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Abstract
Surface ultraviolet (UV) radiation has important effects on human health, terrestrial and aquatic
ecosystems, and air pollution. Both stratospheric ozone and clouds are key factors that influence
surface UV radiation. Here we find that Arctic ozone loss may lead to a decrease in surface UV
radiation over the Siberian Arctic in spring using ERA5 reanalysis. It is found that Arctic ozone loss
is associated with an increase in high clouds by modifying static stability in the upper troposphere.
Stratospheric ozone loss allows more UV radiation to reach the surface. On the contrary, the
increase in high clouds results in a reduction of surface UV radiation. Interestingly, a composite
analysis suggests that this cloud masking effect is found to be stronger than that from stratospheric
ozone loss over the Siberian Arctic in spring. These results suggest that we should pay more
attention to the high-ozone events which would lead to more surface UV radiation by the cloud
effects.

1. Introduction

The solar ultraviolet (UV) radiation reaching the
Earth’s surface is known to have pronounced impact
on human health, agricultural productivity, ter-
restrial and aquatic ecosystems, and air quality
(Douglass et al 2011 and Williamson et al 2014 and
references therein). Stratospheric ozone effectively
absorbs most of the solar UV radiation from about
200 to 315 nm in wavelength, which otherwise would
potentially damage exposed life forms in the bio-
sphere. Anthropogenic emission of ozone depleting
substances (ODSs) results in ozone depletion in the
global upper stratosphere and in the lower strato-
sphere in spring over both the Antarctic and Arc-
tic (Solomon 1999, WMO 2018). Unlike the Antarc-
tic ozone hole that develops annually during austral
spring (September, October, and November), Arctic
ozone levels usually stay well above the ozone hole
threshold because of much stronger planetary wave

activities in the Northern Hemisphere. It is found
that the long-term stratospheric ozone depletion and
associated increases in surface UV radiation have
been successfully reduced by the implementation of
the Montreal Protocol (Newman et al 2009, Mäder
et al 2010, Dhomse et al 2018, WMO 2018). How-
ever, severe ozone loss still occurred over the Arctic
in spring 2011 and 2020 associated with the anom-
alously strong and cold polar vortex (Hurwitz et al
2011, Manney et al 2011, 2020, Isaksen et al 2012,
Myhre et al 2013, Dameris et al 2020, Hugelius et al
2020, Lawrence et al 2020), although ODSs have been
declining since the late 1990s.

Furthermore, previous studies have demon-
strated that surface UV radiation is also largely
impacted by clouds as a result of scattering processes
(Bais et al 1993, 2011, Calbó et al 2005, Watanabe
et al 2011, López et al 2012, Williamson et al 2014).
Indeed, changes in stratospheric ozone produce
indirect effects in clouds as these changes modify
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the static stability in the upper troposphere and lower
stratosphere due to changes in the vertical profile of
temperatures especially over the Arctic and Antarctic
(Xia et al 2016, 2018, 2020, 2021, Maleska et al 2020).
It is found that an increase in high clouds is gen-
erally associated with stratospheric ozone depletion
(Xia et al 2021). Because of the short wavelength of
UV radiation, the increase in high clouds may have
non-negligible masking effects and attenuate the sur-
face UV radiation (Calbó et al 2005). On the con-
trary, stratospheric ozone depletion allows more UV
radiation to reach the surface. These results raise an
important question: how does surface UV radiation
change resulting from both direct effects of strato-
spheric ozone depletion and indirect effects from
accompanying increases in high clouds?

Xia et al (2021) found that Arctic ozone loss in
March is likely shifted to central Siberia in April and
May. The cloud effects associated with stratospheric
ozone loss in spring 2020 play an important role in the
abnormal surface warming in the Siberian Arctic. In
this study, we do composition analysis to see howhigh
clouds and surface UV radiation response to ozone
loss in spring over the Siberian Arctic over 1979–2020
using ERA5 reanalysis. To better assess the role of high
clouds, another analysis of low and middle clouds is
also done. In the following sections, we will describe
the data, method and the results in order.

