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ABSTRACT
Polar stratospheric clouds (PSCs) play a key role in the depletion of polar ozone. The type of cloud and the length of time
for which it exists are crucial for the amount of chlorine activation during the polar night. The Bonn University backscatter
lidar at Esrange in northern Sweden (68°N, 21°E) is well equipped for long-term observation and classification of
these clouds. Nearly continuous measurements through several winters are rare, in particular in wave-active regions
like Esrange. Lidar measurements have been performed each winter since 1997—a total of more than 2000 h of
observation time has been accumulated, including more than 300 h with PSCs. Analysis of this unique data set leads to
a classification scheme with four different scattering characteristics which can be associated with four different cloud
types: (1) supercooled ternary solution (STS), (2) nitric acid trihydrate (NAT), (3) ice and (4) mixtures of solid and
liquid particles. The analysis of observations over seven winters gives an overview of the frequency of appearance of
the individual PSC types. Most of the clouds contain layers of different PSC types. The analysis of these layers shows
STS and mixed clouds to occur most frequently, with more than 39% and 37% of all PSC observations, respectively,
whereas NAT (15%) and ice clouds (9%) are seen only rarely. The lidar is located close to the Scandinavian mountain
ridge, which is a major source of orographically induced gravity waves that can rapidly cool the atmosphere below
cloud formation temperatures. Comparing the individual existence temperature of the observed cloud type with the
synoptic-scale temperature provided by the European Centre for Medium-range Weather Forecasts (ECMWF) gives
information on the frequency of synoptically and wave-induced PSCs. Further, the analysis of ECMWF temperature
and wind data gives an estimate of the transparency of the atmosphere to stationary gravity waves. During more than
80% of all PSC observations in synoptic-scale temperatures which were too warm the atmosphere was transparent for
stationary gravity waves. Our measurements show that dynamically induced cooling is crucial for the existence of PSCs

above Esrange. In particular ice PSCs are observed only in situations where there are gravity waves.

1. Introduction

Polar stratospheric clouds (PSCs) play a key role in the destruc-
tion of polar ozone (cf. Crutzen and Arnold, 1986). Heteroge-
neous chemical reactions on the surfaces of the cloud particles
lead to activation of, for example, chlorine components (Peter,
1997), which in turn leads to the ozone hole in the polar spring
(Solomon, 1999). There are different types of PSCs (McCormick
et al., 1982; Pool and McCormick, 1988). PSCs of type I consist
of HNOj; and H,O, either nitric acid trihydrate (NAT, type la)
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or H,SO4, HNOj3 and H,O (supercooled ternary solution, STS,
type Ib) (Toon et al., 1986). Type II PSCs comprise pure water
ice (Steel et al., 1983; Browell et al., 1990). In addition to these
classical PSC types several other types of PSC which contain the
same constituents but have different mechanisms of formation,
and thus slightly different scattering characteristics, have been
described in the literature: for example, type Ic (Tabazadeh and
Toon, 1996), type la enhanced (Tsias et al., 1999), type Id (Stein
et al., 1999) or NAT rocks (Fahey et al., 2001; Carslaw et al.,
2002). Lidars as well as other ground-based (Toon and Tolbert,
1995), airborne (Voigt et al., 2000) and spaceborne instruments
(Spang et al., 2001; Hopfner et al., 2005) or a combination of
different methods (Deshler et al., 2003) can determine the type of
PSC independent of meteorological assumptions or microphysi-
cal modelling. Depending on the type of PSC, different tempera-
tures of formation and existence have to be attained (MacKenzie,
1995). In the northern winter synoptic temperatures do not al-
ways fall below these temperatures, but waves in the atmosphere
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can lead to additional cooling of 10 K or more, which allows
PSCs to form (Carslaw et al., 1998b). Atmospheric waves can
be excited orographically, and in particular form in the lee of
the Scandinavian mountains (Stgrmer, 1929; Volkert and Intes,
1992; Dornbrack et al., 2002; Blum et al., 2004).

