
1. Introduction
The December 29, 2019–January 4, 2020 Australian New Year (ANY) wildfire exceeded the 2009 Black Sat-
urday fires as the most devastating in Australian history. Extreme wildfires can inject smoke into the upper 
troposphere and even into the stratosphere under favorable meteorological conditions (Fromm et al., 2010). 
The higher the smoke is injected, the longer it will persist and the wider its extent. The 2017 Pacific North-
west Wildfire Events (PNE) injected about 0.3 Tg of smoke particles into the stratosphere and elevated the 
stratospheric aerosol extinction above background for over 8 months (Peterson et al., 2018; Yu et al., 2019). 
The impact from the ANY is expected to be much larger than the 2017 PNE as it injected a greater amount 
of smoke (Kablick et al., 2020; Khaykin et al., 2020).

Wildfire smoke particles are mainly composed of organic carbon (OC) and black carbon (BC) (Andre-
ae, 2019). OC is largely nonabsorbing at mid-visible wavelengths while BC is a strong visible light absorber. 
A portion of OC, which is referred to as brown carbon (BrC), can absorb sunlight, but the absorption is 
much weaker than BC, and observations suggest these aerosols have a lifetime of only a few days (Forrister 
et al., 2015). When BC absorbs sun light it warms the surrounding air and lofts the heated air parcel (de Laat 
et al., 2012; Malone et al., 1985; Yu et al., 2019). The degree of heating and ascent of the air parcel scales 
with the mass fraction of BC. The BC mass fraction depends on the fuel type and the fire characteristics, 
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but typically BC makes up about 2% of smoke from boreal forest, 3% of that from temperate forest, and as 
much as 8% of smoke from savanna and grassland fires based on numerous field studies summarized in 
Andreae (2019). The BC mass fraction was estimated to be 2%–3% in the PNE stratospheric aerosols and in 
the 2013 California Rim fire boundary layer aerosols (Yu et al., 2016, 2019).

Stratospheric and tropospheric smoke particles significantly perturb the Earth's radiative balance through 
both shortwave scattering and longwave absorption. A comparison between observations and a numerical 
forecast lacking fire smoke demonstrated that a 1987 California fire cooled the local surface temperature by 
15K (Robock et al., 1988). Modeling studies estimate that a 5-Tg BC injection from a regional nuclear war 
could warm the global stratosphere by 30 K (Mills et al., 2008), decrease the incoming shortwave flux at the 
planetary surface by over 10%, and cool the global average surface by about 1.5 K (Toon et al., 2019).

The 2017 PNE smoke was observed to have spread throughout most of the Northern Hemisphere (NH) 
stratosphere after about 2 months by the SAGE III/ISS, the Ozone Mapping and Profiler Suite Limb Pro-
filer (OMPS-LP) and other satellites instruments (Khaykin et al., 2018; Torres et al., 2020; Yu et al., 2019). 
Similarly, in the 2019–2020 Australian event, the smoke particles were detected throughout the Southern 
Hemisphere stratosphere (SHS) after a few months by the spaceborne SAGE III/ISS and OMPS instru-
ments (Kablick et al., 2020; Khaykin et al., 2020). Numerical models suggest that the 2017 PNE smoke, 
with slightly less than 0.1% of the BC (about 7.5 × 10−3 Tg) as compared a regional nuclear war scenario 
(Toon et al., 2019), could warm the air parcels up to 6 K locally within the concentrated smoke plume (Yu 
et al., 2019). However, simulations of 2017 PNE did not show significant temperature anomalies on the 
hemispheric scale. In this study, we demonstrate that the amount of BC emitted during the 2019–2020 
Australian fire could perturb stratospheric temperatures and the radiative balance on a hemispheric scale. 
That aerosols can warm the stratosphere is not an unprecedented conclusion in that Free and Angell (2002) 
showed that several volcanic clouds heated the stratosphere by 1 K. However, the injected aerosol mass of 
these volcanic clouds was an order of magnitude greater than that of the smoke. We also discuss how this 
record-breaking smoke event might have affected the high-latitude ozone burden, which had near record 
losses in October of 2020.

