitude spectrum, but it appears as a mesa-shape in a MUSTANG-generated spectrum, with 

the mesa spanning from about 2 Hz to 3 Hz (Figure A.46). Similar caution is needed when inter

preting the influence of trees, whereby we might expect a harmonic-like peak, yet the MUSTANG

generated spectrum will smooth such a peak. A future analysis of the seismic noise data would 

benefit from considering different levels of smoothing.

2.6.2 Local versus regional influence

For a time-dependent anomalous level of seismic noise at a station, our goal is to ascertain the 

type of noise source as well as its distance from the station. This is the basic spirit of Gutenberg 

(1958) (Table A.1), whose inferences were partly guided by an understanding of seismic wave 

attenuation: high-frequency waves attenuate over shorter distances than low-frequency waves. 

Therefore high-frequency noise isapttoarise from local sources, while low-frequency waves could 

arise from distant sources.
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Consider the residual spectrogram in Figure 2.7a. Clearly the variations at 0.1-1 Hz are out of 

phase with the variations at 5-20 Hz. This is reinforced in Figure A.14, which shows noise time 

series for four stations at 10 Hz and 6 s. The ~1 dB variance in the 6 s time series implies that the 

noise at this period is varying similarly in time throughout the region, suggesting a distant source: 

in this case, the ocean. The 10 Hz time series displays much larger variance that suggests small 

differences in the noise source: in this case, the interaction between the river and the solid ground 

adjacent to the river.

A future analysis with arrays of sensors could provide insights into the directions and dis

tances of noise sources. Koper et al. (2010) provides an analysis of global seismic noise using 

seismic arrays.

2.6.3 10 Hz signal of the Tanana river

The 10 Hz signal of the Tanana river is a new discovery from this study, made possible by installing 

seismometers within 100 m of the main river channel (Table 2.1). Prior to discussing the results, 

we need to describe some of the river's characteristics (Collins, 1990). The river is undammed and 

is primarily fed by meltwater from glaciers in the Alaska Range. It carries glacial silt as well as 

larger sediment. Along the stretch of the Tanana river between Nenana (upstream of F1TN; see 

Figure 2.1) and the Tolovana river (near F7TV), we have seen no sedimentary particles larger than 

sand; however, large-scale organic debris, like trees, are widespread, especially piled up along the 

riverbanks. There are no rapids, though windy conditions can produce waves. The surface of 

the river freezes completely usually by early November, and the river ice breaks up in late April. 

In the summer there are few boats on the river; there is generally one barge per day transporting 

heavygoods to and from villages downriver that have no road access. The night-vs-day difference 

in high-frequency noise at river stations are 0-2 dB; therefore anthropogenic noise is assumed to be 

negligible. Next we summarize the key observations of the river signal, followed by a discussion 

of river characteristics that would be needed to model the observed river signal.

The seismic signal of the Tanana river spans from 4-30 Hz and is maximal near 10 Hz (Fig

ure 2.6). It occurs on both horizontal and vertical components, and its peak-to-peak amplitude 

variations are larger on the horizontal component (Figure 2.6). The maximum occurs in mid
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July, likely associated with elevated flow arising from peak discharge from glaciers in the Alaska 

Range. The minimum occurs in March, associated with the lowest river levels. The peak-to-peak 

variability ranges between 30-40 dB for four stations near the river (Figure 2.7b). The signal is 

stronger at F3TN and F4TN, which are closer to an actively eroding riverbank (Table 2.1), than at 

F5MN and F7TV (Figure 2.7b). We assume the variability depends on the distance from the station 

to the main river channel and also on the geomorphic details of the main channel near each site. 

During peak flow in summer, the decibals of H/Z ratios are flat (Figure 2.7c) and are 0 dB for the 

two strongest river stations (F3TN, F4TN). Following freezeup, H/Z decreases due to decreasing 

H.

Using seismometers to study rivers is a relatively new field. (In part, this is because most 

seismic experiments are designed to measure earthquake signals and would therefore avoid noise

producing sources like from a river.) Examples of fluvial seismology include Burtin et al. (2008); 

Tsai et al. (2012); Schmandt et al. (2013), whose data sets and models are aimed at elastic energy 

produced by the collision of sedimentary particles, some as large as meter-scale boulders, in the 

case of Himalayan rivers (Burtin et al., 2008). Turbulence within the water has also been identified 

as a source of noise, in addition to noise from sediment particles interacting with each other or 

with the river bottom. Gimbert et al. (2014) provides a framework for modeling seismic noise 

arising from turbulence in rivers (Larose et al., 2015; Anthony et al., 2018).

In the case of the Tanana river, there is glacial-derived silt suspended in the water, and sand is 

transported and deposited. Therefore either turbulence within the water or unsteady shearing on 

the riverbank are the likely candidates for producing the 10 Hz signal. To benefit a future compar

ison with theoretical studies (e.g., Gimbert et al., 2014), we provide some relevant values for the 

Tanana river in Table 2.2, as well as Figure A.15, which shows how discharge and gauge height 

varied between 2014 and 2019. Sediment characteristics of the river near our sites can be approxi

mated using data from just upstream of the town of Nenana, which was investigated as a possible 

site for hydropower (Toniolo et al., 2010; Toniolo, 2013; Johnson et al., 2013). (We note that a major 

tributary—the Nenana river—enters the Tanana river just downstream of Nenana.) Turbulence 

near the shoreline, closest to the seismometer, needs to be carefully considered. Turbulence at our 

sites is enhanced by curving riverbanks (notably at F3TN and F4TN; see also Lesh & Ridgway 

(2007)), highly irregular erosive riverbanks (meters per year at F4TN; see also Collins (1990)), and 
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large rafted or fallen trees along the riverbanks and in the water. Johnson et al. (2013) discussed 

the debris within the Tanana river. Anthony et al. (2018) discussed the role of larger materials on 

seismic noise. Based on measurements of a small mountain river in Colorado, they suggested that 

larger materials (such as boulders) were responsible for causing eddies and producing elevated 

noise levels on the horizontal component of nearby seismometers.

The Tanana river is the largest tributary of the Yukon river. We examined noise spectrograms 

for stations in villages on the Yukon river: AK.GCSA, TA.I21K, TA.H23K, AK.FYU, TA.I26K and 

US.EGAK. The closest station to the river is TA.I21K at 320 m. We did not detect any definitive 

signal arising from the river. Either the cultural noise levels are too high at these sites, or the 

stations are too far from the river, or the Yukon river at these sites does not produce a seasonal 

high-frequency signal.

2.6.4 The spatial reach of wind

Our results corroborate previous findings that the effects of wind are recorded by buried seis

mometers (Sorrells, 1971; Withers et al., 1996). The influence of the wind is visible within three 

different frequency bands (Section 2.5.4). At lower frequencies (<0.05 Hz), the seismometer likely 

records tilting ground motion arising from atmospheric-induced changes (e.g., De Angelis & 

Bodin, 2012). At moderate frequencies (0.5-2.0 Hz), the wind may interact with trees, which sway 

and oscillate the ground. At high frequencies (>2.0), the wind shears the ground and interacts 

with exposed irregularities.

Whether the seismometer is measuring ground tilt at long periods or wind shearing effects at 

high frequencies, this information can be used to study how correlated a single weather station is 

with seismic stations at a range of distances and settings. None of the seismic stations in Table 2.1 

has a collocated meteorological station. The one meteorological station in the region is in Nenana 

(Figure 2.1b). As we might expect, if there is a correlation between wind speeds at Nenana and a 

seismic station, then—with all other factors being equal (which they are not)—we would expect 

such a correlation to decrease with increasing distance. This is what we see in Figure 2.11c, where 

daily seismic noise levels at stations closer to the wind station exhibit higher correlations with 

daily wind speeds, both at low frequencies and at high frequencies.
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The winter hourly wind speeds at Nenana (PANN) are predictive of tilt-induced seismic noise 

and also >1 Hz noise at Manley (MLY), 96 km away (Figure A.48). In other words, high winter 

wind speeds in Nenana imply high wind speeds at some sites far from Nenana. The Manley 

station is at the top of a bedrock hill and is exposed to winds from the south. We hypothesize that 

the wind-amplified noise for >1 Hz arises from two sources: wind excitation of the ground and 

wind excitation of a 6 m tall tower that supports a pair of solar panels and is about 6 m from the 

borehole. At lower frequencies, the H/Z ratio increases with increasing wind speeds above 4 m/s, 

as recorded at Nenana (Figure A.51).

The spatial reach of wind depends on the details of a particular site: elevation, slope, cover

age of trees, and also the subsurface site structure. FTGH, MLY and F8KN have relatively high 

elevations (286 m, 450 m, and 181 m) and exposed to wind; these stations exhibit increasing high- 

frequency (≥10 Hz) noise at higher wind speeds (Figures A.45, A.48, and A.49). The sensor at 

F1TN is within 4 m of two large spruce trees (17 m, 24 m tall), which are likely responsible for 

extremely elevated noise for ≥ 1 Hz (Figure 2.10a). Our results suggest a complex role of trees: 

they catch the wind and produce swaying frequencies, but they also shelter the ground from wind 

effects that we expect at higher frequencies.

It is possible that some elevated noise levels during highest wind conditions arise from distant 

effects rather than fromlocaleffects. During winter between 2015-09-01 and 2019-09-01, there were 

24 hours that reached wind speeds of 10-12 m/s at Nenana. For each station we computed the 

median spectrum for these 24 hours and then subtracted a median spectrum computed during low 

wind (0-2 m/s) conditions. Figure A.57 shows the resultant set of differential spectra. Variations 

in the spectra at low (<0.1 Hz) and high (>0.5 Hz) frequencies are highly variable and depend on 

the details of each site (e.g., trees, tower, exposure to wind). These variations are in stark contrast 

with the spectra at 0.1-0.5 Hz, which shows 5-7 dB elevated seismic noise power at all stations. 

Either the influence ofwind on local seismic noise at 0.1-0.5 Hz is nearly identical at all sites, or the 

background regional wavefield—which is generated in the ocean (Longuet-Higgins, 1950; Kedar 

et al., 2008)—is elevated during the time periods of extreme wind conditions at Nenana. (In other 

words, storm conditions in, say, the Gulf of Alaska may produce elevated regional seismic noise 

levels and also high wind speeds in adjacent continental regions.) Additional work is needed to 

explain the uniformly-elevated noise levels during time periods ofhighest wind speeds at Nenana.
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2.6.5 Shallow structure vs deep structure

The role of local site structure and deep basin structure on low-frequency seismic noise levels is not 

entirely clear. The influence ofsite or basin requires some notion of length scale; for our purposes, 

we assume that the “site” encompasses structure in the uppermost 30 m, including the structure 

adjacent to the sensor (or vault), whereas the “basin” encompasses structure to the depth of the 

basin, which is up to 6 km (Figure 2.1a). We show that increasing wind speed increases the H/Z 

ratio at ≤0.05 Hz for most stations. Installing a seismometer deeper will mitigate this effect (Hutt 

et al., 2017). Low-velocity site structure, suchas unconsolidated sediment, increases the H/Z ratio 

(Sorrells, 1971; Ziolkowski, 1973; Wilson et al., 2002; Wolin et al., 2015), evenfor stations overlying 

bedrock (Dybing et al., 2019). The role ofdeeper structure is more difficult to assess.

At zero-wind conditions, the H/Z ratios for basin stations are higher for deep basin stations 

(30-40 dB: FNN1, F3TN, F4TN, F5MN) than for stations in or near bedrock (15-30 dB: FTGH, 

NEA2, I23K, MLY, F8KN) (Figures A.50 and A.51). Marginal basin stations exhibit lower H/Z 

ratios than deep basin stations (F6TP 20 dB, F7TV 28 dB, FAPT 28 dB, FPAP 26 dB). There are not 

enough stations needed to control the possible variables that could influence the site conditions, 

such as the presence of trees, the permafrost characteristics, the variations in shallow water table, 

and the influence of the river (even at long periods). Nevertheless, our results suggest that deeper 

(km-scale) structure could influence ground tilting due to atmospheric conditions. Or perhaps 

the presence of deeper, slow structure implies the presence of shallower (10-100 m scale) slow 

structure, which is generally unknown but expected to influence the degree of ground tilting.

A second possible influence of the deep structure is that some of the observed H/Z ratios could 

be caused byseismic waves, rather thangroundtilt. Sedimentary basins, including Nenana basin, 

distort Rayleigh wave particle motion toward ellipticity having H/Z>1 (Linetal., 2012; Tanimoto 

et al., 2013; Workman et al., 2017; Muir & Tsai, 2017; Berg et al., 2018). Large-scale variations in 

elastic structure will influence the ellipticity of Rayleigh waves as a function of the azimuth of 

the arriving seismic wave (Maupin, 2017; Bao & Shen, 2018; Ringler et al., 2019). Further study of 

ambient noise waveforms is needed in order to identify how much of the low-frequency noise is 

tilt versus seismic waves.
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A third possibility is that the low-frequency elevated H/Z ratios are artifacts and neither 

ground tilt (from above) nor seismic waves (from below). An experiment with 16 sensors in a 

bedrock vault showed that tilt effects where not spatially coherent (Rohde et al., 2017). Another 

experiment with adjacent, buried sensors (ASL8 and ASL9) showed that coherence on the horizon

tal components between the two sensors decreased for low frequencies (<0.02 Hz) during a time 

periodoflowwindspeeds(Dybingetal.,2019). These spatially incoherent horizontal recordings 

suggest that in these conditions the ground is not tilting under slow-moving atmospheric waves. 

The forcing effect from the atmosphere could be a much higher-frequency effect—like turbulence 

or wind tugging on the roots of shrubs or debris—that is manifested by a stochastic-direction tilt 

signal of the seismometer.

2.6.6 Implications for detecting earthquakes

Continuous ground motion recorded at FLATS stations were telemetered in real-time to the Alaska 

Earthquake Center. The data were used within operational tasks for earthquake location. There

fore we can examine how ambient noise variations with time could impact the detection of P 

waves from earthquakes and, in turn, the detection of earthquakes in the region.

Seismic noise is strongly seasonal, and the seasonality may arise from regional or local sources. 

Figure 2.4 shows seasonal variations in noise for each station in the Minto Flats region. At F3TN 

the horizontal-component summer noise levels at 10 Hz are 40 dB higher than in winter. The noise 

levels implies that the winter months of January-February offer the best time period for detecting 

P waves or analyzing high-frequency data at FLATS stations and especially those near the river. 

In other words, the magnitude of completeness is expected to decrease during the winter, when 

noise levels are lowest. We demonstrate this effect in Table A.3 and Figures A.79-A.83.

2.6.7 Unexplained features in the noise

Our analyses of seismic noise have revealed four features that warrant documenting and will 

require further analysis and additional data (or experiments):
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2.6.7.1 20 Hz peak at basin stations (Figures 2.14 and 2.15)

At basin stations, the 20 Hz vertical-component noise is elevated by about 10 dB during summer 

and winter; see Figure 2.14c-d and also Figure 2.15. Noise levels on the vertical component at 

F1TN, F5MN, F6TP, F7TV, and FNN2 are 10 dB higher than at F8KN. Even during winter (and 

especially during summer) the river noise at F3TN and F4TN exceeds 10 dB, and therefore we 

cannot determine whether the 20 Hz peak is present. To give a rough estimate of the length scales 

involved, a 20 Hz wave traveling at 100 m/s would have a wavelength of 5 m. We interpret the 

20 Hz signal as arising from structural amplification in the low-lying Minto Flats region. The 

structural feature is shallow and could be related to the water table or to permafrost, which is 

sporadic (10-50%) in the region (Jorgenson et al., 2008).

2.6.7.2 0.1 Hz H/Z peak at deep basin stations (Figure 2.12)

At 0.1 Hz there is a subtle peak of 10-20 dB in the H/Z ratio that is visible during winter and 

during low wind periods at basin stations F2TN, F3TN, F4TN, F5MN, and FNN2, yet absent at 

FNN1 (Figure 2.12a and A.50). The peak is not observed at marginal basin stations (F6TP, F7TV, 

FPAP, FAPT) or at non-basin stations. The 0.1 Hz peak is most conspicuous at non-river station 

FNN2, where it is visible year round and unaffected by wind. The visibility at FNN2 is likely 

due to its relatively low H/Z ratios at lower frequencies that do not cover the 0.1 Hz peak. If we 

assume that the 0.1 Hz peak is related to seismic wave propagation, then a rough estimate for 

wavelength of 10 km can be determined from the shear-velocity of 1000 m/s. This is similar to 

the width of Nenana basin and the distance between the seismically active left-lateral faults on 

either side of the basin (Figure 2.1a). We propose that the 0.1 Hz H/Z peak of 15 dB is due to 

the structure of Nenana basin distorting (and amplifying) ambient noise surface waves in Nenana 

basin.

2.6.7.3 Seasonality of a 10 Hz signal at basin stations

The 10 Hz horizontal component time series ofall basin stations is seasonal, with high amplitudes 

in the summer and low amplitudes in the winter (Figures A.28-A.32). For stations close to the 

river, the seasonality is due to the river. For stations in the town of Nenana (FAPT, FPAP), the 
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seasonal noise is likely influenced by cultural noise. For stations 100-1000 m from the main river 

channel (F1TN, F6TP), the seasonalnoise could influenced bythe Tanana river. Forremote stations 

far from the river (FNN1, FNN2), the seasonal noise is unlikely to be from the river. The seasonal 

variations at these stations suggest a seasonal dependence of the elastic structure at both sites. 

Such variations could arise from freezing and thawing within the upper few meters (James et al., 

2019). It is possible that the seasonal structural variations are present at all basin stations but that 

their noise imprint is buried by the effects of cultural or river noise.

2.6.7.4 Spikes in daily noise at 10 Hz (Figure 2.7b)

During the winter, when river flow is lowest, there are spikes that occur in the 10 Hz time series, 

such as at F3TN (Figure 2.7b). These spikes often correlate in time with several other stations, so 

their source is not local to each site. We have demonstrated that high wind speed can increase 

high-frequency seismic noise at 10 Hz. However, at F3TN, the role of wind at 10 Hz is low: it may 

be lessened by the presence of trees, or it may be buried by the signal from the river. Our analysis 

of these spikes during winter, including at bedrock stations like NEA2, indicate that some spikes 

are due to extreme wind events. The simultaneous occurrence of spikes at river stations (e.g., 

F3TN, F7TN) and non-river stations (e.g., FNN2, NEA2) suggest that river ice is not the source. 

Further work is needed.

2.7 Summary

We present an empirical study of seismic noise variations in the Minto Flats region of central 

Alaska. Different structural and environmental factors are responsible for temporal and spatial 

noise variations in the region. Using river gauge and wind speed data from Nenana, we are able 

to quantify the frequency ranges and time periods of influence of rivers and wind on recorded 

ground motion. Our summary points are as follows:

1. We installed 13 stations in the region, and we compare noise results from these stations with 

three high-quality bedrock stations at Nenana, Minto, and Manley. All 16 stations were 

posthole seismometers, either directly buried in lightly damp soil or sand (13), or installed 

inside a cased borehole into bedrock (3). For directly buried sensors, coupling between the 

buried sensor and the adjacent ground (mostly damp sand) is very good.
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2. In order to isolate a noise source (e.g., wind) for a particular time period, frequency range, 

and station, one must consider all possible influences on seismic noise. For example, high 

frequency (>5 Hz) ground motion may arise from wind, river, or anthropogenic sources. 

In our study region, we benefitted from a sequential analysis of noise from anthropogenic 

sources, rivers, wind (and trees), and basins.

3. Unlike rivers and wind, basins are not a source of noise. Seismic waves, either from earth

quakes or from ambient noise, can be strongly affected by the elastic (and anelastic) proper

ties of the basin. Basins may be best thought of as a transfer function (Field & Jacob, 1993), 

whereas rivers, wind, and anthropogenic sources like traffic are best thought of as noise 

sources.

4. In order to interpret anthropogenic noise, it is helpful to have photographs of sites and 

awareness of activities within the region. Without this information, there is danger of misin

terpreting an anthropogenic source as an environmental source (such as river or wind). Al

though our study region is roadless and remote, there were activities during the time period 

such as 3D active-source seismic surveys and the construction and drilling of 3D exploratory 

wells.

5. Simultaneously recording environmental sensors are essential for examining environmental 

influences on seismic noise. We use the weather station and river gauge in Nenana (Fig

ure 2.1b) to identify the range of frequencies and time periods where wind and river are 

influential on seismic noise.

6. Correlations between daily or hourly seismic power and environmental data need to be 

examined within seasons, as a single physical model may not always be applicable. For ex

ample, correlation of daily data over a full year shows no clear pattern between river gauge 

and 10 Hz seismic noise, but the pattern is clear during the summer period (Figure A.18). 

Similarly, the influence of wind is best examined during winter, when other noise sources 

(river, anthropogenic) are lowest.

7. The Tanana river produces a signal that is recorded by seismometers near the river. The 

signal is maximal at about 10 Hz and varies seasonally (Figure 2.4). Noise levels are as much 
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as 40 dB higher in summer, during peak flow, than during winter, when the river surface is 

covered in meter-thick ice. We hypothesize that the 10 Hz river signal arises from turbulence 

within the water and from unsteady shearing of the riverbank and river bottom.

8. We present evidence that wind can influence seismic noise at a range of frequencies. We 

propose interpretations for three frequency bands, based on plots like Figure 2.10a (see Elec

tronic Supplement). At high frequencies (≥2.0 Hz), the elevated noise is due to wind effects 

on the ground within meters of the station. A subtle peak at 0.5-2.0 Hz may be caused by 

nearby trees swaying. The station with the tree closest to the station (F1TN) exhibits the most 

extreme elevated noise due to wind: 27 dB higher when hourly wind speeds are 10-12 m/s. 

High winds are associated with changing atmospheric conditions, which push down on 

the ground and causing tilting of the seismometer, evidenced by elevated levels of low- 

frequency (<0.05 Hz) horizontal noise (Sorrells, 1971). Stronger wind enhances this effect, 

as evidenced from higher H/Z ratios for higher wind speeds; this effect is most pronounced 

for bedrock stations for which the H/Z low-wind reference value is lowest (Figure A.51).

9. High hourly-averaged wind speeds appear to be correlated at distances as great as 100 km. 

The wind speeds at Nenana (PANN) correlate with both low-frequency (<0.05 Hz) and high- 

frequency (>2.0) seismic noise at Manley (MLY), 96 km away.

10. The basin influence on seismic noise is best characterized in Figure 2.15. At basin stations, 

the vertical-component noise for 0.1-0.7 Hz is 12-16 dB higher thanat bedrock station F8KN. 

At 0.7-3 Hz, noise levels are 17-30 dB higher. A similar pattern was identified for stations 

in Cook Inlet basin (Tape et al., 2017, fig. 6), a much larger and different-shaped basin than 

Nenana basin. It is possible that at high frequencies there is a different source of noise inside 

the basin (whether Cook Inlet or Nenana) than outside the basin.

Numerical simulations using regional earthquakes and a realistic basin model (Figure 2.1a) 

should benefit our understanding of the basin amplification of noise.

11. We offer some strategies for pursuing noise studies in complex settings such as Minto Flats. 

First, there needs to be enough stations—as many as possible—to constrain the large number 

of known variables. At the same time, one must also keep open the possibility of unknown 
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effects (e.g., river ice, thermal changes in permafrost); Gutenberg (1958) urged to seek“wave 

types which hadnotbeensuspected”(p. 81). Finally, once the noise sources are isolated, they 

should be analyzed sequentially, using subsets of stations and subsets of time periods.

Our empirical findings would benefit from a future study that includes theoretical or numer

ical modeling. Flow and turbulence are likely important processes to understanding how wind 

and rivers couple to the solid earth (Gimbert et al., 2014). During winter, wind is interacting with 

the (snow-covered) ground or top of the river ice, while water is interacting with the bottom of the 

river ice and the base of the river. A key difference is that river flow is always “on”—even when 

it is covered in ice—whereas wind is not. A second area of study involves the role of structures 

(trees, towers, buildings) on wind-ground coupling.

Seismic noise provides insights into meter-scale site structure, km-scale local structure, and 

changing environmental conditions. In some cases, the environmental conditions may be a nui

sance; in other cases, they may be the target. Understanding of the time-dependent variations 

in noise across all frequencies should help inform how to improve site selection, seismic instal

lations, or the sensors themselves. Even equipped with an understanding of noise variations in 

a region, the choices can be challenging. For example, had we sacrificed telemetry and line-of- 

sight for FLATS stations, we could have put some stations further from the river, which would 

reduce the high-frequency noise but would have minimal impact on our lower-frequency (≤1 Hz) 

range of interest for waveform modeling and moment tensor inversions (Tape et al., 2015). Or 

we could have installed F8KN slightly in the woods, where trees may have buffered effects of 

wind on high-frequency ground motion. In hindsight, we would have tried to install F1TN a few 

meters further from trees. Ultimately the high noise levels of the sedimentary basin corroborate 

our basic expectations for Nenana basin, though we could not have predicted the frequency range 

or amplification as shown in Figure 2.15. In spite of the noise levels from structure and from the 

environment, the FLATS stations were optimally positioned to record events—and exotic wave 

propagation effects—from the underlying active fault zone (Tape et al., 2018). Future seismic de

ployments in this region—or in other regions with basins, rivers, trees, or wind—may benefit from 

the findings from this study.
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2.8 Tables

Table 2.1: Characteristics of 16 seismic stations. The entries are colored based on the presence of a possible 
noise source: red present, blue somewhat present, green not present. Basin depths are from PRA (2017); for 
stations outside the mapped region, we assign 1000 m depth for basin stations and 0 m for bedrock stations. 
Due to both erosion of the riverbank and to consequent reinstallations of sensors, the distance-to-river for 
F2TN and F4TN varies over the course of the project; minimum distances are 1 m for F4TN (2016-08-03) 
and 2 m for F2TN (2018-06-24). The elevation of the meteorological station PANN (see Figure 2.1) is 106 m. 
See Section 2.3 for details.

network station sample 
rate

anthro
pogenic

distance to 
river (m)

basin depth
(m)

distance to
PANN (km)

elevation
(m)

XV F1TN 100 820 4200 12.6 108
XV F2TN 100 12.8 4700 18.2 104
XV F3TN 200 14.0 3300 25.2 104
XV F4TN 100 20.1 2500 32.2 102
XV F5MN 100 1 18.3 3000 38.1 101
XV F6TP 100 575 1000 42.8 115
XV F7TV 100 1 62 1000 49.5 93
XV FNN1 100 4000 7.4 110
XV FNN2 100 3000 18.1 135
XV FAPT 100 2 1200 1000 0.5 111
XV FPAP 100 2 1114 1000 7.4 106
XV FTGH 100 1 19.9 285
AK NEA2 50 1 5.1 450
TA I23K 40 2 68.3 149
AK MLY 50 96.0 812
XV F8KN 100 0 120 0 47.6 179
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Table 2.2: Characeristics of the Tanana River near Nenana, Alaska. Flow measurements are taken from 
244 m upstream from the USGS river gauge in Nenana (15515500) during a high-flow time period (2016-07
26).

property value reference
slope angle < 0.1o FAPT to F7TV (Table 2.1)
width of main channel 233 m USGS (2016-07-26)
depth of main channel 3-10 m USGS (2016-07-26)

flow velocity 1.95 m/s USGS (2016-07-26)

summer discharge 2670 m3 / s USGS (2016-07-26)

average monthly discharge 
(May-October)

495.5-1704.7 m3∕s Toniolo et al. (2010)

median sediment grain size ~0.25 mm Toniolo (2013, fig. 4)
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2.9 Figures

