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Abstract 

A climatology of the stratopause is produced using a 40-year simulation of the Whole 

Atmosphere Community Climate Model (WACCM). Anomalies in polar winter 

stratopause temperature and height are interpreted with respect to the location of the polar 

vortices and anticyclones. The WACCM climatology is compared to an 8-year 

climatology based on Microwave Limb Sounder (MLS) observations and data from the 

Goddard Earth Observing System (GEOS) version 5 from August 2004 through July 

2012. The WACCM climatology is in excellent agreement with observations, except in 

the Antarctic vortex where the WACCM stratopause is ~10 K warmer and ~5 km higher 

than observations. WACCM diabatic heating rates support the hypothesis that 

ageostrophic vertical motions associated with baroclinic planetary waves are responsible 

for producing Arctic winter temperature anomalies. The area of the winter polar vortices 

in WACCM at the stratopause is 30% smaller in the NH and 45% smaller in the SH 

compared to GEOS. The long WACCM record allows us to explore the geographical 

distribution and temporal evolution of a composite of 15 elevated stratopause (ES) 

events. This composite is in good agreement with the 2012 ES event observed by MLS 

except that December ES events in WACCM are not observed by MLS. This is the first 

work to show that ES events are not zonally symmetric. In the 30 days following ES 

events, the ES composite shows that the stratopause altitude is highest over the Canadian 

Arctic, and the highest stratopause temperatures occur 90° to the east over the Norwegian 

Sea. 

 

1. Introduction 
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The stratopause is characterized by a warm layer at ~50 km that is produced by the 

absorption of ultraviolet radiation by ozone at sunlit latitudes. In the polar night, the 

stratopause is maintained by gravity wave (GW)-driven diabatic descent [e.g., Hitchman 

et al., 1989]. France et al. [2012] (hereafter referred to as F12) used 7 years of 

temperature data from the Microwave Limb Sounder (MLS) to define the stratopause and 

the Goddard Earth Observing System Model (GEOS) version 5 analyses to denote the 

polar vortices and anticyclones. F12 showed that the stratopause temperature and height 

depends on the location of the polar winter vortices and anticyclones.  

 

In general, planetary waves (PWs) propagate vertically only where there are weak 

westerly winds [Charney and Drazin, 1961]. The geographic structure of stratopause 

temperature and height in the Arctic winter is dominated by frequent weather events that 

are driven by vertically propagating baroclinic PWs [e.g., Thayer et al., 2010]. These 

waves affect the stratopause temperature because they result in non-linear wave 

interactions, turbulence, as well as breaking PWs that lead to Eliassen-Palm (EP) flux 

divergence and subsequent ageostrophic circulations [e.g., Andrews et al., 1987]. Because 

of this dynamical control on stratopause temperature, it is of interest to determine the 

extent to which the Whole Atmosphere Community Climate Model (WACCM) 

reproduces the observed stratopause structure. Here, we reproduce the analysis in F12 

using a multi-decadal WACCM simulation and compare the model climatology to 8 years 

of MLS observations.  

 

Previous work demonstrates the ability of Global Climate Models (GCMs) to reproduce 
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the climatological polar winter stratopause during undisturbed periods [e.g., Braesicke 

and Langematz, 2000; Volodin and Schmitz, 2001; Becker, 2012]. Because the winter 

stratopause is dynamically driven, properly simulating the stratopause in a GCM is 

dependent on the parameterization of gravity waves (GWs) [Becker, 2012; McLandress et 

al., 2012]. Volodin and Schmitz [2001] used the Institute for Numerical Mathematics 

(INM) Atmospheric General Circulation Model (AGCM) with a Doppler-spread non-

orographic parameterization for GWs, to show that the Arctic (Antarctic) polar 

stratopause height in January (July) is 5-10 K (~10 K) warmer than the Committee on 

Space Research (COSPAR) 1986 International Reference Atmosphere (CIRA-86) 

[Fleming et al., 1990]. Becker [2012] used the Kühlungsborn Mechanistic general 

Circulation Model (KMCM), which explicitly determines GWs, to show that Arctic 

stratopause temperatures in January are up to 20 K warmer than the CIRA-86 

climatology. In both of these studies, the dynamically driven polar winter stratopause is 

shown to be strongly dependent on the GW parameterization scheme used in the model. 

See McLandress and Scinocca [2005] for a comparison of the fidelity of different GW 

parameterizations in global models. 

 

Recent model studies of the Arctic winter have focused on the ability of the model to 

reproduce stratospheric sudden warmings (SSWs) and elevated stratopause (ES) events 

[e.g., Charlton et al., 2007; Siskind et al., 2007, 2010; de la Torre et al., 2012]. SSWs are 

characterized by rapid warming in the polar stratosphere and a weakening of the polar 

night jet. ES events observed in 2004, 2006, 2009, and 2012 are characterized by a rapid 

reformation of the Arctic polar winter stratopause near 80 km [e.g., Manney et al., 2005; 
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2008; 2009]. Charlton et al. [2007] evaluated 6 different models (including WACCM 

version 1) to determine how well they simulated SSWs. They found that the models were 

capable of reproducing SSWs, but the frequency at which they produced them was 

generally too low. De la Torre et al. [2012] produced a climatology of SSWs and ES 

events using WACCM version 3.5.48. The four WACCM runs used in their study are 

free running, use the radiative conditions between 1953 and 2006, and have slightly 

different initial conditions. Based on these runs, they found that WACCM produced 

SSWs at a rate of 0.45 to 0.7 events per year, comparing well to the 0.6 events per year 

observed in the National Centers for Environmental Prediction and the National Center 

for Atmospheric Research (NCEP/NCAR) and the European Centre for Medium-Range 

Weather Forecasts (ECMWF) re-analysis (ERA) between 1957/58 and 2001/02 

[Charlton and Polvani, 2007].  

 

Most ES events occur in conjunction with prolonged major SSWs. De la Torre et al. 

[2012] showed that WACCM effectively reproduces the zonal mean evolution of ES 

events compared with observations [e.g., Manney et al., 2008; 2009]. ES events have 

been well documented in WACCM [Kvissel et al., 2011; Marsh 2011; Chandran et al., 

2011; Limpasuvan et al., 2011], and WACCM version 4 has been shown to be capable of 

producing ES events that closely resemble observed frequencies [Chandran et al., 2013]. 

Chandran et al. [2013] show a zonal mean composite evolution of ES events in WACCM 

and their relationship to SSWs. Their results show that, on average, 2-4 ES events occur 

each decade, which is about half the frequency of SSWs [de la Torre et al., 2012]. The 

multi-decadal nature of the model record is of value here to expand on their results and 
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document the zonally asymmetric geographic structure of an ES composite. 

 

Given the coherent structure of the polar vortex, a physically intuitive approach to 

analyze stratospheric variability is to use information of vortex geometry. Geometric 

moments reflect the movement of the vortex about the pole, vortex area, vortex 

elongation, and vortex splitting [Melander et al., 1986; Waugh, 1997; Waugh and 

Randel, 1999; Dritschel, 1993; Matthewman et al., 2009; Mitchell et al., 2011; Hannachi 

et al., 2011]. Mitchell et al. [2011] compared SSW composites based on vortex moment 

diagnostics to a SSW composite based on traditional zonal mean definitions. Their results 

indicate that the traditional SSW definition often fails to identify extreme disruptions to 

the vortex. They also caution against categorizing SSW events as “vortex displacement” 

vs. “vortex split” and suggest that most SSW events demonstrate characteristics of both 

types as they evolve in time and space. We further the work of Mitchell et al. [2011], 

which relies on a PV-based definition of the vortex [Nash et al., 1996], by using a more 

robust definition of the vortex that can be applied in the upper stratosphere and 

mesosphere [Harvey et al., 2002; Harvey et al., 2009]. The structure of the vortex in the 

upper stratosphere and mesosphere can be used to evaluate any GCM, as is done in this 

analysis with WACCM. 

 

An outline of this paper is as follows. Section 2 describes WACCM, MLS, GEOS, and 

the analysis methods used. Section 3 presents the 40-year stratopause climatology in 

WACCM and compares it to an 8-year climatology based on MLS observations. Results 

include the mean annual cycle of zonal mean stratopause temperature and height as a 
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function of latitude, a representative case study that demonstrates the dynamical 

mechanism responsible for the climatological zonally asymmetric stratopause structures 

observed in the Arctic, 40-year monthly mean polar maps of stratopause temperature, 

height, and vertical motion in both hemispheres, seasonal averages showing the vertical 

structure of temperature, the polar vortices, and anticyclones as a function of longitude, 

and the temporal evolution of stratopause temperature and height inside the polar vortex 

and anticyclone regions. Section 5 is devoted to highlighting the 15 ES events identified 

in the 40-year simulation. The timing, spatial structure, and longitude-altitude structure of 

ES events in WACCM are compared to MLS. Conclusions are given in Section 6. 

 

2. Global Model, Satellite Data, and Analysis Methods 

2.1 WACCM 

The Whole Atmosphere Community Climate Model version 4.0.3 (WACCM) is a fully-

coupled general circulation model that extends from the Earth’s surface to ~145 km 

[Garcia et al., 2007, and references therein]. WACCM is based on the Community 

Atmosphere Model version 4 (CAM4), which has a finite-volume dynamical core [Lin, 

2004]. The chemistry in WACCM is from the Model for Ozone and Related Chemical 

Tracers version 3 (MOZART3) [Kinnison et al., 2007]. WACCM includes 

parameterizations for both orographic GWs based on McFarlane [1987], and non-

orographic GWs [Richter et al., 2010]. In WACCM versions 3.5 and 4, the arbitrarily 

specified parameterization for non-orographic GWs has been replaced by two distinct 

parameterizations, including one for deep convection [Beres et al., 2005], and a second 

for frontal systems [Richter et al., 2010]. The horizontal resolution of the model is 1.9° 
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latitude by 2.5° longitude. There are 66 vertical levels with a vertical resolution 

increasing from 1.1 km in the lower stratosphere to 1.75 km near the stratopause, and to 

~3.5 km above ~65 km [Garcia et al., 2007]. 

 

2.2 MLS 

The MLS instrument, onboard NASA’s Aura satellite, is in a 705 km Sun-synchronous 

orbit [Waters et al., 2006]. MLS samples ~3500 profiles each day that are spaced 165 km 

along the satellite track that span 82° S to 82° N. MLS temperature is inferred from 118 

GHz oxygen emission. This work uses version 3 temperature data [Livesey et al., 2011]. 

