Accepted M anuscrpt

ATMOSPHERIC
ENVIRONMENT

Vertralvarabiliy ofaerosolsigk scatiering abedo and equivaentblck carbon
concentraton based on in-siu and rem o sensing technijues durng the AREA
cam pagns i NyAesund

KM .Markowiz,C .Ritter,].Lsok,P .Makuch,IS.Stachlewska,D .Cappeleti,M .
Mazzol,M T.Chinski

PIL S$1352-2310(17)30395-3
DOL 10.1016/atm osenv2017 06 014
Refrence: AEA 15376

To appearn: Atmospheric Environment

Receved Date: 24 Novem ber2016
Reviked Date: 10May 2017
Accepted Date: 6 June 2017

Please cie ths artce as:Markowirz, KM .,Ritter,C ., Lsok,J.,M akuch,P.,Stachewska, IS .,
Cappelett, D .,Mazzo&,M .,Chinski,M T.,Vertcalvarabilty ofaerosolsinge scatiering abedo and
equivakentblck carbon concentratbn based on n-silu and rem ote sensing Eechnijues durihg the AREA
cam pajns i Ny-A esund, Atmospheric Environment (2017), doi: 10.1016/jatn osenv 2017 06 014.

This s a PDF fie ofan unedied m anuscriptthathas been accepted forpublicaton.As a sewice to
ourcustm erswe are proviling this early versbn ofthe m anuscript The m anuscrptw llundergo
copyediting, typesetting,and revew ofthe resutthg proofbefore itk pubtished i is fnalfom .Pease
note thatdurng the producton process enors m ay be discovered which coud afectthe content,and all
‘egaldsclai ers thatapply b the pumalperian.



O 0 N N W B W N =

[ T NS T N T NG T N T N SN N R N SR N S S S e e T e e T
o I e Y L S =N~ RN e R N S S =

J
>

Vertical variability of aerosol single-scattering albedo and equivalent black carbon
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Highlights
e anew methodology to retrieve profiles of single-scattering albedo
e reasonable agreement between Raman and Klett retrievals

e small variability of single-scattering albedo with altitude over Svalbard

slight increase in mean equivalent black carbon concentration with altitude

Abstract
This work presents a methodology for obtaining vertical profiles of aerosol single scattering
properties based on a combination of different measurement techniques. The presented data

were obtained under the iAREA (Impact of absorbing aerosols on radiative forcing in the
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profiles of single scattering albedo (SSA) as well as absorption, extinction, and aerosol
number concentration. Results have been obtained in an altitude range from about 400 m up
to 1600 m a.s.l. and for cases with increased aerosol load during the Arctic haze seasons of
2015 and 2016. The main results consist of the observation of increasing values of equivalent
black carbon (EBC) and absorption coefficient with altitude, and the opposite trend for
aerosol concentration for particles larger than 0.3 um. SSA was retrieved with the use of lidar
Raman and Klett algorithms for both 532 and 880 nm wavelengths. In most profiles, SSA
shows relatively high temporal and altitude variability. Vertical variability of SSA computed
from both methods is consistent; however, some discrepancy is related to Raman retrieval
uncertainty and absorption coefficient estimation from AE-51. Typically, very low EBC
concentration in Ny—Alesund leads to large error in the absorbing coefficient. However, SSA
uncertainty for both Raman and Klett algorithms seems to be reasonable, e.g. SSA of 0.98 and

0.95 relate to an error of £0.01 and +0.025, respectively.

Keywords: aerosol, single-scattering albedo, black carbon, micro-aethalometer, lidar, arctic

haze,
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The climate impact of black carbon (BC) particles originating from fossil fuel
combustion or biomass burning as well as mineral dust and volcanic ash is still very poorly
understood, leading to scientific gaps relating to their role in the climate system (IPCC, 2013).
These uncertainties are mainly due to the lack of vertical distribution of BC and the simplified
description of the physical processes involving BC used for climate and aerosol modelling
(Koch and Del Genio, 2010; IPCC, 2013). BC is reported as the second most important
anthropogenic climate forcing agent (Ramanathan and Carmichael, 2008; Bond et al., 2013).
The average top of the atmosphere (TOA) direct RF was estimated by many authors, ranging
between 0.08 and 1.4 W/m?> (Samset et al., 2013; Ramanathan and Carmichael, 2008; Bond,
2013). Such discrepancies of reported RF are mainly due to uncertainty related to vertical
distribution of BC concentration (Samset et al., 2013). Regarding the extensive result
overview of Samset et al., 2013 and Zarzycki and Bond, 2010, there is a strong need to
develop efficient methodology for continuous monitoring of the vertical profiles of single
scattering properties of aerosols on a global and regional scale, which would improve the
knowledge on their climate impact.

