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Abstract. The sedimentation of HNO3 containing Polar
Stratospheric Cloud (PSC) particles leads to a permanent re-
moval of HNO3 and thus to a denitrification of the strato-
sphere, an effect which plays an important role in strato-
spheric ozone depletion. The polar vortex in the Arctic win-
ter 2009/2010 was very cold and stable between end of De-
cember and end of January. Strong denitrification between
475 to 525 K was observed in the Arctic in mid of January
by the Odin Sub Millimetre Radiometer (Odin/SMR). This
was the strongest denitrification that had been observed in
the entire Odin/SMR measuring period (2001–2010). Lidar
measurements of PSCs were performed in the area of Kiruna,
Northern Sweden with the IRF (Institutet för Rymdfysik) li-
dar and with the Esrange lidar in January 2010. The measure-
ments show that PSCs were present over the area of Kiruna
during the entire period of observations. The formation of
PSCs during the Arctic winter 2009/2010 is investigated us-
ing a microphysical box model. Box model simulations
are performed along air parcel trajectories calculated six
days backward according to the PSC measurements with the
ground-based lidar in the Kiruna area. From the temperature
history of the backward trajectories and the box model simu-
lations we find two PSC regions, one over Kiruna according
to the measurements made in Kiruna and one north of Scan-
dinavia which is much colder, reaching also temperatures be-
low Tice. Using the box model simulations along backward
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trajectories together with the observations of Odin/SMR,
Aura/MLS (Microwave Limb Sounder), CALIPSO (Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observations)
and the ground-based lidar we investigate how and by which
type of PSC particles the denitrification that was observed
during the Arctic winter 2009/2010 was caused. From our
analysis we find that due to an unusually strong synoptic
cooling event in mid January, ice particle formation on NAT
may be a possible formation mechanism during that particu-
lar winter that may have caused the denitrification observed
in mid January. In contrast, the denitrification that was ob-
served in the beginning of January could have been caused
by the sedimentation of NAT particles that formed on moun-
tain wave ice clouds.

1 Introduction

Polar stratospheric clouds (PSC) play a key role in strato-
spheric ozone destruction in the polar regions (Solomon
et al., 1986; Crutzen and Arnold, 1986). Heterogeneous
reactions which take place on and within the PSC parti-
cles convert halogens from relatively inert reservoir species
into forms which can destroy ozone in the polar spring
(e.g. Peter, 1997; Solomon, 1999; Lowe and MacKenzie,
2008). PSCs occur with different compositions and physi-
cal phases and were originally classified according to their
occurrence above (type I) and below (type II) the water ice
frost point (Tice) (McCormick et al., 1982; Poole and Mc-
Cormick, 1988). Later, type I PSCs were sub-classified into
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non-spherical solid particles (type Ia) and spherical liquid
particles (type Ib). Trajectory studies reveal that the phys-
ical state of sulfate particles and PSCs in the stratosphere
is strongly controlled by the temperature history of the air
mass (e.g.Tabazadeh et al., 1995; Larsen et al., 1997; Toon
et al., 2000). Type Ib PSCs are composed of supercooled
ternary solution particles (STS; H2SO4/H2O/HNO3) and are
formed by the uptake of H2O and HNO3 on the liquid strato-
spheric H2SO4/H2O (background) aerosols at temperatures
below≈193 K (Carslaw et al., 1994; Meilinger et al., 1995;
Peter, 1997; Lowe and MacKenzie, 2008). PSC Ia parti-
cles are composed of nitric acid trihydrate (NAT), the stable
HNO3 hydrate under stratospheric conditions (Toon et al.,
1986; Hanson and Mauersberger, 1988) and PSC type II of
pure water ice (Steele et al., 1983; Browell et al., 1990). The
formation of solid PSC type Ia and II particles is generally as-
sumed to be initiated by the homogeneous freezing of super-
cooled ternary solution particles at temperatures 3–4 K below
the ice frost pointTice≈ 185 K (Koop et al., 1995).

Though from the previous paragraph it seems that PSC for-
mation is quite well understood a lot of uncertainties remain,
especially concerning the formation of solid PSCs of type Ia
and II. Besides the exact formation mechanism of PSC type
Ia and II, it seems that temperatures belowTice for PSC type
Ia formation are not necessarily required (e.g.Toon et al.,
2000; Larsen et al., 2002; Drdla and Browell, 2004). In gen-
eral, homogeneous formation processes have been assumed,
but measurements have indicated that solid PSC particles
can also be formed heterogeneously (e.g.Koop et al., 1997;
Voigt et al., 2005). Ice freezes out of liquid ternary solu-
tions at temperatures several degrees below the ice frost point
if homogeneous freezing is the prevailing formation process
(Koop et al., 1995, 2000). If ice particles form heteroge-
neously according to the three-stage model they will form on
NAT particles (Drdla and Turco, 1991). In later studies as
e.g. inPeter(1997) these three-stage process has been omit-
ted and it was suggested the vice-versa process namely that
NAT particles form on ice (thus at temperatures 3–4 K below
Tice).

On synoptic scales temperatures 3–4 K belowTNAT occur
infrequently in the Arctic whereas NAT particles are often
observed in large-scale PSCs (Toon et al., 2000). Large-scale
temperature histories indicate that solid PSCs have spent sev-
eral days close to or below the NAT existence temperature
(TNAT ≈ 195 K) (e.g.Tabazadeh et al., 1996; Larsen et al.,
1997; Larsen et al., 2002). The exact NAT formation mecha-
nism is still under debate and different NAT formation mech-
anism have been suggested. Laboratory measurements (e.g.
Salcedo et al., 2001) show that the homogeneous nucleation
of NAT and NAD (nitric acid dihydrate) in STS droplets is
too slow under stratospheric conditions to explain high NAT
particle concentrations (>10−1 cm−3) observed in mountain
wave PSCs (e.g.Voigt et al., 2000; Pitts et al., 2011). More-
over,Knopf et al.(2002) show that homogeneous nucleation
of NAT/NAD cannot even explain the lowest observed NAT

number densities of 10−4 cm−3 (Fahey et al., 2001). Mea-
surements byZondlo et al.(2000) indicate that also heteroge-
neous NAT nucleation from binary HNO3/H2O solution on
an ice surface does not rapidly occur, but forms a metastable
HNO3-H2O film. Instead, NAT nucleation by vapour depo-
sition onto ice surfaces has been observed to proceed at high
NAT supersaturation (e.g.Biermann et al., 1998). Further,
Voigt et al. (2005) suggested meteoric smoke particles for
triggering heterogeneous NAT nucleation.

