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Record ozone loss was observed in the stratospheric Arctic in the spring of 2011. In the present work, we show observational
evidence that the record loss of Arctic ozone is due to the extremely cold and persistent stratospheric polar vortex in the winter of
2010-2011. The polar vortex was as usual in early winter, but was intensified twice in middle January and middle February, re-
spectively, and remained anomalously strong and stable until early April, 2011. Record low polar temperatures and record high
subpolar zonal winds occurred in February and March. Stratospheric wave activity was anomalously weak because waves were
refracted equatorward by the anomalously strong polar night jet. With such an extremely cold and isolated environment, Arctic
stratospheric ozone was largely depleted in March and early April, 2011. Corresponding to Arctic ozone depletion, the strato-
spheric Northern-Hemisphere Annular Mode (NAM) displayed anomalously strong high-polarity, and the positive stratospheric
NAM propagated downward and led to anomalously strong positive NAM in the troposphere and near the surface.
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Observations showed that the stratospheric ozone layer has
been stabilized and even demonstrated weak increasing
since the late 1990s, consistent with the observed decline in
ozone depleting substances (ODSs) that peaked in the mid-
dle 1990s [1-5]. In both stratospheric polar regions, ozone
levels show similar tendencies to that of the global mean.
Coupled chemistry-climate model (CCM) simulations, with
projected stratospheric chlorine loading, predicted that global-
mean stratospheric ozone will return to pre-1980 levels
around 2050, and that Arctic and Antarctic ozone will return
to pre-1980 levels by 2045 and 2075, respectively [1,2,4-6].

However, what happened in the past few years suggests
that severe ozone depletion can still occur in both polar re-
gions in the near future as long as ODS levels are not suffi-
ciently low and meteorological conditions are appropriate.
For example, the Antarctic ozone hole in 2006 is one of the
most severe ones in both size and minimum ozone (see
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http://ozonewatch.gsfc.nasa.gov/), and as what we will
show below, record stratospheric ozone loss occurred in the
stratospheric Arctic in spring 2011 [7]. The purpose of the
present short paper is to investigate the evolution of the
stratospheric Arctic vortex in the winter of 2010-2011 and
how dynamical conditions of the Arctic polar vortex led to
record ozone loss in the spring of 2011. In addition, we will
also show that severe ozone depletion in the winter of
2010-2011 may have important influences on tropospheric
and surface weather systems.

1 Data and methods

The data of temperatures and winds used here are from the
National Center for Environmental Prediction/National Cen-
ter for Atmospheric Research (NCEP/NCAR) reanalysis
[8,9]. Total column ozone is from satellite observations of
the Ozone Monitoring Instrument (OMI) and the Total
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Ozone Mapping Spectrometer (TOMS). The climatological
means of temperatures, winds, and wave fluxes are averages
over the period 1979-2008 (30 years). The climatological
mean of TOMS total column ozone is averaged over
1997-2007, and the climatological mean of OMI is aver-
aged over 2005-2011. Eliassen-Palm (EP) fluxes are calcu-
lated using the standard formula in the spherical coordinate
[10,11]. NAM indices are calculated using the method in
Baldwin and Dunkerton [12,13].

2 Results

Figure 1(a) shows time series of daily total-column polar
ozone from OMI over the period from February 18 to May
31, 2011, together with climatological means from TOMS
and OMI. Total polar ozone over February and March of
2011 is much lower than the climatological means, indicat-
ing severe Arctic ozone depletion in the spring of 2011.
Polar ozone remained low until April 12 when it recovered
to the climatological mean. The minimum total polar ozone
occurred on March 9, with a value of about 275 Dobson
Units (DU). Comparison with climatological means, which
is about 400 DU on March 9, suggests that about 31% polar
ozone was depleted. Figure 1(b) is a snapshot of spatial dis-
tributions of total column ozone in Northern-Hemisphere
middle and high latitudes on March 7, 2011. The lowest
total ozone inside the vortex is close to 250 DU, while the
highest total ozone outside the vortex is about 500 DU. The
sharp contrast of total ozone indicates that the polar vortex
is well isolated from its surroundings. With such an isolated
environment, ozone-rich air in the subpolar region can hardly
be transported into the vortex, and ozone inside the polar
vortex was quickly depleted due to catalytic chemical reac-
tions, resulting in extremely low ozone inside the vortex.
Figure 2 shows horizontal temperature distribution at 50

