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Abstract: The eruption of the Hunga Tonga—-Hunga Ha’apai (HTHH) volcano on 15 January 2022
injected large amounts of water vapor (H,O) directly into the stratosphere. While normal background
levels of stratospheric H,O are not detectable in radio occultation (RO) measurements, effects of the
HTHH eruption are clearly observed as anomalous refractivity profiles from COSMIC-2, suggesting
the possibility of detecting the HTHH H,O signal. To separate temperature and H,O effects on
refractivity, we use co-located temperature observations from the Microwave Limb Sounder (MLS) to
constrain a simplified H,O retrieval. Our results show enhancements of H,O up to ~2500-3500 ppmv
in the stratosphere (~29-33 km) in the days following the HTHH eruption, with propagating patterns
that follow the dispersing volcanic plume. The stratospheric HyO profiles derived from RO are
in reasonable agreement with limited radiosonde observations over Australia. The H,O profiles
during the first few days after the eruption show descent of the plume at a rate of ~—1 km/day,
likely due to strong radiative cooling (~—10 K/day) induced by high H,O concentrations; slower
descent (~—200 m/day) is observed over the following week as the plume disperses. The total mass
of HyO injected by HTHH is estimated as 110 &= 14 Tg from measurements in the early plumes during
16-18 January, which equates to approximately 8% of the background global mass of stratospheric
H,0O. These RO measurements provide novel quantification of the unprecedented H,O amounts and
the plume evolution during the first week after the HTHH eruption.

Keywords: stratosphere; water vapor; volcanic effects

1. Introduction

The January 2022 volcanic eruption of Hunga Tonga-Hunga Ha’apai (~20°S, 175°W;
hereafter HTHH) was the most explosive eruption in the satellite era, spanning the last
four decades. Because HTHH was a submarine eruption, it injected large amounts of water
vapor (H,O) directly into the stratosphere. This behavior is distinctive from other large
eruptions from land-locked volcanoes, such as El Chichon in 1982 and Pinatubo in 1991,
where enhanced stratospheric HyO was not observed. Measurements from operational
radiosonde balloons over Australia in the first several days after the HTHH eruption show
local H,O mixing ratios greater than 1000 ppmv over altitudes ~25-30 km (the top of
the balloon measurements) [1-3], compared with typical stratospheric background H,O
values of 5 ppmv. The isolated balloon measurements showed that the H,O enhancements
occurred in relatively thin ~1-2 km layers. Measurements from the Microwave Limb
Sounder (MLS) instrument on the NASA Aura satellite show H,O perturbations from
HTHH that are unprecedented in the satellite data record, in terms of both altitude and
magnitude [4]. The MLS data show enhanced H,O at altitudes up to 53 km immediately
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after the eruption (15 January), and maxima between ~25-35 km during the following few
days (16-18 January). Maximum H,O values in these MLS retrievals, which represent
vertical averages greater than ~3 km, were ~200-400 ppmv. However, the standard MLS
retrievals are not designed for the anomalously high stratospheric H,O values from HTHH,
and many of these early retrievals did not pass the MLS quality screening criteria [4]. The
HTHH plume traveled westward and dispersed in the stratosphere, and MLS data show
that local H,O maxima decreased to ~50 ppmv by early February and to ~10-20 ppmv by
late March. The MLS retrievals are much better characterized by the lower H,O values
after late January. Anomalously high HyO from HTHH persists in the stratosphere through
boreal winter 2023 and has spread over much of the globe [3,5-7].