2. Methods
We use a sectional aerosol model, the Community Aerosol and Radiation Model for Atmospheres (CARMA) 
coupled with the Community Earth System Model (CESM-CARMA) (Bardeen et al., 2008; Toon et al., 1988; 
Yu et al., 2015, 2019) to study the transport, microphysics, chemistry and climate impacts of smoke from 
the extensive ANY event. The model has 56 vertical layers from the surface up to 45 km with a vertical 
resolution of about 1 km in the upper troposphere and lower stratosphere, and simulations are run on a 
grid of 1.9° latitude × 2.5° longitude. Details of the model configuration are in the Supporting Information 
(Text S1).

Peterson et al. (2020) estimated that the ANY smoke mass injected into the stratosphere was between 0.3 and 
0.9 Tg; where 0.9 Tg is three times that of the 2017 PNE smoke estimate (Yu et al., 2019). Khaykin et al. (2020)’s 
estimate on ANY smoke mass is 0.4±0.2 Tg, which is about 45% of our estimate. In our initial calculations, 
we increased the PNE smoke particulate emission, 0.3 Tg of smoke, by a factor of 3 for the 2019 Australian 
fire event simulation (3xPNE). To test the sensitivity to smoke amount, we also examined two other emis-
sion scenarios, one with the same emissions as in 2017 (1XPNE) and one with five times the emissions of 
the 2017 case (5XPNE). Smoke is injected in the upper troposphere at 12 km within one model grid box 
(modeled local tropopause is 15.5 km) over Southeastern Australia near (39°S,150°E), and we assume the 
injected BC mass fraction is 2.5%, similar to the values derived from the 2017 PNE (Yu et al., 2019) and 2013 
Rim fire (Yu et al., 2016). To test the sensitivity to BC fraction, we performed additional experiments with 
BC fraction values of 0% and 5%. In the smoke, 20% of OC is co-emitted with BC and the remaining 80% of 
OC is injected externally mixed. We inject the smoke at a constant rate from 0Z to 5Z UTC (10 a.m. to 3 p.m. 
local time) on 4 individual days (December 29–31, 2019 and January 4, 2020), corresponding to the dates 
pyrocumulonimbus were observed reaching the stratosphere (Kablick et al., 2020).

The model is spun up in specified dynamics mode for 6 months until December 29, 2019 by nudging to the 
Goddard Earth Observing System version 5 analysis (GEOS-5). Starting from December 29, we run two sets 
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of the model freely for 1 year (using model-generated meteorology). As such, the model does not capture 
the record-breaking NH polar vortex in 2020 (Lawrence et al., 2020), nor does it capture the QBO disruption 
that occurred in February 2020 (Saunders et al., 2020). We did not include material from the June 2019 
Raikoke volcanic eruption at 48°N. Using this model configuration, we ran nine ensemble member pairs by 
perturbing the initial condition at the beginning of the free-running portion of the nominal simulation (i.e., 
3xPNE and 2.5% BC fraction) starting on December 29, 2019.

3. Results
3.1. Plume Rise and Evolution

The smoke plume was observed to rise above 20  km in the first month (Kablick et  al.,  2020; Khaykin 
et al., 2020). As shown in Figure 1, the simulated stratospheric background aerosol extinction coefficient 
at mid-visible wavelengths is between 1 × 10−4 and 3 × 10−4 km−1 from 18 to 24 km without the Australi-
an smoke. The background aerosol is mostly composed of pure sulfate from oxidation of carbonyl sulfide 
and mixed organic-sulfate particles of tropospheric origin (Froyd et  al.,  2009; Murphy et  al.,  2014; Yu 
et al., 2016). SAGE III/ISS shows that aerosol extinction coefficients in Southern Hemisphere (SH) midlati-
tudes are enhanced by a factor of 3–5 from 18 to 24 km in early 2020. In the simulations shown in Figure 1, 
the 3xPNE scenario agrees best with SAGE III/ISS. The simulation with 5xPNE overestimates the observed 
extinction coefficients by a factor of 3–10 above 20 km, while the simulation with 1xPNE shows negligible 
enhancement over background above 20 km. Our model further suggests that the injected smoke mass is 
large enough to enhance the global lower stratospheric aerosol mixing ratio by a factor of 1–3 by March of 
2020 (Figure S1).

