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Abstract

A quantitative analysis on the relationship between atmospheric waves and polar
stratospheric clouds (PSCs) in the 2008 austral winter and the 2007/2008 boreal win-
ter is made using CALIPSO, COSMIC and Aura MLS observation data and reanalysis
data. A longitude-time section of the frequency of PSC occurrence in the Southern5

Hemisphere indicates that PSC frequency is not regionally uniform and that high PSC
frequency regions propagate eastward at different speeds from the background zonal
wind. These features suggest a significant influence of atmospheric waves on PSC
behavior. Next, three temperature thresholds for PSC existence are calculated using
HNO3 and H2O mixing ratios. Among the three, the TSTS (a threshold for super cooled10

ternary solution)-based estimates of PSC frequency accord best with the observations
in terms of the amount, spatial and temporal variation, in particular for the latitude
range of 55◦ S–70◦ S in the Southern Hemisphere and for 55◦ N–85◦ N in the North-
ern Hemisphere. Moreover, the effects of planetary waves, synoptic-scale waves and
gravity waves on PSC areal extent are separately examined using the TSTS-based PSC15

estimates. The latitude range of 55◦ S–70◦ S is analyzed because the TSTS-based es-
timates are not consistent with observations at higher latitudes (< 75◦ S) above 18 km,
and PSCs in lower latitudes are more important to the ozone depletion because of
the earlier arrival of solar radiation in spring. It is shown that nearly 100 % of PSCs
between 55◦ S and 70◦ S at altitudes of 16–24 km are formed by temperature modu-20

lation, which is influenced by planetary waves during winter. Although the effects of
synoptic-scale waves on PSCs are limited, around an altitude of 12 km more than 60 %
of the total PSC areal extent is formed by synoptic-scale waves. The effects of gravity
waves on PSC areal extent are not large in the latitude range of 55◦ S–70◦ S. However,
at higher latitudes, gravity waves act to increase PSC areal extent at an altitude of25

15 km by about 30 % in September. Similar analyses are performed for the Northern
Hemisphere. It is shown that almost all PSCs observed in the Northern Hemisphere
are attributable to low temperature anomalies associated with planetary waves.
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1 Introduction

Polar stratospheric clouds (PSCs) are the clouds that appear in the lower stratosphere
in polar regions and play two key roles in the catalytic destruction of polar stratospheric
ozone (Solomon, 1999). First, PSC particles serve as an environment for heteroge-
neous reactions that convert inactive chlorine and bromine reservoirs into reactive5

forms of chlorine and bromine. Second, the uptake of HNO3 into PSC particles and
subsequent gravitational sedimentation of the particles remove reactive odd nitrogen
NOy from the lower stratosphere (denitrification), which extends the lifetime of reactive
chlorine significantly.

Although PSCs are observed at high latitudes in both hemispheres, PSCs appear10

more frequently in the Antarctic than in the Arctic because temperatures in the Antarc-
tic are generally lower than in the Arctic due to weaker planetary wave activity in the
Antarctic. Although PSCs are commonly observed over most of the Antarctic region in
austral winter (June to September), the most favorable regions for PSCs are over the
Antarctic Peninsula and ice sheets of the East Antarctic (Pitts et al., 2007; Wang et15

al., 2008). In contrast, PSCs appear sporadically in the Northern Hemisphere winter.
In particular, PSC amounts significantly decrease when sudden stratospheric warming
occurs. The larger amounts of PSCs in the Antarctic lead to more intense denitrifica-
tion than in the Arctic. The difference in the PSC climatology and evolution of chemi-
cal compositions between the two hemispheres results in asymmetry in stratospheric20

ozone depletion (Solomon, 1999).
Since PSCs were recorded first in 1901 by the Danish painter Jorgensen, a lot of

observations of PSCs have been performed based on remote sensing technologies
such as ground-based, airborne, and satellite lidars. Previous observational studies
have shown the climatology of PSCs in terms of their occurrence at low temperatures,25

spatial distribution and seasonal variability. Lidar observations showed that PSCs are
categorized into three major types: nitric acid tri-hydrate (NAT, Type1a), super-cooled
liquid ternary solution droplets (STS, Type 1b) and water ice (Type 2). PSCs containing

16969

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/16967/2011/acpd-11-16967-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/16967/2011/acpd-11-16967-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 16967–17012, 2011

Wave effects on
PSCs

M. Kohma and K. Sato

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

high number densities of NAT can act as mother clouds for extremely large NAT parti-
cles (so called “NAT rocks”) (Fahey et al., 2001; Fueglistaler et al., 2002). These rock
particles efficiently remove HNO3 from the lower stratosphere with their large sedimen-
tation velocity (Fahey et al., 2001; Shibata et al., 2003). The NAT formation temperature
(TNAT) is derived by Hanson and Mauersberger (1988), and although dominant nucle-5

ation mechanisms remain uncertain and controversial (Lowe and MacKenzie, 2008),
the estimation of PSCs using TNAT is successful (Rex et al., 2004). STS particles which
are composed of ternary HNO3/H2SO4/H2O particles (Rosen, 1971) are formed by the
condensational growth of background stratospheric aerosols. Carslaw et al. (1998)
show that these particles are observed in regions where the temperature is lower than10

3-4 K below TNAT (TSTS). STS particles do not grow large enough to cause a signifi-
cant denitrification through their sedimentation. Ice particles can exist at temperatures
below frost point (TICE). Previous studies (Tabazadeh et al., 1997; Koop et al., 1998;
Carslaw et al., 1999) show by laboratory experiments and observations that ice parti-
cles form at temperatures of 2–4 K below TICE (TICE−nu). In the Antarctic, synoptic-scale15

temperature fields can be lower than TICE−nu, while temperatures in the Arctic is rarely
below TICE−nu, except for regions where gravity waves are dominant (e.g., Carslaw et
al.,1998).

Atmospheric waves such as planetary-scale, synoptic-scale and gravity waves can
cause strong temperature fluctuations in the stratosphere and hence affect PSC20

amounts and compositions. Teitelbaum and Sadourny (1998) observed PSCs in the
Arctic and Antarctic in association with strong planetary-scale uplifts of isentropic sur-
faces, in which air temperature lowers while mixing ratios of miner constituents are
maintained. Also, PSCs and localized ozone minima have been observed in the Arctic,
along with the appearance of synoptic-scale anticyclonic potential vorticity anomalies25

near the tropopause, which cause an uplift of isentropic surfaces in the lower strato-
sphere (Teitelbaum et al., 2001).

Gravity waves are thought to be responsible for NAT nucleation in the Arctic. Several
studies show that ice particles are formed in low temperature anomalies in association
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with topographically-forced gravity waves (mountain waves) and that NAT PSCs grow
through heterogeneous nucleation on the ice (Carslaw et al., 1998). Using models in-
cluding PSC microphysics and mountain waves, Höpfner et al. (2006) and Eckermann
et al. (2009) show that the heterogeneous nucleation of NAT particles on ice caused by
mountain waves around the Antarctic Peninsula and Ellsworth Mountains may explain5

the distribution of NAT particles observed by the Michelson Interferometer for Passive
Atmospheric Sounding (MIPAS). Using Challenging Mini-Satellite Payload (CHAMP)
radio occultation observations, McDonald et al. (2009) show that gravity waves in-
crease the frequency of temperatures below TNAT in June in the Antarctic, in particular
around the Antarctic Peninsula, which is known as a mountain wave “hotspot”. Shibata10

et al. (2003) pointed out that non-orographic gravity waves generated by spontaneous
adjustment which are related to synoptic-scale wave breaking also have an impact on
the formation of ice particles. This result indicates that the impact of gravity waves is
not restricted to above high mountains.

Several studies show the relationship between air parcel history and PSCs (e.g.15

Eckermann et al., 2009). However, Rex et al. (2004) showed a clear linear relation-
ship between Arctic ozone depletion and PSC volume, defined as volumes where local
temperature is below TNAT. Rex et al. (2002) also showed that areas where tempera-
tures are lower than TNAT closely reproduce the heights and times for which PSC were
observed by Polar Ozone Aerosol and Monitoring (POAM III) and a ground-based li-20

dar in the Arctic. Pitts et al. (2007, 2009) confirmed that PSC estimations based on
these temperature thresholds accord well with the observations by Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observations (CALIPSO) in both Antarctic and Arctic
winters.

