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Abstract

The eruption of the Hunga Tonga undersea volcano in January 2022 injected water vapor to altitudes as high as 53 km,
but also an unprecedented and much larger amount of water vapor into the stratosphere. Several months after the eruption,
measurements from the Aura Microwave Limb Sounder (MLS) and from three ground-based Water Vapor Millimeter Wave
(WVMS) instruments began to measure record-high amounts of water vapor in the mesosphere over a wide range of latitudes.
While there are indications that some of this mesospheric increase in water vapor was probably caused by the Hunga Tonga
eruption, the dynamical situation in 2022 also played an important part in establishing the unusually large water vapor mixing

ratios, both in the upper and lower mesosphere.
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Key Points:

A Aura MLS and three ground-based WVMS instruments all observed record-high water vapor
in the upper and lower mesosphere in 2022.

B Some of this mesospheric increase in water vapor was probably caused by the Hunga Tonga
eruption.

C Dynamics also played an important part establishing record-high water vapor mixing ratios,
both in the upper and lower mesosphere.

Abstract

The eruption of the Hunga Tonga undersea volcano in January 2022 injected water vapor to
altitudes as high as 53 km, but also an unprecedented and much larger amount of water vapor
into the stratosphere. Several months after the eruption, measurements from the Aura
Microwave Limb Sounder (MLS) and from three ground-based Water Vapor Millimeter Wave
(WVMS) instruments began to measure record-high amounts of water vapor in the mesosphere
over a wide range of latitudes. While there are indications that some of this mesospheric
increase in water vapor was probably caused by the Hunga Tonga eruption, the dynamical
situation in 2022 also played an important part in establishing the unusually large water vapor
mixing ratios, both in the upper and lower mesosphere.

Plain Language Summary

The eruption of the Hunga Tonga undersea volcano in January 2022 injected water vapor to
altitudes as high as 53 km. While the direct injection to 53 km was impressive, the quantity was
insufficient to significantly affect the global mesospheric (~50 km to 80 km) water vapor budget.
However, the Hunga Tonga eruption can also affect mesospheric water vapor through the
gradual ascent of the unprecedented and much larger amount of water vapor that was directly
injected into the stratosphere (~15 km to 50 km). Several months after the eruption,
measurements from the Aura Microwave Limb Sounder (MLS) and from three ground-based
Water Vapor Millimeter Wave (WVMS) instruments began to measure record-high amounts of
water vapor in the mesosphere. While some of this increase is probably caused by the rise of
unusually wet air from the Hunga Tonga plume, determining the precise contribution of the
plume is difficult because there are a number of other factors that also caused an increase in
mesospheric water vapor in 2022.

1. Introduction

Distribution Statement A. Approved for public release. Distribution unlimited.
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The January 2022 eruption of the Hunga Tonga undersea volcano, located at 20.5° S, 184.6° E,
injected water vapor into the atmosphere that the Aura Microwave Limb Sounder (MLS)
measured at altitudes as high as 53 km (~0.5 hPa) [Millan et al, 2022]. Aerosol plume heights at
similar altitudes were also reported from GOES-17 and Himawari-8 measurements [Carr et al.,
2022]. Initial intrusions of H,O into the stratosphere as observed by radiosondes were shown in
Vomel et al. [2022].

While the direct injection of water vapor into the lower mesosphere at ~53 km was an impressive
event, the injection of a much larger amount of water vapor into the stratosphere is likely to have
a much more long-lasting effect on water vapor in the middle atmosphere. Millan et al. [2022]
showed the evolution of the stratospheric H,O plume from Hunga Tonga through March 2022.
Schoeberl et al. [2022] tracked the water vapor and aerosol plumes in the lower stratosphere
using MLS and the Ozone Mapping and Profile Suite-Limb Profiler (OMPS-LP) measurements,
and both Schoeberl et al [2022] and Khaykin et al. [2022] further modeled the dispersion of the
H,0O plume using model winds. Nedoluha et al. [2023] documented the rise of water vapor
anomalies in the stratosphere over Mauna Loa using MLS and ground-based microwave
measurements through July 2022, and placed the water vapor variations in that region within the
context of previous variations observed since 1996.

