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Abstract

Stratospheric ozone depletion in the Antarctic is well known to cause changes in Southern
Hemisphere tropospheric climate; however, due to its smaller magnitude in the Arctic, the effects
of stratospheric ozone depletion on Northern Hemisphere tropospheric climate are not as obvious
or well understood. Recent research using both global climate models and observational data has
determined that the impact of ozone depletion on ozone extremes can affect interannual
variability in tropospheric circulation in the Northern Hemisphere in spring. To further this work,
we use a coupled chemistry-climate model to examine the difference in high cloud between years
with anomalously low and high Arctic stratospheric ozone concentrations. We find that low
ozone extremes during the late twentieth century, when ODS emissions are higher, are related to
a decrease in upper tropospheric stability and an increase in high cloud fraction, which may
contribute to enhanced Arctic surface warming in spring via a positive long-wave cloud radiative
effect . A better understanding of how Arctic climate is affected by ODS emissions, ozone
depletion and ozone extremes will lead to improved predictions of Arctic climate and its

associated feedbacks with atmospheric fields as ozone levels recover.
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1  Introduction

Stratospheric ozone depletion has transformed Southern Hemisphere climate since the 1980’s.
Characterized by a positive trend in the Southern Annular Mode, virtually every component of
Southern Hemisphere climate has been influenced by ozone depletion in recent decades (Polvani
etal., 2011; Previdi & Polvani, 2014; Thompson et al., 2011). The discovery that ozone
depletion high above in the stratosphere can generate a downward-migrating stratosphere-
troposphere coupled response has revealed the important role that ozone depletion has played in
driving recent multi-decadal trends in Southern Hemisphere surface climate (Lee & Feldstein,
2013; Polvani et al., 2011; World Meteorological Organization, 2014). Conversely, the Northern
Hemisphere has experienced less ozone depletion due to climatologically greater planetary wave
driving. This helps to maintain warmer lower stratospheric temperatures in the Arctic,
temperatures that are often above the 192 K temperature threshold needed to form polar
stratospheric clouds, which are essential for facilitating the heterogeneous chemical reactions
involved in ozone depletion (Solomon et al., 1986). Despite weaker long-term negative trends in
stratospheric ozone in the Arctic relative to the Antarctic, recent studies have identified an
increase in frequency of extreme low 0zone events in spring in the Arctic and have linked these
events to changes in Northern Hemisphere tropospheric and surface climate (Calvo et al., 2015;
Ivy et al., 2017; Manney et al., 2011; Smith & Polvani, 2014; Xia et al., 2018; Zhang et al.,
2018). These low ozone extremes are dynamically initiated and subsequently enhanced by
chemical ozone loss and chemistry-climate feedbacks (Calvo et al. 2015). Here, we expand on
this work and investigate the role of Arctic ozone depletion on high cloud formation using an

ensemble of global climate model (GCM) integrations.
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Ozone depletion occurs primarily within the cold stratospheric polar vortex (SPV) in spring,
when daylight returns to the poles. Sufficiently cold stratospheric conditions combined with
ultraviolet radiation provide ideal conditions for ozone-depleting photolytic chemical reactions to
occur. Thus, studies examining the effects of ozone extremes on climate have focused on
springtime events and the subsequent climate response. In the Southern Hemisphere, springtime
Antarctic ozone depletion, i.e. from September to November, has resulted in the most significant
climate response in austral summer, December to February. In the Northern Hemisphere, Arctic
ozone depletion peaks in March-April and past research has identified significant climate

impacts in April-May (Calvo et al., 2015).

Using the Community Atmosphere Model version 3 (CAM3), a climate model with a coarse
representation of stratospheric circulation and no interactive stratospheric chemistry, Smith &
Polvani (2014) compare 100-year long GCM integrations with prescribed low or high springtime
ozone. The prescribed ozone forcings were zonally symmetric, with magnitudes of +/- 15% and
+/- 25% relative to climatology (15% is within recently observed ozone variability whereas 25%
is slightly larger) for a total of four 100-year long integrations. Comparing the integrations with
the 25% lower and higher ozone forcings, the authors find significant differences in tropospheric
circulation, surface temperatures, and precipitation patterns, which resemble circulation
anomalies typically observed during the positive phase of the Northern Annular Mode (NAM),
the leading mode of variability in the northern extratropical atmosphere. This NAM response is
characteristic of a dynamically coupled stratosphere-troposphere response, such that anomalies
in the stratosphere migrate downward and project onto the leading mode of variability in the

troposphere.
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Conversely, for the more realistic +/- 15% ozone forcings, the atmospheric response in CAM3
is limited to the stratosphere and no statistically significant tropospheric response is detected.
This study demonstrates that large Arctic ozone anomalies have the potential to influence
Northern Hemisphere circulation, but the study is limited by the fact that the ozone forcing is

prescribed and that it is a simple zonal mean quantity.