The objective of this paper is to quantify the extreme stratospheric H,O amounts from
HTHH in the first week after the eruption using COSMIC-2 (C2) GNSS radio occultation
(RO) data. RO measures the bending angle of radio waves propagating through the
atmosphere, which is closely related to atmospheric refractivity (N), which, in turn, is
dependent on temperature and moisture. Under normal conditions, HyO makes virtually
no contribution to N in the stratosphere and, thus, is not detectable by RO measurements.
However, effects from HTHH are clearly observed as anomalous stratospheric bending
angle and N profiles from C2 that follow the HTHH plume during the first week after
the eruption [3,8,9]. These anomalous N profiles can be associated potentially with both
temperature and H,O effects from the HTHH eruption, and we separate these influences by
using independent temperatures from nearby MLS measurements. Reference [3] performed
similar calculations using reanalysis temperatures to estimate extreme H,O amounts in the
15 January HTHH eruption plume. Our analyses focus on the evolution of stratospheric
H>O during the first week after the eruption, as the RO measurements are sensitive only
to extreme Hy,O amounts. We include comparisons with the limited radiosonde H,O
measurements over Australia (up to ~30 km) to help evaluate the H,O profiles derived
from C2 measurements.

2. Materials and Methods
(a) C2 GNSS-RO observations

By measuring the phase delay of radio waves from GNSS satellites as they slow and
bend in Earth’s atmosphere, profiles of bending angles and refractivity can be obtained,
e.g., [10]. At microwave frequencies in the troposphere and stratosphere, the refractivity
varies due to contributions from the dry air and water vapor. Specifically, the atmospheric
refractivity N can be related to atmospheric pressure P, temperature T, and water vapor
partial pressure e [11]:

_ p 5( €
N = 77.6(T) 1£3.73 x 10 (ﬁ) )

In this study, we obtain level-2 C2 GNSS-RO profiles for January 2022 processed by the
COSMIC Data Analysis and Archive Center (CDAAC) at the University Corporation for
Atmospheric Research (UCAR). C2 is providing ~6000 profiles/day between ~40°N—40°S.
We use the ‘atmPrf” product, which provides refractivity and dry temperature (retrieved
under the assumption of dry air) from near the surface up to ~60 km; data above 40 km
are strongly influenced by climatology; thus, we focus on altitudes 25-35 km in this
study. The profiles are quality controlled at CDACC by assigning ‘bad’ flags on the basis
of several metrics, including deviation from the climatology by a specific threshold. A
few C2 measurements intersect the early HTHH plume on 15 January and indicate large
bending angle or N anomalies [3,6,8,9], but these are flagged as ‘bad’ retrievals, and most
of our analyses focus on observations for 16 January and beyond (we also include a few
profiles later in the day on 15 January that passed quality control). The effective vertical
resolution of RO soundings varies from ~200 m in the lower troposphere to ~1-2 km in the
upper stratosphere (more details below), while the horizontal footprint (horizontal scale
represented by a single observation) is ~200 km, e.g., [10].
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At CDAAC, the neutral atmosphere profiles are retrieved in the geometric optics
approximation above 20 km. In this approximation, the resolution is physically limited
by the 1st Fresnel zone F, [12], which depends on altitude and is approximately 1.4 km
at 30 km. At CDAAC, data smoothing is performed using the Savitzky—Golay filter;
details can be found in [13]. The half-width of the filter response function used for the
standard processing is 1.1Fy~1.5 km at 30 km. Specifically for this study, we investigated
the possibility of modifying the filtering in order to better resolve those N structures in
the stratosphere induced by HTHH eruption. By modeling and testing we found that
reducing the half-width of the response function by one-half, to 0.75 km at 30 km, results in
improvement of the vertical resolution at 30 km, without substantial increase of the effect
of observational noise (mainly from the ionosphere), while further reduction increases
the noise and creates artifacts in the profiles. Thus, C2 RO data used in this study were
processed with twice increased vertical resolution compared with the standard retrieval.

(b) MLS temperatures

MLS temperatures are retrieved using measured limb emission from atmospheric
oxygen (O,), and these data are not strongly influenced by the HTHH eruption. We use
MLS temperature profiles based on the v4.2 retrieval [14]. MLS provides global sampling
with approximately 3500 measurements per day. Temperature retrievals are provided on
standard pressure levels; data extend from 261 hPa (~9 km) to greater than 1 hPa (~48 km),
with an effective vertical resolution of 34 km over the main region of interest here (~30 km).

