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Abstract

Colombia and Ecuador sit at one of the most diverse tectonic regimes in the world,
located at the intersection of five tectonic plates (Bird, 2003) encompassing many geo-
physical hazard regimes, multiple subduction zones, and broad diffuse areas of signifi-
cant deformation. Notably, the subduction of the Nazca plate under South America has
produced at least seven large (> M,, 7) and damaging earthquakes since 1900—the larg-
est being the 1906 M,, 8.8 event. Both Colombia and Ecuador have made significant
investments in Global Navigation Satellite System (GNSS) networks to study tectonic
and volcanic deformation. Earthquake early warning (EEW) systems like the U.S.-oper-
ated ShakeAlert system (Murray et al., 2018, 2023) utilize real-time Global Navigation
Satellite System (RT-GNSS) to rapidly characterize the largest, most damaging earth-
quakes in situations where seismic networks alone saturate (Melgar et al., 2015,
2016; Allen and Melgar, 2019; Ruhl et al., 2019). Both Colombia and Ecuador have large
vulnerable populations proximal to the coast that may sustain significant damage in
these large subduction events (Pulido et al., 2020) and yet farther enough away that
an RT-GNSS EEW system could offer significant warning times to these populations and
associated infrastructure. We examine the status of the Servicio Geolégico Colombiano
Geodesia: Red de Estudios de Deformacion GNSS network in Colombia and the Escuela
Politécnica Nacional GNSS network in Ecuador, their spatial distribution, and the current
status of their data streams to determine what augmentations are required to support
the real-time detection and modeling of large destructive earthquakes in and near
Colombia and Ecuador.
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Description of Geologic Setting,
Network History, and Current Status
Colombia and Ecuador sit at one of the most diverse tectonic
regimes in the world, located at the intersection of five tectonic
plates (Bird, 2003) (Caribbean, Panama block, North Andes
block, Nazca, and South America) encompassing many geo-
physical hazard regimes, multiple subduction zones, and broad
diffuse areas of significant deformation (Mora-Paez et al., 2018).
In particular, the subduction of the Nazca plate under South
America has produced at least seven large (M,, 7+) and dam-
aging earthquakes since 1900—the largest being the 1906 M.,
8.8 event (Pulido et al, 2020). This northwest corner of
South America is marked by a broad area of deformation of
nearly 1,000,000 sq. km, accommodating the relative motions
of the Nazca, Cocos, Caribbean, and South American plates
along with numerous blocks. The western extent of this region
below ~5° N, marked by the subduction of the Nazca plate
under South American and the Cocos plates under the
Central American isthmus, produces relatively frequent major
earthquakes. The region is roughly defined from 5° N northward
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to the Caribbean and from the West Coast of South America,
through the Panama Isthmus, to the Maracaibo basin. It is
marked by the broad diffuse seismicity and yet unknown haz-
ards. Although this study focuses primarily on the better-con-
strained events occurring along the subduction of the Nazca
plate under Colombia’s Pacific coast; other well-established
areas of seismogenic hazard exist throughout the country.
Colombia has a diverse set of additional seismogenic zones
capable of generating large destructive earthquakes, including
subduction under the Caribbean coast (Bilham and Mencin,
2013; Mencin, 2018; Lizarazo et al, 2021) and significant
strike-slip fault systems throughout the country (Taboada
et al., 2000; Velandia et al., 2005; Acosta et al., 2007).
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network in Colombia is com-
posed of Trimble receivers,
mainly R9 and Alloy models,
along with choke-ring and
Zephyr-2 antennas. The data
transmission is based on satel-
lite internet, local networks of
institutions where the stations
are located, and in some cases,
by cellular modem. ~20 of these
stations currently provide real-
time data, and a total of about
~100 could easily be upgraded
to real-time; the remaining sta-
tions would require upgrades to

power systems and/or commu-
nication systems. Ecuador, also
involved in the CASA project
with ~90 campaign-style GPS
sites, established the National
Geodetic Network (RENGEO)
in 2006, initially focused on
areas with greater volcanic
activity. In 2008, it
expanded into a regional net-
work today composed of 80
continuous ~ GNSS
countrywide with a focus on
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Figure 1. Existing Global Navigation Satellite System (GNSS) and Seismic Networks. The green
triangles are the existing seismic or strong-motion stations, yellow dots are currently installed GNSS
stations (most of these are not, at present, real-time), red stars are the seven historical earthquakes
used in this study from Pulido et al. (2020), and orange squares are the twelve metro areas

considered in this study.