A subsequent study by Calvo et al. (2015) uses a coupled chemistry-climate model, the Whole
Atmosphere Community Climate Model version 4 (WACCM4), to compare extreme high and
low ozone years during the second half of the twentieth century. The key differences between
WACCM4 and CAM3, used in the Smith & Polvani, (2014) study, are that WACCM4 has a
much better resolved stratospheric circulation and includes interactive middle atmosphere
chemistry (Marsh et al., 2013). Thus, ozone in WACCMA4 is fully coupled and consistent with
the model dynamics. With an ensemble of six historical integrations, the authors analyze how
April stratospheric ozone concentrationss affect April-May climate. Specifically, they examine
composite differences in years with low and high spring ozone during two time periods, the
1955-1975 time period, when ozone depletion is minimal, and the 1985-2005 time period, when
ozone depletion is more pronounced. Like Smith & Polvani (2014), Calvo et al. (2015) find the
SLP composite mean difference between the low and high ozone years resembles the positive
phase of the NAM during the time period with enhanced ozone depletion (1985-2005), but that
the difference is statistically insignificant during the time period with less ozone depletion (1955-
1975). Most notably, they show that Arctic ozone extremes in WACCM4, computed
interactively using observed emissions of ozone-depleting substances (ODS), can result in

statistically significant anomalies in tropospheric winds, surface temperature, and precipitation
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over large regions of the Northern Hemisphere without artificially manipulating ozone

concentrations.

The above modelling studies are supported by recent observational analysis. lvy et al. (2017) use
satellite-derived ozone observations and a reanalysis data product to examine the relationship
between March Arctic ozone anomalies and March-April average tropospheric circulation and
surface climate. Like the above studies, they also find an association between negative ozone
anomalies in March, a stronger polar vortex, and the positive phase of the NAM in spring. The
study also finds that ozone depletion is associated with significant surface warming in most
regions north of 70°N, with northern Eurasia having the largest surface temperature anomaly of

more than 5 K.

Given the observational and modelling evidence for a connection between Arctic ozone extremes
and tropospheric circulation, it is of interest to further investigate whether other aspects of
tropospheric climate are influenced by ozone extremes. In the present study, we focus on the
impact of ozone extremes on cloud incidence using a coupled chemistry-climate model. High
clouds are of particular interest due to their tendency to act as a greenhouse gas, trapping
longwave radiation in the atmosphere and re-emitting it back to the Earth’s surface, increasing its
surface temperature. Recent modelling work by Polvani et al. (2020) suggests that ODS
emissions and ozone depletion have resulted in a positive Arctic long-wave cloud radiative
adjustment and/or feedback, enhancing Arctic Amplification, the accelerated surface warming in
the Arctic, over the past several decades. Xia et al. (2016, 2018) also find that changes in

stratospheric ozone significantly affect global high cloud fraction, and consequently the effective
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radiative forcing of stratospheric ozone perturbations (Shindell et al. 2013, Checa-Garcia et al.

2018).

Following the method of Calvo et al. (2015), we show that low o0zone extremes during the late
twentieth century are associated with significant positive anomalies in Arctic high cloud, with
the largest magnitude anomalies occuring over northern Eurasia. While most of this increase is
consistent with large-scale dynamical processes associated with the positive phase of the NAM,
as much as half of the high cloud increase over the Kara and Laptev Seas is not, suggesting a
potential role for direct, local rapid adjustment. This work contributes to a clearer understanding
of how Arctic high cloud incidence is related to stratospheric ozone, and may help to elucidate
important dynamical and radiative adjustments or feedbacks associated with ozone depletion in

recent decades.

2 Data and Analysis

2.1 Model Data

We analyze six historical integrations of the Whole Atmosphere Community Climate Model
version 4 (WACCM4), part of NCAR’s Community Earth System Model version 1 (CESM1),
from 1955-2005 (Marsh et al., 2013). A superset of the Community Atmosphere Model version
4 (CAM4), WACCM4 (hereafter, simply WACCM) is a chemistry-climate model that extends
from the Earth’s surface to the lower thermosphere (140 km) with a total of 66 vertical pressure
levels and is fully coupled to ocean, land, and sea ice components. It has a horizontal resolution
of 1.9° latitude by 2.5° longitude. The model is suitable for analyzing stratosphere-troposphere
interactions and can simulate the development of the ozone hole in good agreement with

observations (Marsh et al., 2013). Additionally, WACCM’s parameterization of nonorographic
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gravity waves and surface stress due to unresolved topography has improved the representation
of SSWs compared to its predecessors, which is especially important for the simulation of
stratosphere-troposphere interactions (Garcia et al., 2007; Marsh et al., 2013; Richter et al.,

2010).

