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Abstract Correlations between springtime stratospheric ozone extremes and subsequent surface
temperatures have been previously reported for both models and observations at particular locations in
the Northern Hemisphere. Here we quantify for the first time the potential use of ozone information for
Northern Hemisphere seasonal forecasts, using observations and a nine‐member chemistry climate model
ensemble. The ensemble composite correlations between March total column ozone (TCO) and April
surface temperatures display a similar structure to observations, but with slightly lower correlation
magnitudes. This is likely due to the larger number of cases smoothing out sampling error in the pattern,
which is visible in the difference between correlations calculated from individual ensemble members. Using
a linear regression model with March TCO as the predictor, predictions of the following April surface
temperatures in regions that show large correlations are possible up to 4 years following the regression
model end date in individual ensemble members, and up to 6 years in observations. We create an empirical
forecast model to predict the sign of the observed as well as the modeled surface temperature anomalies
using March TCO. Through a leave‐three‐years‐out cross‐validation method, we show that March TCO can
forecast the sign of the April surface temperature anomalies well in parts of Eurasia that show the lowest
model internal variability.

Plain Language Summary There are known linkages between springtime Arctic ozone in the
upper atmosphere and Northern Hemisphere regional surface temperatures in the following months.
Here, using both a state‐of‐the‐art climate model and observations, we investigate whether these linkages
can be useful for seasonal forecasting of regional surface temperatures in the Northern Hemisphere. Not
only do we find good agreement between the model and the observations, using a predictive model, we show
that March ozone can forecast the sign of the April surface temperature anomaly well in parts of Eurasia.

1. Introduction

Potential connections of polar stratospheric ozone changes to surface climate have been an area of interest
over recent decades, first sparked by the observation that stratospheric circulation anomalies appear to pro-
pagate down to the surface over a time scale of weeks (Baldwin & Dunkerton, 2001). Springtime Antarctic
ozone depletion has resulted in a stronger and colder polar vortex, which in turn has driven changes in
Southern Hemisphere summer weather patterns (Kang et al., 2011; Thompson & Solomon, 2002). In the
Northern Hemisphere (NH), springtime polar stratospheric ozone extremes display large but localized sur-
face temperature differences in both models (Calvo et al., 2015) and observations (Ivy et al., 2017), particu-
larly in Siberia. In contrast to the Southern Hemisphere, whether Arctic stratospheric ozone changes are a
harbinger or a cause of subsequent tropospheric climate change has not been robustly established. One
recent study has suggested that cold winter conditions in Siberia are linked to stratospheric anomalies stem-
ming from abnormal planetary wave activity from Barents‐Kara sea ice loss in the previous autumn (Zhang
et al., 2018). Additionally, it has been suggested that the Arctic ozone anomalies that coincide with the stra-
tospheric temperature circulation anomalies have a positive feedback effect, enhancing the stratospheric‐
tropospheric link (Haase &Matthes, 2018). Full analysis of the role of Arctic ozone on spring surface climate
is a complex problem and is not the subject of the present paper. However, while the science regarding
stratosphere‐troposphere coupling is becoming more robust, there has been recent increased interest regard-
ing subseasonal to seasonal forecasting (Robertson et al., 2015). Therefore, our focus is on evaluation of

©2019. American Geophysical Union.
All Rights Reserved.

RESEARCH ARTICLE
10.1029/2018JD029626

Special Section:
Bridging Weather and
Climate: Subseasonal‐to‐
Seasonal (S2S) Prediction

Key Points:
• Excellent agreement between

modeled and observed correlations
of March Arctic ozone and April
surface temperatures

• Variability in local spatial locations
of correlations between ensemble
members, but large scale agreement

• Using extreme values of March
ozone as a predictor, skillful
forecasts of April Northern
Hemisphere surface temperatures
are attainable

Supporting Information:
• Supporting Information S1

Correspondence to:
K. A. Stone,
stonek@mit.edu

Citation:
Stone, K. A., Solomon, S.,
Kinnison, D. E., Baggett, C. F., &
Barnes, E. A. (2019). Prediction of
Northern Hemisphere regional surface
temperatures using stratospheric ozone
information. Journal of Geophysical
Research: Atmospheres, 124, 5922–5933.
https://doi.org/10.1029/2018JD029626

