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Abstract Immediately following the Mw 7.2 Darfield, New Zealand, earthquake,
over 180 Quake-Catcher Network (QCN) low-cost micro-electro-mechanical systems
accelerometers were deployed in the Canterbury region. Using data recorded by this
dense network from 2010 to 2013, we significantly improved the QCN rapid magni-
tude estimation relationship. The previous scaling relationship (Lawrence et al., 2014)
did not accurately estimate the magnitudes of nearby (<35 km) events. The new scal-
ing relationship estimates earthquake magnitudes within 1 magnitude unit of the GNS
Science GeoNet earthquake catalog magnitudes for 99% of the events tested, within
0.5 magnitude units for 90% of the events, and within 0.25 magnitude units for 57% of
the events. These magnitudes are reliably estimated within 3 s of the initial trigger
recorded on at least seven stations. In this report, we present the methods used to
calculate a new scaling relationship and demonstrate the accuracy of the revised mag-
nitude estimates using a program that is able to retrospectively estimate event mag-
nitudes using archived data.

Online Material: Table of magnitude estimates for Quake-Catcher Network-
detected events, and figures clarifying the linear fitting technique used to calculate the
Chung et al. revised scaling relationship.

Introduction

Earthquake early warning (EEW) systems around theworld
employ various methods to rapidly calculate earthquake mag-
nitudes using the first few seconds of the seismogram. Typically,
the algorithms use amplitude and period information from ve-
locity or, preferably, displacement records (Satriano et al., 2011)
For example, the ElarmS network-based early warning system
based in California uses a combination of the peak displacement
(Pd) and themaximum predominant period (τmaxp ) of thePwave
(Tsang et al., 2007). Onsite, a single-station system in Taiwan
and California, uses Pd and the period parameter τc (Wu and
Kanamori, 2005; Bose et al., 2009).

Strong shaking from S waves primarily triggers other
early warning systems, such as those in Mexico and Taiwan
(Espinosa-Aranda et al., 1995; Wu et al., 1998, 2003). For
these detections, the stations must delay sending information
for several seconds or longer until the strongest shaking is
detected. Although these systems generally provide reliable
estimates of earthquake magnitude, they are only useful for
providing warnings to populations at large distances due to
the sizeable blind zone (e.g., area that does not receive ad-
vance warning of ground shaking). The system operated by
the Central Weather Bureau of Taiwan provides a magnitude
estimate approximately 15 s after the Pwave arrives at the clos-

est station, which renders the warning useful only to popula-
tions greater than 50 km from the epicenter (Wu et al., 1998).

The Quake-Catcher Network (QCN) is a novel seismic
network that uses low-cost USB micro-electro-mechanical
system (MEMS) accelerometers installed in the homes of
volunteers to record earthquakes around the world (Cochran,
Lawrence, Christensen, and Chung, 2009; Cochran, Law-
rence, Christensen, and Jakka, 2009; Lawrence et al., 2014).
In this article, we show that QCN has the potential to provide
rapid, low-cost magnitude estimates within the first few sec-
onds for use in early warning systems. The sensors used by
QCN are inexpensive (US $30–150), and volunteers provide
Internet connectivity and power. Volunteers install and main-
tain the stations, which minimizes per station costs.

QCN is a unique seismic network that is unlike tradi-
tional seismic networks in its use of a relatively small num-
ber of highly sensitive seismometers to record earthquakes.
QCN implements a very different approach and installs thou-
sands of MEMS sensors around the world for the cost of just
a few traditional seismometers and uses them to record earth-
quakes. The sensors are admittedly lower quality than tradi-
tional seismometers and are located in volunteers’ homes,
schools, offices, and other highly noisy environments. Because
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the resulting data are so noisy, with spurious peaks and
sometimes strange signals due to the stations’ urban environ-
ment, we have developed a novel approach to analyze the
data. In this study, data from many stations in a small, dense
network are averaged to illuminate general trends in the ob-
served acceleration records. These trends are then used to
create a revised magnitude scaling relationship that is appro-
priate for use with noisy QCN data.

