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[11 A global climatology of stratopause temperature and height is shown using 7 years of
Microwave Limb Sounder satellite data, from 2004 to 2011. Stratopause temperature and
height is interpreted in the context of the polar vortices and anticyclones defined by the
Goddard Earth Observing System meteorological analyses. Multiyear, monthly mean
geographic patterns in stratopause temperature and height are shown to depend on the
location of the polar vortices and anticyclones. The anomalous winters of 2005/2006 and
2008/2009 are considered separately in this analysis. In the anomalous years, we show
that the elevated stratopause in February is confined to the vortex core. This is the first
study to show that the stratopause is, on average, 20 K colder and 5-10 km lower in the
Aleutian anticyclone than in ambient air during the Arctic winter. During September in the
Antarctic the stratopause is, on average, 10 K colder inside anticyclones south of Australia.

The regional temperature and height anomalies, which are due to vertical ageostrophic
motion associated with baroclinic instability, are shown to be climatological features.
The mean structure of the temperature and height anomalies is consistent with moderate
baroclinic growth below the stratopause and decay above. This work furthers current
understanding of the geography of the stratopause by emphasizing the role of synoptic
baroclinic instability, whereby anticyclones establish zonally asymmetric climatological
patterns in stratopause temperature and height. This work highlights the need to consider
zonal asymmetries when calculating upper stratospheric temperature trends.
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1. Introduction

[2] Stratospheric temperature is a sensitive indicator of cli-
mate change because increasing concentrations of carbon
dioxide (CO,) act to cool the middle atmosphere [Rind et al.,
1998; World Meteorological Organization, 1998; Olivero
and Thomas, 2001]. Ramaswamy et al. [2001] used lidar and
rocket data to show that the upper stratospheric cooling trend
of 1-2 K/decade increases with altitude, with the largest
cooling of ~3 K/decade near the stratopause at 50 km between
1979 and 1999. It is therefore of interest to study the temper-
ature at the stratopause, quantify natural variability, and
understand mechanisms that modulate it. Different physical
processes maintain the stratopause at different latitudes and
seasons. At sunlit latitudes, the stratopause is characterized by
a temperature maximum near 50 km due to the absorption of
shortwave radiation by ozone. In the polar night there is no
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solar insolation and a “separated” polar winter stratopause is
maintained by gravity wave (GW) driven diabatic descent at
high latitudes [e.g., Hitchman et al., 1989]. During undis-
turbed conditions, the stratopause in the polar vortices is
generally at higher altitudes and is warmer than in midlatitudes
[e.g., Kanzawa, 1989]. However, when planetary wave
amplitudes are large, such as during sudden stratospheric
warming (SSW) events [Labitzke and Naujokat, 2000], the
stratopause warms by up to 50 K between the vortex and
the Aleutian anticyclone and descends more than 20 km inside
the anticyclone over several days [e.g., Labitzke, 1977, 1981].
Recent results suggest that the frequency of major SSWs will
increase in the 21st century [Charlton-Perez et al., 2008].

[3] When planetary waves break, they form anticyclones
that can extend from the upper troposphere to the middle
mesosphere. Stratospheric anticyclones are ubiquitous fea-
tures in the Arctic winter [e.g., Harvey and Hitchman, 1996;
Harvey et al., 2002] and Antarctic spring [e.g., Mechoso
et al., 1991]. Thus while the temperature and height of the
stratopause in the vortex are maintained by GW-driven
descent, planetary waves and anticyclones dominate high-
latitude variability. Waugh and Randel [1999] presented a
climatology of the polar vortices up to ~40 km altitude,
which describes interannual variability and compares the
two hemispheres. This paper presents the first climatology of
the geographic distribution of stratopause temperature and
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height interpreted with respect to the location of the polar
vortices and anticyclones. A clear relationship of the synoptic
evolution of stratopause anomalies with polar vortices and
anticyclones locations is demonstrated.

[4] An outline of this paper is as follows. Section 2
describes the meteorological analyses and satellite data
used in this work. Section 3 outlines the analysis methods
used to define the stratopause, polar vortices, and antic-
yclones. Section 4 shows the 7-year mean annual cycle of
zonal mean stratopause temperature and height as a function
of latitude and time. Section 5 discusses geographic patterns
in stratopause height and temperature, both with a case study
in the 2008 Arctic winter and with monthly mean results in
both hemispheres. It also discusses the relationship of the
wintertime season-average stratopause to polar vortices and
anticyclones. Section 6 presents time series that illustrate the
interannual variability of stratopause temperature and height
in the polar vortices and anticyclones in both hemispheres.
Conclusions are given in section 7.

2. Meteorological Analyses and Satellite Data

2.1. Goddard Earth Observing System Model

[5] The Goddard Earth Observing System (GEOS) model
version 5 uses an Atmospheric General Circulation Model
(AGCM) and the Grid Point 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 h observational data with a 6 h general
circulation model using an Incremental Analysis Updating
process, which uses the assimilated data to create a constant
forcing on the GCM over 6 h intervals. This is different from
nudging, which is a one-time force applied when the data is
assimilated [Bloom et al., 1996]. A complete list of obser-
vations that are assimilated into the model is given by
Rienecker et al. [2007, Table 3.5.1]. GEOS uses two GW
parameterizations: drag from orographic GWs based on the
work of McFarlane [1987] and drag from nonorographic
GWs based on the work of 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.

