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Abstract

We present a number of unique observations of ionospheric anomalies following the
Hunga-Tonga Hunga-Ha'apai (HTHH) volcanic eruption on 15 January 2022. All are based on
non-dedicated geodetic satellite systems: Global Positioning System tracking of Low Earth
Orbit (LEO) CubeSats, intersatellite tracking between two GRACE Follow-On satellites,
satellite radar altimeters to the ocean surface, and Doppler radio beacons from ground
stations to LEO geodetic satellites. Their observations revealed the development of
anomalously large trough-like plasma depletions, along with plasma bubbles, in the
equatorial regions of the Pacific and East Asian sectors. Trough-like plasma depletions
appeared to be confined within approximately +20° magnetic latitude, accompanied by
density enhancements just outside this latitude range. These plasma depletions and
enhancements were aligned with the magnetic equator and occurred across broad
longitudes. They were detected in regions where atmospheric waves from the HTHH
eruption passed through around the time of the sunset terminator. We interpret these
phenomena in terms of the E dynamo electric fields driven by atmospheric waves from the
eruption. The uplift of the ionosphere beyond satellite altitudes, followed by subsequent
plasma diffusion to higher latitudes along magnetic field lines, results in the formation of
trough-like plasma depletions around the magnetic equator and density enhancement at
higher latitudes. The detection of plasma bubbles in the Asian sector during the non-bubble
season (January) is likely associated with the uplift of the ionosphere at the sunset

terminator.

Plain Language Summary

Satellite-based ranging measurements use radio signals, which are impacted by electrons in
the Earth's atmosphere. A correction for electron density must be applied to the ranging
measurement prior to its scientific use. We have found that, after the Tonga volcanic
eruption on 15 January 2022, the necessary corrections in the equatorial region were much
smaller than usual for four geodetic satellites systems including GPS, GRACE Follow-On,
satellite altimeters, and DORIS radio beacons. This implies a reduction in electron content
in the Earth's ionosphere in the equatorial region. Our observations demonstrate that the

spatial and temporal patterns of the reduction are associated with the atmospheric
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pressure waves generated by the eruption. We suggest electric fields driven by atmospheric

waves from the eruption as the source of equatorial electron density depletions.

Key points

- Geodetic satellites detected plasma depletions and enhancements at low latitudes after
the Tongan volcanic eruption on 15 January 2022.

- These phenomena were observed within the region affected by the atmospheric waves
propagated from the eruption.

- We suggest that E-region dynamo electric fields are a plausible source of the plasma

density modulation at low latitudes.
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1. Introduction

The Earth’s ionosphere is the region of the upper atmosphere (approximately 80 — 1,000 km
altitude) where extreme ultraviolet and x-ray solar radiation produces a significant amount
of ions and electrons. The major constituent of the ionosphere above ~200 km altitude is
the oxygen ion (O'). Below that, molecular constituents like nitro oxygen (NO+) and
molecular oxygen ions (02+) dominate. Therefore, the plasma density above 200 km
altitude is primarily determined by production, loss, and transportation of O*. The loss rate
of O" is proportional to the number density of nitrogen and oxygen molecules which varies
with altitude. Normally, the peak electron density appears at altitudes around 300 km, the
result of a tradeoff between solar radiation energy increasing with altitude and atomic
oxygen density decreasing with altitude. The maximum electron density varies generally in
the range of 10° - 10° electrons/cm® depending on various factors including local time,
latitude, longitude, season, and solar cycle (Kelley, 2009). At low and mid latitudes, the
ionospheric height is modulated by electric fields and plasma motion along magnetic field
lines driven by neutral winds. The modulation of the ionospheric height also affects the
latitudinal plasma distribution and the development of plasma instabilities (Hanson and

Moffett, 1966; Kelley, 2009; Kil and Lee, 2013).

Various forms of atmospheric, ionospheric, and oceanic perturbations have been detected
after the Hunga Tonga-Hunga Ha'apai (HTHH) volcanic eruption, which occurred on 15
January 2022 shortly after 4:00 UTC (e.g., Aa et al., 2022; Matoza et al., 2022; Themens et al.,
2022; Wright et al., 2022). These studies reported the propagation of atmospheric waves
with different speeds, the generation of traveling ionospheric disturbances (TIDs), the
modulation of ionospheric height, and the development of unexpected plasma instabilities.
Initially large-scale TIDs (LSTIDs) with 2-3 times the surface acoustic speed were generated
by acoustic shock waves from the eruption and followed by their slowing at distant locations,
and subsequently medium-scale TIDs (MSTIDs) propagating at the speed of sound were

observed for many hours (e.g., Themens et al., 2022; Zhang et al., 2022).

Two fascinating ionospheric phenomena caused by the volcanic eruption are MSTIDs that

propagate with the speed of atmospheric Lamb waves (300-350 m/s) and severe plasma
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depletions at low latitudes, measured by ground-based Global Navigation Satellite System
(GNSS) station networks and space-weather dedicated satellite missions (Aa et al., 2022;
Amores et al., 2022; Harding et al., 2022; Zhang et al., 2022). MSTIDs in the dayside are
produced by the direct interaction between plasma and neutral particles along the path of
atmospheric waves. lonospheric perturbations are intensified by electric fields at night,
producing stronger MSTIDs. One of the characteristics of MSTIDs at night is the formation
of their mirror (or conjugate) structures at magnetic conjugate locations, and this
characteristic was identified after the HTHH volcanic eruption (Hong et al., 2022; Lin et al.,
2022). Total electron content (TEC) anomalies as large as 10 TECU (1 TECU = 10'°
electrons/m?) travelling with the Lamb waves were also detected at higher altitudes (>550
km) from the constellation of Global Positioning System (GPS)-tracked CubeSats (Han et al.,
2022 & 2023). Recent modeling studies by Vadas et al. (2023a & 2023b) also suggested TIDs
could have been generated by secondary atmospheric gravity waves in contrast to the

leakage of the surface Lamb wave.

The formation of plasma depletions at low latitudes is closely linked to the uplift of the
background ionosphere by electric fields and the generation of plasma bubbles (Kil and
Paxton, 2006; Lee et al.,, 2014; Mannucci et al., 2005). Ground events such as volcanic
eruptions may launch atmospheric waves that propagate radially away from the epicenter.
These waves generate dynamo electric fields in the ionosphere by which the ionospheric
height can be lifted or lowered depending on the wind direction. Multiple studies reported
the occurrence of the uplift of the ionosphere during the HTHH event (Gasque et al., 2022;
Harding et al., 2022; Hong et al., 2022; Huba et al., 2023; Rajesh et al., 2022). The uplift of
the ionosphere in the equatorial region results in the transport of equatorial plasma to
higher latitudes by the fountain process (Hanson & Moffett, 1966). This process produces
an ionization trough near the magnetic equator and ionization crests outside the equatorial
region. The uplift of the ionosphere also promotes the development of equatorial
ionospheric phenomena known as “plasma bubbles”. Plasma bubbles, characterized by
plasma depletions with respect to the background, are produced by the transport of low-
density plasma on the bottomside ionosphere to the topside by the generalized Rayleigh-

Taylor instability (Huba et al., 2008; Kelley, 2009; Sultan, 1996; Yokoyama et al., 2014).
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These two processes (uplift and plasma instability) are considered to be the major sources

of the plasma depletions at low latitudes (Kil and Lee, 2013; Lee et al., 2014).

