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Abstract
We introduce GUARDIAN, a near-real-time (NRT) ionospheric monitoring software for natural hazards warning. GUARD-
IAN’s ultimate goal is to use NRT total electronic content (TEC) time series to (1) allow users to explore ionospheric TEC 
perturbations due to natural and anthropogenic events on earth, (2) automatically detect those perturbations, and (3) char-
acterize potential natural hazards. The main goal of GUARDIAN is to provide an augmentation to existing natural hazards 
early warning systems (EWS). This contribution focuses mainly on objective (1): collecting GNSS measurements in NRT, 
computing TEC time series, and displaying them on a public website (https:// guard ian. jpl. nasa. gov). We validate the time 
series obtained in NRT using well-established post-processing methods. Furthermore, we present an inverse modeling proof 
of concept to obtain tsunami wave parameters from TEC time series, contributing significantly to objective (3). Note that 
objectives (2) and (3) are only introduced here as parts of the general architecture, and are not currently operational. In its 
current implementation, the GUARDIAN system uses more than 70 GNSS ground stations distributed around the Pacific 
Ring of Fire, and monitoring four GNSS constellations (GPS, Galileo, BDS, and GLONASS). As of today, and to the best 
of our knowledge, GUARDIAN is the only software available and capable of providing multi-GNSS NRT TEC time series 
over the Pacific region to the general public and scientific community.
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Introduction

Tsunamis are large oceanic surface waves, triggered by sub-
marine events (such as earthquakes, landslides, and volcanic 
eruptions), and able to propagate thousands of kilometers 
with relatively little attenuation. Due to conservation of 
energy in the shallow depths, the height of tsunami waves 
is amplified, leading them to become catastrophic near 
coastlines. As shown by many tragic events, tsunamis can 
impose an immense human and economic cost (National 
Geophysical Data Center 2022), making a case for tsunami 
early warning systems to be the center of our research focus.

These efforts fall within broad international frameworks 
targeting disaster risk reduction. The International Union 
of Geodesy and Geophysics (IUGG) established a special 
commission on Geophysical Risk and Sustainability (IUGG 
GeoRisk), with the goal of fostering research on geophysi-
cal hazards and their mitigation measures. In particular, the 
IUGG’s Resolution IV following its 2015 General Assembly 
(https:// www. iag- aig. org/ doc/ 5d10c 798a8 a37. pdf) urges to 
use GNSS as enhancing method to tsunami early warning 
systems (EWS). Under the IUGG, the International Asso-
ciation of Geodesy (IAG) includes the Global Geodetic 
Observing System (GGOS), within which the Geohazards 
Focus Group aims to enhance GNSS-based Tsunami Early 
Warning Systems (GTEWS) in particular. Under the aegis 
of the United Nations, member countries also collaborate 
on the Sendai Framework for Disaster Risk Reduction, an 
agreement whose goal is to better understand disaster risks 
and to enhance disaster preparedness. Our work is a tightly 
linked to these initiatives, and we maintain close collabora-
tions with them.
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Global Navigation Satellite Systems (GNSS) use radio 
waves for positioning applications (e.g., precise point posi-
tioning). Due to the dispersive nature of the earth’s iono-
sphere, GNSS signals transmitted over two different carrier 
frequencies will exhibit phase and pseudorange differences 
directly proportional to the ionospheric Total Electron Con-
tent (TEC) along the signal path (see, e.g., Teunissen and 
Montenbruck (2017)). While being a complication for posi-
tioning, this difference provides a sensitive probe of the TEC 
along the GNSS signal path.

Significant displacements of air at the earth’s surface 
may produce vertically propagating atmospheric acoustic 
and gravity waves, which typically reach the ionosphere 
with an 8–40-min delay (Astafyeva 2019; Astafyeva et al. 
2011; Thomas et al. 2018; Vergados et al. 2020). Such per-
turbations may be caused by a broad spectrum of sources: 
earthquakes, tsunamis, volcanic eruptions, thunderstorms, 
meteoroids, deep convection events, and a variety of anthro-
pogenic events (explosions, rocket launches, etc.).

The study of tsunami-driven ionospheric perturbations 
predates the GNSS era (Najita et al. 1974), but the current 
dense global satellite coverage allows for more straightfor-
ward and systematic approaches to study the ionospheric 
impacts of natural hazards (Artru et al. 2005; Liu et al. 2019; 
Manta et al. 2020; Occhipinti 2015; Occhipinti et al. 2013). 
Other types of potentially destructive events may also per-
turb the ionosphere: earthquakes (Astafyeva et al. 2014; 
Heki 2021; Maletckii and Astafyeva 2021; Sanchez et al. 
2022), volcanic eruptions (Astafyeva 2019; Astafyeva et al. 
2022; Heki 2022; Manta et al. 2021; Matoza et al. 2022; 
Themens et al. 2022), deep convective events (Lay et al. 
2015), or space weather effects (Afraimovich et al. 2001). 
Finally, it is to be noted that ionospheric monitoring is par-
ticularly valuable for regions with sparse ground coverage 
such as remote volcanic islands and polar regions.

There exist several different EWS for tsunamis, all of 
which rely on ground-based or oceanic instruments and are 
subject to technical limitations. The Deep-ocean Assessment 
and Reporting of Tsunamis (DART–n.b., not to be confused 
with the DART in Fig. 1) buoys are deployed about 300 km 
away from coasts to measure changes in the water column 
height (Bernard and Meinig 2011; Meinig et al. 2005; Mun-
gov et al. 2013). Their coverage is sparse, and they are dif-
ficult and expensive to maintain.

Seismic data may be used to constrain the strength of 
a potential tsunami. Inverting the available data and using 
existing fault models, one can obtain an approximate source 
moment tensor and in turn an approximate seafloor uplift, 
which can then be used as input for a shallow water model 
of the ocean. Aside from the uncertainties of the afore-
mentioned steps, there is also in general no clear correla-
tion between tsunamigenic potential and radiated seismic 
energy–especially for shallow megathrust events (Manta 

et al. 2020). For instance, the 2010 Mentawai earthquake had 
a rather small surface wave magnitude, but caused a large 
tsunami because of its shallow focal depth and slow fault 
rupture. This introduces uncertainties into tsunami warning 
systems that only use seismic data.

A number of international tsunami warning centers aim to 
provide early warning to coastal communities (Bernard and 
Meinig 2011; Falck et al. 2010; Whitmore et al. 2008). They 
usually combine a rapid inversion of the seismic data and/or 
local ground displacement measurements, typically through 
GNSS, and sometimes in real time (Kawamoto et al. 2016; 
Kawamoto et al. 2017). This approach is the fastest strategy 
possible for near-field warnings, but cannot accurately model 
the far-field propagation of a tsunami. The Science Moni-
toring And Reliable Telecommunications (SMART) cables 
(Howe et al. 2019) provide instruments on undersea fiber 
optic cables in order to increase the data coverage of the 
deep ocean. Such ocean bottom systems have already proved 
capable of recording seismic events and tsunamis (Shinohara 
et al. 2021). However, systematic oceanic coverage along 
these lines is not yet available and would require an unre-
alistic scale of deployment. Japan’s DO-NET (Kawaguchi 
et al. 2015) and SNET (see https:// doi. org/ 10. 17598/ nied. 
0007 and (Nishikawa et al. 2019)) are examples of existing 
seafloor infrastructures; they are deployed near the land–sea 
boundaries where most earthquakes occur, but might lack 
the visibility necessary to study the far-field propagation of 
tsunamis.

GNSS-based ionospheric monitoring overcomes most of 
these limitations. First, extremely large data volumes are 
already available at no additional cost, thanks to (1) the 
multiple satellite constellations orbiting earth and (2) the 
plethora of ground-based GNSS receivers spread around the 
globe. Ionospheric measurements can typically be obtained 
up to 1200 km (assuming a 15º elevation cutoff and an 
ionosphere at 350 km altitude) from a given ground sta-
tion, ensuring excellent spatial coverage. Waves traveling 
in the ionosphere are a direct proxy for the characteristics 
of the event that generated them, and the inversion of wave 
parameters is particularly straightforward for simple tsunami 
waves. Finally, near-real-time (NRT) TEC analyses can be 
performed within minutes of the atmospheric wave reaching 
the ionosphere. All these arguments make NRT GNSS-based 
monitoring of the ionosphere an attractive augmentation to 
natural hazards EWS.

A convenient method of obtaining TEC time series from 
GNSS data in post-processing (as opposed to real time) is 
to process Receiver Independent Exchange (RINEX) files. 
Typically, a file contains data for one station for a given day, 
and stations are managed by various agencies, universities, 
or research institutions. The data are made available through 
various organizations such as the International GNSS Ser-
vice (IGS, http:// www. igs. org) or the University Navstar 

https://doi.org/10.17598/nied.0007
https://doi.org/10.17598/nied.0007
http://www.igs.org
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Consortium (UNAVCO, http:// www. unavco. org) or through 
country- or university-specific services.

