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Semi-empirical estimatesof stratospheric
circulation and the lifetimes of
chlorofluorocarbons and carbon
tetrachloride
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Chlorofluorocarbons (CFCs) and carbon tetrachloride (CCl4) are ozone-depleting substances with
high radiative efficiencies; however, uncertainties in their atmospheric lifetimes hinder top-down
emission monitoring efforts. Here, we compute the loss, emission, and lifetime of CFC-11, CFC-12,
and CCl4 using their mass balance in the stratosphere. We first infer the strength of the stratospheric
overturning circulation using satellite measurements of nitrous oxide; the mass flux at about 18 km is
then used to compute the loss of CFC-11, CFC-12, and CCl4. We confirm that anomalous surface
measurements of CFC-11 from 2013 to 2018 cannot be attributed to variability in stratospheric
transport alone, and we infer near-steady CCl4 emissions since 2013. Atmospheric lifetimes (50, 86,
and 41 yr) independent of previous work are also computed using loss rates. These estimates add
confidence to emission inversions andprojections of the compounds’ozone and climate impacts, and
may help detect breaches of the Montreal Protocol.

The continued success of theMontreal Protocol in protecting the ozone layer1

and averting surface warming2,3 requires careful monitoring of ozone-
depleting substances (ODSs) in the atmosphere. For example, surface mea-
surements of trichlorofluoromethane (CFC-11) were used to detect pro-
duction in breach of the Montreal Protocol in 20184,5, which were halted the
following year6,7. Meanwhile, the anticipated return of the ozone layer to pre-
1980 levels has been delayed in recent Scientific Assessments of Ozone
Depletion (SAODs), partially due tomeasurements suggesting unexpected yet
sustained emissions of carbon tetrachloride (CCl4)

8,9. As emissions have not
been entirely from reported sources6, emission-driven changes in atmospheric
ODS burdens must be teased out from observed net changes. This requires
accurate and precise estimates of the compounds’ atmospheric lifetimes.

To date, ODS lifetimes have been estimated using chemistry-climate
models, surfacemeasurements, or satellite retrievalswith temporal or spatial
data gaps10–15. These methods require assumptions—that climate models
accurately represent the true atmosphere, that emissions of these com-
pounds are known, or that observational biases are negligible—and their
estimates vary widely. For example, the differences across the 2-sigma
confidence intervals of the commonly used CFC-11 and CCl4 lifetimes are
approximately half of the lifetimes’ most likely values (see Table 1)10.

Consequently, measurement-based conclusions regarding non-compliance
with the Montreal Protocol will lack certainty unless the measurements fall
outside the range of projections that account for these uncertain lifetimes.

In this paper,we present a semi-empiricalmethod for the calculationof
CFC-11, dichlorodifluoromethane (CFC-12), and CCl4 loss, emissions, and
lifetimes. This method is founded on the mass balance of compounds
destroyed in the stratosphere, and it is validated using output from the
Community Earth SystemModelWhole Atmosphere Community Climate
Model (WACCM)16,17 (see Supplementary Methods). We first apply this
method to satellite measurements of nitrous oxide (N2O) to calculate the
strength of the stratosphere’s overturning circulation. This circulation
strength is then used to calculate the mass of CFC-11, CFC-12, and CCl4
destroyed in the stratosphere from 2005 to 2022. Finally, stratospheric loss
rates are used to estimate the emissions and atmospheric lifetimes of these
compounds, and our results are compared with previous estimates.

Results
The mass balance of compounds destroyed in the stratosphere
CFCs and CCl4 are destroyed primarily by photolysis or reaction with
atomic oxygen (O(1D)) in the tropical stratosphere10,18. Although
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observations of these compounds in their loss regions are not sufficient to
accurately compute their loss rates using photochemistry models15,19,
CFC-11, CFC-12, and CCl4 are all observed up to at least the base of their
atmospheric loss regions19,20. As stratospheric transport is driven by a slow
overturning circulation21–23, with air rising in the tropics and descending in
the mid-latitudes and poles, the ODS concentrations of air parcels both
before and after they transit the loss region are capturedbyobservations that
span the lower stratosphere. Thus, a mass balance of each compound (X)
can be employed at a given level in the lower stratosphere to deduce the
compound’s loss rate above that height (LX):

dMX

dt
¼ wð½X�up � ½X�downÞ � LX ; ð1Þ

where MX is the compound’s mass above the height of analysis, w is the
overturning mass flux at that height, and [X]up and [X]down are mass-flux-
weighted mass mixing ratios in the upwelling and downwelling regions. As
the surface concentrations of the compounds considered here evolved at
rates between −1.5 and 0.3% yr−1 from 2005 to 202324, while variability in

transport altered their spatial distributions in the stratosphere25–27, dMX
dt is

taken to be the sum of trend- and transport-driven changes in MX (see
Methods).

