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Abstract

This study uses a combination of POAM III aerosol extinction measurements and
CHAMP GPS/RO temperature measurements to examine the role of atmospheric grav-
ity waves in Polar Stratospheric Cloud (PSC) formation in the Antarctic. POAM III
aerosol extinction observations are used to identify Type I Polar Stratospheric Clouds5

using an unsupervised clustering algorithm. The seasonal and spatial distribution of
PSCs observed by POAM III is examined to determine whether there is a bias towards
regions of high wave activity early in the Antarctic winter which may enhance PSC
formation.

Examination of the probability of temperatures below the Type Ia formation tem-10

perature threshold based on UKMO analyses displays a good correspondence to the
PSC occurrence derived from POAM III extinction data in general. However, in June
the POAM III observations of PSC are more abundant than expected from temper-
ature thresholds. In addition the PSC occurrence based on temperature thresholds
in September and October is often significantly higher than the PSC occurrence ob-15

served by POAM III, this observation probably being due to dehydration and deni-
trification. Use of high resolution temperatures from CHAMP GPS/RO observations
provide a slightly improved relationship to the POAM III derived values. Analysis of
the CHAMP temperature observations indicates that temperature perturbations asso-
ciated with gravity waves may explain the enhanced PSC incidence observed in June20

compared to the UKMO analyses. Comparison of the UKMO analyses temperatures
relative to corresponding CHAMP observations also suggests a small warm bias in the
UKMO analyses during June. Examination of the longitudinal structure PSC occur-
rence in June 2005 also shows that regions of enhancement are associated with data
near the Antarctic peninsula a known Mountain wave “hotspot”. The impact of temper-25

ature perturbations causing enhanced temperature threshold crossings is shown to be
particularly important early in the Antarctic winter while later in the season temperature
perturbations associated with gravity waves could contribute to about 15% of the PSC
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observed, a value which corresponds well to several previous studies.

1 Introduction

The role of PSCs in polar ozone depletion was first identified over twenty years ago
(Solomon et al., 1986). Heterogeneous chemical reactions on PSC particles are the
central process in chlorine activation and consequent ozone depletion. In addition to5

the activation of chlorine from reservoirs of HCl and ClONO2, PSCs can also remove
NOy (i.e. the total odd nitrogen) from the lower stratosphere by incorporation of HNO3
from the gas phase and subsequent sedimentation. This denitrification leads to a
slower conversion of active chlorine back to the reservoir species ClONO2.

In contrast to the Northern Hemisphere, very low stratospheric temperatures in the10

Antarctic winter generally lead to an abundance of PSCs in the lower stratosphere
(Poole and Pitts, 1994). Three categories of PSCs are generally recognized: type Ia,
composed of solid phase nitric acid trihydrate (NAT); type Ib, composed of supercooled
ternary solution (STS, a liquid mixture of H2O, HNO3, and H2SO4); and type II, com-
posed primarily of ice (see Lowe and MacKenzie, 2008, and references therein). All15

three types of clouds are present during the Antarctic winter. A number of other poten-
tial PSC categories have also been proposed, the most relevant to this study is PSC Ia
enhanced (Tsias et al., 1999). The present study examines the potential contribution of
internal gravity waves to PSC formation in the Antarctic stratosphere. In the Arctic the
temperature perturbations associated with internal gravity waves, particularly Mountain20

waves, have been shown to be responsible for the formation of a significant proportion
of PSCs (Carslaw et al., 1998; Hopfner et al., 2001). The observed seasonally driven
relationship between Antarctic PSC formation and low temperatures has led to less
focus on wave induced PSC formation processes in the Antarctic. However, recent
studies have indicated that the temperature perturbations related to these waves have25

a more significant affect on Antarctic PSC occurrence than previously thought (Shibata
et al., 2003; Hopfner et al., 2006; Innis and Klekociuk, 2006). Such effects may be
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particularly significant in early winter. Recent analysis using data from CALIPSO has
also mentioned the potential importance of gravity waves on PSC formation (Pitts et al.,
2007; Noel et al., 2008). However, it is also worthy of note that enhanced PSC forma-
tion may be associated with synoptic-scale motions (Teitelbaum et al., 2001; Wang
et al., 2008).5

Shibata et al. (2003) observed PSCs composed of ice particles, over the Syowa
Antarctic station, when the stratospheric temperature dropped below the ice conden-
sation point (TICE). They showed a case in which the Type II PSC formation was only
possible because of a low-temperature perturbation associated with a nonorographic
gravity wave. They suggested that inertia gravity waves can play a significant role in10

the formation of solid PSC particles, since the existence of these waves is not limited
by the geographical location of high mountains.

Analysis by Hopfner et al. (2006) has also identified a potentially significant role of
Mountain waves in the formation of PSC in the Antarctic. Hopfner et al. (2006) de-
scribed spaceborne infrared measurements of a vortex-wide area of NAT PSC around15

Antarctica using the MIPAS instrument. Concurrent mesoscale microphysical simula-
tions for the period 10–12 June 2005 indicate the observations are likely to be asso-
ciated with heterogeneous nucleation on ice in the cooling phases of large-amplitude
stratospheric mountain waves over the Antarctic Peninsula. The process operating
here is the same Mountain wave NAT formation model originally proposed by Carslaw20

et al. (1998) for the Arctic winter stratosphere. Note that a large number of studies
have shown that the Antarctic peninsula can be considered to be a “hotspot” for gravity
wave activity (Wu and Jiang, 2002; Baumgaertner and McDonald, 2007) and therefore
might be a potential region of enhanced PSC occurrence.

