
1 

1 

 Impacts of stratospheric ozone extremes on 
Arctic high cloud  

 by  

Sarah Maleska (University of Toronto Scarborough, Toronto, Ontario, Canada; corresponding 

author: sarahmaleska@gmail.com), Karen L. Smith (University of Toronto Scarborough, 

Toronto, Ontario, Canada), and John Virgin (University of Waterloo, Waterloo, Ontario, 

Canada) 

 

Early Online Release: This preliminary version has been accepted for publication in Journal 
of Climate, may  be  fully  cited,  and  has  been  assigned  DOI  he final 
typeset copyedited article will replace the EOR at the above DOI when it is published. 
 
© 20 ological Society 

 T

20 American Meteor

10.1175/JCLI-D-19-0867.1.

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/doi/10.1175/JC
LI-D

-19-0867.1/4989847/jclid190867.pdf by guest on 22 August 2020



 

2 

 

Abstract 1 

Stratospheric ozone depletion in the Antarctic is well known to cause changes in Southern 2 

Hemisphere tropospheric climate; however, due to its smaller magnitude in the Arctic, the effects 3 

of stratospheric ozone depletion on Northern Hemisphere tropospheric climate are not as obvious 4 

or well understood.  Recent research using both global climate models and observational data has 5 

determined that the impact of ozone depletion on ozone extremes can affect interannual 6 

variability in tropospheric circulation in the Northern Hemisphere in spring. To further this work, 7 

we use a coupled chemistry-climate model to examine the difference in high cloud between years 8 

with anomalously low and high Arctic stratospheric ozone concentrations. We find that low 9 

ozone extremes during the late twentieth century, when ODS emissions are higher, are related to 10 

a decrease in upper tropospheric stability and an increase in high cloud fraction, which may 11 

contribute to enhanced Arctic surface warming in spring via a positive long-wave cloud radiative 12 

effect . A better understanding of how Arctic climate is affected by ODS emissions, ozone 13 

depletion and ozone extremes will lead to improved predictions of Arctic climate and its 14 

associated feedbacks with atmospheric fields as ozone levels recover.    15 
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 Introduction 16 

Stratospheric ozone depletion has transformed Southern Hemisphere climate since the 1980’s. 17 

Characterized by a positive trend in the Southern Annular Mode, virtually every component of 18 

Southern Hemisphere climate has been influenced by ozone depletion in recent decades (Polvani 19 

et al., 2011; Previdi & Polvani, 2014; Thompson et al., 2011).  The discovery that ozone 20 

depletion high above in the stratosphere can generate a downward-migrating stratosphere-21 

troposphere coupled response has revealed the important role that ozone depletion has played in 22 

driving recent multi-decadal trends in Southern Hemisphere surface climate (Lee & Feldstein, 23 

2013; Polvani et al., 2011; World Meteorological Organization, 2014).  Conversely, the Northern 24 

Hemisphere has experienced less ozone depletion due to climatologically greater planetary wave 25 

driving. This helps to maintain warmer lower stratospheric temperatures in the Arctic, 26 

temperatures that are often above the 192 K temperature threshold needed to form polar 27 

stratospheric clouds, which are essential for facilitating the heterogeneous chemical reactions 28 

involved in ozone depletion (Solomon et al., 1986).  Despite weaker long-term negative trends in 29 

stratospheric ozone in the Arctic relative to the Antarctic, recent studies have identified an 30 

increase in frequency of extreme low ozone events in spring in the Arctic and have linked these 31 

events to changes in Northern Hemisphere tropospheric and surface climate (Calvo et al., 2015; 32 

Ivy et al., 2017; Manney et al., 2011; Smith & Polvani, 2014; Xia et al., 2018; Zhang et al., 33 

2018).  These low ozone extremes are dynamically initiated and subsequently enhanced by 34 

chemical ozone loss and chemistry-climate feedbacks (Calvo et al. 2015). Here, we expand on 35 

this work and investigate the role of Arctic ozone depletion on high cloud formation using an 36 

ensemble of global climate model (GCM) integrations.  37 
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Ozone depletion occurs primarily within the cold stratospheric polar vortex (SPV) in spring, 38 

when daylight returns to the poles. Sufficiently cold stratospheric conditions combined with 39 

ultraviolet radiation provide ideal conditions for ozone-depleting photolytic chemical reactions to 40 

occur. Thus, studies examining the effects of ozone extremes on climate have focused on 41 

springtime events and the subsequent climate response. In the Southern Hemisphere, springtime 42 

Antarctic ozone depletion, i.e. from September to November, has resulted in the most significant 43 

climate response in austral summer, December to February. In the Northern Hemisphere, Arctic 44 

ozone depletion peaks in March-April and past research has identified significant climate 45 

impacts in April-May (Calvo et al., 2015). 46 

Using the Community Atmosphere Model version 3 (CAM3), a climate model with a coarse 47 

representation of stratospheric circulation and no interactive stratospheric chemistry, Smith & 48 

