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Homogenizing earthquake catalogs is an effort critical to fundamentally improving seismic studies for next-generation
seismology. The preparation of a homogenous earthquake catalog for a seismic region requires scaling relations to
convert different magnitude types, like the my and Ms, to a homogenous magnitude, such as the seismic moment scale,
Mug, and energy magnitude scale, Me. Several recent studies addressed the preparation of homogenized earthquake
catalogs, usually involving the estimation of proxies of moment magnitude My from local, M., and teleseismic (Ms and
ms) magnitude estimates. Instead of the standard least squares (SLR), most of such studies used the general orthogonal
regression (GOR), while some used the Chi-square regression method. Here we critically discuss GOR and Chi-square
regression theory and find that both are the same for the linear case — as expected since both stem from the same
mathematical concept. Thus to foster an improved understanding of seismicity and seismic hazard, we used GOR
methodology and derived global scaling relations individually between body, surface, energy, and seismic moment
magnitude scales. For that purpose, we have compiled 13,576 and 13,282 events for Ms from ISC and NEIC, respectively,
mb magnitude data for 1,266 events from ISC, 614 events from NEIC, and Mwg magnitude values for 6,690 events from
NEIC and GCMT. We have also derived Ms;sc-to-Me and Msneic-to-Me conversion relations in magnitude ranges of
4.7<Ms;5c<8.0 and 4.5<Msnec<8.0, respectively. Likewise, we obtained mpsc-to-Me and mpneic-to-Me conversion
relations for ranges of 5.2<myp,sc<6.2 and 5.3<muneic<6.5. Since the number of data points was insufficient to derive the
relations, we considered mpneic up to M6.5. Finally, we derived an Mwg-to-Me conversion relation for the 5.2<M<8.2
range of magnitudes with focal depths <70 km. Our scaling relations can be used for homogenizing earthquake catalogs

and conducting seismicity and seismic hazard assessment studies with enhanced realism.
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1. INTRODUCTION

Earthquake magnitude is one of the descriptors most commonly
used for earthquake size. Magnitude determinations for diffe-
rent earthquake occurrences in space and time generally lack
consistency due to a complex inherent nature of the earthquake
phenomenon and the use of different wave types and character-
istics of recording instruments used for estimating earthquake
size. The scaling relations between different magnitude scales
(i.e., mb, Ms, Mw, Muwg, Me) are, therefore, of paramount impor-
tance for the homogenization of various magnitude scales into
a preferred magnitude. A brief overview of different magnitude
scales in use follows below.

Richter (1935) developed the local magnitude scale, ML,
first used only in a particular study area in California based on
records obtained by a network of Wood Anderson seismo-
meters. Reframing of his work has resulted in magnitude scales
of various types, such as mp, Ms, Mw, Me, and Mug.

Gutenberg (1945a, b) was the first to introduce the body wa-
ve magnitude scale, mp, which subsequently was reframed by
Gutenberg and Richter (1956) based on the amplitude at distant
stations. At present, ISC and NEIC (bulletins) consider the body
wave magnitude the most complete. To measure earthquake si-
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ze, one calculates the earthquake magnitude from the amplitude
of the initial P-wave; to calculate an ms, one uses the first few
cycles of the short-period P waves recorded by short-period ins-
truments. The ratio of maximum amplitude-to-period of P wa-
ves, with a period up to about 3 s, is used to determine the origi-
nal Gutenberg body-wave magnitude (IASPEI, 2013):

m,, = log,, (%) +Q(A,h) - 3.0, 1)

where A is P-wave ground amplitude in nm calculated from the
maximum trace-amplitude in the first few P-wave cycles, T is
period in seconds (T <3 s of the maximum P-wave trace ampli-
tude), Q (A, h) is attenuation function for PZ (P-waves recorded
on vertical component seismographs) established by Gutenberg
and Richter (1956) in the tabulated or algorithmic form, as used
by the U.S. Geological Survey/National Earthquake Informa-
tion Center (USGS/NEIC), A is epicentral distance in degrees
(20°<A<100), and h is focal depth in km.
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The surface wave magnitude M;s is determined by NEIC,
using the vertical component of Rayleigh waves with the
18-22 s periods recorded at different epicentral distances,
whereas ISC uses both the vertical and horizontal components
for 10-60 s periods (Petrova and Gabsatarova, 2019). The for-
mula for determining surface wave magnitude is (Vanek et al.,
1962):

A
Mg = log;, (T) + 1.66 log A + 3.3, (2)

max

where A is the maximum horizontal component of any period
and A is the epicentral distance in km.

