
Ocean-bottom ultralow-frequency (ULF) seismo-acoustic ambient 
noise: 0.002 to 0.4 Hz 

George H. Sutton and Noel Barstow 
RondoutAssociates, Incorporated, P.O. Box 224, Stone Ridge, New York 12484 

(Received 24 November 1989; accepted for publication 29 December 1989) 

Observed spatial and temporal characteristics of ultralow-frequency (ULF) ocean-bottom 
seismo-acoustic ambient noise are required in order to construct realistic quantitative 
predictive models of the phenomena involved. Few such data exist or have been studied, 
especially for frequencies below about 0.1 Hz. Analysis of noise data is presented in the band 
0.002 to 0.4 Hz from a 2-week period, 11/28-12/12/67, recorded from long-period, three- 
component seismometers and a hydrophone of the Columbia-Point Arena ocean-bottom 
seismic station (OBSS, 38 ø 09.2'N-124 ø 54.4'W, 3903-m depth). Two intense NE Pacific 
storms with hurricane force winds occurred during the emphasized time period. Time 
variations of spectra and of amplitude and phase coherencies of the four-component OBSS 
data are related to the storm histories and to local weather/wave conditions and are used to 

identify motion (seismic wave) types and directions of propagation. 

PACS numbers: 43.30.Nb 

INTRODUCTION 

The general objective of this research is to improve our 
quantitative understanding of the ambient acoustic/seismic 
noise field in the ocean as a function of location and time in 

the ultralow-frequency (ULF) (0.001 to 1 Hz)/very low- 
frequency (VLF) ( 1 to 50 Hz) frequency band by identify- 
ing and characterizing the noise sources and determining the 
propagation characteristics of the ambient noise field as 
functions of the ocean and sub-bottom environmental pa- 
rameters. The specific research reported here characterizes 
ULF ocean-bottom noise during two northeast Pacific 
storms, measured at a single multisensor station. 

The most extensive set of ocean bottom data on long 
period seismic background noise and signals was obtained 
from the Columbia-Point Arena ocean-bottom seismic sta- 

tion (OBSS, Sutton et al., 1965). OBSS was installed on 18 
May 1966 at 38 ø 09.2'N, 124 ø 54.4'W about 200 km west of 
San Francisco at a depth of 3903 m, and it was in continuous 
operation for more than 6 years, until 11 September 1972. 
Though a number of papers (e.g., Auld et al., 1969; Latham 
and Nowroozi, 1968; Piermattei and Nowroozi, 1969; Sut- 
ton et al., 1965; Nowroozi et al., 1968, 1969) have been pub- 
lished using OBSS data, little had been published on the 
background noise, especially outside the principal micro- 
seism band, 0.1 to 0.2 Hz, until recent interest in ULF/VLF 
noise led us to examine OBSS data specifically for this infor- 
mation. OBSS instruments primarily used for this study are 
the Lamont 10ng-period (LP) triaxial seismometer ( 15-s 
natural period, originally developed for lunar use) and the 
long-period (crystal) hydrophone. Records from the three- 
component short-period (SP) system ( 1-s natural period) 
and short-period (coil-magnet) hydrophone also were con- 
sulted. We digitized FM tapes of the long-period data at 8 
spikes/s. 

We present analyses ofOBSS seismo-acoustic ULF data 
for a 2-week period, 11/28 to 12/11/67, during which two 

NE Pacific storms with hurricane force winds occurred. 

Samples of ocean-bottom noise in the frequency band 0.002 
to 0.4 Hz are analyzed for coherency and amplitude and 
phase relationships among the three components of particle 
motion and pressure. 

I. RESULTS 

Figure 1 shows the location and the orientation of the 
horizontal components of OBSS and the tracks of the two 
storms studied. Maximum intensities of storm activity oc- 
curred between about 1200 UT 12/1 and 1800 UT 12/2 for 

the earlier storm and between about 1200 UT 12/5 and 0000 

UT 12/6 for the later storm (Mariners' Weather Log, 1968 ). 
From 11/30 through 12/8 (except 12/2) swell height near 
OBSS was greater than 15 ft and on 11/30 and 12/3-12/5 
combined sea and swell was greater than 20 ft (historical 
conditions obtained from Pacific Weather Analysis). For 
the period 11/28-12/11/67, we digitized, somewhat arbi- 
trarily, 6-, 12-, or 4-h samples of noise (Fig. 2). These sam- 
ples of ocean-bottom noise are used to determine spectra, 
coherency, and amplitude and phase relationships among 
the three components of particle motion and pressure in the 
frequency band 0.002-0.4 Hz. Below about 0.003 Hz, some 
low-amplitude samples may be affected by system noise. 