Polvani (2014) compare 100-year long GCM integrations with prescribed low or high springtime 49 

ozone. The prescribed ozone forcings were zonally symmetric, with magnitudes of +/- 15% and 50 

+/- 25% relative to climatology (15% is within recently observed ozone variability whereas 25% 51 

is slightly larger) for a total of four 100-year long integrations.  Comparing the integrations with 52 

the 25% lower and higher ozone forcings, the authors find significant differences in tropospheric 53 

circulation, surface temperatures, and precipitation patterns, which resemble circulation 54 

anomalies typically observed during the positive phase of the Northern Annular Mode (NAM), 55 

the leading mode of variability in the northern extratropical atmosphere. This NAM response is 56 

characteristic of a dynamically coupled stratosphere-troposphere response, such that anomalies 57 

in the stratosphere migrate downward and project onto the leading mode of variability in the 58 

troposphere.  59 
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Conversely, for the more realistic +/- 15% ozone forcings, the atmospheric response in CAM3 60 

is limited to the stratosphere and no statistically significant tropospheric response is detected. 61 

This study demonstrates that large Arctic ozone anomalies have the potential to influence 62 

Northern Hemisphere circulation, but the study is limited by the fact that the ozone forcing is 63 

prescribed and that it is a simple zonal mean quantity.  64 

A subsequent study by Calvo et al. (2015) uses a coupled chemistry-climate model, the Whole 65 

Atmosphere Community Climate Model version 4 (WACCM4), to compare extreme high and 66 

low ozone years during the second half of the twentieth century. The key differences between 67 

WACCM4 and CAM3, used in the Smith & Polvani, (2014) study, are that WACCM4 has a 68 

much better resolved stratospheric circulation and includes interactive middle atmosphere 69 

chemistry (Marsh et al., 2013). Thus, ozone in WACCM4 is fully coupled and consistent with 70 

the model dynamics. With an ensemble of six historical integrations, the authors analyze how 71 

April stratospheric ozone concentrationss affect April-May climate. Specifically, they examine 72 

composite differences in years with low and high spring ozone during two time periods, the 73 

1955-1975 time period, when ozone depletion is minimal, and the 1985-2005 time period, when 74 

ozone depletion is more pronounced. Like Smith & Polvani (2014), Calvo et al. (2015) find the 75 

SLP composite mean difference between the low and high ozone years resembles the positive 76 

phase of the NAM during the time period with enhanced ozone depletion (1985-2005), but that 77 

the difference is statistically insignificant during the time period with less ozone depletion (1955-78 

1975). Most notably, they show that Arctic ozone extremes in WACCM4, computed 79 

interactively using observed emissions of ozone-depleting substances (ODS), can result in 80 

statistically significant anomalies in tropospheric winds, surface temperature, and precipitation 81 
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over large regions of the Northern Hemisphere without artificially manipulating ozone 82 

concentrations.      83 

The above modelling studies are supported by recent observational analysis. Ivy et al. (2017) use 84 

satellite-derived ozone observations and a reanalysis data product to examine the relationship 85 

between March Arctic ozone anomalies and March-April average tropospheric circulation and 86 

surface climate.  Like the above studies, they also find an association between negative ozone 87 

anomalies in March, a stronger polar vortex, and the positive phase of the NAM in spring.  The 88 

study also finds that ozone depletion is associated with significant surface warming in most 89 

regions north of 70°N, with northern Eurasia having the largest surface temperature anomaly of 90 

more than 5 K. 91 

Given the observational and modelling evidence for a connection between Arctic ozone extremes 92 

and tropospheric circulation, it is of interest to further investigate whether other aspects of 93 

tropospheric climate are influenced by ozone extremes. In the present study, we focus on the 94 

impact of ozone extremes on cloud incidence using a coupled chemistry-climate model.  High 95 

clouds are of particular interest due to their tendency to act as a greenhouse gas, trapping 96 

longwave radiation in the atmosphere and re-emitting it back to the Earth’s surface, increasing its 97 

surface temperature. Recent modelling work by Polvani et al. (2020) suggests that ODS 98 

emissions and ozone depletion have resulted in a positive Arctic long-wave cloud radiative 99 

adjustment and/or feedback, enhancing Arctic Amplification, the accelerated surface warming in 100 

the Arctic, over the past several decades. Xia et al. (2016, 2018) also find that changes in 101 

stratospheric ozone significantly affect global high cloud fraction, and consequently the effective 102 
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radiative forcing of stratospheric ozone perturbations (Shindell et al. 2013, Checa-Garcia et al. 103 

