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Abstract. We present an analysis of the major sudden stratospheric warmings (SSWs) in the Arctic winters 2003/04–
2009/10. There were 6 major SSWs (major warmings
[MWs]) in 6 out of the 7 winters, in which the MWs of
2003/04, 2005/06, and 2008/09 were in January and those of
2006/07, 2007/08, and 2009/10 were in February. Although
the winter 2009/10 was relatively cold from mid-December
to mid-January, strong wave 1 activity led to a MW in early
February, for which the largest momentum flux among the
winters was estimated at 60◦ N/10 hPa, about 450 m2 s−2 .
The strongest MW, however, was observed in 2008/09 and
the weakest in 2006/07. The MW in 2008/09 was triggered
by intense wave 2 activity and was a vortex split event. In
contrast, strong wave 1 activity led to the MWs of other winters and were vortex displacement events. Large amounts
of Eliassen-Palm (EP) and wave 1/2 EP fluxes (about 2–
4 ×105 kg s−2 ) are estimated shortly before the MWs at
100 hPa averaged over 45–75◦ N in all winters, suggesting
profound tropospheric forcing for the MWs. We observe
an increase in the occurrence of MWs (∼ 1.1 MWs/winter)
in recent years (1998/99–2009/10), as there were 13 MWs
in the 12 Arctic winters, although the long-term average
(1957/58–2009/10) of the frequency stays around its historical value (∼ 0.7 MWs/winter), consistent with the findings of previous studies. An analysis of the chemical ozone
loss in the past 17 Arctic winters (1993/94–2009/10) suggests that the loss is inversely proportional to the intensity
and timing of MWs in each winter, where early (December–
January) MWs lead to minimal ozone loss. Therefore, this
high frequency of MWs in recent Arctic winters has significant implications for stratospheric ozone trends in the northern hemisphere.

1

Introduction

One of the intriguing phenomena in climate science is the
large interannual variability of Arctic stratospheric winters,
characterized by extremely warm and very cold winters. This
year-to-year variability is dominated by sudden stratospheric
warmings (SSWs) during which the polar temperature rises
and the zonal flow weakens or reverses (Scherhag, 1952).
There are different definitions for a SSW to be called major or minor. According to the World Meteorological Organisation (WMO) a SSW can be said to be major if at 10 hPa
or lower altitudes the latitudinal mean temperature increases
abruptly poleward from 60◦ latitude with an associated circulation reversal in a short period of time. If the reversal of
temperature gradient does not follow the zonal-mean wind
reversal, then it is a minor SSW (e.g. WMO, 1978, item 9.4,
35–36; Andrews et al., 1987; Labitzke and Naujokat, 2000).
In some cases the increase in temperature near the pole can
be up to 40–60 K in a week at 10 hPa (Limpasuvan et al.,
2004; Andrews et al., 1987). The followed zonal wind reversal displaces or splits the polar vortex toward midlatitudes (e.g. Kuttippurath et al., 2010; Charlton and Polvani,
2007). Since the WMO definition considers the major SSWs
(hereafter major warmings–MWs) from November to February, studies have slightly modified this criterion to account
for the warmings from October through May (e.g. Charlton and Polvani, 2007; Bancalá et al., 2012). Also, there
is an ambiguity regarding the temperature gradient criterion of the WMO definition (e.g. the difference between
Limpasuvan et al., 2004 and Krüger et al., 2005). Apart
from these, classifications of MWs based on the northern
annular mode (Baldwin and Dunkerton, 2001) and external
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atmospheric forcings (Blume et al., 2012) are also being proposed.
Although studies use different definitions for MWs, there
is a general agreement on the poleward temperature increase
from 60◦ N. Some studies are critical about the timing of
wind reversal that it must last for 5 days (e.g. Limpasuvan
et al., 2004), but no strict time condition is followed by some
others (e.g. Labitzke, 1981; McInturff, 1978). Regarding the
wind reversal, the latter two use a circulation reversal poleward of 60◦ N whereas Charlton and Polvani (2007) consider
that the winds must reverse at 60◦ N. Nevertheless, Limpasuvan et al. (2004) applied the same condition of temperature
increase and wind reversal with a slight difference in latitude,
65◦ N instead of 60◦ N.
The meridional transport in the winter stratosphere is
largely controlled by large amplitude planetary waves. The
most important of them are quasi-stationary Rossby waves
those propagate upward from the troposphere and are quite
strong and variable in winter (Andrews et al., 1987). Other
planetary waves are the traveling normal modes and they do
not transport much momentum, but can interact with other
waves or with zonal mean flow. The interaction of planetary
waves and the zonal mean flow is known to be the major
driver of winter stratospheric dynamics. The key process in
a MW is the growth and interaction of upward propagating
transient planetary waves (Matsuno, 1983). The breaking and
dissipation of westward propagating planetary waves relative
to the zonal flow in the stratosphere decelerate or even reverse the prevailing eastward flow of the polar stratosphere
and induce heat by adiabatic processes, which often result in
a MW. Alternatively, there can be an upward circulation in
the mesosphere that makes adiabatic cooling in that region
(e.g. Siskind et al., 2010).
The dynamical activity in recent winters reveals that the
frequency of MWs in the Arctic is increasing (e.g. CharltonPerez et al., 2008). Studies showed that there were 5 MWs in
6 winters over 1967/68–1972/73 (e.g. Bancalá et al., 2012;
Cohen and Jones, 2011; Labitzke and Naujokat, 2000; Andrews et al., 1987). Similarly, there were 5 MWs in 6 winters from 1983/84 to 1988/89 (e.g. Butler and Polvani, 2011;
Harada et al., 2010; Manney et al., 2008). On average, during 1957/58–1990/91, MWs occurred only once every two
Arctic winters (e.g Bancalá et al., 2012; Cohen and Jones,
2011; Andrews et al., 1987). Conversely, no MW occurred in
9 consecutive winters from 1989/90 to 1997/98, except a minor warming in early February 1990 (Manney et al., 2005).
However, there were 7 MWs in 5 out of the 6 winters from
1998/99 to 2003/04 (e.g. Kuttippurath et al., 2011; Kleinböhl
et al., 2005; Manney et al., 2005; Liu et al., 2009; Naujokat et al., 2002). The winter 1999/00 was unusually cold
but each other winter was prone to MWs. Furthermore, two
MWs were observed in 1998/99 and 2001/02 (e.g. Charlton
and Polvani, 2007). This warming sequence continued and
there were 5 MWs in 5 winters again in 2005/06–2009/10
(Ayarzagüena et al., 2011; Harada et al., 2010; Orsolini et al.,
Atmos. Chem. Phys., 12, 8115–8129, 2012