Recently Toon et al. (2000) reanalysed PSC observations from
seven DC-8 flights during the 1989 Airborne Arctic Strato-
sphere Experiment (AASE) to find statistical results on the fre-
quency of occurrence of different types of PSC, in particular
of mixed clouds, as well as on the influence of lee waves on
PSCs. In several other case studies the influence of the Scan-
dinavian mountains on PSCs was also analysed; however, there
has been no study involving a long-term observational data set
and its analysis. Although there are several, long-term satel-
lite observations (e.g. Pool and Pitts, 1994; Fromm et al., 2003,
and references therein), the temporal and spatial resolution of
these measurements—depending on the satellite’s observation
geometry—are too low to observe all synoptic-scale and all
small-scale lee-wave induced PSCs. Thus long-term observa-
tions at fixed places of particular interest (e.g. in wave-active re-
gions) with high temporal and vertical resolution are necessary
to complement the comprehensive data set with global coverage
of the satellite measurements.

Since January 1997 Bonn University has operated a
Rayleigh/Mie/Raman backscatter lidar at Esrange (68°N, 21°E),
near the Swedish city of Kiruna, about 150 km north of the Arctic
circle (Blum and Fricke, 2005). This lidar is well equipped to
observe clouds in the stratosphere. In this article we will present
a comprehensive data set for PSCs at a wave-active location,
classify these cloud observations, perform a statistical analysis
on the rate of occurrence of the different cloud types and verify
whether the observed clouds can exist at the synoptic-scale
atmospheric temperatures represented by the T106 analysis
of the European Centre for Medium-range Weather Forecasts
(ECMWEF) or whether additional cooling by atmospheric gravity
waves is necessary to reach the existence temperature for the
particular cloud type.

First we will describe the instrument, the method of analysis
used to characterize the observed clouds and the method used to
determine the transparency of the atmosphere to stationary grav-
ity waves. Next the collected data set is presented. In Section 4
a classification scheme is developed and used to describe these
clouds. Knowledge about the individual cloud types at each alti-
tude enables us to compare the synoptic-scale temperature with
the existence temperature. In Section 5 the conditions of occur-
rence of the observed PSCs are analysed. Finally the results are
summarized.

2. Instrumentation and method of analysis

The Bonn University lidar emits short, linearly polarized light
pulses of length 10 ns, repetition rate 20 Hz and wavelength
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532 nm and collects the backscattered light with three Newto-
nian telescopes, each of diameter 50 cm. The backscattered light
is analysed according to wavelength and polarization, detected
by photomultipliers and registered by counting electronics. The
time elapsed between the emission of a light pulse and the detec-
tion of the echo determines the scattering altitude. In our case the
range gates are set to 1 us, resulting in an electronic altitude res-
olution of 150 m. The Rayleigh scattered light at 532 nm wave-
length is detected in two orthogonal polarization directions; light
with the same plane of polarization as the emitted beam is called
parallel polarized (||) and light with the polarization plane per-
pendicular to that of the emitted beam is called cross-polarized
(L) light. The lidar detects the sum of the backscatter signal
from the molecules and the aerosols. The relative magnitude of
the aerosol signal in the parallel and perpendicular polarization
directions is determined by the depolarization ratio 8 o, of the
aerosols. Combined with the molecular depolarization this leads
to different sensitivities for the detection of solid aerosol par-
ticles in parallel and perpendicular polarization. In addition to
the backscattered light, the signal from the vibrational-Raman
scattered light on molecular nitrogen at 608 nm wavelength is
detected. This Raman signal serves as a signal of the molecular
density of the atmosphere. These three intensities /15,, /%, and
I3 are used to calculate physically meaningful quantities like
the backscatter ratio R and the aerosol depolarization § p,:

1,2
R 53212 1
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_R@-1
dner(2) = m Mol (3)

To calculate absolute values for the backscatter ratios, the Raman
signal is normalized to the Rayleigh signal in the aerosol-free part
of the atmosphere. In eq. (3) §mo is the molecular depolarization.
The measured value of §y, depends on the width of the instru-
mental filter band path. For our data set the band path is given by
an interference filter with a full width at half maximum (FWHM)
of <3 A. This excludes the rotational Raman band and thus re-
sults in the molecular depolarization of §y, = 0.36% (Young,
1980). Depending on the PSC type the depolarization ratio can
increase to several 10%. Due to the small molecular signal in
the cross-polarized channel in comparison with the parallel po-
larized channel it can happen that for a weak PSC the aerosol
signal in the parallel channel is overwhelmed by the molecular
signal in the parallel channel while this does not happen in the
perpendicular channel.

