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Faster Tropical Upper Stratospheric Upwelling Drives
Changes in Ozone Chemistry

Susan E. Strahan'? (2] Lawrence Coy*® (©; Anne R. Douglass? ), and Megan R. Damon??

!GESTAR 11, University of Maryland, Baltimore County, Baltimore, MD, USA, 2NASA Goddard Space Flight Center,
Greenbelt, MD, USA, 3Science Systems and Applications, Inc., Lanham, MD, USA

Abstract Tropospheric trends in long-lived source gases N,O and the chlorofluorocarbons cause trends in
O, through changes in their reactive product gases. Transport affects the product gases because it controls the
distribution of the long-lived source gases. We find that large changes in tropical upwelling 10-5 hPa since
2012 have strengthened the northern branch of the upper stratospheric (UpS) transport circulation, dramatically
altering the abundances of N,O and its odd nitrogen product gases, NO, and HNO,. Increased upwelling is
connected to stronger and more frequent Quasi-Biennial Oscillation easterly winds at 10 hPa and above. We
use simulations with and without time varying MERRA?2 meteorology to quantify the impact of dynamical
changes on O, loss via the NO, and ClO, cycles. We find that dynamical impacts on these cycles explain the
mid-stratospheric tropical O, increase and Arctic UpS O, decrease since 2005.

Plain Language Summary Changes in the upper stratospheric circulation over the past decade
have altered composition between 30 and 40 km altitude. In the tropics, faster ascent carried greater amounts
of nitrous oxide (N,0O), a gas produced at the surface, to the upper stratosphere. This increased the amount

of the ozone-destroying nitrogen radicals produced from N,O. Most of the extra nitrogen radicals traveled to
the Arctic above ~32 km, where they increased ozone destruction. Below the altitude where the radicals are
produced (about 35 km), the faster tropical ascent carries reduced amounts of nitrogen radicals to the middle
stratosphere (~26 to 35 km), leading to an ozone increase. Observations by satellite instruments revealed
changes in the composition. Model simulations showed that circulation change caused the composition changes
that affected ozone. The circulation change was connected to changes in the tropical winds that circulate
around the globe and change from easterly to westerly on a fairly regular basis. During the last 10 years, this
long-standing pattern changed. This could be variability or the start of a trend; it's too soon to tell. Either way, it
complicates the identification and attribution of the ozone increases we expect due to international treaties that
banned the use of manmade chlorocarbons.

1. Introduction

Total column O, trends are used to identify ozone layer recovery and assess the Montreal Protocol's impact, but
attributing their cause can be difficult because many processes affect O, and the process balance changes with
altitude. Below 28 km, O, is predominantly controlled by transport because of its relatively long photochemical
lifetime, but above, chemistry becomes increasingly important (Chipperfield et al., 1994). Gas phase strato-
spheric Oy loss from 50 to 2 hPa (20—44 km) is predominantly controlled by the chemically reactive chlorine and
nitrogen families, CIO, (Cl, Cl,, CIO, (ClO),, OCIO, and HOCI) and NO, (NO, NO,, NO,, and N,O,) (Brasseur
etal., 1999). NO, is responsible for 50%—80% of O, loss from ~30 to 5 hPa but decreases in importance above as
loss by CIO, increases to 30%—40% near 2 hPa; loss by HO, dominates above 2 hPa. Nitrous oxide (N,0), emitted
at the surface, reacts with O'D in the tropical middle and upper stratosphere and is the primary source of NO,.
NOy is the sum of reactive (NO,) and reservoir nitrogen species (HNO, and CIONO,); it behaves like a long-lived
trace gas. Chlorofluorocarbons (CFCs), emitted at the surface and photolyzed in the stratosphere, are the primary
sources of ClO,. Most of the chlorine released forms the relatively unreactive reservoir species, HCl and CIONO,,
which then become sources for CIO, radicals involved in ozone loss cycles.