The main motivation for this study is a deficiency of BC profile measurements in the
Arctic, where the absorbing aerosol leads to strong positive TOA radiative forcing. In
addition, the sensitivity study of BC concentration impact on the radiative budget shows high
efficiency (Samset et al., 2013). Numerical simulation under a global aerosol model
intercomparison project (AeroCom) (Myhre et al., 2013) shows that the BC columnar burden
in the Arctic is 0.10£0.09 mg/m” while the mean global value is 0.19+0.06 mg/m* (Samset et
al., 2013). Radiative forcing of BC in the Arctic is singly higher (0.38 +0.30 W/m’ in
comparison to the global mean 0.36 £0.16 W/m?). The radiative forcing efficiency (forcing
per BC unit of columnar concentration) over the Arctic (3792 £328 W/g) is about two times
larger than the global mean (1817 £288 W/g) (Samset et al., 2013). According to Samset et al.
(2013) BC particles above 5 km contribute to 72+15% to the radiative forcing. Such a high
value for Arctic region is due to long-range transport in the middle and higher troposphere

from Asia, Europe, and North America. The vertical distribution of absorbing aerosols is
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There are a limited number of observations of BC and aerosol absorption in the Arctic.
Observation of direct and diffuse spectral solar radiation within the AERONET network
(Holben et al., 1998) can be used to retrieve the single scattering albedo (SSA) and absorbing
optical depth. However, the uncertainty is high in the case of clean air mass. Dubovik et al.
(2002) reported that SSA can be retrieved with an accuracy of about +0.03 when the aerosol
optical depth (AOD) at 440 nm reaches at least 0.4 for a solar zenith angle higher than 50°. In
the case of Arctic conditions such a high AOD is observed very rarely (Pakszys et al., 2015),
so retrieval of SSA and absorbing AOD has little meaning. In-situ observation of aerosol
absorption delivers more precision data for a few Arctic stations. In the Ny-Alesund
(Spitsbergen), Barrow (Alaska), Alert (Canada), and Summit (Greenland) stations the
equivalent black carbon (EBC) concentration (Petzold et al., 2013) as well as the aerosol
absorption is measured by Particle-Soot Absorption Photometers (PSAP) or Aethalometers
(Stohl et al., 2006). In addition, combined measurement with nephelometers allows the
estimation of the SSA. However, such observations provided the data only for the surface
layer. In Ny-Alesund the station at Zeppelin Mountain (460 m a.s.1.) can be used to estimate
some vertical variability of absorbing aerosol properties. The active remote sensing
observation by the lidar system has little potential to retrieve the profiles of SSA or absorbing
coefficient. Theoretically, a multichannel elastic and Raman lidar system can be used to
estimate such parameters, but the uncertainty of the indirect method is usually high. The
uncertainty of the data inversion products is the combination of errors introduced by the
inversion procedure itself and uncertainties on optical input parameters such as backscattering
and extinction coefficient (Noh, 2014). The vertically resolved aerosol absorption coefficient
and SSA were retrieved using the inversion algorithm by many authors (e.g. Miiller et al.,
1999; Veselovskii et al., 2002; Veselovskii et al., 2004; Kolgotin and Miiller, 2008;
Chaikovsky et al., 2016). Another possibility to obtain vertical variability of absorbing aerosol
is atmospheric sounding. The micro-acthalometer AE-51 is often used onboard UAVs
(Ramana et al., 2007; Chilinski et al., 2016) or tethered balloons (Ferrero et al., 2011;

Mazzola et al., 2016; Ran et al., 2016). Such measurements were done in Ny-/o\lesund in 2011

and 2012 bhv Ferrero ef al 2016 Raced on abont 200 vertical nrofilee meaenred durinoe enrino
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The main objective of this paper is to investigate the aerosol light-absorbing
characteristics over Svalbard, obtained from an AE-51 aethalometer onboard a tethered
balloon together with lidar observations, in order to improve the retrieval of the single
scattering albedo. Independent measurement of the aerosol extinction and absorbing profiles
allowed us to avoid the limitation of indirect lidar retrievals. The next section is devoted to the
description of the instrumentation and research stations. The methodology is discussed in the
Section 3, while uncertainty analysis is given in Section 4. The cases under study include one
period in 2015 and one in 2016 and are described in Section 5. Section 6 includes information
about the profile of EBC and total aerosol number concentration. Finally, the summary and

conclusion are presented in Section 7.