2018). 104 

Following the method of Calvo et al. (2015), we show that low ozone extremes during the late 105 

twentieth century are associated with significant positive anomalies in Arctic high cloud, with 106 

the largest magnitude anomalies occuring over northern Eurasia.  While most of this increase is 107 

consistent with large-scale dynamical processes associated with the positive phase of the NAM, 108 

as much as half of the high cloud increase over the Kara and Laptev Seas is not, suggesting a 109 

potential role for direct, local rapid adjustment.  This work contributes to a clearer understanding 110 

of how Arctic high cloud incidence is related to stratospheric ozone, and may help to elucidate 111 

important dynamical and radiative adjustments or feedbacks associated with ozone depletion in 112 

recent decades. 113 

 Data and Analysis 114 

2.1 Model Data 115 

We analyze six historical integrations of the Whole Atmosphere Community Climate Model 116 

version 4 (WACCM4), part of NCAR’s Community Earth System Model version 1 (CESM1), 117 

from 1955-2005 (Marsh et al., 2013).  A superset of the Community Atmosphere Model version 118 

4 (CAM4), WACCM4 (hereafter, simply WACCM) is a chemistry-climate model that extends 119 

from the Earth’s surface to the lower thermosphere (140 km) with a total of 66 vertical pressure 120 

levels and is fully coupled to ocean, land, and sea ice components.  It has a horizontal resolution 121 

of 1.9° latitude by 2.5° longitude.  The model is suitable for analyzing stratosphere-troposphere 122 

interactions and can simulate the development of the ozone hole in good agreement with 123 

observations (Marsh et al., 2013).  Additionally, WACCM’s parameterization of nonorographic 124 
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gravity waves and surface stress due to unresolved topography has improved the representation 125 

of SSWs compared to its predecessors, which is especially important for the simulation of 126 

stratosphere-troposphere interactions (Garcia et al., 2007; Marsh et al., 2013; Richter et al., 127 

2010).   128 

2.2 Analysis 129 

2.2.1 Low-High Ozone Years 130 

To isolate the effects of ozone depletion and minimize the effects of climate change on the 131 

selected fields, Calvo et al.'s (2015) method of separating low ozone and high ozone years was 132 

employed.  Early (1955-1975) and late (1985-2005) period ozone levels were evaluated at 72 133 

hPa (lower stratosphere) in April.  The 30 lowest and 30 highest ozone years were selected from 134 

a subset of 126 years for each period (21 years per period multiplied by 6 runs) by polar cap 135 

averaging ozone (between 65N and 90N) at 72 hPa and determining the years which had the 30 136 

minimum and 30 maximum polar cap ozone levels in April.  To evaluate how ozone extremes 137 

affect the various atmospheric fields, the 30 highest and 30 lowest ozone years were used to 138 

generate composites of the fields, then the difference was taken between low and high ozone 139 

composite means resulting in a ‘low-high’ anomaly pattern for each field in the early and late 140 

periods.  Hereafter, we will refer to the low minus high ozone years anomaly pattern as the low-141 

high anomaly pattern for simplicity. The April-May average was taken for each field as in Calvo 142 

et al. (2015).   143 

2.2.2 Projections onto the Northern Annular Mode 144 

Previous studies have demonstrated that ozone depletion is associated with rapid adjustments 145 

and/or feedbacks in high cloud (Xia et al. 2016, 2018, Virgin & Smith, 2019, Polvani et al. 146 
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2020); however, the extent to which such adjustments and/or feedbacks exist for seasonal 147 

Arctic ozone extremes and the mechanisms involved are unclear. Here, we apply the conceptual 148 

framework of the fluctuation-dissipation theorem, whereby a dynamical system’s response to a 149 

perturbation projects onto its leading mode of variability,  to qualitatively assess the relative 150 

importance of large-scale dynamics and local dynamical and/or radiative adjustments associated 151 

with Arctic ozone extremes on high cloud..  152 

As in previous studies, we are interested in the extent to which a response or anomaly pattern (in 153 

our case, the low-high anomaly pattern) resembles the leading mode of variability in its natural, 154 

unforced state (Deser et al. 2004, McKenna et al. 2018). This has been previously identified as 155 

the “indirect” component of the anomaly. The difference between the total anomaly and the 156 

indirect component, i.e., the residual, has been identified at the “direct” or forced component and 157 

tends to be localized to the forcing region.  158 

In Deser et al. (2004) and McKenna et al. (2018), a companion control model integration is used 159 

to establish the unforced leading mode of variability. In the present study, we use the NAM 160 

index from the early period (1955-1975) to represent variability that is unforced by ozone 161 

depletion. We compute the NAM index using April-May sea level pressure (SLP) from 20N to 162 

90N. We then  regress each tropospheric and surface field of interest, again for the early 163 

period,onto the NAM index (126 years each) to obtain its unforced NAM-associated spatial 164 

anomaly pattern. For example, for high cloud, we regress early period high cloud onto the early 165 

period NAM index to obtain the spatial pattern of anomalous high cloud associated with the 166 

NAM.  167 
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Next, we compare our anomalies for each extreme ozone year to the above unforced NAM-168 

associated spatial anomaly pattern. To do this, we generate spatial anomalies for each ozone year 169 

by removing the climatology for a given field for each of the early and late periods separately. 170 

