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Introduction

This file contains supplementary figures for “Siege of the South: Hunga Tonga-Hunga
Ha’apai Water Vapor Excluded from 2022 Antarctic Stratospheric Polar Vortex™.

Figures S1 and S2 show full-mission equivalent latitude (EqL) time series of the MLS fields
shown in Figs. 1 and 2 in the main text, confirming the uniqueness of the extravortex HTHH
signature in H,O and the ordinariness of the evolution of all species within the stratospheric
polar vortex. Fig. S3 presents Aura mission-long EqL/time plots at 380 K, showing only MLS
species that have scientifically useful data at pressures of 215hPa or above (since much of
the 380 K surface is at pressures near or above that level), confirming that composition was
not unusual in 2022 at subvortex levels. Figures S1 through S3 also include anomalies in two
indicators of mixing, effective diffusivity (Kegr) and PV gradients. The years 2020 through
2022 all show relatively high PV gradient anomalies and low K¢ anomalies near the vortex
edge in late winter and spring at all levels, consistent with the long-lived polar vortices in these
years; other years during the Aura mission, including 2006, 2010, 2011, and 2015, show similar
features, also generally related to long-lived polar vortices.

Figure S4 shows anomalies from the 2005-2021 climatology of vortex-averaged diabatic de-
scent rates from MERRA-2 (note that stronger descent, that is, more negative values, is shown
in red for emphasis), demonstrating that descent rates in the middle stratospheric vortex in late
winter/early spring 2022 were smaller than usual (consistent, to first order, with lower vortex
temperatures) but no more so than in several other years during the Aura mission. This is in

contrast to large changes in descent in mid-latitudes (e.g., Coy et al., 2022).
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Figures S5 through S7 show EqL/0 snapshots like those in Fig. 3 in the main text, but for
2018, 2020, and 2021 (a near-average year and two unusually cold years with larger-than-usual
Antarctic “ozone holes”). Comparing these with Fig. 3 emphasizes that vortex conditions in
2022 were not extreme at any point during the season.

Figures S8 and S9 show profiles summarizing the evolution of dynamical diagnostics and
trace gases presented in Fig. 4 in the main text. None of the vortex diagnostics (Fig. S8) show
2022 as the most extreme year in the 43-year MERRA-2 record at any level. Several of those
maxima, especially related to vortex and polar processing potential duration, were redefined
in 2020. 2021 also had an unusually strong and persistent lower stratospheric vortex, as did
2022, but there were previous years with stronger or more persistent vortices than each of these
years. The MLS measurements (Fig. S9) emphasize clearly the near-average nature of the trace
gas evolution in the vortex in 2022 from subvortex levels (the lower limit of the profiles shown
is 370 K) to the upper stratosphere, consistent with the time series at selected levels shown in
Fig. 4 in the main text. In particular, C10 was lower and lower-stratospheric O3 higher in spring
(October/November) 2022 than in 2020, 2021, and several other years also characterized by
cold long-lived polar vortices.

As shown in Fig. 5 in the main text, scatter plots of H,O with long-lived transport tracers
demonstrate the separation of the HTHH enhancement from high H,O that may descend inside
the stratospheric polar vortex. Figure S10 shows the relationship between H,O and CO in the
middle stratosphere in the same way that Fig. 5 shows its relationship with N>O. The results
confirm the separation by the vortex edge transport barrier of air with high H,O and low CO in

the HTHH plume from air with high H,O and high CO that descends inside the polar vortex.
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Measurements from the Atmospheric Chemistry Experiment-Fourier Transform Spectrome-
ter (ACE-FTS) also show the distinction between and separation from vortex air of the HTHH
H;O. Version 4.1/4.2 ACE-FTS data are used here, along with corresponding error flags (Boone
et al., 2020; Sheese et al., 2022). Figure S11 shows mission-long ACE-FTS measurements of
H,0 and the HDO / H,O ratio (AD) at 700 and 550 K. The unprecedentedly high extravortex
values of AD associated with the high H,O demark the HTHH plume, since the seawater in-
jected by HTHH has a higher isotope ratio (e.g., Randel et al., 2012; Khaykin et al., 2022, and
references therein). AD generally increases with height and latitude in the stratosphere, similar
to age of air (Randel et al., 2012), hence the larger values in the polar vortex. While ACE-FTS
has coverage of much of the Antarctic polar vortex only in July—September, Figure S12 shows
that during that time period, the high AD values in the HTHH plume are clearly separated from

the high values in the polar vortex, with the latter generally occurring at lower H,O values.
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Figure S1. SH equivalent latitude / time series at 550 K of anomalies from the 2005-2021 climatology
of (top to bottom) MERRA-2 effective diffusivity (Kefr) and sPV gradients and MLS temperature, N,O,
H,0, HNOs, HCI, ClO, and O3, shown for the full Aura mission through January 2023. Black overlays
are sPV contours indicating the vortex edge region.
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Figure S2. As in Fig. S1 but at 430 K.
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Figure S3. As in Fig. S1, but for 380 K and showing only MLS species with scientifically useful data
at 215 hPa and larger pressures.
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Figure S4. Cross-sections of anomalies from the 2005-2021 climatology of vortex-averaged diabatic
heating/cooling rates from MERRA-2 for April through October in 2005 through 2022. Rates are
expressed as d6/dt. Up to three contours with an interval five times that shown in the colorbar are
overlaid above the high value (cyan) and below the low value (pink) at which the color bar saturates.
Overlaid horizontal lines mark 550 and 700 K. Note that the color scale has been inverted (negative
values are reds) to emphasize anomalies indicating unusually strong descent.