2.2 Analysis

2.2.1  Low-High Ozone Years

To isolate the effects of ozone depletion and minimize the effects of climate change on the
selected fields, Calvo et al.'s (2015) method of separating low o0zone and high ozone years was
employed. Early (1955-1975) and late (1985-2005) period ozone levels were evaluated at 72
hPa (lower stratosphere) in April. The 30 lowest and 30 highest ozone years were selected from
a subset of 126 years for each period (21 years per period multiplied by 6 runs) by polar cap
averaging ozone (between 65N and 90N) at 72 hPa and determining the years which had the 30
minimum and 30 maximum polar cap ozone levels in April. To evaluate how ozone extremes
affect the various atmospheric fields, the 30 highest and 30 lowest ozone years were used to
generate composites of the fields, then the difference was taken between low and high ozone
composite means resulting in a ‘low-high’ anomaly pattern for each field in the early and late
periods. Hereafter, we will refer to the low minus high ozone years anomaly pattern as the low-
high anomaly pattern for simplicity. The April-May average was taken for each field as in Calvo

etal. (2015).

2.2.2  Projections onto the Northern Annular Mode

Previous studies have demonstrated that ozone depletion is associated with rapid adjustments

and/or feedbacks in high cloud (Xia et al. 2016, 2018, Virgin & Smith, 2019, Polvani et al.
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2020); however, the extent to which such adjustments and/or feedbacks exist for seasonal
Arctic ozone extremes and the mechanisms involved are unclear. Here, we apply the conceptual
framework of the fluctuation-dissipation theorem, whereby a dynamical system’s response to a
perturbation projects onto its leading mode of variability, to qualitatively assess the relative
importance of large-scale dynamics and local dynamical and/or radiative adjustments associated

with Arctic ozone extremes on high cloud..

As in previous studies, we are interested in the extent to which a response or anomaly pattern (in
our case, the low-high anomaly pattern) resembles the leading mode of variability in its natural,
unforced state (Deser et al. 2004, McKenna et al. 2018). This has been previously identified as
the “indirect” component of the anomaly. The difference between the total anomaly and the
indirect component, i.e., the residual, has been identified at the “direct” or forced component and

tends to be localized to the forcing region.

In Deser et al. (2004) and McKenna et al. (2018), a companion control model integration is used
to establish the unforced leading mode of variability. In the present study, we use the NAM
index from the early period (1955-1975) to represent variability that is unforced by ozone
depletion. We compute the NAM index using April-May sea level pressure (SLP) from 20°N to
90°N. We then regress each tropospheric and surface field of interest, again for the early
period,onto the NAM index (126 years each) to obtain its unforced NAM-associated spatial
anomaly pattern. For example, for high cloud, we regress early period high cloud onto the early
period NAM index to obtain the spatial pattern of anomalous high cloud associated with the

NAM.
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Next, we compare our anomalies for each extreme ozone year to the above unforced NAM-
associated spatial anomaly pattern. To do this, we generate spatial anomalies for each ozone year
by removing the climatology for a given field for each of the early and late periods separately.
We then project these spatial anomalies against the unforced NAM-associated spatial anomaly
pattern for the early period using least-squares regression following Deser et al. (2004) and
McKenna et al. (2018). To calculate the residual, the component of the total anomaly that does

not project onto the NAM, the projection is subtracted from the total low-high anomaly pattern.

Lastly, for both the NAM projection and the residual components, we calculate the composite
mean of each of the 30 years of anomalies (for each of the early and late, low and high ozone
years) and take the difference between low and high ozone year composites for each early and

late period.

For stratospheric fields, namely stratospheric ozone, we perform a similar decomposition using a

NAM index calculated using April geopotential height at 72 hPa.

2.2.3  Upper Tropospheric Stability

Atmospheric stability can be used as an indicator of cloud formation (unstable, rising air is more
likely to result in cloud formation, see Li et al. (2014b) for a detailed observational analysis
linking cloud incidence, atmospheric stability, and vertical motion). Therefore, we calculated
atmospheric static stability for the upper tropospheric region between 400 hPa and the
tropopause (known as upper tropospheric stability, (UTS)) as a dynamical indicator of high cloud

formation:

(1) UTS= Htropopause — 6400 hpa

10
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(Klein & Hartmann, 1993; Li et al., 2014b). Note that our analysis is not sensitive to the choice
of 400 hPa in our definition of UTS. Pressure levels ranging from 300 to 550 hPa yield similar

results.

2.2.4 Cloud Feedback Calculation

We approximate the cloud feedback using the adjusted Cloud Radiative Effect (CRE) method
(Soden et al. 2008). The CRE is defined as the difference between top-of-atmosphere (TOA)

radiative fluxes between clear- and total-sky conditions, or:
(2) CRE =R(T,q,0,a) —R(T,q,c,a)

Where T, q, ¢, 0, a, denote temperature, water vapour, total-sky cloud, clear-sky cloud, and
albedo, respectively, and R represents the net radiative flux at the TOA. The cloud feedback is

calculated by adjusting the anomaly in CRE, dCRE, as follows:
(3) A, =dCRE + (K — K;)dT + (KQ — K,)dq + (KJ — K,)da + (Fo —F)

where dT, dg, and da represent the anomalies in T, q and a, K represents the radiative kernel
associated with a given feedback (we use the CAM3 kernels; Shell et al., 2008), F denotes the
radiative forcing and superscript O denotes clear-sky. For the long-wave cloud feedback
associated with ozone depletion, we can neglect the albedo term and we assume that the

difference in total-sky and clear-sky radiative forcing is negligible.

