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Abstract. A quantitative analysis on the relationship be- PSC areal extent at an altitude of 15km by about 30% in
tween atmospheric waves and polar stratospheric cloudSeptember. Similar analyses are performed for the Northern
(PSCs) in the 2008 austral winter and the 2007/2008 boreaHemisphere. It is shown that almost all PSCs observed in
winter is made using CALIPSO, COSMIC and Aura MLS the Northern Hemisphere are attributable to low temperature
observation data and reanalysis data. A longitude-time secanomalies associated with planetary waves.

tion of the frequency of PSC occurrence in the Southern
Hemisphere indicates that PSC frequency is not regionally

uniform and that high PSC frequency regions propagate east-

ward at different speeds from the background zonal wind.1 Introduction

These features suggest a significant influence of atmospheric

waves on PSC behavior. Next, three temperature thresholdBolar stratospheric clouds (PSCs) are the clouds that appear
for PSC existence are calculated using HNfDd HO mix-  in the lower stratosphere in polar regions and play two key
ing ratios. Among the three, tH&rs (a threshold for super roles in the catalytic destruction of polar stratospheric ozone
cooled ternary solution)-based estimates of PSC frequencySolomon, 1999). First, PSC particles serve as an environ-
accord best with the observations in terms of the amountment for heterogeneous reactions that convert inactive chlo-
spatial and temporal variation, in particular, for the latitude rine and bromine reservoirs into reactive forms. Second, the
ranges of 56S5-70 S and 58 N-85’ N. Moreover, the ef-  uptake of HNQ into PSC particles and subsequent gravi-
fects of planetary waves, synoptic-scale waves and gravityational sedimentation of the particles remove reactive odd
waves on PSC areal extent are separately examined using tititrogen NG from the lower stratosphere (denitrification),
Tstsbased PSC estimates. The latitude range 8850 S which extends the lifetime of reactive chlorine significantly.

is analyzed because ttigrsbased estimates are not con-  Although PSCs are observed at high latitudes in both
sistent with observations at higher latitudes7g® S) above  hemispheres, PSCs appear more frequently in the Antarctic
18km, and PSCs in lower latitudes are more important to thehan in the Arctic because temperatures in the Antarctic are
ozone depletion because of the earlier arrival of solar radigenerally lower than in the Arctic due to weaker planetary
ation in spring. It is shown that nearly 100 % of PSCs be-wave activity in the Southern Hemisphere. Although PSCs
tween 58S and 70S at altitudes of 16-24 km are formed are commonly observed over most of the Antarctic region
by temperature modulation, which is influenced by plane-jn austral winter (June to September), the most favorable
tary waves during winter. Although the effects of synoptic- regions for PSCs are over the Antarctic Peninsula and ice
scale waves on PSCs are limited, around an altitude of 12 kmgheets of the East Antarctic (Pitts et al., 2007; Wang et al.,
more than 60 % of the total PSC areal extent is formed by2008). In contrast, PSCs appear sporadically in the North-
synoptic-scale waves. The effects of gravity waves on PSGern Hemisphere winter. In particular, PSC amounts signifi-
areal extent are not large in the latitude range 6f$570'S.  cantly decrease when sudden stratospheric warming occurs.
However, at higher latitudes, gravity waves act to increaserhe larger amounts of PSCs in the Antarctic lead to more
intense denitrification than in the Arctic. The difference in
the PSC climatology and evolution of chemical compositions

Correspondence tayl. Kohma between the two hemispheres results in asymmetry in strato-
BY (kohmasa@eps.s.u-tokyo.ac.jp) spheric ozone depletion (Solomon, 1999).
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Since PSCs were first observed more than a century agtmpographically-forced gravity waves (mountain waves) and
(Jargensen, 2003), a lot of observations of PSCs have beahat NAT PSCs grow through heterogeneous nucleation on
performed based on remote sensing technologies such dke ice (Carslaw et al., 1998). Using models including PSC
ground-based, airborne, satellite solar occultation instru-microphysics and mountain wavesgpfner et al. (2006)
ments and satellite lidars. The satellite lidars are superiomand Eckermann et al. (2009) show that the heterogeneous
to the other instruments in the better spatial resolution anchucleation of NAT particles on ice caused by mountain
globally spatial coverage (Pitts et al., 2007). Previous ob-waves around the Antarctic Peninsula and Ellsworth Moun-
servational studies have shown the climatology of PSCs irtains may explain the distribution of NAT particles observed
terms of their occurrence at low temperatures, spatial distriby the Michelson Interferometer for Passive Atmospheric
bution and seasonal variability. Lidar observations showedSounding (MIPAS). Using Challenging Mini-Satellite Pay-
that PSCs are categorized into three major types: nitridoad (CHAMP) radio occultation observations, McDonald et
acid tri-hydrate (NAT, Type l1a), super-cooled liquid ternary al. (2009) show that gravity waves increase the frequency of
solution droplets (STS, Type 1lb) and water ice (Type 2).temperatures beloWnar in June in the Antarctic, in par-
PSCs containing high number densities of NAT can act adicular around the Antarctic Peninsula, which is known as a
mother clouds for extremely large NAT particles (so called mountain wave “hotspot”. Shibata et al. (2003) pointed out
“NAT rocks”) (Fahey et al., 2001; Fueglistaler et al., 2002). that non-orographic gravity waves generated by spontaneous
These rock particles efficiently remove HN®@om the lower  adjustment which is related to synoptic-scale wave breaking
stratosphere with their large sedimentation velocity (Fahey etilso have an impact on the formation of ice particles. This re-
al., 2001; Shibata et al., 2003). The NAT formation temper- sult indicates that the impact of gravity waves is not restricted
ature ('nar) is derived by Hanson and Mauersberger (1988),to above high mountains.
and although dominant nucleation mechanisms remain un- Several studies show the relationship between air parcel
certain and controversial (Lowe and MacKenzie, 2008), thehistory and PSCs (e.g. Eckermann et al., 2009). However,
correlation coefficient between the potential PSC volumesas mentioned above, Rex et al. (2004) showed a clear linear
using Tnar and the Arctic ozone depletion is more than relationship between Arctic ozone depletion and PSC vol-
0.9 (Rex et al., 2004). STS particles which are composedime, defined as volumes where local temperature is below
of ternary HNQ/H>SOs/H20 particles (Rosen, 1971) are Tnar- Rex et al. (2002) also showed that areas where tem-
formed by the condensational growth of background stratoperatures are lower thafyar closely reproduce the heights
spheric aerosols. Carslaw et al. (1998) show that these partand times for which PSC were observed by Polar Ozone
cles are observed in regions where the temperature is loweerosol and Monitoring (POAM lll) and a ground-based li-
than 3-4K belowInar (Tstg). STS particles do not grow dar in the Arctic. Pitts et al. (2007, 2009) confirmed that PSC
large enough to cause a significant denitrification throughestimations based on these temperature thresholds accord
their sedimentation. Ice particles can exist at temperaturesvell with the observations by Cloud-Aerosol Lidar and In-
below frost point {icg). Previous studies (Tabazadeh et al., frared Pathfinder Satellite Observations (CALIPSO) in both
1997; Koop et al., 1998; Carslaw et al., 1999) show by labo-Antarctic and Arctic winters.
ratory experiments and observations that ice particles form at For a better understanding of stratospheric ozone destruc-
temperatures of 2—4 K belofyce (Tice-nu)- In the Antarctic,  tion in association with PSCs, a quantitative analysis on the

synoptic-scale temperature fields can be lower thag-n, relationship between atmospheric waves and PSCs is needed.
while temperatures in the Arctic are rarely bel@yg-ny, For this purpose, we examine four kinds of observation data:
except for regions where gravity waves are dominant (e.gPSC data from CALIPSO, $0 and HNQ data from a satel-
Carslaw et al.,1998). lite microwave limb sounder (Aura MLS; EOS Microwave

