
Atmos. Chem. Phys., 14, 12319–12342, 2014

www.atmos-chem-phys.net/14/12319/2014/

doi:10.5194/acp-14-12319-2014

© Author(s) 2014. CC Attribution 3.0 License.

Enhancements of the refractory submicron aerosol fraction in the

Arctic polar vortex: feature or exception?

R. Weigel1, C. M. Volk2, K. Kandler3, E. Hösen2,*, G. Günther4, B. Vogel4, J.-U. Grooß4, S. Khaykin5,**,

G. V. Belyaev6, and S. Borrmann1,7

1Institut für Physik der Atmosphäre, Johannes Gutenberg-Universität, Mainz, Germany
2Department of Physics, University of Wuppertal, Wuppertal, Germany
3Institut für Angewandte Geowissenschaften, Technische Universität Darmstadt, Germany
4Institut für Energie- und Klimaforschung (IEK-7), Forschungszentrum Jülich, Jülich, Germany
5Central Aerological Observatory, Dolgoprudny, Moskow Region, Russia
6Myasishchev Design Bureau, Zhukovsky-5, Moscow Region, Russia
7Partikelchemie, Max-Planck-Institut für Chemie, Mainz, Germany
*now at: Institut für Ozeanographie, Universität Hamburg, Hamburg, Germany
**now at: CNRS/INSU, LATMOS-IPSL, Université de Versailles St. Quentin, Guyancourt, France

Correspondence to: R. Weigel (weigelr@uni-mainz.de)

Received: 31 March 2014 – Published in Atmos. Chem. Phys. Discuss.: 16 April 2014

Revised: 10 October 2014 – Accepted: 13 October 2014 – Published: 25 November 2014

Abstract. In situ measurements with a four-channel strato-

spheric condensation particle counter (CPC) were conducted

at up to 20 km altitude on board the aircraft M-55 Geo-

physica from Kiruna, Sweden, in January through March

(EUPLEX 2003, RECONCILE 2010) and in December

(ESSenCe 2011). During all campaigns air masses from

the upper stratosphere and mesosphere were subsiding in-

side the Arctic winter vortex, thus initializing a transport of

refractory aerosol into the lower stratosphere (2< 500 K).

The strength and extent of this downward transport var-

ied between the years depending on the dynamical evolu-

tion of the vortex. Inside the vortex and at potential tem-

peratures 2≥ 450 K around 11 submicron particles per cm3

were generally detected. Up to 8 of these 11 particles per

cm3 were found to contain thermo-stable (at 250 ◦C) resid-

uals with diameters of 10 nm to about 1 µm. Particle mix-

ing ratios (150 mg−1) and fractions of non-volatile particles

(75 % of totally detected particles) exhibited highest val-

ues in air masses having the lowest content of nitrous ox-

ide (70 nmol mol−1 of N2O). This indicates that refractory

aerosol originates from the upper stratosphere or the meso-

sphere. Derived from the mixing ratio of the simultaneously

measured long-lived tracer N2O, an empirical index serves to

differentiate probed air masses according to their origin: in-

side the vortex, the vortex edge region, or outside the vortex.

Previously observed high fractions of refractory submicron

aerosol in the 2003 Arctic vortex were ascribed to unusu-

ally strong subsidence during that winter. However, measure-

ments under perturbed vortex conditions in 2010 and during

early winter in December 2011 revealed similarly high val-

ues. Thus, the abundance of refractory aerosol in the lower

stratosphere within the Arctic vortices appears to be a regu-

lar feature rather than the exception. During December, the

import from aloft into the lower stratosphere appears to be

developing; thereafter the abundance of refractory aerosol in-

side the vortex reaches its highest levels in March. The cor-

relations of refractory aerosol with N2O suggest that, apart

from mean subsidence, diabatic dispersion inside the vortex

significantly contributes to the transport of particles to the

Arctic lower stratosphere. A measurement-based estimate of

the total mass of refractory aerosol inside the vortex is pro-

vided for each campaign. Based on the derived increase of

particle mass in the lower stratospheric vortex (100–67 hPa

pressure altitude) by a factor of 4.5 between early and late

winter, we estimate the total mass of mesospheric particles

deposited over the winter 2009/2010 in the entire Arctic vor-

tex to range between 77× 103 and 375× 106 kg. This esti-

mate is compared with the expected atmospheric influx of
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meteoritic material (110± 55× 103 kg per day). Such esti-

mates at present still hold considerable uncertainties, which

are discussed in this article. Nevertheless, the results enable

placing constraints on the shape of the so far unknown size

distribution of refractory aerosol within the vortex.

1 Introduction

In situ measurements of the aerosol vertical distribution in-

side the Arctic winter vortex of 1989 revealed an increase of

the mixing ratios of sub-micrometer sized particles with alti-

tude (Wilson et al., 1990). Also in the Arctic (from Kiruna,

Northern Sweden), in the year 2003, similar vertical profiles

were observed (Curtius et al., 2005) and here it was reported

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 vortex

from upper stratospheric or mesospheric altitudes down to

the Arctic lower stratosphere. 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 the formation of polar stratospheric

clouds (PSCs) (Voigt et al., 2005; Hoyle et al., 2013; En-

gel et al., 2013) or in heterogeneous chemistry (Peter, 1997;

Solomon, 1999; Peter and Grooß, 2012) connected to ozone

depletion. A downward import of non-volatile particles po-

tentially occurring on a regular basis inside the vortex could

imply an important natural process linked to atmospheric

ozone chemistry.

1.1 Origin of vortex aerosol

The major import of refractory aerosol material into the up-

per atmosphere is expected to occur with the entry of me-

teoroids with particle diameter (dp) smaller than 1 mm, par-

ticularly of interplanetary dust particles (IDPs; dp< 1 µm),

and by the ablation of meteoroids penetrating the atmosphere

(von Zahn, 2005). Results from single particle chemical anal-

yses of aerosols with diameters from 300 nm to 1 µm in

the Upper Troposphere/Lowermost Stratosphere (UT/LS) at

midlatitudes and in the tropics suggest meteoritic ablation

material is included in a large fraction of stratospheric parti-

cles (Murphy et al., 2013, and references therein). The total

mass flux of meteoritic material into the atmosphere is es-

timated by various studies with different approaches. These

estimates range from less than 20× 103 kg per day (Plane,

2004) to fluxes between 20× 103 kg and 100× 103 kg per

day (Cziczo et al., 2001; Gabrielli et al., 2004) and to

110 ± 55× 103 kg per day (Love and Brownlee, 1993;

Peucker-Ehrenbrink, 1996). The last value currently seems

to be the most accepted, according to the review by von Zahn

(2005). Plane (2012) presents a detailed discussion of these

fluxes concerning plausibility and consistence with observa-

tions, and he limits the uncertainty in the flux estimates pro-

vided in the literature to a factor of 10 in the order of mag-

nitude between ∼ 10 to 100× 103 kg per day. The review by

Plane (2012) clearly shows how uncertain the knowledge of

the true meteoritic influx is. The value provided by Love and

Brownlee (1993) was obtained by assuming a certain veloc-

ity distribution for the particles hitting an impact detector.

The study of Janches et al. (2000) investigated the effec-

tive mass loss of meteoroids due to deceleration dependent

on a broader range of penetration velocities, which poten-

tially yields a refinement of the results of Love and Brownlee

(1993). Nevertheless, we will refer here to the most accepted

value of 110× 103 kg per day for comparing the results of

our estimates, while bearing in mind that an uncertainty of

one order of magnitude needs to be considered for the value

of the meteoritic influx into the atmosphere (Plane, 2012).

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 10−11 kg, their

sizes are usually smaller than 20 µm in diameter (Jones and

Kaiser, 1966). Such small objects are not sufficiently heated

by friction with atmospheric air molecules when entering

the atmosphere. For large meteoroid masses (>100× 103 kg

and dp> 4 m) the number of atmosphere-hitting events of

about one per year (von Zahn, 2005) is too small to sig-

nificantly contribute to the total influx of meteoritic mate-

rial. Furthermore, von Zahn (2005) estimated that objects in

the mass range of 10−11 to 10−5 kg, correspondent to diam-

eters of 20 µm–2 mm, contribute the major part of the to-

tal influx. These predominantly sub-millimeter sized parti-

cles are nearly fully vaporized mainly in the altitude range

between 75 and 120 km (Megner et al., 2008). The abla-

tion process is assumed to release atomic metal vapors that

re-condense to form nanometer sized, long-lived meteoritic

smoke particles (MSPs) (Hunten et al., 1980; Kalashnikova

et al., 2000; Plane, 2004). Experimental studies provided ev-

idence for the presence of meteoritic ablation material in the

mesosphere (Rapp et al., 2007; Rapp and Strelnikova, 2009;

Strelnikova et al., 2009). The size of MSPs may range from

clusters of molecules with diameters of about 1 nm to a few

hundred nanometers. Numerical studies investigate the pro-

cessing and transport of the initially ultrafine (dp< 10 nm)

refractory MSPs along their atmospheric residence (Bardeen

et al., 2008; Megner et al., 2008; Dhomse et al., 2013). These

studies also take into account that MSP coagulate to form

larger particles (secondary cosmic aerosols with dp> 10 nm)

as well as sedimentation and deposition processes that re-

move the MSPs. Laboratory as well as modeling studies par-

ticularly investigate the potential of MSPs to act as condensa-

tion surfaces for water vapor (H2O) to form ice clouds (Saun-

ders et al., 2010) and their impact on stratospheric H2SO4

processing on global scales (Saunders et al., 2012). The 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
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refractory aerosol in the upper atmosphere is expected to be

restricted to the particle diameter range of 1 nm to 20 µm.

Particles with diameter larger than 1 µm undergo relatively

fast removal due to sedimentation. The meteoritic influx is

supposedly a continuous process; consequently it can be as-

sumed that sedimentation of the larger particles through the

region of our measurements is continuously occurring, ul-

timately resulting in stationary equilibrium concentrations.

Therefore, we can expect to find particles between the min-

imum size determined by condensation/coagulation and the

maximum size determined by the non-ablation.

In the lower diameter range (0.1 µm<dp< 1 µm) the par-

ticles have atmospheric residence times of several months or,

if even smaller, of years. The study of Dhomse et al. (2013)

investigated the distribution and transport of 238PuO2 that

was accidentally released at an altitude of 46–60 km in the

year 1964 due to the re-entry and burn-up of a satellite power

unit. The modeled distribution of 238PuO2 in the atmosphere

and its deposition on the Earth’s surface until 1974 suggest

up to 10 years of atmospheric residence, in agreement with

observations. Atmospheric residences of the same order of

magnitude can most likely be transferred to ablation material

from meteoroids. Once these particles enter regions in the

atmosphere with saturated vapors, for example of H2SO4,

nitric acid (HNO3) or water (H2O), heterogeneous conden-

sation leads to particle coating and growth, and finally their

removal due to increased sedimentation speed or, at some

point, even incorporation in clouds. At midlatitudes the par-

ticles are quickly removed from the stratosphere, entering

the troposphere by isentropic mixing induced by breaking

Rossby waves (Holton et al., 1995; Dhomse et al., 2013).