Geodetic satellite ranging systems are sensitive to electromagnetic media. A medium like
the ionosphere causes dispersion of electromagnetic waves by altering direction and speed
of propagation. The amount of alteration, often quantified as refractivity, depends on the
frequency of electromagnetic waves propagating into the electrically charged ionosphere.
For precise geodetic ranging, raw ranging measurements (like beat phase or travel time)
must be corrected for refraction by the ionosphere (as well as by the troposphere if
relevant). Otherwise, ionospheric refraction may introduce tens of meters of systematic

delay in, for example, ranging based on GNSS (Seeber, 2003).

The frequency dependence of refractivity facilitates disentangling ranging and ionospheric
interference from measurements, which can be achieved by exploiting multi-frequency
waves. This is the fundamental reason for using multi-frequency L-band signals (notably L1
and L2) in GNSS. Similarly, the Gravity Recovery And Climate Experiment Follow-On
(GRACE-FO) satellites measure inter-satellite distances with Ka- and K-band waves, and this
dual frequency is used to remove ionospheric effects on precise phase measurements in the
GRACE-FO microwave interferometer (Tapley et al., 2004; Lee et al., 2011). Satellite radar
altimeters, such as those onboard the Sentinel-3 satellites, measure the distance between
the satellite antenna phase center and the surface of the Earth, and ionospheric refraction is
eliminated by using dual-frequency (e.g., Ku- and C-band) radar (Chelton et al., 2001). For
the same reason, Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS)
system uses S- and VHF-band microwave signals (Fleury et al., 1991; Willis et al., 2010; Liu et
al. 2023).

This study aims to identify the longitudinal extent of trough-like equatorial plasma
depletions caused by the HTHH volcanic eruption. Ground-based and space-weather
dedicated satellite observations revealed the development of plasma depletions (Aa et al.,
2022; Hong et al., 2022), but these observations have large data gaps over the sea. Given
the size of the TEC anomalies reported, other geodetic satellite ranging measurements are

likely affected by the HTHH eruption. We first review how each of four geodetic techniques,
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including GNSS on Low Earth Orbiters, GRACE-FO satellites, satellite altimeters, and DORIS-
equipped satellites, is used to derive an ionospheric correction that is related to the amount
of electrons integrated over different paths of the radio frequency (RF) wave propagation.
Then, we examine the development of large trough-like plasma depletions over extensive
regions using the observations from all geodetic techniques. Finally, we discuss the
generation mechanism of depletions in association with the global atmospheric wave (Lamb

wave) propagation triggered by the HTHH volcanic eruption.
2. Geodetic satellite ranging techniques of measuring TEC
2.1 High-low GNSS ranging to low Earth orbit satellites

A radio wave refracts in the ionosphere if the frequency is higher than the plasma frequency.
Ignoring the magnetic field, the refractive index (n) of plasma in the ionosphere is

essentially dependent on the plasma frequency (f,) and the frequency (f) of the radio wave

throughn = m. As the plasma frequency increases with electron density, the
amount of refraction increases with the electron density and decreases with the square of
radio frequency (e.g., Seeber, 2003; Kelley, 2009). Thus, multi-frequency GNSS radio
measurements can be used to derive the electron density integrated along the signal
propagation (roughly over 20,000 km, although most electrons are concentrated within

1,000 km of the surface).

By forming a linear combination of L1 and L2 carrier phase counts, @, and @} ,, also

known as geometry-free combination, the TEC between GNSS satellite i and receiver A is

TECH(®) = (i SHGEEL (t)) /(52 -25) -

L1 fLZ fL22 ﬁzl

where c is the speed of light in vacuum, and f;; and f;, are the frequencies of L1 and L2
radio waves, respectively. The approximate constant of 40.3 is derived from values of the

electron charge and mass as well as permittivity that appears in the plasma frequency f,
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(Hartman and Leitinger, 1984; Teunissen and Kleusberg, 1998). The numerator is the
difference of the (biased) ranges measured with L1 and L2 carrier phases which is due to the
ionospheric refraction being dependent on radio frequency. This TEC is also called ‘slant’
TEC along the ray path, and must be differentiated from vertical TEC. Equation (1) implies
approximately 16 cm path group delay (or phase advance) per 1 TECU (10 electrons/m?)
for L1 frequency. It is also noted that the TEC computed with two phase measurements as
in equation (1) contains a bias, B}, that is a composite of integer ambiguities, initial
fractional phases and differential channel biases (Leick, 1995). In this study, we do not
estimate the bias term from dual frequency GNSS data and only focus on relative TEC

variations.

2.2 Low-low intersatellite ranging between two GRACE Follow-On satellites

The GRACE and GRACE-FO microwave interferometers (MWI) measure relative distance
changes between two satellites in tandem by exploiting multiple carrier phases generated
by two ultra-stable oscillators (USO) and transmitted simultaneously from two transceivers
at both satellites. This is called dual one-way ranging (DOWR) and is designed to eliminate
low frequency drift errors of USOs in two satellites without explicit modeling of oscillator
(clock) error (Thomas, 1999). In addition, the MWI uses two K- and Ka-band radio
frequencies to eliminate the first-order effect of ionospheric phase advance at the satellite
altitude (Case et al., 2004; Wen et al., 2017). The second-order effect could be more than
three orders of magnitude smaller (e.g., Kedar et al., 2003), which may not be insignificant
considering the observation of the first-order effect being as large as several millimeters and
the precision of MWI ranging being only several microns (e.g., Landerder et al., 2022).
However, the second-order effect depends on the signal propagation direction relative to
the local magnetic field and, thus, the DOWR combining carrier phases propagating from
both directions can nullify greatly the second-order effect. This is an advantage of DOWR
although not widely recognized within the community except in a recent paper by Miiller et

al. (2022).

Here, we examine how to derive TEC variations between two GRACE-FO satellites from the

dual-frequency DOWR MWI by considering only the first order effect (as all higher order
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effects are negligible). This TEC represents the path-integrated electron density over ~220
km in distance between the two satellites at ~480 km altitude. The biased intersatellite
ranging measurements, Rg and Ry, can be obtained from the DOWR phases, respectively,

for the K and Ka-bands, as follows (Wu et al., 2004):

Ry (t) = ﬁ (06" + 034 ®), #(2)
Ra(t) = ]ﬁ (@47 @ + 07 ©), #(3)

where c is the speed of light in vacuum, fx and fx, are the K- and Ka-band frequencies,
respectively, separately operated at USOs of satellites A and B (as indicated by the super-
script), and CD,‘g’nga and d),lf,"gr kaq Fepresent the one-way phase from satellite A to B and
from B to A, respectively; and these phase measurements are available for both K- and Ka-

bands as indicated in the sub-script.

