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Abstract: The Hunga Tonga-Hunga Ha’apai underwater volcano (20.57°S, 175.38°W) violently
erupted on 15 January 2022. The volcanic plume evolution during its initial stages is delineated by
using Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC)-2 radio
occultation (RO) measurements. The bending angle (BA) anomaly over the Tonga volcanic plume
(within 200 km from the eruption center) at 5:17 UTC on 15 January shows a prominent peak at
higher stratospheric heights. The top of the BA anomaly revealed that negative to positive change
occurred at ~38 km indicating the first height where the RO line-of-sight encounters the volcanic
plume. The BA anomaly further revealed an increase of ~50% at ~36 km and confirms the volcanic
plume reached above ~36 km. Further, the evolution of BA perturbations within 24 hours after the
initial explosion is also discussed. From collocated RO profiles with the volcanic plume, we find a
clear descending of the peak altitude of the BA perturbation from ~36 km to ~30 km within 24 hours
after the initial eruption. The results from the study will provide some insights into advancing our
understanding of volcanic cloud dynamics and their implementation in volcanic plume modeling.
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1. Introduction

On 15 January 2022, the underwater volcano in Hunga Tonga-Hunga Ha’apai (here-
after Tonga eruption) island (20.57°S, 175.38°W) erupted violently at 17:30 local time (4:30
UTC) and released enormous amounts of energy, ash, gases, and steam into the atmos-
phere (Global Volcanism Program, 2022). The eruption also triggered tsunami waves
around the Pacific Ocean (Adam, 2022; Carvajal et al., 2022), atmospheric gravity waves
(GWs), and Lamb waves into the atmosphere (Wright et al., 2022; Matoza et al., 2022;
Proud et al., 2022). Liu et al. (2022) reported strong GWs with amplitudes greater than 30
K (twice the usual GWs) in the mesosphere associated with the Tonga volcano eruption.
Several weather stations worldwide detected atmospheric pressure changes that were
among the most extraordinary ever recorded. The geostationary GOES-17 and
Himawari-8 satellites captured this explosive eruption and showed volcanic plume dis-
persion. According to preliminary reports from the Global Volcanism Program (2022), the
volcanic plume was lofted as high as ~40 km into the stratosphere, a record in the modern
satellite era and which was not seen in the previous eruptions that occurred in the 21st
century (Tournigand et al., 2020). Some cloud portions even reached lower mesospheric
altitudes (NASA Earth Observatory, 2022). These preliminary reports are further sup-
ported by a recent study by Carr et al. (2022). Based on GOES-17 and Himawari-8 stereo
observations, Carr et al. (2022) reported that the main umbrella cloud of Tonga reaches
about 35-40 km, while parts of the center plume reached as high as ~55 km. It is unclear
why this eruption was so violent and why the volcanic substances were lofted to extreme
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heights compared to the other explosions in the 21t century. It is suggested that ‘the in-
volvement of water in the Tonga eruption may have increased the explosivity of the Tonga
eruption on 15 January’ (NASA Earth Observatory, 2022).

Global Navigation Satellite System (GNSS) radio occultation (RO) measurements,
particularly the Constellation Observing System for Meteorology, Ionosphere, and Cli-
mate (COSMIC), have been widely used for understanding the vertical thermal structure
changes due to the volcanic eruptions (Wang et al., 2009; Okazaki and Heki, 2012; Biondi
et al., 2017; Ravindra Babu and Liou, 2022). Wang et al. (2009) and Okazaki et al. (2012)
used for the first time GNSS RO to study the effect of volcanic eruptions on atmospheric
temperature by comparing RO profiles before and after the explosion. Biondi et al. (2017)
extensively used COSMIC RO data to detect the volcanic cloud top altitude from the bend-
ing angle anomaly. Similarly, Ravindra Babu and Liou (2022) reported day-to-day atmos-
pheric temperature variability in response to the Taal volcanic eruption in 2020 by using
recently launched COSMIC-2 RO data. All the studies mentioned above reported the at-
mospheric thermal structure after the eruption, while, mainly focusing on the upper trop-
osphere and lower stratosphere (UTLS) region. Also, it is noted that none of the previous
eruptions in the 21t century had reached such heights as the Tonga eruption. The high-
density measurements from the COSMIC-2 mission (Schreiner et al., 2020) provide a
unique opportunity to describe the Tonga volcanic cloud and its evolution. By taking this
advantage, in the present study, we attempt to demonstrate the extreme heights of Tonga
eruption and its initial evolution within 24 hours by utilizing COSMIC-2 RO measure-
ments.

