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Non-uniform PSC occurrence within the Arctic polar vortex
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Abstract. A multi-year dataset of lidar measurements of polar stratospheric clouds (PSCs) from two sitesin
the Arctic (Sodankyl&, 67°N, 27°E, and Ny-Alesund, 79°N, 12°E) has been analyzed with respect to the
existence temperature of different PSC types. Due to the location of the measurement sites relative to the polar
vortex, their observations are most of the time representative of vortex edge and vortex center conditions,
respectively. The comparison of the aerosol lidar measurements with local and trgjectory temperatures reveals
that PSC occurrence is favored at the edge of the Arctic polar vortex. One possibility discussed here is a
differential distribution of water vapor that could be responsible for the non-uniform threshold temperatures
and thus differential PSC occurrence within the polar vortex.

1. Introduction

Below a certain threshold temperature, polar
stratospheric clouds (PSCs) can form and hence
provide the surface for heterogeneous reactions that
lead to the activation of initially bound chemical
reservoir species. Thus, PSCs are a main factor for
the springtime stratospheric ozone loss in the polar
regions [e.g. Solomon et al., 1999].

Different PSC types can be distinguished by their
particle composition. While PSCs of type la consist
of solid nitric acid trihydrate (NAT) particles [Voigt
et al., 2000], PSC of type Ib are made up from liquid
ternary HZO/HN03/HZSO4 solution (STS) droplets
:=99]. Below the frost point, water

|ce particles form PSC type Il. Typicaly, 5 ppmv
H,0 and 9-10 ppbv HNO; are assumed as trace gas

input for the caculation of PSC threshold
temperatures [Koop et al., 1997; Tabazadeh et al.,
2001].

Stratospheric ozone loss in the polar regions is
crucially enhanced by the effects of denitrification
and dehydration resulting from the formation and
subsequent sedimentation of large PSC particles.
Therefore, the potential occurrence of PSC 1l in the

Arctic is of particular importance. Remarkably, the
observations of PSCs Il in Sodankyla are very
dissimilar from the observations in Ny-Alesund.
Here, we present a comparison focussing on the
difference in PSC observations at the two arctic lidar
stations in relation to the polar vortex position.

2. Instrumentation

The PSC lidar measurements presented here were
performed in Sodankyld, Finland (67°N, 27°E), and
Ny-Alesund, Spitsbergen (79°N, 12°E).

The aerosol lidar data from both sites reach back until
winter 1991/1992. In this study, we refer to the
Sodankyla aerosol lidar that was operative during the
Stratospheric Aerosols and Ozone in the Northern
and Southern Hemisphere (SAONAS) campaign in
winters 1996/1997 to 1998/1999, and our case study
on PSC type | occurrence at both stationsis limited to
this period.

Both aerosol lidar systems are multiwavelength
instruments with equivalent sending and detection
units. For a detailed description of the instrument
parameters see Sein et al. [1999] for Sodankyl& and
Biele et al. [2001] for Ny-Alesund. In the context of
this PSC study, data are restricted to measurements
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with the wavelength A =532 nm in the parallel and
perpendicular polarization plane. From these
measurements it is possible to retrieve the PSC
backscatter ratio as well as the volume
depolarization, leading to the determination of
different PSC types and their temporal and spatial
evolution. In case of Sodankyld, also measurements
at A = 1064 nm (non-polarized) are included.

At both stations, the acquisition of at least one
vertical temperature profile per day is ensured by
meteorological radiosondes.

3. Observations

Both in Sodankyld and Ny-Alesund, long-term
observations revealed the common existence of PSCs
consisting of liquid and / or solid particles [Stein et
al., 1999; Rex et al., 2000]. In general, the detected
PSC events occurred in good agreement with the
paralel temperature measurements. Yet,
discrepancies between PSC occurrence and existence
temperature have been observed in several cases.

3.1. PSC Il Occurrencein Sodankyla

In Sodankyld, several PSCs Il have been observed
during the mentioned observation period: on January
22/23, 1997, on December 16, 1997, and on
December 2, 1998. Although on all occasions the
synoptic temperature was above the frost point
assuming 5 ppmv water vapor (Tcgsppmyg), Water ice
PSCs were able to develop due to local cooling in
stratospheric lee waves induced at the Scandinavian
mountain ridge [Dornbrack et al., 1999; Dornbrack
and Leutbecher, 2001].
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Figure 1. Sodankylg, Dec.16, 1997. left: 11:00 UTC radiosonde
temperature profile (bold line) with the 5 ppmv H,O threshold
temperatures for NAT (dotted line), STS (dashed line) and ice
(thin line). center: lidar backscatter ratio at 532 nm, averaged
between 04:00 and 05:00 UTC. right: lidar volume depolarization
at 532 nm (bold line) with volume depolarization of pureair (thin
line) for reference.

