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Abstract. This paper reports on backscatter and depolarizathermal-infrared (5-50 um) radiation. In many instances, the
tion measurements by an airborne lidar in the Arctic duringinterpretation of observed aerosol particle distributions, es-
the ASTAR 2004 campaign. A unique weather situation fa-pecially in the vicinity of complex topography or near the
cilitated the observation of the aerosol concentration undeice edge, requires to know the meso- and microscale atmo-
strongly forced atmospheric conditions. The vigorous eastspheric state. However, this knowledge might not be suffi-
erly winds distorted the flow past Svalbard in such a way thatcient as the additionally needed aerosol particle sources and
mesoscale features were visible in the remote-sensing obsetheir composition are often not well characterized.
vations: The formation of a well-mixed aerosol layer inside We report about airborne remote-sensing observations
the Adventdalen and the subsequent thinning of the aerosahade in the vicinity of Svalbard during the ASTAR 2604
plume were observed over the Isfjorden. Additionally, mo- field campaign. During ASTAR 2004 an airborne lidar was
bilization of sea salt aerosols due to a coastal low-level jetemployed to investigate the Arctic aerosol distribution in
at the northern tip of Svalbard resulted in a sloped boundarythe lowermost troposphere around Svalbard. In the period
layer toward north. Mesoscale numerical modelling was ap-from 18-21 May 2004, the lidar observations revealed an
plied to identify the sources of the aerosol particles and toexceptional high aerosol concentration in the fjord system
explain the observed patterns. and in the lee of Svalbard. However, as reported by Eng-
vall et al. (2008) the background aerosol load was exception-
ally low at the time of the observations. Grund-based in-
situ observations at the Zeppelin station (Rlgsund, 79 N,
12° E) during the ASTAR 2004 campaign encountered "even

] ) ) ] less contaminated conditions than usual at this time of the
In the Arctic, properties of tropospheric aerosol particles

'year”. During late spring, average particles concentrations of

have been measured in numerous field studies beginning By 5t 500 cm? for particles larger than 10 nm and less than

the 19703 (Radke etal., 1984{ Schnell, 1984; Schnell ?t al-10 cn3 for particles larger than 260 nm were observed, see
1989; Thomason et al., 2003; Treffeisen et al., 2004; Ya-1apie 2 in Engvall et al. (2008).

manouchi et al., 2005). Knowledge of the spatial and sea- perefore, the question arises if the observed enhanced

sonal distribution of aerosol particles is needed to estimate, o 5| hackscatter mainly resulted from local sources which
the induced changes in the Earth radiative budget via direct, 4 not impact the observations at Wjesund. The dis-

(e.g. Schwartz and Andrea, 1996; Rinke et al., 2004; Rit-j,t mesoscale pattern of the vertical profiles of aerosol

ter et al., 2005) and indirect (e.g. Garrett et al., 2002; Lubing,, o scatter ratio at the different measurement locations sup-
and Vogelmann, 2006) effects on the solar (0.3-5um) and,, this hypothesis. Indeed, the flow situation during the

1 Introduction

. IASTAR 2004 — Arctic Study of Tropospheric Aerosol, Clouds
Correspondence toA. Dormbrack and Radiation — was organized by the Alfred-Wegner Instifut f
BY (andreas.doernbrack@dlr.de) Polar- und Meeresforschung Bremerhaven: hsge//www.awi.de
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period of the airborne observations was very exceptionalpaign (17 May—10 June 2004). Data analysed here were col-
A slowly moving cyclone between northern Scandinavia lected under nearly clear-sky conditions in the Adventdalen,
and Svalbard and a stationary anticyclone north cfN0 the Isfjorden, and in the coastal areas west of Svalbard in the
caused a strong easterly flow across the islands. Usuallyperiod from 18 to 21 May 2004.

easterly winds prevail in winter according to Skeie and

Greras (2000). Easterly winds past Svalbard are associated-1 Meteorological conditions

with clouds blocked at the eastern upstream side of the is-_ _ . o

lands, strong valley flows and a significant flow distortion Figure 1 illustrates the meteorological situation in terms

around Svalbard. Especially, the descending winds in the le@f ©€mperature, geopotential height and wind speed at the

clear the atmosphere downstream. Thus, this particular sitanZShPa pressure surface on the three measurement days.

tion allowed airborne observations of the aerosol distribution ' "€ Maps are basgd on operational analyses of the Euro-
under strongly forced meteorological conditions in the fiord P€an Centre of Medium Range Weather Forecast (ECMWF)
system and in the lee of Svalbard. with a spectral resolution dfi 511 and 60 vertical hybriet -

One goal of this paper is to explain these differentp_levels', On 18 and 19 May 2004, prevailing cold easterly
mesoscale aerosol patterns of the airborne lidar observalinds with 7 <263 K at 925hPa were present over Svalbard

tions. For this purpose, operational meteorological anal-(':ig' 1a, b). Inresponse to this flow, descending air formed a

yses of the European Centre of Medium Range Weathe!Va'Mm pool ¢’ ~267 K at 925 hPa on 19 May 2004, Fig. 1b, ¢)

Forecast (ECMWF) and high-resolution numerical simula- IN the wake region west of Prins Karls Foreland. Additionally
tions are applied. In particular, the geophysical fluid solver@"d Most remarkably, the flow around the islands resulted

a detached low-level jet with a horizontal wind speed of
EULAG (Prusa.et al., 2008) has bggn expanded. by t.hreéS >15ms! emanatin Jfrom the northern tip of Svglbard
transport equations for scalar quantities representing differ-"H 9 P '

ent sources of aerosol particles. Additionally, the observed® Phenomen similar to Greenland's tip jet (e.g. Doyle and

vertical aerosol distributions are utilized to study the charac->"apiro, 1999; Orr etal., 2005). _
The Moderate-Resolution Imaging Spectroradiometer

teristics of the atmospheric flow around and over Svalbard. i , .
Previous numerical simulations of the mesoscale flow(MODIS) satellite imagery (Fig. 2) illustrates the meteo-
around Svalbard concentrated on the impact on the locaflogical analyses by a snapshot from 19 May 2004 at

weather forecast, especially on ship routing. For example12:00UTC: A cloud-free “Foehn” gap extended from the

Sandvik and Furevik (2002) hlghllghted the enormous ef_WeSt coast of Svalbard about half of the width of archipelago
fect Svalbards topography plays in modifying the local wind downstream. There, the brightness timperature difference
field in the valleys and coastal areas surrounding the islandd® the upstream value amounts A4 ST~7K, where LST

These authors reported downstream coastal jets with maxilS the land-surface temperature (Fig. 2c). The white and
mum velocities up to 3 times the value of the upstream flow Peach-colored structures indicate cloud systems at different

Furthermore, they argued that these local wind systems ingltitudes (Fig. 2b): Low-level clouds existed all around the

fluence the high-latitude air-sea interaction processes in 4ands. Especially, they appeared as rather compact and

significant way by increasing the surface fluxes of heat and1€21y east-west oriented bands over the pack-ice north of
constituents in a simular manner as it is observed over thevalPard. Upper-level cirrus mark the warm sector of the ap-

Irminger Sea east of Greenland (Pickart et al., 2003). proaching trough over the Barents Sea that propagated slowly