2. Data and Methodology

We utilized Global Navigation Satellite System (GNSS) radio occultation (RO) dry
temperature profiles acquired onboard COSMIC-2 satellites. The COSMIC-2 mission,
launched on 25 June 2019, collects more than 5000 RO soundings per day over the tropics
and subtropics (Ho et al., 2019). The basic advantage of the COSMIC-2 mission is that it is
currently taking frequent measurements over the tropics and providing higher numbers
of RO profiles in a single day compared to the previous missions due to its low inclination
of ~24°. The data is downloaded from the COSMIC Data Analysis and Archive Centre
(CDAAC) website (https://data.cosmic.ucar.edu/gnss-ro/cosmic2/nrt/level2/). This data
was validated and compared with independent data, including radiosondes, model fore-
casts, and re-analysis (Schreiner et al., 2020). The details of the temperature retrieval from
the bending angle and refractivity profile obtained from the GNSS RO sounding are pre-
sented elsewhere (Kursinski et al., 1997; Kuo et al., 2004; Anthes et al., 2008; Schreiner et
al.,, 2007). The major advantage properties of the COSMIC RO temperatures are high ac-
curacy (less than 1 K) and precision (less than 0.05 K) (Schreiner et al., 2007), and also all-
weather capability.

Apart from COSMIC-2 RO, we also used version 5.0 water vapor measurements from
the Microwave Limb Sounder (MLS) instrument, operating onboard the NASA Aura sat-
ellite. The data was downloaded from the following website https://ac-
disc.gesdisc.eosdis.nasa.gov/data/Aura_MLS_Level2/ML2H20.005/. More details about
version 5.0 WV data can be found in Livesey et al. (2021), respectively. The Ozone Moni-
toring Instrument (OMI) sulfur dioxide (SO2) upper tropospheric and stratospheric SO
column (corresponding to the center of mass altitude of 18 km) data were also used. De-
tails of the retrieval technique are documented by Li et al. (2017).

To distinguish different aerosol subtypes in the atmosphere during Tonga volcanic
eruption, imageries from the Cloud-Aerosol Lidar with Orthogonal Polarization (CA-
LIOP), aboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) satellite, were also utilized in this study (Version 4.10; Anselmo, 2006; Young
and Vaughan, 2009).

3. Results and Discussion
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3.1. Extreme heights of Tonga volcanic plume and its initial evolution

