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Key Points:

« We evaluate total-column ozone trends for 1979-2000 and 1997-2020.

+ For 1997-2020 we find significant global- and Southern-Hemisphere mean positive
trends.

« The Effective Radiative Forcing of ozone-depleting substances is now more con-
sistent with two previous evaluations.
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Abstract

We evaluate total-column ozone trends using a piecewise linear regression approach and
maximizing usage of five gridded total-column ozone datasets. The new approach yields
more consistent estimates of observed ozone loss during 1979-2000, when halocarbon con-
centrations were increasing, and consequently, using CMIP6 simulations, an increased
Effective Radiative Forcing estimate of ozone-depleting substances with a substantially
reduced uncertainty range versus an earlier evaluation. At more than 84% confidence

it is now larger than zero and compares more favorably with two previous evaluations.
We furthermore find significant, positive post-1997 global- and Southern-Hemisphere mean
trends, respectively, in these four datasets. For the extrapolar region (60°S-60°N) and
for the Northern Hemisphere, the assessment whether there is a positive trend is incon-
clusive and depends on which observational dataset is included in the calculation.

Plain Language Summary

Changes in overhead ozone amounts reflect the impact of the Montreal Protocol,
designed to protect the ozone layer, but also several other influences. Here we assess five
different ozone datasets using satellite and ground-based observations as well as fields
generated by present-generation climate models. For the period 1979-2000, during which
stratospheric ozone depletion got established, we find good agreement for the whole globe
and for selected sub-regions across the observational datasets. For 1997-2020, in the global-
and Southern-Hemisphere means we find a significant, positive ozone trend. For a re-
gion excluding both poles and for the Northern Hemisphere the uncertainty range still
includes zero. Using observational and model results for 1979-2000 we recalculate the
impact of ozone-depleting substances accounting for ozone depletion on the Earth’ ra-
diation balance. We find a slightly larger net impact than a previous evaluation, which
within the uncertainty bounds is much more likely to be positive and is more consistent
with two previous evaluations.

1 Introduction

Halocarbons are amongst the larger drivers of anthropogenic climate change, rank-
ing behind CO3 and CH,4 and about on par with N5O for their direct radiative forcing
(Myhre et al., 2013). Here, direct radiative forcing only accounts for the heat-trapping
properties of these greenhouse gases, discounting any impacts on the radiation balance
due to chemical or other feedbacks, with the exception of a stratospheric temperature
adjustment (Forster et al., 2016). However, in the case of the halocarbons, ozone deple-
tion provides an important offsetting contribution due to its cooling impact on climate.
Earlier efforts to quantify the Effective Radiative Forcing (ERF, which now does account
for atmospheric adjustments such as chemical ozone depletion) of halocarbons, or equiv-
alently the radiative forcing associated with the ozone depletion itself, were either lim-
ited by disagreements and uncertainty about the magnitude of modelled and observed
ozone depletion or relied on very few models, meaning model uncertainty was not well
accounted for (Sgvde et al., 2011; Shindell et al., 2013). Morgenstern et al. (2020) of-
fered a path forward to quantify their ERF despite the large model disagreements which
remain amongst six interactive-chemistry models available in the CMIP6 ensemble. How-
ever, their approach, an emergent-constraint technique projecting modelled and observed
ozone trends onto the associated ERF, is affected both by significant disagreements in
the 1979-2000 ozone trends between three underlying observational ozone climatologies
used in their analysis, as well as by the statistical uncertainties of those trends themselves.
Their approach relied on only 18 years each of observational and model data covering
1979-2000, with four years during this period excluded from the analysis due to a sub-
stantial volcanic influence. Furthermore, for high-latitude observations of total-column
ozone (TCO), they took a minimalistic approach, rejecting all data points representing
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polar winter unless covered by all three climatologies. Here we complement their method
with a related approach maximally using four gridded observational TCO datasets and
assess the impact this complementary method has on the best estimates and the uncer-
tainty ranges of ozone trends and the ERF of halocarbons, respectively.

The 2018 World Meteorological Organization Scientific Assessment of Ozone De-
pletion (Braesicke et al., 2018) found 1997-2016 trends of extrapolar-mean TCO to be
insignificant. We will reevaluate this finding using data up to the year 2020.