The two (biased) intersatellite ranging measurements, Rx and Rg,, are subject to two
different ionospheric effects proportional to the amount of electrons cumulative along the
ray path (i.e.,, TEC) between two satellites and to the inverse of frequency squared of the
carrier phases. This leads to ionosphere-free combined intersatellite ranging (with unknown

phase biases) such as

Ripr(t) = CxqRiq(t) — CxRk (1), #(4)

where Rgpgr is the biased range and two constants Ck, and Cx are derived from the K- and
Ka-band frequencies and result exactly in Cx, = 16/7 and Cx = 9/7 within high precision
(see Case et al.,, 2004). This Rgpgpg is further corrected for light time and antenna phase
center to derive instantaneous (biased) range that is the fundamental data for the Earth’s

gravitational analysis (e.g., Kim, 2000).

On the other hand, the (biased) ionospheric path delay (or phase advance) at the Ka-band is

simply computed from the difference between Rggr and Rg,, that is, Rxkgr — Rxa =
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Cx(Rkq — Ry), and it is also available as one of the Level-1B data products (i.e., “iono_corr”
within KBR1B). From this ionospheric range effect, we compute the time series of TEC

between two GRACE-FO satellites as

TECgrro(t) = Ci{Rkq(t) — Rx()}/(40.3/f%,). #(5)

Equation (5) implies approximately 0.4 mm path delay per 1 TECU for Ka band frequency.
Using the KBR1B data record, we examine short-baseline (~¥220 km) TEC anomalies at the
satellite altitude with regard to the volcanic eruption event. This measurement is local and
differentiated from GNSS TEC measurement over long baselines between LEO and GNSS
satellites. Similar to the GNSS TEC, it is a biased TEC measurements as the K- and Ka-band

phase ambiguities are not known.

2.3 Nadir satellite altimeter ranging to sea surface

Our third geodetic technique for recovering TEC is dual-frequency satellite altimetry. This is
a much noisier technique compared with the two ranging types discussed above because it
entails ranging off the ocean surface. However, it does allow determination of the absolute
TEC (not relative) for the whole ionosphere below the satellite. Unlike the previous phase-
based ranging techniques that result in ionospheric phase ‘advance’ and thus measured
range shorter than true range, the altimeter is based on radar pulses that are subject to
group refractivity and leads to range ‘delay’ in measurement. Other than the sign of the
ionospheric effect on range measurement, ionospheric phase advance and group delay can
be determined using dual-frequency measurements. Although there were other dual-
frequency altimeters flying during January 2022 (e.g., Jason-3), here we use data from the
Sentinel-3 satellites as they are sun-synchronous (10:00 and 22:00 local time) and thus
repeated passes tend to be affected by (somewhat) similar diurnal variability, thereby

simplifying comparisons before and after the HTHH event.

In January 2022 there were two Sentinel-3 satellites in operation, A and B, flying at an
altitude of approximately 815 km. Each satellite has two altimeters: a primary one (Ku band)

at 13.6 GHz and a secondary (C band) at 5.41 GHz (this C-band frequency is slightly below

10
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the comparable frequency used on the Jason satellite altimeters). The altimeter range
perturbation caused by ionospheric path delay at frequency f is related to the TEC below

the satellite according to (Chelton et al., 2001; Eqg. 85):

40.3
AR;o, (f) = ?TEC. #(6)
in meters (and TEC in electrons/m?), which evaluates to approximately 0.218 cm per 10*2

electrons/cm? for the K-band frequency, or ~2.18 mm per TECU.

Let fi, and f. be the two altimeter frequencies, and let their ratio be denoted

§ = f./fi = 0.3985.

The range perturbation AR;,, at f; can be determined from the difference between the two

measured ranges R(f;) and R(f.) (Chelton et al., 2001; Eq. 96):

ARion(fx) = ac[R(f) — R(fi)l, #(7)

where

a, = 62/(1— &2) = 0.189.

A potentially serious complication arises from the fact that the altimeter range is affected by
the ocean sea state, a bias error which itself is frequency dependent. This “sea-state bias” is
caused primarily by wave troughs being better reflectors than wave peaks, so the mean
reflected power is biased toward troughs (e.g., Walsh et al., 1991; Arnold et al., 1995). Sea-
state bias corrections are generally determined separately for each altimeter frequency by
regressing altimeter-based sea-surface heights against wave height (and often wind speed
as well), after an initial ionospheric correction (e.g., Tran et al., 2021). Here we use non-

parametric corrections developed by Tran and her colleagues and supplied by the Sentinel-3

11
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project. The final TEC determination then uses (7) after the two ranges, R(f;) and R(f,),

have been corrected for sea-state bias.

As noted above, the TEC determined on individual satellite passes is fairly noisy. The
standard approach when applying ionospheric corrections to altimeter-based ocean
elevations is to smooth raw (typically 1-Hz) ionospheric data along-track over distances of
100-150 km (Zlotnicki, 1994). Below we also apply along-track smoothing, but we also show
the unsmoothed 1-Hz Sentinel-3 TEC profiles so readers can readily observe the inherent

noise levels in these data.

2.4 DORIS ground beacons

The last geodetic ranging technique of interest is Doppler Orbitography and
Radiopositioning Integrated by Satellite (DORIS) (e.g., Willis et al., 2010). DORIS utilizes two
RF of 401.25 MHz (VHF) and 2.036 GHz (S-band) continuously emitted from a network of
nearly 60 global ground stations (Saunier, 2023). Satellites equipped with DORIS receivers
record dual-frequency Doppler shifts that can be used to compute line-of-sight (LOS) range-
rate and, thus, changes in the TEC between the ground stations and the satellites (e.g.,
Fleury et al.,, 1991; Bernhardt et al., 2006; Dettmering et al., 2014). Such measured
ionospheric group delay or phase advance is corrected for station coordinates and precise
orbit determination with DORIS tracking data in real-time or ex post facto for the creation of
geophysical products (e.g. Jayles et al.,, 2015; Lemoine et al., 2016). The ionosphere
correction is derived from the DORIS/RINEX tracking data provided by the International
DORIS Service (IDS) (Willis et al., 2010). We follow the procedures described by Lemoine et
al. (2016) to compute the ionosphere correction for Doppler data. Currently, a number of
scientific satellites are equipped with DORIS receivers including Jason-3, Sentinel-3A/3B and
Sentinel-6A. The DORIS data cover the layers of the ionosphere up to satellite altitudes as
high as 1,300 km, but, in the LOS direction only. This is a sampling geometry that is different
from the geodetic methods described earlier, and as such leads to complementary

information.

12
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We used the DORIS/RINEX-derived ionosphere correction given in range-rate every 10
seconds and integrated over time to determine the relative (biased) TEC change in LOS
between the ground stations and the satellites. Typically, 15 minutes of data were available
from each station around the equatorial region between a satellite’s rise and set, covering

roughly 60 degrees or less in latitude.