2010; Coy et al., 2009; Labitzke and Kunze, 2009; Manney
et al., 2009, 2008; Hirooka et al., 2007). Many of the MWs in
recent years have been atypically early (December/early January) compared to those found before 1990s, which were observed mostly in February (e.g. Bancalá et al., 2012; Charlton
and Polvani, 2007). Climate model simulations also predict
similar MW events and their evenly distributed occurrences
throughout the winter (December–March) for the 2010–2100
period (Mitchell et al., 2012). However, the unusual frequency of MWs in recent years has not translated into early
final warmings in most cases (e.g. Manney et al., 2005).
These results are consistent with the findings of Waugh et al.
(1999), who found no significant relation between the vortex
characteristics and its long-term persistence.
It is a very difficult task to understand the variability of
Arctic winters and to predict the influence of the stratosphere
on the troposphere. The large interannual variability makes
the detection of trends in the Arctic extremely difficult (Manney et al., 2005). Studies on the evolution of stratospheric
warmings can provide further insights on these issues. While
the winters before 2003/04 are relatively well studied (e.g.
Manney et al., 2005), detailed comparisons are not available
on the winters thereafter. Therefore, in this study, (i) we characterize the MWs of the Arctic winters 2003/04–2009/10. In
addition to this objective, we also (ii) examine the frequency
of MWs in recent Arctic winters, and (iii) assess the impact
of MWs on the polar ozone.
We organize this article in the following way: Sect. 2 describes the data and method used for this study. Section 3
checks the temperature and zonal wind data to categorize the
warming events. The dynamical processes are diagnosed in
Sect. 3.2 with heat flux, momentum flux, Eliassen-Palm (EP)
flux, EP flux divergence, and planetary wave amplitude calculations. The polar vortex condition before, during, and after the MW is discussed with potential vorticity (PV) maps
in Sect. 3.3. Section 4 examines the influence of tropospheric
wave forcing on the MWs. The connection between ozone
loss and MW is assessed in Sect. 5 and the important findings of this study are summarized in Sect. 6.
2

Data analysis and method

In order to discuss the dynamical evolution, we have derived
heat, momentum, EP and wave EP fluxes, and EP flux divergence in each winter using the European Centre for MediumRange Weather Forecasts (ECMWF) operational data. These
data have 2.5◦ horizontal resolution on 14 pressure levels
between 1000 hPa and 1 hPa. The impact of the MWs on
the threshold of Polar Stratospheric Clouds (PSCs) is analyzed with area of PSC (Apsc ), which was calculated using
4.5 ppmv of H2 O and a HNO3 climatology (Kleinböhl et al.,
2002), as computed in Rex et al. (2004) and Kuttippurath
et al. (2010).
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There are several definitions for MWs, as mentioned in
Sect.1. Therefore, to classify the warming events, we use
McInturff (1978) by which a warming is said to be a MW,
if at 10 hPa or below the latitudinal mean temperature increases rapidly poleward from 60◦ N and is followed by the
zonal wind reversal in a short period of time. A warming
is called minor for a significant temperature increase at any
stratospheric level in any area of the wintertime hemisphere,
provided the criterion for a MW is not met.
We only briefly explain the physical and dynamical terms
used here. For a detailed discussion on these, the readers
are requested to refer to Andrews et al. (1987). In order
to estimate the abovementioned fluxes, we have calculated
the zonal-means and their fluctuations from the zonal-means
(eddies). Throughout this section we denote the zonal-mean
with an over-bar and eddies with a prime symbol. The intensity of the dynamical processes in a MW can be diagnosed
by the fluxes and we derive the heat and momentum fluxes
as:
Fheat = T 0 v 0 ;

Fmomentum = v 0 u0

where v 0 , T 0 , and u0 are the eddies of meridional wind, temperature, and zonal wind, respectively. To describe the motions, which can be of synoptic to planetary scale, the amplitude of planetary waves is derived using Fourier analysis of
geopotential fields. Since the observed waves in the stratosphere are usually of zonal wave numbers 1–3, we calculate
the amplitudes of waves 1 and 2. The quasi-geostrophic version of the EP flux (F ) are:
Fz = ρ0 f a cos φ

R
T 0v0 ;
H N2

Fφ = −ρ0 a cos φ v 0 u0

where ρ0 is air density, a is radius of the Earth, f is Coriolis
parameter, H is scale height, R is the gas constant, and N is
the buoyancy frequency. These EP flux equations show that
the meridional component (Fφ ) is proportional to the momentum flux and the vertical component (Fz ) is proportional
to the heat flux.

3

Synoptic evolution of the winters

We first examine the time evolution of zonally averaged temperature and zonal wind at 60◦ N and 10 hPa to identify the
warmings. The 90◦ N/10 hPa temperatures are also checked
to probe the intensity of the warmings. The temporal evolution of the vertical distribution of temperature and zonal
winds, propagation and amplitude of the planetary waves,
and impact of MWs on the structure and stability of polar
vortex during the winters are discussed in the succeeding sections.
www.atmos-chem-phys.net/12/8115/2012/

