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PREFACE 

 
Sudden Stratospheric Warmings (SSW) is an important dramatic 

meteorological event take placed in the northern hemisphere in winter. It 

plays an important role in the dynamics of the middle atmosphere. The 

present doctoral thesis deals mainly with the warmings of the northern 

hemisphere and its associated changes in the mid-latitude and tropical 

atmosphere. 

 

Warmings are characterized by a sudden increase in the polar 

stratospheric temperature of the order of 50°C on time scales of few days 

and distinguished by a strongly disturbed stratospheric vortex. As a result, 

the temperature gradient reverses its direction from equator to poleward, 

followed by a reversal of the prevailing zonal mean westerly wind to 

easterly. SSW events are generated due to the dynamical wave mean-flow 

interaction in the stratosphere. Planetary waves in the mid-latitudes 

propagate upward from troposphere to the stratosphere and deposit the 

westward momentum, resulimg a strong meridional circulation. This 

interaction produces a large warming in the polar stratosphere due to 

adiabatic heating.  

 

The stratospheric warming events are categorized into major and minor 

warming depending on the temperature increase in the polar stratosphere. 

The warming is called a ‘major’, when the polar temperature increases 

poleward from 60 degree latitude and followed by a reversal in the zonal 

wind at 10 hPa (~32 Km). Usually major warming events are associated 

with the displacement of polar vortex from high to mid latitudes or the 

splitting of vortices in to two. The warming is called a "Minor", when the 

polar temperature increases more than 25 degree in a period of a week or 

less, at any stratospheric level with less intensified easterly wind 



anomalies. The stratospheric warmings generated during the transition 

period of winter to spring are called final warmings. The warming events 

observed in the early winter period (November to early December) over 

Canadian region are called Canadian warmings. There is strong 

interaction between stratosphere and troposphere during SSW period over 

high and low latitudes regions.  

 

The thesis consists of 7 chapters. Chapter 1 is the introduction on ‘middle 

atmosphere’ with special emphasis on Sudden Stratospheric Warming 

events. A detailed description of the different types of stratwarm events, 

theory behind the SSW, its interaction with polar vortex, and its effects on 

the circulation features are also given.  

 

Chapter 2 deals with the data and methodology utilized in the thesis. 

ECMWF (European Center for Medium Range Weather Forecast) ERA-

40, interim and NCEP/NCAR reanalysis datasets from 1980-2010 are 

utilized to compute the anomaly, to identify the significance of temporal 

and zonal wind anomalies in recognizing the features of stratospheric 

warmings. The explanation about the computation of total and transient 

heat fluxes at mid tropospheric and stratospheric levels is presented. The 

technique of cross-correlation to analyze the lead and lag correlation 

between heat fluxes is explained in this chapter. 

 

Classification of sudden stratospheric warming events in the upper and 

middle stratosphere and its various features are presented in chapter 3. 

This chapter gives an overview of stratospheric warming events in the 

upper and mid-stratospheric levels for the last 31 year period (1980-2010). 

The present study classified the stratwarm events into five different 

categories like ‘intense major’, ‘major 1’, ‘major 2’, ‘intense minor’ and 

‘minor’ warmings at 2 hPa and 10 hPa levels. The classification is based 

on duel criteria of temperature and zonal wind anomalies from the 



climatological mean state of the Arctic stratosphere. Usually stratospheric 

warming events are categorized with the reference level as 10 hPa.  

 

The present thesis work focuses the categorization of stratwarm events 

considering an additional level of 2 hPa. The chapter gives the general 

nature of the warming of different groups, decadal and seasonal variability 

in the occurrence and the properties of the vertical propagation and the 

location details of the warm and cold vortices. The longitudinal 

displacement of the cold polar vortex is analyzed at 2 hPa and 10 hPa 

levels. Study on the decadal variability shows that there is an 

enhancement in the occurrence of events in the third decadal phase 

(2000-2010). There is also a clear evidence of downward propagation of 

the events; from upper to mid-stratosphere. The occurrence of warming is 

higher during the January (mid-winter) months but the intensity is higher in 

the warmings of December (early) month.  

 

Analysis of high and low-latitude interactions of circulation during early, 

mid winter and late winter stratwarm events are carried out and presented 

in chapter 4. This study addresses the circulation pattern in the Eastern 

Arctic domain (0-180°E) using composite analysis of two early, mid-winter 

and late winter stratospheric warming events. An intense northwesterly 

wind flows from high to mid-latitudes around the peak days of SSWs 

through the low geopotential area (displaced cold polar vortex from North 

Pole). Consistent circulation patterns are found between 10 hPa 

geopotential height contour and 200 hPa circulation features. The above 

northwesterly wind merges with subtropical westerly jet stream (STJ) at 

mid-latitudes. As a result there has been a significant amount of variation 

in the intensity of subtropical jet stream during SSW days. Meridionally 

advected heat flux over high latitudes (45-75°N) explains the most 

perturbed wave activity during each stratwarm cases. The total heat flux 

analysis at 10 hPa and 100 hPa over high latitudes (45-75°N) also shows 



the amount of wave activity. The intensity of wave activity is concentrated 

prior to the peak day and after the day of maximum; the intensity of wave 

activity is considerably reduced. The total heat flux analysis is also carried 

out for low latitudes (0-30°N) and cross correlation technique is applied 

between the heat fluxes to find the lag or lead correlation for high and low 

latitude regions. 

 

Chapter 5 describes the coupling between tropical and polar stratosphere 

during major stratospheric warming events mainly over the Indian regions. 

Polar and equatorial stratosphere undergoes a strong coupling during 

major and minor warmings. The response of high-latitude stratospheric 

warming event over Indian region during the years 1984/85, 1987/88, 

1998/99 and 2008/09 is analyzed. ECMWF ERA-40 and interim reanalysis 

data from 1000 hPa to 1 hPa is utilized for the study. Zonal average 

temperature anomalies explain the intensity of cooling over tropics (30°N-

30°S). Six Indian stations are selected to analyze the intensity of upper 

stratospheric cooling during the above stratwarm events. The analysis 

shows that equatorial upper stratosphere exhibits almost quick response 

to the high latitude temperature variations. The annual minimum 

temperature at the upper stratosphere coincides with the peak phase of 

the SSWs. This shows the existence of a strong coupling between high 

and low-latitude upper stratosphere during stratwarm phase.  

 

The circulation features of the troposphere and upper stratosphere over 

tropics associated with stratwarm events are analyzed and the results are 

discussed in chapter 6. Tropical upper stratospheric zonal wind anomalies 

at 2 hPa level show easterly wind anomalies during stratwarm peak days. 

Tropical (20°N-20°S) upwelling is noticed around the peak days of SSW 

events and the mass stream function analysis is also used to explain the 

meridional circulation associated with the events. In addition, surface 

temperatures over the selected Indian regions show a decrease in 



temperature around the peak of high latitude warming events. If the 

development of the major warmings can be predicted, it is possible to 

anticipate a cooling over the Indian surface regions.  

 

Major conclusions of the studies are presented in chapter 7. An outline of 

future scope of research is also mentioned in this chapter. References are 

given at the end of the thesis in alphabetical order. 
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Composite of both the wind vector at 200 hPa level 
and  10  hPa  geopotentail  heights  (white  contour) 
during two early winter SSWs. The contour interval 
is 200 m 
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4.3 

Composite of normalized vertical wind shear of the 
STJ  between  100  hPa  and  200  hPa  level  over  the 
area  25‐35°N  and  100‐180°E.  The  dashed  vertical 
line denotes the peak day 
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4.4 

Meridional  flow  of  transient  heat  flux  at  10  hPa 
level  during  (a)  1987  and  (b)  1998  stratwarm 
event.  The  dashed  vertical  line  denotes  the  peak 
day of each event 
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4.5 

Time series of northward advection of heat  flux at 
10  hPa  (red)  and  100  hPa  (black)  for  (a)  45‐75°N 
and  (b)  0‐30°N.  The  dashed  vertical  line  denotes 
the peak day of each cases.(c) Cross correlation of 
10 hPa and 100  hPa heat  flux  for  45‐75°N (black) 
and0‐30°N (red) 
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4.6 

North  polar  stereographic  projections  of 
geopotentail height anomaly at 10 hPa level on the 
peak day of  two mid‐winter stratwarm events.  (a) 
1984/85 and (b) 2008/09 
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4.7 

Spatial  distribution  of  200hPa  winds  during  mid‐
winter stratwarm days and  the white contour  line 
indicates 10 hPa geopotential heights. The contour 
interval is 200 m 
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4.8 
Normalized  vertical wind  shear  between  100  hPa 
and 200 hPa during mid‐winter stratwarm events. 
The  dashed  vertical  lines  denote  the  peak  day  of 
each SSW 
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4.9 

Latitude‐time  cross  section  of  meridionally 
advected  heat  flux  at  10  hPa  for  the  period  of 
13December  1984‐22  January,  1985.  The  dashed 
line indicates the (2 January, 1985) peak day 
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4.10 
Latitude‐time  cross‐  section  of  meridionally 
advected  heat  flux  at  10  hPa  for  the  period  of 
03January ‐12 February 2009 
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4.11 

Time series of northward advection of heat  flux at 
10 hPa and 100 hPa for high (left) and low latitudes 
(right).  The  dashed  vertical  line  denotes  the  peak 
day. (c) Cross correlation of time series in fig 4.11a 
(black)  and  in  fig.4.11b  (red).  Days  with  negative 
sign indicate 100 hPa heat flux lags with 10 hPa and 
positive indicate lead 
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4.12 
Geopotentail height anomaly at 10hPa on  the peak 
day  of  Late‐winter  stratwarm  events.  (a)  1983/84 
and (b) 2007/08 
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4.13 

Temporal  evolution  of  the  average  of  two  late 
winter SSW events. The circulation pattern at  200 
hPa  and  10  hPa  (white  contour)  geopotentail 
height. The contour interval is 200 m 
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4.14 
Standard deviation of vertical wind shear between 
100 hPa and 200 hPa during late‐winter stratwarm. 
The dashed vertical lines denote the peak day 
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4.15 

Latitude‐time cross‐ section of meridional heat flux 
(°Ks‐1)  at  10  hPa  during  1983/84  late  winter 
stratospheric  warming.  The  dashed  vertical  lines 
denote 24 February, 1984 
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4.16 

Poleward transient heat transport at 10 hPa during 
2007/08  stratospheric  warming.  The  time  period 
starts from 3February‐14 March 2008.  The dashed 
vertical lines denote 23 February 2008 
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4.17 

Time series of northward advection of heat  flux at 
10 hPa and 100 hPa for high (left) and low‐latitudes 
(right) respectively. The dashed vertical line denote 
the peak day.(c) cross correlation with 10 hPa and 
100 hPa heat  flux over high  latitude and  the same 
for  low‐latitudes.  Days  with  positive  sign  indicate 
lead  correlation  of  100  hPa  with  10  hPa  and 
negative for lag correlation 
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5.1 

Deviation of average  latitudinal  radiance  [m W.m‐2 
(ster)‐1  (cm‐1)‐1]  from  a  finite  Fourier‐series  fit  for 
80°N‐80°S  from  Apr.  14,  1969,  to  Apr.  13,  1970. 
(Adapted  from  Fritz  and  Soules,  1972)  Courtesy: 
American  meteorological  society  Reprinted  with 
permission) 
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5.2  Map of India to show the six selected locations  113 

5.3 

Daily variation of polar stratospheric temperatures 
(°C) at different stratospheric levels during the four 
different  SSW  winters  (a)  1984/85,  (b)  1987/88, 
(c) 1998/99 and  (d)  2008/09. The arrow with Mw 
represents  the  peak  days  of  the  major  warming 
events. The first and second minor warming events 
are  denoted  by  mw1  and  mw2.  Mf      represents  the 
Final warming event 
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5.4 

Time‐latitude  cross‐section  of  the  daily 
temperature  anomalies  during  stratwarm  events 
1984‐85  (left)  and  1987‐88  (right)  using  ERA‐40 
data.  Time  period  ranges  1  December  1984  ‐  31 
March  1985  and  10  November  1987  –  31  March 
1988 at 2 hPa (top row), 5 hPa (second row), 7 hPa 
(third row) and 10 hPa (fourth row). Arrow with Mc 
denotes  the  major  cooling,  mc1  and  mc2  stand  for 
the minor cooling1 and minor cooling 2, during the 
peak days of the major and minor warmings 
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5.5 

Time‐latitude  cross‐section  of  the  daily 
temperature  anomalies  during  the  1998/99  SSW 
event  at  different  stratospheric  levels:  2  hPa  (top 
row), 5 hPa (second row), 7 hPa (third row) and 10 
hPa  (fourth  row)  level.  Time  period  ranges  1st 
December to 31 March 1999 
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5.6 

Time‐latitude  cross‐section  of  the  daily 
temperature  anomaly  (left)  for  the  stratwarm 
events  at  2  hPa  (top  row),  5  hPa  (second  row),  7 
hPa  (third  row)  and  10  hPa  (fourth  row).  Time 
period is from 1st December to 31 March 2009.  The 
temperature  anomaly  variations  during  peak  days 
are plotted (right) 
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5.7 

Height‐time  cross  section  of  stratospheric 
temperatures  over  the  six  Indian  stations  viz  (a) 
DLH  (28°38´N,  77°12´E),  (b)  JDP  (26°18´N, 
73°04´E),  (c)  AHD  (23°00´N,  72°40´E),  (d)  HYD 
(17°22´N,  78°02´E),  (e)  BNG  (12°58´N,  77°35´E), 
and  (f)  TRV  (8°4´N,  77°.02´E).  The  arrow with Mc 
represents the peak day of major SSW with mc1 and 
mc2 for that of the minor SSW events 
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5.8 

Examples  for  the  three cases of SSW  in  the winter 
1987/88.    Stratospheric  seasonal  temperature 
anomaly for the Indian stations indicates the out of 
phase  relation  during  (a) major,  (b) minor  1,  and 
(c) minor 2 stratwarm days 
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5.9 

The  magnitude  of  peak  cooling  and  their 
corresponding  time  in  days  with  respect  to  the 
peak  of  SSW  during  the  major  SSW  of  the winter 
1998‐99 
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5.10 
Same  as  fig  5.9  but  for  the  final  warming  in 
February 1999 
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5.11 

Illustrates  the  maximum  low  temperatures  at  the 
upper stratospheric levels against latitude of the six 
Indian  stations  (a).  The  days  on  the  maximum 
cooling  with  reference  to  the  peak  day  are 
represented for the four levels (b) 
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5.12 

Annual  temperature  variation  at  (a)  2  hPa,  (b)  5 
hPa,  (c)  7  hPa,  and  (d)  10  hPa  from  1  November 
1984  to 31 October 1985 over six  Indian stations. 
The dotted vertical lines indicate the peak days 
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5.13 
Same as 5.12 but  for  the period 1 November 1987 
to 31 October 1988 
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5.14 
Same as 5.12 but  for  the period 1 November 1998 
to 31 October 1999 
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5.15 
Same  as  for  5.12  but  for  the  period  from  1 
November 2008 to 31 October 2009 over six Indian 
stations 
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6.1 

Zonal  wind  anomaly  over  tropics  (20°N‐20°S) 
during 1984/85 and 1987/88 stratwarm events at 
2 hPa, 5hPa, 7hPa and 10 hPa levels. The peak days 
of the event are denoted by arrows 
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6.2 

Zonal  wind  anomaly  over  tropics  (20°N‐20°S) 
during 1998/99 and 2008/09 stratwarm events at 
2 hPa, 5hPa, 7hPa and 10 hPa levels. The peak days 
of the event are denoted by arrows 
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6.3 

Time  series  of  zonally  averaged  tropical  (20°N‐
20°S)  pressure  coordinate  vertical  velocity  at  850 
hPa, 500 hPa, 100 hPa, 50 hPa and 10 hPa levels for 
1984/85  (left)  and  1987/88  (right)  stratwarm 
events. The star sign denotes the decline in vertical 
velocity  or  upwelling  in  the  tropical  atmosphere. 
The  dashed  vertical  line  denotes  the  peak  day  of 
warmings 
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6.4 

Time  series  of  zonally  averaged  tropical  (20°N‐
20°S)  pressure  coordinate  vertical  velocity  at  850 
hPa, 500 hPa, 100 hPa, 50 hPa and 10 hPa levels for 
1998/99  (left)  and  2008/09  (right)  stratwarm 
events.  The  dashed  line  represents  the  peak  days 
and  the  star  sign  denote  the  decline  in  vertical 
velocity associated with the peak days 
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6.5 

Vertical  distribution  of  meridional  wind  (v)  and 
vertical  velocity  (w)  over  the  tropics  (30°N‐30°S) 
during (a) 1984/85, (b) 1987/88, (c) 1998/99 and 
(d) 2008/09 events 
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6.6 

Mass meridional stream function for the stratwarm 
event  of  1984/85.  Consecutive  3  day  mean  is 
carried out (a) before, (b) during and (c and d) after 
the event. Positive contours indicate anti clockwise 
circulation, while  the  negative  contours  clockwise 
flow; intervals are 1e‐10 kg/s 
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6.7 

Mass meridional stream function for the stratwarm 
events  of  1987/88.  Consecutive  3  day  mean  is 
carried out (a) before, (b) during and (c and d) after 
the event. Positive contours indicate anti clockwise 
circulation, while  the  negative  contours  clockwise 
flow; intervals are 1e‐10 kg/s 
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6.8 

Mass meridional stream function for the stratwarm 
events  in  1998/99.  Consecutive  3  day  mean  is 
carried out  (a) before,  (b) during and  (c& d) after 
the event. Positive contours indicate anti clockwise 
circulation, while  the  negative  contours  clockwise 
flow; intervals are 1e‐10 kg/s 
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6.9 

Mass meridional stream function for the stratwarm 
events  in  2008/09.  Consecutive  3  day  mean  is 
carried out  (a) before,  (b) during and  (c& d) after 
the event. Positive contours indicate anti clockwise 
circulation, while  the  negative  contours  clockwise 
flow; intervals are 1e‐10 kg/s 
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6.10 

Time  series  of  00  GMT  surface  (1000  hPa) 
temperature anomalies (ΔT °C) at six stations over 
Indian  region  for  the  winter  season.  The  dashed 
lines denote the peak days of warming on 2 January 
1985 and 10 December 1987 respectively 
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6.11 

Time  series  of  surface  (1000  hPa)  temperature 
anomalies at 00 GMT for the period of 1 December 
1998‐ 31 March 1999 (left), and 15 December 2008 
– 15 March 2009 (right), for six Indian regions. The 
dashed lines denote the peak days of warming 
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1.1. Middle Atmosphere 
 

The middle atmosphere (mainly stratosphere and mesosphere) is the 

region of the atmosphere between 10 to 100 km altitudes. At its base is the 

troposphere, where the temperature decreases with height. Above the 

troposphere is the stratosphere where temperature increases with height and 

maximum at about 50 km, the stratopause. The increase in temperature with 

height is due to the absorption of UV energy by the ozone layer and that 

makes the region very stable. Above the peak (stratopause) the temperature 

decreases with height in the mesosphere to a minimum near at 85 km, the 

mesopause. Middle atmosphere includes little portions from troposphere as 

well as thermosphere.  

The mesosphere which lies above the stratosphere is a region where 

the temperature decreases with height. The atmosphere at this height is both 

tenuous (there is only 0.01% of the air here compared to the ground) and 

turbulent. The cold air overlying the warm air makes the atmosphere quite 

unstable in this region. Studies of dynamical and chemical processes of this 

region have greatly expanded in recent years.  
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1.2. Stratosphere 
 

The stratosphere lies above the troposphere and cover the vertical 

column of 12 to 50 km. Tropopause height varies from 10 km to 16 km 

from pole to equator respectively. Tropopause is the bottom base of the 

stratosphere. The stratosphere is characterized by an increase in ozone with 

maximum ozone concentration at about 26 km of height. Temperature 

increases with height in stratosphere and reaches around 0°C at about 50 

km. This increase is mainly caused as a result of maximum ozone absorbing 

the UV radiation from the sun. The ozone layer is an essential and 

important parameter for the life on Earth. The stratosphere is almost 

without cloud because of the limited of transport of water vapour from the 

troposphere into the stratosphere. Thus, weather and clouds are rare in this 

region. 

The stratosphere is again divided into a lower stratosphere (15-35 

km) with a constant temperature of about -56°C and upper stratosphere 

above 35 km of height. In the upper stratosphere, temperature reaches 

maximum of 0°C at about 50 km altitude. Because of the increasing 

temperature with increasing height (like inversion weather condition) there 

is only very limited vertical movement. Almost 99% of the mass of the 

atmosphere is located within the layer below 30 km. Regarding stratosphere 

it is noteworthy to mention that the ozone concentration is maximum in the 

lower stratosphere (around 26 km). Recent studies revealed the impact of 

human activities on the distribution of stratospheric ozone. 

1.3. Zonal mean temperature and winds  
 

The latitudinally dependent temperature distribution in the middle 

atmosphere results from the balance between net radiative drive and the 

heat transport. The heating distribution is mainly depending on seasonal 
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temperature variations, with maximum heating in the summer pole and 

maximum cooling in the winter pole. At equinoxes the maximum heating is 

at equator and cooling at the poles. The circulation in the meridional plane 

is balanced by the differential heating. Schematic cross-sections of the 

longitudinally averaged temperature and zonal winds for the middle 

atmosphere during solstices and equinoxes months are shown in Fig.1.1.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG.1.1. Climatological zonal mean zonal temperatures (top) and winds (bottom) 
for January (left) and July (right). Randel et al. (2004) 
 

Zonal winds are from the URAP dataset (contour interval 5 ms-1, 

with zero contours omitted). Temperatures are from METO analyses with 

(1000–1.5 hPa) a combination of HALOE plus MLS data above 1.5 hPa 
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(see SPARC 2002). The heavy dashed lines denote the tropopause (taken 

from NCEP) and stratopause (defined by the local temperature maximum 

near 50 km). 

Temperature decreases with latitude in the troposphere. The 

latitudinal temperature gradient is about twice as steep in the winter 

hemisphere compared to that in the summer hemisphere. The tropopause is 

much higher and colder over the tropics than over the Polar regions. The 

latitudinal distribution of temperature in the lower stratosphere shows that 

the summer hemisphere had a cold equator and a warm pole. The winter 

hemisphere is cold at both equator and pole with a warmer region in middle 

latitudes. The cold pool of stratospheric air over the winter pole is highly 

variable. It disappears for a period of a few weeks during sudden 

stratospheric warming (SSW) periods. During SSWs the stratospheric 

temperatures over individual stations rise by as much as 70°C in one week. 

At the stratopause, there is a monotonic temperature gradient 

between the warm summer pole and the cold winter pole. At the mesopause 

the summer pole is cold and the winter pole warm. Temperatures undergo 

pronounced diurnal variability in certain regions of the atmosphere. The 

strongest diurnal variability is observed in the upper thermosphere. In this 

region, day to night temperature differences are on the order of several 

hundred degrees. 

The mean zonal flow in the winter hemispheres (equatorward of 40° 

latitude) is westerlies of about 40 ms-1 at the 200 hPa level. The maximum 

wind in the SH situates about 2°-3° latitude nearer the Equator and is about 

5 ms-1 weaker than that of NH winter. Poleward of 40°S latitude, the zonal 

winds differ appreciably in winter, with stronger winds in the SH. A 

westerly maximum in the upper troposphere which extends into the 

stratosphere is evident between 50° and 60°S in accordance with the 
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upward-increasing meridional temperature contrast poleward of 45°S. The 

distribution of wind differs considerably between the summer hemispheres. 

The upper troposphere westerly maximum is nearly twice as strong as in the 

SH and is located farther poleward than the peak in the NH. In the middle 

and upper troposphere the tropical easterlies are much stronger in NH than 

that in SH. In the subtropics the westerlies are much stronger in SH. 

Prominent features are cores of strong westerly winds in middle 

latitudes at an altitude of 10 km. The strongest zonal winds occur in the 

mesosphere at an elevation of 60 km. There are two jet cores in middle 

latitudes, the westerly in winter hemisphere and easterly in the summer 

hemisphere.  

During the equinoxes (Fig.1.1, right) these jets undergo dramatic 

reversals as the latitudinal temperature gradient reverses. For example, the 

sudden stratospheric warming phenomenon is accompanied by large 

changes in the longitudinally averaged zonal wind at high latitudes in the 

winter stratosphere. The midwinter warmings are accompanied by a 

pronounced weakening of the westerlies at stratospheric levels. Sometimes 

the westerlies disappear altogether. These changes in the stratosphere have 

little effect on the wind structure in the troposphere.  

The information on the temperature and winds are the required 

parameters to conduct the launching of the sounding rocket and satellite 

vehicles. The prevailing wind and thermal conditions may affect the 

trajectories of the rocket. Understanding of the dynamics of the middle 

atmosphere is needed in space programme activities.  
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1.3.1. Zonal mean winds in the equatorial stratosphere 

The direction and speed of the zonal mean winds in the tropics is 

dominated by the equatorial lower stratospheric phenomena known as 

Quasi Biennial Oscillation (QBO). As a result of QBO zonal winds alter 

from easterly to westerly at high altitudes above 30 km. Easterly and 

westerly phases descending downward with height so that the easterly 

winds will be above the westerly winds and the westerly winds is above the 

easterly winds. The QBO extends aproximately 10-15 degree latitudes on 

either sides of the equator. The average period of QBO oscillation is about 

28 months. It varies from 20 to 30 months. The strongest easterly winds are 

about 30ms-1, while the strongest westerly winds are 20 ms-1. 

1.3.2. Semiannual oscillation (SAO) 

One of the significant features of the low-latitude upper stratosphere 

is the semiannual oscillation (SAO) in zonal winds. Amplitude of the SAO 

of the zonal wind peaks near to the stratopause region with a magnitude of 

the order of 55 ms-1. The amplitude falls sharply in the middle stratosphere 

when it attains a value less than 5 ms-1 at an altitude of 30 km. The SAO is 

weak in the troposphere and lower stratosphere. 

1.4. Zonally averaged circulation 
 

The annually averaged atmospheric mass circulation in the 

meridional plane is depicted in Fig.1.2. The total amount of mass 

circulating around each cell is given by the largest value in that cell, based 

on the ECMWF ERA - 40 reanalysis data for the period 1979-2001. The 

rising motion in the tropics is capped from above by the stratosphere where 

the air warms with height, thus suppressing upward motion. The law of 

mass continuity requires the air to move away from the tropics, northward 

and southward as in the diagram. This motion amounts to an upper level 
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mass divergence, forced by the rising motion. Again, for reasons of mass 

continuity, the diverging upper-level tropical air must return to the surface 

poleward of the equator. At the same time, mass continuity at the surface 

requires low level convergence and the movement of air towards the 

equator (Mohanakumar, 2008). 

 

 
Fig.1.2. The zonally averaged mass circulation.ECMWF ERA-40 Atlas: 
http://www.ecmwf.int/research/era/ERA40_Atlas/docs/section_D25/parameter_z
mmctp.html# 
 
 
1.5. Brewer-Dobson Circulation 
 

Brewer-Dobson circulation (BDC) model proposed by Alan Brewer 

in 1949 and Gordon Dobson in 1956 (Brewer, 1949; Dobson, 1956). It is a 

simple circulation model that speculates the existence of a slow current in 

the winter hemisphere which redistributes the air. It also explains the 

meridional atmospheric circulation that transports air poleward and 

downward from the tropical middle atmosphere (Fig. 1.1). Air is transferred 

between the equator and poles by this circulation on a time scale of months, 
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indicating of the strong control by the Coriolis force that deflects the air 

stream zonally and inhibits meridional motions. 

 

 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG.1.3. The zonally averaged circulation in the middle atmosphere 
superimposed on top of an annual average ozone density (in Dobson Units per 
kilometer). The brewer Dobson circulation is depicted by the black arrows. The 
figure also shows the seasonally averaged ozone density (red denotes a high 
density of ozone; blue denotes low ozone density). The ozone data is based on 
1980-1989 Nimbus-7 SBUV data. 

 

Initially the tropical motion starts from the troposphere into the 

stratosphere and then it is transported poleward in the stratosphere. The 

third part is descending motion in the stratospheric middle and polar 

latitudes. The mid-latitude descending air transported back into the 

troposphere and at the same time the polar latitude descending air transport 

into the polar lower stratosphere where it accumulates. 

Brewer first proposed this slow circulation pattern to explain the lack 

of water vapor in the stratosphere. He supposed that water vapor is "freeze 
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dried" as it moves vertically through the cold equatorial tropopause. 

Dehydration can occur by condensation and precipitation as a result of 

cooling of temperatures below -80°C. Dobson later showed the distribution 

of high ozone concentrations in the lower stratosphere over the Polar 

regions which are situated far from the photochemical source regions in the 

tropical middle stratosphere. Dobson also explained the latitudinal (i.e. 

north-south) distributions of long lived constituents like nitrous oxide and 

methane is also explained. 

The warming of the tropical troposphere through greenhouse gases 

strengthened the BDC circulation through wave activity (Eichelberger and 

Hartmann 2005). This circulation also called as residual circulation. The 

interaction between planetary waves in the extra-tropics disturbs the mean 

flow which causes a slow meridional drift (Haynes et al. 1991; Rosenlof 

and Holton, 1993; Newman et al.  2001 and Plumb, 2002).  

The convergence of the Eliassen-Palm (EP) flux F , i.e. −∆· F is 

usually described the planetary wave activity which drives the Brewer 

Dobson Circulation. The convergence of the EP flux in the stratosphere is a 

measure for easterly momentum deposited to decelerate the westerly zonal 

flow in winter (Newman et al. 2001). Geostrophic balance requires a small 

meridional flow component that starts the meridional or residual circulation 

(Andrews et al. 1987). The vertical component of the EP flux vector (F z) is 

proportional to the eddy heat flux ( ''Tv ) and is a measure of the vertical 

propagation of planetary waves from the troposphere. Both EP flux 

convergence and the eddy heat flux are frequently used to describe 

variations in the BDC driving. 
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1.5.1. The Brewer-Dobson Circulation in the Extratropical    
          Latitudes 

As far as the stratospheric layer is concerned the Brewer-Dobson 

circulation carries air from the equator to the poles. Poleward of about 30°N 

and 30°S belt, the circulation becomes downward as well as poleward. This 

poleward and downward circulation tend to increase the ozone 

concentrations in the lower stratosphere of the middle and high (i.e. 

extratropical) latitudes.  