The Hunga Tonga-Hunga Haapai volcano (20.536°S, 175.382°W) is an underwater
caldera volcano located approximately 70 km North-northwest of Tonga’s capital, Nukua-
lofa. On 15th January 2022 at approximately 4 UTC (5 pm local time) the Hunga-Tonga
volcano violently erupted, producing a large volcanic cloud, shown in Figure 1. A second,
smaller, eruption occurred at 8 UTC with no further large eruptions occurring thereafter.
Figure 1 shows the GOES-West satellite images at each 10-minutes time step starting from
4:10 UTC to 6:00 UTC. A clear expansion of the umbrella cloud around the volcano in a
near-circular pattern was evident in Figure 1 (for instance, at 04:50 UTC). The upper um-
brella cloud moves westward, presumably due to advection by background stratospheric
easterly winds (Sellitto et al, 2022; Millan et al, 2022).
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Figure 1. Geostationary Operational Environmental Satellites (GOES)-West satellite (currently,
GOES-17) images observed on 15 January 2022.
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To understand the dispersion and transport of volcanic plumes, a better estimation
of the volcanic cloud top (VCT) altitude is crucial. Previous studies were well demon-
strated the GNSS RO data for supporting the detection and monitoring of volcanic clouds
as well as their effects on weather and climate. The GNSS RO bending angle anomaly
method (the maximum peak in the bending angle anomaly) was used to detect the VCT
altitude (Biondi et al., 2017; Cigala et al., 2019; Prata et al., 2020). We also applied a similar
method to the Tonga volcanic cloud and detected the volcanic cloud heights. First, we
check the availability of COSMIC-2 RO profiles during the active eruption period. Inter-
estingly, we found two RO profiles around the Tonga volcano during its initial eruptive
period. Among the available profiles, only one RO profile was found very near to the area
of the eruption (hereafter eruptive profile) at 05:17 UTC (red colored dot in Fig. 2c), and
another one at 7:11 UTC was found away from the volcano center. Quite interestingly, the
time of the nearest RO profile (5:17 UTC) was around the active phase of the Tonga vol-
canic eruption. We looked further at the Geostationary Operational Environmental Satel-
lites (GOES)-17 satellite images and identified the locations of these profiles which were
shown as a red colored dot in Figures 2a and b (top panel). We also estimated the approx-
imate distance of the RO profile from the center of the Tong volcano and displayed it in
Figure 2c, respectively. Based on Figures 2a and 2¢, it is very clear that the RO profile at
5:17 UTC may not be located exactly over the volcano center, instead, it looks like falling
in between the center and the umbrella cloud of the volcano. It is reported that the Tonga
eruption produced a large umbrella cloud with a diameter of around 500 km (Carr et al.,
2022). Interestingly, the available RO profile during the active Tonga volcano eruptive
period at 5:17 UTC was exactly falling within 200 km from the volcano center (Fig. 2c).
Hence, the available RO profile at 5:17 UTC can represent the umbrella cloud of an active
eruptive plume. This provides us with a more detailed analysis of the available RO pro-
files.

To see the bending angle anomaly (BA) for the eruptive profile at 5:17 UTC (as well
as 7:11 UTC) on 15 January, we first derive a reference profile by using all the available
RO profiles within the 5 latitude and longitude around the Tonga volcano. Then, we take
the difference between the eruptive profile from the reference profile to find deviations
near the Tonga eruption region. The obtained BA anomaly was expressed in percentage
change and a prominent peak in the BA defines as the altitude of the volcanic cloud top.
The obtained BA anomaly of two RO profiles is shown in Figure 2 d, respectively. As
shown in Figure 2d, a pronounced peak in the BA perturbation (~50% deviation from the
reference profile) in the 5:17 UTC profile is observed at the altitude of about 36.1 km, sug-
gesting the height of the volcanic plume on 15 January. The extensive peak in the BA per-
turbation might be due to the higher water vapor and the more likely presence of volcanic
substances at the time of the active eruption. The top of the BA perturbation where the
negative to positive change occurred (~38 km) indicates the first height where the RO line-
of-sight encounters the volcanic plume (Fig. 2d). The BA analysis from the present study
confirms that the height of the umbrella cloud of the Tonga eruption is ~38 km which is
in line with the recent reports (NASA Earth Observatory, 2022; Proud et al., 2022; Carr et
al.,, 2022). Further, the 7:11 UTC profile also shows a clear change in the BA between 32-
35 km with a peak at ~34 km, respectively.
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(b) GOES-17 satellite image @ 7:10 UTC
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Figure 2. Top panel shows (a) GOES-17 Geo Color, Multispectral blended infrared image observed
at 5:20 UTC, (b) at 7:10 UTC on 15 January 2022. The red-colored (blue) dot represents the available
COSMIC-2 RO profile at 5:17 (7:11) UTC. (c) The location of above mentioned RO profile concerning
Tonga volcano center. The bottom panel shows perturbations of (c) Bending Angle for above men-
tioned RO profile concerning the reference profile (mean of 07-13 January 2022).