Recently published results from balloon-borne measure-

ments in the Antarctic winter stratosphere (Campbell and

Deshler, 2014) suggest that new particle formation (NPF)

may provide an additional regional source of volatile par-

ticles in the vortex. At altitudes of 21–24 km aerosol num-

ber concentrations were found to be increased by a factor

of 5 to 10, compared to background states concurrently with

low fractions of less than 20 % of refractory residuals. These

measurements indicate relatively weak particle formation ef-

ficiencies compared to excessive NPF events observed else-

where in the UT/LS (e.g., Brock et al., 1995; Weigel et al.,

2011). Nevertheless, the comparably moderate abundance of

particles most likely caused by NPF in the Antarctic strato-

sphere (Campbell and Deshler, 2014) may last for longer du-

ration and may provide persistent fields with enhanced pres-

ence of particles and thus reaction surfaces. However, above

24 km in the Antarctic winter stratosphere, large fractions of

non-volatile particles of up to 80 % are indicated (Camp-

bell and Deshler, 2014). The same study shows that with

an averaged fraction of about 60 % of non-volatile particles

the abundance of refractory material in the Antarctic winter

stratosphere is significantly increased compared to the same

altitude range at midlatitudes.

1.2 Vortex-driven downward transport

The stratospheric vortex development causing large scale

subsidence of air masses in the polar region during winter is

a very efficient vertical transport pathway over a wide range

of atmospheric altitudes. As the vortex-induced downward

transport drives the import of non-volatile particles from al-

titudes of the upper stratosphere or mesosphere (Curtius et

al., 2005) it is commonly assumed that the non-volatile par-

ticles to a large extent originate from space. Other studies

related to the Arctic vortex (e.g., Randall et al., 2006; Vo-

gel et al., 2008) also show that NOx-rich air masses from

the upper stratosphere and mesosphere, caused by energetic

particle precipitation (EPP), are transported downward in a

strong, well-isolated vortex. These studies support the hy-

pothesis that the polar vortex generally acts as a major driver

for the descent of air from the mesosphere and upper strato-

sphere. Therefore, it is expected that the Antarctic vortex air

mass subsidence likewise supports this downward transport.

According to model studies of vertical vortex transport (e.g.,

Plumb et al., 2002) most of the content of the mesosphere

is ingested by the vortex towards the end of a polar winter

and the signatures of mesospheric air are discernible down

to the vortex bottom. Balloon-borne observations of carbon

monoxide (CO) have traced mesospheric origin down to lev-

els of 500 K of potential temperature (see Fig. 6 in Plumb et

al., 2002), which is above the maximum ceiling of the M-

55 Geophysica. The mean large-scale subsidence inside the

vortex apparently occurs most efficiently at altitudes above

500 K. In fact, below 500 K mean diabatic subsidence is typ-

ically insufficient to transport the bulk air mass from 500 K

(or above) to 400 K over the course of the winter (Greenblatt

et al., 2002a; Werner et al., 2010). Vertical transport of re-

fractory aerosol to below 500 K may thus be mainly driven

by diabatic dispersion within the vortex rather than by mean

diabatic subsidence. Diabatic dispersion may be understood

as a gradual vertical mixing resulting from differential sub-

sidence together with horizontal mixing (Plumb, 2007). This

process has been found to be consistent with the development

of observed tracer distributions inside the Arctic vortex (Ray

et al., 2002).

1.3 Aerosol particle microphysics

The polar winter vortices in general could act as the major

drain pathway of aerosol from the upper stratosphere and

mesosphere towards the UT/LS, followed by material re-

moval onto the Earth’s surface. If the subsidence of refrac-

tory particles was a regular feature this could play an impor-

tant role for heterogeneous PSC formation, as these particles

provide surfaces for condensation (cf. Hoyle et al., 2013; En-

gel et al., 2013; Molleker et al., 2014). The availability of

reaction surfaces is of particular importance in times of vol-

canic quiescence when the stratospheric Junge aerosol layer

reaches relatively low particle concentrations; for example
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in 1997, 6 years after the Mt. Pinatubo eruption (Borrmann

et al., 2000). It seems very plausible that such particles sup-

port other microphysical processes, such as heterogeneous

freezing, although bulk freezing experiments (Biermann et

al., 1996) indicate minor importance. PSCs promote denitri-

fication of the polar lower stratosphere as demonstrated for

the RECONCILE (cf. Sect. 3) winter (Grooß et al., 2014;

Woiwode et al., 2014; Molleker et al., 2014). Denitrifica-

tion essentially contributes to ozone loss in the polar winter

stratosphere (Fahey et al., 1990; Mann et al., 2003; Waibel et

al., 1999).

In this study we address the question whether the observed

import of refractory particles into the Arctic lower strato-

sphere was an exceptional event in 2003 (Curtius et al., 2005;

Engel et al., 2006) or rather a feature that regularly occurs in

Arctic winters. Furthermore, from the vertical distribution of

refractory aerosol within the vortex obtained from three cam-

paigns, we derive parameterizations which may be suitable

for numerical simulations of heterogeneous PSC formation

and other aerosol related processes. Finally, we estimate the

total refractory aerosol mass inside the lower Arctic vortex

and – by extrapolation of our in situ measurements – assess

it in the context of the northern hemispheric daily mass in-

flux of meteoritic material. Based on these considerations we

suggest that constraints may be placed on the size distribu-

tion of refractory aerosol within the Arctic vortex, which is

so far unknown.

2 Instruments and methods

2.1 Submicron particles

Aerosol concentrations were measured by a four-channel

continuous flow condensation particle counter COPAS

(COndensation PArticle counting System) using a chlo-

rofluorocarbon (FC-43) as working liquid. COPAS mea-

surements and data storage occur at a frequency of 1Hz.

Three of the four COPAS channels operate with different

50 % detection particle diameters dp50 (i.e., 6 nm, 10 nm

and 15 nm). The fourth COPAS channel (with dp50= 10 nm)

counts aerosol particles after they have passed a heated

sample flow line resulting in measured particle mixing ra-

tios of non-volatile (nv) or refractory particles (e.g., soot,

mineral dust, metallic aerosol material, etc.). At an oper-

ational temperature of 250 ◦C and over the pressure range

of 70–300 hPa, this aerosol pre-heater volatilizes more than

98 % of H2SO4–H2O particles (Weigel et al., 2009).

The entry of the forward facing aerosol inlet of COPAS

is positioned well outside the aircraft’s boundary layer. The

inlet consists of two serial diffusors which decelerate the air

from the free flow to pumping velocity at near-isokinetic con-

ditions. For stratospheric particle concentrations the COPAS

measurement uncertainty is about 10 %, resulting from par-

ticle counting statistics and uncertainties in the volume flow.

The measurement characteristics of COPAS are described in

detail by Weigel et al. (2009) and its performance is demon-

strated 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 are presented

here as mixing ratio N in units of particles per milligram of

air (mg−1) for comparing measurements from different pres-

sure altitudes and for correlations with tracer mixing ratios.

In the following, N10 denotes the mixing ratio of particles

with diameters larger than 10 nm up to about 1 µm. N10nv

refers to the mixing ratio of non-volatile particles in the same

size range. The fraction f of non-volatile particles is given

as the ratio of N10nv and N10 in % as only non-volatile par-

ticles with sizes dp> 10 nm are detected. The measurement

of particles with dp> 6 nm and dp> 15 nm aims in principle

at the identification of recently occurred NPF (cf. Weigel et

al., 2011). However, throughout all measurements discussed

here, no such NPF event was identified.

2.2 Dynamic tracer nitrous oxide

Nitrous oxide (N2O), a long-lived atmospheric tracer, is mea-

sured in situ on board the M-55 Geophysica by the HA-

GAR (High Altitude Gas AnalyzeR) instrument (Werner et

al., 2010; Homan et al., 2010). N2O is detected by gas

chromatography with electron capture detection (GC/ECD)

along with other long-lived species like chlorofluorocarbons

(CFCs), sulfur hexafluoride (SF6) and methane (CH4) with

a temporal resolution of 90 s. The mean precision for the

N2O measurements, given in % of the tropospheric value

(∼ 320 ppb), is below 0.5 % for all three campaigns, except

the first four flights during EUPLEX (cf. Sect. 3) for which

it is 1–1.3 %. For most flights it is in fact below 0.3 %.

N2O is generated at the surface and has its sink at high alti-

tudes, generally above the tropopause, where with increasing

altitude the N2O molecules are destroyed by UV photodis-

sociation and reaction with O(1D), oxygen atoms in an ex-

cited singlet state. Satellite observations of episodic N2O en-

hancements in the polar mesosphere (Funke et al., 2008) also

suggest the presence of a minor mesospheric source. Never-

theless, from a stratospheric perspective, air masses with low

N2O mixing ratio generally originate from high altitude, i.e.,

in the mid to upper stratosphere or mesosphere. Air masses

originally coming from the upper stratosphere and further

above subside over the course of the winter within the Arc-

tic polar vortex. This is indicated at a given altitude by N2O

mixing ratios substantially decreasing with time (Greenblatt

et al., 2002a). This process is also verified and quantified

by numerical studies (Prather and Rodriguez, 1988; Fisher

et al., 1993; Plumb et al., 2002). Enhanced mixing ratios of

carbon monoxide and molecular hydrogen coinciding with

low values of SF6 (Engel et al., 2006) indicate particularly

strong downwelling of air even from the mesosphere dur-
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ing the 2003 EUPLEX winter (January through March, cf.

Sect. 3).

Due to the strong subsidence and dynamical isolation of

air inside the vortex, N2O and other long-lived tracers ex-

hibit sharp meridional gradients at the vortex edge. Green-

blatt et al. (2002b) demonstrated that the inner edge of the

Arctic vortex can be accurately determined by the excess

of measured N2Omeas relative to characteristic values inside

the vortex at a given potential temperature and at a given

time, i.e.,1N2O=N2Omeas–N2Ovortex (2). At levels around

450 K that study (Greenblatt et al., 2002b) found a 1N2O

value of∼ 20 nmol mol−1 to generally correspond well to the

dynamical Nash criterion (Nash et al., 1996), which is a com-

monly used criterion for defining the vortex edge. Extending

this concept, we here define what we denote as the 1N2O

vortex index (ξvi) as

ξvi = 1−
1N2O (2)

N2Omidlat (2)−N2Ovortex (2)
. (1)

Essentially, the N2O mixing ratios are linearly rescaled to

altitude-independent characteristic index values of ξvi= 1 in-

side the vortex, and ξvi= 0 at midlatitudes. The parameteri-

zation of N2Omidlat (2) as used here is based on further mea-

surements with HAGAR at midlatitudes. The vortex index

will be introduced and evaluated in detail in a further study

(Hösen et al., 2014), which will also demonstrate that ξvi can,

with some caveats, be viewed as an empirical proxy for the

fraction of vortex air in an observed air mass.