The influence of lee wave activity on the temperature
distribution is found e.g. in the Sodankyl& radiosonde
profile on December 16, 1997, shown in Figure 1.
The wavelike structured temperature profile shows
cold deviations below T,cgsppmi, but also warmer
inversion layers. Even if the temperature drops only
below the STS threshold, a PSC Il is observed
between 20.5 and 22.5 km dtitude. The identification
of the water ice PSC is based on the very high
backscatter ratio of about R= 30 and the large
volume depolarization. Apart from the described lee
wave induced water ice PSCs, also synoptic scale
PSCs Il have been observed in Sodankyla (Vomel et
al., 1997; Kivi et al., 2001).

3.2. NoPSC Il Occurrencein Ny-Alesund

The Ny-Alesund measurements exhibit a different
discrepancy between local temperature and PSC
observation: while on severa days the loca
radiosonde temperatures were well below the frost
point T cesppmv, the simultaneous lidar measurements
did not detect any PSC Il. For instance, on the basis
of the Ny-Alesund radiosonde temperature profile of
Jan. 17, 1996 (Figure 2), the occurrence of a PSC Il
should be expected above 23 km, but only a PSC Ib
was detected by the aerosol lidar. The lidar
backscatter ratio was enhanced to about R = 3.5 with
a low volume depolarization that indicates spherical
particles and hence liquid droplets. The existence of
water ice particles can be ruled out. Similar cases are
found on ten days in different winters and so far,
PSCs Il have only been detected once in Ny-Alesund
by Shibata et al. [1999].
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Figure2. Ny-Alesund, Jan.17, 1996. left: 21:00 UTC radiosonde
temperature profile (bold line) with the 5 ppmv H,O threshold
temperatures for NAT (dotted line), STS (dashed line) and ice
(thin line). center: lidar backscatter ratio at 532 nm, averaged
between 23:00 and 00:00 UTC. right: lidar volume depolarization
at 532 nm (bold line) with volume depolarization of pureair (thin
line) for reference.



3.3. PSC | Occurrence at Both Stations

Likewise, the observed PSCs of type | at Ny-Alesund
and Sodankyl& do not similarly occur below the NAT
threshold temperature assuming 5 ppmv water vapor
(TNAT[Sppmv]) at both stations.

On the one hand, PSCs have been observed in
Sodankyla at temperatures above Tyarsppmy ON a few
days. Asin the case of the observed water ice PSCs,
the most obvious explanation may be an influence of
possible mesoscale temperature fluctuations by
mountain wave activity. Still, if all measurements
during possible mountain wave activity in the
Sodankyla region are reected according to
Doérnbrack et al. [2001], PSCs are detected above
TnaTtispomg ON January 4 (Figure 3 a) and January 12,
1997. In these cases, earlier particle formation due to
possible mesoscale temperature fluctuations above
e.g. Greenland may be neglected as the temperatures
were  well  above aong the
backtrajectories.

Apart from solid particles interpreted as sulfuric acid
tetrahydrate (SAT) [Beyerle et al., 2001], all PSC
events in Ny-Alesund have been observed below
TnaTrspomg Without exception. Remarkably, on 9 days
the lidar in Ny-Alesund detected a PSC free
stratosphere, although the radiosonde temperature
was well below Tyarispomy OF even below Tsrgsppmy
(the threshold temperature for STS assuming 5 ppmv
water vapor). Six of these days fall into the period
January and February 1997 (Jan.12, Jan. 16, Jan. 17,
Jan. 23, Feb. 5, Feb. 8), while the other days were
Feb. 23 and Feb. 29, 1996, as well as Jan. 24, 1998.
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Figure 3. (&): Sodankyld, Jan. 4, 1997. Backscatter ratio at
A = 1064 nm, 1-hour-mean between 15:09 and 16:10 UTC (thin
ling), with the 11:00 UTC radiosonde temperature (bold line) as
well as Tyarspomy (dotted ling) and Tsrgspomy (dashed line). (b):
Ny-Alesund, Jan.12, 1997. Backscatter ratio (thin line) and
volume depolarization & (thin line with dots) at A =532 nm,
1-hour-mean between 10:05 and 11:02 UTC, together with the
11:00 UTC radiosonde temperature (bold line) as well as
TnaTsppmy  (dotted line) and  Tsrgsppmy (dashed ling) for
reference.

Out of the large set of lidar measurements, only these
days with radiosonde temperatures lower than
Tnatspmy - 1 K in Ny-Alesund are taken into
account. Other restrictions are: the temperature along
the backtrajectories is below Tyatispomy fOr at least 12
hours, and a completely cloud free stratosphere above
Ny-Alesund. One example is displayed in Figure 3 b,
showing the profiles of temperature, backscatter ratio,
and volume depol arization on January 12, 1997.
Altogether, the described observations lead to the
conclusion that PSC existence is favored above
Sodankyl& compared to Ny-Alesund.

4. Discussion

The main difference between the two stations is their
position relative to the polar vortex. While the vortex
is centered above Spitsbergen during most of the
Arctic winter, the vortex edge is usualy situated
above Scandinavia. From the observations described
above, it is apparent that the vortex edge is the region
of favored PSC existence.

