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1 | INTRODUCTION
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Abstract

In the network-based on-site earthquake early warning system (EEWS), the ‘blind
zone', namely the zone where the issued warning arrives later than the destructive
S and surface waves, is one of the challenges affecting its effectiveness. The ‘blind
zone' is determined by the interstation distance, or equivalently the density of seismic
stations, of the network. In this paper, we suggest a practical approach according
to which, when in a region a temporary increase of seismic hazard is declared, addi-
tional stations are deployed in such a way that the blind zone is temporarily reduced.
In the procedure, the time-dependent neo-deterministic seismic hazard assessment
(TD-NDSHA\) plays a vital role in the identification of the regions potentially exposed
to high macroseismic intensities. As a showcase example, we consider the scenario of
year 2014 at the Sichuan-Yunnan border of southwest China. The TD-NDSHA is based
on the standard NDSHA procedure at regional scale (bedrock conditions), with the
‘controlling earthquakes’ defined on the basis of the Annual Consultation. We show
that the ‘blind zone’ can be reduced in the identified areas of interest (e.g., MMI > VI),
by deploying a limited number of additional seismic stations. In the case where false
alarms can be tolerated, significant reduction of the ‘blind zone’ can be implemented
by moving from a network-based EEWS to a single-sensor-based EEWS and skipping

the process of location and magnitude-determination/prediction procedures.
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source to the site(s) of interest. When a seismic network is deployed

In the Earthquake Early Warning System (EEWS) scenario considered
in this paper, the ‘blind zone’, defined as the zone within which the
warning issue arrives after the destructive S and surface waves, is one
of the challenges affecting its effective performance. After an earth-
quake occurs, the relevant travel time for the destructive S and surface
waves is the time needed for these waves to travel from the seismic

to issue the early warning, the time needed for the network of seismic
sensors to ‘sense’ the earthquake includes the following: (1) the travel
time of P-wave from the seismic source to the sensors, needed for the
detection; (2) the time spent to transmit the record of P-waves from
the sensor to the data management centre, needed for network pro-
cessing; (3) the time for the processing of the P-wave records, needed
to determine the location and magnitude of the source; and (4) the


mailto:wuzl@cea-igp.ac.cn
mailto:
mailto:wuzl@cea-igp.ac.cn
mailto:romanel@units.it
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fter.12647&domain=pdf&date_stamp=2023-03-22

time necessary to issue the alarm (Allen & Melgar, 2019). With modern
information technology, steps (2) and (4) together can be completed
within 1 s. With real-time seismology, step (3) can be completed within
3 s (Allen & Melgar, 2019; Satriano et al., 2011; Wu & Kanamori, 2005).
As a rule, steps (2), (3), and (4) can be completed within a total time
interval, T, of about 4 s (Kuyuk & Allen, 2013). Because of the time
needed for the network of seismic sensors to ‘sense’ the earthquake,
steps (1)-(4) in total, it is possible that within a zone centred at the
epicentre of the earthquake, the early warning message reaches the
target(s) later than the arrival of the S and surface waves. This zone is
thus called the ‘blind zone’ (Kuyuk & Allen, 2013).

The ‘blind zone’ is mainly dependent on the interstation distance,
or equivalently on the density of seismic sensors (see Appendix 1). The
ultimate solution to the problem of the ‘blind zone’ might be a very-
dense deployment of seismic sensors. However, in a practical view,
this solution is neither operationally convenient nor necessary. In the
spatial perspective, it cannot be imagined that for a very large area like
China, a very dense seismic network be deployed to ‘wait for’ a disas-
trous earthquake with recurrence period of several decades (even sev-
eral centuries). In the temporal perspective, it is important to notice
that seismic networks, as well as the communicating and processing
systems, have a limited life time (say 30years). The worst case might
be that the earthquake occurs when the aged system failed to work
properly.