In this study we will focus on how the injection of water into the stratosphere may have affected
mesospheric water vapor in 2022 in the months following the eruption. We will place the 2022
water vapor measurements into historical context by making use of the multi-decadal databases
available from MLS and from each of three ground-based microwave instruments. We will
show that, in the second half of 2022, all four of these instruments often recorded the highest
water vapor mixing ratio anomalies (relative to local seasonal climatologies) that they had ever
observed in the lower mesosphere in the tropics and at Northern and Southern mid-latitudes. In
the upper mesosphere record-high mixing ratios were observed in the tropics and at both
Northern and Southern mid-latitudes from July to September. While the timing of these record-
high mixing ratios in the mesosphere certainly suggest a contribution from the water vapor
plume associated with the eruption of Hunga Tonga, we find that the dynamics in 2022 also
likely played a role in establishing some of these high mixing ratios.

2. Ground-based and Satellite Datasets

The Water Vapor Mm-wave Spectrometer (WVMS) instruments have been making nearly
continuous measurements of water vapor in the middle atmosphere since the early 1990’s.
Measurements are made from the Network for the Detection of Atmospheric Composition
Change (NDACC) sites at Table Mountain, California (34.4° N, 242.3° E), Mauna Loa, Hawaii
(19.5° N, 204.4° E), and Lauder, New Zealand (45.0° S, 169.7° E). These instruments make
spectrally resolved measurements of the 22 GHz water vapor emission line to obtain a vertical
profile of water vapor. Details of the instrumentation and the measurement technique are
described in Gomez et al. [2012].

The standard WVMS measurement product, which will be used in this study, is retrieved from a
~1 week integration of the spectrum within +/-30 MHz of the H,O emission peak at 22 GHz.
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Results from these retrievals from 1992 to 2021 were presented in Nedoluha et al. [2022], where
H,O vertical profiles were shown from 45 km to 80 km. Here we extend these results through
the end of November 2022, except at Mauna Loa, where measurements stop on November 22,
2022, a few days before the lava flow from the Mauna Loa eruption cut power and
communication to the site.

The Aura MLS water vapor product is retrieved from the radiances measured by the radiometers
centered near 190 GHz. The v2.2 retrievals were validated by Lambert et al. [2007]. The MLS
v4 H,O retrievals were used in Millan et al. [2022] because of poor fits in v5 retrievals in regions
of extremely enhanced H,O. In this study we will focus on the plume of enhanced H,O months
after the eruption, at which point the level of enhancement is not so large as to cause a problem
for the v5 retrievals. The v5 retrievals are generally recommended by the MLS Team. Livesey et
al. [2021] showed that the v5 retrievals remove an upward drift in the MLS v4 H,O
measurements of ~2-4%/decade from ~50 hPa to 0.1 hPa since 2010 relative to the Atmospheric
Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) [Bernath, et al., 2005].

The Aura MLS N,0O and CO products will be used to diagnose dynamical anomalies that affect
H,O photochemistry. The v5 N,O product makes use of the 190 GHz radiances and, like the
H,O v4 retrievals, suffered some drift. This has been partially corrected in the v5 dataset
[Livesey et al., 2021]. The CO measurements are retrieved from radiance measurements of two
bands of the 240 GHz radiometer. Details are given in Pumphrey et al. [2007].

3. WVMS and MLS Measurements of H,O in 2022

In Figure 1 we show monthly zonal median MLS H,O measurement anomalies in the
stratosphere and mesosphere for January to November, 2022. We plot a zonal median in order to
ensure that a few spurious MLS profiles do not affect the monthly results. The effect of the
Hunga Tonga eruption is apparent in the lower stratosphere (below ~10 hPa) during all months
except, because we plot zonal medians, in January (the month of the eruption). Throughout this
study we will use zonal medians instead of means to ensure that a few spurious measurements do
not affect the interpretation. There are increasingly positive anomalies in the upper stratosphere,
appearing first in the tropics, and then clearly spreading to higher latitudes in the Southern
Hemisphere beginning in August.
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112 Figure 1- The monthly zonal-median MLS H,O anomaly relative to the monthly MLS
113 climatology for measurements from January to November 2022. Data is shown on the native
114  MLS pressure levels. Indicated altitudes are approximate. The arrows indicate the latitudes of
115  the WVMS sites. Contours are in 0.5 ppmv intervals up to 1 ppmv, and in 1 ppmv intervals for
116  larger mixing ratio anomalies.

117  In addition to this spread of increased H,O in the upper stratosphere, there is an apparent overall
118 increase in water vapor anomaly throughout much of the lower mesosphere (~1 hPa to 0.1 hPa)
119  between January and November 2022. In the upper mesosphere (~0.1 hPa to 0.01 hPa) there is a
120  high water vapor anomaly at Southern mid-latitudes from August to September 2022 which
121  appears at approximately the same time as the upper stratospheric increase. At Northern mid-
122  latitudes water vapor in the upper mesosphere begins the year at below-average levels, increases
123  to above average levels, and then decreases again. Possible causes of all of these variations will
124  be discussed in Section 5.