Figure 2.1: Study area of the Minto Flats region, central Alaska. (a) FLATS stations (magenta triangles), 
2014-2019, and other seismic stations (white triangles). The coloring shows the depth to basement for the 
Nenana basin (PRA, 2017). The Minto Flats fault zone (MFFZ) contains two strike-slip faults inferred from 
seismicity and source mechanisms (Tape et al., 2015). (b) The town of Nenana, at the confluence of the 
Nenana and Tanana rivers. The seismic station FAPT and the weather station PANN are near the runway. 
Locations of the USGS river gauge and Nenana Ice Classic tripod are also shown.
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Figure 2.2: Procedure to obtain residual noise spectrogram (d), illustrated for station AK.MLY near Manley 
Hot Springs, Alaska. (a) Vertical component spectrogram for four years. The daily noise is represented as a 
vertical “strip” calculated from hourly empirical power density functions (PDFs) from MUSTANG (Casey 
et al., 2018). (b) Median of all daily spectra in (a) (blue); also shown is average of the median stacks of the 
two horizontal components (red). The plot is rotated for the sake of comparison with the spectrograms, 
which have frequency on the vertical axis. (c) Spectrogram of (b), depicting the reference ambient noise at 
this station. (d) Spectrogram of (a) minus (c), which enhances the time-dependent variations in noise.
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Figure 2.3: Annual ambient noise stack of 16 seismic stations in Minto Flats (Table 2.1), with the reference 
spectra for F8KN shown in red for each subplot. Solid and dashed black lines are vertical and horizontal 
components, respectively. The FLATS stations (F1TN-FTGH) exhibit higher noise levels than F8KN due to 
a combination of structural and environmental influences. The gray lines are the New High Noise Model 
(NHNM) and New Low Noise Model (NLNM) reference spectra (Peterson, 1993).
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Figure 2.4: Seasonal variations of ambient seismic noise, horizontal component. Each subplot shows 
the deviation of each 3-month season from the corresponding annual spectrum in Figure 2.3. The sea
sons are colored as follows: June/July/August (red), September/October/November (cyan), Decem- 
ber/January/February (blue), March/April/May (magenta). The seasonal variations for the vertical com
ponent (Figure A.5) are less than those for the horizontal component. Seasonal variations for F8KN are 
shown in Figure A.6.
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Figure 2.5: Differences between day and night (D-N) seismic noise spectra for six stations (XV.FPAP, 
XV.FAPT, TA.I23K, XV.FTGH, AK.NEA2, XV.F8KN). Differential spectra are colored according to expected 
influence of cultural noise sources (Table 2.1). Daytime (08:00-20:00 AKST) noise levels are 4-6 dB higher 
for the frequency range 10-20 Hz (denoted by arrows) for stations FPAP, FAPT, and I23K. See Figures A.11 
and A.12 for other stations. Note that this analysis will not reveal constantly-running cultural noise sources 
such as a generator.
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Figure 2.6: Residual spectrograms (horizontal component) for four of the five stations that are close to 
the main river channel (Table 2.1) for the time period from 2015-09-01 to 2019-09-01. The vertical dashed 
lines denote river ice breakup; the vertical solid lines denote river freezeup (Section 2.5.3). The horizontal 
line is selected at 10 Hz and is a representative frequency for the observed strong seasonal variability in 
the spectrograms. The 10 Hz signal is highest in summer and lowest in winter, when the surface of the 
river is ice-covered; see Figure 2.7b for corresponding time series. We attribute the signal to river flow. See 
Figure A.7 for spectrograms for all 16 stations for both components.
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Figure 2.7: Annual variability of the 10 Hz noise signal at four FLATS stations installed within 100 m of 
the Tanana River. The vertical dashed lines denote river ice breakup; the vertical solid lines denote river 
freezeup (Section 2.5.3). (a) Residual spectrogram of the horizontal component at F3TN between 2014-09
01 and 2019-09-01. The horizontal black line at 10 Hz corresponds to the magenta time series in (b). (b) Time 
series of 10 Hz residual noise at four FLATS stations near the river channel (Table 2.1). See Figure A.13 for 
the vertical component. (c) Time series of H/Z for 10 Hz noise at F3TN (Figure A.28). During the winter, 
H/Z dB < 0, indicating that the noise on the horizontal component is less than on the vertical component.
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Figure 2.8: Comparison between Tanana river gauge height and the 10 Hz seismic noise at station F3TN, 
during summer (June/July/August). (a) Time series of the river gauge height (top) and the residual seismic 
noise power at 10 Hz (bottom). The data are colored red during the middle of summer (mid-July) and blue 
at the start (early June) and end (late August) of summer. (b) Scatter plot of seismic power versus river 
gauge height. Data spanning the entire time period are displayed in Figure A.18

Figure 2.9: Correlations during summer months (June/July/August) between average daily river gauge 
height and horizontal-component seismic noise power across all frequencies. An example point is plotted 
at (10 Hz, cc 0.87) for F3TN and is based on the data shown in Figure 2.8. Curves are shown for 10 FLATS 
stations, four of which are close to the main river channel (smooth curves: F3TN, F4TN, F5MN, F7TV). 
The highest correlations (and above the |cc| = 0.4 reference lines) occur for the four river stations for the 
frequency range 1-10 Hz. See Figures A.25, A.26, and A.27 for other seasons and components. F2TN was 
reinstalled three times and is omitted from the plot.
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Figure 2.10: The influence of wind on seismic noise. (a) Ambient noise spectra at F1TN for winter 
(Dec/Jan/Feb) made from time periods of different wind speeds. The solid lines denote the frequency 
range of basin influence on seismic waves: 0.1-3 Hz (separated at 0.7 Hz). The number of hours used for 
each stack is listed in the legend. Other stations shown in Figures A.34-A.49. (b) Daily scatter plot of F1TN 
seismic power at 3 Hz versus PANN wind speed. The red triangles are the median seismic power for each 
wind speed and the squares are variation at 1 MAD. Other stations can be seen in Figures A.58-A.62.
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Figure 2.11: Comparison between daily wind speeds at PANN and daily seismic noise levels at different 
stations. (a) Time series of daily wind speed at PANN (top) and residual seismic noise (vertical component) 
at FAPT at a period of 30 s (0.032 Hz) (bottom). The seismic station (FAPT) and weather station (PANN) 
are near the Nenana runway and separated by 513 m (Figure 2.1b, Table 2.1). Daily data points are colored 
by time of year: cool colors are wintertime and warm colors are summertime. (b) Scatter plot comparing 
the two time series in (a). See Figure A.33 for results for the horizontal component of seismic noise. (c) 
Correlations of daily wind speed to residual seismic noise across all frequencies. Curves for 23 seismic 
stations are colored black (0-50 km) or red (50-100 km), according to the station's distance from weather 
station PANN, in Nenana. Higher correlations at frequencies ≤0.05 Hz are evident at stations closer to 
PANN, such as FAPT, which is shown in (b) and represented by the black dot at (0.032 Hz, 0.69). At high 
frequencies, the outlier high correlation is for MLY, a high-elevation, exposed bedrock site that is 96 km 
from PANN; the red dot is at (5 Hz, 0.53). The horizontal line is shown as a reference correlation of 0.4.
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Figure 2.12: H/Z ratio spectra for all 16 stations in Table 2.1 during summer (a) and winter (b) and colored 
by expected influence of basin. The solid lines denote the frequency range of basin influence on seismic 
waves: 0.1-3 Hz (separated at 0.7 Hz). At low frequencies, the lowest H/Z ratio is 13 dB and occurs at the 
bedrock station MLY in summer. There is a subtle peak occurring in the winter at 0.1 Hz for F3TN, F4TN, 
F5MN, and FNN2; FNN2 exhibits the peak also in summer. For H/Z spectra during zero-wind conditions, 
see Figures A.50 and A.51.

Figure 2.13: Seismic noise spectra, colored by the expected influence of Nenana basin: red is highest basin 
influence, green is lowest (Table 2.1). The lowest-noise spectrum is for AK.MLY (green). The solid lines 
denote the frequency range of basin influence on seismic waves: 0.1-3 Hz (separated at 0.7 Hz). See also 
Figure 2.14. (a) Horizontal component. (b) Vertical component.
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Figure 2.14: Seismic noise spectra and interpreted influences. (a) Vertical-component ambient noise during 
summer for nine stations in Nenana basin: F1-F7, FNN1, FNN2. Basin stations that are far from the river are 
bolded (F1TN, F6TP, FNN1, FNN2). The thick magenta line is the non-basin reference spectrum, which is 
F8KN. The solid lines denote the frequency range of basin influence on seismic waves: 0.1-3 Hz (separated 
at 0.7 Hz). (b) Same as (a), but for the winter time period. (c) Spectra in (a), minus the non-basin reference 
spectrum in (a). The dashed horizontal line shows the basin amplification at 0.1-0.7Hz that is present 
during winter and summer. (d) Spectra in (b), minus the non-basin reference spectrum in (b); see also 
Figure 2.15. See Figure A.78 for the horizontal component.
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Figure 2.15: Ambient noise spectra for basin stations (F1-F7, FNN1, FNN2), minus the reference spectrum 
F8KN. Each spectrum is a stack of hourly seismic noise spectra during time periods of zero wind speed at 
PANN, in Nenana (Figure 2.1), during winter (Dec-Feb). The blue spectrum is the median stack. The solid 
lines denote the frequency range of basin influence on seismic waves: 0.1-3 Hz (separated at 0.7 Hz). The 
dotted lines denote peaks at 1.5 Hz and 20 Hz. See spectra for individual stations in Figures A.74-A.77.
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Chapter 3

Seismic response of Cook Inlet sedimentary basin, southern Alaska1

1Published as: Smith, K., and C. Tape (2019), Seismic response of Cook Inlet sedimentary basin, southern Alaska,
Seismol. Res. Lett., doi:10.1785/0220190205.

3.1 Abstract

Cook Inlet forearc basin in south-central Alaska is a large, deep (7.6 km) sedimentary basin that 

has the Anchorage metropolitan region on its margins. From 2015-2017 a set of 28 broadband 

seismic stations was deployed in the region as part of the SALMON (Southern Alaska Litho

sphere and Mantle Observation Network) project. The SALMON stations, which also cover the 

remote western portion of Cook Inlet basin and the backarc region, form the basis for our obser

vational study of the seismic response of Cook Inlet basin. We quantify the influence of Cook 

Inlet basin on the seismic wavefield using three data sets: (1) ambient noise amplitudes of 18 

basin stations relative to a non-basin reference station, (2) earthquake ground motion metrics for 

34 crustal and intraslab earthquakes, and (3) spectral ratios between basin stations and non-basin 

stations for the same earthquakes. For all analyses we examine how quantities vary with the fre

quency content of the seismic signal and with the basin depth at each station. Seismic waves from 

earthquakes and from ambient noise are amplified within Cook Inlet basin. At low frequencies 

(0.1-0.5 Hz), ambient noise ratios and earthquake spectral ratios are in general agreement, with 

power amplification of 6-14 dB, corresponding to amplitude amplification factors of 2.0-5.0. At 

high frequencies (0.5-4.0 Hz), the basin amplifies the earthquake wavefield by similar factors. Our 

results indicate stronger amplification for the deeper basin stations, such as near Nikiski on the 

Kenai peninsula, and weaker amplification near the margins of the basin. Future work devoted 

to three-dimensional wavefield simulations and to treatment of source and propagation effects 

should improve the characterization of the frequency-dependent response of Cook Inlet basin to 

recorded and scenario earthquakes in the region.

3.2 Introduction

Cook Inlet basin is a forearc sedimentary basin that is part of the Alaska subduction zone and bor

ders the metropolitan region that includes Anchorage, Eagle River, Chugiak, Wasilla, and Palmer. 

The basin is 250 km long and 100 km wide (Figure 3.1a) and is one of the largest active forearc 
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basins in the world Clift & Vannucchi (2004). Cook Inlet has been a site of sedimentary deposi

tion for most of the past 160 Ma, with a maximal Mesozoic thickness of 12 km and a maximal 

Tertiary thickness of 7.6 km Fisher & Magoon (1978); Shellenbaum et al. (2010). The lowermost 

Tertiary units were used by Shellenbaum et al. (2010) to define a detailed basement surface having 

a maximal depth of 7.6 km near Nikiski, on the western Kenai Peninsula (Figure 3.1a; ZE.NSKI in 

Figure 3.2), and overlying Mesozoic strata Gregersen & Shellenbaum (2016).

The Cook Inlet region is highly seismically active, with earthquakes Mw > 7 in both the sub

ducting slab and within the crust. Notable intraslab earthquakes include 1954-10-03 Mw6.4 under 

the Kenai Peninsula Doser & Brown (2001); Silwal et al. (2018), 2016-01-24 Mw7.1 southwest ofthe 

basin Grapenthin et al. (2018), and 2018-11-30 Mw 7.1 beneath Anchorage Liu et al. (2019); West 

et al. (2019). Notable crustal earthquakes include the 1933-04-27 Mw6.8 justbelow Cook Inletbasin 

(perhaps within the Mesozoic strata) and 1943-11-03 Mw 7.3 in the Susitna region north of Cook 

Inlet basin Silwal et al. (2018). The subduction megathrust is partially locked and last ruptured 

in the 1964-03-28 Mw 9.2 Prince William Sound earthquake Zweck et al. (2002). Few moderate 

(Mw > 4) earthquakes seem to occur on the interface Li et al. (2013) during the interseismic period 

between Mw > 8 ruptures and their aftershocks.

Our study focuses on a time period from May 2015 to July 2017 spanning the deployment of 

28 broadband seismometers in the Cook Inlet region Tape et al. (2017). A primary scientific objec

tive of the two-year deployment (Southern Alaska Lithosphere and Mantle Observation Network: 

SALMON) was to understand the influence of Cook Inlet basin on the seismic wavefield. The 

full set of stations considered for analysis is shown in the region of Figure 3.1b and tabulated in 

Figure 3.2.

The SALMON seismic stations provide an opportunity to investigate how Cook Inlet basin 

influences the seismic wavefield, both from earthquakes and from continuous ambient noise. A 

preliminary study based on the first year of SALMON data showed amplification of seismic noise 

in basin stations, as well as a correlation between basin depth and ground motion amplitudes 

filtered at 1.8-4 s, for one intraslab earthquake Tape et al. (2017). In this study we examine a 

total of 34 earthquakes recorded at 48 stations, including SALMON stations, EarthScope (TA) 

stations, and the permanent networks (AK, AV). Using earthquake recordings and ambient noise, 

we document basin amplification of 6-14 dB, corresponding to amplitude amplification factors of 
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2.0-5.0, for low frequencies (0.1-0.5 Hz). At high frequencies (0.5-4.0 Hz) the basin amplifies the 

earthquake wavefield by similar factors. Further work is needed to account for complexities of 3D 

structure (elastic and anelastic) and source mechanisms.

3.3 Previous studies of basin amplification

Sedimentary basins were acknowledged as a major factor in enhancing ground motions during the 

Mw8.0 Mexico City earthquake Anderson et al. (1986); Bard et al. (1988); Lomnitz (1988). Some of 

these studies quoted the “bowl of jelly” metaphor commonly used to describe how sedimentary 

basins trap seismic waves and resonate (see also Carder (1963), p. 3). The observation that uncon

solidated sediments amplify earthquake ground motions is well established. As pointed out in 

Borcherdt (1970), the 1908 report on the 1906 Mw 7.9 San Francisco earthquake concluded: “This 

investigation has clearly demonstrated that the amount of damage produced by the earthquake 

of April 18 in different parts of the city and county of San Francisco depended chiefly upon the 

geological character of the ground. Where the surface was of solid rock, the shock produced little 

damage; whereas upon made land great violence was manifested” (Lawson (1908), p. 241).

Improvements in theoretical models, numerical models, and improved instrumentation over 

the past century have led to a much improved understanding of how sedimentary basins effect 

seismic waves Gutenberg (1957); Borcherdt (1970); Bard & Bouchon (1980, 1985); Rial et al. (1992); 

Field & Jacob (1993); Wald & Graves (1998); Olsen (2000). The margins of basins can also have 

a strong influence on the seismic wavefield Frankel (1993); Hisada & Yamamoto (1996); Kawase 

(1996); Graves et al. (1998); Joyner (2000); Frankel et al. (2009); Wirth et al. (2019). Previous work 

has explored the amplification of basin structures from two end-member waves: shear waves 

entering from below basins and surface waves (Love, Rayleigh) entering from the side of basins 

Bard & Bouchon (1980). Efforts to model basin effects have assumed 1D, 2D, and 3D structural 

representations of basins Bard et al. (1988); Sánchez-Sesma & Luzón (1995); Bowden & Tsai (2017); 

Tsai et al. (2017); Feng & Ritzwoller (2017). Examples of data-based studies of specific basins 

include Pratt et al. (2003), Bindi et al. (2009), Yoshimoto & Takemura (2014), and Moschetti et al. 

(2017).

Numerical modeling and empirical observations have been used to better understand the rela

tionship between basin depth and amplification of seismic waves, and to incorporate these effects 
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into ground motion prediction equations Choi et al. (2005); Fletcher & Wen (2005); Day et al. (2008); 

Cruz-Atienza et al. (2016). One example of this approach for the Cook Inlet region is Moschetti 

et al. (2019), which examines a suite of regional earthquakes recorded during the SALMON de

ployment and at other time periods.

3.4 Station selection

We analyze all broadband seismic stations within the region shown in Figure 3.1b that operated 

between 2015-01-01 and 2018-01-01. Stations from the AV network are intermediate-band and are 

excluded, with the exception of AV.RDWB on Redoubt Volcano. Our analysis of ambient seismic 

noise is based on an annual stack of daily spectra. Because ambient seismic noise amplitudes vary 

strongly with time, we need to stack over an integer number of years in order to minimize seasonal 

bias within the stack. Therefore we exclude any station that does not have an integer number 

of years (1, 2, or 3) within the time interval of interest. This criterion excludes three SALMON 

stations (HARR, HLC1, HOLG) that experienced outages due to bears Tape et al. (2019) and two 

TA stations (N18K, N20K) having outages due to power or telemetry issues. Station TA.M18K was 

not installed until May 2017. Six additional stations are excluded for reasons discussed later.

The 60 stations considered in our analysis (Figure 3.1b) are tabulated in Figure 3.2 and catego

rized based on their locations relative to the margin of Cook Inlet basin. A basin station is inside the 

outermost basin contour of Shellenbaum et al. (2010). A marginal station is outside the outermost 

basin contour of, but within 20 km of the contour. A non-basin station is at least 20 km outside 

the outermost basin contour. Our analysis includes 48 stations categorized as 18 basin stations, 12 

marginal stations, and 18 non-basin stations (Figure 3.2). Among the 18 basin stations, 15 are from 

the SALMON experiment, and 3 are part of the permanent AK network (CAPN, HOM, FIRE).

We are interested in the amplitudes of ambient noise within Cook Inlet basin, relative to am

bient noise outside the basin. There are several non-basin stations to consider for establishing a 

non-basin reference spectrum. We choose AK.SSN, which is a Streckeisen STS-5 sensor installed in 

bedrock at a depth of 2.71 m in a cased borehole on Susitna Mountain outside the northern margin 

of Cook Inlet basin (Figure 3.1a). The reference noise spectra for SSN are based on a single year of 

data (2016-07-01 to 2017-07-01) and are used for comparison with spectra from all other stations 

(e.g., Figures B.1 and B.2).
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Ambient noise amplitudes are influenced by local structure, and therefore we might not expect 

the noise spectrum in the backarc bedrock region, such as at WFLW, to be the same as the noise 

in the forearc bedrock region, such as on the southern Kenai Peninsula. Figures B.3-B.5 show that 

the noise spectra for stations on the southern Kenai Peninsula (Figure 3.1a: AK.CNP, AK.BRLK, 

AK.BRSE, and AK.SWD; also ZE.HOLG though its data are limited) are similar to each other— 

suggestive of a regional noise reference—yet different from SSN. We attribute the differences in 

regional noise reference levels in the backarc and forearc to crustal-scale structural differences 

between these two non-basin settings. It is also possible that some differences between backarc 

and forearc spectra, especially for frequencies > 1 Hz, could be related to their different distances 

from regional, ocean-generated noise sources.

Afterexamining the noise spectra (Figures B.3-B.8), we created a sub-classification for marginal 

stations for stations exhibiting basin-like spectra. Stations TA.O20K and TA.P19K are outside the 

Cook Inlet basin and are installed in bedrock, yet their spectra are consistent with those of basin 

stations overlying 1000s of meters of basin strata. However, the local site conditions at O20K 

and P19K are bedrock: both sensors are installed at 2.56 m depth in boreholes within “competent 

bedrock” according to the drill logs. We will revisit this topic in the Discussion.

Some marginal and non-basin stations are excluded due to anomalous noise levels at high fre

quencies (Figures B.7 and B.8). This includes three marginal stations north of Cook Inlet basin 

(ZE.JOES, ZE.JUDD, TA.M22K), one station on the Kenai Peninsula (TA.O22K), and two in the 

backarc region southwest of Cook Inlet (TA.P17K, TA.O19K). By excluding these stations, we are 

left with a set of stations that provide the most representative amplitudes of the regional ambient 

noise wavefield. Characteristics from the settings at these excluded stations are helpful in under

standing the anomalous noise levels. Next we describe characteristics at two excluded stations, 

TA.O22K and ZE.JOES.

The sensor at TA.O22K is a Nanometrics Trillium 120PH sensor installed at a depth of 2.31 m 

in a “Competent layer of slate,” as described in the drill log. The enhanced noise above 0.5Hz (rel

ative to SSN or SLK, which is closer) is likely due to a combination of structural, environmental, 

and anthropogenic influences. The structural influence could arise from the sedimentary deposits 

that the station is within. Environmental influences could arise from Kenai Lake (with or without 

ice), whose shoreline is 360 m to the southwest; the lake is the source of Kenai River. Anthro

75



pogenic noise could arise from the Sterling Highway, which is 600 m to the northwest, from boats 

on Kenai Lake, or from activity on closer, smaller roads.

Station ZE.JOES is excluded because it may be influenced by the structure of Beluga basin 

Stanley et al. (2013); Saltus et al. (2016); Silwal et al. (2018), which is situated north of the Castle 

Mountain fault. JOES is near a remote summer camp on the edge of Beluga Lake, 18 km from the 

edge of Cook Inlet basin. Its spectra exhibit unusually large discrepancy between H and Z noise 

spectra for 0.2-1.0 Hz.

3.5 Earthquake selection

Earthquakes were selected between 2015-05-01 and 2017-08-01, aligned with the SALMON experi

ment (Figure 3.1b), in order to best examine the spatial variations of Cook Inlet basin effects. Since 

basin effects have been well documented for low frequencies (0.1-1.0 Hz), our focus was to ex

amine the largest earthquakes recorded within the time period of SALMON. Smaller earthquakes 

(Mw < 3) do not generate sufficient signals at low frequencies. We exclude the largest earthquake, 

Mw7.1 on 2016-01-24 Grapenthin et al. (2018), because it clipped most of the stations in Cook Inlet 

basin.

Our selection of earthquakes started with all events in the region of Figure 3.1b between 2015

05-01 and 2017-08-01 and having magnitudes between 3 and 7. With a desire of uniform spatial 

coverage without highly redundant events, we declustered the 372 events based on a volumetric 

grid of 8 × 8 cells, multiplied into depth sheets with boundaries at 30, 60, and 200 km. With 

the shallowest layer (0-30 km), we accept two earthquakes per cell having Ml ≥ 3.5. Within the 

lower two layers we accept one earthquake per cell having Ml ≥ 4.0. These criteria led to a set 

of 30 earthquakes. In order to examine excitation of the shallow basin structure, we added all 

earthquakes with Ml 3.0-3.5 with depths ≤ 30 km and with epicenters inside the basin boundary 

of Shellenbaum et al. (2010). These criteria resulted in four earthquakes, bringing our total to 34.

The 34 in our analysis are listed in Table 3.1 and plotted in Figure 3.1b. The cross section of 

stations and seismicity in Figure 3.1c highlights our source-station geometry and also our spa

tial declustering of events. Within the 100-km-wide corridor of seismicity there are 6 events in 

our analysis. The majority of the events, which are smaller crustal earthquakes, are within the 

northeast portion of our target region (Figure 3.1a).
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3.6 Ambient noise

Our analysis of ambient noise in the Cook Inlet region is based on daily power spectral density 

plots computed and made available by IRIS MUSTANG Casey et al. (2018). These acceleration 

power spectra are log-scaled into units of dB. A table showing a comparison among dB values, 

power ratios, and amplification ratios is shown in Table B.1.

3.6.1 Methods

Ambient seismic noise amplitudes can be strongly time-dependent due to environmental or an

thropogenic variations. Therefore in order to obtain a representative noise spectrum, one must use 

a time window that is an integer number of years. The time intervals used to calculate the annual 

station stacks are listed in Figure 3.2 for the 48 stations in our analysis.

Our goal is to quantify the frequency-dependent amplification of ambient noise at seismic 

stations. Our procedure is as follows:

1. For each of the 48 stations, calculate the station's annual spectra for the vertical and horizon

tal components. An example is shown in Figure 3.3a.

2. For each station, calculate a differential spectrum by subtracting the annual spectrum of SSN 

from the station's annual spectrum. An example is shown in Figure 3.3c.

3. For each differential spectrum, quantify the amplification within two frequency intervals: 

0.1-0.5 Hz and 0.5-4.0 Hz. These intervals are chosen based on the characteristics of the 

differential spectra for 18 basin stations (Figure B.2). Within the first interval, the differen

tial spectra tend to be flat (Figure 3.3c,d,g,h), and therefore we measure a median value 

of the entries between 0.1-0.5 Hz. The uncertainty is estimated by the median absolute 

deviation of values. Within the second interval, the differential spectra are often peaked 

(Figure 3.3c,d,g,h), and therefore we calculate the maximum value, which occurs at 0.5 < 

fhf < 4.0. The uncertainty is estimated by calculating the median absolute deviation of 

{Ak(fhf ), k = 1,... ,365n}, where Ak is the kth day spectrum used in creating the annual spec

trum, and n is the number of years used to make the annual spectrum.
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3.6.2 Results

Our noise results are summarized in Figures 3.4 and 3.5. Figure 3.4 shows separation between 

basin spectra (red) and marginal basin spectra (blue) from the non-basin reference spectrum SSN 

(black). We will focus our discussion on the vertical component differential spectra shown in 

Figure 3.4d. Over the frequency range 0.1-0.5 Hz, the spectra of 18 basin stations are amplified 

by 9-15 dB relative to reference station SSN. (Table B.1 provides a comparison between power 

in dB and amplification factors.) Over the frequency range 0.5-4.0 Hz, the spectra of 18 basin 

stations are amplified by 15-50 dB relative to reference station SSN. Even at lowest frequencies 

(< 0.1 Hz), where ground tilting due to atmospheric effects occurs Sorrells et al. (1971), there is 

clear enhancement of noise at basin stations.

Distilling each differential spectrum to two numbers—one for 0.1-0.5 Hzandone for 0.5-4.0 Hz— 

we can examine the amplification in terms of basin depth at each station (Figure 3.5). The patterns 

visible in Figure 3.4 are also clear in Figure 3.5: ambient noise is amplified at basin stations. We 

color regions in Figure 3.5 for the sake of discussion: red for basin stations, blue for marginal 

stations and green for non-basin stations.

At low frequencies for both H and Z components, the overall pattern is that for stations with 

basin depths > 2 km, noise levels on the vertical component are 9-15 dB higher than non-basin 

stationSSN(Figure 3.5b). The effect is stronger on the horizontal component (Figure 3.5a). There is 

a weak correlation between basin depth and noise amplitude: GOOS, with 1 km basin depth, has 

the lowest amplification, while NSKI and CAPN, with 7 km depth have the highest amplification. 

Also, the two basin-like marginal stations O20K and P19K exhibit similar amplification as GOOS.

The pattern at high frequencies is similar, though the basin amplification values are stronger 

(15-50 dB), andthe variations among sets of stations is also larger. For example, even for non-basin 

stations (shaded green in Figure 3.5c-d) the noise levels on the vertical component are between -5 

and 15 dB of SSN (Figure 3.5d), whereas for low frequencies the noise levels are within 3 dB of 

SSN (Figure 3.5b). For the vertical component the differences generally increase with distance 

from SSN (Figure 3.5d), implying that there are either systematic subsurface structural differences 

from west to east or there are different sources generating the 0.5-4.0 Hz noise. For example, 

noise near Redoubt volcano may be elevated (with respect to SSN) due to activity at the volcano, 
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at glaciers, or in Cook Inlet, or it could be due to structural differences that affect the same back

ground wavefield at both sites. Marginal stations (shaded blue in Figure 3.5c-d) for the vertical 

component are mostly 8-16 dB higher than SSN. Note that O20K and P19K both exhibit elevated 

noise levels, as do PMR, at the northeastern tip of the basin (in Palmer).

3.7 Ground motion metrics measured from earthquakes

From a set of 34 earthquakes we examine three-component, filtered seismograms at 48 stations. 

From each filtered seismogram, we calculate five scalar ground motion metrics:

1. duration (dur)

2. radiated energy (ER)

3. peak ground displacement (PGD)

4. peak ground velocity (PGV)

5. peak ground acceleration (PGA)

Using basin depths of Shellenbaum et al. (2010), we test the hypothesis that these quantities in

crease with basin depth at each station.

Our approach carries several assumptions. First, we do not know the exact relationship be

tween basin depth and the five metrics. Therefore a correlation coefficient between depth versus 

a metric, for a set of stations for one event, may not be appropriate. Second, the ground mo

tion metrics are based on amplitudes, which vary strongly at stations according to a station's 

azimuth relative to the earthquake source mechanism. Third, there are structural variations such 

as three-dimensional heterogeneity—elastic or anelastic structure—that will impact the recorded 

wavefield. Our assumption is that the depth of the basin is the only structural factor influencing 

the ground motion metrics.

3.7.1 Methods

Our methods for calculating and analyzing ground motion metrics are as follows:
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1. Using ObsPy Beyreuther et al. (2010); Krischer et al. (2015), fetch seismograms from IRIS 

DMC, then remove instrument response. Using the source and station coordinates (and also 

the sensor angles), rotate to radial and transverse component. The result is a set of three- 

component velocity seismograms (units m/s).