3.1
3.1.1

8117

Temperature and zonal winds
MWs during the winters 2003/04–2009/10

Figure 1 shows the time series of zonally averaged temperature at 60◦ N and 90◦ N, and zonal wind at 60◦ N for
10 hPa in the Arctic winters 2003/04–2009/10. The warming
in 2009/10 was severe, where a rapid increase of temperature
from 207 K in early January to 235 K in late-January was
observed at 60◦ N. However, the largest increment of temperature at 60◦ N was experienced in 2008/09, during which
temperatures of about ∼ 207 K were found in November–
December and they suddenly rose to 239 K by late January.
In winters 2003/04, 2005/06, and 2006/07 there was an increase of about 25 K (from 205 K to 230 K) from late November to late December, mid-January, and late December, respectively, and thus, a prolonged warming (from day of year
−8 to 45) is evident in 2005/06 at 60◦ N. Note that a similar duration of warming is also found in 2003/04 as it spans
from early December to late January (day of year −26 to
24), as also observed by Manney et al. (2008, 2005) and Orsolini et al. (2010). There were two short warming episodes
in 2006/07; in late December and early February at the same
latitude level. In 2007/08, the temperature in early December was ∼ 202 K and it slowly increased to 232 K by late
February at 60◦ N, with three short warming events in late
December, late January, and late February.
The temperature at 90◦ N exhibits a similar time evolution in all winters, but with significantly higher values. The
striking feature found at 90◦ N is the rise in temperature in
late January 2007/08, which is equal to that of the warmest
winter 2008/09. Unlike in other winters, there were three minor warmings in 2007/08; in late January, early February,
and mid-February and these peaks are more pronounced at
90◦ N. Because the easterly jet was stronger toward the high
latitudes and the polar vortex was shifted off the pole during these periods in 2007/08. Further characteristics of the
temperature distributions in each winter will be discussed in
Sect. 3.1.2.
Apart from a sudden rise in temperature, the reversal of
zonal wind is the other MW criterion. In all winters the maximum temperature is followed by a reversal of the zonal wind
with a couple of days lag at 60◦ N. In 2009/10, the MW criterion was accomplished on 9 February and the winds reversed
at least twice before the final warming. The wind reversal in
2009/10 was comparatively short and weak, with easterlies of
the order of 1–5 ms−1 , and was identical to that in 2003/04,
2006/07 and 2007/08. The MWs in the latter three winters
were observed on 5 January, 24 February, and 22 February,
respectively. These winters show short (<10 days) and weak
(5–15 ms−1 ) easterlies at this latitude/altitude level. On the
other hand, in 2005/06 and 2008/09 the MW criterion was
met by 21 January and 24 January, respectively, and the associated easterlies prevailed for about 30 days with a maximum
speed of about 30–35 ms−1 . In 2004/05, the temperature
Atmos. Chem. Phys., 12, 8115–8129, 2012
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was relatively lower (e.g. 2003/04, 2005/06, and 2006/07) in
November–January at both latitudes and there was no MW,
but the final warming was in mid-March. Although the westerlies appeared again by the end of March, their speed was
less than 5 ms−1 and hence, we consider the warming by 14
March 2005 as the final warming (e.g. Bancalá et al., 2012).
3.1.2

Vertical development of the MWs

Figure 2 displays the seasonal march of the vertical distribution of zonal-mean temperature (color contours) and zonal
winds (westerlies in black and easterlies in white overlaid
contours) for the Arctic winters 2003/04–2009/10. The winter 2009/10 exhibits high temperatures in the upper stratosphere in early-January, which slowly extended down to
10 hPa by mid-January. The westerlies turned to easterlies
by late January and they moved down to 10 hPa for a period
of about 10 days.
As compared to the warming in 2009/10, the rise in temperatures was observed in mid-December in 2003/04, early
January in 2005/06, and mid-January in 2008/09 in the upper stratosphere. Subsequently, the easterlies were also appeared by mid-December, early January, and mid-January,
respectively, in each winter. The easterlies were comparatively stronger and extended down to 75 hPa in 2008/09 and
to 30 hPa in 2005/06, and thus the MWs are stronger in these
two winters. In 2009/10, although the temperatures above
10 hPa were higher than those of other winters, the wind reversal was weaker and restricted to the upper stratosphere. In
contrast, a late MW with weak easterlies those seldom propagated down to 20 hPa was observed in 2007/08. A similar
Atmos. Chem. Phys., 12, 8115–8129, 2012

progression in the vertical and temporal distribution of temperature and zonal wind is also found in 2006/07. Nevertheless, below 10 hPa, although the temperatures were slightly
lower in 2007/08 than in 2006/07, the presence of easterlies was limited to four days only in 2006/07. On the other
hand, 2004/05 was the coldest among the studied winters, in
which the temperature from early December to early March
was continuously lower than 220 K over 100–10 hPa. These
results are consistent with those of Orsolini et al. (2010),
who present a similar analysis using satellite observations for
these winters. In 2003/04, relatively lower temperatures in
the upper stratosphere and the temperatures similar to those
found before the MW in the middle stratosphere were observed in late January and early February, as also mentioned
by Manney et al. (2005). Note that some studies recommend
the presence of at least 5 days of easterlies for a warming
to be called major (e.g. Limpasuvan et al., 2004). Therefore,
we have excluded 2006/07 and the cold winter 2004/05 in the
following discussion (Sects. 3.2, 3.3, and 4) on MW winters.
3.2

Fluxes and waves

Since wave interaction is a key phenomenon in MWs, it is
necessary to look at the nature of waves present during the
MW periods to elucidate the events. The wave activity analysis is also necessary to interpret the temporal and vertical
development of polar vortex. In general, the shape, strength,
and persistence of polar vortices will be different in each
winter and they very much depend on the dynamical activity in the winters. Therefore, we now discuss the evolution
of planetary waves in this section and the impact of wave
www.atmos-chem-phys.net/12/8115/2012/
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activity on the polar vortices during the winters in the next
section. In Fig. 3 the temporal evolution of wave amplitudes,
heat flux, momentum flux, and EP flux divergence for the
warm winters of 2003/04–2009/10 at 60◦ N/10 hPa is depicted.
In 2009/10, large heat flux of about 300 m K s−1 and
the largest momentum flux (500 m2 s−2 ) among the winters are estimated during the MW period. Enhanced wave
1 amplitude of about 110 m2 s−2 and wave 1 EP flux of
1.5 × 105 kg s−2 are also calculated for the period. Note that
the large EP flux convergence suggests the westward zonal
force exerted by eddies on the atmosphere, i.e. negative (positive) EP flux divergence implies suppressed westerlies or the
www.atmos-chem-phys.net/12/8115/2012/
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reversal of the winds (enhanced westerlies). Another interesting feature to note is the minor warming initiated by a strong
wave 2 event with significant heat flux (∼ 200 m K s−1 ), and
momentum flux (250–400 m2 s−2 ) in early to mid-December.
In agreement with the higher temperatures and longer duration of easterlies, large heat flux (up to 750 m K s−1 ), momentum flux (up to 425 m2 s−2 ), and the largest EP flux convergence (up to −65 × 10−5 kg s−2 ) are estimated during the
MW in 2008/09. The amplitude of wave 2 and its EP flux
in this period are also the largest among the winters, with
a maximum of about 110 m2 s−2 and 3 ×105 kg s−2 , respectively. It is noteworthy that the difference between the maximum heat flux at the time of MW in 2008/09 and 2009/10 is
∼ 400 m K s−1 . Furthermore, the wave 2 amplitude is twice
that of other winters, indicating the intensity of the MW in
2008/09. Note also that the EP flux convergence during the
minor warming in mid-December 2009/10 shows matching
values to those found during the strongest MW in January
2008/09, suggesting profound wave activity in both winters. The wave amplitudes derived for 2008/09 is in very
good agreement with those estimated by Labitzke and Kunze
(2009) and Manney et al. (2009).
Another prominent feature to note is the minor warming
due to a strong wave 1 amplification during late January in
2007/08. Large heat flux (∼ 600 m K s−1 ), and the largest
wave 1 amplitude (∼ 145 m2 s−2 ) and its EP flux among
the winters (∼ 3×105 kg s−2 ) are calculated for this period.
The other winters also show significant heat flux, momentum
flux, and wave 1 amplitude during their MW periods, but in
relatively smaller magnitudes.
It is interesting to note the large momentum flux and both
types of waves in the form of large pulses prior to the MWs
in all winters. For instance: the winters 2008/09 and 2009/10
exhibit massive momentum fluxes of about 200–400 m2 s−2
associated with a number of bursts from November through
January. These intermittent pulses normally build momentum for the forth-coming MWs (e.g. Coy et al., 2009; Polvani
and Waugh, 2004; this will be discussed in detail in Sect. 4).
The magnitude of momentum flux estimated during the MW
periods in 2009/10 and 2008/09 is about 200 m2 s−2 and
100 m2 s−2 larger than that of other winters, reiterating the
strength of MWs in these winters.
3.3