(c) Radiosondes

We include comparisons with radiosonde measurements of stratospheric HyO during
the first few days after the HTHH eruption. These data are discussed in detail in [2] and
are based on measurements from the operational upper air network using the Vaisala R541
radiosonde. These data can detect the large stratospheric H,O from HTHH, and provide
measurements up to ~30 km (depending on the balloon burst altitude of individual flights)
with vertical resolution of ~100 m.

3. Results
3.1. RO Sensitivity to Stratospheric HO

N decreases with altitude in the troposphere and stratosphere, and the HyO term in
(1) contributes little to N above the middle troposphere, where H,O < 100 ppmv (e.g., [15]).
Sensitivity tests based on (1) can determine the magnitude of GNSS-RO refractivity vari-
ations expected from isolated H,O and temperature anomalies in the stratosphere. The
sensitivity of N to isolated large stratospheric HyO perturbations (1000 and 1500 ppmv
anomalies at 30 km) is illustrated in Figure 1, showing positive N anomalies of ~2% and
3%, respectively, compared with an unperturbed background. While these are relatively
small fractional N anomalies, they are not small compared with the observed N standard
deviation in the stratosphere measured by C2, with typical values of 1% background levels
(as shown in Figure 1; these were calculated from the pre-volcanic C2 measurements during
1-14 January in the vicinity of HTHH). Hence, an N anomaly due to a 1500 ppmv increase
in HyO is comparable to a (rare) positive 3-sigma C2 noise event. Figure 1 also shows
the N anomaly associated with a local —8 K temperature perturbation at 30 km, which
is similar (~3.5%) to the effect of 1500 ppmv H,O. These calculations suggest that C2 RO
measurements may be able to detect a large stratospheric H,O perturbation on the order of
1000 ppmv or larger but that similar N signals can arise from large negative temperature
anomalies.
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Figure 1. Vertical profiles of refractivity (IN) anomalies associated with localized 1000 and 1500 ppmv
H,O perturbations at 30 km and for a —8 K temperature perturbation. Results are expressed in
terms of percentage anomalies with respect to a standard background N profile. The solid black
line shows the observed standard deviation (sigma) for C2 N measurements based on non-volcanic
conditions in the vicinity of HTHH, and the dashed and dotted lines show 2-sigma and 3-sigma
values, respectively.

3.2. C2 HTHH Refractivity Observations and H,O Retrievals

On the basis of the sensitivity calculations shown in Figure 1, our analyses search for
positive N anomalies in C2 data that are larger than 3-sigma. Anomalies are calculated as
percentage differences from the pre-volcanic background 1-14 January average. Figure 2
shows the C2 daily sampling density in the region of the HTHH eruption on 16-18 January
(grey dots) along with the locations of local N anomalies with maximum values greater
than 3-sigma over altitudes 25-35 km (colored symbols). The stratospheric plume from
HTHH moved westward in the background stratospheric easterly winds (e.g., [1-4]), and
the positive N anomalies >3-sigma in Figure 2 track the plume movement downstream
from the 15 January eruption. The altitudes of the N anomaly maxima for these days
generally range from 27 to 33 km. For comparison, Figure 2 includes corresponding maps
of sulfur dioxide (5O;) in the HTHH plume, as observed by satellite [16], showing westward
movement and dispersion of the plume similar to that inferred from the C2 N anomalies.

