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Chinese National Network Magnitudes, Their Relation to NEIC Magnitudes,
and Recommendations for New IASPEI Magnitude Standards

by Peter Bormann, Ruifeng Liu, Xiao Ren, Rudolf Gutdeutsch, Diethelm Kaiser, and Silvia Castellaro

Abstract We investigate the linear regression relationships between common
seismic magnitudes determined by the Chinese Earthquake Network Center (CENC)
and compare them with related magnitude determinations for the same events at the
U.S. Geological Survey’s National Earthquake Information Center (NEIC). Despite
their generally good agreement some systematic differences are revealed. These dif-
ferences are due to differences in seismograph response (shape and bandwidth), the
time window for measurement of maximum P-wave amplitudes, the period and dis-
tance ranges used, and, in part, also the different calibration functions applied. Chi-
nese broadband body-wave magnitude mg, compared with the NEIC short-period P-
wave magnitude m,, is much less prone to magnitude saturation. Thus it is more
suitable to assess the size of large earthquakes from P waves. Also, following Inter-
national Association of Seismology and Physics of the Earth’s Interior (IASPEI)
recommendations of 1967, Chinese surface-wave magnitude Mg is determined in a
wider distance (1° < A < 180°) and period range (3 sec < T < 30 sec) than M¢(20)
at NEIC (20° = A = 160° and 18 sec = T = 22 sec, respectively). Chinese Mg for
small and medium earthquakes at regional distances between 2° < A < 10° scales
well with local magnitude M, . In contrast, NEIC M¢(20) tends to underestimate the
magnitude of regional events when the IASPEI-recommended Mg calibration function
by Vanék et al. (1962) is used. These findings support some of the new standards
for magnitude measurements from digital data adopted at the IASPEI meeting in 2005.
They include, complementary to band-limited m, and M(20), the determination of

my and My (BB) measured on unfiltered broadband records.

Introduction

Today a host of different magnitude scales exist that far
exceed the limits of the original definition of earthquake
magnitude by Richter (1935). Although most of them are
somehow scaled to some reference value, they usually mean
different things because they are based on the use of different
wave types, different kinematic characteristics of the seismic
wave field (ground displacement, velocity, or acceleration),
measurements in different and often rather limited frequency
ranges, either single-amplitude measurements or the integra-
tion of amplitudes within time windows of different length
after the first wave onset, etc. The confusion among users of
magnitude data is further complicated by the fact that for a
given event not only the values reported by different agen-
cies for different types of magnitudes (such as My, Mg, m,,
and M,,) sometimes deviate significantly, but also the values
for the same kind of magnitude that are reported with iden-
tical nomenclature. A striking example is the m;, values de-
termined by the National Earthquake Information Center
(NEIC) of the U.S. Geological Survey (USGS) and the In-
ternational Data Center (IDC; formerly PIDC and EIDC) un-
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der the Comprehensive Test-Ban Treaty Organization
(CTBTO). According to Granville er al. (2002, 2005) the
observed differences result primarily from the use of differ-
ent response functions (Fig. 1). This is indeed one of the
major factors, especially for smaller and medium events, and
is considered by us in the following. However, the differ-
ences in the time windows applied at the IDC and NEIC,
within which the maximum P-wave amplitude A,,,, is mea-
sured after the first P onset, seem to play an even larger role
for greater events. The difference Am, = m(NEIC) —
my,(EIDC) shows strong magnitude dependence (Fig. 2). Amy,
grows from an average of +0.06 magnitude units (m.u.) for
my(NEIC) <4.0 to +0.61 m.u. for m,(NEIC) >5.9. For re-
cent great earthquakes, such as the M, 9.3 Sumatra Islands
earthquake of 26 December 2004, it reached + 1.3 m.u.
(my(EIDC) 5.7 and my(NEIC) 7.0). When using simulated
WWSSN short-period records (see Fig. 1 for instrument re-
sponse) from 18 stations of the German Regional Seismic
Network (GRSN) and measuring the largest P-wave ampli-
tudes in the whole P-wave train (which arrived some 90 sec
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Figure 1. Normalized displacement responses of
a typical WWSSN short-period instrument, the band-
pass filtering applied by the USGS for its automatic
PDE processing procedure, and the filtering according
to the PIDC procedure for short-period data analysis.
All responses are normalized to have the same peak
gain (from Granville et al. [2005], p. 1813, Fig. 4,
© Seismological Society of America).

and 350 sec after the first onset of P) one would get even an
average of my, 7.5 (Wendt, personal comm., 2005), that is,
some 1.8 m.u. larger than my(EIDC).

Whereas the IDC measures A,,,, within 5.5 sec after the
P-wave arrival (and CENC even within 5 sec), the NEIC mea-
sures usually within the first 10 P-wave cycles with an
automatic procedure, and may later extend the window
interactively up to 60 sec for the largest earthquakes (Gran-
ville et al., 2005). The average rupture duration of earth-
quakes is <6 sec for moment magnitudes M, 6, about 50 sec
for M, 7.5 and may last for several minutes for the strongest
earthquakes (about 9 min for the M,, 9.3 Sumatra earth-
quake). Consequently, time windows for measuring A,,,, in
the P-wave group that are shorter than the rupture duration,
tend to underestimate m, or mg. We term this the time-
window saturation component of body-wave magnitudes. It
is more pronounced for m,(EIDC) and m,(CENC) than for
my(NEIC). The other component is due to “spectral satura-
tion” with respect to the seismic scaling law (Aki, 1967).
All band-limited magnitude data show spectral saturation. It
is less pronounced for long-period magnitudes and absent
for “zero-frequency” M,, (Kanamori, 1983). Short-period m;,
estimates that are based on displacement amplitude mea-
surements at periods typically 7 < 2 sec, will already un-
derestimate the true size of events whose source spectra have
corner periods T, > 2 sec. For “average earthquakes” this is
the case for moment magnitudes M,, >5-6 because then
(A/T)mqy 1s no longer measured at frequencies of maximum
seismic moment rate release but on the decaying slope of the
seismic source spectrum (Bormann et al., 2002, Figures 3.5
and 3.18). The higher the upper-corner frequency (with peak

magnification) and the narrower the relative bandwidth of
the record filter (cf. Fig. 1), the earlier a magnitude derived
from such a record will begin to saturate. Note that record
amplitudes scale with the square root of the relative band-
width (Bormann, 2002b). Thus, the systematic and magni-
tude-dependent  differences between m(NEIC) and
m,(EICD) (but also m,(CENC), as shown later) will become
understandable. For M,, <6 they are mainly due to differ-
ences in the frequency responses used and thus different
spectral saturation, whereas for larger magnitudes differ-
ences in the measurement time windows may become
dominant.