The remaining parts of the paper are arranged as fonows_north-eastward. Associated with the low-level jet north of

the next section presents the airborne lidar observations anﬁvalba_rd, a nearly cloud-free wake extended several hun-
characterizes the aerosol particles by backscatter ratio anfiréd kilometer downstream (cf. also NOAA AVHRR on
depolarization. Section 3 presents the mesoscale numerica® My 2004 at 14:41 UTC atttp://www.sat.dundee.ac ik
simulations. Section 4 discusses the results of the present ©" 19 May 2004, the horizontal wind spedgh up-

study to what extent meteorological factors explain the ob-Stréam of thel northern parts of Svalbard varied between
served distribution of aerosol particles. 8 and 13ms3- in the lower troposphere and there was

no significant directional shear across the boundary layer,

cf. Fig. 3. Given an upstream mean buyoancy frequency of
2 Airborne lidar observations N =0.01s! and avy ~10 n results in an inverse Froude

number F~1 = Nho/ V4 ~ 0.5...1.6 for typical maximum
The airborne aerosol backscatter observations were obtaineglevations of the orographko between 500 and 1600 m.
with the Airborne Mobile Aerosol Lidar AMALI (for the in-  Another dimensionsless number describing the flow regime
strument specification, see Appendix A) onboard the AWI-js the Rossby numbeR = V4 /L f, whereL is the moun-
POLAR 2 research aircrafiduring the ASTAR 2004 cam-  tain width and f the Coriolis parameter. Taking a typial
mountain widthZL of 50...100 km, this results in Rossby

2The AWI research aircraft POLAR 2 and 4 were the primary
platforms for the ASTAR 2004 experiment. The aircraft were op- until 18 June 2004; for more detailed information visitp://www.
erating from Longyearbyen airport on Svalbard from 10 May 2004 awi.de
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Fig. 2. MODIS satellite imagery of channels 1, 4, 3 (670 nm,
. . . Laei . 565nm, and 479 nm) so-called true cola), of channels 3, 6, 7
Flg.' 1._Temperature (K’ colorshaded), geopotent!al helght_(m, thlCK(479 nm, 1.652 nm, and 2.155 nm) the red colg@xs and the land
solid lines), and horizontal wind speed (‘rﬁs thin solid lines) . )
. surface temperaturée) valid on 19 May 2004 at 12:00UTC. In
on the 925 hPa pressure surface at 18 May 2004 12:00 (),C the red channels ice and snow cover appear as red, liquid water
19 May 2004 12:00 UTQb), and at 21 May 2004 18:00 UT(). d sl bp > red, 1q
2 . . . .on the ground as black, liquid water clouds as white and ice clouds
The wind is parallel to the contour lines of the geopotential height . L
S L . as peach. The west coast of Svalbard is cloud free and visible at
and points in the direction having low values to the left. Data are : . .
operationalT, 511/L60 ECMWF analyses interpolated on a regu- the east side of the Foehn gap located right of the northward point-
ing arrow. Image courtesy of MODIS Rapid Response Project at

lar 0.5x0.5 latitude-longitude grid. The thick white line marks the el . .
analysed ice edge. The flight paths of the Polar 2 research aircrag?l ASAIGSFC:http:/frapidfire.sci.gsfc.nasa.gov

are marked by white and red lines. The red segments mark the sec-
tions shown in Fig. 7. For the locations of the Adventdalen and
Isfjorden, please refer to Fig. 4.
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yses for 21 May 2004, the low-level jet north of Svalbard
still existed, however, with a magnitude of about 7 to 9th s
it was significantly weaker (Fig. 1c). The warm pool and
the wake shifted slightly northwards due to the enhanced
southerly wind component. As the upstream sea-surface tem-
perature remained nearly constant during the period, the as-
sociated warm air advection (upstream temperature increased
by about 9K at 925K during the three days) enhanced the
thermal stratification dramatically in the marine boundary
layer.

The preconditions of the three research flights during this
period differed markedly: Whereas the legs of both flights on
] [ ; [ 19 and 21 May 2004 were designed after a meticulous me-
0.0 R [ teorological planning to map the aerosol distribution down-
stream of Svalbard, the very first flight on 18 May 2004 (see
flight legs in Fig. 1) was performed rather spontaneously af-
ter the unexpected occurence of a dust storm in the Advent-
dalen.

altitude/km
o
'

o
)
Ll

2.2 Dust storm in adventdalen

On 18 May 2004, significant loads of mineral dustere mo-
bilized by the strong winds blowing through the snow-free
Adventdalen. With the prevailing easterly winds, these par-
ticles were transported along the valley toward the Isfjorden
(see MODIS imagery ohttp://rapidfire.sci.gsfc.nasa.gat

18 May 2004 03:35UTC and pictures at subsequent times
covering Svalbard). Generally, events like this are more com-
mon in autum, when most of Svalbard’s valleys are free of
snow. However, the dry and sunny conditions during the pre-
ceeding weeks in April and May 2004 melted/evaporated the
snow layer in the Adventdalen. Essentially, the flight legs on
18 May 2004 were flown to record the dispersion of the dust
plume from its source region inside the valley to the mouth
of the Isfjorden, see Fig. 4.

Figures 5 and 6 depict profiles of the averaged and high-
Fig. 3. Upstream profiles of potential temperatu& (upper  pass filtered backscatter ratiys, nm and volume depolar-
panel) and the zonal (all profiles negative values) and merid-ization sz, nmtaken at 17 selected segments along the flight
ional wind speed at 3CE and 78N (solid line), 77N (dotted  track, for details see Table 1. The backscatter ratio is a mea-
'igelz/'l 79)2'(\)‘0(4‘3152“333{"_?’ SI”‘: at 8|1\' ,(da}sdh'?"ttedk')i”e)d"a”d al  syre of the number of the backscattering particles whereas
- Vay : - Vieteorological data are based on Opelag, o gepolarization provides the particles’ asphericity. We
F'o.r.'al T'-Sl.l./ L60 ECMWF analyges. T.h e bold grey lines mark the start onE)r discussionpwith the profiIF()es along thepeast—w)ést sec-
initial conditions of the EULAG simulations. . .

tion through the Advensdalen (see Fig. 4b).
The profiles measured in the eastern part of the valley

numbers between 0.7 and 1.4. According to a regime gi(Fig. 5 a, b)_show two distinct characteristics. The east-
agram (see Sé, 2002), the resulting flow is expected to €Mmost profile (number 17) showRssz nm>100 near the
be partially around and over Svalbard. Furthermore, forSurface and an exponential decrease towards the ambient
RF~1>0.5, balanced solutions (e.g. based on geostrophy of@lué of Rsz2 nm~1.4 above 400 m over ground. This am-
quasi-geostrophy) break down due to the splitting of the in-0i€nt Rs32 nnrvalue derives from lidar observations at Ny-
cident low-lewel flow upstream (Pierrehumbert, 1985). ThisAleésund (Hoffmann et al., 2009) and constitutes an average
justifies the usage of non-hydrostatic numerical simulationsfor low tropospheric altitudes in the absence of clouds or
later on in this paper. 3In addition to the sand from the dry river bed also coal particles

At the end of the observational period, the warm front of can pe found in the Adventdalen. There, the transport from the
the approaching trough resulted in weaker winds, now blow-active coal mines in the eastern part of valley toward the harbor
ing from south-east (Fig. 1c). In the meteorological anal-leads to an emission of coal particles along the valley road.

altitude /km
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Table 1. Locations of the 17 areas where the vertical aerosol backscatter and depolarization profiles were calculated. The area number refers
to the colored boxes in Fig. 3. This table lists the coordinates of the respective areas and the observation times of the AMALI observations
that were used to average the vertical backscatter and depolarization profiles as shown in Figs. 4 and 5.

