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Contents0.1 ZusammenfassungIn dieser Studie wurde die Dynamik des gekoppelten Systems Troposphäre/Stratosphäremit dem atmosphärishen Zirkulationsmodell MAECHAM5, gekoppelt mit einem Dek-shiht-Ozeanmodell, untersuht. Der Shwerpunkt lag auf dem Ein�uÿ der Stratosphäreauf die Troposphäre. Bezüglih des Modells konnte festgestellt werden, dass die Januar-MAECHAM5-Klimatologie gut mit der beobahteten Klimatologie übereinstimmt. Ambesten ist die Übereinstimmung in den Extratropen und unterhalb der obersten Mod-ellshihten (wo der Sponging-E�ekt stark ist). Weitere Untersuhungen zeigten, daÿsowohl Dynamik als auh dreidimensionale Struktur des 'Northern Annular Mode' (NAM)in MAECHAM5 gut mit vorherigen Studien übereinstimmen. Bezüglih der Kopplungkonnte durh MAECHAM5-Daten festgestellt werden, dass die NAM-Muster niht nurdie troposphärishe und stratosphärishe Variabilität, sondern auh die Kovariabilität zwi-shen Troposphäre und Stratosphäre nördlih von 20◦N dominieren.Eine zeitvershiebende 'Composite' Analyse basierend auf dem 50hPa-NAM-Index (NA-MI), ein Maÿ für die Stärke des 'stratosphärishen Modes', zeigte, daÿ stark positivestratosphärishe NAM-Phasen mit einem starken anomalen Westwind in hohen Breitenund einem Temperatur-Quadrupol zwishen Troposphäre und unterer Mesosphäre verbun-den sind. Der untere Teil dieses Quadrupols hat eine Dipolstruktur mit einer anomalkalten (warmen) Tropo- und Stratosphäre an den Polen (in den mittleren Breiten) undist mit einer anomal positiven vertikalen Windsherung assoziiert. Dieser Dipol wirdzusammen mit den Westwind-Anomalien in der NAM-Zunahme (Abnahme) Phase stärker(shwäher). Der obere Teil des Temperatur-Quadrupols zeigt einen Dipol mit einer anomalwarmen (kalten) oberen Strato- und Mesosphäre an den Polen (in den mittleren Breiten)und ist mit einer anomal negativen vertikalen Windsherung verbunden. Der warme Pol inMesosphäre und oberer Stratosphäre verstärkt sih zusammen mit den Ostwind-Anomalienbesonders in der NAM-Abnahmephase und breitet sih nah unten aus.Unter Anwendung des Impuls-Erhaltungssatzes in der TEM-Formulierung (TransformedEulerian Mean) wurde auÿerdem die Dynamik während des starken stratosphärishenWirbels analysiert. Die Analyse der Wellen-, Coriolis- und Residualforings aus demImpuls-Erhaltungssatz zeigt, dass die NAM-Strukturen der Temperatur, des Windes undder Geopotential-Höhe, sowie ihre abwärts gerihteten Ausbreitungen, aus der Antwortder 'Strething Vortiity' auf Änderungen des Coriolisforings und eine quasigeostrophis-he Anpassung der Troposphäre an diese Änderungen resultieren. Das Coriolis-Foringwiederum wird durh das Wellen- und das Residualforing verursaht. Persistenz, Zu-nahme, und abwärtsgerihtete Ausbreitung der NAM-Anomalien werden durh eine Rük-kopplung zwishen planetaren Wellen und polarem Wirbel verstärkt, die den Westwindinnerhalb des gekoppelten Systems Troposphäre/Stratosphäre beshleunigt. Dabei ver-stärken sih die anormale äquatorwärts gerihtete Ausbreitung der planetaren Wellenund der starke polare Wirbel gegenseitig. Abnahme und Modulation der starken NAM-Anomalien werden dagegen durh zwei negative Rükkopplungen erhöht, die den Westwindan der oberen und unteren Grenze des gekoppelten Systems Troposphäre/Stratosphäreverlangsamen: (1) Rükkopplung zwishen polarem Wirbel und Residualforing in deroberen Stratosphäre und unteren Mesosphäre, die durh das Filtern der Shwerwelleniv



0.1 Zusammenfassungdurh den polaren Wirbel erklärt werden kann. (2) Rükkopplung zwishen Zonalwindund der Summe aus Residual- und planetarem Wellenforing.Eine zeitvershiebende 'Composite' Analyse basierend auf dem 1000hPa-NAMI ('tro-posphärisher Mode') zeigte, dass tropo- und stratosphärisher NAM zwei vershiedeneModes sind, die von untershiedlihen Forings angetrieben werden. Im troposphärishenMode werden die troposphärishen Westwinde durh starke interne Forings ausgelöst, diesih innerhalb der Troposphäre in den synoptishen Zeitskalen entwikeln. Dies resultiertin stärkeren troposphärishen Westwinden. Die Stratosphäre ist für den troposphärishenMode ebenfalls wihtig: sie führt zu niederfrequenten Änderungen in der oberen Tro-posphäre, die mit einer Verstärkung des troposphärishen Wellen-, Coriolis- und Residual-Forings verbunden sind. Diese Verstärkung des Forings führt dann zu troposphärishenZirkulationsanomalien, die zu einer starken anomalen Aufwärtsbewegung führen und damitzu einem starken Vortex, der a. 4-5 Tage später sein Maximum erreiht. Der starkeVortex trägt durh den 'Strething Vortiity' Mehanismus und die Rükkopplung zwis-hen Vortex und planetaren Wellen dazu bei, dass die Westwinde und die Abkühlung inder Tropo- und Stratosphäre andauern. Die stratosphärishen Westwinde sind im tro-posphärishen Mode shwäher als im stratosphärishen, da die planetaren Wellen im er-steren einen wesentlih geringeren Beitrag zu den stratosphärishen Windanomalien leistenals im stratosphärishen Mode.
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Contents0.2 AbstratIn this study the dynamis of the oupled troposphere/stratosphere system was investigatedusing the atmospheri irulation model MAECHAM5/oean mixed layer oupled model.The fous was on the impat of the stratosphere on the troposphere. The January lima-tology of the model agrees well with the observations, espeially in the extratropial regionand below the uppermost model levels (where the sponging e�et is strong). The dynam-is that maintains the middle atmospheri irulation in MAECHAM5 is onsistent withthe middle atmospheri dynamis known from previous studies. The three-dimensionalstruture of the Northern Annular Mode (NAM) in MAECHMA5 agrees well with thatobserved. The NAM dominates not only the variability in but also the ovariability be-tween troposphere and stratosphere north of 20◦N.A lag omposite analysis based on the 50hPa NAM-Index (NAMI), a measure of thestrength of the 'stratospheri mode', shows that strongly positive stratospheri NAM-phases are assoiated with strong anomalous westerlies in high latitudes and a temperaturequadrupole between troposphere and lower mesosphere. The lower part of this quadrupoleshows a dipole struture with an anomalous old (warm) polar (mid-latitude) troposphereand stratosphere and is assoiated with a positive shear of the anomalous westerlies there.This dipole strengthens (weakens), together with the anomalous westerlies, in the NAM-inrease (derease) phase. The upper part of the temperature quadrupole shows a oherentdipole with an anomalous warm (old) polar (mid-latitude) upper stratosphere and low-ermost mesosphere and is assoiated with a negative shear of the anomalous zonal �owthere. The warm pole in mesosphere and upper stratosphere strengthens and propagatesdownward together with anomalous easterlies, espeially in the NAM-derease phase.The dynamis during strong vortex is analyzed by omputing the wave, residual Cori-olis, and non-resolved (residual) foring in the Transformed Eulerian Mean formulation(TEM). NAM temperature, zonal �ow and geopotential height patterns and their down-ward propagation an be explained by the response of the strething vortiity to residualCoriolis foring hanges, whih are aused by the resolved and non-resolved wave foring,and by quasigeostrophi adjustment of the troposphere to these hanges. The persis-tene, inrease, and downward propagation of the NAM-patterns is enhaned mainly bythe planetary wave-vortex feedbak that aelerates the westerlies within the oupled tro-posphere/stratosphere system. Thereby the strong vortex is strengthened further by theequatorward propagation of planetary waves and vie versa. The derease and modula-tion of the strong NAM-anomalies is enhaned by two negative feedbaks that deeleratethe westerlies in the upper and lower boundaries of the oupled troposphere/stratospheresystem. The �rst feedbak is a vortex-residual foring feedbak ating in upper strato-sphere and lower mesosphere and an be explained by the �ltering of gravity waves by thestratospheri jet. The seond feedbak ats near the lower boundary and is driven by bothresidual and planetary wave foring.A lag omposite analysis based on the 1000hPa-NAMI, a measure of the strength ofthe 'tropospheri mode', showed that tropospheri and stratospheri NAM are two dif-ferent modes driven by two di�erent forings. In the tropospheri mode the tropospherivi



0.2 Abstratwesterlies are indued by a strong internal wave foring, whih develops inside the tro-posphere on a synoptial time sale. This results in stronger tropospheri westerlies inthe tropospheri mode. The stratosphere is also important in the tropospheri mode: Itprovides the upper troposphere with a low frequeny westerly wind and wind shear andthus with enhaned baroliniity that are assoiated with an ampli�ation of the uppertropospheri wave, Coriolis and residual foring. This foring ampli�ation leads then toan inrease of the tropospheri irulation anomalies, whih results in anomalous asentand ooling in the Arti and thus in a strong vortex that reahes its maximum 4-5 dayslater. The strong vortex ontributes, through the strething vortiity mehanism and thevortex-planetary waves foring, to the persistene of both tropospheri and stratospheriwesterlies and ooling. The stratospheri westerlies are muh weaker in the tropospherithan in the stratospheri mode due to the muh lower ontribution of the planetary wavesto the stratospheri wind anomalies in the tropospheri mode.
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1 Introdution
1.1 Overview of this studyThe purpose of this work is to understand the dynamis of the oupling between tro-posphere and stratosphere with the help of the middle atmosphere model MAECHAM5oupled to an oean mixed layer model, whih was used without any external foring.This makes the interpretation of the results easy, sine the e�ets on oean dynamisand/or natural and anthropogeni forings are not onsidered. In this �rst haptera general introdution into the di�erent modes of oupling between troposphere andstratosphere is given. The fous is on the dynamial mode of the oupling. In theseond hapter, the auray of MAECHAM5 is desribed by omparing its lima-tology to observational data and by looking at the onsisteny of its dynamis. Thefous is on the meridional residual irulation and on its foring. In the third hap-ter, the leading modes of the month-to-month winter variability and ovariability inthe stratosphere/troposphere oupled system are identi�ed. The dominant intrasea-sonal time sales of the tropospheri and stratospheri NAM are also investigated.In the fourth hapter the dynamis of the oupled system stratosphere/troposphereduring strong stratospheri Northern Annular Mode -NAM- or vortex (in the fol-lowing: 'stratospheri mode') are examined. The following fundamental questionsare addressed in hapter four:

• What drives the temperature, wind, and geopotential patterns during strongstratospheri NAM-phases?
• Whih mehanisms ontrol the strengthening of the polar vortex and its impaton the troposphere? 1



1 Introdution
• Whih proesses ontribute to the weakening and deay of the polar vortex?Finally, in hapter 5, the dynamis of the oupling between troposphere andstratosphere during strong tropospheri NAM (in the following 'tropospheri mode')is investigated brie�y. The fous is on the di�erenes between the stratospheri andtropospheri modes. The results of this study are disussed in hapter 6.1.2 The vertial struture of the atmosphereThe onventional dividing of the atmosphere is based on the vertial struture ofthe temperature �eld (Fig. 1.1). The lowermost atmospheri layer is the tropo-sphere, and it extends from the surfae to the tropopause (10-16 km depending onlatitude). The troposphere is haraterized by a temperature derease with height.The stratosphere extends from the tropopause to the stratopause (about 50 km) andis haraterized by a temperature inrease with height. The mesosphere is loatedbetween stratopause and mesopause (about 80 km) and shows, like the troposphere,a temperature derease with height. The thermosphere is haraterized by a temper-ature inrease with height and extends from the mesosphere to about 500 km. Theregion between the tropopause and approximately 110km (homopause) is termed'middle atmosphere'.The troposphere ontains about 85% of the atmospheri mass and nearly all of thewater vapor. Almost all human ativities and weather phenomena our in this layer.The strongest absorption of the solar radiation that reahes the troposphere is foundat the surfae. The absorption of the short wave radiation in the free troposphere isweak, so that the vertial thermal struture of the troposphere results mainly fromthe balane among infrared radiative ooling, vertial turbulent transport of sensibleand latent heat from the surfae, and heat transport by synopti eddies. This resultsin the maximum tropospheri temperature near the surfae that dereases vertiallywith a lapse rate of about 6◦C/km, and in low stati stability leading to enhanedvertial mixing. The term troposphere originates from the Greek word 'tropos',2



1.2 The vertial struture of the atmospherewhih means 'mixing' and thus re�ets the main property of the troposphere. The

Figure 1.1: Vertial pro�le of the temperature as de�ned in U.S. Standard Atmo-sphere [1976℄. The tropopause level is represented for mid-latitude on-ditions. The louds in the tropis extend to about 18 km, whih or-responds to the tropial tropopause. Figure taken from Brasseur et al.[1999℄.thermal struture of the middle atmosphere results mainly from the balane betweenthe infrared radiative ooling by the stratospheri gases and the radiative heating dueto the absorption of the solar ultraviolet (UV) radiation by ozone. The latter induesan inrease of the stratospheri temperature with height, whih results in a strongstati stability suppressing rapid vertial mixing so that horizontal mixing beomesmore important. The term stratosphere stems from the Latin word 'stratum', whihmeans 'layered' and re�ets the layered struture of the stratosphere. 3



1 Introdution1.3 The meridional irulation in the middleatmosphereThe middle atmospheri meridional irulation (Fig. 1.2) results mainly from thedynamial response to the seasonal radiative heating. The imbalane between theUV-absorption by ozone and ooling (aused mainly by greenhouse gases) through-out the middle atmosphere determines to a very large degree the middle atmospheri

Figure 1.2: Shemati streamlines of the meridional residual irulation duringnorthern winter [After Dunkerton, 1978℄temperature pattern. The struture of the temperature that results from the radia-tive equilibrium (without dynamis) shows a strong temperature derease from thesummer to the winter pole e.g. [e.g. Andrews et al., 1987; Holton, 1992℄. This results,by thermal wind balane, in very strong radiatively indued westerlies (easterlies) inthe winter (summer) hemisphere of the middle atmosphere. The radiatively induedtemperature in the poles deviates strongly from the observed temperature, whih4



1.4 The Annular Mode (AM)results from both radiative and dynamial heating.The role of the middle atmospheri irulation, i.e. dynamis, onsists in theompensation of the radiative heating (by vertial motion), a damping of the ra-diatively indued meridional temperature gradients and a redution of the radia-tively indued strong zonal �ow. In this way, the temperature and zonal �ow stru-tures beome omparable to observations. The middle atmospheri irulation ofthe summer pole is dominated by upward motion and thus an adiabati oolingthat ompensates the strong radiative heating and weakens the radiatively induedmeridional temperature gradients and easterlies there. The winter pole part ofthe meridional irulation is dominated by downward motion and thus by an adia-bati warming that ompensates the radiative ooling and weakens the radiativelyindued meridional temperature gradient and westerlies there. A meridional mo-tion from winter to summer hemisphere is thus indued aross the equator leadingto the so-alled Murgatroyd-Singleton irulation [Murgatroyd and Singleton, 1961;Dunkerton, 1978℄. This one-ell irulation struture dominates in the upper partof the middle atmosphere. The lower and middle stratosphere is dominated bya quasi-symmetri two-ell irulation known as Brewer-Dobson irulation. BothBrewer-Dobson and Murgatroyd-Singleton irulation are driven by tropospheriwaves that propagate into the middle atmosphere induing a irulation hangeby wave-mean�ow interations. The Brewer-Dobson irulation is strongest in thewinter pole, where planetary wave ativity is strong.1.4 The Annular Mode (AM)The most reent investigations of the oupling between stratosphere and tropo-sphere use the Annular Mode (AM) [Thompson and Wallae, 1998; 2000; Baldwinand Dunkerton, 1999℄. The AM in the Northern (Southern) Hemisphere is referredto as the Northern (Southern) Annular Mode, i.e. NAM (SAM), and de�ned asthe leading Empirial Orthogonal Funtion (EOF) of the monthly winter geopo-tential height north of 20◦N (south of 20◦S). The AM pattern is nearly zonally5



