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Abstract. By the beginning of winter 2000/2001, a mysteri- and chemistry) — meteorology and atmospheric dynamics
ous stratospheric aerosol layer had been detected by four difmiddle atmosphere dynamics)

ferent Arctic lidar stations. The aerosol layer was observed
first on 16 November 2000, at an altitude of about 38 km
near Sgndre Strgmfjord, Greenland{6f 51° W)andon19 4
November 2000, near Andenes, Norwayq8B 16° E). Sub-

sequently, in early December 2000, the aerosol layer was obm the early 1960s, the first lidar observations of stratospheric
served near Kiruna, Sweden (@8, 21° E) and NyAlesund,  aerosol were reported (Fiocco and Grams, 1964). Some years
Spitsbergen (79N, 12° E). No mid-latitude lidar station ob-  pefore, Junge et al. (1961) discovered a permanent layer of
served the presence of aerosols in this altitude region. Th@erosol in the lower stratosphere, which is one of the four
layer persisted throughout the winter 2000/2001, at least Ugypes of aerosols identified by extensive soundings of the
to 12 February 2001. In November 2000, the backscatter rastratosphere during the fo"owing years: (l) “background"

tio at a wavelength of 532 nm was up to 1.1, with a FWHM aerosol, (2) volcanic aerosol, (3) smoke particles from fires,
of about 2.5km. By early February 2001, the layer had sedand (4) polar stratospheric clouds.

imented from an altitude of 38km to about 26km. Mea- The background aerosol is formed by particles in the
surements at several wavelengths by the ALOMAR and Kol-syp-micron range. Junge et al. (1961) observed particles
dewey lidars indicate the particle size was between 30 andmaller 0.1 micron diffusing upwards from the tropopause.
50nm. Depolarisation measurements reveal that the partithe particle density decreased from about 100&mear

cles in the |ayer are asphel’ical, hence solid. In the mld-[he tropopause to Olc‘rﬁ at 7-10km above. Particles
stratosphere, the ambient atmospheric temperature was tqgrger 0.1 micron reach their maximum mixing ratio of about
high to support in situ formation or existence of cloud parti- 1 ci=3 in the upper part of this region. This background
cles consisting of ice or an acid-water solution. Furthermore gergsol layer is often called as “Junge layer”. Particles in the
in the year 2000 there was no volcanic eruption, which COUIdmicron_range and |arger have been observed 0n|y occasion-
have injected aerosols into the upper stratosphere. Therey|ly (Junge et al., 1961). The background aerosol consists of
fore, other origins of the aerosol, such as meteoroid debrispeterogeneously condensed sulphuric acid droplets. Because
condensed rocket fuel, or aerosols produced under the influof the correlation between the tropopause altitude and the
ence of charged solar particles, will be discussed in the pagynge layer, the altitude of the background aerosol decreases
per. Trajectory calculations illustrate the path of the aerosolyolewards (Hofmann and Rosen, 1981).

cloud within the polar vortex and are used to link the obser-  geveral months after the eruption of Mt. St. Helens, the
vations at the different lidar sites. From the descent rate ohackground aerosol load increased by about a factor of 3
the layer and particle sedimentation rates, the mean down¢Hofmann and Rosen, 1982). This aerosol was observed to
ward motion of air within the polar vortex was estimated t0 phe smaller in size than during times without volcanic distur-
be about 124 m/d between 35 and 30 km, with higher valuegances. After the sedimentation of large ash particles, only
at the edge of the vortex. volatile aerosols were found at and above 18km. Similar

Key words. Atmospheric composition and structure tO the Junge aerosol, the volcanic aerosol consists mainly of

(aerosols and particles; middle atmosphere compositiorfulPhuric acid droplets. Above 26 km no enhancement of
the aerosol content by the Mt. St. Helens eruption was ob-

Correspondence tavl. Gerding served by balloon-borne instruments (Hofmann and Rosen,
(gerding@iap-kborn.de) 1982). The most recent volcanic eruption occurred 1991 at
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Mt. Pinatubo. Since 1996, no volcanic disturbance of the
stratospheric aerosol load has been observed.

Polar stratospheric clouds (PSCs) are observed at high lat
itudes during winter and spring. This aerosol is found mainly
below 30km altitude. In general, PSCs consist of (solid)
nitric acid trihydrate (NAT), ice crystals, or a supercooled
ternary solution (STS) of sulphuric acid, nitric acid, and wa-
ter. The appearance and spatial distribution of PSCs depend
strongly on the ambient temperature. From lidar observa-
tions, several types of PSCs can be distinguished by their
backscatter rati®k and depolarisatiod, which includes in-
formation about the phase of the particles. The backscattel
ratio is defined as the ratio of the total (aerosol + molecules)
to the molecular backscattering. Typically, the backscatter
ratio for the PSCs is larger than 1.1, and often exceeds a valug
of 10 in the case of ice particles (Browell et al., 1990). For the
background aerosols, backscatter ratios as higR as 1.1
at a wavelength of 532 nm are observed at the altitude range
from 15 to 20 km, decreasing #® = 1 above 30 km, where
the amount and size of aerosols have fallen below the detec
tion limit.

Above about 30 km, neither background aerosol, nor vol-Fig- 1. Map of the Arctic region with the lidar stations contributing
canic aerosol, nor PSCs have been found in the stratosphef@ the observations. Circles are af1atitude distance.
by lidar. In the upper mesosphere, at altitudes of about 82

to 85km, the temperatures during the summer can be suf- ) , )
ficiently low for the existence of water ice crystals. The laser was operating at each station, though at different

clouds formed by these crystals are called noctilucent clougdvavelengths out of the set of fundamental, second, and third

