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Introduction
Open questions in our space weather work at KNMIRemote Sens. 2021, 13, 3685 5 of 24

Figure 2. Locations of the GNSS scintillation receiver stations that are used in the PECASUS services.
Stations maintained by the Ionosphere Monitoring and Prediction Center (https://impc.dlr.de/,
accessed on 9 September 2021) and by the electronic space weather upper atmosphere (https://doi.
org/10.13127/eswua/gnss, accessed on 9 September 2021) are marked with the green circles and
blue squares, respectively.

2.1.2. Total Electron Content
Besides scintillation, the ionosphere affects GNSS signal propagation by its bulk

electron content. The signal gets delayed, which causes some error in its range used
as input in the positioning procedures. In the first approximation, the range error (d)
is directly proportional to the integrated electron density, along the signal path in the
ionosphere, i.e., d = K f�2 R Ne(s)ds = K f�2STEC, where K is a constant 40.3 m3s�2, f
is the signal frequency, Ne(s) is the electron density, and s defines the signal path. STEC,
i.e., slant total electron content, can be converted to the vertical total electron content
(VTEC) with the following formula, where the ionosphere is described with a single layer
approximation [14]:

VTEC = STEC(1 � (
Re cos e

Re + hsp
)2)1/2, (1)

where Re is the Earth’s radius, e is the signal elevation angle, and hsp is the altitude of
the single-layer ionosphere (typically 400 km). A common standard is to express VTEC
values in TEC units (TECUs), with 1 TECU corresponding to 1016m�2 (i.e., 16.2 cm in the
range error for GPS L1 signal). While ionospheric delay can be reduced from services using
dual-frequency GNSS receivers, applications relying on single frequency information need
additional support from ionospheric models for adequate positioning performance. Such
applications are still used in aviation and, therefore, estimates on global Ne are critical to
enable safe traffic management and landing procedures. Statistical ionospheric models of
volumetric Ne, such as NeQuick [19] or VTEC, such as Klobuchar [20], provide convenient
ways to provide such information as being embedded in the GNSS signals. It is obvious,
however, that during space weather storms, range errors cannot be estimated reliably with
statistical models. For improved error estimates, statistical models can be supported by
TEC information from ground-based networks of dual-frequency GNSS receivers.

For redundancy reasons, PECASUS hosts two parallel systems for global TEC mon-
itoring: one developed under the German Ionosphere Monitoring and Prediction Cen-
ter (IMPC; https://impc.dlr.de/, accessed on 27 August 2021) and the other developed
under the Italian electronic space weather upper atmosphere system (eSWua; https:
//doi.org/10.13127/eswua/tec, accessed on 16 September 2021). Both systems use as
inputs freely accessible near-real-time (NRT) GNSS receiver data from global networks,

• Example 1: How can we best provide 
advisories to international civil aviation 
about GNSS scintillations?


• Example 2: What should be the criteria 
to safely operate a medical drone 
service?


• Example 3: When and how will GICs 
be able to affect mid-latitude 
infrastructure?

We need effective tools - making use of observations and models - that can be used 
to help to answer these questions, to illustrate our answers or the reasons for not 
being able to provide an answer yet.



Examples from case study papers
8. Discussion

The biggest impact of the March 1989 geomagnetic disturbance was the
effects on power systems (Kappenman & Albertson, 1990). Geomagnetic
effects on power systems had previously been examined by Albertson
and coworkers in United States (e.g., Albertson et al., 1973; Albertson &
Thorson, 1974) and Pirjola and coworkers in Europe (e.g., Pirjola, 1985),
but the possibility of equipment damage or significant effects on system
operation had generally been discounted. Thus, the March 1989 event
came as a shock to the power industry and resulted in a paradigm shift
in thinking about geomagnetic effects on power systems (Kappenman &
Albertson, 1990; Boteler, 2018).

In the aftermath of the March 1989 storm there were a number of
conferences to examine what had happened. These included the EPRI
Conference on Geomagnetically Induced Currents, Burlingame,
California, USA, 8–10 November 1989 and the IEEE PES Summer Power
Meeting, Panel Session on Geomagnetic Storm Effects, Minneapolis,
MN, 17 July 1990. A number of studies were made that documented the
effects of the March 1989 storm and tried to explain the effects on equip-
ment and why the blackout occurred.

TheMarch 1989 stormwas the trigger for a lot of research into geomagnetic
effects on power systems (see Pulkkinen et al., 2017 for the current state of
the art). An extra spur to research was the reexamination of the 1859
Carrington event (e.g., Tsurutani et al., 2003), which produced extensive
effects on the telegraph (Boteler, 2006). These studies showed thatmagnetic
disturbances even larger than that in March 1989 could occur and
prompted examination of what could be the potential impact of such a
storm on modern systems (Kappenman, 2010). This subsequently led to
the development of guidelines for the power industry to deal with geomag-
netic disturbances (North American Electric Reliability Corporation, 2013).