One practical solution to this problem, to a large extent not
novel, is the following. When in a region a temporary increase of
seismic hazard is declared, as in the case of the Annual Consultation
on the Likelihood of Earthquakes (Wu, 1997; Zhu & Wu, 2007) or of
the areas warned by the M8 or CN algorithms (Peresan et al., 2011),
additional stations should be deployed in the relevant areas and thus
the ‘blind zone' can be temporarily reduced. Evidently the criteria to
set up this operation include: (1) the temporary increase of the prob-
ability of occurrence of strong earthquakes; (2) the predicted strong
ground motion caused by the potential earthquakes; and (3) the pop-
ulation and/or key infrastructures involved. Focusing on the seismo-
logical part, we consider here only the first two items, that is, we
simply consider the study region as homogeneous in the perspective
of exposure. We consider the Sichuan-Yunnan border of southwest
China and the hazard scenario of the year 2014 as an example. The

inclusion of item 3 requires planned further investigations.

2 | TD-NDSHA FOR EMERGENCY

The output of the intermediate- to short-term earthquake prediction,
together with the associated seismic hazard assessment, provides
an efficient tool to enhance the effectiveness of EEWS. One of the
natural tools for implementing such an assessment is the NDSHA,
which has been applied in several places in the last two decades
(Panza & Bela, 2019; Bela & Panza, 2021; Panza et al., 2022). As an
advanced version of the deterministic seismic hazard assessment,
which considers ‘controlling earthquakes’ or ‘scenario earthquakes’
as input for seismic hazard assessment (Reiter, 1990), NDSHA

Significance Statement

Implementation of effective earthquake early warning sys-
tem (EEWS) may contribute to protecting lives and prop-
erties. We show that integrating the information provided
by a physically sound, reliable seismic hazard assessment
(NDSHA) can significantly improve performances of cur-
rent EEWS. Specifically, in this study, we demonstrate
that EEWS empowered by NDSHA allows reducing the
size of ‘blind zone’, which is one of the challenges affect-
ing performance of these systems. We suggest a practi-
cal approach, exploiting information from time-dependent
seismic hazard assessment to indicate when and where
the number of stations should be temporarily increased.
Accordingly, when in a region a temporary increase of
seismic hazard is declared (e.g., by Annual Consultation in
China Seismic Experimental Site and other validated fore-
casting tools mentioned in the paper), the corresponding
ground-shaking scenarios provided by NDSHA are used
to optimally select, based on costs/benefits analysis, the
sites where additional stations should be deployed, in such
a way that the blind zone could be temporarily reduced.
The present work ultimately demonstrates how basic stud-
ies in earthquake science, including studies on the physics
of seismic-waves propagation and the knowledge of the
Earth's interior, could contribute directly to the engineer-

ing endeavour towards reduction of seismic disaster risk.

convolves a comprehensive physical knowledge of seismic sources,
propagation of seismic waves, and their combined interactions with
site conditions (Panza et al., 2012, 2022). Compared to traditional
siesmic hazard assessments (SHAs) (Probabilistic SHA and/or
Deterministic SHA), NDSHA effectively accounts for the tensor
nature of earthquake ground motions and does not have to rely
on the use of the questionable attenuation relations, that is, the
empirical ground motion prediction equations (GMPEs). Last but
not least, NDSHA can efficiently handle wave propagation within
a three-dimensional media (e.g., La Mura et al.,, 2011; Gholami
etal., 2012, 2013).

