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Abstract

In situ measurements with a 4-channel stratospheric condensation particle counter
(CPC) were conducted at up to 20 km altitude on board the aircraft M-55 Geophysica
from Kiruna, Sweden, in January through March (EUPLEX 2003; RECONCILE 2010)
and in December (ESSenCe, 2011). During all campaigns air masses from the up-
per stratosphere and mesosphere were subsiding inside the Arctic winter vortex, thus
transporting refractory aerosol into the lower stratosphere (© < 500 K) by vertical dis-
persion. The strength and extent of this downward transport varied between the years
depending on the dynamical evolution of the vortex. Inside the vortex and at altitudes
of potential temperatures © > 450 K as many as eight of eleven particles per cm® con-
tained refractory material, thermally stable residuals with diameters from 10 nm to a few
um which endure heat exposure of 250 °C. Particle mixing ratios (up to 150 refractory
particles per milligram of air) and fractions of non-volatile particles (up to 75 % of totally
detected particles) reach highest values in air masses with lowest content of nitrous ox-
ide (N,O, down to 70 nmol mol ™" ). This indicates that refractory aerosol originates from
the upper stratosphere or the mesosphere. From mixing ratios of the long lived tracer
N,O (simultaneously measured in situ) an empirical index was derived which serves
to differentiate air masses according to their origin from inside the vortex, the vortex
edge region, and outside the vortex. Previously, observed high fractions of refractory
submicron aerosol in the 2003 Arctic vortex were ascribed to unusually strong subsi-
dence during that winter. Measurements under perturbed vortex conditions in 2010 and
during early winter in December 2011, however, revealed similarly high values. Thus,
the abundance of refractory aerosol at high levels appears to be a feature rather than
the exception for the Arctic vortices. During December, the import from aloft into the
lower stratosphere appears to be developing; thereafter the abundance of refractory
aerosol inside the vortex reaches its highest levels until March. A measurement-based
estimate of the total mass of refractory aerosol inside the vortex is provided for each
campaign. Based on the derived increase of particle mass in the lower stratospheric
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vortex (100—67 hPa pressure altitude) on the order of 32x 1 0° kg between early and late
winter and assuming a mesospheric origin, we estimate the total mass of mesospheric
particles deposited in the Arctic vortex and compare it to the expected atmospheric
influx of meteoritic material (110 + 55 x 108 kg per day). Such estimates at present still
hold considerable uncertainties which are discussed in detail. Nevertheless, the re-
sults strongly suggest that the Arctic vortex easily achieves the drainage of all meteoric
material deposited on the upper atmosphere.

1 Introduction

In situ measurements of the aerosol vertical distribution inside the Arctic winter vortex
of the year 1989 revealed an increase of the mixing ratios of sub-micrometer sized
particles with altitude (Wilson et al., 1990). Also in the Arctic (from Kiruna, Northern
Sweden), in the year 20083, similar vertical profiles were observed (Curtius et al., 2005)
and it could be shown that an increase of particle concentrations coincided with an
increasing fraction of non-volatile aerosol compounds. Both studies demonstrated that
the abundance of particles is closely linked to air mass subsidence inside the vor-
tex from upper stratospheric or mesospheric altitudes down to the Arctic lower strato-
sphere. Such particles provide surfaces for heterogeneous reactions and deposition
of condensable gases. Thus, their presence in the polar winter stratosphere may play
a crucial role in formation of polar stratospheric clouds (PSC) (Voigt et al., 2005; Hoyle
et al., 2013; Engel et al., 2013) or in heterogeneous chemistry (Peter, 1997; Solomon,
1999; Peter and Groof3, 2012) connected to ozone depletion. A downward import of
non-volatile particles potentially occurring on a regular basis inside the vortex could
imply an important natural process linked to atmospheric ozone chemistry.

The major import of refractory aerosol material into the upper atmosphere is ex-
pected to occur with the entry of micrometeorites (with particle diameter d,, below
1 mm), particularly of interplanetary dust particles (IDPs; dy, < 1pum), and by the ab-
lation of meteoroids penetrating the atmosphere (von Zahn, 2005). Results from single
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particle chemical analyses in the UT/LS (Upper Troposphere/Lowermost Stratosphere)
at mid-latitudes and in the tropics of aerosols with diameters between 300 nm and
about 1 um suggest meteoritic ablation material to be included in a large fraction of
stratospheric particles (Murphy, 2013, and reference therein). The total mass flux of
meteoritic material into the atmosphere is estimated by various studies with different
approaches. These estimates range from less than 20 x 10° kg per day (Plane, 2004) to
fluxes between 20x 10° kg and 100 x 10° kg per day (Cziczo et al., 2001; Gabrielli et al.,
2004) and to 11055 x 10° kg per day (Love and Brownlee, 1993; Peucker-Ehrenbrink,
1996). The last value currently seems to be the most accepted according to detailed
discussions by von Zahn, 2005.

A certain fraction of this total daily influx is assumed to experience little or no ablation
because the meteoritic bodies are too small. With a mass below 10~ kg their sizes
usually are smaller than 20 um in diameter (Jones and Kaiser, 1966) and such small
objects are not sufficiently heated by friction with atmospheric air molecules when en-
tering the atmosphere. For large meteoroid masses, e.g. above 100 x 10° kg and size
larger than 4 m in diameter the number of atmosphere hitting events (about one per
year; von Zahn, 2005) is too small to significantly contribute to the total influx of me-
teoritic material. Furthermore von Zahn, 2005, estimated that those bodies entering
the atmosphere which are in the mass range of 107" t0 1075 kg (approximately cor-
responding to size diameters between 20 um and 2 mm) contribute the bulk part of
the total influx. They are nearly fully vaporized at altitudes of about 100 km (von Zahn,
2005), providing a source of many smaller, long-lived particles, either from fragments,
ablation smoke or from recondensation of vaporized meteoritic material. Experimental
studies provided evidence for the presence of meteoritic ablation material in the meso-
sphere (Rapp et al., 2007; Rapp and Strelnikova, 2009; Strelnikova et al., 2009). The
size of these particles may range from clusters of molecules with diameters of about
1nm to a few hundreds of nanometers. This size distribution of secondary cosmic
aerosols overlaps with the size distribution of IDPs that enter the atmosphere without
strong thermal alteration. As a result, the size distribution of refractory aerosol in the
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upper atmosphere is expected to be restricted to the particle diameter range of 1nm
to 20 um. Particularly in the lower range (d, < 1um) the particles have atmospheric
residence times of several months to years. Once these particles enter regions with
saturated vapors, for example of H,SO,, HNO4 or H,0O, it is plausible that heteroge-
neous condensation leads to particle coating and growth and, finally, their removal due
to increased sedimentation speed or, at some point, even incorporation in clouds.

The stratospheric vortex development causes large scale subsidence of air masses
in the polar region during winter. As this downward transport drives an import of non-
volatile particles from altitudes of the upper stratosphere or mesosphere (Curtius et al.,
2005), it is commonly assumed that the non-volatile particles to a large extent origi-
nate from space. Other studies (e.g. Randall et al., 2006; Vogel et al., 2008) related
to the Arctic polar vortex show that also NO,-rich air masses from the upper strato-
sphere and mesosphere, caused by energetic particle precipitation (EPP) or solar pro-
ton events (SPEs), are transported downward in a strong, well-isolated vortex. These
studies support the hypothesis that the polar vortex could act as major driver for down-
ward transport of air masses from the mesosphere and upper stratosphere. Hence, the
polar vortex could act as a major drain pathway of meteoritic aerosol from the upper
stratosphere and mesosphere towards the UT/LS, followed by material removal onto
the Earth’s surface.

If the subsidence of refractory particles was a regular feature, this could play an
important role for heterogeneous polar stratospheric cloud (PSC) formation as the par-
ticles provide surfaces for condensation (cf. Hoyle et al., 2013; Engel et al., 2013;
Molleker et al., 2014). This would be the case particularly in times of relative volcanic
quiescence where relatively low particle concentrations in the stratospheric Junge
aerosol layer are reached as for example in 1997 (i.e. six years after the Mt. Pinatubo
eruption; Borrmann et al., 2000). Whether such particles are involved in other micro-
physical processes, like triggering heterogeneous freezing, seems plausible but re-
mains unclear despite the results from bulk freezing experiments by Biermann et al.,
1996. PSCs promote denitrification of the polar lower stratosphere as demonstrated
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for the RECONCILE winter by Groof3 et al., 2014; Woiwode et al., 2014, and Molleker
et al., 2014. Denitrification essentially contributes to ozone loss in the polar winter
stratosphere (Fahey et al., 1990; Mann et al., 2003; Waibel et al., 1999). If the sub-
sidence of refractory aerosol depends on the vortex being undisturbed as the winter
progresses, the number of refractory aerosol particles in the Arctic lower stratosphere
will increase with time. In this case, the abundance of surfaces available for conden-
sation processes and PSC formation along with denitrification also increases over the
course of the winter season.

