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Abstract Uncertainty in reported body-wave arrival times is a key contributor to earthquake location
error estimates, especially in the early-instrumental period (e.g., prior to the early 1960s). As such, a reli-
able assessment of the observational errors in the early-instrumental period is an important element of the
earthquake location problem. The standard location procedures at the International Seismological Centre
assume seismic arrival time picking errors as defined for the most recent decades of instrumental seismol-
ogy (i.e., from the early 1960s). However, the error estimates currently used fail to capture the uncertainty
in the seismic arrival time picks for earthquakes that occurred before the early 1960s (early-instrumental pe-
riod). The larger observational uncertainty in earlier years arises from a range of error sources when reading
arrival times on analogue seismographs. Such errors have drastically reduced since the 1960s thanks to the
significant improvements in seismometry and time keeping, as well as the migration from analogue to digi-
tal stations worldwide. Since observational errors play a key role in the uncertainty estimates for earthquake
locations, it follows that error ellipses for early-instrumental earthquakes are underestimated in our current
procedures. To address this issue, we modify the error assumptions used in the early-instrumental period by
using a time dependent term that producesmore reliable error ellipses for early-instrumental earthquakes.

1 Introduction
From early-instrumental seismological observations at
the turn of the 20th century (e.g., Wiechert, 1903) to
modern digital seismic networks (Ammon et al., 2010),
one of the fundamental tasks performed by seismolo-
gists is to interpret seismic recordings and provide ar-
rival times of various phases in order to locate seis-
mic events. Since the least-square procedure intro-
duced by Geiger (1910), location algorithms are typi-
cally based on: a) an Earth model (usually 1-D) or travel
time tables; b) a broad idea of the likely location (or
starting point); c) arrival times of seismic phases ti =
T (xi, yi, zi, x0, y0, z0) + t0, where T is the seismic phase
travel time, xi , yi , zi are the station coordinates of the ith
station, x0 , y0 , z0 and t0 are the hypocentre coordinates
and event origin time, respectively.
Numerical approaches for earthquake location are

notoriously affected by several sources of error. Two
important components of uncertainty stem from devi-
ations of the real Earth’s structure from the adopted
model and errors in the observations (seismic phase ar-
rival times, ti). These two components of location er-
ror are difficult to separate (Billings et al., 1994). Never-
theless,modern location algorithmshave procedures in
place to minimise biases due to Earth’s heterogeneities
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and take into account uncertainties in ti (more details
in the next section). Consequently, measurements and
model errors are intrinsic features of the earthquake lo-
cation problem and are linked to the resulting location
uncertainties (e.g., Flinn, 1965; Evernden, 1969; Buland,
1976; Jordan and Sverdrup, 1981).

Considering the significant changes in seismology
and seismometry since the beginning of global obser-
vations at the turn of the 20th century (e.g., Kanamori,
1988; Agnew, 2002; Wielandt, 2002), improvements in
time keeping (e.g., Storchak et al., 2015; Agnew, 2020,
and references therein) and the ever growing world-
wide seismic network and associated data (Bondár and
Storchak, 2011; Bondár et al., 2015), it is natural to ex-
pect a decrease over time in global location errors. To
corroborate this, one should use a dataset that includes
consistently calculated instrumental location uncer-
tainties (i.e., using the sameEarthmodel andalgorithm)
over a long period of time. To our knowledge, the only
dataset that fulfils such requirements is the ISC-GEM
Catalogue (International Seismological Centre, 2023b).
The advantage of this catalogue is that it uses modern
location techniques (Bondár et al., 2015) and provides
uncertainties for the entire period of global instrumen-
tal seismology (i.e., since 1904). The location error es-
timates in the ISC-GEM Catalogue are ultimately com-
puted by the ISC location algorithm (Bondár and Stor-
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chak, 2011), hereafter referred to as ISCloc. Fig. 1 shows
the annual error ellipse semi-major axis (Smajax) dis-
tribution1 (interquartile range) as extracted from the
catalogue version released in March 2023 (see Data
availability).
Despite the presence of minor fluctuations, a general

decrease over time of the location errors is observed,
with the largest location uncertainties occurring in the
early years of the 20th century. The annualmedian value
of Smajax is just above 30 km before 1910, between 20
and 30 km up to the late 1920s, then between 10 and
20 km up to 1952 and below 10 km afterwards. The
small error ellipses in themore recent instrumental pe-
riod2 are a result of the nature of the ISC-GEM Cata-
logue, which includes only large earthquakes (down to
magnitude 5.0-5.5 since 1964). This means that, in gen-
eral, earthquakes in the more recent period are well-
recorded worldwide with good station azimuthal cover-
age.
Although Smajax in the first two decades of the 20th

century is about 4 to 7 times larger than in the 21st cen-
tury (Fig. 1), we find that ISC-GEM error ellipses for
early-instrumental3 earthquakes can differ significantly
from estimates by other authors, as outlined in Fig. 2.
Even if comparing results from different location

techniques and their associated error estimates is
not straightforward, it appears that early-instrumental
earthquake location error estimates from the ISC-GEM
Catalogue are consistently smaller than those from
other studies considering the same period. In the re-
cent period we observe a much better fit between liter-
ature results and the ISC-GEM Catalogue, although the
number of earthquakes depicted in Fig. 2 is relatively
small. We show that the underestimate of the error el-
lipses in the ISC-GEM Catalogue for early-instrumental
earthquakes is due to the use of prior error assumptions
originally defined for the more recent period of instru-
mental seismology (Bondár and Storchak, 2011). These
assumptions fail to capture the real uncertainty of the
reported picks in the first part of the 20th century. To
address this issue, we derive a time dependent uncer-
tainty term from the analysis of travel time residuals cal-
culated for relatively well recorded earthquakes in the
ISC-GEM Catalogue. We show that the use of such un-
certainty term allows us to obtain more realistic error
ellipses for early-instrumental earthquakes.

2 Observational errors
The challenges of locating early-instrumental earth-
quakes are well documented (Adams, 2004). They orig-

1The same trends observed in Fig. 1 are seen if the area of the error ellipses
is considered instead ofSmajax. Nevertheless,Smajax is a good proxy for
the size of the error ellipse as ISCloc, by taking into account correlated errors,
makes the error ellipses more circular. It reduces, therefore, the number of
long, elongated error ellipses.