The pressure spectra generally agree with those ob- 
tained by Cox et al. (1984) and Webb and Cox (1986) show- 
ing a strong minimum between about 0.03 and 0.1 Hz re- 
ferred to as the "noise notch"; motion spectra from the 
OBSS seismometers, especially the vertical sensor, are qual- 
itatively similar to the pressure spectra (Fig. 3). Figure 3 
shows velocity and pressure spectra from three different 
times: Time 1 (0200 UT 11/28) is before the storms; time 2 
( 1200 UT 12/4) occurs after the peak in double-frequency 
(twice ocean swell frequency) microseisms associated with 
storm 1; and time 3 (0200 UT12/8) is near the peak double- 
frequency microseisms associated with storm 2. It can be 
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FIG. 1. Location and orientation of 
OBSS and tracks of two 1967 hurri- 
canes. Thickened lines show duration 

and location along the storm tracks of 
huricane force winds. Storm 1 ( 11/29- 
12/5); closest approach of center of hur- 
ricane winds; A = 15.7 ø. Storm 2 ( 12/3- 
12/8); closest approach of hurricane 
winds; A -- 19.3 ø. 

seen that the whole spectral level between 0.003 and 0.4 Hz is 
raised for both vertical velocity • and pressure P. For fre- 
quencies below about 0.08 Hz, the horizontal components 
are affected more by local tidal currents (most likely from 
direct turbulent pressure on the OBSS package--Sutton, 
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FIG. 2. Measured from the original long-period photographic, continuous 
analog records are predominant period (circles) and average peak-peak 
trace amplitude (triangles) for vertical component microseismic back- 
ground noise during times of amplitude maxima and minima (usually last- 
ing several hours). Horizontal bars represent time samples of background 
noise digitized from original FM tapes. 

1986; Sutton and Duennebier, 1987, 1989) than by the storm 
activity. 

The data divide naturally into five frequency bands 
(0.004-0.02 Hz, 0.02-0.04 Hz, 0.04-0.08 Hz, 0.08-0.2 Hz, 
and 0.2-0.4 Hz) based upon observed characteristics and 
upon assumed mode of origin and/or propagation. The band 
divisions are labeled in Fig. 4, where amplitude and phase 
coherency between pressure and vertical motion are shown. 
Below, we discuss each band separately. 

A. Band 0.004-0.02 Hz 

In this band, it is believed that the pressure variations 
result from long gravity water waves having wavelengths 
greater than water depth, but much less than seismic waves 
of the same frequency (Webb and Cox, 1986; Webb, 1988; 
Barstow et al., 1989). Webb and Cox (1986) predict that 
this band should be fairly constant with time; however, we 
observe an increase in P and Z near 0.01 Hz of about 20 dB 

during the storms (Fig. 3 ). Sutton et al. ( 1965 ) also found a 
temporal correlation with ocean wave heights along the 
nearby (to OBSS) California coast. The pressure distur- 
bance should produce a forced deformation of the bottom 
and, near 0.01 Hz, we observe a strong correlation between P 
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FIG. 3. Pressure and three-component velocity power spectra from three 
time periods: 1 before (11/28), 2 during (12/4), and 3 near a peak (12/8) 
in microseism storm activity associated with two NE Pacific hurricanes in 
December 1967. Note that the whole spectrum is raised for pressure and 
vertical motion and only that above 0.08 Hz for horizontal motion. Spectra 
were calculated from 1-h samples divided into eight Hanning windows with 
62.5% overlap. 

and Z in Figs. 4 and 5. Yamamoto and Torii (1986) use such 
correlated pressure and motion in shallow water to estimate 
rigidity versus depth in the sub-bottom as a function of gravi- 
ty wavelength (period). This theory assumes that variations 
are slow enough that static loading theory is adequate. The 
approximately 3•r/2 phase between vertical displacement 
and pressure (maximum pressure in phase with maximum 
downward velocity) observed in Fig. 4 indicates that dissi- 
pation (radiation) is involved and that the static theory is 
not adequate. Static theory would predict •r phase (maxi- 
mum pressure in phase with maximum downward displace- 
ment) as is also the case for Rayleigh waves. The pressure- 
vertical velocity ratio (P/J•) near 0.01Hzis 24dB + 2.7 s.d. 
for 21 samples, much too large for fundamental mode Ray- 
leigh waves. All P/• ratios were obtained by graphical mea- 
surement of individual power spectra calculated from 1- 
hour samples divided into eight Hanning windows with 
62.5% overlap. 