A variety of sensors have been used by QCN, including
the JoyWarrior24F8 (8-bit), MotionNode (10-bit), JoyWar-
rior24F14 (14-bit), Onavi (12-bit and 16-bit), and Phidgets
(16-bit). The vast majority of sensors currently in use by
QCN are 12- to 16-bit JoyWarrior24F14 and Onavi models;
the 8- and 10-bit sensors are no longer widely used. QCN
uses Berkeley Open Infrastructure for Network Computing
(BOINC) (Anderson, 2004) to monitor, record, and transmit
data to QCN servers. The stations continuously monitor the
sensor accelerations, and, when the accelerations rise above a
threshold significance value, a trigger is sent from that station
to the server (an in-depth description of the trigger algorithm
can be found in Lawrence et al., 2014). The server correlates
incoming triggers that occur within 100 s and 200 km of each
other. When two or more triggers are correlated, the server
estimates the moveout to determine if the propagation speeds
match what is expected for an earthquake. When seven or
more triggers are correlated, the server calculates a prelimi-
nary magnitude and location (additional information about
the QCN earthquake location algorithm are found in Chung
et al., 2011). For the Christchurch QCN network, the QCN-
determined hypocenters are within ∼7 km of the GNS re-
ported locations, which in turn have errors on the order of
1 km in latitude and longitude (for more statistics pertaining
to the performance of the QCN locations, please see Law-
rence et al., 2014). At the time of a detection, a webpage
is automatically created on the QCN website that provides
the earthquake origin time, location, and magnitude, as well
as a map of measured and predicted shaking levels (see Data
and Resources). Additional details about the network can be
found in Cochran, Lawrence, Christensen, and Chung (2009),
Cochran, Lawrence, Christensen, and Jakka (2009), Chung
et al. (2011), and Lawrence et al. (2014).

Since March 2010, the QCN has implemented a real-
time detection method to determine the location and magni-
tude of earthquakes around the world (Chung et al., 2011;
Lawrence et al., 2014). A significant advantage of the net-
work is that a very dense array of lower-quality stations can
be installed for a fraction of the cost of a traditional seismic
network. Even though the stations are of lower quality, the
density of stations allows for an earthquake to be quickly
detected and verified in near real time. We use a magnitude–
distance scaling relationship that is based only on the maxi-
mum acceleration at the time of a trigger and at 1, 2, and 3 s
after the trigger, respectively. The goal is to provide a reliable
magnitude estimate within several seconds of the P-wave de-
tection. In Lawrence et al. (2014), QCN’s rapidly generated
AlertMaps are described. These maps are generated using the

first 4 s of data following a trigger and are created in approx-
imately 10 s, and thus they can provide predictions of ex-
pected peak shaking intensities for locations away from the
epicenter. In this study, we chose to focus on rapidly and
accurately estimating earthquake magnitudes, as earthquake
magnitude and location are used as the basis for warnings
issued by current EEW systems implemented globally (e.g.,
Wu et al., 1998; Wu and Kanamori, 2005; Tsang et al., 2007;
Bose et al., 2009). Furthermore, earthquake magnitude is an
easily understood measurement for conveying earthquake
size to the general public.

The use of acceleration to estimate magnitude is not ideal
and does have limitations, including magnitude saturation
(Hanks and Johnson, 1976). However, although the QCN data
have been shown to be reliable in the estimation of peak
ground acceleration and peak ground velocity values (Cochran
et al., 2011), it is generally not feasible to integrate lower qual-
ity 10–14 bit sensors to displacement, particularly for small-
magnitude earthquakes (Evans et al., 2014). However, as
MEMS sensors continue to improve in resolution, more com-
plex algorithms could be implemented in the future.

Here, we present an updated magnitude–distance scal-
ing relationship that significantly improves the magnitude es-
timate used by QCN (Chung et al., 2011; Lawrence et al.,
2014). The relationship is derived from aftershock data re-
corded by QCN stations during the 2010–2013 Canterbury
earthquake sequence, New Zealand (Gledhill et al., 2011;
Bannister and Gledhill, 2012; Kaiser et al., 2012; Ristau
et al., 2013). The previous scaling relationship was devel-
oped based on a limited initial dataset; and, while it provided
reliable estimates of moderate earthquakes (M 4–5.5), it did
not perform well across a wider range of magnitudes. The
goal of this study is to more accurately estimate earthquake
magnitudes using peak ground motions measured within 3 s
of the initial trigger.