Atmospheric waves such as planetary-scale, synopticLimb Sounder on Aura spacecraft), reanalysis data (ERA-
scale and gravity waves can cause strong temperature fluctunterim; ECMWF Re-Analysis Interim) and high-resolution
ations in the stratosphere and hence affect PSC amounts amtly temperature data from GPS radio occultation obser-
compositions. Teitelbaum and Sadourny (1998) observediations (COSMIC/FORMOSAT-3; Constellation Observing
PSCs in the Arctic and Antarctic in association with strong System for Meteorology lonosphere and Climate/Formosa
planetary-scale uplifts of isentropic surfaces, in which air Satellite Mission-3). Although an analysis is made of the
temperature lowers while mixing ratios of minor constituents three winters of 2007, 2008 and 2009 in the Antarctic and
are maintained. Also, PSCs and localized ozone minimaof the two winter periods of 2007/2008 and 2008/2009 in
have been observed in the Arctic, along with the appearancéne Arctic in this study, only the results for typical time pe-
of synoptic-scale anticyclonic potential vorticity anomalies riods of June through September 2008 in the Antarctic and
near the tropopause, which cause an uplift of isentropic suref December 2007 through February 2008 in the Arctic are
faces in the lower stratosphere (Teitelbaum et al., 2001).  shown. The ozone hole area, defined as the region with total

Gravity waves are thought to be responsible for NAT nu- column ozone below 220 Dobson Units to the south 6f3,0
cleation in the Arctic. Several studies show that ice particlesin the austral winter of 2008 is largest among these three aus-
are formed in low temperature anomalies in association withtral winters. PSCs are scarcely observed in the boreal winter
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of 2008/2009 because stratospheric warming occured in Jar2008; Pitts et al., 2009), this study mainly examines PSCs in
uary 2009. terms of spatial and temporal variations.

A detailed description of the data used in this study can
be found in Sect. 2. Characteristics of PSCs observed by-2 ERA-Interim data
CALIPSO satellite are described, and the validity of estima- ! o )
tions of PSC amounts based on temperature thresholds a;lé) analy;e the 'temperature fields containing atmpsphenc
shown in Sect. 3. Section 4 shows the dynamical mechavaves with horizontal scales larger than synoptic-scales
nism of low temperatures caused by atmospheric waves. Th@aboUt several-hundred km)_, ERA-Intenm_data (Dee et al.,
effects of atmospheric waves on PSC amounts in the Southgon) are used. The horizontal resolution of the ERA-

ern and Northern Hemispheres are quantitatively examineéim(_e”m data is 1.5x 1.5", and the temporal interval is 6 h.
in Sects. 5 and 6, respectively. The summary and concludin aily-averaged data at 14 vertical levels between 300 hPa
remarks are given in Sect. 7 nd 10hPa are used in this study. Although the vertical

grid points of ERA-Interim data are originally archived in
terms of pressure, the data are linearly interpolated at a
geopotential-height interval of 100m to make comparison
with CALIPSO observations easier. Wind data are also used
21 CALIPSO data to calculate the potential vorticity on isentropic surfaces.

Figures 1a and 1b show the time-altitude sections of zonal-
CALIPSO's payload consists of the Cloud-Aerosol Lidar Mean zonal wind/and zonal-mean temperatufeaveraged
with Orthogonal Polarization (CALIOP), the Wide Field Overalatitude region of 535-85 S for the time period May
Camera and the Imaging Infrared Radiometer (Pitts et al.through October, 2008. In June through September, strong
2007). In this study, the CALIOP Level 2 Vertical Feature WeSterly winds £40 mS‘ll) occur above 25km. Tempera-
Mask (VFM) data product (version 3.01) is used to exam-{ure is quite low {-192 K) in the altitude range of 18-27 km
ine PSCs. CALIPSO is operated in a°98clination orbit N 1ate June through August. In late August, the altitude re-
and provides measurements extending to the highest latitud@/on whereT" is lower than 192K gradually disappears. It
of 82°. CALIOP is suitable for the observation of PSCs be- IS Worth noting that a rapid rise in temperature2(K) is ob-
cause of its high vertical and horizontal resolutions and itsServed during 6-7 August. Figure 1c and d are the same
high sensitivity to optically thin clouds. The data product de- @S Fig. 1a and b but are averaged over the latitude range of
scribes the vertical profiles of cloud and aerosol layers along®>” N-85"N from November 2007 through March 2008. In-
the track of CALIPSO. Vertical (horizontal) resolutions are créasingly rapid temperature rises are observed with higher
60 m (1000 m) in the altitude range of 8.2—20.2 km and 180 mltitudes. In partmqlar, after 22 February, temperature rises
(1667 m) in the altitude range of 20.2-30.2km. In this data€Xtend down to altitudes of about 10km, and zonal winds
product, cloud and aerosol layers are categorized into feab€come easterly in the latitude range of 885 S.

ture types. One type, “stratospheric”, includes the cloud an
aerosol layers with bases above the tropopause, which is d .3 COSMIC/FORMOSAT-3 data

termined from static stability in the Global Modeling and As- In order to analyze gravity waves, dry temperature data from
similation Office (GMAQO) Goddard Earth Observing System GPS occultation measurements by COSMIC/FORMOSAT-3
Model Vergi(_)n 5 (GEOS-5) meteorological da_1ta set, follow- (hereafter referred to as COSMIC) are used. The dry temper-
Ing the definition of World Meteorology Orgqnlzatlpn. How- ature profiles are calculated from observed refractivity under
ever, becausc_a there is usually a_weak minimum in the Mg assumption that water vapor pressure and electron den-
pgrature _profyle a_t around an ‘,”dt,'tUde of 25km in the pOIf"‘rs,ity are negligible. According to Schreiner et al. (2007) and
night region in winter, determining tropopause from static Shepherd and Tsuda (2008), the accuracy of dry tempera-
stability is occasio_nally inaccurate. _ Thus, in some Casesy .o observations at the altitudes between 10 km and 30 km
PSC.:S are categorized as “clouds” |_n“the tr‘f)posp”here. T8s better than 0.5 K. Although the nominal vertical resolution
avoid this problem,.both stratospheric and. .ClOUd feature_ of the temperature profiles is about 0.1 km, the effective ver-
types above an altitude of 11km are classified as PSCS i) regolution is about 1 km in the upper troposphere and
this St“?'y- So as Fo make. the data slze smaller, the C,ALIOPstratosphere (Shepherd and Tsuda, 2008). Note that GPS ra-
data, with an original vertical resolution of 60 m _at altitudes dio occultation observations including COSMIC have been
0f 8.2-20.2 km, are averaged every 180 m, making the sam@sq i the data assimilation process for ERA-Interim since

resolution as for 29.2—30.2k-m. ) 2006. The bias between the two is less than 0.5K, which
CALIOP transmits laser light simultaneously at 532nm jg negjigible for PSC analysis in this study. See Anthes et
and 1064 nm at a pulse radiation rate of 20.16 Hz, and meag; (2008) for more details of COSMIC.

sures the backscatter intensity at 1064 nm and two orthogo-
nally polarized components at 532 nm. Although PSC type
classification can be performed using these data (Noel et al.,

2 Data description
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Fig. 1. Time-altitude sections &) U and(b) T averaged within the latitude range 0f’55-8% S in May through October 2008 aiic) U
and(d) T within the latitude range of 39\N—-85° N in November 2007 through March 2008. Arrows on the bottortbdpfind on the top of
(d) show timings when warmings occur.