(NLCs) or polar mesospheric clouds (PMCs) (see, e.g. Gadsharmonics. At NyAlesund (Koldewey Station lidar, 78.8,

den and Scfirder, 1989). The atmosphere between about 30L1-9 E), an Hb-Raman shifted XeCl excimer laser was also

and 80 km is usually free of massive aerosals> 10 nm). used. Table 1 provides an overview of the instrumental
only in situ instruments give evidence for the existence ofSetup used for the observations. All systems use mechanical

so-called condensation nuclei (CN), with radii in the 10 nm choppers to protect the detectors from the strong backscatter

range. Hofmann et al. (1989) and Wilson et al. (1989) found©f the Iqwer atmosphere. The mol'ec'ular air. density used for
typical concentrations of about 100 cat altitudes of 20 to calculation of the backscatter ratio is obtalr_1ed from MSIS
25km above Antarctica with concentration decreasing withE90 model —atmosphere  (ARCLITE lidar, Sendre
height. Besides this small-sized sulphate aerosol, mineraptr@mfiord), a Tschebycheff polynomial fit (U. Bonn
particles of extraterrestrial origin are also found in the strato-1dar at Esrange, Kiruna), NRaman backscatter (ALO-
sphere. This meteoric dust remains as micrometeoroids i/AR R/M/R lidar, Andenes), or NCEP analyses (Koldewey
the stratosphere or forms from ablating meteoroids by recon!idar, Ny-Alesund).
densation (see, e.g. Hunten et al., 1980; Brownlee, 1985). On 16/17 November 2000, a small peak in backscatter
The concentration of the meteoric dust particles varies, infatio was observed in the Sgndre Strgmfiord lidar data at
general, between T@m=3 and some 19m~3, depending a@bout 38km, just above the full opening of the chopper at
on whether the particles are micrometre-sized or nanometre3° km. The backscatter ratifissz max reached a value of
sized, respectively. about 1.1 with a FWHM (full-width half-maximum) of the
We report on the first observation of an Arctic aerosol layerlayer of about 2km (Fig. 2). The layer had been observed
at an altitude of 38 km by four independent lidar stations (sed® b€ unchanged from the beginning (21:00 UT) to the end
Fig. 1). Following a description of the observations, the pos-(03:30 UT) of the measurements. The next soundings were
sible origin of the aerosol layer is discussed. From the result§erformed seven days later on 21/22 November, but with-
of the lidar observations, insights into polar vortex dynamics©Ut any sign of enhanced backscatter above 30km. During

in the data-sparse altitude region above 30 km are derived. the next operation of the lidar, on 23/24 November, the en-
hanced backscatter by aerosol was observed again, with only

minor variations in altitude and strength. (In fact, it is not
2 Instrumentation and observations possible to distinguish between aerosol effects on backscat-

ter ratio and incorrect assumptions on molecule density pro-
All observations described here have been performed byiles. But the proof for detection of aerosols is given by the
lidars detecting the elastic Mie and Rayleigh backscatte”ALOMAR observations of elastic and Raman backscatter.)
of aerosols and the ambient air molecules. An Nd:YAG Above the ALOMAR site near Andenes a mid-
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Table 1. Instrumental setup of the different lidar systems

lidar ARCLITE U. Bonn lidar at the Esrange  ALOMAR R/M/R Koldewey
location Sendre Stremfjord, Greenland Kiruna, Sweden Andenes, Norway Ald$ynd, Spitsbergen
latitude/longitude 670N, 50.92 W 67.9N,21.7°E 69.2N, 16.°E 78.9N,11.9E
used wavelength, nm 532 532 1064/532/355 5324353
output energy, mJ 560 600 360/360/215 150/200
repetition rate, pps 30 20 30 30/90
telescope diameter, m 0.92 »30.5 1.8 0.6
range resolution, m 48 150 150 150
depolarisation@ 532 nm no permanent occasionally permanent
reference Thayer et al., 1997 (Mer et al., 1997 von Zahn et al., 2000 Beyerle et al., 2001
reference density MSISE-90 polynomial fit >MRaman NCEP

1H,-Raman shifted radiation of XeCl excimer laser (308 nm)

backscatter ratio R backscatter ratio R with a FWHM of about 3 km. Depolarisation measurements
A0 Ll L2 L S—— ) with the U. Bonn lidar commenced on 10 January 2001.
\>' Byl Again, the scattering particles depolarised, must be aspher-
ST 1 ical, hence solid (Fig. 2).
-7 From the second half of November 2000 onwards, the
he Koldewey lidar at NyAIesund was operated routinely. A
T ,__:‘?- 130 sign of enhanced stratospheric backscatter was not observed

Andenes either in parallel or in perpendicular polarisation during the
24 Nov. 2000 November observation. The first December sounding was
' performed on 6 December 2000. The aerosol layer was
clearly visible at about 34 km altitude with a FWHM of about
135 3km. Figure 2 shows the higher perpendicular backscatter
ratio (Rs32¢ max = 1.3) compared with backscattering of par-
allel polarised light R532) max = 1.1).
Ki The aerosol layer was observed on several days at all sites.
iruna . . -

7 6 Dec. 2000 10 Jan. 2001 Table 2 lists the first and the last observation of the layer at
S T ETEEET & each of the four sites. All lidars, except the one at the Esrange

