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S U M M A R Y
A new finite fault inversion strategy is developed to explore the uncertainty range for the energy
based average coseismic stress drop (�τE ) of large earthquakes. For a given earthquake, we
conduct a modified finite fault inversion to find a solution that not only matches seismic and
geodetic data but also has a �τE matching a specified value. We do the inversions for a
wide range of stress drops. These results produce a trade-off curve between the misfit to the
observations and �τE , which allows one to define the range of �τE that will produce an
acceptable misfit. The study of the 2014 Rat Islands Mw 7.9 earthquake reveals an unexpected
result: when using only teleseismic waveforms as data, the lower bound of �τE (5–10 MPa) for
this earthquake is successfully constrained. However, the same data set exhibits no sensitivity
to its upper bound of �τE because there is limited resolution to the fine scale roughness of
fault slip. Given that the spatial resolution of all seismic or geodetic data is limited, we can
speculate that the upper bound of �τE cannot be constrained with them. This has consequences
for the earthquake energy budget. Failing to constrain the upper bound of �τE leads to the
conclusions that (1) the seismic radiation efficiency determined from the inverted model might
be significantly overestimated and (2) the upper bound of the average fracture energy EG cannot
be constrained by seismic or geodetic data. Thus, caution must be taken when investigating
the characteristics of large earthquakes using the energy budget approach. Finally, searching
for the lower bound of �τE can be used as an energy-based smoothing scheme during finite
fault inversions.

Key words: Numerical solutions; Wavelet transform; Inverse theory; Numerical approxima-
tions and analysis.

1 I N T RO D U C T I O N

Seismologists use static stress drop (�τ ) to denote the difference
between the state of stress before and after the earthquake. In re-
ality �τ varies locally over the fault surface, and in most circum-
stances only its average (�τ ) can be retrieved using seismic (Brune
1970) and/or geodetic observations. In the literature, this stress
drop is generally defined as the stress drop averaged over an area
on the fault surface (�τA), that is, �τA = 1

A
∫A �τdA, here A is

the area of the fault plane where slip has occurred. Previous studies
based mainly on seismic data indicated that the median of earth-
quakes’ average stress drop is roughly constant (3–4 MPa) over a
large range of seismic moment (e.g. Kanamori & Anderson 1975;
Allmann & Shearer 2009). However, it is of interest to point out
that the stress drop estimates of individual earthquakes can devi-
ate from this median value by a factor of 4 (Allmann & Shearer

∗ Now at: Laboratoire GeoAzur, Sophia-Antipolis, F-06560 Valbonne,
France.

2009; Cotton et al. 2013). As the strong ground motion parameters
are often related with the stress drop, large uncertainties in stress
estimation suggest large uncertainties in predicting seismic hazard
(Cotton et al. 2013).

Such a large deviation in estimates of stress drop might reflect
the intrinsic uncertainty introduced by the methods to estimate
them; though the local tectonics (e.g. Scholz 2000; Allmann &
Shearer 2007) and source physics (e.g. Candela et al. 2011) can
also be the cause. Most available stress measurements, particularly
for Mw < 5 earthquakes, were made using Brune-type methods (e.g.
Brune 1970; Madariaga 1976; Kaneko & Shearer 2014) which as-
sumes that earthquake rupture occurs on a circular fault plane with
uniform stress drop and constant rupture velocity. Although there
are some variations, the Brune-type stress drop of an earthquake
(hereafter referred to as �τB) can be represented as cM0 f 3

c , where
M0 and fc are the seismic moment and the corner frequency of
this event, respectively. Often, c is treated as a constant in prac-
tice (e.g. Allmann & Shearer 2007) but it strongly depends on the
pre-assumed rupture velocity (vr ) since c ∝ v−3

r . Regardless of the
difficulty to estimate precisely the corner frequency and rupture
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velocity of an earthquake using seismic data, the rupture event
often has heterogeneous slip on a noncircular fault area as sug-
gested by the studies of large earthquakes (see the collection of
slip models in http://equake-rc.info/SRCMOD, Mai & Thingbai-
jam 2014). Significant discrepancy between �τA and �τB can also
be produced if the difference in the shape of the slip distribution is
ignored (Madariaga 1979; Kaneko & Shearer 2015). Unfortunately,
because of the limited resolution of seismic observations, except in
some unique observational conditions (e.g. Dreger et al. 2007; Kim
et al. 2016) the shape of the slip distribution for small earthquakes
cannot be precisely constrained.

For the relatively large earthquakes (Mw > 5.5), researchers often
have the luxury of directly estimating �τA using already published
slip models (e.g. Somerville et al. 1999). Causse et al. (2013) re-
cently estimated the average stress drop of 31 slip models of 21
crustal earthquakes (Mw 5.7–7.7). They concluded that finite-source
rupture models could provide important information regarding the
distribution of stress drop as their uncertainty analysis for the static
stress drop yielded an aleatory variability (stemming from the nat-
ural randomness of the rupture) of 0.3, which is equivalent to de-
viating from the mean by a factor of ∼2. This deviation is still
significant but is considerably smaller than the average deviation in
stress drop mentioned above.

On the other hand, the peak strong ground motion of large earth-
quakes is more closely related to the slip heterogeneity rather than
the average slip over the entire rupture area. For example, Miyake
et al. (2003) found that the strong ground motions were often gener-
ated in areas where the stress being released was the largest. These
areas approximately coincided with the asperities, that is, regions
on the fault that have large slip relative to the average slip of the
rupture area (e.g. Mai et al. 2005). The methods to estimate �τB

and �τA either ignore or reduce the impact of such heterogeneity.
Shao et al. (2012) recently introduced the weighted average stress

drop (�τW ) to avoid the ambiguity in choosing the ‘effective’ fault
area (Somerville et al. 1999) when estimating the average stress
drop. It is defined as:

�τW = ∫A �τDdA

∫A Dd A
, (1)

where D denotes the slip. When the rupture has uniform slip, �τW is
the same as �τA. In more natural heterogeneous cases, because the
stress and slip distributions are correlated, that is, fault patches with
high coseismic slip are often associated with high stress drop; �τW

is larger than �τA (Shao et al. 2012). A careful theoretical analysis
for this argument can be found in Noda et al. (2013). Using the
2008 Mw 5.4 Chino Hills earthquake as an example, �τA estimated
by Shao et al. (2012) is 22 MPa, while �τW is 38 MPa, 72 per
cent larger. Two reasons motivate us to estimate �τW rather than
�τA. First, as the fault slip D is used to weight the local stress drop,
�τW is more sensitive to the stress within asperities, which are
often the regions that produce larger ground motion (e.g. Miyake
et al. 2003). Second, Shao et al. (2012) and Noda et al. (2013)
noticed that �τW is equivalent to twice the ratio of the ‘apparent’
available energy ( 1

2
∫A �τDdA, Kanamori & Rivera 2006) to the

total seismic potency (∫A Dd A, Heaton & Heaton 1989). It led Noda
et al. (2013) to name it as the energy based average stress drop
(�τE ), which we will also use during the rest of the discussion.
Therefore, systematically studying the scaling relation of �τE is
important for understanding the earthquake energy budget (Shao
et al. 2012; Noda et al. 2013).