11
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2.2.5 Significance Testing and Regression

To determine the statistical significance of the composite mean low-high anomaly patterns, we
use a 2-sample Student’s t-test to identify regions of statistically significant differences at the

95% confidence level.

We also use least-squares linear regression to explore the relationships between high cloud, UTS,

and ozone concentration for low and high ozone years in both the early and late periods.

3 Results

While ozone depletion is substantially less in the Arctic than it is in the Antarctic, it is
nevertheless significant. Due to large dynamically-driven variability in the Arctic lower
stratosphere, Arctic ozone depletion is most evident when we contrast springtime ozone
extremes. To demonstrate this, we first show how Arctic ozone extremes evolve in WACCM
between the early and late time periods. The WACCM ensemble mean April ozone
concentration in mol ozone per mol air at 72 hPa for the 30 highest and lowest ozone years in the
early and late periods is presented in Figure 1. Ozone values range from 1.16x10° mol Os/mol
air during the late period’s lowest ozone years, to 3.26x10° mol Os/mol air during the early
period’s highest ozone years. Of particular interest is the similarity of the ensemble mean low
ozone pattern and magnitude in the early period to the ensemble mean high ozone in the late
period (Figs. 1b, ¢). This is indicative of the dramatic effect that ozone depleting substances
(ODS’s) have had on ozone in the Arctic stratosphere. Also of note is that the 0zone minimum
in the late period is skewed towards northern Eurasia — a spatial feature that will appear

throughout our analysis.
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To further elucidate the magnitude of the ozone anomaly, the low-high anomaly in April ozone
for the early and late periods is shown in Figure 2 as well as how much of that anomaly projects
onto the NAM and how much does not. Comparing the early and late total low-high ozone
anomaly in Figs. 2a and 2d highlights the enhanced chemical ozone depletion in the late period
compared to the early period; the total low-high anomaly in ozone in the late period is about two

times larger than that of the early period.

Figures 2b and 2e show the projection of the low-high ozone anomaly onto the April NAM index
at 72 hPa. The stratospheric NAM projection serves to elucidate the processes driving ozone
extremes. The component of the total low-high ozone anomaly that projects onto the NAM
represents the fraction associated with large-scale dynamical transport. For the late period, this
also includes any decrease in transport associated with chemistry-climate feedbacks related to
chemical ozone loss. In the early period, dynamical transport accounts for much of the total low-
high ozone anomaly (Fig. 2b). However, in the late period, we find that both the NAM-
projection (Fig. 2e) and the residual (Fig. 2f) components are substantial, particularly over the
eastern Arctic. The residual is the portion of the total anomaly that is not consistent with the
NAM and therefore represents more of a direct and local forced response to ODS emissions. We
find that approximately half of the total ozone anomaly over the eastern Arctic is explained by
processes that are not dynamically consistent with the NAM. This decomposition highlights the
very different nature of low ozone years at the end of the twentieth century — rather than being
primarily associated with reduced dynamical ozone transport (Tegtmeier et al., 2008), they are

also associated with substantial chemical loss.
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Before proceeding to the analysis of cloud incidence, we first reproduce the low-high anomaly

in SLP shown in Calvo et al. (2015). Figures 3a and 3d show the total SLP anomalies for the
early and late periods, respectively. As in Calvo et al. (2015), we see a statistically significant
SLP anomaly resembling the positive phase of the NAM for the late period, but not for the early
period. Unlike stratospheric ozone (Fig. 2), the total SLP anomaly is almost entirely explained by
its projection onto the NAM. This suggests that although we see a clear signal of forced chemical
ozone loss in the residual in Figure 2f, the low-high anomaly in the tropospheric circulation in
Figure 3e reflects an indirect large-scale dynamical stratosphere-troposphere coupled response to
ozone loss that projects almost entirely onto the NAM. This agrees with idealized modelling
studies, such as Kushner and Polvani (2004) and Simpson et al., (2009) which show that polar
stratospheric forcings can elicit an equivalent barotropic NAM-like tropospheric circulation

response via tropospheric eddy feedbacks. .

Previous studies have shown that the positive phase of the NAM is associated with increased
high cloud incidence north of ~ 60°N (Li et al., 2014a; Previdi & Veron, 2007). Thus, based on
the projection of the low-high anomaly in SLP onto the positive phase of the NAM in Figure 3e,
we anticipate an accompanying positive anomaly in high cloud over the Arctic region. This is
indeed what we find in WACCM. Figure 4 shows the zonal mean low-high total cloud fraction
anomaly for the early and late periods. The anomaly is small and not significant north of 60°N
for the early period (Fig. 4a), but the late period shows a significant positive anomaly in cloud
fraction, particularly high cloud, north of 70°N (Fig. 4b). For the late period, we also see
significant high cloud fraction anomalies for both the NAM-projected (Fig. 4d) and residual (Fig.