backscatter ratio R backscatter ratio R continued observations after the last sighting, depending on
_ _ _ _ _weather conditions, but no further sign of the aerosol layer
o e e e o s e A2 OBSerVe, Fiure 3 Ges an oveviw of i observa
355/353nm (Andenes/NﬁJesgnd); solid black: 532nm pe)t/rallel (Elons- ata partlcular. station and of soundings WlthOUt any §|gn
polarised / non-polarised; black dashed: 532 nm perpendicular popf_ m|d-straftospher|c aerosol. At Sﬂndrg Strﬂmfjprd, periods
larised; solid grey: 1064 nm. \{ylth and without aerosol layer have switched twice. At Ny-
Alesund the layer was not observed by the end of November,
though it was detected above Scandinavia. Andenes, Sgndre
Strgmfjord, and Ny&lesund failed to observe the aerosol
stratospheric aerosol layer witRszpmax = 1.1 was first layer between 12 and 23 December, despite there have been
observed on 19 November 2000. Routinely performed tem-several hours of observations at all these stations. After this
perature calculations failed and led to the discovery of thegap, which coincides with a displacement of the polar vor-
aerosol layer at an altitude of about 38 km, with a layer widthtex due to a strong minor warming (Naujokat, 2001), the
of about 2 to 3km. Until 25 November daily soundings con- layer was always observed when the polar vortex was located
firmed an aerosol layer persistently above 37 km. The detecabove a particular lidar station (Fig. 3). At all stations, the al-
tion of the perpendicular polarised signal at 532 nm revealditude of aerosol maximum decreased almost constantly with
a backscatter rati®s3z max = 1.4, indicating aspherical time. Assuming that the same aerosol layer was observed at
and, thus, solid particles (Fig. 2). 250 km east of ALOMAR, the different sites, a mean descending rate of about 145 m/d
the U. Bonn lidar at the Esrange near Kiruna started win-(0.17 cm/s) is found by linear regression.
tertime operation on 3 December 2000. During the first ob- During the descent of the aerosol layer, all stations ob-
servation, the aerosol layer was obvious, appearing at abowerved only minor variations in backscatter rakoof the
36 km with Rs3p, max = 1.06. During the next sounding, parallel-polarised signal (Kiruna, Nétesund) or unpo-
on 5 December, the aerosol was observed around 34 km, stilarised signal (Andenes, Sgndre Strgmfjord). Figure 4 pro-
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Table 2. Period of observation of the aerosol layer at different stations

site ARCLITE, U. Bonn lidar ALOMAR R/M/R, Koldewey lidar,
Segndre Stremfjord  at the Esrange, Kiruna Andenes Aysund
last observation prior 10 November 2000 1_ 3 November 2000 27 November 2000

to layer appearance

first observation of 16 November 2000 3 December 2000 19 November 2000 6 December 2000
aerosol layer

last observation of 12 December 2000 7 February 2001 12 February 2001 30 January 2001
aerosol layer

1 ho previous sounding at Esrange in winter 2000/2001

date date date date
lh/oll/OO 31/12/00 ll/ll/OO 31/12/00 19/02/01 111/511/0() 31/12/00 11/11/00 31/12/00 19/02/()1
T T T LI LA LR L L T . T T T T T
‘ . Sﬂndle Stmmf ord s. Andenes Sondre Stmmf ord] Andenes
o 1.4F T q14
e L E
—_ *' o o b
£ 35F T 135 E=
£ I = .
=R ] | T g0
E | S 12} 4 ° {12
£ 30F \HH I | » . 130 2 1%
< 1L1F T ¢4¢ ~ o ALl
| 19 S [ -
25 } } I } 25 L.o——F—+—+—+——+— —t— 1 1.0
[ H Ny-Alesund Kiruna Ny-Alesund; Kiruna
[ ~ 14F + 114
L * ° 1
€ 351 + 435 k= o o
= .HHH‘H . = 13r o T < 413
< £ <
= H“ . S 1.2f 8 oo + o J12
5 30F - T :0" 430 % % ] 2, o
* ‘ < L1F . P —+ ® o ALl
& %b‘ * *’00 1 % N TS
25- 1 1 1 1 L 25 10 1 14 1 1 ’ 1 1.0
11/11/00 31/12/00 11/11/00 31/12/00 19/02/01 11/11/00 31/12/00 11/11/00 31/12/00 19/02/01
date date date date

Fig. 3. Altitude of the aerosol layer during winter 2000/2001 (dia- Fig- 4. Maximum backscatter ratio of the aerosol layer above the
monds). Soundings without findings of the aerosol layer are markedlifferent stations, based on daily averaged data. Wavelength and
by vertical lines. The grey shaded area marks periods where th@olarisation are signed by marker style: 353/355 nm: grey triangles;

polar vortex is not located above the lidar station. Subticks are a®32nm non-polarised/parallel polarised: filled diamonds; 532 nm
five-day intervals. perpendicular polarised: open diamonds; 1064 nm: open circles.

vides an overview of the different observations at all stations the Arctic region, including photometers and spectrometers,
For all particular soundings, the backscatter ratio of the dedid not observe any signal from other than the background
polarised signal is larger than the parallel polarised. The paraerosol or polar stratospheric clouds This includes the star

ticles have to be non-spherical, hence, solid. photometer at Koldewey Station (Ntesund). With the ob- _
From the observed backscatter ratio, the backscatter coserved backscatter coefficient and assuming an upper limit
efficient is calculated via the equatigher = (R — 1) . for the extinction to backscatter ratio of about 15 sr, the op-

Bmol, With Buol representing the backscatter coefficient of tical depthr can be estimated to be less tha®32nm ~
air molecules. Note thatyiol aer and R depend on the wave- 107°. This is at least two orders of magnitude below the de-
length of light and the altitude of the sounded volume. With tection limit of the photometer (Herber et al., 2002). Space-

the accuracy of the soundings, the backscatter coefficient i§0rne spectrometers have not sounded the Arctic region (like
aboutBaer ~ 10-2m~1sr at 532 nm. HALOE) or do not evaluate the altitude region above 30 km

(like SAGE Il and POAM II/111) (Russell et al., 1989; Lucke
etal., 1999; Randall et al., 2001a).
3 Discussion of the observations Since the observed enhancement in backscatter ratio is
rather small, we have to carefully analyse instrumental ef-
To the best of our knowledge, during winter 2000/2001, afects leading to a “pseudo aerosol layer”. The most promi-
mid-stratospheric aerosol layer was observed only by lidarsient error in deriving the backscatter ratio of an aerosol layer
distributed through the Arctic. Other instruments located inis a density fluctuation in the atmosphere induced by a grav-
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Fig. 5. Ten-day forward trajectory of the air parcel positioned above Fig. 6. Nineteen-day forward trajectory of the air parcel examined

Sgandre Strgmfjord on 17 November 2000, 06:00 UT, at about 38 kmabove Andenes on 20 November 2000, 00:00 UT, at about 38 km
altitude. The trajectory is calculated on the 1250-K-isentropic level.altitude. The trajectory is calculated on the 1250-K-isentropic level.