The magnitude scales discussed in the above behave non-
uniformly, e.g., the ML, my, and M all have different saturation
thresholds for larger-magnitude earthquakes, which can give
rise to underestimation or overestimations of the actual ground
motions. Since this poses a limitation on the measurement using
these magnitude scales, the need to overcome these limitations
became a priority. To address this problem, Hanks and Kana-
mori (1979) proposed a magnitude scale called moment magni-
tude, Mw, defined as:

2
My = 3 logM, —10.7, 3)

where M, is the seismic moment in dyne-cm. The formulation
of the My scale, Eqn. (3), is based mainly on Southern Cali-
fornia seismicity, and the terms in the My scale, Eqn. (3), are
the result of substitution. The (2/3 log Mo — 10.7) scale is achie-
ved by substituting the ratio of energy (E) and seismic moment
M,, i.e., as E/M, = (Ao) / 2p = 5 x10°°, where o is earthquake
stress drop, and p is the shear modulus in the Gutenberg-Richter
energy magnitude equation log E = 1.5 Ms +11.8. Therefore,
the My scale is formulated based on substitution rather than a
directly observed seismic moment. Moreover, the My scale is
not matched well at the global level with other magnitude sca-
les, e.g., the my or Ms. Das et al. (2019) have developed an adv-
anced seismic moment magnitude scale, called Das magnitude
scale and denoted by Mug:

_logM,

= —12.68. (4)
wg = g5 — 1268

The superiority of the Mwg scale over the My is primarily
due to four reasons:
(a) The M scale underestimates the largest earthquakes such
as Tohoku-Oki of March 11, 2011, and Sumatra of December
26, 2004, whereas the Mwg scale does not (Giacomo, 2011; Das
et al., 2019; Bormann and Saul, 2009; Bormann 2020);
(b) Because the My scale is derived based on long-period sur-
face wave magnitudes, it is not a good estimator for high-freq-
uency or strong-motion amplitudes measurements useful in est-
imating potential shake damage of present earthquakes. On the
other hand, the Mwg scale used the first few cycles of P-waves
from 25,708 global events. Therefore, it is expected for the Mwg
to be closely related to high-frequency ground motion. Further-

more, the Mg scale is derived based on the Mo so that the Mg
(i.e., log Mo/1.36-12.68) is formulated based on the relation be-
tween body-wave magnitude and Mo. Therefore, it is expected
for the Muwg to relate more closely to both the low- and high-fre-
quency spectra of a seismic signal (Das et al., 2019);

(c) The formulation of the Mwg scale is based on direct instrum-
entally measured observed Mo. On the other hand, the formula-
tion of the My scale (i.e., 2/3 log M, — 10.7) was based not on
instrumentally measured observed M, since the formula for Mw
in terms of M, was obtained using the following substitution:
E/M, = (Ac) / 2 = 5 x10°5, where o is earthquake stress drop
and p is the shear modulus in the Gutenberg-Richter energy
magnitude equation Log E = 1.5 Ms + 11.8;

(d) The Mwg scale considers proper representations of global
seismicity in terms of small-, intermediate-, and high-magni-
tude events. On the other hand, the My scale is based primarily
on the Southern California seismicity (specifically, small and
intermediate events). The My scale overestimates radiated seis-
mic energy and produces an error of 0.368 magnitude unit
(m.u.) (Das et al., 2019).

The Muwg scale does not saturate for large earthquakes. Hen-
ce, it is directly proportional to the logarithm of M,. Mo is a di-
rect indicator of the parameters related to earthquake source
mechanisms like fault area, slip, and rigidity. Therefore, it prov-
ides a truthful representation of the actual ground motions for
all magnitude ranges. Hence the Muwg is preferably treated as a
reliable scale for measuring the size of earthquakes, showing its
strength for the compilation of earthquake catalogs with all
magnitude ranges expressed in this unified Mwg, which, in turn,
is used for seismic hazard estimation and other related seismo-
logical applications.

Another magnitude called energy magnitude, and denoted
Me, was developed by Choy and Boatwright (1995):

2
M, =3 logEs — 2.9, ()

where Es denotes the seismic radiated energy. The Mwg and Me
are more suitable for estimating the seismic hazard assessment
than any other scales. In general, applications of M, range from
shaking maps, seismic hazard maps to many other seismologi-
cal uses. To better understand the seismicity and seismic haz-
ard, M. could be used together with the Mwg (Boatwright and
Choy, 1986; Choy and Kirby, 2004) for preparing a homoge-
nous earthquake catalog.