As the vortex index is conserved on time scales of

isentropic transport, it essentially provides information on

whether a measured air mass originally came from the inte-

rior of the vortex or from the outside. Therefore, the COPAS

measurements can be categorized with respect to their recent

origin by means of the index ξvi. The theoretically maximum

value of ξvi is one, indicative of pristine vortex air mass. The

criterion limits defined for this study to classify the COPAS

measurements for 2-levels above 400 K are

1. ξvi> 0.75: sample air originating primarily from the

vortex interior

2. 0.75<ξvi< 0.25: sample air with extra-vortex, midlati-

tude air contributions which are too large for unambigu-

ous apportioning

3. ξvi< 0.25: sample air originating from well outside of

the polar vortex consisting mostly of midlatitude air.

Since the ξvi range between 0.4 and 0.8 is populated by rel-

atively few air samples mostly originating from the vortex

edge region, the resulting selection of vortex and extra-vortex

data mainly needed in this study (i.e., categories 1 and 3) is

fairly insensitive to the exact choice of the criterion limits.

The COPAS measurements are recorded with 1 Hz tem-

poral resolution. One single N2O data point is measured by

HAGAR only once every 90 s, representative for the air sam-

pled during 2–3 s. Consequently, the vortex index ξvi has the

same temporal resolution. Each ξvi value is associated with

five COPAS readings, extending from 2 s before the HAGAR

measurement point to 2 s after. This approach compensates

a possible offset of about 1 s between the controller clocks

of COPAS and HAGAR. Those COPAS measurements that

are not attributable to a value of N2O mixing ratio or vor-

tex index are excluded from the analysis. The results of the

COPAS measurements from EUPLEX (2003, cf. Sect. 3)

were already discussed in detail by Curtius et al. (2005).

However, that study apportioned the data records to the vor-

tex interior or exterior by means of the chemistry transport

model CLaMS (see also Sect. 2.4). The results from 2003

discussed here are re-calculated adopting the empirical mea-

sure of ξvi 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).

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 0.5 K (Shur et al., 2007). If

TDC data were not available (e.g., throughout ESSenCe, cf.

Sect. 3) temperature and pressure 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 Geophysica. UCSE data are provided

as 1 Hz resolved ambient pressure (with an accuracy of±

1 hPa) and temperature (± 2 K accuracy).

2.4 CLaMS modeling

Model simulations with a 3-dimensional chemistry transport

model (CLaMS) (McKenna et al., 2002a, b; Konopka et al.,

2007; Grooß et al., 2014) were performed with extensive

stratospheric chemistry, including heterogeneous chemistry

and particle sedimentation, driven by ERA-Interim reanaly-

sis data (Dee et al., 2011) for the EUPLEX, RECONCILE

and ESSenCe campaigns (cf. Sect. 3). For all simulations a

suite of inert artificial tracers was utilized, which mark par-

ticular regions in the atmosphere (e.g., vortex air and mid-

latitude air according to the Nash criterion) at the beginning

of each simulation. The advection and mixing of the marked

air parcels is then modeled by the CLaMS transport scheme,

which allows the tracking of the air mass and the detection

of its origin (Günther et al., 2008) covering the Northern

Hemisphere. For EUPLEX and RECONCILE, the CLaMS

simulations were conducted with a horizontal resolution of

approximately 70 km and a maximum vertical resolution of

about 400 m around the tropopause. The simulations were

initialized at the beginning of the winter, usually on 1 De-

cember, using satellite measurements and tracer–tracer cor-

relations following Grooß et al. (2014). For ESSenCe, the
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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 led to the determina-

tion of the horizontal vortex cross section area (VCSA) av-

eraged for the respective campaign. The VCSAs were cal-

culated within the altitude range that was 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 calculations in 2-steps of 10 K as a mean

value ± 5 K. The calculated VCSAs exclude any air recently

intruded from midlatitudes for which the selected observa-

tions would not be representative.

2.5 Total mass of refractory aerosol matter

The total refractory aerosol mass within the investigated al-

titude range (400 K<2< 500 K) inside the vortex is esti-

mated in principle by (a) subdividing the vortex column into

10 layers, each of 12= 10 K thickness; (b) calculating the

total mass of the refractory aerosol from the measuredN10nv

as a function of 2 inside each VCSA-layer, assuming cer-

tain particle number size distributions which are converted

into volume/mass distributions; and (c) adding up the aerosol

masses of all layers. In more detail, our estimates are based

on parameterizations of the in situ measurements (cf. Sect. 6)

and on the following assumptions:

1. Inside the vortex the refractory aerosol mixing ratio that

is parameterized as a function of 2 is assumed to be

constant across the surface of each VCSA level. Fur-

thermore, the values are assumed to be time-invariant

during the relatively short campaign periods of 3–4

weeks.

2. The size distribution of the refractory aerosol material

is assumed to be constant. Furthermore, the size dis-

tribution is expected to be within a range that has (a)

as uppermost limit: three different parameterizations of

the stratospheric background aerosol (Jaenicke, 1980;

Wang et al., 1989; Deshler, 2008), and (b) as lower-

most limit: the numerically modeled size distribution of

MSPs that have reached 30 km altitude over the winter

pole (Bardeen et al., 2008) (cf. Fig. 1). The integrals

over the respective model size distributions are scaled

as such that they represent the absolute values of ob-

served N10nv. Note that an individual stratospheric sul-

furic acid particle may incorporate more than one re-

fractory core. The COPAS technique does not unam-

biguously allow for assorting an individual refractory

residual to a single sulfuric acid droplet. It also does not

allow for a strict conclusion as to whether multiple re-

fractory incorporations adhere together after the volatile

aerosol compounds are vaporized due to the heated CO-

PAS aerosol line. We assume, however, that after con-

traction due to the surface tension of each evaporating

Figure 1. Model size distributions of stratospheric aerosol as pro-

vided in parameterized form by different sources: Jaenicke (1980),

Wang et al. (1989), and Deshler (2008), and one size distribution

published in Bardeen et al. (2008), from numerical simulations of

meteoritic material ablated in the mesosphere and subsided to 30 km

altitude. The gray shaded area denotes the range from maximum to

minimum values of the size distributions that are used as the upper

limit of the estimates described in Sect. 6. The size distribution re-

sulting from numerical investigations serves as the lowermost limit

of this estimate.

droplet, the van der Waals forces will keep the remain-

ing refractory residuals in the shape of a single particle.

3. The particle’s material density ρp is estimated to be on

average about 2000 kg m−3, with an uncertainty range

of 1000–3000 kg m−3. The chosen average value is in

general agreement with former studies where ρp of

2000 kg m−3 was used, referring to the density of a typi-

cal stone meteorite (Chondrite, e.g., Hunten et al., 1980;

Plane, 2004). We use ρp of 3000 kg m−3 as the upper-

most limit as this accounts for the possibility that chem-

ical conversion of meteoritic material dissolved in the

H2SO4 liquid phase produces salts such as iron sulfate

hydrates.

4. To estimate the particle burden as a function of model

pressure altitude, the relationship between the potential

temperature2 (in K) and the atmospheric pressure p (in

hPa) is needed, which is derived from parameterizations

of the measured values of 2 and p.
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3 Field campaigns in the years 2003, 2010 and 2011

Three measurement campaigns were carried out in the Arc-

tic winter seasons of the years 2003, 2010 and 2011, from

Kiruna, Northern Sweden (67◦49′ N, 20◦30′ E) deploying 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 (Günther et al., 2008)

– combined with the European space agency (ESA)

ENVISAT – Arctic Validation 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 (Kaufmann et al., 2014).

3.1 EUPLEX

The flight activities during EUPLEX/ENVISAT validation

(in the following EUPLEX) took place between 10 January

through 19 March 2003, with a downtime between 11 and 28

February. Stratospheric air mass exchange between the in-

terior and exterior of the polar vortex during EUPLEX was

analyzed by Günther et al. (2008) and further discussed by

Werner et al. (2010). In summary, two major vortex breakup

events happened during the EUPLEX period: (a) from 21

January through 23 January; and (b) from 15 February to

23 February. Both were followed by vortex recombination

(Günther et al., 2008).

3.2 RECONCILE and PremierEX

The flight activities during RECONCILE/PremierEX (abbre-

viated as RECONCILE) were conducted between 17 January

and 10 March 2010. During RECONCILE there was a down-

time between 2 and 27 February (cf. von Hobe et al., 2013).

As described by Dörnbrack 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 breakup oc-

curred in mid-February followed by recombination in early

March. During both breakup events the coldest of the two

vortex fragments survived and regenerated. The regeneration

period to recover a compact vortex structure lasted until the

beginning of January 2010 and the beginning of March 2010,

respectively. The simulation of inert artificial tracers in the

CLaMS model indicates that the first vortex split in Decem-

ber 2009 caused a strong exchange and dilution of air inside

the vortex with air from lower latitudes. In contrast, the sec-

ond split of the vortex negligibly influenced the air compo-

sition inside the vortex. After regeneration at the beginning

of March 2010, the air chemical composition inside the vor-

tex exhibited a high grade of homogenization compared to

the conditions found following the first split of the vortex in

December 2009.

Both missions, EUPLEX and RECONCILE, covered the

same seasonal time in the Arctic winter and early spring pe-

riod. For EUPLEX and RECONCILE the data of the first and

second phases, before and after the downtimes, are denoted

with suffixes -A and -B.

3.3 ESSenCe

The flight activities during ESSenCe were performed during

December of 2011, i.e., early in the winter season. In contrast

to the more disturbed and warm Arctic winters of 2002/2003

and 2009/2010, the vortex during ESSenCe remained mainly

unperturbed. The absence of perturbance led to the early for-

mation of a strong horizontal transport barrier and very cold

temperatures below 192 K at the 50 hPa pressure level in De-

cember 2011. During the ESSenCe winter extended fields

of persisting synoptic scale PSCs were observed and probed

(Molleker et al., 2014; Woiwode et al., 2014).