Another study by Innis and Klekociuk (2006) used lidar observations, at the Davis25

Antarctic station, to estimate the relative influence of planetary and gravity waves on
PSC occurrence. They concluded that during the “PSC season” the background tem-
perature was close enough to the NAT formation temperature (TNAT), derived in Hanson
and Mauersberger (1988), for gravity wave perturbations to influence PSC formation
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approximately 15 percent of the time. Interestingly, this value is similar to the findings of
Felton et al. (2007) who concluded type Ia enhanced PSCs makes up about 11% of the
clouds observed during the SAGE III Ozone Loss and Validation Experiment (SOLVE)
campaign in the Northern Hemisphere. The work by Innis and Klekociuk (2006) also
indicated that there is a clear relationship between planetary wave temperature pertur-5

bations and PSC occurrence over Davis in winter.
Work has shown that homogeneous NAT nucleation does not occur directly on tem-

peratures crossing the Nitric Acid Trihydrate (NAT) temperature threshold, TNAT (Han-
son and Mauersberger, 1988). Rather, average temperatures need to be below the
TNAT threshold for a period greater than a few days for nucleation to occur (Peter,10

1997). Carslaw et al. (1994) discusses NAT formation and indicates that NAT may
form by heterogeneous nucleation on pre-existing ice particles, requiring temperatures
below TICE at some point. Note that the TICE point occurs at approximately 7 K be-
low TNAT and STS droplets form at temperatures approximately 3.5 K cooler than TNAT
(Carslaw et al., 1994). However, recent work has identified a need for NAT nucleation15

mechanisms which are independent of the existence of ice particles, only requiring
temperatures below the existence temperature for NAT which is significantly easier to
meet than the demand for pre-existing ice particles. For example, Voigt et al. (2005)
detailed measurements where the conditions of particle formation are well enough con-
strained to conclude that a PSC is observed in air parcels that spent less than a day20

(approximately 18 h) at temperatures no lower than 3 K below TNAT. An exposure to
temperatures below TICE can be excluded from their study.

In addition, a study detailed in Hitchman et al. (2003) highlights the potential im-
portance of nonorographic gravity waves on PSC formation in the Arctic. Their study
also suggests that a formation mechanism for Type Ia PSC must exist without the re-25

quirement for temperatures significantly below TNAT. Work by Svendsen et al. (2005)
compared model runs with observations and concludes that the correspondence be-
tween the observations and the model output is best when NAT nucleation above TICE
is allowed. In the case of the local scale model runs detailed in Svendsen et al. (2005)
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the amount of PSC Ia is only slightly affected by the inclusion of Mountain wave ef-
fects, whereas Mountain waves have a noticeable impact on the amount of PSC type
II. However, the PSC Ia distribution and quantity is relatively poorly estimated. Thus, in
this study we attempt to examine the impact of localized temperature variations which
produce temperature threshold crossings over the TNAT, TSTS and TICE thresholds.5

Work by Pagan et al. (2004) also supported the view that Type Ia PSC formation can
occur without the presence of ice particles. Their study concluded that Type Ia PSCs
can nucleate in relatively warm synoptic-scale temperature fields and are not limited
to forming in, or downwind of, regions of strong mountain-wave activity with sufficient
cooling to produce ice nuclei. In addition, Irie et al. (2004) used ILAS trace gas and10

aerosol extinction measurements, AVHRR stratospheric ice cloud measurements, and
a microphysical box model to investigate processes leading to denitrification in the
Arctic vortex in February 1997. Their analysis suggest that sedimentation of NAD or
NAT particles formed through NAD freezing on aerosol surfaces can cause significant
denitrification in the Arctic vortex. Their analysis combined with the results in Pagan15

et al. (2004) seem to confirm that ice particle surfaces are not a prerequisite for the
formation of nitric acid hydrate PSCs. Review of these and other studies detailed in the
World Meteorological Organization (2007) report indicates increasing evidence that
processes occur above the ice frost point. However, the report indicates that whether
these processes are applicable in the Antarctic requires investigation.20

Previous work by Wang and Lin (2007) compared GPS/RO derived temperature
soundings in the Antarctic winter stratosphere with corresponding radiosonde data over
the South Pole and Neumayer stations. The GPS/RO soundings, which include mea-
surements at higher altitudes than is possible for the balloon flights, show that the cold-
est atmospheric temperatures, below the TNAT threshold (Hanson and Mauersberger,25