2. Loop over a large set of bandpass filters. For each set of filtered seismograms:

(a) Calculate signal-to-noise (SNR) as max(|v(t)|) over the first 400 s after the origin time, 

divided by the maximum over the 100 s prior to the origin time. Exclude stations with 

SNR < 4.

(b) Proceed if there are ≥ 4 stations with basin depths > 1 km.

(c) Apply a distance-based correction for geometric spreading. (Each correction will de

pend on the bandpass, via the filtered seismograms used.)

(d) Calculate correlation coefficient between basin depth and a particular metric (e.g., PGV ).

3. Generate a colored plot of correlation coefficients.

These methods are demonstrated in Figures 3.6-3.8. The example earthquake is northeast of Cook 

Inlet basin, depth 12 km, Ml 4.1, on 2016-11-06. A map in Figure B.9a shows the epicenter and 

the subset of 46 (out of 48) stations that recorded the earthquake. An unfiltered record section of 

transverse component is shown in Figure B.9b.

We choosefrequency limits for bandpass filtersby f = 10linspace(log10 fmin,log10 fmax,n), where linspace(x,y,n) 

returns a set of n linearly spaced values between x and y. With fmin = 0.10 Hz, fmax = 4.00, and n = 8, 

the frequencies are 0.10, 0.17, 0.29, 0.49, 0.82, 1.39, 2.36, 4.00 Hz. With n frequencies, we have a 

total set of n(n-1)/2 possible bandpass filters; therefore there are 28 filtersusedforeachsetof seis

mograms. One filtered record section (0.10-0.82 Hz) is shown in Figure B.9c. The record section 

excludes 2 stations (TA.O18K, TA.P19K) that does not meet the SNR threshold.

The next step is to correct the record section for geometrical spreading. We make the assump

tion that the seismograms are dominated by surface wave energy. In this case, the amplitudes of 

the seismograms have a term 1 /√sin ∆, where ∆ is the arc-distance from source to station (Stein 

& Wysession, 2003, Sec. 4.3.4, Eq. 20). (The same equation has a frequency-dependent attenuation 

term, which we ignore.) We correct for geometrical spreading of surface waves by estimating a
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single parameter,

K = median max(∣vi(t)|) √sin∆i, i = 1,...,n (3.1)

where i is the station index and n is the number of non-basin stations with filtered seismograms

passing the SNR threshold. The seismogram corrected for geometric spreading is then

After normalizing by K, the seismogram is unitless. We estimate K for each record section of 

filtered waveforms and for each event. Figure 3.6 shows an example, where K = 2.43×10-6 m/s 

is calculated from a set of 26 non-basin stations. Basin stations are excluded from estimating K 

because amplitudes of seismograms at basin stations are strongly influenced by basin structure. 

As expected, the best-fitting curve K∣√sin Δ offers a reasonable fit to non-basin stations, and it 

does not explain the amplitude variations for the basin stations. The record section corrected for 

geometrical spreading is shown in Figure 3.6b.

From the filtered, distance-corrected seismograms in Figure 3.6b, we calculate five ground 

motion metrics. An example calculation of dur, PGV, and ER is shown in Figure 3.7a for station 

KALN, transverse component filtered 0.10-0.82 Hz. In this case, dur = 208.0 s, PGV = 2.2 and Er 

= 7.3. These calculations are performed for each station's seismogram, and then the values are 

plotted versus basin depthat each station, as shown in Figure 3.7b for ER. In this case, the data for 

basin depth and ER have a correlation coefficient of 0.90.

We use a matrix plot of colored correlation coefficients—which we will call ‘matrix plots'— 

to represent the full set of different bandpass filters used. With n = 8 frequencies, there are 28 

bandpass filters and therefore up to 28 colored boxes in matrix plots such as Figure 3.7c. The 

first bandpass considered is 0.10-0.17 Hz (5.90-10.00 s); for the event in Figure 3.6, there are 

not enough stations with sufficient SNR and therefore the uppermost left square of Figure 3.7c 

is left white. The next bandpass is 0.10-0.29 Hz (3.49-10.00 s), which happens to provide the 

highest correlation between basin depth and ER, among all 28 bandpasses. This is represented 

by the dark red box in row 1, column 2 of Figure 3.7c, with the corresponding scatterplot in 

Figure 3.9. The example in Figure 3.7b, for bandpass 0.10-0.82 Hz, corresponds to row 1, col
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umn 4 of Figure 3.7c. The matrix plot boxes along the diagonal represent narrowband filters 

(0.10-0.17 Hz, 0.17-0.29 Hz, 0.29-0.49 Hz, etc), while the boxes at the far right represent broad

band filters (0.10-4.00 Hz, 0.17-4.00 Hz, 0.29-4.00 Hz, etc). The matrix plot therefore provides a 

compact representation of which bandpass filters lead to ground motion metrics that are the best 

correlated with basin depths.

3.7.2 Results

The matrix plot in Figure 3.7c is one of 15 subplots in Figure 3.8. Each matrix plot is made from 

28 possible scatterplots, and in Figure 3.9 we display the scatterplot having the highest correla

tion coefficient. A full set of plots such as Figures 3.8 and 3.9 is included in Smith (2019) for 34 

earthquakes. Here we discuss the results for two earthquakes: a Ml 4.1 crustal event (12 km) on 

2016-11-06 (Figures 3.8 and 3.9) and a Ml 5.2 intraslab event (126 km) on 2015-07-25 (Figures 3.10 

and 3.11).

The ground motion metric ER combines duration and amplitude, since it is an integration 

over time. Therefore if there are high correlations between peak amplitudes (PGD, PGV, PGA) 

and basin depth, we would expect to see correlations between ER and basin depth. Similarly, if 

durations correlate with basin depth, we would expect to see correlations between ER and basin 

depth.

For the crustal earthquake, there are <10 basin stations that exceed the SNR threshold for the 

lowest frequency bandpass (0.10-0.17 Hz, 5.90-10.00 s) for the vertical component. These stations 

produce correlation coefficients of 0.90-0.99, as indicated by the Z column of plots in Figure 3.9. 

Interestingly, for the same bandpass, the correlation between duration and basin depth is weak, 

indicated by the lack of red color in the upper left matrix plot in Figure 3.8. For the vertical and 

transverse components, duration correlates with basin depth at 0.49-1.39 Hz, yet there is large 

scatter even for non-basin stations (Figure 3.9, top row).

Like the crustal event, the intraslab event exhibits the highest (and most) correlations from ER 

(Figure 3.10). Although this event is deeper from the crustal event, its magnitude is sufficiently 

greater (5.2 vs 4.1) such that its seismograms have overall higher SNR and more data points ap

pear in the scatterplots (Figure 3.11). Correlations between duration and basin depth are highest 
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on the vertical component and for 0.29-0.82 Hz (cc 0.86). The biggest outliers in the (dur, Z) scat

terplot in Figure 3.11 are the two basin-like stations O20K and P19K; they would not be outliers 

if they were assigned greater basin depths. For the other four metrics (ER, PGD, PGV, PGA) there 

are much higher correlations with basin depth for horizontal components than for the vertical 

component (Figure 3.10). Correlations exceed 0.90 for the transverse component for the frequency 

range 0.17-0.49 Hz (2.06-5.90 s). Further work is needed to examine the influence of the source 

mechanism and the geometry of the basin on these results.

Based on the full set of bandpass filters for the full set of 34 earthquakes in Smith (2019), we 

provide some summary points regarding correlation coefficients between ground motion metrics 

and basin depth. (1) Among the five groundmotion metrics, ER, which combines duration and 

amplitudes, has the highest correlations with basin depth. (2) PGD, PGV, and PGA have similar 

correlations with basin depth. This is not surprising, since a sinusoidal wave d(t) = Fsint would 

lead to PGD=F, PGV=F, and PGA=F. (3) For PGD, PGV, and PGA, correlations with basin depth 

are higher for R and T components than for Z.

3.8 Spectral ratios measured from earthquakes

3.8.1 Methods

Using the same set of 34 earthquakes and 48 stations, we calculate spectral ratios between each 

target station and a non-basin reference station. At this initial stage, we do not account for am

plitude differences that would arise from either (1) different epicentral distances for the target 

station and the reference station, (2) different source-station azimuths that would result in differ

ent amplitudes with respect to the source mechanism, (3) different local structure at two stations 

(TA.O20K and TA.P19K) that would effect the recorded wavefield. We partially address (1) and 

(3) by grouping the stations into three subregions and assigning a different reference station for 

each subregion. West ofCook Inlet we use TA.N19K, north ofCook Inlet we use AK.SSN, and east 

of Cook Inlet we use AK.SLK (Figure 3.1a). The reference station for each target station is listed in 

Table B.2. The three primary reference stations are not used as target stations; therefore we have 

45 (out of 48) target stations for the analysis.

83



Our goal is to calculate scalar quantities from the spectral ratio between a target station and a 

non-basin reference station. These scalar quantities are the median acceleration power over two 

frequency intervals: 0.1-0.5 Hz and 0.5-4.0 Hz. Our assumption is that basin effects are confined 

to 0.1-4.0 Hz. Our procedure is demonstrated in Figure 3.12 for target station NSKI and reference 

station SLK. For both stations, for the ‘signal' we select a time window of 500 s following the 

origin time; for the ‘noise' we select a time window of 500 s before the origin time. We calculate 

acceleration power spectra following the same procedures as in McNamara & Buland (2004). Four 

spectra—signal and noise for both stations—are shown in Figure 3.12a.

The signal and noise spectra are used to refine the two frequency intervals over which the spec

tral ratio measurements are made. For the earthquake in Figure 3.12, NSKI meets the SNR crite

rion at 0.97 Hz, while SLK meets the criterion at 0.52 Hz. Therefore, for the low-frequency interval 

(0.1-0.5 Hz) there is insufficient signal to calculate a spectral ratio. For the high-frequency interval 

(0.5-4.0 Hz), the lower limit of 0.5 Hz is increased to 0.97 Hz. Over this interval (0.97-4.0 Hz) the 

measurement is 12 dB, which corresponds to an amplification factor of about 4 (Table B.1). Note 

that the spectral ratio for noise is much larger (35 dB) than for earthquakes, something we find 

across most events and station pairs Smith (2019).

This procedure is repeated for all 34 earthquakes recorded by the target station, as shown in 

Figure 3.13. From this set of spectral ratio measurements, we calculate the median value and enter 

it into Table B.2. This process is performed for each station, for three components, and for two 

frequency intervals, in order to complete Table B.2.

3.8.2 Results

Our spectral ratio results are summarized in Table B.2 and in Figure 3.14a-b. We find that the 

median spectral ratios for 0.1-0.5 Hz for all 18 is positive and ranges from 6-14 dB. Furthermore 

the two basin-like marginal stations (TA.O20K, TA.P19K) have ratios of 5-7 dB (Figure 3.14a), 

further evidence that these stations should be characterized as basin stations. For 0.5-4.0 Hz spec

tral ratios (Figure 3.14b) there is a similar pattern of elevated values for basin stations, but the 

variability—even for non-basin stations—is large.
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The scatter in the spectral ratio measurements is partially the result of geometric spreading not 

being included within our simplified approach. For any earthquake, the epicentral distances to the 

target station (∆tar) and reference station (∆ref) will be different. We calculate ∆D = ∆ref -∆tar for all 

source-station pairs to identify the stations that would be most effected by ignoring the distance 

effect. Target stations whose mean value ∆D > 50 km are generally further from earthquakes than 

is the reference station; this list includes basin station HOM as well as non-basin stations M19K, 

SAW, CNP, P18K, M20K, GHO, BRSE, BRLK, KNK, O18K, SVW2, and PMR. These stations are 

colored blue in Figure 3.14a and tend to have lower dB values than other stations with similar 

basin depths. Target stations whose mean value ∆D < 50 km are generally closer to earthquakes 

than is the reference station; this list includes basin stations KALS and KALN as well as non-basin 

stations O20K, RDWB, HLC2, and HLC3. These stations are colored black in Figure 3.14a-b and 

tend to have higher dB values than other stations with similar basin depths. Careful treatment of 

the distance effect, as well as of source mechanisms, would allow for a better examination of any 

possible relationship between basin depth and amplification. This is particularly important for 

the high-frequency bandpass (0.5-4.0 Hz).

3.9 Discussion

The use of broadband seismometers allows us to examine how the seismic wavefield interacts 

with Cook Inlet sedimentary basin across a wide range of frequencies (0.01-40 Hz). Our three 

analyses examined frequency-dependent effects using ambient noise (no sources), ground motion 

metrics (1 source, all stations), and spectral ratios (1 station, all sources). Next we generalize our 

results and discuss some unresolved topics.

3.9.1 The seismic wavefield from earthquakes and ambient noise

Results from ground motion metrics and from spectral ratios indicate that the seismic wavefield 

from crustal and intraslab earthquakes is amplified by Cook Inlet basin. In the case of the ground 

motion metrics, the stations in the deeper basin exhibit higher amplitudes than stations at the 

margin or outside of the basin. Spectral ratios provide an opportunity to compare noise as well as 

signalfor pairs ofstations. An example for a single stationis shown in Figure 3.13 for basin station 

NSKI. For the largest events, such as the five that have Ml > 5, the earthquake signal exceeds the 
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pre-earthquake noise level, even down to 0.1 Hz. The calculated spectral ratios for 0.1-0.5 Hz are 

all about 10 dB, corresponding to an amplification factor of about 3. The pre-earthquake noise 

spectral ratios have similar values. However for higher frequencies (0.5-4.0 Hz), the peak noise 

spectral ratios increase to 40-50 dB, similar to the values obtained when examining two years of 

continuously recorded ambient noise (Figure 3.5d).

The divergence above 0.5 Hz between earthquake spectral ratios and noise spectral ratios is 

highlighted between Figure 3.14c and d. It suggests that the same wavefield (earthquake or am

bient noise) is not being measured at both the target basin station and the reference non-basin 

station. Rather than interpreting the 40 dB noise spectral ratio at 0.5-4.0 Hz (Figure 3.4d) as “basin 

amplification” of the same waves comprising ambient noise, we can interpret that there are two 

very different noise settings. With that interpretation, the waves comprising the ambient noise in 

the basin do not reach the non-basin reference station.

Analysis of seismic noise ratios—whether from 500 s ofpre-earthquake noise or fromtwo years 

of continuous data—suggests that surface waves at 0.1-0.5 Hz, either from earthquakes or within 

ambient noise, are amplified in Cook Inlet basin by 6-14 dB.

3.9.2 Improvements to the assumed basin model

Our modeling and interpretations are based on the detailed basement map of Shellenbaum et al. 

(2010), which is estimated from well logs and stacking velocities (mostly P waves) from industry 

data. Future seismic modeling with SALMON and other data may allow for improvements of 

the basement surface, the internal basin wavespeed structure, and the underlying structure. An 

optimal approach would be to perform tomographic inversion using the full seismic waveforms 

(earthquakes and ambient noise cross-correlations) and allowing for perturbations of the bound

ary surface in addition to the wavespeed structure Dahlen (2005); Tong et al. (2014).

Our analysis of low-frequency (0.1-0.5 Hz)noise provides some indication of corrections needed 

to the assumed basin geometry. The variations in the marginal basin differential spectra (blue) in 

Figure 3.4 are likely due to differences either in the basement surface or the subsurface wavespeed 

structure. Two marginal stations in our analysis, TA.O20K and TA.P19K, have low-frequency 

noise levels that fall between basin stations and marginal stations (Figure 3.4). The geological 
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unit at the surface at these two stations is mapped as the Upper Jurassic Naknek Formation and 

Kotsina Conglomerate, which are interpreted to underlie the Tertiary Cook Inlet basin Fisher & 

Magoon (1978). One interpretation is that the 0.1-0.5 Hz ambient noise wavefield at bedrock sta

tions TA.O20K and TA.P19K is sensitive to basin structures that are up to 20 km east ofthe stations 

and within CookInlet basin. Alternatively, it is possible that the Naknek formation is anomalously 

slow and thick. This would imply that the Mesozoic strata—beneath the basement surface of Shel- 

lenbaum et al. (2010)—would be beneficial for modeling the seismic noise variations.

3.9.3 Intraslab bias from earthquake selection

Our results reveal basin influences down to 0.1 Hz. These frequencies are best excited by larger 

(Ml > 5) earthquakes, which, in our study region, are all intraslab earthquakes. Two notable his

torical crustal earthquakes have occurred in this region: 1933-04-27 Mw 6.8 and 1943-11-03 Mw 7.3 

Doser & Brown (2001); Silwal et al. (2018). Neither of these earthquakes is associated with an 

actively mapped fault Koehler et al. (2012). (The 1933 earthquake is within a region mapped as 

actively folding sub-basin structures Haeussler et al. (2000).)

With regard to basin excitation, it is important to acknowledge that our results are biased to

ward the intraslab earthquakes that were recorded during the SALMON deployment. Intraslab 

earthquakes of a given magnitude will not excite surface waves as strongly as a shallow crustal 

earthquake; furthermore the incident angle of the arriving wavefield will differ. Any future mod

eling of ground motions for the sake of seismic hazard estimates should take into account the 

possibility of crustal earthquakes from realistic (e.g., historical) source regions.

3.9.4 Attenuation and source radiation effects

Our treatment of modeling seismic amplitudes is overly simplified and should be revised in a 

future analysis of this data set. A distance correction for geometrical spreading was used in the 

analysis of ground motion metrics but not in the analysis of spectral ratios. Furthermore, our 

treatment of geometrical spreading assumes the dominance of surface waves, which may not be 

appropriate at higher frequencies, and does not account for the influence of source depth Wirth 

et al. (2019). Attenuation (anelasticity) was not considered. Attenuation of surface waves is en
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capsulated with the term exp[τπf/Q], where τ = a∆∕U is the travel time, ∆ is the arc-distance, a is 

the Earth radius, and U is the group velocity (Stein & Wysession, 2003, Sec. 4.3.4, Eq. 20). High 

values of Q correspond to a slow decay of amplitudes of seismic waves (low attenuation).

Source radiation has a strong influence on amplitudes of surface waves and body waves. The 

data coverage for all 34 earthquakes in this study should be sufficient to obtain reliable source 

mechanisms Silwal & Tape (2016); Silwal et al. (2018). Incorporating the amplitude variation ex

pected at each station for each event would improve our estimates of the influence of basin depth 

on amplitudes.

3.10 Summary

Our main findings are as follows:

1. We analyze 34 earthquakes between 2015-05-01 and 2017-08-01 recorded by 48 stations. The 

time period spans the SALMON project Tape et al. (2017), which offers the best spatial cov

erage of Cook Inlet basin, including stations on the west side of Cook Inlet.

Most of the larger earthquakes are intraslab events below 50 km depth. No large (Mw > 5) 

crustal events, which are knownto occur in the region (e.g., 1933-04-27 Mw6.8 in Cook Inlet, 

Doser & Brown (2001), and Silwal et al. (2018)), occurred during the SALMON deployment.

2. Earthquake spectral ratios between basin and non-basin stations imply basin amplification 

of6-14 dB for 0.1-0.5 Hz.

3. Correlations between basin depth and ground motion metrics depend on the component of 

ground motion. Amplitude-based ground motion metrics (ER, PGD, PGV, PGA) are gener

ally higher for the horizontal component of ground motion than for the vertical component. 

For larger earthquakes, the correlations between basin depth and duration are higher for the 

vertical component than for the horizontal component.

4. Cook Inlet basin exhibits vertical-component ambient seismic noise that is amplified relative 

to a non-basin reference site by 9-15 dB at 0.1-0.5 Hz and 15-50 dB at 0.5-4.0 Hz. Similar 

amplification occurs for the horizontal component of noise.
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5. The noise results at 0.1-0.5 Hz are in agreement with spectral ratios, suggesting that the 

low-frequency earthquake wavefield and ambient noise wavefield are similarly amplified 

by Cook Inlet basin.

6. The noise results at 0.5-4.0 Hz are not in agreement with the earthquake spectral ratios, 

even for crustal earthquakes, suggesting that the high-frequency noise wavefield is local to 

the basin.

Future efforts dedicated to understanding seismic wave propagation in Cook Inlet basin should 

be possible from analysis of3D seismic wavefield simulations and from improved modeling ofthe 

recorded earthquake waveforms. As our 3D models of elastic and anelastic structure improve in 

this region Shellenbaum et al. (2010); Eberhart-Phillips et al. (2006); Ward & Lin (2018), we will be 

able to design realistic numerical experiments Day et al. (2008); Cruz-Atienza et al. (2016); Wirth 

et al. (2019) to investigate the influence of Cook Inlet basin on the seismic wavefield, by isolating 

the roles of source location, source depth, source radiation, 3D attenuation, and 3D structure.
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3.11 Tables

Table3.1: 34 earthquakes analyzed in this study.

origin time longitude 
(◦)

latitude
(◦)

depth 
(km)

magnitude 
(M1)

2015-05-18 15:49:10.522 -150.4504 61.9398 22 4.3
2015-06-24 22:32:21.166 -151.9621 61.6644 114 5.8
2015-07-25 19:57:43.227 -152.0518 61.9493 126 5.2
2015-07-27 02:21:54.395 -150.9390 60.9827 16 3.4
2015-07-29 02:35:59.449 -153.1962 59.8935 119 6.4
2015-11-06 14:26:50.635 -149.8762 61.9965 46 4.4
2016-01-04 02:38:05.283 -148.9329 61.0382 21 3.6
2016-01-24 14:29:28.374 -153.1457 59.7312 107 4.7
2016-02-03 20:31:25.777 -153.5461 60.3334 189 4.5
2016-02-10 14:36:17.399 -152.9050 59.7693 19 3.4
2016-02-15 10:41:46.974 -150.0123 60.8957 48 4.2
2016-02-28 13:48:51.632 -150.6873 61.7805 62 4.3
2016-03-12 21:57:55.683 -152.3041 60.2609 100 4.7
2016-04-08 03:24:18.180 -149.9238 61.4564 40 4.0
2016-04-20 14:55:42.428 -148.1806 61.7490 15 4.0
2016-05-01 20:38:46.663 -152.9931 60.1136 129 4.7
2016-05-30 19:01:29.827 -153.7581 59.0778 103 4.1
2016-08-30 12:27:59.886 -149.1495 61.1186 38 4.0
2016-09-01 12:27:42.774 -152.1646 61.2991 132 4.5
2016-10-02 22:39:41.110 -149.5161 60.8787 24 4.0
2016-10-14 12:59:05.731 -151.7773 59.8029 63 4.0
2016-10-19 00:16:30.695 -148.9192 59.9489 11 3.5
2016-11-06 19:40:49.667 -148.2035 61.7493 12 4.1
2016-11-21 22:27:27.757 -150.1984 60.7706 50 4.0
2016-12-03 08:04:47.085 -150.4189 61.4436 14 3.3
2016-12-04 13:15:44.183 -150.9023 61.9700 9 4.2
2016-12-24 05:24:41.092 -148.3761 61.0454 13 3.5
2017-03-02 02:11:30.682 -152.6546 59.5785 78 5.6
2017-03-17 07:47:31.160 -149.2418 61.9406 3 3.6
2017-04-30 21:32:17.954 -150.7014 60.8369 26 3.3
2017-05-07 04:25:19.095 -151.6783 60.1828 67 5.3
2017-05-07 19:58:25.043 -151.2931 61.4974 17 3.5
2017-05-24 09:59:01.220 -151.4935 61.8085 10 3.5
2017-05-30 02:18:45.889 -151.8152 60.8341 81 5.2
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3.12 Figures

Figure 3.1: The Cook Inlet region, with seismic stations (2015-2017) and earthquakes used in this study. 
SALMON stations are plotted as magenta inverted triangles; other broadband stations are white. Active 
faults of Koehler et al. (2012) are plotted in red. (a) Cook Inlet basin: contours are for the base-Tertiary 
basement map of Shellenbaum et al. (2010). Red upright triangles are active volcanoes. (b) Earthquakes 
and stations within the full study region. The 34 earthquakes analyzed in this study (Table 3.1) are colored 
by depth and sized by magnitude. The Redoubt line ofstations extends from AT.SVW2 in the west, through 
Redoubt volcano, and to ZE.HOLG on the eastern Kenai Peninsula. (c) Cross section of seismicity within 
50 km of the Redoubt line and occurring between 2015-05-01 and 2017-08-01, Ml ≥ 2.0. There are 6 events 
(out of 34 in our analysis) that are plotted as stars and within this corridor of seismicity. Also shown are 
stations within 50 km of the Redoubt line. Cook Inlet basin basement map from Shellenbaum et al. (2010), 
continental Moho from Wang & Tape (2014), subduction interface from Hayes et al. (2018).
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station longitude
(■)

latitude
(∙)

inoise basin depth 
(km)

ibasin distance to 
basin (km)

start date end date

1 AK.CAPN -151.15 60.77 7.3 3 0 2015-01-01 2018-01-01
2 ZE.NSKI -151.28 60.66 7.0 3 0 2015-01-01 2018-01-01
3 ZE.LTUY -151.12 60.22 5.2 3 0 2015-01-01 2018-01-01
4 ZE.SOLD -151.08 60.46 5.2 3 0 2015-01-01 2018-01-01
5 ZE.WHIP -150.63 60.97 5.2 3 0 2015-01-01 2018-01-01
6 ZE.BULG -151.09 61.13 4.9 3 0 2016-01-01 2018-01-01
7 ZE.CLAM -151.39 60.24 4.9 3 0 2015-01-01 2018-01-01
8 ZE.KALN -151.89 60.50 4.3 3 0 2015-01-01 2018-01-01
9 ZE.BING -150.70 60.52 3.7 3 0 2015-01-01 2018-01-01
10 ZE.NNIL -151.65 60.05 3.7 3 0 2015-01-01 2018-01-01
11 ZE.SALA -151.71 60.74 3.7 3 0 2015-01-01 2018-01-01
12 ZE.MPEN -150.48 60.74 34 3 0 2016-05-21 2017-05-21
13 ZE.KALS -152.07 60.36 3.0 3 0 2015-06-01 2016-06-01
14 ZE.CONG -151.39 61.06 2.7 3 0 2015-01-01 2018-01-01
15 AK.HOM -151.65 59.66 2.7 3 0 2015-01-01 2018-01-01
16 AK.FIRE -150.22 61.14 2.4 3 0 2015-01-01 2018-01-01
17 ZE.LTUX -150.88 60.16 2.4 3 0 2015-01-01 2018-01-01
18 ZE.GOOS -149.85 61.39 0.9 3 0 2015-01-01 2018-01-01
19 TA.O20K -152.62 60.08 0 2 5 2016-01-01 2018-01-01
20 TA.P19K -153.23 59.65 0 2 11 2017-01-01 2018-01-01
21 AT.PMR -149.13 61.59 0 2 2015-01-01 2018-01-01
22 AK.RC01 -149.74 61.09 0 3 2015-01-01 2018-01-01
23 ZE.LTUW -150.70 60.03 0 4 2016-01-01 2018-01-01
24 AK.SLK -150.22 60.51 0 6 2015-01-01 2018-01-01
25 AK.BRLK -150.91 59.75 0 7 2015-01-01 2018-01-01
26 AK.GHO -148.93 61.77 0 8 2015-01-01 2018-01-01
27 AK.SSN -150.75 61.46 0 9 2016-07-01 2017-07-01
28 AK.CNP -151.24 59.53 0 10 2015-01-01 2018-01-01
29 AK.BRSE -150.74 59.74 0 15 2015-01-01 2018-01-01
30 ZE.HOPE -149.60 60.87 0 19 2015-01-01 2018-01-01
31 -148.33 61.81 0 21 2015-01-01 2018-01-01
32 -152.84 60.49 0 24 2015-08-01 2016-08-01
33 -148.46 61.41 0 37 2015-01-01 2018-01-01
34 -153.08 60.58 0 39 2016-01-01 2018-01-01
35 -153.28 60.60 0 50 2015-01-01 2018-01-01
36 -149.45 60.10 0 62 2017-01-01 2018-01-01
37 -153.71 60.67 0 74 2016-01-01 2018-01-01
38 -151.53 61.98 0 76 2016-06-01 2017-06-01
39 -148.33 60.86 0 83 2017-01-01 2018-01-01
40 -154.03 60.74 0 93 2015-01-01 2018-01-01
41 -153.13 61.88 0 102 2017-01-01 2018-01-01
42 -154.48 60.81 0 119 2016-01-01 2018-01-01
43 -155.23 59.39 0 121 2016-01-01 2018-01-01
44 -155.21 59.85 0 123 2016-01-01 2018-01-01
45 -154.76 60.91 0 136 2015-01-01 2018-01-01
46 -154.39 61.90 0 149 2016-01-01 2018-01-01
47 -155.14 60.96 0 158 2015-01-01 2018-01-01
48 -155.62 61.11 0 185 2015-01-01 2018-01-01
49 ZE.HARR -152.24 60.40 0 1.5 3 0 2015-01-01 2018-01-01
50 ZE.HLC1 -152.57 60.44 0 0 9 2015-01-01 2018-01-01
51 TA.N20K -152.21 61.20 0 0 13 2017-01-01 2018-01-01
52 ZE.JOES -151.49 61.40 0 0 18 2015-01-01 2018-01-01
53 TA.M22K -150.12 61.75 0 0 20 2016-01-01 2018-01-01
54 TA.O22K -149.72 60.48 0 0 0 31 2015-01-01 2018-01-01
55 ZE.JUDD -151.55 61.57 0 0 0 37 2015-01-01 2018-01-01
56 ZE.HOLG -149.77 59.84 0 0 0 59 2015-01-01 2018-01-01
57 TA.O19K -154.32 60.20 0 0 0 85 2016-01-01 2018-01-01
58 TA.N18K -155.89 60.68 0 0 0 187 2015-01-01 2018-01-01
59 TA.P17K -156.44 59.20 0 0 0 190 2017-01-01 2018-01-01
60 TA.M18K -155.82 61.49 0 0 0 200 2015-01-01 2018-01-01