2.4 Aura MLS data agnostic estimation of PSCs using these temperature thresh-
olds ignores the detailed microphysics and sedimentation of
In order to estimate the temperature thresholds for PSCs agarious particles.
accurately as possible, the observation data of kiN@d In previous studies, the spatial and temporal variations of
H»0 from MLS on the Aura satellite (version 2.2) are used. the mixing ratios of HN@ and/or BO have often been ig-
Detailed discussions on validity of HN@nd HO datafrom  nored (i.e. HNQ@ and/or BO is assumed to be constant) for
Aura MLS are found in Santee et al. (2007) and Lambert etcalculating the temperature thresholds. However, uptake of
al. (2007), respectively. The along-track and vertical reso-HNO3; and HO into PSC particles decreases the mixing ra-
lutions are respectively several-hundred km and several kntios of HNO; and HO in the lower stratosphere, and conse-
in the lower stratosphere. As a part of the A-Train satellite quently the temperature thresholds become lower in middle
constellation, Aura satellite and CALIPSO follow almost the and late winter than in early winter. To include these varia-

same orbit. tions in our quantitative analyses, the observed mixing ratios
of HNO3 and HO are averaged within 20< 5° longitude-

2.5 Estimation method of PSC using temperature latitude grid boxes and over one day at each level. Then,

thresholds they are interpolated linearly into the same horizontal grids

as those of the reanalysis data. A linear vertical log-pressure
A temperature threshold for Type 1a PSIn47; Hanson interpolation into the same pressure levels as those of the re-
and Mauersberger, 1988) is estimated based on the MLS otgnalysis is also performed. Using these rearranged $INO
servations. Following Carslaw et al. (1994), STS formationand HO data,Tnar, Tsts and Tice-nu are obtained at each
temperatureXsts) is assumed to be 3.5K belofiar. The  grid point.
ice frost point temperaturdice) is calculated using the for- It is worth noting that lower mixing ratios of HNgand
mulae derived by Marti and Mauersberger (1993). PreviousH20 caused by denitrification and dehydration are difficult
studies show that ice particles are formed at temperatureto detect, and the values that are observed may not be accu-
which are 2-4K lower thaficg (Tabazadeh et al., 1997, rate. In austral winter, in particular in July and August, there
Koop et al., 1998). In this study, the temperature thresholdare negative values in the HN®bservation data around an
for Type Il PSCs {ice-nu) is defined as the temperature that altitude of 22 km (Santee et al., 2007). In calculation of tem-
is 3K belowTice. TstsandTice-ny are derived at each grid perature thresholds in the present study, these negative mix-
point using the same methodology as fiyar. Note that  ing ratios are not included.
Tnar and Tsts are functions of the mixing ratios of HNO
and HO and atmospheric pressure, whilgg-ny is a func-
tion of the O mixing ratio and pressure. Note that the di-
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3 PSC frequency observed by CALIPSO and estimates (km)
by temperature thresholds 28}

The frequency of PSC occurrenég hereinafter referred to

as PSC frequency, is obtained using CALIPSO observation
data for each day at vertical intervals of 1 km withir? 205°
longitude-latitude grid boxes. PSC frequency is defined as I
the ratio of the number of cases where PSCs were detected T T T T

to the total number of observations. The size of grid boxes is
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chosen so that more than 90 % of grid boxes in the latitude > 8 #r “\ i
range of 60 S—80 S contain at least 10 observations. The S22 J ]
total number of observations is usually about 160 for each <8 > 1
grid box. 12 y
Figure 2 shows latitude-altitude sections of zonal-mean SR .
monthly-mean PSC frequency in the time period of June 28[ ' ' ]
through September 2008. More than 99 % of PSCs in the .o 24F .
Southern Hemisphere are observed in the latitude and alti- g 3 20f -
tude region of 55S-85 S and 11-30 km. This region is the <z &

\J

focus of the following analyses in the Southern Hemisphere,
and therefore constitutes the major component of this paper. =
Figure 3a shows a longitude-time section of PSC fre- '
quency averaged within the range of°@&-70 S and 18-
20 km in the time period from June through September 2008.
The altitude range of 18-20 km was chosen because PSCs
are frequently observed there (see Fig. 2). Note that data
during 3-11 June, 18-22 July, 8-10 September and 26-30
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September are missing. PSC frequency increases in June and =80 70 60 50

decreases in September. Although it is clear that PSCs are Latitude (deg)
. . . T T T T

observed in most longitudes, they appear most frequently in 1 20 40 60 80 100 (%

the longitude range®8-9C° W in June and September, which

is consistent with previous studies using CALIPSO observa-Fig. 2. Latitude-altitude sections of zonal-mean monthly-mean

tions (Pitts et al., 2007; McDonald et al., 2009). It is interest- PSC frequency”, in June through September 2008, obtained from

ing to note that high¥ regions propagate eastward, which ac- CALIPSO data.

cords well with the movement of low temperature anomalies.

The propagation speeds of highregions are concentrated HNO3z and HO mixing ratios from Aura MLS. Th&nar-

around 20 ms?, as shown by a solid arrow in Fig. 3a. This based PSC frequency for each grid box is defined as the ratio

is slower than the zonal-mean zonal wind (about 35Ms  of the number of grid points witli' <Tnar to the total num-

at this level (a dashed arrow). Similar patterns of propaga-ber of grid points. Similarly, PSC frequencies are calculated

tion and regional dependence for PSC frequency are also olalso based offsts and Ticg-nu.

served in the austral winters of 2007 and 2009 (not shown). Figure 3b—d show the longitude-time sections of PSC fre-

These facts suggest that the eastward propagation of higuencies averaged for the latitude range ¢f$570 S and

F regions is not simply due to advection of PSCs by back-18-20 km based ofiyar, TsTs, andTice-nu, respectively. It

ground wind but due to modulation by atmospheric waves. is clear thafstsbased PSC frequency estimates accord best
The propagations of high region with propagation speed among the three with observations by CALIPSO (Fig. 3a) in

of 20 ms'! are mainly observed in June through July and as-terms of magnitudes of PSC frequency and eastward propa-

sociated with the movement of wavenumber-2 structure ofgation speeds. On the other hand, Thgr-based estimates

temperature anomaly (contours in Fig. 3b—d). More slowly are much larger than observations. Reflecting the fact that

eastward propagating patterns are observed in early Au- Tice-ny values are usually below those @§rs and Tnar,

gust and early September, in association with the zonallice-n,-based estimates are smaller than Tees-based es-

wavenumber-1 structure of temperature. timates. It is worth noting that whil&stsbased PSC fre-
The most frequently-used proxy to estimate PSC areal exguencies greater than 10% are observed in regions where

tent is the area wherE < Tnat (€.9. Rex etal., 1999, 2004). T < 194K in June, they are also observed in regions where

The Tyar-based PSC frequency is calculated withifi 206° T < 192K in late August. This is likely becaudgs de-

longitude-latitude grid boxes at the altitudes of 18-20 km creases due to a reduction in Hjl@nd HO mixing ratios

for each day using temperature from ERA-Interim data andfrom their uptake into PSC particles.

www.atmos-chem-phys.net/11/11535/2011/ Atmos. Chem. Phys., 11, 1MB#32-2011
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(a) CALIPSO z=18-20km (b) TNAT-based z = 18-20km (c) Tsts-based z = 18-20km (d) TicE-nu-based z = 18-20km
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Fig. 3. (a)Hovmbller diagram of PSC frequency from CALIPSO observations in austral winter of 2008 averaged within an altitude range
of 18-20km in the latitude range of 85—70 S. Time periods surrounded by black solid lines denote time periods when CALIPSO data
are missing. A solid arrow shows the zonal velocity (20mh)sof high F regions. A dashed arrow shows zonal-mean zonal wind speed
(35m s, (b) The same ag) but for theF estimates based diyat as a temperature threshold. Contour lines show temperatures at 50 hPa
from ERA-Interim data at an interval of 2 K¢) and(d) The same agb) but for TstsandTicg-ny as temperature thresholds, respectively.