For a better understanding of stratospheric ozone destruction in association with25

PSCs, a quantitative analysis on the relationship between atmospheric waves and
PSCs is needed. For this purpose, we examine four kinds of observation data: PSC
data from CALIPSO, H2O and HNO3 data from a satellite microwave limb sounder
(Aura MLS; EOS Microwave Limb Sounder on Aura spacecraft), reanalysis data
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(ERA-Interim; ECMWF Re-Analysis Interim) and high-resolution dry temperature data
from GPS radio occultation observations (COSMIC/Formosat-3; Constellation Observ-
ing System for Meteorology Ionosphere and Climate). Although an analysis is made of
the three winters of 2007, 2008 and 2009 in the Antarctic and of the two winter peri-
ods of 2007/2008 and 2008/2009 in the Arctic in this study, only the results for typical5

time periods of June through September 2008 in the Antarctic and of December 2007
through February 2008 in the Arctic are shown. The ozone hole area, defined as the
region with total column ozone below 220 Dobson Units to the south of 40◦ S, in the
austral winter of 2008 is largest among these three austral winters. PSCs are scarcely
observed in the boreal winter of 2008/2009 because stratospheric warming occured in10

January 2009.
A detailed description of the data used in this study can be found in Sect. 2. Charac-

teristics of PSCs observed by CALIPSO satellite are described, and the validity of esti-
mations of PSC amounts based on temperature thresholds are shown in Sect. 3. Sec-
tion 4 shows the dynamical mechanism of low temperatures caused by atmospheric15

waves. The effects of atmospheric waves on PSC amounts in the Southern and North-
ern Hemispheres are quantitatively examined in Sects. 5 and 6, respectively. The
summary and concluding remarks are given in Sect. 7.

2 Data description

2.1 CALIPSO data20

CALIPSO’s payload consists of the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP), the Wide Field Camera (WFC) and the Imaging Infrared Radiometer (IIR).
In this study, the CALIOP Level 2 Vertical Feature Mask (VFM) data product (version
3.01) is used to examine PSCs. CALIPSO is operated in a 98◦ inclination orbit and
provides measurements extending to the highest latitude of 82◦. CALIOP is suitable for25

the observation of PSCs because of its high vertical and horizontal resolutions and its
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high sensitivity to optically thin clouds. The data product describes the vertical profiles
of cloud and aerosol layers along the track of CALIPSO. Vertical (horizontal) resolu-
tions are 60 m (1000 m) in the altitude range of 8.2–20.2 km and 180 m (1667 m) in the
altitude range of 20.2–30.2 km. In this data product, cloud and aerosol layers are cat-
egorized into feature types. One type, “stratospheric”, includes the cloud and aerosol5

layers with bases above the tropopause, which is determined from static stability in the
Global Modeling and Assimilation Office (GMAO) Goddard Earth Observing System
Model Version 5 (GEOS-5) meteorological data set, following the definition of World
Meteorology Organization. However, because there is usually a weak minimum in the
temperature profile at around an altitude of 25 km in the polar night region in winter,10

determining tropopause from static stability is occasionally inaccurate. Thus, in some
cases, PSCs are categorized as “clouds” in the troposphere. To avoid this problem,
both “stratospheric” and “cloud” feature types above an altitude of 11 km are classified
as PSCs in this study. So as to make the data size smaller, the CALIOP data, with
an original vertical resolution of 60 m at altitudes of 8.2–20.2 km, are averaged every15

180 m, making the same resolution as for 20.2–30.2 km.
CALIOP transmits laser light simultaneously at 532 nm and 1064 nm at a pulse ra-

diation rate of 20.16 Hz, and measures the backscatter intensity at 1064 nm and two
orthogonally polarized components at 532 nm. Although PSC type classification can
be performed using these data (Noel et al., 2008; Pitts et al., 2009), this study mainly20

examines PSCs in terms of spatial and temporal variations.

2.2 ERA-Interim data

To analyze the temperature fields containing atmospheric waves with horizontal scales
larger than synoptic-scales (about several-hundred km), ERA-Interim data are used.
The horizontal resolution of the ERA-Interim data is 1.5◦×1.5◦, and the temporal inter-25

val is 6 h. Daily-averaged data at 14 vertical levels between 300 hPa and 10 hPa 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
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interval of 100 m to make comparison with CALIPSO observations easier. Wind data
are also used to calculate the potential vorticity on isentropic surfaces.

Figures 1a and 1b show the time-altitude sections of zonal-mean zonal wind U and
zonal-mean temperature T averaged over a latitude region of 55◦ S–85◦ S for the time
period May through October, 2008. In June through September, strong westerly winds5

(>40 m s−1) occur above 25 km. Temperature is quite low (∼192 K) in the altitude range
of 18–27 km in late June through August. In late August, the altitude region where T is
lower than 192 K gradually disappears. It is worth noting that a rapid rise in temperature
(∼2 K) is observed during 6–7 August. Figure 1c and d are the same as Fig. 1a and b
but are averaged over the latitude range of 55◦ N–85◦ N from November 2007 through10

March 2008. Increasingly rapid temperature rises are observed with higher altitudes.
In particular, after February 22, temperature rises extend down to altitudes of about
10 km, and zonal winds become easterly in the latitude range of 70◦ S–85◦ S.

2.3 COSMIC/Formosat-3 data

In order to analyze gravity waves, dry temperature data from GPS occultation measure-15

ments by COSMIC/Formosat-3 are used. The dry temperature profiles are calculated
from observed refractivity under the assumption that water vapor pressure and elec-
tron density are negligible. According to Schreiner et al. (2007) and Shepherd and
Tsuda (2008), the accuracy of dry temperature observations at the altitudes between
10 km and 30 km is better than 0.5 K. Although the nominal vertical resolution of the20

temperature profiles is about 0.1 km, the effective vertical resolution is about 1 km in
the upper troposphere and stratosphere (Shepherd and Tsuda, 2008). Note that GPS
radio occultation observations including COSMIC/Formosat-3 have been used in the
data assimilation process for ERA-Interim since 2006. The bias between the two is
less than 0.5 K, which is negligible for PSC analysis in this study.25
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2.4 Aura MLS data

In order to estimate the temperature thresholds for PSCs as accurate as possible,
the observation data of HNO3 and H2O from MLS on the Aura satellite (version 2.2)
are used. The along-track and vertical resolutions are respectively several-hundred km
and several km in the lower stratosphere. As a part of the A-Train satellite constellation,5

Aura satellite and CALIPSO follow almost the same orbit. A temperature threshold for
Type 1a PSC (TNAT; Hanson and Mauersberger, 1988) is estimated based on the MLS
observations.

Following Carslaw et al. (1994), STS formation temperature (TSTS) is assumed to
be 3.5 K below TNAT. The ice frost point temperature (TICE) is calculated using the10

formulae derived by Marti and Mauersberger (1993). Previous studies show that ice
particles are formed at temperatures which are 2–4 K lower than TICE (Tabazadeh et
al. 1997; Koop et al. 1998). In this study, the temperature threshold for Type II PSCs
(TICE−nu) is defined as the temperature that is 3 K below TICE. TSTS and TICE−nu are
derived at each grid point using the same methodology as for TNAT. Note that TNAT and15

TSTS are functions of the mixing ratios of HNO3 and H2O and atmospheric pressure,
while TICE−nu is a function of the H2O mixing ratio and pressure.