After the first winter campaign in January—March 1997 the op-
tical configuration of the lidar was improved. A Brewster plate
was inserted in the transmitter branch to clean up a residual depo-
larization of the transmitter. Thus the polarization of the emitted
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light was different in January—March 1997 from that in later
winters. If the emitted light is not perfectly linearly polarized
or the geometrical alignment of the transmitter and the receiver
is not perfect, the instrument detects an apparent aerosol depo-
larization 8% even if there are no depolarizing scatterers in the
atmosphere (Biele et al., 2000). An imperfect system leads to an
error in the depolarization which we determined by the observa-
tion of spherical and thus non-depolarizing particles. To identify
spherical particles we analysed the PSC observations with only
very low measured depolarization values 832 < 8. For this
purpose we used all data with R} < R“"bs, which is a necessary
and sufficient condition for 0 < 6‘/’\?’[ < 8mol- However, there is
no possibility of selecting only non-depolarizing PSCs. All PSC
observations with R < R{™ in the period 1998-2003 were
checked. The mean aerosol depolarization of these data has to
be between 0 and 0.35% and was assumed to be § ooy = 0.15%.
This value is consistent with the lidar data if the depolarization
caused by the instrument §, is lower than 0.10%, as model cal-
culations show. While the instrumental depolarization was §; =
0.5% in 1997, the analysis of the later data resulted in a mean
instrumental depolarization of §; = (0.00 £ 0.01)%. Thus we
only need a depolarization correction for the data from the first
campaign. This correction primarily affects the backscatter ratio
in the cross-polarization R | as well as the aerosol depolarization

SAer:

Ry = R + (R — R™) 81/8mots
obs obs
Saer = 8 — R — R = R
R™ —1

A detailed description of the analysis is given by Blum (2003).

To determine whether the observed PSCs are caused by syn-
optically cold temperatures we compared the existence temper-
atures of the individual cloud types with the ECMWF T106
temperature analyses, which of course do not show small-scale
variations in the temperature field due to the temporal resolution
of 6 h and the vertical resolution of 2—3 km in the middle strato-
sphere. However, this resolution is sufficient to describe the syn-
optic temperature field of the polar stratosphere. The existence
temperatures for NAT are taken from Hanson and Mauersberger
(1988) and the HNOj3 concentrations are taken from Gille et al.
(1996). The STS formation temperatures are assumed to be 3 K
below the NAT temperatures and the water ice frost-point temper-
atures are taken from Murray (1967) using a water vapour mixing
ratio of 4.6 ppmv. Existence temperatures of mixed clouds are
assumed to be the same as those of STS clouds. The calculated
existence temperatures are quite stable against a change in the
HNOj and H,O concentrations. To change the existence tem-
perature by 10 K the concentration has to change by one order
of magnitude (Hanson and Mauersberger, 1988).

Orographically induced gravity waves can propagate from the
Earth’s surface to the stratopause or even higher when appropri-
ate atmospheric propagation conditions exist. The transparency

of the atmosphere for these waves can be estimated from the
wind and temperature fields of the ECMWEF analyses. Using the
dispersion relation for medium-frequency waves (N > & > f,
where N &~ 2 x 1072 Hz is the Brunt—Viisili frequency, & the
intrinsic frequency of the waves and f ~ 3 x 10> Hz the iner-
tial frequency or Coriolis parameter), the vertical wavenumber
is given by

2 N(2)

)"(Z)max - |m - Cphl

k:(z) = @

(e.g. Fritts, 1984), where u(z)y, is the mean horizontal wind in the
direction of wave propagation and cp,(z) the horizontal phase
speed of the wave. For stationary waves the horizontal phase
speed relative to the ground is ¢, = 0 m s™'. Thus the maximum
vertical wavelength A, (z) can be written as