The lifetime of an ozone molecule is more in the lower stratosphere 

than the extratropical latitudes. In the upper stratosphere ozone is produced 

more and destroyed as well. In the middle stratosphere the destruction by 

the photolysis process is limited. Ozone concentration is highest in the 

lower stratosphere. Ozone is produced by the photolysis (producing two 

free oxygen atoms) of oxygen molecules and it is destroyed by the catalytic 

reactions (generally utilizing free molecular oxygen atoms) in the presence 

of UV radiation. Ozone accumulates as the Brewer-Dobson circulation 

transports air poleward from the low-latitudes into the high-latitudes and 

then downward into lower altitudes. 

1.6. Sudden Stratospheric Warming (SSW/stratwarms) 
 

During certain winters the zonal mean configuration in the 

stratospheric temperatures over the NH is dramatically disrupted with rapid 

increase and lead to a reversal of the zonal mean winds to easterly direction 

for a period of few days. Such an event is known as stratospheric sudden 

warming (SSW). This high-latitude phenomenon occurs in the winter 

months of December, January and February in the NH and in June, July and 

August months in the Southern Hemisphere. Figure 1.1 shows the annual 

variation of zonal mean of temperature anomalies over the arctic 

hemisphere from surface to 0.4 hPa level. The figure shows the presence of 
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a strong SSW in January, 2009. The temperature increase associated with 

the SSW event and the recovery of the vortex is evident in this figure. 

 

FIG.1.4. Time height cross-section of zonal mean temperature anomaly for the 
year 2009. http://www.cpc.ncep.noaa.gov/products/stratosphere/strat-trop. 
 

The phenomenon of stratospheric warming was discovered in 1952 

by Professor Richard Scherhag (Scherhag 1952, 1960) during high altitude 

balloon experiments at the Institute of Meteorology, Freie Universität of 

Berlin. During the first few years, SSWs are known as the “Berlin 

phenomenon”. He was testing the newly developed U S radiosonde which 

can measure reliable temperatures upto the middle stratosphere. These 

experiments led him to record the first ever observed stratospheric warming 

event of the 27th of January 1952.  After the discovery, Scherhag created a 

team of meteorologists specifically to study the winter stratosphere in the 

university (Free University of Berlin). This group continued to map the 

northern-hemisphere stratospheric temperatures and geopotential height for 

many years using balloon radiosonde ascents. These experiments proved 

that the warming in the winter stratosphere is not a local phenomenon but it 

extends to the whole polar winter hemisphere. In the late 1960’s the satellite 
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era began and meteorological measurements became more frequent on a 

global scale. Meteorological satellites like TIROS and NIMBUS series, 

monitored continues reliable data for the entire stratosphere and later for 

mesosphere. Today meteorological radiosondes, sounding rockets and 

various ground based radars are used to monitor the atmospheric regions as 

a whole. 

During the winter months, polar stratospheric temperatures on an 

average are below minus 70°C. The cold temperatures are combined with 

strong westerly winds that form the southern boundary of the so-called 

stratospheric polar vortex. In other words the winter months are dominated 

by westerly winds with polar night jet attaining the maximum values during 

February. Before the onset of the SSW, the stratospheric circulation is 

dominated by cold and eastward polar vortex which lies over the North 

Pole, covering large part of the Northern Hemisphere outside the tropics. 

This dominant structure is disrupted in some winters or even reversed. 

Under these conditions the temperatures in the lower stratosphere rise 

within a few days by more than 50 degrees. The polar region becomes 

warmer than southern latitudes. This leads to the reversal in the west winds 

and collapse of the existing polar vortex (Andrews et al. 1987; Asnani, 

1993; Mohanakumar, 2008).  

 The earliest studies on the synoptic development of the foremost 

stratospheric warmings are done by Teweles (1958), Craig and Heting 

(1959), and Lowenthal (1957). The simulation of stratospheric sudden 

warming using general circulation model is done by Miyakoda et al. (1970). 

The simulation was able to split the polar vortex without simulating 

warming. Another successful simulation of the stratospheric sudden 

warming is presented in terms of quasi-geostrophic numerical model by 

Matsuno, (1971). This theoretical study proposed the cause of stratospheric 

warming as the result of the upward propagation of planetary waves from 
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troposphere to the stratosphere and their interaction with the zonal mean 

flow. At an initial time, a blocking-type circulation pattern is established in 

the troposphere. This blocking pattern causes planetary zonal wave number 

1 and/or 2 on grow to unusually large amplitudes. The growing wave 

propagates into the stratosphere. During the propagation the waves 

encounter with ‘critical layers’ where the energy is absorbed and thus 

decelerates the mean zonal winds. The energy absorbed layers undergo 

warming. The polar night jet weakens and simultaneously distorted by the 

growing planetary waves. The upward propagation of planetary waves is 

blocked and leads to a very rapid easterly deceleration. Polar warming 

occurs at the critical level and it move downward. The warming and zonal 

wind reversals affect the entire polar stratosphere. Warmings do occur in 

the SH but with less intensity. This aspect will be discussed in a later 

session. 

1.6.1. Classification of Stratospheric Sudden Warming 

Basically SSWs are classified into three categories: major, minor and 

Canadian warmings. More sub-classes of warmings are introduced by 

Quiroz, (1975). Further grouping on SSW are done by Labitzke, (1977) 

including parameters like 11-year solar cycle and QBO phases. The 

definitions of warmings adopted by World Meteorological Organization 

(WMO, 1978) are as follows:- 

1.6.1.1. Major 
A stratospheric warming can be said to be major if 10 hPa or below 

the latitudinal mean temperature increases poleward from 60 degree latitude 

and an associated circulation reverses (that is, the prevailing mean westerly 

winds poleward of 60 latitude are succeeded by mean easterlies in the same 

area).  
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1.6.1.2. Minor 
 A stratospheric warming is called minor if a significant temperature 

increase is observed (that is, at least 25 degrees) in a period of week or less 

at any stratospheric level in any area of winter time hemisphere. The polar 

vortex is not broken down during these warming episodes. 

1.6.1.3. Canadian 
Canadian warmings occurred in early winter in the stratosphere of 

the Northern Hemisphere typically from mid-November to early December 

period. They have no counterpart in the southern hemisphere. Warming is 

said to be Canadian when it occurs over the Aleutian High regions; in the 

Canadian region (e.g., Labitzke and van Loon 1999; O’Neill 2003). During 

Canadian warmings, the warm Aleutian High advect eastward within a few 

days from its usual position over the International Date Line towards 90°W 

line of longitude over Canada. In this case, the polar vortex does not 

breakdown but distorts strongly and displaces from the pole (Andrews et al. 

1985; Donfrancesco et al. 1996; Marenco et al. 1997; O’Neill 2003). 

 Canadian warmings are associated with the intensification of the 

stratospheric Aleutian high. Aleutian high is linked with the Aleutian low in 

the troposphere. Wind reversal during Canadian warming happened only 

six times in the past 50 years (Manney et al. 2001). Theses reversals were 

short and weak. But these warmings never led to the breakdown of polar 

vortex (Labitzke and Naujokat, 2000). Juckes and Neill (1988) proposed a 

tentative connection between the intensification of the tropospheric 

trough/ridge pattern in the East Asian flow and the establishment of 

Aleutian high.  
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Manney et al. (1994) brought out more features of Canadian (South Pacific 

type) warmings as follows 

 
1. The cyclonic vortex remains strong; it is being displaced from the 

pole due to wave number decomposition, and then it appears as a 

circulation dominated by a wave 1 pattern. 

2. The flow is affected mainly in the middle and lower stratosphere and 

the disturbance is nearly equivalent barotropic, i.e., it shows little or 

no longitudinal phase tilt with height. 

3. The disturbance moves slowly eastward.  

1.6.1.4. Final 

 The seasonal cycle of wind in the stratosphere mean flow is westerly 

(eastward) during winter and easterly during summer (westward). A 

warming which occurs on this transitional phase so that the polar vortex 

winds permanently changes the direction during the warming is called as 

the final warming. 

 There are sub-classifications of major stratospheric warmings 

depending the time of occurrences. Major warmings are again sub-

classified as early, mid-winter and late winter warmings when they occur in 

the early December, in January, and in the second half of February 

respectively. The classifications of the warmings are presented in figure 1.2. 
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                    FIG.1. 5. Different types of stratospheric warmings.  

1.6.2. Vertical structure of stratospheric warming 

One of the well-known characteristics of the sudden warming is its 

downward propagation from about 45 km into the lower stratosphere. This 

feature has a non-zonal structure with planetary waves tilting westward 

with height. Warming in the stratosphereis accompanied by equal and 

opposite changes in the mesosphere by the way of cooling. Hence the 

vertical column of SSW system consists of both the stratosphere and 

mesosphere. Duirng a SSW the thermal perturbation takes place both in the 

stratosphere and mesosphere but in the opposite directions. 

Charney and Drazin (1961) showed that Rossby waves propagate 

upward only if their horizontal scale is large and if the flow is weakly 

eastward relative to their phase speed; that is, stationary waves can 

propagate only through weak westerlies (Andrews et al. 1987). As a result, 

Sudden Stratospheric Warmings 
(SSWs) 

Canadian Minor Major Final 

Mid-winter Late-winter Early-winter 
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the stationary Rossby waves propagate into the stratosphere only in the 

winter (when westerlies are prevalent) and not in the summer (when 

easterlies are prevalent). The stratospheric flow is more disturbed in winter 

than in summer. 

1.6.3. Theory of Sudden Stratospheric Warming 

 Matsuno (1971) was the first to give a generally acceptable theory of 

SSW. His theory is based on the wave mean flow interactions. Its main 

features are:- 

 A sudden increase in stationary planetary wave amplitude in the 

troposphere is accompanied by vertical propagation of transient 

wave energy into the stratosphere. 

 The stratosphere is transparent to this wave energy because of this 

wave energy gets trapped causing convergence of heat and easterly 

momentum. Due to the lower density of the air in the upper levels, 

the effect of temperature and wind become extensive. Altogether the 

pre-warming temperature gradients become weak and get reversed 

and the westerly jet weakens replaced by easterly winds. 

 The appearance of this easterly flow above the westerly flow 

produces a critical level with zero wind velocity in the mean current. 

At the same time the horizontal speed of the mean current equals the 

horizontal phase speed of the stationary wave of the troposphere. 

The easterly regime descends as the westerly wind gets destroyed; 

the critical level of the wave energy absorption comes down. The 

process of energy absorption and sequence of events may be so fast 

and mixed that the appearance of easterlies may look simultaneous 

throughout the great depth of the stratosphere. 
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 The upward rising energy from the troposphere is spread over a band 

of synoptic-scale and planetary-scale waves but as pointed out by 

Charney and Drazin (1961), the stratosphere is opaque to synoptic-

scale waves and transmissivity increases for the larger wavelengths. 

As a result, the wave numbers 1 & 2 are dominant in this upward 

propagation of wave energy from the troposphere into the 

stratosphere.   

 The phenomenon of SSW also shows “hysteresis” development and 

decay of SSW do not follow the identical paths. 

 The dynamical explanation of the event through critical level theory 

is further explained by Schoeberl (1978) and is illustrated in fig.1.6. Within 

1 week to l0 days, the sudden increase in the temperatures over the pole 

leads to the zonal wind reversals (Levoy 1964; Schoeberl and Strobel, 

1978) and it can penetrate deep into the troposphere (Taylor and Perry, 

1977; Quiroz, 1977; McGuirk, 1978). Julian and Labitzke (1965) draw 

energy cycles for 1962-1963 warming event and this flow of energy is 

confirmed by the E.P. fluxes (Palmer 1981). 

Clark (1974) used one dimensional two layer model of the polar 

night jet stream. He obtained a SSW in a time scale of about two weeks. 

Geisler (1974) also formulated one dimensional model of sudden warming. 

The vertical structure of the warming and the critical levels are well 

identified. Holton and Mass (1976) used one dimensional model and 

explained the interaction of planetary waves with mean flow. The reversed 

circulations (easterlies) prevent the upward propagation of planetary waves.  

McIntyre (1982) emphasized the importance of potential vorticity 

distributions that allows the planetary wave activity to be ducted into the 

polar stratosphere favorable for the occurrence of SSW.  
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FIG.1.6. Idealized critical layer properties after (Matsuno 1971). From left to 
right the figure shows the mean zonal wind at mid channel, meridional derivative 
of the northward flow as function height along the polar side of the flow and the 
wave amplitude and energy channel at middle latitudes. The diagram on the right 
shows the two-dimensional idealized structure of a critical layer. Open arrows 
indicate the direction of eddy heat transport. Solid arrows show cross- channel 
and vertical flow patterns, the induced secondary circulation. Contours indicate 
zonal winds: dashed lines are easterly, and solid lines are westerly (Schoeberl, 
1978).  
 
 

Mesospheric cooling at the time of SSWs is shown by (Lindzen, 

1981; Holton, 1983; Dunkerton and Butchart, 1984). Chao (1985) 

considered SSW as a catastrophe; it is a transition from one equilibrium 

state to another state. Garcia and Boville (1994) studied the mean 

meridional circulation in the winter polar stratosphere. Gray et al. (2003) 

utilized stratospheric-mesospheric coupled model, to investigate the 

stratospheric response to tropospheric wave forcing and equatorial wind. 

Based on the numerical weather prediction model (NWPM) of the Japan 

Meteorological Agency (JMA) Mukougawa and Hirooka (2004) examined 
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the predictability of December, 1998 warming event. They predicted this 

warming event one month in advance. The remarkable winter in 2003-04 

and other recent warm winters in Arctic Stratosphere are analyzed by 

Manney et al. (2005).The climatological features of the Arctic and 

Antarctic stratospheric polar vortices are investigated using NCEP/NCAR 

reanalysis data (Gimeno et al. 2007). The distinctive features of the vortices 

like average latitude, area, strength and its temperatures are examined using 

EOF analysis.  

Displacement and split type of the polar vortices during stratospheric 

sudden warming (SSW) events revealed a lot of dynamical aspect. 

Displacement-type of SSWs are forced by positive anomalies of the energy 

associated with the first two baroclinic modes of planetary Rossby waves 

with zonal wavenumber 1. Split-type of SSWs are in turn forced by positive 

anomalies of the energy associated with the planetary Rossby wave with 

zonal wavenumber 2, and the barotropic mode appears as the most 

important component (Liberato et al. 2007).  

Bancala et al. (2012) studied about the preconditioning of the major 

warmings and Blume et al. (2012) made a supervised learning approach to 

classify the SSW events with temperature anomalies and atmospheric 

forcing like ENSO, QBO and solar cycle.  

1.6.4. The Antarctic stratospheric warming  
 

Stratospheric warmings do occur in the Southern hemisphere during 

winter months (July, August and September). Temperatures in the SH 

winter 1975 is raised as large as those in northern hemisphere (Barnett 

1975). The lack of strong planetary waves seems to be the cause of non 

occurrence of major warmings in the SH. 
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Exceptionally a major SSW event took place in the SH winter of 

2002. Kirstin et al. (2005) made a detailed analysis of this warming with a 

comparison to NH warmings. Manney et al. (2005) and Liu and Roble 

(2005) simulated this major stratospheric warming event using TIME-

GCM. They explored the possible role of the mesosphere in the dynamical 

processes and found that significant changes in the wind and temperature 

fields are due to a strong wave number 1. This helped the atmospheric 

conditions favorable for the upward and poleward propagation of wave 

energy, not only for wave 1 but also for wave 2 and 3. At the same time, the 

jet reversal and the planetary wave surf zone also descended from the 

mesosphere down to the stratosphere. The preconditioning ultimately lead 

to an extensive breaking of the polar jet and wave 1 in the stratosphere and 

leads to the major warming.  

1.7. Polar Vortex 

A polar vortex is a persistent large-scale cyclonic system located on 

the geographical poles of our planet. The polar vortices are located in the 

middle and upper troposphere and the stratosphere. Stratospheric polar 

vortices form and fall when solar heating of Polar regions is cut off.  It 

reaches maximum strength in midwinter, and decay in later winter as 

sunlight returns to Polar regions. Figure 1.7 shows the polar vortex position 

over the arctic hemisphere. The air masses are enclosed in this large air 

vortex as in a pot. The vortex drifts over the northern hemisphere and also 

regularly reaches areas over Central Europe. 

The vortex is most pronounced in the winter hemisphere when the 

temperature gradient is steepest. It will diminish or disappear in the 

summer. The Antarctic polar vortex is more powerful and persistent than the 

Arctic one. This is because of the distribution of the orography in the 
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southern hemisphere where polar vortex remains undisturbed and strong. 

The winds at the core may exceed 100 ms-1. 

  

 

 

 

 

 

 

 

 

 
 

 
 

FIG..1.7.Illustration of the polar vortex in the stratosphere over the Arctic. 
Illustration by: Markus Rex, Alfred-Wegener-Institute. 

 

The walls of the polar vortex act as the boundaries for the 

extraordinary changes in chemical concentrations and it can be considered a 

sealed chemical reactor bowl, containing a water vapor hole, a nitrogen 

oxide hole and an ozone hole, all occurring simultaneously (Labitzke and 

Kunze 2005). This chemical condition exists only in the short lived Arctic 

vortex (Mohanakumar, 2008). In the last decades various authors (Baldwin 

and Holton 1988; O’ Neil and Pope 1988; Harvey et al., 2002; Limpasuvan 

et al, 2005; Scott and Dritchell, 2006 and Chen and Wei, 2009) made 

extensive studies on the behavior of the polar vortices and its relation with 

SSWs. 
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There is evidence that the vortex needs to be preconditioned for 

SSWs to occur (e.g., McIntyre, 1982 and Limpasuvan et al. 2004). While 

most of the analyses on SSWs are focused on upward propagating Rossby 

waves, alternate theories also reported incorporating resonant excitation of 

free modes and vortex interactions between the polar vortex and Aleutian 

anticyclone (Tung and Lindzen, 1979; Plumb, 1981; O’Neill and Pope, 

1988; Esler and Scott, 2005; Esler et al. 2006; and Scott & Dritschel, 2006). 

Using the upper atmospheric research satellite (UARS) data, Zurek et al. 

(1996) analyzed the interannual variability of northern hemispheric 

stratospheric polar vortex with polar stratospheric cloud formation. Martius 

et al. (2009) observed that major warmings are often preceded by blocking 

situations in the troposphere over the Atlantic and/or Pacific sector. 

During Polar winter, polar vortex forms and the polar air mass in the 

stratosphere becomes separated from other air masses. The stratospheric air 

trapped in the vortex become very cold and results in the formation of ice 

crystals developing clouds. Gas phase HCl dissolves in the surfaces or 

clings to the surfaces of the clouds. The CFC's react with the HCl ice, 

converting relatively unreactive chlorine to the more active species; Cl2, 

ClONO2, and HOCl.  At sunrise, in October, the chlorine-bearing 

compounds are photolyzed, releasing the highly reactive Cl atoms that 

attack ozone.  Ozone densities drop rapidly only to recover when the polar 

vortex breaks up, mixing warmer air in and releasing the ozone-depleted air 

to move away from the polar region.   

1.8. Jet stream 

Jet streams are fast flowing narrow air currents. Jet streams are 

discovered in 1920s by Meteorologist Wasburo Ooishi, while studying on 

high elevation wind patterns over Japan using weather balloons (Lewis, 
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2003). German meteorologist H. Seilkopf was the first to use the term "jet 

stream" in a published scientific paper in 1939. 

The main jet streams are located near the tropopause the transition 

level between the troposphere and the stratosphere. The major jet streams 

on Earth are the westerly winds (flowing west to east) and their paths 

typically have a meandering shape. 

1.8.1. Polar jet stream 

The polar-night jet stream forms only during the winter months (i.e., 

polar nights) at around 60° latitudes. Figure 1.8 shows the two westerly jet 

streams in both the hemispheres encircling the earth. During the dark 

months the air over the poles becomes much colder than that over the 

equator. These differences in temperature give rise to extreme air pressure 

differences in the stratosphere which combined with the Coriolis effect 

create the polar night jets at an altitude of about 48 km.  

 

 

 

 

 

 

 
 

FIG.1.8. Typical illustration of westerly jet streams 
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The polar vortex is situated inside the polar night jet. The warmer air 

in the mid-latitudes is move along the edge of the polar vortex and the cold 

polar air becomes cooler inside the vortex. The polar jet is situated at 

around 7–12 km above sea level and subtropical jets are found around 10–

16 km. The Northern and the Southern Hemispheres each have separate 

polar and subtropical jets. The NH polar jet stream is most commonly found 

between the latitudes 30°N and 60°N. Jet streams are generally continuous 

over a long distance. The path of the jet typically is a meandering shape, 

and these meanders themselves propagate east, at lower speeds than that of 

the actual wind within the flow. Each large meander, or wave, within the jet 

stream is known as a Rossby wave. Rossby waves are caused by changes in 

the Coriolis effect with latitude and propagate westward with respect to the 

flow in which they are embedded. 

1.9. Polar stratospheric clouds 

Polar Stratospheric Clouds (PSC) is formed in the stratosphere in 

altitude layer between 20 and 30 km. It is also known as nacreous clouds 

(mother of pearl, due to its iridescence). PSCs form at very low 

temperatures, below −78°C. These temperatures can occur in the lower 

stratosphere in polar winter. In the Antarctic, temperatures below −88°C 

frequently cause type II PSCs. Such low temperatures are rarer in the 

Arctic. In the Northern hemisphere, the generation of lee waves by 

mountains may locally cool the lower stratosphere and lead to the formation 

of PSCs. It is frequently appear in winter and mainly over Scandinavia, 

Scotland, Alaska and Antarctica. In general there are two types of Polar 

5tratospheric Clouds:  
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1.9.1. Type 1: Nitric Acid Trihydrate Clouds (NAT)  

Type-1-PSC-particles are a mixture of water and nitric acid (HNO3) 

and they form just above freezing point (about -78°C). They can appear 

either solid or liquid as aerosols. The microscopic structure of the particles 

is contained with each molecule of HNO with 3 molecules of water. Type-

1-particles are thus defined chemically as Nitric Acid Trihydrate (NAT). 

They are about 1 micrometre (one millionth of a metre) in size. 

It is supposed that dust in the stratosphere favours the formation of 

mother-of-pearl clouds because small dust particles are very good 

sublimation nuclei for water molecules. In Scandinavia, mother-of-pearl 

clouds are observed almost in every winter. At lower temperatures they can 

include small amounts of chloric acid (HC1) and sulphuric acid (H2SO4). 

The appearance of NAT-clouds is described as very delicate (similar to 

NLC) and they widely spread over a large area. 

1.9.2. Type 2: Mother-of-pearl clouds 

Type-2-PSC consists of pure crystals of frozen water. They form at 

even lower temperatures between -95°C and -90°C and less (188 K at an 

altitude of 25 km). An example of type 11 PSC clouds is shown in 

figure1.6.  

 
 

 

 

 

 

FIG.1.9. A type II (water) PSC showing iridescence.     
                          http://remus.jpl.nasa.gov/kiruna/a015z.htm. 
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These particles are about 10 micrometres small. Due to this the ice 

crystals are so heavy, PSC tend to sink down into the troposphere. The less 

amount of water in stratospheric air becomes dehydrated over the poles. 

PSC of this type, which are also called mother-of-pearl clouds, have mostly 

lenticular appearance and appear only over a small area.  

1.10. Sudden Stratospheric Warming & Arctic Oscillation 

The Arctic oscillation (AO) or Northern Annular Mode/Northern 

Hemisphere Annular Mode (NAM) is an index of non-seasonal sea-level 

pressure variations north of 20N latitude. It is characterized by pressure 

anomalies of one sign in the Arctic with the opposite anomalies centered 

about 37–45°N. Moreover, the Arctic Oscillation is an opposite atmospheric 

pressure patterns in northern middle and high-latitudes. The polar 

stratospheric vortex splitted or displaced from the pole during stratwarm 

days and this leads to the mixing of polar air to middle latitudes.  

 

 

 

 

 

 

 

 

 
 

 

FIG.1.10. Schematic representation of SSW and Arctic Oscillation.  
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Certain features of the relation between SSW and Arctic oscillation 

(Fig.1.10) are given below:- 

 

 Strongly negative AO indices are found in association with strong 
SSW events, concurrently with severe cold weather and rain/snowfall 
in the mid-latitudes.  

 
 The impact of SSW can reach the surface (& change AO sign) in a 
few days (Kim & Flatau 2010), much faster than what was 
previously reported and believed.  

 
 AO is linked to tropics (Kim & Flatau 2010).  

 
 AO Index values have been strongly negative in winter over the last 
few years, with unprecedented frequency and strength.  

 

There has been a direct link between stratospheric polar vortex variability 

and the Arctic oscillation (eg., Thompson and Wallace 1998; Baldwin and 

Dunkerton, 1999; Ambaum et al. 2001; Black 2002; Lin et al. 2002;Wang 

and Chen 2010; Hinssen et al. 2010 and Cohen 2011). 

1.11. Atmospheric waves 
A wave is defined as form or a state of disturbance advancing with a 

finite velocity through a medium. The energy is transmitted in the media 

through propagation. The wave is considered as perturbation on the steady 

slowing changing back ground. Waves in fluids result from the action of 

restoring forces on fluid parcels, which have been displaced from their 

equilibrium positions. The restoring forces may be due to compressibility, 

gravity, rotation, etc. 

Atmospheric waves can be classified according to their physical or 

geometrical properties according to their restoring mechanisms: thus 

buoyancy or gravity waves owe their existence to stratification, while 
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inertio-gravity waves result from a combination of stratification and 

Coriolis effects. Planetary or Rossby waves result from the effect or from 

the northward potential vorticity gradients (Mohanakumar, 2008). 

1.11.1. Rossby and Gravity waves 
 

Rossby waves are planetary scale waves that are most important for 

stratospheric transport. Rossby waves are developed due to the large scale 

variations in potential vorticity. The restoring force of these waves is the 

variation in Coriolis effect with latitude. The Rossby wave is nearly 

spherical in shape and the stationary planetary waves that are forced by 

orography or traveling free waves. The wave forcing is seen through the 

isentropic gradient of potential vorticity (i.e., the change of the Coriolis 

parameter f with latitude). The Steady planetary waves conserve potential 

vorticity, just as steady buoyancy waves conserve potential temperature. 
The gravity wave, also known as a buoyancy wave, results from the 

stability or buoyancy of air in a stably stratified atmosphere. 

Rossby waves induced by topography, known as the stationary 

planetary waves, that propagate vertically and break in the stratosphere, 

causing the wintertime stratospheric sudden warmings in the polar regions 

that lead to the Brewer-Dobson circulation. 

The main causes of wave dissipation are  
 

Thermal dissipation: Thermal dissipation refers to the process of 

wave dissipation in which radiative heating and cooling reduced the 

temperature differences that are associated with Rossby wave formation. 

These Rossby waves are associated large scale areas of warm and cold 

temperature perturbations. The warm regions will radiatively cool to space 

at greater rates than the colder regions and restore the atmosphere to a more 
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uniform temperature field. This thermal damping process becomes more 

significant with increasing altitude in the stratosphere. 

Wave breaking: Wave dissipation or damping is occurd by a process 

wave breaking. Atmospheric waves grow to large amplitudes and break, 

thereby causing rapid meridional mixing. This process is evident in the 

winter middle latitudes. Waves propagate vertically from the troposphere 

into the stratosphere, and then equatorward into the subtropics. As the wave 

moves upward, the density of the atmosphere decreases, and the strength of 

the wave consequently grows. This eventually leads to wave "breaking," in 

which air parcels undergo large and rapid latitudinal excursions causing 

them to undergo strong, irreversible, meridional mixing. As a result, 

material (i.e., long-lived tracers) becomes thoroughly mixed throughout the 

subtropics and lower middle latitudes. 
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Chapter 2 

 
Data and Methodology 

 
2.1. General 
  

 Data obtained from the European Center for Medium Range Weather 

Forecast (ECMWF) ERA-40, interim, and National Center for 

Environmental Prediction/National Centers of Atmospheric Research 

(NCEP/NCAR) reanalysis projects are used for the study. One of the main 

advantages of this data is the vertical resolution. The NCEP/NCAR 

reanalysis provide data from 1000 hPa to 10 hPa levels and ECMWF 

reanalysis data from 1000 hPa to 1 hPa levels. The sudden stratospheric 

warmings and its coupling effects are explained using these reanalysis data 

sets. The details of the data taken are described in relevant sections. 

 The doctoral thesis mainly consists of the daily data of temperature, 

zonal and meridional components of the wind, vertical velocity and geo-

potential height at different pressure levels. Earlier times ECMWF ERA-40 

Reanalysis server data is available for the period 1958-2002 and later on 

they make available ECMWF interim reanalysis data for the rest of the 

years (1979-present). These two data set combined gives a vertical structure 

of various parameters of the atmosphere for the period from 1958 to present 

with different grid scales. ECMWF ERA-40 and interim reanalysis provide 

2.5°×2.5° and 1.5°×1.5° latitude and longitude grids respectively. 

 Climatology is defined as the long-term average of a given variable 

over time periods of 20-30 years. A monthly climatology will provide a 

mean value for each month and a daily climatology will provide a mean 
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value for each day. Deviations in a particular data are computed by 

subtracting the same from climatological mean. The daily anomalies in 

temperature, zonal and meridional components of winds are calculated from 

a long term and seasonal means at different pressure levels. A positive 

anomaly indicates warming while a negative anomaly indicates cooling.  

 In chapter 3 the temperature and zonal wind anomalies in the daily 

data are calculated from the long term mean of 1980-2010 period for  2 hPa 

and 10 hPa levels.  Stratospheric warming events are identified based on the 

deviations from 10 hPa level. For this purpose ECMWF interim data for the 

period of 1980-2010 are used. The nature of temperature anomaly at this 

level during the winter (December through February) gives the 

presence/absence of stratospheric warming pulses. Vertical wind shear is 

computed using zonal and meridional components of wind during 

stratwarm days in chapter 4. The data is taken from NCEP/NCAR 

reanalysis data server. The stratospheric transient and total heat fluxes are 

also computed using temperature and meridional wind from the above data 

server. To analyze various features of the tropical response of sudden 

stratospheric warming temperature anomalies in the daily data are 

computed from (a) long term mean (b) seasonal mean (December-January-

February) and (c) normalized temperature anomalies. This computation is 

carried out for different Indian stations as well as high latitude regions and 

is discussed in chapter 5.   