The uncertainty of the estimate of the average stress drop
caused by the non-uniqueness of slip inversions has not been fully

explored despite this uncertainty affecting both the approximations
of �τA and �τE . Conventional finite fault inversion methods do
not directly invert for on-fault stress change. Given the fact that slip
models with different peak slip could fit the observations roughly
equally well (e.g. Shao & Ji 2012), the variation of average stress
drop could be significant. This contradicts somewhat the result of
Causse et al. (2013). They studied the variation of average stress
drop among published models of the same earthquakes and found
that the epistemic variability is only 0.06, equivalent to deviating
from the mean by a factor of ∼1.15. However, the uncertainties of
the average stress drop caused by widely used inversion regulations
could be largely overlooked.

Here we develop a nonlinear finite fault inversion procedure to
directly link the uncertainty of the energy based average stress drop
with the misfit between synthetic and observed seismic waveforms.
This algorithm allows us to search for the solution matching the
observed seismic and/or geodetic data under the condition that the
average stress drop is close to a pre-assigned value, that is the tar-
get stress drop. We perform inversions with different target stress
drops to obtain the relationship between the average stress drop
of the inverted slip model and the minimum waveform misfit. As
an example, we use P and SH displacement waveforms recorded
at teleseismic distances from the 2014 Mw 7.9 Rat Island interme-
diate depth earthquake to determine its average stress drop, �τE .
An unexpected large uncertainty in the estimation is found. Our
discussion will further reveal that such a large uncertainty will be
associated with all finite fault inversions using surface observations.

2 M E T H O D

Assume that the rupture of an earthquake occurs on a rectangular
fault plane, which is further divided into Lx (along-strike) by Ly

(downdip) cells or subfaults. We use (j, k) to denote the position of
one subfault, that is, j = 1, 2, . . . , Lx and k = 1, 2, . . . , Ly. The
hypocentre is at subfault ( j0 , k0). The displacement u(t, �x) at site
�x could be approximated as the summation of the contributions of
a regular grid of subfaults (e.g. Olson & Apsel 1982; Hartzell &
Heaton 1983; Ji et al. 2002):

u (t, x) =
Lx∑
j=1

L y∑
k=1

D jk

[
cos

(
λ jk

)
Y 1

jk

(
t − �t jk

)

+ sin
(
λ jk

)
Y 2

jk

(
t − �t jk

) ] ∗ ṡ jk (t). (2)

Here, D jk λ jk and ṡ jk(t) are the dislocation amplitude, rake angle
and rise-time function, respectively. The terms Y 1

jk(t) and Y 2
jk(t) are

the subfault Green’s functions for a unit slip in the strike direction
and downdip direction, respectively, and �t jk denotes the rupture
initiation of the subfault. During conventional finite fault inversions,
we constrain the fault model m in terms of D jk , λ jk and ṡ jk(t) by
matching the synthetic seismograms and/or static displacements
with the surface observations.

The slip on the fault surface will also lead to the stress change
across the fault. The static shear stress drop at the centre of subfault
(i, j) can be estimated as

τ n
i j (m) =

Lx∑
k=1

Lx∑
l=1

[
D1

kl (m) σ
n,1
i j,kl + D2

kl (m) σ
n,2
i j,kl

]
, (3)

where τ n
i j (m); f or n = 1, 2 denotes the left-lateral (n = 1) or

thrust shear (n = 2) stress at this location, respectively for a given
model m, and D p

kl (m); for p = 1, 2 is the corresponding left-lateral
(p = 1) or thrust (p = 2) displacements of the subfault (k, l). σ n,p

i j,kl is
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Figure 1. Left-hand panel: location and GCMT focal mechanism of the 2014 Mw 7.9 Rat Islands earthquake with the positions and names of the global
seismic stations used (red triangles). Right-hand panel: surface projection of the causative high-angle fault plane superimposed on a map of the bathymetry of
the Aleutian arc.

a kernel function, which states the shear stress response τ n
i j caused

by the unit D p
kl and can be pre-calculated using various synthetic

algorithms (e.g. Okada 1992; Cotton et al. 1998). Therefore, the
static stress drop at the centre of each subfault can be estimated
simultaneously with the slip distribution. An alternative approach
that resamples the inverted slip distribution (e.g. Ripperger & Mai
2004) will be considered in future efforts.

Following Shao et al. (2012) and Noda et al. (2013), we calculate
the energy based average stress of a model m as

�τE (m) =
∑Lx

i=1

∑L y
j=1 τi j (m) • Di j (m)∑Lx

i=1

∑L y
j=1 Di j (m)

, (4)

where τi j (m) denotes the stress drop at the centre of subfault (i, j)
caused by the fault slip of model m.

During a conventional nonlinear finite fault inversion, we look
for the solution that minimizes the following error function:

E(m) = Ew f + λ1 Emoment + λ2 Esmooth + λ3 Etime, (5)

where Ew f (m) denotes the cumulative misfit between the observed
and synthetic seismograms (and/or static displacements). To sta-
bilize the inversion, three additional types of regularizations are
chosen: Emoment minimizes the difference between the inverted seis-
mic moment and the value based on long period seismic data, such
as the GlobalCMT solution (Ji et al. 2002); Esmooth minimizes the
difference between the slip on adjacent subfaults using a Laplacian
operator (Ji et al. 2002), and Etime compresses the irregularity of the
rupture front (Shao et al. 2011). The weights λ1, λ2 and λ3 have a
default value of 0.1.

Since the average stress drop and slip distribution can now be
determined concurrently, we can force the average stress drop of
the inverted slip model to be close to a target value. This can be
achieved by introducing a stress constraint, Estress(m), defined as

|ln( �τE (m)
τtarget

)|. The logarithmic function is used to limit the range of

variation and impact of this function. When �τE (m) is close to

τtarget, |ln( �τE (m)
τtarget

)| converges linearly to zero as |�τE (m)−τtarget|
τtarget

. The

new error function then becomes,

E(m) = Ew f + λ1 Emoment + λ2 Esmooth + λ3 Etime + λτ Estress (6)

where λτ is the weight of the stress constraint. The weighting co-
efficient λτ is introduced to monitor the effect of minimizing the
difference between the calculated stress drop and the target during
the inversion. Our preliminary tests indicate that compared to the
trade-off between Ew f and Estress, the interference between Estress

and Etime can be ignored. However, the interference between Estress

and Esmooth is significant. So in all subsequent inversions, we let
λ1 and λ3 remain the default values of 0.1, choose a negligible
λ2 value of 10−4, and carefully select λτ . On one hand, if there
is conflict between Ew f and Estress, the inversion using a small λτ

might not be able to find a model matching τtarget. However, using
a very large λτ and a small τtarget together, the simulated annealing
inversion can freeze and fail to find the global optimal solution. In
our study, for each pre-assigned stress drop, we conduct multiple
finite fault inversions with gradually increasing λτ until the relative
difference between τtarget and the stress drop of the inverted model
becomes acceptable, that is <10 per cent.