There is a need to understand all the factors influencing the space weather
hazard for power systems and use these for risk assessments that can guide
decisions about mitigation strategies. The characteristics of power systems

that influence the size of GIC are well known (Zheng et al., 2014), but the threshold levels that represent the
GIC danger levels for power system equipment are less well known. The Earth conductivity structure influ-
ences the size of electric field produced by a geomagnetic disturbance. One‐dimensional (1‐D) models show
how the basic earth conductivity affects the electric fields (see Boteler, 2015, for calculations for Québec for
the March 1989 storm), but there is still a lot of work to do to produce suitable earth models that show how
the three‐dimensional Earth conductivity structure influences the electric fields.

The features of the March 1989 disturbance also provide illustrations of three other risk factors: the occur-
rence of multiple ICMEs, shock triggering of substorms, and the expansion of the auroral oval. The timeline
for the March 1989 storm described above suggests that the first ICME cleared the path for the second ICME
resulting in a faster speed for the second ICME than might have happened otherwise. The extremely fast tra-
vel time in the 1859 Carrington event was probably also the result of the passage of a previous ICME that
caused telegraph disruptions 4 days earlier (Boteler, 2006). This effect of multiple ICMEs also likely contrib-
uted to the magnetic storms and effects seen in 1921 (Hapgood, 2019) and 1972 (Knipp et al., 2018). This pre-
conditioning of the upstream solar wind by an earlier ICME allowing for a faster transit of a following ICME
was identified by Liu et al. (2013) in the observations of the July 2012 eruptions detected by the Solar
Terrestrial Relations Observatory. Liu et al commented that this is a contributing factor to a “perfect storm”
that would create the worst conditions on Earth.

When the ICME reaches the Earth, the production of geomagnetic storms depends on the ICME speed and
the southward component, Bs, of the magnetic field it contains (Gopalswamy, 2009). In March 1989 the first
ICMEmust have had a strong Bs as it immediately produced a series of strongmagnetic substorms. However,

Figure 9. Timeline for the magnetic disturbance of 13–14 March 1989. (top)
The estimated interplanetary conditions. The black arrows show the
storm sudden commencement times indicative of the arrival of the inter-
planetary coronal mass ejection shocks. (middle) The variation in geomag-
netic activity. (bottom) Magnetic latitude of the auroral zone equatorward
boundary. Black diamonds show the times and latitudes of power
system effects (see Table 3 for details).
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observations on board the much upper MTA and MTB satellites have also revealed a clear response to the
storm development with an essential increase of the GPS signal fluctuations even above 835 km. On 21
December 2015, during recovery phase of the storm, the auroral electrojet showed still rather high values
and all satellites had still registered an occurrence of the strong plasma density gradients in the topside
ionosphere. Here we should also take into account that for the same instants of UT these satellites passed
over different regions, as well as different LT zone. That is why some particular differences in ROTI
variations between these satellites can be explained by divergences in LT location.

By this storm event, SWB satellite andMTB satellite passes were in a close LT sector (~21.5 LT) and rather close
in space-time location. We further compare SWB and MTB observations in more detail. We should note,
though Swarm is a magnetic field mission, each satellite provides also measurements of in situ plasma den-
sity Ne, while from the meteorological MetOpmission we can gain here only GPS measurements. Figures 4–6
illustrate detection of the high-latitude ionospheric irregularities by spaceborne GPS observations at two alti-
tudes for several specific instants of time on 19 and 20 December 2015. Top panel of each figure shows GPS
ROTI variations along SWB and MTB satellite passes at two altitudes (~515 km versus ~835 km) in geographi-
cal coordinates. Bottom panels demonstrate variations of the Ne and GPS ROT for SWB satellite and GPS ROT
for MTB satellite as a function of geomagnetic latitude.

Figure 4a presents mean values of GPS ROTI observations for 16–17 UT on 19 December 2015, during the first
hour after the storm onset. One can see that both satellites revealed an occurrence of high-latitude
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Figure 2. Geomagnetic conditions during 19–21 December 2015: (a) IMF Bz component, (b) speed, (c) dynamic pressure of
the solar wind, (d) 3 hr Kp index, (e) auroral electrojet index, and (f) SYM-H index. SSC is shown by the red dashed line.
Except the Kp index, all data are 1 min-averaged data from the OMNIWeb Service. IMF = interplanetary magnetic field.
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irregularities by the up-looking GPS in the sunlit dayside/morning sector. Most likely, the observed increase in
plasma density structuring extended up to at least 835 km altitude was a signature of an auroral oval
expansion resulted from an increased number of open magnetic flux due to dayside magnetic
reconnection during the rapid southward IMF variation after the SSC, as well as contribution of energetic

Figure 3. Variations of (a) auroral electrojet (AE) index and (b–e) satellite-based ROTI values plotted as a function of
geomagnetic latitude (the y axis) and UT time (the x axis) during 19–21 December 2015. Continuity leaps (white areas close
to 90°N) appear due to satellite pass displacement from the north geomagnetic pole. ROTI = rate of TEC index;
SWA = Swarm Alpha (A); SWB = Swarm Bravo (B); MTA = MetOP-A; MTB = MetOP-B.
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Zakharenkova and Cherniak, 2018



Portals for accessing space weather data



Literature survey for the timeline viewer tool
Conclusions

• Both details and wider context are important for understanding space 
weather, but these are often difficult to access in combination


• Data (observations and model output) of related phenomena need to be 
shown side-by-side. But each source has its own presentation.