The preparation of a homogeneous earthquake catalog for a
seismic region requires scaling relations between different mag-
nitudes and a preferred one. However, catalogs containing seis-
mic moments from either Mr, mb, or Ms magnitudes - or direct
measurements - already exist. Various studies, e.g., by Yadav
et al. (2009) and Bormann and Giacomo (2010), suggest that
seismic hazard assessment and seismicity studies using energy
magnitude are an added advantage. Indeed, due to the complex-
ities of the determination, Me magnitudes are not widely avai-
lable. Therefore, scaling (or regression) relations between vari-
ous magnitude types - such as mb, Ms, Mwg, and M. - would en-
able the preparation of a catalog in terms of M. for a better und-
erstanding of seismicity via energy.
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The regression methodologies used for such scaling relati-
ons, therefore, should be free from any bias introduced during
the conversion of magnitudes since every bias in magnitude co-
nversion leads to erroneousness in the parameters of Gutenberg
Richter frequency-magnitude distribution as well as in seismic
hazard estimation (Castellaro et al., 2006; Das et al., 2018). Sca-
ling relations are usually based on Standard Linear Regression
(SLR) procedures, but SLR is valid only when one of the vari-
ables contains errors, whereas, in magnitude conversion prob-
lems, both the dependent and independent variables have errors.
So, the use of the SLR procedure will lead to incorrect estima-
tes. In such situations, it is appropriate to use the GOR regress-
ion procedure for magnitude conversions only (Das et al., 2012,
2013, 2014, 2018; Thingbaijam et al., 2008; Ristau, 2009). Ho-
wever, GOR has a significant overestimation problem, as repor-
ted by Carroll and Ruppert (1996) and other researchers (e.g.,
Stefanski, 2000; Carroll et al., 2006; Das et al., 2018). To redu-
ce the overestimation problem, Das et al. (2018) have recently
developed a new GOR method - in which bias is handled well
through an intermediate step.

One of this study's objectives is to provide a detailed over-
view of the regression procedures (mainly General Orthogonal
Regression) and their applications for developing scaling relat-
ions for the conversions of mb, Ms and Mwg into Me. The Me sp-
arseness is alleviated using such conversion relations to unders-
tand the seismicity and seismic hazard assessment of a region.

2. METHODOLOGY FOR REGRESSION RELATION

2.1. Standard Least-Squares Regression (SLR)

The most common and simplest regression method used in stati-
stical applications is the Standard Least-Squares Regression
(SLR). SLR encompasses minimizing the squares of the vertical
residuals to the best fitting line. However, SLR is not appropri-
ate when both regression variables contain an error.

2.2. General Orthogonal Regression (GOR)

The General Orthogonal Regression (GOR) method has long
been of interest for researchers in different areas since Adcock
(1878). Early studies focused on GOR derivation, often in diffe-
rent ways. The contributors included Adcock (1878), Kummel
(1879), Pearson (1901), Lindley (1947), Madansky (1959), and
many others. GOR method was discovered and rediscovered
many times by various researchers (e.g., Anderson, 1984; Ca-
rroll and Rupert, 1996; Das et al., 2012; Wason et al., 2012; Das
et al., 2014; Das et al., 2018). The goal of GOR is to account
for the effects of measurement errors in both variables. GOR
occurs when (1) two methods intend to measure the same quant-
ity, or (2) when two variables are related to each other by follo-
wing the same physical laws (Carroll and Rupert, 1996). The
GOR procedure minimizes the statistical Euclidean distance be-
tween given points and their corresponding theoretical (statisti-
cally true) points along the GOR line. The basics of the GOR
procedure are discussed in the literature, e.g., by Madansky
(1959), Kendall and Stuart (1979), Fuller (1987), Carroll and
Ruppert (1996), Das et al. (2011, 2013).

For observed data pairs (X:, Yt) with both elements having
non-negligible measurement errors, a GOR relation is express-
ed as:

Ve = Bo + let; (6)

where X is the abscissa of the point on the GOR line, which is
the statistical Euclidean projection of the given point (X, Yt),
and Bo and (1 represent the slope and the line’s intercept, respec-
tively. Different researchers commonly use the above GOR rel-
ation, Eqn. (6), by replacing x: with X, as follows:

Yt = Bo + let; (7)

The estimate y, in Eqn. (7) differs from the actual estimate y,
in the GOR relation, Eqn. (6), as abscissa of the projected point
on the GOR line, X, differs from abscissa of the given point,
X . This incorrect form of GOR, Eqn. (7), produces a serious
mathematical and conceptual blunder. This GOR form, Eqn.
(7), is referred to as the conventional GOR or just GOR2 (Das
et al., 2018). The incorrect GOR form results in an overesti-
mated slope (Carrol and Ruppert, 1996; Carroll et al., 2006; Das
et al., 2018). Carroll and Rupert (1996) stated that GOR2 over-
estimates the slope due to incorrect application, arguing that or-
thogonal regression often is misused in errors-in-variables line-
ar regression because of a failure to account for equation errors;
a typical result is to overcorrect for measurement error, that is,
to overestimate the slope because equation error gets ignored.
To correct the biases of GOR2, Carroll and Rupert (1996) have
modified the method of estimating the error variance ratio’s n
value by adding equation error. Note that the use of different n
values results in various lines for the same data pairs. Stefanski
(2000) also addressed the bias of GOR2 - as a measurement err-
or; see his section 2.1, 2" para. p.1354). Recently, Das et al.
(2018) suggested an algorithm for reducing GOR2 biases, refe-
rred to as GOR1.
The slope and intercept of the GOR line is given by