In the standard NDSHA computation at regional scale, fully ap-
propriate in the EEWS domain, the synthetic peak ground acceler-
ation (PGA), efficiently computed by modal summation algorithm,
is extrapolated to frequencies larger than 1 Hz as follows (Panza
et al., 2001; Panza & Bela, 2019): (1) computing synthetic seismo-
grams for T>1s; (2) matching the normative normalized response
spectrum with the long-period portion of the synthetic normalized
spectrum and obtain the ‘design response spectrum’; and (3) read-
ing the value of the so-obtained ‘design response spectra’ at T = 0s
as the ‘Design Ground Acceleration’ (DGA).! Predicted macroseis-
mic intensity, in terms of the Modified Mercalli Intensity (MMI), is
calculated according to the empirical relationship between PGA (or



DGA) and MMI (Wald et al., 1999). In practice, MMI can be regarded
as a good approximation of the Chinese intensity scale (Chen &
Booth, 2011). For EEWS, the critical regions are those with intensity
above VI, which indicates the areas prone to destruction and delim-
its the ‘seismic disastrous regions’.

For the region of the China Seismic Experimental Site (CSES), and
for the year 2014, we demonstrated that the Annual Consultation-
based TD-NDSHA properly describes the seismic hazard as com-
pared to the actual earthquakes, as evaluated by confusion matrix
and Molchan error diagram (Molchan, 1997; Zhang et al., 2022).

3 | ASCENARIO OF THE SICHUAN-
YUNNAN BORDER, YEAR 2014

We consider the Sichuan-Yunnan border of southwest China and the
hazard scenario of the year 2014 as an example. NDSHA maps were
produced for a larger geographical domain: the CSES and its sur-
rounding areas (Zhang, Romanelli, et al., 2021). The study region is
located in the northeastern part of CSES (see Figure 1)

Procedures of the TD-NDSHA for earthquake emergency are
described by the flow chart given in Appendix 2 (Figure Al). We
use a dataset and procedures similar to that described by Zhang,
Romanelli et al. (2021), but as ‘controlling earthquakes’ or ‘scenario
earthquakes’ we consider those defined by the Annual Consultation
for the year 2014, organized by the China Earthquake Administration
(CEA) at the end of 2013.2 The alerted region for seismic hazard
at annual scale, as shown in Figure 1, was determined by a multi-
disciplinary approach in which experts’ opinions played an important
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role (e.g., Wu, 1997; Zhu & Wu, 2007). The expected magnitude of
earthquakes was ~7; hence it is natural to consider the magnitude
7.0+0.5, where 0.5 corresponds to twice the global standard error
of magnitude estimate (0.2-0.3) as per Bath (1973) and Bormann
et al. (2007). Within this region, two strong earthquakes occurred
in 20143, 3 August Zhaotong earthquake (M6.5, M,\6.2), and 22
November Kangding earthquake (M¢6.3, M,,/5.9). In the latter hazard
computation, we use surface magnitude (M) as input for the consis-
tency with the Open File of the Annual Consultation on the Likelihood
of Earthquakes for the Year 2014, subject to the Panel Discussion in
the Annual Consultation Meetingz. Actually, these are magnitude
6.8 and 6.5, respectively, earthquakes according to presumably
final CENC database, which appears as a favourable fit of the ex-
pected magnitude (7.0+0.5) defined by the Annual Consultation
for the year 2014. It should be noted that according to the USGS
these events are M,,6.2-33km WSW from Zhaotong, China (2014-
08-03 08:30:13 UTC, 27.189°N, 103.409°E, 12.0 km depth?),
M,5.9-37km NW from Kangding, Western Sichuan, China (2014-
11-22 08:55:26 UTC, 30.340°N,101.737°E, 9.0 km depth®), respec-
tively. The Kangding’s aftershock M,, 5.6 (2014-11-25 15:19:08 UTC,
30.188°N,101.762°E, 9.0 km depth®) impact on already destabilized
constructions was, perhaps, comparable or even more destructive
than that of the main shock (according to PAGER both quakes pro-
duced I, = IV at Kangding with population of 100k>®). This implies
that such intermediate-term medium-range earthquake prediction
has sound scientific basis and is useful in practice. Statistical evalua-
tion shows that such annual prediction outperforms random guess,
albeit to a large extent depending on the analysis of seismicity (e.g.,
Shi et al., 2001; Zhang et al., 2002).

