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� Temporal evolution of aerosol properties was relatively small.
� Moderate lidar rations around 30sre50sr were found.
� The variability in extinction and lidar ratio is larger than in backscatter.
� The lidar ratio is neither correlated to the shape nor the size of the aerosol.
� Two regimes with baer larger or smaller 1 Mm�1 sr�1 could be distinguished.
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a b s t r a c t

In this work multi wavelength Raman lidar data from Ny-Ålesund, Spitsbergen have been analysed for
the spring 2014 Arctic haze season, as part of the iAREA campaign. Typical values and probability dis-
tributions for aerosol backscatter, extinction and depolarisation, the lidar ratio and the color ratio for 4
different altitude intervals within the troposphere are given. These quantities and their dependencies are
analysed and the frequency of altitude-dependent observed aerosol events are given. A comparison with
ground-based size distribution and chemical composition is performed. Hence the aim of this paper is to
provide typical and statistically meaningful properties of Arctic aerosol, which may be used in climate
models or to constrain the radiative forcing. We have found that the 2014 season was only moderately
polluted with Arctic haze and that sea salt and sulphate were the most dominant aerosol species.
Moreover the drying of an aerosol layer after cloud disintegration has been observed. Hardly any clear
temporal evolution over the 4 week data set on Arctic haze is obvious with the exception of the
extinction coefficient and the lidar ratio, which significantly decreased below 2 km altitude by end April.
In altitudes between 2 and 5 km the haze season lasted longer and the aerosol properties were generally
more homogeneous than closer to the surface. Above 5 km only few particles were found. The variability
of the lidar ratio is discussed. It was found that knowledge of the aerosol’s size and shape does not
determine the lidar ratio. Contrary to shape and lidar ratio, there is a clear correlation between size and
backscatter: larger particles show a higher backscatter coefficient.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The Arctic region is very sensitive to climate change. Global
temperature oscillations occur there with increased amplitude, a
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phenomenon that is called Arctic Amplification (Serreze and
Francis, 2006). Next to the occurrence of feedback mechanisms
(e.g. ice e albedo feedback or sea ice thickness, Screen and
Simmonds, 2010) also temperature effects (Pithan and Mauritsen,
2014) may contribute to Arctic Amplification.

Aerosol concentration is generally low in the Arctic region
(Toledano et al., 2012; Tomasi et al., 2015). However, due to the high
surface albedo radiative forcing due to absorbing aerosol may be
more positive compared to lower latitudes (Shindell and Faluvegi,
2009). Moreover, radiative forcing of aerosol, both on ground and
top of atmosphere, depend not only on the aerosol properties
themselves but also on albedo and solar incident angle, can impact
atmospheric stability and cloud formation (Stone et al., 2008).
Sometimes the effects of aerosol in the atmosphere “dimming” and
on ground by reduction of snow or ice albedo by absorbing aerosol
which is referred to as “darkening” are distinguished (Stone et al.,
2014).

The annual maximum concentration of aerosol in the accumu-
lationmode, that is likely to have an impact on the radiative budget,
occurs in the Arctic in springtime, this is known as Arctic haze
(Quinn et al., 2007; Yamanouchi et al., 2005). The haze season ends
late spring with rising moisture which favors scavenging (Garrett
et al., 2011). As the European Arctic atmosphere is influenced by
warm Atlantic ocean water, it is not surprising that Arctic haze
seems to be less pronounced in Spitsbergen compared to the Ca-
nadian Arctic, which is in agreement with results from 2009
PAMARCMIP campaign (Stone et al., 2010). For this reason one can
speculate whether the light or moderate aerosol concentrations
measured in Spitsbergen nowadays can give a preview to condi-
tions in the Russian or American Arctic in the future in a warming
scenario.

Lidar is a mature technology for retrieval of many environ-
mental parameters (e.g. Weitkamp, 2005) and also for aerosol
research (Müller et al., 2007). In Spitsbergen currently two Raman-
lidar systems for tropospheric aerosol research are operational in
long-term projects: the Raman-lidar at the Polish station in Horn-
sund (77.0�N, 15.5�E, Karasinski et al., 2014) and the “Koldewey
Aerosol Raman Lidar” KARL at Ny-Ålesund (78.9�N, 11.9�E, Hoffmann
et al., 2009). Recently data from KARL has been analysed for 2013
which showed that during spring the aerosol depolarisation
(measure of the scatterers’ asphericity) is increased and posed the
question, whether the lidar ratio underlies an annual cycle (Tomasi
et al., 2015).

For climate models which include an active aerosol module or
simply for judging the radiative impact of aerosol, its properties
and vertical distributionmust be knownwith error estimation from
observations. So far only few height resolved data on Arctic aerosol
exist that either describe case studies (e.g. Stock et al., 2012) or lidar
profiles with coarse monthly averages (Tomasi et al., 2015). For this
reason in this work data from the Ny-Ålesund lidar is used to
provide, to our knowledge for the first time, a complete statistics on
lidar derived aerosol parameters. The period between 26 March
and 29 April 2014 is analysed in detail. During this time further
aerosol measurements, both in-situ and from sun photometers,
have been performed in Ny-Ålesund and at the local capital Long-
yearbyen (78.2�N, 15.6�E) in the frame of the “iAERA” project (Impact
of absorbing aerosols on radiative forcing in the European Arctic)
(Lisok et al., 2016; paper 1). In that work for a number of cases a
comparison between ground-based, in-situ aerosol measurements
on the one hand and lidar and sun photometer data on the other
hand have been compared. One of the findings was that due to the
complexity of the orography (and hence the boundary layer
behaviour) in Spitsbergen no easy correlation between aerosol
properties on the ground and in the column could be drawn.
Therefore in this work averages over short periods of time are
considered, which may be more comparable among different in-
struments and more representative for the site. For this reason the
data presented here could be used more easily for comparisonwith
models. Moreover, our approach is easily feasible for other Raman-
lidar data at different sites.

In section 2 the instruments and evaluation schemata are briefly
introduced, in section 3 the results are given from ground-based
(3.1) and remote sensing (3.2e3.4) observations. In section 4 the
main findings are discussed, which includes the observation of a
drying aerosol layer that has been activated by a cloud.
2. Data and evaluation methods

KARL is a “3bþ2aþ2dþ2wv” Raman-lidar, whichmeans that in 3
colors (355 nm, 532 nm and 1064 nm) the backscatter coefficient
(b) is measured, in 2 colors (355 nm and 532 nm) the extinction
coefficient (a), in 2 colors (355 nm and 532 nm) the depolarisation
(d) and in another 2 colors (407 nm, 660 nm) the water vapor (wv).
It consists of a 70 cm detection mirror, working at a field of view of
1.75 mrad and a 50 Hz Nd:Yag laser which emits about 10 W for
each of the aforementioned three wavelengths. More technical
information is provided in Hoffmann 2011. KARL is located in the
atmospheric observatory in research village of Ny-Еlesund at the
West coast of Spitsbergen. The region is orographically strongly
divided into a fjord in the North (open water during the campaign)
and up to 1000 m high mountains to the South, East and North of
the site. As the surface temperatures remained below 0 �C during
the iAREA campaign, the ground was fully covered by snow.
However, it must be noted that due to the warm Westspitsbergen
current the temperatures at the whole West coast of Spitsbergen
are quite mild for the given latitude.

The lidar data for the extinction coefficients and for the back-
scatter coefficients at 355 nm and 532 nm have been evaluated
according to Ansmann et al. (1992), the backscatter coefficient for
the infrared (1064 nm) has been evaluated according to Klett 1981,
with an assumed lidar ratio LR ¼ 30 sr (see below). To derive the
aerosol backscatter coefficients with both methods and to subtract
the Rayleigh contribution of backscattering and extinction, air
density profiles obtained from radiosonde data from the site have
been used. In Ny-Ålesund daily at UT 11 a Vaisala RS-92 has been
launched. Moreover, a calibration is required for the retrieval of the
backscatter coefficient in both methods. As only clear sky mea-
surements have been evaluated here we had a sufficient signal to
noise ratio (SNR) in the low stratosphere, which was apparently
clean. Hence, clear sky conditions have been assumed there, by
setting in 13 km altitude: baer(532 nm)¼ 0.05$bRay(532 nm) and an
Ångstr€om exponent for the aerosol backscatter of �1 (Ångstr€om,
1929).

All data were evaluated with 30 m vertical and 10 min temporal
resolutionwithout any further smoothing or filtering. For this work
not only cloud contaminated profiles (possible multi scattering) but
also profiles with inhomogeneous technical settings (different
overlap functions) have been removed. At the end 454 lidar profiles
(each corresponding to 10 min) for 17 different days with obser-
vations between March 26 and April 29, 2014 remained.