3. Observational results

3.1 Measurements of plasma depletion by GNSS, GRACE Follow-On, and radar altimeter

satellites

For GNSS TEC variation, we processed GPS L1 and L2 carrier phase measurements every
second, as available from multiple patch antennae of the Spire’s 3U CubeSats (Nguyen et al.,
2020; Han et al., 2023): (1) from the antenna in the zenith direction of the CubeSats, (2)
from the antenna pointing in the velocity direction, and (3) from the antenna pointing
opposite to the velocity direction. The first antenna receives signals from GPS satellites
above the local horizon of the CubeSats (and they are used typically to determine precise
positions of the CubeSats). The last two are designed to measure the signals from GPS
satellites at and below the local horizon of the CubeSats, with the local elevation range from
0° down to -21°. The lower bound of the elevation is dependent on the LEO satellite
altitude. These GPS data from two side-looking antennae were used to examine line-of-
sight (slant) TEC variations between the occulting CubeSats and GPS satellites covering
altitudes from the bottom of the ionosphere (~¥80 km) to the CubeSat altitude (~550 km), in
contrast to the high-altitude TEC variation above the CubeSats measured by the zenith-point
antenna. The TEC measurements below the local horizon were also converted to electron
density profiles in altitude assuming spherically stratified distribution of electrons over the
regions of the impact points (where the maximum refractions occur) using the radio

occultation geometry and Abel inversion (Hajj et al., 2002).

Figure 1 shows four different cases of GPS and CubeSats, and electron density profiles on
three consecutive days of 14, 15 and 16 of January 2022. For each case, the left panel

shows the ground tracks of the CubeSat and GPS satellite and location of the HTHH volcano.

13
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The Lamb wave front at the average time of GPS measurements (UTC shown on top of each
panel) is also shown with large curves of different colors representing a few hPa variations
of surface pressure (Amores et al., 2022). In each case, there are ~15 minutes of GPS data
measured from the occulting CubeSat while it crosses over the rim until it loses tracking
from the GPS satellite. Figure 1 also illustrates the average location of the occultation
tangent points (marked with stars in colors next to CubeSat ground tracks) where the
maximum bending of the GPS radio ray takes place (Hajj et al., 2002). The right panel of
each case shows the electron density profiles around the tangent points estimated from
GPS slant TEC measurements. Note that the GPS electron density is a relative measurement.
In these profiles, the minimum value of GPS estimates was matched to that of the

International Reference lonosphere (IRI) model values (Blitza, 2018).

In the first case (Figure 1a), GPS measurements took place between the occulting CubeSat
FM143 and GPS G04 at UTC 11:24 and local time (LT) 01:24 on 15 and 16 of January 2022.
The CubeSat sampled the electron density changes over the area northeast of the volcano
near the geomagnetic equator right after the eastward Lamb wave passed the region on
Day 15. The GPS data from 16 January identified a typical electron density profile with rapid
increase of electron density from 200 to 300 km followed by gradual decrease at higher
altitudes, showing the peak layer formed around 280 km. However, the GPS measurements
on Day 15 do not show any substantial change in altitude over the entire F region and thus
no peak formed likely due to electrons depleted from the F region. There is no GPS data on

14 of January from the same CubeSat at the same location.

For the second case (Figure 1b), CubeSat FM117 measured the electron density over the
area northwest of the volcano near the geomagnetic equator at UTC noon (11:48) and LT
midnight (23:48) on three different days. Once again, the measurements were taken after
the Lamb wave swept westward over the region on Day 15. The GPS measurements have
peak values of 2 and 4.5 x 10° electrons/cm?® on Day 14 and 16, respectively, at an altitude
of 350 km. However, there was no evident electron density peak formed on Day 15 and
there is little electron density variation in altitude from 80 to 550 km relative to variation on

other days, again indicating possible depletion of electrons from the entire F region.

14
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The third case of GPS TEC measurements (Figure 1c) occurred above the South China Sea by
CubeSat FM115 and GPS GO08 at UTC 14:00 (LT 22:00) on three different days. The
westward propagating Lamb wave passed through the region before the TEC measurements
were taken on Day 15. The electron density increased drastically from 200 km to 270 km by
as much as 6-7 X 10° electrons/cm® and gradually decreased at higher altitudes on Day 14
and 16. However, the electron densities on Day 15 do not change much across 100 — 550
km only varying by 1 X 10° electrons/cm?, possibly due to electron depletion by 6-7 times

the background density within the entire F region (>200 km) compared to other days.

The last example (Figure 1d) is from CubeSat FM119 occulting over west of Peru close to the
geomagnetic equator at a similar UTC 14:12 but at local time of early morning around 08:12
and east of the volcano. The region was just behind the eastward propagating Lamb wave.
The GPS electron density estimates show similar patterns of vertical electron distribution
but the peak value of 8 X 10° electrons/cm® and the peak altitudes of 290 and 370 km on
both Day 15 and 16 (note that no CubeSat GPS data are available at this location and this
time on Day 14). Unlike the previous cases, no depletion was measured on Day 15,

although the observation was made after the Lamb waves swept the region.

For all examined cases, the IRl model (not shown in Figure 1), that relies solely on solar and
geomagnetic indices, was inefficacious at capturing any plasma anomaly that originated
from the volcanic eruption and its associated atmospheric perturbation. The electron
depletion was observed from both west and east sides of the volcano where the
atmospheric wave propagated in two opposite directions and from the GPS measurements
during the local nighttime on Day 15. The last case of Figure 1 shows no depletion, which is
possibly due to the measurements occurring during local morning when plasma begins to
build up with increasing sun light. Possible dynamo mechanisms of depleting plasma in the

F region are discussed in Section 4.

We now examine the electron distribution at satellite altitude of 480 km across all latitudes,
as measured by the GRACE-FO K/Ka-band ranging system. During January 2022, the angle
between the GRACE-FO satellite orbital plane and the geocentric vector to the sun (known

as ‘beta angle’) was ~45 degrees. This puts the ascending tracks of the GRACE-FO satellites
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at a local time of approximately 19:55-20:40 (a half orbital period). This orbital
configuration allowed them to sample electron density perturbations while the atmospheric
Lamb wave propagated over the Pacific after the volcanic eruption on Day 15. During the
local nighttime, electron density perturbations can persist due to the absence of solar

photoionization.

We processed the GRACE-FO intersatellite ranging data for TEC on 14, 15 and 16 of January
2022. The GRACE-FO ground tracks shifted eastward roughly by 5 degrees of longitude each
day. The measurements over the same local time on three consecutive days is ideal for
detecting the anomaly induced by the volcanic eruption. As the Earth rotation rate is ~460
m/s at the equator and the Lamb wave speed is 300-350 m/s, the GRACE-FO satellites were
able to measure the electron density over the following regions: (1) east of the Lamb wave
before the wave arrives (i.e., unperturbed state), (2) inside the regime of the Lamb wave
perturbation, (3) west of the Lamb wave before the wave arrives (i.e., unperturbed state);

all at the same local time of 19:55-20:40.