3 A P P L I C AT I O N S

The 2014 Mw 7.9 Rat Islands earthquake, which occurred below the
central segment of the Aleutian Arc on June 23rd, 2014 at 20:53:09
UTC, is the largest intermediate-depth earthquake recorded by
modern instrument (Ye et al. 2014). As shown in Fig. 1, it is a
normal faulting event but with a significant strike-slip component.
Ye et al. (2014) and Twardzik & Ji (2015) have studied the slip
history of this earthquake using teleseismic data. Although their in-
verted slip distributions are generally consistent, the inferred stress
drop is significantly different. Ye et al. (2014) reported a stress drop
of 11 MPa, while Twardzik & Ji (2015) estimated a range of 3.2–
5.0 MPa using three representative slip models. This discrepancy
likely derives from the differences in estimating the shape and size
of the rupture area, as both studies use �τA to determine the stress
drop. Because we use the energy based stress drop in our study,
we are not biased by the estimation of the rupture area. Thus, our
approach might be able to shed some light on this discrepancy.

We adopt the same high angle rectangular fault plane as
Twardzik & Ji (2015). It is oriented 308.40◦N and dips
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Figure 2. Energy based average stress drop (�τE ) of selected inverted slip models versus the corresponding waveform misfit. Upper-right inset shows the
entire range of stress drops we have surveyed. Note that the waveform misfit is essentially constant when �τE is larger than 10 MPa. The red box highlights
the stress range of 2–15 MPa, which is enlarged as the main figure. The black dashed line denotes the average misfit for inverted models with �τE ≥10 MPa.
The red dashed line then denotes this average line plus two times the standard deviation of the waveform misfit range due to the choice of the initial model. See
text for details.

84.36◦ to the north-northeast, inferred from the GCMT solution
(http://www.globalcmt.org, last accessed October 2016). The fault
plane is 178.5 km along-strike and extends 112.5 km downdip.
The fault plane spans a depth range of 51.5 to 163.5 km, with the
hypocentre at a depth of 107.5 km. The fault plane is further di-
vided into 315 subfaults measuring 8.5 km (along-strike) by 7.5 km
(downdip). As the fault slip, rake angle, rupture initiation time, and
the shape of the asymmetric cosine function of each subfault are
constrained simultaneously, there are a total of 1575 free parame-
ters without considering the target stress drop. We use 30 P and 31
SH waveforms recorded at teleseismic distances. The station dis-
tribution is shown in Fig. 1. We use velocity waveforms because
they are, in principle, more sensitive to the finer details of the rup-
ture process. The analysis using displacement waveforms has been
conducted as well and can be found in the supplementary mate-
rial (Figs S2–S6). The total number of wavelet coefficients used
in this study is 12 526. We use the Preliminary Reference Earth
Model (PREM, Dziewonski & Anderson 1981) without the water
layer to approximate the earth structure and have pre-calculated a
Green’s function table, which has a frequency range from DC to
2 Hz, using the FK algorithm (Zhu & Rivera 2002). The PREM Q
model is included during the synthetic calculation. We interpolate
the teleseismic responses at selected stations using this table.

Over the depth extent of the source, the rigidity of the PREM
model changes from 6.64 × 104 to 6.76 × 104 MPa. Thus, a half-
space model with constant rigidity of 6.7 × 104 MPa is a sufficient
approximation to the source region of this earthquake. It allows us
to quickly pre-calculate σ

n,1
i j,kl and σ

n,2
i j,kl using the program DC3D

written by Okada (1992).

3.1 Results

We have tested sixteen different target stress drops ranging from 0.5
to 50 MPa. For each target stress drop, we let the weight of the stress
constraint λτ change from a negligible value of 1.0 × 10−4 to 0.1,
and select the model with the smallest λτ value under the condition
that the difference between the average stress drop �τE and the
target is less than 10 per cent. Fig. 2 shows the relationship between
�τE of selected models and their waveform misfits. Readers can
also find a visual representation of the relationship between the
stress-coefficient λτ and �τE , that is the waveform misfits for all
176 models, in Fig. S1.

As shown in the upper-inset of Fig. 2, the waveform misfit de-
creases quickly as �τE increases from 0.5 to 4–5 MPa, and be-
comes essentially constant when �τE increases from 10 to 50 MPa.
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It clearly illustrates the fact that seismic waveform data used here
allows us to define the lower bound of the average static stress drop
of an earthquake but fails to constrain its upper bound. The same
relationship can be seen when displacement data is used (Fig. S2).
This result is counterintuitive. Seismologists are aware that the dis-
tribution of coseismic stress drop inferred from source inversions
is often heterogeneous, and that local stress drop can be very large
(e.g. Dreger et al. 2007; Shao et al. 2012; Causse et al. 2013). How-
ever, it is generally believed that the average stress drop of large
earthquakes will be more stable, with an uncertainty less than a
factor of two (e.g. Venkataraman & Kanamori 2004; Causse et al.
2013).

To establish the lower bound of �τE for the Rat Islands earth-
quake, we examine models with a �τE of 2 to 15 MPa in closer
detail (Fig. 2). It can be seen that the value of the misfit function
generally decreases with an increase in �τE ; it reaches the global
minimum around �τE = 10 MPa and then is nearly constant with
small fluctuations (Fig. 2). The misfit value of the model with a �τE

of 8 MPa is slightly larger than that of the model with a �τE of
7 MPa. However, such a difference may also be caused by random
variations in the initiation of the inversions. We have conducted 10
inversions with fixed target stress drops and stress constraint λτ but
with different random seeds, which yield slightly different values for
the misfit function. The standard deviation among these 10 models
is 2.8 × 10−4 (Fig. 2), which is compatible with the aforementioned
difference between models with �τE of 7 and 8 MPa.

Fig. 2 only illustrates the possibility of defining the lower bound
of �τE using seismic data, its exact value is still model dependent
and can vary within a small range. For example, as the fluctua-
tions of the misfit function become much smaller after 10 MPa,
it could be defined as the lower bound of �τE . The mean misfit
value of the models with �τE larger than 10 MPa is 0.2694 (black
dashed line, Fig. 2). If only considering the error caused by ran-
dom seeds, we might argue that, with 95 per cent confidence, the
average stress drop (�τE ) of this earthquake cannot be smaller than
5 MPa (red dashed line, Fig. 2). The lower bound of �τE then
falls in the range of 5–10 MPa. The estimate of the lower bound
also slightly depends on using velocity waveforms or displacement
waveforms. As shown in the Appendix (Fig. S2), using the same
procedure, the lower bound of �τE using displacement waveforms
falls in the range of 7–10 MPa. During the following discussions, we
choose the more conservative estimate of 5 MPa as the lower bound
of �τE .