[6] Pressure, temperature, geopotential height, and hori-
zontal winds are provided every 6 h at 72 equally spaced
vertical levels from 1 km to 72 km on a 0.5° latitude by 2/3°
longitude grid. In this work, daily averaged products are
linearly interpolated to a 2.5° latitude by 3.75° longitude
grid and to potential temperature levels ranging from 300 K
(~10 km) to 5000 K (~80 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.

2.2. Microwave Limb Sounder

[7] The Microwave Limb Sounder (MLS) instrument is on
NASA'’s Aura satellite, which was launched on 15 July 2004
into a 705 km Sun-synchronous orbit [Waters et al., 2006].
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MLS samples every 165 km along the satellite track. Each
day ~3500 vertical profiles are available up to a latitude of
82° in each hemisphere. MLS measures thermal microwave
emissions from the Earth’s limb. Temperature is inferred
from emission of oxygen at 118 GHz. Version 3 temperature
data are used in this work [Livesey et al., 2011]. The vertical
resolution of the temperature measurements is ~5.5 km at
~3 hPa and ~8 km at 0.01 hPa. At the stratopause, the
temperature precision is ~1 K and there is a ~1 K cold bias,
as inferred from coincident comparisons with eight correla-
tive data sets [Schwartz et al., 2008; Livesey et al., 2011].
GEOS version 5.2 analyses are used as a priori information
in the retrieval of MLS temperature. Uncertainties due to
noise and a priori information range from 0.6 K in the
stratosphere to 2.5 K in the mesosphere. Temperature data
are filtered using version 3 status, quality, and convergence
values provided by the MLS science team [Livesey et al.,
2011].

[8] For this work, we focus on the evolution of stratopause
temperature and height patterns at middle-to-high latitudes.
Thus our analysis requires year-round global coverage. While
the Sounding of the Atmosphere using Broadband Emission
Radiometry (SABER) instrument provides temperature mea-
surements with better vertical resolution (~3 km) at the stra-
topause [Mertens et al., 2001] compared to MLS, the yaw of
the SABER instrument results in data void regions poleward
of 52° latitude for half of the year in both hemispheres [Russell
et al., 1999]. Therefore the results shown here are based
entirely on MLS data. Since SABER temperature profiles have
higher vertical resolution near the stratopause, we reproduced
the stratopause climatology using SABER and compared it to
MLS in regions and times where instrument sampling over-
lapped. Despite differences in local time sampling between
MLS and SABER, monthly mean stratopause temperature and
height differences are within ~2 K and ~2 km, respectively.
Since these differences between MLS and SABER are smaller
than the geographical differences in the stratopause in the
vortex and anticyclones (described below), we conclude that
the vertical resolution of MLS is sufficient for our analysis.

[9] Following the major SSWs of 2006 and 2009, the
stratopause in the Arctic vortex reformed within a week at an
altitude of ~80 km and the upper stratospheric vortex
strengthened [e.g., Hauchecorne et al., 2007; Siskind et al.,
2007; Manney et al., 2008a, 2008b, 2009, and references
therein]. Because the 2006 and 2009 elevated stratopause
events occurred within the timeframe of this climatology,
and these events result in an anomalously high Arctic stra-
topause in February and March of 2006 and 2009, we con-
sider these periods separately in our analysis.

3. Analysis Methods

[10] In this work, GEOS data are used to demark the polar
vortices and anticyclones while MLS temperatures are used
to define the temperature and height of the stratopause. On
each day we construct a horizontal grid of MLS temperature
on the GEOS longitude-latitude grid. The grid consists of
one day of observations and is created by applying a spatial
Delaunay Triangulation at each vertical level. A distance
weighted smoothing process is applied to the gridded data to
ensure differentiability. Finally, we interpolate from pressure
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Figure 1. The 7-year average annual cycle of stratopause
(a) temperature and (b) height as a function of latitude based
on MLS data from August 2004 through July 2011. Thick
black and white contours indicate 5% of the maximum fre-
quency of occurrence of the vortex and anticyclones, respec-
tively, based on GEOS. February and March 2006 and 2009
are not included. Tick marks on the horizontal axis denote
the 1st of each month.

to geometric altitude from 10 km to 120 km at 1 km
increments.

[11] The stratopause is typically characterized by a tem-
perature maximum in the middle atmosphere. Like the tro-
popause, the stratopause has been traditionally viewed as a
single two-dimensional layer. In general, this conceptual
model is sufficient, but it is not adequate in all situations. In
particular, it does not discriminate when there are multiple
local temperature maxima in a single vertical profile. Mul-
tiple local temperature maxima occur when there are
Mesospheric Inversion Layers (MILs) [i.e., Meriwether and
Gerrard, 2004], SSWs, deep isothermal layers, and noise in
the temperature profiles. It is difficult to demark the “true”
stratopause in these situations.

[12] For this work, the following procedure is used to
define the stratopause for each vertical temperature profile.
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An 11 km boxcar smoothing is applied to each temperature
profile from which a temperature maximum (Tmax) is
identified between 20 km and 85 km. In order to proceed,
the lapse rate must be negative (positive) at the five adjacent
1 km increment levels above (below) Tmax. If this condition
is satisfied then the altitude of Tmax in the smoothed profile
is used as a central altitude to search +/—15 km for Tmax in
the unsmoothed profile. The temperature and altitude of
Tmax in the unsmoothed profile is then demarked as the
stratopause. If the conditions above are not satisfied, no
stratopause is defined in the temperature profile.

[13] At middle-high latitudes, the frequency of multiple
temperature maxima ranges from 2% to 11% of the profiles
depending on longitude and season. At low latitudes the
frequency is close to zero. Removing temperature profiles
with more than one local maximum has only a small effect
on the climatology, changing the average stratopause tem-
perature by less than 1 K and stratopause height by less than
1 km. A thorough analysis of multiple stratopause events is
the subject of future work.