Figure 4 shows results for a higher latitude range 6f§5  tions, our analysis will focus on PSCs mainly in the lower lat-
80° S. PSC frequency observed by CALIPSO is higher atitudes usinglsts-based PSC frequency estimates. It should
higher latitudes. Howeverfstsbased estimates do not also be emphasized that PSCs in lower latitudes are more
match the observations, in particular, in low temperatureimportant to ozone depletion because of the earlier arrival
(T <184K) regions in July and August. It is likely that se- of solar radiation in spring. In addition, even at latitudes
vere denitrification and dehydration during this time period higher than 70S, temperatures at altitudes of 12—15km are
cause extremely large reductions of HN@&nhd HO mixing not low enough to cause strong denitrification and dehydra-
ratios, meaning that they are too small to be detected by MLSion. Thus, Tsts-based estimates become accurate at lati-
measurements. In addition, as Pitts et al. (2007) point out, théudes higher than P and between 12 and 15 km.
temperature thresholdar, 7stsandTice will be underes-
timated if they are not calculated using “total” HY@nd ) )

H,O mixing ratios, i.e. gas phase mixing ratios plus those? Temperature fluctuation caused by atmospheric
of HNO3 and HO which have been taken up into the PSC ~ Waves in the lower stratosphere

particles. Thus, the values @&ts can be underestimated in 41 Planetary and svnontic-scale waves
regions where PSC amounts are large. Optically thin PSCs” ry ynop

may not be detectable by CALIOP (Pitts et al., 2007). It A5 shown in Sect. 3, the eastward propagation of high-PSC-

should be also noted that the estimated PSCs based on tefgqyency regions accords well with low temperature anoma-
perature thresholds ignore detailed cloud microphysics (€.gijes which are likely associated with atmospheric waves. In

the rate pf formgtion and e_vaporation of PSC particles diffen)is section, we discuss how planetary and synoptic-scale
and sedimentation of particles (Sect. 2.5). waves cause low temperature anomalies. An analysis was

oo made of the potential vorticity (PV) because these waves are
Based on the above results, it is inferred that Taes .essentially PV fluctuations: PV is defined as follows:

based PSC frequency estimate are more reliable at low lati-
tudes £70C° S) in the Antarctic. Thus, in the following sec-
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Fig. 5. (a) Scatter diagram of = 1-3 potential vorticity fluctuation
components on 500K isentropic surface and 0—3 temperature
components at 50 hPa in the latitude range ¢f$570 S in July.
“Corr.” stands for correlation efficient(b) Schematic illustration

of the relation between temperature and potential vorticity in the
middle stratosphere of the Southern Hemisphere. Red (blue) area
indicates warm (cold) temperature. The broken curve illustrates a
polar night jet modulated by a planetary wave.
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0 20 40 60 80 100 (%) 0 20 40 60 80 100 (%) waves is associated with poleward advection of warm air

originating from lower latitudes, and vice versa (Fig. 5b).

Fig. 4. The same as Fig. 3a and c but for the latitude range 965 PV anomalies around the tropopause associated with
80°S. synoptic-scale waves are generally thin (e.g. Teitelbaum
et al.,, 2001). The temperature anomalies associated with

PV:ﬂ, the PV anomalies are illustrated in Fig. 6b. The anticy-
o clonic PV anomaly (positive anomaly in the Southern Hemi-

sphere) accompanies negative temperature anomaly above
the tropopause and may cause PSCs. Figure 6a shows
a scatter diagram of = 4—20 potential vorticity compo-

wheres 1= —g% is thicknessy¢ is relative vorticity, 1 is

planetary vorticity is potential temperature angdis grav-
ity acceleration. Potential vorticities on the 300K (500 K)

. . . . nents on the 300K isentropic surfacegkm) around the
isentropic surface, corresponding to an altitude of about 8 k

. . . ropopause and= 4-20 temperature components at 100 hPa
(20km), in the polar winter are analyzed to examine the be-

) ) . (~15km) in the lower stratosphere for the latitude range
haviors of mainly synoptic-scale waves (planetary waves). In o )

. . i of 65°S-70'S in July. PV and temperature components

this study, planetary waves are defined as disturbances hav-

. are negatively correlated. Figure 6¢ shows a composite of
ing zonal wavenumbers) of 1-3 (s = 1-3 components) and g .

. s = 4-20 temperature components in a longitude-pressure
synoptic-scale waves as=4—20 components.

- . section for July 2008. The reference points are deter-
Planetary waves can cause a positive correlation betweepn . . . i -
r];mned wheres = 4-20 isentropic potential vorticity com-

PV and temperature anomalies in the middle stratosphere o o o . A
) ) . ponents are positively maximized in the zonal direction at
the Southern Hemisphere. Figure 5a shows a scatter didz_, B : . :
ram ofs = 1-3 potential vorticity components on the 500 K 5°S at6=300K, and with their maximum value larger
9 s P y P than 2.5 PVU (PVU=10°m? s Kkg™1). The number of
isentropic surface and = 0-3 temperature components at o .
cases used for the composite is 21. The vertical structure

50 hPa (near an altitude of 20 km) for65-70 S in July, o .
. ’ . of the temperature anomaly is similar to the schematic illus-
2008. Note that the negative (positive) PV anomalies corre-__.. g .
. ) N : tration shown in Fig. 6b. The amplitude of the temperature
spond to cyclonic (anticyclonic) disturbances in the Southern

Hemisphere. A strong positive correlation, with a correlation anomaly at 100hPais 1K, which is consistent with the range

coefficient of 0.771, is seen between the PV and tempera9f the scatter diagram shown in Fig. 6a.

ture components. The amplitude of temperature fluctuations
associated with planetary waves is about 10 K. The mecha-
nism of this positive correlation is illustrated on Fig. 5b. The

www.atmos-chem-phys.net/11/11535/2011/ Atmos. Chem. Phys., 11, 1MB#32-2011
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Fig. 6. (a) A scatter diagram of = 4-20 potential vorticity fluctuation components on 300K isentropic surface and-20 temperature
fluctuation components at 100 hPa in the latitude range 98650 S in July. “Corr.” stands for correlation coefficierb) A schematic
illustration of the relation between temperature anomalies (colors) and potential vorticity near the tropopause (black broken line) in the
Southern Hemisphere. Green curves indicate isol@)sA composite of the relative longitude-pressure sectiom €f4—20 temperature
components in July 2008 with a reference point (a white cross mark) whese=tle-20 potential vorticity components are positive and
maximized in the zonal direction at 85 on6 =300K surface, and values are larger than 2.5 PVU. Contour intervals are 0.5K. Broken
contours indicate negative values. Shading shows the regions with significance levels greater than 99 %.

4.2 Gravity waves along a CALIPSO orbit on the same day. A green rectan-
gle indicates the region of the temperature profile shown in

As ERA-Interim data do not have sufficient resolution for Fig. 7a. Itis clear from Fig. 7a and b that PSCs are observed

the study of gravity waves, dry temperature data from COS-at altitudes of 13—16 km and 18-21 km, where temperature is

MIC observations are used. Previous studies using RO obminimized and lower thaists due to gravity waves.