In previous studies, the spatial and temporal variations of the mixing ratios of HNO3
and/or H2O have often been ignored (i.e., HNO3 and/or H2O is assumed to be con-
stant) for calculating the temperature thresholds. However, uptake of HNO3 and H2O20

into PSC particles decreases the mixing ratios of HNO3 and H2O in the lower strato-
sphere, and consequently the temperature thresholds become lower in middle and late
winter than in early winter. To include these variations in our quantitative analyses, the
observed mixing ratios of HNO3 and H2O are averaged within 20◦×5◦ longitude-latitude
grid boxes and over one day at each level. They are further interpolated linearly into25

the same grids as those of the reanalysis data. Using these rearranged HNO3 and
H2O data, TNAT, TSTS and TICE−nu are obtained at each grid point.
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It is worth noting that lower mixing ratios of HNO3 and H2O caused by denitrification
and dehydration are difficult to detect, and the values that are observed may not be
accurate. In austral winter, in particular in July and August, there are negative values
in the HNO3 observation data around an altitude of 22 km (Santee et al., 2007). In
calculation of temperature thresholds in the present study, these negative mixing ratios5

are not included.

3 PSC frequency observed by CALIPSO and estimates by temperature
thresholds

The frequency of PSC occurrence F , hereinafter referred to as PSC frequency, is ob-
tained using CALIPSO observation data for each day at vertical intervals of 1 km within10

20◦×5◦ longitude-latitude grid boxes. PSC frequency is defined as the ratio of the num-
ber of cases where PSCs were detected to the total number of observations. The total
number of observations is usually about 160 for each grid box.

Figure 2 shows latitude-altitude sections of zonal-mean monthly-mean PSC fre-
quency in the time period of June through September 2008. More than 99 % of PSCs15

in the Southern Hemisphere are observed in the latitude and altitude region of 55◦ S–
85◦ S and 11–30 km. This region is the 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 frequency averaged within the
range of 65◦ S–70◦ S and 18–20 km in the time period from June through September20

2008. The altitude range of 18–20 km was chosen because PSCs are frequently ob-
served there (see Fig. 2). Note that data during 3–11 June, 18–22 July, 8–10 and
26–30 September are missing. PSC frequency increases in June and decreases in
September. Although it is clear that PSCs are observed in most longitudes, they ap-
pear most frequently in the longitude range 0◦–90◦ W in June and September, which is25

consistent with previous studies using CALIPSO observations (Pitts et al., 2007, Mc-
Donald et al., 2009). It is interesting to note that high F regions propagate eastward,
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which accords well with the movement of low temperature anomalies. The propagation
speeds of high F regions are concentrated around 20 m s−1, as shown by a solid arrow
in Fig. 3a. This is slower than the zonal-mean zonal wind (about 35 m s−1) at this level
(a dashed arrow). This fact suggests that the eastward propagation of high F regions
is not simply due to advection of PSCs by background wind but due to modulation by5

atmospheric waves. Similar patterns of propagation and regional dependence for PSC
frequency are also observed in the austral winters of 2007 and 2009 (not shown).

The most frequently-used proxy to estimate PSC areal extent is the area where
T≤TNAT (e.g., Rex et al., 1999, 2004). The TNAT-based PSC frequency is calculated
within 20◦×5◦ longitude-latitude grid boxes at the altitude of 18–20 km for each day10

using temperature from ERA-Interim data and HNO3 and H2O mixing ratios from Aura
MLS. The TNAT-based PSC frequency for each grid box is defined as the ratio of the
number of grid points with T<TNAT to the total number of grid points. Similarly, PSC
frequencies are calculated also based on TSTS and TICE−nu.

Figure 3b–d show the longitude-time sections of PSC frequencies averaged for the15

latitude range of 65◦ S–70◦ S and 18–20 km based on TNAT, TSTS, and TICE−nu, respec-
tively. It is clear that TSTS-based PSC frequency estimates accord best among the three
with observations by CALIPSO (Fig. 3a) in terms of magnitudes of PSC frequency and
eastward propagation speeds. On the other hand, the TNAT-based estimates are much
larger than observations. Reflecting the fact that TICE−nu values are usually below those20

of TSTS and TNAT, TICE−nu-based estimates are smaller than the TSTS-based estimates. It
is worth noting that while TSTS-based PSC frequencies greater than 10 % are observed
in regions where T<194 K in June, they are also observed in regions where T<192 K
in late August. This is likely because TSTS decreases due to a reduction in HNO3 and
H2O mixing ratios from their uptake into PSC particles.25

Figure 4 shows results for a higher latitude range of 75◦ S–80◦ S. PSC frequency
observed by CALIPSO is higher at higher latitudes. However, TSTS-based estimates do
not match the observations, in particular, in low temperature (T<184 K) regions in July
and August. It is likely that severe denitrification and dehydration during this time period

16977

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/16967/2011/acpd-11-16967-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/16967/2011/acpd-11-16967-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 16967–17012, 2011

Wave effects on
PSCs

M. Kohma and K. Sato

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

cause extremely large reductions of HNO3 and H2O mixing ratios, meaning they are
too small to be detected by MLS measurements. In addition, as Pitts et al. (2007) point
out, the temperature thresholds TNAT, TSTS and TICE will be underestimated if they are
not calculated using “total” HNO3 and H2O mixing ratios, i.e., gas phase mixing ratios
plus those of HNO3 and H2O which have been taken up into the PSC particles. Thus,5

the values of TSTS can be underestimated in regions where PSC amounts are large.
Another possible explanation for the difference between observations and TSTS-based
estimates is that the CALIPSO observations underestimate PSC areal extent because
optically thin PSCs may not be detectable by CALIOP (Pitts et al., 2007).

Based on the above results, it is inferred that the TSTS-based PSC frequency esti-10

mate are more reliable at low latitudes (<70◦ S) in the Antarctic. Thus, in the following
sections, our analysis will focus on PSCs mainly in the lower latitudes using TSTS-based
PSC frequency estimates. It should also be emphasized that PSCs in lower latitudes
are more important to ozone depletion because of the earlier arrival of solar radiation
in spring. In addition, even at latitudes higher than 70◦ S, temperatures at altitudes of15

12–15 km are not low enough to cause strong denitrification and dehydration. Thus,
TSTS-based estimates become accurate at latitudes higher than 70◦ S and between 12
and 15 km.

4 Temperature fluctuation caused by atmospheric waves in the lower
stratosphere20

4.1 Planetary and synoptic-scale waves

As shown in Sect. 3, the eastward propagation of high-PSC-frequency regions ac-
cords well with low temperature anomalies which are likely associated with atmospheric
waves. In this section, we discuss how planetary and synoptic-scale waves cause
low temperature anomalies. These waves are essentially the fluctuations of potential25

16978

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/16967/2011/acpd-11-16967-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/16967/2011/acpd-11-16967-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 16967–17012, 2011

Wave effects on
PSCs

M. Kohma and K. Sato

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

vorticity (PV), defined as follows:

PV=
ζ + f
σ

,

where σ−1 =−g ∂θ
∂p is thickness, ζ is relative vorticity, f is planetary vorticity, θ is po-

tential temperature and g is gravity acceleration. Potential vorticities on the 300 K
(500 K) isentropic surface, corresponding to an altitude of about 8 km (20 km), in the5

polar winter are analyzed to examine the behaviors of synoptic-scale waves (planetary
waves). According to Charney and Drazin’s theorem (1961), atmospheric waves with
zonal wavenumbers (s) higher than 3 cannot propagate vertically in the stratosphere in
usual winter conditions. Thus, planetary waves are dominant around the polar vortex
in winter. Teitelbaum and Sadourny (1998) showed that planetary waves are important10

for PSC formation due to their strong uplift of isentropic surfaces. In addition, Teitel-
baum et al. (2001) showed that synoptic-scale waves near the tropopause can affect
PSC occurrence in the lower stratosphere in both hemispheres. In this study, planetary
waves are defined as disturbances with s=1–3 components and synoptic-scale waves
as s=4–20 components. V is conserved following the motion on the isentropic surface15

when mechanical forcing and adiabatic heating are negligible. The unperturbed PV
isolines are usually oriented zonally around the stratospheric polar vortex. The tem-
perature inside (outside) the polar vortex is low (high) mainly due to differential solar
radiative heating. Thus, the anticyclonic PV anomaly (positive anomaly in the South-
ern Hemisphere) of planetary waves is associated with poleward advection of warm air20

originating from lower latitudes, and vice versa (Fig. 5b). As a result, PV and temper-
ature anomalies are positively correlated in the middle stratosphere of the Southern
Hemisphere, where planetary waves are dominant.