2 Observational data and models

Models and observational climatologies are similar to those used by Morgenstern
et al. (2020), except for the SBUV v86 ozone climatology (Frith et al., 2014) omitted by
Morgenstern et al. (2020) because unlike the other climatologies it does not cover the
poles in any season. We also include here the World Ozone and Ultraviolet Data Cen-
ter’s groundbased TCO dataset as it provides a long-term reference dataset not reliant
on satellite data. The models, CMIP6 simulations, TCO observational climatologies, and
key references are listed in Tables 1 and S1 in the supplement.

Dataset Coverage  Resolution Reference

WOUDC ground-based 1964-2020 Zonal-mean, 5°  Fioletov et al. (2002)

SBUV v8.6 1970-2020 Zonal mean, 5°  Frith et al. (2014)

NIWA-BS (v3.4, unpatched) 1978-2016  1.25° x 1° Bodeker et al. (2020)
NIWA-BS (v3.5.1, unpatched) 1978-2019 1.25° x 1° Bodeker and Kremser (2021)
MSR-2 1979-2020 0.5° x 0.5° van der A et al. (2015)

1970-1978 1.5° x 1°

Table 1. Five observational TCO climatologies and the reference ozone field used to force

CMIP6 models without interactive ozone.

3 Method

Linear fits to observational time series subject to meteorological noise usually pro-
duce the largest uncertainties at both end points of the data to be fitted. However, if
data exist outside the period of interest, these data can be used in a generalized fitting
process using piecewise linear regression, better constraining the end points of the fit and
thus reducing the uncertainty in the estimated trend. This is the central idea inform-
ing this re-assessment of TCO trends and the ERF of halocarbons. Three of the four node
years that need to be used here are straightforwardly identified: 1970 marks the start
of any space-based observations of TCO. In late 1978 the Total Ozone Mapping Spec-
trometer (TOMS) satellite instrument became operational, meaning from 1979 onwards
space-based observations are more consistent than previously. 2020 marks the end point
of three of the climatologies used here. Around the turn of the century, halogen load-
ing in the stratosphere started to decrease. We will variously use two different central
nodes around this time: The year 1997 marks the actual turnaround in halogens, and
Weber et al. (2018) and Braesicke et al. (2018) give extrapolar ozone trends for 1997-
2016. Morgenstern et al. (2020) use TCO between 1979 and 2000. For purposes of eval-
uating TCO trends during the period of increasing ODSs, this extended period produces
smaller uncertainties for the resultant trend than having a node in 1997. We will thus
state ozone trends for 1979-2000, to capture observational ozone loss, and 1997-2016 and
1997-2020, respectively.
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Below we outline the steps taken to bring the four observational and five modelled
TCO fields, and the ozone climatology used in the CMIP6 experiments, onto a common
grid and coverage, with optimal usage of observational data.

1. All data (observational and modelled, “historical” merged with ‘future’ TCO datasets
following the Shared Socio-Economic Pathway (SSP) 2-4.5 (Riahi et al., 2017))
are interpolated to the same 0.5° latitudinal grid as zonal means.

2. For the period 1970-2020, polar and other data gaps in the observational ozone
climatologies (table 1) are filled as much as possible, using firstly MSR-2 and sec-
ondly SBUV v86 data. Details of this process are discussed in the Supplement.

After this step, data gaps are now restricted to latitudes and times with neither
MSR-2 nor SBUV v86 data.

3. We fill most remaining data gaps (which are almost all in the period 1970-1978)
using a regression fit accounting for equivalent effective stratospheric chlorine (EESC
Newman et al., 2007) and equivalent COy (Morgenstern, 2021). Data generated
in this way are only used for purposes of error analysis, not in the calculation of
best-estimate linear trends. Remaining data gaps after this step are three two-year
gaps as discussed above and small repetitive data gaps during Antarctic winter
(supplement, figure S1).

In comparison to the method used by Morgenstern et al. (2020), the above process
differs in two key respects: A more complete usage of available data, both in the spa-
tial dimension, with much smaller polar data gaps remaining, and in the temporal di-
mension, with data usage extended from 1979-2000 to 1970-2020. A further difference
is that we additionally use the SBUV v86 and the WOUDC ground-based climatologies
and also consider a more recent version of NIWA-BS. Unlike Morgenstern et al. (2020)
we do not however use TOMS-SBUV (Stolarski & Frith, 2006) which is considered su-
perseded.