125  In Figure 2 we show the water vapor mixing ratio anomalies for 54 km and 70 km (~0.4 and 0.02
126 hPa) at the three sites as measured by the WVMS instruments, as well as MLS measurements
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coincident (within +/-2° latitude, +/-30° longitude) with each site. The WVMS averaging kernel
at the two altitudes shown has a FWHM of ~16 km, hence the 54 km level does include some
contribution from the upper stratosphere. A typical WVMS averaging kernel for these retrievals
is shown in Figure 1 of Nedoluha et al. [2022]. The MLS measurements shown in Figure 2 are
convolved with WVMS averaging kernels, and make use of the same MLS-climatology-based a
priori (x§Hm0) that is used in the WVMS retrievals, i.e. xS0 = x{HT0 + Agpe X (254 —
x£ihmey - The MLS climatology is calculated using MLS measurements through the end of 2021.

Throughout this study when we refer to WVMS anomalies this refers to an anomaly calculated
relative to the MLS climatology which is used as the a priori for the WVMS retrievals, hence the
average WVMS anomaly may be offset from zero. This difference is indicated in Figure 2 for
each altitude and site. For Lauder at 54 km this average WVMS anomaly relative to the MLS
climatology is +0.4 ppmv, and at Table Mountain the offset is +0.3 ppmv. For the other four
panels it is within the range +/-0.2 ppmv of zero.
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Figure 2- Water vapor mixing ratio anomalies during 2022 relative to an MLS-based
climatology at the three WVMS sites. WVMS results (in blue) are ~weekly averages. MLS
results (in red) are weekly averages convolved with WVMS averaging kernels. The blue line
represents the historical average WVMS anomaly relative to the MLS climatology. To prevent
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overplotting the MLS data have been shifted by -1 ppmv relative to WVMS (matching the red
scale on the left).

As noted above in the discussion of Figure 1, MLS measured an increase in H,O anomalies
throughout the lower mesosphere from January to November 2022. The MLS and WVMS
results in Figure 2 show an increase in H,O mixing ratio anomalies in 2022 at 54 km at all three
sites, but the timing of the increase varies with site. At Lauder the WVMS data shows one
anomaly of ~1.5 ppmv at 54 km in June, but only after mid-August are the anomalies relative to
the MLS climatology consistently larger than 1 ppmv. Similarly, the coincident MLS data shows
an increase from July to August. There is also an increase in water vapor in at 70 km that occurs
slightly earlier. The MLS anomaly at 70 km is smaller, but, just as for the WVMS
measurements, the MLS anomalies at Lauder at 70 km are largest in August and then decrease.

At Mauna Loa, the H,O anomalies measured by WVMS at 54 km are all >0.5 ppmv from June
onwards. The coincident MLS measurements show a similarly timed increase between April and
June. There is a temporary increase in H,O at 70 km in the second half of the year in the MLS
data coincident with Mauna Loa that is not apparent in the noisier WVMS data, but by
November the MLS retrieved mixing ratios are back near the climatological values.

At Table Mountain the mixing ratio anomalies at 54 km as measured by both WVMS and MLS
increase from January through March, and then remain elevated throughout the year. The
WVMS H,O anomalies at 54 km are almost always between ~0.4 to 1.0 ppmv from March
onwards with no clear temporal trend. In the less variable convolved MLS anomalies there is a
clear small (~0.2 ppmv) increase between the first and second half of the year at 54 km, possibly
related to the arrival of increased mixing ratios caused by the eruption. At 70 km over Table
Mountain the anomalies measured by both MLS and WVMS are negative or near zero at the
beginning of the timeseries in January, and at the end of the timeseries in November. From
February through October the 70 km MLS and WVMS retrievals show a positive anomaly.

4. Comparison of Mesospheric H,O in 2022 with Previous Years

In order to better understand the uniqueness of the H,O perturbation caused by the injection of
the Hunga Tonga eruption we compare the H,O anomalies observed in 2022 with H,O from
previous years in which measurements from MLS are available. We perform this comparison
over the full 82° S to 82° N latitude range of the MLS measurements, and over three 40-degree
wide zonal regions. These MLS results are reported using two sets of mesospheric pressure
ranges, one set in the upper mesosphere, and another set in the lower mesosphere.