the tectonically active regions
(Alvarado et al, 2018). The
RENGEO network is mostly
composed of Trimble receivers:
Trimble NetRS, NetR9,
Alloy; with three stations
operating a Leica GR50.
Antenna types are Trimble

70°W

and

Both Colombia and Ecuador have made significant invest-
ments in Global Navigation Satellite System (GNSS) networks
to study tectonic and volcanic deformation. In Colombia,
space-based geodesy began in 1988 with the Central and South
America (CASA) Global Positioning System (GPS) project,
involving 25 organizations from 13 countries, creating one of
the first GPS satellite-tracking networks to study plate tectonics
(Freymueller et al., 1993; Trenkamp et al., 2002). To further
constrain the geodynamics of northwestern South America,
the Servicio Geoldgico Colombiano established the Geodesia:
Red de Estudios de Deformacion (GeoRED) network beginning
in 2007 building on the previous effort of the CASA project.
Today the Colombian GNSS network, mostly composed of
GeoRED, is composed of 228 continuous stations that span
the length and width of Colombia (Fig. 1). The GeoRED
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Zephyr Geodetic 1, 2, and 3

and three Leica AS11 antennas.
Communication varies between microwave, satellite, radio, and
cellular modem. Currently, ~10 stations operate in real-time.

Methods

Beginning in the early 2000s, many countries around the world
began developing EEW and tsunami warning systems based
on already existing seismic networks. These systems rely on
the rapid detection of earthquakes based on seismometers using
P-wave arrival times and then transmitting information about
the earthquake determined both by seismometers, and, recently,
GNSS to locations further afield before the arrival of the destruc-
tive S wave, providing seconds to minutes of warning to mitigate
damage to infrastructure and even give citizens time to react and
take precautionary measures (Crowell et al., 2013; Allen and
Melgar, 2019; Ruhl et al, 2019). Large earthquakes (M,, 7+),
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those with the most damage potential, presented technical issues
in that seismic instruments saturate, leaving the seismic system
blind until the seismic waves have traveled farther enough away
that they did not saturate the instruments. Warnings in these
cases come after the destructive energy has passed. GNSS proved
to be a suitable tool for EEW applications for large earthquakes
and was adopted by many countries as a critical addition to EEW
operations. An excellent and more complete description of EEW
exists here (Ruhl et al.,, 2017, 2019; Allen and Melgar, 2019).
In this study, we posit the use of GNSS networks for both
detection and magnitude determination because the seismic
network in Colombia is sparse and would create large shadow
zones resulting in delays in warning times that are unaccept-
able. Although this limits the capabilities of the network in
detecting and issuing warnings for smaller earthquakes, an
essential aspect of the human acceptance and reaction to these
warnings, the GNSS networks are already in place and with
minimal relative investment can be made operational. The rel-
ative trade-offs are addressed in Grapenthin ef al. (2017).
Most, if not all, existing EEW systems rely on broadband seis-
mic instruments to detect and locate the earthquake using the P
wave, before reaching saturation, during large events. This seed-
ing or initialization allows one to rapidly determine both where
and when an event happened. In the case of large earthquakes
(M,, >6.5), GNSS is then used to determine the magnitude based
on empirical relationships (Crowell et al., 2013; Melgar et al.,
2015; Murray et al., 2023). These hybrid systems optimize rel-
ative input sensor strengths to allow for the detection and accu-
rate characterization of a large range of earthquake magnitudes.
This study evaluates EEW for the largest, most destructive
events based only on GNSS instruments because of the lack
of available broadband and strong-motion instruments in the
region. Furthermore, even an optimized hybrid EEW system
that can operate with inputs from different sensors independ-
ently will inherently be more robust in the case of sensor or net-
work failures. Although beyond the scope of this article, we
address the issue of seeding or initializing the inversion without
inertial sensors with three plausible detection methods:

1. Crowell et al. (2009) proposed using a method of strain tri-
angulation, where an earthquake was detected when a strain
threshold was exceeded in any given triangle constructed
with the installed GNSS receivers. We do not believe this
will perform well in this scenario because the strain triangles
are large and introduce large uncertainties, and the most
destructive examples used lie offshore and beyond the abil-
ities of this method.

