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Abstract on151J anuary 2022, the Hunga Tonga-Hunga Ha'apai (HT) eruption injected SO, and water
into the middle stratosphere. Shortly after the eruption, the water vapor anomaly moved northward toward

and across the equator. This northward movement appears to be due to equatorial Rossby waves forced by the
excessive infrared water vapor cooling. Following the early eruption stage, persistent mid-stratospheric water
vapor and aerosol layers were mostly confined to Southern Hemisphere tropics (Eq. to 30°S). However, during
the spring of 2022, the westerly phase of the tropical quasi-biennial oscillation (QBO) descended through the
tropics. The HT water vapor and aerosol anomalies were observed to again move across the equator coincident
with the shift in the Brewer-Dobson circulation and the descent of the QBO shear zone.

Plain Language Summary The Hunga Tonga-Hunga Ha'apai (HT) submarine volcanic eruption
on 15 January 2022, produced aerosol and water vapor plumes in the stratosphere. These plumes have persisted
in the Southern Hemisphere. Following the eruption, we believe that the strong water vapor cooling forced
equatorial Rossby waves whose circulation pushed the eruption plume into the Northern Hemisphere. Then,

in April and May 2022, the descending quasi-biennial oscillation (QBO) transported more of the water vapor
plume across the equator and widened the latitudinal extent of the aerosol plume. The spring 2022 change

in the HT plume distribution shows the importance of forced Rossby waves and the QBO in stratospheric
interhemispheric transport.

1. Introduction

The Hunga Tonga-Hunga Ha'apai (HT) (20.54°S, 175.38°W) erupted on 15 Jan. 2022, with a volcanic explosivity
index of 5, comparable to Krakatoa eruption in 1883 (Carn et al., 2022). As shown in Microwave Limb Sounder
(MLS) measurements (Millan et al., 2022, hereafter M22) and balloon sondes (Vomel et al., 2022) a significant
amount of water vapor was injected into the southern hemisphere (SH) mid-stratosphere. HT also injected SO,
which produced a distinctive aerosol layer that was detected by the Ozone Mapping and Profile Suite Limb
Profiler (OMPS-LP) (Taha et al., 2022), although SO, injection was modest for an eruption of this size (Carn
et al., 2022; M22). The MLS estimated water injection was up to 146 Tg (M22) or ~10% of the total stratospheric
water vapor prior to the eruption. The water vapor and aerosol plumes from the HT eruption have persisted in
the southern tropical mid-stratosphere for months, and the presence of water vapor led to a stratospheric cooling
of ~4°K in March and April (Schoeberl et al., 2022, hereafter S22) due to the increased outgoing infrared (IR)
radiation.

Trajectory simulations of the HT plume reported in S22 show that the plume should remain almost entirely in
the SH, yet observations of both the aerosols and water vapor in the mid-stratosphere show the plume extending
to 20°N. Below we show that there were two principal events where water vapor and aerosols were transported
across the equator into the northern hemisphere (NH). The first event occurred within a month of the eruption.
The second event was associated with descending quasi-biennial oscillation (QBO) shear zone. Below we analyze
both events, starting with the QBO transport event. We will address these events in reverse order since the second
event is more evident in the zonal mean observations.

2. Data Sets

As discussed in S22, we use MLS v5 for temperature and H,O. The data quality for the HT anomaly is detailed in
M22 and MLS data is described in Livesey et al. (2021). The MLS V5 algorithm quality flags and convergence
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alerts were set for some plume profiles in the week or so after the eruption. However, even with the quality flag
and convergence filters set, the data look reasonable and generally agree with sonde and other validation data.
We restrict our constituent analysis to below 35 km. The MLS and OMPS data sets are averaged over 3 days
and then averaged onto a 5° X 10° latitude-longitude grid. For aerosols, we use OMPS-LP level-2 V2.1 997 nm
extinction-to-molecular ratio data (aerosol extinction (AE)) from all three OMPS-LP slits (see Taha et al., 2021).
Taha et al. (2022) indicated that the standard V2.1 released data (used in this study) provided the most accurate
aerosol retrieval up to 36 km.

The Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRAZ2) reanalysis winds,
temperatures, and heating rates used in this study are described in Gelaro et al. (2017). The residual circu-
lation is computed using the formulas and notation in Andrews et al. (1987), specifically Equation 3.5.5b,

w* = (6 - 5,) / 8., for computing the residual vertical velocity (w*) from the zonal mean perturbation heating
rate, @, where 6 is the zonal mean perturbation potential temperature. The 0, is computed from the change in

daily 6 values. Our residual circulation vertical velocity agrees with vertical velocities derived from the analysis
of the water vapor tape recorder (Schoeberl et al., 2008). The continuity equation is then used to compute the
residual meridional velocity (v*). MERRA2 data assimilation system does not include the water vapor meas-
urements from MLS and thus does not account for the additional cooling from the water vapor anomaly which
creates an anomalous circulation (Coy et al., 2022). To include that extra water vapor cooling we compute the
total IR heating rate using 2022 MLS observed trace gases and temperatures using the radiative transfer model
(RTM) described by Mlawer et al. (1997). We then we rerun the heating rate calculation assuming pre-eruption
concentration of water vapor (~4 ppm). We compute the difference in radiative heating between the two compu-
tations and add that difference to the MERRA2 net heating rate, then recompute w*. At 15°S, 26.8 km the
MERRAZ? residual circulation is upward with ~0.1 cm/s in January, decreasing to 0.03 cm/s in October. With the
addition of the water vapor cooling the residual circulation is slower by 5% in January. The circulation is further
reduced by ~20% by mid-February through March then the extra water vapor cooling effect fades through July.
Over the equator the reduction in w* is only a few percent over this period.

3. Analysis

In the next two sections we address the two cross equatorial constituent mixing events.

3.1. Cross Equatorial Transport Associated With the QBO

Unrelated to the HT eruption, during the 2022 spring and summer, the tropical stratospheric winds switched from
easterly to westerly due to the QBO (see reviews by Hitchman et al., 2021; Baldwin et al., 2001). The descending
westerly phase QBO produces a secondary circulation with downwelling at the equator—roughly the locus of
the zero-wind line—and upwelling north and south of the equator (Plumb & Bell, 1982). This secondary circu-
lation will alter the distribution of trace gases such as ozone, N,O, water vapor, and other long lived trace gases
(Hitchman et al., 2021; Trepte & Hitchman, 1992). The induced circulation contributes to the mixing of the lower
stratospheric trace gases within the tropics, and between the hemispheres as is evident in observational data sets
(Anstey et al., 2022; Baldwin et al., 2001; Randel et al., 1998). The simple models of the QBO assume that the
secondary circulation is symmetric about the equator so cross equatorial transport would not be possible in that
framework. Indeed, the symmetric circulation produces a cross-equatorial transport barrier as first noted by
Trepte and Hitchman (1992). The observed structure of the QBO and Brewer-Dobson (BD) upwelling circulation
is not perfectly symmetric and the cross-equatorial circulation can be quite strong (Randel et al., 1993, 1999). The
QBO circulation can also exhibit asymmetry due to hemispheric differences in the upward gravity wave momen-
tum flux and extra-tropical wave breaking (Anstey et al., 2022; Baldwin et al., 2001; Hitchman et al., 2021;
Kinnersley, 1999; Pefia-Ortiz et al., 2008).