4. Latitude-Time Evolution of the Stratopause

[14] Figure 1 shows the 7-year average annual cycle of
stratopause temperature (Figure 1a) and height (Figure 1b)
as a function of latitude. Each day of the year is a 7-year
average zonal mean using MLS data from August 2004
through July 2011. February and March of 2006 and 2009
are not included in Figure 1 because the stratopause was at
anomalously high altitudes during these months; as dis-
cussed more below, this led to significant differences pole-
ward of 30° N between these years and the others in
February and March. A 7-day running mean is applied at
each latitude to emphasize seasonal variability. Thick black
and white contours indicate 5% of the maximum frequency
of occurrence of the vortex and anticyclones, respectively,
based on GEOS.

[15] Notable features in the stratopause temperature
(Figure 1a) include the warm polar summer stratopause in
both hemispheres; the cold stratopause at the edge of the
polar vortices in midwinter, consistent with Barnett [1974]
and Labitzke [1974]; and the tropical semiannual oscilla-
tion, consistent with Hood [1986] and Hitchman and Leovy
[1986]. Since low latitudes are always sunlit for at least
part of each day, seasonal temperature changes are signifi-
cantly smaller (+/—5 K) than at higher latitudes (+/—35 K).
The cold winter polar vortex is interrupted in midwinter by
warming over the pole due to GW-driven subsidence from
the mesosphere [Kanzawa, 1989; Hitchman et al., 1989;
Garcia and Boville, 1994; Duck et al., 2001]. This warm
anomaly is less coherent in the boreal winter due to mid-
winter SSWs and mesospheric coolings in the Northern
Hemisphere (NH) [e.g., Labitzke, 1981].

[16] In both hemispheres, the summer anticyclones occur
poleward of ~30° latitude, where the stratopause is 20-30 K
warmer than in the winter polar night. There is a significant
difference in stratopause anticyclone occurrence between the
two hemispheres during winter, where late winter and spring
anticyclones occur between 30° N and 60° N but between
20° S and 40° S, reflecting the ability of the stronger austral
vortex to keep anticyclones from penetrating to higher
latitudes.
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Figure 2. Polar orthographic projections of (left) stratopause temperature, (middle) stratopause height,
and (right) longitude-altitude plots of temperature averaged between 55°N and 65°N for a case study in
the NH for 20, 23, and 26 January 2008. The Greenwich Meridian is oriented to the right. The polar vortex
(anticyclone) edge, based on GEOS data, is indicated by the thick black (white) contours. The thick gray

contour indicates the stratopause height.

[17] Figure 1b shows that in the NH, the polar stratopause
altitude inside the vortex increases toward the winter solstice
due to the lower solar zenith angle and increased altitude of
maximum solar heating. Planetary wave driven mesospheric
cooling events help lower the polar stratopause during boreal
winter (DJF) and austral spring, along with the return of the
Sun to higher zenith angles. In general, the climatological
zonal mean stratopause temperature and stratopause altitude
appear to be anticorrelated. Subsidence can lower and warm
the stratopause, while ascent can raise and cool the strato-
pause. However, we will find that the zonal mean tempera-
ture and height of the stratopause do not show a complete
picture of their relationship and zonal asymmetries must be
considered to understand the correlation between stratopause
temperature and height.

5. Geographic Patterns in Stratopause
Temperature and Height

[18] A primary aspect underlying the -climatological
results is the role of synoptic weather events during which
deep, tilted anticyclones move poleward and eastward
around the Arctic [e.g., Harvey et al., 2002] and Antarctic
[e.g., Mechoso et al., 1991; Farrara et al., 1992; Lahoz
et al., 1996] polar vortices. These events are responsible

for anomalies in multiyear, monthly mean distributions of
stratopause temperature and height in the NH winter. These
events are also observed in the Southern Hemisphere (SH),
but the amplitude of the stratopause temperature and height
anomalies is not as large, and the anticyclones move much
faster. Thus while there are distinct cases where cold and
low stratopause anomalies follow SH anticyclones, their
effects on multiyear monthly mean stratopause anomalies
are not as apparent as in the NH. Here we show a repre-
sentative case study in the NH to illustrate the daily evolu-
tion of the stratopause, polar vortices, and anticyclones
during such events. This is followed by a multiyear, monthly
mean climatology of stratopause temperature and height
anomalies and the mean geographic locations of the polar
vortices and anticyclones at the stratopause in both hemi-
spheres. In the Arctic, a separate 2-year “climatology” is
shown for the anomalous years of 2005/2006 and 2008/
2009.

5.1. Case Study: January 2008

[19] Figure 2 shows a case study in the NH that illustrates
the daily evolution of the Arctic vortex, anticyclones, and
stratopause on 3 days in which stratopause temperature and
height anomalies are associated with the location of the polar
vortex and anticyclones. MLS stratopause temperature
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(height) is shown in the left (center) column, similar to what
is shown by Manney et al. [2008a, Figure 8]. The polar
vortex and anticyclone edge, based on GEOS data, are indi-
cated by the thick black and white contours, respectively. At
the stratopause, temperature anomalies are out of phase with
respect to height anomalies. This can be understood in terms
of westward tilt with height and hydrostatic thicknesses, as
seen in longitude-altitude sections. The right column shows
the vertical temperature structure averaged between 55° N
and 65° N latitude. In the longitude-altitude sections the
stratopause is indicated by a thick gray contour, and the polar
vortex and anticyclones are depicted as in the polar maps.
The geographic patterns in stratopause temperature and
height during this case study are in very good agreement with
SABER; temperature and height differences are less than 2 K
and 2 km, respectively (not shown).

