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In this work, a closure experiment for tropospheric aerosol is presented. Aerosol size distributions and
single scattering albedo from remote sensing data are compared to those measured in-situ. An aerosol
pollution event on 4 April 2009 was observed by ground based and airborne lidar and photometer in
and around Ny-Ålesund, Spitsbergen, as well as by DMPS, nephelometer and particle soot absorption
photometer at the nearby Zeppelin Mountain Research Station.

The presentedmeasurementswere conducted in an area of 40� 20 km aroundNy-Ålesund as part of the
2009 Polar Airborne Measurements and Arctic Regional Climate Model Simulation Project (PAMARCMiP).
Aerosol mainly in the accumulation mode was found in the lower troposphere, however, enhanced
backscattering was observed up to the tropopause altitude. A comparison of meteorological data available
at different locations reveals a stable multi-layer-structure of the lower troposphere. It is followed by the
retrieval of optical and microphysical aerosol parameters. Extinction values have been derived using two
different methods, and it was found that extinction (especially in the UV) derived from Raman lidar data
significantly surpasses the extinction derived from photometer AOD profiles. Airborne lidar data shows
volume depolarization values to be less than 2.5% between 500 m and 2.5 km altitude, hence, particles in
this range can be assumed to be of spherical shape. In-situ particle number concentrations measured at
the Zeppelin Mountain Research Station at 474 m altitude peak at about 0.18 mmdiameter, which was also
found for the microphysical inversion calculations performed at 850 m and 1500 m altitude. Number
concentrations depend on the assumed extinction values, and slightly decreasewith altitude as well as the
effective particle diameter. A low imaginary part in the derived refractive index suggests weakly absorbing
aerosols, which is confirmed by low black carbon concentrations, measured at the Zeppelin Mountain as
well as on board the Polar 5 aircraft.
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1. Introduction

The Arctic is a remote region with generally very low concen-
trations of aerosols. However, the concentration of especially
accumulation mode aerosols and associated aerosol optical depth
(AOD) annually peaks in the spring months March through April as
a result of poleward aerosol transport. This increase in tropospheric
aerosols is commonly referred to as Arctic haze (Shaw, 1995; Sirois
and Barrie, 1999 and Quinn et al., 2007). It was first observed as
d in-situ measurements of tropospheric aerosol, a PAMARCMiP case
27

https://core.ac.uk/display/11768841?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:anne.hoffmann@awi.de
mailto:lukas.osterloh@googlemail.com
mailto:lukas.osterloh@googlemail.com
mailto:robert.stone@noaa.gov
mailto:astrid.lampert@tu-bs.de
mailto:astrid.lampert@tu-bs.de
mailto:peter.tunved@itm.su.se
mailto:shao-meng.li@ec.gc.ca
mailto:elefther@ipta.demokritos.gr
mailto:andreas.herber@awi.de
www.sciencedirect.com/science/journal/13522310
http://www.elsevier.com/locate/atmosenv
http://dx.doi.org/10.1016/j.atmosenv.2011.11.027
http://dx.doi.org/10.1016/j.atmosenv.2011.11.027
http://dx.doi.org/10.1016/j.atmosenv.2011.11.027


Fig. 1. Flight patterns of the POLAR 5 research aircraft on 4 April 2009. Stretches,
where the different instruments were in operation are color coded: AMALi (red), sun
photometer (blue), and dropsonde (yellow).
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a visible layer of unknown origin in the 50’s by pilots crossing the
American Arctic. Its anthropogenic originwas shown by Rahn et al.,
(1977) and Rahn (1981) and others about 35 years ago. A strong
annual increase in particulate sulfates, with maximum values in
March and April, has been monitored at different sites throughout
the Arctic for almost 30 years (Barrie et al., 1981, Quinn et al., 2000).
Arctic haze consists of well-aged aerosol of 0.2 mm or less in
diameter, i.e. dominated by the accumulation mode. Sulfate is the
most abundant compound, but also nitrates, chlorides and carbo-
naceous compounds are present, e.g. a haze event in 2000 was
characterized by a high mixing ratio of externally mixed soot
particles (Yamanouchi et al., 2005). Arctic haze is assumed tomainly
originate from long-range transported anthropogenic pollution
from Europe and western Asia. Depending on the location of the
polar front, effective meridional air mass exchange between the
polar and mid-latitudes is possible. It has been shown that Arctic
haze can get trapped for up to 15e30 days in late winter (Quinn
et al., 2007). Additionally, biomass burning events are considered
to contribute to Arctic haze (Law and Stohl, 2007, Warneke et al.,
2010). Vertically and spatially highly inhomogeneous haze layers
have been observed frequently above Spitsbergen, as reported by
Gerding et al. (2004), Yamanouchi et al. (2005), Stohl (2006) and
Hoffmann et al. (2009). Due to the large abundance of accumulation
mode sized particles, Arctic haze layers are very efficient in scat-
tering solar radiation. The presence of light absorbing material such
as soot also enhances the absorption during periods of Arctic haze.

The airborne research project PAMARCMiP (Polar Airborne
Measurements and Arctic Regional Climate Model Simulation
Project) studied the meteorology, air quality and sea ice thickness
in the Arctic (Stone et al., 2010). Over the Arctic, little information
is available on the spatial distribution of atmospheric aerosols, e.g.
soot, and clouds and on their radiative impact (Liu et al., 2010). Data
obtained with several instruments on board the Polar 5 aircraft
are compared to ground based remote sensing data from the French
German Arctic Research Base, AWIPEV (11.92�E, 78.92�N) as well
as continuous in-situ data collected at the Zeppelin Mountain
Research Station (11.89�E, 78.91�N), located in and close to
Ny-Ålesund.