Data

Immediately following the 2010 M 7.2 Darfield, New
Zealand, earthquake, over 180 QCN stations were installed
in and around the city of Christchurch (see Fig. 1). Most sta-
tions are within a 10 km radius of the city center and within
approximately 35 km of most aftershocks of the 4 September
2010 M 7.2 mainshock, as well as the M 6.3 earthquake that
followed on 21 February 2011. Complete azimuthal cover-
age was not possible because sensor sites were limited to
locations with available volunteers to host the sensors. Al-
though QCN stations span a variety of site conditions ranging
from soft soil to rock, the majority of stations are located on
Quaternary alluvium (often relatively stiff at shallow depths)
that overlies thick sedimentary sequences forming the Canter-
bury Plains (Forsyth et al., 2008).

We use data from 185 events detected by QCN stations
in and around Christchurch to improve the magnitude scaling
relationship (see Data and Resources). The earthquakes oc-
curred from September 2010 to February 2013 and with
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magnitudes betweenM 3.0 and 6.3 as reported in the GeoNet
catalog (see Data and Resources). These 185 events are those
that were detected by QCN’s real-time event detection system.
As described in Lawrence et al. (2014), many earthquakes that
occurred in the Christchurch area were not automatically de-
tected due to the lower resolution of the QCN sensors and the
location of the sensors relative to the distribution of earth-
quakes. Waveforms were recorded at a rate of 50 samples per
second. We use 15,063 traces (three components of 5021 sta-
tion recordings) from 185 earthquakes. QCN-determined hy-
pocentral location estimates for the events examined here were
within 10 km of the catalog locations on average (Lawrence
et al., 2014). However, here we use GeoNet locations to cal-
culate source–station distances and develop the magnitude–
distance scaling relationship.

Methods

We examine how reliably we can estimate earthquake
magnitudes using only the first few seconds of acceleration
observed at a small number of stations. To develop the scal-
ing relationship, we characterize the general shape of the
waveform envelope for the first few seconds following a trig-
ger from the smoothed vector sum of the three components
averaged across multiple stations and events.

For each source–station pair, we calculate a mean-re-
moved, average vector sum of the three components of accel-
eration. We then smooth the traces over a five-point interval. A
simple short-term-average/long-term-average standard devia-
tion method is used to identify triggers following the method
of Chung et al. (2011). Triggers from P- or S-waves are not
distinguished; thus, for some traces, the first trigger may be on
the S wave. Once a trigger is identified, the smoothed accel-
eration at the time of the trigger and for 3 s afterward is used to
determine a simple empirical magnitude scaling relationship.

We use GeoNet catalog location and magnitude to group
the data into bins by station-to-hypocenter distance and mag-
nitude, and the vector sums are averaged for all data in a
given bin. The GeoNet catalog estimated location errors are
approximately 2 km and magnitude errors are 0.24, on aver-
age. The number of traces averaged in each bin is given in
Table 1. As expected, the averaged traces for bins with only
one or two traces tend to be much more variable than those
with many traces, which tend to be smoother. Using a larger
number of bins, even though some contained significantly
fewer traces than others, created a significantly more robust
dataset with which to examine magnitude than using only a
few bins with more data in each bin. Also, note that partic-
ipants were only asked to participate for ∼6weeks during the
initial deployment in order to record the early aftershock se-
quence. At the time of the February 2011 Christchurch event,
only 40� 10 sensors were still online, limiting the number
of waveforms available (Lawrence et al., 2014).

