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1 CMIP6 interactive-ozone models

Model name Reference historical sims. ssp245
CESM2-WACCM  Gettelman et al. (2019) 1, 2, 3 1,2,3,5
CNRM-ESM2-1 Séférian et al. (2019) 1t05,8,9, 10 1to 10
GFDL-ESM4 Dunne et al. (2020) 1 1
MRI-ESM2-0 Yukimoto et al. (2019) 1to5 1tob
UKESM1-0-LL Sellar et al. (2019) 1to4,8t012,16t0 19 1,2

Table 1. Models, key references, and CMIP6 “historical” and “ssp245” simulations denoted by

their run numbers (Morgenstern et al., 2020).

The five models listed in table 1 are the same as used by Morgenstern et al. (2020)
except that one model is excluded here because of a spurious volcanic influence domi-
nating historical trends. “Historical” simulations use best-estimate forcings covering the
period 1850-2014 (Eyring et al., 2016); they are complemented with six years (2015-2020)
of Shared Socio-Economic Pathway 2-4.5 (ssp245) simulations (Meinshausen et al., 2020).

2 Detalils of processing applied to the TCO datasets

We here give details on how MSR-2 and SBUV v86 data are used to seamlessly com-
plement and complete the four observational TCO climatologies.

1. Zonal means of all TO datasets are interpolated to a 0.5° latitude grid at monthly
resolution. If data are available at fewer than half the gridpoints in the longitu-
dinal direction, the corresponding zonal-mean value is assumed missing.

2. We have experimented with removing a projection onto two indices representing
the quasi-biennial oscillation (QBO) from the zonal-mean TCO data, but have de-
cided against using this adjustment as piecewise linear fits do not markedly im-
prove and trends do not substantially change with this additional step of data pro-
cessing. This small role for the QBO may be due to a cancellation of a QBO-related
modification of the TCO field between the tropics and extratropics.

Corresponding author: Olaf Morgenstern, olaf .morgenstern@niwa.co.nz
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10.

11.

. For any given latitude A and month of the year m, we form a linear least-squares

regression relating the values of MSR-2 to those of the other climatologies, Tx:
Tx (A, m,y) = A(A,m) + B(A, m)Tusr2(A, m,y) + (A, m, y) (1)

where y stands for the calendar year, A and B are regression coefficient, £ is the
unexplained residual, and T'x are the climatologies. For a perfect fit we would find
A=0,B=1,and £ =0.

. A and B are extended latitudinally to both poles to achieve complete coverage for

all latitudes A and months of the year m.

. Where the T'x have data gaps but Tysre does not, we use equation 1 to fill those

gaps, assuming & = 0. This removes most data gaps for the period 1979-2020.

. We repeat steps 3, 4, and 5, substituting Tyisge with the SBUV v86 TCO clima-

tology, Tspyy. This means that all climatologies now partially cover 1970-1978.

. The data gaps remaining for the observational datasets (SBUV, NIWA, MSR-2)

are also imposed on the WOUDC groundbased and the CMIP6 TCO datasets and
the model data, to retain equivalence of the modelled and observationally derived
trends.

. We have experimented with piecewise linear trends for a variety of different nodes.

Here we present trends for nodes at (1970, 1979, 1997, 2020), (1997, 2016), (1979,
2000), and (1979, 2000, 2020). In all cases, we require valid data for at least half

the data points in these intervals. For the first case involving a node in 1970, we

additionally require at least two data points between 1970 and 1978. Where this

is not the case (especially at high latitudes in winter), we revert to nodes in 1979,
1997, and 2020.

. Due to spatiotemporal cross-correlations of the trends, uncertainty estimates for

the derived spatial- and annual-mean trends need to be based on annual- and regional-
mean TCO data. For this we use a simple predictor model to produce “educated
guesses” for the missing TCO values particularly in the period 1970-1978 when

the MSR-2 and SBUV v86 datasets have data gaps. Our model accounts for equiv-
alent effective stratospheric chlorine, CI3? (Newman et al., 2007) and equivalent

CO35? (Myhre et al., 2013) (representing the total direct radiative forcing of long-

lived greenhouse gases) in the same way as Morgenstern (2021):

Tx (N, m,y) = To(A,m) + C(A,m)CIA(y) + DA, m)CO (y) + (X, m,y).  (2)

Here C' and D are regression coefficients. Using equation 2 we fill remaining data
gaps, almost all in 1970-1978 (figure 1).

We then form annual and regional means of the TCO datasets and calculate piece-
wise linear regression on these averages, weighting years of data with their respec-
tive coverage before apply equation 2. This ensures that years with extensive “guessed”
fill-in receive an appropriately reduced weight in the piecewise regression. The re-
gression fit then comes with standard uncertainty estimates for the resultant trends.
To assess the role of the filled-in data according to equation 2, for the model data
we repeat the process, this time replacing data generated by applying equation

2 with the original model data. We find essentially unchanged error estimates for
the model data, allowing us to conjecture that also for the observational clima-
tologies, the regression-based fill-in according to equation 2 does not unduly in-
fluence the uncertainty estimates.
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Figure 1. (left) Zonal-mean TCO (Dobson Units) in four of the climatologies as used here
(SBUV, NIWA-BS v3.4, MSR-2, and WOUDC ground-based), with the mean annual cycle over
1970-2020 removed. (right) Provenance of the data. White: data gap. Dark blue: original data.
Light blue: filled in using MSR-2 data. Green: filled in using SBUV v86 data. Orange: filled in
using regression. The filling pattern for NIWA-BS v3.5.1 is identical to v3.4 except for 2017-2019
when NIWA-BS v3.5.1 only requires fill-in for the polar winter situation. The filling pattern
applied to the ground-based climatology (which is originally gap-free) is also used for all five
modelled TCO fields used here and the CMIP6 ozone forcing dataset.
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