servations choose a relatively long cutoff vertical wavelength

for gravity waves, such as 10 km in McDonald et al. (2009)

and 15km in Alexander et al. (2011). However, the ex-

tracted components by these studies may include contamind The effects of atmospheric waves on PSCs in the

tion from planetary waves and synoptic-scale waves having Antarctic winter of 2008

similar vertical scales. To avoid this, we used a relatively

short cut off length of 6 km for a high pass filter in the ver- | this section, the effects of planetary waves, synoptic-scale
tlg:al to extract gravity waves. A dlsg:ussmn of the effect of \\,5ves and gravity waves on PSC areal extent are quantita-
different cutoff lengths will be made in Sect. 8. tively examined usingsts-based estimates of PSCs. First of
An analysis is made of the vertical profiles in a restricted a||, the reliability of7sts-based PSC areal extent estimates is
height range of 12-30km, where PSCs are frequently obconfirmed by comparing the estimates with PSC areal extent
served. Note that this restriction is effective to avoid mix- calculated using CALIPSO observations in the latitude range
ing spurious temperature fluctuations due to the tropopausef 55° S—70 S, in which7stsbased PSC frequency accords
structure into gravity waves. However, this process maywell with observations, as shown in Sect. 3. To calculate
cause underestimation of the amplitude of gravity wavesCALIPSO-based PSC areal extent, firstly, PSC frequency is
near the edge of the vertical profile. It is also important to obtained as in the previous section but for every 1 km vertical
note that the horizontal resolution of the COSMIC data is grid point. Then, PSC areal extent for each grid box is deter-
about 300-400 km in the polar region, which means that onlymined as PSC frequency in the grid box multiplied by the box
gravity waves having horizontal wavelengths longer thanarea. Figure 8a shows a time-altitude section of CALIPSO-
600-800 km can be estimated due to the observational filhased PSC areal extent for°s5-70 S. As shown in Pitts
ter (Alexander, 1998). Thus, the results shown by this studyet al. (2007, 2009), PSCs are dominant in the altitude region
give the lower limit of the gravity wave effects on PSCs.  of about 20-25 km in early June, and down to 12 km in late
Figure 7a shows profiles of original dry temperature andJune. In late August and September, PSCs gradually disap-
smoothed dry temperature with a lowpass filter with a cutoff pear above 20km, and PSC areal extent becomes smaller.
length of 6 km in the vertical at 828V, 80.3 S on 29 Au-  The decrease in PSC areal extent is observed at altitudes of
gust 2008. A blue solid (broken) line indicat&gar (7sTs). 20-24 km during 6-8 August. It is likely that this decrease
Mean values of mixing ratios of HN§X0.2 ppbv) and HO is related to an increase in zonal-mean temperature in spring
(2.8 ppmv) for 100-30 hPa at this point were used for esti-(see Fig. 1b). The high PSC frequency below 12 km may
mation. Temperature fluctuations with amplitudes of aboutbe related to either PSCs or (real) tropospheric clouds, de-
5K are observed above 12 km. Figure 7b shows feature typ@ending on the seasonal and synoptic-scale meteorological

Atmos. Chem. Phys., 11, 115361552 2011 www.atmos-chem-phys.net/11/11535/2011/
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Fig. 7. (a)Original (red) and smoothed (black) profiles of dry tem-
perature at 828W, 80.2 E on 29 August 2008 from COSMIC.
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gion of the dry temperature profile show(i).
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Fig. 9. A method to estimate the effects of planetary waves,
synoptic-scale waves and gravity waves on PSC areal ex{ajt.
Tstsbased PSC area calculated frem 0 componets (i.e. zonal-
mean) of temperature from ERA-Interim data and mixing ratios of
HNO3 and H,O from Aura MLS.(b—c) Same aga) but fors = 0-3
ands = 0-20 components, respectivefg—e) Tstsbased PSC area
calculated from smoothed and original temperature from COSMIC,
respectively. The cutoff length of the lowpass filter used for tem-
perature in(d) is 6 km. The unfiltered mixing ratios of HNband
H,0 are used.

extent are located slightly higher than those of CALIPSO-
based PSC, which may reflect on the effect of sedimentation
of PSC particles ignored in the present analysis.

To estimate the effects of planetary waves, synoptic-scale
waves and gravity waves, PSC areal extents with and with-
out the respective waves are compared. The effects of the
respective waves are quantified in terms of PSC coverage

when observed PSC areal extent is maximized. Thin solid linesratio R(z, r), defined as the summation of PSC areal ex-

show the time periods during which CALIPSO data are missing.

Contour intervals are & 10° kmZ.

tent over all longitudes in the latitude range o570 S
normalized by the analyzed area. In other worfl§z, 1)
corresponds to the zonal and latitudinal mean of PSC fre-
guency weighted by length of latitude circle. The method of

conditions. For this reason, the analySiS of the clouds beIOV\éna|ysis is shown in F|g 9. PSC coverage ratio with p|ane-

12 km is left for future studies.

tary waves is calculated using: 0-3 components of ERA-

Tstsbased PSC areal extent is calculated in the same wainterim temperature, Aura MLS HN§and HO mixing ra-

as CALIPSO-based PSC areal extent. Figure 8b shows
time-altitude section of'stsbased PSC areal extent. It is
clear that the'sts-based estimates, in particular, timings and
altitudes of Tstsbased PSC areal extent maxima (vertical
broken lines in Fig. 8), generally accord well with the ob-
servations. Upper edges and peakdgfsbased PSC areal

www.atmos-chem-phys.net/11/11535/2011/

tios (Fig. 9b). The unperturbed PSC coverage ratio is calcu-
lated using zonal-mean (i.e = 0) temperature, HN®and
H,>O data (Fig. 9a). Then, the difference between the two
PSC coverage ratios Rpyy, is obtained as the effect of plan-
etary waves. A positive\ Rpy value means that planetary
waves increas&(z, t), and vice versa.

Atmos. Chem. Phys., 11, 1MB#32-2011
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Fig. 10. Time-altitude sections of 5-day-runnning means (ay o AM—/_\N_/
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55°S-70¢ S. A 500 m-running mean is applied ®Rgyy in the §
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Fig. 11. Time series of 5-day-running means forRpyy (red),
ARgyy (blue) andARgyy (green) in the latitude range of 55—
70° S at altitudes ofa) 16—-20 km,(b) 15 km and(c) 12 km. Black
curves indicateRp) | . (d) The same agb) but for 70 S-85 S.
Only a result for gravity waves is shown.

Similar analyses are conducted to obtaiRsy and
ARgw for synoptic-scale wavess & 4-20) and gravity
waves (vertical wavelength 6 km), respectively. For cal-
culations of PSC coverage ratios with and without gravity
waves, unfiltered HN@and HO mixing ratios are used be-
cause the original vertical resolutions of Hilénd HO data
are not as high as that of COSMIC temperature data. ber. Synoptic-scale waves have large temperature fluctua-

Figure 10a—c show time-altitude sections of 5-day-runnnigtions around 11km in June through SeptembArRsw is
means forA Rpw, ARsw and ARgw. Red (blue) areas in- about +1 % on average at around 12 km. Positivésyy val-
dicate an increase (decrease) in PSC coverage ratios. CoHes are seen at altitudes of 16-25 km in spite of little temper-
tours show the standard deviation of temperature fluctuationgture standard deviation from synoptic-scale waves there.
associated with the respective waves. The standard devia- The temperature standard deviation of gravity waves in-
tion of planetary waves is large at altitudes of 13—25km increases at heights above 16 km and has a maximum at around
early July and early August. In September, the standard de14 km, which is consistent with Yoshiki et al. (20048 Rgw
viation becomes larger, having its peak around an altitudds positive at altitudes of 13—16 km and negative at altitudes
of 28km. ARpw is about +5% on average at altitudes of of 22—-25km. However, the effect is small compared with
16-25km in the time period of mid-June through Septem-those of planetary and synoptic-scale waves.

Atmos. Chem. Phys., 11, 115361552 2011 www.atmos-chem-phys.net/11/11535/2011/
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km) (a) (d) Planetary wave temperature is lower thafksTs during this time period com-
' ' ' pared with other time periods. At 12 km\,Rsw is larger than
A Rpwy, indicating that the effects of synoptic-scale waves are
dominant. The ratio oA Rsw to RaLL , i.e. contribution of
synoptic-scale waves at 12 km is more than 60 % on aver-
age. At an altitude of 15km, where the effects of gravity
= i - waves are large (Fig. 1OCARGV_V is compargble to\ Rsw
Latitude but smaller tham Rpw, suggesting that gravity waves have
a small impact on PSC coverage ratio. The ratid@&cy to
RaLL , i.e. contribution of gravity waves, is about 15 % in late
August and September. However, the effect of gravity waves
gets larger in the higher latitudes. Figure 11d shows time
series ofA Rgw andRp . at an altitude of 15 km in the lati-
tude range of 70S-85% S. The contribution of gravity waves
to RaLL amounts to about 30 % on average in September.
, , Figure 12a—c show latitude-altitude sections of the zonal-
805 e mean monthly-mean temperature in July, August and
September, respectively. Figure 12d-f show the same as
) C-T,:axﬁy :Vavze £o® Fig. 12a—c but for the differenca F betweenTsrs-based
- T——T PSC frequencie$ with and without planetary waves in July
] in each grid box (Fig. 12d), synoptic-scale waves in August
(Fig. 12e) and gravity waves in September (Fig. 12f), respec-
tively. These time periods are chosen because the changes
] of PSC areal extent due to the respective waves are large in
F ] Fig. 10. Contour lines indicate the temperature standard de-

JULY

Altitude

-50-25 0 25 50 (%)
(e) Synoptic scale wave

AUG.