(a)

hPa and vertical cross-section of zonal-mean temperatures
in the Northern Hemisphere on March 7, 2011. In Figure
2(a), temperatures over a large portion of the polar region
are below 195 K (the region enclosed by the bold white
contour), and the minimum polar temperature is lower than
192 K. The polar temperature is below the threshold for the
formation of Type-I polar stratospheric clouds (PSCs) (195
K), suggesting that heterogeneous chemical reactions must
be involved in causing such severe Arctic ozone depletion.
Figure 2(b) shows that the layer with temperatures below
195 K is between about 30 and 70 hPa, and that the lowest
temperature is located at about 50 hPa. These indicate that
polar ozone depletion mainly occurred in the lower strato-
sphere.

To demonstrate time evolution of the Arctic vortex, we
plot time series of daily area-weighted polar temperatures,
the daily lowest polar temperature, and daily zonal-mean
zonal winds at 65°N at 50 hPa in Figure 3(a), (b), and (c),
respectively. From November to early February, polar tem-
perature was generally lower than the climatological mean.
However, the departure from the climatological mean is still
within one standard derivation. From middle February to
early April, polar temperature became much lower than the
climatological mean, and the departure from the climato-
logical mean was beyond one standard derivation and even
beyond two standard derivations sometimes. Record low
values occurred in the period between March 7 and 17. Fig-
ure 3(b) shows that the lowest temperature inside the vortex
dropped below 195 K since middle December and even
dropped to 188 K in late January and middle February.
Record low values of the lowest polar temperature occurred
in March and early April. These all suggest that there was
formation of PSCs, and that heterogeneous chemical reac-
tions were responsible for severe ozone depletion in the
stratospheric Arctic.

Figure 3(c) shows time series of zonal-mean zonal winds
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Figure 1 (a) Time series of area-weighted total column polar ozone between 70° and 90°N for the spring of 2011 (blue), the climatological mean from
TOMS (green), and the climatological mean from OMI (red), and (b) total column ozone in Northern-Hemisphere high-latitudes on March 7, 2011.
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Figure 2 (a) 50 hPa temperature, and (b) zonal mean temperature on March 7, 2011. White lines in (a) and (b) are the contour of 195 K, which indicates

the threshold temperature for Type-I PSC formation. Color interval is 3 K.
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Figure 3 Time series of area-weighted Arctic temperatures (65°-90°N) (a), the minimum temperatures inside the Arctic (b), zonal-mean zonal winds at
65°N at 50 hPa (c), and total eddy-heat fluxes area-weighted from 40° to 90°N at 150 hPa (d). In these plots, white lines are climatological means over 1979—
2010, red lines indicate the values in the winter of 2010-2011, thin blue lines denote the daily maximum and minimum values over these years, shallow and
dark blue shadings indicate one and two standard derivations, respectively. In (b), the two horizontal black lines mark the temperature thresholds for Type-I

(195 K) and Type-II (188 K) PSC formation.

(the polar night jet stream) at 65°N, which roughly marks
the boundary of the vortex. Regardless fluctuations, subpo-
lar zonal winds were slightly stronger than the climatologi-
cal mean in November and early December in general, but
weaker from early December to middle January. Zonal
winds were accelerated in middle January, but still within
the range of one standard derivation. After middle February,
zonal winds were accelerated again and reached record high
speeds on February 20 and March 13. Zonal winds became
easterly on about April 10 when the vortex was broken

down due to final warming.

During wintertime, subpolar zonal winds and strato-
spheric polar temperatures are all largely determined by
planetary wave activity, in addition to radiative effect [10].
It is because planetary waves drive the poleward Brewer-
Dobson circulation that has downward motion in polar re-
gions. As polar air moves downward, air parcels are com-
pressed by higher air pressure, resulting in adiabatic heating
that warms polar air. Therefore, large variations of polar
temperatures and the polar night jet are all due to strong



fluctuations of wave activity. Figure 3(d) shows time series
of area-weighted total eddy-heat fluxes at 150 hPa, which
are usually used to represent wave fluxes from the tropo-
sphere to the stratosphere [11]. Eddy-heat fluxes were gen-
erally weaker than the climatological mean from November
to middle March, although they were strong occasionally
due to large fluctuations. The relatively weak wave activity
is consistent with the anomalously cold and strong polar
vortex over the same period, suggesting that the anoma-
lously cold vortex is closely related the relatively weak
wave activity in the winter of 2010-2011. Note that the
anomalously strong wave disturbance in late February
caused split of the vortex. There were also several other
times in which the vortex was almost broken up or largely
displaced off the polar cap. However, the vortex somehow
quickly recovered.