PV diagnostics

We now discuss the development, movement, and dissipation
of polar vortices during the warm winters to further characterize the MWs. To perform this, we analyze the PV (1 pvu
is 10−6 Km2 kg−1 s−1 ) fields (e.g. Hauchecorne et al., 2002)
calculated from the ECMWF operational analysis at two representative altitudes in the middle (850 K or ∼ 10 hPa/30 km)
and lower (475 K or ∼ 85 hPa/18 km) stratosphere. Figures 4
and 5 illustrate the status of polar vortices on selected days
at 850 K and 475 K, respectively. Two common dates along
with the central date, the date on which the westerlies change
Atmos. Chem. Phys., 12, 8115–8129, 2012
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their direction at 60◦ N/10 hPa (e.g. Charlton and Polvani,
2007), are selected for this discussion. The common dates,
15 December and 15 March, fairly represent the day before
and after the MW, respectively, in each winter.
In 2009/10, the vortex was stable and strong from December through January in the middle stratosphere, at 850 K. The
temperature started to increase by mid-January and the wave
disturbances pushed the vortex to the adjacent midlatitudes.
The vortex was still relatively large, strong, and nearly concentric until early February. However, strong wave 1 activity
pushed the vortex to the Atlantic and then split into two parts
with a large, strong, and near-concentric vortex over the Atlantic and a small patch of vortex air above Russia, around 5
February, at 850 K. The separated vortices merged in a few
days and the redeveloped vortex transformed to an elongated
structure on the central date, and it started to dissipate thereafter, as shown by the map on 15 March. In contrast, at 475 K,
a minor warming due to a wave 2 event split the vortex into
two independent lobes, as displayed on 15 December. The

Atmos. Chem. Phys., 12, 8115–8129, 2012

vortices of considerable size with one over the North America and another over Russia were found for a few days after
the split. However, the vortex bulbs merged again to form a
large vortex and it stayed near the pole, but the center of the
vortex was over Siberia until early February. The vortex was
unstable and was a crescent shaped patch of air on the central
date. Nevertheless, the vortex split again during the MW period due to strong wave 1 activity and the separated vortices
sustained intact until early March at 475 K. Our vortex analyses with high resolution PV maps are consistent with those
discussed with various data sets by Dörnbrack et al. (2012)
and Khosrawi et al. (2011) for this winter.
In 2008/09 and 2005/06, large and strong vortices were
present in December at 850 K. The temperatures began to increase by mid-January and the vortices shrunk and moved
to midlatitudes as severe wave activity led to the MWs by
late January in both winters. The vortices started to collapse
thereafter, as shown by the PV maps on 15 March. At 475 K,
the wave disturbances started early and thus two nearly-split

www.atmos-chem-phys.net/12/8115/2012/
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Fig. 4. Maps of potential vorticity (data: the ECMWF operational analysis) at 850 K (∼ 10 hPa/30 km) for various Arctic winters on 15
December, 15 March and on the central date, the day on which the westerlies changed to easterlies at 60◦ N/10 hPa. The overlaid white
contours show temperature in Kelvin.

vortices were found on 15 December in both winters. Although relatively stronger vortices were observed on the central dates, they dissipated thereafter. Note that wave 1 disturbances led to the MW of 2005/06, but wave 2 activity was
pivotal in triggering the MW of 2008/09. Also, in 2008/09,
the vortex split on the central date at 10 hPa and hence, the
MW was a vortex split event, as also analysed by Harada
et al. (2010) and Manney et al. (2009).
The penetration of easterlies down to the lower stratosphere was not effective in 2007/08 as illustrated in Fig. 2.
At 850 K, due to strong wave disturbances, the vortex shifted
off the pole in the warming period. The vortex started to dissipate and there was no solid vortex in March. At 475 K, however, there was significant wave activity in the early winter,
which split the vortex around mid-December. The vortices
merged and the redeveloped vortex remained unscathed until
late March in agreement with the lower temperatures there.
In 2003/04 at 850 K, the vortex was very large and concentric until late December and then it weakened and displaced
to midlatitudes due to wave 1 disturbances and subsequent
MW in early January. The temperature became very low
again in March, and therefore, a strong and concentric vortex
was reestablished after nearly two months of intense and continuous disturbance. As a result, a well shaped large vortex
was formed around 15 March at 850 K and sustained intact
until late April. At 475 K, a similar situation is replicated,
where even stronger but smaller vortex was found throughout March. Note that the MWs of 2003/04, 2005/06, 2007/08,
and 2009/10 were primarily driven by wave 1 amplification
and were vortex displacement events, as the associated vortex split was not evident at 10 hPa on the central date of the
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respective MWs (e.g. also see Harada et al., 2010; Manney
et al., 2009, 2008). Further information about the MWs in
these winters is given in Table 1.

