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Abstract

Background: Broadband seismometer data are essential for the development of seismological studies such as
those investigating earthquake sources and the Earth’s structure. However, previous studies have revealed that
the metadata describing these data can possibly be contaminated by instrumentation response errors that are
often difficult to recognize from visual waveform checks. Herein, we report on the development of a systematic
method of assessing seismometer conditions when recording ground motions at a period range of 50 to 200 s
in observation networks whose station intervals are smaller than 200 km.

Findings: The method is based on comparisons between teleseismic surface wave records at a target station and
those at multiple surrounding reference stations, from which we calculate three index parameters and evaluate in
situ instrumentation conditions, including amplitude and phase responses against input ground motions. In our
experiments, we applied the proposed method to F-net broadband seismometers covering the Japanese Islands,
where station intervals are approximately 100 km. This allows us, through calculations of the index parameters, to
evaluate instrumentation health at each station at least once every 60 days. Using our proposed method, we found
that approximately 75% of the evaluated index parameters distributed well around the standard values, and for
most examined broadband seismometers, response anomalies are not detected at the period range of 50 to 200 s.
However, instrumentation errors, such as gain decrease over the evaluated periods and gradual changes in
amplitude and phase frequency responses (sometimes covering several years) were identified at a few stations.
Additionally, overdamping errors at the STS-1 seismometers, which experience significant amplitude and phase
frequency response variations around the 360-s corner, appear to have been common at several stations. In
contrast, STS-2 seismometers appear to have functioned more reliably than STS-1 seismometers.

Conclusions: We developed a method to evaluate broadband seismometer instrument conditions by comparing
teleseismic surface waves observed at a target station with those at multiple surrounding stations. It is believed
that the systematic evaluation of instrumentation health using our method will enhance the operation of seismic
networks, and allow researchers to eliminate contaminated data before conducting various data analyses.

Keywords: Seismic instrumentation health; Broadband seismometer; Amplitude frequency response; Phase
frequency response; Teleseismic surface wave
Findings
Background
Modern broadband seismometer networks such as the
Global Seismograph Network (GSN) have been devel-
oped for worldwide operation, while smaller networks
such as the Berkeley Digital Seismic Network in north-
ern and central California and the German Regional
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Seismic Network in Germany operate regionally. In
Japan, the National Research Institute for Earth Science
and Disaster Prevention (NIED) began the construction
of a regional broadband seismograph network in 1995.
At present, the network is referred to as F-net and con-
sists of 73 stations positioned throughout the archipel-
ago at intervals of approximately 100 km (Fukuyama
et al. 1996; Okada et al. 2004; Matsumoto et al. 2009).
Data acquired from F-net stations enable researchers to
perform routine centroid moment tensor (CMT) ana-
lyses at regional distances (e.g., Fukuyama et al. 1998;
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Matsumura et al. 2006), image detailed velocity structures
beneath and around the Japan Islands (e.g., Yoshizawa
et al. 2010), and conduct studies of very low frequency
earthquakes (e.g., Ito et al. 2007). All of the collected data
is freely available on the NIED F-net website (http://
www.fnet.bosai.go.jp/top.php?LANG=en). As of 1 January
2014, NIED’s F-net operated 18 STS-1, 54 STS-2, and 1
STS-2.5 broadband seismometers (Figure 1a).
Recent studies have reported a variety of instrument

response deviations involving broadband seismometers,
especially involving STS-1. For example, Yamada (2001)
and Yuki and Ishihara (2002) revealed that STS-1 sensor
tilting results in a damping constant fluctuation at the
360-s corner and that incomplete insulation between
two feedback paths in the STS-1 seismometers due to
humidity could make the damping constant higher.
Additionally, Hutt and Ringler (2011) reported that the
humid air inside STS-1 seismometer feedback electronics
(FBE) produces not only the overdamped corner but also
nonlinear responses against input amplitudes.
These broadband seismometer response error reports