2.2. Computation of transient and total heat fluxes 
 

The zonally averaged flux of heat (v'T') is the important diagnostics 

of atmospheric wave behavior and large-scale transport. Their calculation is 

based on co-variances of eddy winds and temperatures (in longitude) and 

the flux provide sensitive diagnostics of planetary wave behavior and 
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coupling with the mean flow (in both observations and models). The eddy 

heat and momentum fluxes are most important quantities involved in the 

calculation of the Eliassen-Palm (EP) flux and its divergence (Andrews et 

al. 1987). Of primary importance is the poleward eddy heat flux (v'T') in the 

extratropical lower stratosphere, which is proportional to the vertical wave 

activity flux (EP flux) from the troposphere into the stratosphere (e.g., 

Andrews et al. 1987). The fluxes considered here are calculated from daily 

data. 

The transient heat fluxes at 10 hPa level are computed for the 

stratwarm events occurred during the years of 1984/85, 1987/88, 1998/99 

and 2008/09 for the domain 0-180°E using NCEP/NCAR reanalysis data 

(chapter 4). The product of the meridional wind and temperature anomaly 

(v’t’) is calculated for a period of 20 days (before and after the peak dayof 

the six SSW events). The difference in transient heat flux between two 

adjacent grid points is divided by the distance between them and is given 

as )''(/ tvy∂∂ . The unit of meridional flow of transient heat flux is degree 

Kelvin per second. 

The zonal mean (0-180°E) total heat fluxes [ ]''tv  are computed using 

meridional wind and temperature fields at 10 hPa and 100 hPa pressure 

levels. The heat fluxes are calculated for high latitudes (45°-75°N) and low 

latitudes (0-30°N) regions for the above two levels, with brackets denoting 

a zonal mean and asterisks a deviation from the zonal mean. The departure 

from the zonal mean are calculated for each latitude between 45°-75°N 

around 20days before and after the peak day of each SSW and the zonal 

averaged value is weighted by the cosine of the latitude. The unit of the 

total heat flux is °K ms-1.  
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2.3. Cross correlation technique 

Correlation coefficient (R) between 10 hPa and 100 hPa heat flux at 

high and low-latitudes are computed in chapter 4. Cross correlation 

technique is adopted to analyze the lead-lag correlation between 10 hPa and 

100 hPa heat flux at high latitudes (45-75°N) and for low-latitudes (0-30°N) 

respectively.    

Cross correlation is a standard method of estimating the degree to 

which two series are correlated. Consider two series x (i) and y (i) where 

i=0, 1, 2...N-1. The cross correlation r at delay d is defined as  

  

 …2.1 

 

 

Where mx and my are the means of the corresponding series. If the 

above is computed for all delays d=0, 1, 2,... N-1 then it results in a cross 

correlation series of twice the length as the original series.  

 
 

          ...2.2 

         

There is the issue of what to do when the index in the series is less 

than 0 or greater than or equal to the number of points (i-d < 0 or i-d >= N). 

The most common approaches are either to ignore these points or assume 

the series x and y are zero for i < 0 and i >= N. In many signal processing 

applications the series is assumed to be circular in which case the out of 
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range indexes are "wrapped" back within range, ie: x(-1) = x(N-1), x(N+5) 

= x(5) etc  

The range of delays d and thus the length of the cross correlation 

series can be less than N, for example the aim may be to test correlation at 

short delays only. The denominator in the expression above serves to 

normalize the correlation coefficients such that -1 <= r(d) <= 1, the bounds 

indicating maximum correlation and 0 indicating no correlation. A high 

negative correlation indicates a high correlation but of the inverse of one of 

the series.  

2.4. Mean meridional mass stream function 

The strength of the mean meridional overturning of mass can be 

derived from meridioanl velocity from 1000 hPa to 100 hPa heights (Oort 

and Yienger 1996). The mass transport is computed using observed zonal 

mean meridional winds.  

Zonally averaged mass continuity equation is computed in the form 

   [ ] [ ] 0
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φ                          …2.3              

Where [ν] is temporal and zonal averaged meridional velocity, ω is vertical 

velocity in pressure co ordinates, R is mean radius of earth and p is 

pressure. 

Introducing a Stokes stream function ψ, given by equation 

   [ ]
pR

gv
∂

∂
=

φπ
ψ

cos2
     …2.4 

We can calculate the ψ field, assuming ψ=0 at the top of the atmosphere 

and integrating the equation downward to the surface. 
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Using this Stokes stream function, meridional circulation features before, 

during and after the SSW events are analysed. We used positive sign for ψ 

in the case of clockwise rotation and negative sign for anticlockwise 

rotation as represented by Oort and Yienger (1996). According to this sign 

convention, strengthening of two tropical Hadley cells would mean larger 

positive values of ψ in the Northern Hemisphere (NH) tropics and more 

negative values of ψ in the Southern Hemisphere (SH) tropics. The 

difference of mass stream function between two points on a cross section is 

equal to the amount of mass flowing across a line joining the two points. 

2.5. Reanalysis data 

  Reanalysis is a scientific method for developing a comprehensive 

record of weather and climate for a period of long time. Observations and a 

numerical model that simulates one or more aspects of the Earth system are 

combined objectively to generate a synthesized estimate of the state of the 

system. A reanalysis typically extends over several decades or longer, and 

covers the entire globe from the Earth’s surface to well above the 

stratosphere. Reanalysis products are used extensively in climate research 

and services, including for monitoring and comparing current climate 

conditions with those of the past, identifying the causes of climate 

variations and change, and preparing climate predictions. Information 

derived from reanalysis is also being used increasingly in commercial and 

business applications in sectors such as energy, agriculture, water resources, 

and insurance.  
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2.5.1. ECMWF ERA-40  

ERA-40 is a global atmospheric reanalysis (Uppala et al. 2005) of 

the 45-year period from 1 September 1957 to 31 August 2002. It is 

produced using a June 2001 version of the ECMWF Integrated Forecast 

Model (IFS Cy28r3). The spectral resolution is T159 (about 125 km) and 

there are 60 vertical levels, with the model top at 0.1 hPa (about 64 km). 

Observations are assimilated using a 6-hourly 3D variational analysis (3D-

Var). Satellite data used include Vertical Temperature Profile Radiometer 

radiances starting in 1972, followed by TOVS, SSM/I, ERS and ATOVS 

data. Cloud Motion Winds are used from 1979 onwards. Various data from 

past field experiments are also used, such as the 1974 Atlantic Tropical 

Experiment (GATE) of the Global Atmospheric Research Program 

(GARP), 1979 FGGE, 1982 Alpine Experiment, ALPEX and 1992-1993 

TOGA-COARE. 

2.5.1.1. The excellence of ERA-40 data with an emphasis on    
              stratosphere   
 

The eruption of Mt. Pinatubo caused problems in the assimilation of 

HIRS infrared radiances that affect the humidity analysis in the tropical 

troposphere. The ERA-40 analyses appear to capture well the stratospheric 

warming that is caused by the increased solar heating due to the aerosols. 

The subsequent cooling is also well captured. 100hPa temperature time 

series show a temperature maximum in 1992 and cooling thereafter. The 

ERA-40 analyses thus accurately match the low-frequency variability in 

these data, which are representative of layer-mean lower stratospheric 

temperatures. 

The ERA-40 reanalysis provides a good representation of the QBO 

and the assimilating model in ERA-40 tends to exhibit significant biases in 
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upper-stratospheric temperatures. The analyzed temperatures are sensitive 

to the availability and the use of satellite measurements in the upper 

stratosphere, supplied first by the SSU instrument and subsequently by 

AMSU-A over the period since 1979. Questions concerning the temperature 

climatology of the upper stratosphere in general and of the whole 

stratosphere over Antarctica are under investigation. Stratospheric humidity 

evolves in the assimilating ERA-40 model, but no observations are 

assimilated. Its distribution is clearly a major improvement on the simple 

prescription of a uniform specific humidity of 2.5x10-6 in ERA-15, but 

analyses are generally drier than seen in UARS data for the 1990s and the 

tropical stratospheric "tape recorder" runs much too fast.  

2.5.2. ERA-interim  

ERA-Interim is originally planned as an 'interim' reanalysis in 

preparation for the next-generation extended reanalysis to replace ERA-40. 

It uses a December 2006 version of the ECMWF Integrated Forecast Model 

(IFS Cy31r2). It originally covered dates from 1 January 1989 but an 

additional decade, from 1 January 1979, is added later. ERA-Interim is 

being continued in real time. The spectral resolution is T255 (about 80 km). 

There are 60 vertical levels, with the model top at 0.1 hPa (about 64 km). 

The data assimilation is based on a 12-hourly four-dimensional variational 

analysis (4D-Var) with adaptive estimation of biases in satellite radiance 

data (VarBC). With some exceptions, ERA-Interim uses input observations 

prepared for ERA-40 until 2002, and data from ECMWF's operational 

archive thereafter. A full description of the ERA-Interim system is given by 

Dee et al. (2009); Kobayashi et al. (2009); Simmons et al. (2010) and Dee 

et al. (2011).  

ERA-Interim analysis daily products are available from 1 January 

1979 onward by MARS users (expver=1, class=ei). It is also available for 
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twice daily ten-day forecasts and monthly means. The ERA-Interim archive 

is more extensive than that for ERA-40 e.g. the number of pressure levels is 

increased from ERA-40's 23 to 37 levels and additional cloud parameters 

also included. ERA-Interim products are publicly available on the ECMWF 

Data Server, at a 1.5° resolution, including several other products that are 

not available in ERA-40. 

Progress of Era-interim relative to ERA-40 is made in the following areas: 

• The reanalysis continues in near-real time 

• Low-frequency variability is much better 

• Analysis accuracy has improved 

• The hydrological cycle has improved 

• The quality of the stratospheric circulation is better 

 
2.5.2.1 Exact problems in ERA-Interim 
 
A list of known quality issues with ERA-Interim is maintained by the 

producers at the site of http://www.ecmwf .int/research/era/do/get/index  

/QualityIssues. It includes the following spurious shifts in ERA-Interim 

time series related to changes in the observing system: 

• Shifts in precipitation (especially over tropical oceans) during the 

period January 1992 - December 2009, due to the assimilation of 

rain-affected radiances from SSM/I (Dee et al. 2011).  

• A discontinuity in upper-stratospheric temperatures (at levels 5 hPa 

and above) associated with the introduction of radiance data from 

AMSU-A in August 1998 (Dee and Uppala 2008). 

• Warming of the lower stratosphere by approximately 0.2 K in 

December 2006, with the introduction of GPS radio occultation data 
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from the COSMIC constellation, which partly corrects an otherwise 

unconstrained cold bias in the assimilating model (Poli et al. 2010). 

• Slight excess warming of upper-tropospheric temperatures due to the 

assimilation of growing numbers of warm-biased temperature 

measurements from aircraft, beginning in 1999 (Dee and Uppala 

2009). After December 2006, this drift is somewhat reduced with the 

introduction of GPS radio occultation data from the COSMIC 

constellation (Poli et al. 2010). 

• The homogeneity of the ozone time series is affected by the 

availability of observations from different satellite ozone 

instruments, which fluctuates over time (Dee et al. 2011). 

The main advances in the ERA-Interim data assimilation are:  

• 12 hour 4D-Var 

• T255 horizontal resolution 

• Better formulation of background error constraint 

• New humidity analysis 

• Improved model physics 

• Data quality control that draws on experience from ERA-40 and 

JRA-25 

• Variation bias correction of satellite radiance data, and other 
improvements in bias handling 

• More extensive use of radiances, and improved fast radiative 
transfer model 

2.5.3. NCEP/NCAR reanalysis 

  This reanalysis is the first kind for NOAA. NCEP used the same 

climate model that is initialized with a wide variety of weather 

observations: ships, planes, RAOBS, station data, satellite observations and 
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many more. By using the same model, scientists can examine 

climate/weather statistics and dynamic processes without the complication 

that model changes can cause. The dataset is kept current using near real-

time observations. On October 1, 2005, the Climate Diagnostics Center, the 

Environmental Technology Laboratory, and the Aeronomy Laboratory's 

Tropical Dynamics & Climate Division merged into the Physical Sciences 

Division (PSD) of the Earth System Research Laboratory (ESRL). As part 

of the transition, the ETL Optical Remote Sensing Division moved to the 

ESRL Chemical Sciences Division. This merger brings together a combined 

expertise in:  

1. weather and climate dynamics, diagnostic and modeling analyses,  

2. physical observations, monitoring and related technology 

development,  

3. Physical process understanding and research that will help ESRL 

meet critical NOAA objectives in climate and weather research. 

The Physical Sciences Division will carry out research on climate 

and weather processes, diagnostics, modeling, empirical analyses, focused 

field observations and supporting technology development. The model 

(Kalnay et al. 1996) used in the NCEP reanalysis has 28 vertical levels 

extending from the surface to ~40 km, and analyses of winds, temperatures 

and geopotential height are output on stratospheric pressure levels of 100, 

70, 50, 30, 20 and 10 hPa.  

Four times daily, daily, monthly values are present from 1948 to 

present at 17 pressure levels and 28 sigma levels on a global domain with 

2.5°×2.5° latitude and longitude. 
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2.5.4. Comparison of reanalysis data set 

In meteorological model forecasts the reanalysis data sets are often 

used as a reference to study atmospheric processes such as stratospheric 

ozone depletion or troposphere-stratosphere exchanges etc. Studies are 

conducted on the comparison of different types of reanalysis data set. Over 

Antarctic region the accuracy of the reanalysis data set (ECMWF and 

NCEP/NCAR) is carried out by Boccara et al. (2008). The ERA-40 residual 

heating in the tropics is found to be stronger than NCEP’s (and ERA-15), 

especially in July when its zonal–vertical average is twice as large (Chan 

and Nigam 2008). The bias is strongest over the Maritime Continent in 

January and over the eastern basins and Africa in July. Comparisons with 

precipitation indicate ERA-40 heating to be much more realistic over the 

eastern Pacific but excessive over the Maritime Continent, by at least 20% 

in January.  

In another study (Zhao and Fu 2009) an intercomparison of 

summertime (JJA) subtropical geopotential heights from the ERA-40 and 

NCEP/NCAR reanalysis is specifically conducted over East Eurasia and the 

western North Pacific. The NCEP/NCAR is lower than the ERA-40 in the 

mid-to-lower troposphere in most regions of East Eurasia before the mid-

1970s, but becomes higher than the ERA-40 after the mid-1970s. Thus it 

demonstrates increased trends during the period of 1958–2001. Both 

reanalysis are lower than the observations in most regions of China. The 

NCEP/NCAR especially shows tremendously systematic lower values 

before the mid-1960s and displays abrupt changes before the 1970s. 

 Yu et al. (2010) validated the ECMWF ERA-40 and the 

NCEP/NCAR Re-Analysis data and compared with the Antarctic station 

observations, including surface-layer and upper-layer atmospheric 

observations, on intraseasonal and interannual timescales. At the 
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interannual timescale, atmospheric pressure at different height levels in the 

ERA-40 data is in better agreement with observed pressure than that in the 

NCEP–NCAR reanalysis data. ERA-40 reanalysis also outperforms NCEP–

NCAR reanalysis in atmospheric temperature, except in the surface layer 

where the biases are somewhat larger. 

Spatiotemporal patterns of  (1979–2008) air temperature trends are 

evaluated using three reanalysis datasets and radiosonde data over Arctic 

regions (Alexeev et al. 2012). ERA-40 Arctic atmospheric temperatures are 

closer to the observed ones in terms of root mean square error compared to 

other reanalysis products. The changes in the ERA-40 data assimilation 

procedure produce unphysical jumps in atmospheric temperatures, which 

may be the reason for the elevated tropospheric warming trend in 1979–

2002. NCEP/NCAR Reanalysis data show that the near-surface upward 

temperature trend over the same period is greater than the tropospheric 

trend and which is consistent with direct radiosonde observations and 

inconsistent with ERA-40 results. 

TABLE 2.1. Details of the reanalysis data.  

Name Source 
Time 

Range 

Dataset 

Resolution 

Dataset Output Times and Time 

Averaging 

ECMWF 40 

year 

Reanalysis 

(ERA-40) 

ECMWF 
1958-

2001 

2.5x2.5 / 

1.125x1.12

5 

3-hourly for most surface fields; 

6-hourly for upper-air fields 

Monthly averages of daily means, 

6-hourly fields 

ECMWF 

Interim 

Reanalysis 

(ERA Interim) 

ECMWF 
1979-

present 
1.5x1.5 

3-hourly for most surface fields; 

6-hourly for upper-air fields 

Monthly averages of daily means, 

6-hourly fields 

NCEP/NCAR 

Reanalysis I 

(R1) 

NCEP/ 

NCAR 

1948-

present 

2.5x2.5 

2x2 

gaussian 

4 times daily/daily/monthly also 

LTMs 



Chapter 2    Data and Methodology 

44 
 

A multi data set is used (Brönnimann et al. 2012) to compare the 

daily, interannual, and decadal variability and trends in the thermal structure 

of the Arctic troposphere using eight observation-based, vertically resolved 

data sets, four of which had data prior to 1948. Table 2.1 shows the details 

of the three reanalysis data set used in our study. 

2.6. Research groups 

2.6.1. Climate Prediction Center (CPC) 
 

The Climate Prediction Center (CPC) is one of the National 

Centers for Environmental Prediction, and is a part of NOAA's National 

Weather Service http://www.cpc.ncep.noaa.gov/. The CPC's products are 

operational predictions of climate variability, real-time monitoring of global 

climate, and attribution of the origins of major climate anomalies. The 

products cover time scales from a week to seasons, and cover the land, the 

ocean, and the atmosphere, extending into the stratosphere. 

2.6.1.1. Stratosphere Home 

 Stratosphere home in CPC provides forecast reports on stratospheric 

temperatures and ultra violet indexes. They issued assessments reports of 

winter bulletins and ozone depletions. The research groups also make 

available constant stratosphere –troposphere monitoring analysis for the 

time period 1979 to the present. It includes annual time series of 

temperature, zonal wind, normalized geopotential height anomalies and 

amplitude of the height fields of Wave 1, Wave 2 and Wave 3, 

meteorological conditions and ozone in the polar stratosphere. The CPC 

stratospheric analyses are based on a successive-correction objective 

analysis (Finger et al. 1965) for pressure levels 70, 50, 30, 10, 5, 2, 1 and 

0.4 hPa, incorporating TOVS and ATOVS satellite data and radiosonde 



Chapter 2    Data and Methodology 

45 
 

measurements (in the lower stratosphere of the NH). This analysis system is 

nearly constant over time (October 1978- April 2001). 

 Stratospheric temperatures at standard levels are derived by 

interpolation between the TOVS layer mean temperatures (Randel et al. 

2004). The fields are produced each day for a nominal time of 1200 UTC, 

using 12 hours of TOVS data (0600-1800 UTC). The NCEP operationally 

analyzed tropospheric fields over 1000- 100 hPa but CPC analyses cover 

1000-0.4 hPa. As a note, the CPC analyses are changed beginning in May 

2001, with the data up to 10 hPa based on the NCEP operational analyses, 

and fields above 10 hPa based solely on ATOVS. 

2.6.1.2. Global temperature time series 

 The CPC global temperature analyses are derived each day at 8 

stratospheric levels, 70, 50, 30, 10, 5, 2, 1, and 0.4 hPa (approximately 18-

55 km). Graphical aids for monitoring temperature anomalies in the 

stratosphere for 70 hPa and 50 hPa (approx. 20 km), representative of the 

lower stratosphere, 30 hPa and 10 hPa (approx. 30 km) representing the 

middle stratosphere, and 5 hPa, 2 hPa (approx. 42 km), and 1 hPa 

representing the upper stratosphere are given. Daily temperature values 

averaged over each latitude region (90-60°N, 65-25°N, 25°N-25°S, 25-

65°S, and 65-90°S) are shown. The values for the current year are 

compared to the average values for each day and the extreme maximum and 

minimum values for the entire temperature analysis record from 1979 to 

current. 

2.6.2. Stratospheric Research group, Berlin 
 

‘The physics of the middle atmosphere’ is a division under the 

institute of meteorology (http://www.geo.fu-berlin.de/en/met/index.html) in 

Freie University of Berlin (FUB). The division is mainly focused on the 
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analysis of the climatology and variability of the stratosphere and 

mesosphere in measurements and model, stratospheric winter diagnostics, 

radiative, chemical and dynamical processes and their interactions with 

Chemistry-Climate-Model, the effect of solar cycle on climate, model 

simulations of early earth conditions to study the evolution of life and the 

application of advanced methods of time series analysis to the climate 

research. Stratospheric analysis in the Berlin University gives a wide range 

of forecast products, including stratospheric diagnostics, stratospheric 

warmings, stratospheric analysis and North Pole temperatures, QBO and 

balloon campaign support.    

2.6.2.1. ECMWF stratospheric diagnostics 

Based on ECMWF analyses and forecasts for stratospheric levels, 

they provide maps of geopotential height and temperature, potential 

vorticity on isentropic levels, and zonal sections for the northern 

hemisphere. In addition to they also provide time series of derived 

quantities during the Arctic winter from 01 November - 30 April. 

The aim of this group is to inform all researchers, engaged in various 

studies connected with stratospheric circulation modeling and analysis, 

tropospheric/stratospheric interactions, stratospheric ozone and climate 

studies, about the current state of the northern hemisphere stratospheric 

circulation. 

Data links available are given below: 

US National Centers for Environmental Prediction (CPC/NCEP): 

http://www.cpc.ncep.noaa.gov/products/stratosphere/ 

Japan Meteorological Agency (JMA): 

http://ds.data.jma.go.jp/tcc/tcc/products/clisys/STRAT/ 

Deutsches Zentrum für Luft- und Raumfahrt (DLR), Institut für 
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Physik der Atmosphäre: 

http://www.pa.op.dlr.de/arctic/index.html 

 
2.6.2.2. ECMWF stratospheric analysis 

 The Berlin dataset consists of 35 years of daily (every two days in 

summer) geopotential height and temperature fields at 50, 30 and 10 hPa in 

the northern hemisphere. The hemispheric analyses are produced in real 

time by a subjective analysis technique, using the 00UT radiosonde reports 

from the observational network, by a team of experienced meteorologists. 

Both geostrophic and hydrostatic balances are assumed in the analysis 

procedure, and the wind observations are given a high priority. The Berlin 

analyses represent the synoptic-scale structure of the lower and middle 

stratosphere  

The data are available in regular northern hemispheric latitude-longitude 

grids: 

• Geopotential height from November 1964 to June 2001 

• Temperatures from July 1965 to June 2001 

2.6.2.3. Monthly mean North Pole temperatures at 30 hPa 

Muench and Borden (1962) analysed monthly mean stratospheric 

charts from 1955-1959. From these data, B. Naujokat extrapolated the 30 

hPa North Pole temperatures for the period July 1955 till June 1957 which 

enlarges the data set of the Freie Universität Berlin analyses (FUB-

analyses) for the North Pole. The other temperature data are extrapolated 

from our daily maps until 1965 when the temperature analyses on published 

together with the maps and digitized accordingly, like the height maps. The 

FUB-analyses end in June 2001. All later data are taken from the 

operational analyses of ECMWF. 
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The FUB data is used in a large number of studies of the climatology 

of the middle atmosphere, including trends and low-frequency variability 

(e.g., Labitzke and Naujokat, 1983; Pawson et al. 1993). Daily data is 

extensively exploited to understand the occurrence of very cold regions 

which are associated with polar stratospheric cloud formation and ozone 

loss (Pawson and Naujokat, 1999). It should be noted that these analyses do 

not include wind as a product; while their utility is restricted by this, they 

are a valuable record of the stratosphere between about 1957 and 2001, 

analysed in a consistent and uniform manner throughout this period. Full 

details of the FUB analysis, together with the entire data set, are available in 

compact disk (CD) format (Labitzke et al. 2002). 

2.6.3. SPARC   

Stratospheric processes and their Role in climate (SPARC) is a core 

project of the World Climate Research Programme which coordinates 

international efforts to bring knowledge of the stratosphere to bear on 

relevant issues in climate variability and prediction. The main theme of 

sparc activities are listed below 

• Climate-chemistry interactions 

• Detection, attribution and prediction of stratospheric change 

• Stratosphere-troposphere dynamical coupling 

2.6.3.1. SPARC Data center 

The SPARC data center is established in June 1999, and the number 

of data sets is growing rapidly. Several data sets are now available on 

online. High-resolution temperature and wind data from radiosondes, which 

are purchased from NOAA and are currently available for 1998-2008. Solar 

forcing and historic ozone data and the data from the GRIPS model 
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intercomparisons are also available. The Water Vapor Assessment (WAVAS) 

archives, includes H2O data from ground-based, airborne and satellite 

instruments. 

The SPARC data center provides public access to data related to 

SPARC´s contribution to the International Polar Year 2007-2008. The 

SPARC data center's aim is to provide data to the SPARC scientific 

communities through the listed links below:  

(http://www.sparc.sunysb.edu/html/RefData.html) 

• SPARC International Polar Year 2007-2008 
• Small Organic Peroxy Radicals Data 
• SPARC Reference Climatology Project  

o CIRA-86  
o FUB Obervations  
o UKTOVS  
o URAP T,winds  
o Randel's Climatologies  

 The available data sets are: 

o Monthly Meteorological Data  
o UARS  
o Ozone trends for 1979-1996  
o Tropopause Heights  
o Temperature and Zonal Wind Climatology  
o Updated Ozone Data  
o Updated Temperature Trends  

The data sets used in this doctoral thesis are retrieved from the above 

discussed reanalysis servers and the results are analyzed in the subsequent 

chapters. 
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Chapter 3 

Classification of Sudden Stratospheric Warming 
Events in the Upper and Mid-Stratospheric Levels 

and its Various Features 
 

 

3.1. Introduction 

Sudden stratospheric winter warmings in the Northern Hemisphere 

(NH) exhibit significant variability in interannual timescales. The 

stratosphere as a whole is highly disturbed during each winter. The 

disturbances originated in the troposphere penetrate into middle 

stratosphere and culminate into warmings with varying intensities (Quiroz 

et al. 1975). Disturbed winters are primarily associated with the increase in 

polar temperature by 50°C or more in just a few days (Andrews et al. 1987). 

Mainly there are two types of warmings; major and minor. A minor 

warming is defined as a thermal pulse in any part of the winter stratosphere 

with a temperature increase of 25°C with in a period of one week. A major 

warming is one where the temperature increases poleward of 60 degree 

latitude and results in reversing the prevailing westerly winds. Temperature 

disturbances below these intensities are explained as thermal pulses. During 

any winter period either one major or at least one minor warmings do occur. 

Both the major and minor SSWs are evolved in the upper stratosphere and 

then propagate downward to the middle and lower stratosphere (see Quiroz, 

1969; 1971 and Scott, 1972).  
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Stratospheric warmings are studied extensively in the last several 

decades since its discovery by Scherhag in 1952, (eg: Matsuno, 1971; Van 

loon, 1975; Labitzke, 1977; 1982; 1987;  Schoeberl, 1978; Holton and Tan, 

1980; Baldwin and Dunkerton, 1999; 2001; Mukougawa et al. 2005; 

Nakagawa and Yamazaki, 2006; Hirooka et al. 2007; Kuroda, 2008; 

Schimanke et al. 2011, etc). Labitzke (1977) and Labitzke and Naujokat 

(2000) made distinctive studies on grouping the events incorporating more 

parameters such as, phase of Quasi biennial oscillation (QBO) and sunspot 

number. In another classification study by Manney et al. (2005), an area 

averaged stratospheric zonal mean zonal wind at 60-80°N for 10 hPa levels 

is considered as a parameter. They used NCEP/NCAR reanalysis data 

corresponding to 26 arctic winters from 1978 to 2004. Ryoo and Chun 

(2005) analyzed the NCEP/NCAR reanalysis data and classified 

stratospheric warmings from 41 arctic winters during 1958-1999. Their 

categorization includes the Type 1 and Type 2 warmings associated with 

the phase of QBO. In another study (Hoffman, 2002) showed mesospheric 

wind reversals were observed in 65% of the 12 arctic winters (1989-2000) 

in relation with enhanced planetary wave activity at 10 hPa level.  

A detailed study related with the climatology of SSW is reported by 

Charlton and Polvani, (2007). They tabulated the events from late 1950s to 

2002 using NCEP-NCAR and ERA-40 reanalysis daily data. Their 

categorization is mainly based on vortex displacement or splitting of the 

polar vortex. The peak days are important to assess various features of 

warmings during the development, peak and decay phases of SSWs. 

Schimanke et al. (2011) analysed the multi-century variability in the 

number of occurrence of major SSWs using atmosphere-ocean general 

circulation model simulation (AOGCM) and showed that the interaction 

between ocean-troposphere-stratosphere systems.  
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During 1960’s when WMO formulated the classification of 

warmings, the upper limit of then available data was around 10 hPa levels. 

That may be the reason to fix the 10 hPa level as the reference level to 

categorize the warming events. Later studies (Schoeberl 1978) clearly 

showed that warmings do occur in further higher altitudes of the upper 

stratosphere (2 hPa). There are cases where the peak intensity of minor 

warming is higher than that of major warmings. Such events could not be 

considered as major events because of the absence of wind reversals at 10 

hPa levels. While studies on the tropical response of SSW, the tropical 

cooling is found to occur in association with the SSWs of the upper 

stratospheric levels (Labitzke et al. 1972, Appu, 1984; Mukherjee, 1985). In 

this context, it may be appropriate to have another type of classification of 

SSW, incorporating both temperature and winds pertaining to the upper and 

middle stratospheric layers. We made an attempt in this direction. For the 

purpose of our study we selected 2 hPa (45 km) and 10 hPa (32 km) as 

reference levels to classify the warmings. Accordingly we categorized the 

SSWs into five groups based on both the temperature and zonal wind at the 

above two levels. Our analysis is carried out using 31 years of ECMWF 

interim data from 1980 to 2010.The following dynamical features of the 

warmings (a) decadal variability (b) interannual variability (c) intra 

seasonal variability (d) nature of vertical propagation of warming system 

and (e) variation of warm and cold centers are also presented. 