• Need for a clear and simple user interaction model for time-based data:


• Like Google Earth for geographical data


• Like helioviewer for solar imagery



KNMI HAPI Server & Timeline Viewer
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correlated with solar cycle activity. Wider, more equatorward SAIDs
occur during high solar activity as opposed to narrower, poleward
SAIDs during low activity. SAIDs tend to occur more frequently in
spring and fall in comparison to summer andwinter, which is consistent
with the seasonal distribution of citizen science STEVE reports.

The identification of the STEVEarcwith an SAID, and in keepingwith
the original citizen science name, has led to the backronym of Strong
Thermal Emission Velocity Enhancement for STEVE.

However, SAIDs are not typically associated with an optical emis-
sion, and any optical emissions produced in association with SAIDs
are not yet fully explained. Reports have correlated an SAID with an
“anomalous SAR arc” (30, 31), but SAR arcs are dominated by red
(630.0 nm) emissions with no or very little green (557.7 nm) emissions
andcan last 24hours ormore.TheSTEVEobservation,with characteristic
purple and green colors evolving within an hour, is distinctly different
from a SAR arc. In addition, the green picket fence aurora we report has
not been documented in the literature at these latitudes.

During an SAID event observed byAtmosphere Explorer-C (AE-C),
the O+ density was significantly depleted, whereas the NO+ concentra-

tion was enhanced (27). This was due to a strong flow with a significant
relative velocity between ions and neutrals increasing charge exchange
reaction rates and rapid recombination of O+, whereas NO+ recom-
bines an order of magnitude more slowly. Recent modeling (31), taking
into account temperature enhancement, ion-neutral collisional heating,
and composition changes, could potentially explain the red (630.0 nm)
emission produced in this type of event as a result of unusual ion com-
position and fast flows. However, the green (557.7 nm) features cannot
be explained from this mechanism and leaves a possibility of contribu-
tion by electron precipitation for driving the emissions. The dominant
purple color observed in STEVE is also not explained. Further spectral
analysis and modeling of STEVE are needed.

The discovery and subsequent investigation of STEVE demon-
strate that this subauroral boundary region is a critical magnetosphere-
ionosphere coupling region that should nowbe targeted for further study.
STEVE occurs at the boundary of the auroral and subauroral zones, and
because SAIDs form in association with auroral substorms, STEVE is
likely related to substorm processes such as particle injection and fast
flows. In this way, STEVE appears to tie these two separate regions of
space together. The narrow north-south but broad east-west extent of
STEVEmarks a flow region in themagnetosphere that can now be docu-
mented by ground-based observers and instrumentation. The strong
flowsmay be directly imaged andmeasured, possibly by citizen scientists
with basic astrometry software tools. Altitudinally, the composition and
transient green features require new understanding of coupling between
the E and F regions of Earth’s ionosphere.

STEVE has highlighted the importance of citizen science. Although
independently observed previously by auroral photographers both am-
ateur and professional, citizen science has proven to be a bridge between
amateur observers and traditional aurora scientists. This bridge has fa-
cilitated the advancement of our understanding of both the night sky and
magnetosphere-ionosphere coupling. We emphasize that this collabo-
ration with the citizen scientists was not simply through crowdsourcing
and image analysis of a large data set. Citizen scientists discovered a new
category of auroral observation by synthesizing complex information
and asked the scientific community for input on these observations. This
example can help change the nature of scientific engagement between
the scientific community and citizen scientists and move communica-
tion from one way to two way, with curiosity transitioning to participa-
tion and finally to stewardship (32).

MATERIALS AND METHODS
This study’s aimwas twofold: to highlight observations of this new phe-
nomenon and to place it into its geophysical context for a broad range of
interested readers. The study included citizen science images, ground
optical observations, and in situ satellite observations. The event ana-
lyzed was chosen because of the fortuitous conjunction between the
availability of simultaneous observations from all three sources. Ancil-
lary data from this event have not been highlighted because they do not
quantitatively add to the main goal of this study.