Received 7 SEP 2018
Accepted 11 MAR 2019
Accepted article online 29 MAR 2019
Published online 17 JUN 2019

STONE ET AL. 5922

https://orcid.org/0000-0002-2721-8785
https://orcid.org/0000-0002-2020-7581
https://orcid.org/0000-0002-3418-0834
https://orcid.org/0000-0003-1542-6744
https://orcid.org/0000-0003-4284-9320
http://dx.doi.org/10.1029/2018JD029626
http://dx.doi.org/10.1029/2018JD029626
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-8996.BRIDGE1
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-8996.BRIDGE1
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-8996.BRIDGE1
http://dx.doi.org/10.1029/2018JD029626
http://dx.doi.org/10.1029/2018JD029626
http://dx.doi.org/10.1029/2018JD029626
mailto:stonek@mit.edu
https://doi.org/10.1029/2018JD029626
http://publications.agu.org/journals/


whether knowledge of early spring ozone concentrations could be beneficial for seasonal forecasting. Total
column ozone (TCO) abundances are routinely measured on a global basis to very high precision by satellite
methods (WMO, 2014), motivating our effort to evaluate their potential for seasonal prediction.

Previous studies have investigated ozone's role in seasonal forecasting during the 2011 springtime extreme
low Arctic ozone (Manney et al., 2011). One study found no model‐based improvement in extended range
forecasting of up to 31 days when using a representation of the 2011 ozone anomaly based on satellite data
within the Met Office Global and Regional Ensemble Prediction System (Cheung et al., 2014). In contrast,
another study found that both a cold Arctic stratosphere and tropospheric temperature anomalies associated
with sea surface temperatures contributed to the state of the 2011 tropospheric spring climate within the
European Centre/Hamburg version 5 atmospheric general circulation model (Karpechko et al., 2014). It
has also been shown that springtime extratropical prediction of land temperature is improved using realistic
stratospheric initialization. Further, this predictability arises through the stratosphere's influence on the
Northern Annular Mode (Jia et al., 2017). To the best of our knowledge, a robust assessment of surface tem-
perature forecast skill using NH ozone information for multiple years has not been done before. We exploit a
nine‐member ensemble of simulations with a state‐of‐the‐art chemistry climate model for this purpose. In
particular, we use the Whole Atmosphere Community Climate Model (WACCM4) module of the
Community Earth System Model, version 1 (CESM1; see section 3). The fully coupled free running
atmosphere‐ocean chemistry climate general circulation setup is used to produce the nine ensemble mem-
bers over 1995–2024 (a total of 270 years), a time period representative of high chlorine (Engel et al., 2018),
chosen to maximize the chance of larger Arctic springtime ozone depletion and indicate potential utility for
using stratospheric Arctic ozone for seasonal forecasting in coming years. Model results are compared to the
observed TCO and ERA‐interim reanalysis surface temperature data (hereafter referred to as observations;
see section 2). The El Niño Southern Oscillation (ENSO) has been accounted for in this work by the removal
of the temperature anomalies correlated with the NINO 3.4 index from the surface temperature; see section 3
, this accounts for the ENSO influenced variability in surface air temperatures, especially in southern Asia
(Thirumalai et al., 2017). For the observations, we use the time period of 1980–2016 to obtain the maximum
available observed high and low extreme ozone years (Ivy et al., 2017).

Here, we compare observed and modeled linear correlations and surface temperature differences corre-
sponding to the upper and lower twentieth percentiles of March TCO averaged over 63–90°N and April sur-
face temperatures. This is followed by using a linear regression model to predict April surface temperatures
over consecutive years using March TCO. A conditional empirical model is then used through a leave‐three‐
out cross‐validation method to predict the sign of the surface temperature anomaly using March ozone (see
section 3).