In this study we address the question whether the observed import of refractory parti-
cles into the Arctic lower stratosphere due to the vortex subsidence was an exceptional
event in 2003 (Curtius et al., 2005; Engel et al., 2006) or rather a feature that occurs
more frequently in Arctic winters. Also we derive parameterizations of the vertical dis-
tribution of refractory aerosol within the vortex for the three campaigns which may be
suitable for example for numerical simulations of heterogeneous PSC formation. Fi-
nally, we estimate how much the total refractory aerosol mass — as extrapolated from
our in situ measurements within the vortex — corresponds to the northern hemispheric
daily mass influx of meteoritic material. This way it might be possible to clarify whether
the Arctic vortex is an important pathway for draining parts of the daily imported mete-
oritic material from the upper atmosphere.

2 Instruments and methods
2.1 Submicron particles

Aerosol concentrations were measured by using a 4-channel continuous flow conden-
sation particle counter COPAS (COndensation PArticle counting System) using a chlo-
rofluorocarbon (FC-43) as working liquid. COPAS measurements and data storage
occur at 1Hz frequency. Three of the four COPAS channels operate with different
50 % detection particle diameters dy5, (i.e. 6, 10 and 15nm; with Ny, denoting the
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mixing ratio for the particles with diameters larger than 10 nm up to a few um) while the
fourth COPAS channel (with d,5, = 10 nm) counts aerosol particles after they passed
a heated sample flow line resulting in measured particle mixing ratios of non-volatile
(nv) particles, Nygnv. At an operational temperature of 250°C and over the pressure
range 70-300 hPa this aerosol pre-heater volatilizes more than 98 % of H,SO,-H,O
particles (Weigel et al., 2009) such that the detector channel downstream of the heated
sample flow line exclusively accounts for refractory residuals (e.g. soot, mineral dust,
metallic aerosol material, etc.).

The entry of the forward facing aerosol sample inlet of COPAS is positioned well
outside of the aircraft boundary layer and it consists of two serial diffusors decelerating
the air from the free flow to pumping velocity at near-isokinetic conditions. The CO-
PAS measurement uncertainty is about 10 % for stratospheric particle concentrations
based on particle counting statistics and uncertainties in the volume flow. The COPAS
measurement characteristics are described in detail by Weigel et al., 2009, and its per-
formance is demonstrated by several studies (Curtius et al., 2005; Borrmann et al.,
2010; Frey et al., 2011; Weigel et al., 2011).

Particle concentrations are initially measured in particle number per cubic centimeter
of sampled air but here provided as mixing ratio N in units of particles per milligram of
air (mg'1) for comparing measurements from different pressure altitudes and for corre-
lations with tracer mixing ratios. The fraction 7 of non-volatile particles is given as the ra-
tio of Nypnv and Ny, in % because only non-volatile particles with sizes d, > 10nm are
detected. The measurement of particles with d, >6nm and d, > 15nm aims in prin-
ciple at the identification of recently occurred new particle formation (NPF, cf. Weigel
et al.,, 2011). However, throughout all measurements discussed here, no such event
was identified.

2.2 Dynamic tracer nitrous oxide

Nitrous Oxide (N,O), a long lived atmospheric tracer, is measured in situ on board
the M-55 Geophysica by the HAGAR (High Altitude Gas AnalyzeR) instrument as
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described by Werner et al., 2010, and Homan et al., 2010. N,O is measured by gas
chromatography with electron capture detection (GC/ECD) along with other long-lived
species like chlorofluorocarbons (CFCs), sulfur hexafluoride (SFg) and methane (CH,)
with a temporal resolution of 90s. The mean precision for the N,O measurements
given in % of the tropospheric value (~ 320 ppb) is below 0.5 % for all three campaigns,
except the first four flights during EUPLEX (for which it is 1-1.3 %). For most flights it
is in fact below 0.3 %.

N,O is generated at the surface and has its sink at high altitudes, generally above
the tropopause as the N,O molecules are increasingly destroyed with altitude by UV-
photo-dissociation and reaction with oxygen. Thus, air masses with low N,O mixing
ratio originate from high altitude, i.e. in the mid to upper stratosphere or mesosphere.

HAGAR measurements of the N,O mixing ratio along with potential temperature ad-
ditionally allow for deriving a so-called AN,O vortex index (¢,;), an empirical measure
essentially obtained by linearly rescaling N,O mixing ratios at a given time and po-
tential temperature to vortex index values of ¢, =1 inside the vortex and ¢, =0 at
mid-latitudes (Hésen et al., 2014). The vortex index provides an altitude-independent
information whether a measured air mass originally came from the interior of the vortex
of from outside. Therefore the COPAS measurements can be categorized with respect
to their recent origin by means of the index ¢,; rather than considering only their actual
position inside or outside the vortex. For altitudes with potential temperature © above
400K, ¢,; implicitly provides a measure for the mixing of inner vortex air with air from
outside. The higher the values of ¢,; are, the more pristine, undiluted inner vortex air
was probed. The criteria defined for this study to classify the COPAS measurements
for © levels above 400K are:

1. ¢, > 0.75: sample air originating mostly from the vortex interior, with admixed mid-
latitude incorporations of less than 25 %.

2. 0.75 < ¢,; < 0.25: sample air with extra-vortex mid-latitude air contributions which
are too large for unambiguous apportioning.
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3. ¢,i < 0.25: sample air originating from well outside of the polar vortex, mostly con-
sisting of mid-latitude air.

The COPAS measurements are recorded with 1 Hz temporal resolution. One single
N,O data point is measured by HAGAR (representative for air sampled during 2-3s)
only once every 90 s, which then also is the temporal resolution of the vortex index ¢,;.
Each ¢,; value is associated with five COPAS readings, extending from two seconds
before the HAGAR measurement point to two seconds after. This way also a possible
discrepancy between the controller time set of COPAS and HAGAR (~ 1s) is com-
pensated. Those COPAS measurements which are not attributable to a value of N,O
mixing ratio or vortex index are excluded from the analysis. The results of the COPAS
measurements from EUPLEX (2003) were already discussed in detail by Curtius et al.,
2005. However, these analyses apportioned the data records to the vortex interior or
exterior by means of the chemistry transport model CLaMS (McKenna et al., 20023,
b; Konopka et al., 2007; GrooR et al., 2014; see also below). The results from 2003
discussed here are re-calculated adopting the empirical measure of ¢,; based on in
situ observations during EUPLEX. Consequently the analysis of EUPLEX data here is
based on a different approach, though the conclusions from this re-calculation do not
differ from the interpretation of Curtius et al., 2005. A detailed discussion regarding the
correspondence between the empirical ¢vi, based on N,O measurements, and the air
origin assignment by means of inert artificial tracers in the ClaMS model (cf. below) is
provided in Hosen et al., 2014.

2.3 Meteorological measurements

Ambient air temperature and static pressure were measured with the Thermo Dynamic
Complex (TDC) probe with 1 Hz resolution and an accuracy of 0.5K (Shur et al., 2007).
If TDC data were not available (e.g. throughout ESSenCe) temperature and pres-
sure data were adopted from the Unit for Connection with the Scientific Equipment
(UCSE, Sokolov and Lepuchov, 1998), a part of the navigational system of the M-55
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Geophysica providing 1 Hz-resolved ambient pressure (with accuracy of +£1hPa) and
temperature (£2 K accuracy) data.