The methods of citizen science that have been used in this study
include members of the public participating voluntarily in the scien-
tific process through the auspices of the formal citizen science project
Aurorasaurus and citizen-scientists’ own public, online enthusiast
groups, collecting and archiving observations, asking questions, inter-
preting results, making new discoveries, and solving complex problems.
Themethods and best practices applicable to this approachwere further
described in the study byMacDonald et al. (5). All-sky camera imaging
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Fig. 3. The conjunction (highlighted in the pink region) of the STEVE optical
emission with a pronounced SAID signature at satellite altitudes. A plot of the
Lucky Lake REGO ASI intensity along the satellite track mapped at three different
altitudes (A), together with Swarm A satellite measurements (B to E). Plotted in
(B) is the ion velocity (positive is eastward flow), in (C) is the eastward magnetic field
deviation relative to the undisturbed geomagnetic field, in (D) is the ambient electron
temperature, and in (E) is the electron number density.
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New science in plain sight: Citizen scientists lead to the
discovery of optical structure in the upper atmosphere
Elizabeth A. MacDonald,1,2* Eric Donovan,3 Yukitoshi Nishimura,4,5 Nathan A. Case,6

D. Megan Gillies,3 Bea Gallardo-Lacourt,3,5 William E. Archer,3† Emma L. Spanswick,3

Notanee Bourassa,7 Martin Connors,3,8,9 Matthew Heavner,2,10 Brian Jackel,3 Burcu Kosar,1,2

David J. Knudsen,3 Chris Ratzlaff,7 Ian Schofield8

A glowing ribbon of purple light running east-west in the night sky has recently been observed by citizen scientists.
This narrow, subauroral, visible structure, distinct from the traditional auroral oval, was largely undocumented in the
scientific literature and little was known about its formation. Amateur photo sequences showed colors distinctly
different from common types of aurora and occasionally indicated magnetic field–aligned substructures. Obser-
vations from the Swarm satellite as it crossed the arc have revealed an unusual level of electron temperature
enhancement and density depletion, along with a strong westward ion flow, indicating that a pronounced subauroral
ion drift (SAID) is associated with this structure. These early results suggest the arc is an optical manifestation of
SAID, presenting new opportunities for investigation of the dynamic SAID signatures from the ground. On the
basis of themeasured ion properties and original citizen science name, we propose to identify this arc as a Strong
Thermal Emission Velocity Enhancement (STEVE).

INTRODUCTION
The aurora borealis and aurora australis (commonly known as the north-
ern and southern lights) are themultiscale end result of a complex chain
reaction that begins at the sun and is governed by Earth’s magnetic and
electric fields. A brief description is that the interaction of the solar wind
with Earth’smagnetic field generates strong electrical currents in Earth’s
magnetosphere. These, in turn, accelerate and precipitate charged par-
ticles into the upper level of our atmosphere where they collide with its
constituent gases. This collisional process stochastically transfers energy
to atmospheric atoms that later release the energy through a fluorescent
emission of photons. At a global scale, the auroral regions form a large
oval around themagnetic poles. This annulus is located at high latitudes,
~65° to 80° in magnetic latitude (MLAT), and is generally less than 10°
in latitudinal width (1). During the increased energy input from the
solar wind, the auroral oval broadens and moves equatorward (2). Al-
though this overall picture is well understood, with a few exceptions (3),
it remains remarkably difficult to attribute observable auroral features to
specific ionospheric signatures and magnetospheric processes.

Since the 1950s, space physicists have advocated a truly global, real-
time network of amateur observers to study the rare and poorly un-
derstood middle- and low-latitude aurora (4). In the past, recording
observations accurately was difficult for amateur observers, and few
satellite observationswere available to complement amateur recordings.
Over the past ~11-year solar cycle, which peaked in 2014, auroral ob-
servations by the public have evolved into using high-resolution, near
scientific-grade, digital cameras and smart phones. At the same time,
alerts of auroral activity have gone from ad hoc telephone tree–based

systems to sophisticated predictions based on auroral oval models, social
media, and reports from aurora enthusiasts such as those contributing
to the citizen science project Aurorasaurus (5, 6).

Observations of a subauroral arc
The various forms and types of aurora correspond to boundaries of the
different regions in Earth’s magnetosphere and the different processes
that occur in each region. Descending in latitude from the magnetic
poles to the equator, there is a poleward boundary, indicating the last
“closed” field line in the magnetotail (1), an equatorward boundary of
the discrete aurora, typically consisting of small-scale arcs that are foot
points of small-scale upward currents on stretched dipole-like field lines
(7), and an equatorward boundary of diffuse aurora (8). The discrete
aurora is produced by accelerated electrons colliding with the atmo-
sphere and is characterized primarily by easily visible active arc-like dis-
crete shapes (9), approximately 10 to 30 kmwide (10), and embedded in
upward current systems of comparable size or larger (11). A diffuse au-
rora typically relates to the wave-induced particle precipitation on dipo-
lar field lines and has a much dimmer, diffuse glow (9). Further
equatorward, and particularly on the dusk side of the night sky, is the
boundary of the proton aurora. Proton auroras are the result of charge-
dependent magnetospheric drift motion allowing proton precipitation
in regions much closer to Earth and, hence, lower latitude (12). During
geomagnetically active times, low-latitude (with respect to the auroral
oval) aurora signatures, such as the stable aurora red (SAR) arc (13), are
also observed. In addition to SAR arcs and detached proton aurora
equatorward of the auroral oval, structured 557.7- and 427.8-nmoptical
emissions have been also reported on the dusk side and attributed to
broad subauroral polarization streams (14).