2. Description of research stations and equipment

During the iAREA (Impact of Absorbing aerosols on Radiative forcing in the
European Arctic) campaigns in 2014, 2015, 2016, and 2017 aerosol measurements, both in-
situ and remote sensing, were carried out in Ny-Alesund (Fig. 1). The research village is
located on the west coast of Spitsbergen in Kongsfjorden, surrounded by mountains from
three sides and with the fiord opening in north-west direction. Aerosol in-situ observations
were provided at the Gruvebadet observatory (78.918°N, 11.895°E, 61 m a.s.l) located 800 m
south-west from Ny-Alesund research village. The aerosol remote sensing observations and
tethered balloon profiles were conducted at the French-German Arctic Research Base
AWIPEV (Alfred Wegener Institute and Polar Institute Paul Emile Victor) (78.923°N,
11.923°E, 10 m a.s.1.) in Ny-Alesund 4

A 9 m’ tethered balloon was equipped with a payload including Vaisala radiosonde
sensors for temperature, relative humidity and pressure, and wind speed and direction, and
aerosol in-situ devices. The aerosol absorption and EBC concentration was measured by a
micro-acthalometer AE-51, while the aerosol number concentration was assessed by
HandiLaz (in 2015) and OPC-N2 (in 2016).

The micro-acthalometer AE-51 measures the light transmission through a Teflon-

coated olase fibre filter at RR0O nm A chance in filter attenuation i< then trans<lated to the mass



167  was measured before and after every balloon launch. Each part of the experiment was held
168  with the same integration time and flow mentioned above. During conducting profiles, results
169  were automatically stored on a built-in logger. According to the manufacture’s information,
170 the resolution of measurements is 1 ng/m’, while precision is +100 ng/m’ for one-minute
171  averaging. The device's operational weight is approximately 280 grams. Ferrero et al. (ACP
172 2016) investigated the accuracy of the EBC measurement by AE-51 and found that 20 ng/m3

173 can be considered the limit above which a single measurement is not affected by instrumental

174  noise.
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176 Fig. 1. Map of the Svalbard region.
177
178 The OPC-N2 optical counter from Alphasense measures the light scattered (658 nm)

179 by individual particles carried in a sample air stream through a laser beam. These
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part of the illuminating laser beam and ensure accurate sizing. The instrument classifies each

particle size at rates of up to ~10 000 particles per second, recording the particle size to one of

16 bins covering the size range from 0.38 to 17 um. The flow rate is about 220 ml/min. The

data are transmitted via an SPI to a Raspberry Pi microcomputer every one second.

A HandiLaz particle counter was used to measure profiles of the aerosol number

concentration during the campaign in 2015. This handheld laser-based device includes four

channels (thresholds 0.3, 0.5, 1.0, and 5.0 pm). The aerosol can be sampled with 10-second

resolution under a stabilised flow rate of 2.3 1/min.

Table 1. Instruments used for studies of aerosol optical properties during the iAREA

campaigns in Ny-Alesund

Ground- Wavelength
based | Acronym | [nm]; Range, Quantities Year Station
Instrument Size [nm]
AWI Acrosol 355,387,532,| extinction, backscatter | 2015 |
Raman Lidar | KARL - Ny-Alesund
607, 1064 coefficient 2016
KARL
AWI Sun 369, 381, 413, aerosol optical depth,
500, 610, 674, 2015 g
photometer SP1A Angstrom exponent, Ny-Alesund
779, 860, 945, . 2016
SP1A precipitable water
1023
Microtops 11 . 2015
Photometer ’ ’ 2017
micro- AE-51 880 equivalent black carbon | 2015 I\I()];‘Aillgzl:;d
Aethalometer concentration 2016 a
2017
370, 450, 571, absorption coefficient, ggig
AE-31 |615, 660, 880,| equivalent black carbon Gruvebadet
Aethalometer . 2016
950 concentration