2.4 CLaMS modelling

Model simulations with the 3-dimensional Chemistry Transport Model (CLaMS)
(McKenna et al., 2002a, b; Konopka et al., 2007; Groof3 et al., 2014) were performed
with extensive stratospheric chemistry, including heterogeneous chemistry and particle
sedimentation, driven by ERA-Interim reanalysis data for the EUPLEX, RECONCILE
and ESSenCe campaigns. For all simulations a suite of inert artificial tracers was uti-
lized, which mark particular regions in the atmosphere (e.g. vortex air and mid-latitude
air, according to the Nash-criterion) at the beginning of each simulation. The advec-
tion and mixing of the marked air parcels is then modelled by the CLaMS transport
scheme, which allows the tracking of the air mass and the detection of its origin (Gln-
ther et al., 2008) covering the Northern Hemisphere. For EUPLEX and RECONCILE
the CLaMS simulations were conducted with a horizontal resolution of approximately
70km and a maximum vertical resolution of about 400 m around the tropopause. The
simulations were initialized at the beginning of the winter, usually at 1 December, using
satellite measurements and tracer-tracer correlations following Groof3 et al., 2014. For
ESSenCe the CLaMS simulations were initialized on 1 November 2011 and yielded
a horizontal resolution of 100 km. For our study, an analysis of the tracer distributions
lead to the determination of the horizontal vortex cross section area (VCSA) averaged
for respective campaign within the altitude range covered by the in situ measurements,
i.e. between 400 and 500 K of potential temperature. For this altitude range the VCSA
is obtained by means of CLaMS model calculations in altitude steps of 10 K of potential
temperature as a mean value of each ©-step £ 5 K. The calculated VCSAs exclude any
air recently intruded from mid-latitudes for which the selected observations would not
be representative.
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Total mass of refractory aerosol matter

The total refractory aerosol mass within the observationally covered altitude range
(400K < © < 500K) inside the vortex is estimated in principle by (a) subdividing the
vortex column into 10 vertical layers, each of A® = 10K thickness, (b) calculating the
total mass of the refractory aerosol from the measured N gnv (as function of ©) in-
side each VCSA-disk assuming certain particle number size distributions which are
converted into volume/mass distributions, and (c) adding up the aerosol masses of all
vertical layers. In more detail, our estimates are based on parameterizations of the in
situ measurements (cf. Sect. 5) and on the following assumptions:

1.

inside the vortex, the mixing ratio of refractory aerosols, parameterized as a func-
tion of ©, is assumed to be constant across the surface of each VCSA level.
Furthermore, the values are assumed to be time-invariant during the relatively
short campaign periods of 3—4 weeks resembling a snap-shot picture of the down-
welling motion inside the vortex.

. The size distribution of the refractory aerosol material is assumed to be con-

stant and within the range of size distributions provided by three different studies:
Jaenicke, 1980; Wang et al., 1989, and Deshler, 2008 (cf. Fig. 1). The integrals
over the resulting model size distributions are scaled such that they represent the
absolute values of the refractory aerosol total mixing ratios.

The particle material density p,, is estimated to be at about 1400 kg m'3, with an

uncertainty ranging from 1000 to 2000 kg m=°. Though in former studies a value of
pp of 2000 kg m~ was used — referring to the density of a typical stone meteorite

(Chondrite, e.g. Hunten et al., 1980 or Plane, 2004) — we use p, of 2000 kg m™°
as the upper limit. This implies that vaporized meteorites and ablation smoke
recombine to a somewhat porous material instead of solid particles, having an
effective density lower than the original material.
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4. For estimating the particle burden as function of model pressure altitude, a relation
between the potential temperature © (in K) and the atmospheric pressure p (in
hPa) is needed, which is derived from parameterizations of the measured O-p-
relationship.

This way the total mass of refractory aerosol contained inside the polar vortices of each
campaign can be coarsely estimated and compared to the total mass influx of meteoric
material entering the atmosphere.

3 Field campaigns in the years 2003, 2010 and 2011

Three measurement campaigns were carried out in the Arctic winter seasons of the
years 2003, 2010 and 2011, from Kiruna, Northern Sweden (67°49' N, 20°30’ E) de-
ploying the high altitude research aircraft M-55 Geophysica (Stefanutti et al., 1999),
which is capable of operating at altitudes of up to 20 km:

1. EUPLEX, January—March 2003: 15 mission flights
— EUropean Polar stratospheric cloud and Lee wave EXperiment (Glnther
et al., 2008)
— combined with the European space agency (ESA) ENVISAT — Arctic Valida-
tion Campaign,
2. RECONCILE, January—March 2010: 13 mission flights

— Reconciliation of essential process parameters for an enhanced predictability
of Arctic stratospheric ozone loss and its climate interactions (von Hobe et al.,
2013).

— completed by a two-flight mission PremierEX (Spang et al., 2012) and
3. ESSenCe (ESa Sounder Campaign), December 2011: 2 mission flights (Kauf-

mann et al., 2014).
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The flight activities during EUPLEX/ENVISAT-validation (in the following denoted as
EUPLEX) took place between 10 January through 19 March 2003 with a downtime be-
tween 11 and 28 February. Stratospheric air mass exchange between the interior and
exterior of the polar vortex during EUPLEX was analyzed by Ginther et al., 2008, and
further discussed by Werner et al. (2010). In summary, during the EUPLEX period, two
major vortex break-up events happened: (a) from 21 January through 23 January, and
(b) between 15 February until 23 February. Both were followed by vortex recombination
(Gunther et al., 2008).

RECONCILE/PremierEX (abbreviated as RECONCILE) was conducted between 17
January and 10 March 2010. During RECONCILE, there was a downtime between 2
and 27 February (cf. von Hobe et al., 2013). As described by Dérnbrack et al., 2012,
the polar vortex disintegrated into two parts around 15 December 2009, just prior to the
RECONCILE flight operations, and recombined around 25 December 2009. A second
vortex break-up occurred in mid-February, followed by recombination in early March.
During both break-up events the coldest of the two vortex fragments survived and re-
generated. The regeneration period to recover a compact vortex structure lasted until
beginning of January 2010 and beginning of March 2010, respectively. The simulation
of inert artificial tracers in the CLaMS model indicates that the first vortex split in De-
cember 2009 caused a strong exchange and dilution of air inside the vortex with air
from lower latitudes. In contrast, the second vortex split negligibly influenced the air
composition inside the vortex during the second campaign period. After regeneration,
at the beginning of March 2010, the air chemical composition inside the vortex was
rather homogenized compared to conditions following the first vortex split in December
2009.

Both missions, EUPLEX and RECONCILE, covered the same seasonal time in the
Arctic winter and early spring period. For EUPLEX and RECONCILE the data of the first
and second phases before and after the downtimes are denoted with suffixes -A and
-B.
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ESSenCe was performed during December of 2011, i.e. early in the winter sea-
son, although in this particular year the vortex had already developed. In contrast to
the more disturbed and warm Arctic winters 2002/03 and 2009/10, the vortex during
ESSenCe remained mainly unperturbed, resulting in the formation of a strong horizon-
tal transport barrier and very cold temperatures (below 192K at the 50 hPa pressure
level) already in December 2011. During the ESSenCe winter extended fields of per-
sisting synoptic scale PSCs were observed and probed (Molleker et al., 2014; Woiwode
et al., 2014).

4 Observations and results
4.1 Particle abundances inside and outside the vortex

The measured aerosol mixing ratios in the Arctic winter stratosphere are summarized
in Fig. 2 through Fig. 4. For © above 400K and for ¢, below 0.25, i.e. outside the
polar vortex, the mixing ratio N, remains fairly constant at about 150 to 300 mg_1 and
slightly decreases with increasing © above 440K to values below 200 mg‘1 (Fig. 2).
For variable mixing states of vortex air with mid-latitude air (i.e. 0.25 < ¢,; < 0.75), Ny
never exceeds 300 mg‘1, but is usually constrained to lower values between 100 and
200 mg'1. In contrast, N,y continuously increases with © in the vortex (¢,; > 0.75).
This is particularly obvious in Fig. 2a from the vertical profile of N, for the EUPLEX-
A period. Also, during EUPLEX-A the mixing ratio of non-volatile particles follows the
same behavior as function of altitude (Fig. 2b).

Inside the polar vortex Nygnv increases considerably with rising ©, and significantly
exceeds the magnitude of N,ynv outside vortex. The fraction f of non-volatile particles
(Fig. 2c) for EUPLEX-A outside of the vortex generally remains below 50 % (ranging
mainly between 10-35 % for © > 400 K). Variable mixing stages of the vortex air (i.e.
0.25 < ¢,; < 0.75) go along with values for f between 25-60 %. Inside the polar vortex
f is generally larger than 50 % and reaches up to 80 % during EUPLEX-A. During
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EUPLEX-B (Fig. 2d) in principle the vertical dependence of N, is similar to EUPLEX-A.
However, despite the fact that the M-55 Geophysica operated at its maximum ceiling,
the high O levels of EUPLEX A inside and outside the vortex could not be reached
during EUPLEX B. Nevertheless, Nonv from Fig. 2e resembles the observations of
EUPLEX-A. While differences in f between inside and outside the vortex are visible in
both data sets, the highest values of up to 80 % were measured during EUPLEX-A.