Examples of the vertical profiles of N anomalies for the cases identified on 16 January
(Figure 2a) are shown in Figure 3a. As selected, each of the profiles has a maximum N
anomaly greater than 3%, with several local maxima greater than 6%, and the observed
profiles peak over altitudes ~29-33 km. The vertical thickness of the N anomaly profiles is,
on average, ~2 km.
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Figure 2. Left panels (a—c) show the C2 sounding locations (grey dots) in the region of the HTHH
eruption on 16-18 January. Colored symbols indicate locations with positive N anomalies over
altitudes 25-35 km exceeding 3-sigma background values, with color and size denoting the altitude
and magnitude of the maximum N anomaly. Right panels (d—f) show satellite SO, measurements
denoting the HTHH plume locations on these same days, from [16]. The color scale denotes column
5O, amounts in Dobson Units (DU). Boxes in each panel denote the approximate plume areas used
to estimate the H,O mass.
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Figure 3. (a) Vertical profiles of refractivity (V) anomalies for cases selected on 16 January (colored
symbols in Figure 2a). The orange lines indicate profiles with multiple maxima in altitude that are not
used for HyO retrievals. (b—d) Vertical profiles of C2-derived H,O mixing ratios (grey lines) for the
cases selected during 16-18 January (colored symbols in Figure 2a—c), excluding cases with multiple
N maxima. The blue lines in (b—d) show radiosonde H,O measurements over Australia during these
days from [2]. Note that the radiosonde data extend only upwards to the balloon-burst altitude near
~30 km; the highest measurements in each profile are indicated by the blue asterisks.

Details of retrieving H,O from C2 N measurements combined with ancillary tempera-
ture profiles from MLS are described in the Appendix A. Our results use the local retrieval
based on Equation (1), incorporating C2 N observations with the nearest co-located MLS
temperature profile (within 600 km and 6 h), and we use dry pressure Paary) from the C2
atmPrf files. We then solve Equation (1) for water vapor pressure e and convert to H,O
mixing ratio. As discussed in the Appendix A, this local retrieval will underestimate H,O



Remote Sens. 2023, 15, 2167

6 of 14

amounts compared with a more accurate non-local retrieval, but the underestimate is small
(~10%) for narrow ~2 km thick H,O layers, as is typical for HTHH. Our local HyO retrievals
also truncate at the bottom of the layer where the retrieved H,O becomes negative, which
results in a slight underestimation of the column amount. There are somewhat larger
errors associated with multiple H,O layers (Figure A2), and we simply omit a handful of
profiles that exhibit multiple layers (mostly on 16 January, indicated by the orange curves
in Figure 3a).

Figure 3b shows the derived H,O profiles on 16 January, with maximum H,O values
of ~2500-3500 ppmv over altitudes ~29-33 km; the altitude maxima for H,O approximately
match the N anomaly maxima in Figure 3a. We note that these large HyO amounts are below
ice saturation with respect to the background stratospheric temperatures that increase with
height (e.g., [1-3]). Figure 3c,d show derived H,O profile results for the following days,
showing a decrease in the maximum H,;O amounts to ~2000-3000 ppmv on 17 January and
~1800 ppmv on 18 January. The measured altitudes of the H,O maxima also systematically
decrease between 16-18 January.

While the HTHH plume was over Australia during 16-18 January, enhanced strato-
spheric H,O was observed by operational radiosonde balloons [1-3]. H,O profiles from
these radiosonde data are shown in Figure 3 overlain on the RO retrievals. Note that the
top of the radiosonde measurements is near 30 km (depending on the individual balloon
flights), so that direct comparisons with RO calculations focus on altitudes below 30 km.
In addition, the radiosonde profiles are not explicitly co-located with the C2 profiles but
are intended to be representative of approximate H,O magnitudes and altitudes in this
region. The radiosonde-C2 comparisons in Figure 3b—d show reasonable agreement over
~26-30 km in terms of H,O magnitude during these days, e.g., ~2000-3000 ppmv on 16 Jan-
uary. This agreement enhances confidence in the C2 H,O retrievals, at least for the extreme
maxima immediately following the eruption.