[20] On 20 January 2008 (top row) there is a large anti-
cyclone that extends from ~50°E to 170°E longitude and
30°N to 60°N latitude. The Arctic vortex is displaced from
the pole and is roughly centered over Greenland. The warm
and cold anomalies in stratopause temperature are offset by
~90° from the circulation systems; both the highest and
lowest stratopause temperatures are located near the vortex
edge, with the region of highest stratopause temperatures
(~280 K) lying near the boundary between the Arctic vortex
and the anticyclone over Siberia. The lowest temperatures
(~240 K) occur to the east of the anticyclone near the vortex
edge over the North Pacific and United States-Canadian
border. The stratopause is at highest altitudes inside the polar
vortex over North America and Greenland and at lowest
altitudes along the poleward flank of the anticyclone. The
longitude-altitude section shows the anticyclone and vortex
are tilted westward with height. The stratopause is warmest
and lowest between the eastern edge of the vortex and the
western edge of the anticyclone. Conversely, the stratopause
is coldest and highest between the western edge of the vortex
and the eastern edge of the anticyclone. This is a classic
example of a stratospheric baroclinic system described by
Thayer et al. [2010]. In the mesosphere, there is a cold pool
above the anticyclone and the warm anomaly located to the
east of the vortex in the stratosphere extends up to 80 km.

[21] This baroclinic system is particularly well defined on
23 January 2008 (middle row). By this date the anticyclone
has moved poleward and eastward and has expanded so that
it covers nearly 180° of longitude and from 30° N to the pole.
The vortex is distorted on this day; the anticyclone-vortex
pair is indicative of planetary wave breaking. Stratopause
height anomalies are in quadrature with the temperature
anomalies; the maximum and minimum temperature
anomalies are between the vortex and the anticyclone while
the height extremes are located inside the circulation systems.
There are large horizontal gradients in both the temperature
and height of the stratopause over the pole. Stratopause
temperature decreases more than 40 K from the Eastern
Arctic Ocean to the North Pacific and the stratopause height
slopes downward 20 km from Canada to Russia. These
structures are similar to front-like structures shown by Fairlie
et al. [1990]. The orthogonal relationship between the tem-
perature anomalies and the circulation systems indicates that
there is cold and warm air advection and vertical ageos-
trophic motion associated with planetary wave growth due to
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baroclinic instability [Thayer et al., 2010]. On this day a
second anticyclone develops over the subtropical Atlantic
Ocean. While there is not a stratopause temperature anomaly
associated with this anticyclone, the height of the stratopause
is ~5 km lower between this second anticyclone and the
polar vortex. The longitude-altitude plot shows that the vor-
tex and anticyclones tilt westward with height (though not as
severely as on 20 January), another indication that ageos-
trophic vertical motions associated with baroclinic instability
drive the temperature anomalies. The stratopause is below 35
km inside the anticyclone and near 60 km in the vortex. As on
20 January, there are low temperatures along the eastern edge
of the anticyclones due to local ascent and high temperatures
along the western edge of the anticyclones due to local
descent. This plot indicates low temperatures inside the
anticyclone at 70 km compared to temperatures inside the
vortex. The opposite is true at 30 km.

[22] On 26 January 2008 (bottom row) the stratopause
temperature and height anomalies are both collocated with
the high-latitude circulation systems. Inside the Aleutian
anticyclone, stratopause temperatures are low (245 K to 250 K)
compared to inside the polar vortex (270 K to 280 K). The
stratopause inside the second anticyclone (now over the
Mediterranean Sea) is ~5 K colder and ~8 km lower than at
other longitudes at the same latitude. The air inside this
second anticyclone originated from lower latitudes and the
lower, cooler stratopause reflects this origin. It is also pos-
sible that the tropical air inside the anticyclone cools radia-
tively and sinks, contributing to the lower stratopause. This
anticyclone continues to move poleward and eastward and
has similar stratopause temperature and height anomalies as
shown on 23 January (not shown). The longitude-altitude
area indicates that the vortex and Aleutian anticyclone are
vertically stacked, and westward tilting temperature anoma-
lies are no longer evident. This is an indication that the
system is barotropic and in its decaying phase [e.g., Holton,
2004]. In the stratosphere, the temperature structure indi-
cates large vertical gradients inside the vortex, while inside
the anticyclone the atmosphere is nearly isothermal. Note
that the coldest mesospheric longitudes lie over the anticy-
clone, shifting eastward with time as the anticyclone
becomes more barotropic. The cold mesosphere above the
anticyclone (compared to other longitudes) is the subject of
future work.

5.2. Monthly Mean Polar Maps of the Stratopause

[23] Here we show the evolution of multiyear monthly
mean stratopause temperatures and heights during the
months in which the polar vortices are present at the strato-
pause in each hemisphere. The vortex is well established
from October through March in the NH and from April
through October in the SH [e.g., Harvey et al., 2002,
Figure 11].

5.2.1. Northern Hemisphere Typical Seasons

[24] In the Arctic, a 5-year climatology is shown for years
in which the stratopause was not anomalously elevated. An
additional 2-year “climatology” follows for the anomalous
2005/2006 and 2008/2009 seasons. Figure 3 shows NH
polar projections of 5-year monthly mean stratopause tem-
perature (left column) and height (right column) for the
months in which the Arctic vortex is present in 2004/2005,
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Figure 3. NH polar orthographic projections of monthly
mean stratopause (left) temperature and (right) height. Sea-
sons included are 2004/2005, 2006/2007, 2007/2008,
2009/2010, 2010/2011. The Greenwich Meridian is oriented
to the right. Months from October through March are shown.
Thick black vortex (white anticyclone) contours represent
50% and 70% (30% and 70%) of the maximum frequency
of occurrence value at each grid point for a given month.
In March the anticyclone contour is 10%.