- S§—nSi+/(S? —nSP)? + 4nSky (8)
By = 2S
XY
and
BO = At - Glxt 1) (9)

where S, SZ, and S%y represent the sample covariance of Yy, X,
and between Y, and X, respectively; X, Y; are mean values of
the independent and dependent variables, respectively. Here n
denotes the error variance ratio value and is determined from
the standard deviations of the dependent and independent
variables, i.e., ) = X

Oy
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Let us assume Ouu, Oee, Oeu, and ow to be the variances of X,
Y:, between Yiand X, respectively. The estimator 3, is obtained

by minimizing the statistical Euclidean distance (Fuller, 1987,
Eqn. 1.3.20):

_ S (YeBy—Byxo)’

i (10)
O-ee_zBl Oeu T Bl Ouu

F

GOR studies have continued based on the merits and deme-
rits of the procedure considered. Since, in the development of a
GOR relation, statistical Euclidean distance residuals are used,
unbiased estimation of the dependent variable also requires
considering the same statistical Euclidean distance criteria (Das
et al., 2012; Wason et al., 2012; Das et al., 2014; Das et al.,
2018). Statistical and seismological literature uses different ter-
minology for denoting the statistical Euclidean distance. For ex-
ample, Carroll and Ruppert (1996) use total ‘Euclidean distan-
ce’ or ‘orthogonal distance’ for n =1, and ‘weighted orthogonal
distance’ for denoting statistical Euclidean distance with n # 1.
The issue of statistical Euclidean distance is explained below
with the following two cases (Das et al., 2018).

Case I: — Consider an SLR line obtained using three data pairs
(X1, Y1), (X2, Y2), and (X3, Y3), with their corresponding theo-
retical true points on the SLR line being (x1, y1), (X2, y2), and
(x3, y3), respectively. These points on the line are used to derive
the best-fitting SLR line by minimizing the vertical residuals.
On substituting X1, X2, and X3 in the obtained SLR line, the
theoretical true points ((x1, y1), (X2, y2), and (xs, y3)) used in the
derivation of the best fitting SLR line (Fig. 1a) can be obtained.
These Euclidean distances are used during the development of
the SLR line.

Case II: — A GOR line is developed using observed data pairs
(X1, Y1), (X2, Y2), and (X3, Y3) - with errors in both variables.
The theoretical true points of these data pairs are on the GOR
line, i.e., (x1, y1), (X2, ¥2), and (x3, y3) are obtained by minimi-
zing the Euclidean distance (statistical Euclidean distance or
weighted orthogonal distance). Unlike in case I, substituting X1,
X2, and X3 in the GOR line, Eqn. (6), does not result in the corr-
esponding theoretical true points. Instead of obtaining theore-
tical true points, different points altogether are obtained on the
GOR lines, Fig. 1b. Therefore, GOR2 introduces a bias in the
estimation, as it is not possible to get a corresponding true point
via direct substitution of any observed value of the independent
variable on the GOR line.

Solutions for reducing the GOR overestimation problem ha-
ve been proposed, namely by Wason et al. (2012), Das et al.
(2012), (2013), (2014), and (2018).

Recently, Das et al. (2018) suggested a simple procedure to
reduce the GOR overestimation problem. Below given is a bri-
ef description of Das et al. (2018):

(a) For deriving the GOR relation, an observed dataset of events
with X, Y: values must be considered. With this dataset given,
the development of a GOR relation is necessary.

(b) For each observed data pair (Xt, Y), the corresponding (sta-
tistically) true theoretical point (x, yt,) on the GOR line is obta-
ined via statistical Euclidean distance on the derived GOR line
from point (X, Y).

(a)
7.0 |

4.0 -
4.0

(b)
7.0

—— GOR Line

(X3.,Y3)

6.5
(X3 ,_\3)

6.0 1 (X3 ,Yss)

5.0

¥y

4.0 4.5 5.0 5.5 6.0 6.5 7.0
X

Figure 1. Regression plots showing the theoretical true points (x;, y:) and the correspond-
ding (given) observed value (X, Yt) using (a) SLR and (b) GOR. Plots also show the devi-
ations (in the case of SLR, e.g., y1 -y1, and in the case of GOR y: -Y1*) between the theo-
retical true values y: and the estimated dependent variables on direct substitution of X: in
Eqn. (7). The plot in (b) also shows that the Euclidean distance used during GOR deriva-
tion does not remain the same as in the estimation (Das et al., 2018). The plots in (a) and
(b) are a schematic representation for SLR and GOR, respectively. The locus of the two
lines (SLR and GOR) is made the same for easiness to explain the GOR methodology.
For most of the n values, the two lines (SLR and GOR) are not the same as depicted.