B. Band 0.02--0.04 Hz 

In this band, we observe poor P-Z coherence (Figs. 4 
and 5). The P/• ratio near 0.02 Hz is 13.2 dB 4- 6.2 s.d. for 
21 samples. This average is well above that expected for seis- 
mic waves. Near 0.04 Hz, however, some samples have ra- 
tios appropriate for fundamental mode Rayleigh waves 
(LR). During the storm, amplitudes near 0.04 Hz increased 
10-20 dB (Fig. 3 ). In this band, which is partially within the 
0.03-0.1-Hz "noise notch," some low-amplitude samples 
may be system noise limited. 
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2• 

o 
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FIG. 4. Amplitude and phase coherency between vertical displacement and 
pressure during peak of microseism storm. An estimate of random ampli- 
tude coherency is given by the generally, lower amplitude spectrum ob- 
tained between samples of P and Z taken at separate times; above 0.02 Hz, 
the dashed line connects the largest maxima in the spectrum. The rc phase 
(maximum pressure in phase with maximum down displacement) is cor- 
rect for Rayleigh wave motion. Also, 3•r/2 phase near 0.01 Hz (maximum 
pressure in phase with maximum down velocity) is not consistent with sim- 
ple static loading from long gravity water waves. Numbered frequency 
bands correspond to text. This and succeeding coherency spectra were cal- 
culated from 3-h samples divided into 16 Hanning windows with 62.5% 
overlap. 

C. Band 0.04-0.08 Hz 

P-Z coherence is variable in this band, which is also 
within the 0.03- to 0.1-Hz noise notch (Figs. 4 and 5). Dur- 
ing the storm, amplitudes near 0.06 Hz increased 10-15 dB. 
The P/• ratio near 0.06 Hz for 21 samples is 6.8 dB 4- 3.1 
s:d.; again, some low-amplitude samples may be system 
noise limited. The highest amplitude samples (Fig. 6) have 
amplitude and phase relationships consistent with funda- 
mental mode Rayleigh waves. 

This is the frequency band of single-frequency micro- 
seisms and of prominent oceanic Rayleigh waves from earth- 
quakes. The single-frequency microseisms are generally be- 
lieved to be produced from direct pressure of shoaling swell 
in coastal areas and have been observed mostly on land in- 
struments (Oliver, 1962; Oliver and Page, 1963; Haubrich 
and McCamy, 1963; Cessaro and Chan, 1989). Consistent 
with this are Webb and Constable's (1986) interpretation of 
ambiguous results from a two-element ocean-bottom array 
as indicating Rayleigh propagation from near shore. Spectra 
(peaking near 0.06 Hz) and coherencies observed from June 
1966 OBSS data by Barstow et al. (1989), however, clearly 
indicate fundamental mode Rayleigh waves propagating 
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FIG. 5. Amplitude coherency between pressure and vertical motion (0.002 
to 0.4 Hz) during 2-week period including two hurricanes. Note the vari- 
able coherency in the "single-frequency" microseism band between about 
0.05 and 0.1 Hz and the consistently low coherency near 0.2 Hz and also 
from 0.02-0.04 Hz. 

shoreward rather than seaward, as would'be expected from 
generation near the California coast. 

Webb and Cox (1986) noted the transient nature of 
spectral peaks for ocean-bottom single-frequency micro- 
seisms compared to more stable double-frequency micro- 
seisms. We observe generally strong but variable P-Z coher- 
ency during the 11/28-12/11/67 time period, but there are 
few clear spectral peaks in this bandwidth. However, within 
the 3-h period of high P-Z coherency near 0.06 Hz (0200- 
0500 UT 12/8, Fig. 5), we are able to observe single-frequen- 
cy microseisms by narrow bandpass filtering the seismo- 
grams (Fig. 7). These microseisms, peaked at 0.05-0.06 Hz, 
have proper amplitude and phase relationships for LR and 
indicate shoreward (from 260 ø) propagation, as did our ear- 
lier results (Barstow et al., 1989). Also, we do not observe a 
precise 2 to 1 frequency relationship with the observed dou- 
ble-frequency microseisms as would be expected if the same 
swell produced both types. Oliver and Page (1963) and 
Haubrich and McCamy (1963), for example, at land sta- 
tions observed a quite accurate 2 to 1 relationship. 

