
1. Introduction

Halocarbons are among the larger drivers of anthropogenic climate change, ranking behind 
2

COE  and 
4

CHE  

and ahead of N
2
O for their direct radiative forcing (Naik et al., 2021; Thornhill et al., 2021). 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 depletion 

provides an important offsetting contribution due to its cooling impact on climate (Myhre et al., 2013; Naik 

et al., 2021; Thornhill et al., 2021). Earlier efforts to quantify the effective radiative forcing (ERF, which now 

does account for atmospheric adjustments such as chemical ozone depletion) of halocarbons, or equivalent-

ly the radiative forcing associated with the ozone depletion itself, were either limited by disagreements and 

uncertainty about the magnitude of modeled and observed ozone depletion or relied on very few models, 

meaning model uncertainty was not well accounted for (Shindell et al., 2013; Søvde et al., 2011; Thornhill 

et al., 2021). Morgenstern et al. (2020) offered a path forward to quantify their ERF despite the large model 

disagreements which remain among six interactive-chemistry models available in the 6th Coupled Model In-

tercomparison Project (CMIP6) ensemble (Eyring et al., 2016). However, their approach, an emergent-con-

straint technique projecting modeled and observed ozone trends onto the associated ERF, is affected both 
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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 4 

years during this period excluded from the analysis due to a substantial volcanic influence. Furthermore, 

for high-latitude observations of total-column ozone (TCO), they took a minimalistic approach, rejecting all 

data points representing polar winter unless covered by all three climatologies. Here, we complement their 

method with a related approach maximally using five gridded observational TCO data sets and assess the 

impact this complementary method has on the best estimates and the uncertainty ranges of ozone trends 

and the ERF of halocarbons, respectively.

The 2018 World Meteorological Organization Scientific Assessment of Ozone Depletion (Braesicke 

et  al.,  2018) found 1997–2016 trends of extrapolar-mean TCO to be not statistically significant. 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 Center's ground-based TCO data set as it provides a long-term reference data set not reliant 

on satellite data. The models, CMIP6 simulations, TCO observational climatologies, and key references are 

listed in Table 1 and Table S1 in the Supporting Information S1.

3. Method

Linear fits to observational time series subject to meteorological noise usually produce the largest uncer-

tainties 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 (PLR), better constraining 

the end points of the fit and thus reducing the uncertainty in the estimated trend. This is the central idea 

informing this reassessment of TCO trends and the ERF of halocarbons. Applicability of PLR hinges on the 

assumptions that (a) TCO time series decompose into a slowly varying continuous component of TCO and 

high-frequency “noise” and (b) the slowly varying component can be well approximated by PLR. Such a 

slow component would be influenced by climate forcers, the most important of which are ozone-depleting 

substances (ODSs). Stratospheric halogen released by these ODSs into the stratosphere is often approximat-

ed using a “hockeystick” curve, an example of PLR (Weber et al., 2018). 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 Spectrometer (TOMS) satellite instrument became oper-

ational, meaning from 1979 onward 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 loading 

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. 

Data set Coverage Resolution Reference

WOUDC ground based 1964–2020 Zonal mean, 5E Fioletov et al. (2002)

SBUV v8.6 1970–2020 Zonal mean, 5E Frith et al. (2014)

NIWA-BS (v3.4, unpatched) 1978–2016   1.25 1E

Bodeker et al. (2021)

NIWA-BS (v3.5.1, unpatched) 1978–2019   1.25 1E

Bodeker and Kremser (2021)

MSR-2 1979–2020   0.5 0.5E

van der A et al. (2015)

1970–1978   1.5 1E

Table 1 
Five Observational TCO Climatologies
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For purposes of evaluating TCO trends during the period of increasing 

ODSs, this extended period produces smaller uncertainties for the result-

ant 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.

Below we outline the steps taken to bring the five observational and five 

modeled TCO fields, and the ozone climatology used in the CMIP6 ex-

periments, onto a common grid and coverage, with optimal usage of ob-

servational data.

1.  All data (observational and modeled, “historical” merged with “fu-

ture” TCO data sets following the Shared Socio-Economic Pathway 

2–4.5, Meinshausen et al., 2020; Riahi et al., 2017) are interpolated to 

the same 0. 5E  latitudinal grid as zonal means.