Black carbon absorbs sun light and the heating lofts the smoke plume and surrounding air parcels. The 
amount of heating, and therefore the rate of plume rise is determined by the amount of BC within the 
smoke. However, the total optical depth is dominated by the amount of OC in the plume. Thus, we use 
timing of the observed plume rise to constrain the amount of BC in the plume and the observed extinction 
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Figure 1. Simulated temporal distribution of aerosol extinction coefficient (km−1) at mid-visible wavelengths zonally averaged from 40°S to 20°S at 18 km 
(panel a), 20 km (panel b), 22 km (panel c), and 24 km (panel d). Colored solid lines denote different emission scenarios "given in the key". The black carbon 
mass fraction is 2.5% in each scenario. The black dashed line denotes the control case without Australian smoke injection. Mid-visible aerosol extinction 
coefficients observed by SAGEIII-ISS are denoted by gray circles and the means are denoted by the magenta symbols.
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increases to constrain the total optical depth as shown in Figures 1 and 2. Figure 1 shows the sensitivity of 
the extinction to different smoke amounts using a BC fraction of 2.5%. The smoke in the 1xPNE simulation 
does not rise above 20 km and thus simulation compares poorly with the observations while the 5xPNE 
simulation greatly overestimates the observed extinction coefficients. The simulated smoke in the 3xPNE 
scenario with 2.5% BC agrees best with SAGE III/ISS observations.

The OMPS-LP data in Figure 2 show that the smoke plume rose from 16 to 22 km between 13 January and 
early March. Simulations with the same total injected smoke mass (i.e., 3xPNE) but with various BC mass 
fractions (0%, 2.5%, 5%) are shown in the panels of Figure 2. Consistent with the 2017 PNE (Yu et al., 2019) 
and 2013 California Rim fire (Yu et al., 2016), our simulations with 2.5% of BC in the smoke particles best 
match the observed plume rise (Figure 2b). Without BC in the simulation, the smoke failed to climb above 
18 km (Figure 2a) while a smoke plume with 5% BC rose above 30 km in the first month (Figure 2c).

We calculated the Transformed Eulerian Mean residual vertical velocity ( w ) (Andrews et al., 1987) from the 
3xPNE 2.5% BC and baseline (no smoke) simulations to diagnose the mean meridional smoke-induced ver-
tical air motion. These calculations indicate significant zonally averaged upward motion in the midlatitudes 
of the Southern Hemisphere in January when the smoke remained relatively concentrated (Figure S2). In 
later months, the stratospheric temperature adjustment balanced the radiative heating, and that combined 
with plume dilution resulted in no further significant vertical motion.

3.2. Smoke's Latitudinal Spread

OMPS-LP satellite observations (Figure S3) show that smoke particles spread through the entire SH strato-
sphere within 2 months. In the lower stratosphere (<16 km), transport was polewards reaching 80°S in Feb-
ruary of 2020. Portions of the smoke that were lofted higher (up to 25 km) moved equatorwards. The higher 
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Figure 2. (a) Simulated smoke mass mixing ratio (unit: ppb) as a function of time averaged from 60°S to 20°S is shown in color contours. The smoke particles 
are assumed to be pure OC (without BC). Observed smoke maximum altitude by the OMPS satellite is shown in white circles. OMPS maximum altitude defined 
in this study is the highest altitude where the zonal mean aerosol extinction coefficient is greater than 5 × 10−4 km−1 at 675 nm; (b) same as (a), but with 2.5% 
BC in the smoke; (c) same as (a), but with 5% BC in the smoke. The total injected smoke mass in all panels is 0.9 Tg (i.e., 3xPNE). BC, black carbon; OC, organic 
carbon; OMPS, Ozone Mapping and Profiler Suite.
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the smoke reached, the longer its residence time and the greater the mixing throughout the hemisphere 
due to wind shear and dispersion (Yu et al., 2019). Simulations suggest that a small amount of smoke was 
transported across the equator to the Northern Hemisphere (NH) in late January 2020. However, we don't 
have observational evidence for the cross-latitude transport because the NH stratosphere was heavily influ-
enced by volcanic smoke in early 2020. Observations from Mauna Loa Observatory lidar (Figure S4) show 
that the aerosol backscatter ratio is a factor of 3–5 larger than model simulations. The large discrepancy is 
likely attributed to the Raikoke and Ulawun volcanic injections, which are not included in the model results 
presented in this study.

