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Abstract

In winter the polar stratosphere is extremely cold. During the Sudden Stratospheric Warming
events, the polar stratospheric temperature rises concurrently zonal-mean zonal flow weakens
over a short period of time. As the zonal flow weakens, the stratospheric circulation becomes
highly asymmetrical and the stratospheric polar vortex is displaced off the pole. The polar stra-
tospheric temperature rises by 50°C and the stratospheric circumpolar flow reverses direction in
a span of just few days. Sudden Stratospheric Warming (SSW) leads to significant changes in the
rate of several chemical reactions which occur in the polar stratosphere. During such events, the
dynamical fields in the polar stratosphere completely altered and columnar ozone changed. This
study concentrated on the variability of winter polar vortex, meridional temperature gradient and
associated changes in the Total Column Ozone (TCO) over the polar and middle latitude regions. It
is found that changes in the amount of column ozone are positively correlated with polar lower
stratospheric temperature with colder (warmer) temperature correlating with less (high) amount
column ozone. But in the middle latitude region we observed negative correlations between ozone
concentration and stratospheric temperature. In almost all cases there is sudden increase of
ozone concentration over the pole and after few days the value is reduced when the warming ef-
fect is weak. During SSW events there observed an increase of 30 DU in TCO from the average val-
ue over the pole and if the SSW is strong TCO is found to rise by 50 DU. But in the middle latitude
approximately 10 DU increase is noted. From the above results it may be concluded that variabili-
ty of column ozone depends on dynamic and stratospheric chemistry over the poles and in middle
latitude the variability can be attributed to the dynamical aspects. Anomaly of column ozone is
higher during sudden stratospheric warming events over both polar and middle latitude region.
The meridional temperature gradient reverses first and after two days polar vortex changes its
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direction or weakens followed by an increase of column ozone over the polar region. An increase
of 30° Kelvin in the average temperature value noted over the polar region during sudden stra-
tospheric warming events.
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1. Introduction

Ozone plays a major role in the chemical and thermal balance of the atmosphere. Ozone was identified in the
atmosphere by Schdnbein in 1867 and soon corroborated by using chemical means [1] [2]. Atmospheric ozone is
found in maximum at an altitude of 23 - 25 km in the equatorial stratosphere and varies with latitude and sea-
sons. The British chemist Sydney Chapman proposed a cycle of chemical reactions driven by the sun as the me-
chanism for producing ozone layer in the stratosphere. Chapman showed that ozone (O3) was created when
oxygen atoms and oxygen molecules combine. The oxygen atoms are created when high-energy, ultraviolet light
breaks up molecular oxygen (O,). Atmospheric dynamics is known to be a major factor in the variability of
stratospheric ozone distribution over the tropics from year to year. It is widely appreciated that the dynamics of
the stratosphere is interrelated to a good extent with that of the troposphere [3] [4]. Thus transport and wind mo-
tion in the stratosphere are interconnected with those in the troposphere and thus play crucial roles in ozone dis-
tribution over the tropic. There is considerable evidence that the atmospheric total 0zone amount is strongly in-
fluenced by the stratospheric circulation [5] [6]. Earlier works have consistently shown that good correlation ex-
ists between the total ozone amount and stratospheric geopotential heights, stratospheric temperature, and the
tropopause height [7] [8].

The meridional transport in the winter stratosphere is largely controlled by large amplitude planetary waves.
The most important of them are quasi-stationary Rossby waves that propagate upward from the troposphere and
are quite strong and variable in winter [2]. Sudden stratospheric warming (SSWSs) are the most important per-
turbing events that affect the dynamics and thermal structure of the winter stratosphere in the northern hemis-
phere. The Sudden Stratospheric Warming Phenomenon was first found over Berlin through the radio sounding
observations in 1952 [9]. Stratospheric sudden warming is a breakdown event of the winter polar vortex asso-
ciated with a sudden rise of temperature by several tens of Kelvin (K) in a few days in the polar stratosphere.
Breaking and dissipation of westward propagating planetary waves at stratospheric altitude decelerate or even
reverse the prevailing eastward flow of the polar wintertime stratosphere. The interaction of planetary waves and
the zonal mean flow is known to be the major driver of winter stratospheric dynamics [2] [10]-[13]. The devel-
opment of SSWs is linked to the vertical propagation of planetary waves, which dissipate first in the mesopshere
and then progress through the stratosphere, interacting with the westerly winter circulation (polar vortex). Due to
that interaction an upward and pole-ward directed heat and momentum flux lead to decreasing eastward winds
and increasing temperature in the polar region [11] [14].