We develop a scaling relationship that uses the source–
receiver distance and PNT

, the smoothed and normalized
three-component acceleration vector sum at specific times
NT � 0:02, 1, 2, and 3 s after a trigger. Here, we use the
smoothed vector sum that increases and decreases with time
rather than the maximum vector sum that only increases with
time as used by Lawrence et al. (2014). The trace is normal-
ized by dividing each trace by the three-component vector
mean to remove problems such as switched x, y, or z axes
(if the sensor was installed upside down, for example) or in-
correct station calibration. The smoothed and normalized ac-
celeration values (PNT

) recorded at the time of the trigger
(NT � 0:02 s), as well as at times NT � 1, 2, and 3 s after
the trigger, are grouped into bins by hypocentral distance
(distance bins of 2.5 km between 5 and 20 km, 5 km between
20 and 30 km, 10 km between 30 and 50 km, and a bin from
50 to 70 km, respectively) and then into bins by 0.5 magni-
tude units between M 2.75 and 6.75 (see Fig. 2, Ⓔ Figs. S1
and S2, available in the electronic supplement to this article).
The median values of these bins are then plotted against NT.
Traces from hypocentral distances of less than 5 km or more
than 70 km are not used due to lack of data. The amplitudes
of each trace show a clear magnitude dependence, and gen-
erally decreases with increasing time after the trigger and
with increasing hypocentral distance. We fit linear trends
to these data to create the magnitude scaling relationship.

We obtain the following magnitude scaling relationship
(hereby referred to as Chung et al. revised, or CR), in which
M is the estimated magnitude, PNT

is the average vector sum
of the acceleration at time NT (number of seconds after the
trigger), and d is hypocenter–station distance:

M � ln�PNT
� − �A1NTd� A2d� A3NT � A4�

�B1NTd� B2d� B3NT � B4�
; �1�

in which A1 � 0:0219, A2 � 0:0244, A3 � −1:92, A4 �
−5:82, B1 � −0:00770, B2 � −0:00830, B3 � 0:470, and
B4 � 0:311. This equation is obtained after much experi-

QCN Sensor
Earthquake
Major Earthquake

M7.2
M6.3

Christchurch

172° 172.25° 172.5° 172.75° 173°
−43.75°

−43.5°

−43.25°

Figure 1. Locations of the Christchurch Quake-Catcher Net-
work (QCN) stations (blue triangles) deployed in September
2010 following the M 7.2 Darfield earthquake and the aftershocks
(red and green stars, from the GeoNet catalog) used for this study.
The stations are concentrated within the urban center of Christ-
church, limiting azimuthal coverage of the earthquake sequence.
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mentation and is simply a rearranged form of a basic linear
equation y � mx� b into x � �y − b�=m, with b�B1NTd�
B2d� B3NT � B4� and m�A1NTd� A2d� A3NT � A4�
found through subsequent linear fits to the data (see Fig. 2,
Ⓔ Figs. S1 and S2). We first plot ln�PNT

� versus NT for all
magnitude bins (Fig. 2). In this figure, it is clear that PNT

increases with both increasing time and magnitude bin. Next,
we plot ln�PNT

� versus magnitude at the chosen times
(NT � 0:02, 1, 2, and 3 s) and find linear fits to the data:

ln�PNT
� � BM � A: �2�

Rearranged to solve for magnitude, this becomes

M � ln�PNT
� − A

B
: �3�

Ⓔ As is shown in Figure S1, the slopes and intercepts of the
linear fits vary by both distance (d) and time after the trigger
(NT). In other words, variables A and B in equation (3) are
dependent on d and NT. First, we analyze how the A and B
change with d:

B � Cd�D �4�

and

A � Ed� F; �5�

in which C,D, E, and F are dummy variables. Values of both
the slopes for each magnitude bin versus distance (Ⓔ
Fig. S2a) and the intercepts for each magnitude bin versus
distance (Ⓔ Fig. S2b) are plotted for each NT. Linear fits to
the data are obtained for each NT dataset (e.g., red line in Ⓔ
Fig. S2). These linear fits provide a slope and an intercept for
each NT value, variables C,D, E, and F, above. The linear fit
parameters for both the slope versus distance (Ⓔ Fig. S2a)
and intercept versus distance (Ⓔ Fig. S2b) are then plotted
by time (Ⓔ Fig. S2c,d). The following equations are created:

C � B1t� B2; �6�

D � B3t� B4; �7�

E � A1t� A2; �8�
and

F � A3t� A4: �9�
These equations are combined and replaced back into the
original formula (equation 3) to obtain equation (1).