1 Introdutionsymmetri. Its struture is haraterized by a meridional dipole in the geopoten-tial height between the arti basin and the surrounding zonal ring [e.g. Thompsonand Wallae, 1998℄. The Prinipal Component (PC) orresponding to the NAM(SAM) is alled NAM- (SAM-) Index, i.e. NAMI (SAMI). The NAM at the surfaeis strongly related to the North Atlanti Osillation (NAO) [Thompson and Wal-lae, 1998℄. The NAM-assoiated zonally averaged zonal wind anomalies show anorth-south dipole struture entered on 40◦-45◦N; the zonally averaged tempera-ture shows old (warm) anomalies in the polar stratosphere and upper troposphereat positive (negative) NAM-phase [Baldwin and Dunkerton, 1999; Thompson andWallae, 2000℄. The NAM desribes the strength of the polar vortex, whih is alarge-sale ylone near the winter pole that persists in the middle and upper tro-posphere and in the stratosphere during the whole winter. Beause of the enhanedwave ativities, aused by the winter hemispheri distribution of land masses, theArti polar vortex is less pronouned and more variable than the Antarti one.During positive (negative) NAMI, the polar vortex is strong (weak) through onven-tion, and the jet is shifted poleward (equatorward) [e.g. Limpasuvan and Hartmann,1999℄. The struture and the amplitude of the AM an be obtained from a modelrun in limatologial mode, indiating that it results from the internal atmospheridynamis [e.g. Limpasuvan and Hartmann, 1999℄.
1.5 The oupling between troposphere and middleatmosphereThere are three modes of oupling between middle atmosphere and troposphere thatinterat with eah other: A radiative, a dynamial, and a hemial mode (Fig. 1.3).This study onentrates on the dynamial mode with the fous on the impat of themiddle atmosphere on the troposphere.6



1.5 The oupling between troposphere and middle atmosphere1.5.1 The hemial mode of ouplingThe abundane and distribution of ozone, whih is the major soure of the diabatiheating and auses the main temperature distribution in the middle atmosphere, isdetermined by a large number of photohemially ative speies. These originate toa large extent from the troposphere (e.g. oxygen, hydrogen, hlorine and bromine
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1 IntrodutionTroposphere and middle atmosphere are oupled hemially through the Stratosphere-Troposphere Exhange (STE) of the photohemially ative gases. The troposphereimpats the middle atmosphere hemially by the Troposphere-to-Stratosphere Trans-port of tropospheri gases (TST), while the middle atmosphere impats the tropo-sphere by the loss of hemial speies through the Stratosphere-to-Troposphere-Transport (STT). The global sale of STE is due to the Brewer-Dobson irulation(Fig. 1.2). It transports the tropospheri air, whih reahes the stratosphere by trop-ial onvetion, into the winter hemisphere and pushes the stratospheri air throughthe extratropial tropopause into the troposphere ausing STT. At smaller salesthe STE is dominated by the synopti sale eddy proesses, whih ause a three-dimensional deformation of the tropopause assoiated with the so-alled tropopausefolds [e.g. Danielsen et al., 1970℄ and �lamentation [e.g. Appenzeller et al., 1996℄.The STE an also our by tropopause erosion through the mesosale exhange in-side onvetive systems [e.g. Rood et al., 1997℄ and so-alled ut-o� ylones [e.g.Gouget et al., 2000℄. The distribution and formation of photohemial speies andozone in the middle atmosphere is determined not only by STE (i.e. STT and TST)but also by temperature-dependent hemial reations and transport-proesses o-urring in the middle atmosphere itself. Most of the tropospheri speies that aretransported into the stratosphere by TST are the diret result of emissions at theearth's surfae mainly by oeans, soils, biosphere and human ativities.1.5.2 The radiative mode of ouplingThe troposphere an in�uene the thermal struture of the middle atmosphere ra-diatively (Fig. 1.3) by infrared radiation originating in the troposphere and also bythe solar radiation baksattered from the surfae and louds. The middle atmo-sphere, on the other hand, impats the troposphere radiatively by the absorptionand thus the �ltering of short wave radiation and the diret emission of infraredradiation by various trae gases. The radiatively indued temperature is mainlyontrolled by the abundane and distribution of ozone, whih is determined by thephotohemially ative speies. The seasonal radiative heating is assoiated through8



1.5 The oupling between troposphere and middle atmospherethe thermal wind balane with radiatively indued westerly and easterly jets in thehigh latitude winter and summer stratosphere, respetively. In both hemispheres,the radiatively indued jets are stronger than the observed jets, as desribed above.1.5.3 The dynamial mode of oupling1.5.3.1 The dynamial impat of the troposphere on the stratosphereThe troposphere a�ets the middle atmosphere dynamially in the high and middlelatitudes (Fig. 1.3) through planetary and gravity waves. Both waves propagateupward and hange the zonal �ow in suh a way that the Coriolis fore responseresults in the meridional residual irulation shown in Fig 1.2.The upward propagation of the planetary waves [e.g. Charney and Drazin, 1961;Matsuno, 1970℄ hanges the zonal mean �ow through eddy heat and momentum�uxes. This results in a westward aeleration of the zonal mean �ow as well as inan eastward Coriolis fore and thus in a poleward motion. The net result of thesehanges are the Brewer-Dobson irulation and an adiabati warming by downwardmotion, whih weakens the polar vortex and damps the strong radiatively induedmeridional temperature gradient and zonal �ow. The planetary waves an be gen-erated in the troposphere by land-sea heat ontrasts and topography. They breakinto the middle atmosphere, if the bakground wind is westerly but, weaker than athreshold value, and the propagating waves have a large horizontal wavelength. Thisso-alled 'Charney-Drazin riterion' an our in the Northern Hemisphere duringthe boreal winter, when the stratospheri wind is westerly and the tropospheriplanetary wave ativity is strong.The wave driven Brewer-Dobson irulation transports the hemial speies fromthe tropial troposphere into the winter part of the middle atmosphere and thendownward into the lower stratosphere. This explains the enhaned spring ozoneonentration in the high latitude middle and lower stratosphere. It also explains theextreme dryness of the stratosphere, sine the tropospheri air is strongly dehydratedin the extremely old tropial tropopause before reahing the stratosphere. 9



1 IntrodutionOne of the most important stratospheri events is the major stratospheri warm-ing, whih is driven by planetary waves. This event ours typially in the NorthernHemisphere about every two years, when the wave breaking into the stratosphere islarge enough to drive a strong Brewer-Dobson irulation and thus a strong adia-bati warming that reverses the stratospheri meridional temperature gradient andthe westerlies into easterlies. The major stratospheri warming was observed in theSouthern Hemisphere in the winter of 2002 for the �rst time [e.g. Orsolini et al.,2005; Krüger et al., 2005℄.The annual appearane of the Antarti ozone hole in the last deades and itsvirtual absene in the arti is related to weaker orography-indued waves in theSouthern ompared to the Northern Hemisphere. The redued wave breaking in theAntarti stratosphere leads to a weaker Brewer-Dobson irulation and thus to lessadiabati warming by downward motion and a stronger polar vortex. This favorsthe older antarti temperatures, less ozone transport into the Antarti and theformation of the polar stratospheri louds. The latter aelerate the onversionof the anthropogeni bromine and hlorine from photohemially inative to ativeforms. The net e�et is the formation of the Antarti ozone hole in spring, whenthe sunlight returns and bromine and hlorine atalyze photohemial reationsthat destroy the stratospheri ozone. During the transition from winter westerliesto summer easterlies the polar vortex breaks up and the Antarti ozone-poor airis mixed with ozone-rih air from lower latitudes, whih auses a `�lling up` of theozone hole.Not only the stationary waves are ative in the middle atmosphere, but also thetransient growing waves, whih are indued by barolini and barotropi instabilitiesassoiated with the vertial and horizontal shear of the zonal �ow, respetively. Thelimatology of the zonal wind in the winter hemisphere is haraterised by a strongsubtropial jet in the troposphere as well as strong westerlies in the mid latitudestratosphere and mesosphere, with a maximum near the stratopause. This resultsin a strong westerly wind shear and thus barolini instability in both stratosphereand troposphere [e.g. Charney , 1947; Green, 1960; Hartmann, 1979; Strauss, 1981;
10



1.5 The oupling between troposphere and middle atmosphereMehoso and Hartmann, 1982℄. The strong tropospheri vertial wind shear is asso-iated with a shallow barolini mode alled 'Charney mode', whih has the largestamplitude in the troposphere and dereases strongly in the lower stratosphere. Thestrong stratospheri westerly shear is assoiated with a deep barolini mode alled'Green Mode', the amplitude of whih shows a very rapid inrease from the tropo-sphere to the stratosphere. Tanaka and Tokinaga [2002℄ showed that the anomalousstrong high latitude stratospheri vortex is assoiated with a deep barolini modealled 'monopole Charney mode' (M1). The M1-mode extends from the troposphereinto the stratosphere and transfers the momentum poleward in suh a way that thestratospheri jet is strengthened. A positive feedbak between polar vortex andM1-mode that ontributes to the persistene of the strong polar vortex was proposedby the same authors. The summer hemisphere is haraterised by strong easterliesthroughout the mid latitude stratosphere and lower mesosphere, with a maximumnear the stratopause. This leads to negative (positive) wind shear and thus to re-dued (enhaned) baroliniity in the stratosphere (mesosphere). The inversion ofthe stratospheri zonal wind and its vertial shear in the summer hemisphere andduring the sudden stratospheri warming (in the northern winter hemisphere) re-sult in an absene of the barolini mode in the stratosphere [Zhang and Sasamori ,1985℄. The strong westerly wind shear in the summer mesosphere results in enhanedbarolini wave ativities [e.g. Rodgers and Prada, 1981; Plumb, 1983; P�ster , 1985℄.1.5.3.2 Gravity wavesGravity waves an be generated by mountain barriers, deep onvetion, and shearinstability of the tropospheri jet. They break non-linearly towards the upper middleatmosphere due to the exponential inrease of their amplitude with altitude. Theytend to preserve their energy density during their upward propagation and beomedominant in the mesosphere. Several observational studies show that the majorstratospheri warming is assoiated with a ompensating ooling in the mesosphere[e.g. Quiroz , 1969; Labitzke, 1972a;b; Hirota and Barnett , 1977℄. The mesospheriooling has been attributed to the e�et of the gravity wave drag [e.g. Lindzen, 1981;11



1 IntrodutionMatsuno, 1982; Holton, 1983℄. Although the planetary waves are important for thestratospheri temperature hange, Holton [1983℄ showed that a realisti warming inthe polar upper stratosphere an be simulated by using only the gravity wave drag,tuned to ensure a realisti mesosphere. Using observational data, Duk et al. [2001℄found high gravity wave ativity in the vortex jet after late Deember, whih wasrelated to a strengthening of the jet. Their alulations suggested that the dragindued in late Deember drives a warming observed in the vortex ore and weakensthe vortex-jet. They dedued a feedbak mehanism between vortex-jet and gravitywaves that regulates the strength of the arti stratospheri vortex.1.5.3.3 The dynamial impat of the middle atmosphere on the troposphereWhile the dynamial impat of the troposphere on the middle atmosphere throughplanetary and gravity waves has been well aepted, there are still many debatesabout the impat of the middle atmosphere on the troposphere. Many observationaland model studies show an impat of the stratosphere on the tropospheri irula-tion. One of the �rst to present evidene of this was Quiroz [1977℄, who showedthat a large inrease of the tropospheri temperature was assoiated with the sud-den stratospheri warming of 1976-1977. The downward propagation of the lowfrequeny signal of the zonally averaged zonal wind was shown e.g. by Kodera et al.[1990℄. Baldwin and Dunkerton [1999℄ showed that the NAM anomalies �rst appearin the stratosphere and then propagate downward into the troposphere on timesales of few weeks. The tropospheri anomalies indued persist up to two monthsafter the extreme stratospheri irulation anomalies [e.g. Baldwin and Dunkerton,2001℄. Baldwin et al. [2003℄ used an empirial statistial model to demonstrate thepossibility of extended-range foreasts of the NAM at the surfae (alled ArtiOsillation, AO). They showed that the best extended-range predition of the AOours in winter using the lower stratospheri NAM as preditor. The low frequenyNAM at 150hPa aounted for 20% of the variane of the AO in the time lags of 10 to40 days and was a better preditor of the AO than the AO itself. The stratospheriin�uene on the troposphere was shown in both relatively simple models and more12



1.5 The oupling between troposphere and middle atmosphereomplex general irulation models [Boville, 1984; Christiansen, 2001; Polvani andKushner , 2002; Norton, 2003℄.Three di�erent mehanisms have been proposed to explain the dynamial impatof the stratosphere on the troposphere. The �rst mehanism is the diret in�u-ene on tropospheri wind and temperature of the stratospheri potential vortiityhange. Blak [2002℄ used the quasi-geostrophi pieewise potential vortiity inver-sion to show the foring of tropospheri wind anomalies by loalized stratospheripotential vortiity anomalies. A strong stratospheri polar vortex is assoiated withenhaned positive stratospheri potential vortiity anomalies, whih ause both arise of the tropopause and strething of the tropospheri olumn at the pole [e.g.Ambaum and Hoskins, 2002℄ resulting in a lower pressure and an inrease of the tro-pospheri westerlies. This mehanism explains how tropospheri wind anomalies anbe generated by stratospheri potential vortiity anomalies. A strong polar vortexis also assoiated with an enhaned anomalous equatorward propagation of tropo-spheri planetary waves, whih means less wave breaking in the stratospheri jet andthus its strengthening [e.g. Ambaum and Hoskins, 2002℄. An equivalent approahto the non-loal e�et of the potential vortiity inversion is the 'downward ontrol'shown by Haynes et al. [1991℄ and Holton et al. [1995℄. In this mehanism, themeridional irulation is non-loally ontrolled by wave-indued foring and short-wave heating. At timesales greater than the radiative damping timesale of thestratosphere (about 10 days), the wave-indued foring beomes more importantthan the short-wave heating, and the non-loally indued meridional irulation be-omes deeper and narrower. The seond proposed mehanism is the indiret e�et ofthe refration index on the wave propagation. The hange of the low stratospheripolar vortex indues a hange of the tropospheri vertial wind shear and of thevertial and meridional wind urvature, and thus a hange in wave refration [Hart-mann et al., 2000; Lorenz and Hartmann, 2003℄. This a�ets both the tropospheriand the stratospheri zonal wind. The third mehanism is the vertial re�etion ofthe Rossby waves in the upper stratosphere into the troposphere [e.g. Perlwitz andHarnik , 2003; 2004℄. Here a re�eting surfae, whih results from the vertial windurvature, is formed around 5hPa, if the polar night jet peaks. 13



1 IntrodutionNone of the proposed mehanisms inlude the impat of the upper stratosphereand mesosphere. There is observational evidene of a ompensating ooling inthe mesosphere during the sudden stratospheri warming [Quiroz , 1969; Labitzke,1972a;b; Hirota and Barnett , 1977℄, whih has been attributed to the gravity wavedrag [Lindzen, 1981; Matsuno, 1982; Holton, 1983℄. The impat of suh ompensat-ing mesospheri temperature hanges on the stratosphere-troposphere oupling hasnot yet been onsidered.
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2 The dynamis of the middleatmosphere in MAECHAM5
This hapter examines the auray of the MAECHAM5 model used to understandthe dynamis of the oupling between troposphere and middle atmosphere. First,the model is ompared with observations and then the onsisteny of its dynamisin the middle atmosphere is investigated. The fous is on the meridional residualirulation and its foring agents.2.1 Model and observational data2.1.1 ModelThe following results are based on a 45-years simulation performed with the Mid-dle Atmospheri version of the ECHAM5 general irulation model (MAECHAM5)oupled to an oean mixed layer model. MAECHAM5 is an atmospheri model de-veloped to simulate the general irulation of troposphere, stratosphere, and lowermesosphere. The vertial domain ranges from the surfae to 0.01 hPa (about 80km)and allows the investigation of the impats of the evolution of the upper strato-sphere and the lower mesosphere on the life yle of the polar vortex. Di�erenesbetween the standard ECHAM5 and MAECHAM5 inlude: The vertial resolutionand the loation of the model top, the parameterization of the momentum �ux dueto gravity waves, and a few modi�ations in the representation of the horizontaldi�usion. Both MAECHAM and ECHAM exist in two yles, 4 and 5, respetively.A detailed desription of the ECHAM4 model is given by Roekner et al. [1996℄. A15