The AWIPEV Research Base is operated by the Alfred Wegener
Institute for Polar and Marine Research (AWI) and the Institut
polaire français Paul-Emile Victor (IPEV). It facilitates a uniquely
well equipped atmospheric laboratory, which provides long term
remote sensing technologies including lidar and sun photometer
as well as atmospheric monitoring using balloon soundings. These
technologies can be combined to characterize the Arctic atmo-
sphere. In the first week of April 2009, the AODmeasured byground
based sunphotometerwas relatively high and, as confirmed by lidar
data, concentrated within the lowest few kilometers of the atmo-
sphere. Within this period, the largest AOD of up to 0.12 at 532 nm
was measured on 4 April 2009. Coincidentally, this day was one
of the two days of the PAMARCMiP campaign, where instrument
comparison flights in the Ny-Ålesund vicinity were performed.
These data are used for a remote sensing and in-situ intercompar-
ison, which is important to better understand the aerosol radiative
forcing. Closure studies between experiments measuring optical
and in-situ aerosol properties are sparse so far; Wandinger et al.,
(2002) describes a case from central Europe. However, we are not
aware of such intercomparisons for Arctic aerosols so far.

2. Methods

Ground based data obtained at the AWIPEV Research Base in
Ny-Ålesund and the Zeppelin Mountain Research Station are
compared to airborne data collected during a comparison flight of
the research aircraft Polar 5. From 10:00 to 12:00 UTC, Polar 5 circled
Please cite this article in press as: Hoffmann, A., et al., Remote sensing an
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the Ny-Ålesund vicinity at altitudes from 100 m to 3600 m above
ground. The detailedflight pattern can be seen in Fig.1with theflight
sections, in which the different instruments on board were active,
being color coded. The average speed of the airplane was 50 m s�1.
An overview of the used in-situ and remote sensing instruments is
given in Table 1 and described in the following section.

2.1. Meteorological soundings

Vaisala radiosondes are routinely launched from Ny-Ålesund
since October 1991 in order to characterize the vertical thermal,
dynamical and moisture structure of the Arctic atmosphere. On 4
April 2009, the standard Vaisala RS-92 radiosonde was launched
at 11:44 UTC to optimize the temporal difference to the Polar
5 overflight. Thus, vertical profile data of temperature, relative
humidity, wind speed and wind direction are available from 11 m
above sea level well into the stratosphere.

In addition, a dropsonde was launched from the aircraft at
12.50�E, 78.82�N (about 17 km from Ny-Ålesund) to measure the
same atmospheric state variables from flight altitude down to the
ground. This Vaisala RD93 sonde was dropped about 3 km above
the surface at 10:58 UTC, landing at about 350 m above sea level on
top of the Kongsvegen glacier. The transmitted datawas received by
a system on board Polar 5.

2.2. Lidar

Two lidar systems were used for this study: the ground based
Koldewey Aerosol Raman Lidar (KARL), which is a multi-wavelength
Raman lidar and the nadir looking Airborne Mobile Aerosol Lidar
(AMALi) on board the research aircraft Polar 5.

2.2.1. KARL
The KARL is housed in the Atmospheric Observatory of the

AWIPEV Research Base and is operated as a tropospheric Raman
Lidar since its first deployment in 2001 on a regular basis and in
d in-situ measurements of tropospheric aerosol, a PAMARCMiP case
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Table 1
Overview of the instruments, measurement errors and purposes used in this work.

Instrument [location] Direct quantity [error] Deduced quantity [error] Aim

Remote, ground: Radiosonde [Ny-Ålesund] T(z) [0.5 K]
Rh(z) [5%]
Wind [0.3 m s�1, 5�]

Boundary layer altitude Judge stability and comparability
of meteorological conditions

KARL lidar [Ny-Ålesund] Backscatter and extinction
coefficients [10%, 20%]

Size distribution
[20% for particle number]
and refractive index [�0.05]

Compare to in-situ data

Photometer [Ny-Ålesund] Aerosol optical depth [0.01] Check KARL lidar, judge temporal
fluctuation of aerosol load

Remote, airborne: Dropsonde [Polar 5 aircraft] T(z) [0.5 K]
Rh(z) [5%]
Wind [0.3 m s�1, 5�]

Justify comparability
to Ny-Ålesund data

AMALi lidar [Polar 5 aircraft] Backscatter coefficients,
depolarization [25%, 10%]

Shape of aerosol, profile below 800 m

Photometer [Polar 5 aircraft] Aerosol optical depth [0.01] Extinction coefficient [20%] Compare to KARL lidar and
Zeppelin station

In-situ, ground: DMPS [Zeppelin] Mobility distribution
[12.5% for particle number]

Size distribution
[12.5% for particle number]

Compare to KARL lidar

Nephelometer [Zeppelin] Scattering and backscatter
coefficient [2%]

Single scattering albedo [0.02] Compare to lidar

PSAP [Zeppelin] Absorption [20%] Single scattering albedo [0.02] Compare to aircraft
SEQ [Zeppelin] Organic and elemental

carbon [10%]
Representativeness on weekly scale

Aethalometer [Zeppelin] Extinction coefficient [>6%] Absorption, black carbon [15%] Compare to aircraft
In-situ, airborne: Single particle soot photometer

[Polar 5 aircraft]
Absorption coefficient [10%] Black carbon concentration [20%] Compare to Zeppelin
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numerous field campaigns. The system has received several
modifications, the latest one being an upgrade to a combined
tropospheric-stratospheric system in fall 2008. From spring 2009 on,
it contains a larger telescope in a coaxial, single-telescope setup.
A Spectra Quanta-Ray PPO 290-50 Nd:YAG laser with output
wavelengths of 355, 532 and 1064 nm at a repetition rate of 50 Hz is
used. Laser light scattered by molecules and aerosols produces
a return signal at the output wavelengths and an additional, much
weaker and molecule specific signal because of Raman scattering at
shifted wavelengths. The return signals at the output wavelengths,
the Raman shifted wavelengths for nitrogen andwater vapor as well
as the parallel polarized signal of the 355 and 532 nm signal are
collected by a 0.7 m diameter, variable field of view (0.8e2.5 mrad)
parabolic mirror. The telescope output is collimated and then split
among four quartz fibers using dichroic beam splitters. Further
wavelengths separation is done behind the fibers before the light
is focussed to eight photomultiplier tubes and an avalanche photo
diode in the case of the 1064 nm channel. The maximum height
resolution is 7.5 m; the temporal resolution is set to 1.5 min. A full
description of the system can be found in Hoffmann et al. (2010).