Solid PSC particles can grow to larger sizes than liquid
PSC particles and finally sediment out of the stratosphere
(Fahey et al., 2001). The sedimentation of the solid parti-
cles can lead to a dehydration and/or a denitrification of the
stratosphere. The sedimentation of large nitric acid (HNO3)
containing particles leads to an irreversible removal of HNO3
and thus limits the deactivation process in Arctic springtime
allowing the ozone-destroying catalytic cycle to last longer.
Denitrification cannot be explained by the sedimentation of
liquid PSC particles. The available nitric acid is distributed
on all particles in the background size distribution during
condensation, thus preventing the formation of large liquid
particles with significant fall speeds (Larsen et al., 2002).
Further, denitrification is in the Arctic usually observed with-
out concurrent dehydration (Fahey et al., 1990), making it
difficult to explain Arctic denitrification by falling ice parti-
cles with inclusion of nitric acid.Fahey et al.(2001) sug-
gested that Arctic denitrification could be caused by a se-
lective, but yet unknown, nucleation mechanism responsi-
ble for the formation of a small number of large solid par-
ticles as was first observed in the 1999/2000 Arctic winter
stratosphere. In connection with mountain waves it was sug-
gested that NAT clouds could form on mountain wave ice
clouds and that these NAT clouds could serve as “mother
clouds” producing a small number of large NAT particles that
could sediment out and cause denitrification (Fueglistaler
et al., 2002; Dhaniyala et al., 2002; Mann et al., 2005).
During cold Arctic winters dehydration has been observed
in the Arctic (e.g.Fahey et al., 1990; Ovarlez and Ovar-
lez, 1994; Vömel et al., 1997; Jimenez et al., 2006), thus
making the process of ice formation on NAT particles and
subsequent sedimentation that causes denitrification possi-
ble during such winters. Further, in a recent study byPitts
et al.(2011) analysing CALIPSO (Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations) observations for
the Arctic winter 2009/2010 an increase of ice observations
with a coincident decrease in NAT mixtures under a synoptic-
scale cooling event was observed, suggesting that under these
conditions heterogeneous nucleation on NAT particles may
be an important process for ice PSC formation.

Here, we investigate PSC formation and denitrification
during the Arctic winter 2009/2010 applying ground-based
and satellite-borne measurements in combination with mi-
crophysical box model simulations. Measurements of HNO3
derived from Odin/SMR (Odin Sub-Millimetre Radiometer)
and Aura/MLS (Microwave Limb Sounder) are applied to
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distinguish between the temporary sequestration of HNO3
in polar stratospheric clouds as well as the permanent re-
moval of gas-phase HNO3 from the stratosphere by denitri-
fication. PSCs are investigated using satellite measurements
from CALIPSO and ground-based measurements from two
lidars in the area of Kiruna, Northern Sweden, one located at
Esrange (67.8◦ N, 21.1◦ E) and one located at IRF (67.8◦ N,
20.4◦ E). The ground-based measurements with the lidar in-
struments were performed in the frame of the European
research project RECONCILE (reconciliation of essential
parameters for an enhanced predictability of Arctic strato-
spheric ozone loss and its climate interactions), an intensive
field campaign with the M55-Geophysica research aircraft.
The RECONCILE campaign was performed during January–
March 2010 (von Hobe et al., 2011).

2 Instrumentation and model description

2.1 Odin/SMR

The Odin satellite was launched on 20 February 2001 and has
thus been in operation now for almost 10 yr. Odin is oper-
ated by the Swedish Space cooperation in collaboration with
groups from France, Canada and Finland (Murtagh et al.,
2002). The Sub-Millimetre Radiometer (SMR) on board the
Odin satellite observes the thermal emission from the Earth
limb. Vertical profiles of trace gases such as O3, ClO, N2O,
HNO3, H2O, CO and NO, as well as of isotopes of H2O and
O3 are measured (Murtagh et al., 2002). Stratospheric mode
measurements are generally performed in the altitude range
from 7 to 70 km with a resolution of≈ 1.5 km in terms of
tangent altitude below 50 km and≈ 5.5 km above. Usually,
the latitude range between 82.5◦ S and 82.5◦ N is covered by
the measurements (Urban et al., 2005).

Here, we use measurements of HNO3 from Odin/SMR
originating from the band centered at 544.6 GHz. HNO3
volume mixing ratios are retrieved above 18–19 km up to
≈ 45 km. The single profile precision is 1 ppbv (correspond-
ing to 10–15 % below 30 km) and the resolution in alti-
tude is 1.5–2 km, degrading with increasing altitude, e.g.
≈ 3 km at 35 km (Urban et al., 2009). The horizontal reso-
lution is 300 km determined by the limb path in the tangent
layer. The systematic error of Odin/SMR HNO3 measure-
ments has been estimated to be better than 0.7 ppbv (Urban
et al., 2005). However, a larger positive bias of the order 2–
3 ppbv (≈ 20 %) was found by comparison with other satel-
lite instrument like e.g. MLS (Microwave Limb Sounder) on
Aura, ACE-FTS (Atmospheric Fourier Transform Spectrom-
eter) on SCISAT-1 and MIPAS (Michelson Interferometer for
Passive Atmospheric Soundings) on ENVISAT (e.g.Urban
et al., 2006). In the Odin/SMR v2.0 HNO3 data used here
the bias has been accounted for applying an empirical linear
scaling correction as described inUrban et al.(2009). Cor-

rected HNO3 mixing ratios were found to be within 0.5 ppbv
of those of coincident ACE/FTS measurements (v2.2 data).

2.2 CALIPSO

CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations) is part of the NASA/ESA “A-Train”
satellite constellation and has been in operation since June
2006. Measurements of polar stratospheric clouds (PSCs)
are provided by CALIOP (Cloud-Aerosol Lidar with Orthog-
onal Polarization) on board of CALIPSO. CALIOP is a two-
wavelength, polarization sensitive lidar. High vertical resolu-
tion profiles of the backscatter coefficient at 532 and 1064 nm
as well as two orthogonal (parallel and perpendicular) polar-
ization components at 532 nm are provided (Winker et al.,
2007; Pitts et al., 2007). The lidar pulse rate is 20.25 Hz,
corresponding to one profile every 333 m. The vertical reso-
lution of CALIOP varies with altitude from 30 m in the lower
troposphere to 180 m in the stratosphere. For the PSC anal-
yses, the CALIPSO profile data are averaged to a resolu-
tion of 180 m vertical and 5 km horizontal. The determina-
tion of the composition of PSCs is based on the measured
aerosol depolarization ratio (ratio of parallel and perpendic-
ular components of 532 nm backscatter) and the inverse scat-
tering ratio (1/R532), whereR532 is the ratio of the total to
molecular backscatter at 532 nm (Pitts et al., 2007, 2009).
Using these two quantities, PSCs are classified into: STS,
water ice, and three classes of liquid/NAT mixtures (Mix-1,
Mix-2 and Mix-2 enhanced). Mix-1 denotes mixtures with
very low NAT number densities (from about 3×10−4 cm−3

to 10−3 cm−3), Mix-2 denotes mixtures with intermediate
NAT number densities of (10−3 cm−3), and Mix-2 enhanced
denotes mixtures with sufficiently high NAT number den-
sities (>0.1 cm−3) and volumes (>0.5 µm3 cm−3) that their
presence is not masked by the more numerous STS droplets
at temperatures well belowTNAT . In addition, intense
mountain-wave induced ice PSCs are identified as a subset
of CALIPSO ice PSCs through their distinct optical signa-
ture inR532 (Pitts et al., 2011).