Area NO  ApiN/AMAX OMIN/DdMAX Times/UTC

1 1158 E/11.65E 77.93N/77.97N 11:01:19-11:02:09, 11:33:24-11:33:47

2 11.79E/11.86E 77.8PN/77.9PN 10:59:39-11:00:09, 11:35:13-11:35:46

3 1193 E/1200E 77.84N/77.88 N 10:58:23-10:59:02, 11:36:24-11:36:57

4 1229 E/1236E 77.76 N/77.78 N 11:39:29-11:40:04, 11:51:56-11:52:29

5 13.30E/13.70E 78.00 N/78.17 N  10:44:01-10:47:10, 12:02:23-12:05:10

6 1410 E/1450CE 78.15N/78.25% N 10:38:12-10:40:49, 12:07:44-12:10:17

7 1493 E/15.1PE 78.2PN/78.29 N 10:34:32-10:35:27, 12:13:09-12:14:06

8 15.1PE/15.224E 78.28 N/78.30C N  10:33:51-10:34:30, 12:14:08-12:14:20
12:32:35-12:32:42

9 15.20 E/15.38 E 78.3P N/78.3# N 09:14:35-09:15:31, 09:20:08-09:21:04
10:00:39-10:01:37, 10:07:36-10:08:09
10:25:20-10:26:12, 10:32:19-10:33:09

10 15.39E/1542E 78.28 N/78.3° N 09:21:48-09:22:00, 09:43:12-09:43:30
09:43:42-09:43:51, 10:00:09-10:00:27
10:08:24-10:08:29, 10:24:28-10:24:28

11 1552 E/15.62 E 78.22N/78.28 N 09:22:49-09:23:35, 09:44:54-09:45:36
09:58:07-09:59:03, 10:09:53-10:10:49
10:22:28-10:23:07, 12:16:48-12:17:33
12:29:40-12:30:17

12 15.62 E/15.72E 78.2PN/78.25% N 09:23:36-09:24:16, 09:45:37-09:46:20
09:57:22-09:58:05, 10:10:51-10:11:44
10:21:55-10:22:27,12:17:35-12:18:14
12:29:03-12:29:39

13 15.72E/15.82E 78.19 N/78.22 N 09:24:54-09:24:55, 09:46:21-09:47:02
09:56:43-09:57:21, 10:11:45-10:12:27
10:21:20-10:21:53, 10:18:15-10:18:55
12:28:24-12:29:02

14 15.82 E/15.88 E 78.19 N/78.20 N 09:27:04-09:27:26, 09:56:23-09:56:42
10:12:28-10:12:48, 10:20:57-10:21:19
12:18:56-12:19:20, 12:28:00-12:28:23

15 1594 E/16.08E 78.17N/78.22 N 09:25:43-09:26:35, 09:47:50-09:48:43
09:55:07-09:55:58, 10:13:10-10:14:00
10:19:30-10:20:25, 12:19:45-12:20:34
12:26:45-12:27:33

16 16.08E/16.18 E 78.17 N/78.18 N 09:54:50-09:55:05, 10:14:12-10:14:31
12:20:35-12:20:55

17 16:30E/16:45 E 78.19 N/78.20 N  09:50:00-09:50:50, 09:52:59-09:53:48

10:15:24-10:16:15, 10:17:16-10:17:52
12:21:52-12:22:40, 12:24:43-12:25:28

aerosol layers. Hence, it serves as a reference for a cleama of the backscatter ratio at around 500 m ASL whereby
background atmosphere. maximum backscatter ratioBMys ", decreased from 15 to

Profile No 17 is the only observation containing data from @oout 5 along the mean flow direction toward west.

a flight segment where the topographic height increased by Inside the Adventdalen the vertical distribution of aerosol
about 250 m from near zero at the valley floor to its east-particles exhibited a different characteristics (Fig. 5c, d):
ern part. Therefore, measurements at different heights aboviearge vertical Rs3, nprgradients withRs32 nm>5 near the

sea level (ASL) were averaged resulting in the rather thicksurface and values close to 1.4 at the top of the aerosol layer
aerosol layer, as shown in Fig. 5a. The volume depolarizapoint to a ground source. The volume depolarizaie? nm

tion of this particular profile is rather small with maximum of the respective profiles (humbers 10-14) was always larger
values ofsM2X ~~0.05 (Fig. 5b). Both other profiles from than 0.1 inside the aerosol layer and attaiglg ~0.3

the eastern part (humber 15 and 16) exhibited elevated maxaear the surface (Fig. 5d). Thus, the backscattering aerosol

www.atmos-chem-phys.net/10/1473/2010/ Atmos. Chem. Phys., 10, 14932010
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boundary layer due to shear. Eventually, over the open wa-
ter of the Isfjorden, a well-mixe®s32 nnrprofile was estab-
lished with values between 2 and 3 extending up to about
800 m altitude (profile No 8 in Fig. 5¢). The shape transi-
tion of both theRs32 nmanddssz nnrprofiles from the source
region inside the valley toward the Isfjorden indicates that
the dust particles were transported upward and subsequently

i mixed due to mechanical turbulence.
The next group ofRs32 nmanddssz nprprofiles was taken
over the open waters of the Isfijorden (Fig. 6a, b). There, the
Rs532 nmanddss2 nm profiles No 5-8 still show the character-
istics of a well-mixed aerosol layer. However, the height of
the aerosol layer declined significantly downstream toward
~L the mouth of the Isfjorden. Additionally, the gradually de-
@ creasingRs32 nprvalues indicate that the dust plume was di-

luted and dispersed along its way. As the valuessg$ nm
were greater than 0.1 inside the aerosol layer, we hypothesize
that the observed aerosol particles predominantly consisted
of the mineral dust mobilized in the Adventdalen.

However, the exceptionally largRss2 nnrvalues at the lo-
cation of profile No 9 might tell a different story (Fig. 6a).
This particular profile resulted from six overflights in a re-
gion which was impacted by the outflow of the Adventdalen,
the strong flow past the mountain ridge north of the val-
ley, and the glacier winds blowing over the Isfjorden fur-
ther north. Thus, both th&s32 nm and thesszz narprofiles
at the location No 8 might combine aerosol particles from
various sources and the profile is not representative for the
dust plume exclusively originating from the Adventdalen.

Finally, the vertical profiles measured over the open sea

(®) 16 along the northwest-southeast oriented flight segments allow
an estimate of the meridional gradients of the aerosol distri-
Fig. 4. Locations and sizes of the areas where vertical aerosofution in the lee of Svalbard, and in particular, downstream
backscatter ratio Kssp nm dimensionless) and depolarization Of the Isfjorden. Figure 6c shows four profiles whereby
(8532 nm dimensionless) profiles were taken on 18 May 2004. Thethe southernmost profile No 4 exhibits the lowest values of
different size of the area corresponds to the area boundaries liste®s532 nm<2 inside the boundary layer. The gradual growth of
in Table 1.(a) Western Part of Svalbard with the Isfijorden between aerosol backscatter ratio froRs32 nm~2...3 (northernmost
14 and 17 E and north of 78N. (b) Zoom into the Adventdalen  profile No 1) toRs32 nm~4...5 (profile No 3) indicates that
which is centred around 2@ and 78.2N. As listed in Table 1,  the highest aerosol concentration was found downstream of
consecutive periods of the AMALI observations onboard the Polarihe axis of the Isfjorden (see Fig. 4). The gradual reduction
2 were used fo calculate the averagi nmanddss nnrprofiles and the more pronounced decayRsz nm With altitude to-
in the respective areas as shown in Figs. 5 and 6: The color code 0 . S -
a particular area refers to the color code of the associated profile. Warq north pomts to dilution of the_ plume due to mixing and
sedimentation of the aerosol particles.
The most prominent feature of profile No 3 is the ele-
vated strongly backscattering and depolarising aerosol layer
particles were aspherical and consisted most likely of min'(R5M3A2Xnm>5015gA3Az)§1m>1) at around 600 m altitude (Fig. 6c,
eral dust mobilized from the surface of the Adventdalen. d). Most probably, this layer was produced by drifting ice