Figures 1a—1f show the evolution of the 3-day average OMPS-LP AE (Taha et al., 2021) and MLS zonal mean
water vapor. The MERRAZ2 zonal mean zero wind line is also shown along with the residual circulation stream-
lines. The observations are shown at the first of each month except for August where we show the 12th, because
OMPS-LP was offline at beginning of the month. We begin in March when the HT water vapor field becomes
zonally well mixed as indicated by the MLS observations (Figure 2a). The initial water vapor and aerosol
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Figure 1. Sequence of zonal mean 997 nm aerosol extinction (AE) and water vapor plots starting March 1 (a), April 1, (b), etc. dates in month/day/

year format are above the figures. Because Ozone Mapping and Profile Suite Limb Profiler was not operational on August 1, we plot August 12 in part (f). The plots
are the individual days; the data is averaged over 3 adjacent days. The residual circulation streamlines (black) and zero zonal wind line (white) is shown overlaid on the
H,0 plots. The “W” and “E” indicate westerly and easterly regimes. Vertical white and red lines indicate 0° and 15°N for reference; dashed line is the latitude of HT.
Potential temperature surfaces are indicated on the AE plots (K).

distribution is primarily south of 10°N. The figure shows that the water vapor is concentrated mostly above 20 km
where the warmer stratosphere can support higher concentrations (S22). The aerosols are initially distributed
from the tropopause to approximately the same altitude as the water vapor, but the two distributions slowly sepa-
rate in time with the water vapor anomaly rising while the peak altitude of the aerosol anomaly descends (S22).

Figure 1 sequence shows the descent of the tropical QBO westerlies. Between March 1 and April 1 there is little
descent of the westerlies above about 30 km. Then, beginning in April, the westerlies begin to descend rapidly. By
May 1, the top of the aerosol distribution has spread deeper into the SH and a secondary maximum in water vapor
has appeared in the NH (see arrow). The residual streamlines shown overlaid on the water vapor plots provide
an explanation for the changing aerosol and water vapor distributions. In March, the ~20°S upward transport of
water vapor is consistent with the residual circulation. In April, the streamlines shift, and the residual circulation
begins to transport water vapor toward the north. By May 1 (Figure 1c), a lobe of water vapor has formed in
the NH moving north of 15°N. The northward residual circulation is still present on May 1 but has weakened,
although the water vapor anomaly continues to slowly expand northward. Also by May 1, at 22 km a lobe of aero-
sols develops north of the equator, and the residual circulation transports the aerosol distribution further south.

By July, above the tropical zero-wind line within the westerly wind regime, the ascending branch of the residual
circulation in the NH tropics reinforces a descending branch in the SH tropics. This circulation cell transports
dry air downward into the HT anomaly while pulling the northern edge of the anomaly upward. The transport
creates the U-shaped structure in water vapor seen in July and August. The aerosol anomaly retreats southward.
The residual circulation at the lower altitudes is southward explaining this retreat.

The upward propagating tropical waves that produce QBO deposit their momentum in the shear zone centered
on the zero-wind line. As wave momentum is deposited in the shear zone, the zonal wind speed changes, moving
the shear zone downward. Observations and models show that the secondary circulation surrounding the QBO
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Figure 2. Maps of the Microwave Limb Sounder (MLS) water vapor at 26.8 km (~21.5 hPa) using 3 days of data centered on the date shown as in Figure 1.
Temperatures (also from MLS) are shown with black contours. The streamlines (white arrows) are generated using Modern-Era Retrospective analysis for Research and
Applications, Version 2 winds. The dates correspond to those in Figure 1.

momentum deposition region extends ~5 km below the shear zone (Baldwin et al., 2001; Hitchman et al., 2021)
and QBO wind anomalies extend horizontally to ~15° on either side of the equator (Dunkerton & Delisi, 1985).