2.3 Aura/MLS

The Microwave Limb Sounder (MLS) on the Earth Ob-
serving System Aura Satellite was launched in July 2004.
The Aura/MLS instrument is an advanced successor to the
MLS instrument on the Upper Atmosphere Research satellite
(UARS). MLS is a limb sounding instrument that measures
the thermal emission at millimeter and submillimetre wave-
lengths using seven radiometers to cover five broad spectral
regions (Waters et al., 2006). Measurements are performed
from the surface to 90 km with a global latitude coverage
from 82◦ S to 82◦ N. A detailed assessment of the quality
and reliability of the Aura/MLS v2.2 HNO3 measurements
can be found inSantee et al.(2007). Here, we use Aura/MLS
version v3.3. A description of this version can be found in
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Livesey et al. (2011). The HNO3 in v3.3 has been signif-
icantly improved. In particular, the low bias in the strato-
sphere has been largely eliminated. The altitude range in
which the HNO3 v3.3 values are scientifically useful is be-
tween 215 and 1.5 hPa. Measurements of HNO3 are per-
formed with a horizontal resolution of 400 km and a verti-
cal resolution of 3–4 km. The precision has been estimated
to be better than 0.7 ppbv in the lower stratosphere. In the
lower stratosphere, the relative error for HNO3 is estimated
to be between 5–10 % and the accuracy 0.5–2ppbv (2−σ es-
timates). The data screening criteria given byLivesey et al.
(2011) have been applied to the data.

2.4 Esrange and IRF lidar

Lidar measurements were performed in the area of Kiruna
at Esrange with the Esrange lidar (67.8◦ N, 21.1◦ E) and
at IRF with the IRF lidar (67.8◦ N, 20.4◦ E). The Esrange
lidar has been operated since 1997 while the IRF lidar
started its operation in 2005. The Esrange lidar is a RMR
(Rayleigh/Mie/Raman) lidar while the IRF lidar utilizes
a conventional backscatter lidar technique only. Both li-
dar use a pulsed Nd:YAG solid-state laser as transmitter.
Short light pulses of 10 ns in length are emitted with 20
and 30 Hz, respectively. Measurements are performed at
532 nm wavelength in two orthogonal polarisation directions.
The backscattered light is collected by telescope systems,
split according to its linear state of polarisation, detected by
photomultipliers and recorded by counting electronics. The
elapsed time between the emission of a light pulse and the
detection of the backscatter signal determines the scattering
altitude. The sum of the backscattered light of molecules and
aerosols is detected by the lidar. To determine the molec-
ular fraction of the received signal (Imol, the signal of the
N2-vibrational Raman scattered light is scaled to the raw sig-
nal above the PSC (Blum and Fricke, 2005). The intensities
of the different channels (Imol, Ipar, Iperp) are used to derive
quantities like backscatter ratioR, the aerosol backscatter co-
efficientβaer and the aerosol depolarizationδaer (Blum et al.,
2005, 2006). From the backscatter ratio and the backscatter
coefficient the amount of aerosol is determined. From the
depolarisation it is determined whether the aerosol particles
are spherical which allows to distinguish between liquid and
solid aerosol particles. Using the backscatter and depolarisa-
tion derived from measurements performed with the Esrange
lidar between 1997–2004, a classification scheme has been
developed to distinguish between NAT, STS and ice particles
(Blum et al., 2005). Since the classification scheme does not
cover all PSC measurements, the remaining data points are
assumed to be mixed clouds, containing a strong and a weak
depolarizing scatterer as NAT or STS. PSC classification for
the IRF lidar is done according toBrowell et al.(1990) and
Blum et al.(2005). Measurements with the Esrange lidar are
performed in the altitude range from 10–80 km with a ver-
tical resolution of 150 m while measurements with the IRF

lidar are performed between 10–50 km with a vertical reso-
lution of 30 m.

2.5 Microphysical box model

The formation of liquid PSCs of type 1b (STS) was simu-
lated along backward trajectories with a microphysical box
model. The microphysical box model has previously been
successfully applied for different kinds of aerosol formation
and growth studies in the upper troposphere (e.g.Khosrawi
and Konopka, 2003; Khosrawi et al., 2010) as well as for case
studies on PSC 1b (STS) formation in the lower stratosphere
(Blum et al., 2006; Achtert et al., 2011). PSC of type 1b are
formed by the uptake of HNO3 on the liquid stratospheric
background aerosol. The uptake by H2O and HNO3 by the
liquid aerosol particles is calculated by solving the growth
and evaporation equation (Pruppacher and Klett, 1978) and
using the parameterisation ofLuo et al.(1995) for the partial
pressures of H2O and HNO3. Owing to the coupled uptake
of H2O and HNO3, the H2SO4 in the particles is considered
as passive while the H2O and HNO3 are considered as active
components. The model is initialised with a particle ensem-
ble consisting of pure H2SO4/H2O aerosols and the H2O in
the aerosol particle is assumed to be always in equilibrium
with the surrounding air. The considered particle ensemble is
divided geometrically intoN radial size bins and the aerosol
number density in the size bins is calculated by using a log-
normal distribution.

3 Observations and simulations

3.1 Arctic winter 2009/2010

The polar stratosphere was unusually cold during the Arc-
tic winter 2009/2010, especially during the period between
mid-December 2009 until end of January 2010. A com-
parison of ECMWF (European Centre of Medium-Range
Weather Forecasts) temperatures of the Arctic winters of the
past half century showed that the 2009/2010 Arctic win-
ter was one of the few winters with synoptic-scale temper-
atures belowTice (Pitts et al., 2011). Especially, during
a five-day period ending on 21 January the vortex cooled
below Tice at 22 km over a large region between roughly
70–80◦ N and 10◦ W and 80◦ E. The vortex formed in De-
cember and a Canadian warming in mid-December caused
a splitting of the vortex into two parts. The colder part of
the vortex that was located over the Canadian Arctic sur-
vived, resulting in a vortex recovery. The vortex then fur-
ther cooled down through mid-January reaching tempera-
tures belowTice. During this time period orographic waves
were frequently excited by the flow over Greenland. How-
ever, during this time period the air also cooled synoptically
below Tice which is quite unusual for the Arctic (Pawson
et al., 1995) and resulted in a rare formation of synoptic-scale
ice PSCs. A major warming in the second half of January
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Fig. 1. Global distributions of HNO3 derived from Odin/SMR observations for the 22 December, 3, 9, 13, 15 and 29 January at 525 K. The
white line is the 125 ppbv contour of N2O, chosen to indicate the edge of the polar vortex.

(around 24 January) caused a displacement of the vortex to
the European Arctic and also initiated the breakup of the vor-
tex (Pitts et al., 2011; Dörnbrack et al., 2011).

3.2 Observation of denitrification by Odin/SMR and
Aura/MLS

Solid HNO3 containing PSC particles can sediment out of
the stratosphere and thus lead to an irreversible removal of
HNO3 (denitrification). In this study, we use HNO3 ob-
servations by Odin/SMR and Aura/MLS to investigate den-
itrification during the Arctic winter 2009/2010. Figure1
shows the global gas-phase HNO3 distribution as observed
by Odin/SMR for certain dates between 22 December 2009
and 29 January 2010 at 525 K (≈ 21 km). While at the begin-
ning of the Arctic winter HNO3 values are still high in the po-
lar regions, they start to decrease in January and reach very
low values north of Scandinavia (around Svalbard) in mid-
January (13 and 15 January) indicating a removal of HNO3
from the gas-phase at the 525 K level (≈ 21 km). Due to
the major warming and accompanying dissolution of PSCs,
HNO3 is released back into the gas-phase. Thus, HNO3 val-
ues start to increase again toward end of January.