Figure 6a shows a scatter diagram of s=4–20 potential vorticity components on
the 300 K isentropic surface (∼8 km) around the tropopause and s=4–20 temperature25

components at 100 hPa (∼15 km) in the lower stratosphere for the latitude range of
65◦ S–70◦ S in July. PV and temperature components are negatively correlated. The
relationship is understandable as follows. The synoptic-scale baroclinic waves usually
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have two PV anomalies near the tropopause and the ground surface. The tempera-
ture anomalies associated with the PV anomalies near the tropopause are illustrated
in Fig. 6b. When the anticyclonic PV anomaly (positive anomaly in the Southern Hemi-
sphere) is located near the tropopause, isobars around the anomaly are lifted up as
shown by green curves in Fig. 6b. Thus, the thickness above the tropopause becomes5

thinner, while the thickness below becomes thicker. Because thickness is proportional
to the mean temperature in the layer, the temperature anomaly is negative above the
anticyclonic PV anomaly and positive below. Similarly the cyclonic PV anomaly (neg-
ative anomaly in the Southern Hemisphere) causes the positive temperature anomaly
to have an opposite sign to the anticyclonic PV anomaly. Thus, PSCs in the low-10

ermost stratosphere are associated with anticyclonic PV anomalies located near the
tropopause, as seen in Fig. 6a.

Figure 6c shows a composite of s=4–20 temperature components in a longitude-
pressure section for July 2008. The reference points are determined where s=4–20
isentropic potential vorticity components are positively maximized in the zonal direction15

at 65◦ S at θ=300 K, and with their maximum value larger than 2.5 PVU. The number of
cases used for the composite is 21. The vertical structure of the temperature anomaly
is similar to the schematic illustration shown in Fig. 6b. The amplitude of the tempera-
ture anomaly at 100 hPa is 1 K, which is consistent with the range of the scatter diagram
shown in Fig. 6a. It is worth noting that the vertical structure in the stratosphere is al-20

most barotropic, while eastward tilt is seen in the troposphere, which is consistent with
baroclinic waves.

4.2 Gravity waves

As ERA-Interim data do not have sufficient resolution for the study of gravity waves,
dry temperature data from COSMIC/Formosat-3 observations are used. In this study,25

gravity waves are defined as the components whose vertical wavelengths are shorter
than 6 km. An analysis is made of the vertical profiles in a restricted height range of
12–30 km, where PSCs are frequently observed. Note that this restriction is effective
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to avoid mixing spurious temperature fluctuations due to the tropopause structure into
gravity waves. However, this process may cause underestimation of the amplitude of
gravity waves near the edge of the vertical profile. It is also important to note that
the horizontal resolution of the COSMIC data is about 300–400 km in the polar region,
which means that only gravity waves having horizontal wavelengths longer than 600–5

800 km can be estimated. Thus, the results shown by this study give the lower limit of
the gravity wave effects on PSCs.

Figure 7a shows profiles of original dry temperature and smoothed dry temperature
with a lowpass filter with a cutoff length of 6 km in the vertical at 82.8◦ W, 80.3◦ S on
29 August 2008. Temperature fluctuations with amplitudes of about 5 K are observed10

above 12 km. Figure 7b shows feature type along a CALIPSO orbit on the same day.
A green rectangle indicates the region of the temperature profile shown in Fig. 7a.
It is clear from Fig. 7a and b that PSCs are observed at altitudes of 13–16 km and
18–21 km, where temperature is minimized due to gravity waves.

5 The effects of atmospheric waves on PSCs in the Antarctic winter of 200815

In this section, the effects of planetary waves, synoptic-scale waves and gravity waves
on PSC areal extent are quantitatively examined using TSTS-based estimates of PSCs.
First of all, the reliability of TSTS-based PSC areal extent estimates is confirmed by com-
paring the estimates with PSC areal extent calculated using CALIPSO observations in
the latitude range of 55◦ S–70◦ S, in which TSTS-based PSC frequency accords well with20

observations, as shown in Sect. 3. To calculate CALIPSO-based PSC areal extent,
firstly, PSC frequency is obtained as in the previous section but for every 1 km vertical
grid point. Then, PSC areal extent for each grid box is determined as PSC frequency
in the grid box multiplied by the box area. Figure 8a shows a time-altitude section
of CALIPSO-based PSC areal extent for 55◦ S–70◦ S. As shown in Pitts et al. (2007,25

2009), PSCs are dominant in the altitude region of about 20–25 km in early June, and
down to 12 km in late June. In late August and September, PSCs gradually disappear
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above 20 km, and PSC areal extent becomes smaller. The decrease in PSC areal
extent is observed at altitudes of 20–24 km during 6–8 August. It is likely that this
decrease is related to an increase in zonal-mean temperature in spring (see Fig. 1b).
TSTS-based PSC areal extent is calculated in the same way as CALIPSO-based PSC

areal extent. Figure 8b shows a time-altitude section of TSTS-based PSC areal extent.5

It is clear that the TSTS-based estimates, in particular, timings and altitudes of TSTS-
based PSC areal extent maxima (vertical broken lines in Fig. 8), accord well with the
observations.

To estimate the effects of planetary waves, synoptic-scale waves and gravity waves,
PSC areal extents with and without the respective waves are compared. The effects of10

the respective waves are quantified in terms of PSC coverage ratio R(z, t), defined as
the summation of PSC areal extent over all longitudes in the latitude range of 55◦ S–
70◦ S normalized by the analyzed area. In other words, R(z, t) corresponds to the
zonal and latitudinal mean of PSC frequency weighted by length of latitude circle. The
method of analysis is shown in Fig. 9. PSC coverage ratio with planetary waves is15

calculated using s=0–3 components of ERA-Interim temperature, Aura MLS HNO3
and H2O mixing ratios (Fig. 9b). The unperturbed PSC coverage ratio is calculated
using zonal-mean (i.e., s=0) temperature, HNO3 and H2O data (Fig. 9a). Then, the
difference between the two PSC coverage ratios ∆RPW, is obtained as the effect of
planetary waves. A positive ∆RPW value means that planetary waves increase R(z, t),20

and vice versa.
Similar analyses are conducted to obtain ∆RSW and ∆RGW for synoptic-scale waves

(s=4–20) and gravity waves (vertical wavelength <6 km), respectively. For calcula-
tions of PSC coverage ratios with and without gravity waves, unfiltered HNO3 and H2O
mixing ratios are used because the original vertical resolutions of HNO3 and H2O data25

are not as high as that of COSMIC temperature data.
Figures 10a-c show time-altitude sections of 5-day-runnnig means for ∆RPW, ∆RSW

and ∆RGW. Red (blue) areas indicate an increase (decrease) in PSC coverage ratios.
Contours show the variance of temperature fluctuations associated with the respective
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waves. The variance of temperature fluctuations associated with planetary waves is
large at altitudes of 13–25 km in early July and early August. In September, the vari-
ance becomes larger, having its peak around an altitude of 28 km. ∆RPW is about +5 %
on average at altitudes of 16–25 km in the time period of mid-June through Septem-
ber. Synoptic-scale waves have large temperature fluctuations around 11 km in June5

through September. ∆RSW is about +1 % on average at around 12 km. Positive ∆RSW
values are seen at altitudes of 16–25 km in spite of little temperature variance from
synoptic-scale waves there.

The temperature variance of gravity waves increases at heights above 16 km and
has a maximum at around 14 km, which is consistent with Yoshiki et al. (2004). ∆RGW10

is positive at altitudes of 13–16 km and negative at altitudes of 22–25 km. However, the
effect is small compared with those of planetary and synoptic-scale waves.