3.3. Persistent Stratospheric Warming

For the observational temperature analysis, we use the Modern Era Retrospective Analysis for Research 
and Applications-2 (MERRA-2) reanalysis (Gelaro et al., 2017) monthly mean assimilated (ASM) collection 
(GMAO et al., 2020) (see details of the MERRA-2 reanalysis in the Supporting Information Text S2). The 
MERRA-2 reanalysis residual temperature anomaly (with QBO, polar vortex and long-term trend removed) 
shows significant stratospheric warming starting from January of 2020 from 50°S to 50°N (Figure S5). Zon-
ally averaged residual temperature anomalies as large as 1 K are found over half of the globe in the lower 
stratosphere in January of 2020. In Figure  S6, the largest MERRA-2 residual anomalies in January and 
February are found in the lower stratospheric midlatitude SH and tropics. MERRA-2 warming decays sig-
nificantly in March and April. Here we hypothesize that the stratospheric warming in the Southern Hemi-
sphere (SH) and tropics is a consequence of smoke-induced diabatic heating.

We use CESM-CARMA to diagnose the spatial-temporal distribution and magnitude of the warming caused 
by the 2019–2020 ANY event. The magnitude and spatial pattern of the warming in the simulations are 
similar to the MERRA-2 residual temperature anomalies (Figure S6). We have completed 9-member ensem-
bles of simulations both with and without the smoke, and all simulations with smoke find the consistent 
stratospheric warming as shown in Figure S7. Modeled warming persists from January to September of 
2020, while the warming signals in MERRA-2 decay quickly in March. However, the actual temperature 
(as indicated by MERRA-2) will be impacted by factors not included in our model runs such as volcanic 
aerosols and internal variability. Shown in Figure 3a, the simulated smoke in the 3xPNE simulation warms 
the midlatitude stratosphere (60°S–20°S) by 1–2 K in February–March 2020, agreeing with the warming 
signals in the MERRA-2 reanalysis data. The simulation with 5xPNE, which includes more absorbing ma-
terial, doubles the modeled temperature anomaly and does not match observations well. The shadings and 
error bars in Figure 3a denote the simulated variability (one standard deviation) in the ensemble runs. The 
smoke-induced temperature anomalies are greater than model variability (derived from ensemble runs), 
which indicates that the simulated stratospheric warming is statistically significant in both 3xPNE and 
5xPNE simulations. On the other hand, the limited BC in the 1xPNE simulation did not produce any statis-
tically robust stratospheric warming. The stratospheric warming is most significant in the midlatitudes of 
SH where the smoke entered the stratosphere. Weaker but still significant warming is predicted by simula-
tions for mid-high latitudes in SH and tropics (Figures 3b–3d). Clearly, increasing the amount of BC leads 
to stronger stratospheric warming. Smoke in the 1xPNE scenario has no effect on air temperature at 26 mb 
(about 25 km in the tropics) (Figure 3b). In contrast, smoke in the 5xPNE simulation warms the stratospher-
ic air at 26 hPa by 1–2 K. No significant temperature response was found for any emission scenario in the 
upper troposphere (∼300 hPa) below where the smoke is located (Figure 3e). This contrasts with cases of 
volcanic eruptions (Agung, El Chichon and Pinatubo) that produce temperature decreases at 300 hPa, while 
heating the stratosphere at 50 hPa by as much as 1.5 K (Free & Angell, 2002).

The model reproduces the spatial distribution of the warming signals with warming in the upper tropo-
spheric air of midlatitudes and lower stratosphere in the tropics (Figures S5–S6). The model produces more 
persistent warming than indicated by the MERRA-2 reanalysis data set in the lower stratosphere of SH and 
tropics. While it is possible that the radiative-dynamical feedback in the model could be overestimating the 
warming, it is worth noting that other recent stratospheric perturbations have likely influenced stratospher-
ic temperatures, including the Raikoke and Ulawun volcanoes (Figure S4), not to mention other sources of 
stratospheric internal variability (e.g., QBO, polar vortex) that could obscure the persistent warming from 
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the ANY fires. Also, while an attempt was made to remove the impacts of the QBO and NH polar vortex 
on temperature using multiple linear regression, this technique is limited in that it does not consider lags 
between the regressors and temperature, or nonlinear interactions.