Although my, by its very nature, systematically under-
estimates the overall size of large earthquakes, it allows a
rather quick and realistic assessment of the amount of high-
frequency energy released by an earthquakes and thus of its
potential to cause shaking damage. However, inconsistent
practices and thus incompatible values published by differ-
ent agencies may be misleading and prevent the use of my,
in combination with M, and other types of magnitudes, for
a more realistic assessment of the actual seismic hazard.
Therefore, the International Association of Seismology and
Physics of the Earth’s Interior (IASPEI) entrusted in 2001 an
international Working Group (WG) on Magnitudes with the
task to propose standards for making measurements from
digital data for widely catalogued and commonly used body-
and surface-wave magnitudes with the aim to reduce existing
systematic inconsistencies and biases, which still limit the
value of such magnitude data both for research and practical
application.

The following study has been carried out in the frame-
work of that WG in which two authors (P.B. and L.R.) are
regular members. It is based on magnitude data for M;, m,
mg, Mg, and Mg,;, which are routinely determined at the
China Earthquake Network Center (CENC), not, however,
M,,. CENC uses for its national catalog only the records from
92 so-called first- and second-class stations within China.
These data are compared among each other and subsequently
with the teleseismic magnitudes m, and Mg determined at
NEIC, which are based on records from a global station net-
work. The analysis is based on linear regression relations
between different pairs of magnitudes. Systematic deviations
are discussed in terms of differences in the instrument re-
sponse, wave type, length of time window for amplitude
measurements, and calibration function used, because these
parameters have been rather stable at both agencies over the
considered time span of 25 years. We do not consider dif-
ferences in network configuration and number of seismic
stations used to determine event magnitudes for different
source regions. They are subject to changes with time and
event magnitude itself. Also, as discussed in Bormann et al.
(2002, section 3.2.7), global relationships between different
types of teleseismic magnitudes determined from single-
station and worldwide network records, respectively, scale
rather well, provided that the same waves, instrument types,
and measurement procedures have been applied.
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between the years 1995 and 2000 (courtesy of S. Wendt, 2003).

In this article we use the generic magnitude nomencla-
ture (italics with subscripts) common in BSSA. In the figure
annotations, however, we preferred the simpler correspond-
ing nomenclature without subscripts used in the IASPEI New
Manual of Seismological Observatory Practice (NMSOP;
Bormann, 2002a) as standard for international data exchange
and cataloguing. The Chinese magnitudes are presented—
for reasons of brevity—with nonextended generic magnitude
symbols, although CENC magnitudes are not yet fully com-
patible with the envisaged new standards. To differentiate
Chinese magnitudes from related NEIC magnitudes, we add
(NEIC) to the latter.

Seismometer Parameters and Magnitude
Formulas Used

NEIC magnitude data have been taken from the Prelim-
inary Determination of Epicenter (PDE). Whereas the origi-
nal seismic records are nowadays commonly velocity pro-
portional broadband records, the magnitude measurements
for my, are made on records with a simulated short-period
response (see curve USGS [m,(PDE)] in Fig. 1) and for Mg
with a simulated long-period WWSSN seismograph re-

sponse, respectively (identical with response 763 in Fig. 3).
On such band-limited records A,,,, is measured from P
waves with periods 7' < 3 sec for m,(NEIC) and from surface
waves with periods 7 = 20 = 2 sec for calculating
Mg(NEIC). The time window for measuring A,,,, of P waves
was explained in the introduction. For calibrating the short-
period my,, NEIC uses the Q-values published by Guten-
berg and Richter (1956) for vertical component PZ waves,
although these authors had mainly used medium- to long-
period records from rather broadband instruments to derive
their body-wave calibration values. Mg magnitudes are
calibrated at NEIC with the og(A)-function published by
Vanék et al. (1962) in the epicentral distance range 20° =
A = 160°, although this function had been developed for
application in a wide range of periods (3 sec < T < 60 sec)
and distances (2° < A < 160°). The averaged function a(A)
= 1.66 log(A) + 3.3 was adopted by IASPEI in 1967 as the
international standard for Mg determination. One has to be
aware, however, that the calibration of band-limited 20 sec
surface-wave amplitude readings with this broadband cali-
bration function results in systematic distance-dependent bi-
ases of Mg(20). This led Herak and Herak (1993) and Re-
zapour and Pearce (1998) to propose improved Mg(20)
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calibration functions, which, however, have not yet been in-
troduced as new international standards for Mg(20) magni-
tudes.

Seismometer parameters, measurement procedures, and
magnitude formulas used in the China Seismic Network are
slightly different from those used at NEIC. The catalog phase
data and event waveforms of the China National Network
used in this study are available on-line. The waveforms
are in SEED format. At present, however, this website
(www.csndmc.ac.cn) exists in Chinese only. An English ver-
sion will be available soon. Until 31 December 2001, records
and analysis procedures were analog. Since 1 January 2002,
the CENC switched to digital broadband records and analysis
tools. Although Chinese my and Mg data have been available
since 1979, M, , my,, and Mg, have been regularly determined
since 1983, 1988, and 1989, respectively. Comparisons be-
tween CENC and NEIC magnitudes up to 31 December 2004
have been made for Mg-m,(NEIC) and M¢-Mg(NEIC) since
1983, for mg-My(NEIC) since 1985, for my-m,(NEIC) since
1988, and for Mg;-m(NEIC) and Mg,;-M(NEIC) since 1989.