A group of citizen scientist auroral photographers recently reported
repeatedly observing a dynamic, very thin, east-west–aligned aurora-
like structure (see Fig. 1) significantly equatorward of the auroral oval
during enhanced activity (15). These unusual, transient types of subauro-
ral arcs have in the past been called “proton arcs” by amateur photo-
graphers and some members of the space physics community (16).
However, a proton aurora is subvisual, broad, and diffuse (12, 17, 18),
whereas this arc is visually bright, narrow, and structured. The proton

1NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA. 2New Mexico Con-
sortium, Los Alamos, NM87544, USA. 3University of Calgary, Calgary, Alberta, Canada.
4Boston University, Boston, MA 02215, USA. 5University of California, Los Angeles, Los
Angeles, CA 90095, USA. 6Lancaster University, Lancaster, UK. 7Alberta Aurora Chasers,
Alberta, Canada. 8Athabasca University, Athabasca, Alberta, Canada. 9Department of
Physics and Astronomy and Centre for Planetary Science and Exploration, Western
University, London, Ontario N6A 3K7, Canada. 10Los Alamos National Laboratory, Los
Alamos, NM 87545, USA.
*Corresponding author. Email: e.a.macdonald@nasa.gov
†Present address: Department of Physics and Engineering Physics, University of
Saskatchewan, Saskatoon, Saskatchewan S7N 5E2, Canada.
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• Real-time space weather



Conclusions & recommendations

• Swarm observations and Swarm-based models 
help provide insight in space weather events 
such as storms, as well as day-to-day space 
weather such as plasma bubbles. 


• The timeline viewer helps to make these 
observations much more easy to quickly inspect.


• Availability of FAST Swarm data means that the 
observations will be much more relevant during 
times when there is a strong interest, such as 
during and shortly after events (Starlink, Tonga, 
the next big geomagnetic storm…)

Conclusions:



Recommendations 1
• The project has focused on Swarm L1B ionosphere data 

since 2021and L2 thermosphere data. There is the 
opportunity to do a lot more: 


• data from earlier in the mission, 


• magnetic data, 


• higher level data (FAC, EEJ, …), 


• Swarm-based climatological models (AMPS, IPB, …).


• The use of the compact data representation of interval 
images looks very useful for applying to additional data 
sets, especially spectrograms of high rate data, keograms, 
etc.


• Epoch-based image sequences of remote sensing (GOLD), 
and global models can provide global context to Swarm in-
situ observations



Recommendations 2

• Because of its ease-of-use, the timeline viewer holds a lot 
of promise for the exploration of multi-mission datasets, 
such as Swarm in combination with:


• Current and past missions providing data on space 
weather, space climate and comparative case studies: 


• E-POP, GOLD, ICON, COSMIC-2, CHAMP, GRACE, 
GRACE-FO, GOCE, Cryosat, …


• Preparing for synergies with future space weather related 
missions (NanoMagSat, Aurora, Vigil, SMILE, GDC)


• Reviving the accessibility and interoperability of older 
mission data, for example POLAR and IMAGE in 
combination with CHAMP data



Thank you for your attention!
https://spaceweather.knmi.nl/viewer/ 
Feedback welcome: eelco.doornbos@knmi.nl

https://spaceweather.knmi.nl/viewer/
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Project definition and work plan

• Project started in September 2022


• Mid-term presentation on May 10 2023


• Final presentation, January 10, 
2024Abstracts submitted for the Swarm 
Anniversary and Science meeting, 8-12 April 
2024 in Copenhagen


• Many other presentations and demos during 
the course of the project (Swarm DQW, 
ESWW, NOAA/SWPC, BOM Australia, FMI, 
Met Norway, Met Office, Heliophysics in 
Europe, DASH, etc.)

Technical Work Packages

WP1000
Project management and communications

WP2000
Definition and preparation

WP3000
Observing System 

Simulation Experiments

WP4000
Timeline viewer 

development and 
maintenance

WP5000
Processing of Swarm and 

model products for the 
timeline viewer

Project Report

Space Weather Timeline Viewer 
Tool (improved version) and 

documentation

Statement of Work, Proposal, 
Literature, Documentation, 

Existing Swarm Tools

Space Weather Timeline Viewer 
Tool (current prototype)

Existing Swarm data products

Space weather model output 
products

Work packagesMain project inputs Main project outputs

Publication

Presentation

• Main project outputs:


• Space weather timeline viewer including Swarm and related model products


• Observing System Simulation Experiments


• Report, presentations and journal paper publication(s)



Hunga Tonga–Hunga Haʻapai eruption
Bonus case study

• Eruption of submarine volcano near Tonga 
in the southern Pacific Ocean on 15 
January 2022.