SEP
Altitude

805 s, viation associated with the respective waves. In Wl due
[ NANNNNNEEED! | (1S AnRmRNRNRRRR NS to planetary waves are positive to the north of $dn an al-
182 196 210 224 238 (K) 4 -2 0 2 4+ ® ({pde range of 15-23 km and negative at higher latitudes in

the same altitude range. This is probably reflecting the fact

Fig. 12. (a—c) Latitude-altitude sections of zonal-mean and that zonal-mean temperature is lower (higher) tigfs to
monthly-mean temperature in July through September. Contour in- P 9 s

tervals are 2 K(d—f) Latitude-altitude sections of zonal-mean and _the 50‘%‘“ (north) Of 70S. The negative\ F at the higher lat-
monthly-mean difference of PSC frequensy between with and  itudes is not meaningful becauggrs-based PSC frequency
WIthOUt(d) p|anetary waves in Ju|w)synoptic_sca|e waves in Au- estimates are not accurate there, as is described in Sect. 3
gust and(f) gravity waves in September. Positive values mean an(see Fig. 4).
increase in PSC frequency. Black contours indicate temperature Figure 12b shows that the temperature standard deviation
standard deviation due to the respective waves. Contour intervalgf synoptic-scale waves is maximized around an altitude of
are 1K for(d), 0.5K for(e) and 0.05 K fo(f). 12km in August and than F due to synoptic-scale waves

is positive there. Another interesting feature is thaf is

significantly positive at altitudes of 16—25 km for the latitude

Next, the relative contributions of the respective waves torange of 50 S-70 S, even though the standard deviation is

total Tsts-based PSC areal exteRh L (s =all wavenum-  almost zero at latitudes higher than°®and above 15 km.
bers) are examined for the latitude range of°S5  This feature is observed also in the other months. The posi-
70° S.RaLL is calculated based on unfiltered temperaturetive A F in 16—25 km may not be due to synoptic-scale waves
and mixing ratios of HN@ and HO. The latitude range but the synoptic-scale structure of the distribution of HNO
of 55° S-70' S is chosen because PSCs there play a signifand/or HO mixing ratios caused by inhomogeneous denitri-
icant role in ozone destruction chemistry. Figure 11a—c showfication and dehydration. This point will be discussed in the
time series ofA Rpw, ARsw, ARgw and Ra | at altitudes Discussion section.

of 16-20km, 15km and 12km for 35-70 S. These alti- In Fig. 12c, temperature standard deviation due to gravity
tude ranges are analyzed because the changedire tothe  waves observed in a wide latitude range of 5583 S are
respective waves are large, as seen in Fig. 10. similar to those of Fig. 10c. A PositivA F due to gravity

A Rpy accords withRa | at altitudes of 16—20km, indi- waves around an altitude of 15 km is more significant at lat-
cating that the contribution of planetary waves is dominant,itudes higher than 655 in September, which is consistent
except for 8-27 July. The small Rpw (<4 %) during 8-27  with Fig. 11d.

July is most likely due to the small planetary wave ampli- Figure 13 shows polar stereo projection maps of the
tudes (see Fig. 10a). This feature suggests that zonal-meanonthly-meam\ F due to the respective waves. The altitudes

www.atmos-chem-phys.net/11/11535/2011/ Atmos. Chem. Phys., 11, 1MB#2-2011
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and months shown in each panel are chosen because they ™[ 1°r 1
have the highest magnitudessf for each wave in Fig. 10: 0 0
z=16-20km in July for planetary waves (Fig. 13a)= % ° =
12km in August for synoptic-scale waves (Fig. 13b) and 2 » o
z=15km in September for gravity waves (Fig. 13c). Plan- & _ o
etary waves act to increase PSC frequency to the north of” < o
70¢° S. PSC frequency to the south of"@decreases, which | &
may not be meaningful, as noted in Sect. 3. N T T T Y T T T
In the austral winter, propagating planetary waves are Longitude Longitude
dominant around the polar vortex. These planetary waves are (LT T T (I T T T .
0 20 40 60 80 100 (%) 0 20 40 60 80 100 (%)

accompanied by temperature fluctuations, as is illustrated in

the higher attudes and cold advection a the lower latitue 3 14 The same as Fig 3 but for the laiude range o B
. '0€S70° N in the winter of 2007/2008.

cause the annular-like structures¥, as can be observed in

Fig. 13a.

In Fig. 13b,A F due to synoptic-scale waves is mostly pos- Northern Hemisphere. Compared with the Southern Hemi-
itive at lower latitudes and negative at higher latitudes, eversphere, PSCs are observed less frequently in the Northern
though a horizontal pattern of zonal wavenumber 4 is ob-Hemisphere, and they are restricted to the longitudes be-
served. The wavy pattern is probably due to synoptic-scaleween 0 and 90 E. This is probably because the winter
waves being temporally amplified in August. stratosphere is generally warmer in the Arctic than in the

Gravity waves increase PSC frequency at altitudes of 11-Antarctic. Also, the center of the polar vortex shifts to Eu-
15km, in particular over the Transantarctic Mountains andrope due to stationary planetary waves. Interannual varia-
downstream of the Antarctic Peninsula (Fig. 13c). tion of PSCs is larger in the Northern Hemisphere, reflecting

strong planetary wave activity. For example, PSC frequency

was low in the winter of 2008/2009 when a stratospheric ma-
6 The effects of atmospheric waves on PSCs in the jor warming occurred (not shown).

Arctic winter of 2007/2008 Figure 15a and b show time-altitude sections of observed

and Tstsbased PSC areal extents in the Northern Hemi-
PSCs appear less frequently in the Arctic than in the Antarc-sphere, respectively. The observed PSC areal extent in the
tic. Figure 14 shows longitude-time sections of PSC fre-Northern Hemisphere is about half of that in the South-
quency observed by CALIPSO and tigrs-based PSC fre- ern Hemisphere. In addition, the vertical extent of PSCs is
quency for the latitude range of 68-70° N in December  smaller in the Northern Hemisphere. PSCs are sparse below
2007 through February 2008. Note that data during 28—3116 km.
December and 17 January are missing. Thesbased es- The Tstsbased PSC areal extent is about twice as large
timates accord well with CALIPSO observations in Fig. 14, as the observations at altitudes of 16—25 km during the win-
although they are a little larger. Unlike the Southern Hemi- ter. This may be because optically thin clouds, which cannot
sphere estimates, thEsts-based estimates are consistent be detected by CALIOP, are more frequent in the Northern
with observations even at higher latitudes/(° N), which is Hemisphere than in the Southern Hemisphere. However, it
likely due to the weak denitrification and dehydration in the should be noted that the timings and altitudes where PSC

Atmos. Chem. Phys., 11, 115361552 2011 www.atmos-chem-phys.net/11/11535/2011/
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areal extent is maximized are consistent with the CALIPSO
observations. Thus, to examine the effects of atmospheric
waves in the Northern Hemispher&grs-based PSC fre-
quency estimates are used, as they were used for the Southem
Hemisphere in Sect. 5.