There already exist a number of NRT ionospheric prod-
ucts. However, most of them are aimed at space weather 
applications and mitigation, and therefore only provide iono-
spheric maps at cadences that are too low for early warn-
ing systems. The IGS provides global ionospheric maps at 
various rates (Hernández-Pajares et al. 2009) (https:// igs. 
org/ produ cts/# ionos pheric_ produ cts), including in NRT (Liu 
et al. 2021) (for now available at http:// chapm an. upc. es/ irtg/ 
last_ resul ts/). SIMuRG (Yasyukevich et al. 2020) (https:// 
simurg. iszf. irk. ru/) uses multiple international networks to 
provide daily and upon-request ionospheric products, such 
as an approximately bias-free absolute TEC, filtered differ-
ential TEC, and various indices. IONORING (Cesaroni et al. 
2021) (http:// ionos. ingv. it/ ionor ing/ ionor ing. htm) provides 

NRT ionospheric maps over Italy by utilizing data from the 
national Italian GPS network (RING, Rete Integrata Nazi-
onale GPS). The European Space Agency’s (ESA’s) Space 
Weather Service Network (Kruglanski et al. 2015) provides 
NRT ionospheric maps over Europe and globally, among 
other products related to space weather. Finally, we note that 
Savastano et al. developed an early version of a NRT iono-
spheric monitoring system, which relied on the VARION 
algorithm (Savastano 2018; Savastano et al. 2017) from the 
VADASE software (Benedetti et al. 2015).

In this work, we focus on JPL’s Global Differential GPS 
(GDGPS) network, which collects and processes multi-
GNSS data from hundreds of globally distributed stations, 
including a significant selection of locations along the 
Pacific Ring of Fire. The data are transferred in BINEX 
format at a 1 Hz cadence in NRT. The objective of the 

Fig. 1  The GUARDIAN system architecture is composed of four 
main blocks, two of which are operational as of today and a third 
one of which has been validated as a standalone feature. We describe 
mainly block (1) and the Public Web Interface, which are the parts 
that are currently completely implemented and functional. Block (2) 
is not currently implemented in GUARDIAN; it will consist of an 
automated detection scheme (see the “Automated Detection” sec-
tion). Block (3) is not currently implemented in GUARDIAN; it is an 
example inverse model for the retrieval of hazard parameters, in this 
case for tsunami waves, which has been validated as a standalone fea-

ture (see the “Tsunami Parameters Inversion” section). In block (3), 
the electron density N

e
 is the direct product of the WP-GITM simula-

tion (see the “Tsunami Parameters Inversion” section), and DART is 
the Data Assimilation Research Testbed (Anderson et al. 2009). See 
main text for detailed descriptions of each block. GNSS are Global 
Navigation Satellite Systems. JPL is NASA’s Jet Propulsion Labora-
tory. GDGPS is JPL’s Global Differential GPS network. IPPs are Ion-
ospheric Pierce Points. TEC is the Total Electronic Content. For the 
public web interface, see https:// guard ian. jpl. nasa. gov

http://www.unavco.org
https://igs.org/products/#ionospheric_products
https://igs.org/products/#ionospheric_products
http://chapman.upc.es/irtg/last_results/
http://chapman.upc.es/irtg/last_results/
https://simurg.iszf.irk.ru/
https://simurg.iszf.irk.ru/
http://ionos.ingv.it/ionoring/ionoring.htm
https://guardian.jpl.nasa.gov
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GUARDIAN system is to use JPL’s real-time GDGPS capa-
bilities to develop an NRT ionospheric monitoring system 
for natural hazards.

We describe the GNSS Upper Atmospheric Real-time 
Disaster Information and Alert Network (GUARDIAN). 
We first describe the GUARDIAN architecture. The follow-
ing sections present the elements of that architecture: the 
delivery of data to the GDGPS server, the general buffering 
scheme allowing for near-real-time operations, the mitiga-
tion of data issues and the computation of the TEC, and the 
publicly available web page. We then compare sample data 
obtained through our real-time system and computed offline. 
Finally, we describe future steps in improving the GUARD-
IAN, and conclude with overview on our system.

System architecture

Figure 1 presents the general architecture of GUARDIAN. 
Real-time multi-GNSS carrier phase data and satellite orbits 
are collected in the first module and buffered. These data are 
then used to compute TEC and Ionospheric Pierce Points 
(IPPs); see (1.1) in Fig. 1, and detailed description in the 
“Total Electron Content and Ionospheric Pierce Points Com-
putation” section. The resulting data are regularly output to 
files for further analysis; this is presented in sections “Real-
Time Buffer, Output, and Filter,” “Data Conditioning,” 
and “Total Electron Content and Ionospheric Pierce Points 
Computation.” The computed data are first and foremost dis-
played on a publicly accessible web page, https:// guard ian. 
jpl. nasa. gov. See the “Public Web Interface” section and the 
“Public Web Interface” block in Fig. 1.

The planned architecture will also include detection and 
inversion systems (see (2) and (3), respectively, in Fig. 1). 
The goal of those two blocks is to provide an automated 
warning based on the TEC data stream. The first-level warn-
ings would only rely on automated detections. A confirma-
tion would be derived from the inversion, as well as more 
detailed information on the potential event if applicable. 
Both warnings would be displayed on the web page and 
could be interfaced with existing EWS through an Applica-
tion Programming Interface (API).

GNSS networks and GDGPS data delivery

The current version of GUARDIAN uses data from the GPS, 
Galileo, GLONASS, and BDS constellations. In RINEX-3 
terminology, the observation codes used are (L1C, L2W) for 
GPS, (L1C, L2C) or (L1P, L2P) for GLONASS, (L1C, L5Q) 
or (L1X, L5X) for Galileo, and (L2I, L6I) or (L2I, L7I) for 
BDS. Currently, more than 80 stations along the coast of the 
Pacific Ocean are included in the network. However, this 
list can readily be extended up to a total of more than 200 

stations processed by JPL’s GDGPS, at the only cost of more 
computational power.

JPL’s GDGPS network collects raw carrier phase and 
pseudorange 1 Hz tracking data from a set of stations in real-
time. Depending on the remote station, the data are transmit-
ted over Internet Protocol (IP) with either a BINEX (Binary 
RINEX) or RTCM-3 format to GDGPS servers.

Next, at a GDGPS server dedicated to GUARDIAN pro-
cessing, data are eventually selected according to data type 
and a subset list of stations. A GNSS Data Editor (GDE) 
recently developed at JPL, ABD (Advanced Break Detec-
tor, developed mainly by B. Szilágyi), then separates arcs in 
the data, flags disjointed arcs, and attempts to correct cycle 
slips; see (Blewitt 1990) for more details on the typical pro-
cess used in GDEs. Finally, these data samples are pushed 
to a shared memory slot in the memory of the dedicated 
GUARDIAN GDGPS’ server, allowing other processes to 
access it.

Following the same rationale, multi-GNSS orbits are also 
collected in real time and accessible directly on the dedi-
cated server, allowing us to compute IPPs in real time as 
well (see the “TEC and IPP Computation” section).

Note that this base architecture is also used by other 
NASA/JPL applications. The GPS Real Time Earthquake 
and Tsunami (GREAT) alert system utilizes precise point 
positioning (PPP) to retrieve co-seismic site motions and 
therefore assess the parameters of large earthquakes and 
the eventual resulting tsunamis (Bar-Sever et al. 2010). 
The GPS-Aided Tsunami Early Detection (GATED) uti-
lizes near-field (epicentral distance < 1000 km) GNSS data 
and mid-range (30º < epicentral distance < 45º) teleseismic 
P-waves to invert earthquake mechanisms in real time, with 
the goal of augmenting tsunami early warning systems 
(Chen et al. 2020). Another application is the real-time 
integrity monitoring of GNSS constellations.

This data delivery scheme is also easily reproducible, 
both for phase data and orbits. For instance, Maletckii and 
Astafyeva (2021) also propose to use the Networked Trans-
port of RTCM (Radio Technical Commission for Maritime 
Services 2020) via Internet Protocol (NTRIP) (ESA GNSS 
Science Support Centre 2018).

Real‑time buffer, output, and filter

We use buffering for two main reasons. First and foremost, 
buffering allows us to use advanced tools to correct and 
compute the quantities of interest in an NRT time frame, 
consistent with our overarching NRT early warning goal. 
Second, hardware considerations limit the rate at which data 
points can be output to files. Consequently, since we need 
to keep up with the NRT data rate, we need to limit the fre-
quency of the computationally heavy file operations (open, 
write, and close).

https://guardian.jpl.nasa.gov
https://guardian.jpl.nasa.gov
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For each new satellite–station link, a buffer is initialized. 
Its length is parametrizable and is set to 10-min in the cur-
rent implementation (based on empirical stability testing). 
The buffer keeps track of six fields: time, both carrier phases, 
and satellite positions in ECEF (Earth Centered Earth Fixed) 
convention. We progressively fill the buffer by continuously 
fetching data from the real-time GDGPS memory (carrier 
phase and orbits). When a link’s buffer has been filled, we 
proceed with corrections, TEC computation, IPP computa-
tion, and writing to disk.