2. Data
2.1. Chemistry‐Climate Model

The model runs presented here are from The CESM1. It is a fully coupled climate model that incorporates
atmosphere, ocean, land, and sea ice modules (Garcia et al., 2017; Marsh et al., 2013). The atmosphere mod-
ule is the WACCM4 that has a horizontal resolution of 1.9° latitude by 2.5° longitude and up to 66 vertical
levels with a high top at 5.1 × 10−6 hPa (~140 km). The chemical scheme used is the Model of OZone And
Related Tracers (Kinnison et al., 2007) and includes 183 different species, 341 gas phase reactions, 114 photo-
lytic processes, and 17 heterogeneous reactions on multiple aerosol types. This chemical scheme has been
shown to accurately simulate polar ozone depletion and levels of chlorine reservoir species (Solomon
et al., 2015, 2016). This setup has a repeated cyclic 28 month quasi‐biennial oscillation, no solar cycle or solar
proton events, and updated sulfate area densities including 21st century volcanic eruptions (Mills et al.,
2016; Neely & Schmidt, 2016). The model was spun up from a REF‐C2 Chemistry Climate Model
Initialization simulation commencing in 1955. Initialization of the model ensemble members commences
from slightly differing initial air temperatures in 1995 (Kay et al., 2015; Solomon et al., 2017).

2.2. Ozone Data

TCO observations are sourced from the National Institute for Water and Atmosphere‐Bodeker Scientific
TCO database V3.2 patched data set. This data set combines multiple satellite observations and accounts
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for drifts and offsets using ground‐based Brewer and Dobson instruments and spans 1980–2016 (Struthers
et al., 2009).

2.3. ERA‐Interim Reanalysis

ERA‐Interim reanalysis data, from the European Centre for Medium‐Range Weather Forecasts, are used for
the “observed” surface temperature data. Observations in conjunction with a forecast model are used to cre-
ate the data set (Dee et al., 2011), which spans the period of 1979 to present. We use monthly mean of daily
mean ERA‐Interim 2‐m temperature data with a resolution of 1.5° latitude by 1.5° longitude over the period
of 1980–2016.

3. Methods
3.1. Linear Correlation and Surface Temperature Differences

Linear correlations of observed March TCO averaged over 63–90°N and April surface temperatures are con-
structed and shown in sections 4.1 and 4.2. The data sets were preconditioned by removing the linear trends
from TCO, and the linear trends and ENSO from the surface temperatures. ENSO is defined as the NINO 3.4
index, which is described as the sea surface temperature anomaly in the region of 5–5°S and 120–170°W.
Removal of the linear trends and ENSO is performed by removing the linear least squares regression fits
of a linear and ENSO regression function separately over the entire time periods of the data sets following

T* tð Þ¼T tð Þ‐βx tð Þ; (1)

where T(t) is the surface temperature at time t, T*(t) is the modified surface temperature, and β is the regres-
sion coefficient associated with regression function x(t). Additionally, a lag is likely associated with the
ENSO influence on surface temperature variability. Therefore, the ENSO regression coefficients are calcu-
lated with a lag of up to 2 months from the surface temperature month being evaluated at each grid point.
The lag that is associated with the largest regression coefficient at each grid point is used to remove the
ENSO variability from the surface temperatures. This results in x(t) being defined as x(t − L) for ENSO,
where L is the lag time chosen. Removal of the linear trend and ENSO acts to reduce the influence from
greenhouse gas increases and ENSO variability. It has been shown previously that there is both a tropo-
spheric and stratospheric (through influence of SSWs) ENSO pathway on surface temperature, especially
over the Eurasian region (Butler et al., 2014). Therefore, through this method, the removal of ENSO is likely
different depending on how much each region is influenced by the tropospheric or stratospheric pathways.
However, we note that the linear correlations only change slightly depending on whether ENSO is removed
or not (not shown). After preconditioning, the Pearson linear correlation is calculated between March 63–
90°N mean TCO and April surface temperatures.

The modeled composite of surface temperature differences is constructed from the data points that corre-
spond to the March 63–90°N TCO upper twentieth percentiles minus the lower twentieth percentiles for
each model individually. This ensures a robust assessment of the internal variability across all ensemble
members. The linear trend and ENSO are removed similarly to the method for the linear correlations.

