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At first sight, Sudden Stratospheric Warmings and the Quasi-Biennial Oscillation have only 
 one thing in common: They are features of stratospheric dynamics, one in the polar 


stratosphere and one in the equatorial stratosphere. Through the ozone depletion and through 
 an unexpected correlation between stratospheric parameters and the solar cycle, they are more 
 connected than we understand at the surface. A better understanding of this correlation may 
 make it easier to forecast the climate in relation to anthropogenic greenhouse gases and solar-
 terrestrial physics. It is well known that the dynamics of major midwinter stratospheric 
 warmings, which occur only in the Northern Hemisphere, are an important reason for the 
 ozone hole being less serious in the Arctic than in the Antarctic. It is also understood, but less 
 widely known, that an increased greenhouse effect will lead to a colder stratosphere also in the 
 Arctic, more PSC, and a more stable polar vortex, all of which can lead to a more serious 
 ozone hole in the Arctic. Furthermore, ozone is also a greenhouse gas, contributing to warming 
 at the surface. 


Many scientists have studied these phenomena over the years, and more and more continue to 
 do so. This report started as lecture notes for the course “The Polar Middle Atmosphere” held 
 at the University Courses on Svalbard (UNIS) in Autumn 1998, 1999, and 2000, respectively. 


It is based heavily on the textbooks by Holton (1992), Andrews et al. (1987), Dieminger et al. 


(1996), and Labitzke and van Loon (1999). In addition, all relevant articles in scientific  
 journals published in the six years from August 1994 to November 2000 (found in the ISI 
 database) were included as abstracts. These abstracts are ordered with the newest abstracts 
 first, and statements of special importance for this subject are printed in boldface. In its present 
 form, this report may serve as an overview over the status of knowledge for colleagues in 
 Norway and in other countries. Hopefully, it can also be a shortcut into this fascinating, 
 intellectually rewarding, and important field for young scientists. 


)LJXUH 6FKHPDWLFODWLWXGHKHLJKWVHFWLRQRI]RQDOPHDQWHPSHUDWXUHV°&IRUVROVWLFH
 FRQGLWLRQV'DVKHGOLQHVLQGLFDWHWURSRSDXVHVWUDWRSDXVHDQGPHVRSDXVHOHYHOV


$QGUHZVHWDO
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 675$7263+(5,&:$50,1*6


More details can be found in the textbooks by Holton (1992) in chapter 12.4, Dieminger et al. 


(1996), chapter IV.2, Andrews et al. (1987), chapter 6. 


 3KHQRPHQRORJ\


Figure 2.1 shows a meridional cross section of the atmospheric temperature at winter solstice 
in the Northern Hemisphere. The zonal-mean temperature is shown. The cold air poleward of 
700N and between 10 km and 40 km altitude is the polar vortex. Its origin is the lack of solar 
radiation in the polar night. Figure 2.2 shows a schematic of the polar vortex: A cold air mass 
between the 



(11)
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)LJXUH 3RWHQWLDOYRUWLFLW\DWDSSUR[LPDWHO\NPDOWLWXGH.SRWHQWLDO


WHPSHUDWXUHRQ)HELQ39XQLWV7KHRUDQJHDQGUHGVKDGHVDUHWKH
DFWXDOSRODUYRUWH[7KHV\PEROVKRZVWKHSRVLWLRQRI$/20$52UVROLQLHWDO




(12)tropopause and the stratopause. Cold air is heavier than its surroundings and sinks down. The 
 sinking air is replaced with air from lower latitudes at high altitude (through the law of 
 continuity). The Coriolis force of the rotating Earth forces the air mass instead to rotate 
 counterclockwise (in the Northern Hemisphere) with 60-100 m/s, completing a full rotation in 
 5 to 7 days. The ALOMAR ozone lidar for instance is located approximately beneath the edge 
 of the polar vortex, and can very often sample the same air again after 5 to 7 days. The polar 
 vortex is not as simple and symmetric as shown in Figure 2.2. Figure 2.3 shows an example of 
 an elongated polar vortex with a smaller vortex shedding off over eastern Siberia. This figure 
 is showing potential vorticity at the altitude level defined by a potential temperature of 475 K. 


The vortex has different shapes at different altitudes, i.e., it has a complex three-dimensional 
 shape. Figure 2.4 shows a schematic of the average meridional circulation in the atmosphere. 


The upper part, in the stratosphere and mesosphere is known as the Brewer-Dobson 
 Circulation. 


)LJXUH 6FKHPDWLFSLFWXUHRIWKHPHULGLRQDOFLUFXODWLRQLQWKHDWPRVSKHUH:02
 It is easy to see that stratospheric warmings have important consequences for the ozone hole 
 problem. Stratospheric warmings have been known since the publication by Scherhag (1952). 


Figure 2.5 shows the zonally averaged temperature at 10 hPa (approximately 30 km) at 800N 
 from October 1978 to May 1979.  From late January to early March three stratospheric 
 warming events are observed. Figure 2.6 shows a series of temperature profiles measured by 
 rocket during the previous winter, 1976/77. Notice that the stratospheric temperature increases 
 dramatically from 13 December to 28 December and 3 January, while the mesospheric 


temperature decreases almost just as dramatically during the same time. Stratospheric 


warmings and mesospheric cooling belong together, as Figure 2.7 illustrates.  Figure 2.8 shows 
 a recent example of a stratospheric warming in winter 2000/2001, measured over ALOMAR. 