2. Data andmethods

2.1. Data
The monthly mean air temperature, cloud fraction,
total column ozone, and downward UV radiation at
the surface are from ERA5 reanalysis over 1979–2020.
ERA5, which is the fifth generation ECMWF reana-
lysis for the global climate and weather, combines
model data with observations from across the world
into a globally complete and consistent dataset
(Hersbach et al 2020). The datasets of temperature
and cloud fraction have a horizontal resolution of
0.25◦ × 0.25◦ with 37 pressure levels from 1000 to
1 hPa. In ERA5 reanalysis, high clouds are defined as
cloud cover occurring on model levels with a pres-
sure less than 0.45 times the surface pressure. Down-
wardUV radiation flux at surface is outputted as radi-
ation with a wavelength of 200–440 nm since UV is
essential for living organisms. The 1950–1978 period
data from ERA5 has been released. However, we only
investigate variations of surface UV radiation over
1979–2020 because severe ozone depletions mainly
occurred after 1979 due to the anthropogenic emis-
sion of ODSs.

To confirm the impact of stratospheric ozone
on high clouds, the monthly mean total column
ozone from the multi sensor reanalysis version 2
(MSR-2) and the satellite observations of cloud
fraction are also used here. The MSR-2 reanalysis,
constructed using all available satellite observations,

surface observations and a data assimilation tech-
nique using a chemistry transport model, has a hori-
zontal resolution of 0.5◦ × 0.5◦ (van der A et al
2015a, 2015b). We use high clouds (cloud fraction
above 400 hPa) from Clouds and the Earth’s Radi-
ant Energy System (CERES) Synoptic (SYN1deg)
product. CERES SYN1deg provides monthly mean
high clouds on a 1◦ × 1◦ grid over March 2000–May
2020 (Doelling et al 2013, 2016, Rutan et al 2015).

2.2. Method
We use composite analysis to analyze the impact of
ozone loss on surface UV radiation in spring over the
Siberian Arctic. The composite analysis is widely used
in climate studies (Xie et al 2017, 2020). FollowingXia
et al (2021), we define the Siberian ozone (SO) index
as the area-weighted spatial-mean total ozone over
60◦–80◦ N and 60◦–120◦ E to composite the anom-
alies of both ozone and surface UV radiation. Lin-
ear trends and averages over 1979–2020 are removed
because we mainly focus on the interannual variab-
ility. The composite anomalies are computed by the
difference between the low (high) ozone events and
climatological mean over 1979–2020. We define the
low (high) ozone events as years with the SO index
of less (greater) than minus (plus) one standard devi-
ation for each month (figure S1 (available online at
stacks.iop.org/ERL/16/084057/mmedia)). The low-
and high-ozone years are listed in table S1. There are
7 low-ozone years for all the three months. The num-
bers of high-ozone years are 7, 4, and 5 in March,
April, and May, respectively. The statistical signific-
ance of the composite anomalies is assessed by the
Student’s t-test.

3. Results

It is found that the composite ozone anomalies for
the low-ozone events are characterized by signific-
ant ozone depletion over the Arctic in March which
is shifted toward the Siberian Arctic in April and
May (figures S2(a)–(c)). The ozone depletions aver-
aged over the Siberian Arctic are about 55, 63, and
23 Dobson Units (DU) in March, April, and May,
respectively. The high-ozone events feature predom-
inant increases in ozone centered over the Siberian
Arctic with average values of about 48, 44, and 23 DU
inMarch, April, andMay, respectively (figures S2(d)–
(f)).

Figures 1(a)–(c) show the correlation coeffi-
cients between the SO index and high clouds over
1979–2020 in ERA5 reanalysis. It indicates that the SO
index is negatively correlated with high clouds over
the Siberian Arctic in March (figure 1(a)). The min-
imum of the correlation coefficients is about −0.61.
The negative correlation coefficients in April are
mainly located over the western half of the Siberian
Arctic (60◦–90◦ E), which can reach about −0.65
(figure 1(b)). In May, both the magnitude (−0.46)
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Figure 1. Geographic distributions of the correlation coefficients between the SO index and (a)–(c) high clouds and
(d)–(f) downward surface UV radiation over 1979–2020 in March, April, and May based on ERA5 reanalysis. Box blacks indicate
the concerned Arctic Siberian region over 60◦–80◦ N and 60◦–120◦ E. The correlation coefficient of±0.3 corresponds to the
95% confidence level for the 42 years.