To investigate the reason why seismic waveform fits are insen-
sitive to the model with large �τE , we first compare the synthetic
seismograms predicted by these selected models. As a reference,
Fig. 3 shows the comparison of observations and synthetic seis-
mograms predicted using the model with a �τE of 5 MPa. The
synthetic seismograms visually match the velocity waveforms rea-
sonably well, except at nodal stations such as OBN and KURK
for P waves and KWAJ and KNTN for SH waves. To highlight
the sensitivity to the average static stress drop of seismic data, we
further compare the observations at four selected stations with the
synthetic seismograms predicted using slip models with �τE from
0.5 to 4 MPa (Fig. 4). The observations are depicted in dashed black
lines while the red area represents the range of synthetic seismo-
grams at any given time. It can be seen that the stress constraint
indeed produces visible impacts to the synthetic seismograms. Rel-
atively, the SH synthetic seismograms have a greater spread in val-
ues than P wave synthetic seismograms, indicating the inversion
is more sensitive to SH waves than to the P waves. Furthermore,
this range in synthetic waveforms is even more prominent in the

displacement data (Figs S3–S4) as there exists larger variability in
the individual displacement waveforms. Fig. 5 shows the same P
wave and SH wave observations, but the red area now represents
the range of synthetic waveforms predicted using the models with
�τE from 5 to 50 MPa. These plots clearly show a much narrower
range for the synthetics, particularly for the SH waves, than those
for the low 0.5–4 MPa stress drops. This is unsurprising in view
of the ‘flattening’ of the misfit curve when �τE varies from 5 to
50 MPa (Fig. 2).

Fig. 5 also demonstrates that, with the current source representa-
tion and Green’s functions, we have reached a certain point where
our inversions are unable to improve the fit to the higher frequency
signals. This can be taken as evidence that the true average stress
drop of this earthquake is higher than the lower bound defined above.
However, far field radiation can be represented as the spatial and
temporal integration of the local moment rate functions. Then, if
these functions lack high frequencies, the far field radiation will also
lack the higher frequencies, regardless of whether local roughness
of final slip on the fault is large or small. Hence, readers should
be aware that, in principle, the difference between this lower bound
of �τE and its true value is not correlated with the fit to the data.
Improving the fit to the higher frequencies would very possibly, but
not necessarily, lead to a closer estimate of �τE .

Second, we explore the variations in slip and static stress drop
distributions among these selected slip models with �τE ≥ 5 MPa.
In Figs 6(a) and (b) the slip distributions of the models with �τE of
5 and 30 MPa are compared. Their moment rate functions are shown
in Fig. 7. For the convenience of further discussion, we refer to them
as ‘Model-5MPa’ and ‘Model-30MPa’, respectively. We find that as
the �τE increases, the fine scale roughness of the slip distribution
does change dramatically, but the centroid locations of the major
asperities are approximately in the same places on the fault despite
the increased fine-scale heterogeneity. As shown in Fig. 6(a), the
Model-5 MPa includes three major asperities. Asperity A has a
dimension of 25 km (along strike) and 45 km (downdip). The peak
slip is approximately 1.9 m, and the hypocentre is located at its
western edge. Most of the seismic slip occurs in asperity B, which
roughly extends 60 km along strike from 20 to 80 km, and spans
from 90 to 140 km in depth. The peak slip is 4.2 m. Asperity C
is located at the east of asperity A, and has a dimension of 25 km
along-strike and 30 km downdip with a peak slip of ∼2.8 m. The
rupture initiates at asperity A and triggered the rupture of Asperity
B at 12–13 s (Fig. 7), and that of asperity C at 15 s. The effective
rupture duration (the smallest time over which 95 per cent of the
total moment is released, Ekström & Engdahl 1989) is 37 s, which
is the same as previous analyses by Ye et al. (2014) and Twardzik
& Ji (2015). In the slip distribution of Model-30 MPa (Fig. 6c), the
centroids of asperities A and C are still in the same locations, but
the asperity B splits into two parts, B1 and B2, along strike. It is of
interest to note that asperity B1 is located at the east edge of asperity
B in Model-5 MPa, while asperity B2 is located at its western edge.
This might suggest that the seismic waves are more sensitive to the
edge of asperities, which are considered to be the regions radiating
higher frequency seismic waves (Madariaga 1977, 1983). The peak
slip increases by about a factor of three from the low stress drop
model to the higher one. Finally, the downdip extensions of these
asperities are generally consistent.

Figs 6(c) and (d) show the static stress drop distributions of
Model-5 MPa and Model-30 MPa, respectively. Given that earth-
quakes have spatially variable slip, the stress drop is consequently
highly variable on the fault plane. The more heterogeneous slip
distribution of Model-30 MPa leads to a more heterogeneous stress
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(a) (c)

(b) (d)

Figure 4. Comparison of P and SH synthetic seismograms at select stations. The red area shows the range of synthetic waveforms predicted using the inverted
fault models with �τE ranging from 0.5 to 4 MPa. The observation is plotted as the black dashed line for comparison.

(a) (c)

(b) (d)

Figure 5. Similar to Fig. 4 but here the red area shows the range of synthetic waveforms predicted using the inverted fault models with �τE from 5 to 50 MPa.

distribution (Fig. 6d). The peak stress drop of Model-30 MPa is
about four times greater than Model-5 MPa, compatible with the
increase in the peak slip. The subfaults with large slip are also the
subfaults with large stress drop, and negative stress drop (i.e. stress
increase) appears in the vicinities of high slip patches. The high
correlation between slip and stress distributions is the reason that
�τE is always larger than �τA.

Fig. 7(a) compares the cumulative moment rate functions of three
models: �τE of 2, 5 and 30 MPa, respectively. Regardless of the
significant differences in �τE , these moment rate functions are re-
markably similar. Their effective rupture durations vary from 36
to 37 s. They have similar energy concentrations, with the main
pulses within the time window between 20 and 35 s. The similar-
ity of the moment rate functions to some extent explains why the
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Exploring uncertainty of average stress drop 93

Figure 6. (a) Slip distribution of the Model-5 MPa. A, B and C label the three major asperities; (b) slip distribution of the Model-30 MPa. Panels (c) and (d)
show the stress drop distributions of these two models respectively. Colour denotes the amplitude of the slip or stress drop. The contour lines show the rupture
initiation locations at 5 s intervals. See text for details.

teleseismic data alone cannot distinguish the selected models with
�τE > 5 MPa. This conclusion also can be seen in the spectra of
these moment rate functions (Fig. 7b). Similar rupture durations
lead to similar corner frequency values, and then these models will
have a similar �τB regardless of their big difference in �τE .