While the ground-based WVMS measurements can provide continuous coverage from a single
site throughout the day, they clearly provide a much more limited spatial sampling of the
atmosphere than the MLS measurements, and the retrievals have a coarser vertical resolution. In
addition, there are temporal differences between the datasets, with the WVMS measurements
providing data from years before MLS measurements began and into the foreseeable future, but
with temporal gaps in ground-based measurements due to adverse weather, instrumental failure,
or in some cases absence of an instrument at a particular site. We compare below the unusual



184  large-scale changes observed by all four instruments with their respective historical datasets, and
185  to compare these with mesospheric HO during 2022.
186 4.1 Comparison of MLS Measurements from 2022 with Previous Years
187 In Figure 3 we show monthly-mean MLS H,O anomalies since 2004 calculated from area
188  weighted zonal medians over latitudinal ranges. We show a lower mesospheric mixing ratio
189  anomaly, which is the average of the four reported MLS levels from 1 hPa to 0.316 hPa (~48 km
190 to ~58 km). We find that the magnitude of the H,O anomaly is not very sensitive to the precise
191  choice of levels in the lower mesosphere. For the upper mesosphere we use the four levels from
192 0.1 hPa to 0.01 hPa (~64 km to ~78 km). Both of these pressure ranges are chosen to be
193  approximately centered around the altitudes used in Figure 2.
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197  Figure 3 — MLS monthly median water vapor anomalies in the upper mesosphere (top; 0.1 to
198  0.01 hPa) and lower mesosphere (bottom; 1 to 0.316 hPa) relative to an MLS climatology.
199  Results are area-weighted and are shown for all MLS measurement latitudes, and for three
200 latitude bands. Monthly measurements for each year are shown in gray, except for
201  measurements from 2022 which are shown in red, measurements from 2015 which are shown in
202 Dblue, and measurements from December 2021, before the eruption, which are shown in pink. In
203  the lower mesosphere we also highlight measurements from 2006 in green, and measurements
204  from December 2014 in cyan. Note that since these are derived from monthly zonal medians, the
205  tick marks are placed at the center of each month (unlike Figure 2).
206  The 82° S to 82° N MLS lower mesospheric H,O anomaly in 2022 starts slightly above average,
207  and then grows until it exceeds the 2004-2021 historically measured range of mixing ratios from
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June 2022 onwards. From July 2022 onwards, the lower mesospheric mixing ratio anomaly
exceeds the historical range in all three regions. The 20° N to 60° N lower mesospheric H,O
mixing ratios for 2022 exceed the historical range earlier than at the other latitudes. Schoeberl et
al. [2022] tracked the dispersal of the plume in the upper stratosphere using forward domain
filling with Modern-Era Retrospective analysis for Research and Applications (MERRA)-2
winds, and showed that while there was rapid spread from 20° S to Northern midlatitudes there
was very little spread to Southern midlatitudes. Khaykin et al. [2022] calculated the water vapor
dispersion from the MLS plume using the Chemical Lagrangian Model of the Stratosphere
(CLaMS) and showed a similar dispersion pattern. This asymmetry in the dispersion may
explain in part the interhemispheric difference in the timing of the lower mesospheric increase.
An unexplained feature, however, is the decrease in the H,O anomaly in 2022 from 20° S to 20°
N that occurs from January to March in the lower mesosphere, and from January to April in the
upper mesosphere. Results from 2015 will be highlighted for comparison with 2022 throughout
much of this manuscript since the QBO-phase variation during 2015, and hence at least some of
the stratospheric and mesospheric dynamics, was quite similar to that of 2022 [Nedoluha et al.,
2023]. We will discuss the influence of effects on all of these anomalies in Section 5.

Water vapor mixing ratio anomalies for 2006 in the lower mesosphere are highlighted to put the
eruption induced perturbations from 2022 into perspective relative to other geophysical
variations that affect mesosphere H,O. Anomalies for 2006 are highlighted to emphasize that
H,O mixing ratios over large regions, and even globally, can for several months have mixing
ratios that are consistently the lowest among the 18 years of MLS measurements, even in the
absence of a major event such as the Hunga Tonga eruption that affects H;O. The low H,O
values in 2006 were previously noted in Nedoluha et al. [2013] as having followed several years
of low tropical tropopause temperatures. Fueglistaler et al. [2013] documented the effect of
tropical tropopause temperatures on stratospheric HO during this period, and showed the ascent
of the unusually dry air during the years before 2006.

