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The Effect of Local Wind on Seismic Noise near 1 Hz
at the MELT Site and in Iceland
by William S. D. Wilcock, Spahr C. Webb, and Ingi Th. Bjarnason

Abstract The mantle electromagnetic and tomography (MELT) experiment on the
east Pacific rise near 17°S was the first large teleseismic experiment on a midocean
ridge. During the six-month deployment, no compressional arrivals were well re-
corded above 0.5 Hz. In comparison, the ICEMELT experiment in Iceland recorded
compressional arrivals at 1-2 Hz from about 2 earthquakes per month. We compare
noise spectra from the two experiments and show that this difference in detection is
at least in part a result of noise. Near 1 Hz, seismic noise in the oceans is produced
locally by wind-generated waves. At both experiment sites, 1-Hz noise levels are
well correlated with local sea-surface-wind speeds derived from satellite observa-
tions. For a given wind speed, 1-Hz noise levels are about 10-20 dB lower in Iceland.
At the MELT site, cross-correlations of wind speed with the logarithm of noise in a
narrow-frequency band yield correlation coefficients exceeding 0.7 at frequencies
between 0.4 Hz and 2 Hz. Noise levels at 1 Hz increase with wind by 1.3-1.4 dB
per m/sec for wind speeds less than 10 m/sec. For the ICEMELT experiment, high
correlation coefficients extend to markedly higher frequencies for coastal stations,
and there is a 10-dB drop in 1-Hz noise levels 100-km inland. Noise levels increase
by about 0.8 dB per m/sec. The strong correlation between wind speed and 1-Hz
seismic noise provides justification for using satellite wind speed data to search for
locations on the global spreading system where there is a better probability of re-
cording high-frequency arrivals. The calmest sites are found on the northern east
Pacific rise, near the equator in all oceans, and near 34° N and 22° S on the mid-

Atlantic ridge.

Introduction

Autonomous ocean bottom seismographs (OBSs) have
been in widespread use for over 25 years. For most of this
period, experiments were confined largely to short refraction
and microearthquake deployments because of the limited en-
durance of the instruments. In recent years, improvements
in low-power electronics and clock technology have facili-
tated the construction of OBSs that can be deployed for pe-
riods of one year. Broadband pressure sensors have been
available for some time (Cox et al., 1984) and with careful
electronic design, it is now possible to record ground motion
with conventional 1-Hz geophones at periods longer than 50
sec. These technological advances are expanding the variety
and characteristics of marine seismology experiments. Pas-
sive microearthquake studies are increasing in length, and it
is now feasible to conduct regional scale marine experiments
to record teleseismic arrivals. Autonomous OBSs may also
play a role in plans to fill in the oceanic gaps in global seis-
mic networks (Purdy and Dziewonski, 1988; Orcutt and
Purdy, 1995).

As for all seismic observations, the ability of OBSs to

record teleseismic arrivals is dependent not only on signal
strength and instrument characteristics, but also on noise lev-
els. In the microseismic band that extends from 0.1 to about
5 Hz, wind-driven gravity waves on the sea surface are the
dominant source of seismic noise, and the seafloor is often
a noisy environment (Webb, 1998). Previous experience
(Blackman er al., 1995) and quantitative considerations
(Webb, 1998) suggest that compressional arrivals near 1 Hz
will only be well recorded for very large earthquakes or dur-
ing calm periods. However, there are still relatively few re-
cordings of teleseisms in the deep ocean, and most were
not made on well-calibrated OBSs. Only a few deep-water
experiments have simultaneously monitored microseismic
noise and surface wind and wave conditions (Adair ef al.,
1984; Babcock et al., 1994; Dorman et al., 1993; Lewis and
Dorman, 1992; McCreery et al., 1993). None of the data
have been adequate to assess the probability of recording
high-frequency teleseisms.

The Mantle Electromagnetic and Tomography (MELT)
experiment (Forsyth ef al., 1998) near 17°S on the east Pa-
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cific rise (EPR) was the first large-scale long-term deploy-
ment of OBSs on a midocean ridge with the primary objec-
tive of recording teleseismic arrivals. The experiment was
designed to distinguish between competing models of upper
mantle flow and melt generation beneath midocean ridges
and consisted of 51 OBSs deployed for 6 months in two
linear arrays across the ridge axis (Fig. 1). The data coliected
facilitated a variety of complementary studies involving tele-
seismic body waves, surface waves, and local data (Forsyth
et al., 1998) but no high-frequency teleseismic arrivals were
recorded, a disappointing although not entirely unexpected
result. While there was a reasonable distribution of earth-
quakes during the deployment (Forsyth et al., 1998), no clear
teleseismic compressional arrivals were recorded above
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about 0.5 Hz. Two-dimensional tomographic images of
across-axis variations in mantle P-wave structure (Toomey
et al., 1998) were obtained with picks made from 12 earth-
quakes in the 0.15-0.5 Hz band.