On 4 April, KARLwas operated from 4:37 to 24:00 UTCwith only
short breaks due to calibration procedures. In order to reduce
the overlap height, the field of view was set to 1.71 mrad and the
telescopes focus was set to the near field during the time interval,
inwhich Polar 5 circled the area. Data are averaged to 60 m altitude
resolution and 1.5 min temporal resolution. For the comparison
with photometer data 20 data sets recorded between 11:30 and
12:00 UTC e close to the balloon launch and the Polar 5 overpass e
were selected. Due to technical reasons, depolarization measure-
ments are not available during the PAMARCMiP campaign.

2.2.2. AMALi
On board the Polar 5 was the Airborne Mobile Aerosol Lidar

(AMALi) system, developed by AWI Potsdam, which operates at
wavelengths of 532 nm and 355 nm (Stachlewska et al., 2010).
It utilizes an Nd:YAG pulsed laser and can be operated in the Polar
5 aircraft in either nadir or zenith configuration. The data on 4 April
were recorded in the nadir position. The vertical resolution of the
Please cite this article in press as: Hoffmann, A., et al., Remote sensing an
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data is 7.5 m, the horizontal resolution depends on the aircraft
speed. Data are averaged over 15 s, which translates to a horizontal
resolution of ca. 750 m. Backscatter profiles as well as profiles of
the linear volume depolarization ratio at 532 nm were obtained
from 10:05 to 11:00 UTC. A period of 6 min (10:40e10:46 UTC)
was selected, when no clouds or mountains were present and the
signal penetrated to the ground. The data can be evaluated between
the ground surface and 250 m below cruising altitude, i.e. 2.8 km
altitude on 4 April.

2.3. Photometer

2.3.1. Airborne photometer
During the Polar 5 flight, spectral AOD data were derived

from measurements made using an 8 channel Sun photometer
system developed at the U. S. National Oceanic and Atmospheric
Administration (NOAA) and the Institute of Atmospheric Sciences
Climate e National Research Council (ISACeCNR), Italy. It measures
spectral irradiance at nominal, central wavelengths of 368, 412, 500,
610, 675, 778, 862 and 1050 nm. A detailed description of the system
can be found in Stone et al. (2010). The profile data used in this study
were recorded from 11:14 to 11:55 UTC. Additionally, GPS position
and altitude along the flight track were recorded. The analyses
methods employed are outlined in Stone et al. (2002, 2010). They
include cloud screening to minimize the influence of thin clouds as
well as corrections for ozone and NO2 attenuation. The accuracy of
AOD retrievals obtained during PAMARCMIP is estimated to be
within�0.005 for wavelengths in the range from 412 nm to 862 nm
(Stone et al., 2010).

2.3.2. Ground based photometer
The AOD at Ny-Ålesund was measured using a sun photometer

type SP1A produced by Dr. Schulz and Partner GmbH. It has a field
of view of 1� and covers a spectral range from 350 nm to 1050 nm in
17 channels, including the wavelengths at which the sun photom-
eter on board of Polar 5 operates. A detailed description of the
instrument and the performed measurements in Ny-Ålesund can
be found in Herber et al. (2002).
d in-situ measurements of tropospheric aerosol, a PAMARCMiP case
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Fig. 2. Backscatter ratio (BSR) at 532 nm as measured with KARL in two eight day
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10:54 to 11:08 UTC and to 60 m intervals vertically.
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2.4. In-situ instruments

2.4.1. Zeppelin Mountain Research Station
In-situ instruments were operated simultaneously at the

Zeppelin Mountain Research Station. It is situated on a mountain
ridge, 474 m above sea level and 1.7 km south of Ny-Ålesund. The
station is usually unaffected by local sources due to anthropogenic
activities in and around Ny-Ålesund, and mostly below the
boundary layer cloud top, hence, the observations at the station
are representative for Arctic boundary layer conditions (Ström
et al., 2003).

The Department of Applied Environmental Science (ITM) at
Stockholm University continuously operates a number of instru-
ments that are used in this study. The aerosol number size distri-
bution at the Zeppelin Mountain is observed using a Differential
Mobility Particle Sizer (DMPS) utilizing a medium size Hauke DMA
(Knutson andWhitby, 1975). After classification according to size in
the DMA the particles are counted using a CPC3010. The size range
observed by the instrument covers sizes between 10 and 790 nm,
using a dlogDp of 0.05, i.e. 20 bins per decade. The DMPS further
uses a closed-loop sheath-air circulation system. The aerosol sample
flow is 1 L min�1, with the sheet air flow set to 5.5 L min�1. The
mobility distribution measured by the DMA is inverted to a number
distribution assuming a Fuchs charge distribution (Wiedensohler,
1988). Aerosol light scattering is measured using a TSI 3563 inte-
grating nephelometer. The nephelometer observes total scattering
and backscattering at three different wavelengths (450 nm, 550 nm
and 700 nm). The aerosol light absorption is measured using
a custom-built Particle Soot Absorption Photometer (PSAP). The
PSAP, corrected by spot size and filter loading, delivers observations
of the particle light absorption coefficient sab at a single wavelength
of 525 nm.