The vertical profiles of the aerosol mixing ratio from RECONCILE are similar in shape
to those from EUPLEX. During RECONCILE-A N, does not significantly differ between
inside and outside the vortex (Fig. 3a). The vertical profile of N,ynv (Fig. 3b) indicates
that the mixing ratio of refractory aerosol increases inside the vortex where also highest
values of the fraction f (Fig. 3c) are reached. During RECONCILE-A the inside and
outside vortex distributions are clearly less distinct, compared to EUPLEX. This lack
of contrast could be due to significant dilution of the vortex content with mid-latitude
air associated with the vortex break-up and recombination prior to RECONCILE-A. In
RECONCILE-B, mainly measurements outside the polar vortex were performed with
the highest levels of potential temperature above 510K. Here N,y (Fig. 3d) shows
a nearly constant profile with values at about 100 mg‘1 for @ larger than 400 K. Only few
measurements could be performed well inside the polar vortex during RECONCILE-B.
These show in contrast to RECONCILE-A a considerable increase in N,y from about
80 to nearly 180 mg'1 as function of © between 400 and 460K.

Particle mixing ratios measured during ESSenCe, in December 2011, are generally
lower compared to EUPLEX and RECONCILE (Fig. 4a) with values of N,y smaller
than 100 mg'1 for © above 400 K. However, the shape of the vertical profile of Nygnv
(Fig. 4b), exhibits a steeper increase with altitude than N,q, which agrees qualitatively
with corresponding results of the previous campaigns. As a consequence, similarly
high values of f are found (Fig. 4c). This means that also during ESSenCe, the highest
fractions of f were observed inside the polar vortex reaching values between 60 and
80 %.
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During all three missions recent new particle formation did not occur inside the
probed air sectors and, therefore, ultrafine particles with diameters smaller than 10 nm
did not detectably contribute to the measured particle mixing ratios.

All observed vertical profiles for the submicron particle mixing ratios are compre-
hended into Fig. 5 in terms of medians with percentiles:

4.1.1 Outside the polar vortex

For O levels above 400K, the vertical distribution of N, shows the lowest values for
all altitudes in the earliest winter period (ESSenCe, Fig. 5a). Later in the winter the
total mixing ratios are higher by a factor of 1.2 to 2.5: N, either remains constant
with altitude (RECONCILE, Fig. 5i) or is rather variable (i.e. reaching an enhancement
by a factor of up to 2.5 during EUPLEX, Fig. 5e). During EUPLEX, a considerable
difference in the vertical distribution of N, exists between the A- and B- periods, which
might be related to an air mass exchange with mid-latitudes during the vortex break-up
(Curtius et al., 2005; Werner et al., 2010). The mixing ratios of refractory particles are
similar with about 30 to 50 mg'1 for all late-winter situations (Fig. 5f and j). In contrast
the values are between 20 and 35 mg‘1 and thus lower during early winter (Fig. 5b).
This results in similar fractions f of 25 to 50 % for ESSenCe (Fig. 5d) and EUPLEX
(Fig. 5h). The entry of mid-latitude air masses into the Arctic lower stratosphere just
prior to the EUPLEX-B period might be indicated by the decreased f (Fig. 5h, open red
circles) for © levels higher than 420 K. At the same time the mixing ratio difference N, -
N,onv increases for the EUPLEX-B period in the same altitude range (Fig. 5g) which
supports the impression that air was isentropically exchanged. During RECONCILE
(Fig. 51), the fraction f is generally higher, attaining 30 %, and 50 % for © below 450 K.
Further aloft (450K < © < 510K) f is increasing up to 60 % outside the polar vortex.
However, these high © levels were only reached outside the vortex during the second
winter period of the year 2010 (RECONCILE-B) and comparable data are not available
from the other campaigns.
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4.1.2 Inside the polar vortex

For © levels exceeding 400K, the increase of N,y and Nynv with O is considerably
steeper than outside the vortex. Additionally the gradient of the enhancement of N;ynv
with O is stronger than for N,,. Differences between the A- and B- phases of EUPLEX
and RECONCILE result mainly from the air mass descent within the vortex. Although
N, is comparably low during ESSenCe (Fig. 5a), the increase of N,ynv with © (Fig. 5b)
is steeper than that of N,y. The resulting fractions 7 (Fig. 5d) coincide well with the cor-
responding values obtained from EUPLEX and RECONCILE (Fig. 5h and ) in the same
O range. This is particularly the case when compared with corresponding values from
EUPLEX-A and RECONCILE-B. The decreased values of f for EUPLEX-B compared
to EUPLEX-A cannot be explained by descent within the vortex and are likely due to the
large-scale dilution of the vortex in March 2003 (Gunther et al., 2008). Apparently the
details of the polar winter vortex meteorology leave discernible imprints in the vertical
aerosol particle distribution.

The strongest increases of f with © were observed inside the vortex during EUPLEX-
A, RECONCILE-B — with less disturbed vortex conditions for a certain period prior to
the observations — and during ESSenCe when the vortex had just recently developed.
Fractions 7 of non-volatile particles as high as 70 % were found in the vortices at poten-
tial temperatures of 450 K. Only for EUPLEX-A and RECONCILE-B the median values
for f exceed 70 % at higher altitudes (e.g. at about 470K in RECONCILE-B, Fig. 5I).
Considering the 75-percentile also f values can be observed which are even higher
than 75 % at © level 480 K (EUPLEX-A, Fig. 5h). In the © range above 480 K only data
from EUPLEX-A indicate a slight decrease of f with increasing potential temperature.

4.1.3 The contribution of volatile particles

The contribution of volatile particles is accounted for with the mixing ratio difference
given as N;o — Nyonv. However, also partly-volatile particles may be included in this
value (i.e. refractory residuals smaller than 10 nm which are not detected with the N;ynv
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COPAS channel, coated with volatile substances resulting in a particle size larger
than 10 nm which the N,, detector is sensitive for). The mixing ratio difference during
ESSenCe (Fig. 5¢) decreases for © above 400 K outside the vortex and remains nearly
constant as function of altitude inside the vortex. For EUPLEX (Fig. 5g) N — Nygnv in-
creases inside the vortex much less steeply with altitude than N,ynv. Surprisingly, for
the RECONCILE case (Fig. 5k) very similar values of Nyo—N;onv with © are measured
inside and outside of the vortex as well as during RECONCILE-A and RECONCILE-B.
Most likely the reason behind is inherent in the vortex instability. During RECONCILE
the vortex was more disturbed and inhomogeneous than during EUPLEX or ESSenCe
(cf. Sect. 3).

In summary, increasing particle mixing ratios inside the Arctic vortex are mainly due
to increasing refractory aerosols with altitude. The fact that N onv and N,y — Nqgnv
behave differently indicates that N,onv has sources that are decoupled from those of
the mainly volatile portion of the detected aerosol. Essentially the constant values of
N0 — Nyonv observed inside and outside the vortex over the complete RECONCILE
mission period may be a result of exceptionally warm stratospheric temperatures. How-
ever, for the RECONCILE case this means: (a) increasing particle mixing ratios as
function of altitude inside the vortex are solely supplied by non-volatile particles as oth-
erwise N,y — Nyonv would show a similar increase with altitude, and (b) if Ny — Nygnv
includes small non-volatile residuals (d,, < 10 nm), then the particles subsiding in the
vortex during RECONCILE predominantly consisted of non-volatile particles larger than
10nm.

4.2 Particle mixing ratio as function of N,O mixing ratio

In Fig. 6 the particle mixing ratios N,ynv and the fractions f are correlated with the
concurrently in situ measured abundances of the long lived tracer N,O. Since the N,O
mixing ratios monotonously decrease with rising altitude in the stratosphere, the ordi-
nates in Fig. 6 are reversed.
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For all three missions increasing mixing ratios of non-volatile particles coincide with
decreasing N,O mixing ratio, as also do the enhanced relative contributions to the total
aerosol abundance. This seems to be closely linked to the downward transport of air
masses from higher altitudes inside the vortex. For near-tropospheric N,O mixing ratios
(< 300 nmol mol'1) positive correlations, i.e. reductions of Nyonv and f with decreasing
N,O mixing ratio, are found. At lower N,O mixing ratios (or higher altitudes in the lower
stratosphere), there is no or just a slight anti-correlation, i.e. increasing Nyonv and f
with decreasing N,O mixing ratios. At values for N,O below 200 nmolmol™" — typical
values in the Arctic lower stratosphere — a clear anti-correlation is observed showing
rising Nyonv and f with decreasing N,O. These low N,O values (down to 70 nmol mol™")
indicate that air masses were transported downward from higher altitudes in the strato-
sphere. The higher concentrations of refractory particles thus are an indication of such
non-volatile materials being supplied from above. As this anti-correlation is very sim-
ilar for the late-winter campaigns of EUPLEX and RECONCILE, it is apparently not
a unique event. For ESSenCe, unfortunately no flights were conducted in the late win-
ter season.