have resulted in the need for a method to identify pos-
sible instrumentation problems in situ (e.g., Davis et al.
2005; Ringler et al. 2012). However, because it is difficult
to recognize subtle changes in seismometer conditions
from visual checks of observed waveforms alone, additional
methods have been developed to routinely assess such re-
sponses. Remote calibration through the calibration coil of
an instrument is an effective method for identifying the
seismometer frequency response precisely. However, the
input of the calibration signal disturbs the ground motion
Figure 1 Maps of F-net stations and teleseismic events. (a) Map of F-n
sensor type, while open squares show inactive stations. Seismometer conditio
(b) Map of teleseismic events (circles) used in this study. Colors describe cent
records. As methods to evaluate the instrument condition
in situ, Ekström et al. (2006) compared waveforms ob-
served at GSN stations with synthetic waveform calcula-
tions based on estimated CMT solutions for MW ≥ 6.5
events and an assumed Earth’s model, which indicated
temporal changes in the amplitude frequency response at
more than 15 stations. Ringler et al. (2010) observed varia-
tions of sensor conditions in a broad range of frequencies
using power levels of background noises at GSN stations,
and Davis and Berger (2007) assessed published GSN
response information by comparing Earth’s tide obser-
vations with synthetic tides at 1-day and half-day pe-
riods. Since the latter two approaches do not depend
on the occurrence of seismic events, they can be used
to evaluate instrument conditions at fixed intervals,
which means they could help to identify sudden in-
strument condition changes.
In this study, we systematically evaluate the F-net

broadband seismometer responses over a 50 to 200-s
period range based on comparisons of seismic surface
waves resulting from teleseismic earthquakes observed
at a target station with those observed at multiple sur-
rounding stations. In our proposed method, seismo-
grams at stations around the target station are used as
references to evaluate the seismometer condition at the
target station. The target periods are included in the
bandwidth used for F-net routine regional CMT analysis.
The high station density of F-net enables us to correlate
waveform data observed at multiple nearby stations in
the period range. The availability of records from mul-
tiple surrounding stations provides multiple references
et stations as of 1 January 2014. Colors in circles represent the broadband
ns at stations enclosed by broken lines were not evaluated in this study.
roid depths.
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Table 1 Group and phase velocities assumed in this study

Period Rayleigh wave
(km/s)

Love wave
(km/s)

Group velocity ALL 3.9 4.4

Phase velocity 50 to 100 s 4.0 4.4

100 to 200 s 4.2 4.5
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that allow us to evaluate the target instrumentation re-
sponse free from possible instrument response errors at
a few surrounding stations. This method is independent
of the synthetic waveform calculations (Ekström et al.
2006), that is, CMT solution estimations, which are diffi-
cult to obtain from regional network data alone, and the
uncertainty of Earth’s model assumptions. Since back-
ground noise levels can be varied not only by deviations
of instrument amplitude responses against input ground
motions but also by deviations of the background noises
themselves, including instrument noise, noise resulting
from the installation of the instrument, and ambient
seismic noise, it is impossible to infer the effects of ob-
served noise level changes on ground motion record
from noise monitoring (Ringler et al. 2010) alone. How-
ever, we can remove this ambiguity using seismic surface
waves with significantly large amplitudes. In addition to
verifying that most seismometers have responses that
agree well with their reports, we could confirm that, at a
small subset of stations, some types of instrument re-
sponse errors have been issued for several years. Here-
after, among the revealed instrument errors, we will
refer to the shift of amplitude frequency response curve
(where the gain changes are constant over the evaluated
periods) as the gain change and to the changes in the
shape of amplitude and/or phase frequency response
curves as the change in amplitude and/or phase frequency
responses. We will also discuss the difference of the re-
sponse errors between STS-1 and STS-2 seismometers.

Data
The locations of F-net stations and events used in this
study are shown in Figure 1. From Global CMT catalog
(Dziewonski et al. 1981; Ekström et al. 2012), we se-
lected 471 teleseismic events in the 1995 to 2013 time-
frame that occurred at depths shallower than 50 km and
at magnitudes of 6.5 or larger in order to ensure that
fundamental mode surface waves with large amplitudes
were available. Events 2,000 to 14,000 km distant from
each target station were analyzed in order to avoid over-
lapping with other phases at short distances and close to
the anti-pole.
All the seismograms with the 1-Hz sampling were