To calculate LX using equation (1), the overturning mass flux of the
lower stratosphere must be known. Previous observationally-derived esti-
mates of stratospheric transport have either been qualitative21,22, confined to
a narrow region near the equator28,29, or above our height of interest30.
Meanwhile, climate models struggle to reproduce stratospheric transport31,
and reanalysis circulation strengths vary widely30,32–34. Models also predict a
warming-driven acceleration, while tracer observations have been incon-
clusive despite decades of warming25,27,32,33,35–39, leaving the potential evolu-
tion of ODS lifetimes uncertain40.

We compute the strength of the overturning circulation of the stra-
tosphere by applying equation (1) to retrievals of N2O from the Atmo-
spheric Chemistry Experiment Fourier Transform Spectrometer (ACE-
FTS) onboard the SCISAT-1 from March 2005 to February 202341. (We
refer to this time period as 2005–2022 hereafter.) This improves upon
previous methods by constraining mass flux with a tracer that is observable
(i.e., does not require derivation from other observed tracers), is measured
throughout the stratosphere, and has no stratospheric source and a well-
understood sink. Unlike CFC-11, CFC-12, and CCl4, ACE-FTS observa-
tions of N2O have sufficient vertical resolution for its loss to be computed
offline with a photochemistry model using seasonal averages20,42–45, as is
shown in Fig. 1A–B. In solving equation (1), each variable is averaged over

five years to smooth out interannual variability in stratospheric transport46,
and potential temperature is used as the vertical coordinate to separate
diabatic verticalmotion from adiabatic horizontalmotion30. The strength of
the stratospheric circulation is computed from 400 K to 1100 K (~18 km to
35 km in the tropics), and CFC-11, CFC-12, and CCl4 loss rates are eval-
uated at 400 K. This method was validated in WACCM, with a potential
high bias in circulation strength in the lower stratosphere that does not
impact loss rate calculations (see Supplementary Fig. 1 and Supplementary
Table 1).

The strength of the stratospheric overturning circulation from 2005 to
2022 is shown in Fig. 1C. At 400 K, the overturning mass flux was
12.0–15.7 × 109 kg s−1 (95% CI) for 5-year averages during this period. The
circulation strength at 400 K has not been calculated from tracer observa-
tions previously; however, we find a circulation strength at 460 K
(5.5–7.1 × 109 kg s−1) that is weaker than a previous N2O-derived estimate
(6.3–7.6 × 109 kg s−1)30. We attribute the difference between these estimates
to methodological differences in how N2O distributions are related to cir-
culation strength. Linz and colleagues30 assumed a relationship between the
meridional N2O gradient and the residence time of air above 460 K47, and
themass flux was then computed based on the ratio of mass above 460 K to
the approximated residence time. The method presented here employs a
mass balance of N2O itself and thus is not subject to potential biases in the
relationship between N2O gradients and residence time33.

Loss rates and inferred emissions of CFC-11, CFC-12, and CCl4
Annual loss rates of CFC-11, CFC-12, and CCl4 computed using the five-
year running-meanoverturningmassflux at 400 Kare shown inFig. 2 (solid
lines). Following from the decline in the atmospheric burden of these
compounds24, their respective loss rates decreased by 16%, 17%, and 25%
from the 5-year period centered around 2007 to the period centered around
2020. Loss rates were also modulated by the strength of the overturning
circulation at 400 K, which we find decreased by 11% (1-sigma CI: −17%,
−4%) from 2007 to 2014 before increasing by 4% (−3%, 12%) through
2022. This net decreasing trend, though insignificant at the 1-sigma con-
fidence level, contrary to climate model projections32,35–37, and sensitive to
height (see Fig. 3), would be consistent with the effects of the ozone layer’s
recovery on stratospheric circulation48–50.