In a minor warming the temperature gradient reverses over a range of altitude at or below 10 hPa, but the
zonal wind at 10 hPa does not change its direction. Major SSWs as defined by the WMO occur on average every
other year in the northern hemispheric winter [15] [16]. Sudden stratospheric warmings have been classified into
vortex displacement events and vortex splitting events based on the shape and continuity of the polar vortex [15]
[17]. The structure and dynamics of these “polar vortices” play a dominant role in the winter and spring stratos-
pheric circulation and are key in determining distribution of trace gases, in particular ozone, and the couplings
between the stratosphere and troposphere. Since polar vortices act as containment vessels and allow the occur-
rence of extremely low temperatures, they play a critical role in polar ozone depletion and the annual formation
of the Antarctic ozone hole. Sudden stratospheric warming events have profound effects on the temperature,
wind, and composition of the middle atmosphere. Sudden stratospheric warming influences the whole atmos-
phere and is essential for estimation of future ozone and temperature trends. It is basically a nonlinear dynamical
event in planetary scale, while it is recognized as an event that has association with smaller spatial-scale gravity
waves, and longer time-scale intra-seasonal and inter-annual variations or climate change of the polar vortex.
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Sudden stratospheric warming interacts with radiative and chemical processes in the stratosphere. During and
after the SSW events, the enhanced residual circulations affect the chemical composition of the stratosphere as
well as in the mesosphere and lower thermosphere (MLT). Observations have shown increased concentrations of
NO, NO,, CO, OH, and O in the MLT following the SSW of late winter 2004, 2006, and 2009 [18]-[21]. During
the SSW events, dynamics, transport and evolution of the stratospheric chemical composition affect the middle
atmosphere differently during Vortex splitting and vortex displacement SSWs events [15] [17] [22]-[24].

Minor events are less intense and do not produce the reversal of the mean zonal winter circulation of the polar
stratosphere. The SSW occurs much more frequent, but for a still unexplained reason, only some of them have
major impacts on the troposphere and our weather [25]. It is reported that the onset of SSW in the stratosphere,
blocking of the synoptic scale wave patterns occurred leading to the advection of ozone rich, intensely cold arc-
tic air into the eastern half of the United States. Recently major progress has been achieved in predicting major
and minor SSWs at least 9 days in advance using the ensemble forecast data of Japan Meteorological Agency
[26]. Simulations and observational studies indicated that sudden stratospheric warming is associated with me-
sospheric cooling and lower thermospheric warming [27]-[29].

The Arctic stratosphere is characterized by large inter-annual variation, with warm winters alternated with
severe cold conditions. The large inter-annual variability makes the detection of trends in the Arctic winter ex-
tremely difficult [30]. Studies on polar vortex evolution and stratospheric warming can provide further insights
on this issue. Studies have shown that these events have a strong impact on the background wind, temperature,
ozone chemistry and wave activity in the middle and upper atmosphere, causing strong coupling over a large
range of altitudes and latitudes [31]. Signature of high and low latitudinal coupling during a major sudden stra-
tospheric warming in the tropics have been reported earlier [32] [33]. The occurrence of SSWs has been shown
to be connected to the phase of the quasi-biennial oscillation, the solar cycle [34], and southern Oscillation [35].
The effect of a SSW on the ozone, hydroxyl distribution and water vapor in the mesopause region has been si-
mulated [36]. The contributions of both chemistry and dynamics to polar vortex ozone at 24 - 36 km during the
2002-2003 SSW was quantified using measurements by the MIPAS instrument on board the Envisat satellite
and the MOZART-3 chemical transport model [37]. In this paper five major SSWs events were considered to
study the variability of total column ozone over the polar and middle latitude regions.

2. Materials and Methods

According to the definition by World Meteorological Organization (WMO) a major SSW at the 10-mbar level or
below requires the two conditions namely 1) a latitudinal mean temperature increase towards poleward of 60
degree latitude and 2) an associated circulation reversal. In order to standardize the use of the terms “major” and
“minor” stratospheric warming WMO Commission for Atmospheric Sciences has adopted the following defini-
tions. A stratospheric warming is called major if at 10 hPa or below the latitudinal mean temperature increases
towards poleward from 60 degrees latitude and associated circulation change is observed (i.e. mean eastward
winds of 60 degrees latitudes are turned to mean westward winds in the same area) [38]. Many have defined the
SSW with slight variations such as the poleward temperature gradient must be at least four consecutive days [39]
and others says that temperature gradient should be at least five days [13] in the same area. They also have taken
the second criteria of mean zonal wind reversal about the 60 degrees latitude [15] is defined that the mean zonal
winds must become westward at 60° degree latitude but used the same but 60°N for the northern hemisphere
[13]. During winter warming the day on which zonal mean zonal wind at 60°N becomes easterly at 10 hPa is
considered as the central date of warming [2]. Labitzke and Naujokat classified a SSW as a minor warming if
there is a significant increase of temperature (at least by 25 K per week) below 10 hPa levels in any area of the
winter hemisphere [40].