2.  For the period 1970–2020, polar and other data gaps in the observa-

tional ozone climatologies (Table 1) are filled as much as possible, 

using first MSR-2 and second SBUV v86 data. Details of this process 

are discussed in the Supporting Information S1. 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 (Newman et  al.,  2007) and equivalent 
2

COE  

(Morgenstern,  2021). Data generated in this way are only used for 

purposes of error analysis, not in the calculation of best-estimate lin-

ear trends. Remaining data gaps after this step are three 2-year gaps 

as discussed above and small repetitive data gaps during Antarctic 

winter (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 spatial dimension, with much smaller polar 

data gaps remaining, and in the temporal dimension, 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 climatol-

ogies and also consider a more recent version of NIWA-BS. Unlike Mor-

genstern et al. (2020), we do not however use TOMS-SBUV (Stolarski & 

Frith, 2006) which is superseded.

4. Results

4.1. TCO Trends Using the Expanded Data Sets

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 substantial ozone depletion in this period (Langematz et al., 2016). Furthermore, for 1997–

2020, there are some significant positive TCO trends at southern high latitudes, for example,  1

1.7 1.3 DU aE  

(95% confidence) at South Pole in spring, similar 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 

 0.5E  to  1E  DU 1

aE  . These are generally insignificant in the multiobservational mean (MOM); it remains to 

Figure 1. Trends in total-column ozone (TCO; DU 1

aE  ) in the 
observational-mean TCO data set 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 data sets (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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be seen whether this is a statistical anomaly or whether systematic driving factors, such as continuing cool-

ing of the stratosphere due to increasing 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 Morgen-

stern et al. (2020) in that it uses the same type of simple linear fit. Replacing TOMS-SBUV with SBUV v86 

and the ground-based data set has clearly improved the consistency across four of the data sets. NIWA-BS 

v3.5.1 has anomalous long-term drifts versus the four other observational data sets (of nearly 0.2 1

DU aE  vs. 

GB, not shown) in the global mean and is therefore not included in calculating the MOM. This is discussed 

Figure 2. Global and regional TCO trends (DU 1

aE  ). For each category, the four bars represent (dark blue) global, 
(light blue) Northern Hemisphere, (orange) Southern Hemisphere, and (red) 60E  S– 60E  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 3NPLR 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 data set (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 data sets, excluding NB1.
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more in Section 6. Reverting to four-node PLR (4NPLR) results in a decrease in the trends (indicating that 

a node in the year 2000 is not optimal, as noted above). However, the longer interval (1979–2000) results in 

reduced uncertainties in the trend over this period versus the simple linear regression, and also versus any 

shorter periods such as 1979–1997. This applies to all four subregions studied. The SBUV, ground-based, 

NIWA-BS, and MSR-2 records are in good agreement.

Trends for 1997–2020 are positive in all cases, exceeding 97.5% confidence for four global (NIWA-BS, NI-

WA-BS 3.5.1, WOUDC, and MSR-2) and four Southern Hemisphere means (SBUV, NIWA-BS 3.5.1, WOUDC, 

and MSR-2). For the extrapolar ( 60E  S– 60E  N) mean, the trends are significant at 84% confidence for all five 

observational data sets and at 97.5% confidence for three of them (NIWA-BS 3.5.1, WOUDC, and MSR-2). 

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 period and latitude band (Supporting Information, Figure S1), have positive trends at very 

high-confidence levels (Table 2). The disagreements between the data sets mean that the MOM trend (ex-

cluding 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 insignificant (Braesicke et al., 2018), extended to 

cover 1997–2020, now depends on which data set is included in the calculation. Conducting a simple linear 

fit to 1997–2016 data yields insignificant trends at 97.5% confidence for four climatologies and the MOM, 

that is, our results are consistent with Braesicke et al. (2018). For this ozone recovery period, shifting the 

1997 node to 1995, 1996, 1998, and 1999 in the 4NPLR yields qualitatively similar results in all cases, that 

is, SBUV and NIWA-BS 3.4 exhibit extrapolar-mean trends that are insignificant at the 97.5% threshold, 

and WOUDC and MSR-2 do produce significant trends. This means the choice of node (1997, picked for 

comparability to Braesicke et al., 2018) is not essential here. However, replacing 4NPLR with a simple linear 

fit with nodes in 1997 and 2020 leads to a reduction of the trends in all observational references, which to-

gether with a slight increase in the uncertainty would make these trends insignificant (not shown). For the 

Northern Hemisphere, confidence that TCO is increasing over 1997–2020 is less than 97.5% for three of the 

climatologies (SBUV, NIWA-BS, and MSR-2) and the MOM. Here, the positive TCO trend has not unambig-

uously emerged from the climatological noise.