From the lidar data the following three intensive quantities,
which do not depend on the aerosol concentration, the aerosol
depolarisation d, color ratio CR and lidar ratio LR have been derived
like this: The aerosol depolarisation dwas calculated from the ratio
of the backscattered light in the plane of polarisation parallel to the
laser (bk) and the component with perpendicular polarisation (b⊥)
according to Freudenthaler et al., 2009.
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daer ðlÞ ¼ baer⊥ ðlÞ
baerk ðlÞ (1)

This depolarisation is a measure of the particles’ shape as
spherical scatteres do not show any depolarisation. Further we
define the color ratio CR as:

CRðl1; l2Þ ¼
baerl1

baerl2

(2)

This CR is, similar to the Ångstr€om (Ångstr€om,1929) exponent, a
rough estimate of the particle size. Finally the lidar ratio LR is
defined as the ratio between aerosol extinction and aerosol back-
scatter coefficients:

LRðlÞ ¼ aaerðlÞ
baerðlÞ (3)

The LR is mainly depending on the refractive index, and hence
the chemical composition of the aerosol, but also on size (larger for
small aerosol, Doherty et al., 1999; Ferrare et al., 2001) and shape
(larger for non-spherical particles, Michshenko et al., 1997).

Finally from the lidar returns of 387 nm and 407 nm the water
vapor mixing ratio was calculated according to Whiteman et al.
(1992), using the radiosonde on site for calibration. Due to the
fact that the radiosonde drifts with the wind and our site is directly
located at a fjord a calibration uncertainty of 10% even for
contemporaneous lidar and sonde observation was taken into ac-
count. This uncertainty also includes possible errors in the hu-
midity from the RS-92 radiosonde (Miloshevich et al., 2009).

The Arctic aerosol analysed in this paper was confined to the
troposphere. Inspection of the lidar data in altitudes lower than
5 km revealed the following errors: the aerosol backscatter co-
efficients at 355 nm and 532 nm could be determined to 5% un-
certainty, the aerosol backscatter at 1064 nm to 10%, the aerosol
extinction coefficient at 355 nm to 50% and aerosol extinction at
532 nm to 100%. The large errors in the extinction are caused by
two reasons: First, the retrieval of extinction from lidar data is
mathematically an ill-posed problem (Pornsawad et al., 2008). And
second in our current set-up the transmission in the Raman shifted
607 nm detection branch, from which the aerosol extinction at
532 nm is calculated (Ansmann et al., 1992), is worse than in the
UV. Above 5 km altitude the errors increase further and for this
reason no distribution function for the lidar ratio at 532 nm can be
presented (it would have been smeared out by noise).

Also temperature profiles from a HATPRO radiometer from
Radiometer-Physics, which was continuously operational at the
roof of the AWIPEV atmospheric observatory directly in the village
of Ny-Ålesund, have been used with the normal software package
from the manufacturer.

Direct measurements and aerosol sampling were carried out at
the Gruvebadet observatory (about 50m a.s.l.), located about 500m
South-West from the lidar observatory, during the same field
period.

Aerosol size distribution data were obtained from two particle
sizers, a Scanning Mobility Particle Sizer (TSI SMPS model 3034)
and an Aerodynamic Particle Sizer (TSI APS). Both instruments have
been certified by the manufacturer. The calibration system meets
ISO-9001:2000, Quality Management Systems-Requirements and
complies with ISO 10012:2003, Quality Assurance Requirements for
Measuring Equipment. The SMPS-APS integrated system is able to
continuously collect two synchronized size spectra every 10 min.
SMPS provides a 54 size-classes spectrum in the range 10e487 nm,
as a mean of 3 three-minutes measurements; APS gives a 52 size-
classes spectrum in the range of 0.5e20 mm, as an average of 9
one-minute measurements. One minute stop allows the two de-
vices synchronization.

Aerosol samples were continuously collected from 31 March to
18 April with a PM10 (particle matter collected with a 10 mm cut-off
head) sampler (TCR TECORA sequential aerosol sampler) at daily
resolution (00:01e23:59 UTC) on Teflon filters (Pall, 47 mm
diameter, 2 mmnominal porosity). The sampling headwas designed
according to EN-12341 European rules and operated at 38.3 Lmin�1

(actual volume), corresponding to a 24 h volume of about 55 m3.
Data loss occurred after 18 April due to a system failure.

One half of each PM10 Teflon filter was extracted in about 10 ml
MilliQ water (accurately evaluated by weighing) by ultrasonic bath
for 20 min for ionic content determination. Inorganic anions and
cations were simultaneously measured by Ion-Chromatography.
The sample handling during the injection was minimized by us-
ing a specifically-designed Flow-Injection Analysis (IC-FIA) device
(Morganti et al., 2007). Cations (Naþ, NH4

þ, Kþ, Mg2þ and Ca2þ) were
determined by using a Dionex CS12A-4 mm analytical columnwith
20 mM H2SO4 eluent. Inorganic anions (Cl�, NO3

�, SO4
2�) were

measured by a Dionex AS4A-4mmanalytical columnwith a 1.8mM
Na2CO3/1.7 mM NaHCO3 eluent. Six standard calibration curves
daily were used for quantification. Further details are reported in
Becagli et al., 2011.

The aerosol chemical components (sea salt and crustal) were
calculated as reported in Udisti et al. (2012). Firstly, the non-sea-
salt(nss) and sea salt(ss) fraction of Naþ and Ca2þ were calculated
according to the following equations:

ssNa ¼ Na e nssNa ¼ Na e nssCa * (Na/Ca)crust

nssCa ¼ Ca e ssCa ¼ Ca e ssNa * (Ca/Na)seawater,

where Na and Ca represent the total concentrationmeasured by ion
chromatography in each sample and (Na/Ca)crust and (Ca/Na)seawater
represent the element ratios (weight/weight) in the Earth crust and
in seawater (0.56 w/w and 0.038 w/w, respectively - Bowen, 1979).
Using these ratios and the equations above we find that over the
whole 2014 campaign 94.5% of the Naþ and 24.9% of Ca2þ originates
from the sea spray as expected for a marine remote site as Ny-
Ålesund.

The amount of sea salt aerosol was calculated as 3.25*ssNa mass
(Kerminen et al., 2000) and crustal contribution was calculated by
nssCa, considering its percentage in the Earth crust (4.58% w/w,
Rudnick and Gao, 2004).

3. Results

Data in this section is analysed for 4 different periods which
have been selected such that gaps in the lidar observation due to
cloud cover were used to create groups with similar length, giving
similar precision in statistical analysis. These 4 periods are: 1) 26
Marche 4 April 2) 5 Aprile 7 April 3) 10 Aprile 14 April 4) 22 April
e 29 April. As the lidar cannot operate in conditions with low
clouds storms had to be excluded. The above mentioned four time
intervals show quite similar synoptic forcing with prevailing
northern winds which were derived by inspection of the ERA-
Interim 2�2 Reanalysis data set (Dee et al., 2011). These winds
came from NNW during the first two periods. During 10 April to 14
April the synoptic forcing was almost zero with very low wind
speeds at 850 hPa around Spitsbergen. During the last period the
wind came directly from northern directions. Moreover, for the
lidar data we concentrate on aerosol properties mainly in four al-
titudes: the range from 1 to 1.5 km, 2e2.5 km, 2.5 e 5 km and 5 e

8 km altitude. The lowest interval is definitely above the overlap of



Fig. 1. Size distribution (in the nano-metric and micro-metric range) and chemical
composition of atmospheric particulate during the 26 March e 4 April period.
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the lidar (Hofmann, 2011), but still in the region of high backscatter
in the 2013 data set (Tomasi et al., 2015), see also in Fig. 5. The
second interval points already to a higher altitude than the highest
mountains in Spitsbergen and hence we expect much less
orographic influence in that level. The third interval still has a
reasonable SNR for the Raman channels, see previous section, while
the highest interval might be interesting as some work indicate
high-altitude transport of pollutants into the Arctic (Stohl, 2006).
Ground-based in-situ data have been prepared for the same time
intervals.

3.1. Ground-based size distribution and chemistry

For later comparison with the lidar data in this section a short
overview of ground-based chemical analysis of the aerosol prop-
erties is provided. However, due to the complex orography at the
site and the quickly varying relative humidity any comparison be-
tween ground-based in-situ and lidar datamay not lead to the same
result. Fig. 1 shows the size distribution spectra and daily chemical
composition of atmospheric particulate measured during the 26
March e 4 April period. Both records show some data gaps due to
start of the measurements campaign (26 March in the evening for
size distribution and 31 March for aerosol sampling).

The largest particle population is present in the accumulation
mode (0.1e0.5 mm, SMPS plot), with the highest concentrations on
early 27 March, 28 March and especially 4 April. Larger particle
(APS plot) show a similar pattern, with the largest values on 28
March and 4 April (slightly shifted toward the end of the day, with
respect to the smaller size).