Figure 3 shows that the anomaly variations in the upper mesosphere are larger and more variable
from month-to-month than in the lower mesosphere. As is the case in the lower mesosphere, the
near-global upper mesospheric mixing ratios in 2022 exceed the 2004-2021 levels beginning in
July. However, except at the Southern midlatitudes, the levels fall back within the 2004-2021
range by October 2022. In addition to highlighting 2022, the anomalies for 2015 in the upper
mesosphere have been highlighted in Figure 3. While the mixing ratios in the upper mesosphere
in 2015 are lower than in 2022, they also show a similar positive increase in August in the
Southern midlatitudes. Possible geophysical causes of these upper mesospheric variations are
discussed in Section 5.

4.2 Comparison of WVYMS Measurements from 2022 with Previous Years

In Figure 4 we show all ~weekly WVMS H,O retrieval anomalies as a function of time-of-year.
The retrievals are obtained from several decades of measurements from all three sites. The
WVMS data set from Lauder begins in November 1992, while that from Mauna Loa starts in
November 1996. The WVMS data set from Table Mountain begins in May 1993, but there are no
measurements from 1998-2003 and 2006-2009. Details of data availability are given in
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Nedoluha et al. [2022]. Unlike MLS measurements, which are available nearly every day,
WVMS retrievals are somewhat weather dependent, and this causes some variation in the time
required to obtain a retrieval. Unlike Figure 3, we have therefore not binned the results by
month since the ~weekly integration periods required to obtain retrievals could result in a
monthly data point including anywhere from one to five retrievals for each year.
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Figure 4- WVMS ~weekly water vapor retrieval anomalies relative to an MLS-based
climatology. Measurements are shown in gray, except for measurements from 2022 which are
shown in red. Two 1992-2021 points fall outside the range shown and are indicated by arrows.
The solid pink lines show +/-16 from the mean, based on all available measurements for each
month.

At Lauder, there are large variations in June and July at 54 km in many years, hence the single
large positive anomaly observed in June 2022 at 54 km is not a particularly unusual geophysical
variation for this time-of-year. However, from the beginning of September 2022 onwards the
retrieved H,O anomalies at 54 km are all at least 16 above the mean for that time-of-year. At 70
km in 2022 all but one WVMS measurements are at least 16 above the mean from July onwards.

At Mauna Loa the WVMS H,0 at 54 km is always 16 above the mean from May 2022 onwards.
At 70 km the WVMS measured mixing ratios at Mauna Loa are often more than 1 above the
mean, but these high mixing ratios are consistent throughout the year without any apparent trend
in 2022. The temporal evolution of the Table Mountain measurements is not dissimilar from
those at Mauna Loa. From April until early November 2022, the mixing ratios measured by
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WVMS at 54 km at Table Mountain are above, or very near to, 1 above the mean. At 70 km
slightly more than half of the measurements show H,O mixing ratios larger than 1c above the
mean throughout 2022. However, in November 2022 there is a sudden drop in the 70 km mixing
ratio anomaly to values near the mean. The drop in H,O mixing ratios from January to March
2022 in the 20° S to 20° N latitude range shown in Figure 3 is not apparent in either the WVMS
Mauna Loa measurements or in the coincident MLS measurements at 54 km. There is a clear
minimum in the March 2022 MLS measurements at 70 km, and the lower WVMS measurement
in 2022 at 70 km also occurs in March. According to the MLS measurements shown in Figure 1
this drop is most pronounced at latitudes nearest to the equator, so measurements at Mauna Loa
are only capturing the northern edge of this tropical variation.

At Lauder, which at 45° S is roughly near the middle of the 20° S to 60° S latitude bin used in
Figure 3, the 2022 mixing ratio anomalies at 54 km are from mid-August onwards are, with one
exception, at least 1o above the mean. This is similar to the period for which the 2022 lower
mesospheric bin of monthly MLS measurements are above the historical envelope of
measurements. The WVMS results at 70 km also show variations that are similar to the MLS
upper mesospheric measurements shown in Figure 3. The 2022 WVMS 54 km measurements at
Mauna Loa and Table Mountain are almost always more than 1o above the mean from May
onwards, while the comparable MLS measurements are above the historical envelope from either
July onwards or April onwards for the 20° S to 20° N and 20° N to 60° N latitudinal ranges
respectively. The 2022 WVMS 70 km retrievals at Mauna Loa and Table Mountain are, just like
the upper mesospheric 20° N to 60° N MLS retrievals, high throughout that year. At Table
Mountain the 70 km retrievals are always more than 1o above the mean from July through
September, the same period during which the comparable 20° N to 60° N MLS retrievals are
above the historical envelope.