2006/2007, 2007/2008, 2009/2010, and 2010/2011. Thick
black (white) contours indicate locations where the polar
vortex (anticyclones) occur. Vortex (anticyclone) contours
represent 50% and 70% (30% and 70%) of the maximum
frequency of occurrence value at each grid point for a given
month. For March, the 10% anticyclone contour is shown.
This lower contour emphasizes that, while infrequent, high-
latitude anticyclones are observed in March. Locations
where anticyclone and vortex contours overlap represent
places where both anticyclones and the vortex occur at the
same grid point but on different days of the month.

[25] The monthly evolution of the stratopause, the Arctic
vortex, and NH anticyclones is as follows. During October,
the stratopause in the vortex is coldest (Figure 3a) compared
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to any other month of the year. The stratopause is ~10 km
higher inside the vortex compared to latitudes equatorward
of the vortex edge (Figure 3b). There are large horizontal
gradients in stratopause height inside the vortex with the
highest altitudes occurring in the vortex core. While the
stratopause height maximum is near the center of the vortex,
the stratopause is coldest at the edge of the vortex over
Canada. In November, both warm and cold stratopause
anomalies are located at the vortex edge (Figure 3c). Thus
taking a zonal average (even in equivalent latitude space)
would obscure zonal asymmetries that are common in the
NH. It is interesting to note that the cold anomaly over the
Canadian Arctic is warmer in November than every other
month except March. This is not well understood; we
hypothesize that in November, there is more GW-driven
descent than during October and less baroclinicity than in
DJF. The stratopause is at highest altitudes (~55 km) in
November (Figure 3d) compared to all other months shown.
The stratopause is elevated throughout the entire polar vor-
tex, with large gradients in stratopause height near the edge
of the vortex. During the autumn months, anticyclones are
generally confined to the subtropics and do not correlate
with anomalies in stratopause temperature or height.

[26] In December (Figures 3¢ and 3f), January (Figures 3g
and 3h), and February (Figures 3i and 3j), planetary “wave
17 signatures dominate the stratopause temperature patterns.
This is due to the climatological Aleutian anticyclone that is
present over 60% of the time at 60° N and the Date Line
[Harvey and Hitchman, 1996]. At this location, the strato-
pause temperature is ~20 K lower and the stratopause height
is 5-10 km lower in the vicinity of the anticyclone compared
to other longitudes. This can be understood in terms of the
baroclinic structure of the planetary waves [Simmons, 1974].
In the stratosphere, temperature usually decreases poleward,
so geostrophic flows around planetary wave ridges and
troughs advect cold air equatorward to the west of a trough
and warm air poleward to the east of the trough. From
hydrostatic thickness arguments this implies a westward tilt
with increasing altitude for the axes of height and tempera-
ture maxima. There is an important transition from a struc-
ture supporting baroclinic growth below the stratopause to
baroclinic decay above the stratopause in the time mean.
Near the stratopause, the vertical motion field associated
with the baroclinic wave becomes a primary mechanism
responsible for the offset between stratopause temperature
and height anomalies in the climatological mean [Thayer
et al., 2010].

[27] In March (Figures 3k and 31), the vortex and antic-
yclones weaken and stratopause temperature is generally
inversely correlated with stratopause height. The cold region
centered over the Canadian Arctic is colocated with strato-
pause height maxima.

5.2.2. Northern Hemisphere Anomalous Seasons

[28] Figure 4 shows NH monthly mean polar projections
for the two seasons in which the stratopause was anoma-
lously elevated (2005/2006 and 2008/2009). In October,
November, and December (Figures 4a—4f), this “climatol-
ogy” is similar to Figure 3, although stratopause temperature
in the cold pool over Western Canada and the North Pacific
monotonically decreases.

[29] In January (Figures 4g and 4h), the stratopause is
lower and colder over most of the hemisphere compared to

6 of 13



Do06116
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Figure 4. Same as Figure 3, but for the 2005/2006 and
2008/2009 seasons. For the stratopause height in February
and March, thin white contours are plotted every 4 km.

Figures 3g and 3h. Compared to the 5-year climatology
shown in Figure 3, dramatic differences in both the strato-
pause and the circulation are observed in February
(Figures 4i and 4j). During this month, the stratopause is
cold throughout a large zonally symmetric Arctic vortex but
the elevated stratopause is confined to the vortex core.
Stratopause height contours in February and March are
white and spaced every 4 km. In February, there are large
meridional gradients in stratopause height within the vortex
(Figure 4j). The height of the stratopause in the vortex
decreases from ~72 km at 80° N to ~53 km at 60° N and to
~48 km at 40° N (near the vortex edge). In March, only the
height of the stratopause inside the vortex is drastically dif-
ferent from Figure 31, with the highest value at 61 km
poleward of 75° N.
5.2.3. Southern Hemisphere

[30] Figure 5 is the same as Figure 3, but for the SH
months of April through October and using 7 years of data
from 2004 and 2011. In general, inside the Antarctic vortex
the stratopause warms continuously from April through
October. The height of the stratopause in the vortex rises
from April through June and then descends from June
though October. To first order, the evolution of stratopause
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temperature and height in the Antarctic vortex is due to GW-
driven descent maximizing in the winter followed by ozone
heating dominating in spring.