After the primary eruption, we further checked the available COSMIC-2 RO profiles
over the volcanic plume. Interestingly, we discovered six collocated RO profiles with the
volcanic cloud after the initial eruption on 15 January. The details of the RO profiles are
presented in Table 1 (profiles 3-8), and the locations of these profiles are plotted along
with OMI SO: data shown in Figure 3a, respectively. A similar method used in Figure 2
was applied for the available RO profiles and obtained BA anomaly for each RO profile.
The obtained BA anomaly profiles are plotted in Figure 2b, respectively. The magenta
color line in Figure 2a shows the Cloud-Aerosol Lidar with Orthogonal Polarization (CA-
LIOP) onboard the CALIPSO overpass at 15:20 UTC on January 15. Similarly, the vertical
magenta color line shows the mean BA anomaly profile which was obtained from the av-
erage of all the available six RO profiles. A clear change in the BA anomaly can be noticed
in Figure 2b. As observed in Figure 2, a significant enhancement of BA anomaly was no-
ticed between the 30 to 35 km region with a maximum peak at ~32 km, respectively. It is
noted the available RO profiles are located just near the CALIPSO overpass at 15:20 UTC.
One can expect that due to CALIPSO's low signal-to-noise ratio in the stratosphere (Kar
et al., 2019), it may not detect the presence of volcanic cloud above 31 km as COSMIC-2
RO detected peak BA anomaly at 32.5 km (Fig. 3b). However, in a recent study by Taha et
al.,, (2022) show a clear presence of a volcanic cloud above ~32 km at 15:20 UTC on 15
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January based on CALIPSO version 3.41 data. Our BA anomaly peak from Figure 3b is
also in line with the results of Taha et al., (2022).

(a) OMI SO2 and COSMIC-2 RO profiles on Jan 15
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Figure 3. (a) OMI observed UTLS SO2 on 15-16 January 2022 along with the available COSMIC-2
RO profiles (black dots) on 15 January, the magenta-colored line shows the CALIPSO overpass at
15:20 UTC on 15 January, (b) bending angle (BA) percentage change for the above-mentioned RO
profiles. The mean profile of BA change is shown in magenta colored-profile.

Table 1. Details of collocated COSMIC-2 radio occultation profiles with the volcanic cloud (OMI
S02) on 15 and 16 January. The highlighted file names were related to the RO profiles that are avail-
able during eruptive stage as shown in Figure 2. .

Starting time for RO

File name Longitude Latitude

Hour Minutes
atmPrf C2E3.2022.015.05.20.G05 0001.0001 nc 183.9595 -19.299 5 17
atmPrf C2E3.2022.015.07.11.G08 0001.0001 nc 181.5302 -23.3197 7 11

atmPrf_C2E6.2022.015.17.47.G22_0001.0001_nc 171.1261 -21.0282 17 45
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atmPrf C2E6.2022.015.17.58.G15_0001.0001_nc 172.4965 -20.0758 17 58
atmPrf C2E1.2022.015.18.15.R05_0001.0001_nc 172.8534 -23.7979 18 15
atmPrf_C2E4.2022.015.18.31.R05_0001.0001_nc 169.7485 -18.4442 18 31
atmPrf_C2E4.2022.015.20.13.G15_0001.0001_nc 168.2508 -18.0995 20 13
atmPrf_C2E4.2022.015.23.27.G17_0001.0001_nc 171.9524 -17.0892 23 24
atmPrf_C2E3.2022.016.01.45.R04_0001.0001_nc 165.9369 -22.7931 1 41
atmPrf C2E4.2022.016.02.47.G02_0001.0001_nc 162.7582 -17.231 2 45
atmPrf_C2E4.2022.016.02.58.G16_0001.0001_nc 165.553 -19.6844 2 58
atmPrf_C2E2.2022.016.03.10.G02_0001.0001_nc 167.2092 -17.463 3 7
atmPrf_C2E2.2022.016.03.23.G26_0001.0001_nc 176.6833 -18.2854 3 23
atmPrf C2E5.2022.016.03.54.G16_0001.0001_nc 168.662 -17.5328 3 54
atmPrf C2E5.2022.016.05.27.G15_0001.0001_nc 165.2896 -17.7996 5 24
atmPrf_C2E2.2022.016.06.34.G12_0001.0001_nc 171.0468 -19.1492 6 31