To study the distribution of total column ozone during the SSW events, five SSWs events were identified
based on the WMO definition (Table 1). The duration of SSW is taken as 20 days (10 days before and 10 days
after the central date of warming events) for the study of polar vortex, temperature and column ozone over the
Polar Cap (60°N - 90°N Latitude & 0° - 360° Longitude) and Middle Latitude region (30°N - 60°N Latitude & 0°
- 360° Longitude). Daily wind and temperature with a grid resolution of 2.5 x 2.5 were taken from the National
Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis and
daily column ozone is taken from the NCEP 20th Century reanalysis with same grid resolution as that of the
zonal wind and temperature. A complete description of the NCEP/NCAR reanalysis data has been described

elsewhere [41].
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Table 1. Sudden stratospheric warming events and associated ozone and temperature changes.

SL.No  Year of SSW Central Qate of Duration of T min T max Ozone before  Ozone during Ra_nge of O3
warming SSW (days) anomaly anomaly (K) SSW (DU) SSW (DU) in SSW
1 1998-99 14 Dec-98 10 -12 K 15K -15DU 10 DU 25DU
2 1987-88 7 Dec-87 13 -18 K 15K —20 DU 10 DU 30DU
3 1984-85 29 Dec-84 13 -12 K 12K 0DU 10 DU 10 DU
4 1981-82 2 Dec-81 9 -3K 3K —10 DU 10 DU 30 DU
5 (f#z?%gsv) 28 Feb-80 5 -9K 12K —-40DU 40 DU 80 DU

3. Results and Discussions

Occurrence of SSW in winter is part of the reason why there is no strong ozone hole forming over the Arctic as
there is one over the Antarctic. In fact, strong mixing of polar and low latitude air together with the temperature
increase during a SSW prevents the development of very low temperatures and the buildup of a strong and iso-
lated polar vortex. Hence polar stratospheric clouds (PSCs) responsible for considerable ozone destruction are
less abundant in the Arctic winter than in the Antarctic and PSCs at middle latitudes are unusual. Extreme winter
stratosphere leads to an increasing volume of air cold enough for the occurrence of PSCs, which in turn leads to
more ozone loss inside the polar vortex [42]. Reactions occur on the surface of PSC particles that convert the
reservoir forms of chlorine gases, CIONO, and HCL, to reactive forms, such as CIO, which lead to catalytic
ozone destruction when sunlight is available. Large PSC particles may move HNO; from regions of the ozone
layer. With less HNOj3, the highly reactive CLO remains chemically active for a long period, thereby increasing
chemical ozone destruction [43]. Sudden stratospheric warming usually occurs over the Northern polar stratos-
phere since planetary wave activity is generated due to the topographic and thermal feature of Northern hemis-
phere. But in contrary to our understanding the first ever detection of a major SSW in the Southern Hemisphere
(SH) occurred during 2002 Antarctic winter [44]-[46].

The distribution of ozone is affected by changes in both chemistry and dynamics during the SSW events over
the Northern Hemisphere. The short-term changes in stratospheric ozone in response to SSWs have been rather
extensively studied using ground-based, in situ and satellite observations [37] [47]-[50]. In this paper the re-
sponse of the TCO with five different SSWs events were considered to understand the variation of total column
ozone over the polar and middle latitude region of the Northern hemisphere.