Figure 3 depicts the normalized amplitude-frequency re-
sponses of seismic records used up to now as standards for
magnitude determination. The respective analog seismo-
graphs had the following seismometer (7,) and galvanome-
ter/pen-recorder eigenperiods (7,) and dampings (D and
D,), respectively:

DD-1: T, 1.0 sec, T, = 0.05 sec,
D, 0.45 and D, = 0.707

w2
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=
|

= 12.5 sec, T, = 1.20 sec,
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763: T, = 15.0 sec, T, = 100.0 sec,
D, 1.0 and D, = 1.0

The response shape of DD-1 resembles that of the short-
period Wood—Anderson seismograph, the SK response cor-
responds to the classical Russian medium-period Kirnos
seismograph, and the response of 763 is equivalent to that
of the WWSSN long-period seismograph. Simulation filters
are now applied in the digital analysis procedures to repro-
duce the preceding responses from broadband records, thus
assuring compatibility of old and modern magnitude esti-
mates and long-term catalog homogeneity. The seismograph
responses and the poles and zeros of the simulation filters
used for producing the standard responses are accessible via
www.csndmc.ac.cn (Chinese and English versions). The fol-
lowing response types and magnitude formulas are used for
the various types of Chinese magnitudes.

Local magnitude M; is computed from (simulated)
DD-1 records by employing the calibration values R(A) de-
rived for Beijing Station on the basis of DD-1 records:

M, = log(A) + R(A) (0 km < A < 1000 km), (1)

where A is the average value of the horizontal ground dis-
placement A = (An + Ae)/2 with An the maximum ground
displacement amplitude in the record of the north—south and
Ae that of the east—-west component in micrometers. An and
Ae may not occur at the same times. The calibration values
R(A), given in Table 1, correspond to Chinese crustal con-
ditions, but they are tied at 90-100 km epicentral distance
to the original values given by Richter (1935) for California.
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Surface-wave magnitudes are determined in two differ-
ent ways—Mg and Mg;. My is computed from (simulated)
SK records by employing the 1965 formula of Beijing Sta-
tion (see Guo and Pang, 1981):

MS = log(A/T)max + J(A) (2)

A is the resultant (vectorially combined) maximum long-
period horizontal ground-motion displacement amplitude
Ay = (A% + A})'"? in micrometers and T (in seconds) the
surface-wave period at this maximum amplitude. Measure-
ments are made at two to three different amplitude maxima
S0 as to be sure to use equation (2) with the real (A/T),,,, in
the considered period range 3 sec = T = 25 sec. For earth-
quakes with source depth 4 < 80 km, the following calibra-
tion functions are applied:

a(A) = 1.66 log(A) + 3.5 for I° < A < 130° (3)

and

1
od) = 6775 + 5 [(2.147 exp(—0.04465A + 1.325)
1
(A — 90) X 1072 + log sin A + 3 (log A

- 1.954)} for 130° < A < 180°. 4)

Equations (3) and (4) follow exactly the structure of the
original Gutenberg (1945) calibration function for surface
waves in the same distance intervals, but with the coeffi-
cients and constants adapted by Guo and Pang (1981) to the
response characteristic of the SK instrument used in China
for Mg determination. However, in routine record analysis
of the China National Network, My is determined only in
the range 1° < A < 130° by using equation (3). It resembles
the a(A) = 1.66 log(A) + 3.3 proposed by Vanék et al.

Table 1
Calibration Function R(A) for Chinese Local Magnitude M,

Epicentral Distance Epicentral Distance Epicentral Distance

(1962), but (3) yields +0.2 m.u. larger values. Mg calcula-
tion based on equation (4) is limited to research work.

A different surface-wave magnitude Mg, is computed
from records of a Chinese-made long-period seismograph of
type 763 by employing the formula:

MS7 = log(A/T)max

+ 0(A)es for 3° < A < 177°. (5)

The calibration function g(A),4; has been developed on the
basis of data from Chinese stations. It is applicable to earth-
quakes with source depth & < 50 km in the given range of
A. A is the maximum long-period surface-wave displace-
ment on the vertical component (A,) with periods T > 6 sec.
Between 20° and 160° g(A),¢; is identical with the IASPEI
calibration function g(A) = 1.66 log(A) + 3.3. Between 3°
and 20° and from 160° to 177°, a(A)¢; differs slightly from
o(A). Table 2 summarizes g(A)44; values as a function of A.

Body-wave magnitudes are determined in two different
ways by the formula:

my, Or mg = log(A/T)max + Q(A7 h) (6)

with the Gutenberg—Richter (1956) calibration values
O(A, h) for vertical component P and PP waves, respec-
tively. CENC calculates my, and mg for P waves between
5° < A = 100° and also mg (about 10% of all my data) for
PP waves between 100° < A = 170°. For my, (A/T); 18
measured from the DD-1 (filtered) records for periods 7' = 3
sec and within a time window of only 5 sec after the P-wave
first onset, while my is usually determined from intermediate
period SK or long-period 763 record if no SK records are
available. The time window applied at CENC for measuring
(A/T) oy for my determination follows the recommendations
in the Manual of Seismological Observatory Practice (Will-
more, 1979), namely measuring (A/T),,, usually within
20 sec, and for large earthquakes within 60 sec after the P-
wave first onset.

Table 2

The Calibration Function g(A)¢;.