We also investigated several C2 measurements that intersected the HTHH plume
early after the eruption on 15 January, and the associated N anomalies and retrieved H,O
amounts are shown in Figure 4. The results show large positive N anomalies (~10-25%)
and extreme H,O values (~4000-10,000 ppmv) over altitudes 3040 km. However, these
retrieved N profiles are mostly classified as ‘bad’, and the reason is not simply understood
because there are numerous potential causes. While we are less confident in these retrievals,
the vertical structure is reasonable, and the large H,O values in Figure 4 are still below ice
saturation and, thus, may represent actual geophysical structure, as noted in [3].
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Figure 4. Vertical profiles of (a) refractivity anomaly and (b) derived H,O mixing ratios for C2
observations within the HTHH plume on 15 January. Most of these N profiles are associated with a
‘bad’ flag in the retrieval, although the structures are reasonable and may be consistent with actual
geophysical information.
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Analyses of the MLS temperatures show that there are not systematic temperature
anomalies associated with the identified C2 N anomalies for the volcanic plume events
(Figure 5), so that the stratospheric RO N anomalies arise primarily from enhanced H,O.
This statement is qualified by the lower vertical resolution of MLS temperatures (~4 km)
compared with C2 retrievals (~1-2 km), in addition to imprecise co-locations of the MLS
and C2 data. In contrast to the lack of temperature anomalies in the MLS data, temperatures
derived from the C2 dry retrieval (atmPrf, neglecting the H,O term in Equation (1)) show
negative temperature anomalies up to —20 K (Figure 5). These are likely spurious results
related to the large positive N anomalies when not accounting for H,O effects. As a note,
we have also examined co-located temperatures from ERA5 reanalysis [17] and find small
systematic temperature anomalies for the co-locations, similar to the MLS results in Figure 5.
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Figure 5. Red symbols show MLS temperature anomalies as a function of retrieved H,O amount
in the HTHH plume over 16-18 January (the same profiles as identified in Figure 3). Temperature
anomalies are calculated at the altitude of the maximum retrieved H,O in each profile. Blue symbols
show the corresponding dry temperature anomalies calculated in the C2 dry retrievals (atmPrf).
Black dashed line corresponds to a slope of (—8 K/1600 ppmv), consistent with the T-H,O sensitivity
results shown in Figure 1.

Regular westward propagation of the HTHH H,O plume is detected by RO measure-
ments over the first week after the eruption, as shown in Figure 6, selected for profiles
with derived H,O values > 1000 ppmv over 25-35 km. This behavior is in good agreement
with the MLS H,O retrievals shown in [4], which also demonstrated consistency with the
background stratospheric easterly winds. Figure 6 also shows that while the enhanced
H,O values from HTHH clearly stand out, there are numerous additional events that are
not coincident with the plume, and these likely represent noise in the C2 N profiles.
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Figure 6. Longitude vs. time diagram showing locations of H,O profiles with maximum values
>1000 ppmv over 25-35 km, over the domain 10-30°S, for the first week following the HTHH eruption
(noted by the ‘X’ on 15 January). The colors and symbols denote the altitudes and concentrations of
the H,O maxima. The grey dots indicate all of the C2 measurement locations.

For the HyO profiles identified in the HTHH plume (i.e., following the locus of
westward propagating points in Figure 6), Figure 7 shows the corresponding derived
plume height and thickness and the corresponding maximum H,O values. Plume thickness
is estimated as the altitudes over which H,O exceeds 25% of the maximum value in each
respective profile. Results show highest H,O concentrations (up to ~3500 ppmv) and
highest altitudes (~29-33 km) immediately after the eruption on 16 January. Maximum
H,O concentrations decrease, and the plume heights descend by ~2 km over the first two
days, as seen in Figure 3. Maximum H,O values are ~1000-2500 ppmv after 18 January, and
some isolated larger H,O maxima over 20-22 January could possibly be related to localized
plume maxima identified in [6]. The general decreases in H,O concentration and altitude
are consistent with observations from radiosonde data [2,3] and MLS [4,7] following the
eruption. The descent rate for the period 18-23 January in Figure 7a is approximately
200 m/day, which is consistent with values estimated from radiosondes over the first zonal
circumnavigation of the plume [3]. We find less coherent variability in derived C2 H,O
amounts after ~24 January. Given the RO H,O sensitivity inferred from Figure 1, together
with observed C2 noise levels, we expect that C2 will lose sensitivity to stratospheric H,O
amounts below ~1000 ppmv (which corresponds to positive N anomalies ~2-sigma).
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Figure 7. Time series of (a) plume height and thickness, and (b) H,O maximum concentration for
C2 H,O retrievals in the HTHH plume, selected as the westward propagating maxima in Figure 6.
Vertical lines in (a) denote the plume thickness, showing altitudes where H,O is greater than 25% of
the maximum value in each profile. The black dashed line in (a) indicates a slope of —200 m/day
during 18-23 January.