First, cycle slips and data gaps are corrected; this is 
detailed in the “Data Conditioning” section. Next, we com-
pute the TEC using the carrier phase time series, and the 
IPPs using the ECEF satellite and ground station coordi-
nates; this is detailed in the “TEC and IPP Computation” 
section. Finally, the TEC product is output to the relevant 
file. The file structure consists of one file per station, con-
taining observations for all available satellites.

The resulting time series need to be filtered before being 
displayed on the website. The current system implements a 
fourth-order Butterworth high-pass filter with cutoff period 
15 min (about 1.1 mHz), allowing the observation of gravity 
waves while filtering out planetary waves, the diurnal TEC 
variation, and other large-scale phenomena.

Note that the data-collecting backend outputs absolute 
(unfiltered), uncalibrated TEC time series to files. The filter-
ing occurs through a separate process, which is scheduled to 
happen closely after each buffer is output. Consequently, the 
filtering is able to account for whole arcs, while still taking 
into account the most recent data possible. This allows us to 
use the necessarily low cutoff frequency without encounter-
ing any data analysis issues. For instance, filtering a 5-min-
long time series with a high-pass filter with a 10-min cutoff 
period is intrinsically unstable; the method we employ cir-
cumvents this issue.

It is useful to note that some particular ionospheric dis-
turbances may still remain in the data after filtering (sudden 
increases in TEC following coronal mass ejections, sporadic 
E irregularities, etc.)—it would, however, not be difficult 
to discriminate them from disturbances originating from 
the hazards-induced neutral atmosphere forcings of inter-
est here.

Data conditioning

Cycle slips (CSs) are usually caused by a temporary loss 
of lock in carrier tracking; as a result, the observed phase 
skips one whole wavelength (or more), manifesting as a non-
physical jump in the phase measurement. JPL’s GDE flags 
disjointed arcs and associated CSs, and attempts to correct 
as many of them as possible.

Eventual in-arc CSs are detected using a modified 
Z-score-based outlier criteria (described in Appendix) on 

the first-order differential of each of the carrier phase meas-
urements. The first-order differentiation allows a better 
localization in time of the eventual CSs. The detected CSs 
are then fitted using a Heaviside-augmented polynomial and 
corrected if the jump (the Heaviside coefficient in the fit) is 
an integer multiple of the wavelength at play.

We note that more advanced CS fixing methods exist (Cai 
et al. 2013; Hofmann-Wellenhof et al. 2008; Wu et al. 2010; 
Zangeneh-Nejad et al. 2017); their implementation is, how-
ever, deferred to future work.

Because real-time data collection methods are subject 
to transmission errors and packet losses, our data stream is 
subject to potential data gaps. It is impractical to slow down 
the system to wait for those missing samples to eventually 
be received. Rather, we implement a mitigation strategy 
described below.

Since samples are time-stamped, missing samples can be 
spotted at each shared memory fetch step during the buff-
ering process, allowing us to flag data gaps. At the output 
step, the points flagged as missing are interpolated using the 
two neighboring data segments. We keep these interpolated 
points flagged for subsequent steps in our system.

When the elevation is too low (lower than approximately 
7º), when the link is losing lock, or if there is a hardware 
or network issue, the number of gaps might surge. The 
currently buffered data is hence considered unreliable and 
needs to be discarded; we empty it and restart a fresh buffer 
with the latest sample. We implement two empirical discard 
thresholds: (1) if a single gap is longer than 15% of the total 
number of points in the buffer, or (2) if the total number of 
missing points in the buffer is greater than 50% of the total 
number of points in the buffer.

Total electron content and ionospheric pierce points 
computation

Excluding nondispersive terms in the carrier phase GNSS 
observables, the carrier phase difference is driven by the 
integral of the radio signals’ refractive index along the signal 
path (Teunissen and Montenbruck 2017, Eq. (6.83)) and is 
derived using the Appleton–Hartree formula for this refrac-
tive index in the ionospheric plasma (Teunissen and Mon-
tenbruck 2017, Eq. (6.72)). As a result, the single difference 
of dual-frequency measurements is directly proportional to 
the TEC along the receiver–transmitter (RT) line of sight:

where f1,2 are the considered carrier frequencies, �f1,f2
 are 

the measured phases along the respective frequencies, � 
is the slant TEC (STEC, the integral of the electron den-
sity along the slant ray path), Δb contains instrumental or 

�f1
− �f2

=
K
(
f 2
1
− f 2

2

)

f 2
1
f 2
2

� + Δb + Δ�
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interfrequency delays (station and satellite), and Δ� con-
tains residual noise terms (e.g., local multipath and thermal 
noise). K is a constant derived from the plasma frequency 
(Teunissen and Montenbruck 2017, Eq. (39.3)):

where qe is the electron charge, �0 is the dielectric constant 
of vacuum, and me is the electron mass. Δb and Δ� are con-
sidered higher-order terms. As a result, to first order, � can 
be estimated through:

The retrieved TEC is absolute and uncalibrated, and, in 
practice, the instrumental delays Δb induce STEC ampli-
tude shifts, which can, however, be assumed constant for 
each RT couple over several days (Mannucci et al. 1998, and 
references therein). Algorithms exist to estimate and correct 
those biases (Bertiger et al. 2020; Bertiger et al. 2010; Ble-
witt 1989; Odijk and Teunissen 2013; Vierinen et al. 2016), 
but are impractical to apply in real time. However, this does 
not introduce additional complexities on GUARDIAN’s 
detection scheme because the filtering process removes any 
unestimated biases from the TEC time series.

For a given satellite–station link, it is customary to define 
the point in space where the TEC estimate is valid as the 
IPP for this measurement. Here, we define the IPPs as the 
intersection between the satellite–station line of sight and a 
single-shell ionospheric model fixed at 350 km altitude. We 
compute the IPPs through an iterative fixed-point algorithm.

We note that a fixed single-shell model might not be exact 
in all possible conditions due to the fact that the ionosphere 
is a highly dynamic environment. A different shell height 
would not significantly displace the IPPs, but may have a 
slight impact on the determination of the celerity and direc-
tion of propagation for TIDs (Komjáthy 1997). However, 
introducing shell models varying in time and/or space would 
adversely impact the consistency of our products in time and 
space. In short, we deem that the potential errors introduced 
by our choice of shell model are negligible for this current 
work.

Public web interface

Data processed by the python-based GUARDIAN backend 
system are displayed in near-real time on an interactive web 
interface at https:// guard ian. jpl. nasa. gov. Data generated 
in CSV (Comma-Separated Values) format by the backend 
system are converted to JSON (JavaScript Object Notation) 
files for web plotting and manipulation by a converter script, 

K =
1

2

q2
e

4�2�0me

≈ 40.308193m3s−2

� ≈
f 2
1
f 2
2

K
(
f 2
1
− f 2

2

)(�f1
− �f2

)

which is run automatically every 6 min. The user arrives at 
the GUARDIAN website, where a map with GDGPS sta-
tions (represented by black squares), earthquakes (repre-
sented by yellow circles), and IPPs (represented by colored 
streaks) is displayed. Only the last 60 min of IPP data are 
shown on the map. Color-coded circles indicate earthquakes 
flagged as potentially tsunamigenic by the United States 
Geological Survey (USGS). A selection rectangle may be 
dragged on the map, which populates a sidebar with earth-
quakes and stations within the square. Additional rectangles 
may be drawn to append to the sidebar. Hovering the mouse 
over a station or earthquake in the sidebar enlarges the fea-
ture on the map to highlight its location. Upon clicking an 
earthquake in the sidebar, additional details such as the loca-
tion and time of the earthquake, are displayed below the 
map. Upon clicking any station, a window containing check 
boxes with satellite names is revealed. Each check box, 
when checked, plots slant TEC data from the GUARDIAN 
backend associated with that satellite and the clicked station 
over the last 24 h. The plot can be zoomed and dragged to 
study specific features in the TEC profile. Also plotted are 
locations of corrected cycle slips, which may inform the 
user of possible filtering artifacts that can be mistaken for 
geophysical signals.

Real‑time TEC validation

In this section, we verify that our real-time processing 
yields TEC time series comparable to the time series one 
could obtain by post-processing daily RINEX files. On the 
one hand, we record TEC time series in real-time using the 
GUARDIAN system. On the other hand, once the day of 
interest has passed, we obtain “ground truth” TEC time 
series by post-processing the corresponding GDGPS archive 
files with JPL’s proprietary Python software GNSSTEC.

Figure 2 summarizes the validation for 24 h of data 
acquired on August 9, 2022. We make sure to analyze a sig-
nificant sample of stations around the Pacific Ring of Fire, 
both in the northern and southern hemispheres and at the 
widest range of magnetic latitudes. This plot summarizes 
1987 links recorded over 27 stations in the Pacific (13 in the 
northern hemisphere and 14 in the southern hemisphere), 
covering absolute latitudes from 0.74 to 64.98. The cumu-
lative duration of all time series summarized here amounts 
to 10,876 h.