2 The dynamis of the middle atmosphere in MAECHAM5desription as well as a limatology of ECHAM5 are given by Roekner et al. [2003℄and Roekner et al. [2004℄. A summary of the MAECHAM4 model parameteriza-tions and the model struture is given by Manzini and MFarlane [1998℄. We usedthe model with a T42 horizontal resolution and 39 levels in the vertial.The mixed layer (ML) oean ie model has a 50m onstant depth and a seasonallyvarying Q-�ux. The model heat budget is alulated separately for ie-free andie-overed regions. The distributions of ozone, well-mixed greenhouse gases, andaerosols are presribed from the limatology, and the solar e�et is inluded onlyin the seasonal time sales. In this way, several external natural and anthropogeniforings a�eting the atmosphere on inter-annual and interdeadal time sales wereexluded.2.1.2 Observational data (SPARC)The MAECHAM5-January limatology of the zonally averaged zonal wind and tem-perature is validated using the 'Stratospheri Proesses And their Role in Climate'(SPARC) limatology (SPARC Report No.3). The temperature in the SPARC dataset is derived using the United Kingdom Meteorologial O�e's (UKMO) analysisover 1000-1.5hPa, ombined with the 'Halogen Oultation Experiment' (HALOE)temperature between 50◦S-50◦N and over 1.5-0.0046hPa (about 85km). The meso-spheri temperature poleward of 50◦N and 50◦S is derived from the MirowaveLimb Sounder (MLS) limatology. The UKMO analysis onsists in a stratosphere-troposphere version of the UK Meteorologial O�e data assimilation system [Swin-bank and O'Neill , 1994℄ that has been used sine Otober 1991 to produe dailystratospheri data. The HALOE instrument on the Upper Atmosphere ResearhSatellite (UARS) provides temperatures in the altitude range of about 45-85 km[Russell et al., 1993; Hervig et al., 1996℄. The MLS instrument is also set on UARS[Fishbein et al., 1996℄. The data are obtained from a retrieval desribed in Wu et al.[2003℄. The valid altitude range is 20-90 km, with large unertainties at the twoends. The monthly zonal wind limatology of the SPARC data (over 0-85 km) isderived from the 'Referene Atmosphere Projet' (URAP) [Swinbank and Ortland ,16



2.2 The Transformed Eulerian Mean (TEM) formulation of the momentum budget2003℄, whih is based primarily on UKMO, UARS and 'High Resolution DopplerImager' (HRDI) [Hays et al., 2003℄ data. In order to provide smooth monthly esti-mates, the harmoni analysis of the available time series over 1992-1997 was used,inluding annual and semi-annual harmoni omponents.2.2 The Transformed Eulerian Mean (TEM)formulation of the momentum budgetThe Transformed Eulerian Mean (TEM) formulation of the momentum and heatbudget [e.g. Andrews et al., 1987; Holton, 1992℄ provides all forings driving thehange of the zonally averaged wind and temperature. The momentum budgetin the quasigeostrophi form of the TEM-formulation (equation 2.1) was used totest the dynamis of MAECHAM5 that maintains the wind limatology and drivesthe residual meridional irulation and thus the temperature deviations from theradiative equilibrium. Beause of the small Rossby number, the quasigeostrophi�ow evolves slowly ompared to the rotation period of the earth. In the quasi-geostrophi approximation, the horizontal aeleration and advetion are supposedto be geostrophi, and the vertial advetion is negleted. Near the strong jet thethree-dimensional wind beomes stronger, and the non-quasigeostrophi omponentsin the primitive equations beome important.
ūt = f v̄∗ + (a cos φ)−1∇ · F + X̄ (2.1)

v̄∗ = v̄ −

(

v′θ′

θ̄p

)

p

and ω̄∗ = ω̄ +
1

a cosφ

(

cosφ
v′θ′

θ̄p

)

φ

(2.2)
F φ = −a cosφ u′v′ and F p = af cosφ

(

v′θ′

θp

) (2.3)In these equations t, φ, and p denote time, latitude, and pressure, and subsriptsdenote derivations, respetively. The bars denote the zonal mean, the prime denotesthe deviation from the zonal mean. ū is the zonal mean of the zonal wind, T thezonal mean of the temperature, and v̄∗ (ω̄∗) the horizontal (vertial) residual veloity.17



2 The dynamis of the middle atmosphere in MAECHAM5The vetor F is the Eliassen-Palm-Flux (EP-�ux), F φ and F p the meridional andvertial omponents of the EP-�ux, f the Coriolis parameter, κ=R/Cp = 2/7. θ isthe potential temperature and a is the earth's radius.The �rst term on the right side of equation (2.1) is the residual Coriolis foring,and the seond term is the wave foring. The residual Coriolis foring strengthens(weakens) the westerlies by poleward (equatorward) motion and the wave foringstrengthens (weakens) the westerlies by the divergene (onvergene) of the EP-�ux.The third term is the residual foring, whih was omputed from zonal averagedwind tendeny, Coriolis foring, wave foring and advetion terms [e.g. Andrewset al., 1987; Holton, 1992℄. In this way, the residual foring inludes all non-resolvedforings suh as gravity wave drag, foring of non-quasigeostrophi EP-�ux and fri-tional foring. The orographi gravity wave drag in MAECHAM5 is parameterizedusing Lott and Miller [1997℄, as in ECHAM5. Unlike ECHAM5, MAECHAM5 ad-ditionally inludes the parameterization of the momentum �ux deposition from thespetrum of non-orographi gravity waves [Hines, 1997b;a℄. Both orographi andnon-orographi gravity wave drag depend on the vertial struture of the bakgroundwind. The fritional foring is important near the surfae.2.3 The struture of the zonally averaged zonalwind and temperatureFig. 2.1 shows the radiatively indued temperature in the middle atmosphere in mid-January from a radiative-onvetive-photohemial model [Fels, 1985℄. Fig. 2.2a(1)(2.2b(1)) shows the January limatology of the zonally averaged temperature (zonalwind) from the MAECHAM5 simulation, and Fig. 2.2a(2) (2.2b(2)) shows theorresponding SPARC observational data.The radiatively determined temperature of the middle atmosphere in Fig. 2.1 isaused only by the imbalane between infrared radiative ooling (due to emissionsby the middle atmospheri gases) and short-wave radiative heating (due to theabsorption of the solar ultraviolet (UV) radiation by ozone). This temperature18



2.3 The struture of the zonally averaged zonal wind and temperatureshows a strong seasonal dependene, with maximum heating in the summer pole(due mainly to the absorption of the solar radiation by ozone) and maximum oolingin the winter pole (due mainly to the longwave emission by the middle atmospherigases inluding ozone). The struture of the radiatively determined temperatureshows an almost uniform derease from the summer to the winter pole.

Figure 2.1: The radiatively determined temperature in mid-January from aradiative-onvetive-photohemial model that was driven by the annualyle. The tropospheri lapse rate was set to 6.5 ◦K/km. The loudinessand ozone below 25 km were presribed at the annual mean values. Theozone above 25 km was omputed by a detailed photohemial model.Figure taken from Fels [1985℄.Although the temperature and wind strutures in the MAECHAM5 simulationand observational data are quite similar in most regions, there are some di�erenes,espeially in the uppermost model levels where the nudging is strong and the ver-tial resolution is low. In several regions, the temperature in both MAECHAM5and observational data di�ers strongly from that in Fig. 2.1. The reversed temper-19



2 The dynamis of the middle atmosphere in MAECHAM5ature gradient near the summer and winter poles between upper stratosphere andmesosphere an be seen only in the observations and MAECHAM5 and an thusbe attributed to dynamial and not radiative proesses. The middle atmospherenear the summer pole is muh older and near the winter pole muh warmer thanthe radiative equilibrium. Large di�erenes from the radiative equilibrium an alsobe seen in the equatorial stratosphere, with muh warmer temperatures than theradiatively determined on . The dynamis damp hene the radiatively determinedtemperature gradient and thus the zonal �ow.The struture of the zonally averaged zonal wind simulated by MAECHAM5 isquite similar to that observed. It shows a strong easterly (westerly) jet in thesummer (winter) hemisphere near the stratopause that results from the prevailingtemperature strutures by thermal wind balane. Westerly subtropial jets are seenin both the summer and winter troposphere and are omparable in both loationand strength in the MAECHAM5 and observational data.In summary, muh older (warmer) temperatures are present in the summer (win-ter) pole than expeted from radiative equilibrium throughout the middle atmo-sphere. In the equatorial stratosphere, the temperatures are also lower than theradiative equilibrium, and the zonal �ow is in thermal wind balane with the tem-perature in both data sets.2.4 The struture of the meridional residualirulation in MAECHAM5Fig. 2.3a shows the January limatology of the meridional residual irulation fromthe MAECHAM5-simulation. Fig. 2.3b shows the net adiabati temperature hangeassoiated with the vertial motion. The MAECHAM5-model reprodues the mostimportant features of the middle atmospheri meridional residual irulation exeptfor the uppermost model levels. It shows the lower part of the Murgatroyd-Singletonirulation [Murgatroyd and Singleton, 1961; Dunkerton, 1978℄, whih is harater-ized by one global ell-struture between the upper stratosphere and mesosphere20



2.4 The struture of the meridional residual irulation in MAECHAM5a) Zonally averaged temperature in MAECHAM5 (1) and SPARC-Data (2)

b) Zonally averaged zonal wind in MAECHAM5 (1) and SPARC-Data (2)

Figure 2.2: a(1) and a(2) represent the January limatology of the zonally averagedtemperature in MAECHAM5 and SPARC-data, respetively. The on-tour interval is 10 ◦K (to allow omparison with Fig. 2.1). Dark grey(no) shading indiates positive (negative) temperature values in ◦C. b(1)and b(2) represent the January limatology of the zonally averaged zonalwind in MAECHAM5 and SPARC-data, respetively. The ontour in-terval is 10 m/s for values above (below) 10 (-10) m/s, and 2 m/s forvalues between -10 and 10 (m/s)/day. Dark grey (no) shading indiatespositive (negative) wind values. 21



2 The dynamis of the middle atmosphere in MAECHAM5showing an upward motion in the summer hemisphere, a meridional motion fromthe summer into the winter pole aross the equator and downward motion in thehigh latitudes of the winter hemisphere.The model also reprodues the Brewer-Dobson irulation, whih is haraterisedby a quasi-symmetri two-ell irulation struture showing a rising of equatorialair into the lower and middle stratosphere, a poleward transport of this air and asubsidene near both poles. The winter hemispheri branh of the Brewer-Dobsonirulation is muh deeper and stronger than the summer hemispheri part.The struture of the meridional residual irulation in the troposphere is hara-terised by a quasi symmetri four-ell struture showing two ells in eah hemisphere.The tropospheri ells in the winter hemisphere are muh stronger and deeper thanin the summer hemisphere.The deep onvetion in the equatorial troposphere joins the upward branh ofthe Brewer-Dobson irulation. The latter transports the tropospheri air fur-ther into the winter pole and then down into the troposphere aross the high lat-itude tropopause. The stratospheri residual irulation is thus assoiated withTroposphere-Stratosphere-Transport (TST) in the equatorial region and Stratosphere-Troposphere-Transport (STT) in the high latitudes. Hene, it indues Troposphere-Stratosphere-Exhange (TSE) and mixing on a global sale. TSE and mixing of tro-pospheri and stratospheri air masses an also our on regional sales, espeiallyby synopti weather patterns that are assoiated with the tropospheri Rossby waveativity [Holton et al., 1995℄ and the oexistene of surfae old and warm frontsentered at low pressure. The old front is assoiated with an equatorward motionnear the surfae, whih advets old polar air southwards and is ompensated bypoleward motion near the tropopause. This poleward motion leads to an intrusion ofozone-poor tropospheri air from the upper troposphere into the lowermost strato-sphere and thus to TST. The warm front, on the other hand, is assoiated witha poleward motion near the surfae, whih advets warm equatorial air polewardand is ompensated by an equatorward motion near the tropopause. This leadsto an intrusion of the ozone-rih stratospheri air from the lowermost stratosphere22



2.4 The struture of the meridional residual irulation in MAECHAM5a) Meridional residual irulation (January)

b) Adiabati temperature hange by vertial motion (January)

Figure 2.3: (a) January MAECHAM5-limatology of the meridional residual iru-lation in stream representation. The residual irulation was omputedin pressure oordinates. The vertial residual veloity was saled by thedensity and then multiplied by −1. b) Adiabati temperature hange byvertial motion. The ontour interval is 5 (◦K/s)/day for values above(below) 10 (-10) (◦K/s)/day, and 2 (◦K/s)/day for values between -10and 10 (◦K/s)/day. Dark (light) grey shading indiates values greater(smaller) than 0.5 (-0.5) (◦K/s)/day. 23



2 The dynamis of the middle atmosphere in MAECHAM5into the upper troposphere and thus to STT. The TSE by synopti waves is knownas 'tropopause folds', sine the tropopause is destroyed by the assoiated mixingproesses.The role of the middle atmospheri irulation (i.e. dynamis) an be seen inFig. 2.3b, whih shows the adiabati temperature hange by vertial motion. As ex-peted, the upward motion in the summer stratosphere and mesosphere is assoiatedwith an adiabati ooling that damps the radiative heating due to the absorptionof solar radiation by ozone. The downward motion in the winter troposphere andstratosphere is assoiated with an adiabati warming that damps the radiative ool-ing due to the emission of infrared radiation by atmospheri gases. The tropialdeep onvetion between troposphere and lower stratosphere is assoiated with astrong adiabati ooling that ompensates the strong latent heat release. The up-welling in the Tropial-Tropopause-Layer (TTL) leads, depending on the strength oftropial onvetion and Brewer-Dobson irulation, to extremely low temperaturesenhaning the dehydratation of air and explaining the dryness of the TTL.2.5 The forings driving MAECHAM5 meridionalresidual irulationThe quasigeostrophi TEM formulation of the momentum budget provides the mostimportant forings that drive the global meridional residual irulation. The merid-ional residual Coriolis foring responds to the wave and residual foring so that themomentum remains onserved (Equation 2.1). The response of the Coriolis foringresults in a meridional movement and thus, by ontinuity, in vertial motion; thesetoo together determine the struture of the meridional residual irulation.Fig. 2.4 shows the January limatologies of the planetary wave (Fig. 2.4(1)),residual (Fig. 2.4(2)) and residual Coriolis (Fig. 2.4(3)) foring. Fig. 2.4(4) showsthe EP-�ux vetor in stream representation and as vetor. The residual foringinludes fritional, gravity and non-quasigeostrophi wave foring. While the fri-tional foring is important near the surfae, gravity and non-quasigeostrophi wave24



2.5 The forings driving MAECHAM5 meridional residual irulationforing are important in the free atmosphere.The middle atmospheri planetary wave foring is strong and deelerates the west-erlies only in the high latitude winter hemisphere (Fig. 2.4(1)). In this region thewave ativity, as shown by the EP-�ux (Fig. 2.4(4)), is enhaned. The upward ver-tial omponent of the EP-�ux is assoiated with an equatorward eddy-transportof the westerly momentum. The poleward meridional omponent of the EP-�ux isassoiated with a poleward eddy heat transport (equation 2.3). The net e�et isthe deeleration of the westerlies by planetary wave foring as shown in Fig 2.4(1).This result is onsistent with the 'Charney-Drazin riterion', in whih the planetarywaves break into the middle atmosphere and hange the zonal �ow there, if thebakground stratospheri wind is westerly. As shown in Fig. 2.2, this onditionours only in the winter hemisphere. The enhaned easterly planetary wave foringin the lower and middle winter-stratosphere is assoiated with a westerly residualCoriolis foring in suh a way that the momentum remains onserved. The westerlyCoriolis drag in turn indues a meridional motion from the equator into the winterpole and thus, by ontinuity, the Brewer-Dobson irulation shown in Fig. 2.3.The residual foring between upper stratosphere and lower mesosphere (Fig. 2.4(2))is due mainly to the non-orographi gravity wave drag [Fig. 2.5, omputed afterHines, 1997b;a℄. It is similar to the struture shown by Holton [1983℄, whih isharaterised by an enhaned negative drag in the winter and a positive drag in thesummer hemisphere, showing the strongest values in the uppermost mesosphere.The e�et and struture of the gravity wave drag in the middle atmosphere an beunderstood with the help of the basi gravity wave parameterization by Lindzen[1981℄. Aording to this parameterization, the gravity wave drag is proportional to
(