We can interpret the changes in water vapor in terms of the QBO induced transport circulation as follows: Between
March 1 and April 1, the QBO descent is very slow, which means that there is little wave momentum being depos-
ited at upper levels. The QBO secondary circulation is weak, and the stratospheric circulation is dominated by the
seasonal BD circulation. The 24-26 km HT water vapor anomaly is confined mostly to the SH at this stage. Start-
ing in April, the westerlies begin to descend, the meridional residual circulation below the zero-wind line begins
to transport water vapor northward across the equator. Note that the residual circulation in the tropics, which
is a combination of seasonal BD and QBO circulations, is not symmetric across the equator and the northward
transport cell extends across the equator (Randel et al., 1999). In 2022, this asymmetry may have been ampli-
fied by additional water vapor cooling in the SH (S22). As the zero-wind line continues to descend into the HT
plume, the residual circulation weakens, and transport slows (June, July, ~26 km). This weakening can be partly
attributed to a seasonal change in the BD circulation which is strongest during boreal winter (Plumb, 2002). Thus,
the observed changes in the HT water vapor distribution are broadly consistent with the transport circulation
surrounding the descending QBO (Baldwin et al., 2001; Hitchman et al., 2021; Pefia-Ortiz et al., 2008) combined
with the seasonally changing BD circulation (Gray & Dunkerton, 1990; Randel et al., 1999).

From the simple models of the QBO, we expect that waves to amplify as the shear zone approaches from above,
and then wave amplitudes should decrease as the shear zone passes. The change in wave activity occurs due to
conservation of wave action density—the wave energy divided by the frequency (Andrews et al., 1987, Equation
4A.12). As the wave propagates upward toward its critical line, the group velocity decreases, and the wave ampli-
tude increases. This should enhance the variance in trace gas fields if a tracer gradient is present. Figure 2 shows
maps of the MLS water vapor distribution and temperatures at 26.8 km (~21.5 hPa) along with streamlines from
MERRA?2 winds. The H,O distribution on April 1 shows a zonal wave-2 structure at the northern edge of the
anomaly along with the temperature and wind streamlines. The tropical wave structure does not match the wave-1
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Figure 3. Maps of Microwave Limb Sounder observed water vapor anomaly at 26.8 km following the HT eruption.
Dates are shown at the top of each figure for parts a—f. The peak water vapor mixing ratio is indicated at the lower left of each figure. Streamlines from Modern-Era
Retrospective analysis for Research and Applications, Version 2 are shown as arrows.

seen at higher latitudes so this wave is likely not propagating into the tropics from higher latitudes. By May 1
the water vapor distribution uniformly extends to 20°N and the wave structures in tropical wind and temperature
fields have decreased. The wave structure seen on April 1 might be expected from the amplification of the Kelvin
wave as it approaches the critical line. Then, in the subsequent months (June—August), the water vapor distri-
bution becomes more zonally uniform along with the wind and temperature fields. We have examined the time
variation of the water vapor variance (not shown) at 26.8 km and indeed it increases as the QBO moves downward
to this altitude and then abruptly decreases with the passage of the shear zone. The equatorial seasonal upward
residual circulation also switches from ascending to descending as the QBO shear zone passes then returns to
ascending as expected from the simple QBO models (Plumb & Bell, 1982).

3.2. Cross Equatorial Transport Shortly After the Eruption

Figure 3 shows maps of water vapor and streamlines at 26.8 km for selected days following the eruption. Rather
than average the data over 3 days, we show the location of MLS profiles and the water vapor mixing ratio. The
maximum water vapor is shown at the lower left of each figure. Figure 3a shows the distribution on January 16.
As noted by Millan et al. (2022), MLS scans do not completely catch the locally concentrated plume. Figure 3b
(January 20) shows the anomaly moving toward the equator roughly following the streamlines. By January 23
the anomaly has crossed the equator and reached 10°N even though streamlines are mostly zonal. The MERRA2
meridional flow at this altitude is <2 m/s at +15°N which means that it would take ~10 days for the plume to
transit from 5°S to 10°N, but this transit took place in about 3—4 days. On January 26 the anomaly has reached
10°N. Because of the strong meridional wind shear, and faster winds at the equator, move the equatorial portion
of the anomaly ahead of the slower moving more poleward component (Figures 3d—3f). Examination of levels
below 26.8 km shows that the anomaly is ~3 km deep and is moving uniformly.