4.2. Cause of the Improved Consistency Across Observational Data Sets

Next, we assess how much individual differences versus the method used by Morgenstern et al. (2020) con-

tribute to the improved agreement of the 1979–2000 trends (Table 2). Here, the error in the MOM is esti-

mated as

 2 2

max ,

MOM k

  (1)

Climatology

Step 1 Step 2 Step 3 1997–2020 1997–2016

90E  S– 90E  N 90E  S– 90E  N 90E  S– 90E  N 60E  S– 60E  N 60E  S– 60E  N

SBUV v86  0.64 0.09E  0.49 0.07E  0.47 0.08E 0.03 0.05E 0.00 0.07E

NIWA-BS v3.4  0.61 0.09E  0.51 0.07E  0.48 0.08E 0.10 0.05E 0.00 0.08E

NIWA-BS v3.5.1  0.48 0.08E  0.36 0.07E  0.34 0.08E 0.25 0.05E 0.30 0.06E

WOUDC ground based  0.60 0.09E  0.48 0.07E  0.47 0.08E 0.13 0.05E 0.05 0.07E

MSR-2  0.60 0.09E  0.46 0.07E  0.43 0.08E 0.15 0.05E 0.10 0.07E

MOM  0.61 0.09E  0.49 0.07E  0.46 0.08E 0.10 0.07E 0.04 0.09E

Note. Left to right: using simple linear regression over 1979–2000 with data gaps filled (step 1), using three-node PLR 
(3NPLR) 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 60E  S– 60E  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 regression (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.

Table 2 
TCO Trends From the Observational Estimates
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where 
k

E   are the 68% ( 1E  ) uncertainties of the individual observational trends and E  is the standard devia-

tion 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 ab-

solute 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 better coverage of the polar regions subject to both larger 

trends and larger meteorological variability. However, replacing the TOMS-SBUV climatology with SBUV 

and WOUDC has helped improve the consistency across four of the data sets. NIWA-BS 3.5.1 drifts versus 

NIWA-BS 3.4 and the other data sets, with trends in both periods (1979–2000 and 1997–2020) larger than in 

the other data sets. Bringing in an additional 20 years of data and now conducting a three-node PLR (step 

2) lead to a reduction of 1979–2000 trends by 0.12 DU 1

aE  on average, good consistency of the trends derived 

from the climatologies, and reduced statistical uncertainties from 0.09 to 0.07 DU 1

aE  . 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 E  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.

In all, it becomes clear that deriving 1979–2000 TCO trends using three-node PLR based on the extended 

period 1979–2020 yields consistent trend estimates subject to relatively smaller uncertainties than a simpler 

approach ignoring the later data. The reduced uncertainty is important in the calculations of Section 5 but 

it is important to understand that PLR as a fitting model differs from a simple linear fit. This needs to be 

considered when comparing trends derived using these two different approaches.

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 ERF of ODSs, this time using TCO trends 

derived for 1979–2000 using 3NPLR with nodes in 1979, 2000, and 2020. Morgenstern et al. (2020) discuss 

that reductions in TCO during the 1979–2000 period were dominated by losses of ozone in the ozone layer, 

caused by increases in ODSs, meaning that using TCO trends from this period as emergent constraints 

on the ERF of ODSs is permissible. Figure 3 shows the ERF of ODSs as simulated by five CMIP6 chemis-

try–climate models versus the ozone loss simulated by the same models for the period 1979–2000 in their 

“historical” simulations. The MOM observed ozone trend is superimposed with its uncertainty, providing 

the “emergent constraint.” Morgenstern et al. (2020) comprehensively discuss an earlier version of Figure 3, 

include the Monte Carlo simulation producing the error bounds for the ERF.

The calculation illustrated in Figure 3 shows that now the 68% confidence interval for the ERF of ODSs of 
 2

0.085 0.059 WmE  (relative to the observational-mean ozone climatology) no longer includes zero, and the 

probability that the ERF is negative for the mean ozone climatology is now 7% (with a range of 3%–11% for 

the four ozone climatologies), not 24% as found by Morgenstern et al. (2020). In IPCC uncertainty language 

(Mastrandrea et al., 2011), this makes it “very likely” that the ERF is positive. The result is also in better 

agreement with three earlier evaluations of 0.08 (Søvde et al., 2011), 0.13 0.07E  (Shindell et al., 2013), and 

0.12 0.21E  2

WmE  (Thornhill et al., 2021) but remains notably smaller than the forcing of 0.18E  0.09 2

WmE  

assessed by Myhre et al. (2013). (Myhre et al. (2013) state the uncertainty range as  2

0.18 0.15 WmE  for a 

90% confidence interval. The uncertainty is given here equivalently as 0.09 at 68% confidence.) We calculate 

that there is an 81% probability that our value of the ERF is smaller than Myhre et al.'s.