− (ū− c) + 3H ¯(u)z

); where c is the phase veloity. In the mesosphere and upperstratosphere, the gravity waves with westerly (easterly) phase speed are absorbedin the regions with westerly (easterly) bakground wind. In this way almost onlygravity waves with easterly (westerly) phase speed break into the winter (summer)mesosphere and upper stratosphere. The gravity wave drag thus depends on phasespeed, strength, and vertial struture of the bakground zonal �ow. The strong
25



2 The dynamis of the middle atmosphere in MAECHAM5
Planetary wave (1) and residual foring (2)

Residual Coriolis foring (3) and EP-�ux vetor (4)

Figure 2.4: The January limatology of (1) planetary wave foring, (2) residual for-ing, and (3) residual Coriolis foring in MAECHAM5. The foring in-terval is 10 (m/s)/day for values above (below) 10 (-10) (m/s)/day, and
2 (m/s)/day for values between -10 and 10 (m/s)/day. Light (dark)shading indiates values less (greater) than −0.5 (+0.5) (m/s)/day . (4)shows the EP-�ux vetor in both stream and vetor representations.
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2.5 The forings driving MAECHAM5 meridional residual irulation

Non-orographi gravity wave drag

    Figure 2.5: The January limatology of the non-orographi gravity wave drag [afterHines parameterization, 1997a;b℄ in MAECHAM5. The foring inter-val is 10 (m/s)/day for values above (below) 10 (-10) (m/s)/day, and
2 (m/s)/day for values between -10 and 10 (m/s)/day. Light (dark)shading indiates values less (greater) than −0.5 (+0.5) (m/s)/day.
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2 The dynamis of the middle atmosphere in MAECHAM5westerlies and the negative wind shear above the stratospheri jet in the winterhemisphere (Fig 2.2) are assoiated with enhaned negative wave drag in the meso-sphere and upper stratosphere by both the �rst (−ū) and third (3H ¯(u)z) terms ofLindzen's parameterization. Sine the gravity waves with westerly phase speed are�ltered and those with easterly phase speed break into the winter mesosphere andupper stratosphere, the phase speed term (c) is also assoiated with a negative grav-ity wave drag. This explains the enhaned negative residual foring that weakensthe strong radiatively indued westerlies. A strong positive Coriolis drag is induedin the winter mesosphere and upper stratosphere in suh a way that both stationaryand gravity wave drag are balaned. The strong positive Coriolis foring is in turnassoiated with an enhaned meridional motion into the winter pole, whih leads,by ontinuity, to downward motion in the polar mesosphere and upper stratosphere.This explains the winter hemispheri branh of the Murgatroyd-Singleton residualirulation. The net e�et is an adiabati warming by downward motion that oun-terats the radiatively indued ooling near the winter pole. The ontribution of theresidual foring by the gravity wave drag to the winter branh of the Murgatroyd-Singleton residual irulation and to the resulting adiabati warming is muh largerthan that of the stationary waves. This ontribution shows the importane of thegravity wave drag in the upper stratosphere, and it is onsistent with Holton [1983℄,who showed that a realisti warming in the polar upper stratosphere an be simu-lated by using only gravity wave drag, tuned to ensure a realisti mesosphere.The strong easterlies and the resulting positive wind shear above the summerstratospheri jet (Fig. 2.2) are assoiated with an enhaned positive gravity wavedrag. Sine the gravity waves with easterly phase speed are �ltered and those withwesterly phase speed break into the summer mesosphere and upper stratosphere, thephase speed term is also assoiated with positive gravity wave drag. This explainsthe enhaned positive residual foring in the summer mesosphere and upper strato-sphere (Fig. 2.4(2)), whih weakens the strong radiatively indued easterlies anddrives a strong negative Coriolis drag (Fig. 4.2(3)). The easterly Coriolis drag isin turn assoiated with an equatorward motion near the summer pole, whih leads,by ontinuity, to upward motion in the polar mesosphere and upper stratosphere.28



2.5 The forings driving MAECHAM5 meridional residual irulationThis explains the summer hemispheri branh of the Murgatroyd-Singleton residualirulation. The net e�et is an adiabati ooling by upward motion that weakensthe radiatively indued warming near the summer pole. The residual foring be-tween the troposphere and stratosphere an be explained by other e�ets suh asthe non-quasigeostrophi omponent of the EP-�ux and the orographi gravity wavedrag, whih also depends on the vertial struture of the bakground wind abovethe wave soure [Lott and Miller , 1997℄.In summary, the dynamis that maintains the middle atmospheri irulation inMAECHAM5 is onsistent with previous studies. In aordane with the Charney-Drazin riterion, the planetary waves propagate up- and poleward in the winterhemisphere into the high latitude middle atmosphere and deelerate the strongradiatively indued westerlies. This results in a poleward motion and drives theBrewer-Dobson irulation. Both planetary waves and residual foring ontributeto the winter part of the Murgatroyd-Singleton residual irulation. The strongresidual foring in the winter mesosphere and upper stratosphere an be explainedby the gravity wave drag, whih ontributes muh more to the Murgatroyd-Singletonirulation than the planetary wave drag. The summer branh of the Murgatroyd-Singleton residual irulation is indued exlusively by the residual foring, whihan be explained mainly by the gravity wave drag.
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2 The dynamis of the middle atmosphere in MAECHAM5
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3 The leading statistial modes inthe Northern Hemisphere
In this hapter the three-dimensional struture of the leading modes of the intrasea-sonal variability and ovariability in the stratosphere/troposphere oupled systemwill be examined. The fous is on the winter season, where the oupling betweentroposphere and stratosphere through enhaned wave ativity is strong. The dom-inant time sales of the leading mode of the intraseasonal variability will also beinvestigated.3.1 MethodsFirst, the statistial methods used in this study are desribed. Additionally, a list ofreferenes for detailed desriptions and appliations of these methods is given. Moredetailed desriptions of the multivariate methods used an be found in von Storhand Zwiers [1999℄ and von Storh and Navarra [1995℄.3.1.1 Empirial Orthogonal Funtion (EOF) analysisThe EOF analysis, also known as Prinipal Component Analysis (PCA), is one ofthe multivariate tehniques most often used. It provides a ompat desription ofthe spatial strutures in terms of orthogonal funtion or spatial modes. In general,most of the variane of multivariate time series an be explained by the �rst fewEOFs. EOF analysis is used here to �nd the dominant mode of geopotential heightvariability north of 20◦N, known as the Northern Annular Mode (NAM). EOF anal-31



3 The leading statistial modes in the Northern Hemisphereysis an also be used to redue the spatial degrees of freedom of multivariate timeseries. It was �rst introdued in �uid dynamis by Lorenz [1957℄, and has beenwidely applied in limate researh. The input of the EOF-analysis are the realiza-tions ~Xt at di�erent times t = 1, 2...., N of the M-dimensional random vetor ~X (inour ase M represents the number of grid points). The realizations ~X t of �eld ~Xare represented by the N ×M matrix
X = ( ~X1 | ~X2 | ..... | ~XN) =

















→ t : time
x1,1 x1,2 .. x1,N

x2,1 x2,1 .. x2,N

. . .. .

. . .. .
xM,1 xM,2 .. xM,N

















↓ l : locations (3.1)
having the vetors ~X t in its rows. The EOF analysis yields at eah mode k theeigenvalues λk and eigenvetors ~pk of the ovariane matrix RXX of ~X. The timeoe�ients ak(t) are obtained by projeting the original data on the ~pk. The eigen-vetors ~pk are alled EOFs, and the time oe�ients are alled Prinipal Components(PCs). The eigenvalue λk measures the amount of variane explained by mode k.3.1.2 Singular Value Deomposition (SVD)Singular Value Deomposition, also alled Maximum Covariane Analysis (MCA),was developed to investigate the ovariability of two multivariate �elds. It has beenalso widely used in limate researh [e.g. Wallae et al., 1992; Bretherton et al.,1992℄. This tehnique maximizes the ovariane between two input �elds, and it wasused here to investigate the oupling between troposphere and stratosphere. Theinput �les of the SVD-analysis are the realizations ~Xt and ~Yt of the M-dimensionalrandom vetors ~X and ~Y at times t = 1, 2...., N . For eah mode k, the output ofthis method is: The left and right vetors ~pX

k and ~pY
k , the singular value γk, andthe left and right oe�ients aX

k (t) and aY
k (t). The left and right vetors and thesingular values are omputed from the left and right singular vetors and from the32



3.1 Methodssingular values using the SVD deomposition of the ross ovariane matrix RXYbetween ~X and ~Y , respetively. The singular value γk measures the amount of theexplained squared ovariane between the two input �elds. The pattern ~pX
k of vetor

~X an be interpreted as the struture of �eld ~X that is maximally oupled to ~Y ;the patterns ~pY
k of vetor ~Y an be interpreted as the struture of �eld ~Y that ismaximally oupled to ~X. The strength of the oupling between the two �elds ~Xand ~Y is given by the orrelation between the time oe�ients aX

k (t) and aY
k (t).

3.1.3 Wavelet analysisWavelet analysis is a two-dimensional time-frequeny spetral analysis. Comparedto lassial spetral analysis, whih omputes the spetrum as a funtion of frequenyonly, wavelet analysis enables the investigation of the loal power as a funtion ofboth time and frequeny (or period). This analysis an thus detet the time evolutionof the loal power at eah frequeny and hene the non-stationary behavior of a timeseries. Several geophysial studies deal with the appliation of wavelet analysis [e.g.Wang and Wang , 1996; Lau and Weng , 1995; Torrene and Compo, 1998℄. Theloal power |Wab|
2 at the time sale a and time b (displaement) is the square of themagnitude of the omplex funtion Wab de�ned as onvolution of the time series xtwith the wavelet ψ :

Wab = N
∑

t=1

xtψ
∗

(

t− b

a

)

t = 1, .., N,where ∗ desribes the omplex onjugate. The time sale a desribes the periodof the osillation. Here the so-alled Morlet wavelet is used, whih is sinusoidal ofperiod a and modulated by a Gaussian funtion. The latter enables the loalizationof the loal power. 33



3 The leading statistial modes in the Northern Hemisphere3.2 The leading modes of the intraseasonalvariability3.2.1 The Northern Annular Mode (NAM)An EOF analysis of the monthly geopotential height anomalies north of 20◦N in win-ter (JFM) was performed at di�erent levels between troposphere and stratosphere.The data were weighted using the square of the osine of the latitude before om-puting the EOFs. All monthly anomalies were obtained by removing the monthlylimatology. The �rst EOF-mode at eah level desribes the Northern Annular Mode(NAM) of this level. The daily NAM-index at eah level is omputed by projetingthe daily geopotential height anomalies on the orresponding NAM pattern. Alldaily anomalies used in this thesis were obtained by removing the limatology of30-day low pass �ltered data from the daily data.The vertial pro�les of the varianes explained by the �rst four EOF-modes areshown in Fig. 3.1. Fig. 3.2 shows the NAM pattern at di�erent levels. About 37%of the entire variane is explained by the �rst EOF mode at the surfae. This valuedereases to the minimum of about 29% in the middle troposphere and inreasesstrongly with height to about 77% in the middle stratosphere.The seond EOF mode explains about 11% of the variane at the surfae. Thisvalue remains almost onstant in the whole troposphere, dereases slightly withheight to about 8% at the lowermost stratosphere, and inreases again to about14% at 1hPa. The third EOF mode explains about 10% of the variane at thesurfae and has a similar vertial struture as the seond EOF mode. The fourthmode is important only in the lower troposphere, with an explained variane of 8%at the surfae.The �rst EOF-mode of the geopotential height north of 20◦N, whih representsthe NAM, explains the most variane in both troposphere and stratosphere and isthus the most important Northern Hemispheri mode. This mode explains muhmore variane in the stratosphere than in the troposphere.34



3.2 The leading modes of the intraseasonal variability

Figure 3.1: Vertial pro�les of the explained variane by the �rst (red), seond(blak), third (green), and fourth (blue) EOF-modes of the geopoten-tial height north of 20◦N .The vertial and horizontal struture of the NAM-patterns (Fig 3.2) are quitesimilar to the observational patterns shown by Thompson and Wallae [1998; 2000℄and Baldwin and Dunkerton [1999℄. The NAM-pattern is almost barotropi andzonally symmetri. It is haraterized by a meridional dipole in the geopotentialheight, with opposite polarity over the Arti and the midlatitudes. By onven-tion, the positive pole is taken over the Arti so that a positive NAMI desribesstrong westerlies. While the strong NAM-anomalies show a loalized struture inthe troposphere, the NAM-anomalies in the stratosphere are more annular.Sine the vertial and horizontal struture of the NAM are obtained from a gen-eral irulation model oupled to an oean mixed layer model without any exter-nal foring, the NAM results from the internal dynamis of the oupled systematmosphere-oean. However, the NAM may be strongly in�uened by both externaland internal forings, like Quasi Biannual Osillation (QBO), solar yle, volanoeruptions, and ENSO. The strong sensitivity of the middle atmosphere to the dif-35



3 The leading statistial modes in the Northern Hemisphere

Figure 3.2: Vertial struture of the NAM (in m), whih is the leading mode of thegeopotential height north of 20◦N . Shading indiates positive anomalies.The strutures are given at 1, 2, 5, 10, 50, 100, 300, 500; and 1000hPalevels.
36



3.2 The leading modes of the intraseasonal variabilityferent forings, the non-linear nature of the atmospheri dynamis, and the lak oflong-term measurements make the understanding of the e�et of individual externalforings very di�ult. The ENSO impat on the NAO and Europe was studied e.g.by Brönnimann et al. [2004℄, Brönnimann [2006℄, and Brönnimann et al. [2007℄. Thetropial-extratropial interation through the QBO-vortex onnetion was investi-gated e.g. by Holton and Tan [1980℄. In both ases a hange in wave propagationand thus in the Brewer-Dobson irulation, whih eventually leads to a hange in thestratospheri NAM, seems to be important. The latter hange an then propagatedownward and impat the troposphere over both Pai� and Atlanti setors.3.2.2 The dominant time sales of the intraseasonal NAMvariabilityFig. 3.3 shows the loal wavelet power of the daily NAMI at 1000, 200 and 10hPafor winter. The loal wavelet power was �rst omputed for eah winter and thenaveraged over all winter seasons. The NAM at 10hPa is dominated by low frequenyvariability (period above 40 days) over the whole winter season. Singular SpetrumAnalysis (SSA) shows that the low frequeny time sales explain about 92% of thewinter variane at 10hPa. The stratospheri wavelet power shows also onsiderablevariability at quasistationary time sales (periods between 15 and 40 days). Thedominane of low frequeny time sales in the stratosphere re�ets the large-saleand hemispheri struture of stratospheri irulation and its variability . The lowfrequeny power spetrum is muh smaller in the troposphere. The low frequenyvariability of the NAMI at 1000hPa peaks in January and February, when the ou-pling between troposphere and stratosphere through planetary wave propagation isstrong. The loal wavelet power at the quasistationary and synoptial time sales(periods less than 15 days) is muh higher in the troposphere than in the strato-sphere. An SSA-analysis (not shown) shows that the quasistationary and synoptialtime sales together explain about 34% of the winter variability at 1000hPa, as op-posed to about 8% at 10hPa. This re�ets the smaller sales and the muh moreloalized strutures of tropospheri irulation and its variability as ompared to37



3 The leading statistial modes in the Northern Hemisphere
a) The winter loal wavelet power at 10hPa and 200hPa

b) The winter loal wavelet power at 1000hPa

Figure 3.3: The winter (NOV-APR) average of the loal wavelet power of the NAMIat 10 and 200hPa (a) and at 1000hPa (b). The bold dashed line is theone of in�uene within whih the side e�et beomes important.
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3.3 The leading modes of the troposphere/stratosphere ovariabilitythe large-sale and muh hemispheri strutures in the stratosphere.3.3 The leading modes of thetroposphere/stratosphere ovariabilityAn SVD analysis was performed north of 20◦N between the geopotential height at34 levels loated between 1000 and 1hPa, and that at the 10hPa-level. This yieldsfor eah mode 34 left vetors (oe�ients) and 34 right vetors (oe�ients). Fig.