The data for computing the error metrics (see below) 
and for displaying the insets has been filtered with a zero-
phase fourth-order Butterworth high-pass filter; for com-
puting the metrics, the cutoff was chosen at 0.28 mHz 
(periods < 60 min); for displaying the insets, the cutoff was 
chosen at 3.33 mHz (periods < 5 min).

The error was computed as the absolute error between 
the post-processed data and the real-time stream. Based on 

https://guardian.jpl.nasa.gov
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these error time series, we computed four metrics to evaluate 
the agreement between the real-time stream and the post-
processed data:

• LE95, the 95-%-quantile of absolute errors.
• median, the median of absolute errors along the time 

series.
• RMSE, the root-mean-squared of the absolute error.
• MAD, the median absolute deviation of the absolute 

errors, computed link-wise; MAD = median(|absolute 
error—mean absolute error|); we use it as a metric for 
the dispersion of the absolute error and add it as a bar 
around both the mean and RMSE metrics.

It is to be noted that, in order to reduce the metrics to a 
single value per station–constellation couple in Fig. 2, we 
computed the median of each metric across each constella-
tion. Notice also that GLPS-E and GLPS-C only display 3 
and 1 satellite respectively; these errors are slightly worse 
than the rest of the links due to issues with underlying data 
gaps on those 4 links.

In summary, we note that 97% of the links checked show-
case an RMS error below 0.1 TECU, and 86% of them verify 
RMSE < 0.05 TECU (the typical noise level for carrier phase 
measurements). The main source of errors stems from data 
quality issues shortening the effective length of the arcs to be 

filtered: data gaps, or discontinuous arcs due to uncorrected 
cycle slips. These points are subject to continuous work as 
part of our efforts to maintain and improve the GUARDIAN 
system. In short, we deem the GUARDIAN near-real-time 
stream validation sufficient for all intents and purposes at 
this stage.

Future work: automated detection

At present, the GUARDIAN system displays data that can 
be explored manually by a subject matter expert, who can 
identify tsunamigenic signatures in TEC time series in the 
vicinity of a potentially tsunamigenic earthquake. The next 
step in our system is automatically detecting perturbations 
in the TEC time series. Ideally, we aim to capture and flag 
every single anomalous perturbation. Based on previous 
studies (Afraimovich et al. 2001; Artru et al. 2005; Asta-
fyeva 2019; Astafyeva et al. 2014; Lay et al. 2015; Liu et al. 
2019; Maletckii and Astafyeva 2021; Manta et al. 2020, 
2021; Occhipinti 2015; Occhipinti et al. 2013; Sanchez et al. 
2022), we expect to be able to detect ionospheric distur-
bances due to earthquakes, tsunamis, volcanic eruptions, and 
storms, as well as space weather effects.

Several techniques for automated detections already exist 
in the literature, for instance: ionospheric power indices 
(Manta et al. 2020, 2021), wavelet analysis threshold-based 

Fig. 2  Validation of the real-time stream. See main text for a descrip-
tion of the dataset analyzed here. Top panel: various error metrics 
for each station–constellation couple. See main text for a description 
of each metric. The gray bar corresponds to the range of observed 
noise levels in this dataset: typically, below 0.077 TECU. Top panel, 
insets: The left inset represents the best link in terms of error met-
rics (in TECU, LE95 = 0.005, median error = 0.001, RMSE = 0.002, 
MAD = 0.001). The right inset represents a relatively bad link 
(in TECU, LE95 = 0.515, median error = 0.049, RMSE = 0.202, 

MAD = 0.098); 99% of all links summarized here have a better agree-
ment than this link. Middle panel: number of satellites scanned, for 
each station–constellation couple. Bottom panel: average duration of 
the time series used for computing the error metrics, per satellite, for 
each station–constellation couple. For instance, for the station–con-
stellation couple GLPS-G, 31 satellites were scanned, with an aver-
age scan duration of 5.7 h per satellite; thus, for this couple, the error 
metrics in the top panel are computed with data spanning 177.75 h
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contouring (Torrence and Compo 1998), 2D principal com-
ponent analysis (Lin 2021), random forests (Brissaud and 
Astafyeva 2022), or Gramian angular fields (Constantinou 
et al. 2021). Those will be explored in future work based on 
the real-time TEC streams presented in this work.

Future work: Tsunami parameter inversion

A key component of tsunami EWS (TEWS) is the capabil-
ity to infer the properties of a detected tsunami as it travels 
toward coastal regions. By inverting the tsunami-induced 
TEC perturbations using a normal-modes summation model, 
Rakoto et al. (2018) were the first to infer tsunami wave 
heights, achieving a 20% accuracy for three events (2006 
Kuril Islands, 2011 Tōhoku-Oki, and 2012 Haida Gwaii).

We have developed a prototype software that infers tsu-
nami wave heights with 10% accuracy by inverting simulated 
electron density perturbations. This new software, named 
DART/WP-GITM, although at an experimental stage, is a 
joint JPL/NCAR effort based on ensemble data assimilation 
driven by 3D physics-based tsunami–ionosphere coupling 
model simulations. DART is publicly available at https:// 
dart. ucar. edu and is described in detail by Anderson et al. 
(2009). GITM is publicly available at https:// github. com/ 
aaron jridl ey/ GITM (Ridley et al. 2006), and Meng et al. 
(2015) describe its application for simulating the Tōhoku-
Oki event. The novelty of DART/WP-GITM is the develop-
ment of an interface between these two existing pieces of 
software, where DART assimilates the WP-GITM simula-
tions. The general working principle is illustrated in block 
(3) of Fig. 1, an illustration of the modeled domain is given 

in Fig. 3a, and a detailed description is given in Supple-
mentary Text T1. We applied this prototype software to the 
2011 Tōhoku-Oki tsunami (https:// earth quake. usgs. gov/ 
earth quakes/ event page/ offic ial20 11031 10546 24120_ 30). 
Details of the assimilation procedure are given in Supple-
mentary Text T2. Each assimilation time step lasted about 
5 min, for a total run-time of 3 h. Figure 3b (top) shows the 
convergence of the initial ensemble tsunami states (solid 
black lines) and its mean (solid green line) to the “true” 
MOST-estimated tsunami wave height (solid red line) as 
a function of the assimilation cycle. The reduction in the 
ensemble spread together with the reduction of the standard 
deviation of the inverted tsunami wave height by 50% at the 
end of the simulation time to 2.0 cm (see Fig. 3b, bottom) is 
consistent with a successful tsunami wave height inversion. 
Although our inversion does not converge to ± 2.0 cm to the 
“truth” until after 3 h of simulations, the results are encour-
aging in terms of detecting open ocean tsunamis traveling 
toward the US west coast.

We envision augmenting the GUARDIAN system with 
this experimental prototype by initiating a DART/WP-GITM 
inversions on automatically-detected ionospheric perturba-
tions in order to estimate tsunami wave properties. Signifi-
cant software developments are, however, still required to 
test DART/WP-GITM with real GNSS satellite observations.

We note that the inversion technique presented in this 
section relies on the TIDs induced by the internal atmos-
pheric gravity waves (IAGWs), themselves induced by the 
propagating tsunami. Due to slower phase velocities, IAGWs 
take longer to propagate from the ocean surface to the ion-
osphere, typically on the order of 30–40 min (Astafyeva 

Fig. 3  Proof of concept of the tsunami parameter inversion using syn-
thetic TEC data. a Schematic of the physical space modeled by WP-
GITM (reproduced with permission after (Komjáthy et  al. 2016)). 
WP models the propagation of waves in the neutral atmosphere, while 
GITM simulates the thermospheric and ionospheric effects. b Tsu-
nami wave height inversion from modeled ionospheric disturbances, 
for the case of the 2011 Tōhoku-Oki tsunami. (b), top: Tsunami wave 

height inversion as a function of assimilation cycle using DART/
WP-GITM. In this case, each assimilation cycle is 5 min. The solid 
black lines show the ensemble members of the data assimilation, the 
solid green line shows the ensemble mean state, and the solid red 
line shows the “true” tsunami wave height from the MOST model. 
(b), bottom: Time evolution of the standard deviation of the ensemble 
means, as a function of the assimilation cycle

https://dart.ucar.edu
https://dart.ucar.edu
https://github.com/aaronjridley/GITM
https://github.com/aaronjridley/GITM
https://earthquake.usgs.gov/earthquakes/eventpage/official20110311054624120_30
https://earthquake.usgs.gov/earthquakes/eventpage/official20110311054624120_30


GPS Solutions (2023) 27:32 

1 3

Page 9 of 13 32

2019). As a result, IAWG-induced TID-based inversions are 
only practical for far-field applications for which the tsunami 
travel time exceeds the atmospheric propagation time.