3.4. Effective Radiative Forcing

Shown in Figure S8, our simulations with fixed sea surface temperature suggest that the peak local clear-sky 
effective radiative forcing (ERF) of the smoke is about −5 W m−2 at the top of the atmosphere (TOA) and 
the surface radiative forcing is about −20 W m−2 in eastern Australia averaged in the first 10 days since De-
cember 29, 2019. The simulated global mean clear-sky ERF is −0.03 W m−2 at TOA and the surface radiative 
forcing is −0.32 W m−2 averaged in year 2020. A small positive TOA forcing is estimated for 2017 PNE event 
(Christian et al., 2019) but note that they compute the instantaneous RF (IRF). For stratospheric BC, ERF 
is more climatically relevant since the fast adjustment from stratospheric warming causes a large longwave 
RF that opposes the shortwave RF from the BC absorption (Ban-Weiss et al., 2012). Thus, the IRF for strato-
spheric BC is positive while the ERF is negative. Also, the BC's effective radiative forcing at TOA is altitude 
dependent (Ban-Weiss et al., 2012) and the higher the smoke rise, the more negative forcing is expected at 
the TOA. The ERF at the TOA is estimated to decrease by ∼0.02 W m−2 with the altitude the smoke rises to 
from 20 to 30 km.

3.5. Change in Stratospheric Ozone at Middle and High Latitudes

In the 2017 PNE, local ozone minima associated with smoke in the first month were observed by satellite. 
Simulations showed that the ozone minima were mostly due to the displacement of ozone rich stratospher-
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Figure 3. (a) Simulated temperature anomalies (unit: K) at 18 km averaged between 60°S and 20°S due to smoke from various emission scenarios (1xPNE, 
3xPNE, and 5xPNE). The dashed green line represents the monthly MERRA2 anomalies at 18 km averaged from 60°S to 20°S. The solid green line with circles 
represents the monthly MERRA2 residual temperature anomalies at 18 km averaged from 60°S to 20°S, with QBO, polar vortex and long-term trend removed. 
(b) Simulated zonal mean temperature anomaly due to smoke at 26 mb averaged from February 1 to June 1, 2020. Different lines denote various emission 
scenarios. (c) Same as (b) but for anomalies at 52 mb; (d) same as (b) but for anomalies at 100 mb; (e) same as (b) but for anomalies at 312 mb. The shadings and 
error bars denote the simulated variability (one standard deviation) from ensemble runs.

Jan.1 Feb.1 Mar.1 Apr.1 May.1 Jun.1 Jul.1 Aug.1 Sep.1

T 
ch

an
ge

 a
t 1

7 
km

 (k
)

-2

-1

0

1

2

3

4

5
60S-20S 1xPNE

3xPNE
5xPNE
MERRA2 residual T anomaly
MERRA2 T anomaly

-80 -60 -40 -20 0 20
-1

0

1

2

3

4
52 mb

-80 -60 -40 -20 0 20Te
m

pe
ra

tu
re

 a
no

m
al

y 
(K

)

-1

0

1

2

3

4
100 mb

latitude (degree)
-80 -60 -40 -20 0 20Te

m
pe

ra
tu

re
 a

no
m

al
y 

(K
)

-1

0

1

2

3

4
26 mb

latitude (degree)
-80 -60 -40 -20 0 20

-1

0

1

2

3

4
312 mb

A

D

E

C

B



Geophysical Research Letters

ic air by ozone-poor tropospheric air when the plume rose (Yu et al., 2019). Khaykin et al. (2020) reported 
similar ozone minima within the individual smoke plume for the 2019–2020 ANY event. The ozone minima 
vanished into the background when the fire plume stopped rising. However, in addition to the in-plume 
ozone minima, simulations for the 2019–2020 ANY event predict persistent ozone negative anomalies in SH 
middle-high latitudes from August to December of 2020 (Figure 4). We conducted sensitivity simulations to 
investigate the causes of the modeled ozone loss due to the 2019–2020 ANY smoke.