In contrast to MELT, the ICEMELT experiment (Bjar-
nason et al, 1996), which deployed up to 14 broadband
seismometers throughout Iceland (Fig. 1), recorded about 50
earthquakes with a good signal-to-noise ratio above 1 Hz
over a 26-month period. Travel-time picks from 86 earth-
quakes obtained at frequencies between about 0.5 and 2 Hz
were inverted for a three-dimensional model of P-wave-
velocity structure in the Iceland mantle plume (Wolfe ef al.,
1997). Since travel-time picks obtained from high-frequency
arrivals have smaller uncertainties and the optimal resolution

Figure 1.
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Map showing the global network of major midocean ridges (Coffin et al.,

1998). Bold lines show spreading centers where the analysis of a global model that incor-
porates satellite~derived wind speeds suggests that there is a higher probability of recording
high-frequency teleseismic P waves (see text). Also shown are sites on the midocean ridge
network where deployments prior to the MELT experiment have recorded teleseismic com-
pressional arrivals near 1 Hz (filled circles) and only below 0.2 Hz (open circles). Labels
refer to the source of the observations as follows: b, Blackman et al. (1995); ¢, Crawford
et al. (1993); £, Forsyth (1996) and Blackman et al. (1995); 1, Levchenko et al. (1994); 1d,
Lewis and Dorman (1992); m, Montagner et al. (1994); r, Rowlett and Forsyth (1979); and
w, Webb (1998). Two boxes delineate the areas of inset maps, which show the configuration
of the MELT and ICEMELT experiments. For the MELT experiment, the inset map show the
spreading center (solid lines) and stations that returned data (triangles). The two stations
(sites 3 and 5) used extensively in this study are shown are labeled and are shown as solid
symbols. For the ICEMELT experiment, the network comprised 14 temporary installations
(triangles) and Global Seismic Network (GSN) station BORG (square). The stations used
for this study are shown as solid symbols and include stations NYD near the center of the

island and HOFF near the southeast coast.
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of the tomographic images is limited by the seismic wave-
length, it would clearly be advantageous to locate future
body wave experiments on midocean ridge segments where
the probability of recording clear high-frequency arrivals can
be maximized. .

In this article, we compare noise levels from the MELT
and ICEMELT experiment. The absence of high-frequency
compressional arrivals in the MELT data can be attributed,
at least in part, to higher noise levels in the region. The noise
spectra are consistent with the current understanding of mi-
croseismic noise generation and propagation. We make use
of a global wind data set derived from conventional and
satellite measurements to explore the relationships between
local wind and noise at the two sites. Near 1 Hz, the noise
is well correlated with local wind, particularly at the MELT
site. We use the wind data set to search for locations on the
global midocean ridge system where there is a relatively
high probability of recording high-frequency body waves.

Noise Observed in the MELT and ICEMELT
Experiments

Figure 2 shows compressional arrivals recorded during
the MELT and ICEMELT experiments for two similar earth-
quakes. The MELT example is one of the best recorded short-
period teleseisms in that experiment. At 0.03-0.1 Hz, both
events are recorded with a large signal-to-noise ratio, al-
though noise levels are lower for the ICEMELT example.
Between 0.1 and 1 Hz, signal-to-noise ratios are mediocre
for both events. The ICEMELT event is slightly better re-
corded at 0.1-0.3 Hz, while the signal-to-noise ratio is better
for the MELT event at 0.3-1 Hz, particularly on the vertical
seismometer. The most striking difference between the re-
cordings occurs at 1-3 Hz. Here root mean squared noise
levels on the normalized seismograms are about 8 times
higher for MELT, and the arrival is barely visible. Although
differences in the source and path characteristics may affect
the amplitude of teleseismic arrivals significantly, it is clear
from a comparison of noise power spectra obtained just prior
to the example earthquakes (Fig. 3) that differing noise lev-
els contribute substantially to the large difference in signal
to noise near 1 Hz, Between 0.5 and 2 Hz, noise levels at
the MELT site are about 20 dB higher.

The processes responsible for generating microseismic
noise are well understood, and we have a reasonable knowl-
edge of the gross variations in noise spectra that might be
expected between different regions of the oceans (Webb,
1998). Microseisms are a consequence of a nonlinear inter-
action between surface gravity waves traveling in opposite
or nearly opposite directions, which results in noise at twice
the wave frequency (the frequency doubling effect) (Kibble-
white and Wu, 1991, 1996; Orcutt et al.,, 1993). The for-
mation of ocean waves is dependent on the wind speed,
duration, and fetch. At short periods, the sea surface can
respond quickly to local winds, while at longer periods a
substantial fetch and duration are required for the seas to
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build (Massel, 1995). For fully developed seas (Fig. 4), the
dominant wave period and amplitude increases with wind
speed. Waves with periods much shorter than the dominant
period reach saturation amplitudes that decrease sharply with
increasing frequency. Since microseisms require waves trav-
eling in opposite directions, their generation will be particu-
larly efficient when the waves from two sources interact or
when winds shift. However, even under a steady unidirec-
tional wind, the wave spectrum will have a significant com-
ponents traveling in opposing directions (Massel, 1995). In
contrast, the swell from a single distant source is unidirec-
tional and is not expected to be a significant source (Webb,
1998). Microseisms tend to form in or near the same regions
where the waves are produced.