4 Observations and results

The measured aerosol mixing ratios in the Arctic winter

stratosphere are summarized in Figs. 2 through 4.

4.1 EUPLEX winter 2003

Outside the polar vortex (ξvi< 0.25): for 2> 400 K, the

mixing ratio N10 remains fairly variable between 150 and

300 mg−1 and becomes more compact with increasing2 un-

til 440 K with ∼ 200 mg−1 (Fig. 2a and d). The fraction f of

non-volatile particles (Fig. 2c and f) for EUPLEX generally

remains below 50 %.

Variable mixing states of vortex air with midlatitude air

(0.25<ξvi< 0.75) : N10 is usually constrained to lower val-

ues between 100 and 200 mg−1 (Fig. 2a and d). For variable

mixing stages the values of f range between 25 and 60 %

(Fig. 2c and f).

Inside the vortex (ξvi> 0.75) : N10 continuously increases

with2. This is particularly obvious in Fig. 2a (also in Fig. 2d,

though vertically limited to 465 K) from the vertical pro-

file of N10 for EUPLEX. The mixing ratio of non-volatile

particles N10nv behaves similarly as a function of altitude

(Fig. 2b and e). Inside the polar vortex N10nv increases con-

siderably with rising 2, and significantly exceeds the mag-

nitude of N10nv observed outside the vortex. The fraction f
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Figure 2. Vertical distribution of particle mixing ratioN10 (left col-

umn), N10nv (mid column) and resulting fraction f of non-volatile

particles (right column) versus the potential temperature 2 for the

EUPLEX campaign in 2003. Data are additionally subdivided (cf.

Sect. 3) in period A (January–February 2003) and period B (Febru-

ary–March 2003). Data points for 2 above 400 K are color-coded

according to 1N2O vortex index ξvi. For 2 below 400 K, data

points are left in gray 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).

is generally larger than 50 % and reaches up to 80 % during

EUPLEX-A (Fig. 2c).

For EUPLEX-B (Fig. 2d) the vertical dependence of N10

in principle behaves similarly to the EUPLEX-A period.

However, despite the fact that the M-55 Geophysica oper-

ated at its maximum ceiling, the high 2-levels of EUPLEX-

A could not be reached during EUPLEX-B. Nevertheless,

N10nv from Fig. 2e resembles the observations of EUPLEX-

A. While differences in f between the inside and the outside

of the vortex are visible in both data sets, the highest values

of up to 80 % were measured during EUPLEX-A.

4.2 RECONCILE winter 2010

Outside the polar vortex (ξvi< 0.25): during RECONCILE-

A N10 does not significantly differ between the inside

and the outside of the vortex (Fig. 3a). In RECONCILE-

B, the measurements were mainly made outside the polar

vortex with the highest 2-levels above 510 K. Here N10

(Fig. 3d) shows a nearly constant profile with values at about

100 mg−1 for2> 400 K. The fraction f of non-volatile par-

ticles (Fig. 3c) for RECONCILE-A generally remains below

Figure 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 1N2O vortex index ξvi. For

2 below 400 K, data points are left in gray as the inside or outside

vortex apportioning is not unambiguous (cf. Sect. 2). Black lines

indicate a regression of data points that meet the inside-vortex cri-

terion (Sect. 2).

50 %. At altitudes above 450 K, which were reached only in

RECONCILE-B, the fraction f exceeds 50 % (Fig. 3f) with

significantly enhanced variability until highest flight levels.

Inside the vortex (ξvi> 0.75): the vertical profile of N10nv

(Fig. 3b and e) indicates that the mixing ratio of refractory

aerosol increases inside the vortex where also the highest

values of the fraction f (Fig. 3c and f) are reached. Dur-

ing RECONCILE-A the inside and outside vortex distribu-

tions are clearly less distinct compared to EUPLEX. This

lack of contrast could be due to significant dilution of the

vortex content with midlatitude air associated with the vortex

breakup and recombination prior to RECONCILE-A. Only a

few measurements could be performed well inside the po-

lar vortex during RECONCILE-B. These show in contrast

to RECONCILE-A a considerable increase in N10nv from

about 80 mg−1 to nearly 180 mg−1 between 400 and 460 K

(Fig. 3b).

4.3 ESSenCe winter 2011

Outside the polar vortex (ξvi< 0.25): compared to EU-

PLEX and RECONCILE, the particle mixing ratios mea-

sured during ESSenCe in December 2011 are generally low

(Fig. 4a) with values of N10 smaller than 100 mg−1 for

2> 400 K. Repeatedly, as also observed during EUPLEX
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Figure 4. Structured as Figs. 2 and 3 for the ESSenCe campaign in

2011 with the color-coding of data according to the 1N2O vortex

index ξvi. For 2 below 400 K, data points are left in gray as in-

side or outside vortex air cannot be apportioned unambiguously (cf.

Sect. 2). Black lines indicate a regression of data points that fulfill

the inside-vortex criterion (Sect. 2).

and RECONCILE-B, the fraction f remains below 50 %

(Fig. 4c).

Inside the vortex (ξvi> 0.75): the vertical profile of N10nv

(Fig. 4b) exhibits a steeper increase with altitude than N10

which agrees qualitatively with the corresponding results of

the previous campaigns. As a consequence, similarly high

values of f are found (Fig. 4c). This means that during

ESSenCe the highest fractions of f were also observed in-

side the polar vortex reaching values between 60 and 80 %.

5 Synopsis of observations during individual

Arctic winters

All observed vertical profiles of the submicron particle mix-

ing ratios are compared in Fig. 5 in terms of medians with

percentiles:

5.1 Outside the polar vortex (2 > 400 K)

N10: lowest values of N10 at all altitudes are reached in the

earliest winter period (ESSenCe, Fig. 5a). Later in the winter

N10 may either remain nearly constant with altitude (REC-

ONCILE, Fig. 5i) or may exhibit variability, reaching an en-

hancement by a factor of up to 2.5 during EUPLEX (Fig. 5e).

The considerable difference in the vertical distribution ofN10

between the EUPLEX A- and B-periods (between 430 and

450 K) may be related to an air mass exchange with vortex

air during the vortex breakup (Curtius et al., 2005; Werner et

al., 2010).

N10nv: values of N10nv are similar with 30–60 mg−1 for

all late-winter situations (Fig. 5f and j). In contrast, during

early winter, the values are between 20 and 35 mg−1, and

thus lower (Fig. 5b).

Fraction f: Isentropic air mass exchanged prior to

EUPLEX-B is also indicated by the decreased f (Fig. 5h,

open red circles) for 2> 420 K. In general, values for f of

25–50 % are very similar for ESSenCe (Fig. 5d) and EU-

PLEX (Fig. 5h). During RECONCILE (Fig. 5l) f is gen-

erally higher, reaching 50 % for 2< 450 K. Further above

(450 K<2< 510 K) f is increasing up to 60 % outside the

polar vortex.

However, high 2-levels (450 K<2< 510 K) 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.

5.2 Inside the polar vortex (2 > 400 K)

N10 and N10nv: both mixing ratios exhibit a considerably

steeper increase with 2 than found outside the vortex. Ad-

ditionally, the gradient of the enhancement of N10nv (2) is

stronger than for N10 (2). Differences between the A- and

B-phases of EUPLEX and RECONCILE result mainly from

the air mass descent within the vortex. Although N10 is com-

parably low during ESSenCe (Fig. 5a), also here the increase

of N10nv (2) (Fig. 5b) is steeper than that of N10 (2).

Fraction f: the strongest increase of f with 2 were ob-

served (a) for EUPLEX-A, RECONCILE-B – with less dis-

turbed vortex conditions for a certain period prior to the ob-

servations, and (b) during ESSenCe when the vortex had just

developed. Values of f as high as 70 % were found in the vor-

tex at2∼ 450 K. Only for EUPLEX-A and RECONCILE-B

the median values exceed 70 % at higher altitudes (∼ 470 K

in RECONCILE-B, Fig. 5l). In the2 range above 480 K only

data from EUPLEX-A indicate a slight decrease of f with

increasing potential temperature.

5.3 Contribution of volatile particles

With the mixing ratio difference given asN10–N10nv the con-

tribution of volatile and semi-volatile particles is accounted

for. As long as coated non-volatile particles have diameters

larger than 10 nm they are included in N10. Once the volatile

coating is removed, releasing a residual with dp< 10 nm, this

remnant is not accounted for with N10nv. Therefore, the CO-

PAS measurement technique does not allow for distinguish-

ing between either a fully volatile particle or a semi-volatile

particle with a diameter of close to 10 nm. The mixing ratio

difference N10–N10nv during ESSenCe (Fig. 5c) decreases

for 2> 400 K outside the vortex and remains nearly con-

stant as a function of altitude inside the vortex. For EU-

PLEX (Fig. 5g) N10–N10nv does not exhibit such a steep

increase with altitude inside the vortex as found for N10nv.

Surprisingly, for the RECONCILE case (Fig. 5k) very sim-

ilar values of N10–N10nv with 2 are measured inside and

outside of the vortex as well as during RECONCILE-A and
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Figure 5. Median vertical profiles of particle mixing ratios with 25th and 75th percentiles (bars) as function of potential temperature 2.

If whiskers are not visible the percentile range is covered by the size of data points. Data are attributed to either originate from inside

(dots) or outside the vortex (circles) by using the 1N2O vortex index ξvi (cf. Sect. 2). Aerosol mixing ratios N10, (left column), N10nv

(mid-left column), mixing ratio difference N10–N10nv (mid-right column) and resulting fraction f of refractory particles (right column).

(a) to (d) from ESSenCe (i.e., the mission conducted the earliest in the winter season); (e) to (h) data from EUPLEX; (i) to (l) results from

RECONCILE.

RECONCILE-B. The most likely reason for this 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 refractory aerosols increasing

with altitude. The fact thatN10nv andN10–N10nv behave dif-

ferently indicates that N10nv has sources that are decoupled

from those of the mainly volatile aerosols. Essentially, the

constant values of N10–N10nv observed inside and outside

the vortex over the complete RECONCILE mission period

may be a result of exceptionally warm stratospheric temper-

atures. However, for the RECONCILE case this means

a. Increasing particle mixing ratios as a function of altitude

inside the vortex are primarily supplied by aerosol con-

taining refractory cores. Otherwise, N10–N10nv would

generally show a similar increase with altitude, and

b. Even if N10–N10nv includes non-volatile residuals too

small to be detected (dp< 10 nm), the particles de-

scending inside the vortex during RECONCILE con-

sisted predominantly of non-volatile particles larger

than 10 nm.