Figure 3.2: Broadband seismic stations in the Cook Inlet region (Figure 3.1), sorted in decreasing order of 
basin depth. The first 48 stations (with inoise=1) are selected for analyses in this study; these are colored as 
18 basin stations, 12 marginal basin stations, and 18 non-basin stations. The start and end dates denote the 
integer-year time period used in the noise analysis for 48 stations.
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Figure 3.3: Annual ambient noise spectra for eight stations in the Cook Inlet region. The solid spectra are 
for the vertical component; the dashed spectra are for the average of the two horizontal components. In 
each subplot the red spectra are for the non-basin reference station SSN. The gray spectra denote the NHNM 
and NLNM reference spectra Peterson (1993). (a)-(b) Basin stations NSKI and GOOS. (c) Differential spectra 
for (a), which highlights the basin influence (and other differences). (d) Differential spectra for (b). (e)-(f) 
Basin-like marginal stations O20K and P19K. (g)-(h) Differential spectra for (e)-(f). (i)-(j) Marginal stations 
HOPE and LTUW. (k)-(l) Differential spectra for (i)-(j). (m)-(n) Non-basin stations HLC2 and N19K. (o)-(p) 
Differential spectra for (m)-(n).
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Figure 3.4: Seismic noise spectra and their differences from a non-basin reference station (SSN). 
(a) Horizontal-component annual ambient noise for 30 stations in the Cook Inlet region. Red spectra are 
for 18 basin stations. Dashed blue spectra are for marginal basin stations (P19K and O20K) that exhibit 
basin-like characteristics. Solid blue spectra are for 9 marginal basin stations that exhibit non-basin charac
teristics. The thick black line is the non-basin reference spectrum SSN. The solid lines denote the frequency 
range of basin influence on seismic waves: 0.1-4.0 Hz (separated at 0.5 Hz). (b) Same as (a), but for the 
vertical component. (c) Spectra in (a), minus the non-basin reference spectrum in (a). (d) Spectra in (b), 
minus the non-basin reference spectrum in (b).
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Figure 3.5: Seismic noise amplitudes compared with basin depth, shown for 48 stations in the Cook Inlet 
region. Red circles, highlighted by the red shaded region, denote 18 stations. Blue circles (and stars), 
highlighted by the blue shaded region, denote 12 marginal basin stations. (The stars are for P19K and 
O20K.) Green circles, highlighted by the green shaded region, are non-basin stations. See Figure B.2 for 
individual spectra. (a) Horizontal-component seismic noise amplitudes for the frequency range 0.1-0.5 Hz. 
Note the y-axis limits from [-8,17] dB. (b) Vertical component for 0.1-0.5 Hz. (c) Horizontal component for 
0.5-4.0 Hz. Note the y-axis limits from [-8,55] dB. (d) Vertical component for 0.5-4.0 Hz.
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Figure 3.6: Distance-dependent correction for geometrical spreading. A full set of explanatory figures for 
earthquake metrics is shown in Figures 3.6-3.8. (a) Maximum absolute-value amplitudes of seismograms 
(in this case, transverse component) plotted as a function of epicentral distance ∆. The best-fitting curve is 
estimated using 26 non-basin and marginal basin stations whose seismograms exceed our signal-to-noise 
criteria. The closest station, AK.SAW, is not shown, as its value exceeds the plotting scale. (b) Record section 
filtered 0.10-0.82 Hz and corrected for geometrical spreading. Stations are sorted from top to bottom by 
increasing epicentral distance. The uncorrected record section is shown in Figure B.9.
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Figure3.7: Constructionofamatrixplot(c)fromfilteredseismograms. (a)Examplecalculationofmetrics 
(dur, ER) for a seismogram (KALN, T component, 0.10-0.82 Hz) from Figure 3.6b. Vertical lines denote the 
estimated start (t1) and end (t2) times for the duration, which are determined from the bottom plot. Top: 
Velocity seismogram. Middle: Squared waveform. The value of ER = 7.3 is the integration of v2(t) between t1 
and t2. Bottom: Cumulative squared waveform, normalized by ER. The horizontal dashed lines are values 
of 0.05 and 0.95, used to determine the seismogram duration. (b) Scatterplot between a seismogram metric 
(ER) and basin depth. Station KALN, from (a), is plotted at 4.3 km andER=7.3. The correlation coefficient 
is 0.90, and the number in square brackets is the number of stations used. (c) Matrix plot, which displays 
a colored correlation coefficient for each bandpass [f1, f2] applied to a set of seismograms. The correlation 
coefficient of 0.90, from (b), is represented by the box on the top row and fourth column. This matrix plot 
appears in row 2, column 3 of Figure 3.8.
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Figure 3.8: Matrix plots for earthquake metrics (dur, ER , PGD, PGV, PGA) for thee components (Z vertical, 
R radial, T transverse). The earthquake is Ml 4.1 on 2016-11-06 with depth 12 km event in the Cook Inlet 
region. A full set of explanatory figures for earthquake metrics is shown in Figures 3.6-3.8.
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Figure 3.9: Scatterplots corresponding to the highest correlation coefficients in each of the 15 matrix plots 
in Figure 3.8. The bandpass filter may be different for each subplot. This may also affect the number of data 
points used, which is determined by the number of filtered seismic waveforms that exceed our signal-to- 
noise threshold.
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Figure 3.10: Matrix plots for earthquake metrics (dur, ER , PGD, PGV , PGA) for thee components (Z vertical, 
R radial, T transverse). The earthquake is Ml 5.2 on 2015-07-25 with depth 126 km event in the Cook Inlet 
region.
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Figure 3.11: Scatterplots corresponding to the highest correlation coefficients in each of the 15 matrix plots 
in Figure 3.10.
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Figure3.12: Example calculation of a spectral ratio for station NSKI, with respect to SLK, for a Ml 4.5 earth
quake on 2016-02-03 at a depth of 189 km. The frequency range shown is between 0.03 Hz and 25 Hz. (a) 
Acceleration power spectra calculated using the method of McNamara & Buland (2004). Solid-line earth
quake spectra are calculated from the 500 s following the origin time of the earthquake for target station 
NSKI and for reference station SLK. Dashed-line noise spectra are calculated from the 500 s prior to the ori- 
gin time. (b) Signal-to-noise ratios (SNR) calculated by subtraction (in log space) of the dashed-line spectra 
in (a)from the solid-line spectra. The vertical dashed lines mark the frequency boundaries where the spectra 
exceed10dB(redhorizontaldashedline);inthiscase,theseare[0.97,15.0]HzforNSKIand[0.52,25]Hzfor 
SLK. (c) Spectral ratios (SR) between two stations, shown for an earthquake (solid) and for pre-earthquake 
noise (dashed). The vertical red dashed lines denote two intervals (0.1-0.5 Hz and 0.5-4.0 Hz) over which 
median measurements of the SR are made; the measurements are listed in the middle row of the title. The 
frequency intervals for the SR measurements may be reduced according to the SNR levels at the target sta- 
tion (blue) and the reference station(green). The SR measurements are denoted by horizontal red segments 
(solid and dashed) and are bounded by the vertical dashed red lines.
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Figure 3.13: Spectral ratios (SR) between station NSKI (basin depth 7.0 km) and non-basin reference station 
SLK for a subset of 32/34 earthquakes sorted by increasing magnitude. The solid-line SR spectrum is for 
the earthquake; the dashed-line SR spectrum is for pre-earthquake noise. See Figure 3.12c for details.
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Figure 3.14: Summary of spectral ratio results for 45 seismic stations in the Cook Inlet region. (a) Spectral 
ratios for vertical component, 0.1-0.5 Hz. Each data point and error bar is derived from spectral ratios at 
one station for up to 34 earthquakes (see Table B.2); an example for one station is shown in Figure 3.13. The 
points are colored to highlight the influence of different distances from stations to events (see Results). See 
Figure B.10 for results for the radial and transverse components. (b) Same as (a)but for the high-frequency 
bandpass (0.5-4.0 Hz). (c) Comparison between vertical-component seismic power from earthquakes and 
from noise, calculated for the vertical component for 0.1-0.5 Hz. The noise values, on the x-axis, are from 
Figure 3.4b. The earthquake spectral ratios, on the y-axis, are from (a) (d) Same as (c) but for the high- 
frequency bandpass (0.5-4.0 Hz). The noise and earthquake data are in general agreement for 0.1-0.5 Hz 
but not for 0.5-4.0 Hz.
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Chapter 4

Seismic response of Nenana sedimentary basin, central Alaska1

1To be published as: Smith, K., C. Tape, and V. Tsai (2020), Seismic response of Nenana sedimentary basin, central 
Alaska, Bull. Seismol. Soc. Am. (in prep.)

4.1 Abstract

Nenana basin in central Alaska is a long (90 km), narrow (12 km), deep (7 km) sedimentary basin 

aligned with an active fault zone producing Mw ≥ 6 earthquakes. From 2015-2019, 16 broadband 

seismic stations were deployed in the region as part of the FLATS (Fault Locations and Alaska 

Tectonics from Seismicity) project. These stations recorded a wide range of earthquakes, includ

ing Mw 3-4 directly below the basin, as well as several regional earthquakes Mw > 6. These 43 

local and regional earthquakes, in addition to 5 teleseismic events and also continuously recorded 

ambient noise, provide a data set which we use to quantify the response of Nenana basin to the 

seismic wavefield. We calculate spectral ratios between each station and a bedrock reference sta

tion (XV.F8KN) for 48 earthquakes. We find amplification of 11-14 dB (amplification ratio 3.5

5.0) for low frequencies (0.1-0.5 Hz), and 8-15 dB (amplification ratio 2.5-5.6) for high frequencies 

(0.5-4.0 Hz) on the vertical component. At low frequencies, amplification ofthe earthquake wave

field agrees well with amplification of seismic noise, with both data sets exhibiting stronger ampli

fication on the horizontal components, in comparison with the vertical component. Furthermore, 

stations overlying the deeper part of the basin exhibit stronger amplification, while stations at the 

margin of the basin exhibit minimal amplification. At higher frequencies, amplification occurs at 

both deeper basin stations and also marginal basin stations. Our study establishes a catalog of 

diverse events for future theoretical and numerical studies that can use Nenana basin to better 

understand the complex influence of sedimentary basins on the seismic wavefield. At a regional 

scale, we hope to better understand the expected ground motion of a Mw 7 scenario earthquake 

on the Minto Flats fault zone beneath the basin.

4.2 Introduction

Nenana basin is a major sedimentary basin in central Alaska and associated with an active fault 

zone producing Mw ≥ 6 earthquakes (Figure 4.1). Prior to 2014, no seismic station had been in

stalled in Nenana basin. In August 2014 the first of 13 broadband seismic stations was installed 
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in the Minto Flats region as part of an experiment entitled Fault Locations and Alaska Tectonics 

from Seismicity (FLATS) (Figure 4.1).

This study builds upon two recent publications. In Smith & Tape (2019a) we documented the 

influences of environment (wind, river) and structure (basin or not) on ambient seismic noise in 

the Minto Flats region of central Alaska. Here, following the approach of Smith & Tape (2019b), 

we examine basin amplification due to local, regional, and teleseismic earthquakes. The combined 

data set of earthquake recordings and ambient noise allows us to characterize the influence of 

Nenana basin on the seismic wavefield across a wide range of frequencies.

Our main objective is to use a set of high-quality stations installed in a large sedimentary 

basin to better understand the complex influence of basins on the seismic wavefield. Examples of 

data-based studies of specific basins include Pratt et al. (2003), Bindi et al. (2009), and Yoshimoto 

& Takemura (2014). These studies provide measurements and catalogs of earthquakes for testing 

theoretical and numerical models for basin effects (Bard et al., 1988; Sάnchez-Sesma & Luzón, 1995; 

Day et al., 2008; Cruz-Atienza et al., 2016; Bowden & Tsai, 2017; Tsaiet al., 2017; Wirth et al., 2019). 

Asecondobjective is to better understand events within the tectonically active setting of the Minto 

Flats, a region that has produced exotic events, such as very-low-frequency earthquakes and also 

earthquakes preceded by a nucleation signal (Tape et al., 2018). Our final motivation is to better 

understand how local larger earthquakes, such as Mw 6-7, might be influenced by the structure of 

Nenana basin. Data from smaller, local earthquakes can help establish the basin response, while 

future numerical studies can extrapolate the observations to larger earthquakes, similar to efforts 

in southern California (Olsen et al., 2006; Graves et al., 2011). With the FLATS deployment of 13 

stations from 2015-2019, we quantify the amplification in Nenana basin from 48 earthquakes and 

from ambient noise.

4.3 Minto Flats Fault Zone and Nenana Basin

Several sub-parallel, northeast-striking seismic zones are visible in the greater Fairbanks area of 

central Alaska. These have been categorized into three seismic zones (Biswas & Tytgat, 1988; 

Page et al., 1995): from east to west, these are the Salcha seismic zone (Biswas & Tytgat, 1988), 

the Fairbanks seismic zone (Gedney et al., 1980), and the Minto Flats seismic zone (Gedney et al., 

1972; Pulpan, 1986). The largest known earthquakes on these faults occurred on 1937-07-22 Ms7.3 
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(Abe & Noguchi, 1983), 1967-06-21 Mw 5.9 (Page et al., 1991), and 1995-10-06 Mw 6.0 (Dziewonski 

et al., 1981; Ekstrom et al., 2012). Another notable earthquake that strongly shook the Minto Flats 

region occurred to the south on 1947-10-16 Ms 7.2 (Abe & Noguchi, 1983). Analyzing earthquake 

focal mechanisms, including for the 1995 earthquake and its aftershocks, Ratchkovski & Hansen 

(2002) characterized the Minto Flats seismic zone as left-lateral strike slip faulting, consistent with 

the tectonic model proposed by Page et al. (1995).

Within the Fairbanks and Minto Flats seismic zones, Page et al. (1995) noted that “activity 

is not confined to a single linear feature; thus, it intimates the possible presence of overlapping 

parallel faults, splays, and cross faults” (p. 631). Tape et al. (2013) examined log-scaled seismicity 

rates and digitized two seismic lineaments within the Minto Flats seismic zone (Figure 4.1). Tape 

et al. (2015) examined the highest-quality, largest-magnitude earthquakes in the fault zone and 

found an overall consistent pattern of strike-slip faulting, suggestive of left-lateral faulting on the 

northeast-striking faults. Although there is seismic evidence for two primary faults in the fault 

zone, there is no geological expression of the faults at the surface (Koehler et al., 2015).

A geophysical map of the variations in gravity in central Alaska reveals a conspicuous low 

anomaly northwest of the town of Nenana (Barnes, 1961; Saltus et al., 2008). This gravity-low 

coincides with Minto Flats, where the Tanana River flows from Nenana to Manley Hot Springs 

and eventually into the Yukon River. Two-dimensional active-source seismic data revealed the 

basin, and the map of Ehm (1983) included detailed depth contours up to 6 km for the basin 

(labeled “Middle Tanana basin”). Kirschner (1988) labeled the basin as Nenana and reported: 

“Gravity data, outcrop data, and the data from one exploratory test well are interpreted to indicate 

1 to 3 km of less dense, nonmarine, coal-bearing Cenozoic fill in northwestern part of basin.” 

In the 2000s Doyon Limited began a large-scale geophysical exploration effort of Nenana basin, 

including airborne magnetic and gravity surveys, 3D active source data, and four exploratory 

wells (2009 Nunivak #1, 2013 Nunivak #2, 2016 Toghotthele #1, 2018 Toghotthele #2). Van Kooten 

et al. (2012) documented the subsurface geometry and structure of Nenana basin derived from 

some of these data. Tape et al. (2015) identified the basin's relationship with respect to the two 

northeast-trending seismic lineaments that comprise the Minto Flats fault zone. They invoked a 

transtensional setting to account for the active faulting and basin development over the past few 
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million years. Dixit et al. (2017) provided a tectonic reconstruction of the basin, including its origin 

as a graben system in the Late Paleocene.

Basement surface maps of Nenana basin exhibit significant variations, especially for the deep

est parts of the basin, for which only gravity data (combined with measured rock and sediment 

densities) have been used. The basement map of Doyon Limited (2012), used in Van Kooten et al. 

(2012) and Tape etal. (2015), has a maximal depth of 8.2 km. The map ofDixit (2017) has a maximal 

depth of 6.6 km, and the map by PRA (2017), used here and shown in Figure 4.1, has a maximal 

depth of 6.7 km. Based on these maps, we characterize Nenana basin as having approximate di

mensions of 90 km long, 12 km wide, and 7 km deep. The Minto Flats fault zone, as defined by 

the two main seismic lineaments, is 180 km long, including a 67 km overlapping section with a 

separation of 10 km (Figure 4.2b) (Tape et al., 2015).

4.4 Methods

4.4.1 Station Selection

Our analysis ofNenanabasin focuses onthe same 16 stations inSmith &Tape (2019a), including 13 

stations from the FLATS deployment and three additional bedrock stations (AK.NEA2, TA.I23K, 

AK.MLY) (Figure 4.1, Table C.1). Two FLATS stations (F3TN and FPAP) were installed in Septem

ber 2014, while the remaining stations were installed in September 2015. All FLATS stations were 

removed in September 2019. For some of the analyses of high-frequency noise, we excluded sta

tions FPAP and FAPT—both of which are near the town of Nenana—because we assume these 

stations are influenced by cultural noise (e.g., Smith & Tape, 2019a, Figure 3).

For some analyses, we use the sedimentary thickness—or basin depth—beneath each sta

tion. We use these depths to categorize the 13 stations into 2 non-basin stations (FTGH, F8KN), 4 

marginal basins (FPAP, FAPT, F6TP, F7TV) and 7 basin stations (F1TN, F2TN, F3TN, F4TN, F5TN, 

FNN1, FNN2). We assign basin depths of 1 km to the four marginal basin stations that are outside 

the coverage of PRA (2017).
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4.4.2 Earthquake Selection

Events for analysis were selected from the Alaska Earthquake Center (AEC) catalog. The date 

range for event selection was 2015-09-01 to 2019-10-01, spanning the deployment of all 13 FLATS 

stations. Our goal was to obtain a set of events having maximal signal-to-noise levels across the 

widest range of frequencies. We also wanted a set of events spanning the widest range of az

imuthal incidence and vertical incidence. To achieve these objectives, we focus on three subsets of 

events.

The first subset includes all 11 Ml ≥ 3.0 earthquakes within the Minto Flats fault zone (see 

W-E-N-S regions in Tape et al. (2015), Fig. 4b). The largest events in this subset were 2019-04-11 

Mw 4.15, directly beneath Nenana basin, and 2016-12-08 Mw 4.35 and 2016-11-06 Mw 4.00, which 

were south of Nenana basin, near the town of Anderson.

The second subset includes local and regional Alaska earthquakes, which we select by follow

ing a reproducible, ad hoc procedure. Centered at station F3TN, we draw four small circles with 

arc-distance radii of 30, 120, 500, and 1200 km. We partition each annulus into 12 azimuthal sec

tions of 30o each. This gives 48 regions, each of which is divided into two subvolumes at a depth 

boundary of 30 km. By only selecting the largest events from each of the 96 subvolumes, we ob

tain a reasonable number of distinct events. For each subvolume with ∆ < 30 km, we keep the 

largest 2 events with Ml ≥ 3.0. For ∆ = 30-120 km, we keep the largest 2 events with Ml ≥ 3.5. For 

∆ = 120-500 km, we keep the largest 3 events with Ml ≥ 4.5. For ∆ = 500-1200 km, we keep the 

largest 2 events with Ml ≥ 6.0. This procedure starts with 5144 events Ml ≥ 3.0 within 1200 km of 

F3TN and finishes with 39 events.

The third subset includes all four Mw ≥ 8 earthquakes in the GCMT catalog (Dziewonski et al., 

1981; Ekstrom et al., 2012) from our time window, in addition to the 2017-09-03 North Korea nu

clear explosion (Wang et al., 2018), which generated unusual (relative to earthquakes) body waves 

and was well-recorded in Alaska. We also note that for one event (2015-09-16), our study region of 

Nenana basin is in the shadow zone for the P wave, meaning that the arriving P wave is diffracted 

along the core-mantle-boundary, which decreases its amplitude.

The three subsets of events are then merged to obtain the final set of 48 events. (Some events 

are common to subsets 1 and 2.) For convenience we classify these events as local (∆ < 120 km), 
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regional (∆ =120-1200 km), and teleseismic (∆ >1200 km). These events are listed in order of lo

cal (L), regional (R), and teleseismic (T) in Table 4.1, and ordered by increasing magnitude within 

each group. The events are plotted in Figure 4.2, and comparisons among depth, magnitude, and 

distance-to-basin are shown in Figure C.3. Incident angles, tabulated in Table 4.1, were calculated 

for station F3TN using tau-p (Crotwell et al., 1999) with the 1D model used by AEC for locat

ing earthquake (tactmod) (Beaudoin et al., 1992; Ratchkovski & Hansen, 2002). (The 1D model 

is merged with the global model AK135f for depths 210 km and below.) A low incident angle 

indicates a ray path arriving from directly below the station.

4.4.3 Earthquake Source Mechanisms

The declustering selection of Alaska earthquakes depends on the depths and magnitudes of the 

initial set of events. The source parameters (origin time, hypocenter, Ml) were obtained from the 

AEC catalog. We revised the depths and magnitudes in Table 4.1 based on our own moment tensor 

inversions for Ml < 6 events and based on the GCMT catalog for Ml ≥ 6 events. (If we performed 

the declustering with our revised magnitudes and depths, we might end up with a different set of 

events.) The resulting list of magnitudes is therefore Mw, not Ml.

Seismic moment tensors provide the radiation pattern of seismic waves. These source mech

anisms could be valuable when determining the amplification of seismic waves for two stations 

having different azimuths (or distances) from an earthquake. For all earthquakes Ml < 6 we es

timate double couple moment tensors by fitting waveforms for body waves and surface waves 

(Zhu & Helmberger, 1996; Silwal & Tape, 2016). We perform a grid search over the full range 

of orientations (strike, dip, rake) and use a magnitude increment of 0.05 and a depth increment 

of 1 km. Full details, including waveform fits, are provided in Smith (2020a). In general, the 

station coverage is exceptional, owing to the EarthScope Transportable Array (2014-present) for 

regional events and the FLATS stations for local events. The depth estimates from moment tensor 

estimation are in agreement with AEC catalog estimates derived from P and S arrival times. For 

earthquakes Ml ≥ 6 we rely on the source parameters estimated in the GCMT catalog: centroid 

time, hypocenter, deviatoric moment tensor.
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4.4.4 Earthquake Spectral Ratios

Earthquake spectra are calculated as in Smith & Tape (2019b), but here we also apply a distance 

correction. Amplitudes of surface waves decrease as they spread out over the Earth's surface. 

The geometrical spreading correction for surface waves can be expressed as Ki- = √sin ∆i/√sin ∆0, 

where ∆ is the epicentral distance in radians, and the subscripts are for the target station (i) and 

the reference station (0). If station i is farther from an earthquake than a reference station, then 

the amplitude at i needs to be increased Ki > 1 to account for the decreased amplitude between 

∆0 and ∆i. For each pair of target and reference station, we calculate Ki and multiply the target 

seismogram by this value.

For local and regional events, the spectra are calculated from time windows that extend from 

200 s before the origin time to 300 s and 800 s after, respectively. The pre-event noise time windows 

have the same duration and finish at 200 s before origin time.

Anexample spectral ratio is shown in Figure 4.3for station F3TN relative to F8KNfor aMw3.70 

earthquake recorded on the vertical component. For each station pair, two measurements are at

tempted within two bandpasses (0.1-0.5 Hz and 0.5-4.0 Hz). These bandpasses will be shortened 

if there is insufficient signal for the target or reference station; in Figure 4.3 the low-frequency in

terval is shortened to 0.27-0.50 Hz due to insufficient low-frequency signals. In this example, the 

amplification values of 13.4 dB and 16.2 dB correspond to amplification ratios of 4.7 and 6.5.

Examples of teleseismic body waves are shown in Figure 4.4. The P wave trains—a collection 

of P waves arriving from a finite-duration source—are filtered 0.1-0.5 Hz (a) and 0.5-4.0 Hz (b) 

and last > 200 s due to a combination of the Mw 8.0 source duration and scattering near the sta

tion. The P wave trains are much larger at basin station F3TN than at marginal station F7TV and 

bedrock station F8KN. As shown in Figures C.5 and C.6, this pattern is revealed for the P and S 

wave trains on vertical and transverse components.

For each earthquake, the time window for the P and S waves are based on the predicted arrival 

times calculated for a 1D Earth model (Crotwell et al., 1999; Montagner & Kennett, 1996). For 

teleseismic P waves, the time window used for calculating the spectra starts 150 s before the P 

wave arrival time and ends 100 s before the S arrival time. The S wave time window starts from 

100 s before the S arrival time and has a duration of 300 s. The noise spectra use time windows 
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that end at 150 s before the P wave arrival time and have the same duration as the signal time 

windows.

4.4.5 Earthquake Metrics

We follow the procedures in Smith & Tape (2019b) to calculate the correlation coefficients between 

seismogram-derived metrics and basin depth for 43 local and regional earthquakes. The proce

dure involves filtering each seismogram over a set of 28 different bandpass filters, with limits 

defined from the following set of frequencies: 0.10, 0.17, 0.29, 0.49, 0.82, 1.39, 2.36, 4.00. Then for 

each set of filtered seismograms, some are excluded based on signal-to-noise criteria. A geometri

cal spreading correction is then applied to the remaining non-basin seismograms. Five metrics are 

calculated from each distance-corrected seismogram: duration (dur), radiated energy (ER), peak 

ground displacement (PGD), peak ground velocity (PGV), and peak ground acceleration (PGA).

The duration of time used to calculate each seismogram metric depends on the event distance. 

In both local and regional cases, the noise is calculated using 150 s before the origin time. For local 

events, the signal is calculated from 150 s before the origin time to 300 s after the origin time; for 

regional events, 800 s after the origin time is used. For teleseismic events the noise is calculated 

using 150 s before the P arrival time. The P extends to 50 s before the S arrival. The S wave extends 

extends from 50 s before the S arrival and has a duration of 200 s.

As discussed previously, we obtain basin depths from PRA (2017). There are considerable 

uncertainties in the estimates of basin depths, especially considering that the deepest parts of the 

basin appear to be constrained by gravity data, not active-source seismic data. When calculating a 

correlation coefficient between basin depth and a seismogram metric, it is important to recognize 

that the basin depths have uncertainties.

4.4.6 Ambient Noise

We previously discovered that wind-free hourly periods during winter provided the best times for 

characterizing the effects of Nenana basin Smith & Tape (2019a). Here we use the same ambient 

noise spectra to quantify basin amplification levels for two frequency intervals: 0.1-0.5 Hz and 
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0.5-4 Hz, which allows for direct comparison with the results obtained for Cook Inlet basin (Smith 

& Tape, 2019b).

4.5 Results

Figure 4.5 summarizes all the spectral ratio measurements in our study. We examine 13 target 

stations on the y-axis and 6 reference stations on the x-axis. Each colored box is a median over all 

available spectral ratio measurements. For example the upper left box of the upper left subplot 

represents the median of F3TN/F8KN spectral ratios for 0.1-0.5 Hz, vertical component, for 43 

earthquakes. The value is 13.65 ± 2.35 dB and is tabulated in Table 4.2; this corresponds to an 

amplification factor of 4.81(Table 4.3).

The overall pattern in Figure 4.5 confirms our expectation that the seismic wavefield is am

plified at basin stations. The strongest amplification occurs at FNN1, FNN2, F1TN-F5MN (Fig

ure 4.2c). Weaker amplification occurs at marginalstations F6TP, FAPT, FPAP, and F7TV. No ampli

fication occurs at non-basin stations NEA2, FTGH, MLYand I23K. At low frequencies (0.1-0.5 Hz), 

amplification is stronger on the horizontal components than the vertical components.