Ocean waves with periods above 25 sec are extremely
rare, and 10-15 sec waves are commonly produced by large
storms. As a result, seismic noise increases sharply from
about 0.1 Hz to a maximum value typically at 0.15-0.2 Hz.
Microseismic noise propagates away from source regions
primarily as Rayleigh waves. At lower frequencies, these
attenuate slowly, and the 7-sec microseismic peak is a
prominent feature of noise spectra even in the center of con-
tinents. As the frequency increases, microseisms attenuate
more rapidly with distance. Near 1 Hz, seafloor noise is pri-
marily dependent on local weather conditions (Dorman et
al., 1993; Webb, 1992, 1998; Babcock et al., 1994; Brom-
irski and Duennebier, 1998). In many regions, the ocean
wind speeds are sufficient to produce saturated wave ampli-
tudes at frequencies above ~1 Hz (Webb, 1992), and the
resulting universal noise spectrum is termed the HOLU spec-
trum (McCreery et al., 1993). Since saturated wave ampli-
tudes decrease rapidly with frequency (Fig. 4), the saturated
seismic noise levels also decline.

The example ICEMELT earthquake shown in Figure 2
occurred during the summer when large regions of the North
Atlantic are often calm. As a result, low-frequency micro-
seismic noise levels are low, and the microseismic peak oc-
curs at 0.2-0.3 Hz (Fig. 3). In contrast, the Pacific Ocean is
sufficiently large enough that storms at high southern lati-
tudes produce a fairly consistent microseismic peak near
0.15 Hz. The MELT site lies in the tropics and is fairly distant
from the largest storms, so peak microseismic noise levels
are not particularly high. In the winter, there are many big
storms near Iceland, and the microseismic peak is typically
about 30 dB higher than in the summer months and about
20 dB higher than the MELT site (Fig. 3). The peak winter
noise level of ~10° m* s™* Hz ™! is in reasonable agreement
with measurements on the North Atlantic seafloor (Babcock
et al., 1994).

The EPR at 17°S sits in the southeasterly trades. These
winds are strong enough to generate substantial microseis-
mic noise above 0.5 Hz, which makes the MELT site a noisy
environment near 1 Hz. In Iceland, the 1-Hz noise levels are
substantially lower and not as strongly dependent on the
season as the microseismic peak. The ICEMELT examples
(Fig. 3) show that noise levels between 0.5 and 1 Hz are
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Smoothed noise power spectra
for the vertical acceleration at MELT site 5
(solid) and ICEMELT station NYD (dashed).
The bold lines show noise spectra recorded
prior to the earthquakes shown in Figure 2. A
thin solid line shows noise levels during a short
period of quiet conditions early in the MELT
experiment. The thin dashed line shows typical
noise levels recorded on Iceland during the
winter (the bold dashed line is typical of sum-
mer). Note that for the MELT experiment, there
is an instrument or ground resonance near 4 Hz
and the noise levels are instrumental below
0.1 Hz.
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Figure 2. Examples of P waves recorded during the MELT and ICEMELT experi-
ments. The left hand panel shows the vertical channel at MELT site 5 for an earthquake
that occurred south of the Fiji Islands at 00:30 GMT on April 16, 1996 (A = 61°, M
= 7.1, and Z = 111 km). The center panel shows the pressure record at a nearby site
for the same earthquake. The right hand panel shows the vertical channel at ICEMELT
station NYD for an earthquake near the Andreanof Islands at 15:24 GMT on June 10,
1996 (A = 63°, M, = 7.1, Z = 26 km). Each panel shows the unfiltered record and
four traces that have been filtered into the pass bands of 0.03-0.1 Hz, 0.1-0.3 Hz, 0.3
1 Hz, and 1-3 Hz. The instrument response has been deconvolved from each filtered
trace and a fourth order minimum phase bandpass butterworth filter applied. The traces
are plotted with equal maximum amplitude.
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Figure 4. The Pierson and Moskowitz (1964)
model for the wave height power spectrum in a fully
developed sea for wind speeds of 4, 8, 12, 16, and 20
m/sec.

only about 5 dB lower in summer and are virtually un-
changed above 1 Hz. Figure 3 also shows a noise spectrum
recorded at the MELT site during a short period of unusual
quiet. The microseismic peak is not shifted in frequency or
amplitude, but the 0.5-1 Hz noise levels are similar to those
in Iceland. Unfortunately, no significant teleseisms occurred
during such intervals in MELT.

Below 0.1 Hz the noise spectra for MELT and Iceland
differ for several reasons. Ambient noise levels are suffi-
ciently low at longer periods, so instrumental noise domi-
nates the MELT seismometer below 0.1 Hz and the pressure
sensor between 0.03 and 0.1 Hz even though the noise char-
acteristics of the instrument are quite good. Below 0.03 Hz,
surface gravity waves (infragravity waves) reach the seafloor
and pressure noise levels on the seafloor are consequently
much higher than on land (Webb et al., 1991). During win-
ter, elevated noise levels at 0.05-0.1 Hz are visible in spectra
for Iceland. This is the single-frequency microseismic noise
that is produced by the direct interaction of waves with the
seafloor in shallow water (Hasselmann, 1963).