Why did the HT water vapor anomaly move more rapidly to the north between January 20 and January 23? One
possible explanation for the movement of the plume toward the equator is that the IR cooling from the water
vapor anomaly excited a Rossby wave that advected the water vapor anomaly toward the equator. The simple
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Figure 4. Microwave Limb Sounder temperature wave amplitudes at 26.8 km versus latitude. Zonal mean temperature is removed. Dates are indicated above each
plot for parts a—f. Red line indicates the latitude of HT, white line is the equator. Parts (b—e) correspond to panels (b—e). Wave 0, the zonal mean, is removed.

circulation models of thermally forced equatorial Rossby waves provided by Gill (1980, Figure 3) would apply. In
this scenario, the IR cooling by the water vapor anomaly creates a local pressure anomaly which excites a Rossby
wave, creates cross equatorial flow, which advects part of the anomaly across the equator. Because this cooling
is not included in the MERRAZ2 reanalysis (because the MLS water vapor is not assimilated), the strength of the
MERRA?2 meridional wind is probably underestimated. We have computed the additional IR cooling for January
19, using the RTM, and at 27.5 km it is ~3 K/day reaching ~5 K/day at 30 km. Our estimate of the radiative
forcing agrees with Silletto et al. (2022) who also noted that the aerosol plume has almost no net radiative impact.
This magnitude of localized cooling just off the equator is sufficient to force the Rossby wave (Gill, 1980). After
the plume is advected toward the equator and the water vapor distribution becomes more zonal, the non-zonal
cooling rate would decrease and the Rossby wave amplitude would decrease as well.

A zonal spectral analysis of the temperature fields provides more insight. Figure 4 shows a zonal wavenumber
spectrum at 26.8 km using 3-day average MLS perturbation temperatures. Figure 4a shows the pre-eruption wave
amplitudes versus latitude on January 13, indicating that the ambient waves are weak, with a ~1 K amplitude
Kelvin wave centered on the equator. On January 20 (Figures 4b and 3b), just following the eruption, conditions
are immediately different. The thermal amplitude of wave one has nearly doubled north of the HT eruption lati-
tude. Spectral analysis shows that zonal wave one moves west at about 24° longitude/day (~31 m/s) during late
January. The average equatorial flow speed on January 26 at this altitude is westward at 31.4 m/s. Thus, the wave
is nearly stationary with respect to the flow. The thermal disturbance associated with the spatially narrow plume
spreads energy into the higher wavenumbers at 20°S. By January 26, (Figures 4c and 3c) wave one has increased
to 1.5 K at about 5°S and 2.4 K at the equator. A wave two disturbance has also formed at the HT latitude. The
waves subsequently begin to decrease in amplitude as seen on January 30 (Figures 4e and 3e). Wave amplitudes
continue to decrease during February (not shown) to pre-eruption amplitudes.

The thermal wavenumber analysis is consistent with the idea that H,O IR cooling generates equatorial Rossby
waves shortly after the eruption. The fact that the phase speed of the Rossby wave is nearly identical to the flow
carrying the water vapor anomaly is consistent with Gill forced waves. We can make a rough estimate of the
enhanced meridional circulation (v) generated by the wave using the thermal wind equation and assuming that
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the heating anomaly has the vertical scale of a scale height (~7 km). v’ is given by v' = mRT’/f, where fis the
Coriolis frequency at 15°S, R is the dry air gas constant, m is the zonal wavenumber and 7" is the temperature.
Using " =2 K, v' ~2.5 m/s. Adding this to the background meridional flow of 2 m/s, the transit time to move the
water vapor from 5°S to 15°N is 4.5 days. This is much closer to the observed anomaly transit time from January
20-23 period. Finally, to connect with the QBO discussion in Section 3.1, Figure 4f shows the wave amplitudes
on April 1. The figure clearly shows wave amplification as the QBO shear line approaches 26 km when compared
to Figure 4a.