2. More promising is the recent work with machine learning
aimed at differentiating coseismic ground motion in GNSS
signals both in peak ground displacement (PGD) space
and phase observable space directly along with the precise
timing that can be used for triangulation (Dittmann,
Hodgkinson, et al., 2022; Dittmann, Liu, et al., 2022).
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3. Finally, a more direct approach would be to use the data
assimilation directly as large amplitude deviations are
detected spatially, as laid out in Hossen et al. (2021).

A second aspect to address is the use of point sources
when calculating the warning times. In the United States, the
EEW system currently operational is called ShakeAlert and is
operated by the U.S. Geological Survey (USGS) (Given,
2014, 2018). ShakeAlert uses three different algorithms to deter-
mine the earthquake location, origin time, and magnitude: the
Earthquake Point-source Integrated Code (EPIC), which uses
P waves measured with seismometers to estimate the location
and origin time when assuming a fixed depth of 8 km and a point
source. It then calculates magnitude using an empirical scaling
relationship between source-station distance and the peak dis-
placement of the P wave (Chung et al., 2019), the finite-fault
rupture detector (FinDer) that matches observed acceleration
to precomputed templates to identify the location, orientation,
and length of a line source and then infers magnitude from
the length-scaling relationships (Bose et al., 2017) and geodetic
first approximation of size and timing (GFAST)-PGD, which is
seeded with the seismically derived location and assumes a point
source and then uses PGD from real-time Global Navigation
Satellite System (RT-GNSS) and empirically derives a magnitude
(Crowell et al, 2018; Murray et al, 2023). These solutions
are then fed into a solution aggregator to determine the final
magnitude for the issued warning; the aggregator favors
GFAST-PGD above M,, 6.5 (Murray et al., 2023). It has been
shown that in current EEW systems, especially those that use
FinDer, there is an inherent sensitivity to the use of point sources.
In fact, FinDer now utilizes a “line” source to overcome this
sensitivity. These sensitivities are driven by the high-frequency
noise in the broadband zero-baseline part of the system. Even
with this shortcoming addressed by using line sources, FinDer
itself now uses RT-GNSS for large earthquakes using point
sources significantly improving its performance for large earth-
quakes. In addition, EPIC also uses point sources for their mag-
nitude detection without the sensitivities in the FinDer pattern-
matching approach. Given that GNSS inversions for magnitude
use point sources, we use point sources in our warning time sim-
ulations. We acknowledge a possible drawback in the use of point
sources when making these simulations that times may be mis-
leading if the point source is placed at the hypocenter. Given that
some of these historic earthquakes lack hypocenter information
but have approximate centroid information, we use the best
available data in the simulation. A possible alternate and more
conservative approach would be to use whichever is closer to the
warning time objective: the hypocenter or the centroid.

Sensitivity Maps
To determine the ability of the GeoRED and Escuela Politécnica
Nacional (EPN) GNSS networks to detect an earthquake with-
out seismometers, we construct sensitivity maps as shown in
Volume 96 « Number 1 .

www.srl-online.org January 2025



10°N -

5°N

00.

5°8S

« depth, d, of the hypothetical
earthquake for the sensitivity
analysis.