deconvolved with the reported instrumentation re-
sponses and numerically integrated into displacements.
The waveforms of the two horizontal components were
rotated to produce radial and transverse components,
which correspond approximately to Rayleigh and Love
waves, respectively. We then applied bandpass filters at
two period ranges (between 50 and 100 s and 100 and
200 s) against all waveforms. Time windows of the ana-
lyzed surface waves are automatically defined as those
with durations of 400 s from o + (Δtar/U) − 100 for pe-
riods of 50 to 100 s, and of 800 s from o + (Δtar/U) − 200
for periods of 100 to 200 s, where o, Δtar and U are the
centroid time of teleseismic event, distance between
event and the target station, and assumed group speeds
shown in Table 1, respectively.

Comparison with observed seismograms at a station
Each extracted surface-wave part from the target station
was matched with a seismogram taken from a surround-
ing reference station in order to ensure the maximum
cross-correlation coefficient of the two seismograms.
The maximum cross-correlation coefficient is searched
within a lag time range of τsyn ± 10 s. τsyn is a synthetic
lag time between two stations calculated with a plane-
wave assumption as follows:

τsyn ¼ Δref−Δtar

c
; ð1Þ

where Δref and c are the distance between event and the
surrounding reference station and assumed phase speeds
shown in Table 1, respectively. A positive value of τsyn
means a delay of the reference station seismogram
against the target station.
Next, for the matched seismograms of each component,

we calculated three parameters. One is the searched max-
imum cross-correlation coefficient, C,

C ¼

XN
i¼1

utar tið Þuref ti þ τð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

i¼1

u2tar tið Þ
 ! XN

i¼1

u2ref ti þ τð Þ
 !vuut

; ð2Þ

where utar(ti), uref(ti), N, and τ are seismograms at target
and reference stations, the number of discrete time
points, and the lag time which gives the maximum
cross-correlation coefficient, respectively. The second
parameter is the ratio of the amplitude at the target sta-
tion to that at the reference station, R:

R ¼

XN
i¼1

utar tið Þuref ti þ τð Þ

XN
i¼1

u2ref ti þ τð Þ
: ð3Þ
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Values of R smaller than 1.0 mean that the amplitudes
at the target station are smaller than those at the sur-
rounding reference station, and values larger than 1.0 so
that the amplitudes at the target station are larger than
those at reference station. The third parameter is a lag
time error, τerror = τ − τsyn. The deviations of the lag time,
τ, which give the cross-correlation coefficients larger
than 0.98 ×C typically range within ±2 and ±4 s for the
periods of 50 to 100 s and 100 to 200 s, respectively. R
and τerror are indexes to evaluate the seismometer’s amp-
litude and phase responses, respectively.
An example of the comparison between seismograms

at a target station (TYS) and a reference station (IYG) is
shown in Figure 2. As can be seen in the figure, the
surface-wave parts of the seismograms at the two sta-
tions are well correlated, and C is approximately 1.0. In
addition, their amplitudes are comparable with the R
Figure 2 Comparison between waveforms observed at a target station
TYS (red) and IYG (black) due to an MW 7.1 earthquake in the Solomon Island
Cross-correlation coefficients as a function of IYG delay against TYS are on the
represent maximum cross-correlation coefficients and synthetic lag times
the event location (yellow star). The mechanism solution is also shown. (c
black triangle). Vectors represent opposite directions of back azimuths.
values of around 1.0, and the lag time error, τerror, is
close to 0.0. Therefore, we can infer that the ground mo-
tions within a period range of 50 to 200 s were observed
correctly at these two stations and that the instrumenta-
tion responses were normal.