Forcing the inverted model to have a given average stress drop can
be viewed as a perturbation/constraint on the inversion process. It is
of interest to investigate whether other kinematic parameters of the
2014 Rat Islands earthquake, such as average slip, average rise time,
average slip rate, and average rupture velocity of these models are
affected by these average stress perturbations. Again, the fault slip is
used as a weighting function because first, the kinematic parameters
of the subfaults with larger slip are generally better constrained (e.g.
Ji et al. 2002) and second, it can avoid the ambiguity of defining the
‘effective’ fault plane. These parameters are calculated by:

D̄ =
∑

j

∑
k D2

jk∑
j

∑
k D jk

(7a)

T̄ =
∑

j

∑
k D jk Tjk∑

j

∑
k D jk

(7b)

Ḋ =
∑

j

∑
k D jk

D jk

Tjk∑
j

∑
k D j k

(7c)

vr =
∑

j

∑
k D jk

L jk

t jk∑
j

∑
k D jk

, (7d)

where for the jkth subfault Tjk , L jk and t jk denote its rise time,
on-fault hypocentre distance, and rupture initiation time. D̄, T̄ ,

Ḋ and vr are the weighted average slip, rise time, slip rate, and
rupture velocity, respectively. Fig. 8 shows their relationships with
average static stress drop. As mentioned earlier, using the current
data set, the models with stress drop larger than 5 MPa are in-
distinguishable. Thus we will limit our attention to models with
�τE ≥ 5 MPa. As �τE was forced to increase from 5 to 50 MPa,
the average slip changed from 2 to 7 m, a factor of 3.5. Given that
this change does not significantly affect the waveform fits, it is safe
to conclude that the weighted average slip D̄ is poorly constrained
by the teleseismic data used in this study (Fig. 8a). Fig. 8(b) shows
the variation in average rise time. There exists a trade-off between
spatial and temporal resolution. The large rise times can smooth out
high frequency radiation produced by a heterogeneous slip distri-
bution. Thus, we might expect the average rise time to also increase
with �τE . However, Fig. 8(b) exhibits a different trend. In fact, T̄
stays nearly constant (3.94 ± 0.12 s) when �τE is less than 25 MPa
but increases by 30 per cent when �τE further increases by a factor
of two to 50 MPa. Hence, the rise time estimate is robust to the
perturbation in �τE . Fig. 8(c) shows the impact of the average
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(a) (b)

Figure 7. (a) Comparison of the cumulative moment rate functions of three selected inverted models with �τE equal to 2, 5 and 30 MPa, respectively.
(b) Comparison of the Fourier spectra of the three models shown in (a), accompanied by the spectrum of a ω2 model with corner frequency of 0.0275 Hz
as reference.

rupture velocity from the hypocentre. We can see that this param-
eter is also very stable (∼2.4 ± 0.03 km s−1), though we do see
some notable variation when �τE < 5 MPa. Finally, we estimate

the weighted average slip rate, Ḋ (Fig. 8d), and again, we see that

Ḋ increases with the �τE . However, the variation is much smaller
compared to the variations of D̄. Among the models with �τE ≥
5 MPa, Ḋ changes by a factor of 2 from 0.7 to 1.4 m s−1. For steady
state dynamic rupture, the dynamic stress drop (�τd ) can be ap-

proximated as μ

πvr
Ḋ (Kanamori 1994). The corresponding average

dynamic stress drop varies from 7.7 to 14.3 MPa. Unlike the nearly

linear increase in D̄, the increase of Ḋ and �τd becomes much less
when �τE is larger than 10 MPa.

4 D I S C U S S I O N

Before further discussion, it is worthwhile emphasizing that here
we are studying the average source parameters of an earthquake.
We suspect that the uncertainty of results should be related to the
relative spatial resolution, that is, the resolution relative to the entire
fault length. In this perspective, the resolution issues we encounter
during this study of the Mw 7.9 Rat Islands earthquake using tele-
seismic data are similar to what would be faced during the study of a
Mw 6–7 earthquake using strong motion data. A teleseismic study
is also chosen to introduce this method because, in our experience,
the azimuthal coverage of teleseismic data is often much better than
a strong motion data set for finite fault studies of large earthquakes.
Furthermore, we admit that in the above analysis, several factors
that can lead to significant uncertainties, such as station distribu-
tion, fault geometry, velocity structure, have been ignored. These
factors can affect our estimates of the lower bound of �τE but will
not affect our argument regarding the upper bound of �τE .

The difficulty in constraining the upper bound of �τE leads us
to question its practicality. While an earthquake has its respective
�τE , we cannot constrain its upper bound using far-field data. This

can be explained intuitively using the two models (A and B) shown
in Fig. 9. The model A has unit slip (D = 1) on a square fault patch
with unit area (S = 1). In model B, all slip uniformly concentrates
in a small square patch with S = 1/9, and at the centre the slip is 9.
Hence, the two models have the same potency as well as the same
average slip within the solid grey box (S = 1). Because the static
stress drop of the uniform slip on a square patch can be represented
as cμD/S1/2, c is a constant, the peak static stress drop of model B
is 27 times that of model A. The average stress drop �τA of models
A and B over the solid grey box (S = 1) are different by about times.
In fact, this ratio will be smaller if one considers the stress increase
in the vicinity of the high stress drop/high slip patch. The �τE of
the two models averaged over the same area changes by a factor of
27, which is the same as the difference in peak static stress drop.
We could view model B as the true rupture scenario and model A
as its approximation. They can represent the entire fault or a single
subfault. When the seismic data is band-limited, it is possible that
both models will predict indistinguishable synthetic seismograms
at surface stations. The simplest way to achieve this is to reduce
the size of the solid grey box (Fig. 9), that is, reduce the size of the
subfaults. Hence, for a given data set, no matter whether one uses
seismic or geodetic data, the upper bound of �τE cannot be fully
constrained, as the subfault size can be reduced indefinitely. Note
that this argument also holds for �τA.