For compounds with lifetimes substantially longer than the mixing
timescale of the atmosphere, emissions over a given time period can be
computed from the compound’s change in atmospheric burden and time-
integrated global loss51:

Emissionst ¼ ðBurdentþ1 � BurdentÞ þ Global Losst ; ð2Þ

Fig. 1 | Stratospheric N2O mixing ratios, N2O loss rate, and overturning circu-
lation. A Zonal mean ACE-FTS N2O mixing ratios from 2005 to 2022, with arrows
denoting approximate areas of upward and downward mass flux. B Time-average
N2O loss rate as a function of height, calculated using seasonal N2O profiles from
2005 to 2022 and a photochemistry model. Shading denotes the total loss above a
given height (LN2O

in equation (3)). C The overturning circulation strength

according to the mass balance of N2O above each isentrope, with a previous
observationally-derived strength at 460 K30 included for comparison. The solid line
shows the median circulation strength from 2005 to 2022, and the shading denotes
the 95% CI of the 5-year average circulation strength when accounting for mea-
surement uncertainty and temporal variability.
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where t is the time periodwhere emissions and loss are being evaluated, and
t+1 is the following timeperiod.Atmospheric burdensofCFC-11,CFC-12,
and CCl4 are computed using surface observations from the Advanced
GlobalAtmosphericGases Experiment (AGAGE)24, and global loss is scaled
from stratospheric loss using compound-specific conversion factors (see
Methods).Using equation (2),five-year runningmean annual emissions are
then calculated from 2005 to 2022 (Fig. 2, dashed black lines). Notably,
CFC-11 emissions peak in 2016, corroborating the previous detection of
unexpectedemissions and their subsequent cessation4–7, andCCl4 emissions
were steady at 44 Gg yr−1 (95% CI: 34, 55 Gg yr−1) after 2013. This is
consistent with previous work highlighting this unexpectedly persistent
emission8 that has delayed the anticipated recovery of the ozone layer9.

Our results suggest that CFC-11 and CFC-12 emissions from 2005 to
2020 were likely greater than those estimated in the 2022 SAOD (Fig. 2,
dashed blue lines)52, although uncertainties overlap. By using satellite
measurements for loss calculations, we also reduce emissions uncertainty
relative to the 2022 SAOD and capture transport-driven variability in loss.
This approach contrasts with the use of an atmospheric transport model
that is informed solely by surfacemeasurements and has loss parameterized

with fixed, uncertain lifetimes13,52. This is most notable for CFC-11, where
the 95% CI is reduced from over 40 Gg yr-1 to ~ 25 Gg yr-1 for the five-year
averages after 2010.

Additionally, we find that the fractional elevation of CFC-11 emissions
in 2014–2018 relative to 2008–2012 was likely lower than what was esti-
mated in the 2022 SAOD (7% (1-sigma CI: −4%, 20%) compared to 20%)
due to a weakening of the stratospheric circulation that is captured in our
analysis. Our estimate still suggests an unexpected emission source, as
CFC-11 emissionswere expected to decrease over this time in the absence of
new production. Following from our 2008–2012 estimate, emissions would
have decreased from 70 Gg yr−1 (1-sigma CI: 63, 78 Gg yr−1) to 59 Gg yr−1

(53, 65 Gg yr−1) from 2010 to 2016, assuming a 3% annual release rate of
CFC-11 from reservoirs4,6. Here, we estimate 2014–2018 emissions to be 75
Gg yr−1 (69, 82 Gg yr−1), suggesting unexpected emissions of 17 Gg yr−1

(9, 24 Gg yr−1). If the 2008–2012 circulation strength is used to calculate
2014–2018 emissions, then inferred emissions in the latter period would be
80 Gg yr-1 (73, 87 Gg yr−1). Therefore, the estimated magnitude of
unexpected CFC-11 emissions from 2014 to 2018 is lowered by 5 Gg yr−1

(−3, 13 Gg yr−1), or 22% (−15%, 57%), when changes to the circulation
strength are considered. This confirms that a weakened stratospheric cir-
culation was not the only driver of unexpected CFC-11 measurements; it is
likely that an unexpected emission source also contributed.