}‘max(z) = |M(z)h|P(Z)B (5)

where P(z)p = 27w /N(z) is the Brunt—Viiséld period. Critical
levels imply that A(z)max approaches zero, which inhibits wave
propagation. This theoretical case will never be achieved in real-
ity, thus we assume the atmosphere to be transparent whenever
Amax > 1 km. To excite orographically induced gravity waves,
the boundary layer wind has to exceed a certain wind speed with
an appropriate direction. The model analyses by Dornbrack and
Leutbecher (2001) suggest a wind speed of more than 10 m s~!
coming from west-northwest (300° £ 30°). These values cor-
respond to inertial gravity waves excited on the Scandinavian
mountain ridge with horizontal wavelengths of 100-1000 km
which can be resolved by the mesoscale model MMS. As well
as these waves, locally excited buoyancy waves with horizontal
wavelengths between 3 and 30 km are seen in the lidar data and
lead to PSC formation. The local hills around Esrange are not
oriented in a southwest/northeast direction like the Scandinavian
mountain ridge, thus the direction of the boundary layer wind
is less important in this case. The direction of the boundary
layer wind determines the direction of propagation of the ex-
cited gravity wave, which stays constant with altitude. Changing
wind direction with altitude influences the possibility of vertical
gravity wave propagation, as can be seen in the vertical wave-
length which can propagate through the atmosphere (eq. 5).

3. Data Set

The Bonn University lidar was set up at Esrange in December
1996 and the first measurements were performed in January
1997. Up to winter 2003-2004 10 major measurement cam-
paigns of more than 4 weeks’ duration had been carried
out during winter. Additionally there were a few measure-
ments in November—December 1999 performed by the Institutet
for Rymdfysik (IRF) Kiruna and some measurements during
December 2000. Figure 1 shows the measurement times and
the times with PSC observations. The interannual variability of
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Fig 1. Distribution of measurement times of the Bonn University lidar during the winter campaigns 1996-1997 to 2003-2004. PSC observations

during the measurement times are marked by longer lines.

PSC observations is quite large due to varying meteorological
background conditions and changing campaign times.

During almost every winter campaign at least a few PSCs
were observed with the Bonn University lidar. Whereas 26.5%
and 11.1% of all PSC observations occurred during the win-
ters of 1996-1997 and 1997-1998, respectively, the campaign
in January and February 1999 was an exception, with no PSCs
being observed. Due to a major stratospheric warming which de-
veloped during December 1998 (Labitzke and Naujokat, 2000)
the stratospheric circulation including the polar vortex was dis-
turbed and the stratospheric air did not cool down to the tem-
peratures necessary for PSC formation. The following two win-
ters 1999-2000 and 2000-2001 showed 5.8% and 15.6% of all
PSC observations. Although winter 2001-2002 showed 38.6%
of all PSC observations, these clouds only appeared in December
2001. During the last four campaigns (January—February 2002,
January—February 2003, December 2003 and January—February
2004) there were almost no PSC observations at Esrange
(0%, 2.3%, 0.2%, 0%). This absence of PSCs is again attributed
to major stratospheric warmings which occurred during Decem-
ber 2001 (Naujokat et al., 2002), January 2003 (Naujokat and
Grunow, 2003) and January 2004 (Labitzke et al., 2005). Alto-
gether we accumulated more than 300 h of PSC observations
during more than 2000 h of lidar measurements performed dur-
ing these winter campaigns. Most of the PSC measurements at
532 nm wavelength in both polarization directions were carried
out at night.

