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Abstract

This study examines the impact of the January 15, 2022,
Hunga Tonga-Hunga Ha'apai volcanic eruption on the
Brewer-Dobson circulation (BDC). It is discovered that
there are variations in the strength and structure when
compared to the period of heightened wave activity
during the 2019 stratospheric sudden warming event. In
the months following the volcanic event, the BDC's
strength decreased. While the abrupt warming led to
increased wave activity and the stratospheric meridional
circulation, the Eliassen-Palm flux divergence suggests
the wave breaking was almost nonexistent after the
eruption. The composition and thermal structure of the
stratosphere were affected in opposing ways by the
eruption and warming.

1. Introduction

The Brewer-Dobson Circulation transports tropical air
mass towards the polar region, regulating the stratospheric
composition of trace gases and radiatively active gases
like water vapor and ozone. The circulation is controlled
by the wave driving whose source is in the troposphere.
The present work analyses the stratospheric water vapor
injection by the Hunga-Tonga Hunga Ha’apai eruption
(Hereafter referred to as Tonga eruption) and its effect in
the Southern Hemisphere winter, comparing it with the
rare sudden stratospheric warming event in the southern
hemisphere.

The eruption of Tonga peaked on January 15, 2022,
with the ejected plume peaking as high as 50-55 km and
even reaching mesospheric heights [1]. The most intense
eruption was recorded at 04:15 UTC, and it produced
seismic waves, tsunamis, and pressure waves [2].
Ionosphere abnormalities were caused by the eruption's
global propagation of internal gravity waves [3]. The
volcanic cloud at 16 km was observed to be 500-1000 km
in diameter [4]. The water vapor layer that persisted for
the months following the eruption stabilized at even
higher altitudes (20-30 km) in the stratosphere. It was
calculated that the aerosol optical depth in the
stratosphere was the biggest since the eruption of Mount
Pinatubo [1].

Two years prior to the eruption, a groundbreaking
warming event was detected in the Southern Hemisphere
stratosphere. The SSW resulted in a warmer stratosphere,
with the zonal mean zonal wind decelerating from 80 ms!
to 20 ms™! [5]. The SSW was categorised as a minor
warming because the wind did not reverse to a westward
direction. During the SSW year, a record-strong wave
propagation was seen [6 and references therein]. We are
contrasting the latest volcanic eruption with the structure
and intensity of BDC during the SSW event.
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Figure 1. The time averaged of global water vapor
mixing ratios at 21 hPa obtained from Aura MLS. For
Jan., two episodes are averaged, i.e., 15-17 Jan. (Fig.1a)
and 17-31 Jan. (Fig.1b) 2022, whereas for others it is
monthly averaged (Fig.1c-¢).
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Figure 2. Monthly mean wave driving evaluated from
Eliassen-Palm flux divergence for the year 2019, 2020,
2021, and 2022, from January to December.

2. Data and Methods

The water vapor and ozone profiles obtained from the
Microwave Limb Sounder (MLS, version 5.0x) onboard
Aura are used in the present study. The temperature and
winds from ERAS5 reanalysis are used to evaluate the
wave driving and diabatic heating rate. ERAS is the fifth
generation of reanalysis produced by the European Centre
for Medium-Range Weather Forecasts (ECMWF).

The variation in wave driving following the eruption was
quantised using the scaled divergence of Eliassen-Palm
Flux (EP flux) calculated using the temperature and winds
from ERAS.

The components of EP flux are given by E1 and E2 [7],

=- (E1)

= ) (E2)

Here p is the atmospheric density, ¢ is the geographical
latitude, 6 denotes the potential temperature, the subscript
z implies partial derivative with respect to z, the log-
pressure height. u and v denote zonal and meridional
winds respectively. The over-bars denote the zonal
average and primes denote the deviation from the zonal
average.