That this HNO3 removal was permanent and thus led to
a denitrification of the stratosphere in mid-January can be
seen from the time series of vortex averaged HNO3 derived
from Odin/SMR observations (Fig.2). In this figure time se-
ries of HNO3 derived from Odin/SMR as well as time se-
ries of temperature derived from ECMWF analyses (aver-
aged from profiles at the positions of the Odin/SMR mea-

Fig. 2. Time series (vortex mean) of temperature derived
from ECMWF (top) and HNO3 (544.6 GHz band) derived from
Odin/SMR (bottom) during the Arctic winter 2009/2010.

surements) are shown for potential temperature levels be-
tween 425 K and 625 K (between≈ 17 and 25 km). The
temperature time series show a decrease in temperature be-
ginning in mid December. Toward the end of December the
temperatures drop below the NAT formation temperature and
with the formation of PSCs, HNO3 is removed from the gas-
phase. Due to the continuous existence of PSCs between
mid-December 2009 and end of January 2010 HNO3 is fur-
ther decreased. The occurrence of severe denitrification dur-
ing the Arctic winter 2009/2010 at altitudes between 450 to
575 K (18 and 23 km) can be seen as the temperatures start to
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increase again after the major warming. The HNO3 mixing
ratios are much lower than in mid-December, before the PSC
season started, and are also much lower than what one would
expect from the decrease due to the seasonal cycle of HNO3
found in the Odin/SMR observations.

If permanent removal of PSC particles and thus denitrifi-
cation occurs, HNO3 is vertically redistributed. Thus, the air
below the denitrified layer is renitrified (e.g.Kondo et al.,
2000; Irie et al., 2001; Dibb et al., 2006). Renitrification
cannot be observed by Odin/SMR since measurements do
not reach to sufficiently low altitudes where renitrification
usually is observed. To overcome this we use Aura/MLS
measurements. Aura/MLS and Odin/SMR measurements are
very similar as has been shown in recent validation studies
(e.g.Santee et al., 2007). However, geographical and tem-
poral sampling as well as the altitude resolution are differ-
ent and some differences can therefore be expected. The
MLS measurements of HNO3 versus equivalent latitude for
the 5, 9, 13, 15 17 and 19 January show that very low
HNO3 values are found between 22–26 km (not shown)1.
The accompanying renitrification that can be seen during
these days suggests that the air mass has been denitrified.
Figure3 shows the temporal evolution of temperature from
ECWMF, HNO3 from Odin/SMR and Aura/MLS as well
as N2O from Odin/SMR at high equivalent latitudes (70–
90◦ N) as function of pressure. Potential temperature lev-
els are given as grey lines. Temperatures below 195 K oc-
curred in the altitude region between 480 and 700 K from
mid-December to end of January. The Odin/SMR obser-
vations show that from the beginning of January onwards
gas-phase HNO3 is removed. After a minimum in the first
half of January gas-phase HNO3 remains low until the end
of January. Higher values are observed in the beginning of
February and throughout March between 500 and 600 K. In
the overlapping pressure range, a similar picture is provided
by Aura/MLS. The maximum values of HNO3 in December
are slightly higher in Aura/MLS while the HNO3 maxima
in March are slightly lower. In the Aura/MLS data distinct
HNO3 minima are visible between 480 and 600 K, one in the
beginning of January, one in mid of January and a weaker
one in the end of January. Below these distinct minima, dis-
tinct maxima are found that are consistent with redistribution
of HNO3. A long tongue of gas-phase HNO3 is observed be-
tween 420 and 480 K which is slowly transported downward
during the first half of January and persists until mid Febru-
ary. The downward transport is due to subsidence of air in
the polar vortex as also indicated by the time versus pressure
cross section of the inert tracer N2O measured by Odin/SMR.

The denitrification observed in January 2010 was also the
strongest denitrification observed in the entire Odin measure-
ment time period (2001–2010) (Fig.4). Figure4 shows the
annual variability of HNO3 at potential temperature levels of

1such figures are presently available as quicklooks from
http://mls.jpl.nasa.gov/

465–655 K for the Arctic winters 2001/2002 to 2009/2010
as derived from Odin/SMR observations as well as the
UARS/MLS climatology derived for the years 1991–1998
(Santee et al., 2004). Very low HNO3 mixing ratios are found
between 465 and 585 K (≈ 20–23 km) in mid of January that
are even lower than in previous winters. Although very low
HNO3 mixing ratios were also found during the cold win-
ters 2004/2005, 2006/2007 and 2008/2009, these low values
are not found over all potential temperature levels between
465 and 585 K as is the case for the winter 2009/2010. The
UARS/MLS climatology generally shows somewhat higher
HNO3 mixing ratios than the Odin/SMR observations in the
Northern Hemisphere high latitudes. This is due to system-
atic differences between these two instruments as discussed
by Urban et al.(2009). Odin/SMR measures with a much
higher vertical resolution than UARS/MLS (1.5–2 km com-
pared to 6 km). Further, the altitude ranges of measurements
by these two instruments are slightly different.

3.3 Lidar observations of PSCs

Ground-based lidar measurements were performed with the
IRF lidar in Kiruna and with the Esrange lidar,≈ 25 km east
of Kiruna. Both lidar instruments perform measurements in
two orthogonal polarisation directions so that the type of PSC
can be derived from the measurements. The Esrange lidar
was operated from 16 January to 30 January 2010. During
these 15 campaign days measurements were performed on 9
calendar days. A thick PSC layer was observed with a ver-
tical extension of almost 10 km over a time period of 8 days.
The composition of the observed PSCs was as follows: in the
first three days of the measurement campaign the PSCs were
composed of STS and NAT particles (17–20 January). On
23 January in the morning, additionally, ice was observed.
The PSCs were mainly composed of STS with NAT layer at
the bottom and/or top of the PSC and ice layers in between,
respectively. On 23–24 January the PSC was composed of
mainly NAT and some STS particles. After the major warm-
ing in mid-January only remnants of a PSC were found be-
tween 25 and 27 January. Measurements with the IRF li-
dar in Kiruna were performed between the 3 and 24 January.
During this period measurements were performed during 15
calender days. From 3–7 January the PSC was mainly com-
posed of NAT. On 10 January an ice PSC was observed and
after that the composition was a mixture between STS and
mixed particles (STS and NAT). An overview of the mea-
surements at Esrange and IRF are given in Tables1 and2.

3.4 Back trajectories and box model simulations

Back trajectories were calculated with the NOAA HYSPLIT
(Hybrid Single Particle Lagrangian Integrated Trajectory
Model) model based on GDAS (Global Data Assimilation
System) analyses (http://ready.arl.noaa.gov/HYSPLIT.php).
GDAS are meteorological analyses that are provided by the
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Fig. 3. Temporal evolution of temperature, HNO3 and N2O at high northern equivalent latitudes (70–90◦ N) as function of pressure. Top:
daily mean temperatures derived from ECMWF data at the position of the Odin/SMR measurements. Second and third row: daily mean
HNO3 from Odin/SMR and from Aura/MLS observations, respectively. Bottom: daily mean N2O from Odin/SMR. Potential temperature
levels are given as grey lines. Crosses at the top of the plots indicate observation days.