Figure 15¢c—e show time-altitude sections of 5-day-running
means forARpw, ARsw and ARgw (colors) and tem-
perature standard deviation (contours) in the latitude range
of 55° N-85" N in December 2007 through February 2008.
Note that the analyzed latitude range in the Northern Hemi-
sphere is larger than that in the Southern Hemisphere, which
covers almost the whole area where PSCs are observed, ex-
cept near the North Pole.

As is seen in Fig. 15c, the temperature standard deV|at|on3
of planetary waves is much larger in the Northern Hemi- 3
sphere than in the Southern Hemisphere at altitudes above
12km. Values ofARpw are about 10% on average at al-
titudes of 18-27km in the time period of mid-December
through early February. In particulak,Rpyy is largely posi-
tive when and where planetary waves have large amplitudes.

Figure 15d shows that the standard deviation of temper-
ature fluctuations associated with synoptic-scale waves is
large around 11 km during the winter. The increase in PSC%
areal extent in the lowermost stratosphere, as is clearly seert
in the Southern Hemisphere, is not so obvious in the North- =
ern Hemisphere (see Fig. 10b).

The large temperature standard deviation of synoptic-scale
waves is observed above 24 km during 20-30 January when
a sudden stratospheric warming occurred (Fig. 1). In the
time period of the sudden stratospheric warming, the polar
vortex was highly distorted and the zonal wavenumber spec-
tra were spread over a wide range including synoptic-scalesg
(not shown), which is considered to cause negative values ofg
A Rsw. <

Significant negative values af Rsy are observed at al-
titudes of 16—-24 km in January through mid-February, even
though the standard deviation of temperature fluctuations as-
sociated with synoptic-scale waves is not necessarily large
(e.g. 5-20 January). Similar to the significant positive
ARsw in 16-25km in the Southern Hemisphere, the neg-
ative ARsw in 16—24 km may be due to the synoptic-scale
structure of the distribution of HNgand/or HO mixing ra-
tios.

Temperature standard deviation of gravity waves peaks
at around 15km, and increases with height above 16 km
(Fig. 15e), which is similar to the Southern Hemisphere.
ARgw is generally quite small but is slightly negative at al-
titudes of 16—24 km in the time period of 5-25 January.

The relative contributions of the respective waves to the

Altitude

for the latitude range of 3N—-85 N at 22 km, where PSCs
were most frequently observed in the winter of 2007/2008.
The contribution of planetary waves #®, is dominant
during winter, while those of synoptic-scale waves and grav-
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Fig. 15. (a)and(b) The same as Fig. 8 but for the latitude range of

. ) 55° N-85" N in the 2007/2008 wintefc—e)The same as Fig. 10 but
total Tsts-based PSC areal exteRiL. are examined. Fig-  for the the latitude range of S5-85° N in the 2007/2008 winter.

ure 16 shows time series 8fRpw, ARsw, ARgw andRaiL Contour intervals are 2.5K fda), 0.5K for (b) and 0.05 K for(c).
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Fig. 16. The same as Fig. 11 but for the latitude range ¢f 85
85° N at an altitude of 22 km in December 2007 through February
2008.

ity waves are small. It is interesting to note thaRpyy ex-
ceedsRa L in mid-January, and that the excess is cancelled A EEEEEEEEEN

by ARsw. It is worth noting that the results displayed in -50-25 0 25 50 (%)

Fig. 16 are for the latitude range of 58—85 N, while those

in Fig. 11 are only for the lower latitude range of°S%-  Fig. 17. The same as Fig. 13a but for January 2008 in the Northern
70° S. Although the contribution of zonal-mean fields to PSC Hemisphere at an altitude of 22 km.

formation is important at higher latitudes in the Southern

Hemisphere, most PSCs in the Northern Hemisphere are

caused by planetary waves, so the contribution of zonal-meathe contribution of the shifted polar vortex can be interpreted
fields is quite small. as that of planetary waves in this study.

Figure 17 shows polar stereo projection maps of monthly- Next, let us consider the meaning of the vortex shift. As
meanA Fdue to planetary waves in January at 22 krF the center of vortex shifts from the pole, the proportion of
due to planetary waves is positive in the longitude range ofPSCs in the lower latitudes increases. As mentioned in
30° W=120 E. In the Arctic stratosphere, stationary plane- Sect. 3, PSCs in the lower latitudes are more effective in de-
tary waves are dominant, usually shifting the center of thepletion of stratospheric ozone because the sun light arrives
polar vortex to Europe. Thus, the region whéte: Tstsis earlier at the lower latitudes than higher latitudes in spring.
restricted to the |0ngitude range of abouf 3¢-90° E. Thus, increase in PSC coverage ratio due to the vortex shift
tends to promote the destruction of stratospheric ozone.

Note that the other planetary wave components, such as
s =2-3, also have PSC areal extent increase in the lower lat-
itudes and thus accelerate ozone depletion. Futhermore, all
planetary wavess(= 1-3) can affect the PSC coverage ra-
7.1 The contribution of planetary waves tio quantitatively in a similar manner to the synoptic-scale

waves (see Fig. 6). Thus, the change in PSC coverage ratio
In this study, to quantify the contribution of each wave to due to planetary waves expresses a mixture of two effects:
PSC areal extent, the difference between the estimated areghange in the proportion of PSCs in the lower latitudes and
extents with and without the wave was examined. As aresultchange in PSC coverage ratio due to the temperature modu-
it was shown that the contribution of planetary waves is dom-|ation by planetary waves. Both effects modulate ozone de-
inant in the both hemispheres. However, a special attentiorp)letion in the stratosphere. Thus, it may be more appropriate
should be paid to these results, particuraly about planetaryo interpretA Rpw defined in this study as the contribution of
waves because the contribution of planetary waves may conplanetary waves to the ozone depletion.
tain inherently that of zonal mean field. To specify this prob-
lem, let us consider an ideal situation such that temperature3.2 The contribution of synoptic-scale waves above
inside (outside) the circular polar vortex are lower (higher) 15km
than Tsts and that the vortex center shifts from the pole to
a particular direction. In this situation, the contribution of It was shown in Fig. 10b and d that the contribution of
planetary waves t®Ra . estimated by the present method synoptic-scale waves to the PSC coverage rafi®swy,
can take non-zero values, although the PSC coverage ratio is large in the altitude range of 15-24 km in the Southern
the same as that without the vortex shift. In this way, a part ofHemisphere and in 15-26 km in the Northern Hemisphere,

7 Discussion
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although the standard deviation of temperature fluctuationss consistent with previous case studies by Teitelbaum and
associated with synoptic-scale waves is not always largesadourny (1998) and Teitelbaum et al. (2001).

(<1K) there. A possible explanation for the largeRsw The effects of gravity waves are examined using COSMIC
may be due to the filament structure in Hjland O distri- ~ gata. Gravity wave components are defined as fluctuations
butions with synoptic-scales that are caused by the deformegitn vertical wavelengths shorter than 6 km. It is confirmed

polar vortex. ThusA Rsw may contain a part of the contribu-  that jow temperatures due to gravity waves accord with PSCs
tion of planetary scale waves. However, because the ¥INO gpserved by CALIPSO.

and HO from MLS does not have such a sufficient resolu-

. ) L Following this, the effects of three kinds of atmospheric
tion that capture the filament structure, further analysis is left ! .