and area of the negative correlation coefficients are
the smallest over the Siberian Arctic, which may be
caused by the weakest interannual variability of the
stratospheric ozone (figure S1). Figure S3 shows the
correlation coefficients between the SO index from
MSR-2 and high clouds from CERES SYN1deg over
2000–2020. It is highly consistent with the results in
ERA5 reanalysis over the Arctic. The results indic-
ate that high clouds are highly correlated with stra-
tospheric ozone over the Siberian Arctic especially in
March and April, which is consistent with previous
work (Maleska et al 2020, Xia et al 2021). Our ana-
lysis indicates that the anti-correlation between the
SO index and high clouds in North Canada is likely
caused by the large-scale circulation (the Arctic oscil-
lation) over the Arctic.

As mentioned above, both ozone and clouds can
affect the downward UV radiation at surface. The
correlation coefficients between the SO index and
surface UV radiation over 1979–2020 are shown in
figures 1(d)–(f). Interestingly, surface UV radiation
in the Siberian Arctic is positively correlated with the
SO index in March, April, and May, with maximum
values of about 0.63, 0.69, and 0.59, respectively. This
means that indirect effects on high clouds derived
from ozone loss over the Siberian Arctic may result in
a reduction of surface UV radiation. The positive cor-
relation coefficients in March are mainly located over

the southern half of the Siberian Arctic (60◦–70◦ N),
which may be primarily due to the less solar
radiation poleward of 70◦ N in March (figure 1(d)).
The spatial distribution in April suggests a strong
connection between stratospheric ozone and sur-
face UV radiation over the western half of the
Siberian Arctic (figure 1(e)), which is highly consist-
ent with that between the SO index and high clouds
(figure 1(b)). In May, the weak positive correlation
coefficients have the smallest magnitude and area
(figure 1(f)), which is also similar to the high clouds
(figure 1(c)).

Figure 2 shows the vertical cross-section of com-
posite anomalies of temperature and cloud averaged
over 60◦–120◦ E for the low-ozone events in March,
April, and May. We find that significant stratospheric
cooling, which is mainly located north of 60◦ N above
300 hPa, is associated with the ozone depletion in
March, April, and May, which is consistent with pre-
vious findings (Randel et al 2009, Checa-Garcia et al
2018). The cooling anomalies increase with increas-
ing altitude and are the weakest inMay because of the
smallest ozone loss. The warm anomalies in the tro-
posphere, which are also related to the ozone deple-
tion, are the strongest in April, which is consistent
with the results in Xia et al (2021). The strato-
spheric cooling leads to an enhancement of the ver-
tical temperature lapse rate at the tropopause region
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Figure 2. Vertical cross-section of composite anomalies of (a)–(c) temperature and (d)–(f) cloud averaged over 60◦–120◦ E for
the low-ozone events in March, April, and May based on ERA5 reanalysis. The unit of panels (a)–(c) is K and then (d)–(f) is %,
and they share the same colormap. Regions with dots are the places where regressions have statistical significance levels higher
than the 95% confidence level based on the Student’s t-test.

and consequent decreases of static stability in the
upper troposphere. The decreases in static stability
further result in an increase of high clouds located
north of 60◦ N between 400 and 200 hPa especially in
March andApril withmaximumvalues of about 5.9%
and 6.6%, respectively (figures 2(d)–(f)). Further-
more, significant decreases in middle and low clouds
occur between 50◦ N and 65◦ N below 400 hPa espe-
cially in April, whichmay be caused by the decrease of
themeridional temperature gradient in the lower tro-
posphere and consequent reduction of mid-latitude
cyclones. Because of the weaker magnitude of the
ozone anomalies for the high-ozone events (figure
S2), the responses of stratospheric temperature and
high clouds are much weaker than those for the low-
ozone events especially in April and May (figure S4).
The composite anomalies for high-ozone events show
consistent results that an increase in ozone leads to a
stratospheric warming and thus a reduction of high
clouds above 400 hPa.