The PSC observations at Esrange are characterized by high
vertical and temporal variability of the clouds which makes it
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extremely difficult to determine the temporal and spatial exten-
sion of each individual cloud. Figure 2 shows PSC data from 13
December 2001 in both polarizations for the three consecutive
hours 18:00-19:00, 19:00-20:00 and 20:00-21:00 UT. The par-
allel polarization channel shows two distinct clouds delimited by
regions of R = 1. The lower cloud reaches from 18.5-20.5 km
during the first hour of observations and from 18.5-21.0 km later
on. The upper cloud reaches from 23.0-25.0 km altitude through
all 3 h. The perpendicular channel also shows several distinct re-
gions containing PSC signatures. However, the vertical extent of
these layers in this channel is very different from that in the par-
allel channel. The lower edge of the lower cloud and the upper
edge of the upper cloud layer agree in both polarization chan-
nels. In contrast the region from 21-23 km altitude, which does
not show any aerosol signal in the parallel channel, apparently
contains values of R, > 1. This cloud signature varies with time
and indicates a rather weak PSC consisting of depolarizing (i.e.
solid) particles. In addition to the large vertical variations which
indicate different PSC types at different altitudes, there are also
variations in the cloud characteristics with time. Atabout 23.7 km
altitude the backscatter ratio increases and decreases during the
3hof observations from Ry~ 4 to R ~ 16 back to R, ~ 2 in the
parallel channel and from R, =~ 30 to R, ~ 400 backto R, ~
60 in the cross-polarized channel. This strong change in the
backscatter ratio is caused by changes in the PSC type occurring
during the observation time at this altitude. To cope with this high
vertical and temporal variability of the clouds we treateach 150 m
altitude interval—which is given by the vertical resolution of the
lidar—as an individual PSC. The chosen temporal resolution
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Fig 2. PSC measurements of the Bonn University lidar on 13 December 2001. Shown are the backscatter ratio profiles in parallel (left plot) and

perpendicular (right plot) polarization for three consecutive hours.

must be short enough to resolve rapid changes in the PSCs but
also long enough to achieve adequate data quality. An integration
time of about 1 h using the UT time grid is a compromise for
both requirements. This method of counting PSCs results in a
large number of individual PSC observations; however, it is ap-
plicable for synoptic as well as wave-induced PSCs as we have
not observed any correlation of the temporal and vertical extent
of PSCs with the existence or absence of gravity waves.

4. Classification of PSCs

In lidar data PSCs are classified according to scattering param-
eters using the backscatter ratios R, and R, and the aerosol
depolarization 6 ;.

Although several classification schemes for lidar measure-
ments of PSCs are available in the literature (e.g. Browell et al.,
1990; Toon et al., 2000; Biele et al., 2001), for each instrument
in a specific geophysical situation it is necessary to develop an
appropriate classification scheme for PSCs. Lidars working at
different wavelengths will measure different backscatter ratios
R) and R ,. However, a classification of all known PSC types
by lidar observation only is quite ambiguous. Other aerosols,
for example smoke and soot from wildfires, can show the same
scattering properties as PSCs (Siebert et al., 2000) and accompa-
nying meteorological conditions have to be taken into account.
Here we will concentrate on the three classical types of PSC, Ia,
Ib, and II, as well as on an additional type which comprises all
data which do not fit one of the three classical types. We call this
additional type of PSC “mixed clouds”.

Figure 3 shows all PSC measurements performed in both po-
larization directions in the form of a two-dimensional histogram.
The axes are on logarithmic scales (the backscatter ratios in par-
allel and cross-polarization at a wavelength of 532 nm) and the
colour code describes the number of data points which fit with
one certain R, R, combination. The data used are those of all
PSC observations taken from each altitude bin of 150 m width
and with 1 h integration time. In addition solid black lines show
values of constant aerosol depolarization 6 a¢,. For the classifica-
tion of PSC observations it is necessary to have values for both
backscatter ratios.

‘We use the general results obtained previously by, for exam-
ple, Browell et al. (1990) as a guideline and state that PSCs of
type la must show high values of aerosol depolarization (8 ae; >
dmor) but low values of R). PSCs of type Ib are liquid and thus
show in principle no aerosol depolarization 6 s, and a moderate
backscatter ratio R ;. Type I PSCs are again solid and thus show
a depolarization § pe; 3> dMmo1. Due to the relatively large amount
of water in the stratosphere (in comparison with nitric acid) both
backscatter ratios can be quite large.

In Fig. 3 there are obviously three regions where PSC obser-
vations cluster. The first group is at low backscatter ratios in the
parallel polarization channel having values R < 2, while the
backscatter ratio in cross-polarization reaches quite large values
up to R, ~ 30. These data show large aerosol depolarizations
of up to 8 aer & 30% and can be associated with PSCs of type Ia,
marked by the white ellipse.