To verify our BA peak estimated from COSMIC-2 RO data, we further checked the
CALIPSO overpass on 16 January 2022. We find an overpass between ~2:59 - 3:12 UTC
over the volcanic cloud region (Fig. 4b). Interestingly, there was a collocated COSMIC-2
RO profile with the volcanic cloud at the same time. The obtained BA anomaly was plot-
ted and shown in Figure 4c, respectively. We find close agreement between the RO esti-
mated peak change in the BA height and CALIPSO aerosol plume height. CALIOP obser-
vations of aerosol subtypes (Fig. 4b) confirmed the presence of sulfate aerosols near
~29km, strongly supporting the volcanic cloud height reaching the upper stratosphere.
The COSMIC-2 RO estimated the height of the BA peak change at 3:07 UTC to be ~29 km
which very well matches the presence of a stratospheric aerosol layer at ~29 km. This fur-
ther provided evidence that the estimated peak of BA height at 5:17 UTC was correct and
confirmed that the Tonga volcanic plume rose above the altitudes of ~36 km, respectively.

73 (c) COSMIC-2 RO profile at 3:07 UTC

AR g v s 5 3 X e 7 45 i
A gz v i ; 32 .
350" iy ; - 3§ i as
: Z i) a0
10 e S S
i 7 e s 28
3 { 15
i ' by 10x10°%
s0
; x S 80 264
5 ¥ 7.0
S i &0
: 50
1 B B s0 24
g - ’ L a0
| 20
/ . 10x104
Lat 65 59.94 -54.08 -48.05 -42.03 -35.90 -290.90 23.80 7.73
Lon -166.86 17156 -174.97 17784 17983 17827 17659 175.05 173.62

Atitude, km
@
T
&

Pressure, hPa Potential K c Height, km
Aerosol Subtype UTC: 2022-01-16 02:59:20.2 to 2022-01-16 03:12:48.9 Version: 4.21 Standard Daytime }
30 | - - 2|
UTC: 2022-01-16 02-45-52 Version: 4.11 Standard Daytime
b) | . — ; Wi 16, q
25 | H $ - o H o 9
1 4 q
20 o] L 7
ml 1“ 'II[ 12 b}
5 L ‘ q
o s 10 ; ‘ : :
g 45 0 5 0 5 10 15
10 ; BA anomaly (%)
5 ’ Longitude:167.2E
‘ Latitude: -17.4S
o] il uf Ml rem [ | |4
Lat -65.75 -Iﬂr.hl -54‘.!)3 -dj.lﬁ 4":.00 46‘93 ?9‘30 -23.80 -17.73
Lon -166.86 -171.56 -174.97 -177.64 -179.84 178.27 176.59 175.05 173.62
N/A = not applicable 1 = marine 2 =dust 3 = polluted 4= & = polluted dust 6 = elevated smoke 7 = dusty marine

clean
8 =PSC aerosol 9 = volcanic ash 10 = sulfate/other

Figure 4. (a) CALIPSO 532 nm total attenuated backscatter coefficient and (b) the CALIPSO aerosol
subtypes at @3 UTC on 16 January 2022. The available COSMIC-2 RO bending angle anomaly at
3:07 UTC on 16 January 2022 was also over-plotted within subplot b, respectively.
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The observed extreme height of the Tonga volcanic plume can be explained partially
by the instantaneous warming due to the pronounced enhancement of the WV. As Tonga
volcano was a submarine volcano and erupted highly explosive, it was expected that it
emitted tremendous amounts of WV into the stratosphere and the volcanic ash and SOx.
The MLS measurements of WV observed on 16 January 2022, shortly after the initial erup-
tion further support this (Fig. 5). Unfortunately, on 15 January we don't have an MLS
satellite overpass over the Tonga volcano during its active eruption. However, we noticed
extremely high values of stratospheric WV on 16 January in both day and night time over-
pass periods. Figure 5 shows that the stratospheric WV mixing ratios exceeded much
more than 30 ppm shortly after the eruption downwind of the injection location. Even, the
enhancement in the WV was observed at 10 hPa indicating that volcanic WV was directly
injected into the upper stratospheric regions. This direct injection of WV might be due to
the extreme explosion of the Tonga eruption via the phreatomagmatic interaction of
magma and seawater.