Chemical composition enlightens that the 4 April aerosol is
dominated by a large sea spray concentration (3700 ng/m3),
together with a small increase of the nss-sulphate and ammonium
contributions. Crustal and nitrate loads are quite constant along all
the period, with a lower crustal contribution on 31 March.

Fig. 2 shows the plots for size distribution plots daily chemical
composition of atmospheric particulate measured during 5e7 April
2014. Besides a sharp nucleation event on 5 April in the afternoon,
SMPS size spectrum shows that the size range 0.1e0.3 mm becomes
more and more relevant all along this period.

On the contrary, the dominant mode in the APS measurements
(0.7e0.9 mm) shows a larger particle population especially in the
first half of the measurement period. This pattern perfectly fits to
the chemical composition, showing a progressive increase in sul-
phate and ammonium concentration (about twofold for both),
mainly associated with the finest mode, and a gradual decrease of
sea salt (about four times), mainly related to the larger size
particles.

Overall the period from 4 April to 7 April showed the highest
aerosol concentration of the campaign and its composition was a
mixture between sea salt, dominating in the first two days and
sulphate, ammonium and crustal elements towards the end of this
period.

Fig. 3 shows the available SMPS and APS measurements and
chemical composition in the 10e14 April period. Unfortunately, due
to technical failures, the data from particle sizers cover only the first
two days. Here the particle concentration is lower than before. Only
a weak increase of the particle population in the 0.1e0.5 mm range
on late 11 April can be highlighted. By looking at the chemical
composition, such an increase is likely to be ascribed to an
enhancement of both sea salt and sulphate atmospheric concen-
tration during that day.

For the period 12e14 April we can observe a progressive in-
crease, though starting from moderate levels, of the atmospheric
concentrations of all the components, with the exception of nitrate
contribution, which seems to remain almost constant.
Fig. 4 shows the size distribution plots during the 22e29 April
2014. Unfortunately, the aerosol sampling device crashed during
that period and the chemical composition data are not available.

Spectral plots show a low and further decreasing trend for both
0.1e0.5 mm (SMPS) and 0.5e2 mm (APS) particles population from
22 to 29 April. In particular, a low atmospheric load is recorded in
late 27 April in the accumulation mode, while an increase of
micrometric particles is evident in the late 26 e early 27 April time
period.
3.2. Lidar derived overall optical properties

Profiles of the aerosol backscatter coefficient at 532 nm are
presented in Fig. 5. The mean profiles for the aforementioned 4
intervals in time are plotted and also the monthly mean of the
whole April 2013 for comparison in black. (This latter profile has
already been shown in Tomasi et al., 2015). The data sets for the
years 2013 and 2014 are comparable as the same cloud screening
and evaluation scheme have been applied. It can be seen that, with
the exception of the time 5 to 7 April and the lowest 750 m, it was
always clearer in the 2014 season. Especially in the free troposphere
between 3 and 6.5 km altitude the monthly mean of the aerosol
backscatter is only about 60% of the value for the 2013 season.

A detailed overview of the derived values of the aerosol back-
scatter coefficients baer [Mm�1 sr�1] for all different altitudes and
532 nm are presented in Figs. 6e9. These probability distributions
are quite narrow: in the altitude range from 1 to 1.5 km, values of
baer between 0.3 and 0.6 Mm�1 sr�1 are the most frequent. During
beginning of April higher backscatter values have been observed, in



Fig. 2. Size distribution and chemical composition during the 5e7 April period.
Fig. 3. Size distribution (in the nano-metric and micro-metric range) and chemical
composition of atmospheric particulate during the 10e14 April period.

Fig. 4. Size distribution (in the nano-metric and micro-metric range) of atmospheric
particulate during the 22e29 April period.
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agreement the in-situ observations (Fig. 2). However, the decrease
of particle concentration at the end of the campaign in the APS and
SMPS (Fig. 4) is not very prominent in the backscatter coefficient
(blue line). In Fig. 6 also few events with baer>¼ 1 Mm�1 sr�1 are
obvious. We will come back to these later and show that they have
intensive quantities which are clearly different to all others. In
2e2.5 km altitude the backscatter drops to 0.15e0.45 Mm�1 sr�1

and a temporal trend is not recognisable. In the altitude interval
from 2.5 to 5 km backscatter coefficients between 0.05 and
0.25 Mm�1 sr�1 are most frequent with lower values end of March.
Above that (5 e 8 km, Fig. 9) the air becomes clear and the distri-
bution functions show a sharp peak at only 0.05 Mm�1 sr�1. Hence
we did not find pronounced haze above 5 km altitude. Backscatter
coefficients and lidar ratios for typical conditions are also given in
the tables in section 3.4. For 355 nm values of baer between 1.0 and
1.6 Mm�1 sr�1 (1e1.5 km altitude), 0.6e1.2 Mm�1 sr�1 (2e2.5 km
altitude), 0.2e1 Mm�1 sr�1 (2.5e5 km altitude) and
0.1e0.3 Mm�1 sr�1 (5e8 km altitude) have been found while for
1064 nm the corresponding values are 0.05e0.25 Mm�1 sr�1,
0.02e0.2 Mm�1 sr�1, 0.02e0.1 Mm�1 sr�1 and
0.01e0.05 Mm�1 sr�1.

The size distribution and chemical composition of the aerosol
collected at Gruvebadet laboratory (Figs. 1e4) indicate that the
higher backscattering values on 5e7 April at the 1000e1500 m
altitude could reflect the high contribution of sulphate plus
ammonium in the PM10 samples, especially on 7 April, when they
cover about 60% of the major ion species. Indeed, the mean atmo-
spheric concentration of sulphate in this period is about 1000 ng/
m3, with respect to around 700 ng/m3 and 400 ng/m3 for the 31
March e 04 April and 10e14 April periods, respectively. This
sulphate trend cannot explain the similar backscattering signature
recorded for the 26 March e 04 April and 10e14 Apr at
1000e1500 m altitude. However, by comparing the 1000e1500 m,
2000e2500 m and 2500e5000 m backscattering pattern, the
2000e2500 m signal for the 5e7 April event is not increased
(yellow line), possibly indicating that the aerosol can arrive in



Fig. 5. Profiles of the aerosol backscatter at 532 nm for the 2014 campaign and April
2013.

Fig. 6. Aerosol backscatters at 532 nm for the height interval 1e1.5 km altitude.

Fig. 7. Aerosol backscatters at 532 nm for the height interval 2e2.5 km altitude.

Fig. 8. Aerosol backscatters at 532 nm for the height interval 2.5e5 km altitude.
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different distinct layers, making the ground-level measurements
less representative for the free troposphere.

In Figs. 10e13 the aerosol extinction coefficients for 355 nm, aaer

[Mm�1] for the same altitude intervals as before are shown. Here a
broader range of values, from 20 to 90 Mm�1 in the lowest altitude
interval has been observed. Hence the apparent variability in the
extinction coefficient seems to be larger than in the backscatter
coefficient. Moreover a clear temporal evolution is apparent, as at
the end of the campaign, in the low altitude interval, the extinction
drops by about a factor of 2. In the altitudes above 2.5 km the sit-
uation is directly opposite as prior to April 4 the extinction is lower
by about the same amount. It seems as if the “haze season would
start later in high altitudes and vanishes from the ground up”.

The aaer values for 532 nm are not shown for brevity as the same
behaviour was found as described before. Values between 3 and
50 Mm�1 dominate in the interval 1e1.5 km altitude and again a
larger probability of low values after April 22 is obvious. For the
interval in 2e2.5 km altitude almost the same extinction values
have been found and again a larger probability of low extinction
coefficients at the beginning of the campaign (before 4 April) is
observed. In 2.5 kme5 km values between 1 and 20 Mm�1 are
typical which are again lower at the beginning of the campaign.

The aerosol depolarisation for all height intervals and 532 nm
are presented in Figs. 14e17. Moderate depolarisation values
around 2e3% are typical below 2.5 km. Above the depolarisation
rises slightly with altitude. A possible explanation might be that in
higher altitudes (lower temperatures) it is easier for the aerosol to
be coatedwith ice. Also the distribution function appears less broad
in 2e2.5 km altitude.

For a comparison of these depolarisation values to the ground-
based chemical data it must be noted that only a short lidar
observation of April 4 entered in the first data set. Hence, by
comparisonwith Fig. 1 a quite homogeneous chemical composition
has been probed by the lidar. Prior to 4 April, the sulphate mean
contribution accounts for more than 50% of the total ion-species
atmospheric load, tacking into account also the ammonium con-
tent, often associated to sulphate to give NH4HSO4 and (NH4)2SO4.



Fig. 9. Aerosol backscatters at 532 nm for the height interval 5e8 km altitude.

Fig. 10. Aerosol extinction coefficient at 355 nm for the altitude interval 1e1.5 km.