The result by Thornhill et al.  (2021) is based on largely the same model data as used here. Our smaller 

uncertainty range illustrates the impact of the “emergent-constraint” approach versus the straightforward 

multimodel-mean approach taken by Thornhill et  al.  (2021) and Morgenstern et  al.  (2020). This is par-

ticularly important when simulated ozone losses are subject to substantial model disagreement (Figures 2 

and 3).

Figure  3 provides an estimate for the global-mean ERF of ODSs discounting ozone depletion of about 
 2

0.41 0.07 WmE  (Morgenstern et al., 2020). The central estimate is consistent with  2

0.38 0.09 WmE  (i.e., 

the ERF of all halocarbons minus that of hydrofluorocarbons) provided by Forster et al. (2021) who have 
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Figure 3.
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used an independent method to quantify this radiative forcing. This lends further credibility to the emer-

gent-constraint calculation pursued here.

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. First, they used an outdated TCO climatology 

(TOMS-SBUV) as one of three reference data sets with a slightly anomalous TCO trend in 1979–2000. Sec-

ond, their restrictive usage of available TCO data inflated uncertainties in trend estimates. A relatively small 

modification in their methodology, namely replacing ozone trends derived using simple linear regression 

with PLR, making maximum use of five available observational TCO climatologies, reduces uncertainty 

ranges of assessed trends. This makes the observational ozone climatologies more useful as “emergent con-

straints,” yielding thus a more robust estimate of the ERF of ODSs. Our best-estimate ERF of ODSs (0.085 
2

WmE  ) is slightly larger than Morgenstern et al.  (2020)'s estimate, although it is comfortably within the 

error bounds. This increase makes the new estimate more consistent with three earlier evaluations, but the 

central estimate by Myhre et al. (2013) of 0.18 2

WmE  remains unlikely to be consistent with ours. This result 

needs to be viewed with some remaining caution as there are further unquantified uncertainties that could 

impact our evaluation, such as systematic errors in the TCO data sets or pervasive, systematic model issues 

that affect the ERF calculation. While we cannot completely rule out such influences, we maintain that our 

evaluation makes comprehensive use of available information and does include a rigorous assessment of 

known, quantifiable errors.

The analysis finds significant positive global- and Southern-Hemisphere-mean trends in some observa-

tional TCO observational gridded TCO data sets for 1997–2020. The extrapolar-mean trend has not fully 

emerged in all observational data sets at high confidence. Latitudinally and seasonally resolved trends for 

1997–2020, which are subject to larger meteorological noise than meridional and annual averages, are only 

significant seasonally in the southern polar region.

The NIWA-BS v3.5.1 database is included in our analysis even though it produces somewhat anomalous 

trends versus NIWA-BS v3.4. Differences between these two data sets have been traced to an expanded data 

set of ground-based observations used to calculate the corrections to the Nimbus 7 TOMS, Meteor 3 TOMS, 

Adeos TOMS, Earth Probe TOMS, and OMI data sets in NIWA-BS v3.5.1 versus v3.4. While these differences 

in corrections result in clear differences in derived trends, because they cannot, a priori, be deemed errone-

ous, we include the NIWA-BS v3.5.1 database in this analysis as an example of the variability in trends that 

may be expected from the use of different corrections when generating combined ozone databases.

Data Availability Statement

CMIP6 models used here are described by Gettelman et al. (2019), Séférian et al. (2019), Dunne et al. (2020), 

Yukimoto et al. (2019), and Sellar et al. (2019). We thank the teams behind the five observational ozone 

climatologies used here (Bodeker & Kremser,  2021; Bodeker et  al.,  2021; Fioletov et  al.,  2002; Frith 

et al., 2014; van der A et al., 2015) for their contributions to making these data available. Scripts and in-

termediate data used in the calculations and graphics presented here can be downloaded at https://ze-

nodo.org/record/5118284. This material includes the updated observational ozone climatologies, the lat-

er years of some of which are not in the public domain yet. CMIP6 simulation data can be downloaded 

Figure 3. Colored rectangles: area-mean ozone trend for 1979–2000 and effective radiative forcing (ERF) of ozone-depleting substances (ODSs; accounting 
for all feedbacks) simulated by the five 6th Coupled Model Intercomparison Project (CMIP6) models. The widths and heights 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% 
confidence 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 panels represent the global, Northern Hemisphere, Southern Hemisphere, and 60E  S– 60E  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).
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at https://esgf-node.llnl.gov/search/cmip6/. TCO data used here have been ensemble averaged using the 

“ncea” command. Top-of-atmosphere radiation fluxes needed in the calculation of the ERF of ODSs are 

derived by Morgenstern et al. (2020).
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