3.3. Mass of HyO in the Early HTHH Plume

We calculate the mass of HyO in the early HTHH plumes during 16-18 January by
estimating the approximate area of the plumes and then integrating the derived H,O
profiles for all of the RO measurements within the plume areas. The estimated plume areas
are shown in Figure 2, defined simply as latitude-longitude boxes containing enhanced
N anomalies for each day. These boxes agree well with the approximate plume areas
defined by maximum SO, amounts (Figure 2d—f), and the box on 18 January is selected
with this agreement in mind. We calculate the vertically integrated H,O (over 25-35 km)
using all of the profiles within the boxes (not just the extreme N > 3-sigma profiles), and
this accounts for heterogeneity of the plume structure. Multiplying the plume areas by
the integrated H,O profile amounts determines the H,O mass within the plume volumes.
Results of these calculations return values of 98 & 11, 103 &+ 14 and 102 £ 14 Tg (2-sigma
uncertainties) on the three days of 16-18 January. Uncertainties in these estimates are
derived by repeating the calculations numerous times but including random Gaussian-
distributed 1% variations to the individual N and T profiles, consistent with background
noise in the C2 N measurements and uncertainties in the ancillary MLS temperatures. We
note that the estimates for these three days are remarkably consistent (~100 Tg), given the
evolving horizontal (Figure 2) and vertical (Figure 3) structure of the plumes over these
days. Including the systematic underestimation of H;O amounts by the local retrieval by
~10% provides an average value with uncertainties of 110 & 14 Tg for the total mass, which
equates to approximately 8% of the background mass of stratospheric water vapor. This
value is consistent with the MLS v5 results [3] and somewhat less than those of MLS v4 [4].
Reference [3] estimated the H,O mass from two individual RO measurements within the
HTHH eruption umbrella on 15 January, giving a broad range of 70-150 Tg, which overlaps
our results for 16-18 January.
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4. Discussion

C2 data demonstrate that RO measurements are sensitive to the extremely large
stratospheric H,O perturbations during the first week following the HTHH eruption. This
is tied to the large observed refractivity anomalies associated with the HTHH plume,
combined with the low stratospheric background noise in the C2 measurements (with
standard deviations of ~1% background values). Sensitivity calculations (Figure 1) suggest
that stratospheric H,O anomalies of ~1000-1500 ppmv or larger should be detectable in
C2 refractivity measurements, equivalent to 2-sigma and 3-sigma noise levels, respectively.
N anomalies for 1500 ppmv have similar magnitude to a localized —8 K temperature
perturbation.

To separate HyO and temperature effects on N, we used independent temperature
observations from the MLS satellite. This has some limitations in terms of different ver-
tical sensitivities and imperfect co-locations between C2 and MLS measurements but is
a necessary step to separate HyO and temperature influences on N. Comparison of MLS
temperature anomalies vs. derived H,O amount (Figure 5) suggests small systematic
temperature anomalies for the HyO plume during the first week after the eruption so that
the C2 N anomalies are due primarily to HpO influence. In contrast, C2 dry temperature
retrievals (atmPrf) for the anomalous HTHH profiles analyzed here show large negative
temperature anomalies (up to —20 K in Figure 5), which are believed to represent mainly
the response of dry temperature to HO. We note that [2] identified small systematic temper-
ature anomalies (~—2K) associated with enhanced H,O in the radiosonde measurements
after 29 January, possibly linked with radiative cooling from enhanced H,O [1], but such
patterns are not detected in MLS results (or ERA5 reanalysis) during the first week after
the eruption. Larger systematic cold temperature anomalies (zonal means greater than 5 K)
are observed in the months following HTHH, likely as a radiative and dynamical response
to the anomalous H,O and aerosols [18].