Spatial range of reference stations
As the distance between the target and the reference sta-
tions increased, the correlation between two observed
waveforms decreased. This was considered likely to be
due to the heterogeneity of velocity structures and the
fact that waveforms at distant reference stations are un-
available for evaluating target instrumentation condi-
tions. We defined the spatial range of the surrounding
reference stations for a target station from the following
exploratory analysis. For surface waves of events with
MW of 7.0 or larger, which have a significantly high
and a reference one. (a) Comparison between waveforms observed at
s in 2010. Blue broken lines represent analyzed surface-wave portions.
lower side of each waveform trace. Black dots and red vertical lines
, τsyn, respectively. (b) Map of TYS (target station, red triangle) and
) Map of TYS (target station, red triangle) and IYG (reference station,
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signal-to-noise ratio, we calculated C values for three
reference stations closest to a target station at each event
time. Figure 3 shows the estimated C values as a func-
tion of the distance between the target and reference sta-
tions. Since we included analyses for teleseismic events
in the early stage of the network construction, when the
number of F-net stations was small and the station dens-
ity was low, the C values for station distances larger than
100 km were calculated with significant frequencies. The
upper 90th percentage of C values were found to be lar-
ger than 0.7 up to the distance of 200 km, except for dis-
tances within 50 km for horizontal components at
periods of 100 to 200 s. Therefore, stations at distances
of 200 km or less from a target station were selected as
reference stations. Note that the high background noise
Figure 3 Distribution of C values as a function of distances between
MW ≥ 7.0 events and three reference stations closest to each target station.
and transverse components, respectively. Upper and lower figures represen
Thick and broken lines are upper 90th % values within each 50-km width b
periods of 50 to 100 s, frequency distributions of distances between two st
levels at currently inactive stations in region A (Figure 1a),
where the station density was higher than other regions,
cause the low C values at fairly close distances for the
horizontal components at periods of 100 to 200 s, as
shown in Figure 3.

Comparison with observed seismograms at multiple stations
Figure 4 shows a comparison of records at TYS with
the reference stations at distances of 200 km or less
from TYS. As can be seen in the figure, all of the refer-
ence records, except for the vertical component record
at TMR, agree well with those at TYS. The C value of
the vertical component against TMR is as high as those
against the other stations. However, the amplitude at
TMR is systematically smaller by approximately 30%
target and reference stations. C values (gray dot) were calculated for
Left, middle, and right figures show distributions for vertical, radial,
t distributions for periods of 50 to 100 s and 100 to 200 s, respectively.
in and 0.7, respectively. On the panel of the vertical component at
ations are shown.



Figure 4 Comparison between waveforms observed at a target station and multiple reference ones. (a) Comparison between waveforms
observed at TYS (red) and surrounding reference (black and blue) stations due to an MW 7.1 earthquake in the Solomon Islands in 2010. Blue solid
lines are waveforms observed at TMR. Blue broken lines represent analyzed surface-wave portions. Blue and black dots on the lower side of each
waveform trace are lag time errors, τerror, for TMR and the others, respectively. (b) Map of TYS (target station, red triangle) and the event location
(yellow star). The mechanism solution is also shown. (c) Map of TYS (target station, red triangle), TMR (blue triangle), and the other reference
stations (black triangles). Open triangles are stations which are not used for the evaluation of TYS at this event time.
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than that at TYS, and an absolute value of the lag time
error, τerror, for TMR is significantly larger than those
for the other stations. When TYS was compared solely
with TMR, we were unable to determine which records
at the two stations are anomalous. However, by making
a comparison with multiple reference station records,
we could deduce that the ground motion at TYS was
observed correctly and that the TMR instrumentations
appeared to be malfunctioning. As a result, we could
assess the instrumentation health at the target station,
TYS, robustly without distortion from instrumentation
problems at a small subset of surrounding stations,
such as TMR. In the following section, we will discuss
how instrumentation health is evaluated at a target sta-
tion based on the medians of index parameters for a
teleseismic event using at least three surrounding refer-
ence stations. Note that the seismometers at stations
on isolated islands and at the edge of F-net were not
evaluated (Figure 1a) because the number of surround-
ing reference stations was insufficient.
Evaluation of instrument responses on horizontal
components
Although the vertical component output from the in-
strument can be evaluated directly using three index pa-
rameters, the parameters on horizontal components do
not necessarily correspond to evaluations about the ori-
ginal outputs on the NS and EW components because
we rotated the sensor outputs to produce radial and
transverse components. Using the following analysis, we
estimated the index parameters for NS and EW compo-
nents. First, we converted each index parameter on a
two-dimensional x-y plane as follows:
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C : x; yð Þ ¼ C cosθ;C sinθð Þ
R: x; yð Þ ¼ ð logR− log0:2Þ cosθ; logR− log0:2ð Þ sinθð Þ;