• Atmospheric Lamb wave observed around 
the globe in the lower atmosphere.


• Investigate thermospheric and ionospheric 
effects with Swarm and GRACE, and 
compare with special model runs.



Hunga Tonga–Hunga Haʻapai eruption
Bonus case study

• Investigate thermospheric and ionospheric effects with Swarm and GRACE, 
and compare with special model runs:


• Sami3 (Sami3 is Also a Model of the Ionosphere)


• A seamless, global, three-dimensional, physics-based model of the 
ionosphere/plasmasphere system.


• HIAMCM (High Altitude Mechanistic General Circulation Model)


• HIAMCM extends from the surface to an altitude of about 450 km. The 
model is based on a standard spectral dynamical core and has a high 
spatial resolution.


• WACCM-X (Whole Atmosphere Community Climate Model with 
thermosphere and ionosphere extension)


• A model of the entire atmosphere that extends into the thermosphere 
to ~500 km altitude, and includes the ionosphere.

Journal of Geophysical Research: Space Physics
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largest λH, while the medium-scale GWs propagate more slowly. Movie S2 shows the HIAMCM zonal wind Δu, 
meridional wind Δv, and vertical wind Δw perturbations (in m/s) computed from the Tonga run minus the base 
run at 21° S as a function of longitude and altitude (upper to lower panels, respectively).

Figure 6c shows Δv as functions of time and latitude at 185°E and z = 200 km, while Figure 6d shows the same 
keogram but at 365°E, thereby displaying the GWs which propagate to the far side of the Earth. The fastest 
secondary GWs are large-scale, and reach the antipode over Africa at ∼16:00 UT (at 4°E and 19.5°N), or 9 hr 
after being created. Note that the slower medium-scale GWs have propagation speeds that are approximately 1/2 
that of the fastest GWs and reach the antipode at 22:00–23:00 UT, 17–18 hr after creation. This implies that these 
latter GWs re-pass over Tonga ∼36 hr after generation, in good agreement with Zhang et al. (2022).

Figure 7a shows Δv at z = 200 km and 185°E as functions of distance and time from Tonga, and Figure 7b shows 
a blow-up of Figure 7a for the region north of Tonga. Thermospheric GWs that originated above Tonga at 5:00 
UT with propagation speeds of cH = 100–600 m/s are overplotted. Here, Δv = v − vbase is computed from the 
HIAMCM run with the Tonga event minus the base run. Note that Δv changes/flips sign when the GWs propagate 
over the polar regions (to the far side of the Earth) in Figure 7a. For example, this occurs for the fastest north-
ward secondary GWs at 12:00 UT and 20,000 km from Tonga. The secondary GWs span a wide range of scales: 
λH ∼ 400–7,500 km, cH ∼ 100–600 m/s, and τr ∼ 20 min to 7 hr. The medium-scale GWs have cH ∼ 100–250 m/s, 
while the large-scale GWs have cH ∼ 200–600 m/s; thus the medium and large-scale GW meridional velocity 

Figure 6. HIgh Altitude Mechanistic general Circulation Model (HIAMCM) meridional wind response Δv (in m/s) 
for the Tonga run minus the base run on 15 January 2022. (a–b) Vertical/latitude slices at 185°E at 7:00 and 10:00 UT, 
respectively. (c) Time/latitude slice at 185°E and z = 200 km. (d) Time/latitude slice at 365°E and z = 200 km. The colors are 
oversaturated to emphasize the waves of interest.
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1. Introduction
On 15 January 2022, a submarine volcano erupted many times at Hunga Tonga-Hunga Ha'apai at 20.54°S and 
184.62°E from ∼4–5 UT (Astafyeva et al., 2022), thereby creating acoustic waves (including Lamb waves) and 
atmospheric gravity waves (GWs) that propagated into the stratosphere and thermosphere and over the whole 
globe (Lin et al., 2022; Themens et al., 2022; Wright et al., 2022; Zhang et al., 2022). The Lamb waves were 
observed propagating globally near the Earth's surface for ∼6 days after the eruption (Amores et al., 2022). This 
was a unique and important event because there had been no prior observational evidence of GW propagation 
over distances >3,000 km from volcanic eruptions (Wright et al., 2022; Zhang et al., 2022).