To further illustrate the interaction between waves and
the polar vortex, we plot EP flux vectors and zonal-mean
zonal winds in February and March and their differences
with climatological means in Figure 4, respectively. The

climatological-mean EP flux vectors in both months are all
upward and poleward in the north of 50°N and upward and
equatorward at lower latitudes (Figure 4(a) and (d)), indi-
cating wave propagation toward the polar stratosphere and
subtropical upper troposphere, respectively. EP flux vectors
in February and March of 2011 displayed large differences
from their climatological means. Comparison between Fig-
ures 4(a) and (b) shows that the polar night jet in February
of 2011 is much stronger than the climatological mean, and
that stratospheric wave activity is much weaker than usual.
The difference between Figure 4(b) and (a) is shown in
Figure 4(c). The positive values of zonal winds indicate an
anomalously strong polar night jet. Downward and equa-
torward arrows of EP flux vector differences indicate less
wave fluxes into the polar stratosphere than the climatolog-
ical mean. In other words, waves are refracted away from
the polar stratosphere by the anomalously strong polar night
jet. In March, zonal-wind differences also show positive
values, and the maximum difference is up to 27 m s> (Fig-
ure 4(c)), indicating a strongly intensified polar night jet.
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Figure 4 EP vectors in February and March, overlapped with zonal-mean zonal wind contours. Top: February, bottom: March. From left to right, the plots
are for climatological mean EP flux vectors and zonal-mean zonal winds, EP flux vectors zna zonal-mean zonal winds in 2011, and differences between that
in 2011 and the climatological mean, respectively. To show EP flux vectors at high levels, EP flux vectors are divided by the background air density. The

scale length of arrows, 1 cm, represents 1.0x10° m®

s7. Because the vertical component of EP fluxes is about two orders smaller than the horizontal compo-

nent, the vertical component is multiplied by 100 to display changes in EP flux vectors in the vertical direction. In (a), (b), (d), and (e), contour interval is

5m s in (c) and (f), contour interval is 3 m s~
anomalies). The bald solid line marks the 0 m s™ wind anomaly.

!. Solid lines denote positive values (westerly anomalies), and dotted-lines denote negative values (easterly



Poleward arrows of EP flux vector differences indicate that
waves are refracted from the polar stratosphere toward the
equator. The above results all suggest that the extremely
cold and strong polar vortex in the winter of 2010-2011 is
due to relatively weak wave activity.

Associated with the anomalously strong and stable polar
vortex, the stratospheric Northern-Hemisphere annular mode
(NAM) demonstrated persistent high-polarity in all winter
time (Figure 5(a)). In early winter (before middle January),
the stratospheric NAM demonstrated positive phase alt-
hough the tropospheric NAM had negative phase. The
stratospheric NAM remained in positive phase in the second
half winter, and the stratospheric NAM has much greater
values than that in the first half. In particular, the high-polarity
of the stratospheric NAM was enhanced in middle February
and peaked on about March 15, with the largest NAM index
of about 14. This timing is consistent with the record high
zonal-mean zonal winds in Figure 4(c), which was also in-
tensified in middle February and middle March.

The stratospheric NAM showed downward propagation
to the troposphere. From Figure 5(a), one can find that posi-
tive stratospheric NAM signals started propagating down-
ward since January 13 and quickly reached the surface on
January 17. In middle February, the enhanced stratospheric
NAM showed downward propagation again and led to en-
hancement of the tropospheric NAM that reached maximum
values in late March and April. The near surface NAM also
had consistent changes in responding to downward propa-
gation of the stratospheric NAM (Figure 5(b)). Before mid-
dle January, the surface NAM was in negative phase, same
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sign as that of the tropospheric NAM. The polarity changed
to positive as the stratospheric NAM propagated downward
and reached the surface. It is important to note that the sur-
face NAM remained relatively weak until middle March
when strong stratospheric NAM reached to the surface, in-
dicating that the surface NAM is strongly influenced by
downward propagation of the stratospheric NAM.

