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2Applied Physics and Applied Math, Columbia University, NY, USA
3Department of Geosciences, Princeton University, Princeton, NJ, USA
4Program in Atmospheric and Oceanic Sciences, Princeton University, Princeton, NJ, USA
5ZHAW, School of Engineering, Winterthur, Switzerland
*marina.friedel@env.ethz.ch

Results from SOCOL-MPIOM
In the following, results obtained by the second chemistry-climate model, SOCOL-MPIOM, are shown. Figures S1, S2, S3
and S4 are analogous to Figures 1-4 in the main text for SOCOL-MPIOM. Like with WACCM, also with this model the
observed surface pattern following spring ozone depletion can be reproduced. The surface signal of the SOCOL-MPIOM runs
without interactive ozone chemistry (CLIM_O3) is smaller than in simulations including ozone feedback (INT_O3). This
holds especially true over Europe, where only integrations with interactive chemistry reproduce the statistically significant
positive SLP, warm and dry anomalies (Figs. S1 d-i and S5 d-f). These results lend confidence in results obtained with WACCM
and show that also in this model, which has a different dynamical core and chemistry module, ozone feedbacks play an
important role in shaping spring NH surface climate, albeit with a slightly smaller signal (Fig. S2). As in WACCM, the larger
surface signal in INT_O3 can be linked to stronger and more persistent cold anomalies in the lower stratosphere and a stronger
stratosphere-troposphere coupling in the aftermath of ozone depletion (Fig. S3). Moreover, the dynamical heating (see equation
(2)) in the middle stratosphere after day 30, which leads to warm anomalies in INT_O3 in the middle and upper stratosphere
(Fig. S4 a, b), is reproduced by both models (Fig. S4 g, h), which increases our confidence in the ozone feedback mechanism
described in the main text.

Most importantly, we note that the shortwave heating anomaly around the central ozone minimum date in the lower
stratosphere, which is of importance for the surface signal, is similar in both models (Fig. S4 e, f). Consistently, the surface
impact of ozone feedbacks is of similar magnitude in both WACCM and SOCOL-MPIOM (Fig. S5).
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Supplementary Figure S1. Surface climate following springtime Arctic ozone depletion in SOCOL-MPIOM.
Composites of SLP (a, d, g), surface temperature (b, e, h) and precipitation (c, f, i) in observations (top row), SOCOL-MPIOM
INT_O3 (middle row) and CLIM_O3 (bottom row) after ozone minima in the 25% most extreme winters (average over the 30
days after the largest ozone minimum). Red boxes highlight the region over Europe, where differences between INT_O3 and
CLIM_O3 are particularly remarkable. Stippling shows significance on a 4.6% level following a bootstrapping test.
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Supplementary Figure S2. The Arctic Oscillation index following springtime Arctic ozone depletion in
SOCOL-MPIOM. Distribution of the mean Arctic Oscillation Index (20 - 90°N) at 1000 hPa averaged over the 30 days
following an ozone minimum for SOCOL-MPIOM (INT_O3 and CLIM_O3) and MERRA2. The Arctic Oscillation index is
normalized to unit variance. Red lines and numbers indicate the mean Arctic Oscillation index in the month after the ozone
minima averaged over the 25% most extreme winters. The upper and lower edges of the box show the upper and lower quartile,
the whiskers represent the maximum and minimum values of the respective distribution. Circles indicate outliers of the
distribution.
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Supplementary Figure S3. Influence of ozone depletion on stratosphere-troposphere coupling in
SOCOL-MPIOM. Composites of polar cap temperature anomalies (60 - 90°N) (a, c) and NAM index (20 - 90°N) (b, d)
around the ozone minima in SOCOL-MPIOM INT_O3 and CLIM_O3. Day zero indicates the date with the largest extent of
the ozone minima. Stippling shows significance on a 4.6% level following a bootstrapping test.
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Supplementary Figure S4. Influences of ozone depletion on temperature through shortwave and
dynamical heating in WACCM and SOCOL-MPIOM. Differences of polar cap (60-90°N) temperature (a, b), ozone (c,
d), shortwave heating (e, f) and dynamical heating (g, h) anomalies between INT_O3 and CLIM_O3 around the ozone minima
in WACCM (left column) and SOCOL-MPIOM (right column). Day zero indicates the date with the largest extent of the ozone
minima. Contour lines in the temperature plot show temperature anomalies in CLIM_O3 with a contour interval of 1.5 K.
Stippling shows significance on a 4.6% level following a bootstrapping test.
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Effects of ozone depletion in WACCM and SOCOL-MPIOM
Figure S5 shows differences between INT_O3 and CLIM_O3 in terms of SLP, surface temperature and precipitation anomalies
following spring ozone depletion. These differences can be attributed to ozone feedbacks. Ozone feedbacks thus strengthen
positive SLP anomalies over Europe (and thus strengthen the positive AO signal) and force warmer and drier conditions over
Europe. Most notably, the effects of ozone feedbacks on surface climate over Europe are similar in both models. Table S1
shows final warming dates in years with ozone depletion in WACCM, SOCOL-MPIOM and MERRA2. Results show that
ozone feedbacks during ozone minima extend winter conditions in the stratosphere for up to 10 days.