The main mesoscale feature of the profiles inside the Adcrystals mobilized by the strong easterly winds at the top
ventdalen is the formation of a mixing layer: The aerosol of the coastal mountains. It is interesting to note that the
layer thickened in flow direction along the valley towards southernmost profile No 4 also exhibit®gz2 nprmaximum
the mouth of the Adventdalen, cf. the sequenc&®ef2 nnr at about 750 m altitude. If one assumes that these drifting
profiles No 14-10 in Fig. 5c. Simultaneously, the verti- particles were emitted from the peaks of the mountains up-
cal Rs32 nprgradient inside the aerosol layer became smallerstream (about 1200 m high and in a distance of 200 km), a
In the given absence of surface heat fluxes, the formatiormean airspeed of 10 m$ results in a rather realistic esti-
of upright Rs32 nnrprofiles indicates turbulent mixing in the mate of the thermal velocity of about3cmst.

ov 8L
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Fig. 5. Backscatter ratio (left column) and volume depolarisation (right column) at 532 nm inside the Adventdalen as measured along the
Polar 2 flight path on 18 May 2004(a) and (b) depict profiles calculated in areas No 15 to 17 at the eastern(padnd (d) profiles
calculated in areas No 10 to 14 at the western part of the Adventdalen. Additionally, profile No 8 is added to facilitate the visualisation of the
dust plume evolution from the Adventdalen to its exit in the Isfjorden. The color coding refers to the respective segments of the flight path,
see Fig. 4 and Table 1.

All profiles observed over the Isfjorden (Fig. 6a, c) show Figure 7 shows the time series of the vertical backscatter
large backscatter values close to the sea surface. Due to thatio Rs32 nm profiles along those legs which are marked in
strong easterly winds blowing along the fjord system, sea salted in Fig. 1b and c, respectively. In each case, the starting
aerosols might be contributing to the total aerosol backscatpoint of the flight segments plotted in Fig. 7a, b was located
ter as well. In order to investigate the sea salt contributionin the warm wake region. In addition 8532 nm two se-
to the aerosol backscatter separately, two additional flightdected values of the range-corrected signal streSdfor the
were performed in the lee of Svalbard which included thedefinition, see Appendix A) were superimposed to mark the
predicted high-wind region at the northern tip of Svalbard. presence of strongly backscattering particles, i.e. of clouds in

and above the marine boundary layer.

2.3 Sea salt emissions at the northern tip of Svalbard On 19 May 2004, the tropospheric aerosol concentration

o . was generally low withRYX ~1.4 at altitudes greater
One of the scientific goals of the two flights on 19 and 1990 m (Fig. 7a). The origin of the elevated spot with the
21 May 2004 was to map the meridional aerosol distribu-high backscatter ratio aRsz» nm~5.5 at 10:50 UTC cannot
tion in the lee of Svalbard under similar meteorological con- e resolved based on our data. Visual observations from the
ditions as during the dust storm flight by extending the air- yjrcraft as well as satellite imagery as shown in Fig. 2 suggest
borne observations toward north. Especially, we expecteqhe apsence of visible clouds. However, the large volume
a spatial variation of the aerosol distribution from the calm depolarisation spot indicates that the cloud consisted most
wake region north of the Isfjord toward the predicted CoaSta|probably of ice particles.
low-level jet at the northern tip of Svalbard (see Fig. 1b, c).
A secondary goal was the documentation of fate of the dust
plume.
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Generally, the aerosol backscatter increased toward the seaodel resolves the unexpected boundary layer height growth
surface to values oRs32 nm~3 (Fig. 7a). Backscatter ra- in the vicinity of the low-level jet. The nearly vertical isen-
tio profiles with small verticaRs3, nprgradients and surface tropes inside the aerosol layer indicate turbulent mixing ei-
values of RMAX =2.6 were mainly measured in the wake ther by mechanical turbulence (shear in the low-level jet) or
region west of Prins Karls Foreland, i.e. between 10:30 andby the vertical heat flux (buoyancy production). The pro-
11:00 UTC. Increased surface values, nm~4.0 were only  cesses leading to the sloped boundary layer will be discussed
observed in two distinct areas: in the vicinity of the north- in Sect. 3.3 in conjunction with the mesoscale numerical sim-
ernmost way point at 10:15UTC and near the mouth of theulations.

Isfjorden (at around 11:15 UTC). On 19 May 2004 only one overflight across the low-

The upward sloping aerosol and cloud layers (enhancedevel jet was performed (see Fig. 1b). The success of the
S-values) in the altitude-time cross-section constitute theflight strategy encouraged us to perform a second flight with
prominent mesoscale feature of this flight segment (Fig. 7a)two consecutive overflights of the jet on 21 May 2004 (see
The obvious symmetry in the profiles results from the turn-Fig. 1c). The results depicted in Fig. 7b reveal similar
ing point of the aircraft at its northermost way point. This mesoscale patterns of the aerosol distribution as found on
way point was located in the region of the low-level jet, see 19 May 2004. However, as the wind speed was weaker on
Fig. 1b. These measurements reveal that the boundary lay&1 May 2004 (Fig. 1c), the cloud top height was by about
height is increasing northward towards the ice edge. The su200 m lower along the first passage of the low-level jet. An-
perimposed isentropes (black contour lines in Fig. 7a) of theother reason for the lower aerosol layer height is the en-
ECMWEF meteorological analyses interpolated on the flighthanced thermal stratification (denser isentropic contour lines
track reproduce the slope of the cloud layer remarkably well.in Fig. 7b) which suppressed the vertical transport. Besides
This suggests that the global numerical weather predictiorthe lower wind speed on 21 May 2004, the low-level jet
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A® =0.5K interpolated onto the flight paths (see Fig. 1). Meteoro-
logical data from operationdf 511/L60 ECMWF analyses.
It is most likely that the backscattering particles near the
sea surface in the northern part of both flights consisted pre-

was also much more curved compared to the conditions oflominantly of sea salt aerosols. This was confirmed by the
19 May 2004 (see Fig. 1b and c). Therefore, the variation oflow depolarisation of the lidar observation (not shown). Fur-
the slope and the height of the mesoscale aerosol patterns ther south near the mouth of the Isfjorden, mineral dust con-
downstream direction is difficult to interpret. Furthermore, Stituted a further possible source of aerosol particles. On
the northernmost way point of the second intersection of thel® May 2004, the dust storm in the Adventdalen still per-
low-level jet was located further south. Thus, only the differ- Sisted, however, to a lesser strength.

ence between the flights on 19 and 21 May 2004 gives evi-

dence that the height of the aerosol layer is directly related t% Mesoscale numerical simulations

the surface wind speed.