Tropospheric trends in long-lived source gases cause trends in O, through changes in their reactive product
gases. Stratospheric O, is expected to increase because chlorine from manmade chlorocarbons has been declining
at ~5%/decade since 2000 due to the Montreal Protocol (Engel et al., 2018), but the 3.0%/decade increase in
tropospheric N,O (Lan et al., 2020) offsets some of that increase; stratospheric cooling reduces O, loss by NO,
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partially mitigating the impact of increased N,O (Rosenfield & Douglass, 1998). At 2 hPa where O, loss by Cl
peaks, Steinbrecht et al. (2017) report tropical and midlatitude O, from 2000 to 2016 increased at 1.5%/decade
and 2.5%/decade, respectively. Chemistry climate model (CCM) studies attribute positive upper stratospheric
(UpS; ~10 to 1 hPa) O, trends to decreasing ozone depleting substances and cooling from increased CO, (Li
et al., 2009; Shepherd & Jonsson, 2008).

While the source gases' tropospheric trends influence NO, and CIO, product gas trends, transport also
plays an important role because it controls the distribution of the long-lived source gases that form radicals
(Douglass et al., 2004); this affects O;. For example, the vertical transport of NO, above 30 km, modu-
lated by the Quasi-Biennial Oscillation (QBO), was shown to affect O, levels by modulating loss by NO,
(Chipperfield et al., 1994; Zawodny & McCormick, 1991). Further, unidentified dynamical variations that
decreased tropical N,O in the mid-stratosphere prior to 2014 were linked to increased NO, and decreased O,
(Galytska et al., 2019; Neholuha et al., 2015). While ~55% of N,O destruction occurs above 10 hPa, ~70%
of chlorocarbon destruction occurs below 10 hPa (Figure S1 in Supporting Information S1). Changes in
tropical upwelling above 10 hPa therefore have a greater impact on the production and distribution of NO,
than on CIO,.

In this paper we show that the chemical impacts of recent dynamical changes shifted the balance of O, loss
processes in the middle and upper stratosphere. The Microwave Limb Sounder (MLS) on Aura and the Atmos-
pheric Chemistry Experiment Fourier Transform Spectrometer (ACE) on SCI-SAT have measured stratospheric
composition since 2004 and 2003, respectively. We use their records of N,O, HNO,, NO,, and O, over a 16-year
period to examine how changes in reactive nitrogen species affected gas phase ozone chemistry above 30 hPa
between June 2013 and May 2021 compared to the previous 8 years, June 2005-May 2013; we call this the
quasi-decadal (QD) change. We use simulations of the Global Modeling Initiative (GMI) chemistry transport
model (CTM) to understand how dynamical changes affected O, loss processes. We also identify the QBO's role
in UpS circulation and composition.

2. Data and Model Experiments

We investigate UpS O, changes between June 2005 and May 2021 using MLS v5.0 Level 3 pressure level
measurements of O,, HNO,, N,O, and temperature (Livesey, Read, Wagner, et al., 2021). MLS N,O v5.0
data (190 GHz) have a negative drift of up to 10%/decade at 22 hPa and below but have no statistically
significant drifts in the middle and upper stratosphere 50°S—-50°N up to ~3 hPa (Livesey, Read, Froidevaux,
et al., 2021). Livesey, Read, Froidevaux, et al. (2021) found no evidence for drift in the HNO,, O,, and
temperature records between 2005 and 2019. We use ACE v4.1 pressure level measurements of NO,, NO,
and N,O; to calculate NO, (Boone et al., 2020); see SI for details. The ACE products used here are zonal
monthly mean sunrise and sunset data averaged over 5° latitude bands. MERRA2 zonal (#) and meridional
(v) winds, temperature, and vertical velocity omega (dp/dz) (Gelaro et al., 2017; Global Modeling and
Assimilation Office [GMAO], 2015) were used to calculate the residual mean circulation velocities, v* and
w* (Andrews et al., 1987). The residual mean circulation was then used to link trace gas changes to circu-
lation changes.