For the GOR relation, X: value cannot be substituted directly
on the right-hand side of the GOR relation obtained in step (a).
This type of mathematical error is called a measurement error
(Stefanski, 2000). This incorrect practice will provide an over-
estimated slope, as reported by Carroll and Ruppert (1996) and
Das et al. (2018).

Step (b) above does not apply to those events where only X:
is known, but Y value is unknown. In such cases, the determi-
nation of predicted Y: for a given X: requires the development
of a linear relation between X: and y: values. This linear relation
can be used to determine the y: value corresponding to any gi-
ven X: value. The determined y: value for a given X: is not the
physically true value; it is the best unbiased value. There is no
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difference in the procedure of Das et al. (2018) that leads to the
estimation of slope and intercept of the GOR lines from the app-
roach followed by other investigators (e.g., Fuller, 1987). The
difference between Das et al. (2018) and commonly used appro-
aches is in estimating the theoretical true value of (x,y:) corres-
ponding to any observed value (X, Yt). For correction of GOR2
biases, Carroll and Rupert (1996) introduced equation error in
the estimation of n value, whereas Das et al. (2018) corrected
the errors via an intermediate step - using an SLR relation bet-
ween y: and X:. Both methods — by Carroll and Rupert (1996)
and by Das et al. (2018) — reduce biases of GOR2.

2.3. Chi-Square Regression

The Chi-Square Regression technique used in recent seismolo-
gical literature stems from Stromeyer et al. (2004), according to
whom the Chi-square equation is as follows:

- X (Mgi—amy; — b)?
chi—square o2 (MSi) + a202 (mbi)

(11)

In the above, Ms; and mvi denote the surface wave and body wa-
ve magnitudes, respectively. In this study, Msi and mpi represent
the dependent and independent variables, respectively. The ter-
ms ‘a’ and ‘b’ represent slope and intercept, respectively. The
equation denominator is the approximation of var (Ms; — ambi —
b) from Gauss error propagation law (Press et al., 1992):

var(Mg;—amy; — b) =

2
+ var(My;) (MMS}_(;[I:P; _ b)> =

= 0%(Mg;) + a?0?(my,;). (12

GOR, as discussed by Fuller (1987), and Chi-square regres-
sion, Eqn. (11), as discussed by Stromeyer et al. (2004), are the
same for the linear case. Both equations are the same except for
the terminology 2P10eu. Stromeyer et al. (2004) considered the
case of uncorrelated errors between dependent and independent
variables. In the case of uncorrelated error, the term Bi0e: be-
comes zero. Hence, GOR in the statistical literature (e.g., Fuller,
1987) and Chi-square regressions in the seismological literature
are the same. Lolli and Gasperini (2012, p.1) stated that both
GOR2 and Chi-square provide (CSQ) almost the same results
and concluded that GOR2 and Chi-square methods are
substantially equivalent. Lolli and Gasperini (2012) also claim-
ed that computed coefficients coincide for Chi-square and
GOR?2 up to the fifth significant digit. We find both of these
methods to be mathematically the same for linear cases. There-
fore, slope, intercept, and their associated uncertainties will also
be the same. Hence, there is hardly any advantage in using a
different name (Chi-square Regression) instead of GOR; on the
contrary, it creates some misgivings about the GOR procedure.

3.DATA

This study considers data from various sources worldwide, coll-
ected between 01 January 1976 and 31 May 2007. The data
sources are International Seismological Center (ISC), U.K.
(http://www.isc.ac.uk/search/Bulletin, last accessed in August
2010); National Earthquake Information Center (NEIC), the
USGS, USA (dead link http:/neic.usgs.gov/neis/epic/epic-
global.html, last accessed in August 2010 ); and HRVD (since
1976, now operated as the Global Centroid-Moment-Tensor
project at the Lamont Doherty Earth Observatory (LDEO)
(http://www.globalcmt.org/CMTsearch.html, last accessed in
October 2010) earthquake data bulletins.

We compiled in our study the body wave magnitude values
for 1,266 events from ISC and 614 events from NEIC, and sur-
face wave magnitude values for 13,576 events from ISC and
13,282 events from NEIC. Furthermore, we also compiled mo-
ment magnitude values for 6,690 events from GCMT and
NEIC. Finally, we used energy magnitude values of 6,690 ev-
ents by NEIC.

4, MAGNITUDE CONVERSION RELATIONS

To understand the correlations among magnitude scales and im-
prove the understanding of seismicity and seismic hazard asse-
ssment, scaling relations amongst different magnitudes (mb,
M:s) and Me, were developed. SLR, GOR1, and GOR2 procedu-
res are used for that purpose, as suggested in the recent literature
(Das et al., 2018). However, a GOR relation requires the value
of n. Here, GOR relations were estimated assuming n = 1, as
suggested in other studies (Ristau, 2009, Bormann et al., 2009).
However, these studies do not explain the reason for using n =1.