https://doi.org/10.20944/preprints202212.0274.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 December 2022 d0i:10.20944/, rints202212.0274.v1

9of 16

(a) 10 hPa (~32 km)
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Figure 5. Map of water vapor mixing ratio at different levels from the Microwave Limb Sounder
(MLS) measurements observed at two local times, 12 h apart, on 16, January 2022. Middle afternoon
sampling runs southeast to northwest, while nighttime observations run northeast to southwest.
The red-colored rectangle represents the location of the Tonga volcano.

Few studies reported satellite evidence for the direct injection of WV during the vol-
canic eruption (Sirois et al., 2016a, b). Even a few studies also reported the injection of
volcanic WV for the Pinatubo eruption (Joshi and Jones, 2009; Nedoluha et al., 1998). Re-
cent studies also highlighted the impact of the Tonga eruption on the unprecedented in-
crease of stratospheric WV. Tonga eruption on 15 January injected extreme WV into the
stratosphere than previously seen in the modern satellite record (Mill an et al., 2022). MLS
measurements recorded (far exceeding any previous values in the 17-year MLS record)


https://doi.org/10.20944/preprints202212.0274.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 December 2022 d0i:10.20944/preprints202212.0274.v1

10 of 16

exceptionally high WV values in the stratosphere after the Tong eruption indicate (Mill"an
etal., 2022). A recent preliminary study by Wright et al. (2022) also highlighted the role of
latent heat within the Tonga plume in generating the gravity waves during the 15 January
Tonga eruption. They concluded that the latent heat release from the plume remained the
most significant individual gravity wave source worldwide for >12 hours, producing cir-
cular wavefronts visible across the Pacific basin in satellite observations.

As the Tonga volcanic vent was only tens to hundreds of meters below water, the
seawater did not suppress the blast, but was flash-boiled and propelled into the strato-
sphere (Witze et al., 2022) and rapidly launched a plume of super-heated ash and WV
upwards into the atmosphere. Here is condensed, releasing latent heat near-instantane-
ously across a depth of tens of kilometers. This strong and short-lived force would pro-
duce instantaneous warming in the volcanic plume. The instantaneous latent heat release
will continue to add to the positive buoyancy of the volcanic plume, allowing it to reach
even greater heights as observed during the Tonga eruption. Overall, it is concluded that
the thermal energy emitted by the Tonga eruption and the instantaneous release of latent
heat induced by the condensation of WV within the eruptive plume, are potential sources
of unusual temperature structure and extreme height of the umbrella cloud of Tonga
eruption on 15 January.

3.2. Evolution of bending angle perturbations

Further, we examined the BA perturbations for the collocated RO profiles with the
volcanic cloud shortly after the initial eruption. There is a total of 16 RO profiles collocated
with the volcanic cloud between 5 UTC on 15 January and 7 UTC on 16 January (approx-
imately 24 hours). The collocated available RO profiles and the OMI-observed upper trop-
ospheric and stratospheric SOz column during 15-16 January 2022 are shown in Figure 6a.
The black dots are the available RO profiles on 15 January and the black star dots for the
available RO profiles on 16 January, respectively. The details of available RO profiles
shown in Figure 6a are presented in Table 1. To see the evolution in the BA after the
eruption, we generated the reference profile for each RO profile shown in Figure 6a. We
considered all the available RO profiles during 07-13 January 2022 (one week before the
eruption) within the 5° latitude and longitude region around each RO profile. Then we
removed the reference profile from each RO profile and estimated the change in the BA
as well as temperature. The obtained perturbations of each profile were arranged concern-
ing the time to show the evolution. The evolution of the percentage changes in the BA
perturbation after the eruption is detailed in Figure 6b. The estimated BA peak altitudes
are also overplotted in the respective plots. From collocated RO profiles with the eruptive
cloud, we find a clear descending of the peak altitude of the BA change from ~36 km to
~30 km within 24 hours after the initial eruption (Fig. 6b).
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Figure 6. (a) OMI observed UTLS SO2 on 15-16 January 2022 along with the available COSMIC-2
RO profiles (black dots) on 15-16 January 2022, a time series of the distribution of (b) bending angle
(BA) percentage change and the maximum BA peak altitude (black circles), for the above mentioned
RO profiles.