The second group of PSC observations can be found at
larger values of Ry, up to 5. However, the backscatter ratio in
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Fig 3. Two-dimensional histogram of number of PSC observations by the Bonn University lidar in both polarization directions (1997-2004). For

details see text.

cross-polarization is very small (R, < 3), resulting in small
aerosol depolarization § r < 0.7%. Clouds showing nearly no
aerosol depolarization must be mostly liquid and thus these mea-
surements are associated with PSCs of type Ib, shown by the
black ellipse.

The third group of PSC observations exists at large values of
both backscatter ratios. Due to the limited amount of HNOj; in
the stratosphere the observations at R|; > 7 must consist of water
and are thus PSCs of type II. However, type 1I PSCs can also
have smaller values of R). Overall they show an aerosol depo-
larization of 8 aer & 3—-10%. The region of ice PSCs is marked
by the red ellipse.

Finally, it is obvious that these classifications do not cover
all PSC measurements. The remaining data points are assumed
to be mixed clouds, containing a strong and weak depolarizing
scatterer such as NAT or STS. A dominant constituent, however,
cannot be determined. To avoid confusion between PSCs and
the background aerosol, aerosol signatures are defined as PSCs
if they are observable over an altitude range of 450 m or more
and have a backscatter ratio in either of the two green channels
(532 nm) which is larger than 1.06. While the amount of back-
ground aerosol was quite large (R ~ 1.2) in 1994-1995 (Miiller
et al., 1995) due to the eruption of Mount Pinatubo in 1991 this
aerosol load has reduced to R}, ~ 1.05 since 1997 due to sed-
imentation. To also include PSCs of very small vertical extent
(300 m or less) backscatter ratios in only one or two altitude bins
are accepted as PSCs if the backscatter ratio in at least one chan-
nel is larger than 1.5. The classification scheme is summarized
in Table 1.

This scheme can now be used to analyse each single PSC ob-
servation with regard to cloud type. Figure 4 gives an example
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Table 1. Classification scheme for PSC observations with the Bonn
University Lidar at Esrange at 532 nm wavelength

PSC type Backscatter Aerosol
ratio, Ry depolarization, § aer
Background aerosol R < 1.06
PSC Ia (NAT) 1.06 < R <2 >10.0%
PSCIb (STS) 1.06 < R) <5 <0.7%
PSC I (ice) either 2<R) <7 >2.0%
or 7<R Il

of a PSC measurement on 12 December 2001. The observa-
tion started at 02:10 UT and lasted for 43 min. Altitude profiles
of R and R, as well as the classification of the individual
PSC layers are shown. The PSC covers the altitude range from
21.3 to 25.8 km and contains all four PSC types, NAT, STS, ice
and mixed clouds. This classification has been performed for
all PSC measurements and Fig. 5 shows the absolute number of
cases and their relative rates of occurrence. Altogether there were
8619 PSC measurements. The largest number of these data are
classified as PSCs of type Ib (39%). Mixed clouds make up 37%,
i.e. nearly the same number of observations. The remaining ob-
servations are PSC Ia (15%) and PSC II (9%). Thus all three
classical PSC types are observed at Esrange; however, for a large
number of the clouds the composition cannot be unambiguously
determined.

The classification of the observed PSCs also gives the altitude
distribution of the different cloud types. Most PSCs occur in
the 18-28 km altitude range with a maximum occurrence rate
at about 23-26 km altitude independent of the particular cloud



418 U. BLUM ET AL.

BONN UNIVERSITY LIDAR @ ESRANGE

date: 2001-12-12

26

(km)

24

altitude

22

0.5 1.0 2.0 5.0

backscatter ratio
parallel polarization

02:10:00 UT; dur:

42.6 min
NAT

| mmsTs
NN ICE
E=MIX

9 PSC-layers:

.26-21.
41-22.

N

o

1

N

~
G200
=DM — —

x

3

100 10! 102

backscatter ratio
cross polarization

Fig 4. PSC measurement by the Bonn University lidar on 12 December 2001. The figures shows the backscatter ratios in the parallel (left) and
cross-polarized (right) channels as well as a classification of the different PSC types.