For each station location,
we determine the “detection”
radius for the given magnitude,
depth, and noise level. First, we
determine a detection thresh-
old for each station based on

the noise level. In the case of
GeoRED and EPN networks,
high-rate data are not currently
collected for most GNSS sta-
tions, so as a proxy we use
the average noise level from
the network of the Americas
(NOTA) in North America
and the Caribbean, which was
examined in at least three stud-
ies (Hodgkinson et al., 2020;
Mattioli et al, 2020; Melgar
et al., 2020) and ranges from
0.6 mm to over 1.0 cm—the
principal driver of the differ-
ence being the different
sensitivities of the selected
RT-GNSS processing scheme.
We use the more conservative
value of 1.0 cm. The nominal

75°W

Figure 2. The geometry of an earthquake early warning (EEW) detection and warning event. This
figure shows the anatomy of an EEW event; the red star represents the detected epicenter of the

noise level is typically defined
as the standard deviation of
the position estimates, opgp,
calculated within a time win-

70°W

dow that is relevant to the

event; the blue shaded circle is the shadow zone or the area where seismic S waves would

propagate before being detected by the minimum number of stations (in this case 4). The outside
diameter of the shaded blue area is referred to as the detection radius. The blue dashed line is
when the seismic waves would reach the target city. The warning time differs between the

detection radius and the blue dashed line. The representative event is the 2004 M,, 7.2, and the

warning time would be generated to Bogota.

target detection event. In EEW
applications like ShakeAlert,
this is calculated using a sliding
window (typically 2-15 min) of
the calculated horizontal PGD

Hodgkinson et al. (2020) that determine how many stations can
detect the long-period dynamic motion from an event at any
location, given predicted ambient noise levels and detection
threshold models. As an input for this sensitivity map, we use:

« Station locations (latitude and longitude);

o predicted noise levels, opgp, of the position estimates for
the stations;

« magnitude, M,, of the hypothetical earthquake for the
sensitivity analysis; and
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estimates (Hodgkinson et al.,
2020; Melgar et al, 2020).
We then determine a simple
detection threshold model by multiplying a constant, K, times
the standard deviation of the noise level, opgp, to determine the
minimum dynamic motion that a particular station can detect,
PGD,,i,- In this study, we consider a K of both 2 and 3. The
method used by Hodgkinson et al. (2020) used median differ-
ence (the difference between the initial position and the
median of the sliding window) plus three times the median
absolute deviation; in this case, we ignore the median differ-
ence, which would give some indication of the long-period
detection and the drift of the PGD estimates. This drift varies
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TABLE 1

Warning Times (Seconds) for Each City in the Study for Each Earthquake Event Using the Current Network
Geometry and Assuming That All Stations Are Functional and Have Real-Time Data Available to the Earthquake

Early Warning (EEW) Center

1991/11/19 2004/11/15 1906/01/31
City m,, 7.2 M, 7.2 m,, 8.8
Bogota 53.2 52.3 163.9
Medellin 29.9 26.2 164.6
Cali -0.5 1 88.8
Barranquilla 152.9 147.5 289.6
Cartagena 130.6 125 266.7
Tumaco 44.4 445 13.1
Guayaquil 158.6 159.2 72.5
Quito 83.6 84.4 15.4
Esmeraldas 76.6 76.4 -8
Ibarra 77.6 78.6 22.2
Tulcan 63.9 65 30
Riobamba 135.6 136.6 59.7

1942/05/14 1958/01/19 2016/04/16 1979/12/12
m,, 7.8 Mm,, 7.6 m, 7.8 m,, 7.7
190.5 165.8 183.9 145.8
193.1 165.4 184.8 142.2
116.4 90.5 109.1 69.7
317.8 289.6 308.8 265.3
294.7 266.6 285.6 2422
416 14.2 333 -6.5
42.7 73.9 53.7 81.9
22.6 19.2 21.7 20.7
95 -10.4 0.3 4.6
33.7 26.1 32 24.1

48 33.7 44.6 26.3
41.1 62.4 49.4 68.6

from 7 to 8.5 mm over periods from 10 s to 10 min
(Hodgkinson et al., 2020).
We define a minimum PGD detection threshold

PGDpi, = K X 0pgps» (1)

we then calculate a detection radius for each station using the
empirical formulas of Wu and Zhao (2006), Crowell et al.
(2013), Melgar et al. (2015), and Ruhl et al. (2018),

log(PGD) = A+ Bx M, + Cx M,, xlog(R), 2)

in which A, B, and C are empirically derived constants. M,, is
the magnitude of the earthquake. R is the hypocentral distance
from the earthquake.