The purpose of our model experiments is to separate the expected O, changes due to tropospheric source gas
trends from dynamical changes that affected O, by altering source and product gas distributions and hence the
balance of O, production and loss. To this end we integrated 2 GMI CTM simulations for June 2005 to May 2021
with the same source gas boundary conditions (e.g., for N,O, CFCs, CH,, etc.) but with different meteorologi-
cal fields (Strahan et al., 2013). The Baseline simulation uses MERRAZ2 fields for 2005-2021, while the Fixed
Dynamics experiment (“FixDyn”) begins with the same initial conditions as Baseline but recycles MERRA2
fields from June 2005 to May 2007 until the end of the run in May 2021. Thus, the FixDyn simulation has no
long-term dynamical trend while still generating the two largest sources of stratospheric transport variability: the
annual cycle of the Brewer Dobson circulation (BDC) and the QBO. This particular 2-year period was chosen
because the MERRA?2 tropical winds from ~100 to 3 hPa on 1 June 2005, are similar to those on 1 June 2007
(i.e., QBO has the same phase), minimizing the adjustment to tropical transport from recycling. June is a good
transition month for recycling because planetary wave activity is at a minimum, which minimizes extratropi-
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cal transport adjustments. Both simulations are integrated with 1° X 1.25° horizontal resolution on 72 hybrid
sigma-pressure levels, use the same chemical mechanism, have the same solar cycle, and have the same tropo-
spheric emissions. All simulated and observed annual means are calculated from June to the following May. QD
changes are the difference between the average of June 2013—-May 2021 and June 2005-May 2013; the mean
difference between these periods is 8 years.

With its realistic representation of 2005-2021 meteorology, Baseline's QD changes in stratospheric compo-
sition are very similar to those observed (Sections 3 and 4), allowing us to explain the observed O, changes
in terms of changes in loss processes. Comparisons of the QD changes in loss processes in Baseline and
FixDyn identify where key dynamical changes occurred that altered the loss processes and the expected O,
changes.

3. Quasi-Decadal Changes N,0O, NOy, and Dynamics

0dd nitrogen produced from N,O + O'D is mostly found as HNO, below ~15 hPa and as NO, above. Figure la
shows QD increases greater than 10% in MLS N,O throughout the UpS where the O'D reaction is important;
QD increases exceed 15% over large regions. Froidevaux et al. (2022) noticed large increases of >1%/year in
50°S-50°N UpS N, 0. The pattern of simulated QD N,O changes in GMI Baseline matches the observations well
(Figure 1b). The known negative MLS N, O drift below 20 hPa likely contributes to the negative changes there,
but the simulation suggests that they are qualitatively correct. Our analysis focuses on changes 20-3 hPa, where
the N,O drift is insignificant. In the polar regions above 7 hPa where N,O is <30 ppb and both MLS and GMI
show changes >10%, small differences between GMI and MLS mixing ratios can lead to large differences in their
QD percentage changes (see Figure S2 in Supporting Information S1).

The increased N,O also leads to increased HNO, above 5 hPa at most latitudes that is in excess of the N,O tropo-
spheric growth rate of 2.4%/8 years (white contours in Figure 1); the greatest HNO, increases are found north of
50°N and extend down to ~10 hPa. Low HNO, mixing ratios at 3 hPa increase the uncertainty of the percentage
change (Figure S2 in Supporting Information S1). In the tropics 20-7 hPa, QD N,O increases while QD HNO,
and NO, (Figures lc and le) decrease, indicating these are transport controlled changes consistent with increased
upwelling (i.e., younger air containing higher N,O and lower NO,). In the Arctic, simulated and observed NO,
and HNO;, changes exceed source gas growth above 10 hPa while in the Antarctic they do not (Figure 1f). Figure
S3 in Supporting Information S1 shows simulated QD NO, and NO, changes at all latitudes. Increases in UpS
NO, are smaller than those of N,O because the net NO, increase depends on both production and transport, and
increased upwelling reduces NO, transported to the UpS.

Figure 2 demonstrates the dynamical connection between changes in the UpS circulation and increased N,O and
NO,. The Baseline simulation shows a net increase in tropical NO, production that peaks near 5 hPa, parallel-
ing the large QD increases in N,O (Figure 2a). The comparison with annual mean MERRAZ2 tropical vertical
velocities (w*) in Figure 2b reveals the cause. Both the observed and simulated N,O annual means from 2005 to
2021 change in near lock step with the MERRA2 w* at 7 hPa; years with stronger upwelling increase UpS N,O.
Similarly strong correlations between MLS N,O and w* are found between 10 and 3 hPa (Figure S4 in Support-
ing Information S1). Figure 2c shows QD changes in the UpS residual circulation. There are large increases in
the tropical ascent (w*) and the poleward meridional velocity in both hemispheres, and the northern hemisphere
(NH) v* increases ~8 to 5 hPa are more than double those in the southern hemisphere (SH), much like the NO,
changes in Figure 1f. The large UpS QD increase in w* is driven by increased ascent rates in SH winter months
(Figure S5 in Supporting Information S1). Along with the QD temperature changes (Figure 2d), the w* and v*
changes indicate strengthening of northern branch of the UpS BDC. Similar circulation changes, along with
related lower stratospheric (LS) N,O changes, were identified in four different reanalysis driven simulations of
2005-2017 (Ploeger & Garny, 2022). Large NH v* changes are consistent with elevated HNO, and NO, in the
Arctic.