The dependence of the height of the simulated clouds orThe observations presented in the preceeding section show
the horizontal wind speed and the thermal stratification carcharacteristic mesoscale features: there was the formation
be also seen in ECMWF'’s cloud liquid and cloud ice water of a well-mixed layer of aerosol patrticles in the Advent-
content as shown in Fig. 8. Enhanced values of the sim-dalen and the sloped aerosol layer at the northern tip of Sval-
ulated cloud condensate exist in those areas where the lbard. These features are most likely the result of valley flows
dar measurements detected clouds at the top of the marinend of the flow distortion around Svalbard. Furthermore,
boundary layer or at higher levels at around 16:00 UTC onthe backscatter observations indicate at least two different
21 May 2004: The high backscatter ratio above 1500 m inlocal sources of aerosol particles. In this section, we test
Fig. 7b is most probably related to the clouds simulated bythe hypothesis that the observed aerosol distribution can be
the ECMWEF. These clouds are associated with the approactexplained by the mobilization of mineral dust and sea salt
ing warm front (compare Figs. 1c and 2b). aerosols. Additionally, the elevated spot of laRyg. nmand
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8532 nm Values in the lee of the mountains as well as visualand p® =3.2103kgm—3 according to Nikovic and Do-
observations indicated a strong snow and ice drift during thebri€ic (1996). However, we restrict the source regions of the
observation period. Therefore, ice particles emitted from thethree aerosol components in such a way, that sea salt is emit-
mountain ranges are considered as well. To support the hyted everywhere over open water south-west of the ice edge
pothesis that local sources contributed essentially to the oband inside the fijords. Dust is exclusively emitted from the
served aerosol backscatter, we perform mesoscale numericAldventdalen, and ice particles are mobilized only over land
simulations of the flow past Svalbard including the transportat altitudes greater than 800 m.

of aerosol particles represented as continuous scalar fields. _ o
3.2 Ambient states, initialisation, and boundary

3.1 Setup conditions

Our numerical experiments were performed with the non-The governing equations are solved in a quadratic domain
hydrostatic, anelastic model EULAG. An up-to-date com- 718 kmx718 km wide and 5km high. We use 36860x 51
prehensive description of the model and its capabilitiesgrid cells, i.e.Ax = Ay =2km andAz =100m. A realis-
can be found in Prusa et al. (2008), Smolarkiewicz andtic topographic model of Svalbard's islands is placed in the
Prusa (2005), and Prusa and Smolarkiewicz (2003). In Ap-centre of the domain (see Fig. 9).
pendix B, the governing equations are summarized and the The environmental states for potential temperature
numerical procedure to solve them is described briefly. 0o = 0.(Xc), and for the velocity componentye =

In addition to the governing equations for mass, momen-lie(Xc), v.(Xc), 0] are obtained from upstream values of the
tum and potential temperature, conservation equations foECMWF operational analyses at°3® and 79 N valid on
three passive scala€®' (@ =1, 2, 3) are solved. For our sim- 19 May 2004 at 12:00 UTC, see the grey lines in Fig. 3. The
ulations of the mobilization and transport of aerosol particlesrespective background values for the scalars are set to zero.
from and around Svalbard, we assige=1 to the concentra-  The initial conditions for the velocity components ageand
tion of mineral dust =2 to that of sea salt, and=3 to ¢’ =0. Atthe lower surface we specify a Neumann boundary
ice crystal concentration. In analogy to the turbulent surfaceconditions for momentum by assuming that the tangential
fluxes of momentum and heat, we prescribe the turbulent surstress is equal to a specified drag fotge
face flux of the respective scalar speai&sinto the domain -, — , ¢, jvy|v;, i=12 (3)

according to: ) ] ]
wherev; are the contravariant velocity components in the

and y-directions, respectively andp =0.001 is magnitude
(1) of the aerodynamical drag coefficient over flat surfaces and
Cp =0.01 over the rough mountains of Svalbard. Sensitiv-
wherepg is density at the surface,, = kv7/10g(zim/z0) iS ity experiments have been performed to test the influence
the friction velocity withx =0.41 as the von Karman con- of thermal convection over the open water on the aerosol
stant,vy is the magnitude of the tangential velocity at the distribution by prescribing a sensible surface heat flux of
lowest model levek;, andzg is the roughness length. The 40 W m2. At the lateral boundaries the predicted variables
quantityc® denotes the effective amount of aerosétsmo- are attenuated to their respective environmental states, see
bilized at the model surface. In analogy to:Kbvic and Do-  Eds. (B3)—-(B7) in Appendix B.
brici¢ (1996) we precribes as follows:

q% = pouscy, a=123

3.3 Numerical results

0 for u, <u? ) o
@ _ L\3 a=123 (2) The simulated flow structure is illustrated by means of the
* Chiax m|n|:1, (ﬁ) } for u, > uf horizontal distributions of potential temperatueand hor-

izontal wind speed/y at 800 m and 500 m altitude, respec-
where Cfj,x = p%/po denotes the capacity of the atmo- tively, see Fig. 9. After 18 h of simulation time, the descend-
sphere to accept the emitted material with dengftyfrom ing flow in the wake region generates a positive tempera-
the surface (or, alternatively: the concentration potentiallyture anomaly (Fig. 9a). Especially, the downstream devel-
available for mobilization). The velocity® comprises a opment of the®-anomaly is in qualitative agreement with
threshold and:¢ is the velocity at which the mobilization is  the satellite observations as shown in Fig. 2. A better quanti-
initiated. Additionally, a thermal velocity 0£0.01ms? is tative comparison would require numerical simulations with
assigned to the vertical velocity transporting the three scalarealistic initial and temporally evolving boundary conditions
fields. which is not the aim of our approach. In the numerical simu-
As we do not intend to perform a detailed and quan-lation with surface heat flux, the warm wake region is wider
titative microphysical modelling of the aerosol mobi- and extends further downstream compared to the simulations
lization and dispersion, we prescribe the following val- without surface heat flux (not shown). A characteristic fea-
ues for all scalar speciesu® =1.2ms?, 4% =0.5ms, ture of the simulated flow field are the numereous low-level
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Fig. 9. Simulated potential temperatur® (K, A® =0.5K, domain at the respective time. There are three characteris-
top) at 800m altitude and horizontal wind spe&g (ms 1, tic features in Fig. 10a: The dust, which was only emitted
AVy =2ms1, bottom) at 500 m altitude after 18 h simulation time. in the Adventdalen, propagates long distances downstream
Results from a run with surface heat flux. The straight red linesthrough the Isfjorden towards the Arctic Ocean. The dust
mark the baseline of the vertical sections as shown in Fig. 11, ancbmme broadens markedly towards north and retains a sharp
the red circles the locations of the vertical profiles as shown ingradient at its southern flank. Secondly, sea salt is emitted
Fig. 12. everywhere over open water if the friction velocity exceeds
the threshold value of 0.5m$. Except in the calm wake
region north of the Isfjorden, all other areas are filled with
jets streaming out of the individual fiords on Svalbard’s west sea salt aerosols. At 300 m altitude, the strongest meridional
coast (Fig. 9b). gradients are simulated at the northern tip of Svalbard and
The associated aerosol distribution after 18 h simulationat the exits of the fjords. A third characteristic feature is the
time is depicted at 300 m and 1200 m altitude in Fig. 10. Indominance of ice crystals in the wake region. As ice crystals
the following figures, normalized concentratiorfs/c* are  were only emitted at locations higher than 800 m, the pres-
plotted where the average value is taken over the whole ence of the tallest mountains of Svalbard just upstream is the
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most probable reason for the concentration maximum in theenced by the presence of the warmer sea water: the top height
wake. Secondly, the induced vertical velocities associatedncreases by about 300 m in the simulation with surface sen-
with the flow past Svalbard lead to an efficient vertical mix- sible heat flux. In the simulations with heat flux the aerosol
ing of the simulated particle concentration. Therefore, iceplume is not as much tilted northwards due to the predom-
particles and to a lesser extent also dust is present at 1200 mant vertical motions in the convective cells. Horizontally,
altitude as well (Fig. 10b). In effect, only a tenth of the dust sharp meridional gradients exist towards south whereas the
concentration can be found at 1200 m altitude whereas tha@orthern flank of the aerosol plume shows a more gradual
ice concentration is just a factor 2 smaller compared to thedecrease.
concentration at 300 m altitude. Based on our numerical sim- The difference between the numerical simulations with
ulations, only small amounts of sea salt were transported Upang without sensible surface heat flux is most obvious in
ward to 1200 m altitude by convective motions triggered by the isentropic surfaces in the wake region. In the simula-
the positive sensible heat flux (see Fig. 10b). tion without surface heating the isentropes bend down due
Figure 11 illustrates the vertical aerosol concentrations byto the adiabatic descent of the air passing over the moun-
means of two meridional cross sections located about 40 anthins upstream. With surface heating, even with such small
100 km downstream of Svalbard (see the respective baseslues of 40 W/, a well-mixed boundary layer develops
lines in Figs. 9 and 10). There are three regions of inter-in the numerical simulations which counteracts the adiabatic
est: Downstream of the Isfjorden (a&350km in Fig. 11), descent. Although the surface heating influences the shape
high concentrations of all species are simulated in the maof the distribution of ice crystals in the wake region it does
rine boundary layer. In contrast, only ice crystals dominatenot influence the magnitude and gross vertical distribution.
the simulated aerosol distribution in the wake region (be-The absence of sea salt aerosols in the wake region is prob-
tweeny ~400 and 500 km). Finally, the numerical simula- ably caused by the weak surface wind speed which inhibits
tions reveal an increase of sea salt aerosol concentration ithe mobilization of sea salt.