We then project these spatial anomalies against the unforced NAM-associated spatial anomaly 171 

pattern for the early period using least-squares regression following Deser et al. (2004) and 172 

McKenna et al. (2018).  To calculate the residual, the component of the total anomaly that does 173 

not project onto the NAM, the projection is subtracted from the total low-high anomaly pattern. 174 

Lastly, for both the NAM projection and the residual components, we calculate the composite 175 

mean of each of the 30 years of anomalies (for each of the early and late, low and high ozone 176 

years) and take the difference between low and high ozone year composites for each early and 177 

late period.     178 

For stratospheric fields, namely stratospheric ozone, we perform a similar decomposition using a 179 

NAM index calculated using April geopotential height at 72 hPa. 180 

2.2.3 Upper Tropospheric Stability 181 

Atmospheric stability can be used as an indicator of cloud formation (unstable, rising air is more 182 

likely to result in cloud formation, see Li et al. (2014b)  for a detailed observational analysis 183 

linking cloud incidence, atmospheric stability, and vertical motion).  Therefore, we calculated 184 

atmospheric static stability for the upper tropospheric region between 400 hPa and the 185 

tropopause (known as upper tropospheric stability, (UTS)) as a dynamical indicator of high cloud 186 

formation: 187 

(1)    𝑈𝑇𝑆 =  𝜃𝑡𝑟𝑜𝑝𝑜𝑝𝑎𝑢𝑠𝑒 − 𝜃400 ℎ𝑃𝑎 188 
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(Klein & Hartmann, 1993; Li et al., 2014b).  Note that our analysis is not sensitive to the choice 189 

of 400 hPa in our definition of UTS. Pressure levels ranging from 300 to 550 hPa yield similar 190 

results. 191 

2.2.4 Cloud Feedback Calculation 192 

We approximate the cloud feedback using the adjusted Cloud Radiative Effect (CRE) method 193 

(Soden et al. 2008).  The CRE is defined as the difference between top-of-atmosphere (TOA) 194 

radiative fluxes between clear- and total-sky conditions, or: 195 

(2)    𝐶𝑅𝐸 = 𝑅(𝑇, 𝑞, 0, 𝑎) − 𝑅(𝑇, 𝑞, 𝑐, 𝑎) 196 

Where T, q, c, 0, a, denote temperature, water vapour, total-sky cloud, clear-sky cloud, and 197 

albedo, respectively, and R represents the net radiative flux at the TOA.  The cloud feedback is 198 

calculated by adjusting the anomaly in CRE, dCRE, as follows: 199 

(3)    𝜆𝑐 = 𝑑𝐶𝑅𝐸 + (𝐾𝑇
0 − 𝐾𝑇)𝑑𝑇 + (𝐾𝑞

0 − 𝐾𝑞)𝑑𝑞 + (𝐾𝑎
0 − 𝐾𝑎)𝑑𝑎 + (𝐹𝑜 − 𝐹) 200 

where dT, dq, and da represent the anomalies in T, q and a, K represents the radiative kernel 201 

associated with a given feedback (we use the CAM3 kernels; Shell et al., 2008), F denotes the 202 

radiative forcing and superscript 0 denotes clear-sky. For the long-wave cloud feedback 203 

associated with ozone depletion, we can neglect the albedo term and we assume that the 204 

difference in total-sky and clear-sky radiative forcing is negligible.  205 
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2.2.5 Significance Testing and Regression  206 

To determine the statistical significance of the composite mean low-high anomaly patterns, we 207 

use a 2-sample Student’s t-test to identify regions of statistically significant differences at the 208 

95% confidence level. 209 

We also use least-squares linear regression to explore the relationships between high cloud, UTS, 210 

and ozone concentration for low and high ozone years in both the early and late periods.   211 

 Results 212 

While ozone depletion is substantially less in the Arctic than it is in the Antarctic, it is 213 

nevertheless significant. Due to large dynamically-driven variability in the Arctic lower 214 

stratosphere, Arctic ozone depletion is most evident when we contrast springtime ozone 215 

extremes. To demonstrate this, we first show how Arctic ozone extremes evolve in WACCM 216 

between the early and late time periods.  The WACCM ensemble mean April ozone 217 

concentration in mol ozone per mol air at 72 hPa for the 30 highest and lowest ozone years in the 218 

early and late periods is presented in Figure 1. Ozone values range from 1.16x10-6 mol O3/mol 219 

air during the late period’s lowest ozone years, to 3.26x10-6 mol O3/mol air during the early 220 

period’s highest ozone years.  Of particular interest is the similarity of the ensemble mean low 221 

ozone pattern and magnitude in the early period to the ensemble mean high ozone in the late 222 

period (Figs. 1b, c).  This is indicative of the dramatic effect that ozone depleting substances 223 