τerror : x; yð Þ ¼ τerror þ 11:0Þ cosθ; τerror þ 11:0ð Þ sinθð Þð
ð4Þ

where θ is the azimuth of the positive direction of
radial/transverse components for each event-station
pair measured clockwise from north (Figure 5). Then,
we approximated the converted data of two compo-
nents for M teleseismic events, (xj, yj), j = 1,2,…,2M,
as an ellipse, x2/a2 + y2/b2 − 1 = 0 , for each index par-
ameter so as to minimize the residual sum of squares,

Q ¼
X2M
j¼1

x2j =a
2 þ y2j =b

2−1
� �2

. a and b represent points

at the intersection of estimated ellipse with x- and y-
axes corresponding NS- and EW-axes, respectively,
and we define index parameters for NS and EW com-
ponents as follows:

C : a NSð Þ b EWð Þ
R : 10:0a � 0:2 NSð Þ 10:0b � 0:2 EWð Þ
τerror : a−11:0 NSð Þ b−11:0 EWð Þ

: ð5Þ

For R and τerror, we did not use data with C smaller
than 0.8. In order to assess the significance of the esti-
mated ellipse, the variance reduction against the circle
expected when instrument responses of both horizontal
components are normal is calculated as (1.0 −Q/Q0) ×
100%, where:
Figure 5 Index parameter estimation for NS and EW components. Ind
horizontal components at TYS station at a period range of 100 to 200 s usi
January 2010. Gray dots and open circles are index parameters against eac
each radial/transverse component for each event, respectively. Red and pin
Bootstrap sample, respectively. Estimated parameters and variance reductio
estimated parameter (standard deviation) are enclosed in parentheses repr
C : Q0 ¼
X2M
j¼1

x2j
1:02

þ x2j
1:02

−1

 !2

R: Q0 ¼
X2M
j¼1

x2j
log1:0− log0:2ð Þ2 þ

x2j
log1:0− log0:2ð Þ2 −1

 !2

τerror : Q0 ¼
X2M
j¼1

x2j
0:0þ 11:0ð Þ2 þ

x2j
0:0þ 11:0ð Þ2 −1

 !2

:

ð6Þ
Standard deviations of estimated index parameters for

NS and EW components are evaluated by the Bootstrap
method (Efron 1979) with 200 samples. Figure 5 shows
the results of index-parameter estimation at a period
range of 100 to 200 s for TYS station using ten teleseis-
mic events occurring from 20 September 2009 to 10
January 2010. For all the index parameters, the con-
verted data is distributed along the expected normal cir-
cle. This indicates that the estimated parameters for
both NS and EW components are close to the standard
values and variance reductions are relatively low. Conse-
quently, we could conclude that the instrument re-
sponses of both horizontal components had no apparent
abnormalities at that time.

Frequency of instrumentation response assessments
In our proposed method, the temporal resolution used
to evaluate instrumentation conditions at a target station
depends fully on the occurrence of teleseismic events.
Figure 6 shows frequency distributions of the number of
ex parameters of C (left), R (middle), and τerror (right) calculated for
ng ten teleseismic event records from 20 September 2009 to 10
h surrounding reference station and the medians among values of
k curves are ellipses fitted to all the data and those fitted to each
ns (VR) are described at the bottom of figures. The errors of each
esent, and for R, they are evaluated as a factor.



Figure 6 Frequency distribution of the number of analyzed teleseismic events within moving time windows. Frequency distribution of
the number of analyzed teleseismic events for the 100 to 200 s vertical component at all the target stations within (a) a 30-day and (b) a 60-day
time window with the 1-day step (gray bars). Solid lines represent cumulative frequencies in order from the larger number.
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teleseismic events analyzed for 100 to 200 s vertical
components at all target stations within 30- and 60-day
time windows in 1-day increments. We count the num-
ber of events for which the record at each target station
is compared with at least three reference stations within
each time window. For the 30-day time windows, the
frequencies of the time windows within which no tele-
seismic events used to evaluate instrument response had
occurred are about 20%. For the 60-day windows, the
same figure is about 5%. Therefore, the proposed
method allows us to perform analysis at least once each
30 days for approximately 80% of the observing period
and once each 60 days for 95%.