In this study, the finite fault inversion using seismic data matches
the broad-band seismic waveforms. It is well known that the spa-
tial resolution of seismic data is proportional to the wavelength
of the seismic signal (e.g. Spudich & Archuleta 1987; Guatteri &
Spudich 2000; Shao & Ji 2012). The long period signals can con-
strain the centroid location of the entire rupture (e.g. GlobalCMT),
or individual asperities, depending on their wavelengths. Then, the
images of small-scale heterogeneities of slip distributions rely on
the high frequency signals. As far field high frequency observations
are dominated by the signals excited along the edge of asperities
(e.g. Madariaga 1977), the locations of these asperity edges are
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(a) (b)

(c) (d)

Figure 8. Variation of weighted average slip (a), weighted average rise time (b), weighted average rupture velocity (c), and weighted average slip rate (d) with
�τE . The vertical dashed lines mark �τE = 5 MPa. See text for details.

often better imaged. However, the amplitude of final static slip at
asperity edges are less well constrained because of the intrinsic
trade-off between the rise time duration and slip in exciting high
frequency signals. In other words, the rupture scenario with high
total slip and long rise time can produce similar high frequency
radiation as a rupture scenario with small total slip but short rise
time. The difference between Figs 6(a) and (b) illustrates the power
and limitations of finite fault inversions using teleseismic data. This
is different with the inversions using distant geodetic data, which
are often poorer in constraining the edge of the asperities. The
failure to constrain the small-scale roughness of fault slip with
available seismic data is the reason why the �τE of inverted slip
models of the 2014 Rat Islands earthquake has no detectable upper
bound.

Large small-scale roughness in fault slip leads to large local
stress drops. The question is then whether it is possible to have
very high local stress drops during one earthquake. Finite fault
studies using some of the best available data sets have revealed
that abnormally high stress drops at small spatial scales can indeed
occur (e.g. Beroza & Spudich 1988; Ripperger & Mai 2004; Dreger
et al. 2007; Shao et al. 2012). Dreger et al. (2007) indicated that

the peak stress drop can be one order of magnitude larger than the
frictional strength estimated using hydrostatic pore pressure and is
consistent with shear strength determined from fresh rock fracture
experiments (Ohnaka 2003). If local stress drops can be very high,
then high average stress drops cannot be completely ruled out.

4.1 Implications to the earthquake energy budget

As the average stress drop (�τE ) is equivalent to twice the ra-
tio of the ‘apparent’ available energy to the total seismic potency
(Shao et al. 2012; Noda et al. 2013), our result has a direct impact
on the study of the earthquake energy budget. From eq. (1), the
‘apparent’ available energy (�W0) (Venkataraman & Kanamori
2004; Kanamori & Rivera 2006) can be approximated as

� W0 = 1

2

∫

A

�τDdA = �τE M0

2μ
. (8)

Here M0 is the seismic moment and μ denotes the rigidity of the
source region. Generally the seismic moment is well constrained
for large earthquakes. As we showed above, we can give only a
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Figure 9. A cartoon illustrating the potential uncertainty of the estimate of
the average stress drop due to limited spatial resolution. Two models, A and
B, are embedded in a homogeneous medium. Model A has unit slip (D =
1) on a square fault patch with unit area (S = 1). Model B has all of its slip
concentrated in a small square patch (the shaded grey area) with an area of
1/9, but the uniform slip in this grey patch is 9. Note that the two models (A
and B) have the same seismic moment but the stress drop of model B is 27
times that of model A.

lower bound for �τE . Consequently, we can only determine a lower
bound for the available energy of an earthquake. However, as pointed
out by Noda et al. (2013), for a heterogeneous slip distribution
�τE is always larger than either �τA or �τB . In other words, the
lower bound of �W0 estimated using �τE would be larger than that
estimated using �τA or �τB .

The ‘apparent’ available energy, �W0, can be further divided into
fracture energy (EG), the energy that is expended as the increased
dissipation at the rupture front, and the rest as radiated seismic
waves (ER) (e.g. Kanamori & Heaton 2000; Abercrombie & Rice
2005). Subsequently, we can define the seismic radiation efficiency
(ηR) (e.g. Venkataraman & Kanamori 2004) as:

ηR = ER

�W0
= ER

ER + EG
, (9)

where ER can be estimated using observed seismic data. In principle,
the seismic radiation efficiency will be less than one. Venkataraman
& Kanamori (2004) reported that for most crustal earthquakes they
studied, ηR is larger than 0.25. However, for some well-studied
earthquakes, such as the 1992 Landers earthquake, the estimate of
ηR actually exceeds 1. Venkataraman & Kanamori (2004) suggested
that it might imply that the rupture has a more complicated energy
release scenario, for example, one that allows undershoot, and so
more energy than �W0 can be released. Noda et al. (2013) noticed
that the �W0 estimated using �τA or �τB is smaller than that using
�τE , and then suggested that an underestimated �W0 might be
an alternative interpretation. Here, we further illustrate that �W0

inferred from the slip model is only the lower bound of the ‘true’
available energy, and subsequently the seismic radiation efficiency
(ηR) might be overestimated. Ye et al. (2014) calculated the radiated
energy of the 2014 Rat Islands earthquake and yielded an estimate
of 1.1–2.7 × 1016 J, dependent on the assumption of the Earth’s
attenuation. Using 5 MPa as the lower bound for �τE , the upper
bound of ηR then ranges from 0.29 to 0.72. If we use 10 MPa instead,
the upper bound will be a factor of two smaller.

Even with considerable uncertainty, ER can be estimated using
seismic observations (e.g. Choy & Boatwright 1995; Venkataraman
& Kanamori 2004). Then in a purely observational perspective, the
estimate of EG using distant data has no upper bound. Here fracture
energy is defined in a slip-weakening constitutive friction law. For
the rupture of natural earthquakes, it includes the energy losses due
to all the processes other than the constant interface friction. These
energies include those due to plastic yielding near the advancing

fault tip, off-fault cracking, and thermal energies involved in fluid
pressurization and melting (e.g. Kanamori & Rivera 2006; Mai et al.
2006).

As mentioned above, the failure to constrain the small-scale
roughness of fault slip with seismic data is the reason why an upper
bound for �τE and the weighted average slip cannot be constrained;
consequently the inferred fracture energy EG also has no detectable
upper bound. This result is consistent with previous observations.
Analysing the slip distributions of previous earthquakes suggested
that EG is not a constant. It scales with the average fault slip by
(log10(EG) ∼ (1.28 − 1.35)log10(D̄) (Abercrombie & Rice 2005;
Causse et al. 2013), and the degree of slip heterogeneity (Causse
et al. 2013). The former might be caused by thermal lubrication
(e.g. Kanamori & Heaton 2000; Abercrombie & Rice 2005; Di
Toro et al. 2011). Causse et al. (2013) pointed out that if the degree
of roughness of slip asperities reflects the fault surface irregulari-
ties, the latter can be explained with the laboratory result of Ohnaka
& Shen (1999). They noticed that EG is correlated with irregulari-
ties on the fault surface. Hence, the models with higher �τE and D̄
cannot be ruled out simply because of the consequent abnormally
high fracture energy EG.