(ODS’s) have had on ozone in the Arctic stratosphere.  Also of note is that the ozone minimum 224 

in the late period is skewed towards northern Eurasia – a spatial feature that will appear 225 

throughout our analysis. 226 
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To further elucidate the magnitude of the ozone anomaly, the low-high anomaly in April ozone 227 

for the early and late periods is shown in Figure 2 as well as how much of that anomaly projects 228 

onto the NAM and how much does not.  Comparing the early and late total low-high ozone 229 

anomaly in Figs. 2a and 2d highlights the enhanced chemical ozone depletion in the late period 230 

compared to the early period; the total low-high anomaly in ozone in the late period is about two 231 

times larger than that of the early period.   232 

Figures 2b and 2e show the projection of the low-high ozone anomaly onto the April NAM index 233 

at 72 hPa. The stratospheric NAM projection serves to elucidate the processes driving ozone 234 

extremes. The component of the total low-high ozone anomaly that projects onto the NAM 235 

represents the fraction associated with large-scale dynamical transport. For the late period, this 236 

also includes any decrease in transport associated with chemistry-climate feedbacks related to 237 

chemical ozone loss. In the early period, dynamical transport accounts for much of the total low-238 

high ozone anomaly (Fig. 2b). However, in the late period, we find that both the NAM-239 

projection (Fig. 2e) and the residual (Fig. 2f) components are substantial, particularly over the 240 

eastern Arctic. The residual is the portion of the total anomaly that is not consistent with the 241 

NAM and therefore represents more of a direct and local forced response to ODS emissions.  We 242 

find that approximately half of the total ozone anomaly over the eastern Arctic is explained by 243 

processes that are not dynamically consistent with the NAM.  This decomposition highlights the 244 

very different nature of low ozone years at the end of the twentieth century – rather than being 245 

primarily associated with reduced dynamical ozone transport (Tegtmeier et al., 2008), they are 246 

also associated with substantial chemical loss.  247 
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Before proceeding to the analysis of cloud incidence, we first reproduce the low-high anomaly 248 

in SLP shown in Calvo et al. (2015). Figures 3a and 3d show the total SLP anomalies for the 249 

early and late periods, respectively. As in Calvo et al. (2015), we see a statistically significant 250 

SLP anomaly resembling the positive phase of the NAM for the late period, but not for the early 251 

period. Unlike stratospheric ozone (Fig. 2), the total SLP anomaly is almost entirely explained by 252 

its projection onto the NAM. This suggests that although we see a clear signal of forced chemical 253 

ozone loss in the residual in Figure 2f, the low-high anomaly in the tropospheric circulation in 254 

Figure 3e reflects an indirect large-scale dynamical stratosphere-troposphere coupled response to 255 

ozone loss that projects almost entirely onto the NAM.  This agrees with idealized modelling 256 

studies, such as Kushner and Polvani (2004) and Simpson et al., (2009) which show that polar 257 

stratospheric forcings can elicit an equivalent barotropic NAM-like tropospheric circulation 258 

response via tropospheric eddy feedbacks. . 259 

Previous studies have shown that the positive phase of the NAM is associated with increased 260 

high cloud incidence north of ~ 60N (Li et al., 2014a; Previdi & Veron, 2007). Thus, based on 261 

the projection of the low-high anomaly in SLP onto the positive phase of the NAM in Figure 3e, 262 

we anticipate an accompanying positive anomaly in high cloud over the Arctic region. This is 263 

indeed what we find in WACCM. Figure 4 shows the zonal mean low-high total cloud fraction 264 

anomaly for the early and late periods.  The anomaly is small and not significant north of 60N 265 

for the early period (Fig. 4a), but the late period shows a significant positive anomaly in cloud 266 

fraction, particularly high cloud, north of 70N (Fig. 4b). For the late period, we also see 267 

significant high cloud fraction anomalies for both the NAM-projected (Fig. 4d) and residual (Fig. 268 

4f) components during the late period.  269 
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Isolating the high cloud component, Figure 5 shows the total low-high anomaly in high cloud, 270 

how much of that anomaly projects onto the NAM, and the residual for the early and late 271 

periods.  There is no significant difference in high cloud fraction between low and high ozone 272 

years for the early period over the Arctic (Figure 5a), whereas there is a significant positive 273 

anomaly in Arctic high cloud in the late period, especially over the eastern Arctic and northern 274 

Eurasia (Figure 5d).  Similarly, the projected and residual components show no significant 275 

difference in high cloud in the early period (Figs. 5b, c) whereas there are significant positive 276 

anomalies in high cloud over the pole in the late period (Figs. 5e, f).  The late period NAM-277 

projected positive anomaly in high cloud covers almost the entire pole, except for a small area 278 

over southwest Greenland, thus linking the majority of the total high cloud anomaly to ozone 279 

extremes associated with ozone depletion via large-scale atmospheric circulation.  For the late 280 

period residual, smaller areas of positive high cloud anomalies are also significant, particularly 281 

over the Kara and Laptev Seas and Greenland, as well as bands of negative high cloud anomalies 282 

over northern Asia, northeastern Canada, and the northeastern Atlantic.  The polar cap-averaged 283 