Fig. 11. Aerosol extinction coefficient at 355 nm for the altitude interval 2e2.5 km.

Fig. 12. Aerosol extinction coefficient at 355 nm for the altitude interval 2.5e5 km.
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On the contrary, the 5e7 April and 10e14 April events are char-
acterized by high percentage of stronger depolarising (and larger)
particles from sea spray and crustal sources. In particular, during
10e14 April two depolarisation modes that could be associated to
the large variability in the aerosol chemical composition along the
event (Fig. 3) are discernible. The first mode (low depolarisation
ratio) could be linked to the relatively high contribution of
spherical-like sulphate plus ammonium particles (about 60% of the
ion species). On the contrary, the higher depolarisation-ratio mode
could be related to the very high contribution of non-spherical sea
salt plus crustal particles on 11 April (accounting for about 70% of
the ion species load).

The distribution functions of the color ratio are depicted in
Figs. 18e21. By definition (eq. (2)) a color ratio of 2 corresponds to
an Ångstr€om exponent for the backscatter of approx. 1.7 and a color
ratio of 3 to approx. 2.7 (Ångstr€om, 1929). Hence, the observed
particles were generally quite small. During the period 26 March e

4 April the particles clearly have a different size and show a larger
fraction of large particles close to the ground and smaller particles
above 5 km altitude. At 2.5 e 5 km altitude the aerosol shows the
broadest size distribution varies most, while above 5 km altitude
larger particles dominate. At the end of the campaign smaller
particles are present close to the ground, so in the interval 1e1.5 km
the particle size decreases with time.

The comparison of the color ratio to the ground based size
distribution gives a fair agreement in that the concentration of
particles in the APS range above 0.5 mm gradually decreases during
the campaign (Figs. 1e4).

Finally the lidar ratios for 355 nm are plotted in Figs. 22e25. For
the low altitude interval here a clear temporal trend is obvious:
while at late March/early April lidar ratios LR > 70sr did occur, at
the end of the campaign only values between 15sr and 42sr had
been found. Interestingly this change in LR was only prominent
close to the ground and in the 2.5e5 km interval where the LR
increased significantly during beginning of April. In the interval
2e2.5 km altitude the probability distributions are again, as the
depolarisation, much more narrow, with values between 15 and
50sr for all times. Generally above 2 km altitude there is a weak



Fig. 13. Aerosol extinction coefficient at 355 nm for the altitude interval 2.5e5 km.

Fig. 14. Aerosol depolarisation at 532 nm for the height interval 1e1.5 km.

Fig. 15. Aerosol depolarisation at 532 nm for the height interval 2e2.5 km.

Fig. 16. Aerosol depolarisation at 532 nm for the height interval 2.5e5 km.
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tendency for lidar ratios increasing with altitude. The same trend
has been reported by Tomasi et al., 2015 for data of the complete
year 2013. For 532 nm the LR seems to be principally higher by
about 30%, see below in the tables.

The higher lidar-ratios at 1e1.5 km for the 26 March e 4 April
period could be justified by higher concentrations of absorbing
particles. Indeed, black carbon measurements (A. Lupi, personal
communication) by Particle Soot Absorption Photometry (PSAP)
show atmospheric concentrations about twice as high with respect
to the values measured during the 10e14 April and 22e29 April
time periods (we do not have data during 5e7 April due to PSAP
failure).
3.3. Relations between the optical parameters

The relation between baer at 532 nm and the color ratio is given
in Fig. 26. Here a clear relation is found: data points with low
backscatter coefficients consist of small particles, while large
backscatter coefficients are always connectedwith large particles. It
can also be depicted from Fig. 26 that at the beginning of the
campaign the particles were slightly larger (had a lower CR for
given baer). Basically the same relations have been found for other
height intervals as well.

The relation between aerosol backscatter and depolarisation is
given in Fig. 27. It can be clearly seen that for our data set a value of
baer ¼ 1 Mm�1 sr�1 is a limit beyond which the depolarisation does
not rise to little more than 2%. This indicates that backscatter co-
efficients larger 1Mm�1 sr�1 are related to different, more spherical
particles. Note, by comparison to Fig. 14, that the “high depolar-
isation branches” which look prominent in Fig. 27 consist only of
relatively few measurements during the middle of the campaign.
Nevertheless for baer< 1 Mm�1 sr�1 no clear relation between the
shape of the particles and their backscatter has been found.

Next, the relation between the aerosol backscatter and the lidar
ratio is presented in Fig. 28. Again a threshold of around
baer ¼ 1 Mm�1 sr�1 clearly distinguishes two sectors: For smaller
backscatter the LR is almost independent of baer . For larger aerosol
backscatter coefficients only low or moderate LR occur. Again here



Fig. 17. Aerosol depolarisation at 532 nm for the height interval 5e8 km.

Fig. 18. Color ratio of backscatter between 355 nm and 532 for 1e1.5 km altitude.

Fig. 19. Color ratio of backscatter between 355 nm and 532 for 2e2.5 km altitude.

Fig. 20. Color ratio of backscatter between 355 nm and 532 for 2.5e5 km altitude.
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as in Fig. 22 it is visualised how the LR at 355 nm decreases over
time in the altitude range 1e1.5 km. The dependence of LR with baer

for other altitude intervals is not shown for brevity. However, in
agreement to the narrow distribution in Fig. 23, we got the
impression that the scatter in LR for given backscatter value was
reduced at the end of the campaign as if the particles were more
uniform in terms of their microphysics.

Figs. 26 to 28 together indicate that almost every timewhen baer

at 532 nmwas larger than the threshold of 1 Mm�1 sr1 the particles
have been quite large (color ratio <1.45), spherical, and consisted of
a low or moderate LR. An obvious explanation for these data is that
they describe droplets of activated aerosol from subvisible clouds.
In section 3.3 one special case will be discussed more detailed.

The relation between the color ratio and the depolarisation is
given in Fig. 29, again for the lowest selected height interval. Fig. 29
shows that smaller particles are, in average, stronger depolarising
than large particles. Nevertheless high depolarisation values can
occur for all but the largest (the “subvisible cloud”) particles. An
interesting difference between the larger depolarisation values in
the period 5e7 April consisting from larger particles and the high
depolarisation values between 10e14 April consisting of smaller
particles can be seen. This might be an effect of the chemical
composition measured at ground: In average more sea salt and less
crustal aerosol has been found for the earlier period.

Next, in Fig. 30 the same plot of color ratio versus depolarisation
for the period April 5 to April 7 and the height interval 1e1.5 km is
shown again, but this time resolved for the lidar ratio. It can be seen
that the relatively few data points with high depolarisation and
CR < 2.6 consist only of particles with small or medium LR (below
50sr). For the main “stripe” and CR > 2 no systematic behaviour is
recognisable. In thematrix color ratio, depolarisation, and hence for
given size and shape of the particles very different lidar ratios
occur. This means that the chemical composition is independent of
size and shape for our data. The lidar perceives the particles, with
the given resolution of 30 m and 10 min, as if the aerosol were
chemically internally mixed. A clear hint of separated soot particles
(small size, high depolarisation and lidar ratio) has not been found.
Only the few homogeneous data points with large size, large



Fig. 21. Color ratio of backscatter between 355 nm and 532 for 5e8 km altitude.

Fig. 22. Lidar ratio at 355 nm for the height range 1e1.5 km.

Fig. 23. Lidar ratio at 355 nm for the height range 2e2.5 km.

Fig. 24. Lidar ratio at 355 nm for the height range 2e2.5 km.
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depolarisation and small tomoderate lidar ratio form a distinct data
set. Contemporarily at the ground station (Fig. 2 and also paper 1
Lisok et al., 2016) sea salt aerosol has been observed. While under
moist conditions sea salt aerosol is surrounded by a shell of water,
which should produce only little depolarisation in the lidar, cubic
ice crystals under dry conditions show depolarisation values of
approx. 10% (Murayama et al., 1999) similar to what is observed
here. Nevertheless our lidar data show that these sae salt particles
are not the dominant particle species in 1e1.5 km altitude and that
the varying lidar ratio from below 20sre50sr indicates also a
chemically diverse composition. So obviously the aerosol types of
sulphate, ammonium and crustal aerosol are more dominant aloft.