2For sake of simplicity, we distinguish between early-instrumental and re-
cent period of instrumental seismology if an earthquake occurred before and
since 1964, respectively, where 1964 is the first year of the reviewed ISC Bul-
letin (International Seismological Centre, 2023a).

3For early-instrumental we here refer to the period where earthquakes
were recorded by analogue instruments such as the Wiechert, Galitzin,
Mainka, Bosh-Omori and other instruments operative in the first half of the
20th century (see, e.g., Kanamori, 1988).

inate mainly from a combination of sparse and uneven
station distribution (Di Giacomo et al., 2018) and uncer-
tainties associated with the readings of the seismic ar-
rival times. With regard to the latter, it is fitting for the
purpose of this work to quote Kanamori et al. (2010)4
regarding the location of the 4 January 1907 Sumatra
earthquake: “We conclude that the available arrival time
data in 1907 are so poor (probable picking error of about 10 s
for Milne seismograms or about 3 s for Omori or Wiechert
seismograms; in addition, there were large clock errors, ex-
ceeding tens of seconds at some station) that epicentre loca-
tion has an error of at least 1◦”. It follows that a reliable as-
sessment of the uncertainty associated with seismic ar-
rival times is necessary. Before discussing our approach
to account for the magnitude of early-instrumental ob-
servational errors, we first recall the setup in our pro-
cedures, provide a brief overview of the observational
error assessments in the literature (both for the early-
instrumental and recent period), and discuss features
of travel time residuals in ISC-GEM locations.

2.1 Summary of the ISC location procedures
Here we give a brief overview of key features of the ISC
location procedures as described more fully in Bondár
and Storchak (2011). ISCloc uses all phases with a de-
fined travel time in the ak135 model (Kennett et al.,
1995) and performs an iterative linearised inversion us-
ing an a priori estimate of the full data covariance ma-
trix to account for correlated model errors (Bondár and
McLaughlin, 2009a). Bondár and Storchak (2011) in-
spected the travel time residuals computedwith respect
to ground truth (GT) locations (Bondár andMcLaughlin,
2009b), also known as IASPEI Reference Event List (In-
ternational Seismological Centre, 2023c, hereafter re-
ferred to as GT List), to set a priori picking errors for
specific phases in different distance ranges. The a pri-
ori picking errors range from aminimum of 0.8 s set for
the first arriving P-type phases (Pg, Pb, Pn, P ), gener-
ally picked more accurately than later phases, to 2.8 s
for phases diffracted along the core-mantle boundary
(e.g., Pdif , Sdif , PKPdif ). In-between there is a mul-
titude of seismic phases with a priori errors of 1.2 s for
P at distances between 15◦ and 28◦ and Pn at distances
between 15◦ and 20◦, 1.3 s for core phases and a num-
ber of depth phases (e.g., pP , sP , pwP ), 1.5 s for the
first arriving S-type phases (Sg, Sb, Sn, S) and 1.8 s
and 2.5 s for free surface reflections, conversions and
less reliable depth phases. Fig. 3 shows the a priori er-
rors for commonly picked phases (the full table is avail-
able in the SupplementaryMaterial). The relative differ-
ences in the a priori errors described above means that
phases that are expected to have greater uncertainty in
the picked onset are down-weighted in the location al-
gorithm. Assuming that seismic arrival times arepicked
reliably and ignoring dependency on signal-to-noise ra-
tio (magnitude), distance and variations between seis-
mic networks (or data reporters) or even from station
to station, the a priori error measurements are a sta-
tistical quantity representing observational arrival time
error estimates of the global seismic network (here in-

4Quote from the Appendix, page 371.
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Figure 1 Annual median (small filled circle with white outline) and interquartile range (filled grey box) of the semi-major
axis of the error ellipses (Smajax) in the ISC-GEM Catalogue, version 10, covering the period 1904-2019. We only show the
interquartile range (i.e., instead of the classic box-and-whisker plot) because we want to highlight the general trends in lo-
cation uncertainty over the years (outliers would require a y axis range of 0-2000 km). The large open circles represent the
annual number of earthquakes (right-hand y-axis).

Figure 2 Timeline of Smajax estimates from different works: brown crosses from studies authored and co-authored by
D. Doser (Doser, 2001, 2004, 2005, 2006; Fernández Arce and Doser, 2009; Suleiman and Doser, 1995) for earthquakes in dif-
ferent regions and using the location technique of Petroy andWiens (1989); purple diamonds from studies authored and co-
authored by E. Okal (Martin et al., 2019; Okal and Hartnady, 2009; Okal et al., 2010; Okal and Borrero, 2011; Okal et al., 2011)
for the 4 January 1907 Sumatra earthquake, three large events during 1917-1919 in theKermadec-Tonga-Samoa region, three
large earthquakes of the 1932 Manzanillo (Mexico) sequence, the 27 June 1929 South Sandwich Islands earthquake and the
14 February 1934 China Sea earthquake. These relocations were obtained with the procedure described in Wysession et al.
(1991); red plus symbols from Tape et al. (2017) and Tape and Lomax (2022) as obtained from the NonLinLoc location algo-
rithm (Lomax et al., 2000) for a broad region encompassingAlaska and theAleutians; cyanhexagons fromstudies authoredby
A. Morozov and co-authors (Morozov et al., 2019a,b, 2020) for earthquakes in the Arctic and the 1927 Crimea sequence; green
triangles are from Nishenko and Singh (1987) for earthquakes in the Acapulco-Ometepec, Mexico, region; blue circles from
Petroy and Wiens (1989) for earthquakes in the northeast Indian Ocean; orange square from Bungum et al. (2009) for the 23
October 1904 Oslofjord earthquake using the HYPOSAT algorithm (Schweitzer, 2001); gold inverted triangle from Niemz and
Amorèse (2016) (NonLinLoc solution) for the 10 November 1935 near Monserrat earthquake; pink star from Kanamori et al.
(2010) for the 4 January 1907 Sumatra earthquake. The smaller black symbols are the Smajax values in the ISC-GEM Cat-
alogue corresponding to the coloured symbols, as plotted at the same origin time and with the same symbol type. Readers
are referred to theworks cited here for details about the location procedures adopted by different authors. We only point out
thatNonLinLoc error ellipses are scaled at 68%and thatmost of the otherSmajax values derive from90%or 95%confidence
levels.
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tended as all stations with seismic arrival times avail-
able to the ISC). These uncertainty estimates (i.e., errors
in the data) clearly impact the uncertainty expected in
the location solution.
The inversion procedure of the ISC locator solves for