D. Band 0.08-0.2 Hz 

This is the band of the prominent double-frequency mi- 
croseisms. We observe high P-Z coherency and a large in- 
crease in amplitude (30-40 dB) and an increase in period 
during the storms (Figs. 2 and 3). The P/• ratio near 0.1 Hz 

is 15.2 dB'_ 0.8 s.d. for 21 samples. The amplitude and 
phase relationships in this band indicate fundamental mode 
Rayleigh waves propagating shoreward assuming prograde 
motion based on an appropriate velocity structure (Latham 
and Nowroozi, 1968; Bradner and Latham, 1972). The evi- 
dence, least ambiguous for double-frequency microseisms, is 
as follows. (The same kinds of data and reasoning were used 
to characterize single-frequency microseisms and will be dis- 
cussed for wind-wave microseisms.) The •r phase difference 
between pressure and vertical displacement is correct for 
Rayleigh wave motion and, though shown only in Fig. 4, we 
have observed it in all the coherence spectra between rough- 
ly 0.04 and 0.4 Hz (except at 0.08 and 0.2 Hz). The P/Z 
amplitude ratios from 0.04-0.15 Hz are consistent with fun- 
damental mode Rayleigh waves for several reasonable veloc- 
ity models (Fig. 6). The theoretical points on the P/• ratio 
plots in Fig. 6 are from models 5 and 8 of Bradner, 1963. 
These models are probably the closest of those shown in Fig. 
6 to the structure at OBSS (e.g., Sutton et al., 1971 ); model 
values are given in Table I. 

The H/Z amplitude ratios are also consistent with fun- 
damental mode Rayleigh waves (Fig. 8). Velocity models 
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FIG. 6. Pressure-vertical velocity ratio for four time periods ( 12/2, 3, 5, 8) 
when both P and Z are at least 6 dB above the lowest recorded levels (i.e., 
little or no system noise). Theoretical curves are fundamental Rayleigh for 
different velocity models (Bradner, 1963). Triangles an'd circles on data 
plot are for models 8 and 5, respectively (Table I). 
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FIG. 7. Pressure and vertical velocity bandpass filtered from 0.04-0.06 Hz 
to enhance single-frequency microseisms; All traces start at 0300 UT on 
12/8. Amplitude scale applies only to time-expanded traces, for which pres- 
sure is plotted positive downward. 

appropriate for the OBSS site indicate prograde particle mo- 
tion for LR at frequencies higher than about 0.1 Hz. Assum- 
ing prograde motion, then, the double-frequency micro- 
seisms are propagating shoreward (Fig. 9). In Fig. 9, the 
vertical to horizontal coherencies and transfer functions are 

used to determine the propagation direction of Rayleigh 
waves. The phase coherencies determine the appropriate 
quadrant and the ratio of the transfer functions determines 
the angle relative from Hll (Fig. 1 ). Between 0.09 and 0.15 
Hz (double-frequency), propagation is from the west 
(275ø). In the same manner, we determined a propagation 
direction of 260 ø for single-frequency microseisms near 0.06 
Hz, where fundamental mode LR is retrograde. 

The relationship between the storms and the timing of 
changes in double-frequency microseisms is a clue to micro- 
seism origin. Using the distance to OBSS of the closest ap- 
proach of hurricane force winds generated in storm 1 (Fig. 
1 ), the calculated arrival time for 17-s water waves is 1200 
UT on 12/3. Similarly for storm 2, the calculated arrival 
time is 2000 UT on 12/7. The earlier of two observed maxi- 

ma for 8 1/2-s microseisms occurs at about 1200 UT 12/3 

(Fig. 2), as predicted for generation near OBSS from inter- 
fering 17-s swell of storm 1. The later-occurring maximum 

TABLE I. Bradner (1963) models 5 and 8. 