4. Summary and Discussion

The HT injection of aerosols and water into the mid-stratosphere provides an unprecedented opportunity to
examine our understanding of tropical stratospheric dynamics and interhemispheric transport of trace gases.
Trajectory simulations of the plume spread show almost no mid-stratospheric transport across the equator during
first 5 months after the eruption (S22); nonetheless, at least two cross equatorial transport events occurred. The
first, shortly after the eruption and the second during April and May 2022. Explanation for these events is given
in this paper.

The initial HT plume moved ~30° northward within the first few weeks after the eruption (Figure 3) even though
the pre-eruption flow was approximately zonal with weak wave activity at tropical latitudes. The northward
advection of the plume may have resulted from strong H,O IR cooling of the plume, and the subsequent non-zonal
radiative cooling would force an equatorial Rossby wave response (Gill, 1980). The resulting cross equatorial
flow would have transported the plume meridionally. Wavenumber analyses of MLS temperatures show a coinci-
dental rapid increase in wave one and two across throughout tropics, consistent with this hypothesis. These anom-
alies move with the flow as expected with forced waves. The meridional cross-equatorial velocity may have more
than doubled due to the presence of these waves. By the end of January, the forced Rossby waves are subsiding
as the water vapor plume shears out and the localized (non-zonal) forcing decreases.

During March, the QBO shear zone began to descend through the tropics switching the zonal winds from east-
erlies to westerlies in the mid-stratosphere. The induced circulation produced by wave momentum deposition
combined with the BD circulation produces a second cross-equatorial transport event. This event is most evident
at ~26 km where the meridional water vapor gradient is large. The QBO transport is clearly observed in the MLS
water vapor mixing ratios, and, as diagnosed through the residual circulation, is consistent with earlier analyses
of QBO dynamics (Baldwin et al., 2001; Randel et al., 1999). The circulation well below the QBO shear zone
appears to prevent a similar spread in the lower altitude aerosol distribution.

The fact that these two transport events were not reproduced by trajectory simulations (S22) suggests the
need for additional improvements in MERRA?2 tropical dynamics, and the need for stratospheric water vapor
assimilation—at least during the HT period. Finally, although the SH and NH tropical stratospheres appear to be
relatively isolated under normal conditions (Hitchman et al., 2021), the evolution of the HT plume reveals that the
QBO can play an important, albeit episodic, role in trace gas exchange between the two hemispheres.

Data Availability Statement

MERRA-2 Reanalysis data—Gelaro et al. (2017). MERRA-2 data are obtained from the Global Modeling and
Assimilation Office (GMAO), inst3_3d_asm_Cp: MERRA-2 3D IAU State, Meteorology Instantaneous 3-hourly
(p-coord, 0.625x0.5142), version 5.12.4 at https://doi.org/10.5067/WWQSXQS8IVFWS. The data are public with
unrestricted access (registration required). The RTM used to estimate H,O cooling rates is from Atmospheric
and Environmental Research and can be freely downloaded at http://rtweb.aer.com/rrtm_frame.html. OMPS-LP
data, Taha et al. (2021), is available at https://disc.gsfc.nasa.gov/datasets/OMPS_NPP_LP_L2_AER_DAILY_2/
summary, DOI: 10.5067/CX2BINWG6FI27 The algorithm is documented in Taha et al. (2021). Data are public
with unrestricted access (registration required). Aura MLS Level 2 data, Livesey et al. (2021) JPL D-33509 Rev.
C, is available at https://disc.gsfc.nasa.gov/datasets ?page=1&keywords=AURA%20MLS. The temperature data
is available at https://acdisc.gesdisc.eosdis.nasa.gov/data/Aura_ MLS_Level2/ML2T.004/. The V4 water vapor
data is available at https://acdisc.gesdisc.eosdis.nasa.gov/data/Aura_MLS_Level2/ML2H20.004/. The V5 water
vapor data is available at https://acdisc.gesdisc.eosdis.nasa.gov/data/Aura_ MLS_Level2/ML2H20.005/.
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