Figure 2.9 shows the temperature at 10 hPa over the North Pole for 11 winters. The minimum 
of all curves shows a cooling from the beginning of November to the end of December, 
followed by a constant cold temperature (-800C) until mid-February and a strong warming 
trend towards the summer state. On top of this baseline there are episodic, random excursions 
by 30 to 70 K. The energy required for such warmings is of the order 2 . 1021 J. This would 
require 35 hours of continuous insolation with the sun in the zenith and with a total absorption 
of the solar radiation in the stratosphere. As this clearly is not the case, there must be another 
source of energy driving the phenomenon. 



(13) 'HILQLWLRQ


A stratospheric warming (“stratwarm”) is defined by a reversal of the meridional temperature 
 gradient at 10 hPa or below poleward from 600 latitude (from negative to positive), see Figure 
 2.10, lower panel. If the warming impulse is strong enough, also the circulation – the zonal-
 mean zonal wind – reverses from eastward to westward as shown in the top panel of Figure 
 2.10. This reversal of the zonal circulation in addition to the reversal of the temperature 
 gradient is the definition of a major stratospheric warming. When the temperature gradient 
 reverses, but not the circulation, it is a minor warming. Contrary to one of the recent 


publications below (Didonfrancesco et al., 1996) the textbooks say that major stratwarms only 
 occur in the Northern Hemisphere, never in the southern. Didonfrancesco et al. (1996) do not 
 consider the zonal mean zonal wind, but instead only the degree of warming and the altitude 
 range of the warming to diagnose a “major” warming. This does not agree with the generally 
 accepted definition. 


)LJXUH 9DULDWLRQRI]RQDOPHDQWHPSHUDWXUHDWK3D°1IURP2FWREHU
 WKURXJK0D\GHULYHGIURP/,06GDWD$QGUHZVHWDO


)LJXUH 5RFNHWVRQGHPHDVXUHPHQWVGXULQJWKHZLQWHU/DELW]NHDQG%DUQHWW




(14))LJXUH 6FKHPDWLFWHPSHUDWXUHYDULDWLRQ°&ZLWKKHLJKWDQGWLPHGXULQJWKHFRXUVHRI
D´0DMRU0LGZLQWHU:DUPLQJ´DWDERXW°1/DELW]NH



(15))LJXUH 3UHOLPLQDU\WHPSHUDWXUHSURILOHVIURPWKH$/20$52]RQH/LGDU°1


°(7KHWHPSHUDWXUHLQWHJUDWLRQZDVLQLWLDOLVHGDWNPZLWKWKH


WHPSHUDWXUHYDOXHIURPWKH$/20$5505OLGDU1RWHWKHVWUDWZDUPLQWKHODVW
WKUHHSURILOHV7KHWHPSHUDWXUHLQFUHDVHDWNPLVPRUHWKDQ.



(16))LJXUH &XUYHVRIPEWHPSHUDWXUHV°&DWWKH1RUWK3ROHLQZLQWHUV)URPWKH
 GDLO\DQDO\VHVRIWKH6WUDWRVSKHULF5HVHDUFK*URXS)UHLH8QLYHUVLWlW%HUOLQ
 /DELW]NHDQGYDQ/RRQ


 0HFKDQLVP


Stratwarms have to some extent been successfully modelled by assuming the following (Figure 
 2.11): A transient planetary wave propagates upward from the troposphere. In Figure 2.11 its 
 upper edge has reached the altitude zo. The dashed line shows the Eliassen-Palm flux )r  of this 
 planetary wave:  
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with ρ0 the reference density, X′,Y′ the horizontal perturbation velocities (eastward and 
 northward),  I =2Ωsinφ the Coriolis parameter (also called the inertial frequency), 5the gas 
 constant for dry air, 
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         (2.2) 
 the square of the Brunt-Väisälää frequency (also known as the buoyancy frequency), +the 


scale height, 7′ the temperature perturbation, 70 the reference temperature, κ =5/FS, FSthe 
 heat capacity at constant pressure, rM,Nr unit vectors toward east and north, respectively, Ωthe 
 Earth’s angular velocity and φ latitude. The full line in Figure 2.11a showing the wide layer is 
 the Eliassen-Palm flux divergence r )r


⋅


∇ , which gives the zonal forcing and leads to the 



(17)acceleration of the mean zonal flow shown by the other full line in Figure 2.11a. The hatched 
 region in Figure 2.11b shows the region where the Eliassen-Palm flux is convergent, leading to 
 the zonal acceleration shown by the contour lines. As potential vorticity is conserved, this 
 zonal acceleration gives rise to the poleward residual motion shown by the arrow within the 
 hatched area, and mass continuity leads to the residual circulation shown by the arrows. This 
 accelerates the downward motion within the vortex (and decelerates the downward motion in 
 the mesosphere above the polar vortex), leading to a warming in the stratosphere and a cooling 
 in the mesosphere. An adiabatic downward motion by 3 to 7 km suffices to explain the 


observed warmings by 30 to 70 K. Using ozone as a tracer, such downward motions have 
 indeed been observed during stratwarms, for instance with the ALOMAR Ozone Lidar. When 
 the dynamic forces are strong enough to split the polar vortex and push the Aleutian High 
 between the two sub-vortices, a zonally-averaged reversal of the zonal wind poleward of 600 is 
 achieved (Figure 2.12).  