Gm = d, where G denotes the matrix containing the
partial derivatives of N data by M model parameters,
m themodel adjustment vector and d the vector of time
residuals (see for details Bondár and Storchak, 2011).
The starting point (latitude, longitude, origin time and
depth) can be provided as an instruction parameter
when running ISCloc. For ISC-GEM locations (Bondár
et al., 2015) we use as starting point the location ob-
tained by the Engdahl et al. (1998) location alghorithm
(known as EHB).
When similar raypaths arepresent, the assumptionof

independent errors is violated, and the data covariance
matrix is no longer diagonal. To account for correlated
model structure error (i.e., errors arising when the sta-
tion separation is less than the scale of the unmodeled
3-D Earth’s velocity structure), the ISC locator follows
the approach of Bondár andMcLaughlin (2009a) and as-
sumes that the similarity between ray paths is well ap-
proximated by the station separation. This allows the
inter-station covariance to be estimated by using the
variogram prescribed by Bondár and Storchak (2011).
Note that phases picked at co-located stations are con-
sidered fully correlated by the variogram, and the corre-
lation gradually decreases with increasing station sepa-
ration along the variogram curve. Once the variogram
flattens out at the sill value, the pairs of phase picks are
no longer correlated. The a priori errors for each phase
are then added to the diagonal elements of the data co-
variance matrix
CD(i, j) = σ2

sill − γ(hij) + δijσ2
phase,

whereσ2
sill, γ(hij), δij andσ2

phase denote thebackground
variance where the variogram levels off at large station
separation (the pairs become independent), the vari-
ogram value for the distance hij between the ith and
jth stations, the Kronecker delta and the a priori esti-
mate of the measurement error covariance for an ob-
served phase, respectively. Once a convergent solution
is found, the error ellipses are obtained from
(r − rloc)T CM (r − rloc) = κ2

α,
where rloc denotes the location vector of the epicentre,
κ2

α is defined following Jordan and Sverdrup (1981) and
CM is the posteriori model covariance matrix
CM = G−1CDG−1T . All ISC-GEM error ellipses are
scaled to α = 90 confidence level. Since we can as-
sume that the correlated travel time errors are time-
independent (i.e., unmodeled 3-Dheterogeneities in the
Earth’s structure do not change over the instrumental
period of seismology), the components that can be af-
fected over this time period are solely the observational
errors, accounted for in the diagonal elements of the co-
variance matrix.
Along with the error ellipses, the ISC locator also

computes various metrics (Bondár et al., 2004; Bondár
andMcLaughlin, 2009a) that help to assess the quality of
a solution. These includemaximal secondary azimuthal
gap (sgap) computed not only for the entire network
but also for different distance ranges (local: 0-150 km;

near regional: 3◦-10◦; teleseismic: 28◦-180◦), number
of defining phases (ndef ), number of defining stations
(ndefsta) and number of independent defining phases
(nrank). A seismic phase arrival time is set as defining if
its residual is within sigmathres times that of the corre-
sponding a priori error (sigmathres = 6 in our configu-
ration). As guideline, we can expect that a more robust
location is obtained when sgap is low (ideally down to
180◦ or less) and it fits as many observations as possible
(i.e., ndef , ndefsta and nrank are as high as possible).

2.2 Literature review
Hereweprovide examples of the observational error es-
timates from the literature. The works considered are
not intended as a comprehensive review but rather to
serve as an independent assessments of the errors in the
observations both the in early-instrumental and mod-
ern period.
For the early-instrumental period we have to con-

sider that seismograms were recorded on paper (with
timemarks)moving at variable speed depending on the
seismograph setup. In this context, observational er-
ror sources have been summarised well by Freedman
(1968) as:

• miscounts (e.g., misread seconds, minutes or even
hours);

• misidentifications (e.g., whendue topoor signal-to-
noise ratio the first arriving P signal may be over-
looked);

• instrumental errors (e.g., clock drift, variable pa-
per speed);

• reading errors (e.g., depending on the analyst pick-
ing experience).

To these error sources we can add typos (e.g., wrong
minute, hour etc.) in parametric data originating ei-
ther fromoriginal data sources (e.g., printed stationbul-
letins) or from the digitisation of arrival times before re-
ports to the ISC became fully electronic.
Jeffreys (1931)was probably the first to identify obser-

vational error sources by analysing the 1923-1927 time
residuals in the ISS (1918–1963) and provided the first
assessment of time instrumental errors:
“On machines with speeds of paper of 8 mm, 1.5 cm, and
30 cmperminute respectively, this corresponds to uncertain-
ties in timing of 4 s, 2 s, and 1 s. Errors exceeding 4 s on this
ground are therefore not to be expected’’5. Jeffreys (1931)
also notes that “the clock error at most stations is probably
trustworthy within a second or so, though there are some
stations where the consistency of P and S residuals of large
amount points to clock errors of 30 s or more”.
Relocations of significant earthquakes have been per-

formed in many works authored and co-authored by E.
Okal (some of which are included in Fig. 2 with pur-
ple diamonds). In such studies relocations have been
done for early-instrumental (and to some extent also

5Jeffreys (1931, page 333). Note that we quote the 30 cm speed as in the
original paper, however this is probably a typo and most likely a speed of
3.0 cm was intended.
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Figure 3 a priori errors for commonly picked phases as function of distance (P waves in black and S waves in dark grey).

modern) earthquakes using the interactive method of
Wysession et al. (1991), which allows the injection of
Gaussian noise (σG) into the arrival times. The choice
of σG appears to be based on the assessed reliability of
the data in a given year or on expert-judgement. Fig. 4
summarises the σG values for specific earthquakes (see
the SupplementaryMaterial for details about events and
references used to create the plot). At times the value
of σG is set following special circumstances, as it is for
the unique case of the great Aleutian and Chilean earth-
quakes of 17 August 1906, which are separated by 30
minutes, where Okal (2005) used a σG value of 35 s due
to the challenging situation created by the overlapping
recordings resulting from these two earthquakes. As
such, a σG of 35 s should be considered an outlier and
not representative of the error measurements in 1906.
Indeed, even for the Sumatra earthquake of 1907 σG

goes down to 12.5 s (Martin et al., 2019). Nevertheless,
the important feature shown in Fig. 4 is the overall de-
crease of σG with time. The minimum of 1 s is reached
for relocations of earthquakes occurring in 1963 (Okal
et al., 2011).
Relocations of early-instrumental earthquakes in