3. 2. Data and methodology 

The daily temperature and zonal wind data from the ECMWF 

(European Center for Medium Range Weather Forecast) interim reanalysis 

for the middle and upper stratospheric heights: viz 10 hPa (~32 km) and 2 

hPa (~45 km) for the period 1980-2010 are used in this study. The 

temperature and zonal wind anomalies are calculated in the latitudinal range 
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(60-90°N) and the entire longitudinal belt (0-360°) with a horizontal spatial 

resolution of 1.5° ×1.5° grid. The anomalies in the daily temperature (∆T) 

and zonal winds (∆U) are computed based on the deviations from the long 

term climatological means (T and U) derived from the 31 years of data. The 

day where maximum deviations take palace is considered as the peak day of 

the warming event. For the purpose of analyzing the decadal variability, the 

31 year period of data is grouped into 3 decades as decade (1) 1980-89, (2) 

1990-99 and (3) 2000-2010. To study the vertical propagation of the 

warming events, we considered composited zonal mean temperature and 

zonal wind anomalies for the time period of 20 days before and after the 

peak day for the altitude layer from upper to lower stratosphere (1 hPa to 20 

hPa). To analyze the position and intensity of the warm and cold vortices, 

composite of major and minor stratwarm peak days are calculated on 

decadal timescale at 2 hPa and 10 hPa levels.  

3. 3. Results and Discussion 

3.3.1. Definition of the five groups based on temperature and 
zonal wind at Upper and Middle Stratosphere 

 
The different criteria adopted in defining the five groups are illustrated 

in Tables 3.1 and 3.2 for 10 hPa and 2 hPa levels respectively. The day in 

which maximum temperature anomaly over the winter polar stratosphere 

coincides with the zonal wind anomaly is considered as the peak day of the 

event. We classified the stratwarm events events as (1) ‘intense major’, (2) 

‘major 1’, (3) ‘major 2’, and (4) ‘intense minor’ and (5) ‘minor’ 

warmings. The criteria for the five groups are (1) ∆T ≥ 15°C, ∆U > -40 ms-

1 (2) ∆T ≥ 15°C, ∆U ≥  -25 ms-1  and < -40 ms-1 (3) ∆T ≥  10°C and < 

15°C, ∆U > -40 ms-1, and (4) ∆T ≥  10°C but < 15°C, ∆U ≥  -25 ms-1  and 

< -40 ms-1,  (5) ∆T ≤  9 and ∆U ≤  24 respectively; where ∆T and ∆U 
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represent the deviations in the daily anomalies of temperature and zonal 

wind respectively. 

Since the atmospheric conditions in the upper stratosphere are quite 

different from that of the middle stratosphere, the criteria for the 

classification of SSWs at 2 hPa level is slightly modified considering the 

temperature and zonal wind state at this altitude. The conditions for the five 

groups are : (1) ∆T ≥  20°C & ∆U ≥  -50 ms-1 ‘intense major’; (2) ∆T ≥  

20°C  &  ∆U ≥ -35 ms-1 but < -50 ms-1 ’major 1’;  (3) ∆T ≥  15°C and < 

20°C & ∆U ≥  -50 ms-1 ‘major 2’; and (4) ∆T ≥  15°C and  < 20°C & ∆U 

≥ -35 ms-1 < -50 ms-1 ‘intense minor’ (5) ∆T ≤  14 and ∆U≤  34 .  

TABLE 3.1. Magnitude of temperature and winds variations in classifying the five 
groups for 10 hPa level. 

 

TABLE 3.2. Same as Table 1 but for for 2 hPa level. 

Serial 
No 

Classified 
Group 

Deviations in temp 
(∆T°C) 

Deviations in wind 
(∆Ums-1) 

1 ‘Intense major’ ≥ 20 > -50 
2 ‘Major 1’ ≥ 20 ≥  -35  to < -50 
3 ‘Major 2’ ≥  15 to  < 20 > -50 
4 ‘Intense minor’ ≥  15 to < 20 ≥  -35  and < -50 
5 ‘Minor’ ≤  14 ≤  34 

 

 

 

Serial 
No 

Classified  
Group 

Deviations in temp 
(∆T°C) 

Deviations in wind 
(∆Ums-1) 

1 ‘Intense major’ ≥ 15 > -40 
2 ‘Major 1’ ≥ 15 ≥  -25  to < -40 
3 ‘Major 2’ ≥  10 to  < 15 > -40 
4 ‘Intense minor’ ≥  10 to < 15 ≥ -25  to < -40 
5 ‘Minor’ ≤  9 ≤  24 
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Accordingly all the events in the 31 year period are classified and 

summarized in Table 3.3 and 3.4. Major and minor warmings are marked as 

bold and italics respectively in tables. Double pulse stratwarm events in a 

single winter are also included in the Tables. References on the earlier 

studies conducted on the concerned warming events are shown in Table 3.3. 

TABLE 3.3. Summary of the distribution of stratospheric warming events at 10 
hPa level during 1980-2010 period. 
 

 

 

 

 

 Temperature Zonal wind   

Year Peak 
day 

∆T 
(°C) Peak day ∆U  

(ms-1) 
Type of 
warming References 

1980/81 05/02/81 22.74 16/02/81 -22.40 Minor Baldwin et al. 1988 

1981/82 27/01/82 20.07 26/01/82 -15.78 Minor Hamilton K. 1995 

1982/83 27/02/83 17.28 28/02/83 -15.03 Minor Hamilton K. 1995 
1983/84 25/02/84 19.64 26/02/84 -34.94 Major 1 Petzoldt K. 1987 

1984/85 02/01/85 30.49 02/01/85 -56.32 Inte. 
major 

Fairlie et al. 1988, 
Mukerjee et al. 1987 

1985/86 18/02/86 10.39 18/02/86 -13.77 Minor Naujokat et al. 1993 

1986/87 24/01/87 14.84 25/01/87 -43.97 Minor Naujokat et al. 1987 

1987/88 11/12/87 25.21 13/12/87 -52.96 Inte. 
major Baldwin, 1989 

1988/89 20/02/89 19.28 23/02/89 -32.22 Major 1 Fairlie. 1990 
1989/90 11/2/90 20.09 12/02/90 -14.32 Minor Naujokat et al. 1989 
1990/91 28/01/91 17.49 04/02/91 -32.95 Major 1 Ryoo and Chun 2005 
1991/92 19/01/92 23.44 19/01/92 -21.64 Minor Degorska et al. 1996 
1992/93 24/02/93 10.67 17/02/93 -13.89 Minor Degorska et al. 1996 

1992/93 06/03/93 11.68 06/03/93 -26.02 Inte. 
minor Hamilton K 1995 
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Table 3.3continued 
 
 
 Temperature Zonal wind   

Year Peak day ∆T (°C) Peak 
day 

∆U  
(ms-1) 

Type of 
warming References 

1993/94 02/01/94 13.55 02/01/94 -31.86 Inte. 
minor 

Naujokat et al. 
1994 

1994/95 30/01/95 21.13 24/01/95 -30.87 Major 1 Ryoo and Chun 
2005 

1995/96   No event    
1996/97   No event   Labitzke, 2000 
1997/98 27/12/97 17.43 28/12/97 -32.60 Major 1 THESO. 1997/98 

1998/99 17/12/98 29.33 18/12/98 -52.69 Inte. 
major 

Manney et al. 
1999; 2005. 

1998/99 28/02/99 21.70 02/03/99 -35.74 Major 1 Sridharan et al. 
2008 

1999/00   No event    
2000/01 20/12/00 17.71 20/12/00 -20.90 Minor EORCU, reports 

2000/01 02/02/01 12.83 13/02/01 -31.40 Inte. 
Minor EORCU, reports 

2001/02 29/12/01 26.86 01/01/02 -33.39 Major 1 Hirooka. 2007 

2001/02 19/02/02 12.89 18/02/02 -26.72 Inte. 
Minor EORCU, reports 

2002/03 30/12/02 21.51 01/01/03 -13.10 Minor Najoukat. 2003 
2002/03 17/01/03 19.39 18/01/03 -34.98 Major 1 Peters et al. 2003 

2003/04 28/12/03 22.73 12/01/04 -46.09 Inte. 
Major 

Hirooka. 2007, 
Manney et al. 

2005, Pancheva. 
2008 

2004/05 01/03/05 08.60 28/02/05 -13.22 Minor Peters et al. 2003 

2005/06 23/01/06 18.87 25/01/06 -55.63 Inte. 
Major Hoffman. 2007 

2006/07 27/02/07 8.89 25/02/07 -37.97 Minor Alexander and 
Shepherd. 2010 

2007/08 23/02/08 17.85 25/02/08 -36.53 Major 1 Alexander and 
Shepherd. 2010 

2008/09 23/01/09 34.78 01/02/09 -45.19 Inte. 
Major 

Labitzke and 
Kunze 2009, 
Manney et al. 

2009,  Harada et 
al. 2010 

2009/10 31/01/10 17.75 11/02/10 -34.30 Major 1 Kuttipurath et al. 
2012 



Chapter 3    Classification of SSWs 

57 
 

TABLE 3.4. Summary of the distribution of stratospheric warming events at 2 hPa 
during 1980-2010 periods. 

 Temperature Zonal wind  
Year Peak day ∆T (°C) Peak day ∆U (ms-1) Type of warming 

1980/81 01/02/81 24.38 01/02/81 -28.84 Minor 
1981/82 25/01/82 13.51 26/01/82 -35.23 Minor 
1982/83 28/01/83 21.05 29/01/83 -28.70 Minor 
1982/83 06/02/83 16.04 06/02/83 -30.74 Minor 
1982/83 26/02/83 18.55 26/02/83 -42.46 Inte. Minor 
1983/84 22/02/84 22.27 25/02/84 -42.36 Major 1 
1984/85 01/01/85 34.19 01/01/85 -88.65 Inte. Major 
1985/86 20/01/86 19.17 23/01/86 -23.79 Minor 
1985/86 18/02/86 18.26 18/02/86 -40.01 Inte. Minor 
1986/87 24/01/87 17.39 24/01/87 -69.11 Major 2 
1987/88 08/12/87 27.94 11/12/87 -78.68 Inte. Major 
1988/89 12/02/89 22.93 20/02/89 -17.62 Minor 
1989/90 10/02/90 25.06 10/02/90 -43.35 Major 1 
1990/91 27/01/91 21.25 27/01/91 -36.01 Major 1 
1991/92 14/01/92 30.06 15/01/92 -46.72 Major 1 
1992/93 23/02/93 24.15 20/02/93 -19.68 Minor 
1993/94 05/01/94 9.02 03/01/94 -50.51 Minor 
1994/95 27/01/95 19.84 28/01/95 -42.67 Inte. Minor 
1995/96   No event   
1996/97   No event   
1997/98 26/12/97 24.47 27/12/97 -47.35 Major 1 
1998/99 15/12/98 16.52 18/12/98 -76.82 Major 2 
1998/99 24/02/99 21.63 28/02/99 -52.34 Inte. Major 
1999/00 09/02/00 15.40 09/02/00 -20.48 Minor 
2000/01 12/12/00 39.27 12/12/00 -40.86 Major 1 
2001/02 24/12/01 35.83 25/12/01 -62.04 Inte. Major 
2001/02 17/02/02 18.86 17/02/02 -52.22 Major 2 
2002/03 30/12/02 29.61 31/12/02 -38.50 Major 1 
2002/03 17/01/03 12.93 17/01/03 -67.63 Minor 
2003/04 24/12/03 33.87 24/12/03 -54.24 Inte. Major 
2004/05   No event   
2005/06 12/01/06 33.99 23/01/06 -80.49 Inte. Major 
2006/07 26/02/07 12.06 25/02/07 -40.75 Minor 
2007/08 25/01/08 15.86 25/01/08 -34.94 Inte.minor 
2007/08 06/02/08 25.06 07/02/08 -31.42 Minor 
2007/08 23/02/08 9.26 24/02/08 -53.85 Minor 
2008/09 21/01/09 28.53 25/01/09 -57.23 Inte. Major 
2009/10 25/01/10 21.59 30/01/10 -47.66 Major 1 
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3.3.1.1. Summary of the different groups 

During the 31 year period there are 32 cases of stratwarm events 

reported at 10 hPa level in which 50% of the cases showed an enhancement 

of temperature more than 15°C. Regarding these 16 cases, the wind 

anomalies exceed 40 ms-1 in 6 cases only. This comes under ‘intense major’ 

group. In the remaining 10 cases, the easterly anomalies were weaker and 

fall in the category of ‘Major 1’. Four stratwarm events are grouped as 

‘intense minor’ were temperature in between 10 and 15°C and wind speed 

anomalies falls between 25 and 40 ms-1. No major 2 category formed during 

the entire period of study. The remaining 12 cases included in the fifth 

group.  

At 2 hPa level, a total number of 35 events are noted. There are 15 

cases where temperature exceeds 50°C. Considering the wind criteria, 7 

events included under ‘intense major’ warming group and remaining 8 

events under the ‘major 1’ group. Moderate temperature increase of 15-

20°C occurred in 7 cases, out of which 3 reported large anomaly in zonal 

wind ‘major 2’ and 4 cases where the wind speed lies between 35 and 50 

ms-1 (‘intense minor’). Hence about 50% of the cases come under the 

‘minor’ warming group.  

The percentage of different stratwarm events identified at 2 hPa and 

10 hPa levels are illustrated in figure 3.1. The data period is 31 years from 

1980-2010. The ‘intense major’ warming accounts for 20% and 19% (red) 

at the two levels respectively. The ‘major 1’ type stratwarms are account for 

23 and 31 percentage (yellow). ‘Major 2’ type warmings are 9% at upper 

stratosphere (green) while at mid- stratosphere this category is absent. 

‘Intense minor’ warmings are noted 11% and 12% respectively. The 

percentage of occurrence of ‘minor’ warmings is 37 at 2 hPa and 38 at 10 

hPa level.  
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FIG.3 1. Percentage values for five categories of stratwarms (a) at 2 hPa and (b) 
at 10 hPa during 1980-2010 period. 

As part of the seasonal characteristics the winter stratosphere is 

generally unstable and undergoes continuous perturbations with varying 

intensities. The disturbed condition is generated due to the interaction 

between stratospheric-tropospheric couplings through wave actives 

(Baldwin and Dunkerton 2001; Gerber and Polvani 2009). It also indicates 

that while propagating from upper to mid-stratosphere major 2 type 

stratwarms in the upper stratosphere are characterized by decreases in zonal 

wind intensity as a result it does not satisfy the major 2 type criteria at 10 

hPa. In addition, at upper and mid-stratosphere each 50% of perturbations 

are major and minor events for the last three decade. The degree of 

perturbations in the stratosphere can influence tropospheric dynamical 

structure. Thus about 50% of the stratospheric perturbations at both the 

levels can directly propagate downward. But the minor warming can 

decelerate westerly wind in the stratospheric levels and its downward 

propagation is limited to stratospheric levels.   
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1.3.2. Scatter diagram to represent the frequency distribution of  
         warming groups 
 

The scatter diagram exhibits nature of occurrence of the five 

different categories of SSWs at 2 hPa (Fig. 3.2a) and at 10 hPa (Fig. 3.2b) 

levels. Vertical and horizontal dashed lines represent the criteria for 

temperature and zonal wind anomalies respectively. The stratwarm events 

which follow the condition are given in the colored regions. 

The filled diamonds in the red colored region represent the ‘intense 

major’ warming events in the upper stratosphere. Those warming winters 

are 1984/85, 1987/88, 1998/99, 2001/02, 2003/04, 2005/06 and 2008/09. 

Mostly these intense events are associated with zonal wave number 1 and 2. 

The zonal wind anomalies are propagated downward due to the interaction 

between planetary waves and mean flow. The number of ‘major 1’ type 

SSWs at 2 hPa is 8 and represent in spheres in yellow region (Fig. 3.2a). 

They corresponds the years 1983/84, 1989/90, 1990/91, 1991/92, 1997/98, 

2000/01, 2002/03 and 2009/10. There are three major 2 types (star sign) and 

four ‘intense minor’ warming events (multiple sign). In addition, 13 ‘minor’ 

warmings (plus sign in non-shaded area) are also observed with less 

intensified easterly wind anomalies. The above statistical distribution of 

stratwarm events explains the nature of different type of perturbation 

occurring in the upper stratosphere. In a similar way the event at 10 hPa 

level is presented in fig. 3.2b. 
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FIG.3.2. Scatter diagram explain the five categories of SSW events identified 
during the period 1980-2010 at (a) 2 hPa and (b) 10 hPa levels. Temperature and 
zonal wind anomalies of the SSW peak days are shown. The four categories of 
stratwarms are expressed in colored regions and the ‘minor’ warmings in non 
shaded regions. 

 

Upper stratosphere is characterized with more number of 

perturbations when compared with 10 hPa level. The intensity of the 

easterly wind anomaly (Fig. 3.2a) varies from -50 ms-1 to -90 ms-1 during 

‘intense major’ warming events. At the same time, over mid-stratosphere, 
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wind anomalies vary from -40 ms-1 to -60 ms-1 for the same stratwarm 

events. It reveals that easterly wind anomalies are comparatively stronger at 

2 hPa levels.  

3.3.3. Time series of stratospheric warming events  

The intensity of peak day of all the events for (a) 2 hPa and (b) 10 

hPa levels are illustrated in figure 3.3. The five category of stratwarm 

events are represented different colored vertical and downward bars. The 

‘intense major’, ‘major 1’, ‘major 2’, ‘intense minor’ and ‘minor’ warming 

events are represented as red, yellow, green, blue and white bars 

respectively. 

In few cases warming is confined to both the levels indicating the 

larger vertical extension. The ‘intense major’ warming events are confined 

to the whole stratospheric layers with an exception of the event during 

2001/02, where no prominent temperature increase took place at 10 hPa 

level. During this year, the event is confined only at 2hPa. Minor warmings 

mostly happens at higher levels (2 hPa). The propagation of zonal mean 

zonal wind anomalies from stratosphere to tropospheric levels (Kodera et 

al. 2000; Nagakava and Yamazaki 2006 and Zhou et al. 2002) reflects the 

intensity of stratwarms. The intensity and vertical propagation of the 

warming systems are interlinked as the dynamical aspects to generate the 

intensity of the warming systems. 
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FIG. 3.3. Temperature and zonal wind anomalies occurred during the peak day of 
each event from 1980 to 2010 period at (a) 2hPa and at (b) 10 hPa levels. The 
five different types of stratwarm are represented in special colors. The vertical 
and downward bars represent the temperature and zonal wind anomaly of an 
event. The arrow denotes the absence of ‘intense major’ event in the upper and 
mid-stratosphere.  

 

As per the WMO definition an event to classify as major, wind 

reversal at 10 hPa level is required parameter. The event during 2001/02 

exhibit high level intensity and wind reversal at 2 hPa level but not at 10 
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hPa levels. The temperature increase was 62°C at 2 hPa level, a very strong 

rise. In our classification this event comes under ‘intense major’ warming 

whereas it comes under minor warming as per WMO definition. The 

‘intense major’ stratwarms classified in the study are comparable with the 

previous study done by Fairlie et al. 1988; Baldwin 1989; Manney et al. 

2005; Hirooka 2007; Hoffman 2007 and Manney et al. 2009. Mainly 

stratwarm events are originated in the upper stratospheric levels and 

propagate towards the lower layers even reaching to tropospheric levels. 

The strength of the warming is directly linked to the intensity of the wave 

activity. 

 Before 1990, major warming occurred almost once in every two 

years (e.g Labitzke, 1982; Naujokat and Labitzke, 1993; Labitzke et al. 

2002, and references therein). It is to be noted that no major warming 

occurred in nine consecutive winters from 1989-90 winter to 1997-98. We 

also found the non occurrence of ‘intense major’ warmings during the same 

period (Fig. 3, arrow). Even though the stratosphere warmed in those 

winters with a change in the direction of zonal wind, the intensity of the 

reversed easterly wind is less of the order of 10 ms-1.  

The upper stratospheric thermal structure experienced four ‘intense 

minor’ warmings at both the levels (Fig.3.3a). Three of the ‘major 2’ type 

warmings (1986/87 (Jan), 1998/99 (Dec) and 2001/02 (Feb)) in the upper 

stratosphere weakened during the downward propagation and reduced its 

intensity. Hence there is no ‘major 2’ type warming in the mid-stratosphere. 

Limpasuvan et al (2004) showed the relation between the vertical 

propagation of the warming systems and its intensity. While SSWs undergo 

downward propagation its intensity is reduced. During the course of 

propagation major warmings at upper stratosphere turned to the intensity of 

minor warmings at lower altitude. 
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3.3.3.1. Decadal variability of the warmings 

Figure 3.4 depicts the occurrences of major, minor and no stratwarm 

events at 2 hPa and 10 hPa levels. The nature of the decadal variability is 

studied by grouping the events into three decades (1) 1980/81 to 1989/90, 

(2) 1991/92 to 1999/00 and (3) 2000/01-2009/10. The ‘intense major’, 

‘major 1’, ‘major 2’ type events at both the levels are commonly termed as 

‘major’ SSWs and the ‘minor’ warming events combining of ‘intense 

minor’ and ‘minor’ warmings (Table 3.3 and 3.4). Major and minor 

warmings with double pulse are also included to quantify the number of 

warmings. The first set of bar in fig. 3.4a and 3.4b represents the number of 

major warming from 1980/81 to 1989/90 winter periods at both the levels. 

The second bar (horizontal dotted) shows minor and the third bar, the 

quantity of non-stratwarm winters for the same time periods at both the 

levels. The next set of bar represents the 1990/91-1999/00 and then after the 

decade 2000/01-2009/10. 

 

 

 

 

 

 

 

 

FIG.3.4 Occurrence of major, minor and no stratwarm winters are represented at 
(a) 2 hPa and (b) 10 hPa levels on decadal scales. 
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In each decade, major and minor warmings do occur with varying 

frequency at both the levels. In the first decade (1980/81-1989/90) the 

occurrence of minor warming shows a slight increase than major warmings. 

All the winters in the above decade is associated with major and minor 

warmings. In the second decade 2 hPa levels experienced major and minor 

except in the winters 1995/96, 1996/97. The winter of 1999/2000 and 

2004/05 are also years of non-stratwarm winters at 10 hPa and 2 hPa level. 

During the third decade, number of major warmings shows slight increase 

(Fig. 3.4a and 3.4b). 

Hence it is found that the maximum major events occurred in the 

third decade and minimum during the first decade. Regarding the minor 

warmings, maximum is in first decade and minimum in the last decade. The 

magnitude of variations is almost same in the second decade. Lu et al. 

(2008) analysed the decadal scale changes using the Holton–Tan 

relationship with QBO and NH polar vortex. They reported that the extra-

topical QBO changes sign in late winter which results in the occurrence of 

major stratospheric warming under westerly phase of QBO. Latest study 

(Schimanke et al. 2011) reported the heat flux is driven from the North 

Atlantic Ocean and it interacts with the troposphere and stratosphere 

system, thereby increasing the occurrence of warming events in the 

stratosphere. The incidence of minor warming events in last decade is also 

an important point to note. These active perturbations continuously 

happened in the upper and mid-stratospheric levels. 

3.3.3.2. Intra-seasonal variability of stratospheric warming events  

The intra seasonal variability of warming events is analyzed. The 

time of occurrence of SSW is listed into 3 phases of the winter season as 

December (early winter), January (mid-winter) and February (late winter). 

Figure 3.5 explains the intensity and occurrence of stratwarms in the above 
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category at 2 hPa and 10 hPa levels. We included all categories of 

stratwarm events. The two warming episodes which occurred in the month 

of March 1992/93 and 2004/05are not included in this analysis as it 

occurred in the early spring. Intra seasonal variability of the warmings are 

given below:- 

 

FIG.3.5. Temperature anomalies for the peak day of stratospheric warming events 
during December, January and February months at 2 hPa (left) and 10 hPa 
(right) levels for the 30 winter months.  
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3.3.3.2.1. December (Early winter) 

We have plotted the temperature anomalies of the peak days for the 

December month at 2 hPa (left) and 10 hPa (right) levels (Fig. 3.5a-f). In 

the first decade only one major stratwarm event is noticed during the early 

winter period (Fig. 3.5a and 3.5d) and that event observed in 1987/88. The 

next set of early (December) perturbation is noticed after nine years. An 

occurrence of early winter warming is noticed in the beginning of the last 

decade in few winters till 2003/04. They are totally six cases and the 

corresponding winters are 1997/98, 1998/99, 2000/01, 2001/02, 2002/03 

and 2003/04. It is important to note that the intensity of these early warming 

events is high compared to other winter events of January and February 

months at both the levels. 

On an average, temperature anomaly for the early winter warmings 

at 2 hPa and 10 hPa levels are 29°C and 22°C respectively. The early 

stratwarm event of 2000/01 has the highest temperature anomaly of 39°C 

and it falls in the category of ‘Major 1’ event at 2 hPa level. The absence of 

early winter warming event is continued for both the levels after 2003/04 

stratospheric warming episode. Hu and Pan (2009) explain that the warming 

trends in early winter Arctic stratosphere are forced by observed SSTs 

through changes in atmospheric wave activity.   

3.3.3.2.2. Mid- winter (January) 

Earlier studies showed the occurrence of stratospheric warming 

events is more during January and February months (Schoeberl, 1978; 

Charlton et al. 2007). The same reflects in our study also. Stratospheric 

perturbations in January had an average temperature anomaly (∆T) of 20°C 

(Fig. 3.5b and 3.5e). The intensity distribution of 2 hPa January temperature 

anomalies is strong with peak values exceed 20°C for 1984/85 and 2005/06 
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warming events. These two events are ‘intense major’ warmings at both the 

levels. The mid-winter stratospheric warming events also show an absence 

of SSWs during 1994/95 to 2002/03 period. The absence of mid- winter 

warmings continued for a long period of 8 consecutive winters.  

3.3.3.2.3. Late winter (February) 

From the distribution of late winter warmings the frequency of 

warming is once in every three winters. The intensity of the late winter 

cases is comparatively less at both the levels. The average intensity of late 

winter warming pulse is 20°C (Fig.3.5c) and 15°C (Fig.3.5d) for upper and 

mid-stratospheric levels. The absence of warming events is noticed during 

1993/94 to 1998/99 period (Fig. 3.5c and 3.5f) at both the levels. Two 

consecutive late winter warmings are noticed during 1988/89&1989/90 and 

1998/99&1999/00 winter periods. The winter 2007/08 also experienced 

‘intense minor’ and ‘minor’ warming perturbations. But the number of 

perturbation is almost regular irrespective of small gaps.  

Thus it can be concluded the intensity of warmings are high for the 

events occurring during the early winter period where as the frequency of 

occurrence is maximum during the mid- winter periods. 

1.3.3. Propagation of stratospheric warming systems from upper 
mid-stratospheric levels  
 

Figure 3.6 explains the composite of temperature (∆T) and zonal 

wind anomalies (∆U) for all the events in the five groups. For the composite 

analysis we averaged zonal mean temperature and zonal wind anomalies 

over the region 60-90°N. The time period taken for the composite analysis 

is 20 days, before and after the peak day from upper to mid-stratospheric 

levels. The peak days for the temperature and zonal wind anomalies are 

selected from the Table 3.4.  
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For ‘intense major’ warmings, we have composited seven events 

(Table 3.4). The temperature and zonal wind anomalies are greater than 

20°C and -50 ms-1 in all the cases. In figure 3.6a the temperature anomalies 

ranges above 25°C along the closed contour from upper to mid-stratosphere 

around the peak day. This shows that warm anomalies propagate downward 

with a constant intensity from upper to mid-stratospheric levels. In other 

words its intensity is not reduced while propagating through different 

altitude levels. Due to this strong temperature gradient, the mean westerly 

winds are reversed and thereby easterly wind appeared at upper 

stratospheric levels. The zonal wind anomalies propagated downward from 

P-4 day to P+15 day with an intensity of -70 ms-1 to -50 ms-1. Even though 

the temperature gradient is almost equal at both the levels, easterly wind 

anomaly is higher over upper stratosphere than that the mid-stratosphere. 

The time evolution of the temperature and easterly wind anomalies shows 

that it is very intense irrespective of the downward propagation from upper 

to mid-stratospheric levels. 

‘Major 1’ stratwarm cases (composite of 8 events from Table 3.4), 

the distribution of temperature gradient is almost similar to that of the 

‘intense major’ warmings. Though the intensity of temperature 

perturbations is same they differ in the strength of the wind circulation.  

The upper stratospheric temperature deceleration is noticed almost five days 

prior to the onset day (day 0) and it continued after the peak day. The 

categorization of ‘major 1’ event is such a way that temperature anomaly 

greater than 20°C and easterly wind anomalies greater than 35 ms-1 but less 

than 50 ms-1. In this case, the intensity and the downward movement of 

easterly wind anomaly are limited to upper levels (Fig. 3.6b) only. The 

discrepancy between ‘major 1’ stratwarm cases in Table 3.3 and Table 3.4 
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depends up on the downward deceleration of temperature and zonal wind 

from upper to mid-stratospheric levels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG.3.6. Pressure - time cross section of zonal mean temperature (∆T, contours) 
and zonal wind anomalies (∆U, shaded) averaged over 60-90°N during (a) 
‘Intense major’ (b) ‘Major 1’ (c) ‘Major 2’ (d) ‘intense minor’ and (e) ‘Minor’ 
warming. The composite analysis is made for the period 20 days before and after 
the peak of each event. 
 

 



Chapter 3    Classification of SSWs 

72 
 

 

‘Major 2’ type stratwarm events show different features than the 

above two type of events. Figure 3.6c explains the composite anomalies of 

zonal mean high-latitude (60-90°N) temperature and zonal wind anomalies 

from the day -20 to day +20 for ‘major 2’ stratwarm cases. We have 

composited three ‘major 2’ type events (Table 3.4). Even though the wind 

strength is as strong as the ‘intense major’ warmings (Fig. 3.6a) but the 

positive temperature anomalies limited 15°C from upper to mid-

stratospheric levels. Because of these dual criteria the intensity of warming 

events differed from upper to mid-stratospheric levels. The easterly wind 

intensity (∆U) associated with the ‘major 2’ event is maxima around the 

peak day (day 0) of -70 ms-1 and above. The strength of easterly anomaly 

decreased at mid stratosphere with -40 ms-1 to -30 ms-1 and furthermore its  

anomalies extends up to P+15 days with -30 ms-1 to -20 ms-1.   