Arctic high cloud anomaly for the late period is 5.3%, with 3.8% associated with the NAM and 284 

1.5% remaining.  285 

One of the proposed mechanisms linking Arctic high cloud incidence to the NAM is via the 286 

dynamical coupling between the stratosphere and troposphere. Anomalies in Arctic high cloud 287 

have been associated with variability in stratospheric wave driving and the consequent anomalies 288 

in near-tropopause temperature (Li & Thompson, 2013); specifically, Li et al. (2014b) identify a 289 

link between decreased tropopause temperature and increased upper tropospheric high clouds in 290 

the Arctic.  In what follows, we examine whether anomalously cold near-tropopause 291 

temperatures associated with stratospheric ozone extremes in the Arctic can be similarly linked 292 
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to anomalously positive high cloud fraction.  Figure 6 shows the zonal mean difference in 293 

potential temperature between low and high ozone years for the early and late periods.  We show 294 

potential temperature rather than temperature to allow for ease of comparison with UTS (see 295 

Figure 7). Also included is the tropopause pressure for low and high ozone years for each period 296 

and the average tropopause temperature.  Both periods experience significant anomalies in 297 

stratospheric potential temperature (Figs. 6a, b), but the anomalies in the late period are larger in 298 

magnitude and occur just above the tropopause, at around ~80 hPa, while the anomalies in the 299 

early period are weaker and occur at a higher altitude.  This is consistent with what is already 300 

known about the relationship between ozone depletion, tropopause temperature/height, and lower 301 

stratospheric temperature (McLandress et al., 2011; Polvani et al., 2011).  As expected, for the 302 

late period low ozone years, the lower stratosphere cools and the tropopause rises.  The 303 

tropopause temperature also decreases by 1.07 K in the late period (compared to a decrease of 304 

only 0.17 K between low and high ozone years in the early period). For the late period we also 305 

find significant anomalies in zonal mean potential temperature for both the NAM-projected (Fig. 306 

6d) and residual (Fig. 6f) components. The differing vertical structure of these potential 307 

temperature anomalies qualitatively distinguishes between dynamically-driven anomalies and 308 

radiatively-driven anomalies, respectively.  309 

Because low ozone extremes associated with chemical ozone depletion in the late period cause 310 

greater stratospheric cooling, specifically in the lower stratosphere and upper troposphere, a 311 

potential physical link may be made between ozone depletion and enhanced high cloud incidence 312 

in the Arctic via a decrease in upper tropospheric stability (UTS).  Figure 7 shows the total, 313 

NAM-projected, and residual UTS for the early and late periods.  Although we find that the total 314 

low-high anomaly in UTS is negative in both the early and late period, we find much larger 315 
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magnitude anomalies in the late period. The significant negative anomaly in total UTS over the 316 

eastern Arctic and northern Eurasia in the late period is notable. A similar pattern was found in 317 

both the ozone anomaly (Figure 2d) and the high cloud anomaly (Figure 5d), again suggesting a 318 

link between ozone, UTS, and high cloud anomalies. We will examine this region (outlined in 319 

red in Figure 7a) in greater detail in Figure 8.   320 

As we have seen for high cloud, most of the negative anomaly in UTS over the eastern Arctic 321 

and northern Eurasia is consistent with its projection onto the NAM (compare Figure 7e and 322 

Figure 5e); however, a small, but significant part of the negative anomaly is found in the residual 323 

(compare Figure 7f and Figure 5f).  324 

Based on the composite analysis thus far, we have identified significant differences in low-high 325 

anomalies in ozone, UTS, and high cloud during the period when chemical ozone depletion is 326 

significant, suggesting a mechanistic physical connection between ozone depletion and high 327 

cloud anomalies. Additionally, we find that a large part of each total anomaly pattern (except 328 

ozone) can be explained by its projection onto the NAM.  We interpret our NAM-projection 329 

analysis as largely supporting previous work that argues for a dynamically coupled stratosphere-330 

troposphere response to Arctic ozone depletion (Smith and Polvani, 2014; Calvo et al., 2015; Ivy 331 

et al., 2017). However, the residual in our low-high anomalies in UTS and high cloud suggest 332 

that there may be other local dynamical or radiative processes that contribute to the total 333 

anomaly patterns, , particularly in Laptev and Kara Seas region.  334 

We now examine these results further using regression analysis for individual low/high, 335 

early/late ozone years, to gain a better understanding of the processes contributing to positive 336 

high cloud anomalies in the presence of ozone depletion.  Figure 8 contains seven scatter plots 337 
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illustrating the linear relationships between anomalies in April ozone (total, NAM-projected, 338 