The temperature measurements have a vertical resolution of ~5.5 km at ~3 hPa and ~8 

km at 0.01 hPa. Temperature precision is ~1 K in the upper stratosphere and there is a ~1 

K cold bias in MLS temperature based on coincident comparisons [Schwartz et al., 2008; 

Livesey et al., 2011]. MLS temperatures have uncertainties ranging from 0.6 K in the 

stratosphere to 2.5 K in the mesosphere, and are filtered using version 3 status, quality, 

threshold, and convergence values from the MLS science team [Livesey et al., 2011].  

 

2.3 Goddard Earth Observing System (GEOS) 

The GEOS model version 5 uses an Atmospheric General Circulation Model (AGCM) 

and the Gridpoint Statistical Interpolation to generate the Data Assimilation System. The 

dynamics that are integrated into the GEOS AGCM are from the Earth System Modeling 

Framework [Rienecker et al., 2007]. The model integrates 6-hour observational data with 

a 6-hour general circulation model using an Incremental Analysis Updating process, 

which uses the assimilated data to create a constant forcing on the GCM over 6-hour 
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intervals. This is different from nudging, which is a one-time force applied when the data 

is assimilated [Bloom et al., 1995]. A complete list of observations that are assimilated 

into the model is given by Rienecker et al. [2007; see their Table 3.5.1]. GEOS uses two 

GW parameterizations: drag from orographic GWs based on McFarlane [1987], and drag 

from non-orographic GWs based on Garcia and Boville [1994]. These are tuned to yield 

a realistic stratosphere and mesosphere in the free-running model [Pawson et al., 2008]. 

For this analysis, GEOS version 5.1 is used prior to 1 September 2008 after which we use 

GEOS version 5.2. 

 

Pressure, temperature, geopotential height, and horizontal winds are provided every 6 

hours at 72 equally spaced vertical levels from 1 km to 72 km on a 0.5º latitude by 0.67º 

longitude grid. In this work, daily averaged products are linearly interpolated to a 2.5º 

latitude by 3.75º longitude grid and to potential temperature levels ranging from 300 K 

(~10 km) to 4000 K (~70 km). The potential temperature levels chosen correspond to a 

vertical resolution of ~2 km in the upper stratosphere and lower mesosphere. The 

algorithm used to demark the polar vortices and anticyclones is an extension of the 

method described by Harvey et al. [2002], which accounts for circumpolar anticyclones. 

We interpolate this “vortex marker” field to the height of the stratopause.  

 

2.4. Analysis Methods 

The polar vortices and anticyclones are defined in WACCM using the method described 

by Harvey et al. [2002], with an improvement that properly identifies circumpolar 

anticyclones. This method determines the location of the vortices and anticyclones by 
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calculating closed integrals of Q, which is a scalar quantity that is a measure of the 

relative strain vs. rotation in the wind field [e.g., Harvey et al., 2002]. We interpolate this 

“vortex marker” field to the height of the stratopause. The stratopause is defined using 

the method described by F12. Briefly, the stratopause is determined for individual 

temperature profiles by the following method: 1) apply an 11 km boxcar smoothing in the 

vertical coordinate to each temperature profile; 2) determine the maximum temperature 

between 20 and 80 km (Tmax_smooth); 3) find local temperature maxima in the unsmoothed 

temperature profile within 15 km of Tmax_smooth; 4) require the lapse rate to be positive for 

5 km below and negative for 5 km above the maximum temperature. If one level meets 

these criteria then it is defined as the stratopause. Using this method, ~4% of temperature 

profiles have no stratopause defined. This generally occurs in the polar night when the 

GW-driven descent is disrupted and there is no mechanism to maintain the warm 

stratopause, or in the case of ageostrophic ascent and cooling associated with vertically 

propagating PW energy. 

The following method is used to identify ES events. We first determine an area-weighted 

mean vertical temperature profile poleward of 70° N for each day. The data are fit to a 

200 m vertical grid between 15 and 100 km using a 6th-order polynomial similar to the 

method used by McDonald et al. [2011] and Day et al. [2011]. We define the stratopause 

to be the maximum temperature between 20 km and 100 km. At the onset of an ES event, 

the polar atmosphere often becomes isothermal between ~30 km and ~80 km, and the 

stratopause becomes ill-defined. As a result, small temperature variations can cause large 

fluctuations in the height of the stratopause from day to day. In order to accommodate the 

spurious variability in stratopause height during these times, the average stratopause 
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height is computed for days 3-7 prior to each day (Z-) and 3-7 days following each day 

(Z+). For an ES candidate to be considered, we require that the difference between Z+ 

and Z- exceed 10 km. We choose 10 km because it separates two distinct populations of 

vertical jumps in stratopause height, and here we are interested only in the events with the 

greater vertical displacement in stratopause height.  Once a candidate ES is identified, we 

define ES event onset as the first day in which the daily mean stratopause height 

increases by at least 25 km compared to the previous day. We choose 25 km because it 

delineates a distinct population of ES events where both the stratopause reformed at high 

altitudes and the atmosphere was isothermal at the time of reformation. This threshold 

results in ES frequencies that are consistent with previous work. To compute the duration 

of ES events, we consider the stratopause to be elevated until it descends in altitude 

below one standard deviation above the 40-year daily mean. This method is valid because 

the polar cap average stratopause height descends smoothly with time following ES 

events. In our analysis of ES events, we compare a composite of 15 ES events identified 

in WACCM to the ES event observed by MLS in 2012. While the ES events observed by 

MLS in 2006 and 2009 do not show the same structure as the event in 2012, we show the 

2012 event to demonstrate that a zonally asymmetric elevated stratopause has been 

observed. The ES events are removed from the climatology shown in Section 3 and are 

considered separately in Section 4. 

 

3. WACCM Stratopause Climatology 

3.1 Latitude-Time Evolution of the Climatological Stratopause 

Figure 1 shows the 40-year WACCM (left) and 8-year MLS (right) zonally averaged 
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annual cycle of stratopause temperature (top panels) and height (bottom panels) as a 

function of latitude. We apply a 7-day running mean at each latitude to reduce day-to-day 

variability. Thick black and white contours encompass regions where the vortex and 

anticyclones are present for at least 50% of the time, respectively. 

 

WACCM effectively reproduces the large-scale stratopause features and seasonal 

evolution shown by MLS and previous work [Barnett, 1974; Labitzke, 1974; Hood, 1986; 

Hitchman and Leovy, 1986; F12]. In particular, WACCM simulates the “separated” 

stratopause in the winter polar vortices. The tropical semiannual oscillation is also 

reproduced by WACCM. This oscillation occurs as a result of seasonal variations in solar 

zenith angle and the amount of insolation. The anticyclones in the SH move from mid-

latitudes in winter to high latitudes in spring as the vortex weakens. The SH stratopause 

remains elevated in August and slowly descends from 58 km to 46 km from August 

through November. To this point, the longest climatology of the stratopause is the 7-year 

climatology from F12, thus this is the first time the structure and seasonal variations at 

the stratopause are shown to be robust over multiple decades. Major differences between 

WACCM and MLS observations include:  

 

• In the NH, the polar separated stratopause in WACCM is ~10-15 K warmer than 

MLS from October through March. 

• In the NH, the stratopause in the vortex is 3-8 km higher than MLS in January, 

February, and March.  

• In the Antarctic vortex, WACCM stratopause temperatures are up to 30 K warmer 
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than MLS. 

• In the Antarctic vortex, the separated stratopause in WACCM is ~10 km higher 

than MLS and remains elevated 2 months longer.  

• The Antarctic vortex in WACCM persists 1 month longer at the stratopause than it 

does in GEOS. This is consistent with the results of Sun [2010], who showed that 

the date of the final warming in WACCM occurs on average 20 days later than in 

NCEP/NCAR. The reason for this delay is likely due to too little orographic GW 

drag [e.g., McLandress et al., 2012]. 

 

3.2 Case Study 

In the NH, F12 showed that the daily distribution of stratopause temperature and height 

displays a large degree of zonal asymmetry associated with westward tilting baroclinic 

PWs (see their Figure 2). For brevity, Figure 2 shows a single day to illustrate that 

WACCM reproduces these weather events. Polar plots of (a) stratopause temperature and 

(b) stratopause height on 10 December are shown during an arbitrary model year. 

Longitude-altitude sections at 60° N of (c) eddy temperature (zonal mean is removed) 

and (d) eddy potential temperature tendency (dθ/dt) highlight wave-1 zonal asymmetries. 

The edges of the polar vortex and anticyclones are denoted by the thick black and white 

contours, respectively, and in the longitude-altitude sections, the thick gray contour 

denotes the stratopause. dθ/dt is representative of diabatic vertical motion in an isentropic 

coordinate system, given by: 

  

where J is the diabatic heating rate per unit mass,  is the ratio of the gas constant to 
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specific heat at constant pressure, z is altitude and H is the scale height. Thus positive 

dθ/dt indicates ascent. 

 

The horizontal structure of WACCM stratopause temperature and height fields shown in 

Fig. 2a,b is similar to observed geographic patterns [i.e., Thayer et al., 2010; F12]. An 

Aleutian anticyclone is situated over the north Pacific and the Arctic vortex is displaced 

to ~ 60° N over Greenland, whereas the climatological vortex is centered at ~80° N [e.g., 

Waugh and Randall, 1999; Mitchell, 2011; F12]. Stratopause temperature extrema are 

located along the edge of the polar vortex in the region of strongest winds resulting in 

large horizontal temperature advection. The stratopause is highest inside the Arctic vortex 

and lowest inside the Aleutian anticyclone. That the temperature is in quadrature with the 

height is consistent with ageostrophic vertical motion associated with vertically 

propagating PW energy [Wallace, 1978; Ambaum and Hoskins, 2002; Thayer et al., 

2010; F12]. 

 

The longitude-altitude sections of eddy temperature and eddy dθ/dt (Fig. 2c,d) confirm 

westward tilting wave-1 patterns that align with the vortex and anticyclone throughout 

the stratosphere and mesosphere. The eddy temperature and dθ/dt are strongly 

anticorrelated with a correlation coefficient of -0.90, which suggests that the temperature 

anomalies are a result of vertical ageostrophic motions due to vertically propagating PW 

energy. This results in PW breaking in the upper stratosphere [e.g., McIntyre and Palmer, 

1983], inertial instability [e.g., Knox and Harvey, 2005], wave-wave interactions [e.g., 

Smith, 1983], barotropic instability [e.g., Simmons et al., 1983], and baroclinic instability 

A
cc

ep
te

d 
A

rti
cl

e



© 2013 American Geophysical Union. All Rights Reserved. 
 