4.1. Conversion of Surface Wave Magnitudes into M.

The comparison between surface wave magnitudes Mssc and
Msneic was made in various earlier studies and found to be
similar, e.g., by Das et al. (2011), Utsu (2002), Scordilis (2006),
Das and Wason (2010). In this study, the equivalence was
checked by deriving relations using a newly developed GOR
(GOR1) procedure for the magnitude ranges 4.7 < Ms,sc < 8.0
and 4.5 < Msneic < 8.0. The derived GOR relations are:-

Ms nic = 0.9979 Mg sc (£0.000113) +
+0.007854 (+0.005671), (13)

R,y = 0.983865, RMSO = 0.085097,n = 12896,

where Ryy is the correlation coefficient, and RMSO is the stand-
ard deviation of orthogonal errors (Wason et al., 2012). The
above GOR relations show that both Mssc and Msneic can be
treated as nearly equivalent to each other and can be considered
a homogenous dataset. These relations are depicted in Figure
2a.
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The GOR1 relation between Mssc and Me was developed
using n =1 and is given as (Figure 2b):

M, = 0.934257 Mg 5c (+0.001019) +
+0.496029 (+0.061527),
4.7 < Mgysc < 8.0

R,y = 0.90,RMSO = 0.1839,n = 980,h < 70km.

(14)

For the conversion of Msneic into Me, the derived GOR1 is:

Me = 0.891634 MS,NEIC (i0001157) +
+0.731056 (+£0.069539),
45 < MS,NEIC <8.0 (15)

Ryy = 0.91,RMSO = 0.167,n = 586,h < 70km,n = 1.

The plot of Mseic into Me is given in Figure 2c.

As reported above and in earlier studies, e.g., Das et al.
(2011), M; data are combined to develop a GOR1 relation bet-
ween Ms and Me.. That equation is given below, while the plot
is in Figure 2d:

M, = 0.918348 M; (+0.000768) +
+0.584035 (+0.046311),
4.5 < Mg < 8.0 (16)

R,y = 0.90,RMSO = 0.178,n = 1566,h < 70km,n = 1.

4.2. Conversion of Body Wave Magnitudes into Me

Several studies have revealed that mpsc and mpNEICc €vents are
not equivalent (Das et al., 2011; Nath and Thingbaijam, 2010).
For the conversion of mb,sc into Me, we used the magnitude
range 5.2 < mpisc < 6.2, and mp,Neic into Me the magnitude
range 5.3 < mpneic < 6.5 with focal depths < 70 km. Datasets of
1,266 and 641 events of my,sc and mpNEic, respectively, were
used to derive the GOR1 relations. GOR1 relations for myneic
to Me and mm,isc to Me are:

M, = 1.468087 my, npic (£0.005344) —
— 2.59471 (+0.313607),

5.3 < My ngic < 6.5 (17)
Ryy = 0.55,RMSO = 0.351,n = 641.
and
M, = 142165 my5c (£0.003872) —
—2.17872 (+0.224583),
52 < my, 1sc <6.5 (18)

R,y = 0.52,RMSO = 0.3844,n = 1266.

The plots of the given regression relations are in Figure 2e &
2f.

4.3. Regression Relation between Mwg,ccvmr and Mwg,nEic

We next obtain our regression relation between Mwa,cecmt and
Mwa neic from 6,690 events in the 4.4<Mw eic<8.2 magnitude
range, and occurring from 1976-2007. The empirical relation is:

Mwe,cemt = 1.006688 My ngrc (£0.000113) —
—0.05706 (+0.006529),
4.4 < Mygneic < 82

R,y = 0.99,RMSO = 0.050419,n = 6690.

(19)

The plot of the above regression relation is in Figure 2g. Several
earlier studies, e.g., Scordillis et al. (2006), had observed that
Mw,cemr and Mwneic are equivalent, based on a correlation
between them. Eqn. (19) shows that Mw,ccemt and Mw,NEic app-
roximately are equivalent.

4.4. Conversion of Moment Magnitude Mg into M.

The GOR1 conversion relation is obtained for Mg into Me by
using the 1,385 events of the magnitude range 5.2<Mwg<8.2
with focal depths <70 km, and given as

M, = 1.045084 M, (+£0.000955) +
+0.15727 (+0.057168),
5.2 < Mg < 8.2

R,y = 0.896554,RMSO = 0.185835,n = 1385.

(20)

The plot of the above regression relation is given in Figure 2h.

4.5. Linearity Test for Scaling Relations

The magnitude scaling relations in most literature are linear,
e.g., Hanks and Kanamori (1979), Choy and Boatwright (1995),
Scordilis et al. (2006), Das et al. (2011). However, several non-
linear relations are also available, e.g., Giacomo et al. (2015).
Unfortunately, no justification is provided in favor of linear or
nonlinear relations, as fittings are based only on naked-eye obs-
ervations. Here, the linearity of the scaling relations is validated
using the Fuller (1986) model.