Figure 3 shows the composite anomalies of high
clouds for the low-ozone events and the high-ozone
events over the Siberian Arctic in March, April, and
May. The climatological spatial pattern shows that the
Siberian Arctic is covered by plenty of high clouds
with a maximum value of about 47.4% in spring
(figures S5(a)–(c)), which is consistent with the

results in Chernokulsky and Esau (2019). In March,
the high clouds increase throughout the Siberian Arc-
tic with a maximum of about 9.0% for the low-ozone
case (figure 3(a)). Similarly, a significant decrease of
high clouds is associated with the high-ozone case
(figure 3(d)). The center of this reduction, which
can reach about −11.4%, is mainly located over the
southern half of the Siberian Arctic, which is likely
due to the spatial inhomogeneity of the high-clouds
climatology (figure S5(a)). In April, the increase of
high clouds for the low-ozone events is mainly loc-
ated over the western part of the Siberian Arctic
including the Kara Sea and the adjacent coastal region
(figure 3(b)). The maximum values of this increase
are larger than 11.7%, and the change in high clouds
averaged over 60◦–80◦ N and 60◦–90◦ E is about
6.2%. We find consistent results for the high-ozone
events that a decrease of high clouds is mainly loc-
ated over the western part of the Siberian Arctic in
the coastal regions close to the Kara Sea, with a min-
imum value of about−11.4% and an average value of
about −5.6% (figure 3(e)). The spatial distribution
of the composite anomalies in May generally shows
a dipole pattern over the Siberia with a northwest–
southeast tilt (figures 3(c) and (f)). The increases/de-
creases of high clouds associated with the low/high-
ozone events, which can reach about 6.2%/−7.8%,

4



Environ. Res. Lett. 16 (2021) 084057 Y Xia et al

Figure 3. Geographic distributions of composite anomalies of high clouds for (a)–(c) the low-ozone events and (d)–(f) the
high-ozone events in March, April, and May (unit: %) based on ERA5 reanalysis. Regions with dots are the places where
regressions have statistical significance levels higher than the 95% confidence level.

Figure 4. Geographic distributions of the ratios between composite anomalies of surface UV radiation and the climatological
mean over 1979–2020 for (a)–(c) the low-ozone events and (d)–(f) the high-ozone events in March, April, and May (unit: %)
based on ERA5 reanalysis. Regions with dots are the places where regressions have statistical significance levels higher than the
95% confidence level.

aremainly located in the coastal regions near the Kara
Sea, which is similar to those in April but has a smal-
ler magnitude. The dipole pattern with both posit-
ive and negative anomalies largely reduces the zonal
mean changes in high clouds shown in figure 2(f).

Figure 4 shows the ratios between the compos-
ite anomalies of surface UV radiation and the cli-
matological mean over 1979–2020 for the low-ozone

events and the high-ozone events in March, April,
and May. It is found that the changes in clouds
associated with the ozone changes play a primary
role in variations of downward UV radiation at sur-
face. In March, the increase in high clouds leads
to a reduction of surface UV radiation over the
Siberian Arctic with a maximum of about 4.6%
for the low-ozone case (figure 4(a)). Interestingly,
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the southward displacement of the decrease of high
clouds results in an increase in surface UV radi-
ation centered at around 63◦ N for the high-ozone
events (figure 4(d)). The percentage increase of sur-
face UV radiation can reach about 6.1% at regions
where the climatological mean is about 12 W m−2

(figure S5(d)). In April, the decrease/increase in sur-
face UV radiation shows high spatial consistency with
the increase/decrease in high clouds for low/high-
ozone case (figures 4(b) and (e)). The increase of high
clouds over the Kara Sea and adjacent coastal regions
causes a local decrease of surface UV radiation for
the low-ozone case (figure 4(b)). Similarly, both a
decrease of high clouds and an increase of surface UV
radiation occur over the coastal regions close to the
Kara Sea for the high-ozone events (figure 4(e)). Both
the maximum decreases and increases in surface UV
radiation are larger than 9.0% inApril over the coastal
regions where the climatological UV radiation at sur-
face is more than 19 W m−2 (figure S5(e)). We note
that the climatology of surface UV radiation is larger
in the Arctic Ocean and coastal regions (more than
25Wm−2) than that at lower latitudes (figure S5(f)).
It is found that ozone loss favors less downward UV
radiation at surface near the coastal regions at around
70◦ N in May (figure 4(c)) while high-ozone events
favor more surface UV radiation at the center of the
Siberian Arctic (figure 4(f)). The maximum percent
decrease and increase of surface UV radiation can
reach about 13.7% and 7.4% for the low-ozone and
high-ozone events, respectively.