However, physically speaking, the values of �τE and EG of an
earthquake cannot be infinite. Our above analysis basically rules
out the possibility of constraining the upper bound of �τE of an
earthquake using band-limited seismic and/or geodetic data. This ar-
gument might even hold for �τA. Thus, new conditions/constraints
have to be introduced to explore the upper limit. For instance, we
might use the shear strength obtained from fresh rock fracture ex-
periments (Ohnaka 2003) to constrain the maximum local stress
drop. Another plausible way is to assume that the heterogeneous
stress can be modelled as a stochastic process (e.g. Smith & Heaton
2011). Then one either inverts for the stochastic parameters using
available data or directly adopts the results of previous studies. For
example, assuming the degree of slip roughness reflects the fault
surface irregularities, we might be able to constrain the inverted slip
model with the scaling laws of fault roughness found in previous
field or laboratory studies (e.g. Brodsky et al. 2016). However, this
is beyond the scope of this article.

4.2 Implications to the study of intermediate
depth earthquakes

A classic axiom in seismology is that the average stress drop of
earthquakes is constant over all magnitudes (e.g. Aki 1967, 1972;
Kanamori & Anderson 1975). These studies and others indicate that
shallow earthquakes have similar average stress drops. The median
stress drop is nearly constant though there is significant scatter (e.g.
Allmann & Shearer 2009) with earthquakes over a wide range of
magnitudes. It is noteworthy that in these studies, the slip of rup-
ture is assumed to be uniform and the small-scale heterogeneities
are ignored. Intermediate depth and deep focus earthquakes (depth
70–670 km) have been shown to have higher stress drops, despite
how the relationship of stress drop versus depth changes (e.g. Wyss
& Molnar 1972; Kikuchi & Fukao 1987). Vallée (2013) recently
systematically studied the durations and peaks of the moment rate
functions of 1700 6 < Mw < 9 earthquakes estimated with teleseis-
mic data. He found that the data is consistent with the hypothesis
that the average strain drops of earthquakes are constant over depth.
Then, the increase in stress drop with depth is due to the increase
in shear modulus with depth. For the depth range of just intermedi-
ate depth earthquakes (70 to 300 km), the shear modulus is about
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2.6 times that of the upper crust. The result of Vallée (2013) sug-
gests that the median of the average stress drop of intermediate
depth earthquakes is in the order of 8 MPa. This is consistent with
the lower bound of �τE for the 2014 Rat Islands earthquake found
in this study.

However, as shown in Fig. 7, the moment rate functions of the
models with very different �τE (from 2 to 30 MPa) can have sim-
ilar durations and peak amplitudes. In other words, the average
stress/strain estimate based only on the duration and peak ampli-
tude of an earthquake’s moment rate function is not unique. Pre-
vious waveform analyses revealed that the along-strike extensions
of large intermediate depth earthquakes are often much larger than
the extensions in the downdip direction (e.g. Tibi et al. 2002). The
approach Vallée (2013) used considers, to some extent, the rupture
heterogeneity of these intermediate depth earthquakes in the along-
strike direction but still suffers from the uncertainty in the downdip
extensions. Note that when the duration and peak of a moment rate
function are fixed, the width of the fault reduces by a factor of two,
and the stress drop will increase by a factor of four. In fact, evidence
suggests that the stress drop estimate using near-epicentre records,
which better constrains the rupture area, can be several times larger.
For example, Takeo et al. (1993) estimated a stress drop of 42 MPa
for the Mw 7.6 1993 Kushiro-Oki, Japan earthquake using near- and
far-field data and the aftershock distribution. Essentially, more work
needs to be done to further constrain the lower bound of the average
stress drop for intermediate depth and deep focus earthquakes.

4.3 Energy based smoothing constraint during the finite
fault slip inversion

Finite fault source inversion is one of the most well-known ill-posed
geophysical inverse problems (e.g. Mai et al. 2016). Researchers of-
ten have to use hundreds to thousands of free parameters to represent
the spatiotemporal earthquake rupture history, regardless of the fact
that only a portion of them could be well constrained by the obser-
vations (e.g. Shao & Ji 2012). Various regularizations are then used
to stabilize the solution. A smoothing constraint applied to the fault
slip is one that is used by most conventional inversion algorithms
(e.g. Hartzell & Heaton 1983). When several different models fit
the data equally well, common in ill-posed situations, this regular-
ization ensures that the solution with the smoothest slip distribution
is chosen. As we discussed above, the inverted models with stress
drop larger than 5 MPa are essentially indistinguishable using only
teleseismic data. Because the models with higher �τE have more
heterogeneous slip distributions (e.g. Fig. 6), they will not be the
final solution of the conventional inversion algorithms. We suspect
this is the reason why the deviations of the average stress drop of
earthquakes in previous studies are often limited (e.g. Causse et al.
2013).

The definition of slip roughness, which is minimized during the
finite fault inversion, is not unique. For example, Hartzell & Heaton
(1983) favoured a simple smoothing scheme, that is, Di − D j

∼= 0,
where Di and D j are the slip of adjacent subfaults. Because the slip
difference between adjacent subfaults is related to the local stress
drop, this constraint achieves a smoothing model by minimizing the
local stress drop. Du et al. (1992) defined the fault roughness as the
Laplacian of the inverted slip distribution along the fault surface.
To some extent, this constraint achieves a smoothing model by
minimizing the local gradient of inferred stress drop. If solving the
finite fault inversion using singular value decomposition (SVD),
the smoothing of the fault slip can also be achieved by properly

Figure 10. Variation of �τE with the fault roughness defined using the
summation of the Laplacian of the corresponding inverted fault slip at all
subfaults.

truncating the small eigenvalues (Hartzell & Heaton 1983). All
of these methods can lead to smoothing, but their impacts on the
inverted slip distributions are different. For example, the Laplacian
smoothing method will have a stronger smoothing effect on the
asperity edge than simply constraining the difference in slip between
adjacent subfaults.

A trade-off exists between how well a model fits the data and
also satisfies smoothing constraints that are used to stabilize the in-
version. Their relative impacts to the overall misfit can be adjusted
with a particular weight, such as in eq. (5). How to properly se-
lect the value of the smoothing constraint is one of the unanswered
questions in seismology (e.g. Harris & Segall 1987; Somerville
et al. 1999; Sekiguchi et al. 2000). During our inversions, we have
used the trial and error approach proposed by Hartzell & Heaton
(1983), which is subjective to the modellers. On the other hand,
more quantitative methods have been introduced. Ide et al. (1996),
Sekiguchi et al. (2000) and Fukahata et al. (2004) proposed to select
the weight value quantitatively using Akaike’s Bayesian Informa-
tion Criterion (ABIC; Akaike 1980). Du et al. (1992) and Mendoza
& Hartzell (2013) suggested selecting it by inspecting the trade-off
curve between data misfit and roughness of the inverted slip, that
is the L-curve (e.g. Hansen & O’Leary 1993; Mendoza & Hartzell
2013). To some extent, this kind of curve is similar to what is shown
in Fig. 2, though here �τE replaces the roughness of inverted slip
as the horizontal axis.