The time evolutions of the ‘intense minor’ and ‘minor’ warming 

events are characterized with less intensified temperature and easterly wind 

anomalies around the peak days. For the composite analysis, 4 ‘intense 

minor’; warmings and 13 ‘minor’ warmings events are used (Table 3.4). 

The warm anomalies are propagated through the stratospheric levels of 

12°C to 15°C for both the cases of stratwarm events and also the easterly 

wind anomalies are symmetric about the peak day for both the cases. The 

easterly wind anomalies associated with the ‘intense minor’ warmigs which 

generated in the upper stratospheric levels propagate downward (Fig. 3.6d, 

shaded) after 5 days, these wind anomalies turned as westerlies. A sudden 

recovery of positive wind anomalies are observed with ‘intense minor’ 

warmings. In the case of ‘minor’ warming events wind anomalies are tend 

to be in the easterly phase up to around  P+20 days.  
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In each case (Fig.3.6a-e) an intensified easterly wind anomalies are 

observed at upper stratospheric levels than at the mid-stratospheric levels 

and the maximum positive temperature gradients are concentrated along the 

peak days. This section details the reason for the discrepancy between the 

categorized stratwarm cases in Table 3.3 and 3.4. There are cases where 

intensity of the warming gains and losses while propagating to downward.  

The analysis reveals the presence and nature of downward 

propagation of warming systems from upper to mid-stratospheric levels. 

3.3.5. Variation of warm and cold vortices  

 The position and intensity of the warm and cold polar vortices 

during major and minor warming events at 2 hPa and 10 hPa levels are 

studied. Figure 3.7 illustrates the composite of major and minor stratwarm 

peak days at 2 hPa (upper panel) and 10 hPa (lower panel) respectively. 

Here major warming stands for the total of the three groups- ‘intense 

major’, ‘major 1’, and ‘major 2’events and similarly the minor warming 

stands for both the ‘intense minor’ and ‘minor’ events. 

During the peak of major SSW at 2 hPa the warm core area is 

characterized by positive temperature anomaly of 0-15°C (Fig.3.7a) over 

the Polar regions: Northern parts of Siberia and Greenland, covering the 

eastern and western hemispheres. At the same time, during the minor SSW 

peak days, the North Pole region is of negative temperature gradient by -

15°C to 0°C (Fig.3.7b). The position of the stratospheric warm core area is 

same for the major and minor warmings. Throughout the stratospheric 

warming days the large circumpolar vortex moved to middle latitudes. 

Large cold air transported from vortex into middle latitudes and the number 

of cold days becomes more intensified especially over Europe, northern 

Eurasian continent and North America (kolstad et al. 2010).  
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FIG. 3.7. The composite of major and minor stratwarm events during the peak 
days (a & b) at 2 hPa and (c & d) 10 hPa level. 

 

Warming events are also associated with Negative Arctic oscillation 

indices. Consequently severe cold polar air reaches into the middle latitudes 

associated with the displacement of polar vortex from high to mid-latitudes. 

The mechanism for the coupling between polar vortex and NAO is analyzed 

by Ambaum and Hoskin (2002). The NAO life cycle is mainly depends on 

the behavior of the stratospheric polar vortex.  
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The displaced vortex has temperatures of -30°C to -40°C (Fig. 3.7a) 

over the longitudinal area 190°W-270°W at 2hPa. For the minor warmings 

(Fig.3.7b) the intensity of the cold polar vortex is same but the cold vortex 

position slightly extends more to middle latitudes, covering the eastern and 

western arctic hemispheres with in a longitudinal extension of 80°E to 

360°W.  

At mid-stratospheric levels the cold vortex position is slightly 

different from 2 hPa level. During major and minor warming events the 

polar vortex at 10 hPa level is dislocated more towards the mid- latitude 

western hemisphere especially in between 300°W to 360°W. The 

longitudinal extension area of the dislocated cold vortex is large (Fig.3.7c) 

during major warming events. Associated with minor warming events the 

longitudinal area of the vortex extends from 280°W to 360°W. The strength 

of the cold vortex at 10 hPa level ranges from -50°C to -60°C. But the 

position of the stratospheric warm area is the same for major and minor 

warmings at 10 hPa level.  

Thus the study reveals that there is uniformity in the location of 

warm centers during major and minor warmings. But longitudinal extension 

of cold polar vortices varies.  

3.4. Summary and Conclusion 

Chapter 3 provides a categorization of the stratospheric warming 

events into five groups considering 2 hPa and 10 hPa levels as reference 

altitudes. The ‘intense major’ events at 2 hPa are almost consistent with the 

warming event at 10 hPa level in almost all cases. The analysis reveals that 

the major perturbations increased during the 2000-2010 at both the levels. 

Percentage analysis also shows that almost fifty percentages of the 

warmings are of major types and other 50% are of minor types. Early 
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winter warmings are observed regularly during 1997/98 to 2003/04 period. 

The average temperature anomaly (∆T) is 30°C for the early winter 

warming at 2 hPa levels and this is high compared to mid and late-winter 

warmings. The study brings out the presence of intra-seasonal variability in 

the intensity as well as frequency of warming events. Stratwarms are not 

observed during a continuous period of seven years in mid-winter (January) 

month. The average maximum intensity of late winter warming events is 

20°C and 15°C. Downward propagation of temperature and zonal wind 

anomalies are intense around the peak day irrespective of the groups. 

Warming systems shows the behavior of downward propagation from upper 

to mid- stratospheric levels. Composite analysis explains the position and 

the intensity of the warm vortex at both the levels. It also shows the position 

of the displaced polar vortex during major and minor stratospheric warming 

events. There is a shift in the longitudinal location of the cold centers from 

180°W-360°W during minor and major warmings at 2 hPa and 10 hPa 

levels. 
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Chapter 4 

 
 

High and Low-Latitude Interaction of Circulation 
Systems during Early Mid-Winter and Late Winter 

Stratwarm Events 
 

 

4.1. Introduction 

Sudden stratospheric warming events (SSWs) are observed over the 

Northern Hemisphere winter stratosphere. Usually major warming events are 

associated with the displacement of polar vortex from high to mid-latitudes or 

the splitting of vortices. The displacement or breakup of the polar vortex leads 

to large volume of polar air being transported from the vortex as narrow 

tongues (Manney et al. 1994) to mid and low-latitudes (Bencherif et al. 2007). 

The lower stratospheric winter circulation is also dominated by cold low 

centered near the pole which becomes more pronounced with increasing 

altitudes and is surrounded by a band of strong west winds. These winds are 

distinct from the strong tropospheric westerlies of the lower latitudes.   

The sub-tropical westerly jet stream (STJ) is an integral part of the 

upper-tropospheric circulation over the winter hemisphere. The jet-stream core 

situated close to 200 hPa surface and has a maximum speed of 70 ms-1 as an 

average (Krishnamurthy, 1960). In its equatorward meanderings the polar night 

jet sometimes merges with the subtropical jet stream (Louis. 1979). The 
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maximum intensity of STJ is noted during the late winter month (February). 

Gerbert et al. (2009) found persistent equatorward shift of STJ during 

stratospheric warming days while using model experiment over NH. Spatial 

and temporal variability of fast upper tropospheric wind is analysed by Strong 

and Davis (2006) and they reported that Arctic Oscillation (AO) and El 

nino/Southern Oscillation (ENSO) are the leading contributors to surface of 

maximum wind (SMW) and pressure variability over NH. 

Earlier studies (Charney and Drazin, 1961; Holton and Mass, 1976 and 

Andrews et al., 1987) have shown that sudden warmings are forced from 

below, possibly due to the upward propagation of planetary wave’s activity 

troposphere to stratosphere. The studies carried out by Fusco and Salby (1999); 

Newman et al. (2001) and Hu and Tung (2002) have shown the relationship 

between polar cap temperatures and meridional heat flux. Kim and Choi 

(2006) found significant correlation between lower stratospheric polar 

temperatures in March with stationary component of the eddy heat flux on an 

interannual time scales.  

The meridional heat flux analysis is used as a measure of the wave 

forcing from troposphere to stratosphere (e.g.,Waugh et al. 1999; Newman and 

Nash 2000; Polvani and Waugh 2004 and Charlton et al. 2007). Most of the 

planetary wave activity crosses the 100 hPa level between 40 and 80°N (see. 

e.g., Charlton and Polvani 2007). The increased occurrence of SSWs can thus 

be related to the poleward eddy heat flux in the lower stratosphere of high 

latitudes (45-75°N) as shown by Yoden et al. (1999) and Polvani and Waugh 

(2004). The heat flux is proportional to the vertical component of the quasi 

geostrophic EP flux. Polvani and Waugh (2004) also showed that the time 

series of eddy heat flux at 100 hPa exhibits a high anti-correlation with Arctic 
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Oscillation (AO) index at 10 hPa. According to Karpetchko and Nikulin 

(2004), November–December averaged stratospheric total eddy heat flux is 

strongly anti-correlated with the January–February averaged total eddy heat 

flux in the midlatitude of the stratosphere and troposphere. 

In the present study consider two cases each for early (1987/88 and 

1998/99), mid-winter (1984/85 and 2008/09) and late-winter (1983/84 and 

2007/08) warming events. The composites of the two cases of early, mid and 

late winter SSWs are analysed separately to understand the atmospheric 

circulation in the Eastern Arctic domain (0-90°N & 0-180°E). In addition, the 

intensity of subtropical westerly jet stream and the northward advection of heat 

flux for high latitudes ranging 45-75°N and low latitudes 0-30°N at mid- 

stratospheric (10 hPa) and mid-tropospheric (100 hPa) levels are also 

examined. 

4.2. Data and methodology  

The NCEP/NCAR reanalysis data (Kalnay et al. 1996) with a horizontal 

grid spacing of 2.5°×2.5° at 17 levels from 1000 hPa to 10 hPa examine the 

entire troposphere and lower and middle stratosphere are used in the present 

study. The variables used are temperature, zonal and meridional winds and 

geopotentail height. The anomalies are calculated by subtracting the 31 yr 

averaging of daily values from the geopotential height data at 10 hPa so that 

the mean annual cycle is filtered out.  

Six stratwarm events are selected. These stratwarm events are (1) 

1987/88 and (2) 1998/99 (early winter), (3) 1984/85 and (4) 2008/09 (mid-

winter), and (5) 1983/84 and (6) 2007/08 (late-winter). Instead of analysing 

each SSW cases individually we have taken the composite of two cases each 
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for early, mid and late-winter SSW events. To analyse the intensity of the STJ 

during stratwarm days, normalized vertical wind shear is computed for the 

composite of stratospheric warming events. The vertical wind shear is 

calculated as 
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dz       ....4.2 

and    
∂ v
∂ z

= v' 100− v'200

∂ z     ....4.3 

The notation u’ and v’ denote the zonal and meridional wind anomaly at 

100 hPa and 200 hPa level for ± 20 days around the peak date of each 

stratospheric warming event. And the anomalies are calculated for latitudinal 

and longitudinal belt of 25°N-35°N to 100°-180°E. The distance between the 

two levels dz is metres. The anomalies are normalized by dividing its standard 

deviation (SD).  

Meridional flow of transient heat flux is computed for the domain 0-

180°E from equator to pole. The product of meridional wind and temperature 

anomaly (v’t’) is calculated during 20 days before and after for each of the six 

SSW events. The difference in transient heat flux between two adjacent grid 

points divided by the distance between them is given as )''(/ tvy∂∂ . The unit of 

meridional flow of transient heat flux is degree Kelvin per second. 

The meridional wind and temperature fields on 10 hPa and 100 hPa 

pressure levels are used to determine the zonal mean heat flux [vT ]  over high 

latitudes (45°-75°N) and low latitudes (0-30°N), with brackets denoting a 
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zonal mean and asterisks a deviation from the zonal mean. Zonal mean values 

are computed for the longitudinal belt of 0-180°E. The departure from the 

zonal mean are calculated for each latitude between 45°-75°N around 20days 

before and after the peak day of each SSWs and the zonal averaged value is 

weighted by the cosine of the latitude. The unit of total heat flux is °K ms-1. 

The methodology is assigned in NH low latitudes extending from equator. 

Correlation coefficient (R) between 10 hPa and 100 hPa heat flux at high and 

low latitudes are computed. Cross correlation technique is adopted to analyze 

the lead-lag correlation between 10 hPa and 100 hPa heat flux at high latitudes 

(45-75°N) and for low latitudes (0-30°N) and respectively.    

4.3. Results and Discussion  

4.3.1 Circulation and heat flux: Early SSWs 

4.3.1.1Geopotential height anomaly for 1987 and 1998 SSWs 

Figure 4.1 shows the 10 hPa geopotential height anomalies on the peak 

day of the two early winter stratwarm events of the year 1987 and 1998. The 

anomalies are calculated from the period of 1980-2010. An anomalously high 

geopotential height is observed above North Pole with values greater than 1800 

m associated with early winter warmings. The cold polar vortex distorted and 

substantially displaced from the pole. This warming occurs due to the 

amplification of zonal wave number 1 planetary wave emanating from 

troposphere (Baldwin and Dunkerton, 1989). The centre of the shifted polar 

vortex lies along Date Line (180°E) for December 1987 warming (Fig. 4.1a). 
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FIG.4.1. Polar stereographic projections of the geopotential height anomalies from 
the mean period 1980-2010 over North Pole at 10 hPa level on the peak day of two 
early winter SSW events in (a) 1987/88 and (b) 1998/99. 
 

The winter of 1998/99 is experienced by two pulses of warmings. The 

first pulse of warming is noticed in the first week of December 1998 and the 

second in February 1999.  It has reported that the evolution of December 1998 

stratospheric warming had similarity with that of 1987/88 (Manney et al. 

1999). 

 On 15 December 1998 an elongated shifted polar vortex is noticed in 

the longitude between 100-180°E (Fig. 4.1b). As the warming intensified 

geopotential heights are anomalously intensified over the polar region and 

anomalously low geopotentail height anomalies are observed middle latitudes. 
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4.3.1.2. Circulation pattern at 200 hPa level and 10hPa geopotential  
             height: Composite of Early SSWs  
  

Figure 4.2 explains the composite fields of circulation pattern at 200 

hPa level and 10 hPa geopotential heights (white contour) during stratwarm 

days. Circulation patterns are illustrated with reference to peak day (P0). The 

stratwarm days before the peak day are denoted as P-3, P-2, and P-1 day. The 

days after the peak are denoted as P+1 and P+2. The figure illustrates the 

qualitative relation between upper-tropospheric circulation pattern and mid-

stratospheric geopotentail height.  

 Closed contour loop or low geopotentail values explain the position of 

displaced polar vortex. The high geopotentail values stand for the stratwarm 

area. The 200 hPa circulation pattern is dominated by STJ in lower latitudes. 

At higher latitudes strong downward propagation of wind flow is noticed 

before, during and after the stratwarm days. A northerly component of wind 

flows from high latitudes (Fig.4.2b, P-3 to P0) around the longitudes 60-100°E 

that is coherent with the closed contour of low geopotential at 10 hPa. The 

intensification of SSW accompanies the descending motion of northerly wind 

with 20-40 ms-1 at 200 hPa. This northerly flow merges with the subtropical 

westerly flow. During these stratwarm days the path of STJ exhibits a 

meandering pattern. 

The upper tropospheric circulation system shows large amplitude 

variations associated with the strength of the northern hemispheric 

stratospheric polar vortex. Baldwin and Dunkerton (1999) reported different 

features of the propagation of arctic oscillation from stratosphere to 
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troposphere. The strength of the mid-stratospheric polar vortex followed by 

coherent changes in the circulation pattern and in turn affects the intensity of 

subtropical westerly jet stream. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

FIG. 4.2a-f. Composite of both the wind vector at 200 hPa level and 10 hPa 
geopotentail heights (white contour) during two early winter SSWs. The contour 
interval is 200 m. 
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Based on this qualitative analysis, during stratwarm days STJ shift its 

position slightly northward. This shift of STJ is noticed due to the downward 

movement of northerly flow from high latitudes along the closed contour loop 

of 3000 m, along cold polar vortex area. The northerly component of the zonal 

wind component lies in the longitude 60-100°E before the peak day of this 

December SSW. In these SSWs STJ strengthens and slightly shifts poleward 

probably due to the northward flow. 

4.3.1.3. Vertical wind shear 

 In this section, the normalized vertical wind shear associated with 

subtropical westerly jet stream is analyzed. Figure 4.3 shows the composite 

time series of shear during early (December) SSW in 1987 and 1998 

respectively. The time period ranges 20 day before and after the peak day of 

each SSW.  

 

 

 

 

 

 

 

 
FIG.4.3. Composite of normalized vertical wind shear of the STJ between 100 hPa 
and 200 hPa level over the area 25-35°N and 100-180°E. The dashed vertical line 
denote the peak day. 
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               The total shear variations are from -1.5 to 2 standard deviations with 

highest values on P+5 day, which means after the peak day the vertical wind 

shear is above 1.5 (Fig. 4.3) standard deviations and this shows occurring of 

large variations in shear during stratwarm days. 

 The total shear variations are from -1.5 to 2 standard deviations with 

highest values are noted after the peak day (P+5) and vertical wind shear is 

above 1.5 standard deviations (See Fig.4.3). Before 5 days of the occurrence of 

SSW events, the vertical wind shear became the lowest but steeply increased to 

the peak values on P+4 day. The steep rise in vertical wind shear within 10 days 

is indicated by a dashed arrow in the figure. Zhou et al. (2002) analyzed the 

response of STJ during propagating and non-propagating stratwarm events and 

they found the largest fluctuations to occur in North Atlantic region with wind 

speed maximum over the south side of the jet stream and minimum on the 

north side of the jet stream. Thus the STJ is disturbed by the intrusion of high 

latitude air during early winter stratwarm days.  

4.3.1.4. Meridional flow of transient heat flux 
 
 The latitude- time cross section of transient heat flux at 10 hPa for 1987 

and 1998 stratwarm days are illustrated in Fig. 4.4a and Fig. 4.4b respectively. 

The unit of heat flux is degree Kelvin/second. The duration of this heat flux 

ranges 10 Days (1-10 December 1987). The significant amount of positive and 

negative transient heat flux (Fig.4.4a) is observed before the peak day over the 

latitudes 45°-90°N. This meridional heat flux is originated due to the wave 

activity prior to the warming and it induces changes in circulation pattern from 

stratosphere to tropospheric levels. Negligible amount of heat flux variation is 

observed in the tropics for the entire period.  
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FIG.4.4. Meridional flow of transient heat flux at 10 hPa level during (a) 1987 and 
(b) 1998 stratwarm event. The dashed vertical line denote the peak day of each event.  

 

 Mid-stratospheric transient heat flux is pertinant to the peak day for the 

December 1998 warming event. The heat flux in December 1998 is 

comparatively lower than that in December 1987. The poleward advected heat 

flux shows that high-latitude region (60°-80°N) accompany the highest 

gradient during stratwarm days.  

4.3.1.5. Total eddy heat flux 

             Figure 4.5 illustrates the composite fields of northward advection of 

total heat flux during December 1987 and 1998 stratwarm cases at high and 

low-latitudes. The dashed vertical line denotes the peak days of each SSWs. 

Prior to the peak day of early winter SSWs the total heat flux steeply increased 
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from 100-225 °K ms-1 (Fig.4.5a, red line) on P-15 to P-10 days at 10 hPa level 

and at 100 hPa level heat flux varies 0-40 °K ms-1(Fig.4.5a, black line) for the 

same time period. After the peak day there is a significant decrease in the 

amount of northward advected heat flux at both the levels. All these sudden 

variations in heat flux are noticed from P-5 to P+15 days (dotted arrow). After 

the stratwarm event this large amount of heat flux reduced to below the normal 

values.   

   

 

 

 

 

 
 
 
 
 
 
 

 

 
 

 
 

 

FIG.4.5. Time series of northward advection of heat flux at 10 hPa (red) and 100 hPa 
(black) for (a) 45-75°N and (b) 0-30°N. The dashed vertical line denote the peak day 
of each cases.(c) Cross correlation of 10 hPa and 100 hPa heat flux for 45-75°N 
(black) and0-30°N (red).   
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 Both the time series given in Fig.4.5a are positively correlated with 

R=0.81 suggesting the variability of 10 hPa and 100 hPa heat flux over 45°-

75°N tends to be in phase during stratwarm days. The 100 hPa heat flux has 

lag correlation of 3-days with that 10 hPa, i.e., it takes three days to reach at 10 

hPa (Fig.4.5c, black). The reduced heat flux at 10 hPa level is due to the cut off 

upward propagating planetary waves from troposphere to stratosphere 

(Charlton and Polvani, 2007). After the peak day of SSWs easterly circulation 

prevails in the stratospheric levels. According to Charney and Drazin theorem 

upward propagating waves cannot propagate through easterly circulation. 

Hence wave activity is prominent only observed before the peak day of SSWs. 

 While comparing the mid-stratospheric (10 hPa) and tropospheric (100 

hPa) heat flux (Fig.4.4b) over low latitudes, large amount of tropospheric 

forcing is visible at 100 hPa. Hence both the series shows an out of phase 

relation throughout the days and it explains negatively correlation (-0.42) with 

zero lag. The 100 hPa zonal mean heat flux is an input of upward propagating 

planetary wave energy.  

4.3.2. Circulation and heat flux: Mid-winter SSWs 

4.3.2.1. Geopotential height anomaly  

 Figure.4.6 shows the fields of geopotentail height anomaly at 10 hPa 

level on 2 January 1985 and 23 January 2009 respectively. The stratospheric 

warming characteristics of both the events and its peak days are mentioned in 

the previous chapter of the thesis. In both the case the polar vortex is splitted 

into two (Randel and Boville., 1987 and Harada et al. 2010). The positive 

geopotentail anomaly is noticed over North Pole covering Greenland and 
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northern part of Siberia and the displaced polar vortex lies in the longitudinal 

belt between 180-270°W (Fig. 4.6a).  

 The stratospheric warming occurred on January 2009 is the strongest 

and most prolonged event (Manney et al. 2009).  On 23 January 2009, the 

stratwarm area has an elongated shape and cold polar vortex displaced toward 

the middle latitudes.  

 

 

 

  

 

 

 
 
 

 
 

 

FIG. 4.6. North polar stereographic projections of geopotentail height anomaly at 10 
hPa level on the peak day of two mid-winter stratwarm events. (a) 1984/85 and (b) 
2008/09. 

The location of the displaced or splitted polar vortex is covered large 

areas of both the eastern and western northern hemisphere (Fig. 4.6b), that 

mainly covered central Siberia and Canada. These positive and negative 

geopotential height anomalies have a direct influence on the tropospheric 

weather and climate. 
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4.3.2.2. The 200 hPa winds over Eastern Arctic domain and 10 hPa    
              Geopotentail height 
 
 Figure. 4.7 reveals the composite flow fields at 200 hPa and 10 hPa 

geopotentail height during above two mid-winter stratwarm days (2 January 

1985 and 23 January 2009). Circulation pattern is represented three day before 

(P-3, P-2, and P-1) and two day after (P+1 and P+2) the peak day. The low latitude 

regions at 200 hPa are dominated by subtropical westerly flow. The STJ core is 

located in between 30°-35°N and 120°-160°E which are influenced by the 

strong north-westerly flow from high latitudes (80°-40°N) during stratwarm 

days. The descending motion of the northerly wind is negligible along the low 

geopotentail areas (polar vortex).  

 The strong gradient between high and low geopotentail can influence 

the circulation pattern from stratosphere to tropospheric levels. In particular, 

intrusion of high-latitude circulation to low latitude is not visible in the 

composite analysis. Waugh and Polvani (2009) simulated the polar vortex 

disturbed by the Rossby wave 1 breaking, which shows the filaments of vortex 

air striped from the vortex and stirred in to mid-latitudes. This transport of air 

can influence the distribution of trace gases in the stratosphere (Plumb, 2002; 

Shepherd 2007). Stratospheric warming on 2008/09 induces circulation change 

due to the displacement of the cold vortex.  The geopotentail field on P+1 and 

P+2 day shows cold polar vortex area (low geopotentail) in the longitude 20°-

100°E. The stratwarm core is splitted into two distinct areas along Greenwich 

meridian and Date line. After the peak day the displaced cold vortex area and 

stratwarm regions again intensified (Fig. 4.7f). The easterly circulation at low 

latitudes (equator to 20°N) is unaffected by the high-latitude circulation 

changes during stratwarm days. 
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FIG.4.7. Spatial distribution of 200hPa winds during mid-winter stratwarm days and 
the white contour line indicates 10 hPa geopotential heights. The contour interval is 
200 m. 
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4.3.2.3. Vertical wind shear  

 Two mid-winter stratwarm events and its influence on subtropical 

westerly jet stream are studied in this section. The zonal and meridional wind 

anomalies are calculated 20 days before and after each SSW. We have made 

the composite of vertical wind shear for the above time period on mid winter 

SSWs (January 1985 and 2009) is taken for the grid for the grid 25-35°N and 

100-180°E. Results showed that during both the mid-winter events STJ appears 

to be fluctuated with reference to peak days. The normalized total shear on P0 

day is found to be -1.25 standard deviation. 

 

 

 

 

 

 

 

 
 

 
FIG.4.8. Normalized vertical wind shear between 100 hPa and 200 hPa during mid-
winter stratwarm events. The dashed vertical lines denote the peak day of each SSW.  
 

This sudden variation in the amplitude is due to the influence of high 

latitude north westerly winds, originated from the displaced middle latitude 

polar vortices. The intrusion of cold air during these two events are found to be 
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less prior to the peak day of warming (Fig. 4.8). In the case of 2008/09 SSW 

events the zone of maximum amplitude in wind shear is noticed from 17 to 23 

January 2009. It indicates that the vertical wind shear become stronger before 

the peak day of SSW. 

4.3.2.4. Meridional flow of transient heat flux: 1984/85  

To examine the meridionally advected heat flux in the longitudinal 

sector of 0°-180°E, we considered the product of meridional wind and 

temperature anomaly at 10 hPa level (Fig.4.9).  

 

 

  

 

 

 

 

 
 

 
 
FIG.4.9. Latitude-time cross section of meridionally advected heat flux at 10 hPa for 
the period of 13December 1984-22 January 1985. The dashed line indicates the (2 
January 1985) peak day. 

 

In the eastern arctic domain it can be seen that negative heat flux of -0.1 

to -0.2 °Ks-1 (polar vortex) in the latitudinal belt of 60°N-90°N. And mid- 
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latitude region has the positive heat flux of 0.1 °Ks-1. The dominant pattern of 

heat flux is noticed from 40°N to 90°N. This gradient in heat flux is due to the 

enhancement of planetary wave activity during stratwarm days.   

4.3.2.5. Meridional flow of transient heat flux: 2008/09 

The mid-stratospheric meridional transient heat flux is computed for the 

eastern arctic domain (0°-180°E) during 2008/09 stratwarm days and is shown 

in Fig 4.10. 

 

 

 

 

 

 
 

 
 
 

 
 

FIG.4.10. Latitude-time cross- section of meridionally advected heat flux at 10 hPa 
for the period of 03January -12 February 2009.  
  

 Magnitude of heat flux varies from minimum (-0.3×10-3 °Ks-1) to the 

maximum is (0.6×10-3 °Ks-1). These variations take place around the peak days. 

Significant amount of high and low heat flux is observed at high-latitudes with 

in a period of 10 days. The Positive heat flux is extended from 90°-60°N. This 
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gradient in heat flux at high latitudes indicates the wave activity. Before the 

onset of stratwarm, the westerly vortex interacts with the flux of planetary 

wave activity in the stratosphere. Due to this stratospheric vortex is 

preconditioned and sufficiently strong (e.g., Labitzke 1981; Butchart et al. 

1982; McIntyre 1982; Baldwin and Dunkerton 1999, 2001 and Limpasuvan et 

al. 2004). This factor induces meridionally driven circulation in accordance 

with the onset of mid-winter warming. The transient heat flux anomalies are 

negligible after the occurrence of warming over high latitudes.  

4.3.2.6. Total eddy heat flux: Mid-winter SSWs 

 The northward advected total heat flux at 10 hPa and 100 hPa around 

± 20 days at high and low-latitudes are shown in Figure. 4.11a and 4.11b. The 

dashed vertical line represents the peak day. Figure 4.11c show the cross 

correlation results between 10 hPa and 100 hPa heat flux at high latitudes (45-

75°N) and the same for low-latitudes. Over high-latitudes large amount of heat 

flux about -50 to 250 °K ms-1 is noted prior to the peak day at 10 hPa 

(Fig.4.11a, red) and it is a coherent pattern with 100 hPa heat flux (Fig.4.11a, 

black). The mid- tropospheric (100 hPa) flux ranges 0- 65 °K ms-1 and it had a 

lead correlation of five days with that 10 hPa. It shows that the signatures of 

wave activity five days before the onset of stratwarm at 100 hPa level. This 

large increase in heat flux begins on P-5 day and reaches its normal value on 

P+10 day (Fig.4.11a dotted arrow). So the pattern explains that it takes a period 

of 15days for the strengthening and reduction of heat flux during stratwarm 

days.  

 Both the heat flux at 10 hPa and 100 hPa had a positive correlation with 

a moderate correlation coefficient of 0.038. The heat flux is directly 
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proportional to the planetary wave activity. Hu and Tung (2002) found the 

vertically coherent pattern of wave number 1 amplitude at different lower 

stratospheric levels on inter annual time scales over high latitudes. The 

climatological mean of eddy heat flux at lower stratosphere (Hood and 

Soukharev. 2003) is very negligible in summer hemisphere due to easterly 

circulation and amplitude of eddy heat flux is found to be more in January in 

NH and in September- October in the SH.  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

FIG.4.11. Time series of northward advection of heat flux at 10 hPa and 100 hPa for 
high (left) and low latitudes (right). The dashed vertical line denote the peak day. (c) 
Cross correlation of time series in fig 4.11a (black) and in fig.4.11b (red). Days with 
negative sign indicates 100 hPa heat flux lags with 10 hPa and positive indicate lead. 
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The low-latitude heat flux (Fig.4.11b) at 10 hPa and 100 hPa shows an 

out of phase relation after the establishment of SSW over high-latitudes. The in 

phase relation between heat fluxes for the above two levels, leads to an out of 

phase relation during the peak day. And it starts from P-1 day to P+10 day. For 

the high and low-latitudes on P-5 to P+10 day is very crucial. The total heat flux 

over low latitude varies from -3 to 4.5 °K ms-1. Here both the heat fluxes are 

positively correlated (0.12) with maximum lag of one day.  