The QBO's role in the UpS composition change is shown in Figures 2e and 2f. Because increased tropical vertical
velocities and cooling are dynamical responses to the tropical easterly zonal wind shear (Baldwin et al., 2001),
a correlation is also expected between N,O and the zonal wind. Figure 2e shows monthly mean MLS N,O and
MERRA?2 zonal wind (u) at 7 hPa over the 2005-2021 period. Their correlation is —0.7 and higher N,O values
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Figure 1. Quasi-decadal (QD) percentage changes in (a) Microwave Limb Sounder (MLS) N,O, (b) Global Modeling
Initiative (GMI) Baseline N,O, (c) MLS HNO;, (d) GMI Baseline HNO,, (e) tropical ACE and GMI Baseline NO,, and (f)
same as (e) except for the Arctic and Antarctic, 60°~70°. White contour value, 2.4, is the tropospheric source gas growth.

are associated with strong easterly winds, consistent with N,O and w* from 10 to 3 hPa (Figure S4 in Support-
ing Information S1). QD changes in the tropical zonal wind are consistent with the increased w* from 2013 to
2021. Figure 2f shows MERRA2 10°S—10°N zonal wind probability distributions at 7 hPa for 2005-2013 and
2013-2021. The most probable zonal wind went from —3 m/s in the early period to —32 m/s in the later period. In
the early period, winds were weakly easterly 66% of the time (mean wind —6 m/s) while in the later period they
were easterly 79% of the time (mean wind —14 m/s). QD changes in the tropical UpS zonal wind (i.e., the QBO)
drove mean upwelling changes that increased tropical and NH N,O and NO,. The annual mean MERRA?2 zonal
winds at 2°S and the Singapore wind data record (1.3°S) at 10 hPa (the lowest pressure available) agree very well
between 1995 and 2021, as do QD changes in the wind speed distributions 2005-2021, based on monthly mean
data (Figure S6 in Supporting Information S1). The MERRA?2 zonal winds averaged 10°S—10°N have the same
behavior as MERRA?2 2°S winds but are typically 0-5 m/s more easterly.

STRAHAN ET AL.

4 0of 10

8518017 SUOLULLOD 8A1IR.0 3(edl|dde au Aq pausenob afe sajoie YO ‘@SN Jo SaInJ 10} Ariq1T8Ul|UO 3|1 UO (SUORIPUOD-PUE-SWBILIO" A8 | 1M ARe.q) 1 BulUo//SdY) SUORIPUOD pue SWe | 8L 88S *[2202/TT/zz] Uo ARiqiTauliuo Aelim ‘puelkren JO AiseAlun Aq 520TOT 192202/620T 0T/I0p/w0o A 1m Azl 1jeut|uo'sandnBe//sdny woij pepeojumod ‘0z ‘2202 ‘L00876T