Figure 2 shows six cases of GRACE-FO measurements with the left panel of each case
showing the ground tracks of the GRACE-FO ascending orbit on three consecutive days
along with the Lamb wave fronts (black dashed curves) and the right panel showing the
measurements of TEC changes integrated over ~220 km baseline between two GRACE-FO
satellites at different average UTC but at almost the same average LT of 20:12 — 20:24. As
the GRACE-FO TEC measurements are biased (due to K/Ka-band carrier phase biases), the
minimum value of TEC measurements on each track was set equal to that of the IRl model
prediction. Note that any remaining bias in the data (not corrected by the IRl model) does
not affect our analysis of reporting relative changes over the repeat passes across the entire

latitudes.

In the first case of UTC 06:24 (Figure 2a), the GRACE-FO sampled the region outside and east
of the Lamb wave while the Lamb wave propagated outward from the HTHH volcano, thus
sampling the unperturbed ionosphere. The GRACE-FO TEC measurements do not exhibit

any abnormality on 15 of January relative to the measurements on the other days. There
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are two orders of magnitude variation of TEC across latitude, showing the maximum of

several TECU around the geomagnetic equator.

The GRACE-FO ground tracks shifted westward in the next orbits while the Lamb wave
propagated outward from the HTHH volcano and the GRACE-FO satellites sampled the
region of atmospheric perturbation at longitudes of 180°, 160°, and 140° E, at UTC 08:00,
09:36, and 11:12, respectively (Figures 2b-d). The measurements on 15 January found 1,000
times (or even more) reduction in TEC relative to the TEC on the other days. The TEC value
of 0.01 TECU over the length of 220 km between two GRACE-FO satellites corresponds to
450 electrons/cm?®, which is considered to be lower than the typical plasma density at the
bottom of the ionosphere (Kelley, 2009). The interpretation of plasma depletions in the
equatorial region is not straightforward because multiple processes may contribute to their
formation. Irregular density structures are interpreted as signatures of plasma bubbles;
however, density depletions approximately 3,000 km wide across the geomagnetic equator
are difficult to explain solely by plasma bubbles. The electron density enhancements at
18°N and 18°S in geomagnetic latitudes, along with the plasma depletions in the equatorial
region, can be understood as a consequence of the fountain effect (Hanson & Moffett,
1966). The deep depletions around the magnetic equator are likely caused by the uplift of

the F region beyond satellite altitudes.

The last example of the GRACE-FO measurements took place outside the Lamb wave
propagation (Figures 2e and 2f), but west of the Lamb wave (the opposite to the case of
Figure 2a). As the Earth rotation was 50% faster than the Lamb wave propagation, the
GRACE-FO satellites overtook the Lamb waves from west and east within a few orbital
revolutions. Figures 2e and 2f illustrate the measurements west of the Lamb wave front
capturing the ionosphere before the Lamb wave arrived. The GRACE-FO measurements
look normal, showing the peak electrons near the geomagnetic equator, for three

consecutive days just as the case of Figure 2a. No depletion was observed.

From the observations in Figure 2, we note plasma density enhancements outside the
equatorial region, accompanying severe plasma depletions around the magnetic equator

(Figures 2b—2d). These enhancements are pronounced in the Northern Hemisphere and are
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interpreted as ionization crests. The intensities of the ionization crests in the opposite
hemispheres can differ due to variations in neutral composition and winds. The coincidence
of equatorial plasma depletions and plasma enhancements outside the magnetic equator is
also identified from other satellite observations shown below in Figures 3 and 4. As
discussed in Section 4, these observations provide insight into the source of equatorial

plasma depletions.

The vertical TEC integrated from the ocean surface to the altimeter satellite altitudes of
~800 km was measured by the nadir-pointing altimeter ranging systems. The Sentinel-3A
satellite orbit is sun-synchronous with its ascending track crossing the equator at 22:00 local
time. This allowed sampling of the ionosphere in the Pacific during the local nighttime a few
hours after the HTHH volcanic eruption. The GRACE-FO satellites also happened to sample
the data at a local time of around 20:00. The vertical TEC measurements on three
consecutive days (14, 15 and 16 January 2022) are presented along with the ground tracks
in Figure 3; the original 1-sec measurements (blue dots) and the 60-sec moving averaged
data (magenta curve) are shown. By the times of the satellite passes over the Pacific, the
Lamb wave had propagated outward and reached up to 25°N and 45°N on 15 of January,

respectively, in Figures 3a and 3b.

The latitudinal samples of vertical TEC showed a wide region of low density around the
geomagnetic equator between 18°S and 18°N, only on Day 15 (Figure 3a). Two different
ionosphere models (JPL's Global lonosphere Maps, GIM; Martire et al., 2024, and NOAA
lonospheric Climatology, NICO9; Scharroo and Smith, 2010) predicted approximately 10
TECU around the equatorial region. The measurements from 14 and 16 January are much
more consistent with the models than the measurements from 15 January. The second
example of vertical TEC is from the subsequent orbit about 90 minutes later but at the same
local time (Figure 3b). As in the previous case, the reduction of TEC by as much as 10 TECU
is observed on 15 January only. It is also observed that TEC increased up to 30 — 40 TECU
around 20 degrees north and south of the geomagnetic equator at the same time of the
depletion observed around the geomagnetic equator, similar to the localized increase found
by the GRACE-FO observations. Two narrow peaks are more noticeable in Figure 3b. This

resembles the intensification of the equatorial ionization anomaly by the fountain effect
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(Hanson & Moffett, 1966). Note that GIM is a model integrating TEC measurements from a
number of global GNSS stations, while NICO9 is a climatological analysis of GIM. Therefore,
the HTHH volcanic eruption effect is not expected from the climatological NICO9 model. It is
not clear why the GIM results (available through altimeter geophysical data record) do not
present the electron depletion and enhancement as much as seen from the altimeter
measurements. This is possibly related to the limited spatial resolution and lack of GNSS
stations over ocean regions (Martire et al., 2024), which is also apparent in altimeter/GNSS

comparisons of the diurnal cycle (Ray, 2020).

We also examined data from Sentinel-3B which was in the same orbital plane, for the five
consecutive orbits on Day 15, along with the Lamb wave propagation model (Figure 4). The
first two measurements occurred outside the atmospheric perturbation region while the
last three sampled the ionosphere after the Lamb wave had passed, but all are at similar
local times. There was clear reduction in TEC observed from the last three cases over the
geomagnetic equatorial regions, at least 30 degrees wide in latitude, consistent with the
spatial extent of the decrease of horizontal TEC measured by GRACE-FO satellites (Figure 2).
lonization crest features accompanying plasma depletions around the magnetic equator are

also visible in Figure 4.

3.2. Contrasting electron density measurements across the HTHH Lamb wave

We found a unique CubeSat observation that demonstrates the association of equatorial
plasma depletions with atmospheric waves caused by the volcanic eruption. As mentioned
earlier, the Spire CubeSats were equipped with two side-looking antennae pointing in the
orbital velocity direction (‘front’) and the opposite (‘back’). This configuration can be
exploited to measure contrasting electron density distribution across the Lamb waves even
from a single CubeSat. Figure 5a shows the ground tracks of CubeSat FM119 when it
crossed the Lamb wave from west to east. The Lamb wave propagated westward while the

low inclination CubeSat orbited eastward, and they met at longitude of ~100°E.