Narrowed uncertainty in lifetime estimates for CFC-11, CFC-12,
and CCl4
Using loss rates computed with equation (1) and atmospheric burdens
derived from AGAGE, we estimate the atmospheric lifetimes of CFC-11,
CFC-12, andCCl4 (Table 1). These lifetimes reflect the average atmospheric
decay of these compounds over a five-year period and thus do not capture
variability on shorter timescales, such as that driven by the quasi-biennial
oscillation. Air parcels that transit the loss region have a spectrum of multi-
year stratospheric residence times53, so lifetime variability on shorter
timescales should have little impact on surfacemeasurements and emission

Fig. 2 | CFC-11, CFC-12, and CCl4 loss and emission. Five-year running
averages of (solid lines) loss rates calculated according to the mass balance of each
compound above 400 K, (black dashed lines) emissions calculated using afore-
mentioned loss rates and atmospheric burdens estimated from surface mea-
surements, and (blue dashed lines) emissions from the 2022 Scientific Assessment

of Ozone Depletion52 for A CFC-11, (B) CFC-12, and C CCl4. Loss rates are
adjusted to account for loss below 400 K (see Methods), with CCl4 loss further
adjusted to include ocean and soil sinks with lifetimes of 124 yr (1-sigma CI: 110,
150 yr) and 375 yr (288, 536 yr), respectively52,70,71. Shading denotes 95% CIs, with
the 2022 SAOD uncertainties solely from the compounds' lifetimes.

Table 1 | Lifetime estimates of CFC-11, CFC-12, and CCl4 with
regard to photochemical removal in the atmosphere (yr) and a
comparison with previously published estimates

Compound Mass balance at 400 K SPARC

CFC-11 50 (43, 57) 52 (43, 67)

CFC-12 86 (75, 99) 102 (88, 122)

CCl4 41 (34, 51) 44 (36, 58)

Values computed in the present study are reported as the mean for 2005 to 2022 with the 95% CI
accounting for both statistical and measurement uncertainties (see Methods). Values reported in
SPARC account for weighted uncertainties across independent methods, with the uncertainties
reported as 2-sigma CIs (see ref.10 for further details).

Fig. 3 | The trend in the stratospheric overturning circulation, 2005 to 2022. The
decadal trend in the strength of the stratospheric overturning circulation from 400 K
to 1100 K (~18 km to 35 km in the tropics) according to linear regressions computed
at each height from 2005 to 2022. The black line shows the median trend at each
height, and the shading denotes the 1-sigmaCI. Bestfit trends and their uncertainties
were computed for each of the 10,000 samples (see Methods), and each trend was
then sampled independently 1000 times to create a distribution of possible trends
according to both measurement and statistical uncertainties.
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inversions. However, approximately half of the uncertainty presented here
reflects longer-term variability in the stratospheric circulation (with the
other half reflecting systematicmeasurement uncertainty). This uncertainty
is not fully correlated through time and would not cancel out when com-
paring emission estimates across time periods. As the atmospheric burdens
of these compounds have declined by 1% yr−1 or less since 200524, these
lifetimes are reflective of near-steady state conditions, i.e., periods when
emissions are low.

By informing lifetimes with satellite measurements of the lower stra-
tosphere, we estimate narrower uncertainties relative to the 2013 Strato-
spheric Processes and their Role in Climate (SPARC) report on Lifetimes of
Stratospheric Ozone-Depleting Substances, Their Replacements, and
Related Species10. In particular, we find that the highest values within the
SPARCmost likely ranges are not consistent with observations. The shorter
lifetimes computed here imply lower global warming potentials. Notably,
the CFC-11 and CFC-12 lifetimes are consistent with those found by an
independent Bayesian analysis of CFC production, emissions, and lifetimes
(medians and 95% CIs of 49.1 yr (44.1, 54.6 yr) and 84.7 yr (76.7, 95.5 yr)),
which also did not assume that emissions were known but was constrained
using surface measurements54. As parameterized lifetimes are inverse to
emissions in atmospheric transport models13, our results suggest that true
emissions were at the high end of previous estimates. This is consistent with
the relative magnitudes of the emission estimates in Fig. 2: 2022 SAOD
estimateswere computedwith SPARC lifetimes, and their loss and emission
uncertainties encompass lower values than those calculated here.

Emissions can be estimated prior to 2005 using the lifetimes presented
here after accounting for deviations from steady state10. Increased con-
fidence around historical emission estimates allow for better constraints on
the mass of CFC-11 and CFC-12 stored in aging equipment54, which can
update expectations for future emissions from these sources and inform
future efforts to recover stored compounds. A reduction in lifetime uncer-
tainty also allows for more precise projections of future atmospheric
burdens51. These improvements could reduce the lead time required to
detect a breach in the Montreal Protocol and refine projections of future
ozone depletion and surface warming driven by these compounds.