The mixing ratio Nygnv generally increases faster than N,y with decreasing N,O in-
side the vortex. As a consequence, the fraction f of non-volatile particles grows with
altitude and falling N,O, and refractory aerosol particles increasingly contribute to the
enhanced particle mixing ratios. The ratio f is shown in Fig. 6f through Fig. 6j as a func-
tion of the N,O mixing ratio. For N,O mixing ratios below 175 nmolmol™", the fraction
of non-volatile aerosol ranges at about 50 %, or higher, and increases further aloft to
values of up to 80 % (EUPLEX-A — Fig. 6g, RECONCILE-B — Fig. 6j or ESSenCe —
Fig. 6f). Contrary to Nygnv the gradients of the fraction f with decreasing N,O seem to
compare well throughout all cases. This includes the measurements from ESSenCe as
well and appears to be independent of the progress of the respective winter season.

In summary, the observations reveal that inside the polar vortex and at potential tem-
perature altitudes between 490 and 500K up to 150 particles per milligram from total
mixing ratios near 200 mg_1 (N4o) were identified to be thermally stable at 250 °C. This
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means a very large fraction of up to 8 of 11 particles per cm® (at ambient conditions)
contain materials which are not sulfuric acid, water, nitric acid or others which evapo-
rate at temperatures below 250 °C. For these reasons a strong presence of meteoric
ablation materials can be assumed although detailed chemical analyses of such parti-
cles in the submicron size range still are scarce.

5 Discussion
5.1 Vertical profiles of non-volatile particle mixing ratio

Air masses originally coming from the upper stratosphere subside over the course of
the winter within the Arctic polar vortex as indicated at a given altitude by N,O mixing
ratios substantially decreasing with time. This is also verified and quantified by numer-
ical studies (Prather and Rodriguez, 1988; Fisher et al., 1993; Plumb et al., 2002). Re-
markably enhanced mixing ratios of carbon monoxide and molecular hydrogen coincid-
ing with low values of SFg (Engel et al., 2006) show particularly strong downwelling of
air even from the mesospheric levels during the 2003 EUPLEX winter (January through
March).

The study of Wilson et al., 1990, already described increasing submicron aerosol
concentrations with altitude inside the Arctic vortex by measurements utilizing the
NASA ER-2 aircraft during the Airborne Arctic Stratospheric Expedition (AASE) in Jan-
uary and February 1989. Further evidence for an increasing number concentration
of so-called condensation nuclei (CN; in the older nomenclature particles detectable
by a condensation particle counter) was found from balloon-borne measurements at
Kiruna in January of the year 1990 (Hofmann et al., 1990, Fig. 1a therein). However,
Wilson et al., 1990, suggested that homogeneous nucleation of the H,SO,/H,0 sys-
tem might have been the source of these particles in the Arctic winter stratosphere.
Recent new particle formation was never observed throughout our Arctic measure-
ments, as increased concentrations of ultrafine particles (with 6nm < d, < 15nm) were
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not detected. In addition, the particle mixing ratio difference N;q— Nyonv (Fig. 5) re-
mains fairly constant inside and outside the vortex with altitude (ESSenCe, Fig. 5c,
RECONCILE Fig. 5k). Or, when it does increase with altitude, N gnv increases more
strongly (EUPLEX, Fig. 5f and g) particularly inside the vortex. Thus, it seems appar-
ent that increasing particle mixing ratios with altitude are mainly linked to a supply of
refractory particles from higher altitudes. However, it cannot be ruled out that further
refractory residuals were too small (d, < 10 nm) to be detected with COPAS. It is possi-
ble that the observations made by Wilson et al., 1990, also included a major fraction of
refractory aerosol material imported from aloft. Under this assumption, and considering
the observations by Curtius et al., 2005, from the EUPLEX (2003) winter together with
our findings of this study, we hypothesize that this particle import is a regular feature
of the late winter polar vortex in the Northern Hemisphere, provided that it develops
throughout the season sulfficiently undisturbed from mid-latitude in-mixing.

5.2 Correlations of non-volatile particles with tracer N,O

As shown in Fig. 6a through Fig. 6e the enhancement of refractory aerosol particles
larger than 10 nm with decreasing N,O inside the vortex results in a rather compact
(anti-)correlation of Nygnv and N,O as indicated by the linear fits for data points with ¢,;
higher than 0.75. The slope of this correlation is much smaller for the ESSenCe period
in December 2011 (Fig. 6a) than for the other cases, and the highest slopes are found
for the EUPLEX-B and RECONCILE-B periods in late winter.

The observed correlations between the long-lived tracers N,onv and N,O can be
consistently interpreted in terms of the theory of stratospheric tracer-tracer correla-
tions, which is well developed and verified (cf. Plumb, 2007, and references therein)
by observations. In the absence of the polar vortex, rapid isentropic mixing creates
a unique extra-tropical canonical relation between two long-lived tracers, the shape of
which is determined by the vertical distribution of the respective sources and sinks. In
particular this canonical correlation is expected to exhibit curvature in the region close
to sinks or sources of either compound, but to be linear elsewhere. After the formation
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and ensuing subsidence of the polar vortex, the polar transport barrier isolates vortex
air with the consequence that the correlation within the vortex may change over the
course of the winter resulting in a vortex correlation distinct from the original canoni-
cal correlation. In the present case, the observed positive correlation and curvature at
the highest N,O, above 200 nmolmol_1, is indicative of a lower stratospheric sink of
particles with tropospheric origin, presumably due to particle growth and gravitational
settling, and strat-trop exchange events. This canonical correlation could not be ob-
served for N,O values below 200 nmolmol™", which at mid-latitudes (¢é,; values below
0.25) generally occur only above 20 km. Instead, its expected shape is illustrated quali-
tatively in Fig. 6 (range between the grey lines in Fig. 6a to e) based on the observations
within the vortex (red data points) and the following considerations:

1. for N,O smaller than 200 nmol mol~", the canonical correlation is expected to pro-
ceed approximately linear with a slope determined by the mid-stratospheric N,O
sink and a particle source at higher altitudes (presumably in the mesosphere).

2. When the sink of N,O becomes efficient (at N,O < 70 nmol mol'1), the canonical
correlation will curve toward higher particle mixing ratios (e.g. steeping slope of
canonical correlation indicated with gray lines in Fig. 6a) until all N,O has been
lost, at which point it continues (outside the displayed range) horizontally as re-
fractory aerosols still increase due to the mesospheric source. This canonical
correlation is expected to be present also at high latitudes until the fall and pos-
sibly early winter. (Hence it may actually be similar to the ESSenCe observations
during December; cf. Fig. 6a.)

3. However, as the winter proceeds the descent and dynamical isolation of the vor-
tex (with N,O values below about 200 nmol mol’1) progressively leads to a vortex
correlation that separates toward the concave side of the curved canonical corre-
lation (progressing distance of data points from the canonical correlation, towards
higher particle mixing ratios in Fig. 6b to e). This generally results in less curved,
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or over some range approximately linear correlations, inside the vortex just as
actually observed here.

4. The deviation may still be negligible early in the winter (ESSenCE, Fig. 6a),
but increasingly pronounced in mid and late winter resulting in steeper slopes
(EUPLEX: Fig. 6d or RECONCILE: Fig. 6f). For N,O values smaller than
50 nmolmol™", which is beyond the sink region of N,O, and outside the range
displayed in Fig. 6, the vortex and the canonical correlation will eventually re-
converge until they become identical, namely horizontal, in the upper stratosphere
when N,O mixing ratios reach zero.