Alaska and the Aleutians have recently been performed
by Tape et al. (2017) and Tape and Lomax (2022) us-
ing NonLinLoc (Lomax et al., 2000) (red plus symbols
in Fig. 2). For the 1904 Central Alaska earthquake
Tape et al. (2017) use “observation uncertainties” of 10 s
whereas for earthquakes belonging to Aleutian-Alaska
megathrust early-instrumental (from 1938) sequences
Tape andLomax (2022) use 1 and 4 s forP andS arrivals,
respectively. Earthquake relocations done by Morozov
et al. (2019a,b, 2020) (cyan hexagons in Fig. 2) were ob-
tained with “onset picking errors” of 2 or 3 s.
In the more recent instrumental period we see an

important reduction in the uncertainty of the observa-
tions due to the significant improvements in instrumen-
tation and time keeping that took place from the early
1960s. Freedman (1968) suggested that high quality in-
struments, such as the ones belonging to World-Wide
Standardized Seismograph Network (WWSSN, Oliver
and Murphy, 1971; Peterson and Hutt, 2014), make the
instrumental error negligible compared to other error
sources. Therefore, considering the increased num-
ber of reliable stations deployed around the world and
the consequent reduction in earthquake location uncer-
tainty, it became possible to use residuals of seismic
arrival times as a reliable and meaningful input to in-
fer features the Earth structure (e.g., Poupinet, 1979).
After decades of observations this allowed the deriva-
tion of improved 1-D Earth models (Kennett and Eng-
dahl, 1991; Kennett et al., 1995). In this context pick-
ing error measurements have not been a main focus
of research (Zeiler and Velasco, 2009) as their contribu-
tion in travel time residuals has been generally consid-
ered (understandably) of secondary importance com-
pared to the error related to Earth’s heterogeneities. Yet
some studies considered the uncertainty related to pick-
ing errors. For example, Freedman (1966), in a pio-
neering study to quantify picking errors from seismo-
grams recorded at Mineral, California, for earthquakes
in 1962, reports that reading errors for P-waves are ex-
pected to be within 0.2 s and 1 s in cases of clear or poor
signals, respectively. High and low quality picks made
by Jordan and Sverdrup (1981) were assigned standard
errors of 0.7 s and 1 s, respectively, in line with findings
by Freedman (1967) and Evernden (1969). Billings et al.
(1994) assumed a standard deviation of 0.25 s and 0.5 s
for P-waves and S-waves, respectively, in their investi-
gation on errors in location. Douglas et al. (1997) used

5
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Figure 4 Gaussian noise (σG) added to the arrival times for relocating specific earthquakes in works authored and co-
authored by E. Okal. The details about events and corresponding papers are in the Supplementary Material.

both explosions and earthquakes to suggest that the true
picking error of P-wave onsets can be over 0.5 s (up to
several seconds). A recent investigation on the picking
error problem from digital waveforms has been done
by Zeiler and Velasco (2009). They show that picking
errors depend on distance, noise and even the institu-
tion reporting picks. Among other findings, they esti-
mated a standard deviation of about 0.4 s and 0.3 s for
regional and teleseismic picks of P-waves, respectively.
At regional distances, however, errors may exceed 3 s
for other phases.

2.3 Travel time residuals from ISC-GEM loca-
tions

The station data used to obtain the locations listed in the
ISC-GEM Catalogue allows us to explore features of the
travel time residuals over the entire instrumental pe-
riod of seismology since, as mentioned earlier, the lo-
cations have been obtained using the same 1-D model
(ak135, Kennett et al., 1995) and algorithm (Bondár
et al., 2015). In the version released inMarch 2023 (V10,
see Data availability), the catalogue covers the period
1904-2019 and includes moderate earthquakes down to
magnitude 5.5 and 5 in the early-instrumental and re-
cent period, respectively (see catalogue overview page
at www.isc.ac.uk/iscgem/overview.php).
The selection criteria to include an earthquake in the

ISC-GEM Catalogue are detailed in Di Giacomo et al.
(2018). The important aspect to recall here is that mag-
nitude is the driving parameter (i.e., all earthquakes
with magnitude 5-5.5 are considered). It follows that
if an earthquake of moderate size is poorly recorded
(only a handful of stations are available) and the net-
work geometry is far from desirable (e.g., sgap > 270◦),
we still try to relocate it and include it in the catalogue.
For this work, however, we are interested in describing

prominent time-variable trends of the travel time resid-
uals. To capture such trends one would ideally require
that the starting input is free, to the largest extent pos-
sible, of mislocated events (as done by Bondár and Stor-
chak, 2011, with the GT List). As we cannot use the GT
List in the early-instrumental period, we only consider
those earthquakes in the ISC-GEM Catalogue that have
ndefsta ≥ 10 and teleseismic sgap ≤ 220◦ up to 1912
and ≤ 180◦ from 1913. We use the teleseismic sgap in-
stead of the whole network sgap since a) in the early-
instrumental period the majority of arrival times are in
the teleseismic distance range; b) the model error con-
tribution to the time residuals is lower (i.e., observa-
tions at regional distances arenotoriouslymore affected
by Earth’s heterogeneities, see, e.g., Myers et al., 2010).
The larger sgap criterion for the early years of the 20th
century is necessary in order to have a larger number of
earthquakes (N=58) selected (only 14 earthquakes have
teleseismic sgap ≤ 180◦ before 1913). Such criteria do
not guarantee the exclusion of potentially mislocated
earthquakes but we assume that their bias is negligible
considering the size of the whole dataset (Table 1).
From the selected earthquakes we consider only

phases identified in the relocation as P and in the tele-
seismic distance range 28◦ ≤ ∆ ≤ 95◦. Their travel
time residualswith respect to the ISC-GEM locations are
shown in Fig. 5, where it is possible to see the occur-
rence of many of the errors listed in the previous sec-
tion (e.g., miscounts as minute mark errors, misidenti-
fications, typos).
Table 1 provides some statistics of the travel time

residuals shown in Fig. 5.
About 10% and 1% of the teleseismic P-wave residu-

als are larger than ± 10 s in the early-instrumental and
recent period, respectively. The bottom panel of Fig. 5
also shows that one minute errors are among the most
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Figure 5 Top, from left to right: travel time residuals of teleseismic P-waves for the selected earthquakes within ± 1 hour
and corresponding histograms of the travel time residuals in bins of 45 s. Bottom, from left to right: same as top but zooming
in for travel time residuals within ± 12 minutes and histogram bins of 10 s; In red are shown the residuals within ± 45 s.