5.4 Particle mixing ratio as function of N2O

mixing ratio

In Fig. 6 the particle mixing ratios N10nv and the fractions f

are correlated with the mixing ratio of the long-lived tracer

N2O which was concurrently measured. Since the N2O mix-

ing ratios monotonically decrease with rising altitude in the

stratosphere, the ordinates in Fig. 6 are reversed.

For high N2O mixing ratios (>250 nmol mol−1) positive

correlations are found as N2O as well as N10nv and f de-

crease with altitude in the lowermost stratosphere. At smaller

N2O mixing ratios there is no or only a slight anticorrelation,

i.e., increasing N10nv and f with decreasing N2O mixing ra-

tios. At values of N2O below 200 nmol mol−1 (i.e., at values

typical for the Arctic lower stratosphere) a clear anticorrela-

tion is observed showing risingN10nv and f with decreasing

N2O. These low N2O values (down to 70 nmol mol−1) in-

dicate that air masses from higher altitudes descended inside

the vortex. The elevated concentrations of refractory particles
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Figure 6. Mixing ratio of non-volatile particles N10nv and their fractional contribution f to measured total aerosol abundance as function of

N2O mixing ratio. The data points are colored according to the 1N2O vortex index ξvi. Data points are designated in gray if measurements

occurred at 2-levels below 400 K for which inside or outside vortex apportioning is not unambiguous (cf. Sect. 2). For data measured

inside the vortex (ξvi> 0.75) the black lines indicate a linear correlation. Alternatively, for N2O below 250 nmol mol−1, curves representing

a canonical correlation are provided as gray lines with the ESSenCe data (early winter) referring to conditions as closest to the pre-vortex

situation (a). The same early winter climatology provides a reference for comparison to data from measurements in progressed winter (b to e).

are thus an indication of such non-volatile materials being

supplied from aloft. As this anticorrelation is very similar for

the late-winter campaigns of EUPLEX and RECONCILE, its

occurrence apparently is not a unique event. Unfortunately

for ESSenCe no flights were conducted in the late winter sea-

son.

Inside the vortex, the mixing ratio N10nv generally in-

creases faster than N10 with decreasing N2O. As a conse-

quence, the fraction f of non-volatile particles grows with
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altitude and falling N2O, and refractory aerosol particles in-

creasingly contribute to the enhanced particle mixing ratios.

The ratio f is shown in Fig. 6f to 6j as a function of the N2O

mixing ratio. For N2O mixing ratios below 175 nmol mol−1,

the fraction of non-volatile aerosol is about 50 %, or higher.

Further above f increases to values of up to 80 % (EUPLEX-

A – Fig. 6g, RECONCILE-B – Fig. 6j or ESSenCe – Fig. 6f).

Contrary to N10nv the gradients of the fraction f with de-

creasing N2O 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 po-

lar vortex and above 490 K potential temperature up to

150 mg−1 (N10nv) from a total of 200 mg−1 (N10) are ther-

mally stable at 250 ◦C. Therefore, a large fraction of investi-

gated aerosols does not evaporate at 250 ◦C and contains ma-

terials other than H2SO4, HNO3, H2O or other volatile com-

pounds. For these reasons it can be assumed that the thermo-

stable aerosols are predominantly comprised of meteoric ab-

lation materials, although detailed chemical analyses of such

particles in the submicron size range are still scarce (cf. Mur-

phy et al., 2013 and references therein).

6 Implication of the observations and discussion

6.1 Vertical profiles of non-volatile particle mixing ratio

The study of Wilson et al. (1990) already described increas-

ing submicron aerosol concentrations at altitudes of up to

20 km inside the Arctic vortex by measurements utilizing

the NASA ER-2 aircraft during the Airborne Arctic Strato-

spheric Expedition (AASE) in January and February 1989.

Further evidence for an increasing number concentration of

condensation nuclei (CN) as a function of altitude was found

from balloon-borne measurements with significant excess at

higher altitudes (between 20 and 28 km) at Kiruna in January

1990 (Hofmann et al., 1990; Fig. 1a therein). However, Wil-

son et al. (1990) suggested that homogeneous nucleation of

the H2SO4 /H2O system may have been the source of these

particles in the Arctic winter stratosphere. The observations

of Campbell and Deshler (2014) in the Antarctic vortex seem

to support this suggestion.

Nevertheless, recent new particle formation was

never identified throughout our Arctic measurements

as increased concentrations of ultrafine particles (with

6 nm<dp< 15 nm) were not observed. In addition, the

particle mixing ratio difference N10–N10nv (Fig. 5) remains

fairly constant with altitude inside and outside the vortex

(ESSenCe, Fig. 5c, RECONCILE Fig. 5k). However, if

N10–N10nv increases with altitude then N10nv increases

more strongly (EUPLEX, Fig. 5f and g) particularly inside

the vortex. Thus, it seems apparent that enhanced particle

mixing ratios with altitude are mainly linked to a supply of

refractory particles from higher altitudes.

Of course, it cannot be ruled out that many refractory

residuals were too small (if dp< 10 nm) to be detected

with COPAS. Such ultrafine particles are produced by re-

condensation of metallic vapors from meteoritic ablation

to form MSPs (Megner et al. 2008; Saunders et al., 2012;

Dohmse et al., 2013). Particles in this size range, for instance

if involved in noctilucent cloud formation, could be trans-

ported down to the middle stratosphere. Plane (2012) sug-

gests by referring to numerical studies (Bardeen et al., 2008;

Megner et al., 2008) that these ultrafine particles most likely

agglomerate to diameters of up to 80 nm, e.g., driven by elec-

trical charges, before entering the middle stratosphere from

above. It is possible that the observations made by Wilson et

al. (1990) also included a major fraction of refractory aerosol

material. Under this assumption, and considering the obser-

vations by Curtius et al. (2005) from EUPLEX together with

our findings presented in this study, we hypothesize that this

particle import is a regular feature of the late winter polar

vortex in the Northern Hemisphere, provided that the vor-

tex develops throughout the season without being strongly

diluted by midlatitude in-mixing.

6.2 Correlations of non-volatile particles with

tracer N2O

As shown in Fig. 6a to 6e, the enhancement of refractory

aerosol particles larger than 10 nm with decreasing N2O in-

side the vortex results in a rather compact anticorrelation.

This correlation of N10nv and N2O is indicated by the linear

fits for data points with ξvi higher than 0.75. The slope of the

correlation is much smaller for the ESSenCe period in De-

cember 2011 (Fig. 6a) than for the other cases, and the steep-

est slopes are found for the EUPLEX-B and RECONCILE-B

periods in late winter.

The observed correlations between N10nv and the long-

lived tracer N2O can be consistently interpreted in terms of

the theory of stratospheric tracer–tracer correlations, which

is well-developed and verified by observations (cf. Plumb,

2007, and references therein).

In the absence of the polar vortex, rapid isentropic mixing

creates a unique extratropical canonical correlation between

two long-lived tracers. The shape of the canonical correla-

tion of tracers is determined by the vertical distribution of

the respective sources and sinks. In particular, this canoni-

cal correlation is expected to exhibit curvature in the region

close to sinks or to sources of either compound, but to be

linear elsewhere.

After the formation and ensuing subsidence of the polar

vortex, the polar transport barrier isolates the air inside the

vortex. As a consequence the correlation within the vortex

may change over the course of the winter due to diabatic dis-

persion within the vortex and/or in-mixing of midlatitude air.

For reasons explained by Plumb (2007), the effect of these
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processes is a progressive straightening of the correlations.

Thus, while the curved canonical correlation is expected to

remain almost unchanged at midlatitudes, the correlation in-

side the vortex is expected to progressively deviate from the

canonical curve toward its concave side due to diabatic dis-

persion and/or midlatitude in-mixing.

The gray lines in Fig. 6 are congruent with the ESSenCe

correlation inside the vortex, qualitatively extrapolated by its

expected continuation toward lower N2O values. Above the

sampled altitudes N2O continues to decline and eventually

converges towards zero in the mesosphere while N10nv will

further increase by approaching the source region of the re-

fractory aerosol. The observed evolution of the correlations

inside the vortex toward higher N10nv at a given N2O from

early winter (ESSenCe, Fig. 6a), to mid and late winter (EU-

PLEX: Fig. 6b or RECONCILE: Fig. 6e) corresponds in-

deed to a progressive deviation toward the concave side of

the original curve as expected according to the arguments of

Plumb (2007) described above.

Note that the correlations cannot change due to the mean

large-scale subsidence. The correlations could only deviate

from their canonical shape due to diabatic dispersion and/or

in-mixing from midlatitudes (cf. Plumb, 2007). However,

these processes, dispersion or in-mixing, would have differ-

ent effects on the evolution of the vertical profiles. (1) Midlat-

itude in-mixing would tend to decrease particle mixing ratios

at a given potential temperature above 410 K, thus counter-

acting the mean subsidence. (2) Alternatively, diabatic dis-

persion would lead to additional dispersive downward trans-

port of particles. Because of the observed strong particle

increase at all potential temperatures above 410 K between

early and late winter (despite slow mean subsidence at these

altitudes), we hypothesize the following:

1. The diabatic dispersion is the dominant factor in the

evolution of the correlations and likely also contributes

significantly to the evolution of the vertical profiles.

2. The diabatic dispersion is thus an important mechanism

for the transport of refractory particles to the vortex bot-

tom.

In order to evaluate similarities and differences of the gra-

dient as a function of 2 and the N2O 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

ξvi.