4

Tropospheric forcing

Stratospheric warmings usually initiate in the troposphere
from where the planetary scale disturbances propagate into
the stratosphere and break there (e.g. Bancalá et al., 2012;
Butler and Polvani, 2011; Cohen and Jones, 2011; Kolstad
and Charlton-Perez, 2011; Manney et al., 2009; Charney and
Drazin, 1961). The MW periods normally preceded by high
wave activity at the tropopause, in which more than one planetary wave (generally waves 1 and 2) will be present. The EP
flux/heat flux derived at 100 hPa is often regarded as a measure of wave activity entering the stratosphere (e.g. Naujokat
et al., 2002; Newman et al., 2001; Pawson and Naujokat,
1999; Coy et al., 1997). So this quantity can well describe
the wave forcing for the MWs. Therefore, Fig. 6 examines
the time evolution of zonal-mean EP flux, wave EP flux, and
wave amplitudes for the winters at 100 hPa averaged over
45–75◦ N.
Elevated EP fluxes and wave 1 amplitudes are estimated just before the MW in 2009/10 and are about
4 × 105 kg s−2 , implying a profound wave forcing during
the period. The EP flux values are even comparable to
those found during the severe MW in 2008/09, where they
are around 4.1 × 105 kg s−2 . Wave 2 with a peak amplitude of about 30 m2 s−2 in January was the key in driving the MW of 2008/09. In 2005/06, a constant EP flux
Atmos. Chem. Phys., 12, 8115–8129, 2012
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Fig. 5. Same as Fig. 4, but for 475 K (∼ 85 hPa/18 km).

Table 1. Features of the MWs in recent Arctic winters. Central
date (the day on which the westerlies changed to easterlies at
60◦ N/10 hPa), whether the MW is vortex displacement or split
event and prominent wave forcing are listed (data: the ECMWF operational analysis).
Arctic
winter

Central
date

Warming
event

Prominent
wave

2003/2004
2005/2006
2006/2007
2007/2008
2008/2009
2009/2010

5 January
21 January
24 February
22 February
24 January
9 February

vortex displacement
vortex displacement
vortex displacement
vortex displacement
vortex split
vortex displacement

wave 1
wave 1
wave 1
wave 1
wave 2
wave 1

of around 1.5 × 105 kg s−2 and wave 1 EP flux of around
1 × 105 kg s−2 are observed for about 45 continuous days
in January–February. In 2007/08, although the MW in late
February was mainly forced by a wave 1 event, the minor
warming in mid-February was triggered by a strong wave 2
episode with an amplitude of about 32 m2 s−2 . The other
winters also show their peak EP flux (2–2.5 × 105 kg s−2 )
and wave 1 amplitude (12 m2 s−2 ) just before the MW, but in
smaller magnitudes than those found in 2009/10. More importantly, the winters display short wave bursts prior to the
MWs, indicating the preconditioning or tropospheric forcing (e.g. Coy et al., 2009). These features are perhaps best
described by the wave EP fluxes, which show an advance
shift of about 7 days with the peak wave amplitude episodes.
Also, the largest wave 1 EP flux of about 4 × 105 kg s−2
for 2009/10 and wave 2 EP flux of about 5 × 105 kg s−2
for 2008/09 are estimated shortly before the MW, consistent
Atmos. Chem. Phys., 12, 8115–8129, 2012

with the intensity of the MWs in these winters. Note that
a similar feature of heat flux emergence prior to weak vortex events was also shown by some earlier investigators (e.g.
Polvani and Waugh, 2004; Newman et al., 2001). In summary, the winters show significant wave activity and considerable EP flux and momentum flux (not shown) at the
tropopause shortly before and during the MWs, suggesting
a strong connection between tropospheric wave forcing and
MWs.
Our wave activity analyses are also in concert with the
findings of other studies using geopotential heights in the
troposphere. For instance: Hirooka et al. (2007) report a tropospheric ridge over Alaska around early January, which
was instrumental in driving the MW in 2003/04. Similarly,
Coy et al. (2009) show a sudden increase in the geopotential
heights over the Northern Atlantic at 360 K in mid-January,
in which the accompanied wave breaking in the upper troposphere triggered the MW in 2005/06. Thurairajah et al.
(2010) show a strong anticyclone around mid-February that
weakened and displaced the vortex off the pole, leading to the
MW in 2007/08. Harada et al. (2010) observe a remarkable
upper tropospheric ridge over Alaska during 10–13 January,
which played prominent roles in the upward propagation of
waves from Alaska/Siberia during the first/second development stages of the MW in 2008/09. Ayarzagüena et al. (2011)
find that the amplification of the upward wave propagation
for the MW in 2009/10 was initiated by anomalous Rossby
wave trains and their interaction with climatological waves
in the troposphere in late January. Further details about these
tropospheric processes and preconditioning can be found in
the respective references.

www.atmos-chem-phys.net/12/8115/2012/

J. Kuttippurath and G. Nikulin: Evolution of the major warmings in 2003/2004–2009/2010

8123

Fig.
6. Temporal
evolution
of various
zonally
averaged
quantities
(data: operational
the ECMWF
operational
analysis)Arctic
for selected
Fig. 6. Temporal
evolution
of various
zonally
averaged
quantities
(data:
the ECMWF
analysis)
for selected
wintersArctic
at winters at
◦
45–75
hPa.
Theisquantity
marked
with dashed
lines and
the dotted
vertical each
lines month.
separate each month.
45–75◦ N/100 hPa.
TheN/100
quantity
zero
marked zero
with is
dashed
horizontal
lineshorizontal
and the dotted
vertical
lines separate