Because of much shorter tsunami travel times in the 
near-field, risk assessments must rely on the acoustic waves 
(AWs) launched from the initial sea surface uplift. Such AWs 
reach the ionosphere typically within 8–10 min (Astafyeva 
2019), and the TEC perturbations they induce are directly 
proportional to the magnitude of the event (see (Heki 2021; 
Manta et al. 2020; and references therein)).

Conclusion

In this work, we have introduced the first near-real-time 
ionospheric monitoring network, GUARDIAN. Leveraging 
JPL’s GDGPS network, we focus on the Pacific Ring of Fire, 
with the goal of monitoring natural hazards in this seismic/
volcanic highly active region. At the time of publication, 
53% of the total area of the region of interest in the Pacific 
is monitored by the GUARDIAN system (see Supplemen-
tary Figure F1). This corresponds to almost two-thirds of 
the maximum possible coverage (82%). Implementing addi-
tional stations in strategic locations will allow to increase 
this coverage further.

The data collection system is now fully functioning and 
validated (see the “Real-Time TEC Validation” section), as 
well as publicly accessible to the general online community 
(Sect. 6, https:// guard ian. jpl. nasa. gov).

The DART/WP-GITM inversion scheme for tsunami 
waves is currently working as standalone (see the “Future 
Work: Tsunami Parameter Inversion” section). In future 
work, we seek to link this method within the GUARDIAN 
architecture (Fig. 1). Furthermore, the overarching goal 
would be to develop additional inversion tools geared for 
other natural hazards (volcanic eruptions, storms, etc.).

Our next step will be implementing automatic detection 
algorithms to pinpoint TEC perturbations of interest for 
either tentative automatic inversions or manual investigation 
by analysts. Furthermore, by optimizing our near-real-time 
run-time and leveraging parallelization, we will extend our 
coverage to the whole set of stations available to GDGPS 
over the entire globe.

When investigating ionospheric perturbations caused by 
natural hazards, one has to distinguish between near-field 
and far-field applications. These two types of applications 
have different limitations, but the NRT monitoring enabled 
by GUARDIAN may be useful for both.

In the near-field, the natural hazards’ atmospheric per-
turbations will reach the ionosphere within approximately 
10 min, making the near-real-time TEC analysis particularly 
valuable to assess the magnitude of the event. GUARDIAN 
is able to produce TEC time series within 10 min of the wave 

reaching the ionosphere, making our product the fastest TEC 
product available. We, however, note that atmospheric per-
turbations may reach the ionosphere as early as 8 min after 
an event (Astafyeva 2019; Astafyeva et al. 2011; Thomas 
et al. 2018; Yang et al. 2014), which would make GUARD-
IAN slightly late. Optimization of the buffer length and of 
our procedures will help reduce this lag, but we defer this 
to future work.

The GUARDIAN system is also valuable for far-field 
applications. For instance, we have shown it is possible to 
estimate wave parameters by inverting the tsunami-induced 
TEC perturbations (Sect. 9). This will, in the future, make 
our NRT product the earliest direct characterization of the 
sea surface height, which will in turn be used as initial con-
ditions for tsunami propagation models.

Appendix

Acronyms

The following acronyms are used throughout this paper: 
API (Application Programming Interface), CSV (Comma-
Separated Values), DART (Deep-ocean Assessment and 
Reporting of Tsunamis (Bernard and Meinig 2011; Meinig 
et  al. 2005; Mungov et  al. 2013), or Data Assimilation 
Research Testbed (Anderson et al. 2009)), ECEF (Earth 
Centered Earth Fixed, a reference frame), EWS (Early 
Warning System), GDE (GNSS Data Editor), GDGPS 
(JPL's Global Differential GPS network), GITM (Global 
Ionosphere Thermosphere Model), GNSS (Global Naviga-
tion Satellite System), GGOS (Global Geodetic Observing 
System), GREAT (JPL's GPS Real Time Earthquake and 
Tsunami), GTEWS (GNSS-based Tsunami Early Warning 
System), GUARDIAN (GNSS Upper Atmospheric Real-
time Disaster Information and Alert Network), IAG (Inter-
national Association of Geodesy), IGS (International GNSS 
Service), IPP (Ionospheric Pierce Point), IUGG (Interna-
tional Union of Geodesy and Geophysics), JPL (NASA’s 
Jet Propulsion Laboratory), NASA (National Aeronautics 
and Space Administration), NRT (Near-Real-Time), NTRIP 
(Networked Transport of RTCM via Internet Protocol), PPP 
(Precise Point Positioning), RINEX (Receiver Independ-
ent Exchange, a format), RTCM (Radio Technical Com-
mission for Maritime Services), STEC (Slant TEC), TEC 
(Total Electron Content), TEWS (Tsunami Early Warning 
System), UNAVCO (University Navstar Consortium), WP-
GITM (Wave Perturbation Global Ionosphere Thermosphere 
Model (Meng et al. 2015)).

https://guardian.jpl.nasa.gov
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Appendix: Modified Z‑score outlier detector

The modified Z-score is a type of outlier detector (Iglewicz 
and Hoaglin 1993). It is defined for a series 

(
yi
)
i∈1,N

 as:

where the median y and the median absolute deviation �y 
are defined as:

For more flexibility, we replace the median over the whole 
series y with a sliding median over 2k + 1 elements around 
i , yk

i
 . We adapt the median absolute deviation accordingly. 

In fine, we define the sliding modified Z-score Zk
i
 as:

Following Iglewicz and Hoaglin (1993), we deem ele-
ments i having a Zk

i
 higher than a detection threshold of 

Zmax = 3.5/0.6745 ≃ 5.19 to be outliers.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10291- 022- 01365-6.

Acknowledgements The authors wish to gratefully thank Angelyn W. 
Moore (JPL/Caltech) for her key support with the GNSSTEC Python 
software (used in the “Real-Time TEC Validation” section), and for 
her constructive feedback on the manuscript. The authors would also 
like to thank the reviewers of this manuscript for their insightful com-
ments. This research was carried out at the Jet Propulsion Laboratory, 
California Institute of Technology, under a contract with the National 
Aeronautics and Space Administration (80NM0018D0004). GUARD-
IAN is developed under GDGPS and NASA ROSES Earth Surface and 
Interior and GNSS Research Team Program support.

Author Contributions Conceptualization: Siddharth Krishnamoorthy, 
Léo Martire, Attila Komjáthy; Methodology: Léo Martire, Siddharth 
Krishnamoorthy; Formal analysis and investigation: Léo Martire, Sid-
dharth Krishnamoorthy; Writing—original draft preparation: Léo Mar-
tire; Writing—review and editing: Léo Martire; Funding acquisition: 
Attila Komjáthy, Yoaz Bar-Sever; Resources: Attila Komjáthy, Larry J. 
Romans, Béla Szilágyi; Supervision: Léo Martire, Siddharth Krishna-
moorthy, Panagiotis Vergados, Attila Komjáthy. Panagiotis Vergados, 
Xing Meng, and Jeffery L. Anderson developed the standalone study 
presented in the “Future Work: Tsunami Parameter Inversion” sec-
tion. All authors contributed to the development of the GUARDIAN 

∀i ∈ 1,N, Zi =

{
yi−y

�y
if �y ≠ 0

1 if �y = 0

⎧
⎪⎨⎪⎩

y = median

��
yi
�
i∈1,N

�

�y = median

����yi − y��
�
i∈1,N

�

∀i ∈ 2,N,

⎧
⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

Zk
i
=

⎧⎪⎨⎪⎩

yi−y
k

i

�
yk
i

if �
y
k

i

≠ 0

1 if �
y
k

i

= 0

y
k

i
= median

��
yi
�
i∈i−k,i+k

�

�
y
k

i

= median

�����yi − y
k

i

���
�
i∈1,N

�

system; all authors commented on previous versions of the manuscript; 
all authors reviewed the manuscript.