All three ground-based WVMS instruments confirm the MLS measurements which show that, in
the tropics and at midlatitudes, water vapor mixing ratio anomalies reached unprecedented levels
in 2022.

5. Effects of Transport and the Solar Cycle on Mesospheric H,O

In Figure 1 there are positive H,O anomalies in the tropical upper stratosphere throughout 2022,
and since these are directly above the large positive HO anomaly in the mid-stratosphere from
the Hunga Tonga plume, these might be interpreted as being directly related to ascent of that
plume. However, a precise determination of the spread of H,O from the Hunga Tonga plume is
complicated by the formation of H,O through the oxidation of CH4 which takes place in the
stratosphere. The amount of CHy4 oxidation is dependent upon the rate of ascent, with a slower
ascent rate providing more time for the production of H;O. While MLS does not measure CHy, it
does measure N,O, with which it is strongly correlated [cf. Minschwaner and Manney, 2014].
To illustrate this we show, in Figure 5, the monthly H,O and N,O anomalies measured by MLS
in the upper stratosphere and lower mesosphere in March and July 2022. In March there is a
positive H,O anomaly in the upper stratosphere at 20° S, coinciding with the latitude of Hunga
Tonga, which is not anti-correlated with N,O. However, other large positive anomalies in
stratospheric H,O, such as is seen in the mid-stratosphere in the Northern midlatitudes in March,
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and in both hemispheres in July, are coincident with negative N,O anomalies. This indicates
that, at least to some extent, some of these positive anomalies in H,O are caused by an
anomalous amount of CHy4 oxidation associated with slow ascent.
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Figure 5- Monthly median anomalies of MLS H,O (colors) and N,O (lines). N,O contour lines
are in steps of 5 ppbvwith negative values dashed. Note that the color scale used here for H,O is
compressed relative to that used in Figure 1.

In Figure 6 we show MLS N,O anomalies at 0.68 hPa for all years, highlighting 2015 and 2022.
The N,O anomalies in this figure can be compared with the H,O anomalies in Figure 3, and we
have included the 2015 and 2022 lower mesospheric H;O anomalies in Figure 6 to aid this
comparison. We have chosen to show the N,O anomaly at a single level because of the coarser
vertical resolution of the N,O retrieval (~8 km FWHM) relative to the HO (~3 km FWHM) at
this altitude. The month-to-month variations in H,O and N,O in 2022 are clearly anticorrelated,
and the decrease in anomalous H,O observed in the lower mesosphere from January through
March is almost certainly caused by a decrease in anomalous CH,4 oxidation in this region. The
correlation coefficient between the monthly H,O and N,O anomalies in the tropics is r = -0.97,
which suggests that almost all of the observed increase in water vapor in the tropics from March
to November 2022 is the caused by increased CHy4 oxidation resulting from slower ascent. These
variations are therefore not likely to be caused by the Hunga Tonga plume. If there were any
correlation between H,O and N,O in the lower mesosphere this might be expected to be positive,
since faster ascent might be expected to bring younger, wetter, stratospheric air into the
mesosphere. In the Southern and Northern midlatitudes the correlation coefficients are r = -0.94
and r = -0.79 respectively, again suggesting that the dominant cause of the H,O variation is CHy
oxidation. The correlations during other years are not as strong, which is surprising since, as is
shown in Figure 5 (albeit in the upper stratosphere and not the mesosphere), it is precisely in the
region affected by the Hunga Tonga plume that the anticorrelation between H,O and N,O is
expected to be weakest.

While the variation in the month-to-month H,O in 2022 is strongly anticorrelated with N,O,
there are differences between the H,O measurements in 2022 and those in 2015 even when the
N,O during those two years is very similar. This is most clearly seen in the Northern
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midlatitudes where the N,O mixing ratio anomalies in 2015 and 2022 agree to within 0.5 ppbv
from March through September, while the H,O remains consistently 0.48+/-0.04 ppmv larger in
2022 than in 2015. The origin of this 0.48 ppmv difference in H,O is of interest. The December
2021 and December 2014 N,O anomalies are quite similar in both the Northern and Southern
midlatitudes, as are the January 2022 and January 2015 N,O anomalies. All of these are within
+/-1 ppbv. During these months the H,O values (recall that these are all medians, hence the
plume has little effect on January 2022 H,O values) all differ by <0.09 ppmv. Thus, before the
Hunga Tonga eruption, the difference between 2022 and 2015 H,O values in these regions was
much smaller than that observed in the Northern midlatitudes from March through September.
This implies that the Hunga Tonga plume may have caused an increase of ~0.4 ppmv in H,O in
the lower mesosphere between January and March 2022, after which no further plume-induced
increase occurred in this region. This is consistent with the Schoeberl et al. [2022] calculation
showing that parcels did spread quite rapidly from the eruption latitude of 20° S to Northern
midlatitudes in the upper stratosphere.