To verify these parameters, we ran a bootstrap sampling
with replacement algorithm, choosing 185 events at random
(with some events from the original dataset repeated and
others not used). The bootstrap algorithm is run for 400 iter-
ations, and the followingmedian parameter values are obtained:
A1 � 0:0235, A2 � 0:0241, A3 � −1:92, A4 � −5:84,
B1 � −0:00780, B2 � −0:00830, B3 � 0:470, and B4 �
0:316. Mean parameter values are A1 � 0:0264, A2 �
0:0322, A3 � −1:95, A4 � −5:95, B1 � −0:00830,
B2 � −0:00950, B3 � 0:474, and B4 � 0:333. The standard
deviation for each of the parameters is, in the same order,
0.011, 0.025, 0.17, 0.38, 0.0019, 0.0040, 0.031, and 0.064.

We first apply the scaling relationship to an offline code.
When testing the new scaling relationship with QCN data,
the focus was not on being able to calculate the earthquake
magnitude exactly at a single QCN station (because of noisy
data), but rather averaging the magnitudes calculated at a
small number (minimum of seven) of stations to obtain the
correct event magnitude. Magnitudes are estimated for the
same 185 events used to develop the new scaling relationship
at NT � 0:02, 1.0, 2.0, and 3.0 s after the trigger for each
event. We use 15,339 waveforms (again, one per axis for all
three axes per station per event), and magnitudes are esti-
mated at all stations for which an automated trigger is iden-
tified. To estimate event magnitude, only data from stations
with hypocentral distances within 35 km are used (with no

Table 1
Number of Traces per Magnitude and Distance Bin Used to Create Revised Scaling Relationship

Distance Bin (km)

Magnitude Bin

2.75–3.25 3.25–3.75 3.75–4.25 4.25–4.75 4.75–5.25 5.25–5.75 5.75–6.25 6.25–6.75

5–7.5 29 113 176 12 15 1 1 2
7.5–10 31 123 427 59 24 4 6 2
10–12.5 6 100 396 141 53 6 9 6
12.5–15 1 50 278 205 57 12 10 2
15–17.5 1 21 246 265 86 27 12 1
17.5–20 1 14 171 263 86 19 10 2
20–25 1 22 191 424 198 22 5 2
25–30 1 10 95 246 116 9 1 1
30–40 1 1 14 112 12 5 4 2
40–50 1 1 1 8 2 3 4 1
50–70 1 1 2 1 2 1 1 2
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minimum distance requirement), as the scaling relationship
appears to be less reliable beyond 35 km, with some mag-
nitude estimates being too high or too low by 2 or more mag-
nitude units. This is perhaps expected due to the fact that the
vast majority of the data available to create the scaling rela-
tionship were from distances less than 35 km.

When applied retrospectively, the CR scaling relation-
ship results in significantly improved magnitude estimates,
particularly at NT � 2:0 and 3.0 s (see Fig. 3). Compared to
a mean magnitude estimate error of −1 magnitude units with
a standard deviation of 0.39 using Lawrence et al. (2014), the
new relationship has a mean error of 0.034 magnitude units
and a standard deviation of 0.31 when using the peak accel-
eration 3.0 s after the trigger. Ⓔ Calculated magnitude val-
ues for all events can be found in Table S1.

Because we used the same dataset to create and test the
scaling relationship, we randomly removed 40 events from
the dataset, recalculated the equation parameters using the
remaining 145 events, and then applied the new parameters
to the limited dataset of 40 events. We required there to be at
least one event in each distance–magnitude bin. The mean
error for 40 events for all 10 runs of the randomization proc-
ess was −0:15; the mean standard deviation was 0.36. This is
in excellent agreement with the results from using the entire
dataset to both create and test the scaling relationship.