A° a(A) A° a(A) A° a(A) A° a(A)

A (km) R(A) A (km) R(A) A (km) R(A)
0-5 1.8 55 3.1 290-320 4.1
10 1.9 60-70 3.2 330-340 4.2
15 2.0 80-85 3.3 350-390 4.3
20 2.1 90-100 3.4 400-460 4.4
25 2.3 110-140 3.5 470-600 4.5
30 2.5 150-160 3.6 610-650 4.6
35 2.7 170-200 3.7 700-800 4.7
40 2.8 210-220 3.8 850-900 4.8
45 2.9 230-260 3.9 1000
50 3.0 270-280 4.0

3 4.48 45 6.04 90 6.54 135 6.86
5 4.81 50 6.11 95 6.59 140 6.89
10 5.13 55 6.18 100 6.63 145 6.93
15 5.34 60 6.24 105 6.65 150 6.96
20 5.51 65 6.30 110 6.69 155 6.98
25 5.65 70 6.35 115 6.72 160 6.99
30 5.77 75 6.40 120 6.76 165 6.98
35 5.87 80 6.45 125 8.79 170 6.94
40 5.96 85 6.50 130 6.82 175 6.83
177 6.62

The R(A) values are valid for the preceding epicentral distance values
and are linearly interpolated for A values in between.

The a(A) values are valid for the preceding epicentral distance values
A° and are linearly interpolated for A° values in between.
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Regression Relations

Linear regression
y = Ax + B @)

is commonly used to study the relationships between differ-
ent magnitude data and to derive formulas to convert one
type of magnitude into another one. The underlying as-
sumption is that the compared magnitudes scale linearly.
When comparing magnitudes based on the same wave types,
using similar measurement procedures and working in com-
parable period ranges, then linear regression analysis is in
general a viable approach. The comparison of magnitudes
determined in very different period ranges, such as m, and
Mg, with m, showing strong saturation, would instead re-
quire nonlinear regression analysis. However, the aim of this
article is not to derive the most accurate conversion rela-
tionships between Chinese and NEIC magnitudes but to as-
sess their compatibility, to look for systematic differences,
and to identify possible reasons for these differences. When
they are significant, they will also show up in a nonoptimal
linear regression.

Most of the published regression relations between
magnitudes, like the classical relations between myg, Mg, and
M; by Gutenberg and Richter (1956), have been determined
through linear standard least-squares regression (SR). SR
provides the A and B parameters of the best-fitting linear
equation (7) under the assumption that initial errors, for ex-
ample, measurement errors, on one variable are much larger
than on the other, that they are normally distributed and con-

stant in the regression domain (Draper and Smith, 1998).
2

Two cases are thus possible (with ¢2; and g,y = variances
of the ith element of x; and y; and both ¢, = ¢2 and

0_2

Wi = 0y, being constant):

1. SR1 with 67, = 0 and o}, > 0 follows from error
equation

[ !
Vz(') _Yz(’) - Ax; — By,

which, by minimizing the square sum of v{", leads to the
well-known prescription

ygl) <« A x;, + B

The symbol “<” means that the relation holds only from
right to left.

2. SR2 with ¢2, > 0 and oyzy = 0 follows from the error
equation

WY = P — Ay - B,

x?® « ALy, + B

Applied to magnitudes, this implies that SR1 or SR2 can
be used only when either M, or M,, respectively, are affected
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Figure 4.  Calculated A values (A yeutaea) @S func-

tion of the error ratio s,/s, for fixed s, = 0.5 depend-
ing on the type of regression analysis (SR1, SR2, OR,
or GOR) applied to the data. The calculations are
based on randomly generated 10° sets of 10* couples
of magnitudes M, and M, in the interval 3.5 = M =
9.5, assuming that, on average between the two mag-
nitudes, a linear relationship exists in the form M, =
M, + B, that is, with a true slope A,, = 1. The
average A qcuaea Values resulting from the different
regression procedures are shown by the thick colored
lines, their related standard deviations by the dotted
lines. For details on methodology and results see Cas-
tellaro and Bormann (20006).

by errors. Users of published magnitude standard regressions
are often not aware of it and resolve the regression prescrip-
tion for the other variable. However, on noisy magnitude
data sets, SR1 and SR2 may lead to differences in results of
more than 1 m.u. (Bormann and Khalturin, 1975; Bormann
et al., 2002, section 3.2.7; see also Figs. 5 and 6 in the fol-
lowing). When incorrectly interpreted in seismic-hazard and
energy-release studies this may have detrimental conse-
quences (Castellaro et al., 2006). Therefore, in Tables 3 and
4 we give the SR1 and SR2 relations with arrows. However,
one has to consider that SR1 projects any error in M, to M,
and SR2 vice versa, thus increasing the uncertainty of the
estimated dependent variable. The difference between A,
and A, = 1/A} can be regarded as a measure of the uncer-
tainty of such conversions.

Best-fitting linear regressions procedures for variable
initial errors on the variables provides the y*-regression.
Stromeyer et al. (2004) used it for seismological problems.
The so-called general orthogonal regression (GOR) (e.g.,
Fuller, 1987; Carroll and Ruppert, 1996; Castellaro et al.,
2006) include a special case of the y*-regression with initial
errors s,; = 5, = constl, s, = s, = const2. However, its
application requires knowing, at least approximately, the ini-
tial error ratio s,/s,. For magnitudes this is usually not known
a priori. The common assumption that magnitude data of
the same type have errors of the same size leads then to the
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Table 3
Relationships between Chinese Magnitudes
MM,
N Regression Relationship rms Error Figure
My-1y, SR1 my < 0.72mg + 1.23 +0.24
SR2 mg < 1.02m, + 0.16 +0.28 5, middle left
20,647 OR 0.55 = —0.63mg + 0.77 my, +0.19
My -my, SR1 my, < 0.45M; + 2.47 +0.31
SR2 M; < 0.90m, + 0.35 +0.43 5, upper left
7,024 OR 1.60 = —0.51M; + 0.86m,, +0.27
M -my SR1 mg < 0.57M; + 2.27 +0.37
SR2 My < 0.73mg + 1.09 +0.42
2,485 OR 0.82 = —0.64M; + 0.77mg +0.30
MMy SR1 My < 0.79M, + 0.95 +0.35
SR2 M, < 0.80M; + 0.83 +0.36 S, upper right
7,851 OR 0.05 = —0.70M, + 0.71M +0.27
Mg-M;. SR1 My < 0.79Mg, + 1.08 +0.38
SR2 Mg; < 0.72M; + 1.01 +0.37
5,500 OR —0.04 = —0.73Mg; + 0.68M} +0.28
M-my, SR1 my, < 0.54M + 2.30 +0.29
SR2 M+~ 1.15m, — 0.79 +0.42
24,552 OR 1.61 = —0.53M, + 0.85m, +0.25
Mgmy SR1 mg < 0.67M, + 1.98 +0.30
SR2 M, < 1.07mg — 0.63 +0.38
19,104 OR 1.21 = —0.60M, + 0.80mg +0.25
Mg-my, SR1 my, < 0.54Mg; + 2.43 +0.28
SR2 Mg, < 1.17my, — 0.95 +0.40 5, lower left
25,791 OR 1.72 = —0.53Ms,; + 0.85my, +0.24
Mg-myg SR1 mg < 0.66Mg; + 2.13 +0.29
SR2 Mg, < 1.07mg — 0.87 +0.37 S, lower right
16,394 OR 1.35 = —0.60Mg; + 0.80mg +0.24
MMy, SR1 Mg; < 0.94M, +0.06 +0.18
SR2 M, = 0.98Mg, + 0.28 +0.19 5, middle right
25,002 OR —0.08 = —0.70M, + 0.71Mg; +0.13