Comparisons with Local Wind Speeds

A Satellite Derived Wind Speed Data Set

On land, there are many stations reporting winds, but
conventional measurements in the oceans are limited to is-
lands and a relatively small number of unevenly distributed
buoys and ships. Fortunately it is also possible to determine
wind speeds by remote sensing. Both passive and active mi-
crowave measurements can be used to sense the effects of
wind-generated capillary waves. From a meteorological
standpoint, active measurements are advantageous because
they determine the wind direction in addition to the speed.
They are also technologically more challenging, and only a
limited amount of data presently exists. Passive measure-
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ments have been obtained almost continuously for the past
20 years. Since 1987, data has been available from the Spe-
cial Sensor Microwave Imager (SSM/T) flown by the Defense
Meteorological Satellite Program (DMSP). The SSM/I (Hol-
linger et al, 1987) has 7 radiometers that measure ocean
brightness at 4 frequencies; this data can be used to estimate
surface wind speed, columnar water vapor, and columnar
cloud liquid (Wentz, 1997). Each DSMP satellite provides
complete global coverage every day, although wind speed
estimates are not available when it rains. At least two sat-
ellites have been in operation since 1991. The latest algo-
rithm available to reduce the data provides sea-surface wind
measurements with an uncertainty of 1 m/sec and a spatial
resolution of 50 km (Wentz, 1997).

In order to get a continuous and evenly spaced time
series of wind speeds over both the ocean surface and land,
we use a global data set prepared by combining conventional
wind analyses with the SSM/I data (Atlas et al., 1996). The
European Center for Medium-Range Weather Forecasts
(ECMWF) provides atmospheric models derived by a con-
sistent assimilation of a wide variety of data (not including
SSM/I) into a sophisticated forecasting algorithm (Trenberth,
1992). Atlas et al. (1996) use a variational method to com-
bine the ECMWF analyses with the SSM/I data and conven-
tional ocean wind velocity measurements. They solve for
perturbations to the ECMWEF surface winds by minimizing
an objective function comprising data misfits and a priori
constraints on the smoothness, divergence, and vorticity of
the perturbations. The model is available on six hourly in-
tervals with grid points spaced 2 degrees apart in latitude
and 2.5 degrees in longitude. Comparisons with Tropical
Atmosphere Ocean (TAO) buoys near the equator that were
not used in the analysis reveal a root mean square (rms) wind
speed error of 1.4 m/sec and a bias of only 0.2 m/sec. The
rms misfit for all buoys is 2.0 m/sec with a bias of 0.3 m/sec.

The MELT Site

To investigate temporal variations in noise levels at the
MELT site, we calculated spectra at 1-hour intervals for the
entire duration of the experiment. To minimize the effects
of teleseisms and local earthquakes, we discarded spectra
during intervals in which the average spectral amplitude in
either the 0.03- to 1-Hz or 2- to 5-Hz band increased by 10
dB above the previous spectrum. Comparisons with an earth-
quake catalog and inspection of seismograms shows that this
process successfully eliminates most spectra that contain sig-
nificant earthquakes or other short-term transient energy.

Figure 5 compares a time series of satellite derived wind
speeds with logarithmic noise levels at two MELT sites near
0.3, 1, and 4 Hz. Each time series has been smoothed with
a 3-day running mean. At 0.3 Hz, seismic noise and local
wind are not well correlated. For instance, the period of low
wind speed late in 1995 coincides with high noise at 0.3 Hz,
even though the wind speed is generally low everywhere
within a 1000 km of the MELT site. In contrast, there is a
remarkably good correlation between noise and wind at 1
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Figure 5. Time series comparing noise levels on a logarithmic scale with wind speed

in the MELT experiment. Noise levels at site 3 (solid) and site 5 (dotted) have been
obtained by averaging power spectral values in 0.3 octave bands centered on 0.3 and
1 Hz for vertical acceleration and 1 and 4 Hz for pressure. The wind speed (dotted) is
from a global data set derived from satellite data (Atlas ef al., 1996). Time series have
been smoothed with a 3-day running mean and the scaling has been chosen so as to
minimize the misfit between the noise and wind data.

Hz. For most of the experiment, wind speeds remain above
5 m/sec and average over 8 m/sec. There are two short in-
tervals where the smoothed wind speeds drop below 3 and
4 m/sec, and these are associated with drops in noise levels
of up to 25 dB and 15 dB, respectively. Noise levels at 4 Hz
also decline during these two intervals of relative calm, but
for the rest of the experiment the noise and wind are clearly
anticorrelated. A similar phenomenon has also been ob-
served by McCreery et al. (1993) near Wake Island. They
argue that strong winds may blow the tops off short-period
waves and beat them down with spray.