Alert region of 2014
expected magnitude: 7+

¥, August 3, 2014 M6.2 Zhaotong earthquake

M December 22,2014 M,,5.9 Kangding earthquake

* December 25, 2014 M,,5.6 Kangding earthquake

]

Research area

1 CSES

FIGURE 1 Alertregion with expected magnitude ‘about 7’ identified by the Annual Consultation for the year 2014, with August 3, M,, 6.2
Zhaotong earthquake, and December 22, M,, 5.9 Kangding earthquake together with its M, 5.6 aftershock on December 25, occurred in 2014.

[Colour figure can be viewed at wileyonlinelibrary.com]
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The input for the ‘controlling earthquakes’ or ‘scenario earth-
quakes’ considers the ‘expected earthquakes’ defined by the Annual
Consultation, with magnitude 7.0. The depths of these ‘scenario
earthquakes’, located at the centre of the predefined grids of size
0.2° x0.2° within the alert region of the Annual Consultation, are
taken as 15km according to the statistics of local seismicity. Focal
mechanism of the ‘scenario earthquakes’ (Strike = 20°, Dip = 46°,
Rake = 72°) is based on the data of historical earthquakes. Figures 2
and 3 shows the predicted maximum horizontal ground acceleration,
in terms of the Design Ground Acceleration (DGA), and the deduced
macroseismic intensity (MMI). Within the areas with intensity higher
than VI, the EEWS is considered.

Prediction of ground shaking intensities is made considering the
same parameter setting as that of Zhang, Romanelli et al. (2021), in
which a piece-wise 1-D velocity model is used. In search of simplicity, it
is natural to use a homogeneous half-space structural model, whose ve-
locity is given by the average of the piece-wise 1-D model: V = 3.4 km/s,
Vp = 5.9 km/s. The depth of the scenario earthquakes is taken as 15km,
identical to that used in the TD-NDSHA (Zhang et al., 2022).

4 | MODE-SWITCHING STRATEGY FOR
EEWS

For the reduction of ‘blind zone’, we propose two of the ingredients

for the decision-making, i.e. Mode-Switching Strategy for EEWS: (1)
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FIGURE 2 TD-NDSHA predicted maximum horizontal
acceleration in terms of Design Ground Acceleration (DGA). White
irregular contour indicates the alert region identified by the Annual
Consultation for the year 2014. [Colour figure can be viewed at
wileyonlinelibrary.com]

the increased probability of earthquakes as defined by the Annual
Consultation, and (2) the estimated seismic hazard as implemented
by TD-NDSHA. Although not discussed in detail, the involved
regions (taken as homogeneous as far as exposures are concerned)
are characterized by dense population (as can be seen from the
distribution of cities in Figure 1) and key infrastructures (such as
major plants/reservoirs and/or railways/highways/pipelines), in
which EEWS plays an important preventive role in protecting lives
and properties.

The extent of the ‘blind zone’ is determined by the distribution of
seismic sensors. Figure 4 shows the map of interstation distance de-
fined as the average distance between the three closest stations: the
closest, the 2nd closest, and the 3rd closest (Kuyuk & Allen, 2013).
The seismograph stations belong to either the national or the pro-
vincial earthquake monitoring systems, with data collected by the
China Earthquake Networks Center (CENC), and strong motion
stations with data collected by the China Strong Motion Network
Center (CSMNC). These stations can now be used for earthquake
early warning, but at the time of the 2014 scenario case, no EEWS
was operating in the study area. The distribution of stations also de-
termines, for any place to be considered, the distance to the 1st, the
2nd, the 3rd, ...,
be used to estimate the size of the blind zone (Kuyuk & Allen, 2013;
see Appendix 1). Figures 5-8 maps the size of the ‘blind zone’ using

and the 7th closest station, respectively, which can
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FIGURE 3 Predicted macroseismic intensity (INT, in MMl scale)
calculated from the predicted ground motion parameters shown