Markers indicate every 12 h; circles are af 1&titude distance. Markers indicate every 12 h; circles are af 1&titude distance.

ity wave. If an atmospheric model is used to calculate theobservations with the ARCLITE lidar at Sgndre Stramfjord
density profile of the atmosphere, the derived backscatter raduring the following days can also be understood using tra-
tio is faulty if the model does not resolve the gravity wave. jectory analyses (not shown here).
However, this problem is avoided by simultaneous observa- Between 19 and 25 November 2000, the aerosol layer was
tion of the molecular backscatter signal, as done by the N observed on six consecutive days above Andenes, from the
Raman channel of the ALOMAR R/M/R lidar in Andenes. beginning to the end of each sounding. Trajectory calcula-
Moreover, multi-wavelength observations and separated detions show that during this period the air masses circle around
tection of parallel and perpendicular polarised light preventnorthern Scandinavia (Fig. 6). After about four days the same
the problem of misleading density profiles. Consequently,air parcel passed Andenes at only about 500 km distance. On
our observations present the first-time observation of mas7 December, the examined air parcel passed near Spitsber-
sive mid-stratospheric aerosol in the Artic. gen. Therefore, the aerosol cloud observed alamgsund on
Figure 3 shows that (1) there are interruptions in the obser6/7 December is most likely the same observed at Andenes
vation of the mid-stratospheric aerosol at a single location,17 days before. Neither the aerosol from Sgndre Strgmfjord
and (2) the aerosol has been observed at a particular statidid 7 November) nor the aerosol from Andenes (20 November)
and day, while there was no aerosol at one or more of thecame close to NyAlesund during their earlier observation
other sites. This nonuniform distribution contrasts with the times. So up to the beginning of December, no more than
similar properties of the aerosol layer measured throughoutwo cloud patches are necessary to explain the observations
the winter and the question arises as to whether the sounddt the four different stations, and even a single cloud patch is
ings can be summarised to the observation of a single, unipossible. Independent from the number of pieces, the aerosol
form aerosol layer. Therefore, trajectories of the observedayer has not filled the entire polar vortex.
air parcels have been calculated using the wind fields of the Out of the Sgndre Stregmfjord observations between 7 and
ECMWEF T-106 analyses. In Fig. 5, the path of the air par- 13 December, 2000, only the sounding from 9 December can
cel of the first observation of the aerosol layer is displayedbe explained by one of the earlier observed air parcels: the air
for the following days, starting above Sgndre Stremfjord onsounded above Njdesund on 7 December is most likely the
17 November 2000. During the next observation with the same as sounded above Greenland two days later (see Fig. 6).
ARCLITE lidar, on 21/22 November 2000, this air parcel The other observations require the advection of previously
was found above Siberia, several thousands of kilometresinsounded air or the expansion of the cloud patches. After
away from west Greenland. The ARCLITE lidar detected the strong minor stratospheric warming in December, with
no aerosol layer on that day. An aerosol cloud of limited hor-displacement of the polar vortex towards North America, the
izontal expansion can explain the absence of aerosol. Thaerosol layer was observed every time at each station below
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. I t t K t 1 K
the polar vortex (see Fig. 3). Therefore, it is reasonable to ;75 sperature (X 175 seperature K] 250
T T e 40

assume a further expansion of the aerosol layer during the [~ "~ R TR AR rTTT ]
warming period, now filling most of the vortex. This widely
expanded cloud allows all observations at a particular stationz 3o
to be subsumed, and even all stations past mid-December§
The question becomes whether or not even the first obser-z2
vations at Sgndre Stramfjord and Andenes are compatible®
with the later observations of the expanded cloud: the sim- Sendrs Stremfjord]
ilarity of the optical properties during the entire winter pro- 10
vides an explanation. Additionally, trajectory calculations
directly demonstrate the coupling between observations in
Andenes and Nyilesund and between observations in Ny-
Alesund and Sgndre Stremfjord. Ultimately, the eligibility
for subsuming all observations can only be given after the = 20
examination of the origin of this aerosol layer. Ny-Alesund] Kiruna]
Surprisingly, during a short period during the following . 6 Dec. 20001 . 10 Jan. 2001 o
winter 2001/2002, the lidars at Kiruna, Andenes, and Ny- 175 200 225 175 200 225 250
Alesund again observed a signal from solid-phase aerosols at temperature K] temperature (K]
abO.Ut 30km altItUd?' Due to t.he weakness of the aeroso'.SIQ_I_:ig. 7. Temperature profiles from ECMWF data for the observa-
nal it was not possible to retrieve further aerosol properties

. . tions of the aerosol layer displayed in Fig.Zze andTyat (for 4.6
therefore_, in the sect|_ons that follow we concentrate on theIOIDmV H,0) are marked grey dashed and outlined, respectively. The
observations of the winter 2000/2001.

horizontal dashed lines show the altitude of the aerosol layer.

20F J20

} 10

30k i 7 I

—
g
=4
=
[5)
k=i
3

J20

4 Origin of the aerosol layer form polar stratospheric clouds (PSCs); soot represents vol-

canic aerosol or kerosene exhausti@d represents exhaust
IIrom solid-fueled rockets; and S¥OSi, Na, and Fe repre-
sent meteoric matter coming from space. The formation of
stratosphere for a three-month winter period. Depending o he observed aerosol layer from these types of aerosols are

material, the radii of the particles are retrieved from the "dardlscussed here. _ _ _
data. It will be demonstrated that an aerosol layer will form PSCs: In most cases, the observations of solid PSC parti-
from vertically, broadly distributed matter of the observed cles are coupled with temperatures below the known NAT ex-

We begin the examination of the origin of the observed
aerosol layer with a discussion as to which aerosol matte
can, in principle, persist under the conditions of the middle

properties. istence temperaturByar (Hanson and Mauersberger, 1988;
Muller et al., 2001). Only few solid PSCs particles have
4.1 Discussion of aerosol matter been detected at higher ambient temperatures, interpreted as