| ¥eld ,
NI Geophysical Research Letters 10.1029/2022GL101075
ADVANCING EARTH
AND SPACE SCIENCE
NOy P-L (ppb/mon
0.1 0.0 0.1 O(Ep 0.3 6.4 0.5 N20 & w* at 7 hPa
2 T T T T 180 T T 1.5
3t MLS | MLS 110
1601 Gm 1 @
© | S
& 5t 4 = w* 0.9 £
S 7t . g 140} ;
© & 106 =
=] o) o
@ 10 . S <
[
= 120 03 ¥
o 15}¢ NOy P-L ] g
L ] 0.0
201 A 100} B 1
30 L L L L L L . 1-0.3
5 0 5 10 15 20 25 2005 2010 2015 2020
Quasi-Decadal N20O Change (%)
MERRA2 w* and v* MLS QD Temp Change
2 y T y 44 T 44
|
3[ Tropical w*" 140 3 /.b -
T Arctic v* ! @ & —
a 5 1 1l E A~ €
= . 36E = 36 S
* 1
S 7} Antarctic v*| 135 5 7h N T
> 1 ) 5 ‘o °
2 10F 432= 3 10F 32=
o (v* scaled z 9 =z
& 5L by0.5 1 % 5k
15} by 0.5) 128 15 28
20F 1 20F
¢ A
30 L | L 124 30 L L 24
-40  -20 0 20 40 -50 0 50
Quasi-Decadal Change (%) Latitude
Zonal Wind (U) 7 hPa Zonal Wind (U) 7 hPa
40 T T T T T T T 025 T T T T
=.068 2005-2013 Avg -6.31 66% East
2ol 1 0.20| 2013-2021 Avg -14.0 79% East ]
2 Westerly]
IS ; >
£ of-- QPN — - — — - £ 0.15} 1
=) B ¥ 3
3 E)ggterly %
g 20} D% ] 2 o0} ]
= R *
-a0f 1 0.05} ]
E F
-60 A T T T T 0.00 s L N
60 80 100 120 140 160 180 200 -60 -40 -20 0 20
MLS N20 U (m/s)
Figure 2. (a) Quasi-decadal (QD) percentage change in Microwave Limb Sounder (MLS) and Global Modeling Initiative
(GMI) Baseline 10°S—10°N N, O profiles and simulated QD change in Baseline net odd nitrogen production-loss (P-L) in ppb/
month. (b) Annual mean MLS and Baseline N,O for 2005-2021 and MERRA?2 vertical velocities (w*) at 7 hPa 10°S—10°N.
(c) QD percentage changes in MERRA?2 w#* profiles 10°S—10°N (black), and v* profiles for the Arctic (50°~70°N, red), and
Antarctic (50°-70°S, blue). (d) QD MLS global temperature change (K). (¢) MERRA2 monthly zonal mean zonal wind (u)
and MLS monthly zonal mean N,O, 7 hPa 10°S—10°N. (f) Probability distributions of MERRA2 10°S—10°N zonal winds for
June 2005-May 2013 (black) and June 2013-May 2021 (red).
4. Dynamically Driven Changes in O; Loss Cycles and O, Impacts
We explore the impacts of the UpS NO, changes on ozone using two dynamically different GMI simulations:
Baseline, with MERRA2 meteorology for 2005-2021, and FixDyn, which repeats the June 2005-May 2007
MERRAZ2 meteorology for the entire 16-year period. Since both simulations are forced by the same source gas
surface boundary conditions for N,O, CH,, and the halocarbons, the differences between them show the effects
of dynamically driven composition change on O, between 2005 and 2021.
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Figure 3. Quasi-decadal (QD) Changes in O, loss (in ppb/mon) due to (a) FixDyn NO,, (b) Baseline NO,, (c) FixDyn CIO,,
and (d) Baseline ClO,. QD Change in O, loss (ppb/mon) from all O, loss cycles for (e) FixDyn and (f) Baseline.

NO, and CIO, radicals account for most gas phase O, loss from 50 to 2 hPa (Figure S7 in Supporting Informa-
tion S1) and changes in their abundances strongly influence O,. Figure 3 contrasts the QD O, loss changes in
Baseline and FixDyn simulations caused by NO,, ClO,, and the total of all radical families, which includes HO,,
O,, and BrO,. (Losses shown as positive numbers.) FixDyn shows a small, hemispherically symmetric increase
in loss by NO, in the tropical UpS, expected due to the source gas trend (Figure 3a). Baseline O, loss by NO,
(Figure 3b) shows a pattern similar to the observed QD HNO, and NO, changes (Figure 1), with reduced tropical
loss from ~20 to 7 hPa and greatly increased extratropical loss above 7 hPa, especially in the Arctic.

O, loss by CIO, increases with altitude while declining chlorocarbons reduce chlorine by ~5%/decade. The QD
change in O, loss by ClO, is therefore negative and becomes more negative with altitude; this is seen in both
simulations (Figures 3c and 3d). There is little hemispheric asymmetry compared to the QD change in O, loss by
NO,. This is due to the differences in the altitudes where N,O and chlorocarbon destruction occurs and to the alti-
tudes with increased upwelling. Below 10 hPa, ~70% of Cl from chlorocarbons has already been released, thus
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the impact of increased UpS upwelling has minor impact on CIO, production. In the Arctic UpS, Baseline QD O,
loss by CIO, decreased by factors of 2-3 compared to FixDyn. This is consistent with observed and simulated QD
declines in Arctic ClO at 3 hPa that is roughly twice the magnitude as all other latitudes (Figure S8 in Supporting
Information S1). The large Arctic CIO decrease is cause by increased UpS NO,, which reduces the CIO/Cl ratio
and thus the O, loss by ClO, (Douglass et al., 1995).