Our simple HyO retrieval shows maximum values of ~2500-3500 ppmv during the
first few days following the eruption, over altitudes ~29-33 km. The H,O magnitudes from
the C2 retrieval are in reasonable agreement with radiosonde measurements over Australia,
which cover altitudes up to ~30 km. MLS H,O retrievals show smaller maximum values
(~200-400 ppmv) over these days, but the MLS vertical sensitivity represents broader verti-
cal layers (~3—4 km thick) that can underestimate the peak concentration and overestimate
the vertical extent for narrow layers. C2 measurements show a relatively rapid descent
(~—1 km/day) of the plume over the first two days when H,O concentrations are highest,
and slower descent (~200 m/day) during the following week. Radiative cooling from the
early H,O enhancements [1] produces values of ~—10 K/day, which equate to ~—30 K/day
in potential temperature or ~—1 km/day over altitudes near 30 km, which is approximately
consistent with the C2 observations. Cooling and descent rates drop rapidly with H,O
dilution, as observed during the following week.

Combining the horizontal extent of the H,O plumes observed by RO with the derived
H,O profiles provides a total mass of ~110 & 14 Tg for the early plumes during 16-18 Jan-
uary. This estimate from RO data is in approximate agreement with results using MLS v5
retrievals of 119 & 6 Tg [3], while MLS v4 data provide higher values of 137-146 + 8 Tg [3-5].
Total HTHH H,O mass estimates from radiosondes [2] provide values of 50-93 Tg but are
limited by the vertical extent of the balloon measurements (~30 km). We note that while
there are no observations of an increase in stratospheric HyO after the Pinatubo eruption
in 1991, reference [19] calculated 37.5 Tg injection of water vapor to the stratosphere in an
idealized model. Combining the H,O sensitivity of RO with C2 background noise levels
suggests that the C2 measurements are less sensitive to HyO amounts below ~1000 ppmv
(equivalent to 2-sigma noise levels) so that C2 measurements are most useful for the large
H,0O amounts in the first week after HTHH. Both radiosonde [2] and MLS data [3,4] show
that the HTHH plume disperses over time, with H,O values <100 ppmv several weeks
after the eruption. These smaller values, while highly anomalous and long-lasting in the
stratosphere, are not retrievable from RO measurements.
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Appendix A. Retrieval of Water Vapor from Radio Occultation Refractivity and
Ancillary Temperature Data

Here, we compare two water vapor retrieval methods using RO refractivity and
temperature obtained from ancillary data. As shown in Section 2, refractivity N is related
to the following atmospheric parameters:

p
N:cl——i—czi

T 72 (A1)

where P is total air pressure, ¢ is partial pressure of water vapor, T is temperature, c; = 77.6
%, and ¢c; = 3.73 x 10° 111% The atmospheric parameters satisfy the hydrostatic equation:

dP
7 8 (A2)

where z is height, g is gravitational acceleration, and p is density; along with the equation
of state of moist air:

P =RypTs (A3)
where R; = 287 kgLK is the gas constant for dry air, and the effect of water vapor is taken
into account by virtual temperature:

T, =T/ (1 - C3%) (A4)

wherecz =1 — ’%‘; = 0.378; and my, and m, are the molecular weights of water vapor and

dry air, respectively.

If the air is dry, e = 0 and T, = T, and Equations (A1)—(A3) are sufficient to solve for P
and T from N by numerical integration. This solution is routinely applied in the standard
RO processing and is denoted Py, and Ty,,. However, Py, and T, differ from the true
P and T when e # 0. Thus, to solve for e, additional information (typically temperature
obtained from ancillary data Tj;) is needed.
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A simple approach to retrieve water vapor is based on neglecting the difference
between P and Py, which is approximately true for thin layers of water vapor. This
retrieval, hereafter called “local”, is obtained directly from Equation (Al):

2
e1(2) = 2LELNG) — 1Py () Tone2)