Overall trend of index parameters
Figure 7 presents the temporal changes in the index pa-
rameters, C, R, and τerror for the vertical component at
TYS. As can be seen in the figure, the index parameter
medians do not show any systematic fluctuations from
standard values of 1.0, 1.0, and 0.0, respectively. Thus,
we can presume that the instrumentation response of
the vertical component at TYS has been normal at 50 to
200 s periods.
Figure 8 shows the temporal changes in the index pa-

rameters for the NS and EW components at TYS, which
were estimated by fitting of ellipses to data for continu-
ous ten teleseismic events with five-event step. In the
same manner as the vertical component, the index
parameters of both components appear around each
standard value and have no significant temporal changes.
Therefore, no errors were recognized in the instrument
responses of either horizontal component.
Most of the evaluated index parameters range around

standard values as well as those at TYS. Figure 9 indi-
cates frequency distributions of the index parameter me-
dians of vertical, radial, and transverse components. The
94% and 89% of the median C values are larger than 0.8
for the 50 to 100 s and 100 to 200 s periods, respectively.
In cases with C values larger than 0.8, more than 90% of
the quartile deviation values of R and τerror are smaller
than a factor of 1.2 and 4 s, respectively, and changes
larger than these values would be possibly detected
based on our proposed method. The scatters in the
index parameters could be mainly caused not by instru-
ment problems but by unmodeled effects such as lateral
and/or small-scale heterogeneity in Earth. The 82% and
86% levels of the R values were found to be distributed
within a factor of 1.2 for the 50 to 100 and 100 to 200 s
periods, respectively. In the same way, the 94% and 92%
of τerror are within ± 4 s. Consequently, it can be con-
cluded that significant instrument errors at the period
range of 50 to 200 s have not appeared in most F-net
broadband seismograms.

Examples of abnormal instrumentation responses
Although most of the index parameters were within ac-
ceptable values, anomalies covering a period of several
years were discovered at a few F-net stations. The



Figure 7 Temporal changes in index parameters for the vertical component at TYS. Maximum cross-correlation coefficients (top), amplitude
ratios (middle), and lag time errors (bottom) as a function of the teleseismic event time for the vertical component at TYS. Left and right figures
represent results for 50 to 100 s and 100 to 200 s periods, respectively. Gray dots are values for each reference station, while open circles
and error bars are medians and quartile deviations for all reference stations at each event. Open squares represent medians that exceed the
frame limit.
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temporal changes in the index parameters for the ver-
tical component at SHR are shown in Figure 10. Here,
it can be seen that the C and τerror values have been
distributed around 1.0 and 0.0, respectively, since ob-
servations began around the end of 2002. However,
the amplitude ratios, R, were approximately 0.5 until
2012 for both the 50 to 100 and 100 to 200 s periods
Figure 8 Temporal changes in index parameters for NS and EW compone
(middle), and lag time errors (bottom) as a function of the teleseismic even
100 s and 100 to 200 s. Open circles and error bars represent index paramet
Bootstrap method. Pink lines show variance reductions.
but settled at around 1.0 after the host-box of the
STS-2 seismometer was replaced in September 2012.
This indicates that a host-box malfunction caused the
gain error.
Figure 11 shows the temporal variations in index pa-

rameters for the vertical component at TMR. Here, the
C value was found to be close to 1.0 since 2000, while
nts at TYS. Maximum cross-correlation coefficients (top), amplitude ratios
t time for NS and EW components at TYS within period ranges of 50 to
ers estimated by fitting ellipses and standard deviations evaluated by the