In order to evaluate similarities and differences of the gradient as function of © and
the N,O mixing ratio Fig. 7 shows the corresponding scatter plots. Note that only mea-
surement points from the vortex interior are displayed and that the scale of the color
code extends from 0.75 to 1.0 for ¢,. The plots exhibit roughly linear relationships
over most of the observed range. From the RECONCILE data set shown in Fig. 7b
and e, nevertheless, it can be seen that the functions N,ynv(©) and N,y,nv(N,O) are
not linear over the entire range of © and N,O. Instead, there is a much smoother in-
crease for 380K < © < 410K compared to © > 410K. The data points of the altitude
range below 410K are shown as crosses instead of circles (Fig. 7b), similarly for the
EUPLEX (Fig. 7a) and ESSenCe (Fig. 7c) data. The deviation from a single straight
line is most pronounced for RECONCILE. For ESSenCe, there might not have been
enough data points or, more likely, the distinct gradients for altitudes above 410K had
not yet developed during early winter. The two different correlations of the two altitude
bands may arise from the dynamics at the vortex bottom. Below 410K (Fig. 7b), the
vortex boundary does not act anymore as an effective transport barrier thus allowing
for more efficient isentropic exchange and mixing with the mid-latitudes (Haynes and
Shuckburgh, 2000). As a result, in this region no separate vortex correlation forms;
instead the canonical curve is observed at all (extra-tropical) latitudes. Observational
indications for the existence of such a transition zone were indeed already described
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by Weinheimer et al., 1993. Borrmann et al., 1995, identified this transition zone below
the vortex bottom also by linear correlations between aerosol (surface area) mixing
ratio and a tracer (there ozone; here N,O) for a very similar potential temperature al-
titude range. The described discontinuity is not only present in the linear correlations
between the mixing ratio Nygnv and potential temperature but also in those between
N;onv and N,O for RECONCILE (Fig. 7e). This clearly shows that different air masses
are involved, and we presume that increased isentropic mixing in connection with ef-
ficient air mass exchange at the vortex bottom outflow region causes the observed
discontinuity. A similar, although much less pronounced discontinuity is also observed
for ESSenCe, while for EUPLEX there are too few observations at the vortex bottom to
discern it.

All linear regressions of N,gnv vs. potential temperature and N,O mixing ratios from
the three field campaigns are shown in Fig. 8, together with the 95 %-confidence in-
tervals and with the resulting regression parameters provided in Table 1. The regres-
sions were performed separately: once for measurement points associated with poten-
tial temperatures below and once for those above 410K. The lines from the different
campaign years in Fig. 8a which show the correlations with potential temperature, sig-
nificantly differ from each other. Obviously the dependency of N,gnv on © strongly
depends on the large-scale dynamics of the vortex, in particular on the strength of vor-
tex descent and on the vortex stability over the winter period. The observed vertical
gradients of the three campaigns are qualitatively consistent with continuing diabatic
descent of vortex air (and thus surfaces of N,ynv), which due to the increase in density
is expected to steepen the gradients over the course of the winter. Thus the smallest
vertical gradient is observed for ESSenCE (December) and the largest for RECON-
CILE, where the regression is dominated by the March observations up to 470K. The
corresponding values for EUPLEX lie in between. Here the regression is dominated by
the January data up to 500 K. Notably, the regressions of N;ynv for the bottom vortex re-
gion have similar slopes and only differ in the absolute numbers between RECONCILE
and ESSenCe. Because of the lack of an efficient transport barrier and weak descent
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at these lower altitudes the vertical gradient in the transition region is apparently less
dependent on the dynamical state of the vortex.

In terms of the correlation between N,ynv and N,O (Fig. 8b) the agreement of the
regression slopes between EUPLEX (i.e. —0.71 £ 0.05) and RECONCILE (i.e. —-0.68
+ 0.01) is remarkable. Only the absolute values of N,ynv are shifted along the ordi-
nate by a factor of about 1.1. Note that in terms of the covered range of N,O mix-
ing ratio, measurements of RECONCILE-B dominate the regression compared to the
RECONCILE-A period (cf. Fig. 6a—e together with Fig. 7d through Fig. 7f), and the data
from the later mission period assume more weight in the regression calculation. Such
a weighting imbalance is less pronounced for the EUPLEX period although the low-
est N,O mixing ratios were detected predominantly during the earlier EUPLEX period.
Finally, the slopes and intercepts of the ESSenCe data regressions are quite different
from those of the other missions. The observed correlations are qualitatively consis-
tent with the expected development of the N;onv-N,O correlation inside the vortex over
the course of the winter (as outlined above). Starting from the original canonical mid-
latitude correlation at the time the vortex forms, vertical dispersion inside the isolated
vortex will continuously act to increase N,ynv on a given N,O surface, consistent with
the observed increase between ESSenCE (December), EUPLEX (more weighted to-
ward January data) and RECONCILE (dominated by March data). Considering the
results of all of three winters we thus conclude that in addition to diabatic descent,
efficient downward transport of refractory particles from the upper stratosphere and
mesosphere is achieved by vertical dispersion (resulting from differential subsidence
together with horizontal stirring) inside the vortex, in accord with current understanding
of polar tracer transport (Plumb et al., 2002 and Plumb, 2007).

5.3 Implications for PSC formation

The import of refractory aerosol material by subsidence and vertical dispersion within
the vortex constitutes a strong source of particles for a region where the relative isola-
tion of the vortex supports chemical reactions. The non-volatile particles carried from
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aloft are most likely incorporated by stratospheric sulfate aerosol or covered with sulfu-
ric acid and provide surfaces for condensable materials and heterogeneous chemical
reactions (Peter, 1997; Wegner et al., 2012). PSC formation is usually thought to occur
by heterogeneous nucleation on the homogeneously nucleated H,SO,-H,O-droplets of
the stratospheric background aerosol. It may be hypothesized that stratospheric cloud
elements also and possibly even preferably form on pre-existing condensation surfaces
(Hoyle et al., 2013; Engel et al., 2013) as provided by refractory particles, eminently in
times when stratospheric background aerosol concentrations are low. In particular this
process may be relevant in a weakly HNO3-supersaturated polar stratosphere (Voigt
et al., 2005), which is a frequently occurring condition in the Arctic. Nevertheless, based
on our data it cannot be excluded that a certain fraction of stratospheric cloud particles
may form via new particle formation at even higher altitudes than explored by our mis-
sion flights, although above some altitude the temperatures will become too large and
the sulfuric acid vapor concentrations too low for this.

5.4 Estimates of the refractory aerosol mass in the vortex

In this section we estimate the total amount of refractory submicron aerosol contained
inside the Arctic vortex during our observation periods of the winters of 2003, 2010 and
2011 in the altitude range covered by the measurement flights.

For the estimation the following steps were applied:

1. the vortex cross sectional areas (VCSA) are calculated by means of the CLaMS
model in potential temperature bins of 10K for © between 400 and 500K aver-
aged over the respective campaign duration (cf. Sect. 2) with the results shown
in Table 3. The determined VCSAs include the (horizontally) rather homogeneous
parts of the vortex for which the selected observations with values of ¢, higher
than 0.75 are representative. Thus, air recently intruded from mid-latitudes is not
included this way.
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2. Based on the regressions shown in Fig. 8a, the mixing ratios N,ynv are parame-
terized as a function of the potential temperature (Table 1).

3. A range of mean particle volumes based on the range of stratospheric aerosol
size distributions (cf. Sect. 2 and Fig. 1) is calculated.

4. Particle volume ratios per air mass (m3 kg_1) are calculated from N,ynv and the
size distributions from Step (3) as a function of the potential temperature.

5. A range of the ©-p-relationship is parameterized based on measurements for the
respective Arctic campaign and its variability (Table 2) because for the neces-
sary air volume/mass calculations the ambient pressures and temperatures are
needed. Total particle volumes and total particles masses (under consideration
of a range of densities for the particulate material, cf. Table 2) are calculated for
each potential temperature bin from the particle number densities.

6. From this set of data the total particle volume and the total particle mass are
calculated as well as the mass of the air the particles are contained within. The
masses are summed over all potential temperature bins between 400 and 500 K
(Table 3), where particle data were available.

Of course there are uncertainties inherent in such estimates:

(a) about a factor of 20 in uncertainty arises from the unknown true size distribution
of particles with diameters between 10nm and 3 um, because COPAS detected
the particles but did not size them.

(b) Further uncertainties of a factor of two come from the ©-p-relationship, and an
additional factor of two from the particles material density op,.

(c) Also it has to be considered that substantial amounts of refractory aerosol verti-
cally transported by the vortex from above are not accounted for in our approach.
Examples are particles in the vortex edge region or within and below the vortex
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bottom transition zone, and particles horizontally transported from the vortex to
mid-latitudes prior to the observation period.