Finally in Fig. 31 the relation between the color ratio and the
lidar ratio is plotted for the altitude interval 1e1.5 km. This figure
summaries some of the results so far: The “drop regime” for C
R < 1.7 shows decreasing LR with increasing size, as if the large
particles had a smaller refractive index, which could simply be
explained by water up-take. In the “aerosol regime” with
1.7 < CR < 4.5 no systematics is visible: at given size the LRmight be
large or small. However, the LR decreased over time. Especially at
the end of the campaign no cases with LR > 42sr occurred any
longer and the particles seemed to become more uniform in size.
3.4. Statistics on the lidar ratio and aerosol occurrences

For many applications, e.g. the evaluation of lidar data for sys-
tems which cannot determine the extinction directly, it is impor-
tant to estimate the lidar ratio as precise as possible. For this reason
in this section eight tables (beginning and end of the campaign
each for the high and low interval) are presented which show the
mean value as well as the 25%, 50% and 75% percentiles of the lidar
ratios (LRs) and basic optical properties for different atmospheric
cases. According to section 3.2, but otherwise arbitrary, we distin-
guished the following conditions:

a) “clear” baer532nm <0:4Mm�1sr�1 and daer532nm <2:05%
b) “clear depol” baer532nm <0:4Mm�1sr�1 and daer532nm � 2:05%



Fig. 25. Lidar ratio at 355 nm for the height range 5e8 km.

Fig. 26. Relation between aerosol backscatter and color ratio.

Fig. 27. Relation between aerosol backscatter and depolarisation.

Fig. 28. Relation between aerosol backscatter and lidar ratio.
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c) “spherical aerosol”
0:4Mm�1sr�1 � baer532nm <1Mm�1sr�1 and daer532nm <2:05%

d) “depol. aerosol”
0:4Mm�1sr�1 � baer532nm <1Mm�1sr�1 and daer532nm � 2:05%

e) “activated aerosol”
baer532nm � 1Mm�1sr�1 and daer532nm <2:05% and CR<1:7

f) “dense aerosol” baer532nm � 1Mm�1sr�1 and CR � 1:7

It must be noted that the lidar was operational during all times
when the weather allowed observations but that clouds had to be
removed from the data. If one assumes that activated aerosol might
be located close in space and time to clouds then this would mean
that such cases are underrepresented in our study.

The lidar ratios for both colors (355 nm, 532 nm) for the
beginning of the campaign and low altitudes are presented in
Table 1. It can be seen that for this data set the LRs for 355 nm are
slightly higher than for 532 nm. Moreover the LR for the cases
“clear depol”, “spherical aerosol” and “depolarising aerosol” are
similar with values around 40sre55sr. The cases of activated
aerosol show considerably lower lidar ratios, especially for the
532 nm. For the 532 nm color it seems that the LRs for the non-
spherical particles are slightly but systematically larger than for
the spherical particles. Moreover it can be seen that typically the
mean value is larger than the 50% percentile meaning that there are
a few data points with high LR. To demonstrate the behaviour of the
surprisingly low lidar ratio for the activated aerosol cases in more
detail we present in Fig. 32 the dependence of the LR on the color
ratio. The blue crosses for the 355 nm channel are identical to those
presented in Fig. 31. The dependence seems to be systematic: the
lowest lidar ratios are found for a color ratio between 0.9 and 1.
Moreover the lidar ratios between both colors seem to be corre-
lated. For this reason we do not think that the low values for
532 nm are caused by noise in the data.

The lidar ratios for both colors (355 nm, 532 nm) for the same
time and higher (2e2.5 km) altitudes are presented in Table 2. The
probability to find aerosol backscatter coefficients below
0.4 Mm�1 sr�1 (“clear”, “clear depol”) is largely increased. Aerosol
was found almost entirely with depolarisation values above 2.05%.



Fig. 29. Dependence of depolarisation at 532 nm from color ratio at 1e1.5 km altitude.

Fig. 30. Relation between color ratio, depolarisation and lidar ratio.

Fig. 31. Color ratio versus lidar ratio at 355 nm for the height interval 1e1.5 km.

Fig. 32. The lidar ratio for activated aerosol, height: 1e1.5 km fromMarch 26 to April 4.
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In this altitude the lowest lidar ratios occur. Moreover, the LR at
532 nm is here overall larger than that for 355 nm and it depends at
532 nm strongly on the presence of depolarisation: if the depo-
larisation is low also lower values of the LR occur. This effect is not
so pronounced for 355 nm as here always the LRs are low. For
355 nm the LRs are slightly higher in the presence of aerosol.

The LRs for the altitudes 2.5e5 km and 5e8 km are presented in
Tables 3 and 4 respectively. For both altitudes the LR at 532 nm is
larger than for 355 nm. Additionally, for 355 nm no pronounced
difference between the LR in clear cases or with aerosol has been
found. For 532 nm in altitude 2.5e5 km the LR is even lower for
aerosol cases than for clear conditions. Above 5 km the LR for
532 nm gets noisy and we only give mean values for the different
cases.

From Table 5 can be seen that during the end of the campaign
(22 April to 29 April) the LR at 355 nmwas significantly lower than
before and showed quite homogeneous values for the different
selected classes. However, for the 532 nm wavelength a clear
variation of the LR has been found with low values for the spherical
aerosol and high values for depolarising aerosol and background.
For non-spherical cases the LR at 532 nm is larger than for 355 nm.
Table 6 Summarizes the occurrence frequency and LR for the

2e2.5 km altitude range at the end of the campaign. Less aerosol
cases are detected here. The LRs are similar to those of Table 2 with
quite lowand similar values around 30e40sr for 355 nm and higher
values for the 532 nm. In all, the LR at 532 nm is larger for the
“clear” cases and lower for the “aerosol” cases, especially when the
particles are spherical in shape.

For the altitudes 2.5 e 5 km and 5e8 km (Tables 7 and 8) the LR
at 355 nm is quite similar for clear and polluted cases with values
between 30 and 45sr. For 532 nm the LR is similar and again higher
for the non-spherical cases. At high altitudes at 532 nm the LR in-
creases, especially for the “clear depol” cases.
4. Discussion

Comparing the backscatter values in Figs. 5e9 with the monthly
averages from the 2013 season at the same site obtained by the
same instrument (Tomasi et al., 2015) we find higher values during



Table 1
Lidar ratios and aerosol backscatter for the period March 26 to April 4, height: 1 kme1.5 km. Given are themean value and the percentiles for 25%, 50% and 75% levels. Units for
the lidar ratio are [sr], for the aerosol backscatter [Mm�1 sr�1].

H:1e1.5 km 26March

e 4 April 2975 cases

Frequency LR (355 nm) [sr]
percentiles
25%,50%,75%

LR (532 nm) [sr]
percentiles 25%, 50%,
75%

Beta_Aer (355 nm)
[Mm�1 sr�1] percentiles 25%,
50%, 75%

Beta_Aer (532 nm)
[Mm�1 sr�1] percentiles 25%,
50%, 75%

Beta_Aer (1064 nm)
[Mm�1 sr�1] percentiles 25%,
50%, 75%

Clear 3.9% 55.2
46.1, 54.9, 64.2

40.2
32.3, 38.0, 44.2

0.85
0.67, 0.75, 1.07

0.37
0.36, 0.37, 0.39

0.11
0.08, 0.12, 0.14

Clear depol 8.3% 50.0
41.7, 46.7, 57.5

44.3
33.1, 41.3, 54.2

0.99
0.75, 1.10 1.18

0.38
0.37, 0.38, 0.39

0.14
0.09, 0.15, 0.17

Spherical aerosol 34.1% 50.2
43.2, 49.4, 57.3

39.2
27.5, 37.5, 48.5

1.09
0.85, 1.09, 1.32

0.49
0.44, 0.48, 0.53

0.24
0.16, 0.18, 0.27

Depol. aerosol 53.5% 49.6
42.9, 46.3, 53.2

45.0
32.2, 44.8, 56.4

1.22
1.10, 1.31, 1.39

0.49
0.43, 0.49, 0.53

0.29
0.18, 0.22, 0.36

Activatedaerosol 0.3% 24.2
13.4, 18.4, 28.2

11.9
4.0, 4.9, 17.1

3.61
2.02, 3.36, 5.14

3.63
1.39, 3.48, 5.82

3.02
1.23, 3.16, 4.97

Dense aerosol 0.% e e e e e

Table 2
Lidar ratios for the period 26 March to 4 April, height: 2 kme2.5 km. Units for the lidar ratio are [sr], for the aerosol backscatter [Mm�1 sr�1].