4.3.3. Circulation and heat flux: Late-winter SSWs  

In this section we are focused on two late winter stratospheric warming 

events and its influence on circulation pattern at 200hPa level, intensity of STJ 

and total heat flux over high and low latitudes. The composite analysis is 

carried out for the events in February 1884 and 2008.  

4.3.3.1. Geopotential height anomaly 

 Figure 4.12.explains the geopotentail height anomaly on 24 February 

1984 and 23 February 2008. Stratwarm areas are represented interms of 

geopotential height anomaly. The amplitude of geopotential height over North 

Pole varies in the range 1000- 1400 m during the peak day of both the event. 

The stratwarm core is concentrated above North American region and 

Greenland on 24 February 1984 (Williams. 1988). The displaced cold vortex is 

moved to mid-latitudes covering Siberia and North Atlantic Ocean. The time 

evolution of 2007/08 stratospheric warming is described by Alexander and 

Shepherd (2010). This late winter warming on 24 February 2008 is preceded 

by few minor warmings like in late January 2008, and followed by warmings 

in February 2008. 
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FIG.4.12. Geopotentail height anomaly at 10hPa on the peak day of Late-winter 
stratwarm events. (a) 1983/84 and (b) 2007/08. 

 
4.3.3.2. Circulation pattern over Eastern Arctic domain at 200 hPa    
              Level 
 
 Figure 4.13 shows the qualitative relation between 200 hPa zonal wind 

and 10 hPa geopotential heights for the period of late-winter warmings. The 

composite fields of geopotential height explain the position of cold vortex at 

high latitudes and the longitudinal extension of the low geopotential area 

remains 0-120°E. The intensification of the stratwarm leads to widening of the 

cold vortex area in to low-latitudes. The composite field of circulation shows 

northerly flow from high latitudes. This northerly flow composed with cold 

polar air from high latitudes. During stratwarm days these air flows are from 

high to low-latitudes, then merges with STJ in midlatitudes. The intrusion of 
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cold polar air is coherent with the low geopotential area and it is visible on P-3 

day.  After the peak day this coherent pattern is evident on P+1 and P+2 days. 

 

 

 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

FIG.4.13. Temporal evolution of the average of two late winter SSW events. The 
circulation pattern at 200 hPa and 10 hPa (white contour) geopotentail height. The 
contour interval is 200 m. 
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4.3.3.3. Vertical wind shear   

 Figure 4.14 illustrates the vertical wind shear calculated between 25°-

35°N and between pressure levels 100 hPa and 200 hPa in the longitudinal belt 

of 100°-180°E. The time period taken for the calculation is ± 20 days before 

and after the SSWs in late winter.  Composite of total wind shear shows that 

the strength of STJ is fluctuated about 1.5 to -1.4 s.d prior to and after the 

SSW. During these days, the amplified wind strength is observed with 1.5 s.d 

on P-5 day. The dotted line indicates the variation in STJ with in a period of P-

5 to P+15 days. 

 

 
 
 
 
 
 
 
 
 

 
 

 

 
FIG.4.14. Standard deviation of vertical wind shear between 100 hPa and 200 hPa 
during late-winter stratwarm. The dashed vertical lines denote the peak day.  
 

 The transport of high-latitude air to mid-latitude is very pronounced 

before (Fig.4.13a) and after (Fig.4.13e and f) late winter stratwarm event 

which intensifies the STJ. Final warming events can influence the large scale 
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circulation pattern and this circulation had a coherent pattern with the polar 

vortex breakdown (Black et al., 2006).    

4.3.3.4. Meridional flow of transient heat flux: 1983/84  
 Figure 4.15 displays the latitude-time cross-section of meridional heat 

flux at 10 hPa. The winter of 1983/84 exhibited minor warming in the mid-

stratosphere on 6 February 1984. This minor warming is not accompanied by 

wind reversal. Corresponding to the minor warming on 6 February 1984, 

positive and negative heat flux (first dashed elliptic) are observed. While 

analysing the meridional transport of heat flux (Fig. 4.15), high and low values 

of heat fluxes are alternatively observed in the mid-stratosphere. These 

variations are observed at high-latitudes up to first week of March 1984.  

   

 

  

 

 

 

 

 

 

FIG.4.15. Latitude-time cross- section of meridional heat flux (°Ks-1) at 10 hPa 
during 1983/84 late winter stratospheric warming. The dashed vertical lines denote 
24 February 1984. 
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 During late winter major warming on 24 February 1984 the heat flux 

varies of the order of about -0.3×10-3 to 0.1×10-3 °Ks-1 (solid circle). After the 

major event the polar vortex regains its strength within a short time. The winter 

ended with another pulse of warming in the first week of March 1984 and the 

corresponding heat flux variation is indicated by second dashed elliptic. 

4.3.3.5. Meridional flow of transient heat flux: 2007/08  

Meridionally advected transient heat flux for the late-winter stratwarm 

event in 2007/08 is represented in Fig.4.16 in 2007/08.   

 
 

 

 
 

 
 

 
 
 

 
 

FIG.4.16. Poleward transient heat transport at 10 hPa during 2007/08 stratospheric 
warming. The time period is from 3February to 14 March 2008.  The dashed vertical 
lines stands on 23 February 2008.  

 

 The mid-stratosphere is disturbed and temperature started to increase by 

early February. Minor warming pulses are noticed on 6 and 16 February 2008, 

followed by major warming on 23 February 2008. Related to the minor 

warmings events, positive heat flux 0.2×10-3 to 0.3×10-3 °Ks-1 (marked as 
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dashed elliptic) is noticed about 50°N and negative flux ranges -0.1×10-3 to -

0.3×10-3 °Ks-1. These enormous heat fluxes can alter the meridional 

temperature gradient from pole to equator and thus changes the mean westerly 

wind to easterly in accordance with the onset of warming in the stratospheric 

levels. The heat flux anomalies are due to the wave activity within a short 

period of time and downward propagation is stagnant.   

4.3.3.6. Total eddy heat flux 

  Figure. 4.17a and 4.17b show the composite field of northward advected 

heat flux during two late-winter stratwarm events at high and low-latitude. The 

cross correlation between 10 hPa and 100 hPa heat fluxes at high latitude and 

for low-latitudes is given in Fig. 4.17c. From Fig.4.17a (red line) it is clear that 

high-latitude total heat flux shows strong amplitude on P-10 day ranging 0-250  
°K ms-1 and it is decreased on P+10 day (dotted arrow). This largest amplitude 

variation of heat flux arises due to the presence of minor warming in both the 

cases. As explained in Fig. 4.15 and Fig.4.16 minor warming does have the 

prominent heat flux.  

 The tropospheric heat flux varies from 0-100 °K ms-1 (Fig 4.17a. black 

solid line) at high latitudes. While comparing the 100 hPa heat flux over high 

latitude with early and mid winter stratwarm cases in section 4.3.1.5 and 

4.3.2.6, this late winter heat flux shows the maximum amplitude. The moderate 

correlation coefficient of 0.15 shows the lead correlation of 6 days with 10 hPa 

level. The 100 hPa signal of positive heat flux is noted 6 days prior to the 

signal at 10 hPa. Haklander et al (2007) computed the correlation coefficient 

between 100 hPa heat flux and meridional heat flux from 1000 hPa to 1 hPa in 
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the latitudinal belt 20°N-90°N. He found significant positive correlation 

coefficient 100 hPa with poleward eddy heat flux. 

 

 

   

 

 

 

 

 

 
 
 
 

 
 

 

 
 

 
 

 

FIG.4.17. Time series of northward advection of heat flux at 10 hPa and 100 hPa for 
high (left) and low latitudes (right) respectively. The dashed vertical line denote the 
peak day.(c) cross correlation with 10 hPa and 100 hPa heat flux over high latitude 
and the same for low latitudes. Days with positive sign indicate lead correlation of 
100 hPa with 10 hPa and negative for lag correlation.  
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 Low-latitudes heat flux shows an out of phase association just before 

the peak day (Fig.4.17b). The amplitude of heat flux ranges -3.5 to 3 °K ms-1 

and it shows a positive correlation of 0.29. The mid-tropospheric heat flux has 

a lead correlation of 2 days with 10 hPa which explains that the wave activity 

starts at 100 hPa two days before then it reaches at 10 hPa level. Table 4.1 

summarizes the lead lag correlations during each stratwarm event.  

 
ABLE. 4.1. Cross correlation results of heat fluxes between 10 hPa and 100 hPa 
levels over high (45°-75°N) and low (0°-30°N) latitude. 

Type of SSWs High latitude 
 (45°-75°N) 

Low latitude  
(0°-30°N) 

Early 3 day lag Zero lag 

Mid 5 day lag One day lag 

Late 6 day lead Two day lead 

  

4.4. Summary and conclusion 

 The study reported in this chapter addressed the circulation pattern in 

the Eastern Arctic domain using composite analysis of two cases each for 

early, mid-winter and late-winter stratospheric warming events. For each 

stratwarm case, ±20 days (around the central date) are considered for the 

calculation. Consistent patterns are found between 10 hPa geopotentail height 

contours and 200 hPa circulation pattern during the above selected cases. This 

qualitative analysis explains that intense north-westerly wind flows from high 

to mid-latitudes around the peak days of SSWs through the low geopotential 

area (displaced cold polar vortex from North Pole). The north-westerly wind 
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merges with subtropical westerly jet stream (STJ) at mid-latitudes. As a result, 

significant amount variation is observed in the subtropical jet stream during 

stratwarm days. That shows an intensification of STJ is associated with the air 

from the cold polar vortex. Normalized vertical wind shear explains the 

intensity of STJ is prominent on P-5 to P+5 day for early and mid winter cases, 

and maximum perturbation is noticed during late winter case from P-5 to P+15 

days with an increase of 1.5 standard deviation prior to the warming.  

 Meridionally advected heat flux is computed for each stratwarm cases 

for the longitudinal sector 0-180°E at 10 hPa level. Positive and negative heat 

flux show the perturbed wave activity associated with each cases. Negligible 

amount of variation is observed from equator to mid-latitudes during 

stratwarm days and maximum amount of variation is concentrated over high-

latitudes (45°-75°N). The strongest meridionally advected transient heat flux is 

seen in 2008/09 stratwarm event. That explains the most perturbed wave 

activity is over high-latitudes and it getting reduced at mid-stratospheric level 

after the onset of stratospheric warming. 
 Total heat flux analysis over high-latitude is also shows prominent wave 

activity prior to the peak day of each warming at 10 hPa and 100 hPa levels. 

This feature is in accordance with the observation by Charlton and Polvani 

(2007). Maximum heat flux is noted at 10 hPa level over 45°-75°N during the 

composite of mid and late winter stratwarm events compared to early winter 

cases. The mid tropospheric (100 hPa) heat flux over the same area are 

correlated, with coefficients is of 0.82, 0.038, 0.15 respectively for early mid 

and late winter cases.  
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 Low-latitude heat flux analysis shows enhancement of heat flux after 

the peak .i.e., after the onset of SSW over high latitudes. Mid-tropospheric and 

stratospheric heat flux shows an out of phase relation during the peak days. 

The cross correlation analysis between 10 hPa and 100 hPa heat flux over high 

latitude shows a lag correlation of 3 day, lead correlation of 5 day and also lead 

correlation of 6 day respectively for early, mid and late winter stratwarm 

events. Over low-latitudes cross correlation shows zero lag, lag of one day and 

lead of two days for above three events respectively.  
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       Chapter 5 

 
The Coupling between Polar and Tropical 

Stratosphere during Intense Major Warming 
events with Special Emphasis on Indian regions 

 
 

5.1. Introduction 
Sudden stratospheric warming (SSW/stratwarms) is one of the most 

dynamic aspects of the high-latitude regions during winter. The Thermal 

structure of both the tropical and subtropical stratosphere is also influenced 

by the dynamics of SSW. Tropical stratosphere is found to undergo a slight 

cooling in association with high-latitude warming. The observation on a 

tendency of the low latitude stratosphere to cool during SSWs is first 

reported by Reed et al. (1963) and then supported by Julian and Labitzke 

(1965). They analyzed the polar temperature increase and tropical cooling 

of the tropical stratosphere up to a latitudinal belt of 35°N to 10°N. The 

data derived from Nimbus satellite clearly illustrated the global extent of 

this cooling effect (Fritz and Soules 1970) as shown in Figure 5.1. The 

deviation of average latitudinal radiance [m W.m-2 (ster)-1 (cm-1)-1] from a 

finite Fourier-series fit for 80°N-80°S from 14 Apr, 1969 to 13 Apr, 1970. 

The figure is adapted from Fritz and Soules, (1972) and they have used the 

data from one channel centered at 669.3 cm-1 in the 15-µm band of CO2. 

The energy in this channel comes mainly from the stratosphere and 

indicates changes in weighted temperature of the upper 100 hPa of 

atmosphere. The seasonal variations of outgoing radiance for the period 

from mid-April, 1969 to mid-March, 1970 are presented for latitudes from 
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80°N to 80°S. The latitudinal and seasonal variations are removed and the 

residual variations are discussed as a function of time and latitude.  

 

 

 

 

 

 

 

 

 

 
 

 
 

FIG. 5.1: Deviation of average latitudinal radiance [m W.m-2 (ster)-1 (cm-1)-1] 
from a finite Fourier-series fit for 80°N-80°S from Apr. 14, 1969, to Apr. 13, 
1970. (Adapted from Fritz and Soules, 1972) Courtesy: American meteorological 
society Reprinted with permission. 
 

The main result is that, when a temperature rise occurred in the 

winter polar stratosphere as a part of SSW (or Southern Hemisphere), a 

temperature decrease occurred in the stratosphere of the tropics of both the 

winter and summer hemispheres, at least up to latitude 40°N. They found 

that stratwarms are accompanied by slight cooling in the stratosphere over 

the tropics and subtropics. This coupling feature is later explained by 

Dunkerton et al. (1981). 
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More studies on this aspect of the tropical response of SSW were 

reported using the weekly meteorological data obtained from an equatorial 

station Thumba (8 32, 76.52) by Appu (1984); Mukherjee et al. (1985); 

Mukherjee et al. (1987) and Mukherjee, (1990). Analysis on this rocket 

data also revealed the presence of high-level warmings in the strato-

mesospheric region over Thumba (Mukherjee et al. 1972). 

The mechanism responsible for SSW is due to the increase in 

planetary wave activity and its interaction with the wave mean flow 

(Matsuno 1971). Using various satellite and ground based radar data more 

studies were reported on the dynamics of SSW. Calculations on Eliassen-

Palm (E-P) flux using ECMWF reanalysis data, showed clear evidence of 

an equatorward propagation of planetary waves consecutive to a major 

warming episode over polar region (Sivakumar et al. 2004). This study 

showed that the SSW is not only focused towards high/mid-latitudes 

depending on the strength of the warming it can also extend to low-

latitudes. Kodera (2006) analysed meridional circulation change 

associated with high-latitude warming of polar region using a composite 

analysis of twelve stratwarm events. They concluded that the warming 

produces lowering of temperature in equatorial lower stratosphere and 

upper troposphere. This leads to a see-saw convective activity in the 

troposphere near to the SH (10°S-equator) and over NH tropical (5°–

15°N) stratosphere. Sub-tropical (5°-15°N) mesospheric temperature field 

shows a cold anomaly with a downward progression of 1 km d-1 (Shepherd 

et al. 2007) during the period of warming events.  Yoshida and Yamazaki 

(2011) showed that tropical tropopause layer experience a cold anomaly 

during January, 2009 SSW event. 
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5.2. Data and methodology 
The ECMWF ERA-40 and interim reanalysis data set at 00 GMT 

with a resolution of 2.5º×2.5º and 1.5º×1.5º, respectively were used for the 

study. Four typical cases were selected for the present analysis. The chosen 

cases are (i) Case 1 - mid-winter event (984/85), (ii) Case 2 - early winter 

(1987/88), (iii) Case 3 – double pulse event (1998/99) and (iv) Case 4 - 

Major (2008/09). Stratospheric temperatures at 2 hPa, 5 hPa, 7 hPa and 10 

hPa levels at 80°N during December to March period for the 

aforementioned SSW years are considered. Daily temperature anomalies for 

the winter period are calculated from the long term mean period comprising 

of 21 year period (1969-1989) for the two events of 1984/85 and 1987/88.  

ECMWF interim reanalysis data set for the period of 1990-2010 are 

used for the other two events to compute the daily anomalies. The daily 

anomalies are calculated for winter period (November through March) for 

the latitudinal belt of 30ºN-30ºS. Seasonal means are computed separately 

for each station from the daily data for the above time period. The 

anomalies are calculated as the deviations (∆T) from the seasonal means 

(T). Normalized temperature anomalies are calculated for one year the 

period from November-October for each stratwarm case at 2 hPa, 5 hPa, 7 

hPa and 10 hPa levels. 

Six locations over Indian regions are selected to find out the intensity 

of upper stratospheric cooling during the period of the chosen stratwarm 

events. The selected locations are shown in Fig. 5.2. There are (1) Delhi 

(28º38′N, 77º12′E), (2) Jodhpur (26º18′N, 73º04′E), (3) Ahmedabad 

(23º00′N, 72º 40′E), (4) Hyderabad (17º22′N, 78º02′E), (5) Bangalore 

(12º58′N, 77º35′E), and (6) Trivandrum (8º4′N, 77º.02′E).  
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FIG. 5.2. Map of India to show the six selected locations. 

 

The following notations are used: 

MW  : Major warming 
mw1  : Minor warming 1  
mw2  : Minor warming 2  
Mc  : Major cooling: cooling associated with major    
                                                 warming 

          mc1             : Minor cooling 1: cooling associated with minor  
            warming  

mc2  : Minor cooling 2   
P0  : Peak day of the warming event 
P-  : Pre- phase of the warming event 
P+  : Post- phase of the warming event 
Px    where x denotes the number of days after/before the  

warming 
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5.3. Results and Discussion 

5.3.1. Characteristics of the ‘intense major’ stratwarm events 

Figure 5.3 depicts the time series of the zonal polar upper 

stratospheric temperatures at 2 hPa, 5 hPa, 7 hPa and 10 hPa levels over 

80°N latitude during the major stratospheric warming events on 1984/85 

(mid-winter), 1987/88 (early), 1998/99 (double pulse) and 2008/09 (major) 

from the time period November to March. The behavior of the winter 

warmings are studied from the these figures  

5.3.1.1. Warming event of the winter: 1984/85 

Figure 5.3a reveals the time series of the winter 1984/85. Earlier 

studies (Randel and Boville, 1987 and  Fairlie et al. 1988) described the 

evolution and dynamics of this major warming using geopotential height 

and temperature, fields of Q vectors, isentropic maps of Ertel's potential 

vorticity and zonal wave numbers. The winter 1984/85 is characterized by 

three warming pulses. An intense major warming is developed in the last 

week of December and peaked in the first week of January 1985. This event 

is followed and preceded by one minor warmings each.  The major 

warming is clearly delineated at 80°N at different stratospheric levels. The 

major stratwarm which peaked in the first week of January 1985 propagated 

to mid-stratospheric level (Fig. 5.3a, Mw). The peak day of this event at 10 

hPa was on 2 January 1985. In addition, the winter polar upper stratosphere 

is experienced one minor warming on 10 December 1984 (mw1) and another 

on 15 March 1985 (mw2) at the same level. The second minor warming 

accompanied the transition of easterly flow towards the spring season 

(Randel and Boville, 1987). These three warming pulses registered at the 

upper stratospheric level with maximum amplitude at 2 hPa level. Table 5.1 
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shows the peak days of the three events, the location of the warm centers 

and the temperature anomaly at the peak phase.  

TABLE. 5.1. Temperature deviations (∆T) at the warm centers at different levels 
for the major and the two minor warming events in the winter 1984/85. 
 

ht 
(hPa

) 

Major warming 
(Mw) 

Minor warming 1 
mw1 

Minor warming 2 
mw2 

P0  day  
Max 
∆T(°
C) 

Core 
Lat/Lon 
degree 

P0 day   
Max 
∆T(°
C) 

Core 
Lat/Lon 
degree 

P0 day  Max 
∆T(°C) 

Core 
Lat/Lon 
degree 

2  31/12/84 86 65/120 09/12/84 34 75/ 60 15/03/85 25.5 50/ 5 

5  31/12/84 60 55/60 10/12/84 35 70/ 130 15/03/85 34.5 70/ 110 

7  01/01/85 58.5 60/58 09/12/84 33 70/80 15/03/85 34 70/ 110 

10  02/01/85 54.5 70/ 38 10/12/84 25 70/ 110 15/03/85 27.8 68/ 118 

 

5.3.1.2. Warming event of the winter: 1987/88 

The stratospheric warming in this winter is characterized by the 

earliest intense major warming event ever recorded in the northern 

hemisphere. The warming began on the first week of December and peaked 

on 09 December 1987 (Fig. 5.3b, Mw). The event developed by the 

intensification of planetary wave number 1 (Baldwin and Dunkerton, 1989). 

Prior to the major stratwarm event, the upper stratospheric levels 

experienced a minor warming on 21 November 1987 (Fig. 5.3b, mw1) and 

consequently stratospheric vortex regained its strength with temperatures -

80°C. It is then followed by a major and a minor warming occurred at 2 hPa 

level on 01 March 1988 (Fig. 5.3b, mw2). The minor warming marked the 

transitional phase of the season. Details of the peak intensity of this event 

are given in Table 5.2. 
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FIG.5.3. Daily variation of polar stratospheric temperatures (°C) at different 
stratospheric levels during four different SSW winters (a) 1984/85, (b) 1987/88, 
(c) 1998/99 and (d) 2008/09. The arrow with Mw represents the peak days of the 
major warming events. The first and second minor warming events are denoted by 
mw1 and mw2. Mf   represents the Final warming event. 
TABLE. 5.2. Temperature deviations (∆T) at the warm centers at different levels 
for the major and the two minor warming events in the winter 1987/88. 

ht 
(hPa) 

Major warming 
(Mw) 

Minor warming 1 
mw1 

Minor warming 2 
mw2 

P0  day 
Max 
∆T 
(°C) 

Core 
Lat/Lon 
(degree) 

P0 day 
Max 
∆T 
(°C) 

Core 
Lat/Lon 
(degree) 

P0 day 
Max 
∆T 
(°C) 

Core 
Lat/Lon 
(degree) 

2 09/12/87 58 55/62 21/11/87 6.5 80/ 80 01/03/88 55 75/ 60 

5 09/12/87 59.2 65/40 21/11/87 19 80/ 130 01/03/88 44.5 80/ 90 

7 09/12/87 57.8 60/40 21/11/87 23 80/ 140 01/03/88 45 80/ 100 

10 10/12/87 52 65/51 21/11/87 25 80/ 130 01/03/88 45 80/120 
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 Stratospheric temperature rose to -10°C at 2 hPa levels on first week 

of March, and then it entered into a transition period of winter to spring. 

This minor warming shows fluctuation at 5 hPa, 7 hPa and 10 hPa levels 

i.e., increase in temperature, then a sudden fall and again a slight increase 

(denoted as arrow) before entering into the transition phase.  

5.3.1.3. Warming event of the winter: 1998/99 

The winter of 1998/99 experienced two significant warming pulses. 

The first pulse occurred in the early December (Fig. 5.3c, Mw) and the 

second one in late February (Mf). The first event stands as the second 

earliest major warming. The overall vortex evolution of this event is 

reported by Manney et al. (1999) using 3D mechanistic model simulation. 

They reproduced the warming and zonal wind reversals at 10 hPa level in 

their model studies. At upper stratospheric levels, both the early and late 

winter warmings, registered their intensity with higher gradient. Details of 

the peak intensity of the two warmings are given in table 5.3. The 

maximum temperature rise is not uniform in the whole of the stratospheric 

region because of the downward propagation of the warm centers from 

upper to lower stratospheric levels. Peak date of the final warming at 

different upper stratospheric levels vary from 24 to 27 February 1999 

respectively. 

5.3.1.4. Warming event of the winter: 2008/09 

The winter period is relatively undisturbed till the first half of 

January. A warming developed in the beginning of the second half of 

January and attained its peak intensity on 23 January 2009 (Fig 5.3d, Mw).  
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TABLE. 5.3. Temperature deviations (∆T) at the warm centers at different height 
levels for the major and the final warming events in the winter 1998/99. 
 

 

Out of the four selected stratwarm events, this event is the strongest 

and it is distinguished by the zonal wave number-2 pattern. Its evolution is 

detailed by Labitzke and Kunze, (2009); Manney et al. (2009) and Harada 

et al. (2010). Similar to the major stratospheric warming events in 1984/85 

and 1987/88, the final warming in February 1999 also undergone split in the 

polar vortex during the warming phase. There is a minor temperature 

increase in the upper stratospheric levels on the first week of December 

2008, which is denoted by mw1 (Fig 5.3d). In this chapter, the day in which 

polar stratospheric temperature increase at 80°N for each level is considered 

as the peak days for the selected stratwarm event.  

TABLE. 5.4. Temperature deviations (∆T) at the warm centers at different levels 
for the major warming events in the winter 2008/09. 

ht 
(hPa) 

Major warming 
(Mw) 

Final warming 1 
(MF) 

P0  day Max 
∆T(°C) 

Core 
Lat/Lon 
degree 

P0 day Max 
∆T(°C) 

Core 
Lat/Lon 
degree 

2 14/12/98 63.8 70/ 40 24/02/99 74.6 75/09 

5 17/12/98 36.6 75/ 80 25/02/99 70 75/30 
7 16/12/98 42 65/ 75 26/02/99 62.5 75/30 

10 16/12/98 43.2 70/ 90 27/02/99 56.5 75/25 

ht 
(hPa) 

Major warming 
(Mw) 

P0  day Max 
∆T(°C) 

Core 
Lat/Lon (degree) 

2 23/01/09 62.5 75/80 
5 23/01/09 73.2 85/10 
7 23/01/09 71.8 85/10 
10 23/01/09 75.2 80/10 
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5.3.2. Zonal average temperature anomalies over the tropics      
          during SSWs period  
 
 To study this aspect, the anomaly in the daily data are calculated 

from the mean of 21 year period (1969-1989) using ERA-40 for the first 

two events (1984/85 and 1987/88) and for the other two (1998/99 and 

2008/09), the period is 1990-2010. Fig. 5.4 illustrates the thermal pattern of 

the tropics (30°N-30°S) during the two events at the four different 

stratospheric levels (2 hPa, 5 hPa, 7 hPa and 10 hPa). Associated with the 

SSW, cooling in the tropical region is evident during the days of warming. 

The peak days of tropical cooling connected with the major warmings are 

denoted by arrows with Mc and linked with the minor warmings by mc1 and 

mc2.  

5.3.2.1. Thermal structure of the tropical stratosphere: 1984/85 

 Time series of temperature anomaly for 1 December through 31 

March 1985 is prepared and shown in Fig.5.4a-d. During this winter, apart 

from the major warmings minor warmings are also noticed, one before and 

one after the major warming pulses (see Fig. 5.3a). These 3 warming pulses 

exhibited a decrease in the prevailing temperatures over tropics. The low 

temperatures during the major warming on 1 January 1985 are denoted by 

Mc in each in Fig. 5.4 (a-d). Cooling associated with the mw1 and mw2 

warming are also very evident in the figure.  

 A minor cooling (mc1) of  -2° to -4°C is noticed at 2 hPa level on 14 

December 1984, which is then followed by a major cooling (Mc) of -4° to -

6°C. The major warming peaked on 1 January 1985. After these two events, 

the tropical upper stratospheric temperature regained to the positive 

temperature gradient. This gradient ranges from 0 to 4°C to the first week 

of February 1985. A minor cooling weakened on 14 March 1985. These 
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three cooling pulses and positive temperature gradient over tropics are 

associated with the high- latitude temperature gradient as described in Fig. 

5.3a. The high-latitude maximum and equatorial minimum temperatures are 

observed on the same peak days. This implies the presence of strong 

coupling between high-latitude and equatorial upper stratospheres in 

association with SSWs. 

 Fig. 5.4b-d explains how these tropical cooling pulses are propagate 

downward from upper to mid-stratosphere during the major and minor 

warmings. Associated with the minor warming  at 5 hPa (Fig. 5.4b, mc1), a 

cooling of -2° to -4°C is noticed in the latitudinal belt 15°N - 15°S. This 

minor cooling is merged with lower temperatures of -6° to -8°C around 1 

January 1985 (Mc). Another cold anomaly is again noted at the same level 

associated with the minor warming during the transition period from winter 

to spring season. This equatorial cooling continued till the end of the season 

with -4° to -8°C. In between the major and the second minor cooling, 

tropical upper stratosphere experienced a cold anomaly of   -4° to -10°C. 

 The intensity of the cooling is reduced as it propagated from 5 hPa to 

7 and 10 hPa levels. The magnitude of the cooling ranges from -4° to -8°C 

during minor 1 and major (Fig. 5.4c, mc1 and Mc) warming episodes. The 

cooling takes place around the peak days. At the mid-stratospheric level, the 

lowest temperature of -4° to -6°C (Fig. 5.4d, mc1 and Mc) are found during 

the peak phase of minor 1 and major warming events. Positive temperature 

gradient of 0-4°C is also noticed after the two cooling phases. The 

temperature drop associated with the minor warming (Fig. 4.4d, mc2), is -2° 

to -4°C. The time of maximum cooling is on the peak days of the major 

warming. 
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5.3.2.2. Thermal structure of the tropical stratosphere: 1987/88  

 Similar to the 1984/85 event, an out of phase relation of temperature 

anomalies over the tropics is noted during the SSW of 1987/88 at Polar 

regions. Fig. 5.4e-h depicts the time period from 10 November 1987 - 30 

March 1988. This winter is characterized by three warming pulses on (1) 21 

November 1987 (minor 1, mw1), (2) 10 December 1987 (major, Mw) and (3) 

01 March 1988 (minor 2, mw2).  

 Corresponding to the minor warming on 21 November 1987, 

equatorial regions (Fig. 5.4e, mc1) is experienced a negative temperature 

gradient ranging from 0 to -4°C. This cooling merged with an intensified 

severe cooling of -8 to -12°C on 11 December 1987. At 2 hPa and 5 hPa 

levels a well pronounced low temperature is occurred during the peak phase 

of the major warming event on 11 December 1987.  