and residual) and April-May total UTS and high cloud for the northern Eurasia region as outlined 339 

in red in Figure 7d (the results are qualitatively similar for the Arctic region).  In Figure 8a, UTS 340 

is regressed against high cloud fraction.  The four early/late, low/high combinations are 341 

significantly negatively correlated supporting previous work (Li et al. 2013, 2014b); the late, low 342 

ozone combination has the lowest UTS and highest high cloud values.  UTS is then regressed 343 

against total ozone in Figure 8b.  Notice that the early low and high, and late high ozone years 344 

cluster together in the plot, while the late low ozone years are clearly separated. This separation 345 

yields the composite mean differences shown in Figures 2, 5, and 7. Within each grouping, we 346 

see that UTS and ozone are positively and significantly correlated with each other, with the 347 

exception of the late, high ozone years, demonstrating a robust link between these two fields.  348 

Finally, in Figure 8c high cloud is regressed against total ozone. High cloud and ozone are 349 

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

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

In Figures 8d,e and 8f,g we explore the extent to which the nature of the ozone forcing affects 352 

the relationships between ozone, UTS, and high cloud over northern Eurasia. Figure 8d,e shows 353 

the relationship between NAM-projected ozone, total high cloud, and total UTS.  For the late 354 

period, low ozone years, the relationships for both high cloud and UTS with NAM-projected 355 

ozone are insignificant, while the other groups of years all show statistically significant 356 

relationships. In Figure 8f, the residual ozone is significantly positively correlated with UTS for 357 

the late low ozone years, but the relationships with high cloud is less clear (Fig. 8g). We find 358 

stronger correlations with residual ozone for the low ozone years compared to the high ozone 359 

years, a feature that requires further examination. Overall, this analysis demonstrates that the 360 
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relationships between ozone, UTS and high cloud are robust, but that mechanisms driving these 361 

relationships can differ. The strength and significance of the correlations in Figure 8 suggest that 362 

ozone extremes that are influenced by large-scale dynamical transport, i.e. the NAM-projected 363 

ozone, appear to play an important role in determining anomalies in UTS and high cloud in the 364 

early period (Figs. 8d, e), but ozone anomalies that are associated with chemical loss, i.e., the 365 

residual ozone, also appear to play an important role in the late period (Figs. 8f). 366 

We have shown using both composite analysis and regression that positive high cloud anomalies 367 

in the Arctic are linked to ozone extremes via its effect on upper tropospheric stability.  We now 368 

ask whether these cloud anomalies could have a radiative influence on surface temperature. In 369 

order to answer this question, we examine top-of-atmosphere (TOA) longwave (LW) fluxes 370 

associated with high clouds using the adjusted Cloud Radiative Effect (CRE) method (Soden et 371 

al., 2008). Figure 9 shows the total, NAM-projected, and residual low-high anomaly in TOA LW 372 

adjusted CRE for the early and  late periods. The spatial patterns in Figure 9 are strikingly 373 

similar to those for high cloud in Figure 5. Overall, the LW warming effect from Arctic cloud is 374 

substantially larger in the late period (Fig. 9d) compared to the early period (Fig. 9a), particularly 375 

over the eastern Arctic and northern Eurasia, suggesting that the effect of ozone depletion on 376 

ozone extremes has the potential to impact surface temperature. As shown previously, much of 377 

the anomaly in Arctic high cloud in the late period is associated with the large-scale stratosphere-378 

troposphere coupled NAM response to ozone extremes (Fig. 5e), and this is what we also find for 379 

the TOA LW adjusted CRE anomaly (Fig. 9e). This is  consistent with the work of Li et al. 380 

(2014a) who find that the positive phase of the NAM is associated with positive high cloud 381 

anomalies and  a positive TOA adjusted CRE in the Arctic region.  The late period residual (Fig. 382 
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9f) shows a significant positive region over the Laptev and Kara Seas, similar to the residual for 383 

high cloud (Fig. 5f).  384 

Finally, to further elucidate the effects of ozone extremes on Arctic surface climate, the surface 385 

temperature difference between low and high ozone years is shown in Figures 10a and 10d for 386 

the early and late periods.  The surface temperature pattern was projected onto the early period 387 