[e.g., Thayer et al., 2010; F12] all of which contribute to EP flux divergence and likely 

contribute to the observed ageostrophic flow [e.g., Andrews et al., 1987].  These 

instabilities result in ageostrophic flow in order to maintain quasi-geostrophic and 

hydrostatic balance [e.g., Holton, 2004], and the respective role of each of these 

instabilities needs to be further investigated. 

 

3.3 Geographic Patterns in the Climatological Stratopause 

Vertically propagating PWs have been shown to be a climatological feature that results in 

zonal asymmetries in monthly mean stratopause temperature and height [F12]. Having 

now shown that WACCM reproduces such events, we consider the climatological spatial 

structure of the stratopause with respect to the mean position of the polar vortices and 

anticyclones. While the stratopause in WACCM is warmer and higher in the polar winter 

zonal mean than MLS, we will show that it properly reproduces daily geographic patterns 

in stratopause temperature and height observed by MLS.  

 

Northern Hemisphere –No Elevated Stratopause events 

Figure 3 shows the Northern Hemisphere (NH) 40-year WACCM and 8-year MLS 

monthly mean geographic distribution of stratopause temperature and height in 

December, January, and February (DJF). The thick black (white) contours encompass 

regions where the vortex (anticyclones) is present for at least 50% and 70% (30% and 

70%) of the given month. In general, the WACCM climatology is consistent with MLS 

and GEOS. Significant features that are similar between the two climatologies during 

DJF include: 
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• A large Aleutian High is present and stratopause temperature is lowest along the 

eastern flank of the anticyclone. Stratopause height is lowest along the western 

flank of the anticyclone. 

• The vortex is displaced towards the Greenwich Meridian consistent with previous 

work [e.g., Waugh and Randall, 1999; Mitchell, 2011; F12]. 

• The stratopause in the Arctic vortex is warmest between 0° E and 90° E. 

• From 40° N to the pole there is a wave-1 structure in stratopause temperature and 

height. 

 

In both WACCM and MLS, the stratopause height anomalies are 90° out of phase with 

the temperature anomalies. The separated polar winter stratopause due to GW driven 

descent results in a warm and elevated stratopause in the vortex. The warm anomaly is 

shifted from the vortex core due to upward propagating PWs. The baroclinic PWs result 

in temperature extrema at the edge of the vortex, consistent with the ageostrophic vertical 

motion depicted by Thayer et al. [2010]. 

 

Major differences between WACCM and observations include: 

• The vortex is 30% spatially smaller in WACCM, with maximum differences of 

45% in November (not shown) and minimum differences of 5% in January. 

• The stratopause is warmer (~9-12 K) and higher (~3-5 km) in WACCM, 

especially inside the Arctic vortex. 

 

The smaller vortex in WACCM likely leads to the warmer temperatures in the vortex, 
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because the global residual circulation (poleward flow in the winter mesosphere and 

descent in the vortex) is confined to a smaller region, so descent rates would necessarily 

be larger in order to conserve mass. Thus, the two major differences between the NH 

stratopause climatology in WACCM and observations can both be attributed to the 

smaller vortex in WACCM. It is not fully understood why the polar vortex in WACCM at 

stratopause altitudes is spatially smaller than observed [R. Garcia, personal 

communication, 2012]. 

 

Southern Hemisphere 

Figure 4 shows the 40-year WACCM (left panels) and 8-year MLS (right panels) 

monthly mean stratopause temperature and height in the Southern Hemisphere (SH) for 

July, August, and September (JAS). The black and white contours indicate the edge of 

the Antarctic vortex and anticyclones, respectively, consistent with the contour levels 

shown in Figure 3. As in the NH analysis, we focus on a comparison of the 40-year 

WACCM climatology with MLS. 

 

In JAS, the anticyclones in WACCM are located southwest of Australia, consistent with 

GEOS in August and September and previous work [e.g. Quintanar and Mechoso, 1995; 

Harvey and Hitchman, 1996]. The Antarctic vortex is significantly smaller than observed, 

which allows anticyclones to penetrate to high latitudes earlier in the year. The polar 

vortex is shifted off the pole toward South America during all three months. Low 

anomalies in stratopause temperatures are inside and to the east of the anticyclone, 

consistent with observations, suggesting that ageostrophic vertical motion associated with 
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vertically propagating baroclinic PWs is a climatological feature in the SH.  

 

Differences between WACCM and the MLS climatology include: 

• In the vortex, the WACCM stratopause remains elevated above 58 km through 

September, whereas MLS shows the stratopause height descend to ~47 km by 

September. The persistent separated polar winter stratopause in the Antarctic is 

likely due to too little orographic GW drag in WACCM [e.g., McLandress et al., 

2012]. 

• The vortex at the stratopause is 46% spatially smaller in WACCM than in GEOS, 

on average, with a maximum difference of 52% in July and a minimum of 22% in 

March (not shown).  

• The stratopause in the vortex is 12-15 K warmer in WACCM during July and 

August. In September, it is 6 K warmer than MLS as sunlight returns to the polar 

region and the dynamically driven stratopause gives way to radiative heating of 

ozone as the dominant mechanism. 

 

Figure 5 shows polar maps of the WACCM 40-year monthly mean geographic 

distribution of (a) NH eddy temperature and (b) NH eddy dθ/dt during January and (c) 

SH eddy temperature and (d) SH eddy dθ/dt during August at the stratopause. We only 

show one month for each hemisphere because the patterns in eddy temperature and eddy 

dθ/dt are consistent for DJF in the NH and JAS in the SH. The eddy in Figure 5 is 

determined by subtracting the equivalent latitude zonal mean from each field. The vortex 

and anticyclones are displayed as in Figures 3 and 4.  
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The monthly mean stratopause dθ/dt in both hemispheres (not shown) indicates descent at 

all latitudes and longitudes poleward of 20° in the winter hemisphere, with largest 

monthly mean descent rates of ~18 K/day-1 occurring in the core of the mid-winter 

vortex. In the NH, there are negative eddy temperatures inside and to the east of the 

Aleutian anticyclone extending to the east across Canada and the North Atlantic. Positive 

anomalies occur in the vortex and are shifted toward the western flank of the Aleutian 

anticyclone. These temperature anomalies are coincident with the anomalies in eddy 

dθ/dt. The dθ/dt anomalies indicate relatively weak descent in regions of negative 

temperatures anomalies and enhanced descent in regions of positive stratopause 

temperature anomalies. The eddy dθ/dt and eddy temperature in the NH have a 

correlation of -0.93.  This is consistent with the hypothesis of F12 that vertical motions 

associated with vertically propagating PWs leads to the observed temperature structure at 

the stratopause. In the SH during August, negative eddy stratopause temperatures are 

located at the eastern edge of the Australian anticyclone extending to the east near South 

America, and positive eddy stratopause temperatures are located between the vortex and 

the western flank of the Australian anticyclone. As in the NH, eddy temperature 

anomalies in the SH winter are collocated with anomalies in eddy dθ/dt and have a 

correlation of -0.95 during August. These anomaly patterns demonstrate that vertical 

motions produce asymmetries in stratopause temperatures shown in Figures 3 and 5, 

consistent with the hypothesis of F12.  

 

3.4 Longitude-Altitude Structure 
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We next interpret the vertical temperature structure during DJF in the NH and JAS in the 

SH in the context of the structure of the polar vortices and anticyclones. Figure 6 shows 

40-year mean longitude-altitude sections of temperature between 55-65° N during DJF 

(top) and between 45-55° S during JAS (bottom) in WACCM (left) and MLS (right). The 

vortex (anticyclone) contours represent where they are present 0.4 and 0.8 (0.1 and 0.5) 

of the normalized rate of occurrence. We show these levels to best illustrate the structure 

of the vortex and anticyclones. The gray line indicates the stratopause. The latitude bands 

were chosen to best display the PW activity in each hemisphere. In the SH, the 

anticyclones are generally confined to lower latitudes than in the NH.  

 

In general, the vertical structure of temperature, the polar vortices, and anticyclones in 

WACCM is in good agreement with MLS and GEOS. In both hemispheres, the vortex 

and anticyclones tilt westward with height. The vertical temperature structure shows a 

distinct association with the location of the polar vortices and anticyclones. Low 

temperatures near 240 K in the NH and 250 K in the SH occur near the eastern edge of 

the anticyclones and the western edge of the vortex, and warm temperatures near 255 K 

occur in both hemispheres at the western edge of the vortex and eastern edge of the 

anticyclones. The anticyclones are centered near the Date Line in the NH with the Arctic 

vortex displaced from the pole toward the Greenwich Meridian. In the SH, the 

anticyclones are centered at 120° E and the Antarctic vortex is displaced into the western 

hemisphere. In the SH, the vortex and anticyclones are more barotropic compared to in 

the NH. This is likely due to fewer disturbances in the SH resulting from less vertically 

propagating PW energy [e.g. Youn et al., 2006]. 
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Differences between WACCM and the observations include: 

• In the NH, the wave-1 amplitude in stratopause height in WACCM is over twice 

that observed by MLS (7 km vs. 3 km).  

• The Aleutian anticyclone is longitudinally broader at the stratopause; it extends 

from ~60° E to ~270° E compared to ~90° E to ~220° E in observations.  

• The Antarctic vortex is smaller at this latitude band compared with observations. 

 

3.5 Temporal Evolution 

We now summarize the temporal evolution of stratopause temperature and height inside 

the polar vortices and anticyclones during the months that the polar vortex is well 

established at the stratopause. Figure 7 shows the WACCM 40-year daily mean 

stratopause temperature (left) and height (right) in the vortex (solid black) and 

anticyclones (solid gray) as a function of time poleward of 40° N in the NH (top) and 

poleward of 20° S in the SH (bottom). We choose these latitudes in order to reduce 

influences of low latitude anticyclones, thus focusing the analysis more on the Aleutian 

and Australian anticyclones, though we note that mid-latitude anticyclones that aren’t 

associated with the climatological anticyclones are included in this analysis. The blue and 

red regions indicate one standard deviation from the mean stratopause temperature and 

height in the polar vortices and anticyclones, respectively. The black and gray dashed 

contours are based on MLS observatioins in the polar vortices and anticyclones, 

respectively. 
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In general, WACCM properly simulates the temporal evolution of stratopause 

temperature and height in the vortex and anticyclones, particularly in the NH. In the 

Arctic vortex, the stratopause warms from October to January and cools from January to 

March (upper left panel). Likewise, both WACCM and MLS show that the stratopause in 

the Arctic vortex becomes elevated in October to near 58 km, and gradually descends 

throughout the winter (upper right panel). In both hemispheres, the temporal evolution of 

stratopause temperature and height in NH anticyclones is consistent between WACCM 

and MLS. 