Next, the relative contributions of the respective waves to total TSTS-based PSC areal
extent RALL (s=all wavenumbers) are examined for the latitude range of 55◦ S–70◦ S.
RALL is calculated based on unfiltered temperature and mixing ratios of HNO3 and H2O.15

The latitude range of 55◦ S–70◦ S is chosen because PSCs there play a significant
role in ozone destruction chemistry. Figure. 11a–c show time series of ∆RPW, ∆RSW,
∆RGW and RALL at altitudes of 16–20 km, 15 km and 12 km for 55◦ S–70◦ S. These
altitude ranges are analyzed because the changes in R due to the respective waves
are large, as seen in Fig. 10. ∆RPW accords with RALL, indicating that the contribution20

of planetary waves is dominant at altitudes of 16–20 km, except for 8–27 July. The
small ∆RPW (<4 %) during 8–27 July is most likely due to the small planetary wave
amplitudes (see Fig. 10a). This feature suggests that zonal-mean temperature is lower
than TSTS during this time period compared with other time periods.

At 12 km, ∆RSW is larger than ∆RPW, indicating that the effects of synoptic-scale25

waves are dominant. The ratio of ∆RSW to RALL, i.e., contribution of synoptic-scale
waves at 12 km is more than 60 % on average. At an altitude of 15 km, where the
effects of gravity waves are large (Fig. 10c), ∆RGW is comparable to ∆RSW but neg-
ligible compared with ∆RPW, suggesting that gravity waves have little impact on PSC
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coverage ratio. The ratio of ∆RGW to RALL, i.e., contribution of gravity waves, is near its
largest value of 0.5 % in late August and September.

Figure 12a–c show latitude-altitude sections of the zonal-mean monthly-mean tem-
perature in July, August and September, respectively. Figure 12d–f show the same as
Fig. 12a–c but for the difference ∆F between TSTS-based PSC frequencies F with and5

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), respectively. These time
periods are chosen because the changes of PSC areal extent due to the respective
waves are large in Fig. 10. Contour lines indicate the temperature variance associ-
ated with the respective waves. In July, ∆F due to planetary waves are positive to10

the north of 70◦ S in an altitude range of 15–23 km and negative at higher latitudes in
the same altitude range. This is probably reflecting the fact that zonal-mean temper-
ature is lower (higher) than TSTS to the south (north) of 70◦ S. The negative ∆F at the
higher latitudes is not meaningful because TSTS-based PSC frequency estimates are
not accurate there, as is described in Sect. 3 (See Fig. 4).15

Figure 12b shows that the variance of synoptic-scale waves is maximized around an
altitude of 12 km in August and that ∆F due to synoptic-scale waves is positive there.
Another interesting feature is that ∆F is significantly positive at altitudes of 14–20 km
for the latitude range of 50◦ S–70◦ S, even though the temperature variance is almost
zero at latitudes higher than 70◦ S and above 15 km. This feature is observed also in20

the other months. It would be interesting to analyze how synoptic-scale waves affect
PSC amounts at these altitudes, where planetary wave effects are dominant, but this
is beyond the scope of the present paper.

In Fig. 12c, temperature variance due to gravity waves observed in a wide latitude
range of 55◦ S–85◦ S are similar to those of Fig. 10c. A Positive ∆F due to gravity25

waves around an altitude of 15 km is more significant at latitudes higher than 65◦ S in
September. Figure 11d shows time series of ∆RGW and RALL at an altitude of 15 km in
the latitude range of 70◦ S–85◦ S. The contribution of gravity waves to RALL (∆RGW/RALL)
amounts to about 30 % on average in September.
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Figure 13 shows polar stereo projection maps of the monthly-mean ∆F due to the
respective waves. The altitudes and months shown in each panel are chosen because
they have the highest magnitudes of ∆F for each wave in Fig. 10: z=16–20 km in July
for planetary waves (Fig. 13a), z=12 km in August for synoptic-scale waves (Fig. 13b)
and z=15 km in September for gravity waves (Fig. 13c). Planetary waves act to in-5

crease PSC frequency to the north of 70◦ S and decrease PSC frequency to the south
of 70◦ S.

In the austral winter, propagating planetary waves are dominant around the polar
vortex. These planetary waves are accompanied by temperature fluctuations, as is
illustrated in Fig. 5. It is likely that the warm temperature advection at the higher lati-10

tudes and cold advection at the lower latitudes cause the annular-like structure of ∆F ,
as can be observed in Fig. 13a.

In Fig. 13b, ∆F due to synoptic-scale waves is mostly positive at lower latitudes and
negative at higher latitudes, even though a horizontal pattern of zonal wavenumber 4 is
observed. The wavy pattern is probably due to synoptic-scale waves being temporally15

amplified in January.
Gravity waves increase PSC frequency at altitudes of 11–15 km, in particular over

the Transantarctic Mountains and downstream of the Antarctic Peninsula (Fig. 13c).

6 The effects of atmospheric waves on PSCs in the Arctic winter of 2007/2008

PSCs appear less frequently in the Arctic than in the Antarctic. Figure 14 shows20

longitude-time sections of PSC frequency observed by CALIPSO and the TSTS-based
PSC frequency for the latitude range of 65◦ N–70◦ N in December 2007 through Febru-
ary 2008. Note that data during 28–31 December and 17 January are missing. The
TSTS-based estimates accord well with CALIPSO observations in Fig. 14, although they
are a little larger. Unlike the Southern Hemisphere estimates, the TSTS-based estimates25

are consistent with observations even at higher latitudes (>70◦ N), which is likely due to
the weak denitrification and dehydration in the Northern Hemisphere. Compared with
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the Southern Hemisphere, PSCs are observed less frequently in the Northern Hemi-
sphere, and they are restricted to the longitudes between 0◦ and 90◦ E. This is probably
because the winter stratosphere is generally warmer in the Arctic than in the Antarc-
tic. Also, the center of the polar vortex shifts to Europe due to stationary planetary
waves. Interannual variation of PSCs is larger in the Northern Hemisphere, reflecting5

strong planetary wave activity. For example, PSC frequency was low in the winter of
2008/2009 when a stratospheric major warming occurred (not shown).

Figure 15a and b show time-altitude sections of observed and TSTS-based PSC areal
extents in the Northern Hemisphere, respectively. The observed PSC areal extent in
the Northern Hemisphere is about half of that in the Southern Hemisphere. In addition,10

the vertical extent of PSCs is smaller in the Northern Hemisphere. PSCs are sparse
below 16 km.

The TSTS-based PSC areal extent is about twice as large as the observations at
altitudes of 16–25 km during the winter. However, the timings and altitudes where
PSC areal extent is maximized are consistent with the CALIPSO observations. To15

examine the effects of atmospheric waves, in the Northern Hemisphere, TSTS-based
PSC frequency estimates are used, as they were used for the Southern Hemisphere in
Sect. 5.

Figure 15c–e show time-altitude sections of 5-day-running means for ∆RPW, ∆RSW
and ∆RGW (colors) and temperature variance (contours) in the latitude range of 55◦ N–20

85◦ N in December 2007 through February 2008. Note that the analyzed latitude range
in the Northern Hemisphere is larger than that in the Southern Hemisphere, which
covers almost the whole area where PSCs are observed, except near the North Pole.

As is seen in Fig. 15c, the temperature variance of planetary waves is much larger in
the Northern Hemisphere than in the Southern Hemisphere at altitudes above 12 km.25

Values of ∆RPW are about 10 % on average at altitudes of 18–27 km in the time period
of mid-December through early February. In particular, ∆RPW is largely positive when
and where planetary waves have large amplitudes.
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Figure 15d shows that the variances of temperature fluctuations associated with
synoptic-scale waves are large around 11 km during the winter and above 24 km dur-
ing 20–30 January. Negative values of ∆RSW are observed at altitudes of 16–24 km in
January through mid-February, even though the variance of temperature fluctuations
associated with synoptic-scale waves is not necessarily large (e.g., 5–20 January). On5

the other hand, the increase in PSC areal extent in the lowermost stratosphere, as
is clearly seen in the Southern Hemisphere, is not so obvious in the Northern Hemi-
sphere (see Fig. 10b). The negative ∆RSW in 16–24 km may not be due to synoptic-
scale waves but the synoptic-scale structure of the distribution of HNO3 and/or H2O
mixing ratios caused by inhomogeneous denitrification and dehydration.10

Above 16 km, temperature variances of gravity waves peak at around 15 km, and
above 16 km, they increase with height (Fig. 15e), which is similar to the Southern
Hemisphere. ∆RGW is generally quite small but is slightly negative at altitudes of 16–
24 km in the time period of 5–25 January.