5

MWs and ozone loss

We have already seen that MWs have a great impact on the
temperature structure, and thus on the temporal and vertical
evolution of polar vortex in the Arctic winters. As the occurrence of a MW is associated with increase in polar temperatures, it restricts the formation of PSCs. In the polar stratosphere, the ozone loss occurs through heterogeneous chlorine
activation on PSC surfaces when the sunlight returns over the
region. Therefore, we now look at the connection between
Apsc and chemical ozone loss together with other dynamical
entities in the Arctic winters. In order to make a better statistical analysis, we use data for the seventeen winters during
1993/94–2009/10.
Figure 7 shows time series of the cumulative ozone loss
estimated from the ground-based ultraviolet-visible total column ozone measurements (Kuttippurath et al., 2010; WMO,
2007; Goutail et al., 2005) and December–March mean of
Apsc at 475 K, and January average of the zonal-mean temperatures, zonal winds, and geopotential heights at 50 hPa averaged over 60–90◦ N in the Arctic for the 1993/94–2009/10
period. The ozone loss is the maximum loss determined at the
end of each winter. It is computed as the difference between
the measured ozone and the passive tracer [i.e. 100 ×(passive
www.atmos-chem-phys.net/12/8115/2012/

tracer–ozone)/passive tracer)] simulated by the REPROBUS
chemical transport model (Lefèvre et al., 1998), for which
the model was initialised on 1 December (1 November for
2002/03 to account for early ozone loss in this winter) from
the ECMWF ozone data for each winter (i.e. no ozone loss
until the initialization day). Additional information about
these calculations can be found in Goutail et al. (2005) and
Kuttippurath et al. (2010).
There were no MWs over 1993/94–1997/98 and therefore,
temperatures were lower, areas of PSCs were larger, westerlies were stronger, and geopotential heights were comparatively lower and hence, large loss of ozone is estimated
in these winters. Although there was no MW in 1993/94,
the January average of temperature was higher and Apsc
was smaller in this winter. However, the loss in ozone was
comparable to other cold winters. This mismatch is due
to the unusual cold spell and associated ozone loss during late February–early March 1994 (Manney et al., 1995).
The situation was entirely different during 1998/99–2002/03,
which experienced 6 MWs and therefore, the winters except
1999/00 show warmer temperatures, smaller PSC areas, and
weaker westerlies. The warmings in 1998/99 and 2001/02
were very severe as there were two MWs in each winter, for
which the lowest Apsc (nearly zero) in the seventeen years is

Atmos. Chem. Phys., 12, 8115–8129, 2012
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deduced in 1998/99. Consequently, the ozone loss in these
winters was the smallest among the winters, about 7–10 %.
The winter 1999/00 was very cold, where the lowest geopotential height in the 17-yr period is also registered and thus,
large loss in ozone is estimated. A similar situation is replicated in 2004/05, a cold winter surrounded by 2 warm winters. Therefore, the largest Apsc among the winters and significant ozone loss are estimated for that winter. It suggests
that the late MW in 1999/00 (20 March 2000) or the early final warming in 2004/05 (14 March 2005) did not inhibit the
ozone loss in these cold winters. The winters from 2003/04 to
2009/10 had 6 MWs, where 2003/04 and 2005/06 show relatively higher temperatures, smaller Apsc , and thus minimal
ozone loss.
It is well-known that there is a good relation between the
partial column ozone loss and volume of PSCs in the Arctic
stratosphere (Rex et al., 2004). We also find a strong correlation between the relative ozone loss (%) and the December–
March average of Apsc , zonal-mean January temperature and
Atmos. Chem. Phys., 12, 8115–8129, 2012

zonal winds at 60–90◦ N. Nevertheless, we have also performed a detailed analysis of the correlation between the
ozone loss (%) and the dynamical parameters (temperature,
zonal wind, and geopotential height) for various months and
altitudes, i.e. we keep the ozone loss unchanged, but switch
the dynamical entities averaged for various months and altitudes for these tests. The analysis shows that the correlation
of these parameters (averages in January) with ozone loss (in
%) is 0.71–0.78 at 50 hPa. Correlations of ozone loss with
the parameters averaged at other altitudes (100 and 30 hPa)
are weak (r = 0.45–0.65), but comparable for 70 hPa (around
r = 0.8). Our diagnosis for other months (or combination of
months) reveals that the correlations are weak for December, February, and March, and for the December–January or
December–February average. Although the correlations are
slightly better for the December–March average (r = 0.81–
0.88), they do not relate in the same way as for the January average, i.e. the near one-to-one correlation as illustrated in Fig. 7. Furthermore, the higher correlations during
www.atmos-chem-phys.net/12/8115/2012/
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December–March are weighted by the higher temperatures
or weaker westerlies in February/March due to the MWs in
January/February of late 1990s and 2000s, as there was only
one winter with a MW in March (1999/00) during the period.
Since the timing of MWs is different in each winter, the data
averaged in a particular month may not always reflect the exact intensity of MWs. For instance, the MW was very strong
in 2008/09 but the zonal wind shows a speed of 120 ms−1
against −5 ms−1 in 2003/04. Therefore, care must be taken
to delineate various parameters and their correlation in a particular time period. In this context it is also worth mentioning
that there is a well established relation between spring time
heat flux and ozone in the northern high latitudes (e.g. Weber
et al., 2011).
To investigate the impact of timing of MWs on the ozone
loss, we use the central dates derived from the ECMWF operational analyses (shown in Fig. 7a). Note that there can
be slight differences in the MW central dates when they
are deduced from a different meteorological data set (e.g.
Harada et al., 2010; Charlton and Polvani, 2007; these will
be discussed in detail in Sect. 6.1). As emphasized earlier,
there were no MWs in the 1993/94–1997/98 period and thus
these winters experienced large loss in ozone. However, the
MWs in 1998/99 and 2001/02 were in December (e.g. Butler and Polvani, 2011) and hence, the ozone loss in these
winters was very small. Likewise, the MWs of 2002/03,
2003/04, 2005/06, and 2008/09 were in January, (e.g. Cohen and Jones, 2011; Kuttippurath et al., 2011; Kleinböhl
et al., 2005) and consequently the ozone loss during the winters was also very small. The MWs of other winters were
in February or March (e.g. Harada et al., 2010; Orsolini et
al., 2010) and therefore, the ozone loss was severe in those
winters (e.g. the MW in 1999/00 was on 20 March 2000). It
suggests that there is a good relation between the timing of
MW and the amount of ozone loss in each winter, where early
(December–January) MW leads to nominal ozone loss. This
is due to the fact that, in the Arctic, very low temperatures
(< 195 K) in December–January is important for the formation of PSCs and subsequent chlorine activation on them.
Therefore, MWs in these months limit the formation of PSCs
and hence, restrict the ozone loss.