 

Differences between WACCM and MLS observations include: 

• In the Antarctic vortex, the stratopause in WACCM is ~20 K warmer than 

observations between April and August.  

• In the Antarctic vortex, the stratopause in WACCM is ~10 km higher than MLS 

in August and September.  

• In the Arctic vortex, the stratopause is 5-15 K warmer in WACCM compared to 

observations. 

 

4. Elevated Stratopause Events 

ES events are dynamically different from the stratopause climatology and are considered 

separately here. ES events in WACCM are always preceded by major SSWs. In the 

model, major SSWs begin between 22 days and 7 days prior to ES onset dates. Major 

SSWs persist between 0 days and 26 days after ES onset. In the observations, ES events 

occur 15 days and 11 days following the onset of the major SSWs in 2006 and 2009, 
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respectively. The 2012 ES event occurred following 31 days in which minor SSW 

conditions were met. A common theme in both the model and observations is that ES 

events occur during prolonged disturbed periods (11 to 47 days in WACCM and 27 to 32 

days in the observations). Using the method described in section 2, we identified 15 ES 

events in the 40-year WACCM simulation, or an average of 0.375 ES events per winter. 

We identify 3 ES events observed by MLS during the 8 NH winters (0.375 ES events per 

winter) between November 2004 and March 2012 (ES onset dates are on 30 January 

2006, 5 February 2009, and 30 January 2012). This frequency of occurrence is consistent 

with the rate given by de la Torre et al. [2012] and Chandran et al. (submitted 

manuscript, 2012), who found that ES events occur two to four times per decade in 

WACCM. On average, the stratopause remains elevated for ~23 days following an event 

onset, with a range of 6 to 75. We also apply this method to 9 winters of MLS data 

between November 2004 and April 2012, and find 3 ES events. 

 

Figure 8 shows the average number of days per month that the stratopause is considered 

elevated in WACCM (red) and MLS (black) between August 2004 and July 2012. While 

the seasonal frequency of ES events is consistent between WACCM and MLS, this shows 

that ES events occur most often in WACCM in December. Because SSWs occur between 

1 and 3 weeks prior to the onset of the ES events, this result is consistent with de la Torre 

et al. [2012; Figure 2], who found that the occurrence of SSWs in WACCM peaks in 

November. They also found that the only statistically significant difference between 

WACCM and NCEP/NCAR reanalysis data is associated with vortex splitting events. 

This suggests that the PW-2 amplitudes become unrealistically large in WACCM in 
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November and December, leading to vortex splitting event SSWs and ES events one 

month before they occur in observations.  MLS shows a peak occurrence of ES days in 

February and no ES days in November or December. 

 

Figure 9 shows the evolution of composite mean stratopause temperature and height for 

the 15 ES events in WACCM (left) and the ES event in 2012 observed by MLS (right). 

The top panels show the 30 days prior to the ES onset (1-30 January 2012 for the MLS 

case), and the bottom panels include the 30 days following the ES onset (31 January – 29 

February 2012 for MLS). The white dots with smaller red dots superimposed in the 

stratopause height plots indicate the maximum stratopause height poleward of 20° N for 

the 30 day mean before and after each event. In the temperature plots, these symbols 

indicate the poleward-most local temperature maximum for the 30-day mean of each 

event. This prevents flagging low latitude temperature maxima that are not associated 

with the ES. 

 

Prior to the ES events (top row), the structure of the stratopause temperature and height in 

WACCM is similar to what is shown in December-February in Figure 3. The stratopause 

in MLS prior to the 2012 ES is similar to what is shown in the January climatology in 

F12 (see their Figure 3). In both MLS and WACCM, the longitudinal offset between 

temperature extremes and the circulation suggests that ageostrophic vertical motions due 

to vertically propagating PWs dominate during this period. The Aleutian anticyclone is 

well established at high latitudes over the Date Line and the Arctic vortex is displaced 

from the pole toward the Greenwich Meridian.  
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In the 30 days following the ES events (bottom row), both MLS and WACCM show that 

the ES is neither pole centered nor vortex centered, but rather is highest over the 

Canadian Arctic. The highest stratopause temperatures occur to the east of Greenland in 

the vortex and are displaced 90° to the east over the Norwegian Sea. The offset 

stratopause temperatures are consistent with Manney et al. [2005], who used GEOS-4 to 

show that the temperature maximum was similarly displaced from the pole during 

February at 1700 K (~1 hPa) following the 2004 major SSW. The large vortex that occurs 

during this period is also consistent with previous studies of ES events [e.g., Manney et 

al., 2008]. The reformation of the ES at mesospheric altitudes is attributed to non-

orographic GW drag in the mesosphere [Siskind et al., 2007; 2010; Limpasuvan et al., 

2011; Ren et al., 2011]. Thus, zonal asymmetries in non-orographic GW forcing is likely 

responsible for the asymmetries in ES stratopause height modeled by WACCM and 

observed by MLS. Since ES events are often neither pole centered nor zonally 

symmetric, caution should be used when diagnosing them using polar cap averages or 

zonal mean. 

 

Figure 10 shows the composite mean vertical structure of temperature for the 15 ES 

events in WACCM (left) and the ES event in 2012 observed by MLS (right) between 70 

and 80° N. The top panels show the 30 days prior to ES onset dates (1-30 January 2012 

for the MLS case), and the bottom panels include the 30 days following ES onset dates 

(31 January – 29 February 2012 for MLS). Prior to the onset of ES events, both WACCM 

and MLS show a vertical structure that is consistent with what is shown for the 
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climatological mean in Figure 6. The wave-1 pattern in temperature and the westward tilt 

of the vortex and anticyclones is consistent with upward propagating PW energy. The 

stratopause is 5-10 K warmer compared to the climatology, suggesting enhanced PW 

energy which leads to stronger vertical motion and adiabatic warming. 

 

In the month following ES onset dates (bottom panels), PWs continue to tilt westward 

with altitude between the tropopause to the upper stratosphere suggesting that PW energy 

continues to propagate upward. However, in the month following ES onset dates the 

stratopause is ~15 K cooler than in the month before ES onset dates. A colder stratopause 

is consistent with the theory that ES events occur post-disturbance thus resulting in 

weaker ageostrophic vertical motions. At stratopause altitudes, the vortex is present at all 

longitudes in the 65-75° N latitude band, while below 40 km, the vortex is confined to a 

120° longitude band between 0° E and 120° E in WACCM and 300° E and 60° E in 

MLS. The location of the lower stratospheric vortex is likely responsible for the offset of 

the ES from the pole shown in Figure 9. Vertically propagating GWs with easterly phase 

speed propagate vertically through the stratospheric vortex and break in the mesosphere, 

leading to poleward and downward flow [e.g., Lindzen, 1981]. Because the vortex is 

longitudinally confined, these vertically propagating GWs are also confined and result in 

the observed ES structure. The hypothesis that 3D gravity wave drag is responsible for 

longitudinal variability near the stratopause is mentioned in Harvey and Hitchman 

[1996]. 

 

5. Conclusions 
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In this work, we show a 40-year climatology of stratopause temperature and height in 

WACCM and interpret geographic structures with respect to the location of the polar 

vortices and anticyclones. We compare the 40-year WACCM climatology to an 8-year 

climatology based on MLS observations. We show the seasonal and geographic 

distribution of stratopause temperature and height, and demonstrate that ageostrophic 

vertical motion associated with baroclinic PWs results in the climatological structure of 

the stratopause. In general, the WACCM results shown here are in agreement with MLS. 

  

We show a case study of stratopause temperature, height, and dθ/dt, in which a westward 

tilting PW drives ageostrophic motion including descent and warming east of the vortex 

and ascent and cooling east of the anticyclone. Specifically, anticyclones move from low 

latitudes eastward and poleward, displacing the vortex off the pole and creating 

baroclinic conditions. Ageostrophic vertical motion arises to maintain quasi-geostrophic 

and hydrostatic balance in the presence of westward tilting PWs and this leads to the 

observed temperature anomalies. 

 

In the NH, WACCM shows the mean climatological vortex to be displaced over 

Northeast Greenland in December, January, and February. Stratopause temperature 

maxima are not vortex centered but shifted into the Eastern Hemisphere. The stratopause 

is coldest from the center of the Aleutian anticyclone (over the North Pacific) extending 

to the east over Canada. In the SH the stratopause is highest and warmest inside the 

Antarctic vortex. The stratopause is coldest from the center of the Australian anticyclone 

over the South Pacific and to South America. These structures are consistent with MLS 
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observations of stratopause geography. 

 

Due to ES events being dynamically distinct from undisturbed periods, they are 

considered separately in this analysis. An ES composite of stratopause temperature and 

height is constructed using 15 ES events identified in WACCM and compared to the 

2012 ES event observed by MLS. WACCM simulates ES events in December that are 

not observed by MLS. During the month prior to ES events, the temperature and height 

structure of the polar winter stratopause demonstrates a clear signature of ageostrophic 

vertical motion arising from baroclinic PWs in both model results and observations. In 

the month following ES events the maximum height of the stratopause is not pole 

centered, but is displaced over the Canadian Arctic. The stratopause is warmest 90° east 

of the height maximum over the Norwegian Sea. This is the first work to show zonal 

asymmetries in stratopause temperature and height during ES events. The WACCM ES 

composite, combined with the 2012 ES event observed by MLS, demonstrates that ES 

events are not always pole centered or zonally symmetric, and care should be taken when 

using polar cap averages or zonal mean quantities.  

 

Results from WACCM are generally consistent with observations and clearly 

demonstrate the observed geographic anomalies in stratopause temperature and height as 

well as the vertical motions that lead to these anomalies. While the WACCM climatology 

effectively reproduces the main features of the observed stratopause climatology, notable 

differences include: 
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• The vortex at the stratopause is geographically 30% smaller in the NH and 45% 

smaller in the SH in WACCM. 

•  The Antarctic vortex in WACCM persists 1 month longer at the stratopause than 

in GEOS. 