Abstract We simulate the primary and secondary atmospheric gravity waves (GWs) excited by the 
upward movement of air generated by the Hunga Tonga-Hunga Ha'apai (hereafter “Tonga”) volcanic eruption 
on 15 January 2022. The Model for gravity wavE SOurce, Ray trAcing and reConstruction (MESORAC) 
is used to calculate the primary GWs and the local body forces/heatings generated where they dissipate. 
We add these forces/heatings to the HIgh Altitude Mechanistic general Circulation Model (HIAMCM) to 
determine  the secondary GWs and large-scale wind changes that result. We find that a wide range of medium to 
large-scale secondary GWs with concentric ring structure are created having horizontal wind amplitudes of u′, 
v′ ∼ 100–200 m/s, ground-based periods of τr ∼ 20 min to 7 hr, horizontal phase speeds of cH ∼ 100–600 m/s, 
and horizontal wavelengths of λH ∼ 400–7,500 km. The fastest secondary GWs with cH ∼ 500–600 m/s are 
large-scale GWs with λH ∼ 3,000–7,500 km and τr ∼ 1.5–7 hr. They reach the antipode over Africa ∼9 hr after 
creation. Large-scale temporally and spatially varying wind changes of ∼80–120 m/s are created where the 
secondary GWs dissipate. We analyze the Tonga waves measured by the Michelson Interferometer for Global 
High-resolution Thermospheric Imaging (MIGHTI) on the National Aeronautics and Space Administration 
Ionospheric Connection Explorer (ICON), and find that the observed GWs were medium to large-scale with 
cH ∼ 100–600 m/s and λH ∼ 800–7,500 km, in good agreement with the simulated secondary GWs. We also 
find good agreement between ICON-MIGHTI and HIAMCM for the timing, amplitudes, locations, and 
wavelengths of the Tonga waves, provided we increase the GW amplitudes by ∼2 and sample them ∼30 min 
later than ICON.

Plain Language Summary Atmospheric gravity waves (GWs) are buoyancy driven perturbations 
in the Earth's atmosphere that can be created by various processes. GW breaking is similar to the breaking of 
ocean waves when they overturn. A breaking GW imparts momentum to the ambient atmosphere, which can 
create secondary GWs. We simulated the Tonga eruption on 15 January 2022 using Geostationary Operational 
Environmental Satellite satellite images, ray tracing, and a GW-resolving global circulation model. We find 
that the secondary GWs created by the breaking of the primary GWs from the eruption propagated globally and 
changed the large-scale wind patterns in the thermosphere. Furthermore, the phase speeds and wavelengths of 
these waves simulated by the model agree well with corresponding results from ICON satellite measurements. 
Thus, this study highlights the importance of a process called “multi-step vertical coupling”, according to which 
secondary GWs are important drivers in the Earth's thermosphere.
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Primary and Secondary Gravity Waves and Large-Scale 
Wind Changes Generated by the Tonga Volcanic Eruption 
on 15 January 2022: Modeling and Comparison With 
ICON-MIGHTI Winds
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Key Points:
•  Modeled secondary gravity waves 

(GWs) radiate globally from 
Tonga with cH ∼ 100–600 m/s, 
λH ∼ 400–7,500 km, and τr ∼ 20 min 
to 7 hr

•  ICON observed northeastward GWs 
from Tonga with cH ∼ 100–600 m/s 
and λH ∼ 800–7,500 km, in good 
agreement with the model

•  Temporally and spatially variable 
large-scale wind changes of 
∼80–120 m/s are created by the 
dissipation of the secondary GWs
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1. Introduction
The Hunga Tonga-Hunga Ha’apai volcanic eruption occurred on 15 January 2022 at 04:14 UT. It was estimated 
to have released ∼9–37 megatons of TNT equivalent (Astafyeva et al., 2022), 61 megatons (Diaz et al., 2022), and 
up to 200 megatons (Vergoz et al., 2022). The eruption generated a massive atmospheric disturbance that caused 
major effects on the ionosphere worldwide. Zhang et al. (2022), using total electron content (TEC) data from the 
Global Navigation Satellite System (GNSS), reported that traveling ionospheric disturbances (TIDs) traveled at 
∼300–350 m/s with horizontal wavelengths ∼500–1,000 km, circled the earth three times, and lasted 4 days. Simi-
larly, Themens et al. (2022) reported two large-scale traveling ionospheric disturbances and several medium-scale 
traveling ionospheric disturbances following the eruption based on GNSS data. Harding et al. (2022) reported 
extreme fluctuations in the ionospheric wind dynamo based on data from the NASA Ionospheric Connection 
Explorer (ICON) and Swarm satellites. Le et al. (2022), also using ICON and Swarm data, observed an intensifi-
cation and directional reversal of the equatorial electrojet caused by strong eastward zonal winds in the E region 
generated by the eruption. Aa et al. (2022) reported a large drop in TEC (∼10 TECU) roughly 45 min after the 
eruption near the epicenter, and a large plasma depletion along the orbital path of ICON with a radius ∼10°–15°. 
They reported EPBs across a wide region of Asia-Oceania area with electron density depletions of 2–3 orders of 
magnitude at 450 km.