: waves (planetary, synoptic-scale and gravity waves) on PSC
for the future studies.

areal extents are examined by analyzing the change in the
Tstsbased PSC coverage ratio due to the respective waves
for a latitude region of 55570 S. It is shown that at 16—

22 km, planetary waves increase the PSC coverage ratio by

The effects of atmospheric waves on the amounts of psc@bout 5% on average in the e'xarr)ined latitude range in mid-
in both hemispheres have been examined using observatioffNe through September, which is almost the same as total
data from the three satellites CALIPSO, COSMIC and AuraPSC coverage ratio. In other words, PSCs in this area are
MLS and reanalysis data. mainly caused by planetary waves during winter. This is

PSC frequency is calculated using CALIPSO VFM data in Iil_<ely due to the fact that zpnal—mean temperature is usually
the Southern Hemisphere in the winter of 2008. A Haer higher .tha.n.TSTS atlower latitudes (55570 S) an'd that the
diagram indicates that the high PSC frequency regions prop[nOSt significant cause of low temperatureTers) is modu-

agate eastward at speeds that are much different from th@tion_due_to the propagating planetary waves along the polar
background zonal wind, suggesting significant modulationn'gh“et situated at about 6@ in the Antarctic stratosphere.
due to atmospheric waves The temperature fluctuations associated with synoptic-scale

) . . i 12 km in winter. The change
Next, PSC frequency is estimated based on three kinds of/aves are dominant .at ar_ound
q y in PSC coverage ratiaR is about +1 % at around 12 km,

temperature thresholds and compared with CALIPSO obser- |, . . o .
vations. For the estimations, temporal and spatial variations" hich means that the relative contrll_autlon of syr_loptlc-scale
of HNO3 and HO mixing ratios observed by MLS are used. \évg:)//es to the total PSC coverage ratio at 12 km is more than
The history of air-parcels, such as advection of the existing o
particles, is ignored. Althouglfists-based PSC frequency It is also shown that the gravity wave effects are signifi-
accords well with the observations in the latitude ranges ofcant at around 15 km at latitudes higher thaf 30in partic-
55°S—70 S and 58 N—85 N, the estimation is not consis- ularin SeptemberA R~3 %; relative contribution to total of
tent with observations in the regions to the south 6fgoin ~ ~30 %), although they are smallek ~0.1 %; relative con-
particular in midwinter. This inconsistency at the higher lat- tribution of~15 %) at lower latitudes (55-70 S). Alexan-
itudes in the Southern Hemisphere is likely due to extremelyder etal. (2011) shows that 30 % of PSCs in the latitude range
low mixing ratios of HNG and/or HO. However, thelicg- of 60° S-70 S in the altitudes of 400-700 K’\'(15—30 km)
based PSC frequency is consistent with the observations &€ attributable to orographic gravity waves using COSMIC
higher latitudes. This result for the Southern Hemisphereand Aura MLS data. It is likely to that the discrepancy be-
suggests that PSCs mainly consist of STS at lower latitudesiween Alexander et al. (2011) and our results mainly comes
while water ice is dominant at higher latitudes, which is con- from the difference of the cutoff vertical wavelengths which
sistent with previous observational study (e.gpHner etal., are used in the definition of gravity waves. When the cut-
2006). off wavelength is chosen as 15km instead of 6 khRcw

The relationships between temperature fluctuations andUrmns out to be about 2% (relative contribution-a20 %) in
planetary waves in the middle stratosphere and withthe lower latitudes through the winter in 16-20km on aver-
synoptic-scale waves near the tropopause are then examine@9€ (not shown). However, the wavelength of 6km is still
Itis shown by a scatter diagram analysis that planetary-scal@dopted in this study to avoid contamination of planetary
cyclones are accompanied with negative temperature anoma¥aves and synoptic-scale waves as discussed in Sect. 4.2.
lies with amplitudes of about 10K at 65 and at around Similar analyses are performed for the Northern Hemi-
20km. In contrast, synoptic-scale anticyclones with poten-sphere winter in 2007/2008, where PSC regions are signifi-
tial vorticity anomalies near the tropopause are accompaeantly limited. Thelsts-based estimates of PSC areal extent
nied with negative temperature fluctuations with amplitudesaccord well with observations in most latitudes of° bb-
of about 1K at 65S and 10-15km. These results suggest85° N in terms of temporal variation. However, tlgrs
that planetary waves have a great impact on the spatial dissased PSC areal extent is about twice as large as observations
tribution of PSCs in the middle stratosphere, and synoptic-at 16—25 km during winter. This may be because the propor-
scale waves have a great impact at around 12 km, whichion of optically thin clouds, which are hardly detected by

8 Summary and concluding remarks
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CALIOP, is higher in the Northern Hemisphere than in the Society for the Promotion of Science (JSPS). This manuscript was
Southern Hemisphere. proofread by a proofreading/editing assistant from the Global COE

Stationary planetary waves are dominant in the ArcticProgramFrom the Earth to “Earths’
stratosphere and strongly affect PSC areal extents. Their rel-
ative contribution to the total PSC coverage ratio is close toFditéd by W. Ward
100% at most altitudes during the winter. Synoptic-scale
waves and gravity waves act to decrease PSC coverage ar§8eferences
although their effects are very weak.

Several studies have examined the relationship betweeplexander, M. J.: Interpretations of observed climatological pat-
ozone depletion and PSC areal extent and volume (areal ex- terns in stratospheric gravity wave variance, J. Geophys. Res.,
tent times the altitude range) based s in the Northern 103, 8627-8640J0i:10.1029/97JD03329.998.

Hemisphere (e.g. Rex et al., 1999, 2004). The results in thi$\lexander, S. P., Klekociuk, A. R., Pitts, M. C., McDon-
study suggest thafnar-based PSC areal extent may over- ald, A. J.,, and Arevalo-Torres, A.. The effect of oro-

estimate actual PSC areal extent becalise is lower than graphic gravity waves on Antarctic polar stratospheric cloud
Tnar, which is consistent with Pitts et al. (2007). occurrence and composition, J. Geophys. Res., 116, D06109,

. . . . doi:10.1029/2010JD015182011.
Several previous studies have emphasized the importancg,ines R A. Bernhardt P. A.. Chen. Y.. Cucurull. L. Dymond

of synoptic-scale waves near the tropopause and gravity g g Ector, D., Healy, S. B., Ho, S.-P., Hunt, D. C., Kuo, Y.-H.,
waves in the Northern Hemisphere. For example, Teitelbaum [y, H., Manning, K., McCormick, C., Meehan, T. K., Randel,
et al. (2001) indicated the importance of uplifts of isentropic  W. J., Rocken, C., Schreiner, W. S., Sokolovskiy, S. V., Synder-
surface due to synoptic-scale anticyclonic potential vorticity gaard, S., Thompson, D. C., Trenberth, K. E., Wee, T.-K., Yen,
anomalies near the tropopause. However, due to the small N. L., Zeng, Z.: The COSMIC/FORMOSAT-3 Mission: Early
latitude circles in the polar region, the uplifts of isentropic ~ Results, B. Am. Meteor. Soc., 89, 313-388/:10.1175/BAMS-
surface analyzed by Teiteloaum et al. (2001) may have had_89-3-3132008. _
larger spatial scales than those analyzed as synoptic-scafe?’slaW. K. S., Luo, B. P., Clegg, S. L., Peter, T., Brimble-
(s = 4-20) waves in the present study. Thus, it is possible combe, P., and Crutzen, P J.: Stratospheric Aerosol Growth and
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mospheric waves on PSCs, the history of air parcels would |eutbecher, M., Volkert, H., Renger, W., Bacmeister, J. T.,
need to be considered. Several studies (e.g. Eckermann et al. Reimer, E., and Peter, T.: Increased stratospheric ozone deple-
2009) have shown that water ice formed at low temperatures tion due to mountain-induced atmospheric waves, Nature, 391,
in association with gravity waves helps NAT formation. In  675-678d0i:10.1038/355891998.
this study, gravity waves with horizontal wavelengths shorterCarslaw, K. S., Peter, T., Bacmeister, J. T, and Eckermann, S.
than about 600 km were not detected in COSMIC observa- D Widespread solid particle formation by mountain waves
tions, although gravity waves with much shorter horizontal :jnoit-q% 'i‘g:zt;ls;;%tg’gqgggmggge°phy5' Res., 104, 1827-1836,
\(/jvavelgngths dr? exf|fst. Th?s, it is possible that our stuldy un'Pee, D. P. Uppala, S. M., Simmons, A. J., Berrisford, P., Poli
erestimates the effects o graVItywaves onPSC ar_ea extent. P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
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