)LJXUH 9DULDWLRQZLWKODWLWXGHDQGWLPHDWWKHPEOHYHORIDWKH]RQDOZLQGDQGE
WKH]RQDOPHDQWHPSHUDWXUHGXULQJWKHVXGGHQZDUPLQJRI+ROWRQ



(18))LJXUH 6FKHPDWLFRIWUDQVLHQWZDYHPHDQIORZLQWHUDFWLRQVRFFXUULQJGXULQJD
 VWUDWRVSKHULFZDUPLQJD+HLJKWSURILOHVRI(3IOX[GDVKHG(3IOX[


GLYHUJHQFHEURDGIXOOOLQHDQGPHDQ]RQDOIORZDFFHOHUDWLRQQDUURZIXOO
 OLQH]LVWKHKHLJKWUHDFKHGE\WKHOHDGLQJHGJHRIWKHZDYHSDFNHWDWWKHWLPH
 SLFWXUHGE/DWLWXGHKHLJKWFURVVVHFWLRQVKRZLQJUHJLRQZKHUHWKH(3IOX[LV
 FRQYHUJHQWKDWFKHGFRQWRXUVRILQGXFHG]RQDODFFHOHUDWLRQWKLQOLQHVDQG
 LQGXFHGUHVLGXDOFLUFXODWLRQDUURZV5HJLRQVRIZDUPLQJ:DQGFRROLQJ&


DUHDOVRVKRZQ+ROWRQ
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 /DELW]NHDQGYDQ/RRQ


 $V\PPHWU\EHWZHHQWKH1RUWKHUQDQG6RXWKHUQ+HPLVSKHUHV


Figure 2.13 compares the winter temperatures at 30 hPa over the poles, January-February for 
the North Pole and July-August for the South Pole. Note the 2.5 times larger variability from 
year to year over the North Pole, and an average about 20 K warmer. Due to there being more 
ocean on the Southern Hemisphere (and less land and mountain), there is weaker planetary 
wave activity over the Antarctic. As a result, the southern Polar Vortex is much stronger and 
there are no major stratospheric warmings (only minor stratwarms). This leads to a severe 
ozone hole over the Antarctic each spring, while there is only a small reduction of ozone 
density of the Northern Hemisphere in spring. 
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Full source  Journal of Geophysical Research - Atmospheres, 2000, Vol 105, Iss D18, pp 
 22909-22918 


Address  Duck TJ, MIT, Haystack Observ, Westford,MA 01886 USA 


Abstract  Four hundred and twenty-two nights of middle atmospheric temperature 
 observations were obtained in the High Arctic at Eureka (80 degrees N, 86 degrees W) during 
 six wintertime measurement campaigns from 1992-1993 to 1997-1998 by using a lidar and 
 meteorological balloons. 7KHPHDVXUHPHQWVUHYHDOWKDWWHPSHUDWXUHFKDQJHVRIJUHDWHU
 WKDQ.RFFXULQWKHVWUDWRVSKHUHZLWKLQWKHVSDFHRIDIHZZHHNV,QDFRPSDULVRQ
 ZLWKPDSVRIZLQGLQWKH1RUWKHUQ+HPLVSKHUHLWLVFOHDUWKDWPXFKRIWKHWKHUPDO
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Abstract  Sudden warmings in the stratopause region are a well known phenomenon in 
middle atmosphere dynamics. ,QWKLVVWXG\WKHVHVWUDWRSDXVHZDUPLQJVDUHDQDO\]HGXVLQJ



(23)DWHQ\HDULQWHJUDWLRQRIWKH%HUOLQ&OLPDWH0LGGOH$WPRVSKHUH0RGHO The good spatial 
 and temporal resolution of the model allows to investigate the main properties on a statistical 
 basis. ,WWXUQVRXWWKDWVWURQJVWUDWRSDXVHZDUPLQJVRFFXULQDOPRVWHDFKQRUWKHUQ
 KHPLVSKHUHZLQWHU The associated temperature maxima and the descent of the stratopause 
 agree very well with observed events. 7ZRVHOHFWHGZDUPLQJVDUHFRPSDUHGLQWHUPVRI(3
 IOX[GLDJQRVWLFVDQGSODQHWDU\ZDYHDPSOLWXGHV to study the links between stratopause 
 events and (major) warmings in the lower/middle stratosphere. 2QO\ZLWKVXSSO\RIXSZDUG
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Abstract  Based on 19 years(1979-1998) of NCEP/NCAR reanalyses data and potential 
 vorticity (PV) area diagnostics, we found that in the southern hemisphere (SH) the polar vortex 
 has lasted about two weeks longer in the 1990s than in the early 1980s and the northern 


hemisphere (NH) polar vortex has lasted four weeks longer. The SH vortex persisted within 
 the layer(12-22 km) with almost complete ozone loss, but did not persist at higher altitudes 
 where ozone was not depleted. However, the NH vortex persisted in a broader vertical range 
 not limited to the ozone-depletion layer. We show that wave activity has weakened in recent 
 years in the NH, but not in the SH. The springtime Antarctic ozone hole seems to be the main 
 cause for the SH polar vortex persistence, while the cause for the NH vortex persistence 
 involves changes in polar ozone as well as changes in dynamics. 
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Abstract  A mechanism for the breakdown of vertically propagating edge waves in a 
 Boussinesq fluid is investigated within the context of the GHVWUXFWLRQRIWKHSRODU


VWUDWRVSKHULFYRUWH[. Under inviscid, quasi-linear, and slowly varying conditions in a three-
 dimensional, quasigeostrophic contour dynamics model it is analytically predicted that 
 planetary-scale edge wave breaking will occur if the zonal mean flow is decelerated by more 
 than approximately one-half its initial value via a positive group-velocity-mean-flow feedback 
 mechanism. Fully nonlinear model simulations confirm this ’’one-half rule’’ and detail the 
 sequence of events leading to the breaking. 
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  Abstract  An atypically early major stratospheric sudden warming in mid-Dec 1998 resulted in 
 an abnormally warm and weak polar vortex through most of the 1998-99 winter. The first 
 major warming in nearly 8 years, it was only the second major warming observed before the 
 end of Dec, and strongly resembled the previous Dec 1987 major warming in several 


characteristics atypical of major warmings later in winter. 'PHFKDQLVWLFPRGHOVLPXODWLRQV
 UHSURGXFHGPRVWFKDUDFWHULVWLFVRIWKH'HFPDMRUZDUPLQJLQFOXGLQJWKH