Volcanic sulfuric acid particles (such as those from Pinatubo) provide effective reaction surfaces for hetero-
geneous chemical reactions that deplete ozone (Solomon et al., 1999). It is not clear if aged organic particles 
(which are likely coated or mixed with sulfuric acid within a few months in the stratosphere) provide as 
effective surface areas for heterogeneous chemistry as does sulfuric acid aerosol. In the simulation in Fig-
ure 4 we assume that smoke particles provide a surface reaction rate equal to that of sulfuric acid particles, 
which we assume is an upper bound for our estimate on the chemistry-induced ozone depletion from the 
smoke. Shown in Figure 4a, comparison between simulations with and without the smoke shows that the 
ANY smoke causes persistent ozone negative anomalies of 10–20 Dobson units (DU) in SH middle and high 
latitudes (40°S–90°S). Heterogeneous chemistry on the ANY smoke particles causes ozone negative anom-
alies of 5–7 DU in the latitude band of 40°S–90°S (Figure 4b). Shown in Figure S9, we have also conducted 
sensitivity simulations in which the winds and temperature are driven by the GEOS-5 analysis. Similar 
ozone depletion is predicted when comparing simulations with the heterogeneous chemistry turned on and 
off in the model. The rest of the simulated ozone anomalies are due to heating and dynamical changes in-
duced by the ANY smoke. This smoke-induced depletion modestly enhances the depth of the ozone hole in 
our simulations. Because the simulated smoke particles remain mostly in midlatitudes, the predicted ozone 
anomalies are larger along the vortex edge than in the core of the vortex. The simulated Antarctic ozone 
hole size (defined as the area with total column ozone less than 220 DU) averaged from 7 September to 13 
October of 2020 is about 2.1 × 107 km2 with ANY smoke, which is about 12% larger than the no smoke case 
(Figure S10). This simulated enhancement in ozone hole area due to smoke is consistent with the observed 
2020 ozone hole, which was the third largest in the past decade and 18% larger than the 2010–2019 average. 
Further work is needed to assess the dynamical impacts of the ANY smoke on the SH circulation in 2020.
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Figure 4. (a) Simulated change of the column ozone (DU) averaged in different latitude bands due to ANY smoke. 
Shadings denote one standard deviation of the 15 ensemble simulations w/and w/o the smoke. Winds and temperature 
fields in the simulations are self-generated in the model (i.e., free running). We assume organics provide a surface 
reaction area similar as sulfuric acid at the same temperature. (b) Simulated change of column ozone (DU) due to the 
heterogeneous chemistry on the smoke particles only. ANY, Australian New Year.
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4. Summary
From December 29, 2019 to January 4, 2020, Australian wildfires injected about 0.9 Tg of smoke into the 
stratosphere, about three times more than the 2017 Pacific Northwest event injected. This Australian event 
is the largest stratospheric smoke injection observed by satellites to date. Satellite observations show that 
the smoke spread over the entire Southern Hemisphere (SH) and the large-scale smoke (not individual 
plumes) climbed to 22 km in the first 3 months. By comparing the simulated plume rise with observations, 
we estimate the smoke particles were composed of 2.5% of black carbon and 97.5% of organic carbon or 
other materials by mass. The 2.5% mass fraction of black carbon is similar to the values derived from the 
2017 PNE stratospheric smoke in British Columbia and Washington State (Yu et al., 2019) and from the 
2016 tropospheric smoke from the Rim fire in California (Yu et al., 2016). Numerical simulations predict 
that the Australian smoke will produce detectable levels of visible light extinction in the stratosphere for 
over one year.

In model simulations, the midlatitude stratosphere in the Southern Hemisphere was warmed by 1–2 K for 
6 months from the diabatic heating of black smoke particles. Similar stratospheric warming is found in 
MERRA2 reanalysis data set for January through March as well, although the modeled warming is more 
persistent than that in the MERRA2 analysis. The simulated warming also extends to the midlatitudes of 
the NH, which is due to downward transport of air in the NH in response to the smoke's heating. However, 
the model did not include volcanic eruptions that occurred in the tropics and NH in 2019 and likely per-
turbed the stratosphere in the NH. The model predicts a global mean clear-sky effective radiative forcing of 
−0.03 W m−2 at TOA and a global surface radiative forcing of −0.32 W m−2 averaged in 2020. When treated 
chemically the same as sulfate aerosol, the 2019–2020 Australian smoke particles are predicted to cause 
ozone loss of about 10–20 DU in the SH mid-high latitudes. Our study highlights that record-breaking wild-
fire smoke can cause persistent impacts to stratospheric dynamics and chemistry.

Data Availability Statement
MERRA2 data are available at https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/; Model simulations are 
available at https://osf.io/g2j63/?view_only=9f4b610660a4437ca1b4617244c6caf8; SAGEIII-ISS data are 
available at https://eosweb.larc.nasa.gov/project/sageiii-iss/g3bssp_v5_1; OMPS_LP data are available at 
https://ozoneaq.gsfc.nasa.gov/data/omps/ QBO EOFs used in the regression fit are from https://acd-ext.
gsfc.nasa.gov/Data_services/met/qbo/qbo.html
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