3.2. Regression Model

We use a linear least squares regression model with mean March 63–90°N TCO as the sole predictor of the
April surface temperature predictands in section 4.3. Preconditioning of the TCO predictor and surface tem-
perature predictands is similar to that performed in the linear correlations and surface temperature differ-
ences. However, only data from the training periods, 1980–2010 for observations and 1995–2020 for the
model, are used to remove the linear trend and ENSO, following equation (1). This ensures that no fore-
casted data is used in construction of the regression model. The surface temperature predictands are also
normalized to the mean of the training periods to produce the surface temperature anomaly. Using the
regression model, modeled surface temperatures are fit to the training periods and forecasts are produced
for the remaining years. After the forecast has been made, ENSO is recalculated over the entire time period
and is used in conjunction with the training period ENSO regression coefficients to remove the ENSO varia-
bility in the forecast time period. The means and linear trends of the training period are also removed from
the forecast time period. It is noted that Arctic anthropogenic ozone depletion and recovery, even though
small compared to the Southern Hemisphere, is likely not linear in nature. Therefore, preconditioning by
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removing the linear trend may not be the best approach and could introduce biases into the
future predictions.

3.3. Conditional Empirical Model

To predict the sign of the surface temperature anomaly, we construct a conditional empirical model based on
the sign of the surface temperature difference from the March TCO upper twentieth percentiles minus the
March TCO lower twentieth percentiles. The twentieth percentile data were extracted in a similar fashion
to that of the surface temperature differences. If the sign of the surface temperature difference is positive
for a given location, we state that a positive ozone anomaly will forecast a positive surface temperature
anomaly. If the sign of the surface temperature difference is negative, we state that a positive ozone anomaly
will forecast a negative surface temperature anomaly. This results in a simple binary prediction for all sur-
face temperature grid points.

3.4. Leave‐Three‐Years‐Out Heidke Skill Scores

Using the conditional empirical model, we construct Heidke skill scores (HSSs) based on a leave‐three‐years‐
out method (section 4.4). For the nine model ensemble members, 30 consecutive empirical models are pro-
duced after each three consecutive data points are left out. The remaining 27 data points are the training data
sets. This results in 30 slightly different empirical models. The training data sets are preconditioned by
removing the linear least‐square trends and the influence of ENSO through linear regression following
equation (1). This is performed in a similarly manner to the regression model methods, and ensures that
no forecasted data are used in construction of the empirical models, and is repeated for each consecutive
leave‐three‐year‐out case. Considering we are aiming to predict the variability of surface temperatures due
to ozone and not the linear trend or ENSO, by removing these quantities, we predict the sign of the surface
temperature anomaly about the climatological linear trend line, and in the absence of ENSO. After precon-
ditioning of the training data sets, the empirical model is constructed and used to forecast only the middle
year point from the three that are left out. This is to account for autocorrelation. After the forecast has been
made, ENSO is recalculated for the forecast year, and is removed from the surface temperature data that was
forecasted using the training period regression coefficients. Similarly, for the linear trend. The same
approach is done for the observations. For the nine‐member ensemble, when all data are used, a HSS is cal-
culated from the 270 forecasts. This is defined as

HSS ¼ H−E
T−E

×100; (2)

where H is the number of correct predictions, T is the number of forecasts (in this case, 270), and E is the
number of correct forecasts by chance. Since we are forecasting the median anomaly, E is equivalent to
T/2. The HSS values range from −100 to 100. A HSS of 0 can be interpreted as an equal number of correct
and incorrect forecasts. A positive HSS means the model has provided more correct forecasts than incorrect
forecasts, for example, a HSS of 50 indicates 3 correct forecasts out of 4. Whereas, a negative HSS indicates
more incorrect forecasts than correct.

3.5. Calculation of Significance

Significance calculated in the linear correlations is based on rejection of the null hypothesis that there is
nonzero correlation compared to a zero correlation and is shown at the 95th percentile. Significance in
the surface temperature difference between the March TCO upper and lower 20th percentiles is based on
a two‐tailed student t test at the 95th percentile. Significance of the HSSs are constructed after the model pre-
dictions are bootstrapped 500 times, the HSSs are recalculated, and the 95th percentile of the bootstrapped
samples is determined. Significance is shown where the HSSs are greater than the 95th percentile or as 95th
percentile error bars.