1988), generally occur in an 18 km-thick vertical layer between 10 and 28 km above
sea level during the southern hemisphere winter season. Thus, high quality measure-
ments of vertical temperature structure over the Antarctic region are important inputs
for models that predict polar stratospheric clouds occurence and stratospheric ozone
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depletion (Huck et al., 2005). For this reason, previous studies have focused on iden-
tifying the frequency of crossing different temperature thresholds associated with PSC
formation (Pawson et al., 1999; Wang and Lin, 2007; Parrondo et al., 2007). It should
be noted that continuous observations of temperature profiles over the Antarctic region
have been very limited; moreover, inspection of the reanalysis data over the Antarctic5

region shows a cold bias and an unrealistic vertical structure (Parrondo et al., 2007).
Parrondo et al. (2007) compared temperatures from radiosondes launched at Bel-

grano and other Antarctic stations in support of the QUOBI campaign with the ECMWF
and NCEP operational models for the 2003 Antarctic winter. Their results show good
agreement between radiosondes and NCEP and a bias in ECMWF fields which is10

height-dependent. The ECMWF model bias results in an overestimate of the potential
PSC presence, and hence the surface available for heterogeneous reactions. This ef-
fect is particularly significant at the 375 and 510 K isentropic levels where ozone is not
completely depleted. Their study argues that small temperature changes at these lev-
els could have significant impacts on the computation of the depletion in the integrated15

ozone column. At the 525 K isentropic level the overestimate for the whole season is
8% for PSC type I and 29% for PSC type II.

To our knowledge a quantification of the importance of gravity waves on PSC for-
mation across the entire Antarctic has not been performed. This study examines the
relationship between PSC occurrence observed using POAM III observations and the20

occurrence expected based on UKMO analyses and CHAMP radio occultation mea-
surements. The addition of high vertical resolution CHAMP temperature observations
provides the possibility of identifying periods and spatial regions where PSC formation
associated with gravity wave induced temperature perturbations may occur. Compar-
ison of the observations from UKMO analyses and CHAMP observations also allows25

the sensitivity of PSC occurrence to temperature biases in UKMO analyses to be ex-
amined. In order to examine the importance of temperature and the impact of gravity
wave temperature perturbations we determine the probability that a region is below var-
ious threshold temperatures relative to the frequency of PSC observations made with
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POAM III. This method has previously been used by many authors, including Poole
and Pitts (1994) and Saitoh et al. (2006).

As indicated previously, this study aims to use a mixture of POAM III, CHAMP RO
observations and UKMO analyses to identify whether the influence of gravity wave
temperature perturbations can be observed and also how important this is in overall5

PSC formation. Section 2 briefly describes the POAM III and CHAMP RO observations
and also details a new unsupervised clustering algorithm which is applied to POAM III
extinction measurements to identify PSC. Comparisons of the observed probability of
PSC occurrence relative to those based on the occurrence of temperatures below the
TNAT, TSTS and TICE thresholds derived from UKMO analyses and CHAMP RO data are10

detailed in Sect. 3 and the interpretation of these results is discussed in Sect. 4.

2 Dataset and methodology

The POAM III instrument made observations of the upper troposphere and strato-
sphere between its launch on the Satellite Pour l’Observation de la Terre (SPOT) 4
satellite in March 1998 and the end of 2005. POAM measures water vapor, aerosol15

extinction, ozone, and nitrogen dioxide using the solar occultation limb sounding tech-
nique (Lucke et al., 1999). The high inclination of the SPOT 4 satellite allows occul-
tations to be performed in both the northern and southern polar regions. It should be
noted that the POAM III sampling volume is about 200 km long, 30 km wide, and 1 km
thick and thus this data set will not capture very small-scale features. Research com-20

pleted by POAM III has focused on examinations of the spatial and temporal variability
of stratospheric ozone, aerosols, polar stratospheric clouds, and polar mesospheric
clouds.

In this work, Type Ia and Ib PSC (or alternatively NAT or STS PSC) occurrence is de-
rived from POAM III extinction measurements at 1.018µm and the ratio of the 1.018 to25

the 0.603µm extinction channels using a k-means unsupervised clustering algorithm.
Jakob and Tselioudis (2003) have previously utilized a simple clustering algorithm for
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cloud regime identification in the Tropical Western Pacific region and recent work by
Felton et al. (2007) has applied a clustering algorithm to lidar observations of PSC.
We use a similar method to that indicated in Jakob and Tselioudis (2003) to separate
different types of PSC. Our algorithm identifies both Type Ia and Ib aerosols using the
methodology described in Strawa et al. (2002) except that the separation is based on5

an unsupervised clustering algorithm. Note in this study we do not differentiate be-
tween Type Ia and Ib PSC and only examine the occurrence of Type I PSCs. The
separation into different types will be left to a future study. It should be noted that this
method provides similar PSC identification ability to algorithms described by Fromm
et al. (2003).10

The statistical method of cluster analysis is used to separate background aerosol
extinctions from those associated with PSCs. As its name suggests, cluster analysis
searches for possible “clusters” in a data set by evaluating some measure of distance
between individual data points (in this study we use Euclidean distance in extinction
ratio/extinction space to separate PSC and none PSC observations and then an angu-15

lar measure to separate PSC Type Ia and Ib PSCs). It should be noted that to ensure
that neither the extinction at 1.018µm or the ratio of 1.018 to the 0.603µm extinction
channels dominate in the clustering procedure the values are normalized. Note that in
this case a “data point” is an individual set of measurements of aerosol extinction from
POAM III at a specific altitude and geographical location. This study uses a k-means20

clustering algorithm. This algorithm iteratively searches for a predefined number (k) of
clusters, two in this case, using the following scheme:

1. k elements of the data set of size N are selected at random as distinct cluster
members;

2. each of the remaining N-k elements are assigned to the cluster with the nearest25

centroid (based on Euclidean distance in extinction ratio/extinction) whereby after
each assignment the centroid of the cluster is recalculated; and

3. after all elements have been assigned the centroids found in step 2 are used as
3409
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new seed points and the algorithm is iterated.