We computed cross-correlation coefficients between
wind speed and logarithmic noise at a variety of frequencies.
We used unsmoothed data and searched for the maximum
correlation coefficient with an absolute lag of up to 4 days.
Between 0.4 and 2 Hz the correlation coefficient exceeds 0.7
(Figure 6) and reaches a maximum of 0.8 near 1 Hz. Cross-
correlations of the wind at the MELT site with the regional
wind field fall below 0.8 at ranges of about 500 km and 300
km in east-west and north-south directions, respectively.
Noise near 1 Hz is clearly generated within no more than a
few hundred kilometers of the experiment site. At frequen-
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Figure 6. Results of cross-correlating noise levels
in 0.3 octave bands with wind speed at MELT site 3.
The upper panel shows the maximum correlation co-
efficient as a function of frequency for vertical accel-
eration (solid) and pressure (dashed) noise. The lower
panel shows noise lag for maximum correlation co-
efficients exceeding 0.5 for vertical acceleration (cir-
cles) and pressure (crosses). The lags are fit well by
a relationship of the form / = 5.7 — 11.6 logy f
where [ is the lag in hours and f the frequency (dot-
dashed line).

cies where the wind and noise time series are well correlated,
the noise lags the wind. The lag time decreases linearly with
the logarithm of frequency from about 10 hours at 0.5 Hz to
2 hours at 2 Hz (Fig. 6). This is a reflection of the time
required for the sea to build and decay.

Scatter plots of vertical acceleration and pressure noise
levels against wind speed (Fig. 7) also show little correlation
between wind and seismic noise near 0.3 Hz, while at fre-
quencies of 0.5 Hz and above, noise increases with wind
speed. At 2 and 4 Hz, the noise clearly reaches saturation
levels. Between 1 and 4 Hz, saturation noise levels decrease
by about 20 dB/octave, a result that is in reasonable agree-
ment with the value of —23 dB/octave reported near Wake
Island (McCreery et al.,, 1993). At 0.5 and 1.0 Hz, least-
squares straight-line fits to the data show that noise levels
increase with wind speed at about 1.3-1.4 dB per m/sec, and
at 2 Hz the slope below the saturation threshold of about 7
m/sec is closer to 2 dB per m/sec. These results are also
generally consistent with the results of McCreery et al.
(1993).

Although there is substantial scatter in the data, it is
clear that noise levels saturate at wind speeds that are much
higher than those required to produce saturated wave am-
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plitudes in the model by Pierson and Moskowitz (1964) (Fig.
4). For instance, at 0.5 Hz the Pierson and Moskowitz (1964)
wave power spectrum reaches 90% of the saturation vaiue
at 4.3 m/sec, but 1-Hz noise levels at the MELT site do not
appear to saturate until around 10 m/sec. We suspect thai
this discrepancy is a consequence of systematic variations
in the directional spectra of the waves. Microseism genera-
tion requires waves traveling in nearly opposing directions
and will be enhanced by a broad directional spectrum. It is
well known that the directional spectrum of short-period
waves broadens as the wind speed increases (Massel, 1995).

In Figure 7 we show noise predictions for an infinite-
depth ocean model obtained using the method outlined in
Webb (1992). The noise levels are based on the wave height
spectrum by Pierson and Moskowitz (1964). We assume the
microseisms are generated by waves with nearly opposite
wave numbers so that the difference in wave numbers cor-
responds to an acoustic wave in the ocean (Kibblewhite and
Wu, 1991; Orcutt et al., 1993). We use a directional spec-
trum of the form proposed by Longuet-Higgins et al. (1963),
G(0) = L(g)cos(8/2) where 0 is the angle to the wind, ¢
depends on frequency, and L is a normalization parameter.
The functional form of ¢ is not well determined (Massel,
1995) but is generally observed to vary from a value between
about 5 and 10 (a very narrow directional spectrum) near the
wave peak frequency to small values (a broad spectrum) at
short periods. In constructing the curves shown in Figure 7,
we assume ¢ varies according to g = 2 + 5/{1 +
expl5logo(fU/5)]1}, where f is the wave frequency and U is
the wind velocity. Comparisons between OBSs suggest that
the absolute levels of each narrow-band-scatter plot shown
in Figure 7 have an uncertainty of up to 6 dB. Given this
data uncertainty, the fit of the model between 0.5 and 4 Hz
(the frequencies at which noise is generated locally) is quite
good.