4. Results
4.1. Polar Ozone and Surface Temperature Correlations

Linear correlations of observed March TCO averaged over 63–90°N and April surface temperatures are
shown in Figure 1a (see section 3). The correlations between TCO and subsequent surface temperatures
approach −0.45 in central Russia and +0.45 across southern Asia, especially in the Himalayas and
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southeastern Asia. High correlations are also seen in parts of the eastern North Pacific, western Europe, and
North America. A dipole pattern is seen across Eurasia, with negative correlations between ozone and sur-
face temperature in Russia and western Europe, and positive correlations from northern Africa to southeast-
ern Asia; this indicates a shift consistent with Northern Annular Mode variability (Thompson & Wallace,
2001), associated with TCO values, in agreement with Jia et al. (2017). March TCO‐May surface temperature
correlations are shown in Figure S1, and indicate a broadly similar structure.

The model ensemble composite correlations are shown in Figure 1b. The spatial structure of the correlations
obtained in the observations is well reproduced in the model, including the sharp dividing line across
Eurasia. Figure 1 thus shows that the ensemble reproduces the observed connection between TCO and
the tropospheric circulation. However, the magnitude of the correlations is lower in the model composite
than in the observations. As explained in detail the next paragraph, this is likely because each individual
member displays slightly different spatial patterns, smearing the correlation magnitudes somewhat.

To examine this in more detail, Figure 1c shows a metric of consistency in the correlations across the ensem-
ble members. This metric is defined as the standard deviation of the ensemble member correlations divided
by the mean of the ensemble member correlations and gives low values for consistent correlations across
members, and high values for large differences across members. This figure highlights the large variability
between individual ensemble member circulation patterns and their correlations with TCO changes,

a

b

c

Figure 1. Correlations of March 63–90°N TCO and April surface temperatures for observations over 1980–2016 (a), and
for the ensemble composite over 1995–2024 (b). Stippling shows significance to the 95th percentile. The ensemble
standard deviation divided by the ensemble mean, with lower values indicating more consistent correlations among
members are also shown (c). TCO = total column ozone.
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especially across North America; this is somewhat due to internal decadal variability among the individual
ensemble members. Where some of the variability is linked to the transition between positive and negative
correlation, so that slight shifts in circulation lead to low correlations in these transition regions. However,
we also expect to see some change between ensemble members due to sampling uncertainty, and these
regions of high correlation variability indicate where the ensemble signal is too weak to emerge outside of
this uncertainty. This is further highlighted by Figure S3, which shows that the correlation magnitudes of
individual ensemble members are similar to that of the observations, and that the resolved model signal
exceeding the sampling uncertainty emerges in the ensemble mean with its far greater sampling (270 total
years). This reveals that the most robust regions (less influenced by internal variability and large enough
to be detected outside of sampling uncertainty) are within central Russia and southern Asia. Using this infor-
mation, we can identify consistent regions across ensemble members and investigate their behavior in
more detail.

4.2. Surface Temperature Differences During Ozone Extremes

Figure 2 shows April surface temperature differences corresponding to the March TCO upper and lower
twentieth percentiles (hereafter referred to as ozone extremes) for both (a) observations and the (b) model

a

b

c d

Figure 2. April surface temperature differences corresponding to the upper minus the lower twentieth percentile 63–90°N
total column ozone March values over 1980–2016 (a). The equivalent model ensemble surface temperature differences
over 1995–2024 (b). Temperature differences corresponding to the March total column ozone extremes at selected
locations within each box are also shown as a function of months March through July (c and d). The error bars show plus
and minus one ensemble standard deviation.
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ensemble composite (see section 3). The values of the mean upper and lower twentieth percentiles in TCO
are 452 DU and 366 DU, respectively, in the observations and 466 and 390, respectively, in the model com-
posite, showing that the values between the model and observations agree reasonably well. The spatial pat-
tern of the temperature differences for the extreme ozone cases is very similar to the correlation pattern
shown in Figures 1a and 1b. The largest differences occur in central Russia, southern Asia, and North
America in the observations. This is replicated in the model ensemble composite, with the exception of
North America. In sum, the model captures the behavior as observed with a high degree of fidelity in regions
where the surface temperature differences are greatest and where the model has a well‐resolved signal. (The
global March TCO and May surface temperature differences for observations and the model ensemble are
also shown in Figure S2 and are consistent with Figure 2).