On Day 15, the first half of FM119 measurements (the ground track marked red in Figure 5a)

took place southwest of Sumatra Island in the Indian Ocean where the Lamb wave
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perturbation had not yet reached (i.e., outside of the wave boundary). The back-side
antenna of FM119 observed GPS signals from GO5 at the local time around 19:24. The
electron density profile #2 in Figure 5b was derived from this back-side antenna and GO5.
The peak density is 4.5 x 10° electrons/cm® at an altitude of 410 km. No perturbation or
depletion was identified in the region. The same CubeSat FM119 started to track and occult
with respect to GO8 via the front-side antenna measuring electron density changes over the
South China Sea where the Lamb wave had just passed. This second half of the ground track
is marked blue in Figure 5a, and the electron density profile #1 in Figure 5b is derived from
these data along this track. By comparing profiles #1 and #2, we can identify a significant
plasma depletion along the second half of the track. This degree of sudden density change
cannot be accounted for by the local time difference between the two tracks. A
differentiating factor between the two tracks is the Lamb wave boundary. The first half
track (red) lies beyond the Lamb wave boundaries, while the second half track (blue) falls
within them. This observation indicates that Lamb waves were responsible for the

ionospheric plasma depletion.

For comparison, we examined the data from the same pairs of FM119 and GPS satellites on
Day 16. The local times and locations of the observations on Day 16 are almost the same as
those on Day 15. As we can see in Figure 5a, the FM119 and GPS satellite ground tracks are
close to each other on both days. The electron density profiles over the Indian Ocean (#3)
and the South China Sea (#4) on Day 16 are shown in Figure 5b with dashed lines. The
electron density profiles on Day 16 do not exhibit any anomalous behavior. Thus, the
drastic electron depletion in the entire F region is the phenomenon only over the region
disturbed by the atmospheric Lamb wave on the day of the HTHH volcanic eruption. This
observation is consistent with the findings from the high-altitude TEC measurements by
GRACE-FO. The observations of equatorial plasma depletions over a broad range of
longitudes by different geodetic satellites can be explained by either the uplift of the F
region above satellite altitude (~500-600 km) or the poleward transport of equatorial

plasma as a result of the uplift. This is discussed further in Section 4.

3.3. Spatiotemporal variations in ionospheric delay from DORIS radio beacons

20



589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620

Turning to our fourth geodetic technique, we examined these time-integrated DORIS data to
validate our observations of the electron depletion as detected with the other geodetic
satellite measurements. Figure 6 illustrates three ground tracks of Jason-3 on 14, 15 and 16
January 2022 at UTC around 9:00 (top panels) and 21:00 (bottom panels), from the
descending and ascending tracks, respectively. The color code indicates the “relative”
ionospheric delay correction in meter (proportional to TEC), for which time series are shown
in the middle panels (n.b. the absolute values have no meaning). The “U-shaped” variation
is typical as the ionospheric delay is largely dependent on the elevation of a satellite seen
from a ground station (right panels). There are ionospheric delay changes as much as 4 m
for normal days in two different time periods in each day. That change was reduced to 50
cm around UTC 9:00 on Day 15 (Figure 6a). This is a couple of hours after the atmospheric
Lamb wave passed through the region around the station BETB in Betio, Republic of Kiribati.
This is a large electron depletion in the ionosphere, a reduction by as much as 10 times the
usual. The electrons recovered fully by sunrise 12 hours later, as seen from the bottom
panel of the data around UTC 21:00 (Figure 6b). Note that almost the same results were
observed from Sentinel-6A (not shown), as (at this time) it shared the same orbit as Jason-3

with a time difference of only 30 seconds.

Since the depletion propagates with the westward Lamb wave during the local nighttime,
we examined other DORIS stations further west. Figure 7 shows three cases from two
stations in Guam, US (MLAC) and in Manila, Philippines (MANB) with various available
satellites including Jason-3 (or Sentinel-6A) and Sentinel-3A. Figure 7a shows the electron
depletion around UTC 11:00 on Day 15 only when the Lamb wave front passed the Guam
station MLAC but not the Manila station MANB; the ionospheric delay was 1-6 m on the
normal days while it got reduced to 20 cm, and became somewhat erratic, on Day 15. The
jump in the measurement on Day 14 is due to loss of DORIS tracking (cycle slip) that
resulted in a ‘reset’ of phase count. When the two pieces are joined together, the delay was
about 1 m on Day 14. The reason for the smaller delay on Day 14, relative to the one on

Day 16, even though both passes feature similar elevation change, is not known.

The measurements from MANB to Jason-3 and Sentinel-6A (Figure 7b) show there is no

depletion in electrons and ionospheric delay at UTC 10:30 on Day 15, which is similar to
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normal days. There are approximately 3-3.5 meters of ionospheric delays observed on all
three days (two pieces of the Day 14 measurements need to be combined considering the
offset introduced by reset of phase count on Day 14). At the time the DORIS observations
took place, the Lamb wave had not yet reached the station and thus the DORIS system must
have sampled the unperturbed atmosphere. However, just after the Lamb wave passed the
Philippines (MANB), the electron depletion was observed from the MANB station and
Sentinel-3A around UTC 14:30, by which time the Lamb wave was approaching India (Figure
7c). The DORIS data show that the ionospheric delay correction was reduced to 10-20 cm
from typical values of a few meters and that this is the result of electron depletion in the
ionosphere. The appearance of such reduction is consistent with the timing of the Lamb
wave arrival, once again suggesting that the source of electron depletion is likely dynamo

electric fields driven by westward propagating Lamb waves.

4, Discussion

In this section, we discuss the sources of trough-like equatorial plasma depletions across
broad longitudes. Various processes, including neutral composition changes, impulsive
shock waves and ionospheric uplifts, can be considered as sources of trough-like equatorial
plasma depletions during the HTHH volcanic eruption. The volcanic eruption can cause
changes in neutral composition by vertical atmospheric expansion including an increase in
water vapor in the F region (Choi et al., 2023). Just as impulsive shock waves generated by
earthquakes can cause ionospheric plasma depletions via upwelling of the atmosphere or
leading to outward plasma flow (Astafyeva et al., 2019; Shinagawa et al., 2013; Zettergren
et al, 2017), acoustic shock waves generated by the HTHH volcanic eruption could generate
equatorial plasma depletions (Aa et al., 2022; Astafyeva et al., 2022; He et al., 2023). These
processes may affect the plasma density in the local region around the epicenter, but the
formation of plasma depletions along the magnetic equator is difficult to explain by these
mechanisms. The intensity of these processes would be ordered by the distance from the
epicenter rather than by magnetic latitude. Alignment of these processes along the
magnetic equator has not yet been demonstrated by observations. Additionally, the
ionization crest features accompanying equatorial plasma depletions are not explained by

the effects of atmospheric expansion and shock waves.
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The development of strong plasma depletions around the magnetic equator, accompanied
by density enhancements outside the equatorial region, is a typical characteristic of the
equatorial fountain process. An enhanced fountain process after the HTHH volcanic
eruption is supported by the lonospheric Connection Explorer (ICON) satellite observations
of upward plasma motion in the F region (Aa et al., 2022; Gasque et al.,, 2022). These
observations are consistent with the detection of intense plasma bubbles in the Asian and
Pacific sectors in association with the upward ionospheric drift (Aa et al., 2022; Hong et al.,
2022). The ICON observations of strong neutral winds in the Pacific sector (Harding et al.,
2022) and the numerical simulations of dynamo electric fields driven by gravity waves (Huba

et al., 2023) further support the role of dynamo electric fields.