N, number of values.

use of the simpler orthogonal regression (OR), which is the
best-fitting linear regression when the initial error ratio s,/s,
= 1. OR yields a linear equation y = A; x + Bj;. If the
condition s,/s, = 1 is sufficiently met, which is the case for
0.7 = sx/sy = 1.5, OR allows more reliable conversions than
SR1 or SR2 (Fig. 4). For further details see Castellaro and
Bormann (unpublished manuscript, 2006) and Gutdeutsch
et al. (2005).

In Tables 3 and 4 we present all our results on Chinese
and NEIC magnitude relationships as SR1 in the form y <
A, x + By, as SR2 in the form of x < (y — B,)/A, and as
OR in Hesse’s normal form, where both variables appear on
the right side:

p=nx+ny, (8)
with p = orthogonal distance of the slope from the origin,

(ny, n,) = n; = unit vector in the origin, perpendicular to
the slope.

The orthogonal error v; of data x;, y; follows from (8)
by

v =p = e — oy ©))

as a linear combination of both x; and y;, weighted by the
factors n, and n,. It does not derive from standard regression,
and equations (8) and (9) can thus be resolved for both vari-
ables if the condition s,/s, ~ 1 holds. Accordingly, we can
write the orthogonal regression

yP = A; x® + B, (10
as a reversible equation with p = Bs/q, n, = —As/q, n, =
lig,q = (1 + A3)"? and —n,/n, = A;. In agreement with

theory it holds (see Figs. 5 and 6) that

A, < A; < A, (11)
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Table 4
Relationships between NEIC and Chinese Magnitudes
M,-M,
N Regression Relationship rms Error Figure
M(NEIC)-m,(NEIC) SR1 my(NEIC) < 0.48M(NEIC) + 2.84 + 0.26
SR2 M(NEIC) « 1.28m,(NEIC) — 1.70 + 042 6, lower left
18,074 OR 222 = —0.47M(NEIC) + 0.88m,(NEIC) + 0.24
M(NEIC)-m,, SR1 my, < 0.44M(NEIC) + 2.97 + 0.25
SR2 M(NEIC) < 1.30m, — 1.76 + 044
12,842 OR 240 = —0.45M(NEIC) + 0.89m, + 0.23
M(NEIC)-myg SR1 mg < 0.57TM(NEIC) + 2.67 + 0.25
SR2 M(NEIC) < 1.24mg — 1.83 + 0.37 6, lower right
10,756 OR 1.98 = —0.54M(NEIC) + 0.84my + 0.21
M-m(NEIC) SR1 my(NEIC) < 0.56M, + 2.19 + 032
SR2 M, < 1.06m,(NEIC) — 0.32 + 0.44
30,984 OR 1.39 = —0.56M, + 0.83m,(NEIC) + 0.27
Mg,-my(NEIC) SR1 my(NEIC) < 0.57Ms, + 2.25 + 0.31
SR2 Mg; < 1.03my(NEIC) — 0.40 + 0.41
26,819 OR 142 = —0.57Mg; + 0.82m,(NEIC) + 0.26
M-M(NEIC) SR1 M(NEIC) < 0.95M, + 0.05 + 0.30
SR2 M, < 0.85M (NEIC) + 0.99 + 0.28 6, middle left
14,808 OR —0.38 = 0.73M,; — 0.69M(NEIC) + 0.21
M,-M(NEIC) SR1 M(NEIC) < 0.98Mg; + 0.06 + 0.24
SR2 Mg, < 0.88M(NEIC) + 0.63 + 0.23 6, middle right
13,107 OR —0.23 = —0.73Mg; + 0.69M(NEIC) + 0.17
my-my,(NEIC) SR1 my(NEIC) < 0.97my, + 0.13 + 0.25
SR2 my, < 0.77m,(NEIC) + 1.14 + 0.22 6, upper left
44,523 OR —047 = —0.75m, + 0.66m,(NEIC) + 0.17
my-1m,(NEIC) SR1 my(NEIC) < 0.77mg + 0.98 + 0.25
SR2 mg < 0.95my(NEIC) + 0.50 + 0.28 6, upper right
23,676 OR 0.28 = —0.66mg + 0.75m,(NEIC) + 0.20

N, number of values.