It is important to realize that the model has significant
limitations. The infinite ocean approximation ignores the in-
teractions with the seabed and thus does not incorporate the
resonant modes that will propagate in a finite-depth ocean.
The model does not take into account the time for seas to
develop or the tendency for the directional spectrum to
broaden temporarily when winds shift (Webb and Cox,
1986). Perhaps most significantly, our functional form of
q(f), while plausible, has been chosen because it gives a
good fit to the data. Despite these limitations, the model does
illustrate some important features of all realistic microseism
models. At a given frequency, there is a sharp wind-speed
cutoff in microseism generation. For our model, this cutoff
occurs at about 3 m/sec and 2 m/sec for 1-Hz and 4-Hz noise,
respectively. At higher wind speeds where the wave ampli-
tudes are saturated, a broadening directional spectrum pro-
duces noise levels that increase slowly with wind speed
towards an asymptotic value. Clearly more data will be
required before much confidence can be placed in a specific
semiempirical relationship, but our results illustrate that this
may be a promising approach to predicting seafloor noise.
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Figure 7. Scatter plots showing vertical acceleration and pressure noise levels at
MELT site 3 as a function of wind speed for 0.3 octave bands centered at 0.3, 0.5, 1,
2, and 4 Hz. Least squared straight line fits (dashed) have been used to estimate the
rate of increase of noise with wind speed at 0.5, 1, and 2 Hz. At 2 Hz the spectra clearly
saturate so the fit is based on data for wind speeds below 7 m/sec. The solid lines show
noise level predictions (see text) obtained for an infinite ocean model using the method
of Webb (1992).
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Iceland

Figure 8 shows time series of 6 months of noise and
wind at ICEMELT station HOFF located near the southeast
coast of Iceland. Wind data is shown for both the global data
set (Atlas e7 al., 1996) and a nearby meteorological station.
Since SSM/I winds are not available over or near land, the
global time series is essentially the ECMWF analysis. At all
three frequencies shown, there are many features in common
between the noise and wind time series. The average wind
speed varies seasonally, and 1-Hz noise levels drop on av-
erage by about 5-10 dB during the summer. In general, the
time series extracted from the global wind data set correlate
slightly better than the local data. Since noise production is
distributed over the sea surface, the spatial averaging in-
herent to the low-resolution global model is likely advan-
tageous.
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For all stations, the correlation coefficients between log-
arithmic noise and wind speed (Fig. 9) reach maximum val-
ues near 1 Hz but are slightly lower than observed at the
MELT site (Fig. 6). At coastal station HOFF, the high cor-
relation coefficients extend to noticeably higher frequencies
than at station NYD, which is positioned 100-km inland.
This observation is most easily explained if wind-generated
ocean noise attenuates substantially as it moves inland. At
frequencies below 0.3 Hz, seismic noise in Iceland is much
better correlated with the local wind than at the MELT site.
Cross correlation coefficients for the wind field near Iceland
decrease below 0.5, when the two time series are separated
by about 500 km. A significant portion of the noise near the
microseismic peak must be produced locally. This is not
surprising because Iceland is the site of many winter storms.
Time lags between the noise and wind are relatively consis-
tent between the two stations shown in Figure 9. They in-
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Figure 8.  As for Figure 5, except the time series are for noise levels and wind at
ICEMELT station HOFF. Wind speeds are shown for both the global dataset of Atlas
et al. (1996) (dashed) and for a local weather station (dotted).
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Figure 9. As for Figure 6 except the correlation
coefficients and lags are for cross-correlations be-
tween wind speed (Atlas ef al., 1996) and the loga-
rithm of vertical acceleration at ICEMELT station
HOFF (solid lines and circles) and NYD (dashed line
and crosses). The best fitting linear relationship be-
tween the lag, 1 (in hours) and the logarithm of fre-
quency is I = 3.3-5.3 log,of.

crease noticeably more slowly with decreasing frequency
than observed at the MELT site (Fig. 6) and show larger
scatter.

At frequencies near 0.3 Hz, the average noise levels are
fairly uniform and are not strongly dependent on the station
location (Fig. 10). In contrast, there is a strong relationship
between noise levels near 1 Hz and distance from the coast
(Fig. 10). Stations that are about 100-km inland are about
10 dB quieter compared to stations within 20 km of the
coast. If this is a result of attenuation of miscroseisms prop-
agating inland as Rayleigh waves, then 0 ~ 100. This value
is reasonably consistent with values of apparent Q, (100)
and Qp (60) estimated for the Icelandic upper crust (Menke
et al., 1995). Near 4 Hz, noise levels vary substantially be-
tween stations but are not strongly dependent on distance
from the coast (Fig. 10). At such high frequencies, noise is
not very strongly correlated with the wind speed (Fig. 9) and
may reflect environmental conditions at the station site.

A comparison of scatter plots for logarithmic noise ver-
sus wind for ICEMELT (Fig. 11) and MELT (Fig. 7) shows
that all the ICEMELT stations are consistently quieter at simi-
lar wind speed. For instance, at coastal station HOFF 1-Hz
noise levels for wind speeds of 10 m/sec are about 10-15
dB lower than the MELT site. For a station on an infinite
straight coastline, a difference of 6 dB would be expected
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because microseisms are not generated over land. Iceland is
a small island, so this geometric effect should be smaller. In
addition, absolute noise levels will change with differences
in seismic impedance beneath station sites. Although the
problem has not been studied in detail, it is likely that the
acoustic modes which propagate short period microseisms
in the oceans do not couple efficiently into land (Webb,
1998).