[31] The monthly evolution of the stratopause, the Ant-
arctic vortex, and SH anticyclones is as follows. From April
through June, stratopause temperatures are lowest at the
edge of the Antarctic vortex (Figures 5a, 5c, and 5¢), most
likely because there is weak ozone heating and weak GW-
driven descent. During these months, the height of the stra-
topause monotonically rises inside the vortex (Figures 5b,
5d, and 5f). In May, June, and to a lesser degree in July,
there is a sharp gradient (~10 km over 5° in latitude)
between the height of the stratopause inside versus outside
the vortex (Figures 5d, 5f, and 5h). During these months, the
relatively warm stratopause in the vortex is not pole cen-
tered; rather, the warmest region is displaced toward 45°E
longitude (Figures 5c, 5e, and 5g). This zonal asymmetry
may be due to the planetary wave train, excited by tropical
convection over Indonesia, which modulates the Antarctic
vortex [Hitchman and Rogal, 2010].

[32] In August, September, and October (Figures 5i
though 5n), the stratopause in the vortex warms and des-
cends. This is likely due to the return of sunlight to the polar

a) Apr

Temperature (K) Height (km)

Figure 5. Same as Figure 3, but in the SH for the months of
April through October. All years are included.
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Figure 6. Longitude-altitude plots of MLS temperature averaged between (left) 55 and 65°N for DJF and
(right) 45 and 55°S for JAS. The thick black, white, and gray contours represent the vortex, anticyclones,

and stratopause, respectively.

regions, increased planetary wave amplitudes, decreased
GW-driven descent in the mesosphere, and nonlinear wave-
mean flow interactions [e.g., Matsuno, 1970; Hitchman
et al., 1989]. In September and October, anticyclones are
observed between 40°S and 50°S; they form near South
America and move eastward and poleward where they
become quasi-stationary south of Australia [e.g., Mechoso
et al., 1991; Harvey et al., 2002]. While inspection of indi-
vidual days shows many cases where the stratopause is
coldest and at lowest altitudes inside the anticyclones, this is
not borne out in the multiyear monthly mean maps (we will
illustrate this point in section 6). An exception is that the
climatological mean stratopause is ~10 K colder inside the
anticyclones in September. The geographic pattern in stra-
topause temperature during this month agrees with Labitzke
[1974, Figure 3], who showed radiances at 2 hPa from
channel A of the Selective Chopper Radiometer experiment
onboard Nimbus 4.

5.3.

[33] In order to better understand the mechanism that leads
to the zonal asymmetries in the climatological stratopause
height and temperature, we now consider the vertical struc-
ture of temperature, and how it relates to the vortex and
anticyclones. Figure 6 shows the longitude-altitude plots of
temperature from 55 to 65°N (45-55°S) for the winter
months of DJF (JAS). Figure 6 is analogous to the right
column in Figure 2, but for multiyear seasonal averages.
Vortex (anticyclone) contours represent 40% and 80% (10%
and 50%) of the maximum frequency of occurrence value at
each grid point for the season.

[34] Inthe NH (Figure 6, left), all years are included since
the elevated stratopause was confined to higher latitudes
(Figure 4j and Randall et al. [2009]). In the Arctic during
DJF (Figure 6, left), the vortex and anticyclones tilt west-
ward, similar to what is observed in Figure 2 on individual
days. At stratopause altitudes (indicated by the gray line),

Winter Synopsis

the temperature is highest inside the vortex. In the antic-
yclones, the temperature is lower on the eastern flank com-
pared to the western edge. The westward tilted anticyclone
and vortex confirms that baroclinic instability is a prevalent
condition and associated ageostrophic vertical motions are
common. In particular, this results in ascent and cooling on
the eastern edge of the anticyclone and descent and warming
on the western edge of the anticyclone, leading to anomalies
in temperature observed at the stratopause. Similar condi-
tions are observed in the SH during JAS (Figure 6, right);
however, the degree to which the circulation systems are
vertically tilted as well as the horizontal temperature gra-
dients at the stratopause are both smaller than in the NH.
[35] The baroclinic growth time scale for the Charney
model, assuming a vertical wind shear of 60 m/s across the
layer 20-50 km, is about 20 days [e.g., Gill, 1982, equation
(13.4.3)]. The zonal scale for the linear maximum growth
rate is about 6000 km, which is close to wave one at 60° N
[Gill, 1982, equation (13.4.4)]. This suggests that transience
due to upwelling planetary wave energy from below, which
varies on timescales less than 1 week, is probably the dom-
inant process, but baroclinic energy conversion is likely to
be important in modulating the process. It is interesting that
the planetary wave structure decays above the stratopause,
consistent with the reversed temperature gradient, easterly
shear, and consequent lack of baroclinic energy conversion.
It is also consistent with Rossby wave breaking increasing
into the polar mesosphere [Hitchman and Huesmann, 2007].
[36] Figure 7 shows scatterplots of daily mean stratopause
temperature and height for the vortex (red) and the antic-
yclones (black) in the NH during typical DJF seasons
(Figure 7, left), in the NH during the two anomalous DJF
seasons (Figure 7, middle), and in the SH during JAS
(Figure 7, right). The mean and standard deviation of the
vortex (anticyclones) stratopause temperature and height are
indicated by the blue (gray) dots and bars in order to better
quantify the differences between the air masses. These plots
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Figure 7. Scatterplots of daily mean stratopause temperature and height in the polar vortex (red) and
anticyclones (black) in the (left) NH during typical DJF seasons, (middle) NH during anomalous DJF sea-

sons, and (right) SH during JAS. Figure 7 (left) inclu

des the seasons of 2004/2005, 2006/2007, 2007/2008,

2009/2010, and 2010/2011. Figure 7 (middle) shows the 2005/2006 and 2008/2009 seasons. Green circles

in Figure 7 (middle) show February 2006 and 2009.
standard deviation of the vortex (anticyclones).