SAT (Beyerle et al., 2001). Figure 7 gives the temperature
Zhao et al. (1995) report on the model simulation of con- profiles from ECMWF data for the observations displayed
densation nuclei (CN) layers around 37 km. CN have radiiin Fig. 2. At all stations, the temperatures are several ten
typically not greater than 10 nm and, thus, are smaller tharKelvin higher thanTyar. During the preceding days, varia-
the aerosol of our observations (see below). Still, CN aretions of up to 15K were found in the examined air parcels
relevant because they are the biggest particles reported g@ot shown here), but at all times the ambient temperature
far in this altitude region; further coagulation of CN must Was well abovelyar. For the formation of NAT on preexist-
not be neglected directly. The studies of Zhao et al. (1995)ng ice particles, even lower temperatués are necessary
were limited to the Antarctic spring, when mesospheric air(Peter et al., 1994; Koop et al., 1997). The possibility of
descends into the stratosphere. This CN formation mechastrongly misleading ECMWF analyses during the entire 2.5-
nism fails for observations in autumn and early winter. Fur- month period of cloud observation can be neglected. Fur-
thermore, these CN are assumed to consist of sulphuric acithermore, the regular temperature soundings with the ALO-
and, thus, to be of liquid phase. But the depolarised signal oMAR R/M/R lidar show the ECMWF analyses to be reason-
the aerosol layer under discussion demonstrates that at leagble (above the layer).
a part of the observed patrticles are solid. Consequently, the While the air temperature is too high to allow NAT exis-
observed aerosol layer does not consist of CN. Additionally,tence under typical atmospheric conditions, it is important
the entire group of liquid aerosols, like sulphuric acid or STS,to address disturbances that lead to an increase in the ex-
cannot be responsible for our observations. istence temperatur@yar. Typically, an increase in water

Several types of solid aerosol can be found under differ-vapour concentratiofH,O] of 1 ppmv would raiseyar by

ent conditions in the stratosphere above 20km: nitric acidabout 0.8 K, while an approximate doubling @iNQOg3] is
trinydrate (NAT), sulphuric acid tetrahydrate (SAT), and ice needed for the same effect. Figure 8 shows the result of in-
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temperature [K] temperature [K] at temperatures about 15 K above their freezing temperature.
= 2% 2 o 2% =S 2% But during the observations of the aerosol layer, the ambi-
0 ey ent temperatures are still not low enough for SAT freezing or

existence (Fig. 7).

) T 1% Soot/ALbO3: Volcanoes or kerosene-fueled airplanes and
< rockets can produce soot in the stratosphere. Pinto et
Z + 420 al. (1989) suggest volcanic soot particles larger than 1 mm,
Stremfjord Andenes but those reside for only a few weeks within the atmosphere.

4 Nov. 2000 But there is also evidence for the formation of smaller soot

L particles (see, for example, Sheridan et al., 1994). How-

ever, no volcanic eruption is reported in 1999/2000 that is

E +_ ./ _____430 strong enough to inject matter into the stratosphere. New-
= man et al. (2001) report the observation of soot and sul-
= phate aerosol at about 20 km altitude on 18 April 1997, that
= + 420 .
. ) was traced back to a Russian Soyuz launch from Baykonur
r Ny-Alesund Kiruna
i 6 Dec. 2000 10 Jan. 2001 (Kazakhstan) 12 days before. I_:or autumn ZOQO, several
10 o o 3 o 3 5500 r.ocketllaunches from mid and high northern latitudes are
temperature [K] temperature [K] listed in Jonathan McDowell's Space Report No. 444

(http://hea-www.harvard.edujcm/space/jsr/jsr.html). The
Fig. 8. Temperature profiles from ECMWF data for the observation only reported launch of a kerosene-fueled rocket was from
of the aerosol layer displayed in Fig. Znar is shown for com-  Baykonur (45.6N, 63.4 E) on 1 November 2000. Unfortu-
parison for typical HO and HNG concentrations and increased nately, direction and apogee of this suborbital launch is not
concentrations (long dashefi,0] + 3 ppmv,[HNOs] - 3; short  ayailable to the public. But we estimate that this military
dashed{H0] + 6 ppmv,[HNOz] - 6). The horizontal dashed lines  jntercontinental ballistic missile could have injected matter
show the altitude of the aerosol layer. in the correct location, since it is able to reach, for exam-

ple, the Barents-Sea region from the launch site. In addi-

tion to the kerosene-fueled rockets, solid-fueled rockets are
creasinglar due to increasingH20] and[HNOs]. Anin-  peing launched, which, among other things, exhaust solid
crease inNOz] by a factor of 2 to 3, which is also coupled ajuminium oxides like AJO3 (Jones et al., 1995). On 12
with an increase itHNOgz], was, for example, observed by September 2000, a Russian solid-fueled rocket was launched
POAM llI in the Southern Hemisphere poIar vortex after a from a submarine in the Barents Sea. Additiona”y, on
strong Solar Proton Event (SPE) in July 2000 (Randall et26/27 September and 11 October solid-fueled rockets were
al., 2001b). SPE can also influence the concentrations ofaunched from mobile terrestrial platforms somewhere in
HOy (e.g. OH, HQ) in the upper stratosphere and meso- Russia. It is possible that additional launches for military
sphere (Jackman et al., 2000, 2001; Randall et al., 2001bjurposes have been made, but this information cannot be
and are suggested to induce the formation of CN in the midconfirmed. It is likely that all launches will result in some
stratosphere (Hofmann and Rosen, 1983). Several days benhousands of kilograms of exhaust being injected into the at-
fore the first observation of the mysterious aerosol layer,mosphere. This material will be broadly distributed along the
during 8-10 November 2000, another strong SPE occurredpath of the rocket. Further mechanisms leading to a stratifi-
It provided a proton flux of about one-third compared with cation of the aerosols are needed and will be discussed later.
July 2000 (15000 protonscri s~ sr~* and 50000 pro- Meteoroids: Finally, we discuss the entry of meteoric mat-
tonscnt? 571 sr?, respectively) (public data of GOES in- ter into the stratosphere. In general, meteoric matter can
struments available via Space Physics Interactive Data Regndergo different processes within the atmosphere: (1) Mi-
source SPIDR, http://spidr.ngdc.noaa.gov/spidr/). Thoughcrometeoroids of up to 1Qdm radius pervade the atmo-
this SPE may have influenced some trace gas concentrationsphere unmelted (see, for example, Brownlee, 1985). (2)
the possibility of a subsequent increaseljinr by several  Centimetre-sized and larger meteoroids can form so-called
10K can be neglected. Therefore, a relation between the Oh‘neteor smoke partic|es (MSP) of some nanometres size by
served aerosol layer and the solar proton event has to be ruleghlation and recondensation within a few minutes (Rosinski
out, as well as any NAT aerosol, in general. and Snow, 1961; Hunten et al., 1980). Within the trail of