Normally fewer than ten iterations are sufficient for the convergence of the algorithm.
A second almost identical algorithm then separates the resultant PSC measurements
into Type Ia and Ib using a similar procedure, but using a different separation metric.
Note that the random selection of data points indicated in the algorithm does not work5

on observations from the Arctic because of the small number of observations which
include PSC. This is because it becomes difficult to identify physically meaningful clus-
ters initially at random. Thus, some apriori knowledge to select likely PSCs would be
required. For example, a methodology similar to Fromm et al. (2003) could be used.

It should be noted at this point that other studies (Fromm et al., 1997, 2003) have10

indicated that the high extinctions associated with Type II PSC can cause the termi-
nation or commencement of occultation events at anomalously high altitudes. This is
caused by the PSC having large opacity and/or size preventing POAM III measuring
lower. Thus, the extinctions measurements are useful for identifying Type I PSC only.

This study also employs data from the radio occultation (RO) experiment onboard15

the CHAMP satellite. In this experiment GPS radio signal bending due to atmospheric
refractivity is measured to determine profiles of atmospheric parameters. The data
was processed and provided by the GeoForschungsZentrum (GFZ) Potsdam. Version
005 was used for this study. Specific information on the processing method used is
deatiled in Wickert et al. (2004). The CHAMP satellite has an inclination of 87◦ and20

therefore the data distribution over the globe is nearly uniform. Inversion of bending
angle information allows the instrument to produce approximately 150-200 profiles of
dry temperature each day. From Fresnel diffraction theory it can be shown that the
profiles have a true vertical resolution of approximately 1.4 km in the stratosphere.
However, the data is over-sampled and provided by the GFZ at a vertical resolution of25

200 m. The horizontal resolution of an occultation is 200–400 km along the line of sight
(LOS) and on the order of 1–3 km across the LOS. A large number of studies have
described the quality of these temperature measurements (McDonald and Hertzog,
2008, and references therein).

3410

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/3401/2009/acpd-9-3401-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/3401/2009/acpd-9-3401-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 3401–3434, 2009

PSC occurrence in
the Antarctic

A. J. McDonald et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Temperatures obtained from CHAMP observations and UKMO analyses are used
to determine the frequency of temperatures below various temperature thresholds in
this study. The NAT PSC formation temperature has been shown to be dependent on
the nitric acid and water vapour concentration (Hanson and Mauersberger, 1988). The
NAT formation temperature, TNAT, at 18 km as derived using the formulation of Hanson5

and Mauersberger (1988) which is a function of nitric acid and water vapour concentra-
tions is shown in Fig. 1, the ranges selected are typical of concentrations in the polar
stratosphere. Figure 1 clearly shows that TNAT varies much more as a function of water
vapour than nitric acid mixing ratios for the ranges typical of the Antarctic stratosphere
chosen in this diagram. The selection of these values is based on nitric acid concentra-10

tions identified in Santee et al. (2007) and typical water vapour concentrations at this
altitude measured by the POAM III instrument (see Fig. 2). The probability of crossing
the NAT formation temperature threshold is thus determined by comparing UKMO and
CHAMP temperature observations at a specific altitude with the TNAT threshold derived
using the formulation of Hanson and Mauersberger (1988) for that altitude. The H2O15

variation used is taken from the POAM III observations and a constant nitric acid mix-
ing ratio of 10 ppbv is assumed unless indicated otherwise in the text. To determine the
STS formation temperature we use the well-known approximation that the TSTS thresh-
old occurs at 3.5 K below the value of TNAT (Carslaw et al., 1994). In a similar manner
the ice formation temperature is approximated by using a value 7 K below the value of20

TNAT.
A time-altitude contour plot of the water vapour mixing ratio for the period January

2002 to December 2005, used in the temperature threshold calculations displayed in
Fig. 4, is shown in Fig. 2. Examination of the seasonal variation of water vapour mix-
ing ratio displays a consistent irreversible dehydration potentially associated with the25

sedimentation of ice PSC at altitudes between 12 and 20 km between August and
September each year. At higher altitudes, above 20 km, higher water vapour mixing
ratios are observed which are likely to be associated with diabatic descent (Nedoluha
et al., 2003).
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Uncertainties on the probabilities displayed later in this study are derived assuming
a binomial distribution in a similar manner to that utilised in Alfred et al. (2007). The
standard deviation of a binomial distribution, σ, can be written as:

σ =

√
Np(1 − p)

N
(1)

where N is the number of observations and p is the probability.5

3 Results

Figure 3 displays a time-altitude contour plot of the median UKMO analyses temper-
ature interpolated to the positions of POAM III observations overlaid are two contours
associated with PSC occurrence probabilities at the 25 and 75% levels, respectively,
determined from POAM III extinction measurements in 2000. To ensure a large enough10

statistical sample, probabilities are calculated using a sliding 10-day window. Exam-
ination of Fig. 3 suggests a strong correspondence between temperature and PSC
occurrence, this relationship being particularly clear in June and July.