Figures 2c and 2d show the surface temperature difference fromMarch ozone extremes over the March–July
months independently for the locations marked in Figures 2a and 2b for observations and the model ensem-
ble composite, respectively. The ensemble lines also show the ensemble standard deviation as error bars.
Figure 2 demonstrates that for both the observations and the model ensemble composite, April surface tem-
perature differences associated with March ozone extremes can exceed those of March surface temperature
differences, indicating predictability. The temperature differences remain elevated through May, then begin
to approach zero in both the observations and the ensemble composite. As mentioned previously, North
America also displays large observed temperature differences in April, greater than 4 K, which are only
weakly replicated in the model ensemble composite. However, this is also a region where the model does
not have a well‐defined signal (Figure 1c).

4.3. Predicting the Last Few Years Based on Earlier Records

In this section, we investigate the predictive power of March TCO for localized surface temperature anoma-
lies in April. Using a linear regressionmodel (see section 3), we present an analysis of forecasting the last few
years in a time series.

A key finding from the previous sections is that the detailed correlations between March TCO and April sur-
face temperature are spatially displaced somewhat between ensemble members due to model internal varia-
bility and sampling uncertainty (Figure 1c). However, regions in central Russia and southern Asia show
much more consistent correlations among members, and also correspond to locations of very large observed
correlations. We therefore examine how well the relationship between March TCO and April surface tem-
peratures holds in these regions.

Figure 3 shows observations (a and b) and two individual ensemble member (c–f) regression model fits and
predictions using the March TCO predictor for April surface temperatures. For locations of high correlation
in central Russia and southern Asia, the regression model is fit to 1980–2010 for observations, and the
remaining 2011–2016 years are predicted; similarly, the regression model is fit to 1995–2020 for the model,
and the remaining 2021–2024 years are predicted. Correlation maps over 1980–2010 and 1995–2020 for
observations and the model (respectively) are shown in Figure S3, highlighting the selected regions of
high correlations

Figure 3a shows that the largest observed correlations in central Russia and southern Asia are −0.41, 0.50,
respectively. For the years of 2011–2016, we see that the regression forecast tracks the subsequent observed
data well for both central Russia and southern Asia in both periods shown here. Note that the large amount
of ozone depletion in 2011, a very cold year in the stratosphere, has indeed resulted in very accurate local
predictions for that year in these locations. The forecasts in central Russia and southern Asia suggest that
the relationship is locally consistent in these regions 6 years beyond the training data set.

Figures 3c–3f show a similar consistency for model ensemble members 4 and 7. Additional ensemble mem-
bers are shown in Figure S4. In ensemble member 4, the model forecast over years of 2021–2024 using the
regression model training period of 1995–2020 tracks the sign of the changes in the surface temperature very
well in both central Russia and southern Asia, although the absolute values are less well replicated in some
cases. This could be due to preconditioning of the predictands (see section 3). The correlation values over
1995–2020 are −0.59 and 0.68 for central Russia and southern Asia, respectively. Ensemble member 7 pre-
sents similar results to ensemble member 4. We see high correlations in central Russia of −0.61 with
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excellent forecasts over 2021–2024. In southern Asia, a correlation of 0.51 is seen with excellent forecasts for
2021 and 2022. However, there is less agreement in the forecasts in 2023 and 2024.

Figure 3 highlights within the locations of statistically useful relationships (e.g., high regression beta values),
the predictions can remain consistent over a few years past the regression model end date within the regions
that have a well‐resolved signal in the model. Further, although prediction of the absolute values appears
feasible in some cases (Figures 3c and 3f over 2021–2022), prediction of the sign of the anomaly may be more
broadly applicable (Figure 3e), and represents one approach to testing skill (Mundhenk et al., 2017). The
next section analyzes to what degree a simple empirical model based on March TCO can predict the sign
of the surface temperature anomaly over regions where the model is not well resolved.