Hong et al. (2022) suggested the uplift of the ionosphere to the west of HTHH by the effect
of winds driven by the volcanic eruption. Figure 8a (and Figure 4 of Hong et al., 2022)
illustrates this process. The Hall current (Jy), driven by westward winds (U), becomes
discontinuous at the terminator due to the day-night difference in Hall conductivity (oy).
Consequently, negative charges accumulate at the terminator, causing the ionosphere in
the sunlit region to be lifted perpendicular to the eastward electric field (E) and magnetic
field (B), i.e., E X B drift. This process allows plasma depletion in the equatorial region to
persist at night as the lifted region moves into darkness. The ionospheric uplift in the east
of HTHH can also be explained by a similar process by changing the wind direction. In the
east, as illustrated in Figure 8b, positive charges accumulate at the terminator by eastward
winds resulting in the uplift of the ionosphere in the dark region. The optimal time for the
development of electric fields is when the passage of the winds coincides with the local
sunset. A downward E X B drift can also be considered as the cause of the plasma
depletion in the equatorial region; chemical reactions with molecular gases at lower
altitudes reduce the plasma density. However, the enhancement in the plasma density
outside the equatorial region accompanied with equatorial plasma depletions is not

explained by the downward E X B drift.

The magnitude of electric fields would depend on the duration and magnitude of the wind

surge and the temporal distance from sunset. Our observations and previous studies show
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the development of equatorial plasma depletions in the longitude range of 100° — 230°E.
The development of equatorial plasma depletions in this longitude region is seen to be
related to the occurrence time of the HTHH volcanic eruption around LT 16:30. Earth’s
rotation speed at the equator (¥470 m/s at 100 km altitude) is faster than the propagation
speed of Lamb waves (300-350 m/s). In the west of HTHH, the arrival time of the Lamb
waves at a local region moves to a later LT as the longitude moves westward. Beyond a
certain longitude (~100°E), the Lamb waves cannot reach the sunset terminator. Then, the
process illustrated in Figure 8a does not occur. The arrival time of the Lamb waves at a local
region also moves to a later LT as the longitude moves eastward in the east of HTHH.
Therefore, the process illustrated in Figure 8b would be effective in the longitude close to
HTHH. In our observations (CubeSat observation at UTC 14:12 in Figure 1d), TEC depletion is
absent around 260°E, even though the Lamb waves have already passed the region when
the CubeSat observations were made. Since the CubeSat observation was made after
sunrise (LT 08:12), plasma depletions would be filled by photoionization. However, we
cannot rule out the absence of plasma depletion in the region throughout the night because
the region was too far away from the sunset terminator (after midnight) when the Lamb

waves passed the region.

We explained the dynamo electric fields using the Hall currents in the E region, but
Pedersen currents and F region dynamo electric fields also contribute to the vertical plasma
motion at the sunset terminator. Numerical simulations are required to address the
contributions of different processes. Rajesh et al. (2022) explained the enhancement of the
upward velocity during the HTHH volcanic eruption in association with the F region dynamo
instead of the E region dynamo due to reduced E region conductivity. However, Gasque et
al. (2022) attributed the ICON observations of the F-region vertical plasma motion to the E
region dynamo because this interpretation is consistent with the propagation speed of
observed atmospheric waves. The observation time of the vertical plasma motion by ICON
in the Northern Hemisphere was around 17:00 LT (Gasque et al., 2022), before sunset in the
E region in the Southern Hemisphere. Therefore, the E region might dominate the E and F
region coupling, causing the F region plasma motion. Our illustration in Figure 8 aligns with

this interpretation.
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5. Conclusion

We investigated the ionospheric disturbances in the equatorial region caused by the HTHH
volcanic eruption on 15 January 2022 by examining the data from four different geodetic
ranging systems: between GPS and CubeSat satellites (L1/L2 bands), between two GRACE
Follow-On satellites (K/Ka bands), between altimeter satellites and the ocean surface (C/Ku
bands) and between the ground beacon stations and DORIS-equipped satellites (S/VHF
bands). These dual-frequency satellite systems were used to measure electron density
changes integrated along ray paths in line of sight from transmitters to receivers. Five types
of TEC measurements were taken (1) at high altitude above CubeSat satellite altitude of
~550 km, (2) at low altitude below ~550 km, (3) at GRACE Follow-On satellite altitude of
~480 km, (4) for the entire vertical column of ionosphere below the altimeter satellite
altitude of 800 km, and (5) in line-of-sight between the ground and satellites above top of
the ionosphere. While the CubeSats, altimeter and DORIS satellites sample TEC variations
over a wide range of altitude, the GRACE Follow-On satellites sample horizontal TEC

variation along the orbit at a fixed altitude.

The observations from these systems reveal the development of anomalous plasma
depletions in the equatorial region across a broad longitude range after the HTHH volcanic
eruption. On the basis of our observations, the conditions for the development of the
depletions are (1) inside the boundary of the Lamb waves produced by the volcanic eruption
and (2) close to the sunset terminator when the Lamb waves pass the region. These
conditions facilitate the generation of dynamo electric fields, and by which the ionosphere
can be lifted to high altitudes resulting in plasma depletion in the equatorial region.
However, the dynamical coupling of the ionosphere with other waves such as secondary
gravity waves (Vadas et al., 2023a & 2023b) cannot be ruled out. The size and magnitude of
depletion by the HTHH volcanic eruption were anomalously large; for example, at the
satellite altitude of 500 km, the reduction of electrons by more than 1,000 times was
recorded from the GRACE Follow-On K/Ka band ranging system over the extensive areas of
~3,000 km around the geomagnetic equator. Such magnitudes of depletions are unusual
phenomena, indicating that Earth’s hazardous surface events can be a source of severe

ionospheric disturbances.
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This study demonstrated the use of geodetic (non-space-weather-dedicated) satellite
constellations for capturing ionospheric perturbations induced by ground events. These
geodetic satellite systems can be cohesively operated and analyzed to support space
weather monitoring and prediction and, possibly, activity concerning navigation,
communications, and surveillance systems that may be affected by extreme event
irregularities in the ionosphere. All four geodetic techniques (GNSS high-low tracking, radio
occultation, low-low intersatellite tracking, and Doppler ground beacon) and increasing
number of suitable satellites will produce new opportunities to monitor the ionosphere
continuously and to study the atmosphere-surface coupled processes including atmospheric
and gravity waves caused by earthquakes, tsunamis, extreme weather, and volcanic