Supplementary Figure S5. Influence of ozone feedbacks on surface climate. Difference in mean SLP (a, d),
surface temperature (b, e) and precipitation (c, f) anomalies in INT_O3 - CLIM_O3 for the 25% of years with the lowest spring
ozone concentrations in WACCM (upper row) and SOCOL-MPIOM (bottom row) (average over the 30 days after the largest
ozone minimum). Significance is calculated with a 500-sample bootstrapping test. Red boxes highlight the region over Europe.

WACCM SOCOL-MPIOM MERRA2
INT_O3 7 May 21 April 14 April

CLIM_O3 27 April 12 April
difference 10 days 9 days

p-value of difference 0.0001 0.013

Supplementary Table S1. Final warming dates after ozone depletion. Final warming dates in WACCM and
SOCOL-MPIOM INT_O3 and CLIM_O3 as well as in MERRA2 for the 25% of years with the lowest spring ozone
concentrations. Significance of differences between INT_O3 and CLIM_O3 is calculated according to a Student’s t-test.
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Additional notes on methods

Figure S6 shows the ozone variance in spring in the two chemistry-climate models WACCM and SOCOL-MPIOM as well
as in the observations, and Figure S7 shows the evolution of ozone minima (blue lines). WACCM and SOCOL differ in the
magnitude and timing of the maximum ozone variability in spring: Ozone minima in WACCM happen around one month
later than in SOCOL, are more dominantly located in the lower stratosphere compared to SOCOL-MPIOM and are in general
less pronounced. This is probably due to the smaller chemical contribution to the ozone minima in WACCM compared to
SOCOL-MPIOM (see Fig. S9).

Figure S8 shows a comparison of the ozone depletion detection method used in this study based on daily ozone values
(Fig. S8 a), and the detection method used in earlier studies based on a fixed reference month (March, Fig. S8 b), e.g.1, 2. The
surface signal in the aftermath of springtime ozone depletion found with the new detection method, which takes inter-annual
variations in the timing of those events into account, is stronger for a large part of the Northern Hemisphere.

Supplementary Figure S6. Interannual ozone variance. Ozone variance (in % of climatological ozone mixing ratio)
in spring in WACCM (INT_O3) (a), SOCOL-MPIOM (INT_O3) (b) and MERRA2 (c). Since the altitude of maximum ozone
variance differs between datasets, partial ozone column between 70-30 hPa was chosen to define ozone minima.

Supplementary Figure S7. Mean ozone anomalies in years with ozone depletion. Mean ozone evolution at
30-70 hPa with standard deviation (shading) for interactive ozone runs (INT_O3) from WACCM (a), SOCOL-MPIOM (b) and
MERRA2 (c) (in Dobson Units (DU)). Blue lines show the 25% of years with lowest ozone values in spring (March – April),
grey lines show all other 75% of years. The black line shows the monthly mean ozone climatology derived from INT_O3,
which is used as ozone forcing in CLIM_O3 runs. WACCM and SOCOL records are 200 years long each, the MERRA2 record
contains 41 years.
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Supplementary Figure S8. Impact of new detection method. Comparison of ozone depletion detection methods
based on (a) daily means (used in this study) and (b) a fixed reference month (March) in the observations (MERRA2). In (a),
the average surface signal is shown for the 30 days after the central ozone minimum date, in (b) an average surface signal in
March and April is shown for years with ozone depletion. In (a), stippling shows significance at the 4.6% level following a
bootstrapping test. In (b), stippling shows significance on a 5% level following a Student’s t-test.
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Chemical ozone depletion in the models
Figure S9 shows the mixing ratio anomalies of ClO around the ozone minima in INT_O3 integrations. In both models, there is
a positive ClO anomaly around the ozone minima date. This lends confidence that the ozone minima are largely caused by
chemical ozone depletion by ODSs and defends the usage of the terms "ozone minima" and "ozone depletion" interchangeably.
The magnitude of the ClO anomalies is model-dependent, with SOCOL-MPIOM having a larger ClO abundance than WACCM.
This can be traced back to a colder stratosphere and an earlier timing of the ozone depletion in spring in SOCOL-MPIOM and
is reflected in the magnitude of the ozone minima (Fig. S7). However, we note that the amount of ozone depleted cannot be
derived solely by ClO concentrations 3.

Supplementary Figure S9. ClO anomalies in springs with ozone depletion. Anomalies in ClO mixing ratios
around the central ozone minimum date in WACCM (a) and SOCOL-MPIOM (b). ClO concentrations in WACCM have been
interpolated to daily values from a monthly mean model output. In SOCOL-MPIOM, ClO anomalies are calculated from a
daily model output.
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