Declarations 

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Afraimovich E, Altynsev A, Grechnev V, Leonovich L (2001) Iono-
spheric effects of the solar flares as deduced from global GPS 
network data. Adv Space Res 27(6–7):1333–1338. https:// doi. org/ 
10. 1016/ S0273- 1177(01) 00172-7

Anderson J, Hoar T, Raeder K, Liu H, Collins N, Torn R, Avellano 
A (2009) The data assimilation research testbed: a community 
facility. Bull Am Meteor Soc 90(9):1283–1296. https:// doi. org/ 
10. 1175/ 2009B AMS26 18.1

Artru J, Ducic V, Kanamori H, Lognonné PH, Murakami M (2005) 
Ionospheric detection of gravity waves induced by Tsunamis. 
Geophys J Int 160(3):840–848. https:// doi. org/ 10. 1111/j. 1365- 
246X. 2005. 02552.x

Astafyeva E (2019) Ionospheric detection of natural hazards. Rev Geo-
phys 57(4):1265–1288. https:// doi. org/ 10. 1029/ 2019R G0006 68

Astafyeva E, Lognonné P, Rolland L (2011) First ionospheric images 
of the seismic fault slip on the example of the Tōhoku-Oki earth-
quake. Geophys Res Lett. https:// doi. org/ 10. 1029/ 2011G L0496 23

Astafyeva E et al (2022) The 15 January 2022 Hunga Tonga eruption 
history as inferred from ionospheric observations. Geophys Res 
Lett. https:// doi. org/ 10. 1029/ 2022G L0988 27

Astafyeva E, Rolland L, Sladen A (2014) Strike-slip earthquakes can 
also be detected in the ionosphere. Earth Planet Sci Lett 405:180–
193. https:// doi. org/ 10. 1016/j. epsl. 2014. 08. 024

Bar-Sever Y et al. (2010) A GPS real time earthquake and tsunami 
(GREAT) alert system. EGU general assembly

Benedetti E, Branzanti M, Colosimo G, Mazzoni A, Crespi M (2015) 
VADASE: state of the art and new developments of a third way 
to GNSS seismology, pp 59–66. https:// doi. org/ 10. 1007/ 1345_ 
2015_7

Bernard EN, Meinig C (2011) History and future of deep-ocean tsu-
nami measurements. Oceans’11 MTS/IEEE KONA, pp 1–7. 
https:// doi. org/ 10. 23919/ OCEANS. 2011. 61068 94

Bertiger W et al (2020) GipsyX/RTGx, a new tool set for space geo-
detic operations and research. Adv Space Res 66(3):469–489. 
https:// doi. org/ 10. 1016/j. asr. 2020. 04. 015

Bertiger W, Desai SD, Haines B, Harvey N, Moore AW, Owen S, 
Weiss JP (2010) Single receiver phase ambiguity resolution with 
GPS data. J Geodesy 84(5):327–337. https:// doi. org/ 10. 1007/ 
s00190- 010- 0371-9

Blewitt G (1989) Carrier phase ambiguity resolution for the global 
positioning system applied to geodetic baselines up to 2000 km. J 

https://doi.org/10.1007/s10291-022-01365-6
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0273-1177(01)00172-7
https://doi.org/10.1016/S0273-1177(01)00172-7
https://doi.org/10.1175/2009BAMS2618.1
https://doi.org/10.1175/2009BAMS2618.1
https://doi.org/10.1111/j.1365-246X.2005.02552.x
https://doi.org/10.1111/j.1365-246X.2005.02552.x
https://doi.org/10.1029/2019RG000668
https://doi.org/10.1029/2011GL049623
https://doi.org/10.1029/2022GL098827
https://doi.org/10.1016/j.epsl.2014.08.024
https://doi.org/10.1007/1345_2015_7
https://doi.org/10.1007/1345_2015_7
https://doi.org/10.23919/OCEANS.2011.6106894
https://doi.org/10.1016/j.asr.2020.04.015
https://doi.org/10.1007/s00190-010-0371-9
https://doi.org/10.1007/s00190-010-0371-9


GPS Solutions (2023) 27:32 

1 3

Page 11 of 13 32

Geophys Rese Solid Earth 94(B8):10187–10203. https:// doi. org/ 
10. 1029/ JB094 iB08p 10187

Blewitt G (1990) An automatic editing algorithm for GPS data. Geo-
phys Res Lett 17(3):199–202. https:// doi. org/ 10. 1029/ GL017 
i003p 00199

Brissaud Q, Astafyeva E (2022) Near-real-time detection of co-seismic 
ionospheric disturbances using machine learning. Geophys J Int. 
https:// doi. org/ 10. 1002/ ESSOAR. 10507 674.1

Cai C, Liu Z, Xia P, Dai W (2013) Cycle slip detection and repair 
for undifferenced GPS observations under high ionospheric 
activity. GPS Solut 17(2):247–260. https:// doi. org/ 10. 1007/ 
s10291- 012- 0275-7

Cesaroni C, Spogli L, De Franceschi G (2021) IONORING: real-time 
monitoring of the total electron content over Italy. Remote Sens 
13(16):3290. https:// doi. org/ 10. 3390/ rs131 63290

Chen K, Liu Z, Song YT (2020) Automated GNSS and teleseismic 
earthquake inversion (autoquake inversion) for Tsunami early 
warning: retrospective and real-time results. Pure Appl Geophys 
177(3):1403–1423. https:// doi. org/ 10. 1007/ s00024- 019- 02252-x

Constantinou V, Ravanelli M, Liu H, Bortnik J (2021) Detecting tsu-
nami-related gravity waves in earth’s ionosphere with convolu-
tional neural networks. AGU Fall Meeting. New Orleans, LA, 
USA

ESA GNSS Science Support Centre (2018) Networked transport of 
RTCM via internet protocol. Retrieved from https:// gssc. esa. int/ 
wpcon tent/ uploa ds/ 2018/ 07/ Ntrip Docum entat ion. pdf

Falck C, Ramatschi M, Bartsch M, Merx A (2010) The GNSS-based 
component of the German-Indonesian tsunami early warning 
system (GITEWS): overview, first operation results and current 
developments. In: 2010 IEEE international geoscience and remote 
sensing symposium, pp 134–137. IEEE. https:// doi. org/ 10. 1109/ 
IGARSS. 2010. 56507 20

Heki K (2021) Ionospheric disturbances related to earthquakes, pp 
511–526. American Geophysical Union (AGU). https:// doi. org/ 
10. 1002/ 97811 19815 617. ch21

Heki K (2022) Ionospheric signatures of repeated passages of atmos-
pheric waves by the 2022 Jan. 15 Hunga Tonga-Hunga Ha’apai 
eruption detected by QZSS-TEC observations in Japan. Earth 
Planets Space. https:// doi. org/ 10. 1186/ s40623- 022- 01674-7

Hernández-Pajares M et al (2009) The IGS VTEC maps: a reliable 
source of ionospheric information since 1998. J Geodesy 83(3–
4):263–275. https:// doi. org/ 10. 1007/ s00190- 008- 0266-1

Hofmann-Wellenhof B, Lichtenegger H, Wasle E (eds.) (2008) GNSS-
global navigation satellite systems: GPS, GLONASS, Galileo, and 
more. 45(11). Springer. https:// doi. org/ 10. 5860/ choice. 45- 6185

Howe BM et al (2019) SMART cables for observing the global ocean: 
science and implementation. Front Mar Sci 6:424. https:// doi. org/ 
10. 3389/ fmars. 2019. 00424

Iglewicz B, Hoaglin DC (1993) Volume 16: how to detect and handle 
outliers, the ASQC basic references in quality control: statistical 
techniques. American Society for Quality Control

Kawaguchi K, Kaneko S, Nishida T, Komine T (2015) Construction 
of the DONET real-time seafloor observatory for earthquakes 
and tsunami monitoring. In: Seafloor observatories, pp 211–228. 
Berlin: Springer. https:// doi. org/ 10. 1007/ 978-3- 642- 11374-1_ 10

Kawamoto S, Hiyama Y, Ohta Y, Nishimura T (2016) First result from 
the GEONET real-time analysis system (REGARD): the case of 
the 2016 Kumamoto earthquakes. Earth Planets Space 68(1):190. 
https:// doi. org/ 10. 1186/ s40623- 016- 0564-4

Kawamoto S et al (2017) REGARD: a new GNSS-based realtime finite 
fault modeling system for GEONET. J Geophys Res Solid Earth 
122(2):1324–1349. https:// doi. org/ 10. 1002/ 2016J B0134 85

Komjáthy A (1997) Global ionospheric total electron content mapping 
using the global positioning system. Engineering 188:248

Komjáthy A, Yang YM, Meng X, Verkhoglyadova O, Mannucci AJ, 
Langley RB (2016) Review and perspectives: understanding 

natural-hazards-generated ionospheric perturbations using GPS 
measurements and coupled modeling. Radio Sci 51(7):951–961. 
https:// doi. org/ 10. 1002/ 2015R S0059 10

Kruglanski M, De Donder E, Glover A, Borries C, Janssens J (2015) 
Services for GNSS users within the ESA space situational aware-
ness space weather service network. In: 2015 international asso-
ciation of institutes of navigation world congress (IAIN), pp 1–5. 
IEEE. https:// doi. org/ 10. 1109/ IAIN. 2015. 73522 29

Lay EH, Shao X, Kendrick AK, Carrano CS (2015) Ionospheric acous-
tic and gravity waves associated with midlatitude thunderstorms. 
J Geophys Res Space Phys 120(7):6010–6020. https:// doi. org/ 10. 
1002/ 2015J A0213 34

Lin J-W (2021) Generalized two-dimensional principal component 
analysis and two artificial neural network models to detect trave-
ling ionospheric disturbances. Nat Hazards. https:// doi. org/ 10. 
1007/ s11069- 021- 05093-x