 Temperatures over the tropics are returned to the normal seasonal 

state after the decay of the warming. A cooling is also noticed in the upper 

stratosphere associated with the third minor warming; which occurred in the 

first week of March 1988. The intensity of cold anomalies decreased while 

propagating from upper to mid-stratosphere during the major as well as 

minor warmings. A positive temperature gradient of 0-2°C is noticed over 

tropics soon after the major cooling (Mc). These tropical temperature 

perturbations are directly related with the polar stratospheric temperature 

variations. This out of phase relation is visible throughout the winter season 

of 1987/88 at the time of SSWs. Maximum cooling of -8° to -10°C is 

observed in the latitudinal belt of 5°N- 5°S simultaneously with the highest 

temperature occurred in the high- latitude in early December 1987 (Mw). A 

negative gradient of -4° to -6°C is visible corresponding to the minor 2 in 

March 1988. At mid-stratosphere (Fig. 5.4h, Mc), low departures of -4° to -



Chapter 5                                                             Tropical response of SSW 

122 
 

6°C is linked with the major warming. The maximum cooling is found in 

the latitudinal belt of 10°N-10°S; i,e., in the equatorial region 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 5.4. Time-latitude cross-section of the daily temperature anomalies during 
stratwarm events 1984-85 (left) and 1987-88 (right) using ERA-40 data. Time 
period ranges 1 December 1984 - 31 March 1985 and 10 November 1987 – 31 
March 1988 at 2 hPa (top row), 5 hPa (second row), 7 hPa (third row) and 10 
hPa (fourth row). Arrow with Mc denotes the major cooling, mc1 and mc2 stand for 
the minor cooling1 and minor cooling 2, during the peak days of the major and 
minor warmings. 
 . 
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5.3.2.3. Thermal structure of the tropical stratosphere: 1998/99  

 Spatial and temporal variability of the stratospheric cooling during 

this event is very evident from fig. 5.5a-d as in the case of the above two 

cases. The winter of 1998/99 is experienced a major warming in the first 

half of December. 

 

 

 

 

 

 

 

 

   

 

 

 

 
FIG. 5.5.  Time-latitude cross-section of the daily temperature anomalies during 
the 1998/99 SSW event at different stratospheric levels: 2 hPa (top row), 5 hPa 
(second row), 7 hPa (third row) and 10 hPa (fourth row) level. Time period 
ranges 1st December to 31 March 1999. 
  

 Around the peak days, a cooling of -4° to -6°C is noted at 2 hPa level 

(Fig. 5.5a, Mc) covering the latitudinal belt of 20°N-20°S. This cooling 

pattern exists at 5 hPa during 10 - 20 December 1998 with an intensity of -
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6°C (Fig. 5.5b) in the same latitudinal belt. At lower level (7 hPa), the 

temperatures of -4°C are found in between 10°N-15°S (Fig. 5.5c, Mc), 

while at mid-stratospheric level (10 hPa) an intensified cooling of -5°C is 

seen in the 30°N-20°N region. The anomalies seem to propagate downward 

and towards the equatorial regions.  

 The winter of 1998/99 had the final warming during the end of 

February: peak phase begins on 24-27. A cooling of -5°C is seen at 2 hPa 

level (Fig. 5.5b, Mf) between 15°N-15°S. These cold anomalies propagated 

downward with the same intensity at the lower levels at 5 hPa and 7 hPa. 

During these processes the cold region covers more tropical areas. After the 

early warming in December 1998, upper stratospheric temperatures attained 

its seasonal state of the non-event period with strong polar vortex which 

continued till the final warming in the late February. The stratospheric 

temperature over the tropics shows two reversals in temperature gradient 

which resulted in cooling at par with the two warmings. The value of the 

temperature gradient is 0-4°C over tropics.  The coupling between low and 

the high- latitudes regions is also evident in this winter.  

5.3.2.4. Thermal structure of the tropical stratosphere: 2008/09  

 Figure 5.6a-d depict the spatial and temporal variability of equatorial 

cooling during the case 4 SSW (left) event at different pressure levels. 

Figures in the right panel show the corresponding peak days of temperature 

anomalies. Along with the sharp temperature increase in the Polar regions, a 

drop in tropical stratospheric temperature is very evident. At 2 hPa level, 

the tropical cooling of -4° to -6°C is noticed over the region 10°N-30°S. 

Prior to the peak day maximum cooling is observed at 25°N (Fig. 5.6e) and 

also at 5 hPa level cooling is at 20°N on 20 January 2009 (P-3 day). The 

cooling extends both to the northern and the southern hemispheres. 
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FIG.5.6. Time-latitude cross-section of the daily temperature anomaly (left) for 
the stratwarm events at 2 hPa (top row), 5 hPa (second row), 7 hPa (third row) 
and 10 hPa (fourth row). Time period is from 1st December to 31 March 2009.  
The temperature anomaly variation during peak days are plotted (right). 

  

 At 7 hPa and 10 hPa levels that maximum cooling is noticed during 

20-24 January 2009, then after it intensity decreased. The lower 

temperatures of -4.8°C (Fig. 5.6g) are noticed at 5°N on 20 January 2009. 
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At the same time, at 10 hPa level (Fig. 4.6d, Mc) the lower temperature is -

5.4°C on 23 January 2009 and 24 January 2009 at 10°S and 5°N (right).The 

cooling associated with the major warmings stands as the seasonal 

minimum value in the tropical stratosphere. 

 When the center of warming propagate downwards, the area of the 

cold regions are effective to larger areas. Downward propagation of the 

warming and the area of the cold center are interlinked. This study also 

indicate that there is a relation between the altitude of cold centers and the 

area of the cold regions, when the cold center is in the upper most 

stratospheres the cold region is comparatively confined to lower areas. 

The minor perturbations in the winter also causes 0 to -2°C (Fig. 

5.6d, mc1) of cooling  in the latitude of 10°N - 10°S. Temperature regains to 

the pre- SSW state at both the high and low latitude regions soon after the 

decay of SSW. 

5. 3. 3. Tropical cooling over Indian regions 

From the above analysis it is very clear that SSWs are always 

accompanied by a cooling in the stratosphere over the tropics from 30°N-

30°S. In this section, the effects of SSW on cooling over Indian regions are 

discussed. For this purpose six Indian stations, such as Delhi (DLH), 

Jodhpur (JDP), Ahmedabad (AHD), Hyderabad (HYD), Bangalore (BNG), 

and Trivandrum (TRV) are selected. The first three stations represent the 

north Indian sectors and the rest are in the south Indian sectors (Fig.5.2). 

The analysis is carried using the four SSW events occurred during the 

winter 1984/85, 1987/88, 1998/99 and 2008/09. The vertical cross-sections 

of temperature anomalies for the stratospheric regions are prepared for all 

the four winters and delineated the various features on the tropical response 

of stratwarm pertaining to the Indian regions. 
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5.3.3.1. Intensity and time of cooling over Indian regions: 1984/85 

Figure 5.7a-f depicts the thermal behavior of the stratospheric layers 

over the stations during the case 1 (1984/85) stratwarm event.  

 

 

 

 

 

 

 

 

 

 

 

FIG.5.7. Height-time cross section of stratospheric temperatures over the six 
Indian stations viz (a) DLH (28º38′N, 77º12′E), (b) JDP (26º18′N, 73º04′E), (c) 
AHD (23º00′N, 72º 40′E), (d) HYD (17º22′N, 78º02′E), (e) BNG (12º58′N, 
77º35′E), and (f) TRV (8º4′N, 77º.02E). The arrow with Mc represents the peak 
day of major SSW with mc1 and mc2 for that of the minor SSW events. 

 
During this winter there are three warmings, two minor and one 

major (Fig. 5.3). Major warming peaked on 2 January and the minor 

warmings peaked on 10 December and 15 March 1985 respectively. From 

the figure it is very evident that temperature the Indian stations undergone 

an out of phase variations with respect to the warming periods over the 

Polar region. The stratosphere over the Indian region shows a very strong 

cooling during the peak phase of the warmings. The intensity of the cooling 

is very strong in the upper stratosphere (2 hPa and 5 hPa levels). 
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TABLE.5.5. Maximum cooling and its corresponding time in days with respect to 
the Peak day (P0) of the major 1984/85 SSW at the six stations.  

 
 

The cold centers are propagated to the lower altitudes irrespective of 

the intensity of the stratwarm events. The maximum warming over the 

Polar regions and the lowest temperature over the Indian region are almost 

simultaneous. The stratospheric temperature over Indian stations during the 

peak phase of major SSWs stands out as the lowest of the season. The 

maximum negative departure of -24.2°C is noticed at 2 hPa on P+2 day. i.e., 

two days after the peak day. The magnitude of the stratospheric cooling 

(Mc) associated with major SSW and the day in which maximum deviation 

is noticed are summarized in Table 5.5.  

The intensity of cooling and the day in which the low temperatures 

are noticed are tabulated in Table 5.6 and 5.7, during minor 1 and minor 2 

stratwarms. Maximum lower temperature is noticed at 2 hPa level (mc1) on 

P-4 day for the first four Indian regions and P-5 and P-3 day on remaining 

two stations. It indicates that less intensified cooling also happened during 

the two minor warmings. Here we can infer that minor warming also cause 

ht 
(hPa) 

 
Peak day 

(P0) 
 

0PwrtdayingCorrespond
CTdeviationMaximum ο∆  

DLH 
28º38′N, 
77º12′E 

JDH 
26º18′N, 
73º04′E 

AHD 
23º00′N, 
72º40′E 

HYD 
17º22′N, 
78º02′E 

BNG 
12º58′N, 
77º35′E 

TRV 
8º4′N, 

77º02′E 

2 31/12/84 
-24.2 -24.51 -18.84 -11.74 -12.37 -9.24 

P+2  P+2  P+2  P0  P+2  P+1  

5 31/12/84 
-14.67 -13.57 -14.48 -12.95 -6.88 -8.12 

P+5  P+1  P+1  P0  P+1  P-1  

7 01/01/85 
-12.38 -11.51 -10.02 -8.99 -5.64 -6.42 

P+1  P+1  P+2  P0  P0  P0  

10 02/01/85 
-11.24 -10.17 -6.1 -9.04 -6.31 -6.16 

P+5  P+5  P0  P+4  P-1  P+1  
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a low temperatures. The time of maximum cooling varies from P-5 to P+4 

(Table 5.7) days. The intensity of cooling goes on decreasing at each level 

as it moves from 28°N to 8°N. In the case of second minor event the 

tropical minimum is -8.37°C at 2 hPa. 

TABLE 5.6. Maximum cooling and its corresponding time in days with respect to 
the Peak day (P0) during the 1984/85 minor SSW at the six stations. 

 
 
 

 

 

 

 

 

 

 

ht 
(hPa) 

 
Peak  
 (P0) 

 

0PwrtdayingCorrespond
CTdeviationMaximum ο∆

 

DLH 
28º38′N, 
77º12′E 

JDH 
26º18′N, 
73º04′E 

AHD 
23º00′N, 
72º40′E 

HYD 
17º22′N, 
78º02′E 

BNG 
12º58′N, 
77º35′E 

TRV 
8º4′N, 

77º02′E 

2 09/12/84 
-12.27 -09.73 -06.52 -04.27 -02.60 -00.53 

P-4  P-4  P-4  P-4  P-5  P-3  

5  10/12/84 
-06.78 -04.68 -06.46 -05.87 -04.59 -03.67 

P0  P-2  P-3  P-4  P-4  P-4  

7 09/12/84 
-00.26 -01.32 -00.06 -01.10 -01.02 01.51 

P0  P0  P+1  P-1  P-2  P-1  

10  10/12/84 
-02.55 -00.77 01.09 -02.48 -02.88 01.80 

P+4  P+2  P-5  P0  P0  P-5  
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TABLE 5.7. Maximum cooling and its corresponding time in days with respect to 
the Peak day (P0) during the 1984/85 minor SSW at the six stations. 

 

5.3.3.2. Intensity and time of cooling over Indian regions: 1987/88 

 Stratospheric temperatures over the six Indian regions associated 

with the case 2 (1987/88) warming shows almost similar pattern as in the 

case of 1984/85 event. The seasonal minimum temperatures in the Indian 

station during the winter 1987/88 falls on the peak day of the major 

stratwarm.  

 The latitudinal variation of seasonal minimum temperatures at 

different altitudes is shown in Figure 5.8. It illustrates the peak of three 

cases of warmings of the winter 1987/88: (a) major, (b) minor 1 and (c) 

minor 2 and the corresponding latitude. From the Fig 5.8a it can be seen 

that, northern part of the Indian regions experienced the lowest 

temperatures, with magnitude exceeding -18°C between 23°N and 17°N 

latitudes at 2 hPa level on 8 December 1987 (i.e., P-1 day). The behavior of 

the remaining 3 levels is identical. This indicates the downward propagation 

of cold centers from high- to lower latitudes. The days in which the 

maximum cooling noticed are tabulated in Table 5.8. 

ht 
(hPa) 

Peak  
(P0) 

  

0PwrtdayingCorrespond
CTdeviationMaximum ο∆  

DLH 
28º38′N
77º12′E 

JDH 
26º18′N, 
73º04′E 

AHD 
23º00′N, 
72º40′E 

HYD 
17º22′N
78º02′E 

BNG 
12º58′N
77º35′E 

TRV 
8º4′N, 

77º02′E 

2 15/3/85 -8.37 -7.28 -4.03 -7.09 -6.42 -0.73 
P+3 P0 P-3 P+3 P+3 P+2 

5 15/3/85 -8.60 -4.94 -4.54 3.73 0.63 2.96 
P0 P0 P-2 P+2 P0 P+3 

7 15/3/85 -3.73 -2.89 -3.31 -3.46 -1.07 -1.32 
P0 P+1 P-1 P+3 P0 P+4 

10 15/3/85 
0.59 1.48 1.13 -1.18 -0.31 -2.64 
P0 P0 P0 P0 P+2 P+3 
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FIG. 5.8. Examples for the three cases of SSW in the winter 1987/88.  
Stratospheric seasonal temperature anomaly for the Indian stations indicates the 
out of phase relation during (a) major, (b) minor 1, and (c) minor 2 stratwarm 
days. 
 

TABLE 5.8. Maximum cooling and its corresponding time in days with respect to 
the Peak day (P0) of the 1987/88 major SSW at the six stations. 

 
  

ht 
(hPa) 

 
Peak  
(P0) 

  

0PwrtdayingCorrespond
CTdeviationMaximum ο∆  

DLH 
28º38′N, 
77º12′E 

JDH 
26º18′N, 
73º04′E 

AHD 
23º00′N, 
72º40′E 

HYD 
17º22′N, 
78º02′E 

BNG 
12º58′N, 
77º35′E 

TRV 
8º4′N, 

77º02′E 

2  09/12/87 
-15.98 -13.58 -16.63 -17.87 -13.03 -12.96 

P-1  P-1  P-1  P-1  P-1  P-1  

5  09/12/87 
-14.88 -12.34 -10.06 -05.69 -07.42 -08.61 

P0  P0  P0  P-1  P+1  P+1  

7  09/12/87 
-13.24 -13.29 -12.01 -05.42 -03.93 -05.67 

P-1  P+1  P+1  P+1  P-1  P-2  

10  10/12/87 
-10.38 -11.54 -9.32 -5.57 -2.5 -5.35 

P+2  P0  P0  P-3  P-1  P-2  
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 There is a minor thermal perturbation in the northern stratosphere on 

21 November 1987 (Mw1). This led to an enhanced negative temperature 

gradient in the equatorward upper stratosphere (mc1). The minor warming in 

polar stratosphere accompanies a negative impulse in the equatorial 

stratosphere without any time lag (Fig. 5.8, mc1). The stations Ahmedabad 

and Hyderabad underwent the maximum cooling of -10.9°C on 16 

November 1987 at 2 hPa on P-5 day. The temperature perturbations (Fig. 

5.8, mc2) around 20 November 1987 appear very close in time to the SSW 

event registered on 21 November 1987.  

5.3.3.3. Intensity and time of cooling over Indian regions: 1998/99  

 As in the above two cases, tropical stratospheric temperatures over 

different stations already shows the presence of cooling. The intensity of 

the maximum cooling occurred at different pressure levels and the time of 

occurrence with respect to the peak day of SSW are presented in Figure. 

5.9. The peak days at each altitude are already given in Table 5.3. At Delhi 

station (Fig.5.9a) the maximum cooling are -13°C, -8°C, -7°C and -11°C at 

2 hPa, 5 hPa, 7 hPa and 10 hPa levels respectively. The corresponding peak 

days are P+7, P+1, P+3 and P+5. The intensity of the cooling is sustained from 

upper to mid-stratospheric levels (Fig. 5.9a-c) over the north Indian 

stations. Bangalore station experienced cold temperature anomalies of -

13.6°C, -6.7°C on P+3 day and -3.2°C on P+5 day, and -3.1°C on P+7 day at 

respective levels. The intensity of cooling is linearly decreased over these 

stations (Fig. 5.9e) and in most of the cases it is on post-phase of warmings 

(P+) days. In general cooling is noticed just after the peak days. The 

seasonal minimum temperatures can be seen at northern as well as southern 

sectors. 
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FIG. 5.9. The magnitude of peak cooling and their corresponding time in days 
with respect to the peak of SSW during the major SSW of the winter 1998-99.  

 
          FIG. 5.10. Same as fig 5.9 but for the final warming in February 1999.  
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 The effect of high-latitude final warming (February 1999) over the 

Indian region from upper to mid- stratospheric level is illustrated in Fig. 

5.10a-f. The abscissa with each line denotes the day in which lower 

temperatures are noticed with reference to peak day. The intensity of the 

cooling is largest over the three north Indian stations at 2 hPa level. The 

intensity is reduced as it propagated from upper to mid-stratospheric levels. 

 Over Delhi station (Fig.5.10a) the temperature decreased by -11.7°C, 

-4.9°C, -3.4°C, and -0.59°C at four stratospheric pressure levels on P-4, P-6, 

P-7 and P-5 days. Similar is the pattern of cooling over Jodhpur and 

Ahmedabad stations. It indicates that the intensity of cooling reduced as the 

cold center propagates to lower levels. The intensity of cold temperature 

anomaly over the south Indian station (Trivandrum) varies -5.2°C, -2.3°C, -

2.4°C and -3.32°C at 2 hPa, 5 hPa, 7 hPa and 10 hPa levels respectively. 

This coldest departure throughout the region is noticed just after the peak 

day of the event. 

5.3.3.4. Intensity and time of cooling over Indian regions: 2008/09 

 The thermal behavior in the stratospheric layers over the six stations 

during the SSW phases of the winter 2008-09 is similar to that of the above 

3 cases. The intensity of upper stratospheric cooling during the peak day of 

major stratwarm event on 23 January 2009 over Indian stations presented in 

Fig. 5.11 in a different way. The lowest temperatures observed at different 

stratospheric levels are presented against the latitudes of the six stations. 

The response time of high- latitude warming over these stations with 

reference to the peak days are depicted in Fig. 5.11b.  
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FIG. 5.11. illustrates the maximum low temperatures at the upper stratospheric 
levels against latitude of the six Indian stations (a). The days on the maximum 
cooling with reference to the peak day are represented for the four levels (b).  

 

In the upper stratosphere (2 hPa) winter temperature anomaly shows 

a decrease corresponding to the warming. The coldest temperature 

anomalies at this level are -14.7°C, -12°C, -8.5°C, -10°C, -11°C and -13°C 

respectively for the stations from Delhi to Trivandrum. This temperature 

decrease is noticed (Fig.4.11b, black) on P+7 day for Delhi, Jodhpur and 

Ahmedabad station, P+2 day for Hyderabad, P0 day for Bangalore and P-2 

day for Trivandrum stations. The most pronounced cooling of -17°C is seen 

at 7 hPa and its amplitude decreases towards northern latitude with 

minimum at around 8°N. The lowest temperature is noticed on 22 January 

2009 (P-1) for the first three stations and on P-5 day for the other stations 

(Fig.4.11b).  

5.3.4. The intensity of stratospheric cooling in the annual period 

 In order to compare the intensity of cooling over Indian regions in 

the annual scale, normalized temperature anomaly in the daily data at 

different pressure levels (2 hPa, 5 hPa, 7 hPa and 10 hPa) are calculated for 
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a period of a year from November to October for the four years and shown 

in Figure 5.12 to 5.15. Temperature anomalies are calculated for the six 

stations corresponding to four (1984/85, 1987/88, 1998/99 and 2008/09) 

events and presented Figures 5.12 to 5.15 respectively. The magnitude of 

cooling during the SSW phase in the one year for period can be evaluated 

from these figures. The peak days of the major warmings are denoted by 

dotted vertical lines in all the years. The peak days for the major warmings 

are 2 January 1985, 10 December 1987, 15 December 1998 and 23 January 

2009. The normalized anomaly in the year 1984/85 varies from -6 to 6 at 2 

hPa and -4 to 4 for the respective levels.   

 In earlier sessions it is already presented that the seasonal (winter) 

minimum temperatures in the stratospheric levels over the Indian regions 

took place during the peak phase of major SSWs. It is very interesting to 

report that annual maximum temperature over the polar stratosphere is 

accompanied by annual minimum temperatures over Indian stratosphere. It 

is very clear that the annual minimum temperatures over the Indian stations 

occur during the peak phase of major warmings.  



Chapter 5                                                             Tropical response of SSW 

137 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 5.12. Annual temperature variation at (a) 2 hPa, (b) 5 hPa, (c) 7 hPa, and 
(d) 10 hPa from 1 November 1984 to 31 October 1985 over six Indian stations. 
The dotted vertical lines indicate the peak days. 
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FIG. 5.13. Same as 5.12 but for the period 1 November 1987 to 31 October 1988. 
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FIG. 5.14. Same as 5.12 but for the period 1 November 1998 to 31 October 1999. 
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FIG. 5.15. Same as for 5.12 but for the period from 1 November 2008 to 31 
October 2009 over six Indian stations. 
  
  

 In all the four cases stratospheric temperatures over Indian regions 

attained the annual minimum temperatures around the peak intensity of 

SSW. This indicates the presence of a very strong coupling between Indian 

regions and high- latitude regions when SSW exists.  This result generally 
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agrees with the results reported from a single equatorial station using 

weekly rocket data (Appu 1984). The present study shows the spatial 

structure of the cooling effect over the Indian regions. At 5 hPa, 7 hPa and 

10 hPa height levels the intensity is maximum towards north Indian regions. 

At the upper most level the cooling intensity is almost same. 

 The mechanism responsible for the out of phase relation is explained 

due to the increased wave activity which drives the upward motion in the 

polar stratosphere and as a result temperature decreases in the low latitudes 

by the induced wave activity (Kodera, 2006). Eguchi and kodera (2007) 

also examined the relation between stratospheric warming and tropical 

cooling. The connection between tropics and Polar regions through quasi 

16-day wave propagation from equator to pole, and the persistent of zero 

wind line over tropics ~60 days prior to the major SSW' s is reported by 

Vineeth et al. (2008). Using thermo dynamical analysis with ERA-interim 

data Yoshida and Yamazaki (2001) analyzed the temperature in the tropical 

upper stratosphere during the SSW in 2009. Prior to the peak of major 

warming on 23 January 2009 at 70 hPa, a cold anomaly propagated 

downward over tropics between 150 and 200 hPa on 18 January 2009. 

Kodera et al. (2011) analyzed the tropical strartospheric and tropospheric 

circulation features associated with the above January 2009 SSW event. 

The sudden cooling in the stratosphere causes a change in meridional 

circulation system, resulting in tropical upwelling followed by an enhanced 

convective activity in the south of the equator.    

5.4. Summary and Conclusion 

 The main focus of this chapter is to study the tropical stratospheric 

response during the major as well as minor SSWs occurred in the winters of 

1984/85, 1987/88, 1998/99 and 2008/09. Zonal mean temperature 

anomalies give the intensity of tropical (30°N-30°S) perturbations 
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associated with the high- latitude warmings. The ECMWF ERA-40 and 

interim reanalysis data are utilized to examine the features of seasonal 

temperature anomalies for the selected six stations in the Indian regions. 

This study delineated the nature of the spatial and temporal distribution of 

the tropical stratospheric cooling during resulting from SSWs. The seasonal 

minimum temperatures occurred during the major SSW events over the six 

Indian regions are coincides with annual minimum values. SSWs are 

accompanied by severe cooling over the stratospheric layers. 

 The annual maxima over the polar stratospheric temperatures 

coincide with the annual minimum over the tropical stratosphere. The polar 

perturbations and its resultant equatorial perturbations are peaked on the 

same day. Even though the magnitudes of temperature variations are 

different at both the regions, qualitatively the temperature variations are 

same. The ratio of the warming in polar stratosphere and cooling equatorial 

stratosphere is of the order of 5:1. 

 After the decay of SSWs, the vortex shows the signs of recovery in 

the upper stratosphere. During this period the equatorial thermal structure 

shows a positive temperature gradient as result of the coupling between 

polar and equatorial regions. The above results are evaluated based on only 

four events. To make a detailed study, more cases are to be analyzed.  

 From this analysis it is imperative that one can anticipate a severe 

cold stratosphere over the Indian regions along with major warmings. A 

strong perturbation in the stratospheric temperature can alter the 

equilibrium conditions of the tropical stratosphere. Consequently 

dynamical, chemical and radiative process over the tropical stratosphere 

may undergo sudden changes.  
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Presently major warmings can be successfully predicted one or two 

weeks ahead. When a major warming is predicted, we can expect a very 

cold stratosphere over the Indian regions with in one-two weeks time. This 

prior information may have applications in predicting high altitude balloon 

trajectories, variations in ozone profiles etc. Hence the study indicates 

certain applicational aspect of the SSWs for the tropical regions.  
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Chapter 6 

 

Stratospheric and Tropospheric Circulation Features 
over Tropics and Surface Cooling over Indian Region 

during SSW events 

 
6.1. Introduction 

Sudden stratospheric warmings in the Northern Hemisphere can also 

affect the tropospheric climate through meridional circulation (Kodera et al. 

2006 and Kuroda Y, 2008). Kodera et al. (2011) also analyzed the convective 

activity in the tropical belt of 20°N-20°S and associated circulation features 

during January 2009 stratwarm events.   

Mesospheric region experienced cooling during sudden stratospheric 

warming episodes and is reported by Matsuno (1971) and Labitzke (1972). 

Recently mesospheric cooling is evidenced by measurements from ground 

based lidars and space born infrared observation (Siskind et al. 2005; Thayer 

and Livingston 2008 and Waltershceid et al. 2008). Mesospheric warming also 

reported from an equatorial station, Thumba associated with the SSWs (Appu 

1984). These studies (Labitzke 1972 and Appu 1984) showed the mesospheric 

warming take place above and 52 km altitude while stratosphere undergoes 

severe cooling. 
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Liu et al. (2011) reported that strong cooling of 50°K over 

thermospheric region is noted during January 2009 stratwarm event and it 

could also influence on the ionospheric regions. In relation with the cooling, 

zonal wind reverses to easterly at mesospheric and lower thermospheric 

heights (Gregory and Manson, 1975; Cevolani, 1989, 1991; Singer et al. 1994; 

Jacobi et al. 1997). Equatorial ionospheric region also exhibits a unique and 

distinctive daytime pattern during the stratwarm events like December 2000, 

January 2003 and January 2008 (Chau et al. 2009). 

Equatorial winds in the stratosphere act as a wave guide for the 

midlatitude planetary wave propagation. Thus it can influence the frequency of 

stratospheric warmings (Gray et al. 2001). Sridharan and Sathishkumar (2008) 

anlayse the interannual variability of gravity wave variances in the altitude 84-

94 km over Thirunelveli. According to them the enhanced gravity wave 

variances are coincides with the eastward phase of Quasi Biennial Oscillation 

(QBO) and stratospheric warming events during 2000, 2004 and 2006 years.  

 The high-latitude stratospheric warming and equatorial cooling is 

simultaneously observed (Fritzs and Soules 1970, 1972). Associated with the 

major SSW perturbations, the surface temperature anomalies over Indian 

regions show a decrease of 6°C (Appu 1984).  This result is obtained based on 

the daily T-maximum temperatures obtained from Indian Meteorological 

Department (IMD). The out of phase relation between the tropics and the extra 

tropics temperatures arises as a result of the wave driven Lagrangian mean 

meridional circulation (Yulaeva et al. 1994). The relation between tropical and 

high-latitude stratospheric temperatures is explained by a compensating 

mechanism of adiabatic warming /cooling in the two regions through Brewer 

Dobson circulations (Young et al. 2005).  
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The previous chapter 5 examined the temperature perturbation during 

strawarm events over selected tropical stations. In the present chapter we have 

analysed the same stratwarm events (1984/85, 1987/88, 1998/99 and 2008/09) 

and its circulation features over the tropical stratospheric levels. Tropical 

upwelling and the variations in the meridional circulation is also examined. 

Consecutive 3-day mean of meriodional wind anomaly is used to calculate the 

mass stream function. Thus we can analyse the tropospheric circulation 

features associated with SSWs. To study the effect of SSWs over the surface 

layers of the Indian regions temperature anomaly from the seasonal mean over 

the chosen Indian region is also carried out. 

6.2. Data and methodology 

The ECMWF ERA-40 zonal wind data is used to calculate the anomaly 

over the tropics (20°N-20°S) for 1984/85 and 1987/88 stratwarm events from 

the long term mean of 1969-1989 and interim reanalysis data is utilized for the 

period 1990-2010 for 1998/99 and 2008/09 events. The zonal averaged (0-360) 

zonal wind anomaly is calculated for the selected pressure levels ranging from 

mid-to upper stratospheric levels. Vertical velocity is taken from the above two 

data sets at 850 hPa, 500 hPa, 100 hPa, 50 hPa, and 10 hPa levels. Then zonal 

mean vertical velocity is averaged over tropics (20°N-20°S) and a seven day 

running mean is also performed. Meridional (v) and vertical velocity (w) wind 

from 1000 to 100 hPa levels are plotted for each stratwarm case over tropical 

region (30°N-30°S). Thus we can examine the tropospheric perturbation 

associated with SSWs. Mass meridional stream function is used to study the 

meridional circulation changes during four SSWs. Zonal averaged (0-360) 

meridional wind  anomalies from the long term mean of 1980-2010 period is 
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utilized to calculate mass stream function. Consecutive 3-day mean of 

meridional wind anomaly before, during and after the SSW events are used. 