Figure 3.4: The vertial pro�le of the explained squered ovariane by the �rst(blak) and seond (green) modes of SVD between 10hPa and the 34levels taken between 1000hPa and 1hPa. The vertial pro�le of the or-relation between the right and left oe�ients of the �rst SVD-modes isplotted in red.3.4 shows the vertial struture of amounts of squared ovarianes between 10hPaand the other 34 levels explained by the �rst and seond mode, and the orrelationbetween the left and right oe�ients of the �rst mode. The explained squaredovariane amounts to about 92% in the middle troposphere and to about 98%in the whole stratosphere. The orrelation between the left and right oe�ients39



3 The leading statistial modes in the Northern Hemisphereis above 0.5 at all lower tropospheri levels and inreases strongly in the uppertroposphere (to about 0.77). In the stratosphere, the orrelation inreases fromabout 0.8 at 150hPa to 1 at 10hPa and dereases again to about 0.8 at 1hPa. Theenhaned orrelation between the �rst mode left oe�ients in the troposphere andthe �rst mode right oe�ients at 10hPa indiates, together with the high frationof the explained squared ovariane by this mode, a strong oupling between thetroposphere and stratosphere. This oupling is explained almost ompletely by the�rst SVD mode.Fig. 3.5 shows the left vetors at the same levels as those shown in Fig. 3.2.All 34 right vetors (not shown) strongly resemble the NAM pattern at the 10hPalevel shown in Fig. 3.2. As we an see, all left vetors are very similar to theorresponding NAM-patterns. An SVD-analysis between the same 34 levels and the1000hPa level (not shown) yields the NAM patterns as left vetors and the NAMpattern of the 1000hPa level as right vetors. Thus, the tropospheri NAM-patternsan be interpreted as the patterns that are maximally orrelated with those in thestratosphere.In summary, the three-dimensional struture of the NAM in MAECHAM5 is quitesimilar to that observed. The NAM is muh more important in the stratospherethan in the troposphere. The stratospheri NAM variability is dominated by lowfrequeny time sales and re�ets the large-sale and hemispheri struture of thestratospheri irulation. The synoptial and quasistationary time sales are muhmore important in the troposphere. This re�ets the relatively small-sale and loalstruture of the tropospheri irulation. The stratosphere and troposphere arestrongly oupled by their orresponding NAM-patterns.
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3.3 The leading modes of the troposphere/stratosphere ovariability

Figure 3.5: The left vetors of the �rst SVD-mode (in m). These vetors repre-sent the geopotential patterns at 1, 2, 5, 10, 50, 100, 300, 500, and1000hPa that are maximally orrelated with the 10hPa-geopotentialheight through the �rst SVD-mode. Shading indiates positive geopo-tential anomalies.
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3 The leading statistial modes in the Northern Hemisphere
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4 The oupled systemstratosphere/troposphere atstrong polar vortex
In this hapter, the dynamis of the oupling between troposphere and stratosphereduring a strong stratospheri Northern Annular Mode (in the following: 'strato-spheri mode') is investigated. The fous will be on the mehanisms driving thepattern and downward propagation of the NAM-anomalies and on the proessesontrolling the di�erent phases of the life yle of the polar vortex.
4.1 Methods and theoretial bakground4.1.1 Composite analysisThe input in omposite analysis are univariate time series xt and the realization
~Xt (t = 1, ...., N) of a random vetor ~X. This method is based on averaging asubset K of patterns from the multivariate �eld ~Xt that meet ertain onditions.The onditions used to form the subset K are omputed using the time series xt. Inthis study, all events with x′

t > 2σx and x′

t < −2σx were taken to build the subsets
KH and KL for high and low index phases, respetively. Thereby x′

t is the anomalytime series and σx is the standard deviation of xt. The high omposite pattern wasde�ned as: 43



4 The oupled system stratosphere/troposphere at strong polar vortex
~XH = 1

KH

∑

t∈KH

~Xt,and the low omposite pattern as:
~XL = 1

KL

∑

t∈KL

~Xt,whereKH andKL are the number of patterns in the subsets KH andKL, respetively.The signi�ane of the omposite was tested by performing a multivariate Student's
t-test of the di�erene ~XH− ~XL. Here the di�erene between high and low ompositewill be denoted by H−L. In ontrast to the 'assoiated pattern' approah, whih isbased on the orrelation and/or regression patterns and thus on linear assumptionbetween ~X t and xt, omposite analysis is a non-parametri approah, whih meansthat no assumption about a relationship between ~X t and xt is made. Compositeanalysis an thus apture even non-linear relationships [e.g. Hoerling et al., 1997℄.Most of the results in this study are based on the lag omposite analysis using thewinter NAMI at 50hPa. The NAMI was omputed by projeting the daily anomaliesof the geopotential height at 50hPA on the NAM pattern at the same level (Fig.3.2). All anomalies were obtained by removing the limatology of 30-day low pass�ltered data from the daily data. Anomalies from 60 days before to 60 days afterthe NAMI peak were also omputed.4.1.2 Dynamial bakgroundThe dynamis of the wind and temperature anomalies during strong NAM-phasewere investigated by diagnosing the anomalous residual irulation and EP-�ux ve-tors (equation 2.2 and 2.3), the Transformed Eulerian Mean (TEM) formulation ofthe momentum budget in pressure oordinates (equation 2.1), and the anomalies ofthe terms of the refration index depending on the spatial struture of the zonallyaveraged zonal wind (equations 4.1 and 4.2) [Matsuno, 1970; Limpasuvan and Hart-44



4.1 Methods and theoretial bakgroundmann, 2000; Lorenz and Hartmann, 2003℄. Waves are refrated from regions with alow to regions with a high refration index. In equations 4.1 and 4.2, z denotes thelog pressure oordinate, q denotes the potential vortiity and k is the wave number.
N2 is the buoyany frequeny, H the sale height (a.7km) and Ω the earth's angularfrequeny. All notations and non-desribed parameters in 4.1 and 4.2 are similar tothose of equations 2.1, 2.2, and 2.3.The �rst term on the right of equation 4.1 is proportional to the meridionalpotential vortiity gradient. It represents the ontribution of the planetary e�et(�rst term of 4.2), the e�et of meridional (seond term) and vertial wind urvature(fourth term), and the e�et of vertial wind shear (third term). The strengtheningof the polar jet leads to a derease in the refration index through the planetary term.If we neglet the hange of stability (N2), high positive vertial and meridional windurvatures ause a negative refration index, while a high positive vertial wind shearleads to a positive refration index. The anomalies of the refration index dependonly on the terms that ontain the zonal wind. The division by very small zonal�ow in 4.1 makes the result very noisy. To avoid this problem, it was divided by the60 days running mean of the zonally averaged zonal wind.
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ūzz (4.2)Aording to Ambaum and Hoskins [2002℄, the downward propagation of strato-spheri wind anomalies into the troposphere results from the hange of the tropopauseheight and thus from the strething of the stratospheri olumn. The ontration(strething) of the stratosphere an lead to a strething (ontration) of both tropo-sphere and mesosphere and thus to temperature, pressure and wind hanges throughthe resulting vertial motion there. Understanding the proesses that drive thestrething of an atmospheri layer will help to understand not only the troposphere-stratosphere, but also the stratosphere-mesosphere oupling. The strething and
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4 The oupled system stratosphere/troposphere at strong polar vortexontration of an atmospheri layer an be desribed by the strething vortiity
qs, the zonal mean of whih (in log-pressure oordinates) is de�ned as follows [e.g.Andrews et al., 1987; Holton, 1992℄:

qs =
f0

ρ0

( ρ0

N2

(

Φz

)

)

z
. (4.3)In this equation ρ0 is the bakground air density. Using the hydrostati equation(Φz = R

H
T̄ ) we get:

qs =
f0R

ρ0H

( ρ0

N2
T̄
)

z
. (4.4)The vertial integration between the top and the bottom of an atmospheri layer(〈x〉 =

∫ top

bot
xδz) and the time derivation of (4.4) lead to:

〈qs〉t =
f0R

ρ0H

(( ρ0

N2
T̄t

)

(top) −
( ρ0

N2
T̄t

)

(bot)
)

. (4.5)For small diabati heating we get thus a ontration of an atmospheri layer(〈qs〉t > 0) by:
• 1a) adiabati warming by downward motion at the top and adiabati oolingby upward motion at the bottom
• 1b) strong adiabati warming by downward motion at the top and small adi-abati ooling by upward motion or no temperature hange at the bottom
• 1) small adiabati warming by downward motion or no temperature hangeat the top and strong adiabati ooling by upward motion at the bottomThe strething of an atmospheri layer (〈qs〉t < 0) an be aused by:
• 1a') adiabati ooling by upward motion at the top and adiabati warming bydownward motion at the bottom
• 1b') strong adiabati ooling by upward motion at the top and small adiabatiwarming by downward motion or no temperature hange at the bottom46



4.1 Methods and theoretial bakground
• 1') small adiabati ooling by upward motion or no temperature hange atthe top and strong adiabati warming by downward motion at the bottomUsing some basi equations in the quasigeostrophi formulation (see Appendix A),we an derive the following tendeny equation for the zonally averaged strethingvortiity:

(qs)t = (f0v̄∗)y + f0ρ
−1

0

(

ρ0

Q̄

θ0z

)

z
. (4.6)The �rst term on the right is the meridional divergene of the meridional resid-ual Coriolis foring and depends, aording to the TEME (equation 2.1), on theresolved and unresolved wave foring and the fritional foring. Due to its f -dependene, it auses strong (small) hanges of the strething vortiity near thepole (in mid-latitudes). The meridional onvergene (divergene) of the meridionalresidual Coriolis foring leads to a strething (ontration) of an atmospheri layer.Fig. 4.1 shows the possible ases if the residual Coriolis foring ats in the middleof this layer. The ontration of an atmospheri layer an be indued by (see Fig.4.1):

• 2a) poleward derease of the westward residual Coriolis foring
• 2b) poleward inrease of the eastward residual Coriolis foring
• 2) poleward transition from westward to eastward residual Coriolis foringThe strething of an atmospheri olumn an be aused by (Fig. 4.1):
• 2a') poleward inrease of the residual westward Coriolis foring
• 2b') poleward derease of the residual eastward Coriolis foring
• 2') poleward transition from eastward to westward residual Coriolis foringThe seond term of equation 4.6 re�ets the e�et of the diabati heating. Strongvertial onvergene (divergene) of the diabati heating leads to the strething(ontration) of an atmospheri layer. 47



4 The oupled system stratosphere/troposphere at strong polar vortex

2a 2b 2c

2b'2a' 2c'

z

yFigure 4.1: The e�et of the meridional struture of the residual Coriolis foring onthe strething and ontration of a free atmospheri layer aording toases 2a, 2b, 2, 2a', 2b', and 2'(see text). Horizontal arrows representthe meridional omponent of the residual veloity, whih is proportionalto the residual Coriolis foring. Vertial arrows represent the vertialresidual veloity, whih auses adiabati warming (ooling) by upward(downward) motion. Dashed (solid) urves orrespond to the initial(�nal) position of the upper and lower layer boundaries.
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4.1 Methods and theoretial bakgroundAording to the equation 4.6, a hange in radiative and/or wave foring leads toa hange of the strething vortiity and thus to a hange of the potential vortiity(see also Appendix A, equations A-4 and A-3). The potential vortiity inversionmehanism, in whih the non loal irulation hange is ontrolled by the potentialvortiity anomalies [Blak , 2002; Ambaum and Hoskins, 2002℄, and the downwardontrol mehanism [Haynes et al., 1991; Holton et al., 1995℄, in whih the iru-lation hange is ontrolled by the radiative and wave indued dynamial foring,thus desribe the same mehanism. All analyses done in this study are based onanomalous hanges, whih were omputed by removing the seasonal yle. Sine themodel is driven by the limatology of radiatively ative elements and no oupling tohemistry is performed, the anomalous hange of the short wave radiative heating inthe stratosphere and its impat on the strething vortiity an be negleted. In thefollowing, only the dynamial e�et on the strething vortiity is onsidered, sinethe dynamial damping time in the stratosphere is muh higher than the radiativeone and the winter stratospheri irulation is driven mainly by wave dynamis.Figs. 4.2 and 4.3 sketh the anomalous hanges that drive the vertial strutureof the temperature and wind anomalies during the evolution of strong positive andnegative NAM-phases. The NAM temperature and wind anomalies and their down-ward propagation an be understood as the response of the strething vortiity tothe meridional struture of the Coriolis foring and quasigeostrophi adjustment ofthe troposphere to these hanges. During strong stratospheri positive NAM-phase(Fig. 4.2a), an enhaned stratospheri anomalous westward Coriolis foring enterednear 60-70◦N is indued by redued planetary wave breaking. This results in a pole-ward derease (inrease) of the westward Coriolis foring north (south) of 60-70◦Nand leads -as in ase 2a (2a') of Fig. 4.1- to a ontration (strething) of the strato-spheri layer in the high (mid) latitudes. These hanges ontribute, by ontinuity,to an anomalous strething of the high latitude troposphere and lower mesosphereand a ontration of the mid-latitude troposphere and lower mesosphere.The lower mesosphere responds during enhaned positive NAM-phase with ananomalous eastward residual Coriolis foring, entered in mid and high latitudes(Fig. 4.3a). This is balaned mainly by the residual foring (or gravity wave drag).49



4 The oupled system stratosphere/troposphere at strong polar vortex
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yFigure 4.2: (a) illustrates the e�et of the strething vortiity of the stratospheriolumn during strong positive NAM-phase as a result of the meridionalstruture of the anomalous residual Coriolis foring. Horizontal arrowsrepresent the meridional residual veloity, whih is proportional to theresidual Coriolis foring. Vertial arrows represent the vertial residualveloity, whih auses adiabati warming (ooling) by upward (down-ward) motion. Dashed (solid) urves orrespond to the initial (�nal)position of the upper and lower boundaries of the stratosphere. (b) il-lustrates the e�et of the strething vortiity of the stratospheri olumnduring strong negative NAM-phase. H (L) illustrates positive (negative)anomalous hanges of pressure.
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4.1 Methods and theoretial bakgroundThe net result is a poleward derease of the eastward Coriolis foring in high latitudeswhih leads - as in ase 2b' of Fig. 4.1 - to a strething of the lower mesospherenear the pole. This ontributes to the ontration of the upper stratosphere and aninrease of the anomalous downward motion in both lower mesosphere and upperstratosphere. The vertial struture of the temperature and wind anomalies duringthe strong NAM-phases and the assoiated downward propagations result mainlyfrom adiabati temperature hanges by the vertial motions, skethed in Figs. 4.2aand 4.3a. Figs 4.2b and 4.3b desribe the situation during negative stratospheriNAM-phase. In the following, the TEM formulation is used to get further insightinto the proesses skethed in Figs. 4.2 and 4.3.
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Figure 4.3: a (b) like Fig. 2a (2b) but illustrating the e�et of the strething vortiityof the lower mesosphere olumn during strong positive (negative) NAM-phase as a result of the meridional struture of the anomalous residualCoriolis foring. 51



4 The oupled system stratosphere/troposphere at strong polar vortex4.2 Wind and temperature anomalies duringstrong stratospheri NAM-phasesThe evolution of the high minus low (H - L) lag omposites of the NAMI at 50hPais shown in Fig. 4.4a. In Fig. 4.4b, the evolution of the H - L lag omposites of theanomalous zonally averaged zonal wind between 55 and 70◦N is shown as a funtionof height. Statistial signi�ane was estimated with a t-test. Fig. 4.4 showsthe anomalous zonally averaged temperature between 60 and 90◦N. The evolutionof the stratospheri polar jet is well desribed by the NAMI. The slow inrease ofthe 50hPa-NAMI between lag -60 and lag -40 days haraterizes the onset phaseof the development of the stratospheri polar jet. The faster inrease of the NAMIbetween lag -30 and 0 desribes the growth and mature phases, while the dereaseof the NAMI at positive lags indiates the deline and deay phases.The growth and the mature phases of the stratospheri polar jet are assoiatedwith a strengthening and downward propagation of negative temperature and pos-itive wind anomalies in the stratosphere and troposphere (Figs. 4.4b and 4.4).These anomalies strongly derease in the deline and deay phases. The evolutionof the stratospheri jet after lag -30 is assoiated with an enhaned warming in theupper polar stratosphere and lower mesosphere and thus, aording to the thermalwind balane, with a negative shear of the zonal �ow and a weakening of the anoma-lous westerlies. The warming and the assoiated hange in the zonal �ow beomestronger and propagate downward towards the lower stratosphere, espeially duringthe deline and deay phases.Figs. 4.5 and 4.6 show the two-dimensional struture of the H - L lag ompositesof the zonally averaged zonal wind and temperature anomalies, respetively. Sixtime lags ( -60, -50, -10, 0, 20 and 50) are shown. Both Figs. 4.5 and 4.6 show astrengthening of the zonally averaged zonal wind and of temperature anomalies inthe stratosphere during the growth and mature phases. They also show downwardpropagation of both anomalies into the troposphere, espeially during the maturephase. The wind and temperature anomalies in the troposphere and the lower52