6.2.1 Outflow region at the vortex bottom

(380 K < 2≤ 410 K)

From the RECONCILE data set shown in Fig. 7b and 7e it

can be seen that the functions N10nv(2) and N10nv(N2O)

are not linear over the entire range of 2 and N2O. Instead

there is a much smoother increase for 380 K<2≤ 410 K

Figure 7. Mixing ratio of non-volatile particles N10nv as a function

of potential temperature2 (a to c) and as a function of N2O mixing

ratio (d to f) for measurements inside the vortex (i.e., where 1N2O

vortex index ξvi> 0.75). Data points are color-coded by means of

1N2O vortex index in the range 0.75<ξvi< 1. Results are sepa-

rated for 2-levels below 410 K (crosses) and above 410 K (dots) to

account for the visible discontinuity (i.e., a transition zone) at the

vortex bottom. Linear correlations are assumed for 2-levels above

410 K and linear regressions are implied. These are separately dis-

played in Fig. 8 for better comparability.

compared to2> 410 K. The data points of the altitude range

below 410 K are shown as crosses (Fig. 7b), likewise for the

EUPLEX (Fig. 7a) and ESSenCe (Fig. 7c) data. The devia-

tion from a single straight line is most pronounced for REC-

ONCILE. For ESSenCe, there may not have been enough

data points or, more likely, the distinct gradients for altitudes

above 410 K 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. Be-

low 410 K (Fig. 7b), the vortex boundary no longer acts as

an effective transport barrier, thus allowing for more effi-

cient isentropic exchange and mixing with the midlatitudes

(Haynes and Shuckburgh, 2000). As a result, in this region,

no separate vortex correlation forms. Observational indica-

tions for the existence of such a transition zone were previ-

ously described by Weinheimer et al. (1993). For a very sim-

www.atmos-chem-phys.net/14/12319/2014/ Atmos. Chem. Phys., 14, 12319–12342, 2014



12332 R. Weigel et al.: Enhancements of the refractory submicron aerosol fraction in the Arctic polar vortex

Table 1. Parameterization with standard error (σ) of the linear regression between the particle mixing ratio N10nv with potential temperature

2 and with N2O mixing ratio for different altitude ranges, 2< 410 K and 2> 410 K, respectively, within the vortex as displayed in Fig. 8.

y = f (x)= ax+b in mg−1; a1, b1 and correlation coefficient r2
1

for 390 K<2≤ 410 K; a2, b2 and correlation coefficient r2
2

for2> 410 K.

x =2 in K x=N2O in nmol mol−1

EUPLEX RECONCILE ESSenCe EUPLEX RECONCILE ESSenCe

a1± σ – 0.34± 0.02 0.42± 0.06 – −0.21± 0.02 −0.19± 0.04

b1± σ – −96.3± 7.5 −135.6± 24.8 – 88.3± 3.9 77.3± 9.2

r2
1

– 0.43 0.52 – 0.45 0.58

a2± σ 1.01± 0.02 1.56± 0.01 0.54± 0.02 −0.71± 0.05 −0.68± 0.01 −0.21± 0.01

b2± σ −365.8± 8.9 −616.3± 5.3 −187.9± 9.3 178.5± 2.1 180.9± 1.1 81.4± 1.2

r2
2

0.74 0.83 0.54 0.85 0.90 0.72

Figure 8. Linear regressions with 95 % confidence interval for the

mixing ratio of non-volatile particles N10nv as function of potential

temperature 2 (a) and N2O mixing ratio (b). Results from mea-

surements within the vortex (1N2O vortex index ξvi> 0.75) are

shown for the three Arctic missions: EUPLEX (2003), RECON-

CILE (2010) and ESSenCe (2011).

ilar 2-altitude range Borrmann et al. (1995) identified this

transition zone below the vortex bottom by linear correlations

between ozone and the aerosol surface area mixing ratio,

though from larger particles of volcanic origin. The described

discontinuity is not only present in the linear correlations

between the mixing ratio N10nv and potential temperature,

but also in those between N10nv and N2O for RECONCILE

(Fig. 7e). This clearly shows that different air masses are in-

volved, and we presume that efficient air mass exchange in

the outflow region at the vortex bottom causes the observed

discontinuity. A similar although much less pronounced dis-

continuity is also observed for ESSenCe, while for EUPLEX

there are too few observations at the vortex bottom for it to

be discerned.

6.2.2 In the unperturbed vortex (2 > 410 K)

The plots in Fig. 7 exhibit linear relationships over most of

the observed N2O range with correlation coefficients r2 of

0.72–0.90 for EUPLEX, RECONCILE and ESSenCe (cf. Ta-

ble 1). Over the observed 2 range the r2 of 0.54 for the

ESSenCe case indicates comparably weak confidence in a

linear relationship between 2 and N10nv.

All linear regressions of N10nv versus the potential tem-

perature and the N2O mixing ratio from the three field cam-

paigns are shown for comparison in Fig. 8, together with the

95 %-confidence intervals. The resulting regression parame-

ters are presented in Table 1.

a. N10nv as a function of potential temperature (Fig. 8a):

N10nv (2) strongly depends on the large-scale dynam-

ics of the vortex, in particular on the strength of vortex

descent and on the vortex stability over the winter pe-

riod. The observed vertical gradients of the three cam-

paigns are qualitatively consistent with continuing di-

abatic descent of vortex air and the surfaces of N10nv.

The smallest vertical gradient is observed for ESSenCe

(December) and the largest for RECONCILE (domi-

nated by the March observations up to 470 K). The cor-

responding values for EUPLEX (dominated by the Jan-

uary data up to 500 K) lie in between.

b. N10nv as a function of the N2O mixing ratio (Fig. 8b):

the agreement of the regression slopes between EU-

PLEX (i.e., −0.71± 0.05) and RECONCILE (i.e.,

−0.68± 0.01) is remarkable. Only the absolute values

of N10nv are shifted along the ordinate by a factor of

about 1.1. Note that in terms of the covered range of

N2O mixing ratio, measurements of RECONCILE-B

dominate the regression compared to the RECONCILE-

A period (cf. Fig. 6a to 6e together with Fig. 7d to

f). Thus, the data from the later mission period as-

sume more weight in the regression calculation. Such

a weighting imbalance is less pronounced for the EU-

PLEX period, although the lowest N2O mixing ratios

were detected predominantly during the earlier EU-

PLEX period. Finally, the slopes and intercepts of the

ESSenCe data regressions are quite different from those

of the other missions.

In summary, the observed correlations are qualitatively con-

sistent with the expected development of the N10nv–N2O
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correlation inside the vortex over the course of the win-

ter (as outlined above). Starting from the original canoni-

cal midlatitude correlation at the time the vortex forms, in-

side the isolated vortex the mixing ratio N10nv will contin-

uously increase on a given N2O surface: this is consistent

with the observed increase of N10nv between ESSenCe (De-

cember), EUPLEX (more weighted toward January data) and

RECONCILE (dominated by March data) and is most likely

driven by diabatic dispersion, in accord with current under-

standing of polar tracer transport (Plumb et al., 2002; Plumb,

2007).

6.3 Implications for PSC formation

The import of refractory material into the vortex constitutes

an important source of particles for a region where the isola-

tion of the vortex from isentropic in-mixing promotes het-

erogeneous chemical reactions connected to ozone deple-

tion. The non-volatile particles carried from aloft are most

likely incorporated by stratospheric sulfate aerosol or cov-

ered with sulfuric 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 H2SO4–H2O droplets of the stratospheric back-

ground aerosol. It may be assumed that stratospheric cloud

elements also, or even preferably, form on preexisting con-

densation surfaces (Hoyle et al., 2013; Engel et al., 2013) as

provided by refractory particles, particularly at times when

stratospheric background aerosol concentrations are low. In

particular, this process may be relevant in the polar strato-

sphere with a low degree of HNO3 supersaturation (Voigt et

al., 2005), which is a frequently occurring condition in the

Arctic.

Based on our data, up to 75 % by number of the aerosol

particles inside the vortex are, or contain, refractory cores

with a diameter larger than 10 nm. Their presence contributes

to the probability that PSC elements can form, either directly,

if the refractory cores have uncoated or partially coated sur-

faces, or indirectly, if the cores are fully incorporated in a

droplet of condensable material. A measure of the grade of

coating of each refractory aerosol is not obtainable with the

COPAS technique. The ability of an uncoated or partially

coated refractory aerosol particle to act as a PSC condensa-

tion nucleus may strongly depend on the chemical composi-

tion and surface property of the individual particle. Incorpo-

rated in a droplet, the ability of acting as a PSC condensation

nucleus should not differ from that of a pure, e.g., H2SO4

droplet if the core is inert and insoluble. If, in contrast, parts

of the refractory core are dissolved, important chemical con-

version or electric charges and polarity may influence the

ability of such a solution droplet to support PSC formation.

In conclusion, the refractory particles support the avail-

ability of condensation surfaces, and therefore the probability

that stratospheric cloud particles form only homogeneously

is diminished. Of course, our measurements cannot exclude

that PSCs form via new particle formation at even higher al-

titudes than explored by our mission flights. However, above

an altitude of 27 km the ambient temperature becomes too

high (>195 K ambient temperature) and the vapor saturation

too low for new particle formation of PSC elements to occur.

6.4 Estimates of the refractory aerosol mass contained

in the vortex

6.4.1 Calculation steps

In order to estimate the total amount of refractory submi-

cron aerosol contained inside the Arctic vortex, the following

steps were taken:

1. The vortex cross sectional areas (VCSAs) are calculated

by means of the CLaMS model in potential temperature

bins of 10 K. For the2 range of 400–500 K, the VCSAs

are averaged over the respective campaign duration (cf.

Sect. 2, results in Table 3). The determined VCSAs in-

clude the horizontally almost homogeneous parts of the

vortex for which the selected observations with values

of ξvi higher than 0.75 are representative. Thus, air re-

cently intruding from midlatitudes is not included.

2. Based on the regressions shown in Fig. 8a, the mixing

ratios N10nv are parameterized as a function of the po-

tential temperature (Table 1).

3. The available stratospheric aerosol size distributions are

parameterized as a sum of lognormal distribution func-

tions, where they are not already given in that form in

literature. From these lognormal distributions, applying

the Hatch–Choate equations (Hinds, 1999), the diam-

eter of average volume and the total volume concen-

tration are calculated. From the total volume and total

number concentrations, the average volume per particle

vp is computed.

a. As a lowermost limit of this estimate the mod-

eled size distribution of meteoritic ablation mate-

rial at 30 km altitude above the winter pole is taken

(Bardeen et al., 2008 and cf. Fig. 1). For the mean

volume per particle vp this size distribution yields

3.1× 10−23m3. The uncertainty with respect to the

resulting mean aerosol mass value is mainly given

by the range of material densities (cf. Step 7 in this

list).

b. As the uppermost limit of this estimate, the param-

eterized model size distributions of stratospheric

aerosol from three different studies (Jaenicke,

1980; Wang et al., 1989; Deshler, 2008) are con-

sidered. The volume per particle is given as a vol-

ume range (cf. Table 2) resulting from the range of

underlying size distributions (Fig. 1). We consider
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Table 2. Estimated volume (vp) of one refractory aerosol particle, particulate material density (ρp) and parameterized 2–p relationship for

the estimate of the total mass of refractory aerosol within the air volume of the polar vortex (cf. Sect. 6).

p in hPa= A+ exp (−C · (2 in K− B))

EUPLEX RECONCILE ESSenCe

vp in m3 ρp in kg m−3 A B C A B C A B C

Mean 5.00× 10−20 2000 46.1 550.5 0.0252 39.3 698.6 0.0149 46.0 557.6 0.0246

Min. 8.71× 10−21 1000 31.8 594.7 0.0198 34.3 743.4 0.0125 38.8 592.3 0.0203

Max. 1.86× 10−19 3000 30.8 753.8 0.0127 25.1 832.7 0.0110 4.87 823.0 0.0109

the uncertainty as the maximum range of average

volumes per particle derived from these size distri-

butions available in literature.