Figure 4 displays the probability of temperatures below TNAT based on UKMO anal-
yses (red line), the STS PSC formation temperature (green line), TSTS, and the ice15

nucleation temperature (blue line), TICE, against time of year. Figure 4 also displays
the probability of PSC detection based on the k-means detection algorithm applied to
POAM III observations (black line). It should be noted that the values in Fig. 4 are the
probabilities of PSC occurrence derived over a 10 day interval at 18km. This methodol-
ogy should provide accurate values of both PSC occurrence and temperature threshold20

crossings, but the daily values plotted will not be independent. Figure 4 also displays
the uncertainties, represented by one standard deviation from the mean, on each de-
rived probability on the fifteenth day of each month for reference purposes. Note that
problems with the POAM III instrument produce data gaps in the 2004 observations

3412

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/3401/2009/acpd-9-3401-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/3401/2009/acpd-9-3401-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 3401–3434, 2009

PSC occurrence in
the Antarctic

A. J. McDonald et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

displayed in Fig. 4. Examination of Fig. 4 shows the expected increase in PSC inci-
dence from June to September and a general reduction in occurrence after this date
associated with changes in temperature, nitric acid and water vapour concentrations.
However, comparison of the PSC occurrence predicted from temperature threshold
crossings and those derived from POAM III extinction data do not correspond within5

the defined uncertainties in several regions.
Averaged over the entire period identified the TNAT temperature threshold derived

from UKMO analyses predicts more PSC than observed by POAM III. This is to be
expected because Type Ia PSC formation requires average temperatures below the
TNAT threshold for a period. The exact temperature value required varies dependent10

on whether NAT only forms by heterogeneous nucleation on pre-existing ice particles,
requiring temperatures below TICE (Carslaw et al., 1994), or NAT nucleation mecha-
nisms independent of the existence of ice particles exist (Hitchman et al., 2003; Pagan
et al., 2004; Svendsen et al., 2005). The POAM III observations predict between 60
and 70% of the occurrence identified by the TNAT temperature threshold in all the years15

except 2002 where only 44% of the PSC predicted by the TNAT threshold is observed.
Comparison of the PSC occurrence observed by POAM III and identified by the TSTS
temperature threshold displays a better correspondence, but this threshold still overes-
timates the quantity of PSC. In this case, the POAM III observations predict between
78 to 99% of the PSC frequency identified by the TSTS threshold apart from in 200220

and 2003 where only 60% of the predicted PSC is observed by POAM III. It should be
noted that this result concurs with recent CALIPSO observations detailed in Pitts et al.
(2007) which suggest that the TSTS temperature threshold may be a better measure of
PSC existence than the TNAT threshold. Inspection of the frequency of PSC occurrence
identified by the TICE threshold derived from UKMO analyses and the POAM III fre-25

quency suggests the TICE occurrence generally significantly underestimates the quan-
tity of PSC observed by POAM III.

Close examination of Fig. 4 indicates that, during certain years (specifically 2002 and
2005), the observed quantity of PSC in June is greater than that predicted from TNAT
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and TSTS temperature thresholds alone. Analysis (not shown here) indicates that this
pattern does not change significantly even if the nitric acid mixing ratio is increased to
15 ppbv; this change would make the temperature threshold warmer and thus easier
to cross. It is also noticeable that at all other periods of the year the probability of PSC
occurrence from POAM III measurements is smaller than the expected value based5

on the proportion of observations below the TNAT threshold. The probability of PSC
occurrence based on the TICE temperature threshold does not exceed the probability of
occurrence based on POAM III observations in any of the eight observational years until
after early August. Comparison of PSC occurrence based on POAM III observations
with the quantity of UKMO analyses data below the TSTS threshold shows a greater,10

but not perfect, correspondence which is generally best between the start of July and
the start of September. It should be noted that the temperature thresholds determined
account for variations in the water vapour mixing ratio based on POAM III observations,
but that the nitric acid is held constant at 10 ppbv. Previous studies suggest that the
difference between the occurrence probability based on POAM III observations and15

those based on temperature thresholds later in the season is due to denitrification and
dehydration (Nedoluha et al., 2003; Alfred et al., 2007). Note also that while not shown
here Type Ia PSCs are identified almost exclusively by the unsupervised clustering
algorithm in June and early July in all years.