• The SH stratopause in the vortex is, on average, 13 K warmer and 6 km higher in 

WACCM than in observations. 
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Figure captions 

 

Figure 1. Latitude-time plot of the average annual cycle of stratopause temperature (top) 

and height (bottom) based on WACCM (left) and MLS (right). The annual cycle in 

WACCM (MLS) is based on 40 (8) years of model output (satellite data). Thick black 

and white contours encompass regions where the vortex and anticyclones occur at least 5 

% of the time, respectively. For WACCM, the vortex and anticyclones are based on 

WACCM winds. For MLS, the vortex and anticyclones are based on GEOS winds. A
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Figure 2. Polar projections of a) stratopause temperature, and b) stratopause height, and 

longitude-altitude plots of c) temperature and d) dθ/dt averaged between 55° N and 65° N 

on 10 December of an arbitrary model year. The Greenwich Meridian is oriented to the 

right. The polar vortex and anticyclones are indicated by the thick black and white 

contours, respectively. The gray contour indicates stratopause. 
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Figure 3. Monthly mean NH polar projections of stratopause temperature and height for 

December, January, and February from WACCM (left) and MLS (right). The Greenwich 

Meridian is oriented to the right. Thick black (white) contours encompass regions where 

the vortex (anticyclones) are present 50% and 70% (30% and 70%) of each month. 
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Figure 4. Same as Figure 3 but for the SH in July, August, and September.  
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Figure 5. Polar projections of (a) eddy temperature and (b) eddy dθ/dt (equivalent 

latitude zonal mean is removed) at the stratopause in the NH during January and (c) eddy 

temperature and (d) eddy dθ/dt in the SH during August. Thick black (white) contours 

encompass regions where the vortex (anticyclones) are present 50% and 70% (30% and 

70%) of each month. 
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Figure 6. Longitude-altitude plots of WACCM (left) and MLS (right) temperature 

averaged between 55-65° N for DJF (top) and 45-55° S for JAS (bottom). The thick 

black, white, and gray contours represent the vortex, anticyclones, and stratopause, 

respectively. 
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Figure 7. Time series of WACCM stratopause temperature (left) and stratopause height 

(right) in the NH (top) and SH (bottom). Black and gray lines indicate the 40-year daily 

mean of the vortex and anticyclones, respectively. Blue and red shading represent one 

standard deviation from the mean of the daily means in the vortex and anticyclones, 

respectively. Black and gray dashed lines indicate 8-year average annual cycles based on 

MLS. NH and SH anticyclones are considered poleward of 40° N and 20° S, respectively. 
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Figure 8. Histogram of the average number of ES days per month from December 

through May in WACCM (red) and MLS (black). 
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Figure 9. Polar projections of the WACCM ES composite (left) and the ES event in 2012 

observed by MLS (right). Red dots outlined in white indicate the maximum stratopause 

height poleward of 20° N for the 30 day mean of each event. In the temperature plots, the 

symbols indicate the poleward most local temperature maximum for the 30-day mean of 

each event. Thick black (white) contours represent the vortex (anticyclone) edges. See 

text for more details. 
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Figure 10. Longitude-altitude plots of ES composite WACCM (left) and 2012 MLS 

(right) temperature averaged between 70-80° N for 30 days before ES onset (top) and 30 

days after ES onset (bottom). The thick black, white, and gray contours represent the 