The QD change in the sum of all O, losses is nearly equal to the losses from NO, and ClO, in both simulations
(Figures 3e and 3f). QD losses by HO,, O, and BrO, cycles, shown in Figure S9 in Supporting Information S1, are
smaller than ClO, or NO, losses and look nearly the same in Baseline and FixDyn. The QD changes in all losses
in both simulations are very small below 15 hPa, where transport influences O, more than chemistry. But unlike
FixDyn, the spatial pattern and magnitudes of Baseline's QD change in total loss between 15 and 3 hPa is clearly
dominated by changes in NO, losses from 20°S—-80°N (Figure 3b).

Stratospheric O, changes depend on changes in production (P), loss (L), and transport, depending on the local
O, lifetime. The QD O, P-L changes in both simulations, Figures 4a and 4b, look very much like the total loss
changes in Figures 3e and 3f but with opposite sign (because loss is positive in Figure 3). The Baseline QD O,
changes (Figure 4d) are in excellent agreement with the MLS observed changes (Figure 4f), and the pattern
of changes in both look very much like the P-L changes, which are largely determined by changes in loss by NO,
and CIO,. These patterns are dramatically different from the FixDyn O, changes, which are due only to tropo-
spheric source gas trends (Figure 4c).

Figure 4e shows QD O, changes caused only by the dynamically driven composition change: this is the difference
between Baseline and FixDyn QD O, (Figures 4d—4c). The strong similarities between the patterns and magni-
tudes of MLS O, changes (Figures 4f) and 4e indicate that O, changes from 15 to 2 hPa during the 2005-2021
period were strongly influenced by dynamical changes that affected O, loss chemistry The dynamically driven
chemical features include a >300 ppb increase in tropical middle stratospheric O, and small decreases in Arctic
UpS O, that occur in spite of decreasing chlorine. Both changes are consistent with the positive tropical trend
from 30 to 35 km and the near zero zonal mean Arctic trend at 35 km for 2004-2018 reported by Sofieva
et al. (2021). Both the observations and simulation show QD O, decreases from 20° to 50°S, 20-7 hPa where the
QD O, P-L is near zero. These O, decreases are likely due to transport rather than dynamically driven changes
affecting loss families.

Figure 4g shows the QD changes in the 20-2 hPa O, column, which is largely controlled by gas phase photochem-
istry. FixDyn shows O, increases of ~0.3 DU with little latitude variation. Baseline and MLS O, changes deviate
from FixDyn at all latitudes except 30°-50°N. The increased upwelling that reduces losses by NO, explains the
nearly 2 DU equatorial increase observed by MLS. From 60° to 80°N, MLS shows no increase in O,, consistent
with increased UpS loss by NO, that negates the recovery due to reduced chlorine. MLS also shows QD decreases
12°—40°S of 1/2 DU less than FixDyn; given the small changes in P-L this decrease is due mostly to transport.
The observed and simulated 1 DU increase in the Antarctic is explained by decreased loss by NO, below 5 hPa
(Figures 1f and 3b). The dynamically driven part column changes 20°S-20°N are 1.0 DU (=1.25 DU/decade),
while total column tropical trends for 1997-2016 are not statistically different from zero (Braesicke et al., 2018).
The UpS increase reported here and the lack of a tropical total column trend are both consistent with tropical verti-
cal profile trends 1997-2017 that are positive in the UpS and negative in the LS (Petropavlovskikh et al., 2019).

5. Conclusions

We demonstrated that the observed O, changes in the tropical middle stratosphere and the Arctic UpS from 2005
to 2021 resulted from chemical changes caused by increased tropical upwelling. The upwelling changes are
connected to the increased frequency and intensity of QBO easterly winds at 10 hPa and above that transported
N,O to the UpS and increased NO, production. UpS NO, increased above ~5 hPa and was transported largely to
the Arctic, where it increased O, loss by NO, and prevented O, increase in the 20-2 hPa column 60°-90°N. Below
~5 hPa, faster ascent reduced tropical NO,, leading to an increase of ~1 DU/decade in the 20-2 hPa O, column
20°S-20°N. These effects are significant in the context of current total column trend estimates 1997-2016 that
are <1 DU/decade from 60°S to 60°N (Braesicke et al., 2018).