Within publications of polar stratospheric cloud observa- larger meteoroids the MSP density is high enough for fur-

tions there is a discussion concerning the existence of solidher coagulation of the particles. (3) Part of a larger me-
cloud particles above the NAT existence temperature (seeeoroid may not vaporise, but rather split into small parti-
for example, Beyerle et al., 2001). Sulphuric acid tetrahy-cles due to mechanical stress and atmospheric drag forces.
drate (SAT) will freeze under small supersaturation hetero-The micrometeoroids — or “Brownlee particles” — sediment
geneously on preexisting aerosols at temperatures near theto the stratosphere, where they form part of the back-
freezing temperatures of ice (Larsen et al., 1995). After for-ground aerosol. Meteor showers may produce layers of in-
mation, the SAT particles are metastable and will melt againcreased particle density (Mateshvili et al., 1999), but no me-
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Table 3. Particle radii and aspect ratios matching the observationsto'noIse ratio. The CRs are nearly constant with altitude

at ALOMAR on 22 and 24 November 2000. Mode-widtiais= 1.4  throughout the layer, giving'R(355/532) = (1.5 - 2.8)
and CR(1064/532) = (0.10 — 0.13). This CRs are repro-

soot AbO3 Sio Fe Na Si duced by a log-normal distribution with a distribution width
of o = 1.4, but not by a monodisperse (= 1.0) ensem-

ble of particles. The range of observed CRs results in a 25%
variation of the infered radii. For soot, oxides, and iron, the
particle radii vary between 30 and 50 nm, but sodium and
silicon do not generate the observed colour ratios at all.

The depolarisation measurement at Andenes on 24
teor shower was observed during the period of interest. ThéNovember 2000, shows an aerosol depolarisatios, o0&
Leonid meteor shower occurred shortly after the first obser{2.2 + 0.2)%. The depolarisation was compared with those
vations (Arlt and Guyssens, 2000). Larger meteoroids, heavef ellipsoids with different aspect ratios (length-to-diameter-
ier than 1000 kg, enter the Earth’s atmosphere in numbers ofatio), but a volume equivalent radius as derived from the
1000 per year (Ceplecha et al., 1998). Many of the largerCRs. Table 3 summarises particle radii and aspect ratios for
meteoroids remain unobserved, because they occur abowlipsoids with depolarisation ratios 6f = 2.2%.
oceans or sparsely populated regions. Reentering satellites The data from 22 and 24 November 2000 are representa-
undergo, in principle, processes similar to those of an ablattive of the observations at ALOMAR (Andenes). Later ob-
ing meteoroid. But to the best of our knowledge, no satelliteservations from Koldewey lidar in NjMesund, as well as
reentry has been documented during autumn 2000. Theredepolarisation measurements from U. Bonn lidar in Kiruna,
fore, various stratospheric aerosols, rocket exhaust, as well agproduce the ALOMAR results well within the given error
matter from large meteoroids, continue to be possible sourcelmits. Hence, we conclude that the aerosol layer may consist

radius from colour ~ 30-40 40-50 40-50 -3 - -
ratio, nm
aspect ratio needle2/1 needle2/l neede3/l platel2 - -

of the observed aerosol layer. of soot, AbOs3, SiOp, or iron particles with radii of about 30
_ _ to 50 nm.
4.2 Size calculations from observed parameters A crude estimation of the total aerosol mass can be

given by using the trajectory calculations from Figs. 5 and
Lidar observations of the aerosol layer at different wave-g.  Erom the observed backscatter coefficiggto aer ~
lengths and the analysis of the polarisation of the backscat{-9m—1sr-1 and a typical backscatter cross section of
tered light are used to retrieve further information CONCeM-g5a) per &~ 107 m2sr2, a particle density of abouv ~
ing particle shape and size of the aerosol. As described in®m—3 can be estimated Vil — Brer/oper. This parti-
Table 1, the ALOMAR R/M/R (AndeneS) data set is the cle density results in a mass density of abou‘[’lf(kg m*3,
most extensive with respect to the wavelengths used. Li'using the properties described above. From the continu-
dar soundings have been performed at three different wavegys opservation between 19 and 26 November 2000, above
lengths (1064 nm, 532nm, and 355nm), with optional de-andenes, and the trajectories of the examined air parcels,
tection of the perpendicular polarised signal at 532nm. Atye can estimate the size of this cloud patch to be about
Koldewey Station (NyAlesund), the two emitted wave- 1000x 500 kn?. Assuming as a first guess the same for the
lengths of 532 nm and 353 nm were used, including perpenpatch being responsible for the Sgndre Stramfjord observa-
dicular polarisation at 532 nm. The U. Bonn lidar at the Es-tjons, we find a lower limit of the total mass of about 200 kg.
range (Kiruna) determined the polarisation of the backscatpye to various error sources (like particle density and expan-

tered light at 532 nm. sion of the layer) the lower limit of the mass may be up to
Two- and three-colour observations allow for the calcula- 2000 kg.

tion of colour ratios defined as the quotient of backscatter

coefficients at different wavelength@(11)/8(12)). Tode- 4.3 Sedimentation and layer formation

rive the size of the aerosol particles, we have compared the

observed colour ratios with those of a log-normal distributedRocket exhaust is most likely distributed over large parts of
ensemble of randomly oriented particles calculated by the Tthe stratosphere and mesosphere, but a meteoroid may dis-
matrix method (Mishchenko, 1991). These calculations werdribute the aerosol only in a height interval of some few kilo-
performed for different types of materials, defined by their metres, depending on the flight path. The direct formation
refractive index used for the T-matrix calculations. Six ma- of a maximal 3 km thick, but several hundreds of kilometres
terials are considered: soot (volcanic ash, kerosene exhaustjide, aerosol layer by a shallow invading meteoroid, while
Al20O3 (exhaust from solid-fueled rockets); and $j@i, Na,  unlikely, should not be ignored. Therefore, the possibility of
and Fe (meteoric matter). forming an aerosol layer by sedimentation is discussed.