Table 1. PSC observations with the Esrange lidar during the campaign period 16 to 30 January 2010.

Start Date/Time End Date/Time PSC observations

17 Jan 12:14 UT 17 Jan 17:42 UT PSC at 19–26 km (STS)
19 Jan 17:32 UT 19 Jan 01:30 UT PSC at 19–26 km (STS and NAT)
20 Jan 12:45 UT 20 Jan 14:24 UT PSC at 20–25 km (STS and NAT)
22 Jan 01:01 UT 22 Jan 05:40 UT weak PSC (STS)
22 Jan 17:02 UT 23 Jan 12:19 UT PSC at 16.5–26.5 km (STS, NAT and ice needles)
23 Jan 12:26 UT 24 Jan 03:24 UT PSC at 17.5–26.5 km (NAT dominated with STS)
24 Jan 13:23 UT 24 Jan 18:20 UT PSC at 17–25 km (Mixed and STS)
25 Jan 21:41 UT 26 Jan 00:23 UT no PSC
28 Jan 17:30 UT 28 Jan 18:50 UT remnants of a PSC at 18–25 km
30 Jan 18:10 UT 30 Jan 20:16 UT traces of a PSC

www.atmos-chem-phys.net/11/8471/2011/ Atmos. Chem. Phys., 11, 8471–8487, 2011
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Fig. 4. Annual HNO3 variability derived from Odin/SMR obser-
vations at equivalent latitudes between 70◦ N and 90◦ N at potential
temperature levels of 655, 585, 520 and 465 K for the Arctic win-
ters 2001/2002 to 2009/2010 (color) and the climatological mean
derived from UARS/MLS (1991–1998) observation (black) at these
potential temperature levels.

National Weather Service’s National Centers for Environ-
mental Prediction (NCEP). NCEP runs a series of computer
analyses and forecasts operationally and one of the opera-
tional systems is GDAS. Analyses are provided four times
a day (00:00, 06:00, 12:00 and 18:00 UT) with a horizontal
resolution of 1◦ × 1◦ on 23 presssure levels (1000 to 20 hPa).
For each measurement performed with the Esrange and IRF
lidar in January 2010, respectively, one to two trajectories (6-
days backward) were calculated at three different altitudes.
In general, a time has been chosen in the middle of the mea-
surement or where the PSC was most pronounced during the
measurement. A second time was chosen in case the PSC
changed its composition or height extension during the mea-
surement run. The three altitudes were chosen so that one
back trajectory is started at the bottom, one at the top and
one in the middle of the observed PSC. An overview over the

Table 2. PSC observations with the IRF lidar during January 2010.

Start Date/Time End Date/Time PSC observation

3 Jan 16:45 UT 3 Jan 18:50 UT 17–24 km (NAT)
4 Jan 13:35 UT 4 Jan 19:50 UT 18–24 km (NAT)
6 Jan 13:55 UT 6 Jan 23:50 UT 19–26 km (NAT)
7 Jan 20:10 UT 8 Jan 02:30 UT 18–25 km (NAT)

10 Jan 15:55 UT 11 Jan 02:30 UT 26+ km (Ice)
11 Jan 17:05 UT 11 Jan 22:40 UT 23–24 km (STS, Mix)
12 Jan 20:49 UT 13 Jan 04:00 UT 21–24 km (STS, Mix)
14 Jan 15:05 UT 15 Jan 05:15 UT 20–27 km (STS, Mix)
15 Jan 15:00 UT 16 Jan 07:30 UT 20–25 km (STS, Mix)
16 Jan 21:10 UT 17 Jan 05:00 UT 20–26 km (STS, Mix)
17 Jan 21:20 UT 17 Jan 23:00 UT 19–25 km (STS, Mix)
19 Jan 16:35 UT 20 Jan 00:45 UT 21–24 km (STS, Mix)
22 Jan 04:30 UT 22 Jan 07:20 UT 18–25 km (STS, Mix)
22 Jan 15:15 UT 23 Jan 06:15 UT 18–25 km (STS, Mix)
23 Jan 15:35 UT 24 Jan 01:55 UT 18–25 km (STS, Mix)
24 Jan 17:05 UT 24 Jan 20:25 UT 17–22 km (STS, Mix)

Table 3. Starting dates and times of the trajectories calculated with
HYSPLIT. The starting dates and times have been chosen based on
the measurements with the Esrange and IRF lidar.

Start Date/Time Start Location Start Lat/Lon Altitudes

17 Jan 15:00 UT Esrange 67.8◦ N/21.1◦ E 20, 23, 26 km
19 Jan 22:00 UT Esrange 67.8◦ N/21.1◦ E 22, 23, 25 km
20 Jan 14:00 UT Esrange 67.8◦ N/21.1◦ E 21, 23, 25 km
22 Jan 03:00 UT Esrange 67.8◦ N/21.1◦ E 18, 20, 23 km
22 Jan 21:00 UT Esrange 67.8◦ N/21.1◦ E 18, 22, 25 km
23 Jan 11:00 UT Esrange 67.8◦ N/21.1◦ E 19, 22, 25 km
23 Jan 19:00 UT Esrange 67.8◦ N/21.1◦ E 19, 22, 25 km
24 Jan 16:00 UT Esrange 67.8◦ N/21.1◦ E 19, 21, 22 km
3 Jan 18:00 UT IRF Kiruna 67.8◦ N/20.4◦ E 19, 21, 23 km
4 Jan 19:00 UT IRF Kiruna 67.8◦ N/20.4◦ E 19, 21, 26 km
6 Jan 20:00 UT IRF Kiruna 67.8◦ N/20.4◦ E 18, 20, 22 km
8 Jan 02:00 UT IRF Kiruna 67.8◦ N/20.4◦ E 20, 22, 24 km

10 Jan 21:00 UT IRF Kiruna 67.8◦ N/20.4◦ E 25, 26, 27 km
11 Jan 21:00 UT IRF Kiruna 67.8◦ N/20.4◦ E 22, 24, 26 km
12 Jan 23:00 UT IRF Kiruna 67.8◦ N/20.4◦ E 22, 24, 26 km
14 Jan 20:00 UT IRF Kiruna 67.8◦ N/20.4◦ E 22, 24, 26 km
16 Jan 01:00 UT IRF Kiruna 67.8◦ N/20.4◦ E 22, 24, 26 km
17 Jan 01:00 UT IRF Kiruna 67.8◦ N/20.4◦ E 20, 22, 24 km
22 Jan 06:00 UT IRF Kiruna 67.8◦ N/20.4◦ E 18, 20, 25 km
22 Jan 20:00 UT IRF Kiruna 67.8◦ N/20.4◦ E 20, 22, 24 km
23 Jan 05:00 UT IRF Kiruna 67.8◦ N/20.4◦ E 18, 20, 22 km
23 Jan 17:00 UT IRF Kiruna 67.8◦ N/20.4◦ E 18, 20, 22 km
24 Jan 20:00 UT IRF Kiruna 67.8◦ N/20.4◦ E 19, 20, 22 km

time, location and altitude where the back trajectories have
been started are given in Table3.