4.2 Wind and temperature anomalies during strong stratospheri NAM-phases

Figure 4.4: The di�erene between the high and low lag omposite (H - L) of (a) theNAMI at 50hPa, (b) the zonally averaged zonal wind between 55 and70◦N and () the zonally averaged temperature north of 60◦N. Positive(negative) values are represented by solid (dashed) lines and zero by athik line. Color indiates signi�ane at 95% level aording to a t-test.
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4 The oupled system stratosphere/troposphere at strong polar vortexto middle stratosphere weaken onsiderably during the deline and deay phases.The growth and mature phases of the stratospheri polar jet are assoiated with atemperature quadrupole between the troposphere and mesosphere (Fig. 4.6). Thelower part of this quadrupole has a deep old pole in the high latitude and a warmpole in the mid-latitude troposphere and stratosphere. This dipole strengthens inthe NAM-strengthening phase and weakens in the deay phase. It is in thermal windbalane with the wind shear and explains the positive vertial shear of the anomalouszonal �ow between the surfae and the middle stratosphere. The upper part ofthe temperature quadrupole has a warm pole in the high latitudes between theupper stratosphere and lower mesosphere and a old pole in the mid latitudes. Thewarm pole strengthens and propagates downward, espeially in the NAM-deline anddeay phase. Consistent with the thermal wind balane, a negative vertial shearand a weakening of the anomalous zonal �ow are found in the upper stratosphereand lower mesosphere. The temperature anomalies of the quadrupole are generallystronger in the polar region than in the mid latitudes. The vertial inversion ofthe temperature anomalies between stratosphere and mesosphere at extreme NAM-phases is onsistent with the observations [Quiroz , 1969; Labitzke, 1972a;b; Hirotaand Barnett , 1977℄.In summary the strongly positive stratospheri NAM-phases are assoiated withstrong anomalous westerlies in high latitudes and a temperature quadrupole betweentroposphere and lower mesosphere. The zonal wind pattern results, by thermal windbalane, from the quadrupole struture of the temperature.
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4.3 Dynamial oupling and spatial struture in the mature phase

Figure 4.5: The di�erenes between high and low omposite (H - L) of the zonallyaveraged zonal wind at six di�erent time lags. Positive (negative) valuesare represented by solid (dashed) lines and zero by a thik line. Colorindiates signi�ane at the 95% level aording to a t-test. 55



4 The oupled system stratosphere/troposphere at strong polar vortex

Figure 4.6: The di�erenes between high and low omposite (H - L) of the zonallyaveraged temperature at six di�erent time lags. Positive (negative) val-ues are represented by solid (dashed) lines and zero by a thik line. Colorindiates signi�ane at the 95% level aording to a t-test.56



4.3 Dynamial oupling and spatial struture in the mature phasea) Residual Coriolis foring
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Figure 4.7: The di�erenes between high and low omposite (H - L) at lag -15, -5and 0 of (a) residual Coriolis foring, (b) wave foring, and () residualforing. Positive (negative) values are represented by solid (dashed) linesand zero by a thik line. Color indiates signi�ane at the 95% levelaording to a t-test.
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4 The oupled system stratosphere/troposphere at strong polar vortex

Figure 4.8: a (b) shows the di�erenes between high and low omposite at lag -10 (0)of the following forings ating near the bottom: Residual Coriolis for-ing (solid line), wave foring (dotted line), and residual foring (dashedline).
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4.3 Dynamial oupling and spatial struture in the mature phasea) Non-orographi gravity wave drag

b) Residual meridional irulation and vertial veloity

Figure 4.9: (a) is like Fig. 4.7 but it shows the non-orographi gravity wave drag.(b) shows the di�erenes between high and low omposite (H - L) atlag -15, -5 and 0 of the inverted omega residual veloity in p-oordinate.The stream plot represents the meridional residual irulation. Shadingindiates signi�ant values at the 95% level aording to a t-test. Dark(light) grey indiates upward (downward) motion.
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4 The oupled system stratosphere/troposphere at strong polar vortex4.3 Dynamial oupling and spatial struture inthe mature phase4.3.1 Transformed Eulerian Mean (TEM) forings and theNAM-patternThe TEM formulation provides the foring that drives both the wind anomalies andthe struture of the Coriolis foring, whih (aording to equation 4.6) is importantfor the hange of a layer thikness. Fig. 4.7 shows the H - L lag omposites of theanomalous residual Coriolis (Fig. 4.7a), planetary wave (Fig. 4.7b), and residual(Fig. 4.7) foring at lags -15, -5 and 0. The anomalous residual vertial veloityand the meridional irulation are plotted in Fig 4.9b. Fig. 4.8a (4.8b) showsthe same forings at lags -10 (0), but averaged near the bottom. The enhanedanomalous westerlies in the lower and middle stratosphere are maintained against thewestward Coriolis foring mainly by the eastward planetary wave foring and partlyby the muh weaker residual foring. Sine the eastward planetary wave foring isgenerated during a strong vortex and strengthens it, there is a positive feedbakbetween the NAM wind-pattern and the planetary wave foring. The enhanedanomalous westward Coriolis foring and equatorward motion in the middle andlower stratosphere (Figs. 4.7a and 4.9b) weaken the Brewer-Dobson irulationand are strongest near 60-70◦N. This results in a divergene (onvergene) of theanomalous meridional Coriolis foring in the high (mid) latitudes as in ases 2a(2a') of Fig. 4.1 and thus in a ontration (strething) of the stratospheri layernorth (south) of 60◦-70◦N. By ontinuity, the ontration of the polar stratosphereontributes to a strething of the polar troposphere [Ambaum and Hoskins, 2002℄and mesosphere, while the strething of the stratosphere ontributes to a ontrationof the troposphere and mesosphere in the mid-latitudes. The net e�et is the vertialmotion shown in Fig. 4.9b explaining the temperature quadrupole seen in the maturephase (Fig. 4.6). The temperature pattern results from the adiabati temperaturehange by vertial motion, and the vertial struture of the zonally averaged zonalwind results from the temperature pattern by thermal wind balane .60



4.3 Dynamial oupling and spatial struture in the mature phaseThe strong westerlies near the tropospheri polar jet are maintained against theCoriolis foring mainly by planetary wave foring and partly by the weaker residualforing. The eastward residual and wave forings between the high latitude tropo-sphere and the middle stratosphere are indued during a strong vortex and, at thesame time, they strengthen the vortex further. Thus, there is a positive feedbakbetween the polar vortex and these forings. The inrease of the tropospheri andstratospheri barolini wave ativity due to the strong anomalous westerly windshear an be important in this respet. This an be seen in Fig. 4.10, whih showsthe omposite di�erene at lag 0 of tropospheri and lower stratospheri barolin-iity (gθy/θ0N). The latter is a good approximation to the largest growth rate ofbarolini waves [Lindzen and Farrell , 1980℄. In general, the enhaned baroliniinstability during strong vortex is assoiated with an aeleration of the westerlies,whih in turn leads to a positive feedbak between the polar vortex and the baro-lini wave [Tanaka and Tokinaga, 2002℄. This feedbak ontributes not only tothe inrease and persistene of the strong vortex but also to the downward prop-agation of the wind anomalies from the stratosphere into the troposphere. Theenhaned westerly wave foring near the tropospheri jet is, aording to the quasi-geostrophi momentum budget, assoiated with an anomalous equatorward motionfrom the strethed into the ontrated tropospheri area (Fig. 4.9b), whih damp-ens the high-latitude strething and mid-latitude ontration in the troposphere.The inrease of westerly wave foring near the tropospheri jet an thus be seenas a quasigeostrophi adjustment of the troposphere to the hanges indued by thestratosphere. As explained in hapter 2.5, the residual foring in the extratropi-al lower stratosphere and upper troposphere an be explained by the ombinedontribution of gravity waves and non-quasigeostrophi omponent of the EP-�ux.The enhaned westerlies near the bottom are maintained mainly by the Coriolisforing against westward planetary wave and residual foring (Figs. 4.8a and b).Sine the negative wave and residual foring are aused during the strong NAM-westerlies and weaken the NAM-westerlies near the bottom even further, there isnegative feedbak between these forings and the NAM wind-pattern in the lower-most boundary of the oupled system troposphere/stratosphere. 61



4 The oupled system stratosphere/troposphere at strong polar vortexThe strong stratospheri vortex is assoiated with an enhaned anomalous pos-itive Coriolis foring north of 20◦N in the lower mesosphere, whih together withthe wave foring, maintains the high latitude westerlies against the strong negativeresidual foring. The net e�et is an enhaned onvergene of the anomalous Cori-olis foring in the polar mesosphere (Fig. 4.7a) and thus a strething of the lowermesosphere (aording to ase 2b' in Fig. 4.1). This enhanes, by ontinuity, theontration of the polar upper stratosphere, as shown before, leading to strongeranomalous downward motion and adiabati warming in both the lower mesosphereand upper stratosphere. This warming weakens the polar vortex and indues ananomalous negative shear of the zonal �ow. The strong westward residual foringbetween the high latitude upper stratosphere and lower mesosphere is indued dur-ing strong vortex and at the same time weakens and warms it, so that the residualforing exerises negative feedbak on the polar vortex at these altitudes. The resid-ual foring in the upper stratosphere and lower mesosphere an be explained bythe non-orographi gravity wave drag, whih aording to Figs. 2.4(2), 2.5, 4.7 and4.9a dominates the residual foring and its hange at these altitudes. The positiveanomalies of the zonal wind and the anomalous easterly wind shear, as shown inFigs. 4.4(a) and 4.5, strengthen both the westerlies and the negative wind shearbetween the upper stratosphere and mesosphere seen in Fig. 2.2b. This leads,aording to Lindzen's parameterization (see hapter 2.5), to a more easterly grav-ity wave drag than normal and an explain the high anomalous westward residualforing seen in Fig. 4.7. We an thus onlude that there is a negative feedbakbetween the polar vortex and the residual foring in the upper boundaries of theoupled system troposphere/stratosphere (i.e. upper stratosphere and lower meso-sphere), whih an be explained by the �ltering of the gravity wave drag by thevertial struture of the stratospheri polar jet. In this feedbak the strong vortexleads to an enhaned negative residual foring (or gravity wave drag), whih resultsin anomalous eastward Coriolis foring (i.e. poleward motion) and thus in adiabatiwarming by downward motion and a weakening of the vortex in both upper strato-sphere and lower mesosphere. This result is supported by Duk et al. [2001℄, whoproposed the same feedbak, but in the ontext of the warming after late Deember.
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4.3 Dynamial oupling and spatial struture in the mature phase

Figure 4.10: Di�erenes between high and low (H - L) omposite of the tropospheri(dashed line) and low stratospheri (solid line) baroliniity at lag 0.The zero line is shown in yellow
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4 The oupled system stratosphere/troposphere at strong polar vortexThe strong vertial veloity and temperature anomalies at the pole an be explainedby the f -dependene of the residual Coriolis foring, whih (aording to equation9) makes the strething vortiity and the resulting vertial motion and temperaturehange stronger there.In summary, the vertial struture of the wind and temperature anomalies andtheir downward propagation during strong stratospheri NAM an be explained bythe response of the strething vortiity to the residual Coriolis foring hanges, whihin turn are aused by planetary wave foring in the middle and lower stratosphereand residual foring in the lower mesosphere and upper stratosphere, as well as byquasigeostrophi adjustment of the troposphere to these hanges. The persistentstrengthening and downward propagation of the NAM-pattern is enhaned mainlyby the planetary wave-vortex feedbak that aelerates the westerlies within theoupled troposphere/stratosphere system. Thereby the strong vortex is strengthenedfurther by the equatorward propagation of planetary waves and vie versa. Thereare two negative feedbaks ating in the upper and lower boundaries of the oupledsystem troposphere/stratosphere, whih deelerate the westerlies and weaken theNAM-patterns. The �rst feedbak, between residual foring and polar vortex, atsabove the stratospheri jet and an be explained by the �ltering of gravity waves bythe strong vortex and its vertial struture. The seond feedbak is driven by theresidual and planetary wave foring and ats near the surfae.4.3.2 The wave- zonal wind feedbakThe impat of the planetary wave foring on the stratospheri polar vortex is on-trolled by the tropospheri wave ativity. An anomalous equatorward and/or down-ward propagation of the tropospheri waves leads to less wave breaking in the polarstratosphere and thus to an anomalous ooling and strengthening of the stratospheriwesterlies by the resulting eddy heat and momentum �uxes (equation 4.1). In on-trast, an anomalous poleward and upward propagation of the tropospheri wavesleads to more wave breaking in the polar stratosphere and thus to an anomalouswarming and weakening of the stratospheri westerlies. This onnetion between64



4.3 Dynamial oupling and spatial struture in the mature phasethe meridional propagation of the tropospheri waves and the stratospheri polarvortex an be seen in Fig. 4.11a. A strong vortex is assoiated with an inrease ofthe anomalous equatorward and downward omponent of the tropospheri EP-�uxand thus with less wave breaking in the polar stratosphere.Aording to equations 4.1 and 4.2, the diretion of the propagation of the tro-pospheri planetary waves, whih modify the strength of the polar vortex, an behanged by the vertial and meridional struture of the zonally averaged zonal wind[Hartmann et al., 2000; Limpasuvan and Hartmann, 2000℄. Figs. 4.12a, b and 4.11bshow the lag omposite of the refration index hange aused by vertial urvature,vertial shear, and the sum of all terms of equation 4.1. The meridional urvatureand the planetary term are small in the high latitudes ompared to the other termsand thus not shown. The vertial urvature ontributes to stronger equatorwardpropagation of the tropospheri waves and the vertial shear to stronger polewardpropagation (Figs. 4.12a and b). The net e�et of the zonally averaged zonal wind isa dipole struture in the refration index between the troposphere and middle strato-sphere north of about 35◦N. This supports an anomalous equatorward propagationof tropospheri waves and is onsistent with the diretion of the EP-�ux vetor (Fig4.11a). The negative pole in the polar troposphere results mainly from the verti-al urvature; the positive pole to the south mainly from the vertial shear. Theanomalous meridional propagation of waves, whih drives the strong stratospheriNAM-phases results mainly from the vertial struture of the downward propagatinganomalous zonal �ow. This provides a positive feedbak between the stratospheripolar vortex, and the meridional propagation of planetary waves, whih ontributesto the intensi�ation and persistene of both stratospheri and tropospheri windanomalies during the growing phase and to the deline during the deay phase.In summary, there is a positive feedbak between the planetary wave propagationand the stratospheri vortex, in whih the stronger equatorward (poleward) wavepropagation and thus less (more) wave breaking in the polar stratosphere is induedby an anomalous strong (weak) polar vortex and vie versa. This feedbak explainsthe vortex-planetary wave foring feedbak shown above (Fig. 4.7b).
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4 The oupled system stratosphere/troposphere at strong polar vortexa) EP-�ux vetor

b) Refration index

Figure 4.11: The di�erenes between high and low (H - L) omposite at lags -15,-5 and 0 of (a) the EP-�ux vetor and (b) the refration index due toall hanges of the zonally averaged zonal �ow (equation 4.1). Positive(negative) values in (b) are represented by solid (dashed). Color indi-ates signi�ane at the 95% level aording to a t-test. The streamplot in (a) represents the EP-�ux vetor.
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4.3 Dynamial oupling and spatial struture in the mature phasea) E�et of the vertial urvature of the zonal �ow

b) E�et of the vertial shear of the zonal �ow

Figure 4.12: The di�erenes between high and low (H- L) omposite at lags -15, -5and 0 of the e�et on the refration index of (a) vertial urvature and(b) vertial shear of the zonal mean of the zonal �ow. Positive (neg-ative) values are represented by solid (dashed) lines. Color indiatessigni�ane at the 95% level aording to a t-test.
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4 The oupled system stratosphere/troposphere at strong polar vortex4.4 The dynamis of the evolution of the polarvortex
In order to understand the mehanism driving hanges in the stratospheri polarjet, the TEM-terms were averaged between 55 and 70◦N, where the wind anomaliesare strongest. Again, a lag omposite (+/-40 days) analysis based on the 50hPaNAMI was performed. Figs. 4.13a, b, and  show the high minus low ompositedi�erene of the resulting anomalous residual foring, residual Coriolis foring, andwave foring between 100 and 0.1 hPa. Figs. 4.14a and b are similar, but they showthe inverted saled vertial residual veloity in p-oordinates and the adiabati tem-perature hange by vertial motion in the Arti region. The growth and maturephase of the polar vortex is marked by a signi�ant inrease of the eastward plan-etary wave foring over the entire stratosphere and lower mesosphere (Fig. 4.13).This is balaned in the middle and lower stratosphere mainly by the enhaned west-ward Coriolis foring (or equatorward motion, Fig. 4.13b). The strong anomalouswesttward residual Coriolis foring between 55 and 70◦N indues a ontration ofthe polar stratosphere. This an be inferred from the anomalous adiabati oolingby upward motion in the middle and low polar stratosphere and the anomalous adi-abati warming by downward motion in the upper polar stratosphere (Figs. 4.14aand b).The high latitude lower mesosphere responds to the inrease of the stratospheriNAM with an enhaned anomalous eastward residual Coriolis foring (poleward mo-tion), whih together with the eastward planetary wave foring balanes the stronglynegative residual foring (Fig. 4.13). As mentioned above, the enhaned negativeresidual foring an be explained by the �ltering of gravity waves by the strato-spheri jet an its vertial struture, whih leads to more easterly gravity drag in themesosphere and upper stratosphere and provides a negative feedbak on the polarvortex. The enhaned eastward residual Coriolis foring auses, aording to ase2b' (Fig 4.1), a strething of the polar mesosphere and enhanes, by ontinuity, thedownward motion in both polar mesosphere and upper stratosphere (Fig 4.14a). The68