the boundary layer further north at-500 km. There is also an immense influence of the surface heating
Large vertical®-gradients at the top of the boundary layer on the simulated sea salt aerosol distribution in the vicin-
are also reflected in the aerosol plume downstream of the Isity of the northern tip of Svalbard: no surface heating leads
fiorden where the concentrations decrease markedly with alto sloped contour lines of the sea salt concentration and the
titude. The simulated top height of the aerosol layer betweershape resembles the observed aerosol backscatter patterns of
800 m and 1000 m is similar to the observed one. Obviouslythe lidar measurements (see Fig. 7). On the other hand, the
the top height and the shape of the aerosol plume is influsurface heat flux triggers the vertical mixing in the boundary
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Fig. 12. Vertical profiles of the aerosol concentrations, the magnitude of the horizontal wind speed, and the potential temperature at the
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dotted, dashed, dash-dotted. The colors of the concentration lines denote the different aerosol species: red — sea salt aerosol, green — du:
blue — ice crystals, and black — total concentration. Top row: results from a run without surface heat flux; bottom row: results from a run
with surface heat flux.

layer more effectively and leads to an aerosol distributiond Vi /dz leads to an effective vertical turbulent mixing of the
typical for a convective mixing layer in regions of loWy. dust concentration. For this location, the differences between
Thus, we conclude that the observed sloped aerosol distributhe simulatinos with and without surface flux are marginal.
tion is predominantly caused by the combination of negativeVisual observations during the dust storm in Longyearbyen
vertical motions in the lee of the mountains and the upwardat 18 May 2004 evidenced that the dust particles from the
motinos in the jet associated with the high wind shear. dry river bed along the valley were rapidly mixed up by the

) ) _ ) strong and gusty winds.
Finally, vertical profiles at four selected locations rep-