In total 69 back trajectories were calculated. Box model
simulations were performed for all trajectories simulating
the uptake of HNO3 and H2O, thus the formation of PSC
type Ib (STS). Simulations of NAT or ice particles were not
performed in this study since the nucleation processes for
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both particle types are still unclear. However, considering
the temperature evolution along the back trajectories we in-
vestigate which nucleation process for ice particle formation
could have been possible. PSC type Ib formation is used to
detect the PSC areas as well as the onset of PSC formation.
NAT and ice particles are generally formed when tempera-
tures drop below the ice formation temperature, thus after the
onset of PSC type Ib formation. In the Arctic, NAT formation
has generally been observed in connection with waves lead-
ing to a short, but sufficient temperature cooling (e.g.Voigt
et al., 2000; Pagan et al., 2004). However, NAT formation
has also been observed at temperatures aboveTice suggest-
ing heterogeneous formation of NAT on particles other than
ice, e.g. meteoric smoke particles (Voigt et al., 2005). Fur-
ther, the box model simulation results are compared with the
lidar measurements at Esrange and IRF which are located in
the Kiruna area. During these measurements the PSCs were
mostly composed of STS with only some layers of NAT or
mixed particles in between.

The box model simulations were initialised with a log-
normal distribution with a width ofσ = 1.3, a total num-
ber density ofntot = 8 cm−3 and a mean radius ofrm =

0.062 µm, which is representative for the stratospheric back-
ground aerosol during Arctic winter as shown in earlier stud-
ies (Larsen et al., 2004; Blum et al., 2006; Achtert et al.,
2011). The particle ensemble is divided geometrically into
26 size bins (B0–B25) with a volume ratio of 2, starting
at a minimum particle radius of 30 nm (B0). Trace gas
mixing ratios of HNO3, H2SO4 and H2O have been as-
sumed as follows: H2SO4 = 0.5 pptv, H2O= 5 ppmv and
HNO3 = 8 ppbv. These mixing ratios represent typical con-
ditions in the polar winter stratosphere and are in agreement
with Odin/SMR measurements. The ice existence tempera-
tureTice and the nitric acid trihydrate temperatureTNAT were
calculated according to the parameterisations ofMarti and
Mauersberger(1993) andHanson and Mauersberger(1988),
respectively.

3.5 PSC observations by CALIPSO

PSCs were measured by CALIPSO during the Arctic winter
2009/2010. The measurements of PSCs by CALIPSO during
that winter can be divided into four phases with distinctly dif-
ferent PSC optical characteristics (Pitts et al., 2011). The first
phase (15–30 December 2009) was dominated by patchy,
tenuous clouds consisting of liquid/NAT mixtures. The sec-
ond phase (31 December 2009 to 14 January 2010) was char-
acterized by the occurrence of mountain wave ice clouds
along the east coast of Greenland, enhanced numbers of Mix-
2 and Mix-2 enhanced particles as well as fully developed
liquid STS clouds. The third distinct phase occurred from 15
to 21 January 2010 when temperatures synoptically cooled
below Tice resulting in synoptic-scale ice PSCs. The cold
pool was located in the area north of Scandinavia, between
Svalbard and Novaya Zemlya. Further, during this time pe-

riod the numbers of Mix-1, Mix-2 and Mix-2 enhanced par-
ticles decreased significantly compared with the previous pe-
riods. The presence of widespread ice PSCs disappeared
abruptly after the 21 January when after the major warming
temperatures increased aboveTice. The fourth and last phase
occurred from 22 to 28 January 2010 and was dominated by
liquid STS clouds. A detailed description and examples of
the PSCs observed by CALIPSO during the Arctic winter
2009/2010 can be found inPitts et al.(2011).

4 Results

4.1 Trajectories and box model simulations

The backward trajectories were calculated starting from IRF
Kiruna and from Esrange, respectively, at times and dates
when PSCs were measured (Table3). During the course
of the 6-days the trajectories in general followed the cir-
cular flow within the polar vortex and thus the air masses
were transported once around in the polar regions. Gener-
ally, the air masses were 6-days backward in time originating
from Greenland, northern Scandinavia or Northern Russia
and were then transported over the Arctic sea, via the North
Pole and Greenland or Canada to Kiruna. Figure5 shows the
three back trajectories that were calculated with HYSPLIT
for the lidar measurement at Esrange on 23 January 2010 at
19:00 UT. We chose this date since the lidar measurements
were most pronounced during this time period and we will
discuss the corresponding box model simulations in more de-
tail in Sect.4.2. Although at all three altitudes (19, 22 and
25 km) the air masses were transported over Russia and the
Arctic sea to the Esrange, the air masses at these altitudes
had different origin. The air mass at 19 km was originating
6-days backward in time from Russia, while the air mass at
22 km was originating 6-days backward in time from the sea
north of Scandinavia, between Svalbard and Novaya Zemlya
and the air mass at 25 km originated 6-days backward in time
from Greenland. From Fig.5 it can be seen that the air mass
at 25 km was transported from the geographically furthest lo-
cation during the 6-days compared to the air masses at 19 and
22 km. Though the back trajectories have a different origin,
the back trajectories started at 22 and 25 km passed the area
around Scandinavia twice, once the area was passed around
Kiruna and once around the area somewhat north of Scandi-
navia.

The temperatures along the back trajectories were gen-
erally for several hours belowTNAT , and occasionally also
reached belowTice (this usually happened 5 to 6-days before
the measurements were performed). Temperatures below
Tice were found north of Scandinavia, over the sea between
Svalbard and Novaya Zemlya. The box model simulations
start at the end of the trajectory, thus at the location and time
from which the air mass originated. Note, the box model sim-
ulations are performed forward in time while the trajectories
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Fig. 5. Trajectories calculated 6-days backward starting at the Es-
range (67.8◦ N, 21.1◦ E) for the measurements made on 23 January
on 19:00 UT at three different altitude levels, 19 km (red), 22 km
(green) and 25 km (blue).

are calculated backward in time. The box model simulations
shows that PSCs generally occur at the beginning (time of the
lidar measurements) and occasionally at the end (5 to 6-days
before the lidar measurements) of the back trajectories when
the back trajectories passed through the cold pool between
Scandinavia, Svalbard and Novaya Zemlya. Thus the simu-
lation results can be divided into two parts, PSC formation
in the Kiruna area and PSC formation in the area north of
Scandinavia. PSC formation in the area of Kiruna and in the
area north of Scandinavia was found in almost all box model
simulations that were performed along back trajectories that
were started from Esrange (17–24 January) and in the major-
ity of box model simulations along the back trajectories that
were started from IRF Kiruna between 22–24 January. To
discuss our box model simulations of PSC formation in the
area of Kiruna and in the area north of Scandinavia and to
compare these simulations with the ground-based and space-
borne measurements, we choose the back trajectory that was
started on 23 January from Esrange at 19:00 UT at 22 km
(blue line in Fig.5).