The vortex edge usually covers several source regions
for mountain waves. In addition, the wind conditions
near the vortex edge forward the stratospheric wave
propagation.  Thus, mesoscale  temperature
fluctuations and additional PSC formation are found
at the vortex edge, explaining the described PSC
observations in Sodankyl&

Nevertheless, as PSC formation depends on the
temperature to drop below a certain threshold
temperature, it is also possible that a local change in
the threshold temperatures leads to the observed PSC
occurrence. The most distinct change in threshold
temperatures is induced by a change of the water
vapor mixing ratio. An increase (decrease) of 1 ppmv
H,0 results in an increase (decrease) of 1 K for Tce
[Marti and Mauersberger, 1993] and about 0.8 K for
Tnat [Hanson and Mauer sberger, 1988].

The general non-existence of PSCs Il in Ny-Alesund
as well as the absence of PSC | below Tyatisgmi €aN
potentially be attributed to a lower H,O mixing ratio
and thereupon lower threshold temperatures. Any
significant dehydration and ice particle sedimentation
is linked to the existence of PSCs Il and has so far
only been observed in single events in the Arctic
[Vomel et al., 1997; Sowasser et al., 1999].
Nevertheless, it hasto be considered that dehydration
may occur to asmall extent in the Arctic stratosphere.
In the context of our PSC observations, dehydration
may have a small effect in some cases for the non-
existing PSCs in Ny-Alesund, but at the same time
there is no evidence for an influence of dehydration
on the existence of PSC | in Sodankyl&.



The non-uniform PSC occurrence inside the polar
vortex would also be generated if the water vapor
mixing ratio was higher in the vortex edge region
than in the vortex center. In the winter polar
stratosphere, water vapor behaves as a conserved
tracer as neither photo-dissociation of H,O nor photo-
oxidation of methane occurs [Seele and Hartogh,
2000]. Conseguently, stratospheric H,O istransported
according to the global circulation, with strong
descent above the winter pole. However, the strongest
descent takes place at the edge of the polar vortex
rather than in the center [Pierce et al., 1994; Manney
et al., 1999]. Thus, maximum water vapor mixing
ratios and highest PSC threshold temperatures can be
expected to occur in the vortex edge region and
accordingly above Sodankyld. Indeed, for higher
altitudes (~ 35 km) a ring of maximum water vapor
mixing ratio inside the Arctic polar vortex has been
observed by the Microwave Limb Sounder (MLS)
[Lahoz et al., 1994]. The presumed water vapor
gradient within the polar vortex results in aring with
favorable PSC conditions along the vortex edge
region. At the same time, the conditions for PSC
existence are fulfilled less frequent in the center of
the vortex due to the weaker descent of H,O from the
upper stratosphere. On that account, the formation of
water ice particles becomes more difficult, explaining
the genera non-existence of PSCIl above
Ny-Alesund. However, a water ice PSC has once
been observed above Ny-Alesund by the Japanese
aerosol lidar [Shibata et al., 1999], yet in this case the
vortex edge was located above the station.
Quantitative, a reduction of 2.5 ppmv H,O on
January 12, 1997, in Ny-Alesund and the resulting
shift of the PSC threshold to lower temperatures
would explain the observations shown in Figure 3b.
In return, additional 1.5 ppmv H,O on January 4,
1997, in Sodankyl& would increase the PSC threshold
to higher temperatures and thus explain the observed
PSC in Figure 3a. Compared to in situ measurements
of stratospheric water vapor [Ovarlez and Ovarlez,
1994; Sowasser et al., 1999], the necessary
differences in the water vapor mixing ratio may be
too large to be solely responsible for the observed
non-uniform PSC occurrence. Still, the distribution of
stratospheric water vapor can be the main effect
leading to the observed spatial PSC distribution.
Regarding the observations of PSC type |, the idea of
a stratospheric polar freezing belt introduced by
Tabazadeh et al. [2001] also supports favorable PSC
conditions at the vortex edge.

5. Summary

Stratospheric aerosol lidar observations at two Arctic
stations, Sodankyla and Ny-Alesund, have revealed

that PSC occurrence is favored at the edge of the
vortex compared to the vortex centre.

Asthe vortex edge often covers the source regions for
mountain waves and provides the necessary wind
conditions for wave propagation, it is a location of
mesoscale temperature fluctuations and additional
PSC formation. Still, other mechanisms may lead to
the observed non-uniform PSC occurrence. The
generally adopted threshold temperatures are based
on the assumption of 5 ppmv stratospheric H,O. As
small changes in water vapor have a large influence
on the saturation temperature of PSC particles, a
gradiently distribution of H,O within the polar vortex
leads likewise to a non-uniform threshold
temperature. Due to uneven descent of air inside the
polar vortex, more water vapor and thus higher PSC
threshold temperatures are potentially found at the
vortex edge, corresponding to the observed favored
PSC existence. Similarly, a lower H,O mixing ratio
due to lower subsidence in the center of the vortex
may affect the formation of water ice PSCs in
Ny-Alesund.
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