4f) components during the late period.
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Isolating the high cloud component, Figure 5 shows the total low-high anomaly in high cloud,
how much of that anomaly projects onto the NAM, and the residual for the early and late
periods. There is no significant difference in high cloud fraction between low and high ozone
years for the early period over the Arctic (Figure 5a), whereas there is a significant positive
anomaly in Arctic high cloud in the late period, especially over the eastern Arctic and northern
Eurasia (Figure 5d). Similarly, the projected and residual components show no significant
difference in high cloud in the early period (Figs. 5b, c) whereas there are significant positive
anomalies in high cloud over the pole in the late period (Figs. 5e, f). The late period NAM-
projected positive anomaly in high cloud covers almost the entire pole, except for a small area
over southwest Greenland, thus linking the majority of the total high cloud anomaly to ozone
extremes associated with ozone depletion via large-scale atmospheric circulation. For the late
period residual, smaller areas of positive high cloud anomalies are also significant, particularly
over the Kara and Laptev Seas and Greenland, as well as bands of negative high cloud anomalies
over northern Asia, northeastern Canada, and the northeastern Atlantic. The polar cap-averaged
Arctic high cloud anomaly for the late period is 5.3%, with 3.8% associated with the NAM and

1.5% remaining.

One of the proposed mechanisms linking Arctic high cloud incidence to the NAM is via the
dynamical coupling between the stratosphere and troposphere. Anomalies in Arctic high cloud
have been associated with variability in stratospheric wave driving and the consequent anomalies
in near-tropopause temperature (Li & Thompson, 2013); specifically, Li et al. (2014b) identify a
link between decreased tropopause temperature and increased upper tropospheric high clouds in
the Arctic. In what follows, we examine whether anomalously cold near-tropopause

temperatures associated with stratospheric ozone extremes in the Arctic can be similarly linked
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to anomalously positive high cloud fraction. Figure 6 shows the zonal mean difference in
potential temperature between low and high ozone years for the early and late periods. We show
potential temperature rather than temperature to allow for ease of comparison with UTS (see
Figure 7). Also included is the tropopause pressure for low and high ozone years for each period
and the average tropopause temperature. Both periods experience significant anomalies in
stratospheric potential temperature (Figs. 6a, b), but the anomalies in the late period are larger in
magnitude and occur just above the tropopause, at around ~80 hPa, while the anomalies in the
early period are weaker and occur at a higher altitude. This is consistent with what is already
known about the relationship between ozone depletion, tropopause temperature/height, and lower
stratospheric temperature (McLandress et al., 2011; Polvani et al., 2011). As expected, for the
late period low ozone years, the lower stratosphere cools and the tropopause rises. The
tropopause temperature also decreases by 1.07 K in the late period (compared to a decrease of
only 0.17 K between low and high ozone years in the early period). For the late period we also
find significant anomalies in zonal mean potential temperature for both the NAM-projected (Fig.
6d) and residual (Fig. 6f) components. The differing vertical structure of these potential
temperature anomalies qualitatively distinguishes between dynamically-driven anomalies and

radiatively-driven anomalies, respectively.

Because low ozone extremes associated with chemical ozone depletion in the late period cause
greater stratospheric cooling, specifically in the lower stratosphere and upper troposphere, a
potential physical link may be made between ozone depletion and enhanced high cloud incidence
in the Arctic via a decrease in upper tropospheric stability (UTS). Figure 7 shows the total,
NAM-projected, and residual UTS for the early and late periods. Although we find that the total

low-high anomaly in UTS is negative in both the early and late period, we find much larger
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magnitude anomalies in the late period. The significant negative anomaly in total UTS over the
eastern Arctic and northern Eurasia in the late period is notable. A similar pattern was found in
both the ozone anomaly (Figure 2d) and the high cloud anomaly (Figure 5d), again suggesting a
link between ozone, UTS, and high cloud anomalies. We will examine this region (outlined in

red in Figure 7a) in greater detail in Figure 8.

As we have seen for high cloud, most of the negative anomaly in UTS over the eastern Arctic
and northern Eurasia is consistent with its projection onto the NAM (compare Figure 7e and
Figure 5e); however, a small, but significant part of the negative anomaly is found in the residual

(compare Figure 7f and Figure 5f).