eruptions.
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Figure Caption

Figure 1. CubeSat GPS measurements of electron density (Ne) changes. Each panel, (a)
through (d), presents ground tracks of CubeSats and GPS satellites and the atmospheric
Lamb wave front at different times in UTC on the days before, on and after the HTHH
volcanic eruption. It also shows vertical distribution of electron density (Ne) computed from
the slant TEC measurements between CubeSats and GPS satellites. The local time (LT) and
UTC time represent the average epoch of the TEC measurements. The CubeSat and GPS
satellites repeat their ground tracks roughly within a few hundreds of km every day. This
repeated orbital sampling allows us to monitor electron content variations over the same
region at the same time but on different days. The geomagnetic equator is depicted as a
black curve on the map, the location of HTHH volcano is marked with a magenta triangle,
the Lamb wave front is shown in black dashed curve, and lastly, the tangent points are
shown in stars next to the CubeSat ground tracks. Four pairs of CubeSat and GPS satellites
were examined, including FM143 — G04, FM117 — G31, FM115 — G08, and FM119 — G29, to
find changes along the geomagnetic equator over a wide range of longitudes. Three cases
of local nighttime measurements, (a)-(c), found substantial reduction in electron density
after the Lamb wave passage on the day of HTHH volcanic eruption, while the last case (d)
shows no change observed at the local morning time, due possibly to regeneration of
plasma. Three different colors are used for three different days. The sunset terminator at
the equator at the time of the Day 15 measurements is shown in gray dashed line. This
same color and symbol is used throughout all figures in this paper. East of this sunset

terminator is the night side.

Figure 2. GRACE Follow-On measurements of changes in TEC integrated over ~220 km
between two satellites at the altitude of ~480 km, from 6 am to 4 pm in UTC (local time of 8-
9 pm) on 14, 15, and 16 of January 2022. Each panel shows the ground tracks of GRACE
Follow-On satellites and the Lamb wave front (black dashed curves) propagated from the
HTHH volcano (magenta triangle) on 15 of January 2022. The direction of the wave
propagation is shown with small arrows. The geomagnetic equator is marked by a heavy
black curve. The TEC measurements between the two satellites are presented along the

geomagnetic latitude of the midpoint of two satellites and shown in a log scale (as the
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change is up to 4 orders of magnitude). Three measurements on three days are compared
to highlight the drastically reduced TEC only on the eruption day and only over the region
after the volcano-induced Lamb wave passage, i.e., panels of (b) through (d). The
measurements outside of the Lamb wave boundary show no change in electron density.
This series of measurements clearly suggest the depletion associated with the Lamb wave.
It is observed that the volcano-induced TEC reduction at the satellite altitude (~480 km) is

from 10 to 0.001 TECU and is as wide as 3,000 km along the geomagnetic equator.

Figure 3. Sentinel-3A satellite altimeter measurements of vertical TEC changes on 14, 15,
and 16 of January 2022. During UTC approximately 9 to 11 am (local time around 10:30pm),
the satellite flew over the Pacific Ocean and detected ionospheric changes associated with
the volcano-driven Lamb wave (black dashed curve). The map includes the ground tracks as
well as the Lamb wave front at the time of altimeter measurements. The vertical TEC
measurements (blue dots) on three consecutive days are compared with two model outputs
of JPL’s Global lonosphere Maps GIM (red curve) and NOAA’s lonospheric Climatology NIC09
(yellow curve). The smoothed (60-sec moving average) TEC measurements are also shown
for better comparison with the models (magenta curve). On the day of eruption, the
vertical TEC measurements along the satellite orbit decreased as much as 10 TECU relative
to the model predictions and relative to the measurements on the other (‘normal’) days.
The spatial extent of the TEC depletion is around 3,000 km around the geomagnetic latitude,

similar to the GRACE-FO measurements of high-altitude TEC variation.

Figure 4. Sentinel-3B satellite altimeter measurements (bottom panels) of vertical TEC
changes during the five consecutive ascending orbits (top panels) on 15 of January, from
UTC hours from 5 am to 12 pm and Local time around 10 pm. These data allow us to
examine the TEC measurements with the Lamb wave propagation every orbit (~100 min
sampling). The first two cases (first two left columns) present the data outside the Lamb
wave boundary (black dashed curve), while the last three show the measurements inside,
but all are nearly at the same local time. The large depletion is found only in the region

around the geomagnetic equator and only inside of the Lamb wave boundary.
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Figure 5. CubeSat GPS measurements of electron density changes across the Lamb wave.
This example is similar to Figure 1, but it uses the two GPS antennae pointing in the satellite
velocity direction and its opposite. The same CubeSat FM119 tracked GPS satellite GO5
from the backward antenna while it picked up GOS8 through the front antenna. The data on
two days of 15 and 16 of January were compared (as no data on 14 of January is available).
The pair of FM119 — G0O5 sampled the electron density outside the Lamb wave above the
Indian Ocean while the other pair of FM119 — GO8 measured inside the Lamb wave above
the Southern China Sea. The four vertical electron density profiles on two days and from
two different locations (outside and inside of the wave) are compared in the right panel. It
is clear that drastic reduction of electron density was observed only from the inside region
and only on the eruption day. This highlights excellent samplings of measuring dynamical
ionospheric anomalies associated with the propagating atmospheric perturbation by

exploiting the multi-faceted GPS antennae from a single CubeSat.

Figure 6. (a) The left panel shows the descending ground tracks of Jason-3 on 14, 15, and 16
January 2022 around the ground station BETB (marked in magenta inverted triangle). The
color code presents the time-integrated ionospheric delay in range (i.e., biased ionospheric
delay in meter) along the ground track each day. The biased delay and the elevation angle
of the satellite seen from the ground station are shown as a time-series in the middle and
right panels, respectively, for each track for three different days. The delay varies over ¥4 m
on normal days, however, there was large reduction in the delay around UTC 9:00 on Day 15,
after the Lamb wave passage. (b) The same as (a), but from the ascending track data 12
hours later. This shows the ionosphere returned to its normal condition. For (b), the Lamb
wave front was around the antipode near the southern tip of Algeria, which is outside of the

map.

Figure 7. (a) The same as Figure 6, but between the Sentinel-6A and the ground station
MLAC in Guam, USA. It demonstrates large reduction in the ionospheric delay associated
with the electron depletion after the Lamb wave passage. (b) The case between Jason-3
and MANB (a ground station in Manila, Philippines) between UTC 10:00 — 11:30, prior to the

Lamb wave arrival. (c) The case between Sentinel-3A and MANB after the Lamb wave
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passed the region (UTC 14:00-15:00). The reduction in the ionospheric delay was found only

after the Lamb wave.

Figure 8. Schematic illustration of the generation of electric fields (a) west and (b) east of
HTHH in association with the volcanic eruption. Winds (U) from the volcanic eruption
generate westward (a) and eastward (b) Hall currents (Ji) in the E region, and negative (a)
and positive (b) charges accumulate at the terminator by the day-night difference of the Hall
conductivity (o). The polarization electric fields (E) in the E region map into the F region,

resulting in the upward E X B plasma drift in sunlight (a) and darkness (b).
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