While the Hunga Tonga eruption probably contributed to this increase in lower mesospheric H,O
in 2022, we do note that there are two other geophysical drivers that may be playing a role in
creating the higher mixing ratios in 2022 relative to 2015. As was noted in Nedoluha et al.
[2023] from 2015 to 2022 the increase in anthropogenic CH4 emission could, if the CHy is
completely oxidized, lead to an increase of up to ~0.15 ppmv in H,O over this 7 year period.
The strong correlation between N,O and H,O in Figure 6 does, however, indicate that at these
levels not all of the CH4 has been oxidized. Also, the tropical tropopause temperatures in the 3
years leading up to January 2015 were ~0.7 K colder than in the 3 years leading up to January
2022. The resulting difference in dehydration at the tropical tropopause and resulting H,O
entering the lower stratosphere may contribute to the higher H,O mixing ratios near the
stratopause in 2022.
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Figure 6- Monthly median MLS N,O anomalies at 0.68 hPa. Results are area-weighted and are
shown for all MLS measured latitudes, and for three latitude bands. Monthly measurements for
each year are shown in gray, except for measurements from 2022 which are shown in red and
measurements from 2015 which are shown in blue. December 2021, before the eruption, is
shown in pink, and December 2014 is shown in cyan. The red and blue diamonds show the
monthly lower mesospheric H,O anomalies for 2015 and 2022 from Figure 3 and are referenced
to the right-hand y-axes.
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In the upper mesosphere variations in Lyman- a irradiance play a role in determining H,O
mixing ratios [Nedoluha et al., 2009; Remsberg, 2010; Remsberg et al., 2018]. The typical range
of Lyman-a irradiance from solar minimum to solar maximum is ~0.006 to 0.009 W/m?, and it is
0.00740 W/m’ in  August 2015 and 0.00778 W/m’ in  August 2022
(lasp.colorado.edu/lisird/data/composite _lyman_alpha) [Machol et al., 2019]. Hence in both
years the Lyman-a irradiance is near the mid-range between solar maximum and minimum.
Since mesospheric H,O is anti-correlated to Lyman-a the effect of the slightly lower Lyman-a
irradiance in 2015 would result in H,O in August 2015 being just slightly higher than in August
2022. A calculation of the linear fit of the monthly upper mesospheric water vapor as defined in
Figure 3 (i.e. the average from 0.1 to 0.01 hPa) to the monthly Lyman-a irradiance for the years
2004 to 2021 shows that the water vapor at solar minimum is ~0.06 ppmv higher than at solar
maximum, while in the lower mesospheric levels shown in Figure 3 this difference is <0.01
ppmv. Hence, while the solar cycle does play an important role in establishing H,O variations in
the upper mesosphere, it is by no means a dominant cause of monthly variations.

In Figure 7 we show MLS measurements of both H,O and CO for August of 2015 and 2022. CO
is a good dynamical tracer in the upper mesosphere, where the vertical gradient of CO is very
steep and of the opposite sign to that of H,O in this region. CO is positively correlated with the
solar cycle [Lee et al., 2013; Karagodin-Doyennel et al., 2021], but again we note that Lyman-a
irradiance in August 2015 and 2022 is similar, so the similarities in the anomalies in CO suggest
that the dynamical situation in August of these two years is quite similar in the upper
mesosphere. In 2015 the regions of negative CO anomalies from 0.10 to 0.01 hPa correspond
approximately with the region of positive H,O anomalies, while in 2022 the H,O mixing ratios
vary similarly, but at a level ~0.5 ppmv higher than in 2015. The extremely high H,O anomalies
observed in the upper mesosphere in August 2022 in the Southern midlatitudes, and at Lauder,
are thus, at least to some extent caused by the dynamical conditions during this period, but there

are additional geophysical mechanisms that apparently cause a further increase in H,O during
2022.
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Figure 7— Monthly zonal-mean MLS CO (top) and H,O (bottom) anomalies relative to the MLS
monthly climatologies for August 2015 (left) and August 2022 (right). Data is shown on the
native MLS pressure levels. Indicated altitudes are approximate. The arrows indicate the
latitudes of the WVMS sites.