At Zeppelin Mountain the carbon content in the aerosol parti-
cles is determined using different methods. For the investigation of
organic carbon (OC) and elemental carbon (EC) concentrations,
samples are collected using a Leckel sequential sampler SEQ 4750
which is working according to the standard CEN EN 12341.
The sample flow is 2.3 m3 h�1 (38 L min�1) and the filter medium is
a quartz filter. The collected samples are analyzed using a OC/EC
sunset lab from Sunset laboratory cooperation following the NIOSH
standard procedure (NIOSH (1999). Method 5040 Issue 3). Due to
the comparatively low particle mass concentrations found in the
Arctic a sample time of one week per sample is necessary.

BC measurements at a higher temporal resolution are obtained
bymeans of a Magee Sci., 7 wavelength aethalometer (Eleftheriadis
et al., 2009), which measures attenuation of light from a source
illuminating aerosol loaded filters at seven wavelengths. Also, the
absorption coefficient can be obtained. It should be noted that the
calculated BC is just a rough estimate of actual black carbon content
and should be considered as an apparent concentration only. In
our studywe estimated the BC using a site-specific mass absorption
efficiency of 15.9 m2 g�1 (�0.7 m2 g�1) (Eleftheriadis et al., 2009).
This number is nevertheless somehow uncertain as a precise value
depends on the chemical composition. The mass concentrations
we derive from applying this factor are thus to be considered as so
called equivalent black carbon (EBC). Other absorbing species
likely exist as well such as mineral dust and brown carbon, which
will influence the absorption and thus the correctness of the EBC
calculations in representing actual BC concentrations.

2.4.2. Airborne measurements
On board the Polar 5, a Single Particle Soot Photometer (SP2)

was installed and run by Environment Canada. It measures the size
segregated concentration of BC by laser-induced incandescence
using continuum laser.
Please cite this article in press as: Hoffmann, A., et al., Remote sensing an
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2.5. Microphysical inversion tool for spherical particles

An algorithm for the retrieval of the size distribution, and
thus, other relevant microphysical properties of aerosol such as the
effective diameter, from multi-wavelength lidar data is used. The
effective diameter is defined as:

deff ¼ 2$

Z
r3nðrÞdr

Z
r2nðrÞdr

(1)

The basic equations are considered as a linear ill-posed problem
and solved using a regularization method consisting of spline
collocation and a Padé type iteration (Böckmann and Kirsche, 2006)
method which employs an adaptive strategy for the spline base
points and projection onto the space of non-negative functions
(Osterloh and Böckmann, 2009). The extinction and backscatter
efficiencies needed for the inversion process are calculated via Mie
theory. The problem is split into a series of linear problems, which
calculate the microphysical inversion for every possible complex
refractive index from a predefined grid (Osterloh et al., 2009).
At each point of the grid, the residual error is calculated, and
the refractive index with the lowest residual error chosen as the
reconstruction value. Volume size distributions are reconstructed
instead of the number distribution for numerical stability reasons.
Note that all relevant concentrations and the effective diameter can
be directly calculated from the distributions; simple integrations
are required for that task.

For the lidar data used in this work we found errors of 5% for the
distribution width and the effective radius and 20% for the aerosol
number concentration (see also Table 1).
3. Analyses

The enhanced aerosol loading on April 4th is illustrated in Fig. 2,
where the mean backscatter ratio (ratio of the backscattering by
particles to total backscattering) obtained in two cloud-free periods
in March 2007 and April 2009 is compared to the backscatter ratio
as measured on 4 April 2009.
d in-situ measurements of tropospheric aerosol, a PAMARCMiP case
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3.1. Meteorological situation

The radiosonde and the dropsonde were started within
a temporal interval of 45 min and with a spatial distance of about
17 km. The radiosonde features significant changes at two altitudes,
which are visualized in Fig. 3 (blue curves). Up until just below500m
above ground the wind direction is very stable with easterly winds
above 5 m s�1 and the water vapor mixing ratio is constant at
0.7e0.8 g kg�1. Around 500 m altitude, the potential temperature
increases abruptly andwithin a second interval of constant potential
temperature up to about 1100 m above ground the wind direction
turns to northerly winds at lower wind speeds of 3e4 m s�1.
Themixing ratio is still at 0.7e0.8 g kg�1 dropping to lower values at
around 1100 m, where a second increase of the potential tempera-
ture is observed. Obviously, the lower troposphere is stratified in
a two-layer-structure, with the Zeppelin Mountain Research Station
being situated just at the transition altitude. The potential temper-
ature is almost constant below 450m and between 500 and 1000m,
which allows vertical mixing within each of the two layers. The
tropopause altitude is determined to 7.73 km, the prevailing wind
direction throughout the troposphere with the exception of the
lowermost 1000 m is north, which coincides with the air trajectory
origin given below. Themeteorological data obtained at the Zeppelin
Mountainwere averaged over 1 h from 11:00 to 12:00 (Fig. 3, green
stars). Temperature and wind speed are similar to the radiosonde
data, the relative humidity was only slightly larger with more than
60% and the wind came from the southeast. From these data, the
Zeppelin Mountain Research Station was situated at the transition
zone between the two layers.

The dropsonde (red curves in Fig. 3) notes a temperature inver-
sion between 800 and 1000 m ASL (above sea level) with a drop in
wind speed above the inversion. This is a fewhundredmeters higher
than the same feature above Ny-Ålesund but can be addressed to the
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location of the dropsonde above a glacier, where it landed at about
300 m above sea level. The wind directionmeasured by the airplane
instrumentation (not shown) also showed a change in wind direc-
tion between 650 and 600 m from southeast to northwest. All
meteorological datawere taken over a temporal range of a fewhours
and a spatial range of about 60 km, hence, the similarities of the
results indicate a very stable stratification of the boundary layer and
the lower troposphere.