4 Results
4.1 TCO trends using the expanded datasets

Figure 1 shows the familiar widespread extratropical ozone loss in the period 1979-
2000, with losses maximizing in both polar regions during spring. However, the figure
also indicates ozone loss, albeit mostly insignificant at 97.5% confidence, during the 1970s
as measured by SBUV and ground-based instruments, qualitatively consistent with model
studies that suggest significant ozone depletion in this period (Langematz et al., 2016).
Furthermore, for 1997-2020 there are some significant positive TCO trends at southern
high latitudes, e.g. 1.7 + 1.3 DU a~! (95% confidence) at South Pole in spring, simi-
lar to the references quoted by Langematz et al. (2018) (their table 4-1) for various more
restricted periods. High-confidence trends, by the measure used here, are mostly restricted
to the ozone hole region and season.

Also noteworthy are continuing ozone decreases during autumn and winter in the
Arctic of up to about —0.5 to —1 DU a~!. These are generally insignificant in the multi-
observational mean; it remains to be seen whether this is a statistical anomaly or whether
systematic driving factors, such as continuing cooling of the stratosphere due to increas-
ing greenhouse gases or any trends in the Brewer-Dobson Circulation, may contribute
to this feature.

Figure 2 shows annual- and regional-mean trends as found here. The top panel is
comparable to Morgenstern et al. (2020) in that it uses the same type of simple linear
fit. Replacing TOMS-SBUV with SBUV v86 and the ground-based dataset has clearly
improved the consistency across four of the datasets. NIWA-BS v3.5.1 has an anoma-
lous long-term drift versus the four other observational datasets of nearly 0.2 DU/year
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(versus GB, not shown) in the global mean and therefore not included in calculating the
MOM. Reverting to 4NPLR results in a decrease in the trends (indicating that a node
in the year 2000 is not optimal, as noted above), but the longer interval (1979-2000) re-
sults in reduced uncertainties in the trend over this period versus the simple linear re-
gression, and also versus any shorter periods such as 1979-1997. This applies to all four
sub-regions studied. The SBUV, ground-based, and MSR-2 records are in good agree-
ment.

Trends for 1997-2020 are positive in all cases, exceeding 97.5% confidence for four
global and four Southern-Hemisphere means. For the extrapolar (60°S-60°N) mean, the
trends are significant at 84% confidence for all five observational datasets and at 97.5%
confidence for three of them. Trends in the SBUV and NIWA-BS v3.4 records do not
meet the 97.5% confidence threshold — in the case of NIWA-BS, narrowly. However, the
MSR-2 and ground-based climatologies, which have not received any fill-in for this pe-
riod and latitude band (figure 1), have positive trends at very high confidence levels (ta-
ble 2). The disagreements between the datasets mean that the multi-observational mean
trend (excluding NIWA-BS v3.5.1) is also narrowly not significant at 97.5% confidence.
Our findings imply that the assessment that the 1997-2016 extrapolar TCO trend is in-
significant (Braesicke et al., 2018), extended to cover 1997-2020, now depends on which
dataset is included in the calculation. Conducting a simple linear fit to 1997 to 2016 data

yields insignificant trends at 97.5% confidence for four climatologies and the multi-observational

mean (MOM), i.e. our results are consistent with Braesicke et al. (2018). The reduction
in uncertainty for 1997-2020 is in roughly equal parts due to four more years of data avail-
able versus Braesicke et al. (2018) and to using piecewise linear regression replacing a
simple linear fit here (not shown). For the Northern Hemisphere, confidence that TCO

is increasing over 1997-2020 is less than 97.5% for three of the climatologies. Here the
positive TCO trend has not unambiguously emerged from the climatological noise.

4.2 Cause of the improved consistency across observational datasets

Next we assess how much individual differences versus the method used by Morgenstern

et al. (2020) contribute to the improved agreement of the 1979-2000 trends (table 2). Here
the error in the MOM is estimated as

emMom = \/maxe; + u?, (1)

where ¢, are the 68% (1o) uncertainties of the individual observational trends and p is
the standard deviation of the best-estimate trends.