4. The total particle volume per air mass (in m3 kg−1) is

calculated from N10nv and the average volume per par-

ticle from Step 3 as a function of the potential tempera-

ture.

5. The 2–p relationship is parameterized based on mea-

surements for the respective Arctic campaign (Table 2).

For each campaign the uncertainty is considered as the

maximum range of all measured relationships. The total

air mass is then calculated from the VCSA values from

Step 1 and the pressure differences at chosen 2-levels,

which have a distance of 10 K from each other.

6. The total particle volume per2-level is calculated from

the total air mass per 2-level and the particle volume

ratio (in m2 kg−1) for the corresponding level.

7. The total particle mass per 2-level is calculated from

the total particle volume and the particle density. We

consider the uncertainty of the particle density as the

range between unit density (ρp= 1000 kg m−3) and the

density of solid meteoritic material. To account for

chemical conversion of meteoritic material, e.g., into

salts, a material density ρp of 3000 kg m−3 is chosen

as the uppermost limit (cf. Table 2). This relatively high

value of ρp is justified by the maximum material den-

sity reached by iron sulfate hydrates, a possible rem-

nant of dissolved meteoritic material in H2SO4. For the

estimate ρp= 2000 kg m−3 is chosen as the mean value

of the material densities range. The total particle mass

is obtained as the sum of all 2-levels between 400 and

500 K (Table 3) for which particle data were available.

Of course there are considerable uncertainties inherent in

such estimates:

a. About a factor of 5 in uncertainty is implied in vp from

the range of size distributions. The therein included,

but most important uncertainty arises from the unknown

true size distribution of refractory particles with diame-

ters between 10 nm–1 µm. COPAS detects the particles

of this size range, but does not size them. The use of the

stratospheric aerosol size distributions does only pro-

vide an uppermost extreme for estimating the meteoric

aerosol mass. The knowledge of the volume concentra-

tion of volatile in relation to non-volatile aerosol mate-

rial would significantly reduce the uncertainty our ap-

proach is bearing.

b. Further uncertainties of a factor of 1.2 come from the

2–p relationship, and an additional uncertainty factor

of 1.7 results from the range of particle material densi-

ties ρp.

c. Also, it has to be considered that substantial amounts

of refractory aerosol descending in the vortex are not

accounted for in our approach. Examples are those par-

ticles in the vortex edge region or within and below the

vortex bottom transition zone, as well as particles that

isentropically escaped from the vortex to midlatitudes

prior to the observation period.

d. Due to the COPAS activation limit and the inlet trans-

mission, particles of diameters smaller than 10 nm and

larger than about 1 µm are disregarded (Weigel et al.,

2009).

e. The model estimates of the VCSAs also involve uncer-

tainties of at the most 50 % as a conservative estimate of

this uncertainty, inherent with the accuracy of the com-

puted vortex edge and of the simulation of the mixing

parameterization.

6.4.2 Estimate results

In Tables 3 and 4 the results of our estimates are provided

in terms of the altitude-resolved mass of refractory aerosol

as a function of the potential temperature. The values for the

uppermost estimate are shown in Table 3 whilst the lower-

most estimates are given in Table 4. In the following mass

values are provided with a superscript index (∗) for a better

traceability of the data’s origin.

The applied pressure altitudes for the 2-levels indicate

the various meteorological vortex conditions of the differ-

ent campaigns. The resulting uppermost estimate (Table 3)
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Table 3. Averaged vortex cross section areas from CLaMS analyses and resulting altitude-resolved refractory aerosol masses. The integrated

aerosol masses inside the vortex are estimated from the in situ measurements under the assumptions detailed in Sect. 6. This estimate pro-

vides an uppermost limit of refractory aerosol mass as it is based on size distributions of the background stratospheric aerosol parameterized

from observations (cf. Sect. 2 and Jaenicke, 1980; Wang et al., 1989; Deshler, 2008). Vertical coordinates are given as potential temper-

atures and the corresponding pressure ranges from the 2–p relationship are provided in Table 2. By applying specific uncertainty factors

(

√
Mmax

nv /Mmin
nv ) the extremes of involved uncertainties are covered. Indices (∗) simplify the traceability of the data’s origin in the text.

Averaged vortex cross section area in km2 Altitude-resolved mass of refractory aerosol

based on size distribution of background stratospheric aerosol

EUPLEX RECONCILE ESSenCe EUPLEX RECONCILE ESSenCe

2 in K p range in hPa Mnv in kg p range in hPa Mnv in kg p range in hPa Mnv in kg

400 – 12 873 600 6 437 790 – – 131–119 6.7× 106 101–89 2.5× 106

410 10 259 900 15 007 800 7 474 930 85–77 4.4× 106 119–108 2.2× 106 89–79 2.4× 106

420 13 184 650 16 898 750 9 309 220 77–70 5.3× 106 108–98 4.7× 106 79–72 2.7× 106

430 15 466 600 18 565 200 11 463 200 70–64 5.7× 106 98–90 7.0× 106 72–66 3.0× 106

440 16 893 950 20 123 350 13 472 600 64–60 5.6× 106 90–83 8.7× 106 66–62 3.1× 106

450 18 023 400 21 159 700 14 218 900 60–57 5.2× 106 83–77 9.9× 106 62–58 2.8× 106

460 19 140 750 22 579 350 14 915 600 57–55 4.8× 106 77–72 1.1× 107 58–56 2.5× 106

470 20 157 300 23 282 300 – 55–53 4.3× 106 72–67 1.1× 107 – –

480 21 287 700 – – 53–51 3.9× 106 – – – –

490 22 248 850 – – 51–50 3.4× 106 – – – –

500 23 147 150 – – 50–49 3.0× 106 – – – –

Summed mass of refractory aerosol in kg

Total sum (1)45.6× 106 (3)61.7× 106 (2)21.3× 106

Uncertainty factor 10.8 9.8 9.9

Sum (100-67 hPa) 15.5× 106 (4)48.1× 106 (5)10.6× 106

Uncertainty factor 9.8 (10)9.9 (11)9.2

amounts to a mass of approximately 45.6× 106 kg ((1) in Ta-

ble 3) of refractory aerosol in the vortex column between 85

and 49 hPa for EUPLEX. The ESSenCe case with estimated

21.3× 106 kg ((2) in Table 3) of refractory particulate mat-

ter between 101 and 56 hPa may provide a reference for the

conditions when the vortex air is not yet influenced by ma-

jor particle import from above during the current winter. The

mean particle volume derived from the MSP size distribution

(Bardeen et al., 2008) is three orders of magnitude below cor-

responding values derived from the upper limit size distribu-

tions. Thus, the lowermost estimate generally yields a refrac-

tory aerosol mass which is a factor of 1000 less (Table 4) than

obtained from the upper limit within the vortex. The largest

estimated mass in the probed vortex column comes from the

RECONCILE measurements ((3) in Table 3), which are dom-

inated by data from March, i.e., the late Arctic winter.

Within a pressure range of 100–67 hPa the derived refrac-

tory aerosol masses from RECONCILE and ESSenCe are di-

rectly comparable. Presuming that the vortices undergo sim-

ilar developments throughout the different winters (which in

reality is not the case) the mass difference constitutes an en-

hancement of refractory aerosol by a factor of 4.5 during

three months from December through March (ratio of (4)

and (5) in Table 3 and of (6) and (7) in Table 4). With the

mean upper limit of this estimate the differential enhance-

ment ranges at 37.5× 106 kg (difference between (4) and
(5) in Table 3) and correspondingly for the lowermost limit

23.3× 103 kg (difference between (6) and (7) in Table 4) of

refractory aerosol material within the vortex over the course

of a winter.

Indeed, our observations made during ESSenCe most

likely represent the conditions within the lower vortex re-

gion prior to the arrival of additional refractory particles

from above. Assuming the simulation of Plumb et al. (2002)

to be realistic, and since the air mass is twice as large in

the column 67 to 1 hPa as in the observed column 100 to

67 hPa, we estimate that at the end of the Arctic winter about

10–30 % of the mesospheric air mass contributing to the en-

tire vortex volume is to be found in the measurement re-

gion below 470 K (see Fig. 6 in Plumb et al., 2002). We

assume further that the increase by a factor of 4.5 in the

observed particle mass between 100 and 67 hPa from mid-

December to late winter can be attributed to the downward

transport of refractory particles. The outflow of these parti-

cles at the vortex bottom may be negligible compared to the

import from aloft. Hence, applying division by 0.3 and 0.1

to the mass enhancement obtained within the probed vortex

regime, the particle import from the mesosphere is inferred,

with an uppermost (lowermost) limit over the entire vortex of

about (8)125–375× 106 kg (77–230× 103 kg) for the REC-

ONCILE winter 2009/2010.
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Table 4. Lowermost boundary for the estimates of the integrated refractory aerosol mass Mnv in the vortex. Assumptions are the same as

for previous calculation (cf. Sect. 6), as are the averaged vortex cross section areas from CLaMS as a function of 2. This mass estimate is

determined by a size distribution of meteoritic ablation material only over the winter pole resulting from numerical studies (Bardeen et al.,

2008). Vertical coordinates are given as provided in Table 2. Uncertainty factors of (

√
Mmax

nv /Mmin
nv ) are applied to cover the extremes of the

involved uncertainties. Indices (∗) simplify the traceability of the data’s origin in the text.

Altitude-resolved mass of refractory aerosol based on

modeled size distribution of meteoritic ablation material (Bardeen et al., 2008)

EUPLEX RECONCILE ESSenCe

2 in K p range in hPa Mnv in kg p range in hPa Mnv in kg p range in hPa Mnv in kg

400 – – 131–119 4.1× 103 101–89 1.6× 103

410 85–77 2.7× 103 119–108 1.4× 103 89–79 1.5× 103

420 77–70 3.3× 103 108–98 2.9× 103 79–72 1.7× 103

430 70–64 3.5× 103 98–90 4.3× 103 72–66 1.8× 103

440 64–60 3.5× 103 90–83 5.4× 103 66–62 1.9× 103

450 60–57 3.2× 103 83–77 6.2× 103 62–58 1.7× 103

460 57–55 3.0× 103 77–72 6.8× 103 58–56 1.6× 103

470 55–53 2.7× 103 72–67 7.1× 103 – –

480 53–51 2.4× 103 – – – –

490 51–50 2.1× 103 – – – –

500 50–49 1.8× 103 – – – –

Total sum 28.3× 103 41.5× 103 14.7× 103

Uncertainty factor 2.3 2.1 2.1

Sum (100–67 hPa) 9.6× 103 (6)29.8× 103 (7)6.5× 103

Uncertainty factor 2.1 2.1 1.9

6.4.3 Constraining the size distribution of the vortex

refractory aerosol

The expected global influx of meteoritic material is about

110× 103 kg per day (Love and Brownlee, 1993). Thus, per

year up to (9)40× 106 kg of meteoritic material may be de-

posited in the mesosphere. Parts of the recently deposited

aerosol material may remain in the mesosphere for sev-

eral years (Dhomse et al., 2013). Nevertheless, a certain frac-

tion of the recently deposited material may descend out of

the mesosphere due to the vortex-induced subsidence during

the next polar winter. When the vortex disintegrates in early

spring, the particles are horizontally spread towards midlati-

tudes over the entire vertical extension of the former vortex

column. Over the following seasons, until a new vortex can

form, a certain fraction of particles may remain in the region

above the pole. This fraction is available for incorporation

into the newly forming vortex leading to further descent of

particles. Finally, these particles reach the lowermost part of

the vortex at 2< 500 K ahead of the newly incoming meso-

spheric air in early winter. However, for a balanced mass bud-

get, the amount of material exiting the mesosphere towards

the stratosphere should be in the range of the mesospheric

input. Otherwise the meteoritic ablation material would ac-

cumulate in the mesosphere.