We solve for R and substitute PGD,;, for PGD:

Y A- 10
R— (log(PGDmm) A BXMW) ’ 3)

CxM,

in which R is now the detection radius for a given station. A, B,
and C are empirically derived constants. M,, is the magnitude
of the earthquake.

We then construct a sensitivity map by calculating the
number of stations that would detect an earthquake of size,
M,,, by counting the number of overlapping detection radii
for all the stations at a given earthquake origin location. Or
stated another way, this overlap, or station detection density,
represents the number of stations that would detect an
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earthquake of size, M,,, at that location. We further apply a
constraint that a minimum number of stations, min, must
detect the earthquake, that is, we cannot issue an early warning
based on one station (Cochran et al., 2017; Kohler et al., 2017).
We eliminate any location that does not meet this minimum
threshold from the sensitivity map. All the sensitivity maps in
this study use empirical constants (A, B, and C) from Melgar
et al. (2015).

Warning Times
Although sensitivity maps give an overall picture of the
“detectability” of an earthquake, they do not give a picture
of the ability of the system to issue a reasonable warning
based on a detected event. EEW systems rely on the imme-
diate detection of an event and then use modern communi-
cation systems to leap-frog in front of the destructive ground
motion and issue a warning that the arrival of this ground
motion is imminent. This means that EEW systems are
largely dependent on how close the initial stations are to
the origin of the earthquake and subsequent rupture, and
how far away the population or infrastructure is from this
point. In addition, we assume that the detection is required
at several stations before enough confidence is gained to issue
a warning and characterize the magnitude of the earthquake
(Cochran et al., 2017; Kohler et al., 2020). The distance (or
time) it takes for the energy to be detected on the minimum
number of sensors is called the shadow zone and is the area
where no warning can be issued (Fig. 2). The warning time is
then the time it takes for this energy to travel from the time of
Volume 96 « Number 1 .
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detection to the location that the warning is desired minus
any processing and communication travel time (typically less
than 10 s). For this study, we use seven large historical events
from the Pacific subduction zone (Pulido et al., 2020) and
generate warning times for major or critical population cen-
ters (Table 1) in Colombia and Ecuador showing what would
have been possible had the system been operational using the
current geometry at that time. Large earthquakes have large
and complex rupture patterns, while we treat these earth-
quakes as point sources in this study, we consider this as
a reasonable proxy as the initial detection and warning typ-
ically rapidly converge (Crowell et al., 2009; Cochran et al.,
2017; Kohler et al., 2020). Although EEW has limited utility
in situations where the population center sits directly on or
adjacent to the rupture hazard (e.g., Cartagena sits on top of a
seismic hazard that is capable of M,, 8+ events, Mencin,
2018; Lizarazo et al., 2021), both Colombia and Ecuador
present ideal geometries where large population centers sit
several 100 km inland from the seismogenic source. EEW still
Volume 96« Number 1 .
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Figure 3. Sensitivity maps of the network for (a-f) M,, 5.5-8.0
events in 0.5 M increments and a noise detection model of three
times the predicted noise level, opgp, or K = 3. In general, the
sensitivity is good for any event equal to or larger than an M,, 7,
but these sensitivity maps do not represent what warning times
would be generated for any individual event. Comparing this
with Figure 4 shows the dependence of the sensitivity to noise.