As previously indicated NAT particles probably normally form at temperatures sev-20

eral degrees colder than TNAT (Tabazadeh et al., 2001) or at even lower temperatures
(Carslaw et al., 1998). Therefore, a high probability of PSC formation would not be
expected in June even if the probability of temperatures crossing the TNAT tempera-
ture threshold was relatively large unless a mechanism for Type Ia cloud formation that
requires temperatures only below TNAT exists. This study examines whether the en-25

hanced PSC occurrence observed can be explained by gravity wave motions. It should
be noted that previous work by Saitoh et al. (2006) has identified a similar enhanced
PSC occurrence in June 2003 compared to that identified by temperature thresholds
using ILAS-II data.
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This study now examines the potential of gravity waves to cause more temperature
threshold crossings than expected from the mean represented by UKMO analyses and
in particular attempts to identify whether the enhanced PSC frequency in June may be
associated with temperature variations that are not resolved in the UKMO analyses. To
examine this we use high vertical resolution measurements made by the CHAMP/GPS5

RO instrument available between 2002 and 2005. It should be noted that the CHAMP
observations are not dense enough to directly identify the presence of gravity waves at
POAM III measurement locations and thus we are limited to examining the enhanced
temperature threshold crossing frequency produced by gravity waves in a statistical
sense. The latitudinal variation of the POAM III observations has been accounted for10

in this statistical analysis, this variation being displayed in the upper panel of Fig. 8.
We begin by displaying a single CHAMP temperature profile observed on 2nd June
2006 (see Fig. 5). Figure 5 also displays the mean temperature derived by applying a
4th order polynomial fit to the CHAMP observations (red line) and the TNAT (blue line)
and TICE (blue dashed line) temperature thresholds. This temperature profile displays15

a clear wave-like structure. The temperature perturbations associated with the gravity
wave (the difference between the red and green lines) allow the TNAT threshold to be
crossed at around 17 km and between approximately 20 and 21 km, while the mean
temperature profile does not cross the TNAT threshold. It should also be noted that
the temperature perturbations, typically ±2 K, do not cross the TICE threshold. This is20

typical for this period of the year, but periods where the temperature perturbations as-
sociated with gravity waves allow a crossing of the TSTS or the TICE threshold do occur
later in the season. It should be noted that the magnitude of the temperature perturba-
tions observed corresponds well to those identified in Innis and Klekociuk (2006).

The upper panel in Fig. 6 displays the probability of the CHAMP temperature mea-25

surement being below TNAT (green stars), the probability of the UKMO analyses tem-
perature being below TNAT for various values of HNO3 mixing ratio (red lines) and the
occurrence of PSC based on POAM III observations during 2005. The values in Fig. 6
represent the probabilities of PSC occurrence over the altitude range 12 to 24 km over
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10 day intervals and thus each value represents a calculation over up to 1820 measure-
ment. This value varies based on the quality of the observations and will vary because
of the high extinctions associated with Type II PSC which can cause the termination
or commencement of occultation events at anomalously high altitudes. Figure 6 also
displays the uncertainties, represented by three standard deviations from the mean, on5

each derived probability on the fifteenth day of each month for reference purposes. It
should be noted that the uncertainties are such that the one standard deviation points
around the mean are so small they are comparable with the width of the line. The lower
panel in Fig. 6 shows the difference between that expected from UKMO analyses and
the POAM III observations (blue lines) and the enhanced PSC threshold crossings as-10

sociated with gravity waves based on CHAMP observations (green stars). Examination
shows that the monthly values for CHAMP shown in the top panel of Fig. 6 compare
relatively well with the UKMO analyses, except in June and July where they are slightly
higher than the UKMO average for the month. Analysis of the difference between the
POAM III extinction derived PSC occurrence and that from the UKMO analyses, shown15

in the lower panel of Fig. 6, suggests that the difference in June could be explained by
the increased incidence of TNAT threshold crossings caused by the inclusion of grav-
ity waves in the CHAMP observations. However, the much larger differences in other
months suggest that the use of a simple TNAT threshold after June is probably not ap-
propriate. This may be explained by recent observations which suggest that the TSTS20

temperature threshold may be a better measure of PSC existence (Pitts et al., 2007).
However, this can only explain the reduced PSC incidence later in the year not the en-
hanced incidence observed in June. Note similar patterns are also observed in 2002.

Poole and Pitts (1994) have examined the relationship between PSC frequency and
temperature previously and shown that PSC formation in the southern hemisphere is25

less likely later in the PSC season than earlier. Other studies, such as Mergenthaler
et al. (1997) have suggested that PSC formation late in PSC season in the southern
hemisphere is strongly affected by the preceding denitrification and dehydration which
fits with the observations displayed in Figs. 4 and 2. Saitoh et al. (2006) also suggests
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that PSC frequency depends on the degree of denitrification later in the season. Their
study also indicates that TNAT is not a good measure of PSC occurrence especially
above 20 km in late winter.

Figure 7 displays time-altitude contour plots of the median temperature observed by
UKMO analyses and CHAMP RO observations in 2005. The black contour line in both5

panels of Fig. 7 displays the 195 K contour line from the UKMO analyses for reference
purposes. Figure 7 can be used to identify whether the increased TNAT occurrence
probability observed in Fig. 6 is associated with temperature perturbations or biases in
the temperatures identified in the UKMO analyses compared to the CHAMP RO obser-
vations. We remove the affect of gravity wave perturbations on the CHAMP RO obser-10

vations by using a 4th order polynomial filter. Examination shows that the CHAMP RO
observations are slightly cooler than the UKMO analyses in June. In July to August the
temperatures are extremely similar and in September and October the temperatures of
the UKMO analyses are slightly cooler than the CHAMP observations. Over the entire
period the mean bias between the two sets of data is very small (∼ −0.08 K). Similar15

analysis for 2002, 2003 and 2004 shows mean differences of −0.24, 0.2 and 0.47 K,
respectively. All four years display cooler CHAMP RO measurements than those from
the UKMO analyses and very similar temperatures in July and August (not shown). The
similarity of the bias in each year compared to the change in the difference between
the estimated PSC occurrence based on temperature information and POAM III obser-20

vations suggests that the difference can not be solely explained by bias in the UKMO
temperatures.