6
6.1

Discussion and conclusion
MWs of recent Arctic winters

We have characterized various dynamical processes in the
Arctic winters 2003/04–2009/10. In 2009/10, the warming began with strong wave 2 disturbances around midDecember and that split the vortex in the lower stratosphere.
The vortex redeveloped afterwards, but later wave 1 episodes
built momentum for the MW in early February. All winters,
except 2008/09 show wave 1 amplification that led to the
MWs. In contrast, wave 2 activity was pivotal in driving the
www.atmos-chem-phys.net/12/8115/2012/
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MW in 2008/09, which rarely happens. Previous wave 2 MW
event occurred in 1988/89 and such events occur only in La
Nina conditions, except for the winter 1978/79 (e.g. Butler
and Polvani, 2011; Charlton and Polvani, 2007). In 2008/09,
the EP flux estimated for wave 2 during the MW period is
reportedly the largest since 1978/79 (Harada et al., 2010). In
2008/09, the wave forcing at the tropopause was unusually
large before and during the MW, which triggered the atypical
MW, confirming the findings of Harada et al. (2010). Among
the winters, 2003/04 had the earliest MW as it was in early
January. However, the MWs in 2006/07 and 2007/08 were in
late February, as for a typical pre-1990 MW (e.g. Cohen and
Jones, 2011; Andrews et al., 1987).
The MW in 2008/09 was a vortex split event, but the
MWs in other winters (during 2003/04–2009/10) were vortex displacement events. Note that if the vortex splits at
10 hPa on the central date, then the MW is a vortex split
event. Nevertheless, it also depends on the meteorological
data (e.g. ECMWF) and time (e.g. 12 h) considered for the
diagnosis, as the central date can be different for different data sets. For instance: the central date of 2003/04 is 5
January in our analysis with the ECMWF operational data,
whereas it is 7 January in Cohen and Jones (2011) and Butler and Polvani (2011), who used the National Center for
Environmental Prediction-National Center for Atmospheric
Research (NCEP-NCAR) reanalysis for their studies. Such
differences in the central dates calculated for several MWs
using the ECMWF 40-yr reanalysis (ERA-40) and NCEP–
NCAR data over 1957–2002 can also be found in Charlton
and Polvani (2007). In addition, possibly due to the differences in central dates, Cohen and Jones (2011) classify the
MWs of 2003/04, 2005/06 and 2009/10 as vortex split events,
in contrast to our results and to those of Harada et al. (2010)
and Manney et al. (2009, 2008, 2005). Therefore, attention
must be paid when interpreting a MW as a vortex split or
displacement event. Our analysis also shows that the wave 1
MWs (e.g. Kuttippurath et al., 2011; Kleinböhl et al., 2005;
Manney et al., 2005; Liu et al., 2009) usually end up with vortex displacement events, while the wave 2 MWs (e.g. Harada
et al., 2010; Manney et al., 2009) generally lead to vortex
split events, consistent with the findings of previous studies
(e.g. Bancalá et al., 2012; Cohen and Jones, 2011).
Exact reasons for the occurrence of stratospheric warmings are still not fully understood. A study by Taguchi (2008)
using a 49-yr reanalysis data did not show any significant
correlation between MWs and tropospheric blocking events.
In contrast, a recent study by Martius et al. (2009) shows
a clear connection between them. The analyses of Taguchi
(2008) are mostly at 500 hPa, while the study of Martius et al.
(2009) exhibits that the signals are more apparent at 200 hPa
or above. Similarly, the most recent studies using various
meteorological fields (e.g. ERA-40 and NCEP-NCAR) for
about 52 Arctic winters also show evidence for the connection between MWs and tropospheric blockings (Bancalá
et al., 2012; Castanheira and Barriopedro, 2010; Woollings
Atmos. Chem. Phys., 12, 8115–8129, 2012
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et al., 2010). In agreement with the findings of Martius et al.
(2009), the aforesaid studies also observe that the (wave 1/2)
MWs can be preceded by tropospheric blocking activity (in
the Euro-Atlantic/Pacific region) within a few weeks or days
prior to the central date of MWs. In this study we diagnosed
the wave forcing at 100 hPa and demonstrated a clear connection between tropospheric forcing and MWs. It is manifested more clearly with the wave 1 and wave 2 EP fluxes,
which show an advance shift in time (around 7 days) with the
central dates, suggesting a strong preconditioning or wave
forcing. It has to be reminded that the occurrence of MWs
is also strongly affected by several external factors such as
Quasi-Biennial Oscillation (QBO), solar cycle and sea surface temperature anomalies, e.g. MWs tend to happen more
frequently during solar maximum in the westerly phase of
QBO (e.g. Blume et al., 2012). However, a detailed account
on these issues are beyond the scope of this study. Nonetheless, note also that all MWs are not necessarily preceded
by tropospheric blocking activity (e.g. Bancalá et al., 2012;
Taguchi, 2008).
6.2

Impact of MWs on ozone

Polar ozone loss during 1993/94–2009/10 shows a high correlation with the December–March average of Apsc at 475 K,
and zonal-mean temperature and zonal wind at 50 hPa averaged over 60–90◦ N in January. There are studies showing a good correlation between the ozone loss and volume
of PSCs in the Arctic (Rex et al., 2004). The interesting aspect of our results is that we use entirely different data sets
(ground-based chemical ozone loss in percent), time period
(maximum ozone loss vs. December–March Apsc and January zonal-mean temperature, zonal winds, and geopotential
heights averaged over 60–90◦ N), and altitude/pressure level
(50 hPa) for the comparisons, and hence, these analyses are
different and new. However, this study further attests the robustness of the correlation between ozone loss and PSC or
temperature in the Arctic winter stratosphere.
Our analysis shows an increase in the frequency of MWs
in recent years as there were 13 MWs during 1998/99–
2009/10, in which six of them were over 2003/04–2009/10.
This is in agreement with the number of MWs identified
using other data sets for this period. For instance: studies
using the 6-hourly Japan Meteorological Agency Climate
Data Assimilation System and the Japanese 25-yr Reanalysis (Harada et al., 2010), the NCEP– NCAR data (Butler and Polvani, 2011; Cohen and Jones, 2011), the ERA40 reanalysis (Bancalá et al., 2012), and the ECMWF operational analyses (Ayarzagüena et al., 2011) also report a
similar number of MW events during the period. Therefore,
our analysis confirms the results of previous studies on the
frequency of MWs in recent Arctic winters (Mitchell et al.,
2012; Ayarzagüena et al., 2011; Charlton-Perez et al., 2008;
Manney et al., 2005).
Atmos. Chem. Phys., 12, 8115–8129, 2012