PDJQLWXGHVRI]RQDOPHDQHDVWHUOLHVDQGWHPSHUDWXUHLQFUHDVHV and the 3D evolution of the 



(24)flow, paving the way for more detailed future studies of the mechanisms involved in this 
 unusual event. 
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 Abstract  A 7,200-day dataset from a SHUSHWXDO-DQXDU\LQWHJUDWLRQRIWKH%HUOLQ


7URSRVSKHUH6WUDWRVSKHUH0HVRVSKHUH*HQHUDO&LUFXODWLRQ0RGHO is analyzed to clarify 
 the basic nature of the dynamical linkage between the stratosphere and the troposphere. Much 
 attention is paid to the stratospheric sudden warming events; sixty-four events are detected in 
 this dataset, with no clear periodicity. 


The 64 sudden warming events are divided into two groups according to the relative strength 
 of planetary waves of zonal wavenumber 1 and 2 in the stratosphere, although each event has 
 its own dynamical characteristics. Composites for each group show some general features of 
 the stratospheric sudden warmings, including the ’’preconditioned’’ zonal mean states in the 
 lower stratosphere and the upward propagation of the enhancement of planetary-scale waves 
 from the troposphere to the stratosphere. In the preconditioned states the zonal mean 


temperature is lower than normal in the polar region, and the zonal mean zonal wind is 
 stronger in the middle and high latitudes. 


 Each group shows some different dynamical behavior, not only in the stratosphere but also in 
 the troposphere before, during and after the sudden warming events. In the group in which the 
 wavenumber 1 component dominates, the preconditioned states are more evident and confined 
 to lower altitudes. Such states continue even after sudden warming events near the tropopause. 


In the other group of wavenumber 2 dominance, signals of sudden warming descend to the 
 upper troposphere after the events. 
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 Abstract  Lower stratospheric temperatures in the northern winters of 1994/1995, 1995/1996, 
and 1996/1997 were low enough to support polar stratospheric cloud (PSC) formation for 
prolonged periods. While the seasonal evolution of each winter was quite different, there are 
some common characteristics: notably, the occurrence of extremely cold periods of long 
duration and the coldness of the late winter in each year. Comparison with observations over 
more than three decades indicate the stratosphere was atypically cold in these three years, with 
the largest anomalies occurring in the late winter and spring. In January and February the 
coldness seems to be determined by the interannual variability of the circulation, while in 
March the persistence of the polar vortex dominated the circulation in these three years. This 
may be related to the lack of major midwinter warmings in those years. Comparison with other 
winters shows that although the persistence of the polar vortex well into the spring is not 
unprecedented, this did not occur frequently in the previous two decades. Further, there is a 
general temperature decrease in the northern lower stratosphere, which contributed to the 
coldness of the three winters. Comparison of the late winter and spring of 1997 with 1967, 
both of which were forced only weakly by dynamics, supports the idea that this is due to a 
change in the radiative balance (with equilibrium at a lower temperature), although there are 
many caveats to this conclusion. 
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 Abstract  A chronology of tropospheric CF4 mixing ratios is reported for the northern 


hemisphere, A decline of global emissions of CF4 from 16,000 to 11,000 metric tons yr(-1) is 
 found for the periods 1978-1990 and 1992-1998, respectively. The atmospheric chronology of 
 CF4 is applied to determine the age of air of cryogenic air samples collected on rocket and 
 balloon platforms. $JHYDOXHVRI\HDUVDUHIRXQGLQVLGHWKHSRODUYRUWH[EHWZHHQ
 NPDOWLWXGHDQGRI\HDUVEHWZHHQDQGNPDOWLWXGH, which is significantly higher 
 than predicted by most models currently used to assess the effects of high-flying aircraft. The 
 results suggest that the mesosphere is more isolated from below than previously believed. A 
 comparison of age values derived from CF4 and SF6 relative to predicted deviations constrains 
 the atmospheric lifetime of SF6 to >5,000 years. 
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 Abstract  A series of lidar temperature soundings from the ALOMAR observatory in northern 
 Norway indicated an extreme warming of a descending stratopause in February 1998. 7KH
 PD[LPXPWHPSHUDWXUHUHFRUGHGGXULQJWKLVHYHQWZDVGHJUHHV&DWNPDOWLWXGH
 This stratospheric warming is described by means of SSU satellite radiance data and of 
 stratospheric analyses from the Free University Berlin. Comparisons are made to a number of 
 historical events with similar temperature observations from rocket soundings and to results 
 from the Berlin general circulation model. ,WWXUQVRXWWKDWLQDOOFDVHVWKHKLJKHVW


VWUDWRSDXVHWHPSHUDWXUHVRFFXUFORVHWRWKHNPDOWLWXGHOHYHO
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 Abstract  Measurements of stratospheric thermal structure and gravity wave activity have been 
 obtained with a Rayleigh lidar in the Canadian High Arctic at Eureka (80 degrees N, 86 


degrees W) during five recent winters. 7KHREVHUYDWLRQVUHYHDOWKDWDQDQQXDOODWH


'HFHPEHUZDUPLQJRIWKHXSSHUVWUDWRVSKHUHRFFXUUHGLQWKHSRODUYRUWH[FRUH and was 
 sustained through the winter. Increased gravity wave activity was detected in the vortex jet 
 during the warming. That these two phenomena developed in parallel suggests they are related. 