5-day backward air trajectories have been calculated with the
Pole-Equator-Pole-Tracer model (Orgis et al., 2009) at 950, 850, 700
and 500 hPa, every 30 min from the airplane location as well as
from Ny-Ålesund. For further analysis, the 12:00 UTC trajectories
ending at Ny-Ålesund are considered, since most measurements
were conducted around that time and the airplane was in the
Ny-Ålesund area. However, the results are very stable over time and
space with the predominant air mass origin at all pressure levels
being the Central Arctic with no significant lifting or sinking of the
air masses (cf. Fig. 4). The high-pressure system above the pole was
temporally very stable from the end of March and through the first
week of April.

3.2. Backscatter and volume depolarization

For the KARL data, aerosol backscatter coefficients at 355 and
532 nm are determined independently from elastic and inelastic
(N2 Raman) backscatter signals (Ansmann et al., 1992). Aerosol
backscattering at 1064 nm is calculated according to the Klett
algorithm, using a lidar ratio (extinction to backscatter ratio LR) of
20 sr (Klett, 1981). Profiles of the molecular backscatter coefficient
are calculated from the density profile obtained from the meteo-
rological sounding. KARL data is neglected below 800 m due to an
incomplete overlap function. The AMALi data has been calculated
using the Klett approach with an LR of 20 sr at 532 nmwavelength.
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Fig. 4. 5-day backward ensemble trajectories calculated with the PEP-Tracer model at 950, 850, 700 and 500 hPa, at 12:00 UTC from Ny-Ålesund, stars mark 12 h intervals.
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Volume depolarization, which measures the asphericity of the
scattering particles, is calculated as the ratio of the perpendicular
and parallel lidar signals. It is normalized to the molecular value
of 0.014 between 1.0 and 2.3 km. An overview of the backscatter
coefficient during the day is given in Fig. 5. The aerosol backscat-
tering profiles at 355 and 532 nm is given in Fig. 6(a); the AMALi
volume depolarization ratio is given in Fig. 6(d).

3.3. Aerosol optical depth

The ground based sun photometer at Ny-Ålesund operates
at wavelengths close to the elastic lidar wavelengths. AOD data is
averaged over a 1-h time period (12:00e13:00 UTC) and yields
Fig. 5. Overview figure of the backscatter coefficient from the ground based KARL lidar for A
only a slow temporal variability.
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values of 0.19 at 354 nm, 0.12 at 532 nm and 0.04 at 1046 nm
(�0.01). For the airborne sun photometer, extrapolation to the lidar
wavelengths is performed by calculating the Ångström coefficient
between the 412 and 610-nm channel, which varies between �1.6
and �1.3. The AOD, as measured at the lowest aircraft cruising
altitude of 100 m above sea level, is determined to 0.23 (�0.03) at
355 nm and 0.14 (�0.02) at 532 nm. Despite the fact that the data
were obtained in up to 40 km distance, where the topography and
hence the boundary layer height and structure can differ signifi-
cantly, these values are only slightly larger than the ground based
photometer AOD. Due to the spatial distance of the measurements
and small scale variability characterizing both the AOD profiles as
well as the lidar profiles, the results need to be smoothed vertically.
pril 4th. It shows the aerosol contamination in the lowest layer of the troposphere and
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Additionally, the extrapolated profiles at 532 nm and 355 nm are
approximated by an exponential fit, as is illustrated in Fig. 7.
3.4. Extinction and lidar ratios

During the PAMARCMiP campaign extinction profiles were
measured independently by two different systems: the airborne
sun photometer, which obtained AOD data at different altitudes and
the KARL Raman lidar. In the present data set, the extinction seen
with the Raman lidar is higher than that in the photometer data
especially in the UV, and hence, we briefly discuss both methods
separately.
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3.4.1. Photometer comparison
As the AOD is the altitude integrated extinction, mean extinction

values for selected altitude intervals can be calculated from the
airborne photometer data (Fig. 6(c)). The selected altitude intervals
are 300 m thick and range from about 0.2 to 3.2 km. Results are
given in Fig. 6(c). The lidar ratio usually varies with wavelength and
altitude. However, here LRwas set constant for each altitude interval
and calculated as the ratio between aerosol extinction and mean
backscatter coefficients in the respective interval. For this compar-
ison backscatter profiles between 11:30 and 12:00 were averaged.
Quite low LRs of about 10 sr at 355 nm and 20 sr at 532 nm have
been found, the latter one increasing with altitude to 40 sr. These
lidar ratios are significantly lower than otherwise reported for Arctic
haze (Müller et al., 2007 and Ritter et al., 2004). Very similar LRs at
532 nm were derived from the AMALi backscattering and airborne
photometer data. As the lidar ratio depends on size, chemical
composition and shape of the aerosol, some variations with altitude
can be expected. These low lidar ratios, together with the increasing
volume depolarization below 1 km altitude, suggests that we did see
some ice crystals next to the Arctic haze and generally only a small
absorbing component. The results of the comparison are presented
in Fig. 6(b).

3.4.2. Raman method
The combination of elastic wavelength detection and the

detection of Raman scattering wavelengths allows vertical profiling
of the aerosol extinction without a lidar ratio assumption, at
least throughout the troposphere (Ansmann et al., 1992). Extinction
values calculated from the 387 and 607 nm N2 Raman cannels for
two altitudes, one inwithin thewind shear layer at 850m above sea
level and one in the free troposphere at 1500 m are plotted in
Fig. 6(c). These extinction values fairly agree with the photometer
derived data at 532 nm but are more than twice as large at 355 nm,
and hence, lead to significantly larger LRs as can be seen in Fig. 6(b).
Opposing to the method described above, here, the LRs at 355 nm
are larger than at 532 nm.