It is clear that there is a significant increase in the occurrence of MWs in recent Arctic winters and these MWs
have a strong impact on the trace gas distribution in that region. However, ozone variations in the polar stratosphere are
tightly related to the changes in the levels of anthropogenic
halogenated ozone depleting substances (ODSs) (e.g. Shepherd and Jonsson, 2008), green-house gases (GHGs) (e.g.
Eyring et al., 2010; Plummer et al., 2010), temperature (e.g.
Gillett et al., 2011; Shepherd and Jonsson, 2008), and planetary wave drive (e.g. Austin et al., 2003). So changes in
the polar stratospheric ozone are interconnected with key
chemical and dynamical processes. For instance: cooling of
the upper stratosphere by increased CO2 levels in the past
has mitigated the ozone loss through the temperature dependence of ozone chemistry there (e.g. Eyring et al., 2010; Jonsson et al., 2009) and hence, its continued increase in future
is likely to contribute to the upper stratospheric ozone recovery from the declining levels of ODS. The GHG-driven
changes in the residual circulation also affect the spatial
and temporal distribution of ozone and long-lived tracers
(e.g. Waugh et al., 2009; Salby and Callaghan, 2002). Studies have already shown that the long-term increases in the
poleward transient Rossby wave episodes in the subtropical lower stratosphere have significantly contributed to the
trends in the midlatitude ozone (e.g. WMO, 2007; Hood and
Soukharev, 2005). The expected changes of the concentration fields in stratospheric N2 O, CH4 and H2 O, due to increased Brewer-Dobson circulation, are very important in
this context (e.g. Butchart et al., 2010), as they are connected
to the NOx and HOx driven ozone loss in the stratosphere
(e.g. Eyring et al., 2010; Kuttippurath et al., 2010). Therefore, attribution of ozone trends to a particular chemical or
dynamical process is very challenging. Note, however, that
earlier investigators have already pointed out reduction in
the ODSs and subsequent positive changes in the abundances
of stratospheric ozone, irrespective of latitudes (e.g. WMO,
2011, 2007 and references therein). Yet, as the frequency of
MWs over 1998/99–2009/10 (∼ 1.1 MWs/winter) is nearly
twice that during 1957/58–1997/98 (∼ 0.6 MWs/winter), the
higher polar temperatures resulted from increased dynamical
activity could have masked the PSC-related ozone loss due
to anthropogenic halogen emissions. The study by de Laat
and van Weele (2011) also suggests that the minor warmings
of the Antarctic winters over 2004–2010 have contributed to
the reduced Antarctic ozone loss in this period. Therefore,
our study indicates that the positive ozone trends estimated
during 1998/99–2009/10 are likely to be affected by these
events of higher ozone abundances due to MWs and hence,
care should be taken when estimating and interpreting the
(ozone) trends in the polar stratosphere.
Characterization of a warming event is important for the
diagnosis of possible change in the dynamical activity, and its
representation in chemistry climate models needs to be improved. Models with temperature sensitive radiation schemes
show a jump in tracer values after MWs (e.g. Kuttippurath
www.atmos-chem-phys.net/12/8115/2012/

J. Kuttippurath and G. Nikulin: Evolution of the major warmings in 2003/2004–2009/2010
et al., 2010). So the diagnosis of warming events with respect to time is necessary to enhance the performance of the
models. Furthermore, trend studies on periods with MWs occurring in the beginning or at the end of the period make
trend detection difficult and often confusing, as also noted
by Manney et al. (2005). This is particularly important in the
context that there is an increase in the occurrence of MWs
in recent Arctic winters, as there were 13 MWs in 11 out
of the 12 winters: 1998/99–2009/10. The only winter without having a MW in this period is 2004/05. Yet, the final
warming of this winter was relatively early for a cold winter, on 14 March 2005 (note that this warming was taken as a
MW by Harada et al., 2010, but not in our study; Butler and
Polvani, 2011; and Cohen and Jones, 2011). Note, however,
that the frequency of MWs over 1993/94–2009/10 (which includes 5 consecutive winters without MWs) is ∼ 0.76 and is
comparable to the findings of other studies on the frequency
of MWs (0.6 ± 0.1 MWs/winter) over the 1957/58–2009/10
period (Charlton and Polvani, 2007; Blume et al., 2012). It
implies that, although there is an increase in the occurrence
of MWs in recent years, their long-term average is likely
to stay around the historical value (∼ 0.7 MWs/winter). To
this end, it should be kept in mind that the climate model
simulations also predict a similar number of MWs (0.7–
0.78 MWs/winter) for the 2010–2100 period (Mitchell et al.,
2012). Therefore, studies on the frequency and variability of
warm winters, as presented here, have a great importance in
diagnosing trends in the winter stratospheric conditions and
thus tracking climate change in the polar regions.
Acknowledgements. The authors would like to thank Florence Goutail, CNRS/LATMOS Paris, France for the GB/SAOZ
ozone loss values. The authors are also grateful to Gloria Manney,
JPL/NASA, (also at Department of Physics, New Mexico Institute
of Mining and Technology) and Slimane Bekki (LATMOS/CNRS)
for the discussions with them. The authors thank three anonymous
referees and the Editor for their comments on the manuscript
toward the improvement of this article. The ECMWF data are
retrieved from NILU NADIR data base. This work was partly
supported by the European Commission as a part of the FP7
RECONCILE project under the grant number: RECONCILE226365-FP7-ENV-2008-1.
Edited by: F. Khosrawi

The publication of this article is financed by CNRS-INSU.

www.atmos-chem-phys.net/12/8115/2012/

8127

References
Andrews, D. G., Holton, J. R., and Leovy, C. B.: Middle atmosphere
dynamics, Academic Press Inc., 491 pp., 1987.
Austin, J., Shindell, D., Beagley, S. R., Brühl, C., Dameris, M.,
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Manney, G. L., Krüger, K., Sabutis, J. L., Sena, S. A., and Pawson,
S.: The remarkable 2003–2004 winter and other recent warm
winters in the Arctic stratosphere since the late 1990s, J. Geophys. Res., 34, 387–396, doi:10.1029/2004JD005367, 2005.

www.atmos-chem-phys.net/12/8115/2012/

J. Kuttippurath and G. Nikulin: Evolution of the major warmings in 2003/2004–2009/2010
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