To verify whether OR can be used as an (at least near)
optimal regression for our data, where s,/s, =~ 1 is expected,
we analyzed a test data set. It has been randomly selected
from the CENC database, which covers events in a wide range
of teleseismic distances and magnitudes (4 < M, < 9). We
determined the average network magnitudes and the root-
mean-square (rms) deviation of individual station magni-
tudes from the network averages. The rms values for indi-
vidual earthquakes showed no distinct magnitude or distance
dependence. Therefore, for different types of magnitudes,
we calculated the average rms,, over the whole considered
magnitude and distance range together with the standard de-
viation of the individual event rms with respect to the av-
erage rms,,. We got the following: my, 0.35 £ 0.09, myz 0.28
+ 0.06, Mg 0.23 = 0.07; Mg; 0.26 = 0.10. Accordingly,
short-period China m,, has the largest rms,,, about 1.3 to 1.5
times larger than for long-period and broadband magnitudes,
whereas the average error ratio for the latter is close to
1 (=1.2). For such error ratios and rms,, = 0.25 m.u. the
absolute differences between Agor and Aqgr = Az will be
much smaller than those shown in Figure 4. Accordingly, the
average conversion errors due to OR instead of y*-regression

will be <0.1-0.2 m.u. everywhere in the whole considered
magnitude range between 3 < M < 9. Regrettably, NEIC
does not currently publish an estimate of magnitude standard
deviation from the mean event magnitudes (J. Dewey,
personal comm. 2006). Therefore, we can only assume simi-
lar errors and error ratios for NEIC magnitudes and expect
OR to be very close to optimal linear regression also when
comparing CENC and NEIC magnitudes (See Fig. 6). In gen-
eral, we recommend the use of OR as a standard procedure
for comparing and judging the relationship of magnitude
data produced by different agencies as long as no quantified
error data for both variables are available that allow the use
of the optimal y’-regression. (The software is available by
request to d.kaiser@bgr.de.)

Regression Relations between Chinese and
NEIC Magnitudes

In Figure 5 we present diagrams of the most relevant
x-y relations for the following pairs of Chinese magnitudes:
M; -my, Ms-M; , mg-my, Ms-Mgy, Mg;-my,, and Mg;-mg. The
related regression formulas are given in Table 3, and
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also for the additional relations M;-mg, Mg;-M;, Mq-my,
and Mg-my.

The Chinese teleseismic my,, mg, Mg, and Mg, are then
compared with m,(NEIC) and Mg(NEIC; 20 = 2 sec) in the
following x-y combinations: m,-my(NEIC), mg-my(NEIC),
My-Mg(NEIC), Mg;-Mg(NEIC), Mg(NEIC)-m,(NEIC), and
Mg(NEIC)-my (Fig. 6). Their regression formulas, together
with those for Mg;-my,(NEIC), Mg(NEIC)-my, are given in
Table 4. To assure that magnitudes for identical events are
compared, the following procedure has been applied: CENC
and NEIC exchange their event catalog and phase-pick data
every month. For events in China or neighboring countries,
the CENC catalog is used as a reference to associate the P-
phase pick data of NEIC with the CENC event catalog. If
most P arrivals have residuals <5 sec, then it is assumed
that the two events compared in both catalogs are the
“same.” For events outside China and its neighboring coun-
tries no events with magnitudes smaller than 5 or 5.5 have
been used in our data set. For those larger and less-frequent
events it is not difficult to find the same event in both bul-
letins on the basis of the travel-time residual criterion. The
amount of data available for each considered magnitude pair
ranges between 7024 and 44,523. The data density per grid
point varies from 1 up to more than 1000 data points. To
illustrate the large differences in data density per grid point
nine color-coded data frequency classes have been defined
with geometrically increasing class width, because the pre-
cision of a statistical solution improves with vN.

Comments on the Chinese Regression Relations

Comments on the regression relations depicted in Figure
5 are summarized in this section (from left to right and
downward):

ML'mb

Chinese mj, is determined in the whole distance range
for which calibration values Q(A,h)p, have been given
by Gutenberg and Richter (1956), that is, down to epicentral
distance 5°, in contrast to NEIC, which minimizes the use of
Q(A,h) for distances less the 21°. Therefore, Chinese m,, can
be correlated with M| between 3 = M| = 7. Yet, the scatter
is the largest of all studied relations because of the large
uncertainties in Q(A,h)p, for distances <20°, where wave
propagation is strongly effected by upper-mantle, low-
velocity zones and crustal inhomogeneities. Experience
gained at NEIC shows that m,, determined from regional data
tends to be systematically higher than teleseismic m,, for
many parts of the Earth (J. Dewey, personal comm., 2006).
This might explain the obvious m,, outliers, for example, in
the M; range between 3 to 4, with m, values between 4.8
and 5.5. Thus, our results do not encourage the routine use
of regional m,, yet a systematic investigation of such my,
anomalies and their causes is suggested.

Ms-My,

Chinese My is also determined in the distance range
1° < A < 10° and available for magnitudes 2.5 = My = 7.5.
In contrast to M; -my, Ms-M; has a much larger correlation
coefficient and an ideal OR slope of 1. This illustrates the
usefulness and compatibility of local and regional Mg deter-
minations in China.

mg-niy,

This relation has a high correlation coefficient and rather
low orthogonal root-mean-square error (RMSO). However,
for mg >4.5, my, tends to be smaller than mg. About 0.1 m.u.
can be attributed to the larger relative bandwidth (RBW) of
the SK response (by a factor of 1.5) as compared with that
of the DD-1 response (Fig. 3). According to Bormann (2002b)
the signal amplitude is roughly proportional to RBW'2,
The main reasons for the systematically smaller m,, values,
however, are the pronounced spectral saturation effect of
short-period my, discussed in the introduction, and the short
time window of 5 sec used at the CENC for m, amplitude
measurements, a value shorter than the average rupture
duration of earthquakes with magnitudes >6. In contrast,
Chinese broadband my, is measured at periods up to about
20 sec and within a time window of up to 60 sec. Accord-
ingly, the difference mg — m,, growth with magnitude and
may reach more than 1.5 m.u. (e.g., my = 8.0 and m,, =
6.3 for the Sumatra earthquake of 28 March 2005). For mag-
nitudes of about 4, however, mg and m,, are on average equal,
because the rupture duration is then clearly less than 5 sec
and both instrument responses record equally well maximum
velocity amplitudes of seismic source spectra around corner
frequencies of 1 Hz.