4.4. Leave‐Three‐Years‐Out Anomaly Prediction

To analyze the use of March TCO for predicting the sign of localized surface temperature anomalies, we use
a conditional empirical model based on the sign of the temperature change relating to the difference
between the March ozone extremes. This model is used in a leave‐three‐years‐out cross‐validation method
to construct a HSS (see section 3), which ranges from−100 (no correct forecasts) to 100 (all correct forecasts),

a

c

e

b

d

f

Figure 3. March 63–90°N TCO and regression model fits of April surface temperature at specific locations within central
Russia and southern Asia for observations over 1980–2010 and the regression model forecasts over 2011–2016 (a and b).
Similarly, for ensemble members 4 (c and d) and ensemble member 7 (e and f) with a regression model time period of
1995–2020 and forecasts over 2021–2024. The specific locations chosen are shown in Figure S3. TCO= total column ozone.
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with 0 being equivalent to the reference forecast (50% correct forecasts; Johnson et al., 2014; Mundhenk
et al., 2017).

Figure 4 shows the HSSs for March TCO predictors and April surface temperature predictands for
both observations and the model data. The observed HSSs are shown in Figure 4a when using all data
(37 years). Figure 4b shows results for the HSSs using only predictions corresponding to ozone extremes
(14 years). The HSS pattern resembles that of the correlations and surface temperature differences in
Figures 1 and 2. Skill scores of up to 40 are obtained in North America, central Russia, and southern Asia,
and up to 60 in central Russia and 80 in southern Asia when only using the time periods associated with

a

b

c

d

Figure 4. Heidke skill scores for prediction of the sign of the April surface temperature anomaly using March Arctic total
column ozone after the leave‐three‐years‐out cross‐validation method. Observations are shown when using all data
(a), and after extraction of the values corresponding to March ozone extremes (b). Similarly, for the ensemble composite
(c), and ensemble composite during March ozone extremes (d). Significance, as stippling, is shown where the HSSs
are greater than the 95th percentile based on 500 bootstrap samples. Note the different colorbar scales between the
observations and the model. HSSs below zero are saturated to zero for clarity. HSS = Heidke skill score.
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ozone extremes. This corresponds to up to 80% and 90% correct predictions of the sign of the surface tem-
perature anomaly in these locations, respectively.

The model ensemble data are shown in a similar manner in Figures 4c and 4d, again displaying the largest
values in the regions of highest correlations and surface temperature differences. For the ensemble compo-
site when all data are considered (270 years), HSS values of over 20 are obtained in central Russia, and up to
20 in southern Asia and North America. For the ozone extreme years (108 years), these values increase to
over 50 in central Russia (indicating that over 75% of the predictions are correct). There are also other
regions that show large HSSs in both the observations and the model, for example, in southern Asia, in
North America, the Arctic, East Pacific, North Pacific, and Caribbean, but these are less clear.

Next we further investigate the forecast lead HSSs over specific local regions. Figure 5 shows March to July
observed and modeled HSSs for locations of largest April surface temperature difference corresponding to
March ozone extremes, as shown in Figure 2. Further, to reduce the likelihood that results are isolated to
a single grid box, the location that is selected also includes its surrounding grid boxes when calculating
the average HSS. When using all 37 predictions in the observed HSS (Figure 5a), we obtain April HSSs of
between 20 and 40 in the North American, central Russian, and southern Asian regions chosen. These
values are also greater than the 95th percentiles constructed from a 500 sample bootstrap, with the exception
of western Russia (see section 3). The HSSs aremost elevated forMarch and April, before dropping off to 0 by
May and June. When only data points that correspond to ozone extremes are used to construct the HSSs
(Figure 5b), the April values for all locations are greater than 60. The Figure also indicates that the HSSs
remain elevated through May before reducing to near 0 in June and July. Figures 5c and 5d similarly show
the March to July HSSs for the ensemble composite when all data are used, and when only data correspond-
ing to ozone extremes are used, respectively. Figure 5c shows that significant HSSs, approaching 20, occur in
eastern Russia during April. Figure 5d also shows HSSs approaching 50 and 35 in eastern and western
Russia, respectively, in the March ozone extreme years. We also see significant April HSSs in southern
Asia. Additionally, in western Russia, the HSSs remain elevated through to May, similar to observations.
Considering there is skill out to 2 months in advance of the ozone predictor, an interesting topic for future
work would be to look at the comparison to a persistence forecast.