To check the effects of low and middle clouds,
the correlation coefficients between the SO index and
total, middle, and low clouds are also investigated
(figure S6). It is found that the SO index is not sig-
nificantly correlated with the local middle and low
clouds. Ozone in the Siberian Arctic is related to the
clouds in themid-latitudes inMarch (figures 1(a) and
S6(a), (d), and (g)), which may be due to the influ-
ence of the large-scale circulation such as Arctic oscil-
lation. In April and May, the SO index is linked to
the middle and low clouds located to the south of the
Siberian Arctic (figures S6(e)–(f) and (h)–(i)), which
may result from the reduction of mid-latitude cyc-
lones caused by the decrease of the meridional tem-
perature in the troposphere (figures 2(a)–(c)).

4. Conclusions and discussions

Both the correlation and composite analyses show
that ozone depletion favors a reduction of down-
ward UV radiation at surface over the Siberian Arc-
tic in spring. We find that this reduction of surface
UV radiation is mainly caused by the increase in
high clouds associated with ozone depletion. Strato-
spheric ozone loss cools the stratosphere in spring and
leads to a consequent decrease of static stability in the
upper troposphere which further results inmore local

high clouds. The composite analysis indicates that the
largest decreases in surface UV radiation for the low-
ozone events can reach about 4.6%, 9.1%, and 13.7%
in March, April, and May, respectively. Similarly, the
high-ozone events favor maximum increases of sur-
face UV radiation by about 6.1%, 10.2%, and 7.4% in
March, April, and May, respectively.

We find that the responses of high clouds and
surface UV radiation show high spatial inhomogen-
eity. The reduction of surface UV radiation associ-
atedwith ozone depletionmainly occurs in the south-
ern, western, and central parts of the Siberian Arctic
in March, April, and May, respectively. The increase
of surface UV radiation for the high-ozone events has
similar spatial patterns. It is interesting to note that an
increase of surface UV radiation occurs to the south
of the negative anomaly in April andMay for the low-
ozone events. This may be caused by the reduction of
low and middle clouds located southward of 65◦ N
(figures 2(e) and (f)).

In this study, the changes in high clouds caused
by stratospheric ozone loss-induced cooling are high-
lighted. However, we should note that stratospheric
temperature can also be impacted by the radiative
effects of clouds and stratospheric water vapor, con-
vections, and surface temperature (Ceppi et al 2017).
We find that the lower-stratospheric temperatures are
highly correlated with ozone over the Siberian Arc-
tic with a maximum value of about 0.85 (figure S7).
The positive correlation coefficients are much smal-
ler in other regions than those in the Siberian Arc-
tic because of the largest variations of ozone there
(figures S7 and S8). This spatial inhomogeneity fur-
ther influences the relationship between ozone and
high clouds and surface UV. The polar cap is sub-
divided into six segments (0◦–60◦ E, 60◦–120◦ E,
120◦–180◦ E, 180◦–120◦ W, 120◦–60◦ W, and
60◦–0◦ W). Figures S9–14 show the correlation coef-
ficients between the ozone index averaged over each
segment and high clouds and downward surface UV
radiation over 1979–2020 in March, April, and May.
It is found that our hypothesis that low ozone cor-
relates with low UV is only valid in the Siberian Arc-
tic (60◦–120◦ E) in April and May. In March, this
result can also be seen over 0◦–60◦ E, 120◦–180◦ E,
and 60◦–0◦ W (figures S9, S11, and S14) where high
correlation coefficients between lower-stratospheric
temperature and ozone occur (figure S7(a)).

It is important to note that Arctic ozone deple-
tion leads tomore downwardUV radiation at the sur-
face for clear-sky condition especially at noon time
(Neale et al 2021). Here, we focus on the monthly
mean surface UV radiation which also has import-
ant effects on the ecosystems and is largely affected by
clouds. Our results suggest that we should pay more
attention to the high-ozone events which may lead to
more surface UV radiation by the cloud effects over
the Siberian Arctic.
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The CERES SYN1deg observations of cloud fraction
are available at https://ceres-tool.larc.nasa.gov/ord-
tool/jsp/SYN1degEd41Selection.jsp.
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