NAM in Figs. 10b and 10e, indicating how much of the surface temperature pattern is consistent 388 

with the large-scale NAM pattern.  Then, as before, the residual patterns in Figs. 10c and 10f 389 

were calculated by subtracting the projected anomalies from the total.  Similar to the positive 390 

high cloud, negative UTS and LW adjusted CRE anomalies found mostly over northern Eurasia 391 

in Figure 5, 7 and 9, the late period low-high surface temperature anomaly shows a statistically 392 

significant warming focused over northern Eurasia (see also Calvo et al. 2015). Most of the 393 

positive anomaly in surface temperature in the late period is consistent with the NAM, but there 394 

are also regions of significant positive anomalies in surface temperature over Eurasia and the 395 

pole in the residual. These regions are approximately spatially co-located with the corresponding 396 

residual patterns in ozone, high cloud, UTS and TOA LW adjusted CRE (Figs. 5f,  7f and 9f) 397 

and, therefore, potentially represent the warming effect of local rapid adjustments in high cloud 398 

associated with ozone extremes (Xia et al. 2016, 2018). 399 

 Discussion and Conclusions 400 

In this study, we examine the relationship between twentieth century stratospheric ozone 401 

extremes and Arctic high cloud. Using a global climate model with interactive stratospheric 402 

chemistry, we find that extreme negative Arctic ozone anomalies in spring during the late 403 

twentieth century are associated with positive high cloud anomalies in that region.  404 
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Our work builds on several key studies. First, previous work has demonstrated that springtime 405 

ozone extremes in the Arctic results in tropospheric circulation anomalies that project onto the 406 

positive phase of the NAM (Calvo et al., 2015; Ivy et al., 2017; Li et al., 2014a; Smith & 407 

Polvani, 2014). Second, the positive phase of the NAM has been associated with a positive 408 

anomaly in high cloud and cloud radiative effect in the Arctic (Li et al., 2014a). Finally, ozone 409 

depletion has been associated with positive rapid adjustments and/or feedbacks in high cloud 410 

(Xia et al. 2016, 2018, Virgin & Smith, 2019, Polvani et al. 2020). Taken together, these studies 411 

suggest that ozone extremes have the potential to impact Arctic climate via both large-scale 412 

dynamical and radiative adjustments and/or feedbacks in high cloud.  413 

Using historical integrations of WACCM, we extend previous work showing that extreme 414 

negative springtime Arctic ozone anomalies in the late twentieth century are associated with 415 

anomalies in Arctic tropospheric climate by showing a link between ozone extremes and high 416 

cloud (Figure 8).  During this time period Arctic low ozone extremes are linked to, a rising and 417 

cooling of the tropopause (Figure 6), a decrease in upper tropospheric stability (Figure 7), an 418 

increase in high cloud fraction (Figure 5), an increase in the TOA adjusted long-wave cloud 419 

radiative effect over the Arctic and Eurasia (Figure 9b), and an increase in surface temperature 420 

over northern Eurasia (Figure 10). The tropopause rises and cools due to a colder lower 421 

stratosphere and the corresponding changes in wave driving (Polvani et al 2011, McLandress et 422 

al. 2011).  A rising and cooling of the tropopause leads to a decrease in upper tropospheric 423 

stability and an increase in high cloud formation (Li & Thompson, 2013).  Because high cloud 424 

tends to act like a greenhouse gas, this increase in high cloud results in an increase in TOA LW 425 

adjusted CRE; however, we cannot make a causal link between the increase in TOA LW 426 

adjusted CRE and surface temperature based on the analysis presented.  427 
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To examine the extent to which our results reflect UTS, high cloud, and surface temperature 428 

anomalies associated with large-scale dynamics associated with the NAM or other factors, such 429 

as rapid adjustments, we decompose the anomalies into the component that projects onto the 430 

NAM and the residual. Consistent with conclusions of previous studies (Calvo et al., 2015; Ivy et 431 

al., 2017; Li et al., 2014a; Smith & Polvani, 2014), we find that most of the anomalies in UTS, 432 

high cloud, and surface temperature project onto the NAM. However, we do find statistically 433 

significant anomalies in the residual that may reflect, in part, the effect of rapid adjustments. This 434 

is supported by the fact that the residual anomalies in ozone, UTS, high cloud, and surface 435 

temperature are spatially co-located over the northern Eurasian sector of the Arctic. 436 

While the decomposition of anomalies into the NAM-projected component and the residual give 437 

some suggestion as to the relative importance of large-scale dynamics versus local rapid 438 

adjustments, this decomposition does not provide a clean separation of these mechanisms and 439 

our results require further investigation using targeted GCM experiments.  440 

In summary, this work presents a clear link between Arctic springtime ozone extremes and high 441 

cloud incidence and, thus, raises questions about the contribution of ozone-induced changes in 442 

high cloud on historical Arctic Amplification and how ozone recovery will affect Arctic climate 443 

in the coming decades. It is critical to improve our understanding of how stratospheric ozone 444 

interacts with climate in order to quantitatively attribute observed climate changes to specific 445 

physical and chemical processes, to continually improve climate models, and to reasonably 446 

project future climate changes.  447 
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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.
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Figure 2.  (a), (d) Total April ozone anomaly at 72 hPa (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 3.  (a), (d) Total April-May SLP 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 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.  (a), (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 .
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Figure 8.  Scatter plots of (a) April-May high cloud and UTS, (b) April total ozone and April-May UTS, and (c) 

April total ozone and April-May high cloud for the northern Eurasia region (outlined in red in Figure 7d). Dark 

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.  (a), (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. 
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