4. Summary and Conclusions

The recent eruption of Hunga-Tonga-Hunga-Ha’apai on 15 January 2022 was the
largest explosive volcanic event in the satellite era and got immense attention from the
scientific community around the world. The explosive blast sent a plume of volcanic ash
well into the stratosphere, and even some portion of the plume reached lower meso-
spheric altitudes. Even though the Mt. Pinatubo eruption was the largest volcanic erup-
tion since 1991, the information about the initial stage of the eruption remains limited
(Thomason, 1992). It is reported that the Stratospheric Aerosol and Gas Experiment
(SAGE) missed the initial vertical evolution of the volcanic cloud and its injection height
(Thomason, 1992). The unprecedented explosive Tonga eruption provided this rare op-
portunity to describe the volcanic cloud structure, particularly in the stratosphere during
the active eruptive phase. By taking this opportunity, the extreme heights and evolution
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of the volcanic cloud altitude are reported by using radio occultation measurements from
the COSMIC-2 mission.

The schematic diagram explains the plausible mechanisms for the extreme heights of
the Tonga eruption on 15 January (Figure. 7). As shown in Figure 5, the Tonga eruption
emitted tremendous amounts of water vapor into the stratosphere along with volcanic ash
and sulfur dioxide. MLS satellite measurements from the present study clearly show a
tremendous increase in water vapor in the stratosphere after the initial eruption. Recent
studies also revealed the large enhancement of stratosphere water vapor due to the Tonga
eruption. In the presence of volcanic ash, the WV condensed inside the plume and re-
leased latent heat into the plume column. This latent heating can provide additional ther-
mal energy to the plume. The continuing release of the latent heat during the Tonga erup-
tion further added positive buoyancy to the plume, allowing it to reach even greater
heights. It is reported earlier that the release of latent heat adds 13% to the thermal energy
released by the volcano, which leads to a further plume rise of 1.5 km (Herzog et al. 1998).
Our results are also supported by the recent study by Wright et al. (2022). They reported
that the latent heat within the plume is the most significant source of generating the grav-
ity waves during the Tonga eruption. It is observed that the large enhancement of strat-
ospheric WV from the MLS measurements along with the volcanic material during the
Tonga eruption, clearly confirms that an instantaneous release of heat due to the conden-
sation of water vapor might be one of the additional plausible driving forces along with
the explosive volcanic heat to loft the Tonga volcanic plume to higher heights on 15 Janu-
ary. Overall, based on the present results, it is concluded that the thermal energy emitted
by the Tonga eruption and the instantaneous release of latent heat induced by the con-
densation of WV within the eruptive plume, are potential sources of higher volcanic cloud
heights. The observed results from the present study provide some more insights into a
better understanding of the volcanic plume dynamics. Further, results suggest that all-
weather capability, high accuracy, and high vertical resolution measurements from COS-
MIC-2 RO play an important role in advancing our understanding of the volcanic cloud
structure and its implementation in plume modeling. The results from the MLS satellite
also highlighted the tremendous amount of WV added to the stratosphere shortly after
the initial eruption. This WV may affect a variety of stratospheric chemistry processes,
particularly ozone depletion. The detailed evolution and transport of the Tonga plume
and its impact on the stratospheric WV changes and the thermal structure variability can
be done in future studies.
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Figure 7. Schematic diagram summarizing the observed extreme heights of Tonga volcanic plume
on 15 January. .
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