a b

c d

Figure 5. Observed HSSs for the locations that show the largest April surface temperatures differences based on March
ozone extremes. This is shown for all observed data (37 data points—a) and data that corresponds to the March ozone
extremes (14 data points—b). The April surface temperature differences corresponding to the ozone extremes are shown
in Figure 2a. Similarly, for the model composite (c and d) with the locations used shown in Figure 2b. After each grid point
was selected, the corresponding HSS score was calculated by averaging the grid point chosen and all surrounding grid
boxes. Note the different y axis limits between observations and the model ensemble. HSS = Heidke skill score.
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In sum, Figure 5 indicates that not only is there significant forecast skill in April in both observations and the
model composite, but for western Russia, March ozone can be used to provide forecast skill 2 months into
the future. We note that when ENSO is not removed from the surface temperature data, the modeled predic-
tions over southern Asia reduce below the significant 95th percentile (not shown). However, there is vir-
tually no change in the other regions. (A similar analysis for areas of largest May surface temperature
differences are shown in Figures S6 and S7).

A major difference between the ensemble composite and the observations is the HSSs obtained in North
America. In observations, significant HSSs of up to 40 are seen when all data are used. However, in the
ensemble composite, the HSSs are 0 throughout. As shown previously (Figure 1c), this is an area where
the model ensemble signal is not resolved, which ultimately results in limited predictability. This conclusion
is strengthened when similar ensemble composite HSSs are constructed, but from the location of largest
April surface temperature differences from each individual member. This results in the HSSs significantly
increasing in North America, but less in central Russia and southern Asia (as shown in Figure S5). This sug-
gests that either the large observed HSSs in North America may not remain consistent into the future, or
within North America the model is not as realistic, unlike the other regions that show greater consistency
within the ensemble composite.

5. Conclusions

Seasonal forecasting has many major applications, such as to inform public health and agriculture decisions
that are based on the likelihood of future climate extremes, and to predict sea ice coverage (Smith et al.,
2016). This has fueled the recent growth in development of subseasonal to seasonal forecasts (Robertson
et al., 2015; Vitart et al., 2017; White et al., 2017). Here, in agreement with previous studies, we show that
large correlations from observations and a nine‐member ensemble from the CESM1(WACCM) model
between March Arctic TCO and springtime surface temperatures are seen in central Russia, southern
Asia, and North America. Similarly, surface temperature differences of over 6 K are observed between years
of opposing March Arctic ozone extremes (upper and lower twentieth percentiles) in these regions.
Additionally, while some locations experience large internal model variability, central Russia and southern
Asia have ensemble signals detectable outside of sampling uncertainty. This gives confidence that TCO
holds information that can be used for NH springtime seasonal forecasting.

Our analysis of individual ensemble members shows that a simple linear regression model that uses March
TCO as its sole predictor is able to accurately predict surface temperatures in regions that exhibit large cor-
relations, and this predictive skill is maintained over the 6 years in observations, and 4 years in the individual
ensemble members. In observations, the year of 2011, which experienced an extreme low ozone anomaly
was forecast very accurately.

Further, the results presented here give confidence that, due to the very large surface temperature differ-
ences between years of opposing March Arctic ozone extremes, we can with a good degree of skill use
March ozone to predict the sign of the surface temperature anomalies in April in central Russia and to a les-
ser extent in southern Asia. These locations display large skill in the observations, consistent comparisons of
the surface temperature differences between the model and observations, and the lowest internal model
variability (Figure 5). The observed and ensemble composite April HSSs, when using only data correspond-
ing to opposingMarch Arctic ozone extremes, approach 60 and 50 (80% and 75% correct predictions), respec-
tively, for the locations of largest April surface temperature difference in central Russia. There are also
indications that significant meaningful skill is obtained through to May in central Russia.

In summary, our results indicate that springtime NH seasonal predictions of surface temperature can be
improved in some locations using stratospheric ozone information, which is consistently measured to a high
degree of accuracy.
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