This analysis shows that only filling in polar and other data gaps in the period 1979-
2000 (step 1) in absolute terms leads to an increase in both the TCO trends and in the
associated statistical errors relative to Morgenstern et al. (2020)’s results due to a bet-
ter coverage of the polar regions subject to both larger trends and larger meteorologi-
cal variability. However, replacing the TOMS-SBUV climatology with SBUV and WOUDC
has helped improve the consistency across four of the datasets. NIWA-BS 3.5.1 drifts
versus NIWA-BS 3.4 and the other datasets, with trends in both periods (1979-2000 and
1997-2020) larger than in the other datasets. Bringing in an additional 20 years of data
and now conducting a three-node piecewise linear regression (step 2) lead to a reduction
of 1979-2000 trends by 0.12 DU a~! on average, good consistency of the trends derived
from the climatologies, and reduced statistical uncertainties from 0.09 to 0.07 DU a~!.
Additionally bringing in the data for 1970-1978 slightly further reduces the mean trends
but leads to an increase of the statistical uncertainties. In Morgenstern et al. (2020)’s
calculation, the trend disagreement p noticeably affects the overall uncertainty of TCO
trends, whereas it is negligible in most situations considered here so long as NIWA-BS
v3.5.1 is not included in the calculation.
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Climatology Step 1 Step 2 Step 3 1997-2020 1997-2016
90°S-90°N 90°S-90°N 90°S-90°N 60°S-60°N  60°S-60°N
SBUV v86 —0.64+0.09 —-049+£0.07 —-047+£0.08 | 0.05+0.05 0.00=£0.07
NIWA-BS v3.4 —0.61£0.09 —-0.51+0.07 —0.48+0.08 | 0.10+0.05 0.00 =+ 0.08
NIWA-BS v3.5.1 —0.48 £0.08 —0.36£0.07 —0.34+0.08 | 0.27£0.05 0.30 £ 0.06
WOUDC ground-based | —0.60 £0.09 —0.48+0.07 —0.474+0.08 | 0.14£0.05 0.05+0.07
MSR-2 —0.60£0.09 —0.46+0.07 —0.43+0.08 | 0.15+0.05 0.10+0.08
MOM —0.61£0.09 —-0.49+0.07 —0.46=+0.08 ‘ 0.114+0.07 0.04 £0.09
Table 2. TCO trends from the observational estimates. Left to right: using simple linear re-

gression over 1979-2000 with data gaps filled (step 1), using three-node piecewise linear regression
over the period 1979-2020, with nodes in 1979, 2000, and 2020 (step 2), using four-node piecewise
linear regression over the period 1970-2020, with nodes in 1970, 1979, 2000, and 2020 (step 3).
Rightmost two columns: Trends for 60°S-60°N for 1997-2020 derived using 4NPLR with central
nodes with nodes in 1970, 1979, 1997, and 2020. Trends for 1997-2016 are for simple linear re-
gression (i.e. two nodes in 1997 and 2016). Uncertainties refer to the 68% confidence level. The
MOM does not include NIWA-BS 3.5.1.

In all, it becomes clear that deriving 1979-2000 TCO trends using three-node piece-
wise linear regression based on the extended period 1979-2020 yields consistent trend es-
timates subject to relatively smaller uncertainties than a simpler approach ignoring the
later data.

5 Using the improved TCO trends in the calculation of the ERF of
ozone-depleting substances

We here repeat Morgenstern et al. (2020)’s calculation of the Effective Radiative
Forcing of ODSs, this time using TCO trends derived for 1979-2000 using 3NPLR with
nodes in 1979, 2000, and 2020. The calculation shows that now the 68% confidence in-
terval for the ERF of ODSs of 0.085+0.059 Wm™2 (relative to the observational-mean
ozone climatology) no longer includes zero, and the probability that the ERF is nega-
tive for the mean ozone climatology is now 7% (with a range of 3 to 11% for the four
ozone climatologies), not 24% as found by Morgenstern et al. (2020). In IPCC uncer-
tainty language (Mastrandrea et al., 2011), this makes it “very likely” that the ERF is
positive. The result is also in better agreement with two earlier evaluations of 0.08 (Sgvde
et al., 2011) and 0.13+0.07 Wm~2 (Shindell et al., 2013), but remains notably smaller
than the forcing of 0.18 4 0.15 Wm ™2 assessed by Myhre et al. (2013).