,WLVSURSRVHGWKDWLQFUHDVHGJUDYLW\ZDYHPRPHQWXPGHSRVLWLRQDERYHWKHMHWPD[LPXP
 IRUFHGIORZLQWRWKHYRUWH[FRUHZKHUHLWGHVFHQGHGDQGZDUPHGDGLDEDWLFDOO\
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  Abstract  In this paper, ZHVKRZWKDWWKHUDWHRIR]RQHORVVLQERWKSRODUDQGPLG
 ODWLWXGHVGHULYHGIURPR]RQHVRQGHDQGVDWHOOLWHGDWDKDVDOPRVWWKHVDPHYHUWLFDO


GLVWULEXWLRQDOWKRXJKRSSRVLWHVHQVHWRWKDWRIR]RQHODPLQDHDEXQGDQFH. Ozone laminae 
 appear in the lower stratosphere soon after the polar vortex is established in autumn, increase 
 in number throughout the winter and reach a maximum abundance in late winter or spring. :H
 LQGLFDWHDSRVVLEOHFRXSOLQJEHWZHHQPLGZLQWHUVXGGHQVWUDWRVSKHULFZDUPLQJVZKHQ
 WKHYRUWH[LVZHDNHQHGRUGLVUXSWHGDQGWKHDEXQGDQFHRIR]RQHODPLQDHXVLQJD\HDU
 UHFRUGRIR]RQHVRQGHGDWDIURPWKH:RUOG2]RQH'DWD&HQWHULQ&DQDGDFRPELQHGZLWK
 PRQWKO\PHDQ-DQXDU\SRODUWHPSHUDWXUHVDWK3D. 


Results are presented from an experiment conducted during the winter of 1994/95, in phase II 
 of the Second European Stratospheric And Mid-latitude Experiment (SESAME), in which 93 
 ozone-enhanced laminae of polar origin observed by ozonesondes at different time and 
 locations are linked by diabatic trajectories, enabling them to be probed twice or more. It is 
 shown that, in general, ozone concentrations inside laminae fall progressively with time, 
 mixing irreversibly with mid-latitude air on time-scales of a few weeks. 


A particular set of laminae which advected across Europe during mid February 1995 are 
 examined in detail. These laminae were observed almost simultaneously at seven ozonesonde 
 stations, providing information on their spatial scales. The development of these laminae has 
 been modelled using the Contour Advection algorithm of Norton (1994), adding support to the 
 concept that many laminae are extrusions of vortex air. Finally, a photochemical trajectory 
 model is used to show that, if the air in the laminae is chemically activated, it will impact on 
 mid-latitude ozone concentrations. An estimate is made of the potential number of ozone 
 molecules lost each winter via this mechanism. 
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 Abstract  The chemical reactions responsible for stratospheric ozone depletion are extremely 
 sensitive to temperature(1). Greenhouse gases warm the Earth’s surface but cool the 


stratosphere radiatively(2-5) and therefore affect ozone depletion. Here we investigate the 
 interplay between projected future emissions of greenhouse gases and levels of ozone-
 depleting halogen species using a global climate model that incorporates simplified ozone-
 depletion chemistry. 7HPSHUDWXUHDQGZLQGFKDQJHVLQGXFHGE\WKHLQFUHDVLQJ


JUHHQKRXVHJDVFRQFHQWUDWLRQVDOWHUSODQHWDU\ZDYHSURSDJDWLRQLQRXUPRGHOUHGXFLQJ
WKHIUHTXHQF\RIVXGGHQVWUDWRVSKHULFZDUPLQJVLQWKH1RUWKHUQ+HPLVSKHUH7KLV
UHVXOWVLQDPRUHVWDEOH$UFWLFSRODUYRUWH[ZLWKVLJQLILFDQWO\FROGHUWHPSHUDWXUHVLQWKH
ORZHUVWUDWRVSKHUHDQGFRQFRPLWDQWO\LQFUHDVHGR]RQHGHSOHWLRQ. Increased concentrations 
of greenhouse gases might therefore be at least partly responsible for the very large Arctic 
ozone losses observed in recent winters(6-9). Arctic losses reach a maximum in the decade 
2010 to 2019 in our model, roughly a decade after the maximum in stratospheric chlorine 
abundance. The mean losses are about the same as those over the Antarctic during the early 
1990s, with geographically localized losses of up to two-thirds of the Arctic ozone column in 
the worst years. The severity and the duration of the Antarctic ozone hole are also predicted to 
increase because of  greenhouse-gas-induced stratospheric cooling over the coming decades. 
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 Abstract  Lidar and balloon measurements at the new observatory, AStrO (80.05 degrees N, 
 86.42 degrees W), near Eureka, in the Canadian Arctic, have revealed laminations inside the 
 ozone layer both inside and outside the polar vortex. These observations have been conducted 
 by the lidar group of the Institute for Space and Terrestrial Science during February-March 
 1993 and the winters of 1993-1994 and 1994-1995. Observations of the vortex edge region 
 were obtained as it passed over Eureka, revealing ozone profiles rich in structure. This paper 
 discusses the observed ozone structures and their relationship to vortex filaments, the vortex 
 edge structure, low-ozone pockets, motion of the vortex edge region in the ozone profiles, and 
 observed temperatures. Complementing the observations are back trajectories, potential 
 vorticity maps, and Lagrangian domain-filling potential vorticity trajectories. The relations of  
 magnitude and thickness of the laminations to their positions relative to the vortex are revealed 
 by presenting data as a function of potential vorticity. Mechanisms for the formation and 
 transport of the laminae are discussed, as well as their role as a possible exchange mechanism 
 of air masses across the polar vortex boundary. From observations of the laminations and their 
 relation to potential vorticity, it is suggested that motion of the vortex, sometimes associated 
 with warmings, is involved in the formation of laminations, which are subsequently advected 
 as filamentary structures. 
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 Abstract  Stratospheric temperatures were measured by lidar at 0F0XUGRVWDWLRQ