show a distinct difference in the height of the stratopause in
the vortex and in the anticyclones. In Figure 7 (left) and
Figure 7 (right), the mean height of the stratopause in the
Arctic and Antarctic polar vortices is 51 km and 49 km,
respectively, and the mean height of the stratopause in the
anticyclones is 42 km and 46 km, respectively. The mean
temperature of the stratopause in the Arctic and Antarctic
vortex is 258 K and 269 K, while the mean temperature in the
anticyclones is 254 K and 261 K, respectively. Overall, the
stratopause temperature in the polar vortices and anticyclones
in both hemispheres displays a large fraction of overlap
(260 K +/—5 K). In the NH (SH), the daily mean anticyclone
stratopause temperature is more than two standard deviations
below the mean stratopause temperature in the vortex 20%
(17%) of the time. The stratopause height in NH (SH) antic-
yclones is more than two standard deviations below the mean
stratopause height in the vortex 89% (17%) of the time.

[37] For the anomalous seasons of 2005/2006 and 2008/
2009 in the NH (Figure 7, middle), the stratopause in the
Arctic vortex has a mean height of 53 km and a mean tem-
perature of 255 K, while the anticyclones have a mean
height of 42 km and a mean temperature of 255 K. It
appears, however, that the vortex means are skewed by the
cluster of low-temperature/high-altitude points corresponding
to the occurrence of the elevated stratopause during February
of these two seasons (indicated by the green circles). If
these days are removed from the analysis, the resulting
mean stratopause temperature and height in the vortex and
anticyclones is 259 K and 52 km, which is within 4 K and
1 km of the mean when these anomalous days are included,
indicating that these points have a small affect on the mean
of the stratopause height and temperature.

6. Interannual Variability

[38] In order to better understand the statistical signifi-
cance of the climatology, it is important to quantify the
interannual variability of stratopause temperature and height

The blue (gray) dots and bars show the mean and one

inside the polar vortices and anticyclones. Figures 8 and 9
show the stratopause temperature (left) and height (right)
as a function of time in the vortex (top) and anticyclones
(bottom) in the NH (Figure 8) and SH (Figure 9). In both
Figures 8 and 9, thin colored lines denote individual years,
the thick black line indicates the mean for all years, and the
gray shading is one standard deviation from the mean.

6.1.

[39] Figure 8 shows that from late October through Janu-
ary, stratopause temperature in the NH vortex (top left)
generally increases by ~15 K and the stratopause descends
~10 km (top right). However, individual years show large
(>5 K and ~3 km) fluctuations on weekly timescales. In
January and February, there is large (>10 K and >10 km)
interannual variability in both stratopause temperature and
height in the vortex. On average the stratopause temperature
in the vortex decreases from January to the beginning of
March, but in any individual year the temperature variation
is much more complex, with 2006 and 2009 showing
increases much earlier than the other years. Year 2010 also
stands out in that the stratopause temperature in the vortex is
higher than in other years in late January but decreases
rapidly. Dynamics in 2010 were similar to but not as
extraordinary as in 2006 and 2009 [Ayarzagiiena et al.,
2011]. Mean stratopause height in the vortex increases
from January through February, but this increase is largely
due to the elevated stratopause events in 2006, 2009, and, to
a lesser degree, 2010. The other four years show little
change in stratopause height from January through March.

[40] The stratopause temperature and height inside NH
anticyclones poleward of 40° N (bottom row) are distinctly
different from in the Arctic vortex. The gap in October is
a result of a lack of anticyclones poleward of 40° N at
the stratopause. From November through May, the strato-
pause inside the anticyclones is consistently colder and at
lower altitudes compared to in the vortex. There is also

Northern Hemisphere
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Figure 8. Time series of (left) stratopause temperature and (right) stratopause height inside (top) the
Arctic vortex and (bottom) NH anticyclones poleward of 40°N. The thin contours represent a 5-day
running mean for each year. Thick black lines represent the daily mean for all years, and the gray
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larger (~10 K, ~5 km) interannual variability and large
variability on daily timescales (as seen by the rapid fluc-
tuations in the colored lines).

[41] The interannual variability of stratopause temperature
and height in NH anticyclones is about 10 K and 5 km,

SH Vortex T

respectively. However, there is a distinct late-December
minimum in interannual variability of NH anticyclone stra-
topause temperature and height. This occurs during a 2 week
period in which the vortex stratopause temperature is
increasing and the vortex stratopause altitude is decreasing.

SH Vortex Z

290 '
280

270
2600 .
2500

240° 3

230 ¢ 3
220

30¢ E

Strotopause Altitude (km)

20

Stratopause Temperature (K)

A M J J A S O
SH Anticyclone T

A°M J J A S O
SH Anticyclone Z

290
280 F 3

270¢
260
250
240¢

230 3
220

Stratopause Temperature (K)

70

60 F E

50

40

30t E

Stratopause Altitude (km)

20

A M J J A S O
2004 2005 2006

2008 2010 2011

Figure 9. As Figure 8 but for the SH. Anticyclones poleward of 20°S are included.
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Investigating the cause of this is beyond the scope of this
work.