Spectral ratios for higher frequencies (0.5-4.0 Hz) differ significantly from those at low fre

quencies (Figure 4.5). Three stations with the strongest vertical LF amplification (F3TN, F4TN, 

F5MN) also have strong HF amplification. Marginal stations F6TP and F7TV both have moder

ate LF and HF amplification. Other stations have relative differences (FNN2, F2TN, F1TN, FAPT, 

FPAP). Figure 4.6 highlights some of these differences for two stations, FNN1 and FNN2, sepa

rated by 10.93 km (Figure 4.2c). The results for the two earthquakes are consistent with the results 

for all earthquakes, which show that FNN1 and FNN2 have similar LF amplification (12.70 dB,

15.10 dB: Table 4.2) but different HF amplification (16.20 dB, 5.80 dB: Table 4.2). We attribute 

these differences to the two stations seeing different excitation of the basin; substantial modeling 

is needed to understand the observations.

Figure 4.7 displays spectral ratios for P and S waves from a Mw 8.0 teleseismic earthquake. 

Seismograms displayedin Figure C.5 andFigure C.6 show clear amplification ofthe bodywaves at 

basin stationF3TNrelative to marginal station F7TV and bedrock station F8KN. The spectral ratios 

have characteristics exhibited by other teleseismic earthquakes. We generalize these as follows:
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1. The elevated spectral ratios at higher frequencies (≥ 4 Hz) arise because at these large dis

tances the high frequencies have been attenuated. The elevated ratios indicate that the noise 

at the basin station (F3TN) and marginal basin station (F7TV) are both greater than the noise 

at the reference bedrock station.

2. At basin stations, P and S waves are amplified on the vertical, radial, and transverse compo

nents. Amplification is larger at F3TN than at F7TV for P and S on all three components.

3. P and S amplification is larger on horizontal components for high frequencies (0.5-4.0 Hz).

4. At F3TN, amplification ofP extends down to 0.1 Hz on the horizontal component, yet down 

to 0.2 Hz on the vertical component.

A complete analysis of ground motion metrics is presented in Smith (2020b). Similar to the 

study of Smith & Tape (2019b), we find good correlations between basin depth and radiated seis

mic energy (ER), especially on the vertical component. In Figure C.19 we present matrix plots for 

all 43 local and regional earthquakes. The predominance of red indicates that for most events and 

for many different bandpasses between 0.1-4 Hz, the correlation coefficient between basin depth 

and ER exceeds 0.8. Figure C.20 shows the scatterplot data corresponding with the bandpass the 

produces the highest CC in the corresponding matrix plot in Figure C.19.

Our results from ambient noise, after Smith & Tape (2019a), are displayed in Figure 4.8. Here 

we quantify the noise amplification in two frequency bands, as shown in Figures C.21-C.22 and 

displayed as a function of basin depth in Figure 4.9.

4.6 Discussion

4.6.1 Comparison between Cook Inlet and Nenana Basins

Cook Inlet basin and Nenana basin are very different, in terms of size, shape, sedimentary strata, 

and creation. Nevertheless, both basins have a similar response to incoming seismic waves from 

earthquakes. For Nenana basin, the summary plots in Figure 4.10can be compared with Figure 14 

of Smith & Tape (2019b). At low frequencies (0.1-0.5 Hz), marginal basin stations appear similar 

to non-basin stations, and basin amplification on the vertical component is larger in Nenana (11- 
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14 dB; 3.5-5.0) than in Cook Inlet (6-14 dB; 2.0-5.0). At high frequencies (0.5-4 Hz), amplification 

is similar to low frequencies, though there is more variance in the measurements.

Amplification of the ambient noise wavefield is also similar at both basins, as shown in Fig

ures 4.9 and 4.10 for Nenana basin and Figures 5 and 14 of Smith & Tape (2019b) for Cook Inlet 

basin. Scatterplots between earthquake amplification versus noise amplification (e.g., Figure 4.10) 

show a linear trend, with a one-to-one slope for low frequencies and a skewed line for high fre

quencies, due to noise amplification values exceeding earthquake amplification values.

Our measurements for both basins show that the high-frequency (0.5-4 Hz) ambient noise seis

mic wavefield exhibits higher amplitudes inside the basin than outside the basin. One possible 

explanation is that there could be a persistent, unknown source of high-frequency noise within 

the basins. While it is tempting to invoke oceanographic effects for Cook Inlet (e.g., strong tidal 

currents), such an explanation would not be valid for Nenana basin, far from the ocean. (Recall 

that the noise calculations are during zero-wind winter conditions, to minimize the influence of 

wind, river and anthroprogenic sources.) A second possible explanation is that the high-frequency 

ambient noise wavefield is sampling a different part of the Earth than the earthquake wavefield. A 

third possible explanation is that the basin response could be nonlinear with respect to the ampli

tude of the incoming waves. The observations would suggest that higher-amplitude earthquake 

waves are amplified less than lower amplitude seismic noise.

To understand these possibilities, we need to better understand ground motion in basins, 

both from the earthquake wavefield and from ambient noise. A frequency-dependent polariza

tion analysis and frequency-wavenumber analysis could provide insights into the types of waves 

manifest within the complex seismograms. Earthquake simulations with realistic sources, basin 

geometries, and seismic velocity models would likely provide key results.

4.6.2 Consideration of Source Mechanism and Attenuation

A relative amplitude measurement between two stations is usedto represent structural differences 

at one station relative to the other station. We apply a distance correction in order to account for 

the fact that the distance from our target station differs from the distance to our reference station. 

(In choosing an exponent for the distance correction, we assume that the wavefield is dominantly 
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comprised of surface waves.) Two other corrections, which we did not apply, should be consid

ered. The first is a correction for attenuation, since high-frequency waves will attenuate more 

rapidly (i.e., over shorter paths) than low-frequency waves. The second is a correction for source 

mechanism. We have taken an important step toward this option by estimating high-quality mo

ment tensors and depthsfor 34 earthquakes, providing asetof48 events with waveform-estimated 

moment tensors. With these moment tensors, one could calculate synthetic seismograms as a func

tion of frequency, and this would provide an amplitude estimate for each station. By generating 

synthetic seismograms, the influence of both attenuation and source mechanisms could be ad

dressed.

Many of our sources are shallow (< 40 km) which indicates larger amplitudes at higher fre

quencies (0.04-0.06 Hz). However, a few of our events are deeper which means they will have 

greater influence at lower frequencies (0.01-0.04 Hz) (Rosler & van der Lee, 2020). At higher fre- 

qencies (>1 Hz), one of the challenges is discerning the radiation pattern which is complicated by 

the rupture process (Graves & Pitarka, 2016). The radiation pattern at high frequencies is compli

cated by heterogenous velocity models, burial depth, and hypocentral distance and can become 

indistinguishable (Takemura et al., 2009).

4.6.3 Apparent Amplification

Reducing the velocity of a shallow slow layer will result in a higher-amplitude surface wave (e.g., 

Tsai & Atiganyanun, 2014). Strong velocity contrasts, such as those that define a basin boundary 

(laterally and at depth), can trap the seismic waves, resulting extended shaking and enhanced am

plitudes. These are the effects we are hoping to quantify by making spectral ratio measurements 

between in-basin and out-of-basin stations.

We acknowledge other factors that could result in apparent amplification. Consider a vertically 

incident P wave at the base of the crust. Under the target station, assuming a layered Earth model, 

the P wave is isolated to the vertical component. Under a basin station, the deep sedimentary basin 

could affect the true incident angle, such that the wavefield appears on the horizontal components. 

This would be measured as amplification, even though it is an effect of 3D structure and the P 

amplitude could possiblybe the same in bothcases. A second scenario is that basin includes small
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scale stochastic heterogeneity, so although the P wave could be vertically incident, it is strongly 

scattered and is recorded on horizontal components.

4.7 Summary points

1. A five-year deployment of stations in Nenana basin allows us to document the amplification 

of seismic waves from earthquakes and from ambient noise. We establish a catalog of 48 

events: 22 local, 21 regional, and 5 teleseismic.

2. Spectral ratios (Table 4.2 and Figure 4.5) reveal a striking pattern of basin amplification for 

a diverse set of 43 earthquakes. Amplification for 0.1-0.5 Hz is strongest on the horizontal 

components, with values of 18-20 dB, corresponding to amplification factors of8-10 at basin 

stations, relative to a bedrock station outside the basin.

3. Spectral ratios at higher frequencies (0.5-4 Hz) reveal amplification at basin stations of 5

18 dB (1.8-7.9). Marginal basin stations (F7TV, FPAP, FAPT) have enhanced amplification at 

higher frequencies relative to lower frequencies (Figure 4.5). We hypothesize that shallower 

intra-basin structures and the basin edge geometry are more influential at higher frequen

cies.

4. Ambient noise provides similar basin amplification results to earthquakes data for the low- 

frequency range (0.1-0.5 Hz) (Figure 4.10c). It is likely that the ambient noise wavefield is 

comparable to the earthquake wavefield at these frequencies, with both being dominated by 

surface waves.

At high frequencies (0.5-4 Hz), the apparent amplification of seismic waves by basins is 

stronger for ambient noise than for earthquake waves (Figure 4.10d).

5. Teleseismic P and S waves from Mw ≥ 8 earthquakes exhibit comparable basin amplification 

to waves from local and regional earthquakes.

It is widely known that sedimentary basins amplify and prolong earthquake ground motion, yet 

most major sedimentary basins lack a physical model (such as a complex 3D velocity model) to 

explain a wide range of recorded earthquakes. In this study we quantify basin amplification by 
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examining continuous ambient noise and 48 earthquakes over a four-year period. The observa

tions provide constraints for future 3D seismic wavefield simulations that include Nenana basin. 

The frequency range of 0.1-4 Hz is computationally formidable yet feasible at simulation domains 

of a few hundred kilometers. Accurate modeling of the seismic wavefield in sedimentary basins 

is a societally relevant scientific challenge. Our data set of stations and events establishes an op

portunity to improve our understanding of seismic wave propagation in sedimentary basins.
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4.8 Tables

Table 4.1: Source metrics for 48 earthquakes grouped as local, regional, and teleseismic. Within each group 
they are ordered by origin time. Magnitude and depths are from MT catalog when available. Earthquakes 
are sorted by origin time with teleseismic events listed at the end. Local is for events <120 km and regional 
is for events <1200 km.

index origin time longitude latitude magnitude depth 
(km)

distance to 
basin (km)

type P incident 
angle (°)

1 2017-05-27 16:33:05.640 -149.2261 64.6896 3.20 17 10 L 26
2 2018-08-25 18:15:51.481 -149.2033 64.6164 3.20 17 17 L 40
3 2017-06-28 12:58:51.897 -148.9082 64.7566 3.30 19 11 L 29
4 2019-06-24 09:04:23.195 -149.8657 64.2797 3.35 19 65 L 58
5 2015-10-31 02:56:35.572 -149.6969 64.4285 3.40 25 46 L 49
6 2017-11-08 06:49:11.318 -148.6552 64.8620 3.55 16 25 L 48
7 2019-01-17 12:13:55.493 -149.0340 64.2410 3.55 17 59 L 57
8 2019-03-09 23:39:58.332 -147.7368 64.5498 3.60 26 71 L 49
9 2018-09-16 19:11:54.565 -151.3493 65.1562 3.70 12 112 L 43

10 2016-01-14 19:04:10.727 -149.2479 64.6827 3.70 17 11 L 29
11 2019-09-25 13:45:13.442 -149.2576 63.7657 3.85 16 112 L 60
12 2017-12-30 11:43:16.278 -149.0240 63.8011 3.90 6 108 L 60
13 2018-11-13 15:26:41.907 -150.9466 64.7938 3.95 16 85 L 59
14 2017-06-13 07:39:36.181 -148.2574 63.8685 3.95 106 109 L 31
15 2018-10-03 03:29:37.544 -148.9191 64.8979 4.00 19 18 L 39
16 2016-11-06 09:29:10.579 -150.0626 64.1639 4.00 21 81 L 49
17 2016-05-18 03:25:48.320 -151.0651 65.2466 4.10 12 104 L 60
18 2018-01-19 23:55:05.310 -148.9897 63.9765 4.15 137 89 L 23
19 2019-04-11 10:42:45.609 -149.1761 64.7370 4.15 17 4 L 12
20 2016-07-11 20:05:57.702 -149.2282 63.8056 4.20 120 107 L 27
21 2018-08-28 15:18:43.464 -150.5718 65.1780 4.30 16 81 L 59
22 2016-12-08 10:18:13.868 -150.0376 64.1937 4.35 21 77 L 49
23 2015-12-02 10:05:25.798 -147.2622 61.6966 3.75 39 355 R 43
24 2019-09-06 23:32:28.461 -152.3552 64.6032 4.25 8 154 R 43
25 2016-05-21 11:34:09.789 -152.4627 62.3598 4.50 135 314 R 37
26 2016-01-18 04:05:56.098 -150.6400 62.1032 4.55 18 306 R 43
27 2017-04-29 11:15:48.898 -151.1656 63.1225 4.80 16 208 R 43
28 2018-10-14 23:53:14.769 -156.3956 67.7739 4.85 16 465 R 43
29 2019-03-26 21:27:18.519 -157.2445 66.2996 4.90 6 409 R 43
30 2018-10-27 16:57:28.350 -151.5744 65.2283 4.90 15 125 R 43
31 2019-01-13 16:45:55.437 -150.0647 61.2993 4.90 48 389 R 43
32 2019-03-06 21:33:13.991 -157.2186 66.3108 5.05 2 409 R 43
33 2017-11-27 22:18:30.467 -147.4303 60.5552 5.20 30 477 R 43
34 2017-02-13 07:17:12.642 -142.7477 62.5120 5.20 12 403 R 43
35 2016-05-15 05:51:00.219 -150.9465 63.0765 5.25 135 208 R 34
36 2018-08-12 21:15:00.999 -144.3388 69.5227 6.02 15 567 R 43
37 2017-05-01 12:31:53.025 -136.6772 59.8523 6.20 15 843 R 40
38 2016-04-02 05:50:00.932 -157.9322 57.0080 6.22 12 983 R 40
39 2017-05-01 14:18:14.672 -136.7105 59.7899 6.25 14 846 R 40
40 2018-08-12 14:58:53.503 -145.2910 69.5762 6.43 12 559 R 43
41 2018-11-30 17:29:29.330 -149.9552 61.3464 7.05 48 383 R 43
42 2016-01-24 10:30:29.557 -153.3392 59.6204 7.11 111 612 R 40
43 2018-01-23 09:31:40.994 -149.0431 55.7747 7.93 34 1000 R 40
44 2017-09-03 03:30:01.760 129.0297 41.3324 5.18 1 5560 T 22
45 2019-05-26 07:41:52.800 -75.3600 -5.2500 7.99 127 9780 T 13
46 2018-08-19 00:19:59.000 -177.8500 -17.8600 8.20 555 9510 T 14
47 2017-09-08 04:49:46.700 -94.6600 15.3800 8.23 45 6830 T 19
48 2015-09-16 22:55:22.900 -72.0900 -31.1300 8.27 17 12530 T 12
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Table 4.2: Summary of spectral ratios for 15 stations for 43 earthquakes. Spectral ratios are calculated for 
two frequency ranges: 0.1-0.5 Hz (lf) and 0.5-4.0 Hz (hf). SR values (dB) correspond to Figure C.18 with 
reference station F8KN. Converted amplitude factors are in Table 4.3.

station recorded
events

Zlf ± MAD Rlf ± MAD Tlf ± MAD Zhf ± MAD Rhf ± MAD Thf ± MAD

F3TN 40 13.65 ± 2.35 20.00 ± 1.85 19.30 ± 2.30 14.80 ± 1.45 18.10 ± 2.60 18.05 ± 1.80
F4TN 43 14.20 ± 2.00 20.40 ± 1.90 17.90 ± 2.20 13.10 ± 1.10 16.30 ± 2.10 16.10 ± 1.80
FNN2 41 12.10 ± 1.30 15.90 ± 1.70 15.10 ± 1.40 9.50 ± 1.45 6.55 ± 2.35 5.80 ± 1.80
F2TN 42 13.65 ± 2.00 15.50 ± 1.30 14.95 ± 2.25 10.50 ± 1.00 7.65 ± 2.85 7.10 ± 3.00
F5MN 43 14.40 ± 2.10 16.00 ± 1.40 14.90 ± 2.70 13.70 ± 1.50 14.10 ± 2.20 14.90 ± 2.60
F1TN 43 11.40 ± 1.90 15.30 ± 1.80 14.60 ± 2.05 8.90 ± 1.90 6.00 ± 2.70 5.20 ± 2.00
FNN1 41 11.00 ± 2.40 13.80 ± 1.80 12.70 ± 1.50 14.20 ± 1.50 16.60 ± 1.30 16.20 ± 2.00
F6TP 42 5.85 ± 2.60 12.50 ± 2.20 11.55 ± 2.15 9.15 ± 1.85 5.40 ± 1.40 5.60 ± 2.45
FAPT 43 0.50 ± 2.40 5.10 ± 2.70 5.40 ± 2.80 8.60 ± 2.10 13.50 ± 2.80 12.90 ± 1.80
FPAP 39 1.60 ± 1.80 4.30 ± 2.10 4.70 ± 2.30 11.00 ± 2.10 16.00 ± 2.10 14.40 ± 3.00
F7TV 43 0.50 ± 0.80 3.80 ± 1.40 3.20 ± 1.05 7.00 ± 1.20 10.40 ± 1.00 9.90 ± 1.70
I23K 43 1.30 ± 1.90 1.70 ± 1.80 1.90 ± 2.40 0.00 ± 1.50 0.70 ± 1.90 0.20 ± 2.00

NEA2 43 -1.20 ± 2.10 -0.00 ± 2.30 0.30 ± 2.00 -1.60 ± 1.80 -1.70 ± 2.60 -2.10 ± 2.50
FTGH 41 0.00 ± 1.60 -0.30 ± 2.10 0.10 ± 1.65 0.80 ± 1.90 -0.55 ± 1.95 -0.10 ± 1.60
MLY 31 0.00 ± 1.50 -1.00 ± 1.80 -0.30 ± 3.00 -2.90 ± 1.50 -3.50 ± 1.60 -3.90 ± 2.60

Table 4.3: Spectral ratios in Table 4.2, expressed in terms of amplification ratios. A conversion table is 
shown in Table B.1.

station recorded
events

Zlf Rlf Tlf Zhf Rhf Thf

F3TN 40 4.81 10.00 9.23 5.50 8.04 7.99
F4TN 43 5.13 10.47 7.85 4.52 6.53 6.38
FNN2 41 4.03 6.24 5.69 2.99 2.13 1.95
F2TN 42 4.81 5.96 5.59 3.35 2.41 2.26
F5MN 43 5.25 6.31 5.56 4.84 5.07 5.56
F1TN 43 3.72 5.82 5.37 2.79 2.00 1.82
FNN1 41 3.55 4.90 4.32 5.13 6.76 6.46
F6TP 42 1.96 4.22 3.78 2.87 1.86 1.91
FAPT 43 1.06 1.80 1.86 2.69 4.73 4.42
FPAP 39 1.20 1.64 1.72 3.55 6.31 5.25
F7TV 43 1.06 1.55 1.45 2.24 3.31 3.13
I23K 43 1.16 1.22 1.24 1.00 1.08 1.02

NEA2 43 0.87 1.00 1.04 0.83 0.82 0.79
FTGH 41 1.00 0.97 1.01 1.10 0.94 0.99
MLY 31 1.00 0.89 0.97 0.72 0.67 0.64
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Table 4.4: Summary of noise spectral ratios for 15 stations. Noise spectral ratios are calculated for two 
frequency ranges: 0.1-0.5Hz (lf) and 0.5-4.0Hz (hf). Noise SR values (dB) correspond to Figure 4.9 with 
reference station F8KN.

station Zlf ± MAD Hlf ± MAD Zhf ± MAD Hhf ± MAD Zlf Amp Hlf Amp Zhf Amp Hhf Amp
F3TN 12.8 ± 2.5 20.0 ± 0.4 21.1 ± 2.6 21.6 ± 1.2 4.4 10.0 16.4 15.5
F4TN 12.3 ± 3.9 20.1 ± 0.1 20.8 ± 3.8 20.8 ± 1.3 4.1 10.1 20.9 14.3
FNN2 12.6 ± 1.9 16.3 ± 0.5 8.3 ± 3.8 4.6 ± 6.9 4.3 6.5 4.6 6.9
F2TN 13.0 ± 2.0 15.9 ± 0.6 14.2 ± 1.3 10.0 ± 4.1 4.5 6.2 6.4 5.9
F5MN 12.2 ± 2.9 16.8 ± 0.8 17.1 ± 3.2 15.2 ± 1.0 4.1 6.9 11.2 7.2
F1TN 12.7 ± 0.9 15.0 ± 0.5 13.2 ± 1.5 10.4 ± 5.1 4.3 5.6 6.9 6.5
FNN1 9.9 ± 2.2 13.9 ± 0.2 17.8 ± 1.6 15.4 ± 0.6 3.1 5.0 9.3 7.0
F6TP 0.6 ± 1.5 12.2 ± 2.9 12.8 ± 1.4 6.7 ± 4.4 1.1 4.1 5.6 4.5
FAPT 0.3 ± 0.3 2.0 ± 1.0 30.6 ± 7.4 27.0 ± 1.5 1.0 1.3 80.4 26.9
FPAP 0.9 ± 0.1 3.2 ± 0.7 18.4 ± 10.9 22.8 ± 2.6 1.1 1.4 53.1 19.3
F7TV -0.1 ± 0.2 2.1 ± 0.6 14.5 ± 5.1 12.5 ± 3.1 1.0 1.3 10.0 7.7
I23K 0.3 ± 0.1 1.4 ± 0.1 0.7 ± 0.6 -0.1 ± 2.5 1.0 1.2 1.2 1.5

NEA2 0.2 ± 0.2 0.7 ± 0.2 1.0 ± 1.6 0.2 ± 0.7 1.0 1.1 1.8 1.3
FTGH 0.2 ± 0.2 -0.8 ± 0.1 0.6 ± 0.3 -0.3 ± 1.5 1.0 0.9 1.8 1.2
MLY -0.4 ± 0.1 -0.6 ± 0.6 -3.8 ± 2.2 -6.2 ± 3.8 1.0 0.9 1.0 1.1
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4.9 Figures

Figure 4.1: Setting for Nenana basin and Minto Flats fault zone (MFFZ), central Alaska. The color denotes 
the depth to the basement surface of Nenana basin PRA (2017). Triangles denote seismic stations, with 
magenta representing FLATS stations (2015-2019). Inset shows the study region as a small box west of 
Fairbanks (F) in central Alaska. The Pacific plate (PA) subducts beneath the North American plate (NA).
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Figure 4.2: Regional and local earthquakes analyzed in this study (Table 4.1). The 43 earthquakes are 
displayed at three different scales (a, b, c). Within each map, earthquakes are sized by magnitude and 
colored by depth.
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Figure 4.3: Example of amplification of seismic waves at basin station F3TNin comparison to bedrock sta
tion F8KN, for a Mw 3.70 earthquake on 2016-01-14 at a depth of 17 km and directly beneath the basin. 
The amplitude of the F8KN seismograms have been adjusted for geometrical spreading, such that the am
plitudes are those expected at the epicentral distance of F8KN. (a) Vertical-component acceleration seismo
grams filtered 0.3-4 Hz. (b)Spectralratio between F3TN and F8KN. The frequency range shown is between 
0.03 Hz and 25 Hz. Solid-line earthquake differential spectrum is calculated from 200 s before the earth
quake to 300 s following the origin time of the earthquake for target station F3TN and for reference station 
F8KN. Dashed-line noise differential spectrum is calculated from the 200 s prior to the origin time with the 
same duration. Here the amplification of the earthquake waves is 13.4 dB for 0.1-0.5Hz and 16.2 dB for 
0.5-4Hz; amplification of the pre-earthquake noise is 14.5 dB and 24.1 dB for the two frequency ranges. 
The vertical dashed lines mark the frequency boundaries where the each station's signal-to-noise spectrum 
exceeds 10dB;in this case, these are [0.273,25.000] Hz for F3TNand [0.286,25.000] Hz for F8KN.
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Figure 4.4: Example of amplification of P wave from a teleseismic earthquake (2019-05-26,Mw 7.99, depth 
127 km) recorded on the transverse component. See Figures C.5 and C.6 for P and S on vertical and trans
verse components. (a) Seismograms filtered 0.1-0.5 Hz at F8KN, F7TV, and F3TN. (b) Same as (a) but filtered 
0.5-4.0 Hz.

Figure 4.5: Median spectral ratios for each station for all 43 local and regional earthquakes. The calcula
tions are performed for the low-frequency band (0.1-0.5 Hz: top) and the high-frequency band (0.5-4 Hz: 
bottom) for the vertical (left), radial (center), and transverse (right) component seismograms. Five different 
reference stations are used for the spectral ratios: F8KN, NEA2, FTGH, I23K, and MLY . Stations are ordered 
from top to bottom in decreasing order of low-frequency amplification on the transverse component with 
respect to F8KN (left column of top right subplot).
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Figure 4.6: Spectral ratios for stations FNN1 and FNN2 for two earthquakes. The basin stations are sepa
rated by 11 km (Figure 4.1) and display significant differences for high-frequency (0.5-4.0 Hz) amplification. 
The solid spectrum is for the earthquake spectral ratios; the dashed spectrum is for the noise spectral ratios. 
The examples here are for the transverse component. (a) Earthquake 1: Event 20160118040556098 (2016
01-18, Mw4.55, depth 18 km), bandpass 0.1-0.5Hz. (b) Event 20160118040556098, bandpass 0.5-4.0Hz.
(c) Spectral ratio FNN1/F8KN. Amplification values are 16.5 dB (0.5-4.0Hz) and 15.4 dB (0.1-0.5Hz).
(d) Spectral ratio FNN2/F8KN. Amplification values are 8.0 dB (0.5-4.0 Hz) and 14.9 dB (0.1-0.5 Hz). (e)- 
(h) Same as (a)-(d) but for Earthquake 2: event 20170628125851897 (2017-06-28, Mw3.30, depth 19 km).
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Figure 4.7: Spectral ratios for a basin station (F3TN) and amarginal basin station (F7TV) for PandSwaves 
from a Ml 7.99 teleseismic earthquake (2019-05-26, depth 127 km). This figure is explained in the Results 
section. The horizontal red lines denote the amplification measurement (see Figure 4.3). See results for 
other teleseismic events in Figures C.13-C.17.
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Figure 4.8: Seismic noise spectra and their differences from a non-basin reference station (F8KN). 
(a) Horizontal-component annual ambient noise for 10 stations in the Minto Flats region; FAPT and FPAP 
are excluded due to their suspected influences from cultural noise. Red spectra are for 7 basin stations. Blue 
spectra are for 2 marginal basin stations that exhibit non-basin characteristics. The thick black line is the 
non-basin reference spectrum F8KN. The solid lines denote the frequency range of basin influence on seis
mic waves: 0.1-4 Hz (separated at 0.5 Hz). (b) Same as (a), but for the vertical component. (c) Spectra in (a), 
minus the non-basin reference spectrum in (a). (d) Spectra in (b), minus the non-basin reference spectrum 
in (b). 136



Figure 4.9: Seismic noise amplitudes compared with basin depth, shown for 15 stations in the Minto Flats 
region. Red circles, highlighted by the red shaded region, denote 7 basin stations. Blue circles (and stars), 
highlighted by the blue shaded region, denote 4 marginal basin stations. Green circles, highlighted by the 
green shaded region, are 4 non-basin stations. Figure C.22 shows the ambient noise spectra used to calculate 
the values displayed here. (a) Horizontal-component seismic noise amplitudes for the frequency range
0.1-0.5Hz.  Note the y-axis limits from [-5,25] dB. (b) Vertical component for 0.1-0.5Hz. (c) Horizontal 
component for 0.5-4 Hz. Note the y-axis limits from [-5,45] dB. (d) Vertical component for 0.5-4 Hz.
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Figure 4.10: Summaryofspectralratio results for12 seismic stations within ornearNenana basin. (a) Spec
tral ratios for vertical component, 0.1-0.5Hz. Each data point and error bar is derived from spectral ratios 
at one station for up to43earthquakes. See Figure C.18 for results for the radial and transverse components. 
(b) Same as (a) but for the high-frequency bandpass (0.5-4.0 Hz). (c) Amplification from earthquakes (y) 
versus amplification from ambient noise (x), calculated for the vertical component for 0.1-0.5 Hz. The noise 
values are from Figure 4.9; the earthquake values are from (a). (d) Same as (c) but for the high-frequency 
bandpass (0.5-4.0 Hz). Stations FPAP and FAPT are excluded from the line-fitting due to suspected influ
ence of cultural noise. The noise and earthquake data are in general agreement for 0.1-0.5 Hz but not for 
0.5-4 Hz.