vortex, anticyclones, and stratopause, respectively. 
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	Abstract
	A climatology of the stratopause is produced using a 40-year simulation of the Whole Atmosphere Community Climate Model (WACCM). Anomalies in polar winter stratopause temperature and height are interpreted with respect to the location of the polar vortices and anticyclones. The WACCM climatology is compared to an 8-year climatology based on Microwave Limb Sounder (MLS) observations and data from the Goddard Earth Observing System (GEOS) version 5 from August 2004 through July 2012. The WACCM climatology is in excellent agreement with observations, except in the Antarctic vortex where the WACCM stratopause is ~10 K warmer and ~5 km higher than observations. WACCM diabatic heating rates support the hypothesis that ageostrophic vertical motions associated with baroclinic planetary waves are responsible for producing Arctic winter temperature anomalies. The area of the winter polar vortices in WACCM at the stratopause is 30% smaller in the NH and 45% smaller in the SH compared to GEOS. The long WACCM record allows us to explore the geographical distribution and temporal evolution of a composite of 15 elevated stratopause (ES) events. This composite is in good agreement with the 2012 ES event observed by MLS except that December ES events in WACCM are not observed by MLS. This is the first work to show that ES events are not zonally symmetric. In the 30 days following ES events, the ES composite shows that the stratopause altitude is highest over the Canadian Arctic, and the highest stratopause temperatures occur 90° to the east over the Norwegian Sea.
	1. Introduction
	The stratopause is characterized by a warm layer at ~50 km that is produced by the absorption of ultraviolet radiation by ozone at sunlit latitudes. In the polar night, the stratopause is maintained by gravity wave (GW)-driven diabatic descent [e.g., Hitchman et al., 1989]. France et al. [2012] (hereafter referred to as F12) used 7 years of temperature data from the Microwave Limb Sounder (MLS) to define the stratopause and the Goddard Earth Observing System Model (GEOS) version 5 analyses to denote the polar vortices and anticyclones. F12 showed that the stratopause temperature and height depends on the location of the polar winter vortices and anticyclones. 
	In general, planetary waves (PWs) propagate vertically only where there are weak westerly winds [Charney and Drazin, 1961]. The geographic structure of stratopause temperature and height in the Arctic winter is dominated by frequent weather events that are driven by vertically propagating baroclinic PWs [e.g., Thayer et al., 2010]. These waves affect the stratopause temperature because they result in non-linear wave interactions, turbulence, as well as breaking PWs that lead to Eliassen-Palm (EP) flux divergence and subsequent ageostrophic circulations [e.g., Andrews et al., 1987]. Because of this dynamical control on stratopause temperature, it is of interest to determine the extent to which the Whole Atmosphere Community Climate Model (WACCM) reproduces the observed stratopause structure. Here, we reproduce the analysis in F12 using a multi-decadal WACCM simulation and compare the model climatology to 8 years of MLS observations. 
	Previous work demonstrates the ability of Global Climate Models (GCMs) to reproduce the climatological polar winter stratopause during undisturbed periods [e.g., Braesicke and Langematz, 2000; Volodin and Schmitz, 2001; Becker, 2012]. Because the winter stratopause is dynamically driven, properly simulating the stratopause in a GCM is dependent on the parameterization of gravity waves (GWs) [Becker, 2012; McLandress et al., 2012]. Volodin and Schmitz [2001] used the Institute for Numerical Mathematics (INM) Atmospheric General Circulation Model (AGCM) with a Doppler-spread non-orographic parameterization for GWs, to show that the Arctic (Antarctic) polar stratopause height in January (July) is 5-10 K (~10 K) warmer than the Committee on Space Research (COSPAR) 1986 International Reference Atmosphere (CIRA-86) [Fleming et al., 1990]. Becker [2012] used the Kühlungsborn Mechanistic general Circulation Model (KMCM), which explicitly determines GWs, to show that Arctic stratopause temperatures in January are up to 20 K warmer than the CIRA-86 climatology. In both of these studies, the dynamically driven polar winter stratopause is shown to be strongly dependent on the GW parameterization scheme used in the model. See McLandress and Scinocca [2005] for a comparison of the fidelity of different GW parameterizations in global models.
	Recent model studies of the Arctic winter have focused on the ability of the model to reproduce stratospheric sudden warmings (SSWs) and elevated stratopause (ES) events [e.g., Charlton et al., 2007; Siskind et al., 2007, 2010; de la Torre et al., 2012]. SSWs are characterized by rapid warming in the polar stratosphere and a weakening of the polar night jet. ES events observed in 2004, 2006, 2009, and 2012 are characterized by a rapid reformation of the Arctic polar winter stratopause near 80 km [e.g., Manney et al., 2005; 2008; 2009]. Charlton et al. [2007] evaluated 6 different models (including WACCM version 1) to determine how well they simulated SSWs. They found that the models were capable of reproducing SSWs, but the frequency at which they produced them was generally too low. De la Torre et al. [2012] produced a climatology of SSWs and ES events using WACCM version 3.5.48. The four WACCM runs used in their study are free running, use the radiative conditions between 1953 and 2006, and have slightly different initial conditions. Based on these runs, they found that WACCM produced SSWs at a rate of 0.45 to 0.7 events per year, comparing well to the 0.6 events per year observed in the National Centers for Environmental Prediction and the National Center for Atmospheric Research (NCEP/NCAR) and the European Centre for Medium-Range Weather Forecasts (ECMWF) re-analysis (ERA) between 1957/58 and 2001/02 [Charlton and Polvani, 2007]. 
	Most ES events occur in conjunction with prolonged major SSWs. De la Torre et al. [2012] showed that WACCM effectively reproduces the zonal mean evolution of ES events compared with observations [e.g., Manney et al., 2008; 2009]. ES events have been well documented in WACCM [Kvissel et al., 2011; Marsh 2011; Chandran et al., 2011; Limpasuvan et al., 2011], and WACCM version 4 has been shown to be capable of producing ES events that closely resemble observed frequencies [Chandran et al., 2013]. Chandran et al. [2013] show a zonal mean composite evolution of ES events in WACCM and their relationship to SSWs. Their results show that, on average, 2-4 ES events occur each decade, which is about half the frequency of SSWs [de la Torre et al., 2012]. The multi-decadal nature of the model record is of value here to expand on their results and document the zonally asymmetric geographic structure of an ES composite.
	Given the coherent structure of the polar vortex, a physically intuitive approach to analyze stratospheric variability is to use information of vortex geometry. Geometric moments reflect the movement of the vortex about the pole, vortex area, vortex elongation, and vortex splitting [Melander et al., 1986; Waugh, 1997; Waugh and Randel, 1999; Dritschel, 1993; Matthewman et al., 2009; Mitchell et al., 2011; Hannachi et al., 2011]. Mitchell et al. [2011] compared SSW composites based on vortex moment diagnostics to a SSW composite based on traditional zonal mean definitions. Their results indicate that the traditional SSW definition often fails to identify extreme disruptions to the vortex. They also caution against categorizing SSW events as “vortex displacement” vs. “vortex split” and suggest that most SSW events demonstrate characteristics of both types as they evolve in time and space. We further the work of Mitchell et al. [2011], which relies on a PV-based definition of the vortex [Nash et al., 1996], by using a more robust definition of the vortex that can be applied in the upper stratosphere and mesosphere [Harvey et al., 2002; Harvey et al., 2009]. The structure of the vortex in the upper stratosphere and mesosphere can be used to evaluate any GCM, as is done in this analysis with WACCM.
	An outline of this paper is as follows. Section 2 describes WACCM, MLS, GEOS, and the analysis methods used. Section 3 presents the 40-year stratopause climatology in WACCM and compares it to an 8-year climatology based on MLS observations. Results include the mean annual cycle of zonal mean stratopause temperature and height as a function of latitude, a representative case study that demonstrates the dynamical mechanism responsible for the climatological zonally asymmetric stratopause structures observed in the Arctic, 40-year monthly mean polar maps of stratopause temperature, height, and vertical motion in both hemispheres, seasonal averages showing the vertical structure of temperature, the polar vortices, and anticyclones as a function of longitude, and the temporal evolution of stratopause temperature and height inside the polar vortex and anticyclone regions. Section 5 is devoted to highlighting the 15 ES events identified in the 40-year simulation. The timing, spatial structure, and longitude-altitude structure of ES events in WACCM are compared to MLS. Conclusions are given in Section 6.
	2. Global Model, Satellite Data, and Analysis Methods
	2.1 WACCM
	The Whole Atmosphere Community Climate Model version 4.0.3 (WACCM) is a fully-coupled general circulation model that extends from the Earth’s surface to ~145 km [Garcia et al., 2007, and references therein]. WACCM is based on the Community Atmosphere Model version 4 (CAM4), which has a finite-volume dynamical core [Lin, 2004]. The chemistry in WACCM is from the Model for Ozone and Related Chemical Tracers version 3 (MOZART3) [Kinnison et al., 2007]. WACCM includes parameterizations for both orographic GWs based on McFarlane [1987], and non-orographic GWs [Richter et al., 2010]. In WACCM versions 3.5 and 4, the arbitrarily specified parameterization for non-orographic GWs has been replaced by two distinct parameterizations, including one for deep convection [Beres et al., 2005], and a second for frontal systems [Richter et al., 2010]. The horizontal resolution of the model is 1.9° latitude by 2.5° longitude. There are 66 vertical levels with a vertical resolution increasing from 1.1 km in the lower stratosphere to 1.75 km near the stratopause, and to ~3.5 km above ~65 km [Garcia et al., 2007].
	2.2 MLS
	The MLS instrument, onboard NASA’s Aura satellite, is in a 705 km Sun-synchronous orbit [Waters et al., 2006]. MLS samples ~3500 profiles each day that are spaced 165 km along the satellite track that span 82° S to 82° N. MLS temperature is inferred from 118 GHz oxygen emission. This work uses version 3 temperature data [Livesey et al., 2011]. The temperature measurements have a vertical resolution of ~5.5 km at ~3 hPa and ~8 km at 0.01 hPa. Temperature precision is ~1 K in the upper stratosphere and there is a ~1 K cold bias in MLS temperature based on coincident comparisons [Schwartz et al., 2008; Livesey et al., 2011]. MLS temperatures have uncertainties ranging from 0.6 K in the stratosphere to 2.5 K in the mesosphere, and are filtered using version 3 status, quality, threshold, and convergence values from the MLS science team [Livesey et al., 2011]. 
	2.3 Goddard Earth Observing System (GEOS)
	The GEOS model version 5 uses an Atmospheric General Circulation Model (AGCM) and the Gridpoint Statistical Interpolation to generate the Data Assimilation System. The dynamics that are integrated into the GEOS AGCM are from the Earth System Modeling Framework [Rienecker et al., 2007]. The model integrates 6-hour observational data with a 6-hour general circulation model using an Incremental Analysis Updating process, which uses the assimilated data to create a constant forcing on the GCM over 6-hour intervals. This is different from nudging, which is a one-time force applied when the data is assimilated [Bloom et al., 1995]. A complete list of observations that are assimilated into the model is given by Rienecker et al. [2007; see their Table 3.5.1]. GEOS uses two GW parameterizations: drag from orographic GWs based on McFarlane [1987], and drag from non-orographic GWs based on Garcia and Boville [1994]. These are tuned to yield a realistic stratosphere and mesosphere in the free-running model [Pawson et al., 2008]. For this analysis, GEOS version 5.1 is used prior to 1 September 2008 after which we use GEOS version 5.2.
	Pressure, temperature, geopotential height, and horizontal winds are provided every 6 hours at 72 equally spaced vertical levels from 1 km to 72 km on a 0.5º latitude by 0.67º longitude grid. In this work, daily averaged products are linearly interpolated to a 2.5º latitude by 3.75º longitude grid and to potential temperature levels ranging from 300 K (~10 km) to 4000 K (~70 km). The potential temperature levels chosen correspond to a vertical resolution of ~2 km in the upper stratosphere and lower mesosphere. The algorithm used to demark the polar vortices and anticyclones is an extension of the method described by Harvey et al. [2002], which accounts for circumpolar anticyclones. We interpolate this “vortex marker” field to the height of the stratopause. 
	2.4. Analysis Methods
	The polar vortices and anticyclones are defined in WACCM using the method described by Harvey et al. [2002], with an improvement that properly identifies circumpolar anticyclones. This method determines the location of the vortices and anticyclones by calculating closed integrals of Q, which is a scalar quantity that is a measure of the relative strain vs. rotation in the wind field [e.g., Harvey et al., 2002]. We interpolate this “vortex marker” field to the height of the stratopause. The stratopause is defined using the method described by F12. Briefly, the stratopause is determined for individual temperature profiles by the following method: 1) apply an 11 km boxcar smoothing in the vertical coordinate to each temperature profile; 2) determine the maximum temperature between 20 and 80 km (Tmax_smooth); 3) find local temperature maxima in the unsmoothed temperature profile within 15 km of Tmax_smooth; 4) require the lapse rate to be positive for 5 km below and negative for 5 km above the maximum temperature. If one level meets these criteria then it is defined as the stratopause. Using this method, ~4% of temperature profiles have no stratopause defined. This generally occurs in the polar night when the GW-driven descent is disrupted and there is no mechanism to maintain the warm stratopause, or in the case of ageostrophic ascent and cooling associated with vertically propagating PW energy.