Thus, assuming a steady state situation and symmetry be-

tween the two hemispheres, each polar vortex would remove

half of the amount of the yearly influx ((9), cf. above) over

the course of a winter, i.e., 20× 106 kg. Consequently, the re-

fractory aerosol mass calculated from the size distribution of

MSPs at 30 km above the winter pole (Bardeen et al., 2008)

yields values, i.e., 23.3× 103 kg (difference between (6) and
(7) in Table 4), two orders of magnitude below the expected

mass influx. One could speculate that the vertical removal

of meteoritic material occurs more efficiently at lower lati-

tudes than due to the polar vortices, but this would contradict

the findings that, at the end of a polar winter, most of the

mesospheric content has been ingested by the vortex (Plumb

et al., 2002). Therefore, the meteoritic ablation material is

most likely drained to a large extent out of the mesosphere

via the winter vortex. Consequently, the lowermost limit of

our estimate seems to significantly underestimate the mass

of refractory aerosol within the vortex. The size distribu-

tion of Bardeen et al. (2008), if adjusted for the size range

of dp> 10 nm to be in accordance with N10nv, results in

an in-vortex mass of refractory aerosol that is much smaller

than could be expected. The resulting refractory aerosol mass

from the size distribution of Bardeen et al. (2008) does not

consider particles of sizes dp< 10 nm as these particles are

not detected by the N10nv channel of COPAS and as their

mass contribution is negligible.
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The size distributions that our estimates are based on only

provide certain limits of such calculations. The true refrac-

tory aerosol size distribution, which is currently unknown,

is very likely located somewhere in between the strato-

spheric background aerosol (Jaenicke, 1980; Wang et al.,

1989; Deshler, 2008) and the numerically derived size dis-

tribution of MSPs (Bardeen et al., 2008). Nevertheless, the

size distribution of the non-volatile remnants that remain, af-

ter the volatile compounds are evaporated, may not signifi-

cantly differ from a typical size distribution of an aged, pro-

cessed aerosol. Thus, it seems conceivable that the true re-

fractory aerosol size distribution is very similar in shape to

the size distribution of the stratospheric background aerosol,

but this true refractory aerosol size distribution may peak at

a certain smaller particle size. As a hypothesis, we assume

here that the distribution peaks closer to our estimate’s upper

limit rather than being strongly shifted towards the estimate’s

lowermost limit. To sufficiently drain the expected meteoritic

influx the true size distribution should result in an integrated

refractory aerosol mass inside the entire vortex that is of the

magnitude of the half-year influx, i.e., 20× 106 kg. Our es-

timate nearly approaches such a value with a tenth of the

upper estimate’s mean, i.e., 11.2–37.5× 106 kg (tenth of (8),

cf. end of Sect. 6.4.2). This value still ranges at the lower-

most extreme within this upper limit’s uncertainty ((10) and
(11) in Table 3). However, the amount of the daily influx of

meteoritic material is a matter of debate and could be a tenth

(Plane, 2012) of what is specified by other references (Love

and Brownlee, 1993; von Zahn, 2005).

There is the need to account for the probability that parts of

the refractory aerosol in the Arctic vortex may originate from

sources other than the meteoritic ablation in the mesosphere.

These particles, e.g., from air and space traffic, sub-Pinatubo

volcanism, biomass burning, etc., may contribute to the size

distribution of refractory aerosol in the vortex. The negative

correlation with N2O within the vortex indicates however

that these refractory aerosols previously resided at high al-

titudes. The Brewer–Dobson circulation serves as the most

important pathway leading the stratospheric material at high

altitudes towards the pole, requiring these particles to survive

a long-range transport. This condition is best fulfilled when

the size of these refractory particle ranges within the accu-

mulation mode (0.1<dp< 1 µm), which has the longest at-

mospheric life times. The hypothesized contribution of sub-

micron particles from other sources would be strongly sup-

ported if such particle species having an origin other than the

meteoritic ablation were identified within the vortex.

In conclusion, estimations such as ours bear many uncer-

tainties, but this clearly shows that comprehensive in situ

investigations are necessary with respect to the different

sources and transport mechanisms of refractory aerosol in the

stratosphere to eliminate the current ambiguities. Also such

in situ measurements of refractory aerosols at high altitudes

may be used for refining the boundary conditions of numeri-

cal models simulating the vortex dynamics.

7 Summary and conclusions

Inside the Arctic vortex up to 8 of 11 particles with diame-

ters larger than 10 nm and smaller than about 1 µm were ob-

served to consist of, or contain, non-volatile material. During

three Arctic winter seasons of the years 2003, 2010 and 2011

this observation was repeatedly made in qualitative agree-

ment. This agreement leads to the conclusion that the im-

port of refractory aerosol material in the Arctic polar win-

ter is a regular feature. We surmise that earlier observations

of increased aerosol number concentration inside the Arc-

tic vortex at about 20 km altitude (Wilson et al., 1990) and

above 20 km (Hofmann et al., 1990) also comprise refractory

aerosol and that new particle formation by homogeneous nu-

cleation at the considered high altitudes plays a less crucial

role than previously thought.

The quantity of refractory aerosols inside the vortex is con-

nected to the transport history of air masses entering the vor-

tex upper boundary from aloft, which includes air that could

originate from as high as the mesosphere. Particle mixing ra-

tios (up to 150 of non-volatile particles per milligram air)

and the fraction of non-volatile particles (up to 75 %) are

highest, where the air mass content of nitrous oxide (N2O)

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 bulk import

from the upper stratosphere or mesosphere has apparently

not yet reached the lower vortex observation region. In gen-

eral the observed evolution of refractory particles and their

correlation with the conserved tracer N2O in the Arctic vor-

tex are in accord with current understanding of tracer trans-

port and with the theory of tracer–tracer correlations (Plumb

et al., 2002; Plumb, 2007). Based on this evolution of verti-

cal profiles and correlations with N2O we suggest here that,

apart from mean subsidence, transport of refractory aerosol

to the lower vortex may be significantly driven by diabatic

dispersion resulting from differential subsidence and mixing

within the vortex. As shown here, until late March the refrac-

tory aerosol from high altitudes reaches down to the vortex

bottom at about 400 K, which could not be explained to re-

sult only from the slow mean subsidence in the lower vortex.

At the end of March, the downward motion inside the Arc-

tic vortex diminishes. Later the vortex dissolves, releasing

the ingested material for mixing towards midlatitudes. The

vortex can thus be understood as a temporary stratospheric

reservoir of refractory aerosol material imported from aloft.

The abundance of refractory aerosol in the winter vortex

is significantly driven by (a) the source strength (ablation

of penetrating meteorites, volcanic activity, or other sources)

for the aerosol material; (b) Rossby and gravity waves driv-

ing the meridional circulations in the mesosphere and strato-

sphere, including the polar winter descent of air from high

altitudes; and (c) the vortex stability, as mid-winter strato-

spheric warmings and vortex breakup facilitate air mass ex-
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change across the vortex boundary resulting in dilution of the

vortex with air from lower latitudes.

It can be assumed that over the course of a winter sea-

son the import of refractory aerosol due to the winter vortex

subsidence and diabatic dispersion also occurs in the Antarc-

tic. Recent studies (Campbell and Deshler, 2014) indicate

that occasionally new particle formation contributes to the

Antarctic aerosol loading at altitudes of 21–24 km. Never-

theless, also in the Antarctic, but above 24 km, fractions of

up to 80 % of non-volatile particles were observed.

From our measurements we have estimated the total re-

fractory aerosol mass in the lowermost vortex and further the

aerosol mass imported from aloft into the pressure interval

100–67 hPa between early (ESSenCe) and late winter (REC-

ONCILE). This estimate yields an enhancement of the re-

fractory aerosol mass by a factor of 4.5 at the lowermost vor-

tex (100–67 hPa) toward the end of an Arctic winter. These

estimates are further extrapolated to an estimate of the in-

tegrated refractory aerosol mass import into the entire Arc-

tic winter vortex, which is finally evaluated by comparison

with the assumed influx of meteoritic aerosol material. Of

course, large uncertainties are inherent in this approach. The

largest ambiguity arises from the unknown size distribution

of refractory aerosol within the Arctic vortex. However, the

value for the daily influx of meteoritic material is still a mat-

ter of discussion, and it is still possible that non-meteoritic

sources contribute to the vortex refractory aerosol composi-

tion. Nonetheless, within the given uncertainties our estimate

of the integrated refractory aerosol mass reveals that the im-

port into the Arctic winter vortex could in principle balance

the assumed meteoritic mass influx into the mesosphere.

Consequently, the remaining unresolved issues are con-

nected with the chemical composition, the morphology, and

physical nature of the refractory particles entering the po-

lar vortex for unambiguously specifying their origin. The

amount and role of anthropogenic components from space

debris, rocket launches and exhaust of high flying aircraft is

not well enough quantified. Even contributions of soil mate-

rials continuously released by sub-Pinatubo volcanism (e.g.,

Souffriere Hills, Nabro) and other ground sources, such as

biomass burning, possibly need to be considered. Knowledge

of the aerosol properties is also essential for conclusions con-

cerning the particle sources as well as their role and effec-

tiveness in PSC and, ultimately, in cirrus cloud formation.

Besides the need for more in situ measurements at high alti-

tudes we would like to emphasize the importance of labora-

tory experiments on heterogeneous nucleation of PSCs (par-

ticularly for nitric acid trihydrate – NAT) on the observed

refractory materials including particles coated with H2SO4,

HNO3, H2O, and possibly other condensable materials.
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