$QWDUFWLFDGHJUHHV6GHJUHHV( during two late spring months (September-October) 
 in 1991 and 1992, and during the period March-October in 1993 and 1994. The stratosphere 
 was found to be quite active, with RQHPDMRUDQGVHYHUDOPLQRUZDUPLQJV occurring in 1993 
 and 1994, and showing the expected behaviour of a distinct region of high temperatures, 
 formed in the polar mesosphere, descending with time and warming the stratopause region. A 
 relative maximum of the stratopause temperature was observed in July 1994, and differences 
 between two years in terms of the time development of average temperature in the different 
 stratospheric layers and in terms of the average temperature variability over single months are 
 pointed out. Monthly mean temperature profiles determined from lidar observations are 


compared with a reference atmosphere (CIRA86). Fair agreement, with discrepancies less than 
 +/-4 K, in June, July and August in the middle stratosphere and just above the stratopause was 
 found. (C) 1996 
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 Abstract  0LFURZDYHOLPEVRXQGHUREVHUYDWLRQVRIPLGVWUDWRVSKHULFR]RQHGXULQJ


VWUDWRVSKHULFZDUPLQJVVKRZWRQJXHVRIKLJKR]RQHGUDZQXSIURPORZODWLWXGHVLQWRWKH
 GHYHORSLQJDQWLF\FORQH. Several days later, an isolated pocket of low ozone mixing ratios 
 appears, centered in the anticyclone, and extending in the vertical from approximate to 15 to 5 
 hPa, with higher mixing ratios both above and below. These low ozone mixing ratios during 
 northern hemisphere warmings are comparable to values well inside the vortex and are 
 approximate to 3 parts per million by volume lower than typical midlatitude extra-vortex 
 mixing ratios. This type of feature is seen whenever the anticyclone is strong and persistent, 
 including during relatively strong minor warmings in the southern hemisphere. Three-
 dimensional back trajectory calculations indicate that the air in the region of the low-ozone 
 pockets originates at higher altitudes and low latitudes, where ozone mixing ratios are much 
 higher. The air parcels studied here are typically confined together for 1 to 3 weeks before the 
 lowest ozone mixing ratios are observed. The trajectory calculations and comparisons with 
 passive tracer data confirm that the observed low- ozone regions in the midstratosphere could 
 not result solely from transport processes. 
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  Abstract  During the DYANA campaign, winds and tides at mesopheric and lower 


thermospheric altitudes were measured by 14 ground based experiments (MF radars, meteor 
 radars and LF-drift systems).  The experiments were located between 107-degrees-W and 102-
 degrees-E, mostly in northern mid-latitudes with well covered areas in Central and Eastern 
 Europe.  Emphasis is placed here upon the vertical profiles and height-time contours of the 
 prevailing zonal and meridional winds with different resolution (15 d, 4 d).  Generally, 


westerly winds are observed at heights below 95 km with a strong mesospheric variability and 
 with longitudinal differences between the data of Central Europe, Eastern Europe, Asia and 
 Canada.  Planetary waves DQGDPLQRUVWUDWRVSKHULFZDUPLQJ in the first 10 days of 
 February 1990 are the cause of this behaviour,QFRQQHFWLRQZLWKWKHVWUDWRVSKHULF


ZDUPLQJDZLQGUHYHUVDOWRVXPPHUHDVWZLQGVUHDFKLQJIURPWKHXSSHUVWUDWRVSKHUHXS
 WRNPLVREVHUYHG.  The close connection of the behaviour of the stratosphere with the 
 observed longitudinal differences in the mesospheric response on the stratospheric warming 
 and with the occurrence of wind oscillations (10-15 d) is discussed. 
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 Abstract  Large-scale processes in the stratosphere and mesosphere were investigated for the 
DYANA period, mainly on the basis of rocket sounding series and satellite-based maps.  It was 



(29)found that undisturbed circulation prevailed during the early winter period with low 
 stratospheric temperatures near the Pole.  Periodic warm pulses appeared in January in the 
 upper stratosphere and an intense warming was observed at these levels in early February, the 
 downward penetration of which (below 25-30 km) was relatively confined. :DYHQXPEHU
 predominated during the warming.  In late February the cold cyclonic vortex was restored near 
 the Pole and this persisted into March. 
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 Abstract  During February and March 1993, Rayleigh lidar observations of temperature 
 structure and gravity wave activity were carried out in the high Canadian Arctic at Eureka, 
 Northwest Territories (80 degrees N, 86 degrees W). $VXGGHQZDUPLQJZDVREVHUYHGILUVW
 LQWKHXSSHUVWUDWRVSKHUHGXULQJODWH)HEUXDU\DQGWKHQDWORZHUOHYHOVLQHDUO\0DUFK
 The warming appeared to be part of a disturbance of the entire middle atmosphere with 
 WHPSHUDWXUHFKDQJHVLQWKHPHVRVSKHUHDQGORZHUVWUDWRVSKHUHEHLQJRSSRVLWHLQVLJQWR
 WKRVHLQWKHXSSHUVWUDWRVSKHUH. Shorter time and length scale temperature fluctuations, 
 observed in the upper stratosphere, are interpreted as being a result of atmospheric gravity 
 waves. The wave amplitudes are shown to be capable of inducing convective instability. The 
 rms perturbation and available potential energy density show substantial vertical and day-to-
 day variability in regions of conservative and dissipative growth rates. Vertical growth of the 
 potential energy spectral density is seen to cease at the broadband convective instability 
 saturated limit. There appeared to be substantially greater dissipation of gravity wave energy 
 within the upper-stratospheric warming in comparison with the preceding and following 
 periods. 