retains some utility for locations like Cartagena because it
can be used to rapidly characterize any generated tsunamis.
The seven historical earthquakes used in this study generate a
predicted PGD between ~2 and 800 cm that would have
occurred at the target cities, all detectable with current algo-
rithms. Some of these earthquakes induced considerable
damage and loss of life in cities farther inland from the event
(Pulido et al., 2020).
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Analysis
Given the sparse existing seismic networks and the already
existing geodetic GNSS infrastructure, we analyze a network
that is based solely on GNSS (Grapenthin et al., 2017).
Colombia, and to a degree Ecuador, are ideal for a GNSS-
based EEW system in that large, moderate-depth subduction
zone earthquakes occur frequently 100’s of kilometers away
from large metropolitan areas and critical infrastructure—a
geometry that allows for reasonable warning times. Figures 3
and 4 show current network sensitivity to M,, 5.5-8.0 event
in 0.5 M increments for different noise detection models,
K =2 and K = 3, and the minimum number of stations that
detect the event required to issue a warning set to four. The
current geometry has excellent sensitivity for events larger
than M,, 7.0, although the sensitivity maps do not do well
in highlighting the deficiencies of the current network in
an EEW application as the overall sensitivity, assuming all
the stations have reliable communications, is very good. In
terms of the warning times, in many cases the current
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Figure 4. Sensitivity maps of the network for (a—f) M,, 5.5-8.0
events in 0.5 M increments and a noise detection model of two
times the predicted noise level, opgp, or K = 2. In general, the
sensitivity is good for any event equal to or larger than an M,, 6.5
(with K = 2), but these sensitivity maps do not represent what
warning times would be generated for any particular event.

network performs reasonably well, especially for earthquakes
that are located offshore of Ecuador where there is an excel-
lent distribution of GNSS stations along the shoreline, and
detection is rapid, allowing for maximum possible warning
times (Fig. 1). The 1906 M,, 8.8 that occurred near the border
of Colombia and Ecuador would have given Cali and Quito
88 s and 15 s warning time, respectively (Table 1). We
calculate the warning time for twelve metropolitan areas
chosen either for size or critical infrastructure for each of
the historical earthquakes (Table 1) as well as the shadow
Volume 96
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zone radius for each event, which gives some indication if
the existing geometry is optimal for detecting that event
(Table 2). In addition, we graphically represent the EEW
for two events: the 1906 M,, 8.8 earthquake, which created
widespread damage throughout Colombia and Ecuador
(Pulido et al, 2020), and the 2004 M, 7.2 event, which is
representative of where the network geometry is poor for
six major and/or important metropolitan areas: three in
Colombia and three in Ecuador in Figures 5 and 6. The travel
time in these calculations assumes a propagation velocity of
4 km/s, that it will take 6 s to process and detect a warning,
and that four stations are required to detect an event before a
warning can be issued. We note that some cities have negative
warning times, simply indicating that the detection and warn-
ing would happen after the destructive waves have already
passed that location. These situations highlight either a defi-
ciency in the current geometry or the fact that earthquake is
simply too close to allow for any reasonable warning to be
issued (Minson et al., 2018).

Table 1 shows that in many cases ample warning times can
be issued using the current geometry. The primary deficiencies
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Figure 5. Graphical representation of an EEW event for the
1906 M, 8.8, which created widespread damage throughout
Colombia and Ecuador (Pulido et al., 2020) for (a—f) six major
and/or important metropolitan areas: three in Colombia and
three in Ecuador. The current GNSS network geometry in Ecuador
would allow the best possible warning times for this event.

in the current network configuration in terms of EEW are the
lack of stations along the Colombian Pacific Coast. It is obvious
that the current GNSS network geometry in Ecuador would
allow the best possible warning times for large events that
occur on the subduction interface between the Nazca and
South American plates.

Modifications and Improvements to
the Network

To build an ideal EEW network that minimizes shadow zones
and allows for maximum warning times as constrained by
network geometry, we analyze several scenarios. We do this
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Figure 6. Graphical representation of an EEW event for the poor network coverage for (a—f) six major and/or important
2004 M,, 7.2, which is a representative event for where there is metropolitan areas: three in Colombia and three in Ecuador.
TABLE 2

Blindspot Radius (Kilometer) for the Seven Earthquakes Used in This Study

Date (yyyy/mmi/dd) m,, Current 100 km 50 km 25 km
1991/11/19 7.2 135.97 85.92 50.07 29.92
2004/11/15 7.2 146.71 80.61 54.45 36.99
1906/01/31 8.8 39.45 39.45 39.45 39.45
1942/05/14 7.8 49.84 49.84 49.84 49.84
1958/01/19 7.6 37.5 37.5 37.5 37.5
2016/04/16 7.8 46.15 46.15 46.15 46.15
1979/12/12 7.7 71.19 64.3 61.91 58.27