Figure 9 Frequency distributions of index parameter medians for the (upper) 50 to 100 s and (lower) 100 to 200 s periods. Left figures
are those of the C value. Middle and right figures are those of the R and τerror values with C of 0.8 or larger, respectively.
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the R value at 100 to 200 s period had declined grad-
ually from 2001 before returning to 1.0 in the end of
2011. The τerror value had increased gradually until
2011 and then turned to 0.0. At periods of 50 to 100 s,
significant changes in R and τerror appeared from 2009
to 2011. In November 2011, we leveled the vertical
STS-1 sensor for the first time since it was installed,
after which the R and τerror values became approxi-
mately 1.0 and 0.0, respectively. It is believed that a
continuous increase of sensor tilt until 2011 could
have induced amplitude and phase frequency response
errors.
In Figure 12, we show a case of vertical component

at station TKD where gradual decreases of R and
abrupt increases of τerror occurred in 2003, after which
R and τerror had moved steadily toward 0.2 and 0.0, re-
spectively. From 2003 to 2008, C values for the 100 to
200 s periods sometimes showed low values, and those
values for both the 50 to 100 and 100 to 200 s periods
declined even more significantly in 2008. In February
and May 2008, during maintenance of the STS-1 seis-
mometer at TKD, insulation failures in the cables be-
tween the sensor and FBE were discovered. In August
2008, TKD was updated from an STS-1 to an STS-2
seismometer, and the index parameters had shown
normal values since that time.
Also at TKD, NS component records prior to 2008
showed seismometer response errors. Figure 13 repre-
sents temporal changes in the index parameters for NS
and EW components at that station. From 2000 to 2008,
R values as low as 0.5 were estimated for the NS compo-
nent at both period ranges of 50 to 100 s and 100 to
200 s. At the same time, τerror were 5.0 or larger. The
variance reductions for these estimations were relatively
high as 70% to 90%. Therefore, we can infer that the NS
component seismometer responses were not consistent
with those published between 2000 and 2008. During
maintenance conducted in 2008, cable insulation failures
between sensor and FBE were reported for the NS com-
ponent STS-1 seismometer. R and τerror values became
normal after the STS-1 was replaced with a STS-2 seis-
mometer in 2008.

Differences in anomalies between STS-1 and STS-2
seismometers
Simultaneous R and τerror anomalies, similar to those re-
corded at TMR (Figure 11) and TKD (Figures 12 and
13), also appear at other stations where STS-1 seismom-
eters have been installed. Figure 14a shows the relation-
ship between the R and τerror medians for the vertical
component, which can be evaluated directly by the sur-
face wave comparisons. We plot the relationships for STS-1



Figure 10 Temporal changes in index parameters for the vertical component at SHR. Same as Figure 7 but for SHR.

Figure 11 Temporal changes in index parameters for the vertical component at TMR. Same as Figure 7 but for TMR.
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Figure 12 Temporal changes in index parameters for the vertical component at TKD. Same as Figure 7 but for TKD.
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and STS-2 seismometers separately. As can be seen in
the figure, a decrease in R and an increase in τerror are
typical abnormal conditions of STS-1 seismometers.
The relationship between R and τerror expected when
the damping factor at the 360-s corner of the amplitude
frequency response of STS-1, h, changes (Figure 14b) is
Figure 13 Temporal changes in index parameters for NS and EW com
as Figure 5 but at TKD station at a period range of 100 to 200 s (b) from
December 2010.
also shown in Figure 14a, and we can see that the ob-
served index parameter anomaly trend is consistent
with the increase of h. In addition, changes in R for 50
to 100 s periods smaller than those for 100 to 200 s can
also be represented as a result of the h deviation,
because that deviation is more influential on the
ponents at TKD. (a) Same as Figure 8 but for TKD. (b) and (c) Same
26 December 2003 to 28 July 2004 and (c) from 18 July to 2



Figure 14 Relationship between medians of amplitude ratio and lag time error. (a) Relationship between medians of amplitude ratio and
lag time error for the vertical component (gray circles). Upper and lower figures show values for 50 to 100 s and 100 to 200 s periods, respectively.
Left and right figures are values for STS-1 and STS-2 seismometers, respectively. Red and blue circles in the STS-1 figures and green circles in
the STS-2 figures are relationships for TMR, TKD, and SHR stations, respectively. Contour lines describe frequency distributions of circles for bins
divided by grid lines in each figure. Thick lines in the STS-1 figures represent the relationship between amplitude ratio and lag time error
against the normal response as a function of the damping factor, h, with the constant corner period, T0, and one of T0 with the constant h at
the periods of 70 s for 50 to 100 s and of 140 s for 100 to 200 s. (b) Variation in amplitude and phase frequency response curve of STS-1
against the change of h with constant T0. Vertical gray lines represent the period of 70 and 140 s. (c) Same as (b) but for variation against the
change of T0 with constant h.
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instrumentation responses at periods closer to the 360-s
corner. On the other hand, the change of the corner
period, T0, with constant h (Figure 14c) cannot explain
the observed anomaly trend.
Previous studies have reported problems related to