resent the downstream evolution 6f, V4, and aerosol At the next location — situated in the Isfjorden between
concentrationC, along the Isfjorden for the two sets of the exits of the Adventdalen and the northwards located
simulations (Fig. 12). Starting with the easternmost profilesfiord — (dashed lines in Fig. 12) the integrated effects of
located at the elevated floor inside the Adventdalen (dashthe two airstreams can be identified: dust from the Advent-
dotted lines in Fig. 12), we see that the large surface winddalen retains its maximum concentration between 500 and
speed mobilizes the dust in the valley. The strong shead000 m altitude whereas the flow from the fjord north of the
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Adventdalen carries dust free air which lowers the aerosolized from the surface of the almost snow-free Adventdalen
concentration at lower levels. Additionally, sea salt aerosolon 18 and 19 May 2004.
particles are mobilized over the open water which show an Our airborne lidar observations document the upward
exponential decrease with height. The comparison of theransport of the dust particles from the surface of the Ad-
aerosol concentration (black dahed line) at this location withventdalen and the formation of a well-mixed aerosol layer
the vertical profile No 9 in Fig. 6a reveals an astonishingalong their way toward the open sea (Fig. 5¢). The high
qualitative similarity. backscatter value®s3»> nm>5 and the volume depolarisa-
Differences between the runs with and without surfacetion 8532 nm>10 indicate the exisitence of mineral dust. The
heat flux are detectable at the positions over the IsfiorderAMALI observations presented in Sects. 2.2 and 2.3 obtain
which were selected to be inside the dust plume. Obviouslyjnformation on aerosol particles larger than approximately
at these locations the dust concentration is larger below about00 nm. The smaller the particle the weaker is its interaction
600 m altitude compared to the position at the junction of thewith visible light. However, AMALI still sees the molecu-
both fjords we discussed before. Furthermore, the simulatiodar background due to the high number concentration of air
with the small positive surface heat flux reveal a well-mixed molecules. Therefore, a strict lower limit of particle sizes
marine boundary layer which is also reflected in the shape obased on the lidar observations cannot be given. For Arc-
the vertical®-profiles. Although, the profiles of the ice con- tic conditions, aerosol particles smaller than 100 nm become
centration exhibit a maximum at around 700 m altitude, in difficult to detect if their concentration is less than about
the numerical simulations dust is still the dominating portion 1000 cnt S,
of the overall aerosol concentration. The molecular backscattering of the atmosphere at 532 nm
at ground level is about .80~ m~1sr-1 and proportional
to the air density. Assuming Mie theory, one can derive an
4 Discussion and conclusions aerosol size distribution based on lidar observations if simul-
taneous measurements of the backscatter coefficient at three
During ASTAR 2004, a quasi-stationary weather situationdifferent wavelengths and the extinction coefficient at two
caused strong easterly winds past Svalbard for a period ofvavelengths were available (Ansmann et al., 1992). Such
about four days. According to Skeie and Gagn(2000), calculations are challenging and not possible with AMALI
easterly winds dominate during the winter months ratheroutput (Stachlewska et al., 2009). Thus, size and concentra-
than spring. This exceptional situation mid of May 2004 tion of the observed aerosol particles cannot be detangled.
caused nearly cloud-free conditions in the lee of Svalbard’sOnly a rough estimate can be given as follows. A backscatter
mountains. Airborne remote-sensing observations above anghtio Rs3, nmA22 at 3 km altitude corresponds to a backscatter
around the islands were performed to record the aerosol diseoefficient of 1.610~7 m~1sr~1. This value might be due to
tribution emerging from the impact of the intense easterly 200 particles per cfof 0.2 pm radius or 10 particles per ém
winds. To our knowledge, these are the first lidar observa-of 1 um radius as the scattering efficiency sharply increases
tions documenting the aerosol distribution in the fjord systemwith particle radius in this range of sizes.
and in the lee of Svalbard under such a strongly disturbed If we made the assumptions that the aerosol particles had
weather situation. the same size, the same shape and the same chemical com-
The series of airborne lidar observations facilitated a studyposition, then the quantityg3,nm—1 is directly proportional
of the mobilization and the subsequent transport of the dif-to the concentration. However, with the conditions during
ferent aerosol particles along valleys and the leeside of thehe ASTAR 2004 flights over the orography of Svalbard the
islands. For the first time, mesoscale aerosol features ass@bserved aerosol distribution was really complex. There, sea
ciated with the flow over Svalbard could be visualized in salt, ice crystals and the dust outflow from Adventdalen all
the lidar data. Most of the published aerosol lidar obser-entered together in the lidar signal. Our clearest profiles in
vations are performed by ground-based stations under calrthe calm wake region shoRss, nm~2 close to the ground.
high-pressure and clear-sky conditions. Therefore, our airif we assume that this value was predominantly due to sea
borne remote-sensing observations add new insights abowalt we can estimate the extinction coefficient (product of
the amount and the spatial distribution of the aerosol parti-backscatter and lidar ratio) to be about-4@°m~1! at the
cles in the Svalbard area. ground by assuming a lidar ratio of 20 sr according to Do-
Advantageously, the low background concentration of an-herty et al. (1999). Hence, we obtain a visibility of about
thropogenic aerosols during this particular period enabled th&®0 km with the lidar which documents that the unpolluted
identification of the sources of the backscattering particles byArctic atmosphere is really clear.
a combination of remote-sensing observations and mesoscale On the other hand, our high backscatter rakgsy nm~10
numerical modelling: Most of the observed backscatteringin the Adventdalen correspond to a particle backscatter of
particles were produced by local sources and consisted eit.27.10-°m~1sr-1. If we assume a lidar ratio of 55sr as
ther of mineral dust, sea salt, or ice crystals. Exceptionallyfor desert dust aerosol particles (Ansmann et al., 2008), we
for the time of the year, mineral dust particles were mobi- obtain a particle extinction of 7.00~*m~1. If the particles
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were around 0.2 um in radius this roughly corresponded taeason, it would be worthwhile to have simultaneous quan-
7000 particles per cfa So, this Adventdalen dust event out- titative in-situ observations of the aerosol properties in addi-
reached typical Arctic haze events in the vicinity of Spitsber-tion to the lidar profile in order to simulate the aerosol evo-
gen. For such haze events, Ritter et al. (2004) report typicalution with advanced micro-physical models.
values of around 200 patrticles with 0.2 um radius.
Over the open water of the Isfjorden, the further fate of the
dust plume was characterized by dilution as the backscatteAppendix A
ratio was reduced to values &3> nm~2...3. Due to sed-
imentation the height of the aerosol plume decreased alongMALI
its downstream propagation. The formation and evolution of
the mixed layer in the Adventdalen is also reflected in theThe nadir-aiming eye-safe Airborne Mobile Aerosol Lidar
numerical simulations. Besides the dust particles, both th6d AMALI) utilized a Nd:Yag laser operating with 15 Hz rep-
backscatter and the depolarisation measurements as well &sition rate at a linearly polarised wavelength of 532 nm and
the numerical simulations indicate that the marine boundarywith a pulse energy of 120 mJ. The large laser beam diver-
layer over the Isfjorden contained sea salt and ice particles agence of 2.6 mrad ensured the eye-safety beyond distances
well. greater than 2.5km off the system. The parabolic off-axis
Whereas the airborne observations over the Isfjorden ormirror with a field of view of 3.1 mrad was employed to
18 May 2004 reveal a mix of different backscattering aerosolprovide a short range of geometrical compression of 245m.
particles, the both airborne lidar observations on 19 andThe range of airborne measurements was limited to the max-
21 May 2004 in the lee and north of Svalbard identify seaimum nominal operation height for the laser of 3 km altitude
salt as the dominant backscattering aerosol particles insidabove sea level. This short vertical range assured sufficiently
the marine boundary layer. The numerical simulations reveahigh signal-to-noise ratio (SNRL5) and allowed the photo-
that the height of the sea spray depends on the surface winghultipliers to operate in an analog mode.
speed. The characteristic upward slope of the aerosol layer Airborne lidar applications require short integration times
was generated due to the combined action of descending ain order to achieve sufficient horizontal resolution. During
in the lee of the mountains and the ascent in the low-level jet ASTAR 2004, an acceptable SNR was already achieved for
The combination of both effects lead to the unsual upwardan integration time of 1 s corresponding to a horizontal res-
slope of the boundary layer height northward to the ice edgeolution between 46 m and 77 m depending on the aircraft
Generally, our airborne lidar observations and the numerground speed between 166 kmh(90kt) and 278 kmht
ical simulations indicate that an ubiquitous and significant(150 kt), respectively.
source of aerosols in the Svalbard area is sea salt which In this paper, we use the following three quantities to char-
is ejected by different physical processes into the marineacterize the tropospheric aerosol properties: the backscatter
boundary layer (see Lewis and Schwartz, 2004; Hara et al.yatio Rs3p nm= 222219 \wherebyBpanis the backscatter co-

2003). It is beyond the scope of the present paper to studfficient due to aerosol particles afiglo the backscatter co-
the sea salt flux in detail as done by Clarke et al. (2006).gfficient due to molecules. A backscatter raitezs nm=1
Extensive remote-sensing and in-situ observations are negorresponds to the pure Rayleigh scattering by molecules of
essary to undertake such an assessment. However, we poifie air. In the Arctic, typicaRsz» nirvalues range from 1.01—
out that sea spray is a significant local source in the Svalbard g for the clear free troposphere.

area when strong surface winds exist. Especially, in years Secondly, the volume depolarization: The laser in the
when the sea ice is shifted towards north and the coastal alspALj emits linearly polarised light at 532 nm. Spherical
eas are free of ice. But not only the ejection from breakingpayticles, according to Mie theory, do not alter the state of
water waves is a source of sea salt. Recent studies of Yang glp|arisation, while non-spherical particles almost always do,
al. (2008) have shown that snow lying on sea ice could be &ge: van de Hulst (1981). In AMALI, the returning light
potentially important source of sea salt as well. _ from the atmosphere is separated by polarising beam splitter
It is not clear if local sources play a signficant role in the jnto the components “parallel” and “perpendicular” relative
overall aerosol characteristics in the Svalbard area. Certainly, the |aser. We obtain the volume depolarisatigs nmas

eventT; ”kl‘: the one grehsented in trl‘is _papljer_ do not occur fréghe ratio of the signals “perpendicular” divided by “paral-
qguently. However, if the meteorological situations are en-, BoartHBmol . .
forcing a strong flow past Svalbard, the aerosol distributiong'®' -+ 9532nm= M' Due to the asphericity of the air
above and around the islands are strongly dependent on Ignolecules, the depolarisation of clean air is 1.4%.

cal factors as topography, heat content of the water and the Third, the range-corrected signal strength) = P (k) h?
upstream wind direction. Climate models often use averageds used to characterize boundary of cloud layers. HB(&)
profiles from stations in the vicinity of orography. How these denotes the intensity of the measured current at the rlange
profiles are to account for topographic effects under certain All the observed profiles were averaged over 15s with

meteorological conditions remains an open issue. For thigange resolution of 7.5m and horizontal resolution of 1 km
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for typical aircraft ground speed of 130kt. The averagecobian of coordinate transformation, is the pressure per-
length of a typical airborne profile varied between 2.5 andturbation with respect to the undisturbed environmental pro-
2.7 km depending on flight altitude and taking into accountfile normalized byp, f is the Coriolis parameter, anglis

the losses due to geometrical compression near the lidar. the acceleration due to gravity. The total derivative is given

The backscatter profiles were obtained by a combinatiorby d./dt =9./9t + V - (p*.) with V :=(3/0x,9/9y,d/0z).
of the Klett-Fernald evaluation scheme (Klett,1981, 1985;Primed variables denote the deviations to an undisturbed en-
Fernald, 1984) with the classic Newton-Raphson iterativevironmental stat®,, u., andv,. The attenuation forcings
method, and calibrated with a two-stream algorithm (Stach-with coefficientsa,, and oy appearing in the momentum
lewska et al., 2005, Ritter et al., 2006). A detailed descriptionand entropy equations simulate wave-absorbing devices in
of the AMALI construction, design and evaluation schemesthe vicinity of the open lateral boundaries of the numerical
can be found in Stachlewska et al. (2009). model.