As previously described, the observed backscatter ratios, The descent of particles of given size and mass, initially
and, therefore, colour ratios (CR), have been about constardistributed between 50 and 70 km, has been simulated. The
during the entire sounding period. So the mean profiles ofterminal velocity of a particle has been calculated at 78 alti-
22 November 2000 from ALOMAR R/M/R lidar have been tude levels, with the levels nearly logarithmically distributed
used to derive the particle sizes because of very good signabn a pressure scale between 0.01 and 30 hPa (about 80 and
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luted during the sedimentation. Therefore, both the layering
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65 sedimentation } of the aerosol, as well as the further descent of the layer dur-

' 30-40 nm ing its observation cannot be explained solely by sedimenta-
60 E tion. Additional mechanisms, like the diabatic descending of
s5E N\ 3 the air within the polar vortex, are needed to explain the ob-

served sedimentation. Rocket exhaust has been observed oc-
casionally by lidar some minutes after emission in the upper
mesosphere (Fricke et al., 1995) or some days after emission
in the lower stratosphere (Newman et al., 2001). But for the
continuous observation of the aerosol layer described here,
the rocket or meteoroid event has to take place within the
self-contained air mass of the polar vortex, to decelerate or
even inhibit the dilution of the aerosol, as an additional pre-
100 200 300 400 500 condition. Therefore, from the comparatively large number
time [d] of rocket launches and large meteoroid entries, only a small
fraction would produce an aerosol layer of the observed type.
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Fig. 9. Sedimentation of soatp = 2240 kgmd) and iron(p =
7900 kgm3) particles with 30 and 40 nm radius (dashed line and
solid line, respectively). Initial altitudes at= 0 are 50 and 70 km.
In the preceding sections it was assumed that the same

widely expanded aerosol layer was sounded at the different

24 km, respectively). The terminal velocity has been derivedstations after the middle of December. Nonetheless, the ini-
according to the equations given by Pruppacher and Klettial observations at Sgndre Stremfjord (Greenland) and An-
(1997). In the upper stratosphere and mesosphere the mea@enes (Norway), together with the analysis of the trajectories
free path of the air molecules is much larger than the diameshow that initially the layer separated into two parts or was
ter of the aerosol particles. Therefore, the so-called Cunningelongated from the centre to the edge of the vortex. But up
ham slip-flow has to be taken into account (Pruppacher ando now it remained an open question as to how such a single
Klett, 1997). The fields of pressure, temperature, and altitudesvent could produce two different aerosol patches or a single
have been used from the zonally averaged COSPAR Internacioud several thousand kilometre in length. (1) Two rockets
tional Reference Atmosphere 1986 (CIRA-86) for November or two meteoroids have produced the aerosol independently.
and 63 latitude (Fleming et al., 1990). The sedimentation Yet it seems unlikely that two events originate aerosol in-
time has been derived from the mean velocity between twajependently in an altitude where it has never been observed
levels. before by lidar. (2) A single rocket flight or a single probably

Figure 9 gives an example of the sedimentation of soothroken meteoroid has produced the aerosol layer, which has
and iron particles, representing the slowest and the fastesfeen separated/elongated later by wind shear.
particles discussed here. A size separation that occurs dur-
ing the descent is apparent. This size separation limits the

vertical thinning of the layer and causes a layer thickness of . . .
from 2 to 4 km below 40 km for both types of aerosols. Be- To prove the second scenario, backward trajectories have
cause the initial sedimentation of particles from higher thanPeen calculated based on ECMWF T-106 analyses. For the

70km is very fast, the particles do not have to be considere@lculations, the isentropic level of 1250 K (about 37 km) has
separately, but are well represented by the 70 km particlest.’een chosen and sedlmentathn has been neglectgd. Two air
A mean sedimentation velocity can be calculated from theparcels have been traced, starting at Sgndre Stramfjord on 16
descending particle ensemble: Between 35 and 30 km layef0vember 2001, and at Andenes on 19 November 2001, rep-

altitude it amounts to about 10 m/d (0.01 cm/s) and 34 m/dresenting the first observations of the aerosol layer at these
(0.04 cm/s) for soot and iron, respectively. sites. In addition, the position of the parcels and their dis-

tance has also been calculated. During some days around
3 November 2001, the distance was found to be only about
5 Discussion of aerosol source 600km. While the accuracy of the trajectories after two

weeks of calculation is limited, it seems at least likely that
The described sedimentation rate of 10 to 34 m/d is muchthe sounded air parcels have had the same origin in a region
less than the value of 145m/d (0.17 cm/s), which has beerf less than 1000 km diameter. The initial event for the for-
observed as an average of all observations at the four lidamation of the aerosol layer may have happened earlier, but
sites. By sedimentation only, it would take more than 80 daysat least up to the beginning of November the aerosol layer
in the case of iron particles (or more than 300 days for sootwas of limited extent. By the beginning of November, the
to form a layer and to descend from the mesosphere down ttraced air parcels were located in the Barents Sea between
about 37 km. During the entire period, the aerosol-laden airSpitsbergen, Novaya Zemlya (Russia) and the Scandinavian
would be mixed with “clean” air and the aerosol would be di- Peninsula.
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70

sedimentation and diabatic coolin

Table 4. Descending velocity of an aerosol layer in the middle
3 stratosphere. Downward velocities are defined to be positive. Num-
40-50 nm bers are forp = 3500 kgym?3 with results for soot and iron given