Discussion
This work presents a semi-empirical method to calculate the strength of the
stratospheric overturning circulation, andwith that, the loss, emissions, and
lifetimes of compounds destroyed in the stratosphere. This adds confidence
to established emission inversion methods (e.g., ref. 13) by informing loss
rateswith satellitemeasurements ofODSs.These loss rates also yield lifetime
estimates that are independent of previous work10 while minimizing
assumptions regarding atmospheric transport and surface emissions.
Although our method does not account for diabatic diffusion55, which
would dampen concentration gradients in the stratosphere, our WACCM
validation suggests that this effect is small and compensated for in lifetime
estimates (see Supplementary Methods). Nonetheless, increased measure-
ment frequency of the lower stratosphere—especially in the tropics—could
reduce the sampling uncertainty of upwelling and downwellingfluxes for all
compounds and increase confidence in N2O photochemical loss rate
calculations.

The circulation strength derived here from N2O measurements sug-
gests a possible deceleration at 400 K from 2005 to 2022, which is consistent
with the impacts of a recovering ozone layer48–50. However, a deceleration is

in disagreement with climate model projections32,35–37 and a recent analysis
of N2O observations from 2004 to 202127, although an extension of that
method through 2023 yields closer agreement with the results presented
here (see Fig. 4). If this deceleration is part of an ozone healing-driven trend,
then the declining atmospheric burdens of CFC and CCl4 may act as a
negative feedback on their loss rates—or a positive feedback on their life-
times. This contrasts the negative feedback on CFC lifetimes that has been
previously proposed, which would take effect if the surface warming driven
by these gases were to accelerate the stratospheric circulation40. As the trend
shownhere is not significant at the 1-sigma confidence level, we present this
positive feedback with caution; nonetheless, future model validation and
emission inversion efforts should consider its existence. Continued mon-
itoring of stratospheric N2O and ODS distributions is needed to refine
stratospheric transport in models and reanalyses, constrain lifetimes, and
maintain compliance with the Montreal Protocol in a changing climate.

Methods
This work aims to compute the loss of CFC-11, CFC-12, andCCl4 using the
difference in their masses flowing into and out of their stratospheric loss
regions. To do so, we first compute the strength of the stratospheric over-
turning circulation by rearranging Eq. (1) and applying it to ACE-FTS
retrievals of N2O:

w ¼ ð½N2O�up � ½N2O�downÞ�1 dMN2O

dt
þ LN2O

� �
: ð3Þ

As noted in the Main Text, ACE-FTS measurements of N2O have
sufficient spatial and temporal coverage for the evaluation of Eq. (3) on
seasonal timescales, while measurements of CFC-11, CFC-12, and CCl4 do
not. The computed overturning mass flux, w, is then entered into Eq. (1),
and the loss of CFC-11, CFC-12, and CCl4 are solved for as:

LX ¼ ð½N2O�up � ½N2O�downÞ�1 dMN2O

dt
þ LN2O

� �
ð½X�up � ½X�downÞ �

dMX

dt
:

ð4Þ

Below, we describe the observational data used in this study and the
calculation method for each term on the right side of Eq. (4). We then
describe the calculation of CFC-11, CFC-12, and CCl4 lifetimes and their
uncertainties.

ACE-FTS retrievals
N2O, CFC-11, CFC-12, CCl4, and temperature profiles were obtained from
version 5.2 of the Atmospheric Chemistry Experiment Fourier Transform
Spectrometer (ACE-FTS) retrievals41. The relatively high abundance ofN2O
allows for its measurement by ACE-FTS up to 80 km, while CFC-11, CFC-
12, and CCl4 mixing ratios fall below the detection limit of ACE-FTS in the
middle stratosphere. These datawere supplied on altitude levels with 1.0 km
vertical spacing and were interpolated onto potential temperature surfaces
using colocated pressures from the European Centre for Medium-Range
Weather Forecasts Reanalysis v5 (ERA5)56. Isentropic levels were then
chosen based on potential temperatures in the tropics, with spacing
increasing from 20 K at 400 K to 50 K at 1100 K.