Period N(selected earthquakes) N(P 28◦-95◦) ±60 s ±30 s ±10 s ±5 s
1905-1963 6699 433K 97.72 95.83 90.15 82.80
1964-2019 57853 14.5M 99.95 99.89 99.41 98.18

Table1 Summaryof the travel time residuals of teleseismicP-waves for the selectedearthquakes. Each rowshows statistics
for the two periods (early-instrumental and recent): number of earthquakes and teleseismic P-wave travel time residuals,
percentage of the residuals within different limits. Note the much larger dataset for 1964-2019 compared to 1905-1963.

common large outliers, even in the recent period. In
addition, in the 2000s it appears that a larger number of
large positive residuals occur with respect to preceding
years. We attribute these features in the recent period
to a combinations of the following factors:

• minute mark errors may still be present since the
1960s before analogue stations were upgraded with
digital setup;

• phase type misidentifications, resulting in large
residuals since ISCloc cannot rename a P-type
phase to a S-type phase, and vice versa;

• ISC-GEM locations for earthquakes during 1964-
2009 are based on the phase information available
before the rebuild work of the ISC Bulletin started

(Storchak et al., 2017, 2020), wheremany of the pre-
vious errors have been corrected.

Nevertheless, in the recent period the percentage of
teleseismic P-wave large residuals is below 1% (Table 1)
and they do not not affect the ISCloc final solutions.
Starting from the dataset summarised in Fig. 5 and

Table 1, we compute an annual uncertainty as quanti-
fied by the standard deviation, particularly for the early-
instrumental period. To remove the effects of large
outliers and to keep the range of travel time residuals
within a meaningful interval for earthquake location
(e.g., 60 or 120 s residuals are likely due to miscounts
and can eventually be fixed during manual review), we
tested both outlier removal (Z-score and interquartile
range) and cut-off threshold of 35, 45 and 55 s. We found
that theP-wave residualswithin 45 s (redpoints in Fig. 5)
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bring the most satisfactory results since they minimise
the contribution of minute marks or larger errors as
well as grossmisidentifications/reading errors, but they
are still large enough to capture a wide range of travel
time residuals.

Fig. 6 illustrates the annual standard deviation (σP ) of
the travel time residuals of the subset shown in red in
Fig. 5. Keeping in mind that our intention is not to esti-
matemodel error contributions, we emphasise features
in Fig. 6 relevant to this work.

Considering that σP can be interpreted as a proxy of
the state of health of the global network, it is not sur-
prising to observe an overall decrease with time. A sig-
nificant step can be identified in 1964 (σP drops from
4.1 in 1963 to 3.1 in 1964), coinciding with the signifi-
cant improvements in earthquake monitoring technol-
ogy, the establishment of the ISC (i.e., arrival times are
reviewed by ISC analysts). We can consider the σP in
the recent period as not characterised by large steps,
and the σphase depicted in Fig. 3 with a sigmathres = 6,
as set in ISC procedures, acceptably captures the σP for
the period 1964 onwards, suggesting that a priori errors
describe the observational errors well in this period.

In the early-instrumental period, however, variation
in σP is far more significant. In general, a tendency
of σP to decrease over time is observed (σP = 19.4 in
1905, 6.0 in 1950, 2.0 in 1999, and between 1.3 and 1.4
since 2009). The decrease is not entirely steady over
the years with the presence of fluctuations more pro-
nounced from 1908 up to the early 1920s and in some
years during the 1940s. These time periods were af-
fected by disruptions in data collection and seismic sta-
tion operations related to global conflicts. Some of
strongest residual signatures (often positive) depicted
in Fig. 5 occur in these years and are likely due to data
issues and phase type misidentifications. We intend to
investigate thoroughly these features in future work (as
outlined in the Conclusions). In addition, other issues
affecting the years 1908-1912 are due to a combination
of dips both in the record of global earthquakes and bul-
letins (details in Di Giacomo et al., 2018). All these fea-
tures can be seen in the bottom panel of Fig. 6. For each
year we also checked for travel time residual variations
as a function of distance (e.g., as found in Zeiler and
Velasco, 2009), but no conspicuous feature appeared in
our early-instrumental teleseismic dataset.

We suggest that the large σP (i.e., > 10-15) observed
in the first decades of the 20th century are mostly due to
instrumental errors, with clock drifts being dominant.
It follows that model error contributions to travel time
residuals in the early-instrumental period are dwarfed
by observational errors (i.e., early-instrumental obser-
vational errors are on a different scale compared to the
recent period). Consequently, the early-instrumental
period requires larger errors than the ones currently in
use (Fig. 3). We will discuss how we take into account
the large nature of the observational errors by modify-
ing the assumed errors in the data covariance matrix.

2.4 Remarks regarding observational errors
The literature review and the features of the travel time
residuals discussed above allow us to highlight the fol-
lowing aspects of the observational errors:

• they are due to several components, with the in-
strumental error being significant before the early
1960s. For the early-instrumental period the esti-
mates (or assumptions) by different authors vary
from 1 to tens of seconds, also depending on the
year an earthquake occurred. However, the instru-
mental component (e.g., time keeping) of observa-
tional errors decreases with time;

• although estimates by various authors may differ,
there is a general consensus that observational er-
rors are minimal since the early 1960s (coinciding
with upgrades in instrumentation and time keep-
ing, e.g., as a result of the introduction of the
WWSSN and ESSN). In this respect, we point out
that the a priori error measurements set in stan-
dard ISC procedures (i.e., since 1964) and adopted
also for the ISC-GEM Catalogue locations, appear
to agree with findings in the literature, if not being
more conservative. Hence we focus on the early-
instrumental period in the following sections;

• Clock errors are likely to be the most important
source of observational errors for the first part of
the 20th century. Their presence introduces bias
even if arrivals have been picked precisely. Clock
errors may be detected by investigating the time-
line of the travel time residuals of a seismic station
(or by waveform cross-correlation, but this option
is not feasible in the early-instrumental period).
However, not many stations operated continuously
which would allow the detection of clock drifts and
this limits significantly the possibility of applying
time-dependent station correctionswhen locations
are based on the global network.