H:2e2.5 km, 26 March e

4 April 2800 cases
Frequency LR (355 nm) [sr]

percentiles 25%, 50%,
75%

LR (532 nm) [sr]
percentiles 25%, 50%,
75%

Beta_Aer (355 nm)
[Mm�1 sr�1] percentiles
25%, 50%, 75%

Beta_Aer (532 nm)
[Mm�1 sr�1] percentiles
25%, 50%, 75%

Beta _Aer (1064 nm)
[Mm�1 sr�1] percentiles 25%,
50%, 75%

Clear 12.7% 18.6
5.9, 18.8, 33.0

22.8
2.2, 22.5,
44.4

0.51
0.48, 0.50, 0.52

0.26
0.24, 0.26, 0.28

0.05
0.04, 0.05, 0.06

Clear depol 75.5% 28.6
24.7, 30.2, 35.0

60.1
27.5, 55.2, 89.0

0.81
0.53, 0.90. 0.96

0.30
0.26, 0.29, 0.33

0.10
0.06, 0.08, 0.13

Spherical aerosol 0.03% 35.1
e

31.1
e

1.10
e

0.43,
e

0.16
e

Aerosol depol. 11.7% 35.2
32.3, 35.4, 37.7

66.6
49.0, 66.0, 84.2

1.10
1.07, 1.10, 1.14

0.45
0.42, 0.47, 0.48

0.18
0.16, 0.18, 0.20

Activatedaerosol 0% e e e e e

Dense aerosol 0% e e e e e

Table 3
Lidar ratios for the period 26 March to 4 April, height: 2.5 km e 5 km. Units for the lidar ratio are [sr], for the aerosol backscatter [Mm�1 sr�1].

H: 2.5e5 km, 26 March

e 4 April 1, 4700 cases

Frequency LR (355 nm) [sr]
percentiles 25%, 50%,
75%

LR (532 nm) [sr]
percentiles 25%, 50%,
75%

Beta_Aer (355 nm)
[Mm�1 sr�1] percentiles 25%,
50%, 75%

Beta_Aer (532 nm)
[Mm�1 sr�1] percentiles 25%,
50%, 75%

Beta _Aer (1064 nm)
[Mm�1 sr�1] percentiles 25%,
50%, 75%

Clear 17.1% 23.4
14.6, 18.3, 28.0

40.2
10.7sr, 35.8sr, 73.4sr

0.38
0.31, 0.37, 0.47

0.13
0.09, 0.12, 0.18

0.02
0.02, 0.02, 0.03

Clear depol 82.0% 26.1
15.4, 21.6, 33.7

41.9
22.0, 37.0, 67.4

0.53
0.37, 0.48, 0.74

0.16
0.11, 0.16, 0.22

0.04
0.02, 0.03, 0.06

Spherical aerosol 0% e

e

e

e

e

e

e

e

e

e

Aerosol depol. 0.6% 26.7
17.3, 21.3, 34.3

21.9
4.6, 24.3, 40.3

0.96
0.81, 0.95, 1.08

0.60
0.45, 0.60, 0.71

0.40
0.17, 0.40, 0.55

Activated aerosol 0% e e e e e

Dense aerosol 0% e e e e e

Table 4
Lidar ratios for the period 26 March to 4 April, height: 5 km e 8 km. Units for the lidar ratio are [sr], for the aerosol backscatter [Mm�1 sr�1].

H: 5e8 km, 26 March

e 4 April 1, 7500 cases

Frequency LR (355 nm) [sr]
percentiles 25%, 50%,
75%

LR (532 nm) [sr]
percentiles 25%, 50%,
75%

Beta_Aer (355 nm)
[Mm�1 sr�1] percentiles 25%,
50%, 75%

Beta_Aer (532 nm)
[Mm�1 sr�1] percentiles 25%,
50%, 75%

Beta _Aer (1064 nm)
[Mm�1 sr�1] percentiles 25%,
50%, 75%

Clear 34.6% 40.0
32.5, 38.8, 47.3

48.8 ± 20
- - -

0.18
0.14, 0.17, 0.20

0.07
0.06, 0.07, 0.08

0.02
0.02, 0.02, 0.03

Clear depol 62.6% 42.8
35.1, 44.0, 50.2

93.4 ± 20
- - -

0.19
014, 0.17, 0.22

0.08
0.05, 0.07, 0.09

0.02
0.01, 0.02, 0.03

Spherical aerosol 0% e

e

e

e

e

e

e

e

e

e

Aerosol depol. 2.7% 36.7
30.6, 34.7, 42.3

34.7 ± 20
- - -

0.61
0.50, 0.58, 0.71

0.60
0.48, 0.59, 0.71

0.09
0.05, 0.07, 0.12

Activated aerosol 0% e e e e e

Dense aerosol 0% e e e e e
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Table 5
Lidar ratios for the period 22 April to 29 April, height: 1 kme1.5 km. Units for the lidar ratio are [sr], for the aerosol backscatter [Mm�1 sr�1].

H: 1e1.5 km 22 April

e 29 April 612 cases

Frequency LR (355 nm) [sr]
percentiles 25%, 50%,
75%

LR (532 nm) [sr]
percentiles 25%, 50%,
75%

Beta_Aer (355 nm)
[Mm�1 sr�1] percentiles 25%,
50%, 75%

Beta_Aer (532 nm)
[Mm�1 sr�1] Percentiles25%,
50%, 75%

Beta _Aer (1064 nm)
[Mm�1 sr�1] percentiles 25%,
50%, 75%

Clear 0% e e e e e

Clear depol 2.2% 38.3
37.2, 37.6, 39.2

76.3
66.5, 78.1, 85.3

1.31
1.30, 1.31, 1.33

0.38
0.37, 0.38, 0.39

0.09
0.09, 0.09, 0.10

Spherical aerosol 16.3% 33.3
31.0, 33.6, 35.6

16.5
4.7, 18.6,
28.9

1.40
1.32, 1.37, 1.43

0.53
0.48, 0.51, 0.54

0.15
0.11, 0.13, 0.17

depol. aerosol 73.7% 29.7
26.4, 30.4 33.1

58.1
20.3, 65.4, 94.2

1.42
1.36, 1.40, 1.45

0.47
0.43, 0.44, 0.51

0.14
0.12, 0.13, 0.15

Activated aerosol 4.1% 24.7
20.4, 25.5, 28.9

12.6
9.4, 12.7, 16.4

2.87
2.57, 2.72, 3.18

2.14
1.68, 2.04, 2.53

2.26
1.74, 2.13, 2.60

Dense aerosol 3.5% 31.9
29.6, 32.1, 34.1

19.4
16.5, 19.0, 22.2

2.13
2.01, 2.06, 2.25

1.19
1.13, 1.20, 1.26

0.95
0.82, 0.96, 1.06

Table 6
Lidar ratios for the period 22 April to 29 April, height: 2 kme2.5 km. Units for the lidar ratio are [sr], for the aerosol backscatter [Mm�1 sr�1].

H: 2e2.5 km 22 April e
29 April 576 cases

Frequency LR (355 nm) [sr]
percentiles 25%, 50%,
75%

LR (532 nm) [sr]
percentiles 25%, 50%,
75%

Beta_Aer (355 nm)
[Mm�1 sr�1] percentiles
25%, 50%, 75%

Beta_Aer (532 nm)
[Mm�1 sr�1] percentiles
25%, 50%, 75%

Beta_Aer (1064 nm)
[Mm�1 sr�1] Percentiles25%,
50%, 75%

Clear 4.2% 30.0
26.4, 29.4, 32.5

73.5
55.9, 71.9, 95.0

0.51
0.50, 0.50, 0.52

0.26
0.25, 0.26, 0.27

0.05
0.05, 0.05, 0.06

Clear depol 81.8% 31.0
28.0, 31.0, 34.3

78.6
39.9, 74.3, 114.4

0.50
0.48, 0.50, 0.51

0.26
0.25, 0.27, 0.28

0.06
0.05, 0.06, 0.07

Spherical aerosol 0.8% 35.7
32.3, 33.6, 39.8

29.2
12.2, 29.4, 43.0

0.54
0.54, 0.54, 0.54

0.26
0.25, 0.25, 0.29

0.07
0.06, 0.06, 0.09

Depol. aerosol 13.2% 33.1
28.4, 32.6, 37.1

54.8
38.7, 52.9, 73.5

0.52
0.50, 0.52, 0.54

0.26
0.24, 0.25, 0.28

0.06
0.05, 0.06, 0.07

Activatedaerosol 0% e e e e e

Dense aerosol 0% e e e e e

Table 7
Lidar ratios for the period 22 April to 29 April, height: 2.5 km e 5 km. Units for the lidar ratio are [sr], for the aerosol backscatter [Mm�1 sr�1].