Data for each season (MAM, JJA, SON, andDJF, withDJF used for the
JF year) were averaged in bins centered at 85°S to 85°N with 5° spacing. To

Fig. 4 | N2O lifetime trends. A The N2O lifetime
calculated using ACE-FTS N2O measurements and
a photochemistry model from 2004 to 2021 and the
corresponding decadal trend.BThe same as panel A
but for years 2004 to 2023. Note the difference in
trend based on choice of end-year. Blue lines show
the lifetime for each season, while the red lines show
the running annual average.
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avoid unphysical retrievals, values were removed prior to binning if they: 1)
were less than 0, 2) had a reported statistical fitting error less than 0, or 3)
were greater than 1.05 times the maximum Advanced Global Atmospheric
Gases Experiment (AGAGE)24 surface mixing ratio from the year prior to
the retrieval. Following the recommended procedure of the ACE-FTS data
usage guide, values in each bin were detrended, the median absolute
deviations (MADs) of the detrended time series were calculated, and all
values greater than threeMADs from themedianwere removed. The 5-year
running mean average of the remaining values in each seasonal bin were
then taken,with eachfive-yearwindowdetrended to prevent bias in the case
of temporal data gaps. Polar data were filled in with the nearest value when
missing; themass at the poles is small, so the possible bias introduced by this
extrapolation isminimal.Datawere otherwise available in eachfive-year bin
for each season from MAM 2005 through DJF 2023.

ACE-FTS reported statistical fitting errors were generally less than
1.5%of themeasuredvalue outside of the tropics and less than3%within the
tropics. To account for this uncertainty, each retrieval was independently
sampled 10,000 times from a normal distribution with a mean equal to the
reported measurement and standard deviation equal to the reported
uncertainty. An additional 3% uncertainty was included after computing
seasonal profiles to account for potential systematic biases57–59. The over-
turning circulation strength, loss, emissions, and lifetimes were then com-
puted for each of the 10,000 sets of retrievals.

Mass-flux weighting of [X]up and [X]down

Mass-fluxweightingwas used tocapture the average concentrations ofN2O,
CFC-11, CFC-12, and CCl4 upwelling and downwelling through a given
isentrope ([X]up and [X]down)

60. These relative weights are used to
approximate the meridional structure of upwelling and downwelling on a
given isentrope to [X] without assuming a circulation strength. This was
done according to the following equations:

½X�up ¼
Z

σ _θdAup

� ��1 Z
½X�σ _θdAup; ð5Þ

½X�down ¼
Z

σ _θdAdown

� ��1 Z
½X�σ _θdAdown; ð6Þ

where σ is the isentropic density (�g�1 dP
dθ),

_θ is the diabatic heating rate (i.e.,
potential temperature tendency), and Aup and Adown are the regions of
heating (upwelling) and cooling (downwelling), respectively. σ, _θ, Aup, and
Adown were computed from monthly mean, zonal mean reanalysis pres-
sures, temperatures, and temperature tendencies. Sets of these variableswere
independently sampled from two reanalyses to increase robustness (ERA5
and the Modern-Era Retrospective analysis for Research and Applications,
Version 2 (MERRA-2)61), with an equal number of samples drawn from
each reanalysis. As Aup and Adown closely agree between the reanalyses,
lifetimes vary by less than1% if only one reanalysis is used.All variableswere
binned by season fromMAM2005 throughDJF 2023 andwere interpolated
to 1∘ meridional spacing to ensure that the upwelling and downwelling
regions were properly delineated.

Seasonal weighting
The strength of the stratospheric overturning circulation and themeridional
distribution of tracers vary seasonally62,63, so the mass flux of each com-
pound was separated into seasonal components to capture potential cov-
ariance between these terms. To do so, we computed [X]up and [X]down as
the weighted average of each season (s):

½X�up ¼
X
s

f s½X�up;s; ð7Þ

½X�down ¼
X
s

f s½X�down;s: ð8Þ

The seasonal weights (fs) were determined by the relative strength of the
diabatic circulation during each season in reanalyses (D)60:

Dup;s ¼
Z

σs _θsdAup;s; ð9Þ

Ddown;s ¼
Z

σs _θsdAdown;s; ð10Þ

Ds ¼
Dup;s þ Ddown;s

2
; ð11Þ

f s ¼ Ds

X
s

Ds

 !�1

: ð12Þ

Though this introduced dependence on reanalysis upwelling profiles
through their seasonality, w and the corresponding CFC and CCl4 lifetimes
varyby less than1%if theweights are all set to0.25 (i.e., seasonality is ignored).