3 Discussion and conclusions

We have shown that the stratospheric Arctic polar vortex is
extremely cold and persistent in the winter of 2010-2011.
Record low temperatures are found inside the polar vortex,
and record high-speed zonal winds are found in the subpolar
region. The extremely low temperature led to formation of
PSCs, and the extremely strong vortex provided with an
isolated environment that prevents ozone-rich air transported
into the polar vortex. Under such conditions, stratospheric
Arctic ozone was largely destroyed by catalytic chemical
reactions in middle February when sunlight returned to the
Arctic, causing record low polar ozone. The case of the
winter of 2010-2011 suggests that severe Arctic ozone de-
pletion will likely occur in future as long as ODS levels are
not sufficiently low and dynamic conditions are appropriate.

The extremely cold and persistent Arctic polar vortex
was associated with relatively weak stratospheric wave ac-
tivity in the winter of 2010-2011. The weak wave activity
caused record low polar ozone in two aspects: (1) less ozone
was transported into the Arctic polar vortex due to the
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Figure 5 NAM index variations in the winter of 2010-2011. Top: height-time cross-section of NAM indices. Black lines denote contour zero, and white
contour interval is 2. Bottom: time series of surface NAM indices, calculated from geopotential heights at 1000 hPa.



weakened wave-driven Brewer-Dobson circulation, and (2)
polar temperature remained low because of anomalously
weakened wave-driven adiabatic heating, which benefits
heterogeneous chemical reactions of ozone depletion. While
it is difficult to diagnose whether the relatively weak wave
activity in the stratosphere was due to natural variability,
there is evidence that stratospheric preconditioning played
an important role in causing reduction in stratospheric polar
wave activity. For example, although tropospheric wave
activity was stronger in March compared with the climato-
logical mean (upward arrows in the troposphere in Figure
4(f)), stratospheric wave activity was weaker and propagat-
ed more equatorward (downward and equatorward arrows
in the stratosphere in Figure 4(f)). These indicate that the
relatively weak wave activity in the stratosphere was be-
cause the anomalously strong polar night jet refracted waves
away from the polar stratosphere.

It is likely that the evolution process of the Arctic polar
vortex in the winter of 2010-2011 involved positive feed-
backs between ozone depletion and wave activity, as pro-
posed by Randel and Wu [14] and Hu and Tung [15] We
have mentioned above that the Arctic polar vortex was in-
tensified twice. One is in middle January, and the other one
is in middle February. The intensification of the polar vor-
tex in middle January was more likely due to natural varia-
bility, while the second intensification might be a result of
positive feedbacks between ozone depletion and wave ac-
tivity. This is because catalytic chemical reactions started
and caused ozone depletion in middle February when sun-
light returns to the stratospheric Arctic. The radiative effect
of ozone depletion caused anomalously low polar tempera-
tures (Figure 3(a)) and thus enhanced temperature contrast
between middle latitudes and the polar region. As a result,
the polar night jet was accelerated. The strong polar night
jet refracted waves away from the polar stratosphere (Figure
4(c) and (f)) and caused reduction of wave activity in the
stratosphere. Reduced wave activity in turn caused further
decrease in polar temperature and more ozone depletion.
The feedback process would continue until the polar vortex
broke down in early April.

Severe Arctic ozone depletion and possible positive
feedbacks between ozone depletion and wave activity would
also lead to enhanced strong positive stratospheric NAM in
February and March. The positive stratospheric NAM was
also intensified twice, same as that of the polar vortex. The

coincidence of the second enhancement of the stratospheric
NAM with that of Arctic ozone depletion suggests that the
second enhancement was at least partly due to severe Arctic
ozone depletion as well as positive feedback processes.
Since NAM has important influences on surface climate
[16], Arctic ozone depletion in the winter of 2010-2011
might have important influences on surface weather and
climate at the high-latitude Northern Hemisphere.
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