in Figure 2. White irregular contour indicates the alert region
identified by the Annual Consultation for the year 2014. The red
irregular line delineates the area where MMI > VI. [Colour figure can
be viewed at wileyonlinelibrary.com]
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FIGURE 4 Area with predicted intensity MMI 2 VI, based on
the Annual Consultation and TD-NDSHA, with map of interstation
distance defined as the average distance to the three closest
stations (Kuyuk & Allen, 2013). The interstation distance is
mapped by the isolines with Krigging interpolation. The stations
(till 2018) include seismic stations with data collected by the China
Earthquake Networks Center (CENC) and strong motion stations
with data collected by the China Strong Motion Network Center
(CSMNC). [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Map of the size, in km, of the ‘blind zone’ when a
7-station triggering criterion is used. [Colour figure can be viewed

at wileyonlinelibrary.com]

a 7-station, 6-station, 5-station and 4-station, triggering criteria, re-
spectively. It can be seen that by decreasing the number of stations
required to identify a P-wave arrival in the alert algorithm, the size
of the blind zone decreases accordingly. Meanwhile, for the same
triggering mode, the smaller the interstation distance, the smaller is
the size of the ‘blind zone’, as can be seen from the difference from

place to place.

Figures 4- 8 suggest the following switch on strategy to improve

the EEWS by reducing the size of the ‘blind zone:

e The ‘professional’ strategy: increase the number of stations, or

equivalently decrease the interstation distance. This can be
clearly seen in Figures 4 and 6 (the 6-station triggering mode).
In Figure 6, the size of the ‘blind zone' is different for different
places. In the northern part of the intensity VI area, the size of
the ‘blind zone' is up to 80km, where the interstation distance
is about 65km. In contrast, in the mid-west part, the size of the
‘blind zone’ is about 40km, where the interstation distance is
some 20km. This rough comparison simply suggests that to de-
crease the interstation distance by increasing the density of seis-
mic sensors may effectively decrease the size of the ‘blind zone'.
The quantitative relationship between the size of the ‘blind zone’
and the interstation distance is well depicted in Figure 9, which
extends the result of Kuyuk and Allen (2013) from 1-4 stations to
4-7 stations. In Figure 9 the parameters used are the ones given

for the study region by Zhang, Romanelli et al. (2021), which

are different from those used for southern California (Kuyuk &
Allen, 2013). In the figure, it can be seen that if the interstation
distance decreases, for example, in 7-station triggering mode,
from 30km (point A) to 20km (point B), then the size of the ‘blind
zone' may decrease from about 44 km (point D) to about 33km
(point C).

The ‘public’ strategy : change from network-based EEW to single-
sensor-based EEW, skipping the process of the location and
magnitude-determination/prediction procedure. The location
and magnitude-determination/prediction procedure, which takes
T,~4 s, plays an important role in contributing to the forming of
the ‘blind zone’ minimizing T, reduces the ‘blind zone'. Figure 10
shows the scenario of an extreme case when T, equals zero, and
only one station is used for the alarm. That is, when the sensor
(not necessarily professional seismic or strong motion sensor,
mostly Micro Electro-Mechanical Systems (MEMS)-based accel-
eration sensors, see Wu et al., 2019) detects the ground motion
above a given threshold, it issues the alarm to the end user. This
may cause significant false alarms. But for cases like an ophthal-
mic surgery, the negative effect of the false alarm is small, and
the positive effect of the warning is critical. A possible scenario of
this case is: the EEWS issues an alarm, and the surgeon suspends
the operation for a moment, taking the (laser) scalpel from the
eye of the patient; if the alarm is a false alarm, the doctor simply
continues the operation, otherwise, if the alarm is not declared,