Time tendency of stratospheric burden, dMX
dt

Themass of a tracer above a given height in the atmospheremay vary due to
changes in its total atmospheric burden (i.e., imbalance between emissions
and loss, see Eq. (2)) or due to changes in atmospheric transport. Therefore,
we assumed:

dMX

dt
¼ dMX;B

dt
þ dMX;tran

dt
; ð13Þ

where
dMX;B

dt and
dMX;tran

dt are the change inMX driven by the changes in total
atmospheric burden and the transport, respectively. As the atmospheric
burdens of N2O, CFC-11, CFC-12, and CCl4 changed from 2005 to 202324,
dMX;B

dt was non-zero for each compound during the study period.
dMX;tran

dt may
have varied25–27, and we assumed that the impact of atmospheric transport
on the spatial distributions of N2O, CFC-11, CFC-12, and CCl4 was related
across compounds64.

The change in mass of N2O above a given isentrope (
dMN2O

dt ) was
computed using ACE-FTS N2O and colocated ERA5 pressures. The for-
ward difference was used to maintain consistency with the treatment of
global burdens (equation (2)). ACE-FTS cannot measure CFC-11, CFC-12,
and CCl4 throughout the stratosphere; therefore, we estimated

dMX;B

dt and
dMX;tran

dt for each compound and summed the two. Todo so, wefirst estimated
the masses of CFC-11, CFC-12, and CCl4 above 400 K using an assumed
relationship between those masses and the mass of N2O above 400 K:

MX ¼ ½X�surf ;AGAGE
½N2O�surf ;AGAGE

½X�surf ;WACCM

½N2O�surf ;WACCM

 !�1
MX;WACCM

MN2O;WACCM
MN2O;ACE

; ð14Þ

where the ratio of AGAGE surface measurements was used to account for
the relative abundance of compound X to N2O at entry to the stratosphere,
and output from the Community Earth System Model version 2 run with
the Whole Atmosphere Community Climate Model version 6 (WACCM)
was used to account for differences in the stratospheric distributions across

compounds. Themass of compounds above 400K inWACCM(
MX;WACCM

MN2O;WACCM
)

was normalized by model surface concentrations (
½X�surf ;WACCM

½N2O�surf ;WACCM
) to account

for differences in the tropospheric burden between the model and obser-

vations.
dMX;B

dt was then calculated based on the change in surface con-
centration of each compound, lagged by two years to account for themixing
time of surface perturbations65:

dMX;B;t

dt
¼ ð½X�surf ;AGAGE;t�1 � ½X�surf ;AGAGE;t�2Þ

½X�surf ;AGAGE;t�2

� MX;t : ð15Þ
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dMN2O;tran

dt was isolated from
dMN2O

dt using Eqs. (13) and (15), and
dMX;tran

dt was
calculated as:

dMX;tran

dt
¼ dMN2O;tran

dt
MX

MN2O
: ð16Þ

Equations (14)–(16) assume that the relationships between the
atmospheric distributions of N2O and those of CFC-11, CFC-12, and CCl4
are well represented in WACCM, which has been shown in previous
work17,66 (see Supplementary Methods for further detail on WACCM out-
put). In addition, these compounds’ lifetimes in WACCM are within the
uncertainties of those computed here, implying comparable stratospheric
distributions (see Table 1 and Supplementary Table 1). We also assumed
that trends in stratospheric burdens follow trends in tropospheric burdens.
Observations show that lower stratospheric trends agree with surface
trends20, but trends may differ higher in the stratosphere. The mass of the
atmosphere and the mixing ratios of N2O, CFC-11, CFC-12, and CCl4
decrease with height, so we assumed errors resulting from disagreements
with surface trends were small. We note that dMX

dt is ~ 0.03LX for each
compound, suggesting that this term is a small source of uncertainty in
equation (1).

Loss rates and lifetime of N2O, LN2O
Atmospheric photolytic loss of N2O was calculated semi-empirically using
the TUV 5.4 photochemistry model with the 2-stream pseudo-spherical
option. The model computes loss by photolysis and reaction with the O(1D)
radical at 1 km height levels42,43. Observations of N2O, temperature, and
pressure from ACE-FTS and O3 from the Aura Microwave Limb Sounder
(MLS)67were used. (ACE-FTSO3has a knownhighbias above 20km

68,while
MLS O3 measurements are well validated and were assumed to have no
uncertainty45,68.) 3-monthly (seasonal) and 5° zonal (87.5°S–87.5°N) averages
were used. ACE-FTS pressure data were corrected below 30 km to ERA5 to
account for a small step change in ACE-FTS pressure after 2015 in the lower
stratospheric and upper tropospheric tropical region. To reduce computa-
tional costs, photolysis rates were calculated for each hour of the 16th day of
each month for each latitude bin using the corresponding seasonal O3,
temperature, andpressure profiles and thenaveraged into seasonal photolysis
rates. Comparison of thismethodwith photolysis rates when using every day
in a month produces only minor differences in key N2O loss regions (less
than − 0.5%). O(1D) concentrations were calculated assuming photo-
chemical equilibriumusingphotolytic rates ofO3 calculatedusingTUV5.4 as
above and ACE-FTS reported N2 and O2 mixing ratios using Jet Propulsion
Laboratory recommended kinetics (https://jpldataeval.jpl.nasa.gov/pdf/
NASA-JPL%20Evaluation%2019-5.pdf; last accessed February 25, 2025).