 7+(48$6,%,(11,$/26&,//$7,21


More details can be found in chapter 12.6 of  Holton (1992), Chapter III.1.5 of 
 Dieminger et al. (1996), and chapter 8 of Andrews et at. (1987). 


 3KHQRPHQRORJ\


The Quasi-biennial oscillation (QBO; “oscillation with a period of almost two years”) is: 


1.  Zonally symmetric easterly and westerly wind regimes (Figure 3.1) alternate regularly with 
 periods varying from about 24 to 30 months (Holton, 1992), or 22 to 34 months, with an 
 average of about 27 months (Andrews et al., 1987), or the wind at a given level can stay in 
 the same phase for as long as two years or as short as six months (Naujokat, 1986). Figure 
 3.2 shows the monthly mean zonal wind for 46 years, showing 20 periods: average 28 
 months. 


2.  Successive regimes first appear above 30 km but propagate downward at a rate of about 1 
 km/month. 


3.  The downward propagation occurs without loss of amplitude between 30 km and 23 km, 
but there is rapid attenuation below 23 km. Thus, there must be a process feeding energy 
into this oscillation in the height range 23-30 km. 



(30)4.  The oscillation is symmetric about the equator with a maximum amplitude of about 20 m/s 
 and an approximately Gaussian distribution in latitude with a half-width of about 120. See 
 Figure 3.3. 


  


The QBO was discovered in 1960 by Reed and independently in 1961 by Veryard and Ebdon 
 (Reed et al., 1961; Veryard and Ebdon, 1961). Figure 3.4 shows that, although the QBO is 
 very irregular, there is a tendency for the easterly wind onset (at 50 hPa) to occur in the 
 summer months of the northern hemisphere. Figure 3.5 shows an asymmetry in the onsets of 
 the westerly and easterly regimes: The westerlies begin at the equator and spread north and 
 south, whereas the easterlies begin simultaneously in the whole QBO band of latitudes. This 
 may indicate different excitation mechanisms for the two regimes. 


)LJXUH 7KHUHODWLYHIUHTXHQF\GLVWULEXWLRQDWYDULRXVKHLJKWVRIWKHPRQWKO\PHDQ]RQDO
ZLQGVQHJDWLYHYDOXHVDUHWRZDUGZHVWSRVLWLYHRQHVDUHWRZDUGHDVW
7KHPRQWKO\PHDQVDUHVWUDWLILHGLQFODVVHVZLWKDZLGWKRIPV
0DUTXDUGW



(31))LJXUH 7LPHKHLJKWVHFWLRQRIWKHPRQWKO\PHDQ]RQDOZLQGFRPSRQHQWVRYHUWKH
HDXDWRU/DELW]NHDQGYDQ/RRQ



(32))LJXUH /DWLWXGHKHLJKWGLVWULEXWLRQRIWKHDPSOLWXGHDQGSKDVHRIWKH]RQDOZLQG4%2


$PSOLWXGHVROLGOLQHVLQPVSKDVHGDVKHGOLQHVDWPRQWKLQWHUYDOVZLWK
 WLPHLQFUHDVLQJGRZQZDUG$QGUHZVHWDO


)LJXUH 3HULRGRI4%2F\FOHVDVDIXQFWLRQRIWKHWLPHRIHDVWHUO\ZLQGRQVHWDWWKH
PEOHYHO1RWLFHWKHFOXVWHULQJRIHDVWHUO\RQVHWRFFXUUHQFHVGXULQJ1RUWKHUQ
+HPLVSKHUHVXPPHU$QGUHZVHWDO



(33))LJXUH &RPSRVLWHODWLWXGHWLPHVHFWLRQRI]RQDOZLQGDWK3DIRUZHVWHUO\XSSHU
 DQGHDVWHUO\ORZHUSKDVHVRIWKH4%2=RQDOZLQGVVROLGOLQHVLQPV
 DFFHOHUDWLRQGDVKHGOLQHVLQPVPRQWK'XQNHUWRQDQG'HOLVL


 8QH[SHFWHGFRUUHODWLRQV


The upper panel of Figure 3.6 is a plot of the 30 hPa temperature over the North pole in 


January/February together with the 10.7-cm solar flux. As one might have expected, there is no 
 correlation. However, if the datapoints are ordered by whether the QBO was in its West phase 
 (middle panel) or in its East phase (bottom panel), an unexpected correlation and anti-


correlation, respectively, emerges. Figure 3.7 shows the correlation between temperatures at 
two NH locations and the 10.7-cm solar flux. Figure 3.8 shows a map of the correlation 
coefficients between the 10.7-cm flux and the 30 hPa height. Friis-Christensen and Lassen 
(1991) have discovered that an even better correlation is found between the length of the solar 
cycle and the temperatures or geopotential heights in the stratosphere (Figure 3.9). Only the 
winter temperatures, etc, must be ordered by the phase of the QBO. In the other seasons, the 
correlation is there for both phases of the QBO. - The variation of the solar constant with the 
sunspot number is very small (about 2 Wm-2), and no one expects this to have any measurable 
effect on the temperature on the earth. On the other hand, the solar spectrum varies most on the 
UV-end, the part of the spectrum that is absorbed preferentially in the stratosphere. - As of 
today, no explanation is known for this correlation, and it is surprising that a strictly equatorial 
feature like the QBO should have any effect on the polar atmospheres. – It is possible that the 
stratosphere might – by coincidence - have an intrinsic frequency of something close to the 11 
years solar cycle, making the stratosphere especially susceptible to changes in the 11-year 



(34)forcing. The odd phase jumps to make the two independent (this hypothesis) oscillators match 
 might contribute to the QBO? 