but the seismic ground motion is severe, the surgery disturbed by
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FIGURE 6 Map of the size, in km, of the ‘blind zone’ when a
6-station triggering criterion is used. [Colour figure can be viewed
at wileyonlinelibrary.com]
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FIGURE 7 Map of the size, in km, of the ‘blind zone’ when a
5-station triggering criterion is used. [Colour figure can be viewed
at wileyonlinelibrary.com]
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FIGURE 8 Map of the size of the ‘blind zone’ when a 4-station
triggering criterion is used. [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 9 Relationship between the size of the ‘blind zone’

and interstation distance with respect to the number of stations
needed to identify the first P-wave arrival. The figure reproduces
the curves of Kuyuk and Allen (2013), with parameters V, 3.4km/s,
Vp 5.9km/s, and focal depth 15km. The figure is convenient for the
analysis of the relation between the size of the ‘blind zone’ (vertical
axis) and the interstation distance (horizontal axis). For example, in
the case that 7 stations are required in the location and magnitude
determination/prediction (the line in purple), if the interstation
distance decreases from point A (30km) to B (20km), then the size
of the ‘blind zone’ may decrease from point D (~44km) to C (~33km).
[Colour figure can be viewed at wileyonlinelibrary.com]


https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/

32°

RNV T 90
| ‘1))‘ ‘b) ; S \\ ~
N
3194 ) \ 50
\ ‘ |
\ % \ MMI = VI 70
\ \
\ | o \ 60
\ ‘ \
30° 4 ] . “
\\ e \ E
| IC 40
W \
29° ' %) 5\
\/a ‘ \ 30
\ \
\ ) \ 20
\ \
250 |\ 5 \ : 10
\ | 2 | / 0
\ o /
| /
\ 7
/7
27° 1 \5 v 7
7
\\ p SD 4
S~ _Z_7 0 50 100km
| I
26° T T T T
101° 102° 103° 104° 105° 106°

FIGURE 10 Map of the size of the ‘blind zone’ when a 1-station
triggering criterion is used and the time required by the procedure
of location and magnitude determination/prediction is neglected.
[Colour figure can be viewed at wileyonlinelibrary.com]

the strong ground motion could cause unthinkable tragedies. In
general, tolerance of possible errors, including missed warnings
and false alarms (both implying some related costs) depends on
the features of the targets to be protected, which needs a so-
phisticated and considerate design of the end-user service (e.g.
Molchan, 1997).

e The ‘professional-public’ strategy: from the perspective of the
‘professional’ strategy, and the perspective of the ‘public’ strat-
egy, the competitive point is the choice between professional
seismic stations and low-cost sensors. Wu et al. (2013) devel-
oped a P-wave alert device based on MEMS accelerometers, P
alert. It was designed to send warning alarm once an earthquake
is detected by any of the sensors. Compared to professional
seismic station, in the procedures of earthquake early warning,
MEMS-based acceleration sensors care about the arrival of P-
wave and the issue of alarm, i.e., step (1) the travel time of P-
wave from the seismic source to the sensors, needed for the
detection, and step (4) the time necessary to issue the warning,
but professional seismic station cares about all steps, albeit with
larger ‘blind zone'. If professional stations and MEMS-based ac-
celeration sensors are deployed on a large scale in the region
with higher seismic risk in the meantime, in other words, both
the professional and public strategies are applied, the uncertain-
ties and size of ‘blind zone’ may be simultaneously decreased.
Indeed, for such a large-scale deployment, the results of SHA
play an essential role in determining where to set up the differ-
ent sensors.