138



4.10 References

Abe, K. & Noguchi, S., 1983. Revision of magnitudes of large shallow earthquakes, 1897-1912, 

Phys. Earth Planet. Inter., 33, 1-11.

Bard, P.-Y., Campillo, M., Chάvez-Garcia, F. J., & Sάnchez-Sesma, F., 1988. The Mexico earthquake of 

September 19, 1985—A theoretical investigation of large- and small-scale amplification effects in 

the Mexico City valley, Earthquake Spectra, 4(3), 609-633.

Barnes, D. F., 1961. Gravity low at Minto flats, in Short Papers in the Geologic and Hydrologic Sciences, 

Articles 293-435: Geological Survey Research 1961, pp. D254-D257, U.S. Geol. Survey, Washington, 

D.C., Professional Paper 424-D.

Beaudoin, B. C., Fuis, G. S., Mooney, W. D., Nokleberg, W. J., & Christensen, N. I., 1992. Thin, 

low-velocity crust beneath the southern Yukon-Tanana terrane, east central Alaska: Results from 

Trans-Alaska Crustal Transect refraction/wide-angle reflection data, J. Geophys. Res., 97(B2), 

1921-1942.

Bindi, D., Parolai, S., Cara, D., Di Giulio, G., Ferretti, G., Luzi, L., Monachesi, G., Pacor, F., & 

Rovelli, A., 2009. Site amplifications observed in the Gubbio basin, central Italy: Hints for lateral 

propagation effects, Bull. Seismol. Soc. Am., 99(2A), 741-760, doi: 10.1785/0120080238.

Biswas, N. N. & Tytgat, G., 1988. Intraplate seismicity in Alaska, Seismol. Res. Lett., 59(4), 227-233.

Bowden, D. C. & Tsai, V. C., 2017. Earthquake ground motion amplification for surface waves, 

Geophys. Res. Lett., 44, 121-127, doi: 10.1002/2016GL071885.

Crotwell, H. P., Owens, T. J., & Ritsema, J., 1999. The TauP Toolkit: Flexible Seismic travel-time and 

ray-path utilities, Seismol. Res. Lett., 70(2), 154-160.

Cruz-Atienza, V. M., Tago, J., Sanabria-Gómez, J. D., Chaljub, E., Etienna, V., Virieux, J., & Quintanar, 

L., 2016. Long duration ofground motion in the paradigmatic Valley ofMexico, Sci. Rep., 6, 38807, 

doi: 10.1038/srep38807.

139



Day, S. M., Graves, R., Bielak, J., Dreger, D., Larsen, S., Olsen, K. B., Pitarka, A., & Ramirez-Guzman, 

L., 2008. Model for basin effects on long-period response spectra in southern California, Earth

quake Spectra, 24(1), 257-277.

Dixit, N., Hanks, C., Rizzo, A., McCarthy, P., & Coakley, B., 2017. Cenozoic tectonic and thermal 

history of the Nenana basin, central interior Alaska: new constraints from seismic reflection 

data, fracture history, and apatite fission-track analyses, Can. J. Earth Sci., 54, 766-784, doi: 

10.1139/cjes-2016-0197.

Dixit, N. C., 2017. Tectono-thermal history modeling and reservoir simulation stud of the Nenana basin, 

central Alaska: Implications for regional tectonics and geologic carbon sequestration, Ph.D. thesis, 

University of Alaska Fairbanks, Fairbanks, Alaska, USA.

Doyon Limited, 2012. Nenana Basin Depth Map, Available as an interactive website at 

http://doyonoil.com/HiResImage/NenDepthMap-ForWeb, last accessed 2015-04-12, depth 

data and contours from Gary Thompson.

Dziewonski, A., Chou, T.-A., & Woodhouse, J. H., 1981. Determination of earthquake source 

parameters from waveform data for studies of global and regional seismicity, J. Geophys. Res., 

86(B4), 2825-2852, doi: 10.1029/JB086iB04p02825.

Ehm, A., 1983. Oil and gas basins mapofAlaska, Alaska Div. Geol. Geophys. Surv. SpecialReport32.

Ekstrom, G., Nettles, M., & Dziewoński, A. M., 2012. The global GCMT project 2004-2010:

Centroid-moment tensors for 13,017 earthquakes, Phys. Earth Planet. Inter., 200-201, 1-9, doi: 

10.1016/j.pepi.2012.04.002.

Gedney, L., Shapiro, L., & VanWormer, D., 1972. Correlation of Epicenters with Mapped Faults, 

East-Central Alaska, 1968-1971, U.S. Geol. Survey Open-File Report 72-128, 7 p., 1 map.

Gedney, L., Estes, S., & Biswas, N., 1980. Earthquake migration in the Fairbanks, Alaska seismic 

zone, Bull. Seismol. Soc. Am., 70(1), 223-241.

140

http://doyonoil.com/HiResImage/NenDepthMap-ForWeb


Graves, R. & Pitarka, A., 2016. Kinematic ground-motion simulations on rough faults including 

effects of 3D stochastic velocity perturbations, Bull. Seismol. Soc. Am., 106(5), 2136-2153, doi: 

10.1785/0120160088.

Graves, R., Jordan, T. H., Callaghan, S., Deelman, E., Field, E., Juve, G., Kesselman, C., Maechling,

P., Mehta, G., Milner, K., Okaya, D., Small, P., & Vahi, K., 2011. CyberShake: A physics-based 

seismic hazard model for southern California, Pure App. Geophys., 168, 367-381.

Kirschner, C. E., 1988. Map Showing Sedimentary Basins of Onshore and Continental Shelf Areas, 

Alaska, U.S. Geol. Survey Miscellaneous Investigation Series I-1873.

Koehler, R. D., Reger, R. D., Spangler, E. R., & Gould, A. I., 2015. Investigation of potentially active 

tectonic faults along the route of the proposed Alaska Stand Alone Pipeline, Livengood to Cook 

Inlet, Alaska, Alaska Div. Geol. Geophys. Surv., Report of Investigation 2015-4, 71 p.

Montagner, J.-P. & Kennett, B. L. N., 1996. How to reconcile body-wave and normal-mode reference 

earth models, Geophys. J. Int., 125, 229-248.

Olsen, K. B., Day, S. M., Minster, J. B., Cui, Y., Chourasia, A., Faerman, M., Moore, R., Maechling, 

P., & Jordan, T., 2006. Strong shaking in Los Angeles expected from southern San Andreas 

earthquake, Geophys. Res. Lett., 33, L07305, doi: 10.1029/2005GL0254720.

Page, R. A., Biswas, N. N., Lahr, J. C., & Pulpan, H., 1991. Seismicity of continental Alaska, in 

Neotectonics of North America, The Geology of North America, chap. 4, pp. 47-68, eds Slemmons, 

D. B., Engdahl, E. R., Zoback, M. D., & Blackwell, D. D., Geol. Soc. Am., Boulder, Colo., USA, 

Decade Map Volume 1.

Page, R. A., Plafker, G., & Pulpan, H., 1995. Block rotation in east-central Alaska: A framework for 

evaluating earthquake potential?, Geology, 23(7), 629-632.

PRA, 2017. Depth to Basement Map of Nenana Basin, Alaska, Proprietary map provided by 

Petrotechnical Resources of Alaska, April 2017.

141



Pratt, T. L., Brocher, T. M., Weaver, C. S., Creager, K. C., Snelson, C. M., Crosson, R. S., Miller, K. C., 

& Trehu, A. M., 2003. Amplification of seismic waves by the Seattle basin, Washington state, 

Bull. Seismol. Soc. Am., 93(2), 533-545.

Pulpan, H., 1986. Seismic-Hazard Analysis of the Nenana Agricultural Development Area, Central 

Alaska, Alaska Div. Geol. Geophys. Surv. Public-data File 86-78.

Ratchkovski, N. A. & Hansen, R. A., 2002. New constraints on tectonics of interior Alaska: Earth

quake locations, source mechanisms, and stress regime, Bull. Seismol. Soc. Am., 92(3), 998-1014, 

doi: 10.1785/0120010182.

Rosler, B. & van der Lee, S., 2020. Using seismic source parameters to model frequency-dependent 

surface-wave radiation patterns, Seismol. Res. Lett., 91(2A), 992-1002, doi: 10.1785/0220190128.

Saltus, R. W., Brown II, P. J., Morin, R. L., & Hill, P. L., 2008. 2006 Compilation of Alaska Gravity 

Data and Historical Reports, U.S. Geol. Survey Digital Series 264, CD-ROM.

Sánchez-Sesma, F. & Luzón, F., 1995. Seismic response of three-dimensional alluvial valleys for 

incident P, S, and Rayleigh waves, Bull. Seismol. Soc. Am., 85(1), 269-284.

Silwal, V. & Tape, C., 2016. Seismic moment tensors and estimated uncertainties in southern Alaska, 

J. Geophys. Res. Solid Earth, 121, 2772-2797, doi: 10.1002/2015JB012588.

Smith, K., 2020a. Seismic moment tensor catalog for local and regional earthquakes recorded in 

Nenana basin, central Alaska, ScholarWorks@UA at http://hdl.handle.net/11122/10984 (last 

accessed April 2020): descriptor file, text file of catalog, figures with waveform fits, and input 

weight files.

Smith, K., 2020b. Supplement to “Seismic response of Nenana sedimentary basin, central Alaska”, 

ScholarWorks@UA at http://hdl.handle.net/11122/11005 (last accessed April 2020): descriptor 

file, figures of seismic noise spectra, ground motion metrics, and spectral ratios.

Smith, K. & Tape, C., 2019a. Seismic noise in central Alaska and influences from rivers, wind, 

and sedimentary basins, J. Geophys. Res. Solid Earth, 124, 11,678-11,704, doi: 10.1029/2019JB017695.

142

http://hdl.handle.net/11122/10984
http://hdl.handle.net/11122/11005


Smith, K. & Tape, C., 2019b. Seismic response of Cook Inlet sedimentary basin, southern Alaska, 

Seismol. Res. Lett., 91(1), 33-55, doi: 10.1785/0220190205.

Takemura, S., Furumura, T., & Saito, T., 2009. Distortion ofthe apparent S-wave radiation pattern in 

the high-frequency wavefield: Tottori-Ken Seibu, Japan, earthquake of 2000, Geophys. J. Int., 178, 

950-961, doi: 10.1111/j.1365-246X.2009.04210.x.

Tape, C., West, M., Silwal, V., & Ruppert, N., 2013. Earthquake nucleation and triggering on an 

optimally oriented fault, Earth Planet. Sci. Lett., 363, 231-241, doi: 10.1016/j.epsl.2012.11.060.

Tape, C., Silwal, V., Ji, C., Keyson, L., West, M. E., & Ruppert, N., 2015. Transtensional tectonics 

of the Minto Flats fault zone and Nenana basin, central Alaska, Bull. Seismol. Soc. Am., 105(4), 

2081-2100, doi: 10.1785/0120150055.

Tape, C., Holtkamp, S., Silwal, V., Hawthorne, J., Kaneko, Y., Ampuero, J. P., Ji, C., Ruppert, N., 

Smith, K., & West, M. E., 2018. Earthquake nucleation and fault slip complexity in the lower crust 

of central Alaska, Nature Geoscience, 11, 536-541, doi: 10.1038/s41561-018-0144-2.

Tsai, V. C. & Atiganyanun, S., 2014. Green's functions for surface waves in a generic velocity 

structure, Bull. Seismol. Soc. Am., 104(5), 2573-2578, doi: 10.1785/0120140121.

Tsai, V. C., Bowden, D. C., & Kanamori, H., 2017. Explaining extreme ground motion in 

Osaka basin during the 2011 Tohoku earthquake, Geophys. Res. Lett., 44, 7239-7244, doi: 

10.1002/2017GL074120.

Van Kooten, G. K., Richter, M., & Zippi, P. A., 2012. Alaska's Interior rift basins: a new frontier for 

discovery, Oil & Gas J., 110(1a), 48-57.

Wang, T., Shi, Q., Nikkhoo, M., Wei, S., Barbot, S., Dreger, D., Bürgmann, R., Motagh, M., & Chen,

Q.-F., 2018. The rise, collapse, and compaction of Mt. Mantap from the 3 September 2017 North 

Korean nuclear test, Science, doi: 10.1126/science.aar7230.

143



Wirth, E. A., Vidale, J. E., Frankel, A. D., Pratt, T. L., Marafi, N. A., Thompson, M., & Stephenson, 

W. J., 2019. Source-dependent amplification of earthquake ground motions in deep sedimentary 

basins, Geophys. Res. Lett., 46, 6443-6450, doi: 10.1029/2019GL082474.

Yoshimoto, K. & Takemura, S., 2014. A study on the predominant period of long-period ground 

motions in the Kanto Basin, Japan, Earth Planets Space, 66, 100, doi: 10.1186/1880-5981-66-100.

Zhu, L. & Helmberger, D., 1996. Advancement in source estimation techniques using broadband 

regional seismograms, Bull. Seismol. Soc. Am., 86(5), 1634-1641.

144



Chapter 5 

Conclusion

This thesis provides empirical evidence for the effects of ground motion from environmental 

sources and from basins. Ambient noise is affected by various sources and we use it to moni

tor the environment. Our study suggests that the Tanana river is affecting frequencies 4-30 Hz, 

wind is affecting frequencies > 2.0 Hz (as well as previously documented tilt effects for <0.05 Hz), 

and basins are affecting frequencies 0.1-4.0 Hz. Due to the proximity of our seismometers to the 

river, we were able to learn about activity on the river as well as discharge. The study of wind 

on ambient noise allowed us to quantify the spatial extent of wind and to separate the effects of 

wind from the effects of the basin. Both basin studies demonstrate amplification of ground mo

tion for earthquakes and ambient noise sources, and we found that horizontal motion is more 

amplified than vertical motion. Amplification is also correlated with basin depth at lower fre

quencies (0.1-0.5 Hz). Each study shows ambient noise can be used to study amplification from 

earthquakes. The Nenana basin has larger amplification than Cook Inlet basin. The study shows 

that more seismic stations are needed on basins to study amplification since millions of people 

world-wide live on basins. Future work with 3D simulations will give a better understanding of 

shaking.

5.1 Ground Motion Prediction Equations

Ground motion prediction equations (GMPEs) or ground motion models (GMMs) are often used 

to predict PGV, and peak ground acceleration (PGA) from earthquake sources. They prove to be 

useful for predicting ground motion in California. Many GMPEs are used throughout the US to 

produce seismic hazard maps (Petersen et al., 2020) but they sometimes fail to account for basin 

and regional effects in other areas. Current GMPEs use data from the Next Generation Attenua

tion 2 project which consists of a rich data set from stations and events in California. The stations 

have data of the average shear velocity to 30 m depth and the earthquakes are usually 20 km deep 

(Ancheta et al., 2014) which points to a bias in the dataset. Further examination of some GMPEs 

such as from Campbell & Bozorgnia (2014) shows a large dependence on regression models and 

a dependence on critical values for which ground motion prediction changes. The model from 

Campbell & Bozorgnia (2014) does account for basin depth but only does so for certain basins 

145



such as Los Angeles basin, Salt Lake City basin, and San Francisco. Another GMPE from Abra

hamson et al. (2014) shows that the most important factor for sediment amplification is the depth 

to the 1 km/s shear wave velocity layer. This neglects other factors important to amplification that 

include geometry and structural heterogeneity. Currently there are no GMPEs specific to Alaska 

and that can lead to the failure of GMPE models for significant events like the Mw 7.1 Anchor

age earthquake (McNamara et al., 2019). Similar GMPEs fail for certain events observed in New 

Zealand and Japan (Mak et al., 2018). Douglas (2007) discusses the importance of regional differ

ences that are due to the distribution of data from sites and earthquakes which bias the GMPE 

model.

5.2 Future Work

From Chapter 1, there are still some puzzling signals to investigate, fine tuning to do, and future 

modelling to do. One of the puzzling signals occurs on Figure 2.14 (In Chapter 2) at 20 Hz at 

stations within the basin or margins. The signal could be due to a changing water table depth or 

permafrost effects. Another source of high frequency at 10 Hz is the signal at FTGH. We expected 

a correlation with highway activity but found none. Many of the spectra have been smoothed but 

rougher spectra can give greater detail about the specific frequencies affected. Rougher ambient 

noise spectra will also be useful for giving more details about other sources of motion such as 

nearby towers. Now that a data analysis has been carried out for river and wind sources, the next 

step would be to model the ambient noise of these sources. The model can explain important 

features of wind and river that give rise to ground motion and extrapolate hypothetical events. 

One model of river turbulence from Gimbert et al. (2014) already exists but its implementation 

proves to be challenging due to the complex nature of the Tanana River.

The basin amplification studies raised a lot of regional specific questions to basin response. 

One issue with the Cook Inlet basin study that still needs to be addressed is accounting for site- 

to-source distance of the non-basin reference station and basin station for spectral ratios. In the 

Nenana basin study, we implemented this distance correction but did not observe notable differ

ences that could affect the main points. I expect this to be the case with Cook Inlet basin but it 

is best to rerun calculations to be sure. The Cook Inlet basin study also did not account for the 

effects of wind or other environmental sources when basin amplification was computed for ambi
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ent noise. Accounting for wind in Cook inlet will be a more formidable task since a wider area is 

covered and more weather stations are available.

Since many of the events in our study did not have moment tensor solutions, it would be 

advantageous for us to obtain them to get a more complete picture of the earthquake characteris

tics and its effect on basin amplification. In Nenana basin, moment tensors are available but the 

frequency-dependent role of source mechanism on basin amplification is still unclear, especially 

at higher frequencies. A deeper analysis on azimuthal variations with respect to the geometry of 

the focal plane and azimuth of the event to the basin will need to be explored. For all of our events 

we have computed PGV, ER, etc. but have only done our analysis for specific components how

ever an analysis of total PGV, total ER, etc will be useful for assessing seismic hazard. Since our 

study includes only a limited amount of teleseismic events, it would be beneficial to explore other 

teleseismic events to test the robustness of our current results and possibly extend our analysis to 

include other phases and the isolation of surface waves.

Three-dimensional seismic wavefield simulations provide an opportunity to model the large 

number of earthquake seismograms recorded from the FLATS, SALMON, TA and AK networks. 

Many earthquake simulations have already been carried out across the world including areas like 

Taipei (Lee et al., 2008), Los Angeles (Olsen, 2000), and Kobe (Pitarka et al., 1998), and the results 

show detailed views of the wavefield and its interaction with faults and sedimentary basins. In 

Nenana basin, we would like to do computer simulation of the wavefield to assess amplification 

and that would involve building a structural earth model, solving the wave equation, verifying 

simulations with known earthquakes, and simulating scenario earthquakes for characterizing haz

ard, similar to the approach of Graves et al. (2011). We would use unstructured meshes since they 

better fit the complex geometry of the basin (Pelties et al., 2010) and solve the wave equation using 

the spectral element method from Komatitsch & Tromp (2002a,b). The model and solver can then 

be applied, evaluated and refined for point source earthquakes in our study.

A refined earth model can be used to test and improve our data analysis methods. This in

cludes the response from teleseismic waves. Teleseismic waves are simple to examine because the 

propagation direction is primarily on the vertical component. Some simulations of vertically inci

dent P and S waves have been done by Olsen & Schuster (1995) and Luzon et al. (2004). Olsen & 

Schuster (1995) concluded that the impedance contrast and resonance from deep basin structure 
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control amplification of P waves. Luzon et al. (2004) simulated SH waves and found the depth 

dependence of shear wave velocities in basins to be important for characterizing basin resonance. 

To characterize seismic hazard, it would be beneficial to produce some scenario earthquakes that 

include a Mw7 earthquake like in Olsen et al. (1995), Olsen & Archuleta (1996) and Harmsen et al. 

(2008). A Mw7 earthquake at close proximity would realistically needto be described with a finite 

fault. Since no such earthquakes have been recorded, a scenario finite fault can be produced from 

a spatial random field model (Mai & Beroza, 2002). A suite of earthquake simulations will allow 

the seismic hazard to be evaluated by identifying areas prone to intense shaking which can be the 

result of generated surface waves onthe basin edges, focusing, and trapping. As awhole the basin 

will also have normal modes which can amplify shaking at specific frequencies. Simulations will 

be able to investigate the differences we see in the data such as FNN1 and FNN2.

In summary, this thesis offers empirical evidence of basin amplification of seismic noise and 

earthquakes waves in Nenana basin and Cook Inlet basin. The catalogs of documented earth

quakes, as well as the database archive of continuously recorded seismic noise, provide a solid 

foundation for future studies of these basins, as well as for studying the effects of basin amplifi

cation, in general. During the time period of the FLATS and SALMON deployments, the stations 

in the basin recorded a wide range of local, regional, crustal, intraslab, and of course teleseis- 

mic earthquakes. Future work on numerical simulations will be needed to fully understand the 

complex empirical evidence of basin amplification.
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Appendix A

Supporting Information for Chapter 2 (Seismic noise in central Alaska and influences from 

rivers, wind, and sedimentary basins)

A.1  Tree measurements

Our compilation of measurements of nearby trees at each seismic station site is shown in Ta

ble A.2. The information in Table A.2 provides information on one tree at each site; it does not 

fully characterize the setting of vegetation in the region of each seismic station.

As discussed in Section 2.5.4.2, the resonant frequency of trees depends on the dimension (cir

cumference, height, branches) and the elastic properties. For each site, we measured the distance 

to the closest tree with trunks larger than 50 cm in circumference (i.e., 16 cm in diameter). We esti

mated the height of each tree using a clinometer. We noted the type of tree (spruce, birch, aspen), 

which has bearing on the elastic properties and also the branching structure, both of which will 

affect the resonant frequency.

For sites whose closest large trees were >30 m away, we used Google Earth imagery dated 

from 2017-06-01. All other measurements in Table A.2 were made on 2019-06-09. Next we provide 

some details on some of the sites, notably ones for which no data are listed in Table A.2.

1. No tree measurements are listed for F2TN due to having multiple reinstallations on account 

of a rapidly eroding riverbank.

2. F6TP is within a large forest fire burn area, with large spruce logs having toppled all over. 

There are no standing trees within 100 m of F6TP, but there are many fallen trees within 10 m 

of the site.

3. FNN1 is in the middle of a former exploratory well pad and is at least 50 m from any tree.

4. FNN2 is within a forest fire burn area, >50 m from large trees.

5. FAPT is near a lattice tower (Section 2.5.4.1), a shed, and an area of small aspens. The tree 

data for NEA2 are based on the nearest tree; there is also a lattice tower nearby that has a 

clear imprint on the seismic noise (Section 2.5.4.1).
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6. I23K is on the outskirts of the village of Minto. It is not near any tree, but it is within 50 m of 

telephone poles and buildings.

7. MLY is on the top of a treeless rock-covered dome.

A.2  Wind vs seismic noise for EarthScope TA stations

The EarthScope Transportable Array (TA) includes several stations with co-located meteoro

logical sensors that record air pressure, wind speed and direction, and temperature. Taking into 

account the operating times and data availability from TA seismic and meteorological sensors, we 

selected the closest four stations to our study area: J19K, I20K, H22K, and J25K (Figure A.52).

Wind speeds from TA stations are available every second, as opposed to every hour, as is 

the case for Nenana meteorological station PANN. Therefore we take the mean of the TA wind 

speeds every hour, and from the hourly time series we stack the hourly ambient noise spectra 

according to the wind speed interval (Section 2.5.4.1). The results are shown in Figures A.53- 

A.56 and reveal a systematic increase in seismic noise with increasing wind—similar to what we 

identified when comparing seismic noise from stations that were tens of km from a weather station 

(Section 2.5.4.1). The influence of wind on high-frequency seismic noise is extreme at I20K, strong 

at J19K, and minimal at J25K and H22K. Knowledge of the sensor installation and site conditions 

could help in understanding these differences. For some cases (e.g., H22K), the noise stack for 

0 m/s exhibits higher noise than for 0-2 m/s; we speculate that the 0 m/s wind speeds may also 

reflect time periods of when the sensor is returning a null value during windy conditions.

A.3 Analysis of P picks in relation to seismic noise seasonality

We examine events within the Alaska Earthquake Center earthquake catalog that occurred 

within the Minto Flats fault zone during 2016 and 2017. (The catalog for 2018 was not finalized at 

the time of writing.) In both 2016 and 2017, there were 3D active-source seismic surveys in Minto 

Flats that included hundreds of explosion shots, many of which were picked up in the catalog. 

For simplicity, we excluded the months of March and April, 2016 and 2017, from the analysis.

To test the influence of seismic noise levels on the numbers of events detected in the earth

quake catalog, we focus on a subset of events and a subset of stations. The starting set of events 
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for each year is shown in Figures A.79 and A.80. From this set of events we collect P picks in 

the Alaska Earthquake Center catalog from FLATS river stations F2TN, F3TN, F4TN, F5MN, and 

F7TV, shown in Figure A.81a for 2016 and Figure A.83a for 2017. In Figure A.81b and Figure A.83b 

we show the subset of events for which there is at least one P pick for a FLATS river station. A 

summary of the event numbers and P pick numbers is listed in Table A.3.

The time variations of P picks and events within Minto Flats fault zone show a seasonality 

(Figures A.81 and A.83), with fewer picks and events during summer and more during winter. 

During these same two years, the 10 Hz seismic noise is lowest in winter and highest in summer 

(Figures A.82 and A.84). The results suggest that changing noise levels due to the river cause 

changing detection levels for P waveforms and, in turn, for earthquakes in the Minto Flats fault 

zone.
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A.4 Tables

Table A.1: Types of microseisms. This table is retyped from Gutenberg (1958, Table 1), which is based on 
Gutenberg (1951, Table 1). We have added frequency ranges for convenience of comparison with our study.

Period (sec) Frequency
(Hz)

Type of 
movement

Hypothetical cause Distance 
of cause

0.001 - 0.5 2-1000 Regular Traffic, industry, wind Nearby
0.2 -2 0.5-5 Irregular Surf Nearby

1 -4 0.25-1 Regular Fronts, turbulent wind Nearby
1 -4 0.25-1 Irregular Effects of wind on trees, buildings Local
2 -6 0.17-0.5 Regular Ocean waves in hurricanes, typhoons Distant
4 - 10 0.10-0.25 Regular Ocean waves in extratropical disturbances Distant
4 - 10 0.10-0.25 Regular Surf driven by wind against steep coasts Distant
4 - 10 0.10-0.25 Regular Air-pressure pulsations? Medium?
4 - 10 0.10-0.25 Regular Monsoon and similar types of wind Medium?