4.4 The dynamis of the evolution of the polar vortex

Figure 4.13: The di�erene between the high and low (H - L) lag omposite of theaveraged (a) residual foring, (b) residual Coriolis foring, and () plan-etary wave foring between 55 and 70◦N. Positive (negative) values arerepresented by solid (dashed) lines and zero by a thik line. Colorindiates signi�ane at the 95% level aording to a t-test.
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4 The oupled system stratosphere/troposphere at strong polar vortex

b) H - L adiabatic T-change by vertical motion
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Figure 4.14: The di�erene between the high and low (H - L) lag omposite of the (a)inverted omega residual veloity and (b) adiabati temperature hangeby vertial motion north of 60◦N. Positive (negative) values are repre-sented by solid (dashed) lines and zero by a thik line. Color indiatessigni�ane at the 95% level aording to a t-test.
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4.4 The dynamis of the evolution of the polar vortexnet result is an anomalous adiabati warming between the polar upper stratosphereand lower mesosphere that propagates downward and weakens the stratospheri vor-tex (Fig. 4.14b). The negative residual foring provides thus a negative feedbakthat regulates the strength of the stratospheri vortex. This explains the ampli�a-tion and downward propagation of the anomalous warming and easterlies from themesosphere into the stratosphere and thus the weakening of the vortex there.The weakening of the stratospheri jet in the deay phase leads to a strong de-rease of the eastward planetary wave foring that in turn weakens the polar vortex(Fig. 4.13). This feedbak an be explained by the positive planetary wave- vortexfeedbak disussed above, by whih the weakening of the stratospheri jet and itsshear and urvature lead to redued anomalous equatorward wave propagation andthus to more wave breaking in the polar stratosphere. These hanges indue, a-ording to the momentum budget, a weakening of the anomalous westward Coriolisforing (or equatorward mass transport, Fig. 4.13b), whih, by ontinuity, results inredued upward motion and adiabati ooling in the lower and middle stratosphere(Fig. 14). The positive feedbak between the planetary waves and the vortex on-tributes thus not only to the ampli�ation of the NAM anomalies in the inreasephase but also to their weakening in the deay phase.The anomalous upward (downward) motion in the high (mid) latitude stratosphereis assoiated with a pressure inrease (derease), whih begins in the stratosphereduring the growth phase and reahes the troposphere during the mature phase (Fig.4.15). These NAM-like patterns subsequently weaken strongly parallel to the windand temperature anomalies.In summary, the ampli�ation of the strong polar jet is assoiated with an en-haned anomalous warming in the polar mesosphere and upper stratosphere thatpropagates downward and weakens the stratospheri vortex. The warming andweakening of the vortex an be explained by the negative feedbak between vortexand residual foring (mainly gravity wave drag). This negative feedbak ats asa self-regulation mehanism of the middle atmospheri jet. The weakening of thevortex is aelerated also by the planetary wave-vortex feedbak. 71



4 The oupled system stratosphere/troposphere at strong polar vortex

Figure 4.15: The di�erenes between high and low (H - L) omposite at lag -30, 0and 25 of the geopotential height at the 10 and 500hPa levels. Pos-itive (negative) values are represented by solid (dashed) lines. Colorindiates signi�ane at the 95% level aording to a t-test.
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5 The oupled systemstratosphere/troposphere atstrong tropospheri NAM
In this hapter, the dynamis of the oupling between troposphere and stratosphereduring strong tropospheri Northern Annular Mode (in the following referred to as'tropospheri mode') is investigated. The results of a lag-omposite analysis usingthe 1000hPa-NAMI from the same run used in the last hapters are desribed. Eventhough the tropospheri NAMI is used less often than the NAO-Index (NAOI), itis equally suitable for the study of the extratropial variability, sine it is stronglyorrelated to the NAOI: Both indies are related to the same physial proesses andlimati hanges as desribed by Thompson and Wallae [1998; 2000℄. Analogousto the previous hapter, the wind and temperature patterns assoiated with thetropospheri NAM are diagnosed, as well as the fores driving these patterns. Thefous will be on the di�erenes between the stratospheri mode shown in the lasthapter and the tropospheri mode obtained through the 1000hPa-NAMI-omposite.5.1 Wind and temperature anomalies duringstrong tropospheri NAM-phases5.1.1 Time evolutionThe evolution of the high minus low (H - L) lag omposite of the NAMI at 1000hPais shown in Fig. 5.1a. Fig. 5.1b shows the evolution of the H - L lag omposite73



5 The oupled system stratosphere/troposphere at strong tropospheri NAM

Figure 5.1: The di�erene between the high and low (H - L) lag omposite in thetropospheri mode of (a) the NAMI at 1000hPa (b) the zonally averagedzonal wind between 55 and 70◦N and () the zonally averaged temper-ature north of 60◦N. Positive (negative) values are represented by solid(dashed) lines and zero by a thik line. Color indiates signi�ane atthe 95% level aording to a t-test.74



5.1 Wind and temperature anomalies during strong tropospheri NAM-phasesof the anomalous zonally averaged zonal wind between 55 and 70◦N in the tro-pospheri mode. The statistial signi�ane was estimated through a t-test. Fig.5.1 shows the anomalous zonally averaged temperature between 60 and 90◦N intropospheri mode. Just as the vortex-evolution in the stratospheri mode is welldesribed by the 50hPa-NAMI (see hapter 4), the evolution of the zonally averagedtropospheri zonal wind is well desribed by the 1000hPa-NAMI. The slow inreaseof the 1000hPa-NAMI between about lag -25 and lag -10 days haraterizes the onsetphase of the development of the tropospheri westerlies. The faster inrease of theNAMI between lag -10 and 0 desribes the growth and mature phases. The dereaseof the 1000hPa-NAMI at positive lags indiates the deline and deay phases. Com-pared to the stratospheri NAM (Fig. 4.4), whih is dominated by low frequenyhange, the tropospheri NAMI is dominated by high frequeny �utuations on syn-opti time sales. These �utuations are superimposed on low frequeny variationshaving longer stratospheri time sales. This is onsistent with the results of thewavelet and SSA analyses desribed in hapter 3.2.2. The hange of the tropospheriNAMI and westerlies shows some orrelation to that of the stratospheri westerliesduring the whole life yle, inluding the pre-onset and post-deay phases (Fig. 5.1).Suh orrelations an also be seen in Fig. 7 of Ambaum and Hoskins [2002℄, whoused observational data and omputed the lag/lead-orrelation between NAOI andPV500-index. They de�ned the PV500-index as the �rst prinipal omponent of thepotential vortiity on the 500◦K isentropi surfae. This index measures, like thestratospheri NAM, the strength of the stratospheri westerlies and polar vortex.The life yle of the strong tropospheri NAM is muh shorter than the strato-spheri one. This re�ets the importane of the high frequeny tropospheri variabil-ity assoiated with the loal struture of the tropospheri irulation (see setion3.1.3). This �nding is onsistent with the observational results by Ambaum andHoskins [2002℄, who found that the autoorrelation of the NAOI drops muh morerapidly (after a. 10-15 days) than that of PV500-index (after a. 30-40 days).The �rst inrease of the middle atmospheri temperature and wind anomaliespreedes the onset phase of the tropospheri NAMI. These anomalies reah a �rst
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5 The oupled system stratosphere/troposphere at strong tropospheri NAMlimax about 15 days before reahing the 1000hPA-NAMI-maximum. This behav-ior di�ers greatly from the stratospheri mode (Fig. 4.4), where the maximumin middle atmospheri wind and temperature anomalies is �rst reahed at lag 0,when the stratospheri NAMI is also maximal. The growth and mature phases ofthe tropospheri NAMI are assoiated with an inrease of the wind and temperatureanomalies not only in the troposphere but also in the lower and middle stratosphere.The vortex and the ooling between lower and middle stratosphere beome strongestabout 4-5 days after the NAMI-maximum. This result is onsistent with Ambaumand Hoskins [2002℄, who showed, from observations, that the inrease in the NAOindex is assoiated with a stronger stratospheri vortex about 4 days later. The in-rease and mature phases of the tropospheri NAMI are assoiated with a dereaseof the wind anomalies and a warming between upper stratosphere and mesosphere.5.1.2 Two-dimensional strutureThe two-dimensional struture of the H - L lag omposite of the zonally averagedzonal wind and the temperature anomalies is shown at six time lags (-30, -20, -10,0, 20, and 50) in Figs. 5.2 and 5.3, respetively. This struture makes visible severaldi�erenes between the tropospheri and stratospheri NAM-modes (Figs. 4.4, 4.5and 4.6), espeially in the inrease and mature phases: While the tropospheri windand temperature anomalies are muh stronger in the tropospheri mode, the strato-spheri anomalies are muh stronger in the stratospheri mode; the tropospheri jetis shifted more poleward and the zero-line-temperature is shifted more downwardin the tropospheri mode; the quadrupole struture of the temperature anomalies ismore pronouned in the stratospheri mode. While in both modes the struture ofthe zonal mean of zonal �ow is in thermal wind balane with the temperature pat-tern, the position of the wind maximum at lag 0 is muh lower in the tropospherimode than in the stratospheri mode.In summary, a omparison between the results obtained with MAECHAM5 andthose of Ambaum and Hoskins [2002℄, showed that MAECHAM5 aptures severalproperties of the observed tropospheri NAM or NAO. The model shows several dif-76



5.1 Wind and temperature anomalies during strong tropospheri NAM-phases

Figure 5.2: The di�erenes between high and low (H - L) omposite of the zonallyaveraged zonal wind at six di�erent time lags. Positive (negative) valuesare represented by solid (dashed) lines and zero by a thik line. Colorindiates signi�ane at the 95% level aording to a t-test. 77



5 The oupled system stratosphere/troposphere at strong tropospheri NAM

Figure 5.3: The di�erenes between high and low (H - L) omposite of the zonallyaveraged temperature at six di�erent time lags. Positive (negative) val-ues are represented by solid (dashed) lines and zero by a thik line. Colorindiates signi�ane at the 95% level aording to a t-test.78



5.2 The foring driving the tropospheri NAMferenes between tropospheri and stratospheri NAM: The life yle of the tropo-spheri NAM-mode is muh shorter and is dominated by high frequeny �utuationon the synoptial time sale. Onset, inrease and maturation of the tropospherimode are preeded and aompanied by a strong vortex indiating a possible im-pat of the stratosphere on the troposphere. The enhaned tropospheri westerliesat lag 0 are followed by a strong vortex and ooling 4-5 days later. The tropospherianomalies are muh stronger in the tropospheri mode than in the stratospherimode, while the stratospheri anomalies are muh weaker.5.2 The foring driving the tropospheri NAMThe TEM-formulation of the momentum budget is used to look at the fores drivingthe tropospheri NAM and to explain the di�erenes between tropospheri andstratospheri NAM-mode disussed above. Fig. 5.4 shows the high minus low lagomposite of the anomalous residual Coriolis (Fig. 5.4a), wave (Fig. 5.4b), andresidual (Fig. 5.4) foring at lags -25, -5, 0, and 4. Fig. 5.5 shows the highminus low lag omposite of tropospheri (at 600hPa) and stratospheri (at 100hPa)baroliniity in the tropospheri mode. The omposite of the anomalous residualvertial veloity and the meridional irulation at lags -25, -5, 0, 2 and 5 are plottedin Fig 5.6.The struture of the stratospheri forings before the onset phase of tropospheriNAM mode (see lag -25 in Fig. 5.4) is quite similar to their struture in the maturephase of the stratospheri mode (Fig. 4.7). At these time lags the strong strato-spheri jet is maintained mainly by planetary wave foring, whih exerises a positivefeedbak on it and leads to a negative Coriolis fore entered in the high latitudestratosphere. This results in a ontration of the polar stratosphere and thus a risingof the Arti tropopause, whih leads to adiabati ooling by upward motion as wellas anomalous westerly wind and wind shear in the upper troposphere (Figs. 5.6, 5.3,5.2, and 5.1). This result is onsistent with what Ambaum and Hoskins [2002℄ foundthrough a lag-regression analysis. They showed a rising of the Arti tropopause at79



5 The oupled system stratosphere/troposphere at strong tropospheri NAMa) Residual Coriolis foring

b) Wave foring

) Residual foring

Figure 5.4: The di�erenes between high and low (H - L) omposite at lags -25, -15,-5 and 0 of (a) residual Coriolis foring, (b) wave foring, and () residualforing. Positive (negative) values are represented by solid (dashed) linesand zero by a thik line. Color indiates signi�ane at the 95% levelaording to a t-test.
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5.2 The foring driving the tropospheri NAM

Figure 5.5: Di�erenes between high and low (H - L) omposite of the tropospheri(dashed line) and low stratospheri (solid line) baroliniity at lag 0.The zero line is shown in yellow.
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5 The oupled system stratosphere/troposphere at strong tropospheri NAMa) Residual Coriolis foring

b) Wave foring

Figure 5.6: The di�erenes between high and low omposite (H - L) -in tropo-spheri mode- at six di�erent lags (-25, -5, 0, 2, 5 and 10) of the invertedomega residual veloity in p-oordinate. The stream plot represents themeridional residual irulation. Shading indiates signi�ant values atthe 95% level aording to a t-test. Dark (light) grey indiates upward(downward) motion.82



5.2 The foring driving the tropospheri NAMpositive NAO phase, whih is related to the strong stratospheri vortex.The net e�et of the stratosphere-indued anomalous upward motion (Fig. 5.6at lag -25) is in general a yloni pressure anomaly in the high latitude upperand middle troposphere (see Fig. 4.15) and an enhaned meridional temperaturegradient (see Fig. 5.3 at lag -20), whih inreases the upper tropospheri barolin-iity before the inrease and maturation phases. As desribed by Hoskins et al.[1985℄, the ampli�ation of yloni anomalies in the troposphere an be aeler-ated by a ombination of pre-existing lower-tropospheri baroliniity (assoiatedwith the internal low tropospheri temperature hange) and upper-tropospheri y-loni anomalies (e.g. assoiated with stratospheri hange). The high baroliniwave ativity in the extratropial troposphere an also be reprodued by presribedmid-latitude SST-anomalies [e.g. Inatsu et al., 2003℄.As shown in Fig. 5.4, the inrease and mature phases of the tropospheri NAMIare assoiated with a rapid and strong intensi�ation of the internal tropospheriwave drag, whih leads to rapid and strong inreases of the westerly wind and itsvertial shear (Figs. 5.1b and 5.2). The westerly wave foring in the mature phase isassoiated with an enhaned baroliniity due to the vertial wind shear (Fig. 5.5).The inrease of tropospheri westerlies in the tropospheri mode results from theombined e�et of both strong wave and muh weaker residual foring (Fig. 5.4),ompared to the moderate e�et of the wave foring in the stratospheri mode (Fig.4.7). This results in muh higher tropospheri anomalies in the tropospheri thanin the stratospheri mode.In the mature phase of the tropospheri NAMI (near lag 0), the strong wester-lies near the lower boundary are maintained mainly by the strong eastward Coriolisforing or anomalous poleward motion. This poleward motion is in turn assoi-ated with a strong ompensating equatorward motion (i.e. easterly Coriolis foring)near the tropospheri jet, whih balanes both wave and residual foring there (Fig5.4). Poleward and equatorward motion together result, by ontinuity, in a stronganomalous upward motion (Fig. 5.6) and thus a strething, adiabati ooling andpressure lowering in the polar troposphere. This enhanes afterwards, by ontinuity,83