3.1. Evolution of Polar Vortex and Meridional Temperature Gradient during SSW

Figure 1 and Figure 2 show the evolution global average anomalies of meridional temperature gradient and
mean zonal wind over the polar stratosphere (60°N - 90°N) at 10 hpa during the five different years of (1998-99,
1987-88, 1984-85, 1981-92 and 1979-80) SSW events respectively from the top to bottom panel. All four cases
of major warming occurred during the month of December out of five SSWs cases selected and in only one case
it occurred at the end of late February, which can be treated as the final warming, since any more warming is not
possible in the winter during that year. Individual cases of warming condition, strength of polar vortex and dura-
tion of warming days are different for different SSW cases. In all cases temperature gradient and zonal wind re-
versal begin at 10 hPa level from 60° north and slowly propagate the trend to the Polar Regions (WMO defini-
tion for SWW events) and reaches to poles after few days. Also there is a lag of 2 days between temperature
gradient and wind reverse during all the SSW events except one year (SSW 1987-88). In the present study two
SSW (SSW 1987-88 and SSW 1981-80) cases showed very weak meridional temperature gradient (Figure 1)
but the polar vortex strength does not affected (Figure 2). In the entire cases polar vortex anomaly reached a
magnitude of —30 ms™* during the SSW events. There is clear evidence of zonal wind reversals which begins
from 60°N and reaches at the poles. These dynamic behaviors of SSW which alter the chemical and dynamical
structure of the stratosphere at 10 hPa affect the distribution of total column o0zone concentration over the north-
ern polar region. The date on which the polar vortex changes its direction (from westerly to easterly) is consi-
dered as the central date of stratospheric warming (see Table 1). The meridional temperature gradient shows a
time lag of few days to reach the poles (in Figure 1. SSW 1998-99 and SSW 1979-80), but polar vortex does not
show any time lag in changing its direction (Figure 2).



V. Madhu

3.2. Evolution of Columnar Ozone over the Northern Polar Region during SSWs

Figures 3-5 represent the reversal of temperature gradient (K), polar vortex evolution (m/s), and associated dis-
tribution of column ozone anomaly (DU) over the polar region (60°N - 90°N and 0 - 360 longitude) during five
SSW events. In Figure 4 the central date of warming is clearly seen as the date of reversal of polar vortex direc-
tion. In few cases of SSW events (e.g. 1998-99, 1987-88, 1984-85, and 1979-80), polar vortex is strong enough
not to permit the ozone rich air from mid-latitude to mix with polar ozone. Normally in winter the very cold
(—80°C) stratosphere with strong polar vortex (westerly wind) support the formation of polar stratospheric
clouds (PSC), which serve the surface to enhance the heterogeneous photochemical catalytic depletion of ozone.
But during SSW years, formation PSC is not happening over the poles, instead the sudden increase in tempera-
ture enhances the photochemical production of ozone over the polar stratosphere. Minor warming occurs every

Temperature(K) anomaly during winter SSW at 10-hPa
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Figure 1. Meridional gradient of temperature (K) anomaly during five cases of SSW events (1998-99, 1987-88, 1984-85,

1981-82 and 1979-80).
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Zonal wind anomaly(m/s) during SSW at 10-hPa
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Figure 2. Evolution of polar vortex during five cases of SSW events (1998-99, 1987-88, 1984-85, 1981-82 and 1979-80).

year in the polar stratosphere, but some time major warming also happens. If the major warming occur in the
middle of the winter, after a few days (may be after one week) the stratosphere restore its winter characteristics.
But if the warming occurs at the end of the winter season, there is no possibility of another warming event in the
same year since the stratosphere already entered to the summer season. From Figure 3 and Figure 4, it is seen
that four cases of warming occurred during the month of December except in the year 1979-80, which is called a
final warming. Figure 5 represent the column ozone concentration during different selected SSWs years. Table
1 gives the summary of changes in total ozone concentration and temperature during different years of sudden
stratospheric warming events. An increasing trend of total ozone concentration during SSW period is observed
over the polar region. The date of warming is taken as the date on which polar vortex reverse its direction due to
meridional temperature gradient. Sudden stratospheric warming anomaly of zonal wind (ms ™), temperature ("K)
and column ozone (DU) at 10 hPa over a polar region (60 - 90 Latitude & 0 - 360 Longitude) were calculated.
The duration of warming is taken as 20 days from the central date of warming (10 days before and after the cen-



V. Madhu

tral date of warming) based on the particular month of occurrence of SSW averaged (mean value) and then sub-
tracted the mean from the daily values of zonal wind, temperature and TCO for 20 days. For every SSW events
there is an increase of 30 DU in the average value of TCO over the poles. During final warming of SSW a great
variation of 80 DU is noted in the total column ozone amount (Table 1). From this analysis it is clearly unders-
tood that TCO variations strongly depends on the evolution of polar stratospheric chemistry and dynamics dur-
ing SSWs events. This increase in 0zone concentrations reveals that heterogeneous catalytic depletion of ozone
is hampered during the SSW events due to the reversal of the meridional temperature gradient (PSC does not
form over polar stratosphere) and changes in the polar dynamics (reversal of polar vortex). Studies show that in

Temperature (K) anomaly [0-360 & 60-90]-SSW
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Figure 4. Zonal wind anomaly (m/s) at 10 hPa during SSW events (1998-99, 1987-88, 1984-85, 1981-82 and 1979-80).

the ozone budget analysis ozone is enhanced by 26 - 28 DU inside the polar vortex due to the SSW [37]. In this
paper, analysis and observations support the previous work on the variability of ozone concentration during

SSWs days.