6 Discussion and conclusions

There are no specific errors in the calculation by Morgenstern et al. (2020), but it
is obvious that two factors contributed to inflated uncertainties in their calculation. Firstly
they used an outdated TCO climatology (TOMS-SBUV) as one of three reference datasets
with a slightly anomalous TCO trend in 1979-2000. Secondly, their restrictive usage of
available TCO data inflated uncertainties in trend estimates. A relatively small mod-
ification in their methodology, namely replacing ozone trends derived using simple lin-
ear regression with piecewise linear regression, making maximum use of five available ob-
servational TCO climatologies, reduces uncertainty ranges of assessed trends. This makes
the observational ozone climatologies more useful as “emergent constraints”, yielding thus
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a more robust estimate of the ERF of ozone-depleting substances. Our best-estimate ERF
of ODSs (0.085 Wm™—2) is slightly larger than Morgenstern et al. (2020)’s estimate, al-
though it is comfortably within the error bounds. This increase makes the new estimate
more consistent with two earlier evaluations, but the central estimate by Myhre et al.
(2013) of 0.18 Wm ™2 remains unlikely to be consistent with ours.

The analysis finds significant positive global-, and Southern-Hemisphere mean trends
in some observational TCO observational gridded TCO datasets for 1997-2020. The extrapolar-
mean trend has not fully emerged in all observational datasets at high confidence. Lat-
itudinally and seasonally resolved trends for 1997-2020, which are subject to larger me-
teorological noise than meridional and annual averages, are only significant seasonally
in the southern polar region.
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Figure 1. Trends in TCO (DU a~!) in the observational-mean TCO dataset as functions

of latitude and month of the year, for (top) 1970-1979, (center) 1979-2000 and (bottom) 1997-
2020. Thin lines indicate that trends are significant at 84% confidence, thick lines at 97.5%. Here
uncertainty accounts for both the trend uncertainty and any inconsistency across four datasets
(excluding NIWA-BS 3.5.1; equation 1). Top two panels: nodes in 1970, 1979, 2000, and 2020.
Bottom panel: nodes in 1970, 1979, 1997, and 2020.
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Figure 2. Global and regional TCO trends (DU a™'). For each category, the four bars rep-
resent (left to right) global, Northern Hemisphere, Southern Hemisphere, and 60°S to 60°N
means. The thick (thin) black bars denote the 68% (95%) confidence ranges for these trends.
Top: 1979-2000, using simple linear regression. Center: 1979-2000, using three-node piewise linear
regression with nodes in 1979, 2000, and 2020. Bottom: 1997-2020, with nodes in 1970, 1979,
1997, and 2020. SB = SBUV v86. NB = NIWA-BS. NB1 = NIWA-BS v3.5.1. GB = WOUDC
ground-based. MS = MSR-2. C6 = CMIP6 ozone forcing dataset (Checa-Garcia et al., 2018).
CW = CESM2-WACCM. MR = MRI-ESM2. CN = CNRM-ESM2-1. GF = GFDL-ESM4. UK =
UKESM1-0-LL. The MOM is calculated based on the SB, NB, GB, and MS datasets, excluding
NBI1.
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Figure 3. Colored rectangles: area-mean ozone trend for 1979-2000 and ERF of ODSs (ac-
counting for all feedbacks) simulated by the five CMIP6 models. The width and height of the
rectangles represent the statistical uncertainties of these quantities at the one-standard deviation
or 68% confidence level. Black lines: least-squares linear fit (solid) with associated 68% confi-
dence uncertainties (dashed). Green lines: estimated observational ozone depletion (solid) with
its 68% confidence uncertainty (dashed) derived from the mean of the MSR-2, NIWA-BS v3.4,
SBUV v86, and WOUDC ground-based climatologies, and the corresponding projection onto the
ERF of ODSs. Light blue lines: the same but for the CMIP6 ozone climatology. The four pan-
els represent the global, Northern-Hemisphere, Southern-Hemisphere, and 60°S to 60°N means
for ozone depletion and the ERF. The labels in the top left corners of the panels represent the
ERF of ODSs consistent with the EC calculation for the observations (“OBS”) and the CMIP6
climatology (“CMIP6”). CN = CNRM-ESM2-1; CW = CESM2-WACCM; GF = GFDL-ESM4;
MR = MRI-ESM2-0; UK = UKESM1-0-LL. Note that the inflection points for the uncertainty
bounds (dashed green and blue lines) are located slightly off the EC (thick black line), a result of
combining the uncertainty in ozone depletion with that in the EC. Updated after Morgenstern et
al. (2020). -12—