We therefore seek to approximate the observational
errors for early-instrumental earthquakes with a pa-
rameter thatwe call timing uncertainty (σt). This uncer-
tainty affects P and S phase observations equally and is
added to σphase in the diagonal elements of the data co-
variance matrix:
CD(i, j) = σ2

sill − γ(hij) + δij(σphase + σt)2.
In this way we aim to better account for the timing er-
rors introduced due to clock drifts, and assume that
these timing errors become negligible in the mid 20th
century onwards as the number of stations with im-
proved clocks and timing setup progressively improves.

3 Assessing σt for early-instrumental
earthquakes

To allow a systematic approach to the relocation of
early-instrumental earthquakes, we require a measure
of the time varying observational uncertainty σt that re-
sults from the various sources discussed above. The
approach taken by Bondár and Storchak (2011) (sum-
marised in Section 2.1) cannot be applied for this time
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Figure6 Toppanel: annual standarddeviation (σP ) for teleseismicP travel time residuals (black solid line and filled circles,
left-hand y axis) along with the number of residuals per year (grey line and plus symbols, right-hand y axis); Bottom panel:
annual number of stations providing teleseismic P-wave arrivals (black solid line and filled diamonds, left-hand y axis) along
with annual number of earthquakes (grey line and cross symbols, right-hand y axis). Inspired by Storchak et al. (2015), the
top panel also shows important changes in time keeping setup as well as the ISC establishment in 1964 (red dashed line),
and the bottom panel shows the operational time of early seismic networks such as the Milne and Jesuit (grey segments,
including dotted and dashed parts) as well as the start of the WWSSN (black hachure pattern), the Unified System of Seismic
Observations in former USSR (ESSN acronym is from Russian translation, black hexagon) and the Federation of Digital Seis-
mograph Networks, FDSN (dotted and thick solid black segment). More information about seismic networks can be found,
e.g., in Udias and Stauder (1996); Ammon et al. (2010); Storchak et al. (2015), and references therein.

period, as we do not have GT events from which to de-
rive the phase uncertainty. Here we outline two ap-
proaches where we have attempted to independently
quantify these errors.

In the first approach, we test a range of values of ob-
served phase uncertainty (σobs) for the selected earth-
quakes (Section 3.1). We propose that σobs = (σphase +
σt + k), where σphase is the uncertainty for a specific
phase (Fig. 3), σt quantifies the expected increase in un-
certainty in the early instrumental period, and k is a cor-
rection factor. As the methods we propose to estimate
the timing related uncertainties differ from those used
by Bondár and Storchak (2011) to derive the phase un-
certainties in the modern instrumental period, we do
not expect an exact match between the values of σobs

derived in this study and the values σphase derived by
Bondár and Storchak (2011). We contend that the mod-

ern day values of σphase are more robust than the val-
ues derived for the early-instrumental period, in the ab-
sence of GT events. Therefore we introduce the con-
stant k to our definition of σobs, to ensure that the de-
rived values of σt tend to zero in the recent period.

The year at which σt can be considered to be zero is a
matter of interpretation, but in this study it is assumed
to be 1963. This year is chosen as the timing uncertain-
ties stabilise in the late 1950s and early 1960s (as quan-
tified in Section 3.2). It is also after several GT events
thatwere used to derive the values ofσphase for themod-
ern period, and therefore is within the period where
the GT list based analysis of Bondár and Storchak (2011)
can be considered valid. In the second approach, we
utilise a grid search to take a broad view of the differ-
ent plausible fits to the data (Section 3.2). From here we
derive the likely standard deviation in phase residuals
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for each earthquake and then in each year in the early-
instrumental period, and use this as a measure of σobs.
FFF

3.1 Impact of varying σt for early-
instrumental earthquake relocations

Increasing the assumed prior error in the early-
instrumental period not only has the effect of increas-
ing the area of the horizontal error ellipse, but also im-
pacts other metrics such as the percentage of phases
that contribute to the location of a given earthquake
and ultimately controlling the derived earthquake loca-
tion. This is demonstrated in Fig. 7 with six events from
different decades (three in the early instrumental and
three in the recent period) and seismic regions. In this
demonstration the locations and corresponding error
ellipses have been computed using ISClocwhile varying
the value ofσobs so that its value for all phases ranges be-
tween 2 and 30 s and 2 and 10 s for early-instrumental
and recent earthquakes, respectively, and increasing
in steps of 1 s for each relocation run. The locations
for this demonstration were run with the earthquake
depth fixed to the ISC-GEM Catalogue depth, as most
early-instrumental earthquakes lack depth resolution
(Bondár et al., 2015), and we are primarily interested
in assessing the impact on the horizontal component of
error ellipses. We also performed the same demonstra-
tionwhile allowing the locator to solve for thedepth, but
this did not greatly affect our results, as the lack of depth
resolution in the early-instrumental period causes IS-
Cloc to adopt a default depth for these events anyway.
The assumed default depth does not usually change be-
tween runs, hence the location changes are similar to
the ones obtained by fixing the depth.
Increasing σobs also increases the residual threshold

where arrival times become time-defining, as a phase
pick is used in the relocation if its travel time resid-
ual is less than six times σobs. Therefore we expect
to see improvements in the percentage of time defin-
ing phases. Fig. 7 shows a clear contrast between
early-instrumental and recent period earthquakes. For
the recent earthquakes we observe only small location
changes that are within the ISC-GEM error ellipse, and
the higher values of σobs have a limited and largely
insignificant effect on the earthquake location, and
mainly serve to increase the estimated error ellipse. In
contrast, for the early-instrumental earthquakes we see
muchbroader variations in earthquake location that en-
compass areas much wider than the current ISC-GEM
error ellipses.
Over a certain level of assumed error in the seismic

phase arrivals the locations do not vary any more, and
only the error ellipses become larger. For this rea-
son it is not possible to see red diamonds in Fig. 7 for
the largest σobs values, only the corresponding error el-
lipses. This saturation in location changes is also ob-
served for parameters such as the percentage of asso-
ciated phases that are used in the relocation and sec-
ondary azimuthal gap.
To further demonstrate the effects of adopting a vary-