March 24, 2023, 7:16pm



X-10 MANNEY ET AL.: HUNGA TONGA H,0 EXCLUDED FROM 2022 ANTARCTIC VORTEX

1200 2018-06-01 2018-08-01 2018-09-01 2018-10-01 2018-11-01 2018-12-12
(a) (b) (c) (d) (e) (f) 18 N
900 [ = - — - (1)2 £
. o
700 - - = = - - o0 =
o
520 - L - - 1 ‘g's £
124
400 L1 1 [ ! -18
-80 40 80 40 0 40 80 40 0 40
1200 . 45
) . (k) 0]
900 ' - ’ 0z
. 15 =2
700 -\ - o =
o
] _
400 [p 1 l 1 \ 1 1 : —45
80 40 80 40 0 40 80 40 0O
1200 72
®) @ 2w
900 L 48
24 5
700 ¥ 0.0 E
a
520 A ‘ o %
—48
- =
400 | |Temperature ! . ! L 1 1 I 1 1 It -7.2<
80 40 0 40 80 40 0 40 80 40 0 40 40 0 40 80 40 0 40 80 40 0
¥ 1200 L
P W) w) 8
2 900 - ‘ 12 &
5 F, 06 =
£ 700 I || . N 00 o
° 1 062
® 520 ] I LT
g -1.2 <
g 400 L L R ! -1.8
& -80 0 40 80 40 0 40 80 40 0 40
1200 036
(B) (C) (D) :
900 L 024 >
| 4 v 012 ‘é
700 || { 0.00
J _ o
520 = L 012 F
—0.24 <
400 < Lo | ! L& o pv -0.36
0 40 80 40 0 40 80 40 0 40 80 40 0 40 80 40 0 40 80 40 0 40
1200
©® ][ (F) G) ¢ (H) () o] o
900 r ' L [ [ 0.096 E
| 0.048 2
700 = P r I~ r A 0.000 ~
(o]
520 |- el = H 008G
| -0.096 <
400 | G0 L = 1 L) L |k L | 2| L —0.144
80 40 0 40 80 40 0 40 80 40 0 40 80 40 0 40 80 40 0 40 80 40 0 40
1200 7 = ® 0.54
(K) (L) (M) EY My (0) ()| O
L r L 036
900 g
: {18 - \ Vo g
700 P .8 5 1 | | oan B
: — — Pt
400 1 L0 ! ! ! ! ! L ! ! L ! T ! D B -0.54
80 40 0 40 80 40 0 40 80 40 0 40 80 40 0 40 80 40 0 40 80 40 0 40

Equiv Lat / deg Equiv Lat / deg Equiv Lat / deg Equiv Lat / deg Equiv Lat / deg Equiv Lat / deg
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Figure S6. As in Fig. S5 but for 2020.
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Figure S7. As in Fig. S5 but for 2021.
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ber; June/July; August/September; October/November. Fields shown are (top to bottom) H,O, N,O,
temperature, HNO3, HCl, CIO, and O3. Grey envelope is the range excluding the highlighted years,
and solid and dashed white lines are the mean and one standard deviation envelope for those years.
Highlighted years are 2019 (orange), 2020 (green), 2021 (cyan), and 2022 (black).

March 24, 2023, 7:16pm



MANNEY ET AL.: HUNGA TONGA H,0 EXCLUDED FROM 2022 ANTARCTIC VORTEX

H20 / ppmv

AR

T 1
150 200

H20 / ppmv

H20 / ppmv

S]
)
»
=
o
=)
=]

@
L

H20 / ppmv
w

t T T T
0 50 100 150 200
CO/ ppbv

—2.45 -2.40 -2.35
sPV /107* 51

—2.30

H20 / ppmv

T T T
0 50 100 150 200

sPV /1074571 CO/ ppbv
20 40 60
CO / pphv
700K
7
[2022-07-01 (©)
54
=3
E
aQ
25
o
T

H20 / ppmv

[z022-09-01 ] )
]

H20 / ppmv

H20 / ppmv

e

W ||Zo2211-01 (w)
4 6

H20 / ppmv

-25 -24 =23 =22
sPV /1074 s71

Figure S10. As in Fig. 5 in the main text, but for H,O and sPV versus CO at 850 and 700 K: Scatter
(left two columns) and density (right two columns) plots of MLS H;O (y-axis) versus CO (first and
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third columns) and sPV (second and last columns). Grey and black dots (contours) show values from

2005-2021 in the scatter (density) plots; for those years, black (grey) indicates x-axis values of CO or

sPV characteristic of inside (outside) the vortex. For 2022, colored (purple) dots or dark red (orange)

contours show sPV values inside (outside) the vortex. 2022 CO (second column) is colored such that

blue/blue-green shows typical vortex values. Black vertical lines on the plots versus sPV indicate the

vortex edge region.
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Figure S11. 700 and 550 K EqL/time plots of ACE-FTS H,0 and AD (HDO/H;O, scaled as in Randel
et al., 2012) for 2005-2022. Black overlays are sPV contours in the vortex edge region.
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Figure S12. ACE-FTS H;0 and AD as a function of sPV, with 2022 values colored by AD and H,O,
respectively, and high, medium, and low values shown in black, grey, and pale grey, respectively, for

preceding years from 2005 through 2021.
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