Fuller (1987) checked his model linearity by plotting the re-
siduals (Vi) between Y: and y: versus xt, e.g., F1.2.3 on p.26 in
Figure 1.2.1 by Fuller (1987). It is worth noting that the xt are
the theoretical true values. Figure 1.2.1 by Fuller (1987) shows
that the residuals between 56 < x¢ < 96 are both positive and ne-
gative. Around 55% of data have residuals positive and nega-
tive, 18% of data with xt > 96 have only positive residual va-
lues, while 27% of data with xt < 56 have all residuals positive.
Thus, for around 45% of data, neither positive nor negative resi-
dual values are available. Fuller performed a linear GOR fitting
on the dataset and stated that the plot in Figure 1.2.1 by Fuller
(1987) contains no apparent anomalies.
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Figure 2. GOR1, GOR2, and SLR relations for different magnitudes: (a) Ms,sc and Msneic, (b) Ms,sc and Me, (€) Msneic and Me, (d) Ms and Me, (€) mpneic and Me, (f) mp,sc and Me,
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No of data R R OPE ercep
points GOR1|GOR2| SLR |GOR1|GOR2| SLR GOR1 GOR2 SLR GOR1 GOR2 SLR
586 091 ] 0.66 | 0.66 | 0.17 | 0.36 | 0.31 | 0.890 + 0.001 | 0.980 + 0.030 | 0.800 + 0.020 | 0.730 + 0.070 | -0.200 + 0.230 | 1.280 + 0.140
641 0551042042 0.36 | 0.54 | 0.40 | 1.470 £ 0.005 | 2.660 + 0.130 | 1.290 + 0.060 |-2.590 + 0.310| -9.580 + 0.760 [-1.610 + 0.360
980 090 0651 0.65| 0.18 | 0.37 | 0.35 | 0.930 + 0.001 | 1.040 + 0.020 | 0.830 + 0.190 | 0.496 + 0.060 | -0.160 + 0.190 | 1.090 + 0.120
1266 052(0.39]0.39]0.38]0.61 ] 0.43 ] 1.420£0.004 | 2.750 £ 0.090 | 1.250 £ 0.040 |-2.180 £ 0.220] -9.910 + 0.590 |-1.160 + 0.250
1385 089 0.71]0.71]0.18 ] 0.34 | 0.32 | 1.040 £0.004 | 1.170 £ 0.020 | 0.960 £ 0.020 |-0.160 £ 0.060| -0.880 + 0.150 | 0.370 £ 0.100
1566 0.90 | 0.65 | 0.65 | 0.18 | 0.37 | 0.35 | 0.920 £ 0.001 | 1.020 £ 0.020 | 0.820 £ 0.020 | 0.584 + 0.050 | -0.022 £ 0.150 | 1.170 + 0.100
6690 0.99 | 0.96 | 0.96 | 0.05 | 0.10 | 0.10 |1.010 £ 0.0001] 1.020 £ 0.002 | 0.990 £ 0.002 |-0.057 £ 0.010] -0.110 + 0.020 |-0.010 + 0.010
12896 0.98 094|094 ] 0.09 ] 0.127 | 0.17 | 0.990 £ 0.000 | 1.010 £ 0.002 | 0.980 £+ 0.002 | 0.008 £+ 0.006 |-0.0746 + 0.019 0.090 + 0.010

Table 1. Comparison of regression parameters for GOR1, GOR2, and SLR using global datasets. Data points 586 for Msneic to Me; 614 for mpneic to Me; 980 for Ms sc to Me; 1266
for mp,sc to Me; 1385 for Muwg to Me; 1566 for Ms to Me; 6690 for Mwe cevt t0 Mwe neic; 12896 for to Mssc to Mseic.

Following the above Fuller’s model, residual plots for mag-
nitude scaling relations are shown in Figure 3. For example, of
614 (mb, Me) data pairs in Figure 2(e), 89.082% have both the
positive and negative residuals, while 10.92% have only posi-
tive residuals. This scaling relation is not linear as was in other
cases (Figure 3). However, in general, compared to a nonlinear
relation, a linear relation will be statistically better as for error
handling. As established recently, the nonlinear relation (Gia-
como et al., 2015) between the mb and My is not fitted well in
broader ranges. Thus, the fitting of linear scaling relations amo-
ngst magnitude scales is justifiable according to Fuller’s model,
Figure 3.