To determine the reliability of this updated scaling rela-
tionship in the QCN real-time earthquake detection program,
we created a pseudo-real-time offline code to rerun the New
Zealand dataset. This code, in contrast to the code explained
above (which again can use only the data at one NT time),
uses a combination of NT times, depending on the calculated
arrival time of the wave at the station. A preliminary estimate
of the earthquake parameters is made at the first detection
(this is the first iteration of the event characterization), then
as seismic waves move away from the source and additional
stations trigger, subsequent estimates of the earthquake loca-
tion and magnitude are made (additional iterations of the
event characterization). As all relevant information (time of
trigger, time trigger received at server, acceleration time
series associated with a trigger, etc.) is saved on the server,
it is possible to simulate the past events to replicate behavior
of the real-time system. The offline code is able to simulate
the entire dataset of QCN triggers and time-series data (hun-
dreds of gigabytes of data recorded over five years); however,
it is a computationally challenging task. The offline code re-
trieves the trigger data from the database and loads into the
memory at 30 min intervals. To accelerate the simulation, the
code scans this live memory table every simulated second
(usually in several microseconds). A typical simulation of
the entire database takes approximately 6 hr to 3 days, de-
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Figure 2. Smoothed acceleration with time averaged by magnitude; magnitude bins are centered around magnitudes 3, 3.5, 4, 4.5, 5, 5.5,
6, and 6.5, and divided into groups by hypocentral distance. The x axis is time in seconds after the trigger (NT). Number of traces in each
distance–magnitude bin can be found in Table 1. The fitted slopes of the averaged accelerations plotted versus earthquake magnitude were
used to create the magnitude scaling relationship.
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pending on the simulation parameters (such as maximum al-
lowed distance and time for sensors to be correlated). For the
purposes of this study, we run the simulation only on the 185
events described above.

The error in the initial magnitude estimates are greater
than one magnitude unit in some cases; however, the final
iteration is in excellent agreement with both the test run using
NT � 3 s, and the GeoNet-reported magnitudes (see Table 2).
We note that the final event magnitude may use a combination
of NT times from various stations, depending on characteris-
tics such as the station location and the data transmission la-
tency for a particular station.

To examine the true expected performance, we perform
the full offline simulation again, this time using QCN-deter-
mined event locations, rather than using the reported GeoNet
locations. QCN-determined locations are those reported in
Lawrence et al. (2014). As shown in Figure 4b, the magnitude
estimates are again improved over the previous magnitude–
distance scaling relationship, but there are some outliers due
to the larger location errors. QCN location estimates varied
from GeoNet locations by up to 31 km (a mean of 7.9 km for
the dataset used here). Using the QCN-determined locations,
we report a mean error of −0:02 and a standard deviation of
0.36. Thus, optimal performance of this scaling relationship
within the QCN real-time event detection algorithms will re-
quire improvements to the QCN-determined locations. QCN-
determined locations are primarily limited by a lack of good
azimuthal station coverage of an event, as a large number of
the earthquakes occur outside of the densest portion of the
QCN array (see Lawrence et al., 2014, for additional details).

We also tested the CR scaling relationship using strong-
motion data recorded by traditional seismic stations of the 21
February 2011 M 6.3 Christchurch earthquake. We use data
from 10 strong-motion sites operated by GNS Science that
were located within 30 km of the earthquake hypocenter. We
processed the data and detected triggers in the same way as
described above for the QCN data. We do not try to replicate
the lower quality of the QCN data, by filtering the data or
adding noise, because we want to see if we can get reliable
results using higher resolution, traditional strong-motion
data. For the Christchurch earthquake, we estimate a magni-
tude of M 4.4, 6.0, 5.7, and 5.7 at NT � 0:02, 1, 2, and 3 s
after the initial trigger at each station, respectively. Using the
offline real-time simulation (which uses a combination of NT

times, depending on the wave arrival at the station), the final
magnitude estimate is M 5.8. This result is within 0.5 mag-
nitude units of the final GeoNet-reported magnitude and
shows that the magnitude–distance scaling relationship de-
veloped here may also be useful for traditional strong-motion
data. Therefore, it may be possible to combine acceleration
data from both traditional strong-motion stations and lower
resolution QCN stations in the future to enable faster and
more accurate magnitude estimates for EEW systems.