LN2O
was calculated by summing the loss above each height, whichwas

then interpolated onto isentropic levels using the latitude-weighted poten-
tial temperature of each altitude level from 45°S to 45°N. (Approximately
90% of annual average N2O loss occurs within this latitude range45; stra-
tospheric circulation estimates vary by less than 1% if 60°S°60°N or 30°
S–30°N are used.) A 4.5% 1-sigma uncertainty was assumed according to
uncertainties in ACE-FTS N2O measurements, photolysis rates, kinetics,
and the potential error associated with our temporal sampling of monthly
loss rates.

Lifetimes of CFC-11, CFC-12, and CCl4
Atmospheric lifetimes (τX) were then calculated from loss rates according to
the following relationship:

τX ¼ RXL
�1
X BX ; ð17Þ

where RX is the ratio between stratospheric loss and total atmospheric loss
for compound X, and BX is the atmospheric burden. RX values were com-
puted using loss rates output by three configurations of WACCM; the loss
above 400 K and the total atmospheric loss were summed for each model

and ratios were taken. RX was sampled from normal distributions centered
at 0.92, 0.98, and 0.88 for CFC-11, CFC-12, and CCl4, respectively, with
standard deviations of 0.01, 0.005, and 0.01 that reflect interannual varia-
bility and the spread across model configurations. RX values are slightly
smaller than previously reported ratios between stratospheric and total
atmospheric loss10, as RX accounts for the loss that occurs between the
tropopause and 400K.BXwas computed from surfacemixing ratios as BX=
½X�surfMatmF

�1
X , where [X]surf is the AGAGE global mean surface mass

mixing ratio24,Matm is themass of the atmosphere (5.15 × 1018 kg), and FX is
a WACCM-informed factor that accounts for the elevation of surface
mixing ratios relative to globalmeanmixing ratios (1.07, 1.05, 1.08 forCFC-
11, CFC-12, for CCl4, respectively, with standard deviations of 0.025;
FCFC−11 is consistent with that used in past work51). [X]surf was assigned
systematic 1-sigma uncertainties of 1% for CFC-11 and CFC-12 and 2%
for CCl4.

Uncertainties in τXwere computed throughMonteCarlo sampling. As
described above, each ACE-FTS measurement was sampled 10,000 times
according to its reporteduncertainty. Each time series (LN2O

and [X]surf)was
sampled with full temporal correlation (i.e., all years were sampled at the
same percentile of the variable’s distribution), and constants (RX and FX)
were sampled 10,000 times from their respective distributions. The
2.5–97.5% CIs were then taken from the 140,000 lifetime estimates (each of
the 10,000 samples consisted of 14 five-year averages from 2005 to 2022).

Data availability
AGAGE surface measurements are available at http://agage.mit.edu/data/
agage-data(last accessed February 25, 2025). ACE-FTS retrievals are avail-
able upon registration at https://databace.scisat.ca/level2/ace_v5.2/(last
accessed February 25, 2025). ERA5 pressures, temperatures, and tempera-
ture tendencies due to parameterizations can be accessed through Coper-
nicus Climate Change Service (https://apps.ecmwf.int/data-catalogues/
era5/?class=ea, last accessed February 25, 2025). MERRA-2 pressures,
temperatures, and temperature tendencies (M2TMNPTDT) and MLS O3

measurements can be obtained from the Goddard Earth Sciences Data and
Information Services Center (https://disc.gsfc.nasa.gov/) (last accessed
February25, 2025).AGAGEdata andprocessedACE-FTS,ERA5,MERRA-
2, and WACCM data required for analysis in the Main Text and Supple-
mentary Information are available on Zenodo (https://doi.org/10.5281/
zenodo.15652978)69.

Code availability
Jupyter notebooks used to process, analyze, and plot data for theMain Text
and Supplementary Information are available on Zenodo (https://doi.org/
10.5281/zenodo.15652978)69.
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