Model no. H,km p,g/cm 3 V,,km/s Vp,km/s 

6 1.03 1.52 

1 1.03 0.5 1.52 

6 2.75 3.98 6.9 

oo 3.09 4.68 8.1 

6 1.03 1.52 

0.5 1.03 0.25 1.52 

1.5 2.54 2.77 4.8 

5 2.75 3.98 6.9 

oo 3.09 4.68 8.1 

period and amplitude of double-frequency microseisms is 
observed early on 12/8, somewhat later than predicted for 
swell to reach OBSS from the distances of hurricane force 

winds associated with storm 2. It is important to our under- 
standing of the generation of double-frequency microseisms 
that the observed high-amplitude, longest period arrivals 
from both storms are later than expected for Rayleigh waves 
generated either near the storm center or at the coastal areas 
nearest the storm center. Thus the time delay relative to the 
storm activity suggests double-frequency microseism gener- 
ation near OBSS. We do not have a simple explanation for 
the 2- to 3-day cycle of double-frequency amplitude varia- 
tions in Fig. 2. From 11/30-12/8, the low-amplitude values 
steadily increase, and then, on 12/10, they drop back to the 
prestorm low levels. The pattern of high-amplitude values is 
puzzling, yet the two longest-period peaks in amplitude sen- 
sibly relate to the storm tracks. 

There have been many investigations, mostly involving 
only land observations, of double-frequency microseisms. 
They are generally believed to be generated by nonlinear 
wave-wave interaction either near a storm center or upon 
reflection from a coastline. Our ocean bottom data seem to 

require interaction offshore and away from the storm center. 
Perhaps the double-frequency microseisms from both 
storms are a result of interference between direct arriving 
storm swell and reflections off northern California and Or- 

egon (Fig. 1 ). 

E. Band 0.2-0.4 Hz 

Figure 5 shows a stable P-Z coherency maximum near 
0.3 Hz and a minimum near 0.2 Hz, separating it from the 
main double-fr•equency maximum. Amplitudes at 0.3 Hz 
varied up to 20 dB during the storms. Pressure and velocity 
amplitude fluctuations in this band correlate well with local 
wind and weather conditions; the generation of these micro- 
seisms is related to wind waves. On the original short-period 
photographic records, we observed two pronounced ampli- 
tude maxima, 12/3 and 12/7. These coincide with the two 
maxima in local winds indentified by Pacific Weather Anal- 
ysis for the 2-week period studied: 30 n and above from the 
southeast and the northwest, respectively. The P/2 ratio 
near 0.3 Hz is 6.9 dB -t- 1.0 s.d. for 16 samples. We note that 
observed P/2 ratios above about 0.15 Hz do not match fun- 
damental mode theory well (Fig. 6). Higher modes change 
amplitude ratio and particle motion over narrow band- 
widths and are highly sensitive to velocity structure, making 
it difficult to assess their propagation direction. If particle 
motion is prograde, propagation is seaward; i.e., from Fig. 9, 
near 0.33-Hz, propagation is from the east (100ø). Relatively 
poor coherency between vertical and horizontal ground mo- 
tion, however, suggests variable propagation direction. 

II. SUMMARY 

The pressure spectra are similar to those obtained by 
Cox et al. (1984) and Webb and Cox (1986) showing two 
maxima separated by a strong minimum between about 
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FIG. 8. Horizontal-vertical spectral ratios 
for same time periods as Fig. 6. Theoreti- 
cal curves and points are from Latham 
and Nowroozi (1968); Positive ratio indi- 
cates retrograde motion and negative ratio 
indicates prograde motion. 

0.03-0.1 Hz; motion spectra from the OBSS seismometers, 
especially the vertical sensor, are similar to the pressure 
spectra. Coherent energy from 0.1-0.15 Hz, and intermit- 
tently near 0.06 Hz, indicate fundamental mode Rayleigh 
wave motion propagating shoreward. The timing of high- 
amplitude, longer-period double-frequency microseisms is 
consistent with microseism generation near OBSS rather 
than closer to the storm center. Background noise levels 
around 0.06 Hz are intermittently coherent between P and Z 
during the 2-week period of this study, but rarely do they 
produce spectral peaks. Coherent energy near 0.3 Hz is con- 
sistently high and the highest amplitudes correspond to the 

highest local winds for the period. The P/• ratios show that 
these wind-wave microseisms are not fundamental mode 

Rayleigh waves. 
Coherent energy near 0.01 Hz varies with time but is 

well above'random coherency (estimated from coherency 
between samples of P and Z taken at separate times). An- 
other result from both our previous study of fairly quiet con- 
ditions (Barstow et al., 1989) and the current study of severe 
storm conditions is a 90 ø phase shift near 0.01 Hz between 
pressure and vertical displacement, indicating dissipation or 
radiation, in the forced deformation of the bottom from long 
gravity water waves. 
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horizontal motion (13-1600 UT, 12/7) 
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