It is worth noting that both the ‘professional’ and ‘public’ strat-
egies are useful for the seismic protection of different objects.
Determining which one is preferable depends on the properties of
protected targets, for which some standard criteria may be quantita-
tively proposed to support the decision process (e.g., Molchan, 1997).
For constructing such standard criteria, false and missed alarms
rates need to be assessed and they should be considered for prop-
erly balancing tolerance and return. For instance, a matrix can be
built in which false and missed alarm rates are distributed in rows,
cost and return are in columns, and standard criteria depend on their
tradeoff. Indeed, that is a kind of question of Nash Equilibrium in
Game theory,” and the answer is up to the scenario. Occasionally, it
is required to implement both the ‘public’ and ‘professional’ strategies
in the same region. In 2015, the CEA launched a demonstration EEW
project by constructing EEWS in three test regions, i.e., the Beijing-
Tianjin-Hebei region, the Fujian costal area, and the Sichuan-Yunnan
border region, where traditional seismic stations and low-cost sen-
sors coexist (Peng et al., 2020). The authors focused on the Sichuan-
Yunnan border region, finding that the average reporting time for M,

4.0+ earthquakes was reduced to ~9 s.

5 | CONCLUSIONS AND DISCUSSION

Earthquake early warning system makes use of the message carried
by the P-wave arrival to issue warnings about the later coming, and
potentially destructive, S and surface waves, to field emergency
countermeasures, which are scaled to the different objects to be pro-
tected (Allen et al., 2009; Allen & Melgar, 2019; Cremen et al., 2022;
Kanamori, 2005; Satriano et al., 2011). If the detection network does
not cover the seismic source, it has been shown that SHA may help
to improve their performance (Cremen & Galasso, 2020; Zhang, Wu
et al., 2021). In this paper we focus on the case that the network
covers both the seismic source and the target to be protected, and
explore how TD-NDSHA, (see Panza et al., 2022) may help. In gen-
eral, it is not cost-efficient to maintain a seismic network with dense
stations deployed for a long time. The gradual aging of equipment
will also produce much more uncertainties. Accordingly, to increase
the number of stations in the region with potentially higher seismic
hazard will be a significant option. For such a realistic demand, TD-
NDSHA might be a good candidate for a ‘standard tool’, indeed TD-
NDSHA might be wrong, as all models, but it could be really useful
(Kossobokov & Panza, 2022) for the EEWS purpose considered here.

In this paper, we use a scenario case of the year 2014 for the
Sichuan-Yunnan border of southwest China to illustrate such a con-
cept. We consider the network-based on-site EEWS, in which the
‘blind zone' is a major challenge affecting the effectiveness of EEWS.
The Annual Consultation on the Likelihood of Earthquakes and the
associated NDSHA provide the EEWS with the distribution of pre-
dicted ground motion parameters and expected intensities at one-
year time scale. The reduction of the size of the ‘blind zone’ can be
conducted by switching the mode of EEW at two levels, namely (1)
increase of the number of stations, or equivalently decrease of the
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interstation distance; and (2) for regions and cases in which false-
alarms can be tolerated to much extent, change from network-based
EEW to single-sensor-based EEW, skipping the process of the loca-
tion and magnitude-determination/prediction procedure.

In the TD-NDSHA practice, it must be noted that the important
component is SHA, especially TD. ND plays a crucial role in the com-
putation of SHA, in which the realization of TD is indeed a challenge.
As a development of NDSHA, TD is gradually being a part of NDSHA,
with the important development of introducing intermediate-term
medium-range earthquake prediction results from other methodolo-
gies (Keilis-Borok & Soloviev, 2003). In this context, there have been a
lot of significant experiments, for example, M8, CN (Panza et al., 2022).
In this paper, we discuss another possibility, the Annual Consultation.
Here the Annual Consultation plays the role of intermediate-term
medium-range earthquake prediction. Other approaches, such as the
M8 or CN algorithms (e.g., Peresan et al., 2011), to the identification
of increased probability of earthquakes can be readily used as well
to supply a more complete picture of the impending hazard. For the
seismic hazard assessment, which is associated to the areas with tem-
porary increased probability of earthquakes, NDSHA is, so far, the
most suitable algorithm to be used, because of its consideration of
comprehensive physical knowledge of seismic sources, propagation of
seismic waves, and their combined interactions with site conditions.
Meanwhile, as a key ingredient of NDSHA, ND is being upgraded in
terms of wave propagation in three-dimensional heterogeneous media
(La Mura et al., 2011; Gholami et al., 2013).