	The following method is used to identify ES events. We first determine an area-weighted mean vertical temperature profile poleward of 70( N for each day. The data are fit to a 200 m vertical grid between 15 and 100 km using a 6th-order polynomial similar to the method used by McDonald et al. [2011] and Day et al. [2011]. We define the stratopause to be the maximum temperature between 20 km and 100 km. At the onset of an ES event, the polar atmosphere often becomes isothermal between ~30 km and ~80 km, and the stratopause becomes ill-defined. As a result, small temperature variations can cause large fluctuations in the height of the stratopause from day to day. In order to accommodate the spurious variability in stratopause height during these times, the average stratopause height is computed for days 3-7 prior to each day (Z-) and 3-7 days following each day (Z+). For an ES candidate to be considered, we require that the difference between Z+ and Z- exceed 10 km. We choose 10 km because it separates two distinct populations of vertical jumps in stratopause height, and here we are interested only in the events with the greater vertical displacement in stratopause height.  Once a candidate ES is identified, we define ES event onset as the first day in which the daily mean stratopause height increases by at least 25 km compared to the previous day. We choose 25 km because it delineates a distinct population of ES events where both the stratopause reformed at high altitudes and the atmosphere was isothermal at the time of reformation. This threshold results in ES frequencies that are consistent with previous work. To compute the duration of ES events, we consider the stratopause to be elevated until it descends in altitude below one standard deviation above the 40-year daily mean. This method is valid because the polar cap average stratopause height descends smoothly with time following ES events. In our analysis of ES events, we compare a composite of 15 ES events identified in WACCM to the ES event observed by MLS in 2012. While the ES events observed by MLS in 2006 and 2009 do not show the same structure as the event in 2012, we show the 2012 event to demonstrate that a zonally asymmetric elevated stratopause has been observed. The ES events are removed from the climatology shown in Section 3 and are considered separately in Section 4.
	3. WACCM Stratopause Climatology
	3.1 Latitude-Time Evolution of the Climatological Stratopause
	Figure 1 shows the 40-year WACCM (left) and 8-year MLS (right) zonally averaged annual cycle of stratopause temperature (top panels) and height (bottom panels) as a function of latitude. We apply a 7-day running mean at each latitude to reduce day-to-day variability. Thick black and white contours encompass regions where the vortex and anticyclones are present for at least 50% of the time, respectively.
	WACCM effectively reproduces the large-scale stratopause features and seasonal evolution shown by MLS and previous work [Barnett, 1974; Labitzke, 1974; Hood, 1986; Hitchman and Leovy, 1986; F12]. In particular, WACCM simulates the “separated” stratopause in the winter polar vortices. The tropical semiannual oscillation is also reproduced by WACCM. This oscillation occurs as a result of seasonal variations in solar zenith angle and the amount of insolation. The anticyclones in the SH move from mid-latitudes in winter to high latitudes in spring as the vortex weakens. The SH stratopause remains elevated in August and slowly descends from 58 km to 46 km from August through November. To this point, the longest climatology of the stratopause is the 7-year climatology from F12, thus this is the first time the structure and seasonal variations at the stratopause are shown to be robust over multiple decades. Major differences between WACCM and MLS observations include: 
	 In the NH, the polar separated stratopause in WACCM is ~10-15 K warmer than MLS from October through March.
	 In the NH, the stratopause in the vortex is 3-8 km higher than MLS in January, February, and March. 
	 In the Antarctic vortex, WACCM stratopause temperatures are up to 30 K warmer than MLS.
	 In the Antarctic vortex, the separated stratopause in WACCM is ~10 km higher than MLS and remains elevated 2 months longer. 
	 The Antarctic vortex in WACCM persists 1 month longer at the stratopause than it does in GEOS. This is consistent with the results of Sun [2010], who showed that the date of the final warming in WACCM occurs on average 20 days later than in NCEP/NCAR. The reason for this delay is likely due to too little orographic GW drag [e.g., McLandress et al., 2012].
	3.2 Case Study
	In the NH, F12 showed that the daily distribution of stratopause temperature and height displays a large degree of zonal asymmetry associated with westward tilting baroclinic PWs (see their Figure 2). For brevity, Figure 2 shows a single day to illustrate that WACCM reproduces these weather events. Polar plots of (a) stratopause temperature and (b) stratopause height on 10 December are shown during an arbitrary model year. Longitude-altitude sections at 60° N of (c) eddy temperature (zonal mean is removed) and (d) eddy potential temperature tendency (dθ/dt) highlight wave-1 zonal asymmetries. The edges of the polar vortex and anticyclones are denoted by the thick black and white contours, respectively, and in the longitude-altitude sections, the thick gray contour denotes the stratopause. dθ/dt is representative of diabatic vertical motion in an isentropic coordinate system, given by:
	where J is the diabatic heating rate per unit mass,  is the ratio of the gas constant to specific heat at constant pressure, z is altitude and H is the scale height. Thus positive dθ/dt indicates ascent.
	The horizontal structure of WACCM stratopause temperature and height fields shown in Fig. 2a,b is similar to observed geographic patterns [i.e., Thayer et al., 2010; F12]. An Aleutian anticyclone is situated over the north Pacific and the Arctic vortex is displaced to ~ 60° N over Greenland, whereas the climatological vortex is centered at ~80° N [e.g., Waugh and Randall, 1999; Mitchell, 2011; F12]. Stratopause temperature extrema are located along the edge of the polar vortex in the region of strongest winds resulting in large horizontal temperature advection. The stratopause is highest inside the Arctic vortex and lowest inside the Aleutian anticyclone. That the temperature is in quadrature with the height is consistent with ageostrophic vertical motion associated with vertically propagating PW energy [Wallace, 1978; Ambaum and Hoskins, 2002; Thayer et al., 2010; F12].
	The longitude-altitude sections of eddy temperature and eddy dθ/dt (Fig. 2c,d) confirm westward tilting wave-1 patterns that align with the vortex and anticyclone throughout the stratosphere and mesosphere. The eddy temperature and dθ/dt are strongly anticorrelated with a correlation coefficient of -0.90, which suggests that the temperature anomalies are a result of vertical ageostrophic motions due to vertically propagating PW energy. This results in PW breaking in the upper stratosphere [e.g., McIntyre and Palmer, 1983], inertial instability [e.g., Knox and Harvey, 2005], wave-wave interactions [e.g., Smith, 1983], barotropic instability [e.g., Simmons et al., 1983], and baroclinic instability [e.g., Thayer et al., 2010; F12] all of which contribute to EP flux divergence and likely contribute to the observed ageostrophic flow [e.g., Andrews et al., 1987].  These instabilities result in ageostrophic flow in order to maintain quasi-geostrophic and hydrostatic balance [e.g., Holton, 2004], and the respective role of each of these instabilities needs to be further investigated.
	3.3 Geographic Patterns in the Climatological Stratopause
	Vertically propagating PWs have been shown to be a climatological feature that results in zonal asymmetries in monthly mean stratopause temperature and height [F12]. Having now shown that WACCM reproduces such events, we consider the climatological spatial structure of the stratopause with respect to the mean position of the polar vortices and anticyclones. While the stratopause in WACCM is warmer and higher in the polar winter zonal mean than MLS, we will show that it properly reproduces daily geographic patterns in stratopause temperature and height observed by MLS. 
	Northern Hemisphere –No Elevated Stratopause events
	Figure 3 shows the Northern Hemisphere (NH) 40-year WACCM and 8-year MLS monthly mean geographic distribution of stratopause temperature and height in December, January, and February (DJF). The thick black (white) contours encompass regions where the vortex (anticyclones) is present for at least 50% and 70% (30% and 70%) of the given month. In general, the WACCM climatology is consistent with MLS and GEOS. Significant features that are similar between the two climatologies during DJF include:
	 A large Aleutian High is present and stratopause temperature is lowest along the eastern flank of the anticyclone. Stratopause height is lowest along the western flank of the anticyclone.
	 The vortex is displaced towards the Greenwich Meridian consistent with previous work [e.g., Waugh and Randall, 1999; Mitchell, 2011; F12].
	 The stratopause in the Arctic vortex is warmest between 0° E and 90° E.
	 From 40° N to the pole there is a wave-1 structure in stratopause temperature and height.
	In both WACCM and MLS, the stratopause height anomalies are 90° out of phase with the temperature anomalies. The separated polar winter stratopause due to GW driven descent results in a warm and elevated stratopause in the vortex. The warm anomaly is shifted from the vortex core due to upward propagating PWs. The baroclinic PWs result in temperature extrema at the edge of the vortex, consistent with the ageostrophic vertical motion depicted by Thayer et al. [2010].
	Major differences between WACCM and observations include:
	 The vortex is 30% spatially smaller in WACCM, with maximum differences of 45% in November (not shown) and minimum differences of 5% in January.
	 The stratopause is warmer (~9-12 K) and higher (~3-5 km) in WACCM, especially inside the Arctic vortex.
	The smaller vortex in WACCM likely leads to the warmer temperatures in the vortex, because the global residual circulation (poleward flow in the winter mesosphere and descent in the vortex) is confined to a smaller region, so descent rates would necessarily be larger in order to conserve mass. Thus, the two major differences between the NH stratopause climatology in WACCM and observations can both be attributed to the smaller vortex in WACCM. It is not fully understood why the polar vortex in WACCM at stratopause altitudes is spatially smaller than observed [R. Garcia, personal communication, 2012].
	Southern Hemisphere
	Figure 4 shows the 40-year WACCM (left panels) and 8-year MLS (right panels) monthly mean stratopause temperature and height in the Southern Hemisphere (SH) for July, August, and September (JAS). The black and white contours indicate the edge of the Antarctic vortex and anticyclones, respectively, consistent with the contour levels shown in Figure 3. As in the NH analysis, we focus on a comparison of the 40-year WACCM climatology with MLS.
	In JAS, the anticyclones in WACCM are located southwest of Australia, consistent with GEOS in August and September and previous work [e.g. Quintanar and Mechoso, 1995; Harvey and Hitchman, 1996]. The Antarctic vortex is significantly smaller than observed, which allows anticyclones to penetrate to high latitudes earlier in the year. The polar vortex is shifted off the pole toward South America during all three months. Low anomalies in stratopause temperatures are inside and to the east of the anticyclone, consistent with observations, suggesting that ageostrophic vertical motion associated with vertically propagating baroclinic PWs is a climatological feature in the SH. 
	Differences between WACCM and the MLS climatology include:
	 In the vortex, the WACCM stratopause remains elevated above 58 km through September, whereas MLS shows the stratopause height descend to ~47 km by September. The persistent separated polar winter stratopause in the Antarctic is likely due to too little orographic GW drag in WACCM [e.g., McLandress et al., 2012].
	 The vortex at the stratopause is 46% spatially smaller in WACCM than in GEOS, on average, with a maximum difference of 52% in July and a minimum of 22% in March (not shown). 
	 The stratopause in the vortex is 12-15 K warmer in WACCM during July and August. In September, it is 6 K warmer than MLS as sunlight returns to the polar region and the dynamically driven stratopause gives way to radiative heating of ozone as the dominant mechanism.
	Figure 5 shows polar maps of the WACCM 40-year monthly mean geographic distribution of (a) NH eddy temperature and (b) NH eddy dθ/dt during January and (c) SH eddy temperature and (d) SH eddy dθ/dt during August at the stratopause. We only show one month for each hemisphere because the patterns in eddy temperature and eddy dθ/dt are consistent for DJF in the NH and JAS in the SH. The eddy in Figure 5 is determined by subtracting the equivalent latitude zonal mean from each field. The vortex and anticyclones are displayed as in Figures 3 and 4. 
	The monthly mean stratopause dθ/dt in both hemispheres (not shown) indicates descent at all latitudes and longitudes poleward of 20° in the winter hemisphere, with largest monthly mean descent rates of ~18 K/day-1 occurring in the core of the mid-winter vortex. In the NH, there are negative eddy temperatures inside and to the east of the Aleutian anticyclone extending to the east across Canada and the North Atlantic. Positive anomalies occur in the vortex and are shifted toward the western flank of the Aleutian anticyclone. These temperature anomalies are coincident with the anomalies in eddy dθ/dt. The dθ/dt anomalies indicate relatively weak descent in regions of negative temperatures anomalies and enhanced descent in regions of positive stratopause temperature anomalies. The eddy dθ/dt and eddy temperature in the NH have a correlation of -0.93.  This is consistent with the hypothesis of F12 that vertical motions associated with vertically propagating PWs leads to the observed temperature structure at the stratopause. In the SH during August, negative eddy stratopause temperatures are located at the eastern edge of the Australian anticyclone extending to the east near South America, and positive eddy stratopause temperatures are located between the vortex and the western flank of the Australian anticyclone. As in the NH, eddy temperature anomalies in the SH winter are collocated with anomalies in eddy dθ/dt and have a correlation of -0.95 during August. These anomaly patterns demonstrate that vertical motions produce asymmetries in stratopause temperatures shown in Figures 3 and 5, consistent with the hypothesis of F12. 
	3.4 Longitude-Altitude Structure