Based on the composite analysis thus far, we have identified significant differences in low-high
anomalies in ozone, UTS, and high cloud during the period when chemical ozone depletion is
significant, suggesting a mechanistic physical connection between ozone depletion and high
cloud anomalies. Additionally, we find that a large part of each total anomaly pattern (except
ozone) can be explained by its projection onto the NAM. We interpret our NAM-projection
analysis as largely supporting previous work that argues for a dynamically coupled stratosphere-
troposphere response to Arctic ozone depletion (Smith and Polvani, 2014; Calvo et al., 2015; Ivy
et al., 2017). However, the residual in our low-high anomalies in UTS and high cloud suggest
that there may be other local dynamical or radiative processes that contribute to the total

anomaly patterns, , particularly in Laptev and Kara Seas region.

We now examine these results further using regression analysis for individual low/high,
early/late ozone years, to gain a better understanding of the processes contributing to positive

high cloud anomalies in the presence of ozone depletion. Figure 8 contains seven scatter plots
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338 illustrating the linear relationships between anomalies in April ozone (total, NAM-projected,

339  and residual) and April-May total UTS and high cloud for the northern Eurasia region as outlined
340 inred in Figure 7d (the results are qualitatively similar for the Arctic region). In Figure 8a, UTS
341  isregressed against high cloud fraction. The four early/late, low/high combinations are

342  significantly negatively correlated supporting previous work (Li et al. 2013, 2014b); the late, low
343  ozone combination has the lowest UTS and highest high cloud values. UTS is then regressed
344  against total ozone in Figure 8b. Notice that the early low and high, and late high ozone years
345  cluster together in the plot, while the late low ozone years are clearly separated. This separation
346  yields the composite mean differences shown in Figures 2, 5, and 7. Within each grouping, we
347  see that UTS and ozone are positively and significantly correlated with each other, with the

348  exception of the late, high ozone years, demonstrating a robust link between these two fields.
349  Finally, in Figure 8c high cloud is regressed against total ozone. High cloud and ozone are

350 negatively correlated — as ozone levels decrease, high cloud increases and vice versa. The late,

351 low ozone years are again clearly separated from the other years.

352  InFigures 8d,e and 8f,g we explore the extent to which the nature of the ozone forcing affects
353 the relationships between ozone, UTS, and high cloud over northern Eurasia. Figure 8d,e shows
354  the relationship between NAM-projected ozone, total high cloud, and total UTS. For the late
355  period, low ozone years, the relationships for both high cloud and UTS with NAM-projected
356  ozone are insignificant, while the other groups of years all show statistically significant

357  relationships. In Figure 8f, the residual ozone is significantly positively correlated with UTS for
358  the late low ozone years, but the relationships with high cloud is less clear (Fig. 8g). We find
359  stronger correlations with residual ozone for the low ozone years compared to the high ozone

360 years, a feature that requires further examination. Overall, this analysis demonstrates that the
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relationships between ozone, UTS and high cloud are robust, but that mechanisms driving these
relationships can differ. The strength and significance of the correlations in Figure 8 suggest that
ozone extremes that are influenced by large-scale dynamical transport, i.e. the NAM-projected
0zone, appear to play an important role in determining anomalies in UTS and high cloud in the
early period (Figs. 8d, e), but ozone anomalies that are associated with chemical loss, i.e., the

residual ozone, also appear to play an important role in the late period (Figs. 8f).

We have shown using both composite analysis and regression that positive high cloud anomalies
in the Arctic are linked to ozone extremes via its effect on upper tropospheric stability. We now
ask whether these cloud anomalies could have a radiative influence on surface temperature. In
order to answer this question, we examine top-of-atmosphere (TOA) longwave (LW) fluxes
associated with high clouds using the adjusted Cloud Radiative Effect (CRE) method (Soden et
al., 2008). Figure 9 shows the total, NAM-projected, and residual low-high anomaly in TOA LW
adjusted CRE for the early and late periods. The spatial patterns in Figure 9 are strikingly
similar to those for high cloud in Figure 5. Overall, the LW warming effect from Arctic cloud is
substantially larger in the late period (Fig. 9d) compared to the early period (Fig. 9a), particularly
over the eastern Arctic and northern Eurasia, suggesting that the effect of ozone depletion on
ozone extremes has the potential to impact surface temperature. As shown previously, much of
the anomaly in Arctic high cloud in the late period is associated with the large-scale stratosphere-
troposphere coupled NAM response to ozone extremes (Fig. 5e), and this is what we also find for
the TOA LW adjusted CRE anomaly (Fig. 9e). This is consistent with the work of Li et al.
(2014a) who find that the positive phase of the NAM is associated with positive high cloud

anomalies and a positive TOA adjusted CRE in the Arctic region. The late period residual (Fig.
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9f) shows a significant positive region over the Laptev and Kara Seas, similar to the residual for

high cloud (Fig. 5f).