In the EEW practice, the more the number of stations in the lo-
cation and magnitude determination/prediction procedure are used,
the higher is the quality of the parameter estimate, as tested in the
operations of some prototype EEWS (e.g., Peng et al., 2011). As an
extreme case, the ‘public strategy’ has significant risks associated
with its uncertainty and instability. To compensate such uncertain-
ties and risks, one of the measures to be considered is to conduct
the mode-switching and the regular EEW operation in parallel. The
regular EEWS uses enough stations in the location and magnitude
determination/prediction and thus can be used as a ‘ground truth’
(i.e. a reference), albeit with larger blind zone. In this case, the reg-
ular EEW may correct the mistake/error, even if late in time. In the
case of failures to detect, this does not help, but in the case of false
alarms, it helps much. A scenario of the latter case is that within
the ‘blind zone’ the system issues an alarm, but 1 s later the regular
EEWS issues that the magnitude is not as large as first reported, and

the alarm is thus cancelled.
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ENDNOTES

! Incidentally, we observe that the extrapolation is not needed to obtain
PGV and PGD since, as a rule, they correspondto T>1s.

2 China Earthquake Networks Center (CENC) eds., 2013. Open File of the
Annual Consultation on the Likelihood of Earthquakes for the Year 2014,
subject to the Panel Discussion in the Annual Consultation Meeting.
Beijing: China Earthquake Administration, in Chinese.

3 Magnitude published by the China Earthquake Networks Center
(CENC) in its quick earthquake determination (QED) report.

4 https://earthquake.usgs.gov/earthquakes/eventpage/usb000rzmg/
executive. Last accessed on February 13, 2023.

5 https://earthquake.usgs.gov/earthquakes/eventpage/usb000syy0/
executive. Last accessed on February 13, 2023.

% https://earthquake.usgs.gov/earthquakes/eventpage/usb000szw2/
executive. Last access on February 13, 2023.

7 Tadelis, S., 2013. Game Theory: An introduction. New Jersey: Princeton
University Press.
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APPENDIX 1

BLIND ZONE IN THE CASE OF HOMOGENEOUS HALF SPACE

Following Kuyuk and Allen (2013), we consider a simple homoge-
neous medium with velocities of P- and S-waves V‘g and V,, respec-
tively, and a point source with a focal depth h. The time t, for the

network to ‘sense’ the earthquake is given by:

R
t,=To+ A (1)
p
where
R = /D2 + h? 2
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with D being the epicentre distance of the furthest station used
for the location and magnitude determination/prediction. The
time spent by S-wave to arrive at the target site under considera-
tion is:

(3)

where R}, is the distance from the seismic source to the target site and
D, is its epicentre distance:

Do = \/R2 — h2 @
The condition
tp =t (5)
determines a threshold epicentre distance Z. When
Dy<Z (6)

the network ‘sense’ the earthquake after the arrival of the S-wave,
so the early warning is impossible. Thus (6) defines the ‘blind zone' of
early warning. The radius of such ‘blind zone’ Z can thus be calculated
(Kuyuk & Allen, 2013) as follows:

- 2
Z=/V2t2—h2

APPENDIX 2

PROCEDURE OF THE TD-NDSHA FOR EARTHQUAKE
EMERGENCY

The flow chart in Figure Al describes the procedure of the TD-
NDSHA for earthquake emergency, which is adapted from the flow
chart of Panza et al. (2022). The main difference lies in two aspects.
(1) The ‘controlling earthquakes’ or ‘scenario earthquakes’ are from
the Annual Consultation, as shown in red; and (2) the result of the
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FIGURE A1 Procedure of the TD-NDSHA for earthquake
emergency. [Colour figure can be viewed at wileyonlinelibrary.com]

ground shaking prediction is mainly used for the identification of the
regions of importance for the earthquake early warning system, as
shown in blue.
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