10 - 20 0.05-0.10 Regular Water waves striking the coast Medium?
20 - 100 0.01-0.05 Irregular Wind? Air currents in instrument vault? Nearby
40 - 200 0.005-0.025 Irregular Freezing of ground? "Icing" of instruments? Medium
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Table A.2: Classification of 16 stations (Table 2.1) based on the presence treesasa possible noise source. See 
Section A.1 for details, including explanations for the NA entries. The coloring is a qualitative indicator of 
how present trees are expected to be as a source of noise: red present, blue somewhat present, green not 
present.

network station distance to 
tree (m)

tree 
height (m)

tree
circumference (cm)

tree 
type

XV F1TN 1.8 17.1 97 spruce
XV F2TN N/A N/A N/A spruce
XV F3TN 7.2 33.8 178 spruce
XV F4TN 3.0 27.4 135 spruce
XV F5MN 3.7 15.2 74 birch
XV F6TP
XV F7TV 6.4 14.9 66 aspen
XV FNN1
XV FNN2 N/A N/A N/A
XV FAPT N/A N/A N/A
XV FPAP 10.8 17.1 58 aspen
XV FTGH 40 > 10 > 50 spruce
AK NEA2 5.5 15.8 69 birch
TA I23K N/A N/A N/A
AK MLY
XV F8KN 13 > 10 > 50 spruce

Table A.3: Events in Minto Flats fault zone, 2016 and 2017. See Section A.3 for details.

year MFFZ events number of events number of P picks
2016 total 1316 17578
2016 w/o Mar & Apr 907 15410
2016 w/o Mar & Apr AND w/ ≥1 river FLATS station pick 822 2483
2017 total 1582 24588
2017 w/o Mar & Apr 1034 17262
2017 w/o Mar & Apr AND w/ ≥1 river FLATS station pick 887 2685
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A.5 Figures

FigureA.1: Example of FLATS stations, shown for F3TN on the Tanana River (Figure 2.1). The direct-burial 
T120PH sensor is powered by air-alkaline batteries inside the station box. At this site, the Tanana River is 
14 m from the sensor, and a significantly tall tree (34 m) is 7 m from the sensor. Note that snow covers the 
ground between October and April.
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Figure A.2: Seasonal and diurnal variations in wind speed at Nenana, Alaska, between 2015-09-01 and 
2019-09-01, at station PANN. (a)-(c) Median hourly wind speed as a function of hour-of-day (Alaska Stan
dard Time) for summer (a), winter (b), and all year (c). The red triangles are the median value; the red 
squares denote 1 median absolute deviation. (d)-(f) Distribution of hourly wind speeds for summer (d), 
winter (e), and all year (f). The red histogram is for daytime measurements (08:00-20:00), the blue is for 
nighttime. 159



Figure A.3: Stacks of seismic spectra calculated using median (top left) and mean (top right) for horizontal 
(red) and vertical (black) components. The example is for a set of daily spectra at F3TN between 2014
09-01 and 2019-09-01. The differences between the median and mean are shown in the bottom and vary 
between ±2 dB. The median operation leads to a spectral stack that is more jagged than when using the 
mean operation.
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Figure A.4: Final four subplots from Figure 2.3 (XV.FTGH, AK.NEA2, TA.I23K, AK.MLY), plus the reference 
station XV.F8KN, whose spectra are plotted in red for each subplot. The black bold lines are the NHNM 
and NLNM reference spectra (Peterson, 1993).
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Figure A.5: Seasonal variations of the annual noise spectra from Figure 2.3. Same as Figure 2.4 but for the 
vertical component. Variations for F8KN are shown in Figure A.6b.
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Figure A.6: Seasonal variations of ambient noise at F8KN. The annual noise stack for F8KN are the red 
spectra in each subplot of Figure 2.3. Note the slightly elevated high-frequency (1-10 Hz) noise during fall 
and winter; we attribute this to wind (see also Figure A.49). See Figures 2.4 and A.5 for comparison with 
other stations.
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Figure A.7: Residual spectrograms for FLATS stations (F1TN, F2TN, F3TN, F4TN, F5MN, F6TP); see Fig
ure 2.6 caption for details.
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Figure A.7 continued: F7TV, FNN1, FNN2, FAPT, FPAP

165



Figure A.7 continued: FTGH, NEA2, I23K, MLY, F8KN
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Figure A.8: Time-dependent variations in 10 Hz seismic noise at FNN1 between August 1st and November 
1st in 2015, 2016, and 2017. The noise power is based on hourly time periods of the Z component; the 
median value has been subtracted and corresponds to the 0 dB values. The elevated, diurnal noise that 
starts near September 1st is from a hunting camp that sets up within 50 m of the station.
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Figure A.9: Example of cultural noise: event at Old Minto Cultural Heritage Camp, July 2017. The vertical 
lines indicate the approximate start and end times of camp at Old Minto. (Top) Residual seismic noise 
at 10 Hz at F5MN, which is within 50 m of the Camp. (Bottom) Tanana River gauge height, measured at 
Nenana.

168



Figure A.10: Anthropogenic noise. Seismic noise power at 10 Hz (Top) and Tanana river gauge height at Ne
nana (Bottom). Thin dashed black line is the tripod fall over date. Solid black line are the observed breakup 
and freezeup times. Red dashed lines are the start and end time of active source seismic experiments. 
The active sources were detonated from north to south and are manifested by the southward propagating 
diurnal signal that is visible at F4TN (April 10-16), F3TN (April 18-23), and F2TN (April 20-28).
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Figure A.11: H: (Top) Median PSD of night and day. (Bottom) Difference between day and night stacks. 
Daily noise power almost always exceeds night power.
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Figure A.12: Z: (Top) Median PSD of night and day. (Bottom) Difference between day and night stacks. 
Daily noise power almost always exceeds night power.

171



Figure A.13: Same as Figure 2.7ab but for the vertical component of seismic noise.
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Figure A.14: Time series of residual seismic noise at four FLATS river stations (F3TN, F4TN, F5MN, F7TV) 
for two frequencies: 10 Hz (black; see also Figure 2.7b) and 0.16 Hz (6 s; red), for the horizontal (a) and 
vertical (b) components. The vertical dashed lines denote river ice breakup; the vertical solid lines de
note river freezeup (Section 2.5.3). Both frequencies have clear annual cycles that are anticorrelated, with 
summer exhibiting a maximum for 10 Hz and a minimum for 6 s.
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Figure A.15: Comparison of the discharge rates and gauge height at the Tanana river measured in Ne
nana (USGS, 2016) between 2014-09-01 and 2019-09-01. Measurements of discharge rate are made every 
few months and are plotted as larger circles. Measurements of gauge height are made continuously; the 
corresponding discharge rates are calibrated (i.e., extrapolated) from the measured discharge rates.
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Figure A.16: Comparison between Tanana river gauge height and the 10 Hz seismic noise at station F1TN.
(a) Time series of the river gauge height (top) and the residual seismic noise power at 10 Hz, H component
(bottom). Each dot is for one dayand is colored with red for summertime and blue for wintertime. (b) Scat
ter plot of seismic power versus river gauge height. The best-fit lines for the whole year, summer, and
winter are indicated in black, red, and blue respectively. See Figures A.16-A.24 for other seismic stations.
(c) and (d) are the same as (a) and (b) but for the summer with peak summer (mid-July) colored red.
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Figure A.17: Comparison between Tanana river gauge height and the 10 Hz seismic noise at station F2TN.
(a) Time series of the river gauge height (top) and the residual seismic noise power at 10 Hz, H component
(bottom). Each dot is for one day and is colored with red for summertime and blue for wintertime. (b) Scat
ter plot of seismic power versus river gauge height. The best-fit lines for the whole year, summer, and
winter are indicated in black, red, and blue respectively. See Figures A.16-A.24 for other seismic stations.
(c) and (d) are the same as (a) and (b) but for the summer with peak summer (mid-July) colored red.
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Figure A.18: Comparison between Tanana river gauge height and the 10 Hz seismic noise at station F3TN.
(a) Time series of the river gauge height (top) and the residual seismic noise power at 10 Hz, H component
(bottom). Each dot is for onedayand is colored with red for summertime and bluefor wintertime. (b) Scat
ter plot of seismic power versus river gauge height. The best-fit lines for the whole year, summer, and
winter are indicated in black, red, and blue respectively. See Figures A.16-A.24 for other seismic stations.
(c) and (d) are the same as (a) and (b) but for the summer with peak summer (mid-July) colored red.
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Figure A.19: Comparison between Tanana river gauge height and the 10 Hz seismic noise at station F4TN.
(a) Time series of the river gauge height (top) and the residual seismic noise power at 10 Hz, H component
(bottom). Each dot is for one day and is colored with red for summertime and blue for wintertime. (b) Scat
ter plot of seismic power versus river gauge height. The best-fit lines for the whole year, summer, and
winter are indicated in black, red, and blue respectively. See Figures A.16-A.24 for other seismic stations.
(c) and (d) are the same as (a) and (b) but for the summer with peak summer (mid-July) colored red.
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Figure A.20: Comparison between Tanana river gauge height and the 10 Hz seismic noise at station F5MN.
(a) Time series of the river gauge height (top) and the residual seismic noise power at 10 Hz, H component
(bottom). Each dot is for one day and is colored with red for summertime and blue for wintertime. (b) Scat
ter plot of seismic power versus river gauge height. The best-fit lines for the whole year, summer, and
winter are indicated in black, red, and blue respectively. See Figures A.16-A.24 for other seismic stations.
(c) and (d) are the same as (a) and (b) but for the summer with peak summer (mid-July) colored red.
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Figure A.21: Comparison between Tanana river gauge height and the 10 Hz seismic noise at station F6TP.
(a) Time series of the river gauge height (top) and the residual seismic noise power at 10 Hz, H component
(bottom). Each dot is for one day and is colored with red for summertime and blue for wintertime. (b) Scat
ter plot of seismic power versus river gauge height. The best-fit lines for the whole year, summer, and
winter are indicated in black, red, and blue respectively. See Figures A.16-A.24 for other seismic stations.
(c) and (d) are the same as (a) and (b) but for the summer with peak summer (mid-July) colored red.
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Figure A.22: Comparison between Tanana river gauge height and the 10 Hz seismic noise at station F7TV.
(a) Time series of the river gauge height (top) and theresidualseismic noisepowerat10Hz,Hcomponent
(bottom). Each dot is for one day and is colored with red for summertime and blue for wintertime. (b) Scat
ter plot of seismic power versus river gauge height. The best-fit lines for the whole year, summer, and
winter are indicated in black, red, and blue respectively. See Figures A.16-A.24 for other seismic stations.
(c) and (d) are the same as (a) and (b) but for the summer with peak summer (mid-July) colored red.
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Figure A.23: Comparison between Tanana river gauge height and the 10 Hz seismic noise at station F8KN.
(a) Time series of the river gauge height (top) and the residual seismic noise power at 10 Hz, H component
(bottom). Each dot is for one day and is colored with red for summertime and blue for wintertime. (b) Scat
ter plot of seismic power versus river gauge height. The best-fit lines for the whole year, summer, and
winter are indicated in black, red, and blue respectively. See Figures A.16-A.24 for other seismic stations.
(c) and (d) are the same as (a) and (b) but for the summer with peak summer (mid-July) colored red.
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Figure A.24: Comparison between Tanana river gauge height and the 10 Hz seismic noise at station NEA2.
(a) Time series of the river gauge height (top) and the residual seismic noise power at 10 Hz, H component
(bottom). Each dot is for one day and is colored with red for summertime and blue for wintertime. (b) Scat
ter plot of seismic power versus river gauge height. The best-fit lines for the whole year, summer, and
winter are indicated in black, red, and blue respectively. See Figures A.16-A.24 for other seismic stations.
(c) and (d) are the same as (a) and (b) but for the summer with peak summer (mid-July) colored red.
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Figure A.25: Same as Figure 2.9, but for annual period of time and for both the horizontal (a) and vertical 
(b) components of seismic noise.
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Figure A.26: Same as Figure 2.9, but for summer period of time and for both the horizontal (a) and vertical 
(b) components of seismic noise.
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Figure A.27: Same as Figure 2.9, but for winter period of time and for both the horizontal (a) and vertical 
(b) components of seismic noise.
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Figure A.28: Time series of daily seismic noise at F3TN and F4TN. Top plots show spectrograms and bottom
plots show a 10 Hz cross section. Within each subplot: horizontal H (top), vertical Z (middle), and the H/Z
ratio (bottom).
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Figure A.29: Time series of daily seismic noise at 10 Hz at four stations: horizontal H (top), vertical Z
(middle), and the H/Z ratio (bottom).
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Figure A.30: Time series of daily seismic noise at 10 Hz at four stations: horizontal H (top), vertical Z
(middle), and the H/Z ratio (bottom).
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Figure A.31: Time series of daily seismic noise at 10 Hz at four stations: horizontal H (top), vertical Z
(middle), and the H/Z ratio (bottom).
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Figure A.32: Time series of daily seismic noise at 10 Hz at two stations: horizontal H (top), vertical Z 
(middle), and the H/Z ratio (bottom).
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Figure A.33: Comparison between wind speed and seismic noise at a period of 30 s. (a) Time series of 
daily wind speed at PANN (top) and residual seismic noise (vertical component) at FAPT at a period of 30 s 
(0.032 Hz) (bottom). The seismic station (FAPT) and weather station (PANN) are near the Nenana runway 
and separated by 513 m (Figure 2.1b, Table 2.1). Daily data points are colored by time of year: cool colors 
are wintertime and warm colors are summertime. (b) Scatter plot comparing the two time series in (a).
(c)-(d)  Same as (a)-(b), but for the horizontal component of seismic noise.

192



Figure A.34: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station F1TN; other 
stations shown in Figures A.34-A.49. The plot title includes the distance from the station to the meteoro
logical sensor,followed bythe station elevation (Table 2.1). (a) Horizontal-component seismic noise spectra 
made during time periods of different wind speeds. The number of hours used for each stack is listed in the 
legend. (b) Same as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spec
trum made from the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz 
highlights a visible peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the 
spectrum made from the times of the lowest wind speed for winter (black).
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Figure A.35: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station F2TN; other 
stations shown in Figures A.34-A.49. The plot title includes the distance from the station to the meteoro
logical sensor, followed bythe station elevation (Table 2.1). (a)Horizontal-component seismic noise spectra 
made during time periods of different wind speeds. The number of hours used for each stack is listed in the 
legend. (b) Same as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spec
trum made from the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz 
highlights a visible peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the 
spectrum made from the times of the lowest wind speed for winter (black).
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Figure A.36: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station F3TN; other 
stations shown in Figures A.34-A.49. The plot title includes the distance from the station to the meteoro
logical sensor,followed bythe station elevation (Table 2.1). (a) Horizontal-component seismic noise spectra 
made during time periods of different wind speeds. The number of hours used for each stack is listed in the 
legend. (b) Same as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spec
trum made from the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz 
highlights a visible peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the 
spectrum made from the times of the lowest wind speed for winter (black).
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Figure A.37: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station F4TN; other 
stations shown in Figures A.34-A.49. The plot title includes the distance from the station to the meteoro
logical sensor,followed bythe station elevation (Table 2.1). (a) Horizontal-component seismic noise spectra 
made during time periods of different wind speeds. The number of hours used for each stack is listed in the 
legend. (b) Same as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spec
trum made from the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz 
highlights a visible peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the 
spectrum made from the times of the lowest wind speed for winter (black).
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Figure A.38: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station F5MN; other 
stations shown in Figures A.34-A.49. The plot title includes the distance from the station to the meteoro
logical sensor,followed bythe station elevation (Table 2.1). (a) Horizontal-component seismic noise spectra 
made during time periods of different wind speeds. The number of hours used for each stack is listed in the 
legend. (b) Same as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spec
trum made from the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz 
highlights a visible peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the 
spectrum made from the times of the lowest wind speed for winter (black).
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Figure A.39: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station F6TP; other 
stations shown in Figures A.34-A.49. The plot title includes the distance from the station to the meteoro
logicalsensor, followed bythe station elevation (Table2.1). (a)Horizontal-componentseismic noise spectra 
made during time periods of different wind speeds. The number of hours used for each stack is listed in the 
legend. (b) Same as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spec
trum made from the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz 
highlights a visible peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the 
spectrum made from the times of the lowest wind speed for winter (black).
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Figure A.40: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station F7TV; other 
stations shown in Figures A.34-A.49. The plot title includes the distance from the station to the meteoro
logical sensor,followed bythe station elevation (Table 2.1). (a) Horizontal-component seismic noise spectra 
made during time periods of different wind speeds. The number of hours used for each stack is listed in the 
legend. (b) Same as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spec
trum made from the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz 
highlights a visible peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the 
spectrum made from the times of the lowest wind speed for winter (black).
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Figure A.41: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station FNN1; other 
stations shown in Figures A.34-A.49. The plot title includes the distance from the station to the meteoro
logicalsensor, followed bythe station elevation (Table2.1). (a)Horizontal-componentseismic noise spectra 
made during time periods of different wind speeds. The number of hours used for each stack is listed in the 
legend. (b) Same as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spec
trum made from the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz 
highlights a visible peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the 
spectrum made from the times of the lowest wind speed for winter (black).
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Figure A.42: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station FNN2; other 
stations shown in Figures A.34-A.49. The plot title includes the distance from the station to the meteoro
logical sensor,followed bythe station elevation (Table 2.1). (a) Horizontal-component seismic noise spectra 
made during time periods of different wind speeds. The number of hours used for each stack is listed in the 
legend. (b) Same as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spec
trum made from the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz 
highlights a visible peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the 
spectrum made from the times of the lowest wind speed for winter (black).
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Figure A.43: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station FAPT; other 
stations shown in Figures A.34-A.49. The plot title includes the distance from the station to the meteoro
logical sensor,followed bythe station elevation (Table 2.1). (a) Horizontal-component seismic noise spectra 
made during time periods of different wind speeds. The number of hours used for each stack is listed in the 
legend. (b) Same as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spec
trum made from the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz 
highlights a visible peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the 
spectrum made from the times of the lowest wind speed for winter (black).
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Figure A.44: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station FPAP; other 
stations shown in Figures A.34-A.49. The plot title includes the distance from the station to the meteoro
logical sensor,followed bythe station elevation (Table 2.1). (a) Horizontal-component seismic noise spectra 
made during time periods of different wind speeds. The number of hours used for each stack is listed in the 
legend. (b) Same as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spec
trum made from the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz 
highlights a visible peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the 
spectrum made from the times of the lowest wind speed for winter (black).
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Figure A.45: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station FTGH; other 
stations shown in Figures A.34-A.49. The plot title includes the distance from the station to the meteoro
logical sensor,followed bythe station elevation (Table 2.1). (a) Horizontal-component seismic noise spectra 
made during time periods of different wind speeds. The number of hours used for each stack is listed in the 
legend. (b) Same as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spec
trum made from the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz 
highlights a visible peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the 
spectrum made from the times of the lowest wind speed for winter (black).
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Figure A.46: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station NEA2; other 
stations shown in Figures A.34-A.49. The plot title includes the distance from the station to the meteoro
logical sensor, followed by the station elevation (Table 2.1). (a) Horizontal-component seismic noise spectra 
made during time periods of different wind speeds. The number of hours used for each stack is listed in the 
legend. (b) Same as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spec
trum made from the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz 
highlights a visible peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the 
spectrum made from the times of the lowest wind speed for winter (black).
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Figure A.47: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station I23K; other 
stations shown in Figures A.34-A.49. The plot title includes the distance from the station to the meteoro
logicalsensor, followed bythe station elevation (Table2.1). (a)Horizontal-componentseismic noise spectra 
made during time periods of different wind speeds. The number of hours used for each stack is listed in the 
legend. (b) Same as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spec
trum made from the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz 
highlights a visible peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the 
spectrum made from the times of the lowest wind speed for winter (black).
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Figure A.48: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station MLY; other 
stations shown in Figures A.34-A.49. The plot title includes the distance from the station to the meteoro
logical sensor,followed bythe station elevation (Table 2.1). (a) Horizontal-component seismic noise spectra 
made during time periods of different wind speeds. The number of hours used for each stack is listed in the 
legend. (b) Same as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spec
trum made from the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz 
highlights a visible peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the 
spectrum made from the times of the lowest wind speed for winter (black).
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Figure A.49: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station F8KN; other 
stations shown in Figures A.34-A.49. The plot title includes the distance from the station to the meteoro
logical sensor,followed bythe station elevation (Table 2.1). (a) Horizontal-component seismic noise spectra 
made during time periods of different wind speeds. The number of hours used for each stack is listed in the 
legend. (b) Same as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spec
trum made from the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz 
highlights a visible peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the 
spectrum made from the times of the lowest wind speed for winter (black).
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Figure A.50: The influence of wind on the H/Z ratio during winter (Dec/Jan/Feb). Each set of spectra is 
obtained by subtracting (b) from (a) in Figures A.34-A.42. See also Figure A.51.
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Figure A.51: The influence of wind on the H/Z ratio during winter (Dec/Jan/Feb). Each set of spectra is 
obtained by subtracting (b) from (a) in Figures A.43-A.49. See also Figure A.50.
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Figure A.52: Study area of the Minto Flats region, central Alaska (Figure 2.1), surrounded by the four 
closest TA stations with co-located meteorological sensors: J19K, I20K, H22K, and J25K.
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Figure A.53: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station I20K. Other
stations shown in Figures A.34-A.49. (a) Horizontal-component seismic noise spectra made during time
periods ofdifferentwind speeds. The number of hours used foreach stack is listed in the legend. (b) Same
as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spectrum made from
the times ofthe lowest wind speed for winter (black). The dashed blue line at 0.025Hz highlights a visible
peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the spectrum made from
the times of the lowest wind speed for winter (black).
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Figure A.54: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station J19K. Other
stations shown in Figures A.34-A.49. (a) Horizontal-component seismic noise spectra made during time
periods of different wind speeds. The number of hours used for each stack is listed in the legend. (b) Same
as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spectrum made from
the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz highlights a visible
peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the spectrum made from
the times of the lowest wind speed for winter (black).
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Figure A.55: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station J25K. Other
stations shown in Figures A.34-A.49. (a) Horizontal-component seismic noise spectra made during time
periods of different wind speeds. The number of hours used for each stack is listed in the legend. (b) Same
as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spectrum made from
the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz highlights a visible
peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the spectrum made from
the times of the lowest wind speed for winter (black).
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Figure A.56: The influence of wind on seismic noise during winter (Dec/Jan/Feb) at station H22K. Other
stations shown in Figures A.34-A.49. (a) Horizontal-component seismic noise spectra made during time
periods of different wind speeds. The number of hours used for each stack is listed in the legend. (b) Same
as (a), but for the vertical component of seismic noise. (c) Spectra in (a) minus the spectrum made from
the times of the lowest wind speed for winter (black). The dashed blue line at 0.025 Hz highlights a visible
peak in the spectra shown for most stations (e.g. F6TP). (d) Spectra in (b) minus the spectrum made from
the times of the lowest wind speed for winter (black).
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Figure A.57: The influence of wind on seismic noise during winter (Dec/Jan/Feb) for all 16 stations in 
Table 2.1. (a)Horizontal component spectra for 16 stations. Each spectrum is constructed by taking the me
dian of all spectra recorded during hours of 10-12 m/s wind speeds, then subtracting the median spectrum 
made from all spectra recorded during hours of no wind. The bold cyan spectrum is the median of all 16 
stacks and the dashed lines represent uncertainties (±1 median absolute deviation). (b) Same as (a), but for 
the vertical component.
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Figure A.58: Scatter plot and time series of wind speed at PANN and 30 s ambient noise of F1TN during 
the winter. The sample rate for both data sets is hourly. (a) Time series comparison of wind speed and 
horizontal-component seismic noise at 30 s. (b) Scatter plot of the two time series in (a). The red triangles 
are the median power for each wind speed and the squares are variation at 1 MAD. The first correlation is 
for all available data. The second correlation excludes all wind speed measurements at 0 m/s. (c)-(d) Same 
as (a)-(b), but for the vertical component of seismic noise.
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Figure A.59: Scatter plot and time series of wind speed at PANN and 30 s ambient noise of F3TN during 
the winter. The sample rate for both data sets is hourly. (a) Time series comparison of wind speed and 
horizontal-component seismic noise at 30 s. (b) Scatter plot of the two time series in (a). The red triangles 
are the median power for each wind speed and the squares are variation at 1 MAD. The first correlation is 
for all available data. The second correlation excludes all wind speed measurements at 0 m/s. (c)-(d) Same 
as (a)-(b), but for the vertical component of seismic noise.
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Figure A.60: Scatter plot and time series of wind speed at PANN and 30 s ambient noise of FAPT during 
the winter. The sample rate for both data sets is hourly. (a) Time series comparison of wind speed and 
horizontal-component seismic noise at 30 s. (b) Scatter plot of the two time series in (a). The red triangles 
are the median power for each wind speed and the squares are variation at 1 MAD. The first correlation is 
for all available data. The second correlation excludes all wind speed measurements at 0 m/s. (c)-(d) Same 
as (a)-(b), but for the vertical component of seismic noise.
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Figure A.61: Scatter plot and time series of wind speed at PANN and 30 s ambient noise of NEA2 during 
the winter. The sample rate for both data sets is hourly. (a) Time series comparison of wind speed and 
horizontal-component seismic noise at 30 s. (b) Scatter plot of the two time series in (a). The red triangles 
are the median power for each wind speed and the squares are variation at 1 MAD. The first correlation is 
for all available data. The second correlation excludes all wind speed measurements at 0 m/s. (c)-(d) Same 
as (a)-(b), but for the vertical component of seismic noise.
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Figure A.62: Scatter plot and time series of wind speed at PANN and 30 s ambient noise of MLY during 
the winter. The sample rate for both data sets is hourly. (a) Time series comparison of wind speed and 
horizontal-component seismic noise at 30 s. (b) Scatter plot of the two time series in (a). The red triangles 
are the median power for each wind speed and the squares are variation at 1 MAD. The first correlation is 
for all available data. The second correlation excludes all wind speed measurements at 0 m/s. (c)-(d) Same 
as (a)-(b), but for the vertical component of seismic noise.
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Figure A.63: Scatter plot and time series of wind speed at PANN and 3 Hz ambient noise of F1TN during 
the winter. The sample rate for both data sets is hourly. (a) Time series comparison of wind speed and 
horizontal-component seismic noise at 3 Hz. (b) Scatter plot of the two time series in (a). The red triangles 
are the median power for each wind speed and the squares are variation at 1 MAD. The first correlation is 
for all available data. The second correlation excludes all wind speed measurements at 0 m/s. (c)-(d) Same 
as (a)-(b), but for the vertical component of seismic noise.
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Figure A.64: Scatter plot and time series of wind speed at PANN and 3 Hz ambient noise of F3TN during 
the winter. The sample rate for both data sets is hourly. (a) Time series comparison of wind speed and 
horizontal-component seismic noise at 3 Hz. (b) Scatter plot of the two time series in (a). The red triangles 
are the median power for each wind speed and the squares are variation at 1 MAD. The first correlation is 
for all available data. The second correlation excludes all wind speed measurements at 0 m/s. (c)-(d) Same 
as (a)-(b), but for the vertical component of seismic noise.
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Figure A.65: Scatter plot and time series of wind speed at PANN and 3 Hz ambient noise of FAPT during 
the winter. The sample rate for both data sets is hourly. (a) Time series comparison of wind speed and 
horizontal-component seismic noise at 3 Hz. (b) Scatter plot of the two time series in (a). The red triangles 
are the median power for each wind speed and the squares are variation at 1 MAD. The first correlation is 
for all available data. The second correlation excludes all wind speed measurements at 0 m/s. (c)-(d) Same 
as (a)-(b), but for the vertical component of seismic noise.
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Figure A.66: Scatter plot and time series of wind speed at PANN and 3 Hz ambient noise of NEA2 during 
the winter. The sample rate for both data sets is hourly. (a) Time series comparison of wind speed and 
horizontal-component seismic noise at 3 Hz. (b) Scatter plot of the two time series in (a). The red triangles 
are the median power for each wind speed and the squares are variation at 1 MAD. The first correlation is 
for all available data. The second correlation excludes all wind speed measurements at 0 m/s. (c)-(d) Same 
as (a)-(b), but for the vertical component of seismic noise.
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Figure A.67: Scatter plot and time series of wind speed at PANN and 3 Hz ambient noise of MLY during 
the winter. The sample rate for both data sets is hourly. (a) Time series comparison of wind speed and 
horizontal-component seismic noise at 3 Hz. (b) Scatter plot of the two time series in (a). The red triangles 
are the median power for each wind speed and the squares are variation at 1 MAD. The first correlation is 
for all available data. The second correlation excludes all wind speed measurements at 0 m/s. (c)-(d) Same 
as (a)-(b), but for the vertical component of seismic noise.
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Figure A.68: Scatter plot and time series of wind speed at PANN and 10 Hz ambient noise of F1TN during 
the winter. The sample rate for both data sets is hourly. (a) Time series comparison of wind speed and 
horizontal-component seismic noise at 10 Hz. (b) Scatter plot of the two time series in (a). The red triangles 
are the median power for each wind speed and the squares are variation at 1 MAD. The first correlation is 
for all available data. The second correlation excludes all wind speed measurements at 0 m/s. (c)-(d) Same 
as (a)-(b), but for the vertical component of seismic noise.
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Figure A.69: Scatter plot and time series of wind speed at PANN and 10 Hz ambient noise of F3TN during 
the winter. The sample rate for both data sets is hourly. (a) Time series comparison of wind speed and 
horizontal-component seismic noise at 10 Hz. (b) Scatter plot of the two time series in (a). The red triangles 
are the median power for each wind speed and the squares are variation at 1 MAD. The first correlation is 
for all available data. The second correlation excludes all wind speed measurements at 0 m/s. (c)-(d) Same 
as (a)-(b), but for the vertical component of seismic noise.
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Figure A.70: Scatter plot and time series of wind speed at PANN and 10 Hz ambient noise of FAPT during 
the winter. The sample rate for both data sets is hourly. (a) Time series comparison of wind speed and 
horizontal-component seismic noise at 10 Hz. (b) Scatter plot of the two time series in (a). The red triangles 
are the median power for each wind speed and the squares are variation at 1 MAD. The first correlation is 
for all available data. The second correlation excludes all wind speed measurements at 0 m/s. (c)-(d) Same 
as (a)-(b), but for the vertical component of seismic noise.
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Figure A.71: Scatter plot and time series of wind speed at PANN and 10 Hz ambient noise of NEA2 during 
the winter. The sample rate for both data sets is hourly. (a) Time series comparison of wind speed and 
horizontal-component seismic noise at 10 Hz. (b) Scatter plot of the two time series in (a). The red triangles 
are the median power for each wind speed and the squares are variation at 1 MAD. The first correlation is 
for all available data. The second correlation excludes all wind speed measurements at 0 m/s. (c)-(d) Same 
as (a)-(b), but for the vertical component of seismic noise.
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Figure A.72: Scatter plot and time series of wind speed at PANN and 10 Hz ambient noise of MLY during 
the winter. The sample rate for both data sets is hourly. (a) Time series comparison of wind speed and 
horizontal-component seismic noise at 10 Hz. (b) Scatter plot of the two time series in (a). The red triangles 
are the median power for each wind speed and the squares are variation at 1 MAD. The first correlation is 
for all available data. The second correlation excludes all wind speed measurements at 0 m/s. (c)-(d) Same 
as (a)-(b), but for the vertical component of seismic noise.
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Figure A.73: Correlations of hourly non-zero winter wind speed to seismic noise across all frequencies. 
Curves for 16 seismic stations are colored black (0-25 km) or red (25-50 km), according to the station's dis
tance from weather station PANN, in Nenana. Higher correlations at frequencies 0.01-0.03 Hz are evident 
at stations closer to PANN. The horizontal line is shown as a reference correlation of 0.4.
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Figure A.74: Ambient noise spectra for winter (Dec/Jan/Feb) and without wind. The unbolded line is 
F8KN (for the same time period), which is used as a non-basin reference spectrum.
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Figure A.75: Spectra in Figure A.74 minus the F8KN reference spectrum.
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Figure A.76: Ambient noise spectra for winter (Dec/Jan/Feb) and without wind. The unbolded line is 
F8KN.
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Figure A.77: Spectra in Figure A.76 minus the F8KN reference spectrum. The patterns shown are attributed 
to cultural noise (FAPT, FPAP, FTGH) and a lattice tower at NEA2. The negative values at MLY show that 
it has overall lower noise levels than at F8KN.