In this paper we present high-resolution simulation results of the response of the ionosphere/plasmasphere system 
to the Tonga volcanic eruption. We use the Sami3 is Also a Model of the Ionosphere (SAMI3) ionosphere/plas-
masphere model driven by the neutral winds simulated by the HIgh Altitude Mechanistic general Circulation 
Model (HIAMCM). The HIAMCM simulates the secondary gravity waves (GWs) and other neutral wind and 
temperature changes, which were caused by the localized body forces and heatings created from the dissipation 
of primary GWs from the Tonga eruption computed using the Model for gravity wavE SOurces, Ray trAcing 
and reConstruction (MESORAC). We simulate the event day 15 January 2022 for two cases: without the Tonga 
eruption and with the Tonga eruption. By comparing the results of these two cases we can identify the impact of 
the volcanic eruption on the ionosphere and plasmasphere. We find that the Tonga eruption produced a “super” 

Abstract We present high-resolution simulation results of the response of the ionosphere/plasmasphere 
system to the 15 January 2022 Tonga volcanic eruption. We use the coupled Sami3 is Also a Model of the 
Ionosphere ionosphere/plasmasphere model and the HIgh Altitude Mechanistic general Circulation Model 
whole atmosphere model with primary atmospheric gravity wave effects from the Model for gravity wavE 
SOurces, Ray trAcing and reConstruction model. We find that the Tonga eruption produced a “super” 
equatorial plasma bubble (EPB) extending ∼30° in longitude and up to 500 km in altitude with a density 
depletion of 3 orders of magnitude. We also found a “train” of EPBs developed and extended over the longitude 
range 150°–200° and that two EPBs reached altitudes over 4,000 km. The primary cause of this behavior is the 
significant modification of the zonal neutral wind caused by the atmospheric disturbance associated with the 
eruption, and the subsequent modification of the dynamo electric field.

Plain Language Summary The Hunga Tonga-Hunga Ha’apai volcanic eruption occurred on 15 
January 2022 at 04:14 UT and generated a massive atmospheric disturbance that caused major effects in the 
ionosphere worldwide. Using a high-resolution coupled ionosphere/thermosphere model we show that the 
changes in the thermospheric winds strongly modified the electrodynamics of the ionosphere. This led to 
the  development of a “train” of equatorial plasma bubbles (EPBs), regions of very low electron density, in the 
western Pacific sector. Moreover, two EPBs reached unusually high altitudes, over 4,000 km.
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Key Points:
•  Modeling of the Tonga volcanic 

eruption show equatorial plasma 
bubbles (EPBs) develop in the Pacific 
sector

•  A large equatorial bubble formed 
below 500 km roughly 30° in 
longitude

•  EPBs rose to very high altitudes 
(>4,000 km)
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Enhanced geomagnetic activity

before eruption

Typical response to

geomagnetic activity:

enhancement and recovery

of global (min and max) 

neutral density

Unusual behaviour: peaks coinciding with deeper minima

as a result of waves generated during the eruption.



First pass of Swarm C through 
nightside equatorial ionosphere 

affected by the waves: 
observation of a super 

equatorial plasma bubble, 
modeled by Huba et al.

Some ionisation still present 
above Swarm





New and improved features of the client (web application)

• Title bar with access buttons for improved 
editor sidebar, new bookmarks sidebar, new 
info panel, indicator for number of running 
HAPI queries


• New plot types (incl. 3D Earth, interval images, 
epoch images, symbols)


• Now works with any HAPI server (ViRES, NASA 
CDAWeb, ESA Cluster, …)


• Support for new Intermagnet HAPI server with 
1 minute and 1 second cadence data


• Plot legends



Interactive 3D Earth and orbit views

• 3D-rendered element


• Technologies used: Threlte, (three.js, WebGL)


• Elements:


• Earth globe with solar illumination based on analytic 
equations for Sun position


• Satellite orbit


• Satellite location with radius vector and label


• Magnetic latitude graticule


• Camera can be in inertial, Earth-fixed or fixed local time 
frame, and fixed, freely movable (“orbit controls” with north 
up), or fixed to a satellite’s location



Annotated symbols (right) 
& color-mapped symbols 
(bottom)



Interval images



Interval images (Swarm B Ne, ascending tracks)



Epoch-based image sequences
GOLD+Swarm example

1.Individual GOLD images



Epoch-based image sequences
GOLD and Swarm example

1.Individual GOLD images


2.Retaining a short history of GOLD 
images making use of transparency
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GOLD and Swarm example

1.Individual GOLD images


2.Retaining a short history of GOLD 
images making use of transparency


3.Static overlays of coastlines and 
graticule
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GOLD and Swarm example

1.Individual GOLD images


2.Retaining a short history of GOLD 
images making use of transparency
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Epoch-based image sequences
GOLD and Swarm example

1.Individual GOLD images


2.Retaining a short history of GOLD 
images making use of transparency


3.Static overlays of coastlines and 
graticule


4.Overlay of IBP model contour lines and 
comparison with in-situ Swarm B (purple) 
Ne data



Validation of 3D view using IMAGE observations