An overview on the derived LRs is given in Table 2. It can be seen
that extinction and lidar ratio between lidar and photometer clearly
d in-situ measurements of tropospheric aerosol, a PAMARCMiP case
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Table 2
Aerosol optical parameters: lidar ratio LR, extinction a and backscattering b derived by the Ansmann method using KARL Raman lidar data and by comparison with airborne
sun photometer data. Size distribution parameters and refractive indices for the microphysical inversion calculations and the in-situ data measured at the Zeppelin Mountain
Research Station. For the inversion distributions,Ntot,Deff and s are total number concentration, the effective particle diameter and thewidth of a fitted log-normal distribution.

Raman lidar Sun photometer comparison In-situ Zeppelin

850 m 1500 m 850 m 1500 m 474 m

LR 355 [sr] 33 � 5 29 � 5 12 � 5 10 � 5
LR 532 [sr] 30 � 5 24 � 5 17 � 5 22 � 5
a355 [m�1] 9.2 � 10�5 6.3 � 10�5 2.8 � 10�5 2.2 � 10�5

a532 [m�1] 5.1 � 10�5 2.1 � 10�5 3.3 � 10�5 1.7 � 10�5

b355 [m�1 sr�1] 2.8 � 10�6 2.2 � 10�6 2.8 � 10�6 2.2 � 10�6

b532 [m�1 sr�1] 1.6 � 10�6 8.7 � 10�7 1.6 � 10�6 8.7 � 10�7

b1064 [m�1 sr�1] 3.0 � 10�7 1.4 � 10�7 3.0 � 10�7 1.4 � 10�7

m (1.5e1.55) � (0.001e0.002)i (1.5e1.55) � (0.001e0.002)i
Ntot [part. per cm3] 207 � 40 167 � 30 33 � 5 30 � 5 400 � 50
Deff [mm] 0.19 � 0.01 0.17 � 0.01 0.19 � 0.01 0.15 � 0.01 0.17e0.2
s 1.5 � 0.1 1.5 � 0.1 1.6 � 0.1 1.4 � 0.1
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deviate. As the extinction in the Raman channels of the lidar
surpass the extinction seen in the photometer data, the reproduc-
tion of the photometer extinction from elastic lidar data needs the
assumption of lower LRs, especially at 355 nm.

3.5. Carbon measurements

The carbon concentration is measured in-situ at the Zeppelin
Mountain Research Station as well as on board the Polar 5. The
airborne measurements obtained during the descent between 11
and 12 UTC reveal concentrations of 0.08� 0.04 mgm�3 for altitudes
up to 1100 m. Above that altitude, concentrations fall to background
values of 0.02 � 0.02 mg m�3. The data obtained at the Zeppelin
Mountain is collected weekly, hence average values are measured.
In week 14, from 30 March to 5 April, medium concentrations of
elemental carbon EC 0.112 mg m�3 were recorded, which drop to
0.057 in the following week. EC measurements (performed by
thermo optical analyzer) are usually found to be highly correlated
with “equivalent BC concentrations” (obtained by aethalometer)
(Ten Brink et al., 2004). The BC measurements by the aethalometer
reveal an average concentration of 0.063 � 0.035 mg m�3 on 4 April,
while during the latest 48 h before the 4 April it remained relatively
stable at 0.055� 0.013 mg m�3. These values are typical for this time
of the year and very close to the ten year mean value for April at
0.062 mg m�3 reported by Eleftheriadis et al. (2009).

3.6. Absorption and single scattering albedo

The single scattering albedo can be calculated from the absorption
data obtained at the Zeppelin Mountain Research Station. The aerosol
extinction is estimated from the AOD profile obtained with airborne
photometer and the Raman channels. From the extinction profile
in Fig. 6(c) based on the photometer AOD, the extinction coefficients
at the Zeppelin Mountain Research Station altitude amount to
0.7 � 10�4 m�1 at 532 nm and 1.0 � 10�4 m�1 at 355. The in-situ
absorption data from the PSAP are in the order of 1e2 � 10�6,
absorption coefficients estimated from the aethalometer results
at 532 nm have an average value of 0.5 � 10�6, resulting in a single
scattering albedo of 0.97e0.99. Since the photometer might underes-
timate the aerosol extinction as found above, the values can be taken
as a lower limit, i.e. the single scattering albedo is very close to one,
indicating aerosol particles with veryweak absorption characteristics.

3.7. Aerosol size distributions

Aerosol size distributions have been obtained directly from
DMPS measurements at 474 m altitude as well as from inversion
Please cite this article in press as: Hoffmann, A., et al., Remote sensing an
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calculations for spherical particles as described in Section 2.5.
As input for the inversion the backscatter coefficients from the
KARL lidar and 2 sets of extinction coefficients, from the lidar and
from the photometer have been used. In this section the measured
and derived size distribution will be compared. Two different alti-
tudes have been selected from the remote sensing data to analyze
possible gradients of aerosol properties with height.

The particle number concentrations obtained at the Zeppelin
Mountain Research Station vary only slightly during the course
of the day, with effective diameters ranging from 0.17 to 0.2 mm.
Integrated number concentrations for particles larger than 0.1 mm
amount to 400 � 50 cm�3 (Fig. 8).

Based on the assumption of spherical aerosol particles, which is
justified from 0.5 to 2.5 km ASL as determined from AMALi volume
depolarization data at 532 nm (cf. Fig. 6(d)), inversion calculations
were performed at two selected altitudes: one within the wind
shear layer at 850 m and one in the free troposphere at 1500 m.
The calculations were performed with both, the low extinction
values based on photometer data and the higher values based on
Raman lidar data. For the retrieval of a size distribution from lidar
data an index of refraction is determined, which is complicated as
a lidar measures backscattering and extinction but not scattering or
absorption. For our calculations the imaginary part of the refractive
index was restricted to be smaller than 0.01, as only little absorption
d in-situ measurements of tropospheric aerosol, a PAMARCMiP case
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was observed (see above). Using this restriction refractive indices
with values between 1.5 and 1.55 in the real part and values
between 0.001 and 0.002 in the imaginary part have been obtained
for all four inversion runs. In Fig. 8, the resulting particle number
distributions at 850 m and 1500 m altitude are plotted in compar-
ison to the in-situ distribution. Below 100 nm diameter the scat-
tering efficiency decreases sharply for visible light and, hence, no
information can be retrieved for Aitken mode particles from optical
data. While for all four distributions the effective diameter peaks at
about 0.18 mm, the integrated number concentrations depend on the
extinction assumption; i.e. higher extinction corresponds to larger
number concentrations.