Liu J-Y, Chen C-Y, Sun Y-Y, Lee I-T, Chum J (2019) Fluctuations on 
vertical profiles of the ionospheric electron density perturbed by 
the March 11, 2011 M9.0 Tohoku earthquake and tsunami. GPS 
Solut 23(3):76. https:// doi. org/ 10. 1007/ s10291- 019- 0866-7

Liu Q et al (2021) The cooperative IGS RT-GIMs: a reliable estima-
tion of the global ionospheric electron content distribution in real 
time. Earth Syst Sci Data 13(9):4567–4582. https:// doi. org/ 10. 
5194/ essd- 13- 4567- 2021

Maletckii BM, Astafyeva E (2021) Determining spatio-temporal 
characteristics of coseismic travelling ionospheric disturbances 
(CTID) in near real-time. Sci Rep 11(1):20783. https:// doi. org/ 
10. 1038/ s41598- 021- 99906-5

Mannucci AJ, Wilson BD, Yuan DN, Ho CH, Lindqwister UJ, Runge 
TF (1998) A global mapping technique for GPS-derived iono-
spheric total electron content measurements. Radio Sci 33(3):565–
582. https:// doi. org/ 10. 1029/ 97RS0 2707

Manta F, Occhipinti G, Feng L, Hill EM (2020) Rapid identification of 
tsunamigenic earthquakes using GNSS ionospheric sounding. Sci 
Rep 10(1):11054. https:// doi. org/ 10. 1038/ s41598- 020- 68097-w

Manta F, Occhipinti G, Hill EM, Perttu A, Assink JD, Taisne B (2021) 
Correlation between GNSS-TEC and eruption magnitude supports 
the use of ionospheric sensing to complement volcanic hazard 
assessment. J Geophys Res Solid Earth 126(2):1–17. https:// doi. 
org/ 10. 1029/ 2020J B0207 26

Matoza RS et al (2022) Atmospheric waves and global seismoacoustic 
observations of the January 2022 Hunga eruption, Tonga. Science. 
https:// doi. org/ 10. 1126/ scien ce. abo70 63

Meinig C, Stalin SE, Nakamura AI, Milburn HB (2005) Real-time 
deep-ocean tsunami measuring, monitoring, and reporting system: 
the NOAA DART II description and disclosure. NOAA Pacific 
Marine Environmental Laboratory

Meng X, Komjáthy A, Verkhoglyadova OP, Yang Y-M, Deng Y, Man-
nucci AJ (2015) A new physics-based modeling approach for tsu-
nami-ionosphere coupling. Geophys Res Lett 42(12):4736–4744. 
https:// doi. org/ 10. 1002/ 2015G L0646 10

Mungov G, Eblé M, Bouchard R (2013) DART® tsunameter ret-
rospective and real-time data: a reflection on 10 years of pro-
cessing in support of tsunami research and operations. Pure 
Appl Geophys 170(9–10):1369–1384. https:// doi. org/ 10. 1007/ 
s00024- 012- 0477-5

Najita K, Weaver P, Yuen P (1974) A tsunami warning system using 
an ionospheric technique. Proc IEEE 62(5):563–577. https:// doi. 
org/ 10. 1109/ PROC. 1974. 9480

National Geophysical Data Center (2022) Dataset Overview-national 
centers for environmental information (NCEI). https:// doi. org/ 10. 
7289/ V5PN9 3H7

Nishikawa T, Matsuzawa T, Ohta K, Uchida N, Nishimura T, Ide S 
(2019) The slow earthquake spectrum in the Japan Trench illumi-
nated by the S-net seafloor observatories. Science 365(6455):808–
813. https:// doi. org/ 10. 1126/ scien ce. aax56 18

https://doi.org/10.1029/JB094iB08p10187
https://doi.org/10.1029/JB094iB08p10187
https://doi.org/10.1029/GL017i003p00199
https://doi.org/10.1029/GL017i003p00199
https://doi.org/10.1002/ESSOAR.10507674.1
https://doi.org/10.1007/s10291-012-0275-7
https://doi.org/10.1007/s10291-012-0275-7
https://doi.org/10.3390/rs13163290
https://doi.org/10.1007/s00024-019-02252-x
https://gssc.esa.int/wpcontent/uploads/2018/07/NtripDocumentation.pdf
https://gssc.esa.int/wpcontent/uploads/2018/07/NtripDocumentation.pdf
https://doi.org/10.1109/IGARSS.2010.5650720
https://doi.org/10.1109/IGARSS.2010.5650720
https://doi.org/10.1002/9781119815617.ch21
https://doi.org/10.1002/9781119815617.ch21
https://doi.org/10.1186/s40623-022-01674-7
https://doi.org/10.1007/s00190-008-0266-1
https://doi.org/10.5860/choice.45-6185
https://doi.org/10.3389/fmars.2019.00424
https://doi.org/10.3389/fmars.2019.00424
https://doi.org/10.1007/978-3-642-11374-1_10
https://doi.org/10.1186/s40623-016-0564-4
https://doi.org/10.1002/2016JB013485
https://doi.org/10.1002/2015RS005910
https://doi.org/10.1109/IAIN.2015.7352229
https://doi.org/10.1002/2015JA021334
https://doi.org/10.1002/2015JA021334
https://doi.org/10.1007/s11069-021-05093-x
https://doi.org/10.1007/s11069-021-05093-x
https://doi.org/10.1007/s10291-019-0866-7
https://doi.org/10.5194/essd-13-4567-2021
https://doi.org/10.5194/essd-13-4567-2021
https://doi.org/10.1038/s41598-021-99906-5
https://doi.org/10.1038/s41598-021-99906-5
https://doi.org/10.1029/97RS02707
https://doi.org/10.1038/s41598-020-68097-w
https://doi.org/10.1029/2020JB020726
https://doi.org/10.1029/2020JB020726
https://doi.org/10.1126/science.abo7063
https://doi.org/10.1002/2015GL064610
https://doi.org/10.1007/s00024-012-0477-5
https://doi.org/10.1007/s00024-012-0477-5
https://doi.org/10.1109/PROC.1974.9480
https://doi.org/10.1109/PROC.1974.9480
https://doi.org/10.7289/V5PN93H7
https://doi.org/10.7289/V5PN93H7
https://doi.org/10.1126/science.aax5618


 GPS Solutions (2023) 27:32

1 3

32 Page 12 of 13

Occhipinti G (2015) The seismology of the planet mongo: the 2015 
ionospheric seismology review. In: Morra G, Yuen DA, King SD, 
Lee S-M, Stein S (eds) Subduction dynamics: from mantle flow 
to mega disasters. Wiley, Hoboken, pp 1–200

Occhipinti G, Rolland LM, Lognonné PH, Watada S (2013) From 
sumatra 2004 to Tohoku-Oki 2011: the systematic GPS detection 
of the ionospheric signature induced by tsunamigenic earthquakes. 
J Geophys Res Space Phys 118(6):3626–3636. https:// doi. org/ 10. 
1002/ jgra. 50322

Odijk D, Teunissen PJ (2013) Characterization of between-receiver 
GPS-Galileo inter-system biases and their effect on mixed ambi-
guity resolution. GPS Solut 17(4):521–533. https:// doi. org/ 10. 
1007/ s10291- 012- 0298-0

Radio Technical Commission for Maritime Services (2020) Radio tech-
nical commission for maritime services. Retrieved from https:// 
www. rtcm. org

Rakoto V, Lognonné P, Rolland L, Coïsson P (2018) Tsunami wave 
height estimation from GPS-derived ionospheric data. J Geophys 
Res Space Phys 123(5):4329–4348. https:// doi. org/ 10. 1002/ 2017J 
A0246 54

Ridley A, Deng Y, Tóth G (2006) The global ionosphere–thermosphere 
model. J Atmos Solar Terr Phys 68(8):839–864. https:// doi. org/ 
10. 1016/j. jastp. 2006. 01. 008

Sanchez SA, Kherani EA, Astafyeva E, de Paula ER (2022) Iono-
spheric disturbances observed following the ridgecrest earthquake 
of 4 July 2019 in California, USA. MDPI Remote Sens 14(1):188. 
https:// doi. org/ 10. 3390/ RS140 10188

Savastano G (2018) New applications and challenges of GNSS vari-
ometric approach, Ph.D. Thesis. University of Rome

Savastano G, Komjáthy A, Verkhoglyadova OP, Mazzoni A, Crespi 
M, Wei Y, Mannucci AJ (2017) Real-time detection of tsunami 
ionospheric disturbances with a standalone GNSS receiver: a pre-
liminary feasibility demonstration. Sci Rep 7(1):46607. https:// 
doi. org/ 10. 1038/ srep4 6607

Shinohara M, Yamada T, Uehira K, Sakai S, Shiobara H, Kanazawa 
T (2021) Development and operation of an ocean bottom cable 
seismic and tsunami (OBCST) observation system in the source 
region of the Tohoku-Oki earthquake. Earth Space Sci. https:// 
doi. org/ 10. 1029/ 2020E A0013 59