Finally, to further elucidate the effects of ozone extremes on Arctic surface climate, the surface
temperature difference between low and high ozone years is shown in Figures 10a and 10d for
the early and late periods. The surface temperature pattern was projected onto the early period
NAM in Figs. 10b and 10e, indicating how much of the surface temperature pattern is consistent
with the large-scale NAM pattern. Then, as before, the residual patterns in Figs. 10c and 10f
were calculated by subtracting the projected anomalies from the total. Similar to the positive
high cloud, negative UTS and LW adjusted CRE anomalies found mostly over northern Eurasia
in Figure 5, 7 and 9, the late period low-high surface temperature anomaly shows a statistically
significant warming focused over northern Eurasia (see also Calvo et al. 2015). Most of the
positive anomaly in surface temperature in the late period is consistent with the NAM, but there
are also regions of significant positive anomalies in surface temperature over Eurasia and the
pole in the residual. These regions are approximately spatially co-located with the corresponding
residual patterns in ozone, high cloud, UTS and TOA LW adjusted CRE (Figs. 5f, 7f and 9f)
and, therefore, potentially represent the warming effect of local rapid adjustments in high cloud

associated with ozone extremes (Xia et al. 2016, 2018).

4  Discussion and Conclusions

In this study, we examine the relationship between twentieth century stratospheric ozone
extremes and Arctic high cloud. Using a global climate model with interactive stratospheric
chemistry, we find that extreme negative Arctic ozone anomalies in spring during the late

twentieth century are associated with positive high cloud anomalies in that region.
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Our work builds on several key studies. First, previous work has demonstrated that springtime
ozone extremes in the Arctic results in tropospheric circulation anomalies that project onto the
positive phase of the NAM (Calvo et al., 2015; Ivy et al., 2017; Li et al., 2014a; Smith &
Polvani, 2014). Second, the positive phase of the NAM has been associated with a positive
anomaly in high cloud and cloud radiative effect in the Arctic (Li et al., 2014a). Finally, ozone
depletion has been associated with positive rapid adjustments and/or feedbacks in high cloud
(Xia et al. 2016, 2018, Virgin & Smith, 2019, Polvani et al. 2020). Taken together, these studies
suggest that ozone extremes have the potential to impact Arctic climate via both large-scale

dynamical and radiative adjustments and/or feedbacks in high cloud.

Using historical integrations of WACCM, we extend previous work showing that extreme
negative springtime Arctic ozone anomalies in the late twentieth century are associated with
anomalies in Arctic tropospheric climate by showing a link between ozone extremes and high
cloud (Figure 8). During this time period Arctic low ozone extremes are linked to, a rising and
cooling of the tropopause (Figure 6), a decrease in upper tropospheric stability (Figure 7), an
increase in high cloud fraction (Figure 5), an increase in the TOA adjusted long-wave cloud
radiative effect over the Arctic and Eurasia (Figure 9b), and an increase in surface temperature
over northern Eurasia (Figure 10). The tropopause rises and cools due to a colder lower
stratosphere and the corresponding changes in wave driving (Polvani et al 2011, McLandress et
al. 2011). A rising and cooling of the tropopause leads to a decrease in upper tropospheric
stability and an increase in high cloud formation (Li & Thompson, 2013). Because high cloud
tends to act like a greenhouse gas, this increase in high cloud results in an increase in TOA LW
adjusted CRE; however, we cannot make a causal link between the increase in TOA LW

adjusted CRE and surface temperature based on the analysis presented.
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To examine the extent to which our results reflect UTS, high cloud, and surface temperature
anomalies associated with large-scale dynamics associated with the NAM or other factors, such
as rapid adjustments, we decompose the anomalies into the component that projects onto the
NAM and the residual. Consistent with conclusions of previous studies (Calvo et al., 2015; Ivy et
al., 2017; Li et al., 2014a; Smith & Polvani, 2014), we find that most of the anomalies in UTS,
high cloud, and surface temperature project onto the NAM. However, we do find statistically
significant anomalies in the residual that may reflect, in part, the effect of rapid adjustments. This
is supported by the fact that the residual anomalies in ozone, UTS, high cloud, and surface

temperature are spatially co-located over the northern Eurasian sector of the Arctic.

While the decomposition of anomalies into the NAM-projected component and the residual give
some suggestion as to the relative importance of large-scale dynamics versus local rapid
adjustments, this decomposition does not provide a clean separation of these mechanisms and

our results require further investigation using targeted GCM experiments.

In summary, this work presents a clear link between Arctic springtime ozone extremes and high
cloud incidence and, thus, raises questions about the contribution of 0zone-induced changes in
high cloud on historical Arctic Amplification and how ozone recovery will affect Arctic climate
in the coming decades. It is critical to improve our understanding of how stratospheric ozone
interacts with climate in order to quantitatively attribute observed climate changes to specific
physical and chemical processes, to continually improve climate models, and to reasonably

project future climate changes.
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Figure 1. Average April ozone concentration (mol ozone per mol air) for the (top) 30 lowest and (bottom)
highest ozone years for the (left) 1955-1975 and (right) 1985-2005 time periods at 72 hPa. Hatching indicates
regions of statistical significance at the 95% level.