	We next interpret the vertical temperature structure during DJF in the NH and JAS in the SH in the context of the structure of the polar vortices and anticyclones. Figure 6 shows 40-year mean longitude-altitude sections of temperature between 55-65° N during DJF (top) and between 45-55° S during JAS (bottom) in WACCM (left) and MLS (right). The vortex (anticyclone) contours represent where they are present 0.4 and 0.8 (0.1 and 0.5) of the normalized rate of occurrence. We show these levels to best illustrate the structure of the vortex and anticyclones. The gray line indicates the stratopause. The latitude bands were chosen to best display the PW activity in each hemisphere. In the SH, the anticyclones are generally confined to lower latitudes than in the NH. 
	In general, the vertical structure of temperature, the polar vortices, and anticyclones in WACCM is in good agreement with MLS and GEOS. In both hemispheres, the vortex and anticyclones tilt westward with height. The vertical temperature structure shows a distinct association with the location of the polar vortices and anticyclones. Low temperatures near 240 K in the NH and 250 K in the SH occur near the eastern edge of the anticyclones and the western edge of the vortex, and warm temperatures near 255 K occur in both hemispheres at the western edge of the vortex and eastern edge of the anticyclones. The anticyclones are centered near the Date Line in the NH with the Arctic vortex displaced from the pole toward the Greenwich Meridian. In the SH, the anticyclones are centered at 120° E and the Antarctic vortex is displaced into the western hemisphere. In the SH, the vortex and anticyclones are more barotropic compared to in the NH. This is likely due to fewer disturbances in the SH resulting from less vertically propagating PW energy [e.g. Youn et al., 2006].
	Differences between WACCM and the observations include:
	 In the NH, the wave-1 amplitude in stratopause height in WACCM is over twice that observed by MLS (7 km vs. 3 km). 
	 The Aleutian anticyclone is longitudinally broader at the stratopause; it extends from ~60° E to ~270° E compared to ~90° E to ~220° E in observations. 
	 The Antarctic vortex is smaller at this latitude band compared with observations.
	3.5 Temporal Evolution
	We now summarize the temporal evolution of stratopause temperature and height inside the polar vortices and anticyclones during the months that the polar vortex is well established at the stratopause. Figure 7 shows the WACCM 40-year daily mean stratopause temperature (left) and height (right) in the vortex (solid black) and anticyclones (solid gray) as a function of time poleward of 40° N in the NH (top) and poleward of 20° S in the SH (bottom). We choose these latitudes in order to reduce influences of low latitude anticyclones, thus focusing the analysis more on the Aleutian and Australian anticyclones, though we note that mid-latitude anticyclones that aren’t associated with the climatological anticyclones are included in this analysis. The blue and red regions indicate one standard deviation from the mean stratopause temperature and height in the polar vortices and anticyclones, respectively. The black and gray dashed contours are based on MLS observatioins in the polar vortices and anticyclones, respectively.
	In general, WACCM properly simulates the temporal evolution of stratopause temperature and height in the vortex and anticyclones, particularly in the NH. In the Arctic vortex, the stratopause warms from October to January and cools from January to March (upper left panel). Likewise, both WACCM and MLS show that the stratopause in the Arctic vortex becomes elevated in October to near 58 km, and gradually descends throughout the winter (upper right panel). In both hemispheres, the temporal evolution of stratopause temperature and height in NH anticyclones is consistent between WACCM and MLS.
	Differences between WACCM and MLS observations include:
	 In the Antarctic vortex, the stratopause in WACCM is ~20 K warmer than observations between April and August. 
	 In the Antarctic vortex, the stratopause in WACCM is ~10 km higher than MLS in August and September. 
	 In the Arctic vortex, the stratopause is 5-15 K warmer in WACCM compared to observations.
	4. Elevated Stratopause Events
	ES events are dynamically different from the stratopause climatology and are considered separately here. ES events in WACCM are always preceded by major SSWs. In the model, major SSWs begin between 22 days and 7 days prior to ES onset dates. Major SSWs persist between 0 days and 26 days after ES onset. In the observations, ES events occur 15 days and 11 days following the onset of the major SSWs in 2006 and 2009, respectively. The 2012 ES event occurred following 31 days in which minor SSW conditions were met. A common theme in both the model and observations is that ES events occur during prolonged disturbed periods (11 to 47 days in WACCM and 27 to 32 days in the observations). Using the method described in section 2, we identified 15 ES events in the 40-year WACCM simulation, or an average of 0.375 ES events per winter. We identify 3 ES events observed by MLS during the 8 NH winters (0.375 ES events per winter) between November 2004 and March 2012 (ES onset dates are on 30 January 2006, 5 February 2009, and 30 January 2012). This frequency of occurrence is consistent with the rate given by de la Torre et al. [2012] and Chandran et al. (submitted manuscript, 2012), who found that ES events occur two to four times per decade in WACCM. On average, the stratopause remains elevated for ~23 days following an event onset, with a range of 6 to 75. We also apply this method to 9 winters of MLS data between November 2004 and April 2012, and find 3 ES events.
	Figure 8 shows the average number of days per month that the stratopause is considered elevated in WACCM (red) and MLS (black) between August 2004 and July 2012. While the seasonal frequency of ES events is consistent between WACCM and MLS, this shows that ES events occur most often in WACCM in December. Because SSWs occur between 1 and 3 weeks prior to the onset of the ES events, this result is consistent with de la Torre et al. [2012; Figure 2], who found that the occurrence of SSWs in WACCM peaks in November. They also found that the only statistically significant difference between WACCM and NCEP/NCAR reanalysis data is associated with vortex splitting events. This suggests that the PW-2 amplitudes become unrealistically large in WACCM in November and December, leading to vortex splitting event SSWs and ES events one month before they occur in observations.  MLS shows a peak occurrence of ES days in February and no ES days in November or December.
	Figure 9 shows the evolution of composite mean stratopause temperature and height for the 15 ES events in WACCM (left) and the ES event in 2012 observed by MLS (right). The top panels show the 30 days prior to the ES onset (1-30 January 2012 for the MLS case), and the bottom panels include the 30 days following the ES onset (31 January – 29 February 2012 for MLS). The white dots with smaller red dots superimposed in the stratopause height plots indicate the maximum stratopause height poleward of 20° N for the 30 day mean before and after each event. In the temperature plots, these symbols indicate the poleward-most local temperature maximum for the 30-day mean of each event. This prevents flagging low latitude temperature maxima that are not associated with the ES.
	Prior to the ES events (top row), the structure of the stratopause temperature and height in WACCM is similar to what is shown in December-February in Figure 3. The stratopause in MLS prior to the 2012 ES is similar to what is shown in the January climatology in F12 (see their Figure 3). In both MLS and WACCM, the longitudinal offset between temperature extremes and the circulation suggests that ageostrophic vertical motions due to vertically propagating PWs dominate during this period. The Aleutian anticyclone is well established at high latitudes over the Date Line and the Arctic vortex is displaced from the pole toward the Greenwich Meridian. 
	In the 30 days following the ES events (bottom row), both MLS and WACCM show that the ES is neither pole centered nor vortex centered, but rather is highest over the Canadian Arctic. The highest stratopause temperatures occur to the east of Greenland in the vortex and are displaced 90° to the east over the Norwegian Sea. The offset stratopause temperatures are consistent with Manney et al. [2005], who used GEOS-4 to show that the temperature maximum was similarly displaced from the pole during February at 1700 K (~1 hPa) following the 2004 major SSW. The large vortex that occurs during this period is also consistent with previous studies of ES events [e.g., Manney et al., 2008]. The reformation of the ES at mesospheric altitudes is attributed to non-orographic GW drag in the mesosphere [Siskind et al., 2007; 2010; Limpasuvan et al., 2011; Ren et al., 2011]. Thus, zonal asymmetries in non-orographic GW forcing is likely responsible for the asymmetries in ES stratopause height modeled by WACCM and observed by MLS. Since ES events are often neither pole centered nor zonally symmetric, caution should be used when diagnosing them using polar cap averages or zonal mean.
	Figure 10 shows the composite mean vertical structure of temperature for the 15 ES events in WACCM (left) and the ES event in 2012 observed by MLS (right) between 70 and 80° N. The top panels show the 30 days prior to ES onset dates (1-30 January 2012 for the MLS case), and the bottom panels include the 30 days following ES onset dates (31 January – 29 February 2012 for MLS). Prior to the onset of ES events, both WACCM and MLS show a vertical structure that is consistent with what is shown for the climatological mean in Figure 6. The wave-1 pattern in temperature and the westward tilt of the vortex and anticyclones is consistent with upward propagating PW energy. The stratopause is 5-10 K warmer compared to the climatology, suggesting enhanced PW energy which leads to stronger vertical motion and adiabatic warming.
	In the month following ES onset dates (bottom panels), PWs continue to tilt westward with altitude between the tropopause to the upper stratosphere suggesting that PW energy continues to propagate upward. However, in the month following ES onset dates the stratopause is ~15 K cooler than in the month before ES onset dates. A colder stratopause is consistent with the theory that ES events occur post-disturbance thus resulting in weaker ageostrophic vertical motions. At stratopause altitudes, the vortex is present at all longitudes in the 65-75° N latitude band, while below 40 km, the vortex is confined to a 120° longitude band between 0° E and 120° E in WACCM and 300° E and 60° E in MLS. The location of the lower stratospheric vortex is likely responsible for the offset of the ES from the pole shown in Figure 9. Vertically propagating GWs with easterly phase speed propagate vertically through the stratospheric vortex and break in the mesosphere, leading to poleward and downward flow [e.g., Lindzen, 1981]. Because the vortex is longitudinally confined, these vertically propagating GWs are also confined and result in the observed ES structure. The hypothesis that 3D gravity wave drag is responsible for longitudinal variability near the stratopause is mentioned in Harvey and Hitchman [1996].
	5. Conclusions
	In this work, we show a 40-year climatology of stratopause temperature and height in WACCM and interpret geographic structures with respect to the location of the polar vortices and anticyclones. We compare the 40-year WACCM climatology to an 8-year climatology based on MLS observations. We show the seasonal and geographic distribution of stratopause temperature and height, and demonstrate that ageostrophic vertical motion associated with baroclinic PWs results in the climatological structure of the stratopause. In general, the WACCM results shown here are in agreement with MLS.
	We show a case study of stratopause temperature, height, and dθ/dt, in which a westward tilting PW drives ageostrophic motion including descent and warming east of the vortex and ascent and cooling east of the anticyclone. Specifically, anticyclones move from low latitudes eastward and poleward, displacing the vortex off the pole and creating baroclinic conditions. Ageostrophic vertical motion arises to maintain quasi-geostrophic and hydrostatic balance in the presence of westward tilting PWs and this leads to the observed temperature anomalies.
	In the NH, WACCM shows the mean climatological vortex to be displaced over Northeast Greenland in December, January, and February. Stratopause temperature maxima are not vortex centered but shifted into the Eastern Hemisphere. The stratopause is coldest from the center of the Aleutian anticyclone (over the North Pacific) extending to the east over Canada. In the SH the stratopause is highest and warmest inside the Antarctic vortex. The stratopause is coldest from the center of the Australian anticyclone over the South Pacific and to South America. These structures are consistent with MLS observations of stratopause geography.
	Due to ES events being dynamically distinct from undisturbed periods, they are considered separately in this analysis. An ES composite of stratopause temperature and height is constructed using 15 ES events identified in WACCM and compared to the 2012 ES event observed by MLS. WACCM simulates ES events in December that are not observed by MLS. During the month prior to ES events, the temperature and height structure of the polar winter stratopause demonstrates a clear signature of ageostrophic vertical motion arising from baroclinic PWs in both model results and observations. In the month following ES events the maximum height of the stratopause is not pole centered, but is displaced over the Canadian Arctic. The stratopause is warmest 90° east of the height maximum over the Norwegian Sea. This is the first work to show zonal asymmetries in stratopause temperature and height during ES events. The WACCM ES composite, combined with the 2012 ES event observed by MLS, demonstrates that ES events are not always pole centered or zonally symmetric, and care should be taken when using polar cap averages or zonal mean quantities. 
	Results from WACCM are generally consistent with observations and clearly demonstrate the observed geographic anomalies in stratopause temperature and height as well as the vertical motions that lead to these anomalies. While the WACCM climatology effectively reproduces the main features of the observed stratopause climatology, notable differences include:
	 The vortex at the stratopause is geographically 30% smaller in the NH and 45% smaller in the SH in WACCM.
	  The Antarctic vortex in WACCM persists 1 month longer at the stratopause than in GEOS.
	 The SH stratopause in the vortex is, on average, 13 K warmer and 6 km higher in WACCM than in observations.
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