(d) Due to the COPAS activation limit and the inlet transmission, particles of diame-
ters smaller than 10 nm and larger than few um are disregarded. However, extrap-
olating from the literature size distributions, the contribution of these size ranges
to the background aerosol mass is expected to be minor.

(e) The model estimates of VCSA involve uncertainties of at most 50 % as well.

In Table 3 the results of our estimates are provided in terms of the altitude resolved
mass of refractory aerosol and as a function of the potential temperature. The applied
pressure altitudes for the respective © levels indicate the various meteorological vor-
tex conditions of the different campaigns. The resulting estimate amounts to a mass
of approximately 32 x 10° kg of refractory aerosol in the vortex column between 85
and 49 hPa for EUPLEX. The ESSenCe case with estimated 13 x 10° kg of refractory
particulate matter between 101 and 56 hPa may provide a reference for the conditions
when the vortex air is not yet influenced by major particle import from aloft during the
current winter. The largest estimated mass in the probed vortex column comes from
the RECONCILE measurements. These are dominated by data from March, i.e. the
late Arctic winter, and the calculated total refractory aerosol mass is about 53 x 10° kg
in the pressure range between 131 and 67 hPa.

Within a pressure range from 100 to 67 hPa the derived refractory aerosol masses
from RECONCILE (39x 1 0° kg) and ESSenCe (7 x1 0° kg) are directly comparable. Pre-
suming the vortices to undergo similar developments throughout the different winters
(which is not necessarily the case), the mass difference constitutes an enhancement
on the order of 32 x 10° kg (a factor of 5.5) of refractory aerosol over three months
from December through March. This constitutes a considerable abundance of refrac-
tory aerosol material inside the lower vortex regime with conceivable significance for
PSC formation. Despite the coarseness of such estimations the resulting masses may
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represent literally only the tip of the iceberg, because the vortex volume above the
pressure-altitude of 67 hPa is not accounted for with our approach.

According to model studies of vertical vortex transport (e.g. Plumb et al., 2002) to-
wards the end of a polar winter the content of the whole mesosphere is ingested by the
vortex and the signatures of air of mesospheric origin are discernible down to lower re-
gions within the vortex. Previous balloon-borne observations of carbon monoxide (CO)
have traced mesospheric origin up to levels higher than 500 K of potential temperature
(see Fig. 6 in Plumb et al., 2002), which is above the maximum ceiling of the M-55
Geophysica. But, as shown here, until late March the refractory aerosol reaches down
to the vortex bottom at about 400 K of potential temperature. Not only the mean large-
scale subsidence inside the vortex, which more efficiently occurs at higher altitudes,
but rather vertical dispersion may lead to the downward transport of refractory aerosol
material into the lowermost vortex region, i.e. down to at least 400 K potential temper-
ature. With the end of March the downward motion inside the Arctic vortex diminishes,
and later the vortex dissolves, leaving the ingested material amenable for mixing to-
wards mid latitudes. The vortex can thus be understood as a temporary stratospheric
reservoir of refractory aerosol material imported from altitudes as high as the meso-
sphere.

When the vortex dissolves in early spring the particles are horizontally spreading to-
wards mid-latitudes over the complete vertical extension of the former vortex. Over the
following seasons, until a new vortex can form, a certain fraction of these particles may
remain in the region above the Pole and will thus be incorporated in the newly forming
vortex, descending to its lowermost part (between 400 and 500K potential temper-
ature) ahead of the newly incoming mesospheric air during early winter. Indeed our
observations made during ESSenCE likely represent the lower vortex in just this state
before additional fresh mesospheric refractory particles arrive from aloft. Assuming the
simulation of Plumb et al., 2002 to be realistic we estimate that at the end of the Arctic
winter about 10-20 % of the mesospheric air mass contributing to the whole vortex vol-
ume resides in the measurement region below 470K (see Fig. 6 in Plumb et al., 2002).
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Hence about the same fraction, at most about 30 % (considering the air mass to be
twice as large in the column 67 to 1 hPa as in the observed column 100 to 67 hPa and
assuming at least the same mean particle mixing ratio in the upper column), should
be the visible part of the iceberg of refractory aerosol imported into the whole vortex.
Assuming that the increase in the observed particle mass between 100 and 67 hPa
from mid December to late winter (for instance the 32 x 10° kg for RECONCILE) can
be largely attributed to fresh mesospheric particles, and that outflow of these particles
at the vortex bottom is negligible (compared to the import from aloft), one would thus
infer an import of mesospheric particles into the whole vortex of about 107 x 10° kg to
320 x 10% kg (from division of 32 x 10° kg by 0.3 and 0.1) for the RECONCILE winter
2009/2010.

The expected global daily influx of meteoritic material ranges at about 110 x 10° kg
per day (Love and Brownlee, 1993). Thus up to 40x 1 0° kg of meteoritic material may be
deposed in the mesosphere per year. Assuming a steady state situation and symmetry
between the two hemispheres, each polar vortex would remove half of this yearly influx
over the course of a winter, i.e. 20 x 10° kg. Our estimate of total particle import from
the mesosphere based on refractory aerosol masses in the lower vortex during early
and late winter is thus a factor of about 5-16 higher than expected based on the daily
influx of meteoritic material. This discrepancy on the one hand is well covered by the
range of our estimate with factors of 0.05 to about 13 from the extreme maximum to
the minimum of the involved uncertainties (cf. Table 3, data from RECONCILE and
ESSenCe). On the other hand the remnants of refractory aerosols, which descended
during previous winter season and which possibly persisted to some extent in the polar
upper stratosphere until the next winter vortex starts forming, contribute also to the
observed particle mass increase between 100 hPa und 67 hPa. Finally it remains open
to further investigation if parts of the refractory aerosol in the Arctic vortex originate
from sources other than the meteoritic influx into the mesosphere. In this sense our
estimations only can provide some (highly uncertain) upper limit as we always assumed
the observed refractory matter to be solely of meteoric origin.
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6 Summary and conclusions

Inside the Arctic vortex up to 8 of 11 particles with diameters larger than 10 nm and
smaller than a few um were observed to consist of non-volatile material. During three
Arctic winter seasons of the years 2003, 2010 and 2011 this observation was repeat-
edly made in qualitative agreement. This leads to the conclusion that the import of
refractory aerosol material in the Arctic polar winter is a regular feature. We surmise
that earlier observations of increased aerosol number concentration inside the Arctic
vortex (Wilson et al., 1990; Hofmann et al., 1990) also comprise refractory aerosol
and that new particle formation by homogeneous nucleation at the considered high
altitudes plays a less crucial role than previously thought.

The quantity of refractory aerosols inside the vortex is connected to the transport
history of air masses entering the vortex upper boundary from aloft which includes air
that could originate from high as the lower mesosphere. Particle mixing ratios (up to
150 of non-volatile particles per milligram air) and the fraction of non-volatile particles
(up to 75 %) are highest, if the air mass content of nitrous oxide (N,O) is lowest (here
down to 70 nmol mol'1). The largest amounts of refractory aerosol inside the vortex
appear in late winter (March), while in early winter (December) the import strength
from upper stratospheric or mesospheric altitudes seems not to be fully developed,
yet.

The abundance of refractory aerosol in the winter vortex is significantly driven by (a)
the source strength (ablation of penetrating meteorites, volcanic activity, etc.) for the
aerosol material, (b) the transport mechanism leading to long range advection at high
altitudes in the stratosphere or mesosphere, (c) the vortex strength that induces the
downwelling of air from these high altitudes, and (d) the vortex stability, as disturbances
like vortex break up and mid-winter stratospheric warming enable air mass exchange
across the vortex boundary and dilution with air from lower latitudes.

It can be assumed that the import of refractory aerosol likewise occurs due to the
winter vortex subsidence also in the Antarctic. The extrapolation of our measurements
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to a total aerosol mass in the lowermost vortex region (for pressure altitudes between
100 and 67 hPa) provides an estimate of the possible aerosol mass imported from aloft
throughout an Arctic winter between early (ESSenCe) and late winter (RECONCILE).
The resulting value is about 32 x 10° kg, which is a factor of 5.5 higher in comparison
to early winter conditions. Related to the assumed influx of meteoritic aerosol material
this estimate implies that the RECONCILE vortex might have included 5 to 16 times
the mass of refractory aerosol that is expected to be deposed in the mesosphere by
meteorites over the recent half-year. Large uncertainties of course are inherent in this
approach. However, the value for the daily influx of meteoritic material still is a matter of
debate, and the discrepancy between our estimate and the expectation is in fact more
than covered by these uncertainties. Also contributions to the refractory aerosol mass
from sources other than meteoritic influx and ablation may not be excluded.