6.2. Southern Hemisphere

[42] Figure 9 shows the SH time series of stratopause
temperature (left column) and height (right column) in the
Antarctic vortex (top row) and in SH anticyclones poleward
of 20° S (bottom row). In the SH, there is smaller interan-
nual and intraannual variability in stratopause temperature
and height in both the vortex and the anticyclones compared
to in the NH, as expected. From May though June, GW-
driven descent strengthens, causing ~10 K warming of the
stratopause in the Antarctic vortex and an elevated strato-
pause of 55 km in June, when the GW-driven descent is
strongest. From July to October, the stratopause gradually
descends ~7 km and warms 20 K as GW-driven descent
weakens and ozone heating becomes dominant as sunlight
returns to the Antarctic.

[43] As in the NH, the stratopause in the SH winter and
springtime anticyclones (bottom row) is colder and at lower
altitudes compared to the stratopause in the Antarctic vortex.
The gap from April to June is a result of a lack of antic-
yclones poleward of 20°S at the stratopause. There is less
interannual and intraannual variability in stratopause tem-
perature and height compared to in the NH, and variability
increases somewhat during SH spring, as expected. There
are some cases, however, when the daily mean stratopause
temperature and height fall below one standard deviation
from the 7-year mean. These occur in September 2004,
August 2005, and September 2007, following cases of bar-
oclinic instability.

7. Conclusions

[44] In this work we show a 7-year climatology of strato-
pause temperature and height using MLS data from August
2004 through July 2011 and interpret stratopause tempera-
ture and height anomalies with respect to the location of the
polar vortices and anticyclones based on GEOS meteoro-
logical data. The climatology in the NH is divided into
seasons in which there was an elevated stratopause (2005/
2006 and 2008/2009) and more typical years (2004/2005,
2006/2007, 2007/2008, 2009/2010, 2010/2011). In the NH
winter, planetary-scale anticyclones move eastward and
poleward and become stationary near the Aleutian Islands.
In the SH spring the anticyclones move rapidly eastward and
poleward and become stationary south of Australia. The
culmination of repeated synoptic events leads to anomalies
in monthly mean stratopause temperature and height. These
monthly mean anomalies are most evident in the NH in DJF
and in the SH in JAS.

[45] Monthly mean geographic patterns in MLS strato-
pause temperature and height show that, in both hemi-
spheres, the stratopause is cold and elevated in the vortex
during formation. In midwinter, as a result of GW-driven
descent, the stratopause is generally elevated and warm in
the polar vortices. These results are consistent with the
monthly mean zonal mean temperature and zonal wind
patterns shown by Hitchman et al. [1989]. This work fur-
thers current understanding of the morphology of the stra-
topause by emphasizing the role of synoptic events in which
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anticyclones establish zonally asymmetric climatological
patterns in stratopause temperature and height, especially in
the NH during DJF and in the SH in JAS.

[46] During the Arctic winter, stratopause temperature is
~20 K lower and stratopause height is 5-10 km lower in the
vicinity of the Aleutian anticyclone compared to other
longitudes. The geographic distribution of stratopause tem-
perature and height anomalies and their relationship to the
climatological positions of the NH anticyclones and the
Arctic polar vortex is a direct result of ageostrophic vertical
motion resulting from baroclinic instability [Thayer et al.,
2010]. Since NH westward tilting anticyclones occur over
60% of the time during these months, baroclinic effects are
observed in multiyear monthly means.

[47] During September in the Antarctic, the stratopause
is, on average, 10 K colder inside anticyclones south of
Australia than outside of the anticyclones. The low strato-
pause height anomalies observed on daily timescales in
the SH spring are obscured from the monthly mean by the
rapid poleward and eastward movement of the anticyclones.
In the time series, several of these events are indicated by
the sharp drop in stratopause height in the anticyclones.
The time series also demonstrate that the climatological
features discussed in this paper are representative of the
individual years, and the interannual variability is small
compared with annual variation in the mean, particularly in
the vortex.

[48] We show the climatological mean vertical structure of
temperature, the polar vortex, anticyclones, and the strato-
pause near 60° latitude in the NH during DJF and near
50° latitude in the SH during JAS. In both hemispheres, the
vortex and anticyclones tilt westward with height, lending
further confidence that ageostrophic vertical motions asso-
ciated with baroclinic instability are common. At stratopause
altitudes, low temperatures are associated with local ascent
along the eastern edge of the anticyclone. Likewise, high
temperatures are observed along the western edge of the
anticyclone associated with local descent. In the NH (SH),
the daily mean anticyclone stratopause temperature is more
than two standard deviations below the mean stratopause
temperature in the vortex 20% (17%) of the time. The stra-
topause height in NH (SH) anticyclones is more than two
standard deviations below the mean stratopause height in the
vortex 89% (17%) of the time.

[49] The interannual variability in stratopause temperature
and height in the polar vortices and anticyclones in both
hemispheres is shown. In the Arctic vortex during Novem-
ber and December, individual years show large (>5 K and
~3 km) fluctuations on weekly timescales. In January and
February, there is large (>10 K and >10 km) interannual
variability in both stratopause temperature and height in
the vortex. In NH anticyclones, there is larger (~10 K and
~5 km) interannual variability and larger (>20 K and
>10 km) variability on daily timescales. In the SH, there is
smaller interannual and intraannual variability in stratopause
temperature and height in both the vortex and the antic-
yclones compared to in the NH, as expected.

[s0] Overall, this work emphasizes the need to consider
zonal asymmetries in stratopause temperature and height
when calculating middle atmosphere temperature trends.
Future work will explore whether upper stratospheric
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cooling trends are confined to and/or are pronounced in
specific geographic regions.
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