Shadow zones are independent of the city and are the same for all scenarios. Shadow zones give an indication of the strength of the network geometry; larger shadow zones may
indicate poor or sparse geometry.
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by adding “sentinel” stations along the Colombian Pacific
coast with regular spacing (we ignore the obvious siting, per-
mitting, and infrastructure issues that would be involved)
of 25, 50, and 100 km, which would require the addition
of 67, 34, and 18 new GNSS stations, respectively. As dis-
cussed earlier, the obvious weak spot in the current geometry
for protection against earthquakes in the subduction interface
between the Nazca and South American plates is here. This
configuration of “sentinel” stations—those stations as close
as possible to the seismogenic portion of the subduction zone
where large and destructive earthquakes occur allows for
rapid detection and minimal shadow zones. In Figures 7
and 8, we reconstruct the sensitivity maps with the same noise
detection thresholds used for the existing network geom-
etries. There are notable improvements along the Pacific
Coast of Colombia in terms of sensitivity. The improvements
that make an investment like this worthwhile are illustrated in
Figures 9 and 10, Tables 2 and 3. As an example, in the
existing geometry, an earthquake like the 2004 M,, 7.2 event,
Volume 96« Number 1
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Figure 7. Sensitivity maps of the network for (a-f) M,, 5.5-8.0
events in 0.5 M increments and a noise detection model of
three times the predicted noise level, opgp, or K = 3. This
scenario uses a hypothetical line of “Sentinel” stations along
the Pacific coast of Colombia with 25 km spacing. These
sentinel stations reduce the sensitivity floor to near M,, 6.
Comparing this with Figure 8 shows the dependence of the
sensitivity to noise.

with the 25 km spacing scenario, increases the warning time
for Cali from 3 to 30 s—this later time giving ample warning
for viable reactions. Three seconds is arguably not enough
time for anything but a fully automated response, like those
on trains or critical infrastructure like gas and water lines,
whereas 30 seconds is ample time for a public warning.
Cali is a large critical metropolitan area in Colombia.

In addition to the added warning time an augmentation like
this would provide to some coastal cities in Colombia, GNSS
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Figure 8. Sensitivity maps of the network for (a—f) M,, 5.5-8.0 a hypothetical line of “Sentinel” stations along the Pacific coast

events in 0.5 M increments and a noise detection model of two of Colombia with 25 km spacing. These sentinel stations reduce
times the predicted noise level, opgp, Or K = 2. This scenario uses the sensitivity floor to at least M6.5.
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Figure 9. Graphical representation of an EEW event for the Ecuador. This scenario is using a hypothetical line of “Sentinel”
2004 M, 7.2, which is a representative event for where there is stations along the Pacific coast of Colombia with 25 km spacing,
poor current network coverage, for (a—f) six major and/or markedly improving the warning times.

important metropolitan areas: three in Colombia and three in
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three in Ecuador. This scenario uses a hypothetical line of

Figure 10. Graphical representation of an EEW event for the
“Sentinel” stations along the Pacific coast of Colombia with

1906 M,, 8.8, which created widespread damage throughout
Colombia and Ecuador (Pulido et al., 2020) for (a—f) six major 25 km spacing.
and/or important metropolitan areas: three in Colombia and
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TABLE 3

Warning Times (Seconds) for Each City in the Study for Each Earthquake Event Using the Network Geometry That
Includes Sentinel Stations along the Colombian Pacific Coast with a Spacing of 25 km and Assuming That All
Stations Are Functional and Have Real-Time Data Available to the Earthquake Early Warning (EEW) Center