5 The oupled system stratosphere/troposphere at strong tropospheri NAMthe upward motion and the adibati ooling in the lower and middle polar strato-sphere (Fig. 5.6), whih explains the stratospheri temperature minimum and thevortex maximum 4-5 days after lag 0 (Fig. 5.1). This vortex maximum is assoiatedwith an enhaned wave foring in the stratosphere (Fig. 5.4b at lag = 4), whihinreases as a result of the vortex-planetary wave feedbak (equations 4.1 and 4.2,Figs. 4.11 and 4.12). As in the stratospheri mode, this indues a Coriolis foringdivergene (Fig. 5.4a at lag = 4) and thus a ontration of the polar stratosphereand a strething of the underlying troposphere (Fig. 5.6) that lead to the persis-tene of the anomalous ooling and westerlies in both troposphere and stratosphereas seen in Fig. 5.1. This �nding is onsistent with Ambaum and Hoskins [2002℄, whoshowed that a strong NAO is assoiated with a strong polar vortex 4 days later andwith a rising of the tropopause. This rising persists for a few weeks after reahingthe NAO maximum and auses a lowering of the tropospheri pressure in the arti.They also showed that the rising of the tropopause in the arti is related to thestrong vortex.In summary, tropospheri and stratospheri NAM are two distint modes withdi�erent time sales and driven by di�erent mehanisms. In the stratospheri NAMmode, the tropospheri westerlies are driven non-loally by the stratospheri irula-tion and enhaned by the vortex-wave foring feedba. In the tropospheri mode, onthe other hand, the tropospheri westerlies are indued by a strong internal wave anda muh weaker residual foring, whih develops inside the troposphere on a synop-tial time sale. This results in stronger tropospheri westerlies in the tropospherithan in the stratospheri mode. The stratosphere is also important in the tropo-spheri mode: It provides the upper troposphere with a low frequeny westerly windand wind shear and thus with enhaned baroliniity. The stronger stratospheriwesterlies in the stratospheri mode result from the more enhaned ontributionof the wave foring. This hapter also showed, through a omparison between theresults obtained with MAECHAM5 and those of studies using observational data,that MAECHAM5 aptures the basi dynamis of the observed tropospheri NAMor NAO.
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6 Conlusion
In this study, MAECHAM5/oean mixed layer oupled model was used to investi-gate the dynamis of the evolution of strong stratospheri NAM-phases and theirimpat on troposphere and lower mesosphere.First, the model was ompared to the observations and we looked at the dy-namial onsistene in MAECHAM5. The fous was on the funtion of the middleatmospheri meridional irulation and on the foring driving it. The January li-matology of the model wind and temperature proved to agrees quite well with theobservations, espeially in the extratropial region and outside the uppermost modellevels (where the sponging e�et is strong).It was shown that MAECHAM5 reprodues both the middle atmospheri meanmeridional residual irulation and its funtion, whih onsists in ompensatingthe radiative ooling (warming) in the summer (winter) hemisphere, quite well(see h.2). The dynamis that maintains the middle atmospheri irulation inMAECHAM5 proved to be onsistent with previous studies. In aordane with theCharney-Drazin riterion, the strong tropospheri planetary wave ativity propa-gates up- and poleward into the winter stratosphere, where the stratospheri windis westerly. This results in the deeleration of the strong radiatively indued west-erlies and the generation of the Brewer-Dobson irulation. The winter part of theMurgatroyd-Singleton residual irulation is indued both by planetary waves andresidual foring. The strong residual foring in the winter mesosphere and upperstratosphere an be explained mainly by the gravity wave drag, and it ontributesto the Murgatroyd-Singleton irulation muh more than the planetary wave drag.This �nding shows the importane of the gravity wave drag in the upper strato-85



6 Conlusionsphere and mesosphere and is onsistent with Holton [1983℄, who showed that arealisti warming in the polar upper stratosphere an be simulated by using onlythe gravity wave drag, tuned to ensure a realisti mesosphere. The summer part ofthe Murgatroyd-Singleton residual irulation is indued exlusively by the residualforing, whih an be explained by the gravity wave drag.Then the three-dimensional struture of the leading modes of the month-to-monthwinter variability and ovariability in the stratosphere/troposphere oupled systemwas studied. It was shown that the three-dimensional struture of the model NAM(i.e. the leading EOF-mode of the extratropial geopotential height) is quite similarto that derived from the observational studies. This mode is muh more importantin the stratosphere than in the troposphere. The wavelet and SSA analyses of theNAMI showed that the stratospheri NAM is dominated by low frequeny timesales. The same analysis showed that the synopti and quasistationary time salesare muh more important in the troposphere. This re�ets the loal struture of thetropospheri irulation. The SVD analysis of the geopotential height showed thatthe stratosphere and troposphere are strongly oupled through the NAM-patterns.A lag omposite analysis based on the 50hPa-NAMI showed enhaned anoma-lous westerlies and a temperature quadrupole between the troposphere and lowermesosphere that strengthen (weaken) during the inrease (derease) of the positiveNAMI phase. The lower part of the NAM temperature quadrupole shows a down-ward propagating dipole with a old pole in the polar and a warm pole in the midlatitude troposphere and stratosphere. At the same time it shows an anomalouswesterly wind and wind shear that also strengthen and propagate downward, espe-ially during the inrease and mature phases. The upper part of the temperaturequadrupole shows a downward propagating warm pole in the polar mesosphere andupper stratosphere and a old pole in the mid latitudes at the same altitudes, andit is assoiated with an anomalous easterly wind shear that also strengthens andpropagates downward, espeially during the deline and deay phases.In this study, an approah using the strething vortiity was used to explainthe mehanisms of the oupling between troposphere, stratosphere and lower meso-86



sphere. As demonstrated in h.4, the MAECHAM5/oean mixed layer oupledmodel, NAM temperature, zonal �ow and geopotential height patterns as well astheir downward propagation an be explained by the response of the strething vor-tiity to the residual Coriolis foring hanges and some feedbaks that ontributeto the persistene and deay of those patterns during their inrease and dereasephases, respetively. Fig. 6.1 summarizes the anomalous hanges that ontribute tothe strengthening (6.1a) and weakening (6.1b) of the polar jet and resulting impaton the troposphere and mesosphere. Fig. 6.2 summarizes the anomalous hanges atstrong negative NAM-phases. Fig. 6.3a (b) illustrates the non-loal forings thatdrive the remote residual irulations and the NAM-patterns between the tropo-sphere and lower mesosphere during strong positive (negative) stratospheri NAM.The dynamis of the strong negative NAM (Figs. 6.2 and 6.3b) an be derived bytaking (L - H)-omposites of the results shown in this study.The dynamis driving a strong positive stratospheri jet and its oupling to thetroposphere as shown in Figs. 6.1 and 6.3a an be summarized as follows: Dur-ing the growth and the mature phases of the stratospheri jet (Fig. 6.1a) there isan anomalous equatorward de�etion of the tropospheri planetary waves, whihleads to redued wave breaking in the polar stratosphere and thus to anomalouseastward planetary wave foring. The middle and lower stratosphere respond tothese hanges by an anomalous westward residual Coriolis foring that balanesthe eastward planetary wave foring and weakens the Brewer-Dobson irulation.The strongest anomalous westward Coriolis foring in the stratosphere is enteredat 60-70◦N. This results in an anomalous divergene (onvergene) of the Coriolisforing north (south) of 60-70◦N and leads as in ase 2a (2a') of Fig. 2 to a ontra-tion (strething) of the stratosphere in the high (mid) latitudes. By ontinuity, thesehanges ontribute to an anomalous strething of the high latitude upper troposphereand lower mesosphere, and a ontration of the mid-latitude upper troposphere andlower mesosphere. The net results are the NAM temperature, geopotential heightand zonal wind patterns in whih the anomalous ooling and pressure derease areaused by upward motion and the anomalous warming and pressure inrease bydownward motion. The zonal wind struture results from the temperature pattern87



6 Conlusionby thermal wind balane. The persistene, strengthening, and downward propa-gation of the NAM patterns during the inrease and mature phases are inreasedmainly by the positive vortex-planetary waves feedbak, in whih the strong strato-spheri jet and the resulting wind shear and urvature are assoiated with less wavebreaking into the stratosphere, whih in turn strengthens the stratospheri jet andits vertial shear and urvature further [Hartmann et al., 2000; Limpasuvan andHartmann, 2000℄. The inrease of westerly wave foring near the tropospheri jetis assoiated with anomalous equatorward motion from the strethed into the on-trated tropospheri area and an thus be seen as a quasigeostrophi adjustment ofthe troposphere to the hanges indued by the stratosphere.The lower mesosphere and upper stratosphere respond to the strong stratospherijet with a delayed strong negative residual foring that weakens the stratospheri jetand exerises negative feedbak on it (Fig. 6.1b). Both the enhaned residual foringand the resulting feedbak in these altitudes an be explained by the strengthening ofthe easterly gravity wave drag indued by the strong stratospheri jet and its vertialstruture. The enhaned negative residual foring results in an anomalous positiveCoriolis foring that- together with the wave foring- maintains the westerlies againstthe strong easterly residual drag. The net e�et is an anomalous onvergene of theCoriolis foring in the polar mesosphere, and thus a strething of the mesosphere(aording to ase 2b' in Fig. 2). This enhanes the anomalous downward motion inboth lower mesosphere and upper stratosphere. The net e�et is a delayed adiabatiwarming and weakening of the polar vortex, whih is strongest during the delineand deay phases. The vortex-residual foring feedbak, whih an be explainedby the gravity wave �ltering through the stratospheri jet, ats as a self-regulationmehanism of the strong wind and temperature anomalies in the middle atmosphere.The weakening of the stratospheri jet in the deline and deay phases is aeleratedand enhaned by the polar vortex-planetary waves feedbak.The essene of the dynamis represented in Figs. 6.1 and 6.2 is summarized inFig.6.3: During strong stratospheri NAM-phases, stratosphere and troposphere anbe seen as one oupled system, whih interats with its upper and lower boundaries.
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The vertial and meridional struture of the NAM-wind-pattern inside this systemontrols several forings, whih in turn exerise a non-loal ontrol on the residualirulation and thus also on the wind and temperature patterns. This ontrol resultsfrom the response of the Coriolis foring to the indued planetary wave and residualforing, and the resulting mass redistribution. The Coriolis foring responds loallyto these forings in suh a way that the momentum remains onserved. A netpositive foring drives a negative Coriolis foring (i.e. equatorward motion) andthus, by ontinuity, a negative (positive) meridional irulation under (above) theforing region. A net negative foring drives a positive Coriolis foring (i.e. polewardmotion) and thus, by ontinuity, a positive (negative) residual irulation under(above) the foring region. Only forings ating away from the boundary layers(bottom, tropopause, stratopause) an ontrol both irulations above and underthe foring soure. Inside the troposphere/stratosphere system, planetary waveforing and residual foring ontrol the residual irulation non-loally. At the sametime they exerise positive feedbak on the wind anomalies, in suh a way thatthese forings ontribute to the strengthening and persistene of the NAM-patterns.In the upper boundaries of the troposphere/stratosphere system (mesosphere andupper stratosphere), the non loal ontrol of the irulation is driven by the residualforing (i.e. the gravity wave drag). At the same time it exerises negative feedbakon the zonal �ow in suh a way that the NAM-patterns are weakened and modulatedby this foring from above. In the lowermost boundaries of the system (i.e. near thebottom), planetary wave and residual foring (mainly frition) ontrol the residualirulation and exerise negative feedbak on the wind anomalies in suh a way thatthe NAM-patterns are weakened and modulated from below.It should be noted, though, that by using the idealised MAECHAM5 simulationand not observational data, we exluded several fators that impat the irulationand wave foring in both troposphere and stratosphere, e.g. solar yle, dynamis-hemistry oupling, QBO, volano eruption, and anthropogeni e�ets. These anmodify the form, loation and strength of the foring soures shown in Fig. 6.3 andlead to a di�erent piture. The exlusion of these e�ets makes the interpretationof our result easier, though, sine the simultaneous impat of all these fators is still89



6 Conlusion
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Figure 6.1: Shemati diagram showing the mehanisms that ontribute to (a) thestrengthening and (b) the weakening of the positive anomalies of thestratospheri polar jet and its impat on the tropospheri irulationduring the evolution of the strong positive stratospheri NAM-phase.F+ (F-) represents positive (negative) feedbak.
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6 Conlusionunlear.As shown in hapter 5, tropospheri and stratospheri NAM are two di�erentmodes having di�erent time sales, and driven by di�erent mehanisms: The lifeyle of the tropospheri NAM-mode is muh shorter and is dominated by highfrequeny �utuation in the synopti time sales superimposed to low frequenyhanges. Onset, inrease, and mature phases of the tropospheri mode are preededand aompanied by an enhaned vortex. The enhaned tropospheri westerlies atlag 0 are followed by a strong vortex and ooling 4-5 days later. The tropospherianomalies are muh stronger and the stratospheri anomalies muh weaker in thetropospheri mode as ompared to the stratospheri mode.The di�erenes in the strutures and time sales between the tropospheri andstratospheri NAM re�et the di�erent forings driving these modes. In the strato-spheri NAM mode, the tropospheri westerlies are driven non-loally by the strato-spheri irulation and are enhaned by the vortex-wave foring feedbak. In thetropospheri mode, on the other hand, the tropospheri westerlies are indued by astrong internal wave and a residual foring, whih develop inside the troposphere ina synoptial time sale. This results in the tropospheri westerlies being stronger inthe tropospheri than in the stratospheri mode. The stratosphere is also importantin the tropospheri mode: It provides the upper troposphere with westerly windand wind shear that an ontribute to the internal ampli�ation of the baroliniwave in the troposphere. The ampli�ation of the wave foring in the maturationphase leads to an enhaned anomalous hange in the tropospheri irulation, whihresults, by ontinuity, in a strong anomalous upward motion (i.e. adiabati ooling)in the arti and thus in a strong vortex that reahes its maximum 4-5 days later andontributes, through the strething vortiity mehanism and vortex-planetary wavesfeedbak, to the persistene of both tropospheri and stratospheri westerlies andooling. The weak stratospheri westerlies in the tropospheri mode result from theweak ontribution of the planetary waves to the enhaned westerlies in this mode.
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7 Appendix
APPENDIX AThe strething or ontration of the stratosphere ould lead, by ontinuity, to thehange of temperature, pressure and wind in the troposphere and/or mesospherethrough the resulting vertial motion. Proesses that drive the hange of the streth-ing vortiity an thus ontribute to understanding the oupling among stratosphere,troposphere and mesosphere. A tendeny equation of the strething vortiity anbe derived from the quasigeostrophi basi equations in z oordinates [e.g. Andrewset al., 1987; Holton, 1992℄.Using the zonal-mean quasigeostrophi potential vortiity equation in z oordi-nate:
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(
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, (A-1)and the quasigeostrophi relation between the meridional eddy �ux of the potentialvortiity and the divergene of the EP-�ux:

v′q′ = (ρ0)
−1∇.F , (A-2)we an rewrite the potential vortiity equation A-1 in the following form:
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7 AppendixIn this equation,
q̄t = (−ūy)t

+ (qs)t (A-4)is the loal hange of the potential vortiity, and (qs)t is the loal hange of thestrething vortiity de�ned as follows:
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. (A-5)If we use the TEME,

ūt − f0v̄∗ = (ρ0)
−1∇.F +X , (A-6)we an rewrite equation A-3 in this form:

q̄t = (−ūt + f0v̄∗)y + f0ρ
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. (A-7)Using A-4 and A-7, we get the following tendeny equation of the strething vortiity:
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. (A-8)Aording to A-8, the loal hange of the zonal mean strething vortiity is ontrolledby the meridional divergene of the residual Coriolis foring (�rst term on the right)and the vertial struture of the diabati heating (seond term).
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