4.2 PSC formation in the area of Kiruna

The PSCs that were simulated in the area of Kiruna were
compared with the lidar measurements at Esrange and IRF
Kiruna, respectively. A good agreement was found for all
back trajectories. The PSCs were most pronounced both in
the lidar measurements and box model simulations between
the 22 and 24 January. Figure6 shows one of the micro-

physical box model simulations where PSC formation was
simulated at the start and end of the back trajectory. This
simulation was performed at 23 January starting at Esrange
at 19:00 UT at 22 km (the green trajectory in Fig.5). The
simulation starts at the end of the trajectory, thus at the lo-
cation and time from where the air mass originated since the
box model simulation is performed forward in time while the
trajectories are calculated backward in time. Thus, the end of
the simulation (fromt = −30 h onwards) shows the PSC for-
mation in the area of Kiruna. Att = −30 hTNAT is reached
and the liquid H2SO4/H2O particles start to take up HNO3.
As the temperature decreases further (almost reachingTice)
more and more HNO3 is taken up and with a weight percent-
age of 40% HNO3 fully developed STS PSCs are formed.
The simulation of a STS PSC at 22 km is in agreement with
the lidar measurements with the Esrange lidar at this alti-
tude as can be seen from Fig.7. The figure shows the lidar
measurement of backscatter in parallel and perpendicular po-
larisation on 23 January at 19:00 UT. A PSC that extended
over the altitude range from 17.5 to 25.5 km was measured.
The PSC consisted of two layers with maxima in parallel and
perpendicular backscatter ratio at 20 and 24 km. The compo-
sition was mainly STS with some NAT and mixed layers at
the bottom and top of the PSC. The simulations at 19 km and
25 km (not shown) are also in agreement with the lidar mea-
surement at these altitudes.

PSC occurrence in the Kiruna area was dominated by NAT
in the beginning of January (3–7 January) and dominated by
STS clouds (with some NAT and mixed layers in between as
in Fig. 7) from mid January to end of January (11–20 Jan-
uary). Temperatures were generally for several hours below
TNAT but never reachedTice. Uptake of HNO3 by the liquid
H2SO4/H2O aerosols and PSC type Ib (STS) formation oc-
curred 10 h (17 January) and 40 h (24 January), respectively,
before the lidar measurements were performed (Fig.6). This
indicates in agreement with the measurements that during
that time period the same PSC persisted over Kiruna with
differing strength. The PSC was most pronounced in the mi-
crophysical box model simulation between 22 and 24 Jan-
uary which also is in agreement with the lidar measurements
performed in Kiruna.

4.3 PSC formation north of Scandinavia

For investigating PSCs that were simulated north of Scandi-
navia we have to focus on the time betweent = −140 h and
t = −110 h, thus at the begin of the box model simulation
(Fig. 6). As the air mass passes over the sea between Scan-
dinavia and Svalbard temperatures reach belowTice for ap-
proximately 15 h (Figs.5 and6). Due to these cold tempera-
tures HNO3 is taken up and STS PSCs are formed. However,
due to these low temperatures also formation of NAT and ice
PSCs is possible which are not included in this simulation
but will be discussed later based on measurements.
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Fig. 6. Microphysical box model simulation for the observation
at Esrange on 22 January 19:00 UT (22 km). Shown is the devel-
opment of the temperature in K, the pressure in hPa, the weight
fraction of water, nitric acid and sulfuric acid in wt % as well as the
particle radius in µm for the different particle size classes denoted
by B0–B25 (B0= smallest and B25= largest size class). Note: the
simulations are performed forward in time, thus, the end of the sim-
ulation coincides with the measurement and the starting point of
the trajectory.

The occurrence of temperatures belowTice show that the
air masses were originating from the regions where the cen-
ter of the vortex with the coldest temperatures was located
(north of Scandinavia). The temperatures along the back tra-
jectories were for several hours belowTNAT and reached also
for some hours belowTice. PSC formation was simulated
generally 130 to 90 h before the lidar measurements were
performed. The PSC were most pronounced along the back
trajectories started between 22 and 24 January (thus these
show the PSC that occurred between 14 to 18 January north
of Scandinavia). Since ground-based lidar measurements are
not available at the locations where the back trajectories orig-
inate we compare these simulations with space-borne mea-
surements from CALIPSO.

Figure8 shows the CALIPSO composition observation on
18 January at 00:19 UT. The CALIPSO track passes from
east of Scandinavia northwards crossing the trajectory that
was calculated on 23 January 6-days backward, thus crossing

Fig. 7. Backscatter ratio in parallel (left) and perpendicular (right) polarisation measured with the Esrange lidar,

1-h integration time, starting at 19:02 UT on 23 January 2010. The colors mark the different PSC types.
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31

Fig. 7. Backscatter ratio in parallel (left) and perpendicular (right)
polarisation measured with the Esrange lidar, 1-h integration time,
starting at 19:02 UT on 23 January 2010. The colors mark the dif-
ferent PSC types.

the trajectory approximately on 18 January. On that overpass
CALIPSO observed a PSC that extended from 17 to 20 km
up to 25 to 26 km (depending on latitude and longitude). The
PSC was composed of STS, Mix-1, Mix-2 as well as ice par-
ticles which coincides with the temperatures belowTice as
found along the back trajectories. Thus, though we do not
explicitly calculate NAT and ice we know from the temper-
ature history of the back trajectory and the CALIPSO mea-
surements that in that area all three PSC types were present
at the same time. Further, this shows that the temperature
history derived from HYSPLIT based on NCEP analyses and
the CALIPSO measurements are in agreement. The ice PSCs
during that time period were caused by a synoptic-scale cool-
ing of the air mass as was discussed inPitts et al.(2011).

4.4 PSC formation and denitrification

To investigate where exactly the cold temperatures gener-
ally occurred during the Arctic winter 2009/2010 and thus
if these areas agree with the areas where ice PSCs and deni-
trification was observed, the coordinates where temperatures
belowTice were encountered along the back trajectories are
plotted on a map (Fig.9). The trajectories that were started
at Esrange as well as the trajectories that were started from
IRF Kiruna are included. This figure shows that temperatures
belowTice were reached above the sea west of Greenland on
2 January and at several locations northeast of Scandinavia
(between Svalbard and Novaya Zemlya) on the 15, 17 and
18 January. Simulations with the Weather Forecasting and
Research (WRF) model and the studies byPitts et al.(2011)
and Dörnbrack et al.(2011) showed mountain wave activ-
ity with subsequent ice PSC formation, respectively, around
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Fig. 9. The locations whereTice along the back trajectories was en-
countered. The back trajectories that were started from IRF Kiruna
are denoted with a star, the ones started from Esrange with a plus
symbol and the CALIPSO measurements are denoted with circles.
The dates whenTice was encountered are colour coded: 2 January
(green), 15 January (magenta), 17 January (dark blue) and 18 Jan-
uary (light blue).

Greenland in the beginning of January2. Thus, while the
temperatures belowTice were caused by mountain waves on
2 January they were caused by a synoptic-scale cooling for
15–18 January. The extension of low temperatures during
this synoptic cooling can be seen from the temperatures that
were simulated with WRF. Figure10shows the temperatures
that were derived with WRF for the 17 and 18 January at
12:00 UT at the altitudes 18, 20 and 22 km. A large area (ex-
tending from Northern Scandinavia to Svalbard and Novaya
Zemlya) reaching temperatures belowTice is found at 20 and
22 km.