ing σt in ISCloc, Fig. 8 shows the summary of the test (as

described for Fig. 7) on the 29 sets of locations for the 13
selected earthquakes in 1912. As demonstrated by the
examples shown in Fig. 7, the resolved earthquake loca-
tions saturate and no longer move with increasing σobs

at around 10, while the error ellipse continues to scale
with increasing σobs.
Increasing the value of σobs directly impacts the size

of the inferred error ellipse, as it directly informs the
diagonal elements of the posterior covariance matrix
used to derive the error ellipse, as is demonstrated in
the top leftpanel of Fig. 8. The bottom left and right-side
panels of Fig. 8 show the location differences relative to
the ISC-GEM locations. In the example year of 1912 the
earthquake locations are altered between 20 and 220 km
for different events. The shift in locations stops when
the assumed error is approximately 10 s. At this point
increasing σobs further does not allow any further phase
observations to be accounted for in the relocation and
the locations therefore remain stable from this point.
This test therefore gives an indication of the likely value
of σt needed to account for the distribution of observa-
tions in this period. We have not, however, found a sat-
isfactorily stableway of quantifying this for each year of
the early-instrumental period and suggest that this ap-
proach, based on the linear relocation inversion, may
be overly sensitive to radical outliers in the arrival time
observations, the many potential sources of which are
summarised in Section 2. We therefore explore a more
stable approach below.

3.2 Assessing the standard deviation of
early-instrumental arrival times

To obtain location uncertainty estimates that reflect the
observational errors associatedwith early-instrumental
earthquakes, we require a rigorousmeasure of the stan-
dard deviation of travel time residuals which is inde-
pendent of the adopted location. To achieve this we
analyse the distribution of travel time residuals at each
point produced by an adaptive grid search based on the
neighbourhood algorithm (Sambridge, 1999) and imple-
mented in ISCloc. Here we seed the grid search over
potential locationswith 4500 randomly distributed sam-
ples that arewithin 10◦ distanceof the ISC-GEM location
of each selected earthquake. As with the linear results
described above (Section 3.1), the earthquake depth is
fixed to the ISC-GEM depth throughout the grid search.
The broad starting assumption allows a large range of
locations to be considered and is designed to allowmul-
tiple local minima that fit different portions of the as-
sociated phase data to be sampled and explored (i.e.,
the large radius of the grid search should include all
likely locations). The initial distribution of 4500 points
is then resampled 1000 times, with the Voronoi cells
surrounding the 250 lowest misfit points being resam-
pled, meaning each Voronoi cell is resampled 4 times.
This process is repeated for 25 iterations, producing a
total of 29,500 samples for each of the selected early-
instrumental earthquakes.
In this analysis, we are primarily interested in com-

puting the standard deviation of the travel times residu-
als at each point of the grid search, rather than optimis-
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Figure 7 Test results for six earthquakes in different parts of the world and decades. In each plot we show the current
ISC-GEM location (black open circle with corresponding error ellipse in black) and the locations obtained in the test with
σobs = (σphase + σt + k) between 2 and 30 s (diamonds and corresponding error ellipses, colour-coded by σobs). For each
earthquakewe provide the event identifier (evid), which can be used to retrieve the full solution from the ISC-GEMCatalogue
or ISC Bulletin. Compared to early-instrumental earthquakes, this test confirms that σt is not required for earthquakes in the
recent period (hence we only show the test up to σobs = 10 s for the three recent earthquakes).

ing or minimising the absolute values6. At each sam-
ple obtained from this extensive grid search, we calcu-
late the travel time residuals for each of the reported
P-wave picks associated to the event. For an event
with 20 P-wave observations we compute the travel time
residuals for all 20 observations at each of the 29,500
grid search samples. The standard deviation of the
travel time residuals is then calculated from a trimmed
dataset where the largest 5% and lowest 5% of travel
time residuals are removed. This is designed to min-
imise the impact of spurious outlying observations that
can lead to an overestimation of the standard deviation.
Fig. 9 summarises this approach for a single event,

with the left panel demonstrating the spatial distribu-
tion of the grid search results and the standard devia-
tion measured from the P-wave observations. The right
panel of Fig. 9 shows the distribution of the travel times
residuals relative to the best fitting sample of the grid
search, i.e., the point where the standard deviation is
the lowest. The majority of the travel time residuals
are distributed around zero and approximated well by

6Since the calculated standard deviation has no resolution to the earth-
quake origin time or depth, only to the earthquake location, it further justifies
the strategy of sampling the model space with a fixed earthquake depth.

a Gaussian distribution, while a smaller number of out-
lying incoherent travel time phases are scattered in the
outlying lobes of the histogram.

Through this estimation of the optimised source posi-
tion, we derive the standard deviation in the travel time
residuals. These residuals are due to a combination of
timing errors and other sources of uncertainties. This
process is performed for all selected early-instrumental
earthquakes. The inferred standard deviation for each
event is shown in Fig. 10, along with the annual me-
dian values. By considering many well recorded early-
instrumental earthquakes, the analysis is not overly bi-
ased by individual events, stations or regions. This is
an empirical and data driven measure of pick uncer-
tainty, with the underlying statistical assumptions that
the phase residuals have a Gaussian distribution, and
the seismological assumption that the location can be
optimised.

A 5th order spline (R Core Team, 2024) is fitted to
the annual median values, effectively averaging over
the earliest (1907-1920) period, and smoothing some
of the sharper variations in measured σobs. We pro-
pose this spline fit as our estimate of σobs for the early-
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Figure 8 Summary of the location differences for the 13 selected earthquakes in 1912. Top and bottom left: Smajax re-
sulting from our test for each earthquake (along with the box-and-whisker in red for Smajax in the ISC-GEM Catalogue, as
computed for the selected earthquakes considered here), and the distance between each location run and the ISC-GEM lo-
cation, respectively (on both subplots each grey line and open circles corresponds to results for an individual earthquake);
Right: Northing-Easting (N-E) plot of the locations out of the test using the ISC-GEM location as reference. As such the N-E
subplot shows 29 symbols (colour-coded by σobs) for each earthquake.