STS
3349
39 %
Ice NAT
= 1308
]380 15 %
9 %
Y.
| Mix X
3182 }
37 %

Fig 5. Classification of PSC measurements by the Bonn University
lidar during the years 1997-2004.

type (see Fig. 6). The altitude distributions of the different cloud
types reveal some differences, in particular the STS clouds show
two peaks, one at about 23 km and a second at about 19 km.
Although the coarse structure of the PSC altitude distribution

is similar during the different years, details reveal differences
which are attributed to different meteorological situations, i.e.
different atmospheric temperature structures. In fact, most of
the low-altitude cloud signatures, below 16 km altitude, are from
measurements in December 2003.

5. Conditions of occurrence of PSCs

The atmospheric temperature must fall below a certain threshold
for PSCs to come into existence. The classification of the cloud
type in each individual altitude bin allows a determination of
the maximum atmospheric temperature which existed in a given
altitude range. The ECMWF T106 analysis provides temperature
profiles on a synoptic-scale grid. The results of a comparison
of the necessary temperatures for existence of PSCs and the
synoptic-scale temperatures are shown in Fig. 7. The relative
frequency of PSC observations which are explainable by the
ECMWEF T106 temperatures is shown.

More than 80% of the NAT clouds can be explained by the
synoptic-scale temperatures. For STS and mixed PSCs this is the
case for only about 35% each and for ice PSCs it is only 3.5%.
This simple comparison does not depend on the details of the
mechanism of particle formation or the value of the formation
temperature, which falls below the existence or condensation
temperature (e.g. Carslaw et al., 1998a; Luo et al., 2003; Drdla
and Browell, 2004). Using the existence temperatures for NAT,
STS and ice clouds, the comparison shows unambiguously that
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Fig 6. Altitude of PSC occurrence for each PSC type, mean temperature profile and minimum temperature values near Esrange. The lower abscissa
gives the relative occurrence frequency of the PSCs, the upper abscissa the temperature. The mean temperature profile is derived from more than
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observed minimum temperature from different radiosonde flights.
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Fig 7. Relative and absolute frequency of different PSC types which
are explainable by the synoptic-scale ECMWF T106 temperatures.

the synoptic-scale temperatures do not allow the existence of
most of the observed PSCs. To test the sensitivity of our results
to temperature we have arbitrarily reduced the existence temper-
ature of STS by 1 K. This reduces the fraction of STS which are
explainable by synoptic temperatures by about 10% (from 35%
to 25%) which confirms the conclusions of this analysis.
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The peak in the PSC altitude distribution at about 24 km
(Fig. 6) corresponds to the wide minimum in the mean tem-
perature profile, reaching from about 23 to 25 km in altitude,
derived from more than 300 radiosondes launched at Esrange
in the months December to February during 1997-2004. At an
altitude of 25 km data from about 220 radiosondes are avail-
able and at 30 km there are data from about 150 radiosondes.
In addition to the mean temperature profile the overall mini-
mum temperature at each altitude measured by the radiosondes
is shown. These coldest temperatures allow the existence of NAT
particles throughout most of the regions of occurrence of PSCs;
however, ice cloud formation is hardly supported by these tem-
peratures. Orographically induced gravity waves regularly lead
to spatial and temporal modulation of the stratospheric temper-
ature profile and thus allow the existence of PSCs in the wave
temperature minima. The propagation conditions for stationary
gravity waves can be estimated using critical level filtering. For
the PSC events which were not explainable by the synoptic-
scale temperatures an analysis of the propagation conditions of
orographically induced gravity waves was conducted. Figure 8
shows the relative number of PSC observations during which the
lower atmosphere was transparent up to the middle stratosphere
for orographically induced gravity waves. Also given are the
absolute numbers of PSC observations when wave cooling was
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Fig 8. Relative and absolute frequency of PSC observations during
which gravity wave propagation was possible and large-scale
(synoptic) temperatures are above the existence temperature. At the top
of the figure the absolute numbers of measurements are given where
wave cooling was possible and when critical level filtering occurred for
non-synoptic PSCs.

possible and when critical level filtering occurred in an altitude
below the PSC layer. This analysis is performed only for those
data that are not explainable by the synoptic-scale temperatures.