In Figure 8 we show monthly median MLS CO anomalies that can be compared to the upper
mesospheric HO anomalies shown in Figure 3. We have included in Figure 8 the 2015 and
2022 upper mesospheric H,O anomalies to aid this comparison. The anti-correlation is visibly
apparent in 2015, where r = -0.87, -0.65, and -0.90 for 60° S to 20° S, 20° S to 20° N, and 20° N
to 60° N respectively. The high correlation in the northern latitudes is partially due to the very
high CO and very low H,O in January 2015 in this region. In 2022 the correlation coefficients
for these same latitude bands are r = -0.74, -0.80, and -0.67 respectively. Unlike the case for
anticorrelation between H,O and N,O in the lower mesosphere, the anticorrelation between H,O
and CO in the upper mesosphere in 2022 is not unusually strong as compared to those in other
years.

The large increase in H,O that is most pronounced at 20° S to 20° N from April to August 2022
at 0.1 to 0.01 hPa is correlated with a decrease in CO at those latitudes over the same months,
and is therefore at least partially caused by anomalous dynamics during those months which
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results in the presence of an unusual amount of high H,O mixing ratio air from lower altitudes.
However, it is also true that, in regions and periods with similar CO anomalies, the upper
mesospheric H,O mixing ratios in 2022 are larger than in 2015, especially towards the end of the
year. From February to April at 60° S to 20° S the CO anomalies for these two years were all
similar (within 0.052 ppmv), and the H,O in 2022 was, averaged over these three months, only
0.11 ppmv higher. However, in August, when the CO anomalies in all three regions in 2015 and
2022 were again similar (within 0.050 ppmv), the difference in H,O anomalies was 0.51 ppmv,
0.49 ppmv, and 0.51 ppmv in the three regions respectively. This suggests that some increase in
upper mesospheric H,O may have occurred that is not caused by dynamical variations.
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Figure 8- Monthly mean MLS CO anomalies at 0.022 hPa. Results are area-weighted and are
shown globally for three latitude bands. Monthly measurements are shown in gray, except for
measurements from 2022 which are shown in red, measurements from 2015 which are shown in
blue, and measurements from December 2021, before the eruption, which are shown in pink.
The red and blue diamonds show the monthly lower mesospheric HO anomalies for 2015 and
2022 from Figure 3 and are referenced to the right-hand y-axes.

6. Summary

We have shown that HO measurements from MLS and from three WVMS instruments display
similar variations of mesospheric HO. Comparisons of the mesospheric H,O measured in 2022
with the multi-decadal historical databases from all four of these instruments show, in the second
half of 2022, record-high mixing ratios in the tropics, and both Northern and Southern
midlatitudes, and in both the lower and upper mesosphere.

The cause of these large H,O mixing ratios in the lower mesosphere in the second half of 2022
was shown to be caused, at least in part, by dynamical conditions that allowed for an anomalous
amount of CH,4 oxidation and thus increased H,O. Particularly surprising is a very strong anti-
correlation (r = -0.97) between tropical lower mesospheric H,O and N,O, which is a good tracer
of dynamics in this region. This strong anti-correlation suggests that the month-to-month H,O
variations in this region are almost entirely caused by dynamical variations. However,
comparisons between H,O in 2015 and 2022, years during which several months showed very
similar N,O values, show that the H,O mixing ratios under similar dynamical conditions were
higher in 2022 (by 0.48+/-0.04 ppmv in the Northern midlatitudes, whereas the N,O values from
the two years are very similar from March through September). While this increase from 2015
to 2022 is probably caused in part by the Hunga Tonga eruption, increased anthropogenic CHy4
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emission and differences in tropical tropopause temperatures in the preceding years may also
play a significant role.

In the upper mesosphere from February to April, during periods when the dynamical conditions
were similar (according to CO tracer measurements) H,O was 0.11 ppmv higher in 2022 than in
2015. In August 2015 and 2022 the dynamical conditions were similar and conducive to
unusually large water vapor mixing ratios, especially in the Southern midlatitudes. If we
compare H,O mixing ratios in during these months the record-high H,O mixing ratio anomaly in
2022 is ~0.5 ppmv higher in 2022 than in 2015.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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Figure 8.
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