MS'MS7

Although Mg and Mg, are calculated from records with
rather different responses (SK and 763, respectively; Fig. 3)
and also employ different calibration functions, Mg and
Mg, correlate best of all investigated relations (correlation
coefficient RXY = 0.9639 with RMSO = *+0.1316 m.u.).
Since RXY = A,/A,, SR1, SR2, and OR are almost identical
and differ at the most 0.1 m.u. Because both magnitudes are
determined down to 1° and 3°, respectively, values as low
as 2.7 have been measured. On average, however, Mg, tends
to be about 0.2 to 0.3 m.u. smaller than Mg, independent of
magnitude. This is due to the previously mentioned constant
offset of the My calibration function by +0.2 m.u. as com-
pared with a(A) of Vanék et al. (1962), which is used for
Mg, determinations between 20° and 160°.

Ms7-mb and MS7‘mB

M g,-my, shows saturation at my, 7 and significantly larger
scatter of m,, values (OR rotated closely toward SR1). In con-
trast, mg does not saturate up to my ~8 and scales rather
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well and approximately linearly with Mg,. This illustrates
the usefulness of broadband body-wave my for quick reliable
estimates of the magnitude of strong earthquakes. Yet, be-
cause of distinct saturation of my, the related linear regres-
sions with Mg; and Mg are reasonable approximations only
for surface-wave magnitudes <7.

Comments on the Regression Relations for NEIC
and Chinese Magnitudes

Figure 6 illustrates the relations between the most rele-
vant NEIC and Chinese magnitudes.

my-m(NEIC)

This is the relationship with the most data (44,523). The
correlation is rather high, the slope A, = 1 and the data
scatter of the two short-period network magnitudes is com-
parable. However, there is a significant systematic difference
between my and my(NEIC). For small values (m, =4)
my(NEIC) is about 0.2-0.3 m.u. smaller than m,. At such
magnitudes the corner frequency of earthquake source spec-
tra is usually at about or below 1 Hz. Related spectral am-
plitudes will be almost equally well recorded by the WWSSN
short-period (SP), the USGS short-period PDE filter and the
DD-1 response (compare Figs. 1 and 3). However, the
WWSSN-SP and PDE-SP responses have only an RBW of
about 1 to 1.6 octaves, whereas the DD-1 response has an
RBW of 4.3 octaves. Accordingly, DD-1 amplitudes will be
larger than those on WWSSN-SP or PDE-SP filtered records
by a factor of about 1.6 to 2. This agrees with the 0.2 to
0.3 m.u. larger values of m,, as compared with m,(NEIC) for
low magnitudes. Yet, the China data set for m;, <4 also
includes regional m,, data which may have a tendency to be
larger than the corresponding teleseismic m, (see previous
discussion for M;-m,). The difference between m, and
m,(NEIC) is reduced for magnitudes >4, is about zero be-
tween my, ~5-6 and for my, 7, my(NEIC) is on average about
0.3 m.u. larger. We see the reason for this in the greater
measurement time windows applied at NEIC. This will, at
medium magnitudes, first compensate for the bandwidth
“advantage” of m,, as compared with m,(NEIC) and then, for
the strongest earthquakes, make my, systematically smaller
than m, (NEIC).

mg-mp(NEIC)

The correlation is comparatively good as for mg-m,
discussed previously. Again, for magnitudes of about 4, my
and m(NEIC) are similar, because the periods around the cor-
ner frequency of source spectra at such magnitudes fall within
the passband range of both types of records. However, for
strong earthquakes, m,(NEIC) will be smaller than m.

Mg-Mg(NEIC)

Both magnitudes correlate well and are on average iden-
tical for values of about 8 to 9. However, for magnitudes of

about 4, resulting mostly from regional earthquakes, average
Mg will be about 0.3 magnitude units larger than M (NEIC).
This agrees with the distance-dependent errors of Mg(20) at
regional distances when calibrated with the IASPEI standard
o(A) function (Herak and Herak, 1993). The main reason for
this discrepancy seems to be that for smaller-magnitude and
regional earthquakes the A,,,, of surface waves usually oc-
curs at T < 18 sec, thus yielding larger (A/T) ratios than
those measured by NEIC at 7 = 20 £ 2 sec. About 23% of
the analyzed Chinese Mg data have been determined for
events in A < 20°, 11% were calculated for periods between
3sec = T < 10 sec and 76% for periods 10 sec = T <
18 sec! Moreover, the systematically larger calibration val-
ues for Mg (+ 0.2 m.u), as compared with the IASPEI stan-
dard o(A) function, may play a role in the discrepancy be-
tween Mg and My(NEIC).

These data show the second best correlation. For mea-
suring Mg; and My(NEIC), CENC and NEIC use instruments
with identical response and within the distance range 20° <
A = 160° also the same IASPEI standard calibration function.
In the magnitude range 3.5 < Mg < 9 the two magnitudes
differ by an average of no more than 0.1 m.u., although M,
is calculated for periods 3 sec = 7' < 30 sec. In fact, 45% of
all Mg, magnitudes are measured at periods 7 < 18 sec
(down to 6 sec) and almost 20% at periods between 22 sec
< T < 30 sec.

Ms (NEIC)-my(NEIC) and M(NEIC)-my

Correlation coefficients and RMSO for both diagrams
are almost the same as for Mg;-my, and Mgs-myg.

Summary, Conclusions, and Recommendations

Linear regression relationships have been derived to as-
sess the relationship between China National Network mag-
nitudes and NEIC magnitudes. They are suitable for com-
paring most types of magnitudes, with the exception of the
relation between Mg and strongly saturating m,. For a test
set of teleseismic body and surface-wave magnitudes deter-
mined at CENC for the China National Network in a wide
magnitude, period, and distance range, it was shown that the
conditions for calculating linear regressions are reasonably
met. Because the most suitable linear regression procedure
depends both on the error ratio and the absolute errors of the
correlated magnitudes, we have estimated these parameters
from a Chinese test data set. With the values determined we
proved that orthogonal regression is near to optimal for our
data. Exceptions are Mg-m,, relations, for which SR1 is more
suitable than OR.