4. Discussion

AOD data obtained with airborne and ground based sun
photometer show very stable enhanced values over the course of the
day, which is also confirmed by the KARL lidar (Fig. 5). The airborne
photometer measured slightly larger AODs although it did not
include the first 100 m above ground. This might be due to the fact,
that the Spitsbergen orography could have influenced, e.g. partly
blocked, the constant northerly air flow to Ny-Ålesund, while the
airplane’s descent took place above the open ocean (cf. Fig. 1). The
comparison of meteorological data obtained above Ny-Ålesund, at
the Zeppelin Mountain Research Station and airborne by dropsonde
and measurements on board Polar 5 reveals only slight changes
within the area of interest. Two layers within the lower troposphere
could be identified. The lowermost layer stretches from the ground
to about 500 m altitude and is characterized by easterly winds,
constant potential temperature and relatively humidity below 60%.
Additionally, scattering in this layer is connected with enhanced
volume depolarization; hence, particles are assumed to be aspher-
ical and may have a component of local origin, e.g. sea salt aerosol
from the non sea ice covered fjord. The second layer extends up to
about 1100 m and features a change in wind direction from East
to North at very low wind speeds. Hence, aerosols in this layer and
above are probably resulting from long-range transport from the
inner Arctic. Compared to the free troposphere, water vapor mixing
ratio and black carbon concentrations are only slightly enhanced
with 0.7 g kg�1 and 0.08 mg m�3, respectively.

As the disagreement in extinction profiles between the lidar and
the photometer data was so pronounced, size distribution calcula-
tions were performed for both data sets. The comparison of KARL
backscatter and airborne photometer AOD data revealed very small
lidar ratios of 10 sr at 355 and 20 sr at 532 nm (cf. Fig. 6). In contrast,
direct extinction measurements from the KARL Raman channels
reveal larger LRs in the order of 30 sr at bothwavelengths, which are
closer to values derived for Arctic haze before (Ritter et al., 2004 and
Hoffmann et al., 2009, both with Ansmann method). This revealed
discrepancy is remarkable, since photometer AOD is often used to
confirm lidar observations. Several possible reasons are conceivable.
First, instrumental reasons, e.g. the different fields of view, can be
considered: Due to their larger field of view the photometers might
have collectedmoremultiple scattering. Radiationwhich remains in
the field of view increases the measured photo current and hence
decreases the measured AOD. However, the atmospheric turbidity
measured here does not exceed values at populated sites elsewhere
and hence we don’t have hints for systematic measurement bias in
the photometer. Overlap problems in the lidar data can be excluded
for two reasons: First, the effect of a low lidar ratio close to the
ground is seen in both, the airborne and the ground based lidar.
Second, the backscatter in the ground based lidar can be calculated
by the elastic signal alone (Klett, 1981) or by the Ansmann method
(Ansmann et al.,1992) which hardly depends on the overlap. As both
methods yield the same result, complete overlap must have been
Please cite this article in press as: Hoffmann, A., et al., Remote sensing an
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reached at 850 m altitude. Different atmospheric conditions as
a reason for extinction discrepancies are possible since the airborne
measurements at low altitudes took place north of Prins Karls
Foreland and not directly in the vicinity of Ny-Ålesund. However,
since both the ground based sun photometer and the KARL lidar
recorded only small temporal variations of the aerosol content and
the ground based photometer confirmed the low AODs seen in the
airborne photometer data, this seems to be unlikely as well. Another
possibility is a slightly different approach to subtract Rayleigh scat-
tering from the signals. In case of the photometer data, an approach
of Fröhlich and Shaw (1980) was employed, while for the Raman
lidar data, Rayleigh scattering was considered according to Bucholtz
(1995). Although for the UV the index of refraction considered in
bothmethods is almost identical, a 10% lower Rayleigh optical depth
for 365 nm results. As the molecular scattering in the UV surpasses
the aerosol scattering, this can increase the AOD, e.g. in our case
between 800 and 1700 m altitude from 0.04 to 0.046 (lidar: 0.07).
Hence, only about 20% of the total deviation can be ascribed to
the different treatment of molecular scattering. For this reason we
have to assume that passive and active remote sensing instruments
reacted differently to the meteorological conditions.

Meteorological data suggest that the ZeppelinMountain Research
Station was within the lowest mixing layer or possibly at the tran-
sition zone. Aerosol size distributions from DMPS data collected at
the Zeppelin Mountain show small diameters of about 0.17e0.2 mm
and total number concentrations of about 400 particles per cm3.
Since almost no coarse mode particles have been found, aerosols
from local sources have probably not been present at this altitude.
A high single scattering albedo of 0.97e0.99 and low black carbon
concentrations indicate that only non-absorbing aerosol compo-
nents were present. These are typical values for Arctic haze, which is
usually composed of sulfates with only a minor soot component
(Quinn et al., 2000 and Yamanouchi et al., 2005).