H: 2.5 e 5 km 22 April e
29 April 3024 cases

Frequency LR (355 nm) [sr]
percentiles 25%, 50%,
75%

LR (532 nm) [sr]
percentiles 25%, 50%,
75%

Beta_Aer (355 nm)
[Mm�1 sr�1] percentiles
25%, 50%, 75%

Beta_Aer (532 nm)
[Mm�1 sr�1] percentiles
25%, 50%, 75%

Beta_Aer (1064 nm)
[Mm�1 sr�1] percentiles 25%,
50%, 75%

Clear 5.4% 31.2
23.4, 30.2, 35.8

29.7
9.7, 34.4, 53.4

0.64
0.55, 0.62, 0.74

0.21
0.16, 0.20, 0.23

0.03
0.02, 0.02, 0.03

Clear depol 91.2% 34.5
24.5, 31.9, 41.6

37.2
20.2, 38.1, 55.2

0.65
0.54, 0.63, 0.76

0.20
0.16, 0.18, 0.22

0.04
0.02, 0.03, 0.05

Spherical aerosol 0.6% 46.8
30.7, 46.4, 62.2

43.7
35.4, 42.0, 57.9

0.94
0.88, 0.94, 0.97

0.53
0.50, 0.52, 0.55

0.19
0.18, 0.19, 0.22

Depol. aerosol 2.7% 41.8
35.4, 41.8, 44.6

37.2
31.7, 38.5, 43.2

1.04
0.88, 1.02, 1.21

0.53
0.46, 0.53, 0.57

0.17
0.15, 0.17, 0.20

Activatedaerosol 0% e e e e e

Dense aerosol 0% e e e e e

Table 8
Lidar ratios for the period 26 March to 4 April, height: 5 km e 8 km. Units for the lidar ratio are [sr], for the aerosol backscatter [Mm�1 sr�1].

H: 5e8 km, 26 March

e 4 April 1, 7500 cases

Frequency LR (355 nm) [sr]
percentiles 25%, 50%,
75%

LR (532 nm) [sr]
percentiles 25%, 50%,
75%

Beta_Aer (355 nm)
[Mm�1 sr�1] percentiles 25%,
50%, 75%

Beta_Aer (532 nm)
[Mm�1 sr�1] percentiles 25%,
50%, 75%

Beta _Aer (1064 nm)
[Mm�1 sr�1] percentiles 25%,
50%, 75%

Clear 34.6% 40.0
32.5, 38.8, 47.3

48.8 ± 20
- - -

0.18
0.14, 0.17, 0.20

0.07
0.06, 0.07, 0.08

0.02
0.02, 0.02, 0.03

Clear depol 62.6% 42.8
35.1, 44.0, 50.2

93.4 ± 20
- - -

0.19
014, 0.17, 0.22

0.08
0.05, 0.07, 0.09

0.02
0.01, 0.02, 0.03

Spherical aerosol 0% e

e

e

e

e

e

e

e

e

e

Aerosol depol. 2.7% 36.7
30.6, 34.7, 42.3

34.7 ± 20
- - -

0.61
0.50, 0.58, 0.71

0.60
0.48, 0.59, 0.71

0.09
0.05, 0.07, 0.12

Activated aerosol 0% e e e e e

Dense aerosol 0% e e e e e
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spring 2013 for baer of 0.7 [Mm�1 sr�1] for the lowest interval and
0.55 [m�1 sr�1] in 2e2.5 km at 532 nm; thus the season in 2014was
apparently clearer by a factor of about 1.6 regarding the backscatter
coefficient. Such a pronounced inter-annual variability in the
strengths of the haze season in Spitsbergen does occur (Pakszys
et al., 2015). Therefore, unfortunately long time series of observa-
tions are required to fully capture all possible aerosol conditions.

The extinction coefficients (Figs. 10 and 13) and hence also the
lidar ratio (Tables 1e8) seem to have a larger variability than the
backscatter values. For this 2014 season we found frequently only
moderate lidar ratios between 30 and 50sr.These values are lower
than reported by Müller et al. (2007) for Arctic haze but are much
more in agreement to our experience for Ny-Ålesund (Tomasi et al.,
2015). One reason could be that the West Coast of Spitsbergen is
strongly affected by the Atlantic Ocean and hence a mixture be-
tween “marine” and “Arctic” conditions (Table 1 from Müller et al.,
2007) must be applied for Ny-Ålesund. This view is supported by
the chemical analysis of the Gruvebadet station (Figs. 1e4) which
generally showed a discernible sea salt component. According to
previous work for air masses with possibly less contact to open
water as the American Arctic some years ago or airborne campaigns
(Quinn et al., 2007; Yamanouchi et al., 2005) nss-SO4 is the main
component of Arctic haze events. Moreover, airborne sun-
photometer measurements from Stone et al. (2010) indicate that
the Arctic haze phenomenonmight generally be less pronounced in
the European Arctic compared to colder regions. Frequently and in
agreement to unpublished data from previous years we find that
LR532 > LR355 for Arctic haze conditions in Ny-Ålesund and that
the lidar ratios for haze and background are quite similar, with the
exception of the end of our campaign (Fig. 22, Table 5) where only
modest lidar ratios for the aerosol have been found.

Generally our lidar derived extinction coefficients are quite high.
In the lowest altitude interval from 1 to 1.5 km typical values of
20e70 Mm�1 for 355 nm have been found and 3e30 Mm�1 for
532 nm. Compared to ground-based in-situ measurements (e.g.
paper 1 by Lisok et al.) remote sensing instruments as lidar and
photometer seem to overestimate the extinction by a factor of 4. A
smaller overestimation of extinction from lidar data, also for Ny-
Ålesund, has already been discussed by Tesche et al. (2014). A
thorough comparison between different aerosol sensors is defi-
nitely needed for the future. From our radio sonde data set we can
estimate the relative humidity to analyse whether hygroscopic
growth of the aerosol closes the gap between the dry in-situ
sampling and the lidar measurements in the real moist atmo-
sphere. However, low RHs were common: Between 0 and 5 km
altitude we found an average RH of 47% for the time intervals 1e3
and 37% after 22 April. Only about 1/10 of all data points in the radio
sondes showed a humidity larger than 80%. In the interval from 0 to
8 km the average humidity dropped further to 44% (26 March to 14
April) and 32% (22 April to 29 April). Zieger et al. (2010) stated for a
fall campaign in Ny-Ålesund that a RH of 85% is required for a
scatter enhancement of slightly over 4 compared to dry conditions.
However, this might not be required for the data of our campaign:
From Figs. 1e4 we see that a typical size of the particles is around
180 nm dry. If this diameter were increased to 240 nm, for refrac-
tive indices around 1.5, Mie theory states that the extinction coef-
ficient increases by more than factor 4. Also, wet diameters of
around 240 nm are in agreement to our color ratios (Figs. 18e21)
and similar to those obtained by inversion of the lidar data at the
same site for an Arctic haze case of 2009 (Hoffmann et al., 2012).
Hence, to close the gap between the extinction values at ground
and in the lidar an increase of particle size by roughly 33% would be
required. An important implication of this finding is that in climate
modelling even under dry conditions the relative humidity must be
known precisely to estimate the direct radiative forcing of aerosol.
The most noticeable aerosol event in this data set occurred
during beginning April (4.4. to 7.4.) below 1.5 km altitude (Figs. 1, 2
and 5). This case was already discussed by paper 1 Lisok et al., 2016.
They found: a) increased AOD in Ny-Ålesund and a decreased
Ångstr€om exponent (larger particles in the atmospheric column),
b) dominance of sea salt at the ground station, together with an
increase in aerosol size and c) air backtrajectories which show in-
fluence of the Arctic Ocean and, possibly, also Siberia. From the lidar
we see that this event is confined to the lowest atmospheric layers.
In 1e1.5 km altitude the depolarisation ratio (Fig. 14), the color ratio
(Fig. 18) and the lidar ratio (Fig. 22) are not increased. This means
that above 1 km altitude we do not see aerosol properties during
these days, which are completely different to other times. The few
data points with high backscatter and depolarisation (Fig. 27) show
only small to moderate lidar ratios (Figs. 28 and 29). Such lidar
ratios are too low for dust or continental aerosol (Müller et al.,
2007), but resemble more sea salt, which, in crystal form, could
also explain the measured depolarisation (Murayama et al., 1999).
Hence we conclude that no clear event of pure Arctic haze had been
observed. The larger AOD and backscatter around 5 April was
definitely confined to the lowest 1 km and consisted mostly of sea
salt (Fig. 2).

A striking feature is the sporadic occurrence of very low lidar
ratio for cases of activated aerosol. We just performed a quick check
with Mie calculation http://omlc.org/calc/mie_calc.html to confirm
that water droplets of 0.8 mm diameter produce lidar ratios around
6sr at 532 nm and around 12sr at 355 nm. Very low lidar ratios,
possibly for similar cases, have been derived by Stachlewska and
Ritter (2010) using lidar data with the different two-stream eval-
uation technique. In principle also specular reflections at horizon-
tally aligned ice crystals produce very low lidar ratios (Hogan et al.,
2003) but due to our cloud screening and the missing depolarisa-
tion such an explanation is unlikely.

Only moderate depolarisation values between 2% and 3% have
been found for the 2014 season. Again, these values are lower than
for the 2013 season (Tomasi et al., 2015). In that paper a systematic
higher depolarisation in the haze season of 2013 has been reported.
Hence, the question to what extent normally backscatter and
depolarisation values are correlated remains open. For the 2014
season only the distinction between “spherical aerosol”, “depolar-
ising aerosol” and “activated aerosol” could be made, but no
dependence of depolarisation on backscatter has been found.