The D-terms appearing in the above equations symbol-
ize viscous dissipation of momentum, diffusion of heat and
species via the divergence of turbulent stresses and fluxes of
heat and species, respectively.

Appendix B

The numerical model EULAG

0Ti; 1
The governing equations are formulated for the Cartesian?i = E tij =2pKum (eij _55' Ckk | (B10)
velocity components/ = (1,v,w) as a function of curvi- 90
linear coordinategx, y,z) which are related to the Carte- Dy = pKH(S”r (B11)
sian coordinatesx,, y., z.) according to the transformation x,a
[-x’ y,Z] Z[Xu)’c, U(xc, }’ch)] Herea Dgl = ,OKH(SU BC (512)
0x;
Ze— h
n=Ho— B \where
maps the domain above an undulated surface at heighét__:} Qui | Ouj (B13)
h(x¢,y.) and below a plane top surfacezat H onto a rect- VT2 dx;  0x;

angular transformed domain. The coordinate transform en- . . -
ters the governing equations of motion through the metriciS the rate-of-strain tensor. For a detailed description of the
coefficients diffusive terms in time-dependent curvilinear coordinates,

o see Prusa and Smolarkiewicz (2003). The corresponding
Gii — ia_ﬂ% (B2) eddy coefficientky; and Ky are proportional to the square
= gxk axk’ root of the turbulent kinetic energy. In the subgrid-scale
(SGS) model all sources and sinksa@fre combined iS5 (e);
and the Jacobian of the transformatiGn= (del{Gij})*l/Z_ see Sorbjan 1996 and Margolin et al., 1999 for details of the

The anelastic equations are written in the following form SGS-model.

k=1

(cf. Smolarkiewicz and Margolin, 1997): _The governing e_quafcions are solved by means of finite-
difference approximations using a second-order accu-
dp*u; - 0 (B3) rate nonoscillatory forward-in-time (NFT) approach (Smo-
0x; ' larkiewicz and Margolin, 1997; Smolarkiewicz and Prusa,
du  Om 1307 , , 2005). The prognostic equations are written compactly in a
= 9k Gty Due VW e, (B4 conservation-law form
dv  om 2307 , , dp*W
E——E—G a—z—fu —Do(e,VV) —a,v", (B5) . +V-(,0*V\IJ)=,0*R‘1’, (B14)
dw lox o . .
—=— ——+4g=—D3(e,VV) —a,w, (B6) where W symbolizes the velocity componenis v, andw,
dt/ G oz o the passive scalars*Cthe potential temperatuteor the tur-
d_9 _ _ 7 96e —Di(e, VO) —and’, (B7) _buIent kinetic energy. On a disprete mesh, the NFT approx-
dt 0x; imation of Eg. B14) can be written as
dc* ~
——=-D{(eVC), a=123 (B8)  wtl=LEj(¥)+05ArRY ", (B15)
Z_j = S(e), (B9) Where\IJi”Jrl denotes the solution at the grid poimtt1,x;),

U :=W"4+0.5ArRY|", and LE denotes the NFT transport
where# is the potential temperatur&® denote the scalar operator. In the Eulerian scheme, used exclusively in this
species,o* is the reference densify multiplied by the Ja-  paper,L E integrates the homogeneous transport B44j —
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viz., LE advectsy using a fully second-order-accurate flux- Dornbrack, A., Doyle, J. D., Lane, T. P., Sharman, R. D., and Smo-
form scheme MPDATA (for a review, see Smolarkiewicz and larkiewicz, P. K.: On physical realizability and uncertainty of
Margolin, 1998). numerical solutions, Atmos. Sci. Lett., 6, 118-122, 2005.

ity and to the first order. This is justified because the

. ; a 180 Backscatter Nephelometer, Appl. Opt., 38, 1823-1832,
D-terms enter the governing equations only as a conse- 1999

quence of a SGS turbulence model, i.e. already as a cOfpgyle, J. D. and Shapiro, M. A.: Flow response to large-scale to-
rection O(Ax). Technically, this eliminates the need for  pography: the Greenland tip jet, Tellus, 51A, 728-748, 1999.
predecting SGS™ in RY|"*1 on the rhs of Eq.§15), as  Engvall, A.-C., Krejci, R., Stm, J., Minikin, A., Treffeisen, R.,

SG]Ytl) =SGgw) + O(Ar). Technically,Nthe defini- Stohl, A., and Herber, A.: In-situ airborne observations of the
tion of the auxiliary field¥ is expanded aslV := w”" + microphysical properties of the Arctic tropospheric aerosol dur-
0.5A1 (R% I"+2R&d"). Here, the resolved inviscid forc- ing late spring and summer, Tellus B, 60, 392—404, 2008.

ings are accounted for mi\g\lln in R\IJ|n+l on the rhs of Fernald, F. G.: Analysis of atmospheric lidar observations: some

Eq. B15); refer to Sects. 3.5.4 and 4.3 in Smolarkiewicz and comments, App. Opt., 23, 652-653, 1984. .
Margolin (1998). The explicit first-order evaluation of the Garrett, T. J., Radke, L. F., and Hobbs, P. V.: Aerosol effects on
. e . . cloud emissivity and surface longwave heating in the Arctic, J.

S_GS forcings improves the efficacy of the numerical calcula-  pyp0s. Sci., 59, 769-778, 2002.

tions. Hara, K., Yamagata, S., Yamanouchi, T., Sato, K., Herber, A,,
In the implicit option of the model algorithmy = 6’ the Iwasaka, Y., Nagatani, M., and Nakata, H.: Mixing states of

entropy equation is solved simultaneously with the momen- individual aerosol particles in spring Arctic troposphere dur-

tum equations — via formulating and solving an elaborate el- ing ASTAR 2000 campaign, J. Geophys. Res., 108(D7), 4209,

liptic problem for pressure, cf. Smolarkiewicz et al. (2004) ~ d0i:10.1029/2002JD002513, 2003.

for discussion — whereupon the buoyancy term is integratedtoffmann, A., Ritter, C., Stock, M., Shiobara, M., Lampert, A., Ma-

. - . . turilli, M., Orgis, T., Neuber, R., and Herber, A.: Ground-based
implicitly over r € [",#*+1] using the trapezoidal rule (see o e ' o o
Dombrack et al., 2005). lidar measurements from N&tesund during ASTAR 2007, At-

mos. Chem. Phys., 9, 9059-9081, 2009,
http://www.atmos-chem-phys.net/9/9059/2009/
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