236



Figure A.78: Same as Figure 2.14 but for the horizontal component.
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Event detection in MFFZ (and relationship to noise levels)

Figure A.79: Seismicity in subregions of the Minto Flats fault zone near Nenana, Alaska (e.g., Tape et al., 
2015). The seismicity from 2016 and includes all events from the Alaska Earthquake Center Catalog.

Figure A.80: Seismicity in subregions of the Minto Flats fault zone near Nenana, Alaska (e.g., Tape et al., 
2015). The seismicity from 2017 and includes all events from the Alaska Earthquake Center Catalog.
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Figure A.81: (a) Histogram of all P-picks from FLATS seismometers <100 m from the main channel of the 
Tanana River (F2TN, F3TN, F4TN, F5MN, F7TV). The P-picks were selected from events in Figure A.79. 
Events in March and April are excluded for 2016. Collectively, the FLATS stations detect do not detected all 
events in MFFZ and there exists a seasonal bias of P-picks that propagate into the catalog. The horizontal 
dashed line is the mean. (b) Histogram of all events in MFFZ detected by at least one FLATS seismometer 
close to the main river channel (F2TN, F3TN, F4TN, F5MN, F7TV) in 2016. The horizontal dashed line is 
the mean.

Figure A.82: Time series of 10 Hz noise at all stations near the main river channel (Table 2.1) except F2TN. 
F2TN was excluded because it has frequently moved its location but it is still considered for P-picks. The 
vertical solid lines are dates of river freezeup observed at F3TN. The vertical dashed lines are ice breakup 
in Nenana marked by the tipping of the Nenana Ice Classic tripod.
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Figure A.83: (a) Histogram of all P-picks from FLATS seismometers <100 m from the main channel of the 
Tanana River (F2TN, F3TN, F4TN, F5MN, F7TV). The P-picks were selected from events in Figure A.80. 
Events in March and April are excluded for 2017. Collectively, the FLATS stations detect do not detected all 
events in MFFZ and there exists a seasonal bias of P-picks that propagate into the catalog. The horizontal 
dashed line is the mean. (b) Histogram of all events in MFFZ detected by at least one FLATS seismometer 
close to the main river channel (F2TN, F3TN, F4TN, F5MN, F7TV) in 2017. The horizontal dashed line is 
the mean.

Figure A.84: Time series of 10 Hz noise at all stations near the main river channel (Table 2.1) except F2TN. 
F2TN was excluded because it has frequently moved its location but it is still considered for P-picks. The 
vertical solid lines are dates of river freezeup observed at F3TN. The vertical dashed lines are ice breakup 
in Nenana marked by the tipping of the Nenana Ice Classic tripod.

240



A.6 References

Gutenberg, B., 1951. Observations and theory of microseisms, in Compendium of Meterology, 
pp.

1303-1311, ed. Malone, T. S., American Meteorological Society, Boston, Mass.

Gutenberg, B., 1958. Microseisms, Advances in Geophysics, 5, 53-92.

Peterson, J., 1993. Observations and Modeling of Seismic Background Noise, Open-File Report 

93-322.

Tape, C., Silwal, V., Ji, C., Keyson, L., West, M. E., & Ruppert, N., 2015. Transtensional tectonics 

of the Minto Flats fault zone and Nenana basin, central Alaska, Bull. Seismol. Soc. Am., 105(4), 

2081-2100, doi: 10.1785/0120150055.

USGS, 2016. National Water Information System data available on the World Wide Web (USGS 

Water Data for the Nation), accessed [June 1, 2019], at https://waterdata.usgs.gov/ak/nwis/uv? 

site_no=15515500.

241

https://waterdata.usgs.gov/ak/nwis/uv


Appendix B

Supporting Information for Chapter 3 (Seismic response of Cook Inlet sedimentary basin, 

southern Alaska)

B.1  Tables

Table B.1: Comparison of three different quantities representing amplitude ratios of seismograms: power 
ratio x in dB, power ratio P, amplitude ratio A, and log-scaled amplitude ratio ln A. Let A1(f ) and A2(f ) be 
the spectral amplitudes at a target and reference station, respectively. If A2 = 1 m/s2, then P2 = 1 (m/s2)2, 
and the dB value can be thought of in the traditional usage (e.g., McNamara & Buland, 2004), in absolute 
terms. In our case, A2 is the acceleration for a particular reference station, and the dB value can be thought 
of as a relative measure between two stations. The relationship between x and P are x = 10 log10 P and 
P = 10x/10.

x, dB P = P1(f )∕P2(f) A = A1(f )∕A2(f) ln A
50 100000.00000 316.22777 5.76
45 31622.77660 177.82794 5.18
40 10000.00000 100.00000 4.61
35 3162.27766 56.23413 4.03
30 1000.00000 31.62278 3.45
25 316.22777 17.78279 2.88
20 100.00000 10.00000 2.30
15 31.62278 5.62341 1.73
10 10.00000 3.16228 1.15
5 3.16228 1.77828 0.58
0 1.00000 1.00000 0.00

-5 0.31623 0.56234 -0.58
-10 0.10000 0.31623 -1.15
-15 0.03162 0.17783 -1.73
-20 0.01000 0.10000 -2.30
-25 0.00316 0.05623 -2.88
-30 0.00100 0.03162 -3.45
-35 0.00032 0.01778 -4.03
-40 0.00010 0.01000 -4.61
-45 0.00003 0.00562 -5.18
-50 0.00001 0.00316 -5.76

0.00 1 1 0.00
6.02 4 2 0.69
9.54 9 3 1.10

12.04 16 4 1.39
13.98 25 5 1.61
15.56 36 6 1.79
16.90 49 7 1.95
18.06 64 8 2.08
19.08 81 9 2.20
20.00 100 10 2.30
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Table B.2: Summary of spectral ratios for 45 stations for 34 earthquakes. Spectral ratios are graphically 
displayed with respect to basin depth values in Figure 3.14 and Figure B.10. Spectral ratios are calculated 
for two frequency ranges: 0.1-0.5 Hz (lf) and 0.5-4.0 Hz (hf). If N19K is unavailable as a reference station, 
then we use WFLW or SLK. If SSN is unavailable as a reference station, then we use SKN or SLK. If SLK 
is unavailable as a reference station, then we use BRSE. Stations are ordered according to Figure 3.2. The 
horizontal double bars separates basin stations from other stations.

station reference 
station

recorded 
events

Zlf ± MAD Rlf ± MAD Tlf ± MAD Zhf ± MAD Rhf ± MAD Thf ± MAD

CAPN SLK 34 13.25 ± 2.45 17.60 ± 2.00 15.10 ± 1.80 12.05 ± 2.80 17.05 ± 2.80 14.85 ± 3.15
NSKI SLK 32 12.20 ± 1.95 16.80 ± 1.90 13.40 ± 3.10 8.90 ± 2.30 13.20 ± 3.10 10.75 ± 3.30
LTUY SLK 30 11.60 ± 1.70 14.95 ± 2.00 11.10 ± 2.90 8.15 ± 2.60 10.15 ± 4.10 7.65 ± 3.30
SOLD SLK 32 10.70 ± 1.80 13.10 ± 2.90 12.55 ± 2.40 8.00 ± 3.25 12.40 ± 2.75 9.85 ± 4.55
WHIP SLK 31 12.70 ± 0.80 15.60 ± 2.30 14.10 ± 2.40 8.10 ± 2.40 11.20 ± 3.20 9.40 ± 2.70
BULG SSN 21 9.55 ± 2.95 12.30 ± 3.00 9.20 ± 3.05 9.10 ± 3.40 12.00 ± 3.50 11.90 ± 3.20
CLAM SLK 32 9.50 ± 2.30 11.05 ± 3.05 8.45 ± 2.65 6.15 ± 3.40 10.85 ± 2.80 7.75 ± 3.40
KALN N19K 32 10.70 ± 1.55 15.80 ± 2.65 13.85 ± 3.15 15.75 ± 2.35 21.20 ± 2.85 20.90 ± 3.25
BING SLK 34 9.70 ± 1.10 14.00 ± 1.40 11.20 ± 1.30 7.00 ± 2.10 10.35 ± 2.40 7.55 ± 2.50
NNIL SLK 32 7.20 ± 3.10 9.60 ± 4.15 7.30 ± 3.00 2.10 ± 6.15 5.40 ± 5.55 2.85 ± 6.45
SALA SSN 15 8.40 ± 1.10 12.30 ± 2.60 8.50 ± 3.30 7.20 ± 5.90 13.20 ± 6.10 10.70 ± 5.30
MPEN SLK 31 12.00 ± 2.10 14.75 ± 1.80 11.65 ± 2.55 9.60 ± 1.90 11.60 ± 2.70 10.30 ± 1.40
KALS N19K 30 12.15 ± 3.90 14.55 ± 4.05 13.10 ± 4.50 17.60 ± 3.00 17.20 ± 2.90 17.00 ± 4.00
CONG SSN 32 10.00 ± 2.80 11.45 ± 2.75 9.85 ± 3.00 6.50 ± 3.60 9.40 ± 3.85 8.95 ± 4.45
HOM SLK 33 6.20 ± 2.50 10.05 ± 4.95 8.55 ± 5.65 3.00 ± 4.40 6.80 ± 7.60 5.80 ± 7.20
FIRE SSN 34 9.70 ± 2.80 12.60 ± 2.35 11.90 ± 3.20 9.90 ± 2.60 9.20 ± 2.80 8.75 ± 4.10
LTUX SLK 21 7.60 ± 2.65 13.45 ± 2.10 9.70 ± 1.50 7.80 ± 2.90 10.80 ± 3.20 8.70 ± 2.90
GOOS SSN 32 6.40 ± 3.10 9.20 ± 3.80 10.80 ± 5.80 4.35 ± 3.25 7.15 ± 3.50 6.25 ± 2.70
O20K N19K 32 6.30 ± 2.20 8.70 ± 3.60 9.00 ± 3.25 7.40 ± 2.10 12.35 ± 3.00 11.30 ± 3.25
P19K N19K 25 5.00 ± 2.70 8.25 ± 3.10 4.40 ± 2.50 6.00 ± 2.70 12.10 ± 3.40 6.50 ± 2.80
PMR SSN 32 -0.65 ± 4.20 -4.75 ± 2.85 -3.40 ± 4.20 -4.80 ± 3.85 -5.50 ± 4.30 -6.15 ± 3.95
RC01 SSN 34 -0.75 ± 2.90 -2.05 ± 4.65 -1.00 ± 4.60 1.90 ± 4.60 -0.30 ± 4.50 -0.15 ± 3.50

LTUW SLK 16 0.90 ± 2.70 2.50 ± 1.90 0.40 ± 1.20 -1.45 ± 2.95 0.40 ± 2.25 -1.95 ± 3.65
BRLK SLK 34 -0.40 ± 2.30 -1.20 ± 3.90 -2.45 ± 2.50 -4.50 ± 4.20 -5.10 ± 4.10 -7.00 ± 4.50
GHO SSN 32 1.40 ± 4.75 -2.25 ± 3.55 -2.90 ± 5.60 -1.45 ± 3.95 1.00 ± 4.50 -0.30 ± 3.40
CNP SLK 34 0.70 ± 4.20 0.30 ± 5.40 -0.80 ± 4.95 -5.50 ± 4.10 -5.60 ± 5.15 -5.50 ± 5.55
BRSE SLK 34 -0.10 ± 2.10 0.70 ± 3.70 -1.85 ± 2.55 -3.90 ± 3.30 -4.40 ± 4.60 -4.90 ± 2.50
HOPE SLK 32 -0.00 ± 1.50 1.40 ± 2.60 -2.10 ± 4.40 2.00 ± 2.60 2.70 ± 3.70 1.60 ± 2.40
SAW SSN 34 1.90 ± 4.90 -2.20 ± 3.90 -2.90 ± 3.45 -3.60 ± 4.30 -2.30 ± 3.45 -2.80 ± 3.75

RDWB N19K 16 2.70 ± 3.00 1.80 ± 2.30 4.35 ± 3.50 6.35 ± 1.50 9.80 ± 1.35 9.25 ± 1.25
KNK SSN 33 0.80 ± 6.00 -2.55 ± 5.10 -0.80 ± 5.60 -0.20 ± 3.70 0.10 ± 3.90 2.20 ± 3.80
HLC2 N19K 20 2.80 ± 2.95 1.40 ± 4.50 -0.80 ± 1.40 3.75 ± 1.45 3.60 ± 0.80 2.70 ± 0.95
HLC3 N19K 30 2.60 ± 2.50 2.40 ± 1.90 0.20 ± 3.15 8.85 ± 2.20 11.40 ± 2.15 10.45 ± 2.50
SWD SLK 34 -0.15 ± 3.15 -1.00 ± 1.80 -5.10 ± 3.75 -2.85 ± 1.55 -4.40 ± 1.90 -6.15 ± 1.95
HLC4 N19K 18 1.75 ± 2.40 1.25 ± 4.65 -0.20 ± 2.40 3.25 ± 1.15 4.25 ± 1.50 3.05 ± 1.10
SKN SSN 20 -1.00 ± 2.05 -2.10 ± 2.55 -2.80 ± 3.90 -1.30 ± 3.00 -3.30 ± 3.40 -0.55 ± 2.65
PWL SLK 33 -0.55 ± 3.00 -0.60 ± 1.90 -3.00 ± 4.40 0.90 ± 3.30 1.20 ± 3.80 -0.10 ± 4.10
HLC5 N19K 32 2.50 ± 1.20 5.35 ± 1.15 5.30 ± 2.35 7.60 ± 1.10 9.60 ± 1.20 9.05 ± 1.10
M20K SSN 20 -2.90 ± 2.30 -3.80 ± 3.70 -6.45 ± 2.10 -8.25 ± 2.10 -9.55 ± 2.20 -9.70 ± 1.95
P18K N19K 28 -0.80 ± 2.90 -3.90 ± 3.50 -0.45 ± 3.35 -8.20 ± 2.00 -9.95 ± 3.25 -9.65 ± 2.00
O18K N19K 29 -0.90 ± 2.70 -2.90 ± 3.50 -2.15 ± 1.95 -3.00 ± 1.40 -3.90 ± 2.30 -2.90 ± 1.80
WFLS N19K 32 -0.95 ± 1.05 -0.85 ± 1.45 -0.65 ± 1.20 -1.95 ± 1.00 -1.05 ± 0.90 -1.40 ± 1.00
M19K SSN 29 -4.20 ± 2.00 -8.60 ± 2.25 -7.95 ± 2.80 -9.70 ± 1.80 -12.10 ± 3.20 -11.60 ± 3.50
WFLW N19K 32 -1.25 ± 0.65 -2.35 ± 1.70 -1.60 ± 1.90 -2.70 ± 1.10 -3.30 ± 0.85 -3.70 ± 1.50
SVW2 N19K 33 -2.85 ± 1.45 -3.45 ± 1.20 -2.80 ± 2.05 -1.10 ± 1.60 -2.80 ± 0.80 -2.30 ± 1.30
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B.2  Figures

Figure B.1: Spectra for 18 basin stations in the Cook Inlet region, sorted by Figure 3.2. The depth-to- 
basement is listed in the header of each subplot. Solid and dashed black spectra are vertical and horizontal 
components, respectively. The spectra for each station are compared with those of nonbasin station SSN 
(red). The grey lines are the NHNM and NLNM reference spectra (Peterson, 1993).
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Figure B.2: Differential spectra for the vertical component (solid) and horizontal component (dashed) 
shown in Figure B.1. The 0 dB horizontal line represents the reference station SSN.
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Figure B.3: Spectra for 12 marginal basin stations in the Cook Inlet region, sorted by Figure 3.2

Figure B.4: Differential spectra for the vertical component (solid) and horizontal component (dashed) 
shown in Figure B.3. The 0 dB horizontal line represents the reference station SSN.
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Figure B.5: Spectra for 18 nonbasin stations in the Cook Inlet region, sorted by Figure 3.2.
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Figure B.6: Differential spectra for the vertical component (solid) and horizontal component (dashed) 
shown in Figure B.5. The 0 dB horizontal line represents the reference station SSN.
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Figure B.7: Spectra for 12 unused stations in the Cook Inlet region, sorted by Figure 3.2. These stations 
were not used in our analysis.
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Figure B.8: Differential spectra for the vertical component (solid) and horizontal component (dashed) 
shown in Figure B.7. The 0 dB horizontal line represents the reference station SSN.
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Figure B.9: Starting point for calculation of ground motion metrics. A full set of explanatory figures for 
earthquake metrics is shown in Figures 3.6-3.8. The example earthquake here occurreed on 2016-11-06 
with Ml4.1 and depth 12 km. (a) Map of epicenter (star), recording stations (triangles), and the boundary 
of Cook Inlet basin. (b) Record section of transverse-component velocity seismograms with instrument 
response removed. Each seismogram is normalized to its maximal amplitude. Next to the station labels 
are the distance and azimuth from the epicenter. (c) Filtered record section (0.10-0.82 Hz) unnormalized 
amplitudes, showing the expected decrease in amplitude with increasing epicentral distance. TA.O18K, 
TA.P19Kwere rejected due to low signal-to-noise.
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Figure B.10: Same as Figure 3.14ab, but shown here for the radial (middle row) and transverse (bottom 
row) components as well.
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Appendix C

Supporting Information for Chapter 4 (Seismic response of Nenana sedimentary basin, central 

Alaska)

C.1  Tables

Table C.1: Seismic stations in this study.

network station longitude latitude basin depth (km) description
XV F1TN -149.1595 64.6544 4.2 adjacent to Tanana River
XV F2TN -149.1327 64.7090 4.7 adjacent to Tanana River
XV F3TN -149.1465 64.7716 3.3 adjacent to Tanana River
XV F4TN -149.1529 64.8338 2.5 adjacent to Tanana River
XV F5MN -149.1814 64.8857 3.0 Old Minto, adjacent to Tanana River
XV F6TP -149.5598 64.8700 1.0 small hill, 600 m from Tanana River
XV F7TV -149.8256 64.8537 1.0 Tolovana Lodge, adjacent to Tanana River
XV FNN1 -149.2178 64.5716 4.0 Nunivak 1 well site
XV FNN2 -149.4456 64.5756 3.0 near Nunivak 2 well site
XV FAPT -149.0831 64.5498 1.0 adjacent to Nenana airport shed and tower
XV FPAP -149.0992 64.6130 1.0 adjacent to home outside Nenana
XV FTGH -148.8279 64.6917 0.0 on ridge and 228 m from the Parks Highway
AK NEA2 -149.0694 64.5928 0.0 on ridge and adjacent to microwave tower
TA I23K -149.3603 65.1479 0.0 outer road of Minto, at airport
AK MLY -150.7442 65.0304 0.0 bedrock hill near Manley
XV F8KN -149.9307 64.7653 0.0 bedrock bluff above Tanana River
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C.2 Figures

Figure C.1: Comparison of earthquake SR amplification values of Smith & Tape (2019b) and correcting for 
distance and using a time window of 500 s.
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Figure C.2: Earthquake SR amplification values of Smith & Tape (2019b) after correcting for distance and 
using a time window of 500 s.
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Figure C.3: Relationships among Mw, depth, incident angle and distance-to-basin for the 48 earthquakes in 
this study (Table 4.1). Our earthquake selection criteria results in a catalog having larger events at greater 
distances. Colors in (d) indicate P wave incident angle from 0 to 90 degrees.

258



Figure C.4: Cook Inlet basin (Top) and Nenana basin (Bottom) SR amplification for all stations and each 
earthquake in previous figures. Also shown are the median and MAD of each bin. The color bar indicates 
the magnitude. The Cook Inlet basin amplifications are from BING, BULG, CAPN, CLAM, CONG, FIRE, 
GOOS, HOM, KALN, KALS, LTUX, LTUY, NNIL, NSKI, SALA, and SOLD. The Nenana basin amplifica
tions are from F1TN, F2TN, F3TN, F4TN, F5MN, FNN1, and FNN2.
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Figure C.5: Example of amplification of P and S waves from a teleseismic earthquake (2019-05-26,Mw 7.99, 
depth 127 km) recorded on the transverse component. See Figure C.5 for the vertical component. (a) Trans
verse component recording of P wavetrain, filtered 0.1-0.5 Hz, at F8KN, F7TV, and F3TN. (b) Same as (a) 
but filtered 0.5-4.0 Hz. (c) Transverse component recording of S wavetrain, filtered 0.1-0.5 Hz, at F8KN, 
F7TV, and F3TN. (d) Same as (c) but filtered 0.5-4.0 Hz.
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Figure C.6: Example of amplification of P and S waves from a teleseismic earthquake (2019-05-26,Mw7.99, 
depth 127km) recorded on the transverse component. See Figure C.5 for the vertical component. (a) Trans
verse component recording of P wavetrain, filtered 0.1-0.5Hz, at F8KN, F7TV, and F3TN. (b) Same as (a) 
but filtered 0.5-4.0 Hz. (c) Transverse component recording of S wavetrain, filtered 0.1-0.5 Hz, at F8KN, 
F7TV, and F3TN. (d) Same as (c) but filtered 0.5-4.0 Hz.



Figure C.7: Top: Median spectral ratio of all local and regional events in LFband. Bottom: MAD of spectral 
ratios of local and regional events in LFband. Vertical axis is sorted by SR values with reference station 
F8KN from the transverse component in Figure 4.5. Horizontal axis is sorted by median distance to all local 
events.

Figure C.8: Top: Median spectral ratio of all local and regional events in Pre-EQ Noise LFband. Bottom: 
MAD of spectral ratios of local and regional events in Pre-EQ Noise LFband. Vertical axis is sorted by SR 
values with reference station F8KN from the transverse component in Figure 4.5. Horizontal axis is sorted 
by median distance to all local events.
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Figure C.9: Top: Median spectral ratio of all local and regional events in HFband. Bottom: MAD of spectral 
ratios of local and regional events in HFband. Vertical axis is sorted by SR values with reference station 
F8KN from the transverse component in Figure 4.5. Horizontal axis is sorted by median distance to all local 
events.

Figure C.10: Top: Median spectral ratio of all local and regional events in Noise HFband. Bottom: MAD 
of spectral ratios of local and regional events in Noise HFband. Vertical axis is sorted by SR values with 
reference station F8KN from the transverse component in Figure 4.5. Horizontal axis is sorted by median 
distance to all local events.
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Figure C.11: LFband: Teleseismic P wave spectral ratios sorted by increasing magnitude. The vertical 
axis is sorted by descending SR's reference station F8KN in the transverse component in Figure 4.5. The 
horizontal axis is sorted by median distance to all local events. Event 2017-09-08 is a nuclear explosion test 
from North Korea and did not produce significant S waveforms so it is excluded.
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Figure C.12: LFband: Teleseismic S wave spectral ratios sorted by increasing magnitude. The vertical 
axis is sorted by descending SR's reference station F8KN in the transverse component in Figure 4.5. The 
horizontal axis is sorted by median distance to all local events. Event 2017-09-08 is a nuclear explosion test 
from North Korea and did not produce significant S waveforms so it is excluded.
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Figure C.13: Spectral ratio of teleseismic earthquake (solid) and pre-earthquake noise (dashed) for Ml 5.18 
on 2017-09-03 with depth 1 km and 5560 km from the basin. Events are sorted by magnitude. D is the 
event depth. See Figures C.11 and C.12 for complete view of other stations of Pand S wave amplifications 
for LFband.
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Figure C.14: Spectral ratio of teleseismic earthquake (solid) and pre-earthquake noise (dashed) for Ml 7.99 
on 2019-05-26 with depth 127 km and 9780 km from the basin. Events are sorted by magnitude. D is the 
event depth. See Figures C.11 and C.12 for complete view of other stations of P and S wave amplifications 
for LFband.

267



Figure C.15: Spectral ratio of teleseismic earthquake (solid) and pre-earthquake noise (dashed) for Ml 8.20 
on 2018-08-19 with depth 555 km and 9510 km from the basin. Events are sorted by magnitude. D is the 
event depth. See Figures C.11 and C.12 for complete view of other stations of P and S wave amplifications 
for LFband.
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Figure C.16: Spectral ratio of teleseismic earthquake (solid) and pre-earthquake noise (dashed) for Ml 8.23 
on 2017-09-08 with depth 45 km and 6830 km from the basin. Events are sorted by magnitude. D is the 
event depth. See Figures C.11 and C.12 for complete view of other stations of P and S wave amplifications 
for LFband.
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Figure C.17: Spectral ratio of teleseismic earthquake (solid) and pre-earthquake noise (dashed) for Ml 8.27 
on 2015-09-16 with depth 17 km and 12530 km from the basin. Events are sorted by magnitude. D is the 
event depth. See Figures C.11 and C.12 for complete view of other stations of P and S wave amplifications 
for LFband.
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Figure C.18: Same as Figure 4.10ab, but shown here for the radial (middle row) and transverse (bottom 
row) components as well.
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Figure C.19: Matrix plots for 43 local and regional earthquakes, ordered according to Table 4.1. Each colored 
box in a matrix plot indicates the correlation coefficient (CC) between a scatterplot between basin depth and 
a ground motion metric (here, ER ) calculated from a filtered set of seismograms (Smith & Tape, 2019b). The 
abundance of red here indicate that ER correlates with basin depth across a wide range of frequencies and 
especially for 0.1-0.5 Hz. The highest-CC scatterplot for each matrix plot is shown in Figure C.20.
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Figure C.20: Correlation between basin depth and ER on the vertical component. Each scatterplot shown 
corresponds to the frequency bandpass [f1, f2] associated with the highest-CC value in the corresponding 
matrix plot. Most bandpasses fall within the low-frequency range of 0.1-0.5 Hz. Note that the y-limits vary 
for each subplot.
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Figure C.21: Ambient noise stacks for no wind in winter for seismometers around Minto Flats: 13 FLATS 
stations plus AK.NEA2 (Nenana), AK.MLY (Manley Hot Springs) and TA.I23K (Minto). Solid and dashed 
lines are vertical and horizontal components, respectively. The spectra for each station are compared with 
those of bedrock station XV.F8KN (red). The FLATS stations exhibit higher noise levels than F8KN due to a 
combination of structural and environmental influences. The black bold lines are the NHNM and NLNM 
reference spectra (Peterson, 1993). 274



Figure C.22: Stack differences for the spectra in Figure C.21. The solid line shows the median power of all 
frequencies in the frequency interval 0.1-0.5 Hz and the dashed line shows one median absolute deviation 
(MAD). The red dot shows the maximum in the interval 0.5-4 Hz, and the uncertainty lines correspond to 
1 MAD of the spectrogram at the station.
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Figure C.23: (a) Frequency-dependent correlation between basin depth and noise amplitude from Smith 
& Tape (2019a, Figure 13) over the time period 2015-09-01 to 2019-09-01. Using basin depth map from 
PRA (2017). The curves are for the vertical (green) and horizontal (blue) components. The correlation is 
highest at periods 0.1-10 Hz and is high for longer periods. The solid lines are all stations in Smith & 
Tape (2019a, Table 1). Dashed lines are all FLATS stations excluding bedrock sites. Negative correlations at 
high frequencies are partly from cultural noise at stations FAPT and FPAP. (b)-(g) Scatterplots of ambient 
noise at 0.15, 0.5, and 1 Hz from (a) with basin depth. Basin depth source is from PRA (2017). Correlation 
coefficients for other frequencies are shown in (a). The solid lines are all Smith & Tape (2019a, Table 1). 
Dashed lines are all FLATS stations except bedrock sites. The first correlations coefficient (CC) is for all 
stations. The second CC is for all stations with non-zero depth.
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