3. Results and Discussion

The huge amount of water vapor injected into the
stratosphere at 20.5°S following the Tonga eruption was
dispersed zonally, even after that the volume mixing ratio
was recorded by MLS to be 12-13 ppmv in the plume.
Figure 1 shows the time-averaged of global water vapour
at 21 hPa measured using Aura MLS. The plume was
transported around the globe by the end of January, as
seen in Figure 1b. After two weeks, there was less water
vapor over the eruption site due to zonal movement. The
water vapor signal is seen to be getting transported to
higher latitudes in the Northern Hemisphere and later
towards the Southern Hemisphere by June (Fig.1).
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Figure 3. Deviation from the average zonal mean ozone
mixing ratio at 38 hPa from Aura MLS. The anomaly for
the tropical region (b), subtropical region (c), and polar
region (d) after a 5-day running mean average on daily
profiles. The black vertical dashed line denotes the peak
date of the Hunga Tonga-Hunga Ha'apai eruption.

As it is evident that the concentration of water vapor was
significantly changed in the stratosphere, the variation in
the radiative balance and the resulting thermal structure of
the stratosphere would affect the stratospheric circulation.
Coy et al. [8] have shown extreme perturbations in wind
and temperature following the eruption.

The wave driving in the Southern Hemisphere is shown in
Figure 2. The EP flux divergence shows a significant
reduction compared to the average of the three previous
years. Significant wave driving was observed during the
SSW event in the months of August and September
during 2019 (Figure 2a). The Southern Hemisphere's
wintertime stratosphere exhibits wave converging and



diverging zones in 2020 and 2021, implying wave activity
in the stratosphere. While in the year 2022, the wave
activity is nearly non-existent. In the wave breaking
region around 10 hPa, the values are significantly lower in
comparison to previous years. The subtropical region is
completely devoid of wave activity. The propagation of
waves is hindered due to the altered wind pattern in the
stratosphere which led to the blocking of waves into the
upper stratosphere and hence the reduced strength of
circulation.

The time mean removed OMR values for the Aura MLS
period is given in Figure 3. The anomaly is unmatched in
the observational history of Aura MLS. A record low
ozone mixing ratio is observed in the second half of the
year 2022 compared with other years in the lifetime of
MLS in the latitude belt of 40.0°S to 60.0°S. The tropical
values of ozone mixing ratio also are the highest observed
in this period, with anomaly reaching more than 0.55
ppmv in magnitude.

This also imply a reduction in transport from the tropical
region to polar latitudes, which is reflected in the low
OMR over mid-latitudes (Figure 3c). Whereas, a record
low OMR is observed over the polar region, with
deviation as high as 0.15 ppmv in magnitude. An
increased OMR is observed in contrast to the 2002 winter,
during the year 2019. This shows the strengthened
transport following the SSW. The ozone mixing ratios are
also affected by the Quasi-Biennial Oscillations and El-
Nino Southern Oscillations. But the analysis implies a
disrupted pattern of the meridional circulation during the
year of 2022 which is unprecedented in the dataset of
Aura MLS.

4. Summary

The Tonga eruption injected a substantial amount of water
vapor into the stratosphere. This vapor was transported
vertically and towards both hemispheres by the
stratospheric  meridional circulation. As  Southern
Hemisphere winter conditions prevailed, the plume
deviated more towards the Southern latitudes.

The injected water vapor had a notable impact on the
stratospheric thermal structure. Radiative cooling of water
vapor led to a temperature reduction, resulting in a
stronger thermal gradient that hindered wave propagation.
This effect caused a diminished meridional circulation,
observed through reduced wave driving in the Southern
Hemisphere and weakened meridional transport in the
tropics.

The changes in the meridional circulation pattern were

reflected in ozone mixing ratios observed from Aura MLS.

Compared to a previous year with a sudden stratospheric
warming in 2019, the enhanced ozone mixing ratio region

shifted from Southern latitudes to the deep tropics in 2022.

Further observations and modelling efforts in the
stratosphere could provide additional insights into the

potential effects of increased water vapor in the
stratosphere.
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