Alternatively, Equations (A1)—(A4) can be solved for ¢(z) for a given N(z) and T, (z)
by numerical integration without any approximations. This retrieval, hereafter called
“non-local”, is denoted by e,(z). Below, we show examples of ¢;(z) errors related to the
vertical structure of water vapor and examples of both e;(z) and e(z) errors related to
uncertainties of Tync(z). Instead of e, we present results in terms of water vapor mixing
ratio (in ppmv):

, Where ¢4 = Mo _ 0.622

e
r:106><c4
P—e my

. 1+cos2n(zfzo)}
Figure Al shows models of a single water vapor layer e(z) = 0[ = for
zp = 30 km and Az = 2,4, 6,8 km. The models e(z), which include, for simplicity, a constant
temperature T(z) = 250 K, were used for numerical integration of Equations (A2)-(A4) to
obtain P(z). Next, N(z) was obtained from Equation (Al). Thus, the defined T(z) and
obtained N(z) were used as initial conditions for local and non-local retrievals e (z) and
e(z). Figure A1 shows that local retrievals e1 (z) are negatively biased, and the bias is larger
for larger Az (thicker H,O layers). For Az = 2 km, the local retrieval error at the center of
the layer is <10%. The height below which e;(z) < 0 may be considered ad hoc as a lower
height of the local retrieval for a single layer, and the derived layer thickness for the local
retrieval also underestimates the true values. Non-local retrievals e, (z) are indiscernible

from the model e(z).

Be

height (km)
&
T

25 I | | | | 5
-2000 —1000 O 1000 2000 3000 4000 5000 6000

water vapor mixing ratio (ppm)

Figure Al. Idealized water vapor profiles e(z) (black lines), along with profiles derived using the
local retrieval (red) and nonlocal retrieval (overlapping black lines) for different water vapor layer
thicknesses (Az = 2,4, 6 and 8 km).

Figure A2 shows the model of multiple layers with Az = 2 km, and these layers
decrease in concentration at lower altitudes because of the conversion from partial pres-
sure to mixing ratio. Figure A2 shows that the local retrieval e;(z) has a negative bias
increasing downward with each successive layer, while the non-local retrieval e, (z) is again
indiscernible from the model e(z).
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Figure A2. Water vapor profiles using the non-local retrieval (black) and local retrieval (red) when
multiple layers of water vapor are present. The non-local retrievals e;(z) directly overlap the specified
idealized layers.

Examples in Figures Al and A2 may suggest that the non-local retrieval e;(z) should
always be used. However, temperature T,,.(z) obtained from an ancillary observation
generally has an uncertainty composed of the measurement error and representativeness
difference with RO. Here, we test local and non-local retrievals by using T,,c(z), which
differs from T(z).

Figure A3 shows the model e(z), e1(z), and e;(z) obtained by using model T(z) = 250 K.
Green and blue lines show e1(z) and e;(z), respectively, obtained by using T,¢(z), which
differs from T(z) by £1%. In this case, the error of the nonlocal retrieval e,(z) is larger
than the disturbance of e (z). Furthermore, ey (z) results in positive errors below the single
layer, which may not allow for ad hoc determination of the lower height of the layer by
e = 0, which is still possible with e1(z). This explains our choice of local retrieval in this
study since most N anomaly profiles indicate the existence of a single water vapor layer
at a height of approximately ~30 km. In such cases, the local retrieval is limited by the
height where e becomes negative. Retrieval of a water vapor profile below the bottom of
the upper layer of water vapor is an ill-conditioned problem (because of the errors of local
retrieval and the sensitivity of the non-local retrieval to ancillary temperature errors) and is
not considered in this study.

35 ‘ | | —T
T L
=
30 -
2
@
=
25 ‘ P R I —
-2000 Y 2000 4000 6000 8000

water vapor mixing ratio (ppm)

Figure A3. Water vapor profiles using the non-local retrieval (black) and local retrieval (red). Water
vapor profiles retrieved with Ty (z) differing from T(z) by £1% using the non-local retrieval (blue)
and local retrieval (green).
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