Decadal scale changes in the UpS circulation since 2005 changed odd nitrogen source and reservoir gas distribu-
tions in a way that changed the rate of O, recovery expected due to declining chlorine. This had little impact on
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Figure 4. Quasi-decadal (QD) Changes in O, production-loss (P-L) in ppb/mon from 80°S to 80°N for (a) FixDyn and (b)
Baseline. QD O, changes (ppb) for (c) FixDyn, (d) Baseline, (¢) Baseline-FixDyn, and (f) Microwave Limb Sounder (MLS)
O;. (2) QD O; changes for the 20-2 hPa column for Baseline, MLS (blue), and FixDyn (red).

reactive chlorine because of differences in the altitudes where their respective source gases are destroyed. These
effects contribute to UpS O, trends since 2005 and are likely not accounted for in trend calculations. Ozone trend
regressions attempt to account for transport driven O, variability caused by the QBO using coefficients that
reflect its LS phase (see Ch. 4 in Petropavlovskikh et al. (2019)). The QBO-related changes identified here are
different because they occurred far above the LS, altered O, loss processes rather than Oy transport, and occurred
over a period much longer than a QBO cycle. This composition change will not have a quasi-biennial signature
and a trend fit using LS QBO coefficients will not regress this variability.

CCMs are our primary tools for projecting future stratospheric O, abundances and most are able to internally
generate a QBO. Gravity wave (GW) fluxes play a substantial role in maintaining the QBO, however, in most
CCMs they are parameterized and tuned to match the observed, present-day QBO period and amplitude (Richter
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et al., 2020). CCMs with parameterized GW and fixed GW sources are unable to change with the changing tropo-
spheric climate, leading Richter et al. (2020) to conclude that this creates great uncertainty in the QBO's behavior
in a future climate.

Several studies have shown that the 2016 and the 2019/2020 QBO disruptions were caused by large equator-
ward meridional momentum fluxes that penetrated the tropics (Antsey et al., 2021; Coy et al., 2017; Osprey
etal., 2016). The Antsey et al. (2021) analysis of CCMs involved in the QBO Initiative (a model intercomparison)
and of two recent QBO disruptions provides evidence that the QBO is likely to weaken and experience additional
disruptions in a warming climate. They argue that several robust model responses to climate change, including the
speed up of the BDC and the weakening of westward winds at the subtropical edges of the QBO, make the QBO
more vulnerable to extratropical wave fluxes penetrating the tropics. An increased frequency of disruptions will
make future stratospheric composition less predictable.

Neholuha et al. (2015) reported a circulation change of the opposite sign in the tropics (i.e., slower ascent) from
1991 to 2013 that increased NO, and decreased O, ~15 to 7 hPa; the cause was not identified. The composition
changes we report, which occurred between 2005 and 2021, also span more than a decade and both results may
indicate a multi-decadal dynamical variation of unknown source. Regardless, it's clear that dynamical changes
on decadal scales are able to significantly alter distributions of a chemical family, NO,, whose radicals control
a major stratospheric O, loss cycle. These changes, even if only decadal, have a measurable impact current O,
trends.

Data Availability Statement

Aura MLS version 5 data are available at http://mls.jpl.nasa.gov. ACE data are available through the following
sign-up link: https://databace.scisat.ca/12signup.php. The monthly mean Singapore zonal mean winds, derived
from radiosonde data obtained by the Meteorological Service Singapore, are available at https://acd-ext.gsfc.
nasa.gov/Data_services/met/qbo/QBO_Singapore_Uvals_GSFC.txt. The GMI simulations can be found at
https://portal.nccs.nasa.gov/datashare/dirac/gmidata2/users/mrdamon/Hindcast-Family/HindcastMR2; see the
HindcastMR2V2 and HindcastMR2V2-FixedDyn subdirectories. Model simulations were integrated with mete-
orological fields from the following collection, after reducing the horizontal resolution to 1° latitude by 1.25°
longitude: GMAO (2015). This same data collection is the source for other MERRA?2 products used in this study.
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