STS-1 seismometer overdamping (Yamada 2001; Yuki
and Ishihara 2002; Hutt and Ringler 2011). These
studies attributed such errors to sensor tilting, im-
properly insulated connectors and cables between the
FBE and sensor, and humid air inside FBE. Some F-net
STS-1 sensors had not been leveled for periods longer
than 5 years and are typically installed in the back
of vaults exposed to humid air. All these factors con-
tributed to STS-1 seismometer overdamping at F-net
stations.
In the case of STS-2 seismometers, no common sys-

tematic anomaly could be found among the multiple
sensors examined (Figure 14a). Furthermore, index pa-
rameters at 100 to 200 s periods for STS-2 seismometers
were more concentrated in the standard values than
those for STS-1 seismometers, and F-net STS-2 seis-
mometers were found to work more stably without typ-
ical response errors.
Conclusions
We develop a method to assess broadband seismometer
health based on comparisons between teleseismic sur-
face wave records at target stations and those at multiple
surrounding stations. The calculation of three index pa-
rameters, C, R, and τerror, enables us to evaluate in situ
instrumentation conditions including amplitude and
phase responses at 50 to 200 s periods in observation
networks whose station intervals were smaller than
200 km. We applied this method to NIED F-net seis-
mometers and found that most index parameters could
be calculated at least once every 60 days, except for sta-
tions in isolated islands and network edges. Approxi-
mately 75% of the total calculated index parameters
were found to register around the standard values, and
most seismometers have operated in accordance with re-
ported responses. However, at a few stations, instrumen-
tation response problems such as gain errors and
simultaneous amplitude and phase frequency response
errors were found to be ongoing for several years. In-
deed, overdamping errors appeared to have been espe-
cially common at the 360-s corner of several F-net
STS-1 seismometers.
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Our method enables operators to check instrumenta-
tion responses in regional broadband seismometer net-
works with station intervals smaller than 200 km. The
systematic monitoring of seismometer health is essential
to operating observation networks and, consequently, to
providing high-quality seismic data. In addition, by
referring to the results of systematic monitoring,
researchers can avoid using data that has been con-
taminated by instrumentation errors and thus prevent
misleading analyses.
Our proposed method has limitations related to sta-

tion density, the frequency of teleseismic events used to
check the instrument responses, and the detection cap-
ability of index parameter changes. First, since our
method requires station intervals smaller than 200 km,
instrumentation health at stations on isolated islands
and network edges cannot be assessed (Figure 1a). Other
analyses using only single station data, such as monitor-
ing of background noise (Ringler et al. 2010) and ZH ra-
tio of Rayleigh wave, which requires precise information
about the instrument response to estimate the velocity
structure beneath the station (e.g., Tanimoto and Rivera
2008), will be effective for these stations. In the case of
NIED F-net, a low-gain broadband seismometer is also
installed at each station. These sensors could be used to
improve the seismometer density and thus allow instru-
mentation health evaluations at isolated stations. Second,
the limitation on the check frequency is fully dependent
on the occurrence of the teleseismic events. In order to
assess instrumentation health at higher frequency and
detect sudden changes of instrument responses, it might
be beneficial to combine our method with other rou-
tinely applicable approaches, such as daily background
noise level monitoring (Ringler et al. 2010). Finally, the
detection capability of changes in amplitude ratio and
lag time error was approximately a factor of 1.2 and 4 s.
More detailed analyses of surface waves, especially in the
frequency domain, could improve this capability. The
improvement could also be done by considering the
multi-path effects of Rayleigh waves (e.g., Forsyth and Li
2005) and the extraction of Rayleigh wave component
based on polarization analysis (e.g., Vidale 1986).
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