To compare the areas whereTice was encountered along
the back trajectories with the locations where ice PSCs were
observed by CALIPSO these locations were also included in
Fig. 9. Note: only one coordinate pair (lat/lon) per ice PSC
has been chosen (center of the cloud). The PSCs measured
by CALIPSO agree well with the regions whereTice was
found along the back trajectories. Further, the PSC forma-
tion north of Scandinavia agrees spatially and locally quite
well with the area where gas-phase HNO3 removal was ob-
served by Odin/SMR (compare Fig.9 with Fig. 1). Thus,
from this coincidence we suggest that ice formation on NAT
particles could have occurred during that particular winter
and that subsequent sedimentation of these particles could
have caused the denitrification that was observed between

2WRF simulations were carried out with versions 3.2 and 3.3
with ECMWF analyses as input data. The model simulations were
performed on 92 vertical levels (up to 5 hPa) with varying height
resolution (0.5 km or better in the stratosphere) and with a horizon-
tal resolution of 3 km
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Fig. 10. Temperatures simulated with WRF on 17 (left column) and 18 January 2010 (right column) 12:00 UT at 18 (top), 20 (middle) and
22 km (bottom). The white lines indicate the areas where ice, STS and NAT formation temperatures, respectively, are reached.

15–21 January.Pitts et al.(2011) found an increase in ice
PSC observations with a coincident decrease in NAT mix-
ture observations indicating that heterogeneous nucleation on
NAT particles may be an important mechanism for the forma-
tion of synoptic-scale ice PSCs and thus their findings are in
agreement with our findings.

During the second half of January 2010 a series of balloon
soundings were conducted from FMI (Finish Meteorologi-
cal Institute) Arctic Research Center in Sodankylä (67.3◦ N,

26.4◦ E, 350 km East from Kiruna). The high-resolution
in-situ measurements of the stratospheric gas-phase water
vapour were performed by two different hygrometers: The
FLASH-B optical fluorescent hygrometer (Yushkov et al.,
1998) and the CFH frost point hygrometer (Vömel et al.,
2000), showing close agreement between the data. The water
vapour measurements were accompanied with aerosol in-situ
observations by the COBALD backscatter sonde flown on the
same balloon. The obtained profiles revealed clear evidences
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of an irreversible dehydration with ice particles sedimenting
and evaporating hundreds of meters below the initial level.
The signatures of dehydration and rehydration in the water
vapour vertical profiles were observed within the 18–24 km
range between 17 and 29 January. Further, back trajectory
analysis performed using HYSPLIT on ECMWF reanalysis
suggests that the dehydration occurred primarily between 16
and 19 January and the dehydrated air masses were origi-
nating from the area North-East of Scandinavia where the
coldest temperatures were observed. Back trajectory analysis
performed using HYSPLIT trajectory model run on ECMWF
reanalysis suggests that the dehydrated air masses were orig-
inating from the area north of Scandinavia where the coldest
temperatures were observed (Khaykin et al., 2011). Thus,
our finding and the findings byPitts et al.(2011) are cor-
roborated by these balloon measurements of H2O made
in Sodankyl̈a showing dehydration. If denitrification was
caused by sedimenting ice particles concurrent dehydration
must occur.

In contrast, for the denitrification that was observed be-
tween 9–15 January sedimenting NAT particles that formed
on mountain wave ice PSCs as has been discussed by
Fueglistaler et al.(2002), Dhaniyala et al.(2002) andMann
et al.(2005) could be a possible mechanism.

5 Conclusions

Denitrification was observed by Odin/SMR during the Arc-
tic winter 2009/2010 between 475 to 525 K. A comparison
of the Odin/SMR measurements for the last ten years shows
that this was the strongest denitrification event in the entire
Odin/SMR measuring period (2001–2010). Here, we use
a combination of ground-based and space-borne lidar mea-
surements together with microphysical box model simula-
tions to investigate PSC formation and denitrification during
the Arctic winter 2009/2010. Ground-based lidar measure-
ments were performed in the area of Kiruna at IRF (67.8◦ N,
20.4◦ E) from 3 to 24 January and from 16 to 30 January at
Esrange (67.8◦ N, 21.1◦ E), respectively. In the Kiruna area
the PSCs were dominated by NAT in the beginning of Jan-
uary and by STS with some mixed or NAT layers at the bot-
tom and/or top of the PSC. A distinct ice cloud was solely
observed once, namely on 10 January by the IRF lidar in
Kiruna.

Trajectories were calculated with HYSPLIT based on the
NCEP/GDAS meteorological analyses. The temperatures
along the trajectories reached generally belowTNAT for sev-
eral hours but temperatures belowTice were only encountered
occasionally when the air mass was transported over the ar-
eas north of Scandinavia, over the sea between Svalbard and
Novaya Zemlya. In this region the center of the vortex was
located that cooled down synoptically during the course of
the winter to temperatures belowTice (15–21 January). Mi-

crophysical box model simulations along the HYSPLIT tra-
jectories simulating STS cloud formation show that in case
when the air mass passed the cold pool that PSC formation
of PSCs type Ib (STS) can be simulated in the Kiruna area
as well as North of Scandinavia. Due to the extremely low
temperatures encountered north of Scandinavia, besides STS
formation NAT and ice formation that has not been consid-
ered in the simulations can be expected in this area. In fact,
NAT and ice PSCs were observed by CALIPSO in mid Jan-
uary north of Scandinavia.

Comparison of the area where the trajectories encounter
temperatures belowTice and measurements of ice PSCs by
CALIPSO show that these areas are in good agreement.
Further, this area is also collocated with the area where
HNO3 removal by Odin/SMR was observed. Further, den-
itrification with accompanying renitrification was observed
with Aura/MLS. Thus, this consistency suggests that during
this particular winter denitrification between 15–21 January
could have been caused by sedimenting ice particles that had
formed on NAT particles. A denitrification caused by sed-
imenting ice particles occurs in general with a concurrent
dehydration. Dehydration was observed by ballon measure-
ments made from Sodankylä (67.3◦ N, 26.4◦ E). Trajectory
analyses showed that the air masses were dehydrated be-
tween 16 and 19 January and that the dehydrated air was
originating from the area north of Scandinavia where the cold
temperatures were observed (Khaykin et al., 2011). Further,
our results are in agreement withPitts et al.(2011) who found
an increase in ice PSC observations and coincident decrease
in NAT mixture observations and suggested that this indi-
cates heterogeneous nucleation of ice on NAT particles may
be an important mechanism for the formation of synoptic-
scale ice PSCs. In contrast, for the denitrification that was
observed between 9–15 January sedimenting NAT particles
that formed on mountain wave ice PSCs as has been dis-
cussed byFueglistaler et al.(2002), Dhaniyala et al.(2002)
andMann et al.(2005) could be a possible mechanism.
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limb observations of trace gases in the polar lower stratosphere
during 2004–2005, in: Proceedings of the ESA First Atmo-
spheric Science Conference, 8–12 May 2006, Frascati, Italy,
edited by: H. Lacoste, Eur. Space Agency Spec. Publ., 2006.

Urban, J., Pommier, M., Murtagh, D. P., Santee, M. L., and Orsolini,
Y. J.: Nitric acid in the stratosphere based on Odin observations
from 2001 to 2009 – Part 1: A global climatology, Atmos. Chem.
Phys., 9, 7031–7044,doi:10.5194/acp-9-7031-2009, 2009.

Voigt, C., Schreiner, J., Kohlmann, A., Zink, P., Mauersberger, K.,
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