Figure 9 Example of the P-wave standard deviation computation for ISC event = 910800 (1924-01-14 20:50 UTC, Near the
South Coast of Eastern Honshu). In this case the standard deviation is obtained from the travel time residuals of 158 P-wave
arrivals. Left: spatial distribution of the travel time residual standard deviation (each point is from the grid search described
in the text) colour-coded according to the palette on the right-hand side. Right: histogram of the travel time residuals with
respect to the point in the grid search with the lowest standard deviation (the dashed red line is the Gaussian distribution
fit). From such distributions we compute the event standard deviation after removing the largest 5% and lowest 5% of the
residuals.
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instrumental period7. In order to obtain values of σt

needed for our revised locations for this period, the
most recent measure of σobs must be corrected to the
corresponding measure of σphase in the recent period.
For our proposed values the correction factor k =
σobs(1963) = 0.6. Values of σt for this period can then
be determined by σt = σobs − k.
The observed scatter in the standard deviations sug-

gests that while the dominant signal is characterised
by a decreasing uncertainty due to better time keeping,
large variations can still occur. This possibly reflects a
variation in observational quality in different parts of
the globe throughout this time period, as well as vari-
ations in event-station configurations or event specific
data issues.

3.3 Impact of revised travel time uncertain-
ties on location uncertainty estimates

To assess the effect of σt on location uncertainties, we
relocate the selected early instrumental earthquakesus-
ing the revised phase uncertainty assumptions.
Examples for individual earthquakes are shown in

Fig. 11 for five earthquakes in Alaska in 1912 (σt =
18.9s) and the 1907 Sumatra earthquake (σt = 24.3s).
The new location uncertainty estimates aremuch larger
than previous ones and tend to include current ISC-
GEM epicentres. Location changes can be significant in
some case (in line with the σobs demonstration results
of Fig. 8) and will be investigated in future work as out-
lined in the Conclusions.
The results summarising the overall effect of σt on

the Smajax values for the selected earthquakes in the
early-instrumental-period are shown inFig. 12. Thema-
jor pattern observed here is predominately controlled
by our revised estimates of phase timing uncertainty.
There are significant differences with current ISC-GEM
location uncertainties, particularly for earthquakes dat-
ing frombefore themid-1920s. In the following decades
the differences with the new location uncertainties are
less prominent as σt becomes smaller, reflecting im-
provements in time keeping and general setup of seis-
mic stations around the world.

4 Conclusions
With this contribution we aimed to derive more
meaningful location uncertainty estimates for early-
instrumental earthquakes as values obtained with the
ISC setup for themodern period are significantly under-
estimated. This is due to large uncertainties in arrival
time observations associated with early instrumental
earthquakes, before significant technological improve-
ments in seismic networks and observatories around
the world took place in the 1960s, significantly improv-
ing the accuracy of arrival time picks. To take into ac-
count the large uncertainty in the instrumental obser-
vations of early instrumental earthquakes we introduce
a new term (timing uncertainty, σt) to the data covari-
ance matrix that accounts for the variation in timing

7File listing the annual σobs values so derived is included in the Supple-
mentary Material.

uncertainty over the early decades of the 20th century.
Through a comprehensive analysis of the standard de-
viation of P-wave travel time residuals, we derive a set
of values for σt that better captures this source of un-
certainty.
The inferred values of σt are characterised by high

standard deviations and volatility in the earliest portion
of the instrumental period, from 1904 to approximately
1924. With these we derived error ellipses with median
Smajax of 100 km and above in the first years of the
20th century. We then see a gradual decline in the uncer-
tainty of reported P-wave arrival times, and increasing
stability of the measure, and the scale of the location
uncertainties decreasing over time. The exceptions to
this improving picture regard the years encompassing
global conflicts. There is a general agreement of our σt

values with the Gaussian noise used in various publica-
tions by E. Okal and summarised in Fig. 4. The major
difference is that our σt values are notably higher in the
years before 1924. This could be due to our global ap-
proach, while published works focus on a limited num-
ber of significant earthquakes or specific areas.
Furthermore, we compare the range of derived error

ellipses, as quantified by the major axis of the error el-
lipse shown in Fig. 12, with the range of values from
the literature shown in Fig. 2. While the error ellipse
from the ISC-GEM catalogue form a lower end of the er-
ror ellipse in the early instrumental period, the revised
error ellipse calculated using our proposed phase error
assumptions are in the centre of the range of values re-
ported in the early instrumental earthquake literature.
These variations are easily explained by variations in
the data andmethods used, as well as plausible regional
variations in earthquake location precision in this pe-
riod.
The results of this work will be used for the planned

project of rebuilding the ISC Bulletin for 1904-1963,
where we aim to apply modern location and review
procedures to early-instrumental earthquakes, as has
already been done for the period 1964-2010 (Storchak
et al., 2017, 2020). With the 1904-1963 review of the ISC
Bulletin the earthquake relocations produced by imple-
menting the error assumptions proposed here will be
manually assessed by ISC analysts, ultimately resulting
in the Reviewed ISC Bulletin spanning the entire period
of instrumental seismology.
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Figure 10 Timeline of the standard deviation of the P-wave travel time residuals obtained for all selected earthquakes.
In blue are represented the individual event standard deviations (large outliers are excluded from the plot), in orange their
annual median values. Magenta curve represents the 5th order spline (R Core Team, 2024) fitted to these median values.

Figure 11 Maps showing current ISC-GEM locations (black triangles) and locations obtained after includingσt in ISCloc (red
stars). Left: solutions for five earthquakes that occurred in 1912 in Alaska alongwith theGutenberg locations (green squares).
Black triangles and green squares are linked to the red star symbols with thin black segments to identify locations belonging
to each earthquake. Right: locations for the 1907 Sumatra earthquake, where the ISC-GEM and Gutenberg locations are
depicted as in the left panel, andwith the addition of the locations by Kanamori et al. (2010) as invertedmagenta triangle and
byMartinetal. (2019)asorangecircle. Errorellipsesarecolouredaccording to their epicentres (except forGutenberg locations
that do not have reported error ellipses). In both maps the small dark grey circles are the ISC-EHB locations (Engdahl et al.,
2020) between 1964 and 2021, shown to provide a context of the well-recorded seismicity in the recent period. Topography
from NOAA National Geophysical Data Center (2009).
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Figure 12 Annual interquartile ranges of Smajax ISC-GEM Catalogue (grey) and relocations done by using σt (red). For
both sets we only considered the selected earthquakes pre-1964 (hence the interquartile range for the ISC-GEM Catalogue is
smaller than in Fig. 1).
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