1991/11/19 2004/11/15 1906/01/31 1942/05/14 1958/01/19 2016/04/16 1979/12/12

City m,, 7.2 m, 7.2 m,, 8.8 m,, 7.8 m,, 7.6 m,, 7.8 m,, 7.7

Bogota 79.7 79.7 163.9 190.5 165.8 183.9 149

Medellin 56.4 53.6 164.6 193.1 165.4 184.8 145.5

Cali 26 284 88.8 116.4 90.5 109.1 72.9

Barranquilla  179.4 174.9 289.6 317.8 289.6 308.8 268.5

Cartagena 157.1 152.4 266.7 2947 266.6 285.6 2454

Tumaco 70.9 72 131 41.6 14.2 333 -3.3

Guayaquil 185.2 186.6 72.5 42.7 73.9 53.7 85.2

Quito 110.1 111.8 15.4 22.6 19.2 21.7 23.9

Esmeraldas  103.1 103.9 -8 9.5 -10.4 0.3 -1.4

Ibarra 104.1 106 22.2 33.7 26.1 32 27.3

Tulcan 90.4 92.5 30 48 337 44.6 29.5

Riobamba 162.1 164 59.7 411 62.4 49.4 71.9

stations along the coast could serve multiple other roles: tsu- o Improve and harden communications to all the GNSS

nami estimation and detection (Angove et al., 2019; Mori et al., stations, with a priority to those stations within 100 km

2022), tsunami detection using ionospheric disturbance detec- of the Pacific Coast. This is essential to transform the

tion (Savastano et al., 2017; Ravanelli et al., 2021), sea level existing GNSS infrastructure into a viable EEW system.

change (Peng et al., 2021), and other GNSS interferometric ~ « Invest in cloud-based skills and infrastructure, preferably

reflectometry (GNSS-IR) applications (Larson, 2019). in-country, to develop, operate, and maintain a viable EEW

Ecuador already has a well-developed GNSS network along system. Software and methods could be adopted from

the coast. These sentinel stations significantly improve warning existing operational systems like those in the United States

times, in some cases, and allow for reasonable warning times in operated by the USGS and EarthScope for North America

large metropolitan areas that are not possible with the existing and the pan-Caribbean region.

geometry and current real-time communications. « Installation of sentinel stations along the Pacific Coast in
Colombia, starting with 100 km spacing and progressively

Conclusions moving toward 25 km spacing. This will allow for maximum

Colombia and Ecuador have existing GNSS infrastructure benefits in the least amount of time.

that could be utilized as is for an EEW system with modest ¢ Although Ecuador appears to have a sufficiently dense seis-

upgrades to communications. Given the sparse seismic net- mic network for triggering, an analysis is needed; Colombia

work that exists in Colombia, triggering will have to wholly would benefit from a dense seismic network. This would be a

or partially be based on GNSS data alone (Grapenthin significant investment with considerable payback in terms of

et al., 2017). The most significant deficiency in the defense science. Benefits for EEW would be limited to increased sen-

of large subduction zone earthquakes along the Pacific sitivity, but these have real benefits in terms of acceptance

Coast is the lack of coastal or sentinel stations along the and utilization of issued warnings—an important aspect

Pacific coast of Colombia. We analyzed three scenarios of of EEW.

placing GNSS stations at spacing intervals of 25, 50, and  « We believe these suggested improvements offer the

100 km along the Colombian Pacific Coast to quantitatively lowest cost path to a viable EEW system in Colombia

assess the improvement that could be realized in building this and Ecuador.

network out. We show significant improvement times for sev- We also note it is essential that EEW systems are

eral cities, most notably Cali, with the addition of these sta- regional in nature; large destructive earthquakes do not rec-

tions (Table 3). We conclude the following improvements in ognize political boundaries and can occur near but outside

priority order: a country's political border. Rapid and open exchange of
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solutions is essential to the viable operation of EEW sys-
tems. A final recommendation is to expand the network
to neighboring countries.

Data and Resources

Maps were made using the Generic Mapping Tools (GMT) version 6
(Wessel and Luis, 2017) and the PyGMT wrapper (Tian et al, 2024).
The NumPy package is part of the Python open-source mathematics
library (Harris et al, 2020). The PANDAS package is available on
Zenodo and at pandas.pydata.org (last accessed May 2024) (The
pandas development team, 2024).
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