To determine if magnitude estimates would be more ro-
bust if we examine a longer segment of the waveform, we re-
calculate the scaling relationship and corresponding magnitude
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Figure 3. (a) Comparison between magnitudes estimated with
the Chung et al. revised (CR) magnitude scaling relationship at
NT � 0:02, 1, 2, and 3 s, respectively, (b) the CR magnitude esti-
mates at NT � 3, 5, and 10 s, respectively, and (c) results for NT �
3 s only (for the sake of clarity) versus magnitudes from the GeoNet
catalog. Here, we use GeoNet catalog locations to determine the
source–receiver distance. Dashed lines represent one magnitude
unit above and below.
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estimates using NT � 5 and 10 s. The resulting magnitude es-
timates are worse than those calculated using the CR relation-
ship above. UsingNT � 5 s, the mean magnitude difference is
0.096, and the standard deviation is 0.32. UsingNT � 10 s, the
mean magnitude difference is 0.12 and the standard deviation is
0.57. The poorer performance using longer time segments may
be because there is significant background noise at QCN sta-
tions, with sometimes only a few seconds of meaningful data
observed following a trigger, particularly for especially small or
distant events. Thus, we conclude that using shorter time seg-
ments is preferable, at least for low signal-to-noise data.

We also tested the performance of the CR relationship
developed using 3 s of data (detailed above), but used NT �
5 and 10 s to estimate the magnitude. However, we noticed
no improvements in the resulting magnitude estimates. For
NT � 5 s, the mean magnitude estimate error is 0.0083, and
the standard deviation is 0.33. ForNT � 10 s, the mean error
is 0.022, and the standard deviation is 0.43. Although the
mean error is lower forNT � 5 s than for theNT � 3 s mag-
nitude estimates, there is a significant deterioration in perfor-
mance at higher magnitudes (see Fig. 3b).

Discussion

By revising the QCN rapid magnitude scaling relation-
ship, we are able to determine magnitudes to within 0.25
magnitude units of the reported GeoNet magnitude for 55%
of the events, within 0.5 magnitude units for ∼90% of the
events, and to within 1 magnitude unit for all but one of the
earthquakes examined in this study (see Table 2). All of the
magnitudes are determined with accelerations measured dur-
ing the first 3 s of the waveforms. Although there are lim-
itations to this relationship, including possible magnitude
saturation, the magnitude scaling relationship works well for
estimating magnitudes of events that occur within ∼35 km of
the main station array deployed in Christchurch. The Christ-
church dataset provides an excellent case study to validate
our methodology forM 3–6.3 earthquakes. The applicability
of the new scaling relationship in regions subject to different
prevailing site conditions or very large magnitude (M 7�)
events will be investigated as additional data becomes avail-

able. It is possible that the CR scaling relationship will need to
be tuned to different geologic and/or faulting environments.

We also test the relationship using data recorded by tra-
ditional seismometers from the K-NET network for the
M 6.7 Tottori, Japan, earthquake of 2000. We found that
it was only possible to produce reasonable magnitudes using
NT � 3 s acceleration values. Using only stations within
35 km, the calculated magnitude was M 8.6. Using stations
within 20 km, however, reduced the estimated magnitude to
M 7.2. We suspect that there may be problems when apply-
ing revised magnitude scaling relationship to this
dataset due to this being a different geologic and faulting
environment than the Christchurch aftershock sequence (the
Tottori earthquake was ∼10 km deep; most earthquakes in
the Christchurch area were 5 km deep or less) and the use
of only a few sparsely arranged traditional sensors.

Using the acceleration values at the time of the trigger
and up to 3 s after a trigger, we are able to rapidly and ac-
curately estimate the magnitude for earthquakes recorded on
a dense network of low-cost sensors installed in New
Zealand. Estimating the magnitude rapidly, and ideally be-
fore shaking has reached population centers, is essential for
EEW systems. The use of low-cost sensors to provide a dense
set of observations to complement existing seismic networks
may speed up development of and improve the performance
of EEW systems. A remaining issue is the further improve-
ment of earthquake locations estimated by the low-cost sen-
sors. For the dataset examined here, most of the events were
located outside of the area covered by QCN sensors, which
led to location estimates with larger errors.

We suggest the use of this scaling relationship for local
event-to-station distances only. Because of limited data, we
have only been able to sufficiently test the applicability of
this relationship to stations with hypocentral distances of less
than 35 km, as described above.