The relative contributions of the respective waves to the total TSTS-based PSC areal15

extent RALL are examined. Figure 16 shows time series of ∆RPW, ∆RSW, ∆RGW and
RALL for the latitude range of 55◦ N–85◦ N at 22 km, where PSCs were most frequently
observed in the winter of 2007/2008. The contribution of planetary waves to RALL is
dominant during winter, while those of synoptic-scale waves and gravity waves are
small. It is interesting to note that ∆RPW exceeds RALL in mid-January, and that the20

excess is cancelled by ∆RSW. It is worth noting that the results displayed in Fig. 16 are
for the latitude range of 55◦ N–85◦ N, while those in Fig. 11 are only for the lower latitude
range of 55◦ S–70◦ S. Although the contribution of zonal-mean fields to PSC 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-mean fields25

is quite small.
Figure 17 shows polar stereo projection maps of monthly-mean ∆F due to planetary

waves in January at 22 km. ∆F due to planetary waves is positive in the longitude range
of 30◦ W–120◦ E. In the Arctic stratosphere, stationary planetary waves are dominant,
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usually shifting the center of the polar vortex to Europe. Thus, the region where T≤TSTS
is restricted to the longitude range of about 30◦ W–90◦ E.

7 Summary and concluding remarks

The effects of atmospheric waves on the amounts of PSCs in both hemispheres have
been examined using observation data from the three satellites CALIPSO, COSMIC5

and Aura MLS and reanalysis data.
PSC frequency is calculated using CALIPSO VFM data in the Southern Hemisphere

in the winter of 2008. A Hovmöller diagram indicates that the high PSC frequency
regions propagate eastward at speeds that are much different from the background
zonal wind, suggesting significant modulation due to atmospheric waves.10

Next, PSC frequency is estimated based on three kinds of temperature thresholds
and compared with CALIPSO observations. For the estimations, temporal and spatial
variations of HNO3 and H2O mixing ratios observed by MLS are used. The history of
air-parcels, such as advection of the existing particles, is ignored. Although TSTS-based
PSC frequency accords well with the observations in the latitude ranges of 55◦ S–70◦ S15

and 55◦ N–85◦ N, the estimation is not consistent with observations in the regions to the
south of 70◦ S, in particular in midwinter. This inconsistency at the higher latitudes in
the Southern Hemisphere is likely due to extremely low mixing ratios of HNO3 and/or
H2O. However, the TICE-based PSC frequency is consistent with the observations at
higher latitudes. This result for the Southern Hemisphere suggests that PSCs mainly20

consist of STS at lower latitudes, while water ice is dominant at higher latitudes, which
is consistent with previous observational study (e.g., Höphner et al., 2006).

The relationships between temperature fluctuations and planetary waves in the mid-
dle stratosphere and with synoptic-scale waves near the tropopause are then exam-
ined. It is shown by a scatter diagram analysis that planetary-scale cyclones are ac-25

companied with negative temperature anomalies with amplitudes of about 10 K at 65◦ S
and at around 20 km. In contrast, synoptic-scale anticyclones with potential vorticity

16988

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/16967/2011/acpd-11-16967-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/16967/2011/acpd-11-16967-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 16967–17012, 2011

Wave effects on
PSCs

M. Kohma and K. Sato

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

anomalies near the tropopause are accompanied with negative temperature fluctua-
tions with amplitudes of about 1 K at 65◦ S and 10–15 km. These results suggest that
planetary waves have a great impact on the spatial distribution of PSCs in the middle
stratosphere, and synoptic-scale waves have a great impact at around 12 km, which is
consistent with previous case studies by Teitelbaum and Sadourny (1998) and Teitel-5

baum et al. (2001).
The effects of gravity waves are examined using COSMIC/Formosat-3 data. Gravity

wave components are defined as fluctuations with vertical wavelengths shorter than
6 km. It is confirmed that low temperatures due to gravity waves accord with PSCs
observed by CALIPSO.10

Following this, the effects of three kinds of atmospheric waves (planetary, synoptic-
scale and gravity waves) on PSC areal extents are examined by analyzing the change
in the TSTS-based PSC coverage ratio due to the respective waves for a latitude re-
gion of 55◦ S–70◦ S. It is shown that at 16–22 km, planetary waves increase the PSC
coverage ratio by about 5 % on average in the examined latitude range in mid-June15

through September, which is almost the same as total PSC coverage ratio. In other
words, PSCs in this area are mainly caused by planetary waves during winter. This is
likely due to the fact that zonal-mean temperature is usually higher than TSTS at lower
latitudes (55◦ S–70◦ S) and that the most significant cause of low temperature (<TSTS)
is modulation due to the propagating planetary waves along the polar night jet situated20

at about 60◦ S in the Antarctic stratosphere. The temperature fluctuations associated
with synoptic-scale waves are dominant at around 12 km in winter. The change in PSC
coverage ratio ∆R is about +1 % at around 12 km, which means that the relative con-
tribution of synoptic-scale waves to the total PSC coverage ratio at 12 km is more than
60 %. It is also shown that the gravity wave effects are significant at around 15 km at25

latitudes higher than 70◦ S, in particular in September (∆R∼3 %; relative contribution to
total of ∼30 %), although they are negligible (∆R∼0.1 %; relative contribution of ∼1 %)
at lower latitudes (55◦ S–70◦ S).
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Similar analyses are performed for the Northern Hemisphere winter in 2007/2008,
where PSC regions are significantly limited. The TSTS-based estimates of PSC areal
extent accord well with observations in most latitudes of 55◦ N–85◦ N in terms of tem-
poral variation. However, the TSTS-based PSC areal extent is about twice as large as
observations at 16–25 km during winter.5

Stationary planetary waves are dominant in the Arctic stratosphere and strongly af-
fect PSC areal extents. Their relative contribution to the total PSC coverage ratio is
close to 100 % at most altitudes during the winter. Synoptic-scale waves and gravity
waves act to decrease PSC coverage area, although their effects are very weak.

Several studies have examined the relationship between ozone depletion and PSC10

areal extent and volume (areal extent times the altitude range) based on TNAT in the
Northern Hemisphere (e.g. Rex et al., 1999, 2004). The results in this study suggest
that TNAT-based PSC areal extent may be overestimated because TSTS is lower than
TNAT, which is consistent with Pitts et al. (2007).

Several previous studies have emphasized the importance of synoptic-scale waves15

near the tropopause and gravity waves in the Northern Hemisphere. For example,
Teitelbaum et al. (2001) indicated the importance of uplifts of isentropic surface due
to synoptic-scale anticyclonic potential vorticity anomalies near the tropopause. How-
ever, due to the small latitude circles in the polar region, the uplifts of isentropic surface
analyzed by Teitelbaum et al. (2001) may have had larger spatial scales than those20

analyzed as synoptic-scale (s=4–20) waves in the present study. Thus, it is possible
that the effects of synoptic-scale waves as analyzed by Teitelbaum et al. (2001) are
included in ∆RPW of the present study. For a more detailed evaluation of the effects
of atmospheric waves on PSCs, the history of air parcels would need to be consid-
ered. Several studies (e.g., Eckermann et al. 2009) have shown that water ice formed25

at low temperatures in association with gravity waves helps NAT formation. In this
study, gravity waves with horizontal wavelengths shorter than about 600 km were not
detected in COSMIC observations, although gravity waves with much shorter horizon-
tal wavelengths do exist. Thus, it is possible that our study underestimates the effects
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of gravity waves on PSC areal extent. Therefore, a further analysis of the effects of
gravity waves on PSCs using data from higher resolution observations and numerical
models is needed.
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Höpfner, M., Pitts, M. C., and Poole, L. R.: Comparison between CALIPSO and MI-
PAS observations of polar stratospheric clouds, J. Geophys. Res., 114, D00H05,
doi:10.1029/2009jd012114, 2009.25

Koop, T., Ng, H. P., Molina, L. T., and Molina, M. J.: A new optical technique to study aerosol
phase transitions: The nucleation of ice from H2SO4 aerosols, J. Phys. Chem. A, 102, 8924–
8931, 1998.