4 Discussion

While temperature biases may explain some of the differences observed between tem-
perature threshold crossing frequencies and the frequency of PSC observed by POAM25

III extinction measurements further analysis highlights some interesting information.
For example, inspection suggests that some features of the data may point to a role
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for internal gravity wave temperature perturbations. Figure 8 displays a time-longitude
contour plot for 2005 of the probability of PSC formation based on POAM III observa-
tions. Examination of Fig. 7 shows that an enhanced PSC probability, which relates to
the enhancements in June described previously in relation to Fig. 8, occurs around a
longitude of 300◦ E. This longitude corresponds to the position of the Antarctic penin-5

sula which has previously been identified as a “hotspot” for gravity wave activity by
Baumgaertner and McDonald (2007) and several other studies. Thus, the expectation
that a region of high gravity wave activity might be associated with “enhanced” PSC oc-
currence is confirmed in this case. It should be noted that MIPAS measurements have
identified enhanced PSC occurrence associated with Mountain waves in this area ear-10

lier in the same month (Hopfner et al., 2006). This analysis therefore suggests that
Mountain waves may play a significant role in enhanced PSC formation.

As previously indicated Fig. 4 shows that during June the number of PSC observed
is greater than expected based on the occurrence of regions where the TNAT and TSTS
temperature thresholds are crossed in some years, most clearly 2002 and 2005 but15

also for a short period in 2003. A previous study by Saitoh et al. (2006) using ILAS-II
observations from 2003 shows a corresponding enhanced PSC frequency compared
to that expected based on temperature thresholds. This is a strong validation of the
results presented in this study since Saitoh et al. (2006) uses the mean plus five stan-
dard deviations from the ILAS-II aerosol extinction data to identify PSC, an extremely20

conservative threshold.
Figure 9 displays the probability of temperatures below the TNAT temperature thresh-

old against the probability of the threshold crossing being associated with a gravity
wave perturbation based on CHAMP RO observations. The second parameter was
calculated by identifying all those temperature profiles where the TNAT threshold was25

crossed and comparing whether the TNAT threshold was crossed if only the mean tem-
perature structure, identified using a 4th order polynomial fit to the CHAMP profile and
thereby removing small vertical scale motions. In this way it is possible to determine
the proportion of threshold crossings that would only occur if the temperature pertur-
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bation is included. Figure 9 suggests that temperature perturbations associated with
gravity waves account for approximately 40% of TNAT temperature threshold crossings
in June and roughly 15% in other months. This suggests that gravity waves may have
a significant impact early in the PSC formation season when the mean temperature
is close to the TNAT threshold. This may explain the very clear identification of Moun-5

tain waves as the source of PSC detailed in Hopfner et al. (2006). The value for the
months other than June compare extremely well with the estimate indicated in Innis
and Klekociuk (2006) that gravity wave perturbations influence PSC formation approx-
imately 15% of the time. It should also be noted that Felton et al. (2007) suggests,
based on observations from the SOLVE/THESO campaign, that the presence of Type10

1a – enhanced PSCs, first identified by Tsias et al. (1999), accounts for about 11% of
the PSC observations in the Arctic during the APE-POLECAT campaign.

Similar analysis to that shown in Fig. 9 for the TSTS and TICE temperature thresh-
olds shows relatively similar results; that is an increased frequency of crossing the
thresholds associated with gravity wave perturbations. However, the seasonal patterns15

are shifted towards colder months as might be expected. In addition, no extra thresh-
old crossings associated with TSTS and TICE are observed in June. Given that NAT
particles are usually considered to form at temperatures several degrees colder than
TNAT (Tabazadeh et al., 2001) or at even lower temperatures (Carslaw et al., 1998) the
quantity of PSC observed by POAM III is a little surprising and supports studies such20

as Voigt et al. (2005) which suggest that there is a mechanism for NAT PSC formation
that requires temperatures no lower than a few degrees below TNAT.

It is also worthy of mention that the latitudinal variation for solar occultation satellite
observations may mean that some of the patterns could be biased by sampling issues.
For example, Pitts et al. (2007) has shown that sampling CALIPSO data at POAM III25

latitudes moves the maximum PSC occurrence date from early August to September
due to the POAM III sampling being at the highest latitude sampled (see Fig. 8). The
sampling pattern of POAM III may also bias the relative importance of gravity waves
since Wang et al. (2008) indicated that PSCs formed by Mountain waves tend to be
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localized along the coast of Antarctica and thus we could be overestimating the impor-
tance of gravity waves during June and July (see Fig. 8).