Furthermore, as described above, the CR scaling
relationship is also limited regarding the earthquake mag-
nitudes that it can estimate. This is a local scaling relation-
ship based on acceleration, so saturation for larger events is
probable. Because the magnitude is estimated within 3 s of
the trigger, any event that has not ruptured sufficiently by
that time will be underestimated. For example, by approxi-

Table 2
Comparing the Results of the Offline Simulation for Magnitudes Calculated Using the Lawrence et al. (2014) Relationship (Using QCN
Hypocentral Locations Only) and the Scaling Relationship Presented in This Study for Both QCN and GeoNet Hypocentral Locations

Comparison of Offline Simulations

Locations Mean Error:
Iteration A

Mean Error:
Iteration B

Mean Error:
Final Iteration

Standard Deviation:
Iteration A

Standard Deviation:
Iteration B

Standard Deviation:
Final Iteration

Lawrence et al. (2014) (QCN locations)* −1.4 −1.4 −1 0.59 0.57 0.39
CR (QCN locations)† 0.23 0.04 −0.023 0.76 0.45 0.36
CR (GeoNet locations) 0.24 0.13 0.03 0.60 0.42 0.31

*QCN, Quake-Catcher Network.
†CR, Chung et al. revised scaling relationship.
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mating the earthquake rupture as a circular patch (Brune,
1970), assuming a maximum slip of 4 m and a rupture ve-
locity of 3:2 m=s (Kaiser et al., 2012) and using the follow-

ing equations for rupture time, seismic moment, and moment
magnitude (Stein and Wysession, 2007) (equations 10–12, re-
spectively), we can calculate a magnitude Mw 6.2 earthquake
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Figure 4. (a) Difference in magnitude between the GeoNet catalog magnitudes and magnitudes estimated by Lawrence et al.
(2014) using offline simulation. We use QCN-determined locations. Estimates are shown for the first (iteration A), second (iteration
B), and final (final iteration) magnitude estimate. The iterations can vary per event depending on how many stations and triggers
are used for that event. For the Lawrence et al. (2014) scaling relationship, the mean error in the magnitude at the final iteration is
−1. (b) Difference in magnitude between the GeoNet catalog and magnitudes estimated with the CR scaling relationship. For the
CR scaling relationship using the QCN-determined locations, the mean error of the final iteration is −0:023. (c) The difference in mag-
nitude between the GeoNet catalog and magnitudes estimated using the CR scaling relationship. Here, the GeoNet-reported earthquake
locations are used. Other details are the same as in (a). For the CR scaling relationship using the GeoNet locations, the mean error of the
final iteration is 0.03.
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(the revised final magnitude reported for the Christchurch
earthquake; Kaiser et al., 2012) has a rupture time of approx-
imately 3.3 s:

TR � L
�
1

vR
−
cos θ
v

�
; �10�

M0 � μAd; �11�

and

Mw � log�M0�
1:5

− 10:73: �12�

Larger earthquakes with correspondingly longer rupture times
may not have ruptured fully enough for the scaling relation-
ship reported here to be applicable. Hence, for earthquakes
larger than Mw ∼ 6:3, a unique scaling relationship will need
to be found. Interestingly, the original Lawrence et al. (2014)
scaling relationship provides reasonable magnitude estimates
for earthquakes at greater distances and for larger events.
Thus, it may be possible to combine the original and revised
scaling relationships to result in more stable magnitude esti-
mates for larger events.

The revised magnitude scaling relationship presented
here will be vitally important to the QCN’s rapid magnitude
estimations. It will now be possible to calculate earthquake
magnitudes within 3 s of the initial trigger with unprecedented
accuracy. Not only is this an important study for the QCN
team, but, as shown using the GNS data from the Christchurch
earthquake, it may be possible to apply this simple magnitude
estimation technique to additional networks and datasets. For
example, the relationship may also be useful to examine data
from earthquakes that are sparsely recorded by QCN or other
MEMS accelerometer networks, where it may otherwise be
difficult to determine event magnitude. And, although there
are currently legal and technical challenges to creating a work-
ing EEW system with the QCN, this study shows that with the
data provided by QCN in combination with the revised scaling
relationship, it is possible to estimate the magnitude of an
earthquake both rapidly and accurately.

Data and Resources

All Quake-Catcher Network (QCN) data in this study
were collected from the QCN arrays. More information about
the QCN and unprocessed data are available at qcn.stanford
.edu (last accessed on July 2014). GeoNet data were obtained
from the GeoNet earthquake website, geonet.org.nz (last ac-
cessed on April 2014).
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