Zonally averaged mass continuity equation is computed from the relation 
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Where [ν] is the temporal and zonal averaged meridional velocity, ω is the 

vertical velocity in pressure co-ordinates, R is mean radius of earth and p is 

pressure. 

Introducing a Stokes stream function ψ, given by equation 
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We can calculate the ψ field, assuming ψ=0 at the top of the atmosphere and 

integrating the equation downward to the surface. 
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Using this Stokes stream function, we can analyze meridional circulation 

changes associated with each stratwarm events. 

To investigate the influence of stratospheric warming at surface level 

(1000 hPa), temperature anomalies from the winter mean are calculated for the 

selected Indian regions separately. 
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6.3. Results and Discussion 

6.3.1. Features of zonal wind anomalies over tropics associated with 
the four stratwarm events (1984/85, 1987/88, 1998/99 and 2008/09) 

 
In this section we analyzed the zonal mean zonal wind variations in the 

stratospheric levels over the tropical region (20°N-20°S) during the four 

stratwarm events. The high-latitude polar warming events in each case showed 

maximum tropical cooling on the peak days (chapter 5). At this time, whether 

the temperature variation in the tropics has the coherent effect on the zonal 

wind anomalies over the same area is analyzed. Figure 6.1 shows latitude time 

cross-section of zonal mean (0-360) zonal wind anomalies for 1984/85 (left) 

and 1987/88 (right) stratwarm events at 2 hPa, 5 hPa, 7 hPa and 10 hPa levels. 

The peak days of each event is represented by vertical arrows.  

The low-latitude circulation responds to the high-latitude warming 

phenomena only at upper stratospheric or mesospheric levels. During 1984/85 

stratwarm event, the intensification of easterly wind anomalies is noticed at 2 

hPa levels about one week prior to the peak day. Duration of the easterly wind 

anomalies at upper stratosphere started from 16 December 1984 to 16 January 

1985 (Fig.6.1a). The variations in the zonal wind anomalies are visible only in 

the upper stratospheric level (2 hPa), the lower levels are dominated by 

westerly wind anomalies throughout the season. No variation is seen at 5 hPa, 

7 hPa and 10 hPa levels (Fig.6b, c, d) with respect to the peak day of stratwarm 

events.  
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FIG.6.1. Zonal wind anomaly over tropics (20°N-20°S) during 1984/85 and 1987/88 
stratwarm events at 2 hPa, 5hPa, 7hPa and 10 hPa levels. The peak days of the event 
are denoted by arrows.  

 

The same features are evident in fig. 6.1e for the time period 

1November 1987 to 28 February 1988. Easterly wind anomalies are observed 

at 2 hPa level more than one week before and after the peak day with an 

intensity of -30 ms-1. The intensification of easterly wind is limited to 2 hPa 
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levels only. It shows that the downward propagation of zonal wind anomalies 

is confined from mesosphere to upper stratospheric levels.   

Hoffman et al. (2007) showed that high-latitude sudden warmings in the 

stratosphere are connected with mesospheric cooling of about 10-20 °K of the 

90 km region over the region Andenes (69°N, 16°E). The cooling process in 

the mesospheric region leads to the reversal of mean westerly winds to 

easterly. The mesospheric wind reversal is observed prior to the variation in 

stratospheric levels associated with SSWs. Mbatha et al. (2010) analyzed the 

dynamics of mesospheric circulation during the unprecedented southern 

hemispheric stratwarm event in September 2002. Mesospheric wind reversals 

are noticed almost one week prior to the reversals in stratosphere. 

Figure 6.2a-h depicts the zonal wind anomalies over tropics at different 

stratospheric levels during 1998/99 and 2008/09 stratwarm events. In this case 

also the occurrence of the easterly wind at 2 hPa levels coincides with the peak 

day of the warmings. The intensity of the easterly wind ranges from -10 to -20 

ms-1 during early winter (December 1998) and late winter (February 1999) 

warmings.  The winter 1998/99 is characterized with mesospheric cooling and 

wind reversals. As a result, mesospheric variations propagate downward and it 

is visible in the 2 hPa zonal wind anomalies. The lower levels like 5 hPa, 7 hPa 

and 10 hPa are distinguished by westerly wind anomalies. In other words, from 

upper to mid-stratospheric levels the westerly component of wind or the 

westerly phase of the semiannual oscillation (SAO) is dominated. 

In the case of 2008/09 stratwarm event, the circulation reversals from 

westerly to easterly are absent. The easterly phase of the SAO is noted in the 
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entire stratospheric levels. Easterly wind anomalies of 30 ms-1 are noted at 10 

hPa level from the first week of December 2008 to 1 March 2009. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

 
 

 

 
 
FIG.6.2. Zonal wind anomaly over tropics (20°N-20°S) during 1998/99 and 2008/09 
stratwarm events at 2 hPa, 5hPa, 7hPa and 10 hPa levels. The peak days of the event 
are denoted by arrows. 



Chapter 6     Tropical circulation 

152 
 

6.3.2. Tropical upwelling (20°N-20°S) during stratospheric warming 
 event 
 

Figure 6.3a-e illustrates zonal mean (0-360) vertical velocity over 

tropical region (20°N-20°S) for the time period of 1December 1984 to 31 

January 1985 at 850 hPa, 500 hPa, 100 hPa, 50 hPa and 10 hPa levels. The 

seven day running mean of vertical velocity is performed and it is multiplied 

by a constant of 1000. Prior to the peak day, a sharp decline (denoted as star 

sign) in vertical velocity is noticed at 500 hPa and 850 hPa levels (Fig 6.3d and 

e). 

 
 
 
 
 

 
 
 
 
 

FIG.6.3 Time series of zonally averaged tropical (20°N-20°S) pressure coordinate 
vertical velocity at 850 hPa, 500 hPa, 100 hPa, 50 hPa and 10 hPa levels for 
1984/85 (left) and 1987/88 (right) stratwarm events. The star sign denotes the decline 
in vertical velocity or upwelling in the tropical atmosphere. The dashed vertical line 
denote the peak day of warmings. 
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    This sharp decrease started from 13 to 22 December 1984: The 

decline in velocity actually shows the increased upwelling in the tropical 

atmosphere during stratospheric warming days. The decrease in tropical 

temperatures and an increase in upwelling occur simultaneously during the 

SSW events. At mid-tropospheric and above levels (Fig. 6.3a-c) this decline of 

vertical velocity takes place especially before after the peak day (dashed line) 

with varying magnitudes at each levels. Mid-stratospheric (Fig. 6.3a) velocity 

shows a decline in magnitude on the peak day over tropics.  

The case 2 stratospheric (Fig 6.3f-j) warming event for the time period 

15 November 1987 to 15 December 1988 also shows the same features over 

the tropical atmosphere. The decline in velocity is noted after the peak day (13- 

18 December 1987) from lower tropospheric to mid-stratospheric levels. At 

lower tropospheric levels (Fig.6.3d and e) it varies from -10 to -12 ms-1 over 

the same time period. The decrease in velocity is taken place after the peak day 

at 100 hPa and 50 hPa levels (Fig.6.3g and h). At 10 hPa levels we can observe 

a sharp decline followed by an increase in velocity. The decrease in velocity is 

started prior to the peak day (dashed line), and then it takes another ten days to 

reach below normal value (Fig.6.3f, star).  

Figures 6.4a-e show the time series of vertical velocity at different 

pressure levels averaged over tropics (20°N-20°S). The time series ranges from 

1 December 1998 to 6 March 1999. Two stratospheric warming pulses in a 

single winter are noticed in this winter and the peak days are represented by a 

dashed vertical line. The decline in velocity associated with the early SSW 

event is denoted by star sign. 
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FIG.6.4. Time series of zonally averaged tropical (20°N-20°S) pressure coordinate 
vertical velocity at 850 hPa, 500 hPa, 100 hPa, 50 hPa and 10 hPa levels for 
1998/99 (left) and 2008/09 (right) stratwarm events. The dashed line represents the 
peak days and the star sign denote the decline in vertical velocity associated with the 
peak days. 
 

The tropical tropospheric layers like 850 hPa and 500 hPa levels show 

considerable variations prior to the peak day. The magnitude of variation 

ranges from -12 ms-1 to -6 ms-1 with in period of 12-20 December, 1998 

followed by an upwelling up to 25 December, 1998. The lower stratospheric 

upwelling (Fig.6.4b) coincide with the peak day on 15 December, 1998 up to 

22 December, 1998. It indicates the duration of the variations in velocity with 

respect to the peak day; approximately it takes 8 days from minimum to a 
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maximum peak phase. The mid-stratospheric variations in velocity nearly 

coincide with the peak day (Fig. 6.4a).  

Over the tropical regions the upwelling of vertical velocity is also 

noticeable from troposphere to stratospheric levels during the 2008/09 

stratwarm event (Fig. 6.4f-j). The time series ranges from 1 December 2008 to 

28 February 2009 at different pressure levels. The upwelling is observed prior 

to the peak day from lower troposphere to mid-stratopsheric levels. At mid-

tropospheric (100 hPa) level the vertical velocity declined from 6 January, 

2009 and peaked on 16 January, 2009 (-1.31 ms-1) then it is followed by an 

increase up to 22 January, 2009. It indicates the duration of the perturbations 

and it takes nearly 20 days to reach the normal value. In the upper levels, like 

50 hPa and 10 hPa the perturbation shows similar patterns with varying 

magnitudes. The upwelling at 50 hPa level in association with the convective 

activity over SH is already explained by Kodera et al. (2009). 

The planetary wave activity during SSW events induces hemispheric 

meridional circulation (Garcia 1987 and Randel 1993). The decline in the 

vertical velocity or the tropical upwelling is in evidence from the lower 

troposphere to mid stratospheric levels. The four stratwarm events show a 

tropical upwelling prior to the peak or after the peak days. As a result, the 

upwelling or adiabatic cooling nearly takes 10 days to vary from minimum to a 

maximum and the magnitudes varies from lower troposphere to mid 

stratospheric levels. 

6.3.3. Circulation features in the tropical tropospheric levels 

Figure 6.5 shows the tropical (30°N-30°S) tropospheric circulation 

patterns during (a) 1984/85, (b) 1987/88, (c) 1998/99 and (d) 2008/09 events. 
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For each winter period, the meridional wind and vertical velocity are used to 

examine the circulation features. The peak days are represented by vertical 

lines.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG.6.5. Vertical distribution of meridional wind (v) and vertical velocity (w) over 
the tropics (30°N-30°S) during (a) 1984/85, (b) 1987/88, (c) 1998/99 and (d) 2008/09 
events.  
 

In the troposphere, downward motion of circulation is noted prior to the 

peak day followed by an upward motion (Fig.6.5a). Analysis of case 2 event 

shows a strong downward motion in the last week of November 1987. 
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Subsequently the circulation pattern changes prior to the peak day. As a result, 

highly perturbed state is observed after the warming (Fig.6.5b) in December 

1987. 

Both the early and late winter warming pulses affect the tropospheric 

circulation system during the winter 1998/99. Therefore the whole winter 

period shows an enhanced downward propagation of circulations. The SSW 

events are found to be followed by the slowly propagating zonal mean zonal 

wind anomalies (Kodera et al. 2000; Zhou et al. 2002; Black et al. 2006) from 

stratospheric to tropospheric levels. This feature is evident in our study of the 

2008/09 SSW event. Highly disturbed upward and downward motions take 

place in the tropical tropospheric levels corresponding to the peak phase. 

6.3.4. Meridional circulation features  

 Mass meridional stream function is utilized to examine the evolution of 

the meridional circulation associated with the stratwarm events. Zonal mean 

(0-360) meridional wind anomaly from the long term mean of 1980-2010 

periods is computed to analyze the wind features. Consecutive 3-day mean of 

meridional wind anomaly is plotted for the development, peak and decay 

phases for the four stratwarm events. 

6.3.4.1. Mass meridional stream function: 1984/85  
 
 The figure 6.6 shows the 3-day consecutive mean of meridional 

circulation before, during and after the SSW event. Equatorial tropospheric 

levels are characterized by anomalous clock-wise circulation (SH Hadley cell) 

during the SSW periods, along with a weakened the polar cells (Fig.6.6a). The 

southern hemispheric easterly cell is prominent over 500 hPa to 200 hPa levels. 

Then the cell shows an extension towards the lower levels after the peak day. 
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The intensity of the tropospheric circulation or the rising motion is reduced 

after the SSW events (Fig.6.6d).  

 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
  

FIG.6.6. Mass meridional stream function for the stratwarm event of 1984/85. 
Consecutive 3 day mean is carried out (a) before, (b) during and (c and d) after the 
event. Positive contours indicate anti clockwise circulation, while the negative 
contours clockwise flow; intervals are 1e-10 kg/s.   

 
6.3.4.2. Mass meridional stream function: 1987/88  

 Meridional circulation associated with 1987/88 SSW events is depicted 

in Fig.6.7a-d. During 6-8 December, 1987 the Hadley and Ferrel (Fig.6.7a) 

cells are noted with clock-wise and anti-clock wise circulations. Whereas 

during the peak days the Hadley and Ferrel cells are exhibited a weakening of 

the meridional cell structure (Fig.6.7b) in both the hemispheres. On 15-17 

December, 1987 (Fig.6.7d), the anti-clock wise circulation is predominantly 
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seen over the whole tropospheric layers. The inter-hemispheric circulations 

during the SSW event are mostly modulating the tropospheric circulations 

through the meridional circulations. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG.6.7. Mass meridional stream function for the stratwarm events of 1987/88. 
Consecutive 3 day mean is carried out (a) before, (b) during and (c and d) after the 
event. Positive contours indicate anti clockwise circulation, while the negative 
contours clockwise flow; intervals are 1e-10 kg/s.   

 

6.3.4.3. Mass meridional stream function: 1998/99  

  The figure 6.8. shows the meridional circulation during the warming 

event in 1998/99. The Hadley cell in the NH (positive) undergo a weakening in 

its strength (Fig.6.8a-c) and the mid-latitudes cells are almost undetermined 

throughout the stratwarm days. The Hadley cell (positive) circulation becomes 

intensified after the warming episodes. The anomalous negative cell in the 
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Hadley circulation is not evident in the stratwarm days. It indicates the 

equatorial cells undergne an abrupt changes during the SSW days.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG.6.8. Mass meridional stream function for the stratwarm events in 1998/99. 
Consecutive 3 day mean is carried out (a) before, (b) during and (c& d) after the 
event. Positive contours indicate anti clockwise circulation, while the negative 
contours clockwise flow; intervals are 1e-10 kg/s.   

6.3.4.4. Mass meridional stream function: 2008/09 

 The tropsopheric circulation features are explained through stream 

function in Fig 6.9 during the SSW event. The Hadley cells in both the 

hemispheres are active prior to the peak day (Fig.6.9a) along with the Ferrel 

and Polar cells. Along the equator on 22 to 24 January, 2009 the anti-clock 

wise circulation extend from 900 hPa to 200 hPa levels. After that the cell 

structure widens up to 30°N (Fig.6.9c). Sudden and abrupt changes in 
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tropospheric meridional circulation during the 2009 SSW event are noted by 

Kodera et al. (2011) in association with the inter-hemispheric meridional 

circulations. 

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

FIG.6.9. Mass meridional stream function for the stratwarm events in 2008/09. 
Consecutive 3 day mean is carried out (a) before, (b) during and (c& d) after the 
event. Positive contours indicate anti clockwise circulation, while the negative 
contours clockwise flow; intervals are 1e-10 kg/s.  

6.3.5. Surface (1000 hPa) temperature anomalies during the winter 
  season over the selected Indian regions 

 The surface temperature anomaly from the winter mean (DJFM) over 

six tropical Indian stations during 15 December 1984 to 31 January 1985 (left) 

and 15 November to 30 December 1987 (right) are depicted in Fig. 6.10. The 
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surface anomaly is found to decrease around 3 January, 1985 for all stations 

i.e., two days after the major stratwarm event in the year 1984/85. 

As described in the chapter 5 equatorial upper stratosphere shows 

seasonal minimum temperatures during the peak day of high latitude 

stratospheric warming events. The temperature anomalies at 1000 hPa also 

show a decrease during the peak phase of stratwarm. Moreover this low 

temperature is the seasonal minimum values for all the Indian stations. The 

seasonal minimum values are -8.57°C (Fig. 6.10a), -10.09°C (Fig. 6.10b), on 3 

January 1985 and -8.38°C on 2 January 1985 (Fig. 6.10c) and -6.13°C (Fig. 

6.10d). 

  

   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 6.10. Time series of 00 GMT surface (1000 hPa) temperature anomalies (∆T 
°C) at six stations over Indian region for the winter season. The dashed lines denote 
the peak days of warming on 2 January 1985 and 10 December 1987 respectively.  
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 The seasonal minimum days at surface levels coincide with the peak 

days of stratospheric warmings for the year 1984/85. The Hyderabad and 

Trivandrum regions are noticed with -1.74°C and 0.027°C of cooling on 4 

January, 1985 and 3 January, 1985(fig.6.10e and f). The effect of minor 

warming is not evident in this case. The surface temperature anomalies over 

Jodhpur and Ahmedabad stations shows the seasonal minimum value of -

6.63°C (Fig. 6.10h) and -6.42°C (Fig. 6.10i) on 12 and 13 December 1987. It 

indicates that the seasonal minimum values are noticed two or three days after 

the peak of case 2 stratwarm.  In the North Indian station Delhi, seasonal 

minimum is observed on P-5 day with -6.48°C.  

 Figure 6.11 (a-f) illustrates temperature anomalies at 1000 hPa for the 

six chosen Indian stations during the case 3 SSW event for the period of 1 

December 1998 to 31 March 1999. The dashed line represents the P0 day of 

early major and final warmings.  The low temperatures coincide with the P0 

day of the early December stratwarm event. But it does not match seasonal 

minimum values. In this case lower temperatures are not coincides with 

seasonal minimum value. During final warming day on 27 February, 1999 

(dashed line) the minimum temperatures are not evident as in the case of early 

December, 1998 for all the selected stations.  

 The figure 6.11g-l shows the temperature anomalies at 1000 hPa level 

over six Indian regions for the time period of 20 December, 2008 to 28 

February, 2009. The surface cooling is noticed prior to the peak day (P0) over 

three north Indian stations during case 4 SSW of 2008/09. Delhi and Jodhpur 

station  shows -8°C and -6°C of cooling on 20 January, 2009 and over 

Ahmedabad station cooling is -4°C on 26 January, 2009 (P+3 day). Such a 

sudden and severe cooling can affect the seasonal weather anomalies like 
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winter western disturbances etc over the north Indian regions. The average 

temperature decrease is noted with -7°C over North Indian stations and -2.5°C 

for south Indian stations. 

 

 

 

 

 

 

 

 
 
 
 
 

 
 
 

 
 

 
 

 

FIG. 6.11: Time series of surface (1000 hPa) temperature anomalies at 00 GMT for 
the period of 1 December 1998- 31 March 1999 (left), and 15 December 2008 – 15 
March 2009 (right), for six Indian regions. The dashed lines denote the peak days of 
warming. 
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 If the occurrence of major warming is predicted one can anticipate a 

cooling in the Indian surface regions especially in the North Indian stations 

within a few days. Further detailed studies are required to facilitate more 

aspect of the prediction procedures. Ramanathan (1977) in a theoretical study 

showed that the surface temperatures over the tropics may experience slight 

cooling as a result of the net reduction in the downward longwave flux from 

stratosphere to troposphere during SSW period. The net reduction is caused by 

the cooling in the tropical stratosphere. This study provides some observational 

evidence for the above prediction. During January 2009 SSW, tropical 

tropopause shows a cold anomaly especially at 150 hPa and 100 hPa levels. 

Yoshida and Yamazaki (2011) explained this tropopause cooling using 

Transformed Eulerian mean equations. 

 During stratospheric warming days the whole tropical atmosphere is in 

a perturbed state. Tropical upwelling is takes place from tropospheric to mid 

stratospheric levels correspondingly meridional circulation shows sudden and 

abrupt changes associated with the warming. These perturbations can affect the 

surface temperature anomalies thus we can observe a cooling effect in 

temperature anomalies within a short span of time. 

6.4 Summary and Conclusion 

The tropical tropospheric circulation features associated with four 

stratwarm event (1984/85, 1987/88, 1998/99 and 2008/09) are studied in this 

chapter. The zonal wind anomalies over tropical (30°N-30°S) stratospheric 

level (2 hPa) change its sign to easterlies of 30 ms-1 about a week prior to the 

onset of stratwarm. Similar features are found with three warming event except 

2008/09 event. The wind anomalies at 5 hPa, 7 hPa and 10 hPa levels do not 



Chapter 6     Tropical circulation 

166 
 

undergo changes from westerly to easterlies. The wind anomalies in the lower 

tropospheric levels are unaffected by the stratospheric warming pulses in the 

high-latitude. From mid- to upper stratospheric levels westerly wind anomalies 

are dominating for case 1 to case 3 event, whereas easterly anomalies for case 

4 event.  

It is seen that a decline in vertical velocity or the tropical (20°N-20°S) 

upwelling is an inevitable part of the four SSW event. The upwelling takes 

place from lower troposphere to mid-stratospheric levels. Mostly the upwelling 

in the lower tropospheric levels is predominantly happened 10 days before and 

after the peak day. But over mid-stratospheric levels tropical upwelling is 

coincides with the peak day. The tropospheric circulation features in the 

tropics are undergone a very strong upward and downward motion after the 

peak day of high latitude warming. Therefore a high latitude warming is 

affecting the dynamics of the troposphere. There has been sudden and abrupt 

changes in meridional circulation are noted during the SSW events. 

The tropical upper stratospheric cooling, upwelling in the troposphere 

regions induces decreases in the surface temperature anomalies. The surface 

temperature anomalies over six Indian regions show a decrease in temperatures 

corresponding to the peak day of high- latitude warming. Thus a sudden and 

severe surface cooling is attributed to the peak of major warmings over the 

Indian regions. The average surface cooling over North Indian station is -7°C 

and -2°C for south Indian regions. 
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      Chapter 7 
 

Summary and Future Scope of the Study 
 
7.1. Summary 

 

It is now well evident that stratospheric dynamical process plays an 

important role in the tropospheric dynamics on an extensive range of time 

scales through radiative, dynamical and mass transport process emerging 

from the coupling between stratosphere and troposphere. The doctoral 

thesis is mainly addressed the different features of Sudden Stratospheric 

Warming (SSW) events in Arctic hemisphere and its impact on the strato-

tropospheric interactions in both the high and low-latitudes. The 

phenomenon of SSW is involved a two way vertical coupling through wave 

activity and resulting wave mean flow interaction. The wave activity is also 

reflected back to the troposphere affecting the dynamical pattern of 

tropospheric planetary waves. The SSW events are classified and its 

interaction between high and low-latitude regions, emphasizing Indian 

regions, is analyzed using ECMWF Era-40, interim and NCEP/NCAR 

reanalysis data. The major outcome of the study are presented as follows 

Depending upon the intensity, zonal wind reversal, and the time of 

occurrence SSW events are classified as major, minor and final warmings 

based on 10 hPa level as the reference. In this chapter we classify the events 

considering two levels of 2 hPa ad 10 hPa. This is done deliberately in the 

light of observations that warming do occur in upper stratospheric level 

also. The SSW events are categorized into five groups based on the 

temperature and zonal wind anomalies over the polar region 60°-90°N. The 
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events occurred during the period 1980-2010 from 1980 to 2010 are 

considered. The five groups are (1) ’intense major’, (2) ‘major 1’, (3) 

‘major 2’, (4) ‘intense minor’ and (5) ’minor’ warming depending on the 

different criteria at two levels: 2 hPa and 10 hPa.  

The ‘intense major’ events at 2 hPa are consistent with the warming 

events at 10 hPa level in almost all the cases classified based on WMO 

criteria. The analysis reveals that the major warmings are increased during 

the decade 2000-2010 at both the levels. The intense major, major 1 and 

major 2 warmings are commonly termed as major warmings. ‘Intense 

minor’ and minor warmings are termed as minor warmings. Fifty 

percentages of the warmings are of major types and the other 50% are of 

minor types. The intra-seasonal variability in the intensity as well as 

frequency of warming events is also studied. Early winter warmings are 

observed regularly during 1997/98 to 2003/04 period and its average 

temperature anomaly (∆T) is 30°C at 2 hPa level. This is high compared to 

late-winter warmings. Stratwarms are absent during a continuous period of 

seven years in mid-winter (January) month. The average peak intensity of 

the late winter warming is 20°C and 15°C at 2 hPa and 10 hPa respectively.  

Downward propagation of temperature and zonal wind anomalies are 

strong around the peak days irrespective of the groups. Thus, each 

warmings system shows the behavior of downward propagation from upper 

to mid- stratospheric levels. Composite analysis also explains the position 

and the intensity of the warm vortex at both the levels. In addition, the 

position of the displaced polar vortex during major and minor stratospheric 

warming events is also analyzed. There is a shift in the longitudinal location 

of the cold centers from 180°W-360°W during the minor and major 

warmings at both the levels. 
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 Analysis is also carried out on the circulation pattern in the Eastern 

Arctic domain (0-180°E) of two SSW events pertaining early, mid-winter 

and late winters. Consistent patterns are found between 10 hPa geopotentail 

height contours and 200 hPa circulation pattern during the above selected 

cases. The intense north-westerly wind flows from high to mid-latitudes 

around the peak days of SSWs through the low geopotential area (displaced 

cold polar vortex from North Pole). The north-westerly wind merges with 

subtropical westerly jet stream (STJ) at mid-latitudes. As a result, 

significant variations in the intensity of the STJ are observed. Normalized 

vertical wind shear shows the intensity of STJ is prominent duirng P-5 to P+5 

days for early and mid-winter warming cases. The maximum perturbation is 

noticed during late winter case during P-5 to P+15 days with an increase in 

the 1.5 standard deviation prior to the warming.  

 Meridionally advected heat flux at 10 hPa level shows the perturbed 

wave activity associated with all the cases. Negligible amount of variation 

is observed from equator to mid-latitudes during the stratwarm days and 

maximum amount of variation is concentrated over high-latitudes (45°-

75°N). The strongest meridionally advected transient heat flux is seen in the 

2008/09 stratwarm event. 

 Total heat flux analysis at 10 hPa and 100 hPa levels is carried out 

for high and low-latitude regions. It indicates the presence of prominent 

wave activity prior to the peak day of warming over high-latitudes. 

Maximum heat flux is noted at 10 hPa level over the region 45° to 75°N 

during the composite of mid and late-winter stratwarm events compared to 

early warming cases. The mid tropospheric (100 hPa) heat fluxes over the 

same area are correlated. The coefficients are 0.82, 0.038 and 0.15 

respectively for early, mid and late winter warming cases.  
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 Mid-tropospheric and stratospheric heat fluxes over the low -

latitudes (0-30°N) shows an out of phase relation during the peak days of 

warming. The cross correlation technique is applied between 10 hPa and 

100 hPa heat flux over high-latitudes and it shows a lag correlation of 3 

day, lead correlation of 5 day and also a lead correlation of 6 day 

respectively for the early, mid and late- winter stratwarm events. Over low-

latitudes the cross correlation shows zero lag, lag of one day and lead of 

two days for above three events respectively.  

 The tropical stratospheric response during the major as well as minor 

SSWs in the winters of 1984/85, 1987/88, 1998/99 and 2008/09 are 

generally analyzed. This study delineated the nature of the spatial and 

temporal distribution of the tropical stratospheric cooling during SSWs. 

Zonal mean temperature anomalies over the tropical (30°N-30°S) 

stratosphere shows the intensity of cooling is maxima on the peak day of 

high-latitude warmings. Seasonal minimum temperatures over the six 

Indian regions are occurred during the peak phase of major SSW events. 

These seasonal minimum temperatures stand as the annual minimum 

values. This showed the presence of the most severe cooling phase in the 

winter stratosphere over Indian region occurring in association with SSWs. 

While polar stratospheric regions experience warmest temperatures, the 

tropical stratosphere experiences the coldest temperatures. The strong 

cooling over the Indian regions can be predicted when SSWs generate over 

the Polar regions. 

 The annual maxima over the polar stratospheric temperatures 

coincide with the annual minimum over the tropical stratosphere. The polar 

perturbations and its resultant equatorial perturbations are peaked on the 

same days. Even though the magnitudes of temperature variations are 
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opposite direction at both the regions, the temperature variations are the 

same qualitatively. The ratio between the warming in polar stratosphere and 

cooling in the equatorial stratosphere varies in 5:1. After the decay of SSWs 

the vortex shows the signs of recovery in the upper stratosphere, equatorial 

thermal structure shows a positive temperature gradient. This analysis 

shows a sudden and severe cold stratosphere over the tropics is predictable 

along with major warmings. 

The zonal wind anomalies in the tropical upper stratosphere (2 hPa) 

are reversed to easterlies with -30 ms-1 with respect to the warming in the 

high latitude. The tropical upwelling is observed around the peak days from 

lower troposphere to mid-stratospheric levels during the four stratwarm 

cases. The meridional circulation also experiences a sudden and abrupt 

change during the warming episodes. As a result of the coupling process, 

cooling in the surface layers is also visible over the Indian regions. The 

SSW associated coupling is well evident from surface to upper stratosphere. 

7.2. Future scope  

  The present study illustrates a classification of SSW and its relation 

with the dynamics of the tropical atmospheres. The study also brought out 

more features on the intensity of upper stratospheric cooling over Indian 

region. In the light of the present results more parameters like stratwarms 

and QBO, Elnino and Ozone are also to be analyzed for a better 

understanding on the interaction between polar and tropical regions. The 

planetary waves play an important role in regulating the warming over polar 

stratosphere. It could also have a significant contribution in the dynamics 

over tropics. These aspects are to be analyzed further through observations 

and modeling in order to have a better understanding of the inter-

hemispheric circulation system associated with SSWs.   
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