5 Conclusions

Examination of Fig. 4 shows that PSC occurrence can be relatively well predicted by
the presence of temperatures below either the TNAT or TSTS thresholds. This is particu-5

larly true if varying water vapour and nitric acid concentrations are taken into account.
However, in some years more PSC than might be expected from examination of simple
temperature thresholds applied to UKMO analyses are observed in June. The lack of
simultaneous nitric acid measurements means that during periods of denitrification the
temperature thresholds significantly overestimate PSC occurrence, this is particularly10

clear in October in several years.
When focusing on the June results examination of the probability of temperatures

below the TNAT threshold based on high vertical resolution CHAMP observations show
a slightly improved predictive capability compared to the PSC occurrence derived from
POAM III extinction data. This may be associated with a warm bias in the UKMO15

temperature data compared to CHAMP RO measurements. Further analysis of the
CHAMP temperature observations suggests that temperature perturbations associated
with gravity waves are important in explaining the enhanced PSC incidence observed
in June compared to the UKMO analyses. Examination of the longitudinal structure
in June 2005 also shows that the enhanced PSC occurrence is close to the Antarctic20

peninsula a known Mountain wave hotspot. Analysis also suggests that the tempera-
ture perturbations produced by gravity waves are most important early in the Antarctic
winter, but have a small effect throughout the winter. Based on Fig. 8 temperature
perturbations associated with gravity waves contribute to the formation of about 15%
of the the TNAT threshold crossings observed, a value which corresponds well to previ-25

ous studies by Innis and Klekociuk (2006) and Felton et al. (2007). It should be noted
that overall the increased incidence of PSC associated with gravity waves seems to
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be accounted for by biases in the UKMO analyses. However, studies which focus on
ozone depletion in the early period of the Antarctic winter may need to be aware or
parameterize for the affect of gravity waves on PSC formation. In the future we aim
to complete a more conclusive study by using measurements from CALIPSO and the
COSMIC satellites.5
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Fig. 1. Contour plot of the NAT PSC formation temperature as a function of nitric acid and
water mixing ratios at 18 km. Function based on Hanson and Mauersberger (1988).
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Fig. 2. Time-altitude contour plot of the H2O mixing ratio derived from POAM III observations
for the period January 2002 to December 2005.

3427

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/3401/2009/acpd-9-3401-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/3401/2009/acpd-9-3401-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 3401–3434, 2009

PSC occurrence in
the Antarctic

A. J. McDonald et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Date

A
lti

tu
de

 (
km

)

2000

Jun Jul Aug Sep Oct
12

14

16

18

20

22

24

 

185

190

195

200

205

210

Fig. 3. Time-altitude contour plot of the median UKMO temperature in 2000. The full green line
indicates the 25% PSC probability contour and the dotted green line indicates the 75% PSC
probability contour, these contours being derived from POAM III extinction measurements. Note
that the tick marks on the date axis indicate the first day of the month.
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Fig. 4. The probability of temperatures below the TNAT threshold derived from UKMO analyses
and using the H2O variation derived from the POAM III observations and a constant nitric acid
mixing ratio of 10 ppbv (red line), the probability of temperatures below the TSTS threshold (green
line), the probability of temperatures below the TICE threshold (blue line) and the probability of
PSC derived from POAM III extinction measurements (black line) against time of year for the 8
years of POAM III observations. It should be noted that this is the probability at 18km derived
over a sliding time window of 10 days. The vertical lines on the fifteenth of each month display
the plus and minus one standard deviations for each probability. Note that the tick marks on
the date axis indicate the first day of the month.
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Fig. 5. This diagram shows a CHAMP temperature profile from 2nd June 2006 (green line) and
a 4th order polynomial fit to the CHAMP data (red line). The polynomial fit represents the mean
temperature observed by CHAMP, the difference between the red and green lines represent
temperature perturbations due to gravity waves. The blue full, dashed and dotted lines indicate
the values of the TNAT, TSTS and TICE temperature thresholds, respectively.
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Fig. 6. The top panel displays the probability of the CHAMP temperature measurement being
below TNAT (black stars), the probability of the UKMO analyses temperature being below TNAT
for HNO3 mixing ratios of 5 , 10 and 15 ppbv (black lines) and the occurrence of PSC based on
POAM III observations between 12 and 24 km for 2005. The lower panel shows the difference
between that expected from UKMO analyses and the POAM III observations (grey lines) and
the enhanced PSC threshold crossings associated with gravity waves based on CHAMP ob-
servations (green stars). The vertical lines on the fifteenth of each month display the plus and
minus three standard deviations for each probability.
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Fig. 7. Time-altitude contour plot of the median temperature derived from UKMO analyses
(top panel) and CHAMP radio occultation observations (bottom panel). The black contour line
in both panels displays the 195 K contour line from the UKMO analyses. Note that the tick
marks on the date axis indicate the first day of the month.
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Fig. 8. A plot of the latitude of observations as a function of date (upper panel) and a date-
longitude contour plot of the percentage probability of PSC observation derived from POAM III
measurements (b) for the year 2005. Note that the tick marks on the date axis indicate the first
day of the month.
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Fig. 9. Probability of observations of temperatures below the NAT nucleation temperature
TNAT from CHAMP against the contribution from small-scale wave motions (gravity waves) for
different months indicated in the legend.
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