3.3. TCO Distribution over Middle Latitude Region during SSW

Even though SSWs events occur over the polar stratosphere, various studies shows the coupling between low
and high latitudes and the changes in dynamics and chemical composition of the atmosphere with latitudes [51].
The vertical layers of the atmosphere are coupled during the occurrence of SSW in the polar stratosphere and
thereby affect the chemical composition and dynamics of the layers below and above the stratosphere. It is
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TCO Anomaly (DU)

TCO (DU) anomaly [0-360 & 60-90]-SSW
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Figure 5. TCO anomaly (DU) over polar region during SSW events (1998-99, 1987-88, 1984-85, 1981-82 and 1979-80).

known that SSWs are accompanied with a cooling in the mesosphere [11]. The variability of mesospheric tides
during the SSW events and associated changes in ozone and water vapor has been reported earlier [52]. It was
also reported that SSWs causes anomalous weather regimes 60 days after in the troposphere [53].

Figure 6 and Figure 7 represent the temperature and column ozone anomaly over the middle latitude region
(30°N - 60°N and 0 - 360 longitudes) during the SSWs events. As we know the meriodional temperature gra-
dient reverses during SSW events and polar stratosphere experiences a high temperature and middle latitude ex-
perience a low temperature. The reversal of temperature is opposite in the middle latitude region, i.e., positive
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value to negative temperature anomaly observed during SSWs events. But in Figure 7 the total column ozone
shows opposite relation with middle latitude temperature variability. Here increase of temperature give the de-
crease of total column ozone value and vice versa (see Figure 6 and Figure 7). The polar ozone concentration
depends both on dynamics and winter polar stratospheric chemistry. That is polar vortex changes due to the in-
teraction of planetary waves with mean flow and the reversal of meriodional temperature gradient. As a result
ozone loss due to catalytic heterogeneous photochemical reaction is suppressed in the absence of Polar Stratos-
pheric Clouds (PSC) during SSWs. But in the middle latitude ozone loss due to catalytic heterogeneous

Temperature (K) anomaly [0-360 & 60-90]-SSW
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TCO (DU) anomaly [0-360 & 60-90]-SSW
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1979-80).

photochemical reactions are very less and hence the variability depends on the dynamical reasons rather than
photochemical reactions. In the middle latitude region the approximate increase of ozone is about 5 to 20 DU
during the SSW events. But in the polar region an approximate increase of about 30 DU to 50 DU and more are
observed during very strong stratospheric warming events with very short duration (e.g. SSW 1980-81). Figure
8 represent the correlation value of column ozone with temperature over the polar and middle latitude region for
20 days (10 days before and after the central date of warming). From Figure 8, it is clearly seen that a very
strong positive correlation exists between total column ozone and temperature over the polar region whereas a
negative correlation exists in the middle latitude region.

C2)
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Figure 8. Correlation coefficient of temperature and column ozone over the polar and middle latitude region during SSW
events (1998-99, 1987-88, 1984-85, 1981-82 and 1979-80).

4. Summary and Conclusion

In this study, the variation of total ozone concentration during five SSWs cases (1998-99, 1987-88, 1984-85,
1981-82 and 1979-80) was analyzed over the polar and middle latitude regions. Warming in the polar stratos-
phere occurred in the mid-winter resulted in an increase of 30 DU in the TCO mean value. On the other hand the
final stratospheric warming, which occurred in the late winter (e.g. SSW 1979-80) shows grater values of TCO
variation (greater than 50 DU). But in the middle latitude region the variability of TCO is about 10 DU from the
mean value and this may be attributed to dynamical reasons than the chemical aspects. Total ozone concentra-
tion increases over the polar region with a lag of 2 days after the reversal of the meridional temperature gradient.
Total column ozone shows a positive correlation with the temperature at the polar region and a negative correla-
tion over the middle latitude region. From the analysis it may be concluded that the variability in ozone concen-
tration over the polar region is connected with dynamical behavior and heterogeneous photochemistry. But in
middle latitude region ozone variation may be due to dynamical changes than due to other factors. The impact of
SSW is very important and it alters the chemical and dynamical characteristics of the polar weather and it also
modifies the low latitude weather systems through high and low latitude interactions.
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