The scatter plots also reveal significant differences in
the rate of increase of noise with wind. At the MELT site,
noise at 0.5 and 1 Hz increases by about 1.3-1.4 dB per m/
sec, and on Iceland the rate of increase averages 0.6-1 dB
per m/sec. This difference cannot be due to simple attenua-
tive affects, which would produce a constant offset to the
scatter plots. It may reflect differences in the wave-direc-
tional spectrum. Alternatively, at low wind speeds, the back-
ground microseism level may be determined by energy that
propagates from a broad source region as teleseismic body
waves (Lacoss et al., 1969).

Relative Noise levels during ICEMELT

157 034 7
10t n . _

Relative amplitude, dB
o

L ! | | i 1
0 20 40 60 80 100 120
Distance from the coast, km

Figure 10.  Vertical seismometer noise levels near
0.3, 1, and 4 Hz as a function of distance from the
coast (open ocean) for seven ICEMELT stations and
GSN station BORG (solid squares). For each ICE-
MELT station the relative noise level was obtained by
calculating the average offset in decibels of hourly
noise spectra relative to station BORG. The noise lev-
els were averaged in 0.3 octave bands, and three-nine
months of data was used at each station. These values
were referenced to the noise levels at the MELT site
(dashed lines) by comparing average noise levels re-
corded at MELT sites 3 and 5 with those recorded at
BORG during 1996. At 1 Hz, the Iceland data is fit
well by a slope of about 0.1 dB/km (dotted line).
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Recording High-Frequency Teleseisms on Midocean
Ridges using Teleseismic Arrivals

The problem of determining teleseismic detection limits
for ocean floor experiments is addressed in some detail by
Webb (1998). The amplitude of body waves from a partic-
ular event will be dependent on source characteristics and
attenuation along the path. At any site, the expected fre-
quency of occurrence of teleseisms exceeding an amplitude
threshold will be dependent on both the distribution of
sources and on the regional attenuation structare. Upper
mantle attenuation is higher under oceans than continents
and is probably highest along midocean ridges. Webb (1998)
argues that the detection threshold for short period body
waves may well exceed magnitude 7.5 at noisy ocean sites.
The detection threshold for long period body waves is in-
variably much lower because of the lower noise levels below
the microseism peak. The analysis also suggests that a 10
and 20 dB drop in noise levels will decrease the detection
threshold for short period body waves by nearly 1 and 2
units of magnitude, respectively. Since there are only 2-3
earthquakes per year with M = 7.5, but about 35 and 400
with M = 6.5 and M = 5.5, respectively, even short periods
of quiet will greatly enhance the probability of a deployment
recording high-frequency arrivals.

The noise data collected during the MELT experiment
shows that noise levels near 1 Hz increase by about 1.3-1.4
dB per m/sec for winds above 5 m/sec and do not saturate
until at least 10 m/sec. During the two exceptional intervals
when smoothed winds dropped below 3—4 m/sec, noise on
the vertical seismometers dropped by 15-20 dB to levels
well below the predictions of linear regressions (Fig. 7). This
observation is in reasonable agreement with a semiempirical
wave model that predicts a sharp cutoff in 1-Hz noise at wind
speeds below 3 m/sec (Fig. 7). Webb (1998) presents data
for a 60-day deployment near 10°N on the EPR. Average
SSM/ wind speeds during the experiment were about 5.5 m/
sec (compared with 8.5 m/sec for MELT), and consequently
the median noise levels were about 5 dB below the MELT
experiment. Early in the 10°N deployment, the noise de-
creased by about 25 dB. This interval corresponds to a period
when smoothed SSM/I derived winds dropped to about 2 m/
sec, and the ship reported virtual calm. There were two other
intervals later in the deployment when the smoothed wind
speed dropped below 3 m/sec. During the first interval noise
levels declined 15 dB. During the second the unsmoothed
wind was temporally quite variable, and the noise levels de-
creased no more than 5-10 dB.

SSM/I wind speed data is not a perfect predictor of seis-
mic noise near 1 Hz because the wind speeds have etrors,
and microseism generation is also dependent on the fetch,
the duration, and changes in direction of the wind. However,
on the basis of the limited data available, it seems that during
intervals when the smoothed wind speed drops to 5 m/sec,
1 Hz noise levels are likely to fall ~7.5 dB below saturation
levels. Intervals with smoothed wind speeds below 3 m/sec
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will usually coincide with noise drops of at least 15 dB.
Webb (1998) shows that such decreases in noise should in-
crease the probability of recording high-frequency body
waves by factors of about 5 and 25, respectively.