30

Accepted for publication in Journal of Climate. DOI110.1175/JCLI-D-19-0867.1.

020z ¥snbny zz uo 3senb Aq ypd° 298061 PIIdI/L¥8686Y/L°L980-6L-Q-1TOr/SL L L 0L /10p/3pd-8|one/jol/B10-00s)ewe s|eunolj/:dny woy pspeojumoq



Total Response Projected onto NAM Residual

1955-1975

1985-2005

le—-6

mol 03/mol air

Figure 2. (a), (d) Total April ozone anomaly at 72 hPa (low-high ozone years), (b), (€) the projection of the anomaly onto
the NAM, and (c), (f) the residual for the (a)-(c) 1955-1975 and (d)-(f) 1985-2005 time periods. Hatching indicates regions

of statistical significance at the 95% level.
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Figure 3. (), (d) Total April-May SLP anomaly (low — high ozone years), (b), (€) the projection of the anomaly onto the NAM,
and (c), (f) the residual for the (a)-(c) 1955-1975 and (d)-(f) 1985-2005 time periods. Hatching indicates regions of statistical

significance at the 95% level.
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Figure 4. (a)-(b) Total April-May zonal mean cloud anomaly (low — high ozone years), (c)-(d) the projection of
the anomaly onto the NAM, and (e)-(f) the residual for the (a), (c), (e) 1955-1975 and (b), (d), (f) 1985-2005
time periods. Hatching indicates regions of statistical significance at the 95% level.
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Figure 5. (), (d) Total April-May high cloud anomaly (low — high ozone years), (b), (e) the projection of the anomaly onto the
NAM, and (c), (f) the residual for the (a)-(c) 1955-1975 and (d)-(f) 1985-2005 time periods. Hatching indicates regions of statistical
significance at the 95% level.
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Figure 6. (a)-(b) Total April-May zonal mean potential temperature anomaly (low — high ozone years), (c)-
(d) the projection of the anomaly onto the NAM, and (e)-(f) the residual for the (a), (c), (e) 1955-1975 and
(b), (d), (f) 1985-2005 time periods. Hatching indicates regions of statistical significance at the 95% level.
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Figure 7. (a), (d) Total April-May upper tropospheric stability (UTS) anomaly (low — high ozone years), (b), (e) the projection of
the anomaly onto the NAM and, (c), (f) the residcual for the (a)-(c) 1955-1975 and (d)-(f) 1985-2005 time periods. Hatching

indicates regions of statistical significance at the 95% level .
38

Accepted for publication in Journal of Climate. DOI110.1175/JCLI-D-19-0867.1.

020z ¥snbny zz uo 3senb Aq ypd° 198061 PIIdI/L¥86861/L°L980-6L-Q-ITOr/SL L L 0L/10p/3pd-8jone/jol/Bi0-00s)ewe s|jeunolj/:dny woy pspeojumoq



High Cloud vs UTS
a)
501
a5
g
w
E
D401
354
.
| early_low r-,p-value = -0.83,0.00
30 early_high r-,p-value = -0.46,0.01
late_jow  r-,p-value = -0.54, 0.00
late_high r-p-value = -0.56, 0.00

70200 0225 0250 0275 0300 0325 0350 0.375
High Cloud (Fraction)

Legend
e 1955-1975, Low Ozone

1955-1975, High Ozone
® 1985-2005, Low Ozone
1985-2005, High Ozone

Figure 8. Scatter plots of (a) April-May high cloud and UTS, (b) April total ozone and April-May UTS, and (c)
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and light blue markers show the 1955-1975 (early) time period low and high ozone years, respectively and the
red and orange markers show the 1985-2005 (late) time period low and high ozone years, respectively. (d) and
(f) are NAM-projected and residual ozone (as in Figure 2) vs UTS, and (e) and (g) are NAM-projected and

residual ozone vs. high cloud.
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Figure 9. (), (d) Total April-May top-of-atmosphere (TOA) long-wave (LW) adjusted cloud radiative effect anomalies (low — high
ozone years), (b), (e) the projection of the anomaly onto the NAM and (c), (f) the residual for the (a)-(c) 1955-1975 and (d)-(f) 1985-

2005 time periods. Hatching indicates regions of statistical significance at the 95% level.
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Figure 10. (a), (d) Total April-May surface temperature anomaly (low — high ozone years), (b), (e) the projection of the anomaly onto
the NAM and (c), (f) the residual for the (a)-(c) 1955-1975 and (d)-(f) 1985-2005 time periods. Hatching indicates regions of statistical
significance at the 95% level.

41

Accepted for publication in Journal of Climate. DOI110.1175/JCLI-D-19-0867.1.

020z ¥snbny zz uo 3senb Aq ypd° 198061 PIIdI/L¥86861/L°L980-6L-Q-ITOr/SL L L 0L/10p/3pd-8jone/jol/Bi0-00s)ewe s|jeunolj/:dny woy pspeojumoq