The relation between backscatter and size (color ratio, Fig. 26) is
remarkable. It means that the size strictly determines the aerosol
backscatter, not the shape (Fig. 27) nor the chemical composition
(Fig. 28). An easy hypothesis would be that humidity is the main
constrain and that always if the relative humidity is high the par-
ticles start growing hygroscopically thereby increasing their scat-
tering efficiency. However, this simple explanation is difficult to
prove. With the lidar also the water vapor mixing ratio can be
calculated. The result is depicted in Fig. 33. This shows the same
data as Fig. 26 but now resolved into values of H2O mass mixing
ratios (units: g water per kg dry air), derived by the lidar. Unfor-
tunately the hygroscopic growth of particles depends on the rela-
tive humidity (e.g. Tang, 1996) and precise temperature profiles
would be needed to convert the mixing ratio into relative humid-
ities, which we can only estimate by using temperature profiles
from a HATPRO radiometer on the site. This radiometer data
generally show quite smooth and not very precise profiles. Never-
theless the plot of the mixing ratio clearly shows that the moister
conditions match only to data, where the backscatter is low and the
particles are small. Contrary, at dry conditions as well large as small
particles have been observed. Especially the cases of the activated
aerosol have been observed under dry conditions which mean that
these events take place either at low temperatures or on the drying

http://omlc.org/calc/mie_calc.html


Fig. 33. Humidity dependent color ratio versus backscatter for the height interval
1e1.5 km. Units of the mixing ratio is [g/kg].

Fig. 34. Decrease of particle backscatter after the disintegration of a cloud.

Fig. 35. Water vapor mixing ratio after the disintegration of a cloud.
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branch. These particles might therefore be remnants of a dis-
integrated liquid cloud. During the campaign we had 5 contem-
porary radio sonde launches parallel to lidar data and we do not
find a correlation between the relative humidity and the back-
scatter or extinction coefficients. Hence, no clear (back-) scatter
enhancement is observable for the majority of aerosol that was
found in relative humidities between 15% and 70%. Therefore Fig. 33
should describe typical conditions. The clearly visible exceptions
are the few cases of activated aerosol which will be discussed now.

One example for such a drying event is depicted in Figs. 34e36.
They describe lidar measurements from 3 April. The radiosonde
launched at UT 10:50 recorded almost 100% humidity in 1 km, still
high humidity up to 1.4 km altitude and a cloud was present in this
height. Some minutes later the sky cleared up and on UT 11:48 the
lidar could be switched on. Fig. 34 shows the temporal evolution of
the aerosol backscatter at 532 nm. A clear decrease on scale of
10 min can be seen. The data which refer to the activated aerosol,
presented before, are marked by an asterisk symbol. (The profiles
prior 12:34 had not been considered in the analysis before due to
cloud screening e for this reason much more cases of activated
aerosol may exist than described in this work). Note, that up to two
hours after cloud disintegration still the activated aerosol with the
described attributes did exist.

In Fig. 35 the lidar derived H20 mixing ratios for the same period
are presented. Only a small variability around 1 km can be seen, but
at around 1.3 km altitude the drying of the air, as depicted by the
lidar, is evident. Most important, however, is the implicit depen-
dence of the mixing ratio on the temperature as the low (warm)
atmosphere can hold more water vapor than the higher and colder
layers.

Finally in Fig. 36 a rough estimation of the relative humidity is
given. First, in black, the humidity profile from the RS-92 sonde at
10:50 UT is plotted. Next, the temperature profiles from the HAT-
PRO radiometer have been linearly interpolated to the time-
altitude mesh of the lidar. It was noted that in the temperature
profile of the radiosonde at 1.4 km altitude at the cloud top a
temperature inversion of 3 K depth was present, which was not
visible in the radiometer. The overall temperature profile matched
to the sondewell, but it wasmuch too smooth. Therefore an error of
3 K in the temperature profile from the radiometer had to be
considered and we assumed that the radiosonde captured the
“true” temperature profile. Hence, for time t0 we write for the
temperature profile T(z):

Tsonde ðz; t0 Þ :¼ Ttrueðz; t0Þ; DTðzÞ :¼ Ttrueðz; t0Þ � THRðz; t0 Þ
(4)

Where THR is the temperature profile from the HATPRO radi-
ometer and z denotes to the height. For times ti later than the
balloon launch time t0 we construct the true temperature profile
estimations

Ttrue ðz; ti Þ ¼ THR ðz; tiÞ � DTðzÞ (5)

In other words we assumed that the deviation between the
HATPRO radiometer and the sonde (representing the true tem-
perature profile) should be constant between times t0 and ti. To
these temperature profiles Ttrueðz; tiÞ a constant error of ±3 K was
added. Finally from the mixing ratio in the lidar and the above
introduced temperature profiles the relative humidities in Fig. 36



Fig. 36. Evolution of the rel. humidity. “L&R” stands for “lidar and radiometer”.

Fig. 37. Geopotential height and wind at 850 hPa averaged for 26 March e 14 April.

Fig. 38. Geopotential height and wind at 850 hPa averaged for 22 April e 29 April.
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for times UT 11:48 and 12:34 were calculated. The 3 K insecurity in
the temperature transfers into about 20% insecurity in the relative
humidity (dotted lines in Fig. 36), but it seems as if the relative
humidity would slowly decrease with time. Hence, if precise tem-
perature profiles were available (back-) scatter enhancement fac-
tors could be derived from Raman lidar data (Zieger et al., 2011).
Overall the decreasing values of backscatter and relative humidity
over time support the hypothesis that a slow drying of droplets has
been observed.

Generally over the campaign no pronounced temporal evolution
has been observed, apart from the fact that at the end of the
campaign and below 2 km altitude the lidar ratio decreased. At the
beginning of the campaign the particles were slightly larger, which
is typical for the haze season (Rastak et al., 2014). In 2e5 km alti-
tude the particles seemed to be slightly more homogeneous in
terms of distributions of depolarisation, color ratio and lidar ratio.
This might indicate that effects of boundary layer properties or
wind shear, acting on the aerosol in low altitudes, are less efficient
in the free troposphere. Above 5 km altitude only very few larger,
slightly elongated particles have been found.

Finally by inspecting the 850 hPa geopotential height and wind
from ERA-Interim Reanalysis data set (Dee et al., 2011) for the pe-
riods prior to 14 April and after 22 April, which are shown in Fig. 37
and 38, one can speculate why the haze period might terminate by
end April. It can be seen that the prevailing Northern wind,
described earlier, results from a persistent low pressure system East
of Spitsbergen. At the beginning of the iAREA campaign this system
was quite strong and polluted air from East Asia might have been
transported counter clockwise around it into the Eastern Arctic, the
North pole and finally arrived at Spitsbergen. However, at the end
of the campaign this low was weaker but more elongated towards
the Laptev sea and the far Eastern air masses would have been
deviated such that they arrive East of Spitsbergen, while our
observing site was more influenced by a meandering flow from the
central Arctic.

5. Conclusions

The main results of this work can be summarized like this:

C the spring season 2014 was considerably clear and sparse in
long transport aerosol events. Sea salt and sulphate were
identified as the main species
C typical values and its probability distribution of the aerosol
backscatter, extinction, depolarisation, the lidar ratio and the
color ratio which describe the aerosol properties during a 4
week campaign in the 2014 haze season have been
presented.

C values of baer between 0.3 and 0.6 Mm�1 sr�1 in 1e1.5 km for
532 nm have been typically found, which is a factor of 1.6 less
than for the 2013 season

C lidar ratios between 30 and 50sr have been found, typically
slightly lower LR for the 355 nm. At the end of the campaign
the lidar ratio decreased at 355 nm and low altitudes. Hence,
the assumption of one single value for the lidar ratio at a site
as Ny-Ålesund can only be a rough estimation.
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C values of aerosol depolarisation between 2 and 3% have been
found, with slightly larger values at higher altitudes

C apart from the decrease of the lidar ratio and a slight
decrease in particle size at the beginning of April no great
temporal evolution has been observed, nevertheless gener-
ally the aerosol properties seemed to be more homogeneous
above 2 km altitude. Even if our campaign only contains data
of 5 weeks it seems as if the haze season might start earlier
on the ground and lasts longer higher up. This effect is more
visible in the extinction than in the backscatter

C no clear separation between particle size, particle shape and
the lidar ratio has been found. This means that the chemical
composition of the aerosol (in the given resolution 30 m,
10 min) does not depend on the particles size or shape.
Especially no individual soot particles have been found

C the size of the particles is normally not correlated to hu-
midity but directly determines the backscatter coefficient,
contrary shape and chemical composition are not related to
the backscatter

C a fair agreement between ground-based size distribution and
chemical composition to the lidar data have been found.

C few large, spherical aerosol droplets with very low lidar ra-
tios have been found after the disintegration of a cloud
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