One of the largest remaining unknowns is the chemical composition, the morphol-
ogy, and physical nature of the refractory particles entering the polar vortex to unam-
biguously specify their origin. The amount and role of anthropogenic components from
space debris, rocket launches and exhaust of high flying aircraft is not quantified well
enough. Even contributions of soil materials continuously released by sub-Pinatubo
volcanism (e.g. Souffriere Hills, Nabro, etc.) and other ground sources (like biomass
burning) possibly need to be considered. Knowledge of the aerosol properties also
is essential for conclusions concerning the particle sources as well as their role and
effectiveness in PSC and cirrus cloud formation. Besides the need for more in situ
measurements at high altitudes we emphasize the importance of laboratory experi-
ments on heterogeneous nucleation of PSCs (particularly for NAT) on the observed
refractory materials including particles coated with H,SO,, HNO3, H,O, and possibly
other condensable materials.
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Table 1. Parameterization of the linear regression between the particle mixing ratio N,ynv with
potential temperature © and with N,O mixing ratio for different altitude ranges, © < 410K and
© > 410K, respectively, within the vortex as displayed in Fig. 8. y =f(x) =ax+ b in mg'1; ay,
by and correlation coefficient r12 for 390K < © < 410K; a,, b, and correlation coefficient r22 for
0> 410K.

with x = @ in K with x = N,O in nmolmol™
EUPLEX RECONCILE ESSenCe EUPLEX RECONCILE  ESSenCe
a, - 034£002  0.42+0.06 - -021£0.02 -0.19+0.04
b, -  -96.3+75 -135.6+24.8 - 88.3+£3.9  77.3£9.2
e 0.43 0.52 0.45 0.58

a, 1.01+0.02 1.56+0.01 0.54+0.02 -0.71+0.05 -0.68+0.01 -0.21+0.01
b, -365.8+89 -616.3+53 -187.9+9.3 178.5+2.1 180.9+1.1 81.4+£12
r22 0.74 0.83 0.54 0.85 0.90 0.72
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Table 2. Estimated volume (v,) of one refractory aerosol particle, particulate material density
(0p) and parameterized ©-p-relationship for an extrapolation of the total mass of refractory
aerosol within the Vortex volume (cf. Sect. 6).
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Table 3. Averaged vortex cross section areas from CLaMS analyses and resulting altitude-
resolved refractory aerosol mass as well as the integrated aerosol mass in the vortex, ex-
trapolated from the in situ measurements under various assumptions (cf. Sect. 6). Vertical
coordinates are provided as potential temperature and according pressure-range from the ©-p
functional relation provided in Table 2. With applying variation range factors the extremes of
involved uncertainties are covered.

averaged vortex cross section area in km? \ altitude resolved mass of refractory aerosol M,,,

EUPLEX RECONCILE ESSenCe EUPLEX RECONCILE ESSenCe
OinK prangeinhPa M, inkg | prangeinhPa M, inkg | prangeinhPa M, inkg
400 - 12873600 6437790 - - 131-119 4.7 x10° 101-89 1.8x10°
410 10259900 15007 800 7474930 85-77 3.1x10° 119-108 5.1 x 10° 89-79 1.7x10°
420 13184650 16898750 9309220 77-70 3.7 x10° 108-98 4.5x 10° 79-72  1.9x10°
430 15466600 18565200 11463200 70-64 4.0x 10° 98-90 59x10° 72-66 2.1 x10°
440 16893950 20123350 13472600 64-60 3.9 x 10° 90-83 7.1x10° 66-62 2.1 x10°
450 18023400 21159700 14218900 60-57 3.6x10° 83-77 7.9x10° 62-58 2.0 x 10°
460 19140750 22579350 14915600 57-55 3.4x10° 77-72  86x10° 58-56 1.8x10°
470 20157300 23282300 - 55-53 3.0 x 10° 72-67 8.8x10° - -
480 21287700 - - 53-51 2.7x10° - - - -
490 22248850 - - 51-50 2.4 x 10° - - - -
500 23147150 - - 5049 2.1 x10° - - - -

\ Summed mass of refractory aerosol in kg

total sum 32.0x 10° 52.5x 10° 13.3x 10°
variation range factor (min.—max.) 0.07-21.0 0.05-12.6 0.06-15.4
sum (100-67 hPa) - 39.10x 10° 7.09 x 10°
variation range factor (min.—max.) - 0.05-13.1 0.06-12.2
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Fig. 1. Model size distributions of stratospheric aerosol as provided in parameterized form by
three different sources: Jaenicke, 1980; Wang et al., 1989 and Deshler, 2008. The grey shaded
area denotes the range from maximum to minimum values of the size distributions that are
used for the estimates described in Sect. 5. @ ®
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Fig. 2. Vertical distribution of particle mixing ratio N,y (left column), Nyynv (mid column) and
resulting fraction f of non-volatile particles (right column) vs. the potential temperature O for the
EUPLEX campaign in 2003. Data are additionally subdivided (cf. Sect. 3) in period A (January—
February) and period B (February—March). Data points for © above 400 K color-coded accord-
ing to AN, O vortex index ¢,;. For © below 400 K, data points are left in grey as inside or outside
vortex apportioning is not unambiguous (cf. Sect. 2). Black lines indicate a regression over
those data points which fulfill the inside-vortex criterion (Sect. 2).
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Fig. 3. Structured as Fig. 2 for the RECONCILE campaign in 2010 with a subdivision of the
mission periods like for EUPLEX. Data are color-coded according to the AN,O vortex index
¢.i- For © below 400K, data points are left in grey as the inside or outside vortex apportioning
not unambiguous (cf. Sect. 2). Black lines indicate a regression of data points that fulfill the
inside-vortex criterion (Sect. 2).
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Fig. 4. Structured as Figs. 2 and 3 for the ESSenCE campaign in 2011 with the color-coding
of data according to the AN,O vortex index ¢,;. For © below 400K, data points are left in grey
as inside or outside vortex apportioning not unambiguous (cf. Sect. 2). Black lines indicate

AN, O vortex index (&)

a regression of data points that fulfill the inside-vortex criterion (Sect. 2).
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Fig. 5. Median vertical profiles of particle mixing ratios with 25- and 75-percentiles (bars) as
function of potential temperature ©. Data are attributed to either originate from inside (dots)
or outside the vortex (circles) by using the AN,O vortex index ¢, (cf. Sect. 2). Aerosol mixing
ratios Ny, (left column), Nyynv (mid-left column), mixing ratio difference Ny — Nygnv (mid-right
column) and resulting fraction f of refractory particles (right column). (a—d) from ESSenCe (i.e.
the mission conducted the earliest in the winter season); (e—h) data from EUPLEX; (i—I) results
from RECONCILE.
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Fig. 6. Mixing ratio of non-volatile particles N,ynv and their fractional contribution f to measured
total aerosol abundance as function of N,O mixing ratio. The data points are colored according
to the AN,O vortex index ¢,; or are designated in grey if measurements occurred at © levels
below 400K for which inside or outside vortex apportioning is not unambiguous (cf. Sect. 2).
For data measured inside the vortex (¢,; > 0.75) the black lines indicate a linear correlation. Al-
ternatively, for N,O below 250 nmol moI'1, the course of canonical curves within plausible limits
are implied as grey lines with the ESSenCe data (early winter) as the uppermost limit (a). The
same early—winter climatology provides a reference for comparison to data from measurements
in progressed winter (b—e).
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Fig. 7. Mixing ratio of non-volatile particles N,ynv as function of potential temperature © (a—
c) and N,O mixing ratio (d—f) for measurements in the vortex (i.e. where AN,O vortex index
¢é,i > 0.75). Data points are colored by means of AN,O vortex index in the range 0.75 < ¢, < 1.
Results are separated for O levels below 410K (crosses) and above 410K (dots) to account for
the visible discontinuity, a transition zone at the vortex bottom. Linear correlations are assumed
for © levels above 410 K and linear regressions with 95 % confidence interval are implied. These
are separately displayed in Fig. 8 for better comparability.
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Fig. 8. Linear regressions with 95 % confidence interval for the mixing ratio of non-volatile =
particles Nyynv as function of potential temperature © (a) and N,O mixing ratio (b). Results

from measurements within the vortex (AN,O vortex index ¢,; > 0.75) are shown of the three
Arctic missions: EUPLEX (2003), RECONCILE (2010) and ESSenCe (2011).
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