As shown in Fig. 10, there is a positive correlation between the
energy based average stress drop �τE and the fault roughness de-
fined using the Laplacian of the inverted slip distribution. It implies
that the smoothing of the inverted slip model can also be achieved
by reducing the pre-assigned �τE value. Therefore, to some ex-
tent, looking for the lower bound of �τE for a given earthquake is
analogous to looking for the optimal weight of the aforementioned
smoothing constraints during the finite fault inversion. Obviously,
the lower bound of �τE has a much clearer physical meaning. With
the current global seismic network, the seismic moment or potency
of Mw > 6 earthquakes can be well constrained. Then the search
for the lower bound of �τE is equivalent to the search for the lower
bound of the available energy. Each data set has its individual spa-
tial resolution of the fault slip, which controls the resolution of the
lower bound of the available energy. Hence such a lower bound
is extremely important for the scientists who want to use them.
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This new approach can be named as the energy based smoothing
constraint. It can also be applied to the inversions using geodetic
data. More in-depth aspects of this approach need to be explored
to, for example, more quantitatively select �τE using the L-curve
or ABIC method mentioned above. However, they are beyond the
scope of this work and we leave it to future efforts.

5 C O N C LU S I O N S

The static stress drop varies locally over the fault surface. In most
cases only its average value can be determined using seismic obser-
vations and often with large uncertainties. In this study, we focus
on the energy based average stress drop �τE estimated from the
inverted finite fault slip model. Conventional finite fault inversions
do not directly invert for on-fault stress change; thus it is unclear
whether models with significantly different stress drops can match
the observations equally well. To address this concern, we devel-
oped a new nonlinear inversion strategy to explore the uncertainty
range of �τE for large earthquakes. For a given earthquake, we loop
through a series of target stress drops; for each case we conduct a
modified finite fault inversion to find the solution that matches not
only the seismic and geodetic data but also matches a prescribed
�τE . As an example, we use teleseismic waveforms to constrain
�τE of the 2014 Mw 7.9 Rat Islands intermediate depth earthquake.
We found that the waveform misfit associated with the inverted
model decreases quickly as �τE increases from 0.5 MPa to 5.0 MPa,
but varies negligibly as �τE increases from 10 to 50 MPa. Hence
we are able to define the lower bound of �τE but fail to constrain its
upper bound. Our further investigation indicates that this is caused
by the fact that teleseismic data only has limited resolution of the
fine scale roughness of fault slip. Because the spatial resolutions of
all seismic or geodetic data are limited, this leads to the conclusion
that the upper bound of �τE cannot be determined from inversions
of this data.

Regarding the earthquake energy budget, failing to constrain the
upper bound of �τE leads to the following conclusions:

(1) The upper bound of the available energy (e.g. Kanamori &
Heaton 2000) cannot be retrieved using only seismic and/or geodetic
data.

(2) The observed seismic radiation efficiency is close to its upper
bound.

(3) The upper bound of average fracture energy EG cannot be
retrieved only with seismic or geodetic data.

Forcing an inverted slip distribution to have a pre-assigned �τE will
strongly influence the inversion. It impacts other average kinematic
parameters as well. As expected, when �τE increases by one order-
from 5 to 50 MPa the weighted average slip increases monotonically
3.5 times. In contrast, the impact on the average rupture velocity is
negligible, and the effect on the average rise time is much smaller
(<30 per cent). The average slip rate, which is influenced by both
slip and rise time, increases by a factor of two, which might suggest
that the average dynamic stress drop rises by a factor of two when
the static stress drop increases by a factor of ten.

Finally, �τE is correlated with the roughness of fault slip. Look-
ing for the lower bound of �τE for a given earthquake is analogous to
looking for the optimal weight of the smoothing constraints during
the finite fault inversion but with a much clearer physical mean-
ing. Such an energy based smoothing scheme needs to be further
investigated.
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S U P P O RT I N G I N F O R M AT I O N

Additional Supporting Information may be found in the online ver-
sion of this paper:

Figure S1. Variation of the waveform misfits of 176 inverted models
with average stress drop (�τE ) and stress coefficient, λτ . Each circle
denotes one inverted model with the colour showing the value of
the corresponding waveform misfit. As mentioned in the main text,
we let the target stress drop change from 0.5 to 50 MPa. However,
when the target stress drop is small, for example 0.5 MPa, �τE of
the inverted model might be significantly larger than the target. The
respective waveform misfit colours each test, where high misfits
are in red and low in blue. As the stress coefficient is increased the
waveform misfit also increases, emphasizing the need to use the
minimum λτ that still ensures the inversion converges to the target
stress drop.
Figure S2. Variation of waveform misfit with �τE . Upper-right
inset shows the entire range of stress drops we have surveyed. Note
that the waveform misfit is essentially constant when �τE is larger
than 10 MPa. The red box highlights the stress range of 2–15 MPa,
which is enlarged to be the main figure. The black dashed line
denotes the average misfit for inverted models with �τE ≥10 MPa.
The red dashed line further denotes this average line plus two times
the standard deviation of the waveform misfit range due to the choice
of the initial model.
Figure S3. Comparison of P and SH synthetic ground displacement
seismograms at select stations. The red area shows the range of
synthetic displacement predicted using the inverted fault models
with �τE ranging from 0.5 to 4 MPa. The observation is plotted as
the black dashed line for comparison. The unit of vertical axis is
µm.

Figure S4. Similar to Fig. S3 but here the red area shows the range
of synthetic ground displacement waveforms predicted using the
inverted fault models with �τE ranging from 5 to 50 MPa.
Figure S5. Distribution of the rise time (s) for selected slip models
with �τE equal to (a) 5 MPa, and (b) 30 MPa. Colour denotes the
rise time values of the subfaults with significant slip (>10 per cent of
inverted peak slip). The corresponding slip and stress distributions
are shown in Fig. 7.
Figure S6. Average slip (m) for all inversions calculated using the
simple definition:

D̄simple = 1

n

n∑
i=1

Di (s1)

where Di is the slip at the ith subfault, and n is the number of
subfaults with slip greater than 10 per cent of the peak slip. The
average slip increases monotonously with average stress drop from
0.66 to 4.68 m (a factor of ∼7).
Table S1. Search range for inverted parameters.
Table S2. The average slip values for the two test cases shown
in Fig. 6, Model-5 MPa and Model-30 MPa, calculated using the
simple and weighted average slip formulae. Also, the simple and
weighted average slip for each main asperity for each of the two test
cases, as labelled in Fig. 6, is given. Finally, the peak slip (m) for
each model as a whole, and for each asperity, is also shown. The
weighted average slip is given by eq. (7a), and the simple average
slip is given by eq. (s1).
(http://gji.oxfordjournals.org/lookup/suppl/doi:10.1093/gji/ggw374/
-/DC1)
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