For about 80% of these NAT events the atmosphere was
transparent for orographically induced gravity waves. The corre-
sponding numbers are 93% for STS clouds, 99% forice PSCs and
85% for mixed clouds. The analysis of the ground wind reveals
that the horizontal wind speed was greater than 10 m s~! in 66%
of all cases. A wind speed of 10 m s~ is large enough for ma-
jor gravity wave excitation (Dornbrack and Leutbecher, 2001).
Only 97 cases out of 4639 showed velocities below 5 m s~
The majority of all PSC observations above Esrange can be at-
tributed to orographically induced gravity waves.

Our results are quite different from those of other long-term
PSC observations by lidar. PSC observations at Thule, Greenland
(77°N, 69°W; di Sarra et al., 2002) show no ice clouds, very vary-
ing amounts of NAT cloud (between 8.4 and 55.4% in different
years) and only very small amounts of STS cloud (5.3-7.8%).
Although the classification schemes are quite different (PSCs are
identified as Ib for R > 1.5 and § <10% by di Sarra et al., 2002)
the influence of gravity waves on polar stratospheric clouds is
much less than at Esrange, as can be seen from the missing ice
cloud observations. This is particularly remarkable because the
Thule measurements were performed during 1990-1997, com-
prising several cold winters with a stable vortex. During these
winters synoptic ice PSCs would have been expected. A simi-
lar situation is given at the Arctic station of Ny-Alesund (79°N,
12°E; Miilleretal., 2004). Since 1995 there have been lidar obser-
vations each winter; however, no ice PSCs have been observed.
On 75% of all days with PSC observations NAT clouds were
observed and on 85% STS clouds. In particular simultaneous
observations of solid and liquid particles in so-called sandwich
structures occur regularly. Unlike Esrange, Ny-Alesund is lo-

cated near the centre of the polar vortex and thus shows synoptic
PSCs. The McMurdo station in Antarctica (78°S, 167°E) is lo-
cated inside the southern polar vortex, which is much more stable
than the Arctic polar vortex and which allows continuous evolu-
tion of PSCs. Here NAT clouds occur on almost every day when
PSCs are observed (96%; Miiller et al., 2004). STS clouds occur
more seldom (13%) and ice clouds are seen on fewer than 9% of
all days when PSCs occur. This rate of occurrence of ice clouds
at McMurdo is comparable to the frequency of observation of
type II PSCs at Esrange. At the edge of the southern polar vor-
tex (Dumont d’Urville; 66°S, 140°E) the PSC situation is even
more different, as can be seen from Santacesaria et al. (2001).
The occurrence of the different types and the PSC altitude de-
pends on the season. At the beginning of the winter only type Ia
and Ib are observed; type II occurs exclusively during a certain
time in mid-winter. Furthermore a decrease in PSC altitude is
observed during the winter. These effects can be attributed to a
stable polar vortex and variations of the vortex during the sea-
son. In the Northern Hemisphere, in particular at Esrange, the
existence of PSCs is mostly determined by gravity wave activity
in the atmosphere; there is therefore neither a seasonally depen-
dent occurrence of individual PSC types nor a decrease of PSC
altitude during the winter.

6. Summary

Polar stratospheric clouds have been observed with the Bonn
University lidar at Esrange since 1997 during more than 15%
of the measurement time. A classification of the observed PSCs
is possible for all data and reveals four different cloud types
which show very different rates of occurrence. While STS and
mixed clouds occur frequently (more than three-quarters of all
PSC observations), NAT and ice PSCs seldom occur. The relative
rate of occurrence of ice PSCs is only 9%. A comparison of the
necessary existence temperatures with the synoptic-scale tem-
peratures provided by ECMWEF T106 analyses reveals that most
of the STS, ice and mixed PSCs could not exist in the synoptic-
scale temperature field. However, the analysis of the propagation
conditions for orographically induced gravity waves shows that
the atmosphere was transparent for gravity waves for more than
80% of all non-synoptic PSC observations. Thus the existence of
polar stratospheric clouds above Esrange is dominated by oro-
graphically induced gravity waves, a situation which is differ-
ent from the observations at Thule, Ny-Alesund, McMurdo and
Dumont d’Urville.
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