Lowe, D. and MacKenzie, A. R.: Polar stratospheric cloud microphysics and chemistry, J. At-
mos. Sol.-Terr. Phys., 70, 13–40, doi:10.1016/j.jastp.2007.09.011, 2008.30

Marti, J. and Mauersberger, K.: Laboratory Simulations of PSC Particle Formation, Geophys.
Res. Lett., 20, 359–362, doi:10.1029/93GL00083, 1993.

McDonald, A. J., George, S. E., and Woollands, R. M.: Can gravity waves significantly impact

16992

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/16967/2011/acpd-11-16967-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/16967/2011/acpd-11-16967-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/JZ066i001p00083
http://dx.doi.org/10.1029/2008GL036629
http://dx.doi.org/10.5194/acp-2-93-2002
http://dx.doi.org/10.5194/acp-2-93-2002
http://dx.doi.org/10.5194/acp-2-93-2002
http://dx.doi.org/10.1029/GL015i013p01507
http://dx.doi.org/10.5194/acp-6-1221-2006
http://dx.doi.org/10.1029/2009jd012114
http://dx.doi.org/10.1016/j.jastp.2007.09.011
http://dx.doi.org/10.1029/93GL00083


ACPD
11, 16967–17012, 2011

Wave effects on
PSCs

M. Kohma and K. Sato

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

PSC occurrence in the Antarctic?, Atmos. Chem. Phys., 9, 8825–8840, doi:10.5194/acp-9-
8825-2009, 2009.

Noel, V., Hertzog, A., Chepfer, H., and Winker, D. M.: Polar stratospheric clouds
over Antarctica from the CALIPSO spaceborne lidar, J. Geophys. Res., 113, D02205,
doi:10.1029/2007jd008616, 2008.5

Orsolini, Y. J., Karpechko, A. Y., and Nikulin, G.: Variability of the Northern Hemisphere polar
stratospheric cloud potential: the role of North Pacific disturbances, Q. J. Roy. Meteorol.
Soc., 135, 1020–1029, doi:10.1002/qj.409, 2009.

Pitts, M. C., Thomason, L. W., Poole, L. R., and Winker, D. M.: Characterization of polar
stratospheric clouds with spaceborne lidar: CALIPSO and the 2006 Antarctic season, Atmos.10

Chem. Phys., 7, 5207–5228, doi:10.5194/acp-7-5207-2007, 2007.
Pitts, M. C., Poole, L. R., and Thomason, L. W.: CALIPSO polar stratospheric cloud observa-

tions: second-generation detection algorithm and composition discrimination, Atmos. Chem.
Phys., 9, 7577–7589, doi:10.5194/acp-9-7577-2009, 2009.

Rex, M., Von Der Gathen, P., Braathen, G. O., Harris, N. R. P., Reimer, E., Beck, A., Alfier,15
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 1 

Fig. 1: Time-altitude sections of (a) U  and (b) T  averaged within the latitude range of 55°S-2 

85°S in May through October 2008 and (c) U  and (d) T  within the latitude range of 55°N-3 

85°N in November 2007 through March 2008. Arrows on the bottom of (b) and on the top of 4 

(d) show timings when warmings occur.  5 

6 

Fig. 1. Time-altitude sections of (a) U and (b) T averaged within the latitude range of 55◦ S–
85◦ S in May through October 2008 and (c) U and (d) T within the latitude range of 55◦ N–85◦ N
in November 2007 through March 2008. Arrows on the bottom of (b) and on the top of (d) show
timings when warmings occur.
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 1 

Fig. 2: Latitude-altitude sections of zonal-mean monthly-mean PSC frequency F, in June 2 

through September 2008, obtained from CALIPSO data. 3 

4 

Fig. 2. Latitude-altitude sections of zonal-mean monthly-mean PSC frequency F , in June
through September 2008, obtained from CALIPSO data.
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 1 

Fig. 3: (a) Hovmöller diagram of PSC frequency from CALIPSO observations in austral 2 

winter of 2008 averaged within an altitude range of 18-20 km in the latitude range of 65°S-3 

70°S. Time periods surrounded by black solid lines denote time periods when CALIPSO data 4 

are missing. A solid arrow shows the zonal velocity (20 ms-1) of high F regions. A dashed 5 

arrow shows zonal-mean zonal wind speed (35 ms-1). (b) The same as (a) but for the F 6 

estimates based on TNAT as a temperature threshold. Contour lines show temperatures at 7 

50 hPa from ERA-Interim data at an interval of 2 K. (c)-(d) The same as (b) but for TSTS and 8 

TICE-nu as temperature thresholds, respectively. 9 

10 

Fig. 3. (a) Hovmöller diagram of PSC frequency from CALIPSO observations in austral winter
of 2008 averaged within an altitude range of 18–20 km in the latitude range of 65◦ S–70◦ S. Time
periods surrounded by black solid lines denote time periods when CALIPSO data are missing.
A solid arrow shows the zonal velocity (20 m s−1) of high F regions. A dashed arrow shows
zonal-mean zonal wind speed (35 m s−1). (b) The same as (a) but for the F estimates based on
TNAT as a temperature threshold. Contour lines show temperatures at 50 hPa from ERA-Interim
data at an interval of 2 K. (c)–(d) The same as (b) but for TSTS and TICE−nu as temperature
thresholds, respectively.
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 1 

Fig. 4: The same as Fig. 3a and 3c but for the latitude range of 75°S-80°S. 2 

3 

Fig. 4. The same as Fig. 3a and c but for the latitude range of 75◦ S–80◦ S.
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 1 

Fig. 5: (a) Scatter diagram of s = 1-3 potential vorticity fluctuation components on 500 K 2 

isentropic surface and s = 0-3 temperature components at 50 hPa in the latitude range of 65°S-3 

70°S in July. “Corr.” stands for correlation efficient. (b) Schematic illustration of the relation 4 

between temperature and potential vorticity in the middle stratosphere of the Southern 5 

Hemisphere. Red (blue) area indicates warm (cold) temperature. The broken curve illustrates 6 

a polar night jet modulated by a planetary wave. 7 

8 

Fig. 5. (a) Scatter diagram of s=1-3 potential vorticity fluctuation components on 500 K isen-
tropic surface and s=0–3 temperature components at 50 hPa in the latitude range of 65◦ S–
70◦ 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 Hemi-
sphere. Red (blue) area indicates warm (cold) temperature. The broken curve illustrates a
polar night jet modulated by a planetary wave.
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 1 

Fig. 6: (a) A scatter diagram of s = 4-20 potential vorticity fluctuation components on 300 K 2 

isentropic surface and s = 4-20 temperature fluctuation components at 100 hPa in the latitude 3 

range of 65°S-70°S in July. “Corr.” stands for correlation coefficient. (b) A schematic 4 

illustration of the relation between temperature anomalies (colors) and potential vorticity near 5 

the tropopause (black broken line) in the Southern Hemisphere. Green curves indicate isobars. 6 

(c) A composite of the relative longitude-pressure section of s = 4-20 temperature components 7 

in July 2008 with a reference point (a white cross mark) where the s = 4-20 potential vorticity 8 

components are positive and maximized in the zonal direction at 65°S on θ = 300 K surface, 9 

and values are larger than 2.5 PVU. Contour intervals are 0.5 K. Broken contours indicate 10 

negative values. Shading shows the regions with significance levels greater than 99%. 11 

12 

Fig. 6. (a) A scatter diagram of s=4-20 potential vorticity fluctuation components on 300 K
isentropic surface and s=4-20 temperature fluctuation components at 100 hPa in the latitude
range of 65◦ S–70◦ S in July. “Corr.” stands for correlation coefficient. (b) A schematic illus-
tration of the relation between temperature anomalies (colors) and potential vorticity near the
tropopause (black broken line) in the Southern Hemisphere. Green curves indicate isobars. (c)
A composite of the relative longitude-pressure section of s=4–20 temperature components in
July 2008 with a reference point (a white cross mark) where the s=4-20 potential vorticity com-
ponents are positive and maximized in the zonal direction at 65◦ S on θ=300 K surface, and
values are larger than 2.5 PVU. Contour intervals are 0.5 K. Broken contours indicate negative
values. Shading shows the regions with significance levels greater than 99 %.
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 1 