E in brackets(p = 2240kgm? andp = 7900 kg'm?3, respectively).
3 The sinking rate due to diabiatic coolingg) is scaled by 0.75 (0.6
to 0.75) with respect to the data of Schoeberl et al. (1992)
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Fig. 10. Descent of 40 to 50 nm particles (dashed line and solid 1 derived from the observed descent after 14 January 2000, and the

line, respectively) with typical density of meteoric matter op®@% calculated sedimentation velocitysei

(p = 3500 kg/m3). Additional diabatic sinking is forced; see text

for further details. The markers symbolize the observed aerosol

layer maximum with 16 November 2000 set to day 50. The vertical 50 is about twice as large as observed, due to the assumed

lines indicate the average FWHM of the layer. diabatic-sinking rate above 37 km. Since there is a lack of

serious data for the upper stratosphere, we have conserva-

) o o tively assumed that the sinking velocity above 37 km will not

6 Diabatic sinking within the polar vortex further increase. A more realistic increase in velocity would

h lcul . . ‘ Lin th result in a layer of less vertical width.
From the calculated sedimentation of aerosol in the strato- 0. mid-January 2001 until the end of the aerosol ob-

sphere and the observed altitudes of the aerosol layer durs'ervation one month later, Kiruna and Andenes were at the

ing winter 2000/2001, conclusions for the descent of the airedge of the polar vortex or outside. All detections of the
due to diabiatic cooling within the polar vortex can be de- '

. ) ) . erosol layer have been performed, when the station was
rived. As previously stated, the sedimentation of the aerosof)1

X h sl han the ob 4d i locity of th elow the edge of the vortex, but not clearly outside. A
Is much slower than the observed descending velocity of theqo - regression from the altitudes of the layer limited to

agrosol layer (10 to 34 m/d VS. 145 m/d). TO account for thi_sthis period reveals a descending velocity of about 170 m/d,
difference, the descending velocity of an air parcel due to d"hence, somewhat higher than the winter mean of all obser-
abatic cooling has been added to the sedimentation SChem@ations (see Fig. 3). The observed descent of the aerosol

A pr ofile of residual vertical velocity from diabat_ic cool- requires a vertical velocity due to diabatic cooling of about
Ing 1S taken ffom _Schoeberl etal. (,1992) for’1 ‘,N'th an 155m/d (0.18 cm/s), with limits caused by the aerosol mat-
additional height-independent scaling factor estimated as er of 145 m/d (0.17 cm/s) and 163m/d (0.19 cm/s) (see Ta-

be_st fit for the observations. Schoe_berl et al_. _(1992) presenq 4). This is very close to the value published by Schoeberl
latitude-dependent zonal mean vertical velocities up to 37 krnet al. (1992)

altitude. The data are derived from model analyses during an
aircraft campaign between 3 January and 10 February 1989.
Results of our calculations are shown in Fig. 10. Since we7 Summary and conclusions
cannot distinguish between the above-mentioned materials,
we choose a particle density pf = 3500 kgm? and radii  Between 16 November 2000 and 12 February 2001, a unique
between 40 and 50 nm. The density is representative for typaerosol layer was observed by lidar instruments at four dif-
ical meteoric dust, as well as AD3. The values of soot ferent Arctic stations. The soundings were performed inde-
or iron aerosol (30 to 40nm radiup, = 2240kgm? or pendently at Sgndre Strgmfjord, Greenland (ARCLITE lidar,
o = 7900 kgm?, respectively) are used as upper and lower67.0° N, 50.9 W); Kiruna, Sweden (U. Bonn lidar at the
limits. The best match between observed and calculated deEsrange, 679N, 21.7° E); Andenes, Norway (ALOMAR
scending velocities in the 30 to 35km range was obtainedR/M/R lidar, 69.3 N, 16.2 E); and NyAlesund, Spitsber-
with a scaling factor of about 0.75 compared with the profile gen (Koldewey Station lidar, 78N, 11.9 E). During the
from Schoeberl et al. (1992). three-month period, the aerosol layer descended from about
Table 4 shows the derived vertical velocities from diabatic 38 to 26 km. Up to the beginning of December, only a portion
cooling at various altitude levels. By combining sedimenta-of the polar vortex was filled by one or more aerosol cloud
tion and diabatic sinking of the polar vortex air, a thin aerosolpatches. After mid-December 2000, the entire polar vortex
layer will be formed much faster than by sedimentation only has been filled with the aerosol in a distinct layer of about
(compare Fig. 9). Still, the calculated layer width around day 3 km thickness.
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We have derived phase and size of the aerosols from the liment with our observation was achieved by scaling the pub-
dar soundings of the aerosol layer. These observations sholished profile by 0.75. We obtain mean vertical velocities
that the particles were solid. Because of the ambient temeue to diabatic cooling of 162 m/d (140 to 176 m/d) at 35 km
peratures and trace gas concentrations, typical solid strateand 107 m/d (96 to 114 m/d) at 30 km altitude. If we narrow
spheric aerosols, like nitric acid trihydrate and ice, are ruleddown our comparison to the observations close to the edge of
out. Therefore, injected “artificial” aerosols, like rocket ex- the vortex (from 14 January 2001, onwards), we find a down-
haust or meteoric dust, have been discussed. Three-colowvard velocity due to diabatic cooling of 153.0 m/d at an al-
observations and depolarisation measurements show that thigude of 30 km. This is within the limits of the observations
aerosol layer may have consisted of soot;@d, SiOp, or equal to the value reported by Schoeberl et al. (1992). By
iron particles. The particle size has been found to be betweethis means, our first-time observation of mid-stratospheric
30 and 50 nm with a particle density of abouPb@ 3. The  aerosol leads to an estimate of the dynamic properties within
total mass of the aerosol layer has been roughly estimated tthe Arctic polar vortex, which typically elude direct observa-
be 200 to 2000 kg, hence, in the mass range of large metetion.
oroids or the fuel weight of intercontinental/suborbital rock-
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