Teunissen PJ, Montenbruck O (2017) Springer handbook of global 
navigation satellite systems. Springer, Berlin. https:// doi. org/ 10. 
1007/ 978-3- 319- 42928-1

Themens DR et al (2022) Global propagation of ionospheric distur-
bances associated with the 2022 Tonga Volcanic eruption. Geo-
phys Res Lett. https:// doi. org/ 10. 1029/ 2022G L0981 58

Thomas D et al (2018) Revelation of early detection of coseismic 
ionospheric perturbations in GPS-TEC from realistic modelling 
approach: case study. Sci Rep 8(1):12105. https:// doi. org/ 10. 1038/ 
s41598- 018- 30476-9

Torrence C, Compo GP (1998) A practical guide to wavelet analysis. 
Bull Am Meteor Soc 79(1):61–78. https:// doi. org/ 10. 1175/ 1520- 
0477(1998) 079% 3c0061: APGTWA% 3e2.0. CO;2

Vergados P, Komjáthy A, Meng X (2020) GNSS observation for detec-
tion, monitoring, and forecasting natural and man-made hazardous 
events. In: Position, navigation, and timing technologies in the 
21st century, pp 939–969. Wiley. https:// doi. org/ 10. 1002/ 97811 
19458 449. ch32

Vierinen J, Coster AJ, Rideout WC, Erickson PJ, Norberg J (2016) 
Statistical framework for estimating GNSS bias. Atmos Measur 
Tech 9(3):1303–1312. https:// doi. org/ 10. 5194/ amt-9- 1303- 2016

Whitmore P et al (2008) NOAA/West coast and Alaska tsunami warn-
ing center Atlantic Ocean response criteria. Sci Tsunami Haz 
27(2):86–107

Wu Y, Jin S, Wang Z, Liu J (2010) Cycle slip detection using multifre-
quency GPS carrier phase observations: a simulation study. Adv 

Space Res 46(2):144–149. https:// doi. org/ 10. 1016/j. asr. 2009. 11. 
007

Yang Y-M, Meng X, Komjáthy A, Verkholyadova O, Langley RB, 
Tsurutani BT, Mannucci AJ (2014) Tohoku-Oki earthquake 
caused major ionospheric disturbances at 450 km altitude over 
Alaska. Radio Sci 49(12):1206–1213. https:// doi. org/ 10. 1002/ 
2014R S0055 80

Yasyukevich YV, Kiselev AV, Zhivetiev IV, Edemskiy IK, Syrovatskii 
SV, Maletckii BM, Vesnin AM (2020) SIMuRG: system for iono-
sphere monitoring and research from GNSS. GPS Solut 24(3):69. 
https:// doi. org/ 10. 1007/ s10291- 020- 00983-2

Zangeneh-Nejad F, Amiri-Simkooei AR, Sharifi MA, Asgari J (2017) 
Cycle slip detection and repair of undifferenced single-frequency 
GPS carrier phase observations. GPS Solut 21(4):1593–1603. 
https:// doi. org/ 10. 1007/ s10291- 017- 0633-6

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Léo Martire is a Research Technologist at NASA’s JPL and the Dep-
uty Director for the International GNSS Service’s Central Bureau. He 
received his Ph.D. degree with honors in Planetary Science from the 
ISAE (Toulouse, France) in 2020 and two M.Sc. (in Applied Math-
ematics and in Optimisation and Operations Research). He specializes 
in geophysical acoustics, planetary science, and mechanical waves in 
the coupled solid–ocean–atmosphere system.

Siddharth Krishnamoorthy is a Research Technologist at NASA’s JPL. 
He received his Ph.D. degree in aeronautics and astronautics from Stan-
ford University, CA, USA. His main research interest is in technology 
development for space exploration. His work focuses on developing 
atmospheric remote sensing tools to detect geophysical events for earth 
and planetary science applications, and he contributes to the calibration 
of navigation signals for the deep space network (DSN).

Panagiotis Vergados is a Research Technologist at NASA’s JPL and 
received his Ph.D. in Physics from York University in Toronto, Canada, 
in 2011. He is interested in the surface–atmosphere–ionosphere wave 
coupling using ground- and space-based GNSS observations. He leads 
the development of radio occultation techniques for planetary atmos-
pheres using the DSN and low-cost smallsat missions. He is involved 
in GPS Solutions, the IROWG climate sub-group, and the distribution 
of daily global ionosphere electron density maps to CDDIS.

Larry J. Romans is Chief Technologist of the GDGPS (NASA/JPL 
Global Differential GPS System). He received his Ph.D. in Theoreti-
cal Physics from the California Institute of Technology, CA, USA, in 
1985, and has been at NASA/JPL since 1993 where he has worked on 
various topics and systems.

Béla Szilágyi is a Research Technologist at NASA’s JPL. He received 
his Ph.D. from the University of Pittsburg, PA, USA, in 2000. He spe-
cializes in groundbreaking solutions to complex computing challenges. 
He supported the Physics Nobel Prize winning team at Caltech by 
producing vital research and computations, and developed the C++ 
software now providing data quality control for about 75 % of JPL’s 
real-time GNSS orbit determination processes.

Xing Meng is a Scientist at NASA’s JPL. She received her Ph.D. degree 
in atmospheric, oceanic and space sciences and scientific computing 
from the University of Michigan, Ann Arbor, MI, USA, in 2013. She 
specializes in computational modeling of space plasmas, particularly 
for the magnetosphere and ionosphere/upper atmosphere, as well as 
lithosphere–atmosphere–ionosphere coupling. She is the lead architect 

https://doi.org/10.1002/jgra.50322
https://doi.org/10.1002/jgra.50322
https://doi.org/10.1007/s10291-012-0298-0
https://doi.org/10.1007/s10291-012-0298-0
https://www.rtcm.org
https://www.rtcm.org
https://doi.org/10.1002/2017JA024654
https://doi.org/10.1002/2017JA024654
https://doi.org/10.1016/j.jastp.2006.01.008
https://doi.org/10.1016/j.jastp.2006.01.008
https://doi.org/10.3390/RS14010188
https://doi.org/10.1038/srep46607
https://doi.org/10.1038/srep46607
https://doi.org/10.1029/2020EA001359
https://doi.org/10.1029/2020EA001359
https://doi.org/10.1007/978-3-319-42928-1
https://doi.org/10.1007/978-3-319-42928-1
https://doi.org/10.1029/2022GL098158
https://doi.org/10.1038/s41598-018-30476-9
https://doi.org/10.1038/s41598-018-30476-9
https://doi.org/10.1175/1520-0477(1998)079%3c0061:APGTWA%3e2.0.CO;2
https://doi.org/10.1175/1520-0477(1998)079%3c0061:APGTWA%3e2.0.CO;2
https://doi.org/10.1002/9781119458449.ch32
https://doi.org/10.1002/9781119458449.ch32
https://doi.org/10.5194/amt-9-1303-2016
https://doi.org/10.1016/j.asr.2009.11.007
https://doi.org/10.1016/j.asr.2009.11.007
https://doi.org/10.1002/2014RS005580
https://doi.org/10.1002/2014RS005580
https://doi.org/10.1007/s10291-020-00983-2
https://doi.org/10.1007/s10291-017-0633-6


GPS Solutions (2023) 27:32 

1 3

Page 13 of 13 32

and developer of WP-GITM, a coupled ocean/solid earth-upper atmos-
pheric model.

Jeffrey L. Anderson received an M.Sc. degree in computer science 
from the University of California, Berkeley, CA, USA, in 1986, and a 
Ph.D. from Princeton University, NJ, USA, in atmospheric and oceanic 
sciences in 1990. He is a senior scientist at the National Center for 
Atmospheric Research where he heads the development of the Data 
Assimilation Research Testbed. His interests include ensemble data 
assimilation and numerical weather prediction.

Attila Komjáthy is a JPL Principal and Supervisor of the Near Earth 
Tracking Systems Group of the Tracking Systems and Applications 
Section at NASA’s JPL. He received his Ph.D. from the Department of 

Geodesy and Geomatics Engineering of the University of New Brun-
swick, Canada. He specializes in various aspects of GNSS ionospheric 
and atmospheric remote sensing techniques. He is a Fellow of the U.S. 
Institute of Navigation, served as elected Commission Chair at USNC-
USRI, and works as Associate Editor for AGU’s Radio Science.

Yoaz E. Bar‑Sever managed the GDGPS System from its inception in 
2000 through 2021 and guided its evolution into a natural hazard moni-
toring system.


	The GUARDIAN system-a GNSS upper atmospheric real-time disaster information and alert network
	Abstract
	Introduction
	System architecture
	GNSS networks and GDGPS data delivery
	Real-time buffer, output, and filter
	Data conditioning
	Total electron content and ionospheric pierce points computation
	Public web interface
	Real-time TEC validation
	Future work: automated detection
	Future work: Tsunami parameter inversion

	Conclusion
	Appendix
	Acronyms

	Appendix: Modified Z-score outlier detector
	Acknowledgements 
	References