From the comparison of NEIC and CENC magnitudes
conclusions have been drawn with respect to the envisaged
new IASPEI standards. Band-limited magnitudes such as
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Mg(NEIC) and my,(NEIC) are the most widely determined and
are now available for more than 40 years. Such data thus
have some well-documented merits, for example, the com-
bined consideration of band-limited Mg and m,, is effective
in discriminating underground nuclear explosions from nat-
ural earthquakes (Marshall and Basham, 1972). The Mg/m,
is also a suitable hazard-relevant parameter, because it pro-
vides information about the relative amount of energy re-
lease in the high- and low-frequency ranges, which is rele-
vant for seismic-hazard assessment. Moreover, Kaverina et
al. (1996) revealed interesting relations of the so-called cree-
pex parameter ¢ = Mg — am, — b to earthquake-source
geometry and tectonic origin. Thus, there is good reason to
continue the tradition of determining Mg and m,, as estab-
lished at NEIC and to also calculate these in the future. This
is important for my, in particular, which for small earth-
quakes is often the only teleseismically measurable magni-
tude. However, we feel that especially m, measurements
would benefit greatly from a more rigorous standardization
of the filter response and measurement time window applied.
We have shown the effect of different window lengths by
comparing my(NEIC) with m,(CENC) and my,(IDC), which
may become larger than 1 m.u. for strong earthquakes. With
respect to m,, determinations at distances < 20°, we came to
similar conclusions as NEIC from its own practice, that
is, use of the Gutenberg—Richter Q(A,h)—at least for short-
period data—may not adequately estimate propagation ef-
fects at regional distances.

Accordingly, the current IASPEI WG on Magnitudes has
recommended to the IASPEI Commission on Seismic
Observation and Interpretation (CoSOI), to adopt short-pe-
riod (T < 3 sec) body-wave magnitude m,, as a future stan-
dard within the distance range 21° = A = 100°, provided
that the maximum P-wave ground amplitude within the en-
tire P-phase train is measured on short-period WWSSN (or
equivalently) filtered records.

When comparing Mg(20) with a true velocity broadband
My(BB), M(20) tends to underestimate the surface-wave
magnitude when (A/T),,,, occurs at periods below 18 sec.
Although periods T < 18 sec are most frequently observed
for regional earthquakes (A < 30°), we have observed them
both at the China and the German (GRSN) seismic networks
far into the teleseismic distance range. Comparing M(20)
with Chinese Mg and Mg, we found systematic differences
of the same order and tendency, because the latter are
determined in a much wider range of periods and epicen-
tral distances than Mg(20) (see equations 3-5 and related
text).

By comparing China broadband my with my, determined
at CENC and NEIC we note that my saturates much later (at
about 8) and scales rather well and linearly with both China
and NEIC surface-wave magnitudes. Therefore, we strongly
recommend a reintroduction of broadband my into routine
international seismological practice. Its determination
should become a must for m, >5-5.5, when m, begins to
underestimate the P-wave magnitude (Fig. 5, middle-left).

The performance of my is expected to be even better when
the bandwidth of the recording system is enlarged in com-
parison with the China SK and 763 responses used at CENC
for my determination. In this context, we also refer to a re-
cent publication by Bormann and Wylegalla (2005) that in-
dicates that summing up the velocity BB amplitudes of all
major subevents in the P-wave train of very large earth-
quakes one can calculate a cumulative my (termed myg.),
which scales well without saturation with M, even for the
largest earthquakes.

In agreement with our findings the IASPEI WG on Mag-
nitudes has recommended to CoSOI to adopt a broadband
surface-wave and body-wave magnitude, with the nomen-
clature M4(BB) and my, respectively, as complementary in-
ternational standards. The broadband velocity amplitudes
(corrected by 2m) should be calibrated, as Mg(20) and my,
with the standard calibration function a(A) according to Va-
nék et al. (1962) and Q(A,h)p, by Gutenberg and Richter
(1956). In contrast to Mg(20), however, My(BB) will also
cover the regional distance range, whereas the determination
of my should, for the time being, be restricted to the same
distance range as for m, (21° = A = 100°). However, one
of us (P.B.) found for several recent regional earthquakes
with 6.5 < My, < 8 in the distance range between 16° and
20° excellent agreement between my and M,,. Therefore, we
encourage further investigations into the suitability of my
determinations also at distances below 20°. In this context,
we note that CENC also determines my for earthquakes
at 100° < A = 170° by using vertical-component ampli-
tudes of PP waves and the respective Gutenberg—Richter
Q-values. About 10% of the my values determined by the
CENC are based on readings from PP waves and they agree
well with those from P waves. Bormann and Khalturin
(1975) showed that broadband my for P and PP waves, cal-
ibrated with their respective Q-values, scale ideally with an
average difference of 0.05 m.u. and an RMSO of =0.15 m.u.
only. This suggests that in the future PP waves should be
considered as an acceptable additional candidate for my de-
terminations, because they appear compatible with those
from P waves and permit my determinations also in the core
shadow of P.

The briefly mentioned recommendations of the IASPEI
WG on Magnitudes have all been adopted by the CoSOI at
the TASPEI General Assembly 2005 in Santiago de Chile. In
addition standards for My and my,(L,), the conversion of sca-
lar seismic moment M, in M, information on standards for
nomenclature, etc., have been adopted. A detailed publica-
tion on these new standards is in preparation. Also, the In-
ternational Seismological Centre (ISC) will be instrumental
in disseminating the approved recommendations among
seismological centers and in implementing them (ISC News-
letter July—December 2005). Parallel to this, in 2006, CENC
and NEIC began to run parallel measurements of both their
old and the newly recommended standards. The same is be-
ing done at the observatory CLL with data of the German
Regional Seismic Network. Thus, new standard magnitude
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data will soon be available, which will allow us to better test
some of the preliminary findings and conclusions presented
in this article.
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