Lidar data have been inverted for the retrieval of aerosol
size distributions. These calculations were carried out at different
altitudes: 850 m in the wind shear layer and 1500 m in the
free troposphere. Similar distributions as measured in-situ at the
Zeppelin Mountain Research Station have been found, with lower
particle concentrations at higher altitudes for both extinction data
sets (cf. Table 2 and Fig. 8).While in the in-situ size distributions, total
number concentrations of 400 particles per cm3 have been found,
the inversion calculations reveal 167 to 207 particles per cm3 based
on Raman lidar extinction and only 30 to 33 particles per cm3

based on photometer extinction. In fact, the lower number concen-
trations are themost distinct differencebetweenboth inversion runs.
As discussed above, influences of local aerosols should be minor at
the altitude of the Zeppelin station and negligible at higher altitudes.
Moreover, the relative humidity, which determines the hygroscopic
growth of aerosol, did not vary largely and did not exceed 60% at the
considered altitudes. Above 500m, the same long-range transported
aerosol was probably present at all altitudes. Additionally, particle
diameters in the observed size range (D ¼ 0.15e0.20 mm) resemble
those with the longest lifetime in the troposphere. Generally,
the inversions show that the aerosols detected above the Zeppelin
Mountain Research Station fairly agree to the in-situ measured
aerosols at 474 m altitude in terms of size distribution function and
refractive index. A slight gradient of particle diameter with altitude
can be seen, whichmight be expected for aged, undisturbed aerosols
since larger particles are influenced stronger by gravitational sinking.
For aerosol in the accumulation mode the sedimentation velocity
[m s�1] depends on the radius [mm] and is approximately (Twomey,
1977):

v ¼
� r
8:5

�2
(2)
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For each method, the derived size distributions are quite similar
for both altitudes, with the photometer based distribution in 850m
altitude being slightly narrower than the other ones. This effect
also leads to a less trustworthy reproduction of the right slope of
the in-situ distribution. As expected from the backscatter profile,
particle concentrations decrease with altitude, coinciding with
a slight decrease in the effective diameter. However, since the
narrower photometer based distribution reveal rather low total
particle number concentrations which imply a decrease by a factor
of 10 from 474 m altitude to 1500 m while particle backscatter
only decreases by a factor of four (cf. Fig. 6(a), AMALi backscatter
profile), and the derived lidar ratios in the order of 10 sr in the UV
seem unlikely low, the Raman method leads to the more probable
inversion. In all cases, weakly absorbing particles have been iden-
tified. This is supported by the airborne measured black carbon
concentrations, which, although being significantly larger within
the two identified layers, do not show unusually large values.

5. Summary

For the first time, according to our knowledge, a comparison of
microphysical aerosol properties derived from in-situ and remote
sensing data was performed in the European high Arctic was given.
With 4 April 2009, a day with increased aerosol load and quite
stable meteorological conditions during the 2009 PAMARCMiP
campaign was chosen.

It has been shown, that by combining the presented data sets, an
overview on the meteorological situation as well as the optical
and microphysical properties of aerosols present within the lower
troposphere could be given. The spatial distance of the different
measurements as well as the different altitude intervals in which
the aerosol was probed might be of concern. However, since the
meteorological situationwas stable, the time frame of about 2 h and
the spatial distances covered of about 20 � 40 km still guarantee
probing of the same air mass. This has been proven by the fact, that
the identified two-layer-structure of the lower troposphere was
captured by the two meteorological soundings as well the AMALi
and the airborne BC data. The airborne lidar and photometer
measurements provide the link between the KARL lidar data and
the Zeppelin Mountain Research Station at 474m altitude, although
direct comparison of lidar derived size distributions at this altitude
was not possible due to overlap issues.

In our data, a remarkable difference between the extinction
values derived from photometer AOD profiles (lower values) and
Raman lidar data (higher values), especially for the UV has been
found. This difference has been discussed and needs to be taken care
of when lidar data are compared to or calibrated using photometer
based extinction data. Nevertheless, aerosol size distributions
calculated from lidar data combined with extinction values from
both methods have been derived at two altitudes (850 m and
1500 m). The differences between both extinction data sets lead to
only minor variations in the refractive index (around 1.52e0.0015i)
and in the size distributions width and effective diameters. The
solution based on the larger extinction compares relativelywellwith
the in-situ aerosol size distribution from DMPS data obtained at the
Zeppelin Mountain Research Station at 474 m altitude. The solution
based on the lower extinction shows a quite narrow size distribution
at 850 m and too little total number concentrations albeit the same
effective diameter. Hence, from the differences in the derived lidar
ratios, the number concentration discrepancy and the reproduction
of the right slope of the in-situ size distribution curve, the higher
extinction values from the Raman lidar seem to be closer to reality
and just match those measured in-situ. If we simply scale the result
for the inversion of the KARL lidar at 850 m altitude to the height of
the Zeppelin station, using the backscatter profile from AMALi in
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Fig. 6(a), we derive approximately 300 � 60 particles per cm3 in the
lidar, compared to 400 � 50 particles per cm3 in the in-situ instru-
ment. All distributions peak in the accumulationmode at a diameter
of about 0.18 mmwith distribution heights decreasing with altitude.
The results indicate that the same aerosol with similar size distri-
bution in the accumulationmode andonly a small absorbing fraction
was observed at the different altitudes. This was also confirmed
by low BC concentrations and a high single scattering albedo derived
from the in-situ absorption measurements. The aerosol load was
largest in the lower troposphere decreasing with altitude and was
advected from the inner Arctic.

Concluding, Ny-Ålesund with its various ground based facilities
and the Zeppelin Mountain Research Station provides an interesting
platform to proceed with this kind of in-situ versus remote sensing
data comparisons to increase our knowledge on Arctic aerosol
and its impact on climate. Besides upcoming follow-up campaigns
of the PAMARCMiP project, the ground based instrumentation is
currently upgraded, e.g. a second photometer is installed directly at
the Zeppelin Mountain Research Station and the KARL lidar will be
used frequently in a boundary layer measurement configuration.
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