Figure 12 summarizes the probability of encountering
smoothed SSM/I derived wind speeds below 5 and 3 m/sec
as a function of latitude along ridges in the Atlantic, Pacific,
and Indian oceans. Significant maxima are labeled with the
equivalent probability during the calmest three months of
the year. In Figure 1, we highlight ridge sections where the
sum of the probability of winds below 5 m/sec plus five
times the probability of winds below 3 m/sec exceeds 0.4
(bold lines). On an annual basis, the calmest conditions are
found along the northern EPR. The probability of wind
speeds less than 3 m/sec increases from less than 0.05 near
10°N (the site of numerous seismic experiments) to over 0.25
at 16° N. In all three oceans, equatorial regions are calm (the
doldrums). Equatorial wind speeds are noticeably higher on
the mid-Atlantic ridge than in the Indian or Pacific, and the
central Indian ridge is characterized by a particularly broad
region of calm. During the calmest part of the year, the prob-
ability of low equatorial wind speeds is similar in all three
ocean and is comparable to the northern EPR. On a three-
month basis, the calmest conditions are found between Feb-
ruary and April near 94° W on the Cocos-Nazca spreading
center in the Pacific. Here the probabilities of wind speeds
below 5 m/sec and 3 m/sec exceed 0.96 and 0.4, respec-
tively, during February to April. There are two regions of
significant calm at midlatitudes on the mid-Atlantic ridge,
centered at 32° N and 22° S. Relatively calm conditions are
also found on the southern EPR near 24° S. During the quiet-
est three-month period, conditions at 24° S on the EPR are
only slightly windier than similar latitudes on the mid-
Atlantic ridge. It is also worth noting that the seafloor under
the Arctic icecap is one of the quietest locations on the globe
during the winter (Webb and Shultz, 1992) because the ice-
cap prevents microseism generation.

Teleseismic high frequency body waves have only been
recorded by OBSs deployed on midocean ridges in the Pa-
cific for two very large earthquakes (Blackman et al., 1995;
Webb, 1998), and 0.5-1 Hz P waves have been observed
for moderate sized events at three locations on ridges in
the Atlantic and Indian Ocean (Fig. 1) (Rowlett and Forsyth,
1979; Blackman et al, 1995; Forsyth, 1996; Sato et al.,
1996). It is clear from Figure 12 that there are ridge sections
in the Pacific that are as calm as the quietest sites in other
oceans, but to date deployments have not generally been
located in these calm areas. It is also worth noting that al-
though the MELT experiment was characterized by a rea-
sonable distribution of sources (Forsyth ef al, 1998), the
weather was relatively poor. Periods of near calm are rare
in the southern Pacific, but the probability of smoothed wind
speeds below 5 m/sec near 17° S is about 17%. During the
MELT deployment, the trades were particularly consistent,
and smoothed wind speeds dropped below 5 m/sec for only
7% of the experiment.
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Of the three experiments that reported high-frequency
arrivals in the Atlantic and Indian Oceans, only the deploy-
ment near 35° N on the MAR is located in a calm region
(Fig. 1). Forsyth (1996) reports calm counditions for this ex-
periment, which occurred in June 1980. The other two de-
ployments were located at sites where the average winds are
substantially higher than the MELT site (Fig. 12). At 11° N
on the MAR, Rowlett and Forsyth (1979) recorded a single
intermediate depth earthquake from Southern Peru in De-
cember, 1977. At this time of year, the probability of
smoothed wind speeds less than 5 m/sec is only 1%. Six
earthquakes with magnitudes ranging from 5.8 to 7.2, and
epicentral distances between 62 and 82° were recorded with
reasonable signal-to-noise ratios at 0.5-1 Hz in August, 1993
on the Rodriguez triple junction. Both the cruise report (Ta-
maki and Fujimoto, 1995) and the SSM/I derived winds sug-
gest that wind speeds were 68 m/s.

There are presently insufficient observations to deter-
mine whether the threshold for recording high-frequency
body waves at a given local wind speed varies between mid-
ocean ridges. The existing data does not exclude the possi-
bility that the detection thresholds may be higher on the EPR
for a given wind speed. Webb and Cox (1986) show that
peak microseismic noise levels can vary between ocean ba-
sins, because the microseisms attenuate more rapidly in
ocean basins with thick sediment layers. Midocean ridges
are generally unsedimented and since microseismic noise
near 1 Hz is generated locally, it is unlikely that basin scale
variations in sedimentation can account for variations in
high-frequency detection thresholds. There are numerous
studies which show that mantle attenuation is generally high
beneath the Pacific and in particular beneath the EPR (Bussy
et al., 1993; Canas and Mitchell, 1978; Ding and Grand,
1993). Further deployments will be required to determine
whether body waves recorded on the East Pacific Rise are
more attenuated than on other ridges.

Conclusions

In this article, we have compared noise levels recorded
during the MELT and ICEMELT experiments. The large dif-
ference in signal-to-noise ratios for high-frequency body
waves is at least in part a consequence of 1-Hz noise levels
that are 10-20 dB higher at the MELT site. At both sites,
noise at 0.5-2 Hz is well correlated with wind speeds ob-
tained from a global data set that incorporates satellite data.
The lower noise levels on Iceland suggest that 1-Hz micro-
seisms couple poorly into continents and a comparison of
noise levels with distance from the coast shows that the mi-
croseisms attenuate as they travel inland. This study both
confirms earlier work which showed that high-frequency mi-
croseismic noise is generated locally by waves (Webb, 1998)
and demonstrates the predictive powers of satellite wind
measurements. Global data sets of satellite derived wind
speeds should be used to select the quietest sites for future
teleseismic experiments on midocean ridges and for seafloor
stations in the permanent global seismic network.
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