Fig. 7: (a) Original (red) and smoothed (black) profiles of dry temperature at 82.8°W, 80.2°E 2 

on August 29 2008 from COSMIC/Formosat-3. A smoothing was made using a lowpass filter 3 

with a cutoff length of 6 km. (b) A horizontal and height section of feature type from 4 

CALIPSO on August 29 2008. Blue (light blue) areas indicate “stratospheric” cloud 5 

(tropospheric “cloud”) layers. A green rectangle indicates the region of the dry temperature 6 

profile show in (a). 7 

8 

Fig. 7. (a) Original (red) and smoothed (black) profiles of dry temperature at 82.8◦ W, 80.2◦ E
on 29 August 2008 from COSMIC/Formosat-3. A smoothing was made using a lowpass filter
with a cutoff length of 6 km. (b) A horizontal and height section of feature type from CALIPSO
on 29 August 2008. Blue (light blue) areas indicate “stratospheric” cloud (tropospheric “cloud”)
layers. A green rectangle indicates the region of the dry temperature profile show in (a).
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 1 

Fig. 8: Time-altitude sections of (a) PSC areal extent obtained from CALIPSO observations 2 

and (b) TSTS-based PSC areal extent in the latitude range of 55°S-70°S in 2008. Broken lines 3 

show timings when observed PSC areal extent is maximized. Thin solid lines show the time 4 

periods during which CALIPSO data are missing. Contour intervals are 5 × 105 km2. 5 

6 

Fig. 8. Time-altitude sections of (a) PSC areal extent obtained from CALIPSO observations
and (b) TSTS-based PSC areal extent in the latitude range of 55◦ S–70◦ S in 2008. Broken lines
show timings when observed PSC areal extent is maximized. Thin solid lines show the time
periods during which CALIPSO data are missing. Contour intervals are 5×105 km2.
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 42

 1 

Fig. 9: A method to estimate the effects of planetary waves, synoptic-scale waves and gravity 2 

waves on PSC areal extent. (a) TSTS-based PSC area calculated from s = 0 components (i.e. 3 

zonal-mean) of temperature from ERA-Interim data and mixing ratios of HNO3 and H2O from 4 

Aura MLS. (b)-(c) Same as (a) but for s = 0-3 and s = 0-20 components, respectively. (d)-(e) 5 

TSTS-based PSC area calculated from smoothed and original temperature from 6 

COSMIC/Formosat-3, respectively. The cutoff length of the lowpass filter used for 7 

temperature in (d) is 6 km. The unfiltered mixing ratios of HNO3 and H2O are used.  8 

9 

Fig. 9. A method to estimate the effects of planetary waves, synoptic-scale waves and
gravity waves on PSC areal extent. (a) TSTS-based PSC area calculated from s=0 compo-
nents (i.e. zonal-mean) of temperature from ERA-Interim data and mixing ratios of HNO3 and
H2O from Aura MLS. (b)–(c) Same as (a) but for s=0–3 and s=0–20 components, respec-
tively. (d)–(e) TSTS-based PSC area calculated from smoothed and original temperature from
COSMIC/Formosat-3, respectively. The cutoff length of the lowpass filter used for temperature
in (d) is 6 km. The unfiltered mixing ratios of HNO3 and H2O are used.
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 1 

Fig. 10: Time-altitude sections of 5-day-runnning means for (a) ΔRPW, (b) ΔRSW and (c) ΔRGW 2 

(color) in the latitude range of 55°S-70°S. A 500 m-running mean is applied to ΔRGW in the 3 

vertical direction. Contours indicate the zonal-mean and latitudinal-mean (55°S-70°S) 4 

variance of temperature fluctuations due to the respective waves. Contour intervals are (a) 5 

10 K2, (b) 1 K2 and (c) 0.05 K2. 6 

7 

Fig. 10. Time-altitude sections of 5-day-runnning means for (a) ∆RPW, (b) ∆RSW and (c) ∆RGW
(color) in the latitude range of 55◦ S–70◦ S. A 500 m-running mean is applied to ∆RGW in the
vertical direction. Contours indicate the zonal-mean and latitudinal-mean (55◦ S–70◦ S) vari-
ance of temperature fluctuations due to the respective waves. Contour intervals are (a) 10 K2,
(b) 1 K2 and (c) 0.05 K2.
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 1 

Fig. 11: Time series of 5-day-running means for ΔRPW (red), ΔRSW (blue) and ΔRGW (green) 2 

in the latitude range of 55°S-70°S at altitudes of (a) 16-20 km, (b) 15 km and (c) 12 km. 3 

Black curves indicate RALL. (d) The same as (b) but for 70°S-85°S. Only a result for gravity 4 

waves is shown. 5 

6 

Fig. 11. Time series of 5-day-running means for ∆RPW (red), ∆RSW (blue) and ∆RGW (green)
in the latitude range of 55◦ S–70◦ S at altitudes of (a) 16–20 km, (b) 15 km and (c) 12 km. Black
curves indicate RALL. (d) The same as (b) but for 70◦ S–85◦ S. Only a result for gravity waves is
shown.
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 1 

Fig. 12: (a)-(c) Latitude-altitude sections of zonal-mean and monthly-mean temperature in 2 

July through September. Contour intervals are 2 K. (d)-(f) Latitude-altitude sections of zonal-3 

mean and monthly-mean difference of PSC frequency ΔF between with and without (d) 4 

planetary waves in July, (e) synoptic-scale waves in August and (f) gravity waves in 5 

September. Positive values mean an increase in PSC frequency. Black contours indicate 6 

temperature variance due to the respective waves. Contour intervals are 10 K2 for (d), 1 K2 for 7 

(e) and 0.05 K2 for (f). 8 

9 

Fig. 12. (a)–(c) Latitude-altitude sections of zonal-mean and monthly-mean temperature in July
through September. Contour intervals are 2 K. (d)–(f) Latitude-altitude sections of zonal-mean
and monthly-mean difference of PSC frequency ∆F between with and without (d) planetary
waves in July, (e) synoptic-scale waves in August and (f) gravity waves in September. Positive
values mean an increase in PSC frequency. Black contours indicate temperature variance due
to the respective waves. Contour intervals are 10 K2 for (d), 1 K2 for (e) and 0.05 K2 for (f).
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 1 

Fig. 13: Polar stereo projection maps of monthly-mean ΔF (a) due to planetary waves at 16-2 

20 km in July, (b) due to synoptic-scale waves at 12 km in August and (c) due to gravity 3 

waves at 15 km in September. 4 

5 

Fig. 13. Polar stereo projection maps of monthly-mean ∆F (a) due to planetary waves at 16–
20 km in July, (b) due to synoptic-scale waves at 12 km in August and (c) due to gravity waves
at 15 km in September.
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 1 

Fig. 14: The same as Fig. 3 but for the latitude range of 65°N-70°N in the winter of 2 

2007/2008. 3 

4 

Fig. 14. The same as Fig. 3 but for the latitude range of 65◦ N–70◦ N in the winter of 2007/2008.
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 1 

Fig. 15. (a)–(b) The same as Fig. 8 but for the latitude range of 55◦ N–85◦ N in the 2007/2008
winter. (c)–(e) The same as Fig. 10 but for the the latitude range of 55◦ N–85◦ N in the
2007/2008 winter. Contour intervals are (a) 20 K2, (b) 0.5 K2 and (c) 0.05 K2.
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 1 

Fig. 16: The same as Fig. 11 but for the latitude range of 55°N-85°N at an altitude of 22 km in 2 

December 2007 through February 2008. 3 

4 

Fig. 16. The same as Fig. 11 but for the latitude range of 55◦ N–85◦ N at an altitude of 22 km in
December 2007 through February 2008.
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Fig. 17: The same as Fig. 13a but for January 2008 in the Northern Hemisphere at an altitude 2 

of 22 km. 3 

Fig. 17. The same as Fig. 13a but for January 2008 in the Northern Hemisphere at an altitude
of 22 km.
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