)LJXUH D7LPHVHULHVRIWKHFPVRODUIOX[XQLWVDUH:P+]IRU
-DQ)HEDQGRIWKHPHDQPEWHPSHUDWXUH°&DWWKH1RUWK3ROHIRU
-DQ)HE7KHVTXDUHVRQWKHWHPSHUDWXUHFXUYHGHQRWHZLQWHUVLQWKHZHVW
SKDVHRIWKH4%27KHDVWHULVNVDWWKHERWWRPDUHWKH\HDUVZLWKWKHPDMRUPLG
ZLQWHUZDUPLQJV7KHQXPEHURI\HDUVDQGWKHFRUUHODWLRQFRHIILFLHQWEHWZHHQ
WKHWZRVHULHVDUHDOVRVKRZQE7KHVRODUIOX[DVLQD7KHPEWHPSHUDWXUH
FXUYHDWWKH1RUWK3ROHIRU-DQ)HELVGUDZQRQO\IRUWKHZLQWHUVLQWKHZHVW
SKDVHRIWKH4%27KHDVWHULVNVGHQRWHWKHPDMRUPLGZLQWHUZDUPLQJVZKLFK
RFFXUUHGLQWKHZHVWSKDVHFDVEEXWIRUWKHZLQWHUVLQWKHHDVWSKDVHRIWKH



(35)4%2WKHDVWHULVNVVKRZWKHPDMRUPLGZLQWHUZDUPLQJVZKLFKRFFXUUHGLQWKH
 HDVWSKDVH$IWHU/DELW]NHDQGYDQ/RRQ


)LJXUH 9HUWLFDOGLVWULEXWLRQRIFRUUHODWLRQVEHWZHHQWKH\HDUVRODUF\FOHFP
 VRODUIOX[DQGDYHUDJHGWHPSHUDWXUHLQ-DQXDU\DQG)HEUXDU\LQWKH(DVWDQG
 :HVWSKDVHRIWKH4%2D$W+HLVV,VODQG°1°(E$WWKH2EVHUYDWRU\


RI+DXWH3URYHQFH°1°(/DELW]NHDQG&KDQLQ


)LJXUH &RUUHODWLRQEHWZHHQWKHFPVRODUIOX[DQGWKHPEKHLJKWLQ-XO\$XJXVW
LQ\HDUV/DELW]NHDQGYDQ/RRQ



(36))LJXUH 2QHOLQHVKRZVWKHGHYLDWLRQRIWKH1RUWKHUQ+HPLVSKHUHDQQXDOPHDQ
 WHPSHUDWXUHIURPWKHORQJWHUPDYHUDJHULJKWD[LVWKHRWKHUOLQHVKRZVWKH
 OHQJWKRIWKHDSSURSULDWHVRODUF\FOHOHIWD[LVIURPWR)ULLV


&KULVWHQVHQDQG/DVVHQ
  7KHRULJLQRIWKH4%2


)LJXUH 6FKHPDWLFUHSUHVHQWDWLRQRIWKHZDYHGULYHQDFFHOHUDWLRQVWKDWOHDGWRWKH]RQDO
 ZLQG4%2.HOYLQDQG5RVVE\JUDYLW\ZDYHVRISKDVHVSHHGVFDQG±F


UHVSHFWLYHO\SURSDJDWHXSZDUGDQGDUHGLVVLSDWHGDWUDWHVGHSHQGHQWRQWKH
 'RSSOHUVKLIWHGIUHTXHQF\D,QLWLDOZHDNZHVWHUO\FXUUHQWVHOHFWLYHO\GDPSV
 WKH.HOYLQZDYHDQGOHDGVWRZHVWHUO\DFFHOHUDWLRQDWORZHUOHYHOVDQGHDVWHUO\


DFFHOHUDWLRQDWKLJKOHYHOVE'HVFHQGLQJZHVWHUO\VKHDU]RQHVEORFN
 SHQHWUDWLRQRI.HOYLQZDYHVZKLOH5RVVE\JUDYLW\ZDYHVSURGXFHGHVFHQGLQJ
 HDVWHUOLHVDORIW%URDGDUURZVVKRZORFDWLRQVDQGGLUHFWLRQRIPD[LPDLQPHDQ
 ZLQGDFFHOHUDWLRQ:DY\OLQHVLQGLFDWHUHODWLYHSHQHWUDWLRQRIZDYHVIURP
 3OXPE


At least for the QBO itself we seem to have a satisfactory explanation Figure 3.10: Kelvin 
waves (a special class of atmospheric gravity waves) exist only in a band very close to the 
equator and only with a phase velocity towards the east (westerly). They are symbolized by the 
wavy line on the right side of Figure 3.10a. Rossby-gravity waves, on the other hand, can also 
have phase speeds towards the west, see the wavy line on the left side of the left panel of 



(37)Figure 3.10. At such heights where the zonal background wind becomes equal to the phase 
 speed of an atmospheric wave, the wave is Doppler-shifted to zero frequency and thus 
 absorbed by the background flow. This is called a critical layer absorption. The process is a 
 little more complicated than described here, and occurs already when the phase velocity 
 approaches the background wind speed. This process leads to any (coincidental) background 
 wind like in Figure 3.10a to be modified by wave momentum deposition as shown by the 
 arrows. As Figure 3.10b shows, this will lead to a steepening and downward propagation of the 
 wave. The nonlinearity of the process and the randomness of the occurrence of the Kelvin and 
 Rossby-gravity waves, respectively, leads to the unsteadiness of the QBO. 
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