5. SUMMARY AND CONCLUSIONS

We have developed scaling relations between different magni-
tudes (e.g., mp and Ms) and a preferred magnitude (Me), using
SLR, GOR1, and GOR2 techniques. Because it reduces GOR2
bias, the GOR1 is the best regression procedure for converting
different seismic magnitudes into a preferred magnitude - as
previous studies, e.g., Das et al. (2018), had already suggested.
Earthquake catalogs generally contain different magnitude sca-
les, where Mw and Me are the scales commonly used in seismic
literature for denoting earthquake size. However, a homoge-
nized earthquake catalog using scaling relations represents the
most critical need for seismicity and seismic hazard assessment
studies.

Unified catalogs in terms of My are already available in the
literature. Recent studies, e.g., by Bormann and Saul (2009) and
Das et al. (2019), suggest that My, is not appropriate for repre-
senting the earthquake size over the entire globe because that
scale was developed mainly for Southern California and is un-
validated in a global context for weaker and intermediate earth-
quakes. Furthermore, the My scale systematically underesti-
mates the strongest earthquakes (Bormann and Saul, 2009,
Stein and Okal, 2005, Das et al., 2019) and overestimates the
weakest and intermediate earthquakes. Furthermore, many stu-
dies, e.g., by Giacomo et al. (2010) and Das et al. (2019), have
suggested that the Mw does not correlate well with the high-fre-
quency ground motion that is of importance for engineering

applications. An updated physics-based scale, the Mwg, was de-
veloped in a recent study by Das et al. (2019). It reduces the un-
derestimation and overestimation problem of the My scale.
Also, the Mwg provides a better correlation with high- and low-
frequency ground motion. Another scale, the Me, represents ear-
thquake size in terms of the seismic energy radiated by an earth-
quake, although the Me is not sufficiently available in seismic
catalogs due to the complexity of its determination and the asso-
ciated great uncertainty. However, the M. is a scale very useful
in understanding seismicity in terms of energy radiation. Bor-
man and Giacomo (2010) emphasized the use of Mw and M.
together for seismic hazard assessments because the My scale
alone is insufficient for representing damage potential. Bor-
mann et al. (2002) found that it takes more than one magnitude
to describe essential differences in the source process.

Direct M. estimations from velocity broadband records have
become a routine at the United States Geological Survey
(USGS) National Earthquake Information Center (NEIC) since
1987, whereas seismic moment has been measured and cata-
loged since 1976. Although direct observed M. values are still
not sufficiently available, the scaling relations here developed
from different magnitudes can be used to obtain proxy M.
values.

In that respect, global scaling relations between the ms, Ms,
Muwg, and M. scales were developed based on GOR1, GOR2,
and SLR statistical methods. The background of different statis-
tical methods (GOR1 and GOR?2) adopted for scaling relations
also has been provided. As to comparisons, this study has found
that, for the here examined datasets, GOR1-derived magnitude
relations are better than GOR2- and SLR-derived magnitude re-
lations, Table 1. Also, GOR1 and SLR slopes are closer when
compared to GOR2, Table 1. Furthermore, there is no substan-
tial difference between the results for SLR and GOR1; how-
ever, a considerably big difference exists between the SLR- and
GOR2-derived magnitude relations due to the incorrect use of
GOR?2 as reported in earlier studies, e.g., by Stefanski (2000),
Carroll and Rupert (1996), and Das et al. (2018). While in some
cases, the mean values in the estimates of GOR1 and SLR do
not exhibit any substantial difference, there would be a signifi-
cant difference between SLR and GOR1 on consideration of
errors.
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To derive the relations, we compiled Ms magnitude data for
13,576 events from ISC and 13,282 events from NEIC, the my
magnitude data for 1,266 events from ISC and 614 events from
NEIC, and the Mwg magnitude values for 6,690 events from
NEIC and GCMT.

We have derived the Mssc-to-M. and Msneic-to-Me con-
version relations for magnitude ranges of 4.7<Ms1sc<8.0 and
4.5< Msneic<8.0, respectively. Eqns. (13) & (14) show that the
Ms,isc and Ms neic are nearly equivalent, as found in other stud-
ies, e.g., by Das et al. (2011), Utsu (2002), and Das and Wason
(2010). This equivalence allows considering M; for conversion
into M. by ISC and NEIC as a homogenous dataset. Further-
more, we have derived the mp,1sc-to-Me and mp Neic-to-Me con-
version relations for magnitude ranges of 5.2<mp,15c<6.2 and
5.3<mpNeic<6.5. Finally, we have derived the Mwg-to-Me con-
version relation for magnitude ranges of 5.2<Mw<8.2 with focal
depths <70 km.

As derived from global data, the here obtained regression
relations enable a better understanding of seismicity. As such,
they are of use in geophysical investigations, including crustal
deformation studies. Other applications include developing
homogenous earthquake catalogs for specific seismic regions in
the absence of regional regression relations for magnitude con-
versions. We recommend seismological data centers start dist-
ributing the Meto foster a better understanding of seismicity and
seismic hazard.
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