2017
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The KARL Raman lidar (Tab. 1) measures the backscatter coefficient at 355, 532, and
1064 nm, extinction coefficient and depolarisation at 355 and 532 nm, as well as water vapour
at 407 and 660 nm. This lidar is a coaxial system with a 50-Hz Nd:Yag laser, which emits
about 10 W for each of the three wavelengths. It consists of a 70-cm detection mirror working
at an field of view of approximately 2 mrad. An aperture top that is movable in position and
diameter allows measurements in the troposphere (overlap range above 700 m) and
stratosphere. The technical parameters and data analysis techniques have been described by
Hoffmann (2011) and Ritter et al., (2016). The uncertainties in the aerosol backscatter
coefficient retrieval at 355 nm and 532 nm are up to 5% and 10%, respectively, at 1064 nm,
while the error for the aerosol extinction coefficient at 355 nm is up to 50% and at 532 nm is
up to 100% at 4 km altitude (Ritter et al., 2016). Below 700 m altitude the backscatter and
extinction profiles can be retrieved by comparing the KARL lidar with a Vaisala CL51
ceilometer on site. During clear and stable meteorological conditions data from the ceilometer
operating at 910 nm is evaluated with a boundary above 700 m and with values derived by
KARL lidar. Under the assumption that the wavelength dependence of backscatter and
extinction as derived by KARL lidar is also valid in the boundary layer and that all deviations
in the results between ceilometer and KARL are only due to the incomplete overlap of the
latter instrument, this overlap can be corrected.

AOD and Angstrom exponent (AE) were provided by a Full-Automatic Sun
Photometer SPIA (Tab. 1) produced by Dr. Schulz and Partner GmbH
(http://www.drschulz.com/cnt/) and by Microtops II sun photometer. The SP1A sun
photometer measures direct solar radiation in 10 channels between 369 nm and 1023 nm with
a field of view of 1° (Herber et al., 2002). The measured signal is temperature corrected

within a limit of -30°C to 40°C. Langley methodology for the instrument calibration is
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minute “shots” in which measurements were made at all wavelengths, 10 seconds per
channel: 440, 500, 675, 870, and 1020 nm. Further technical parameters and calibration
techniques have been described by Morys et al., 2001 and Markowicz et al., 2012.

Aerosol scattering properties were measured by nephelometer 3563 from TSI
operating on three wavelengths with one-minute resolution (Anderson et al., 1996). The data
from the nephelometer was corrected for angular non-Lambertian illumination and truncation
errors based on the methodology described by Anderson et al., 1996 and Anderson and Ogren,
1998. The uncertainty of the aerosol scattering coefficient due to both effects is about 3% for
a single scattering albedo larger than 0.8. For very low single scattering albedo the errors are
much higher and reach about 30% at a single scattering albedo of 0.4 (Massoli at al., 2009).
Several previous studies have estimated the total uncertainty in the scattering coefficient
measured by TSI nephelometer at somewhere around 10% (Heintzenberg et al., 2006).

A Magee aethalometer AE-31 was used to measure the EBC concentration at Zeppelin
station and Gruvebadet laboratory. The aethalometer measures the transmission through a
quartz filter over a wide spectrum of wavelengths, in our case between 370 and 950 nm. EBC
concentration is then calculated via the derivative of attenuation. In the case of AE-31
instruments the data must be corrected for filter non-linear loading effects and multiple
scattering, which leads to enhancement of light absorption by particles in the filter matrix. For
this purpose, we use the methodology described by Segura et al., 2014. The uncertainty of the
EBC concentration is about 8% (Eleftheriadis et al., 2009).

One wavelength Photoacoustic Extinctiometer (PAX) is an instrument from the
Droplet Measurement Technologies company, measuring scattering and absorption
coefficients as well as the single scattering albedo (SSA) and EBC mass concentration (Kok
et al., 2010). It uses photoacoustic methods to retrieve absorption by detection of pressure
waves initiated by the heat release due to the absorption of laser light. The construction of the
scattering chamber is based on the nephelometer technique. The detection limit for one-
minute averaging for the absorption and scattering coefficient is less than 0.25 Mm™ (870
nm). The detector measures scattering light between 6 and 174°. PAXs at 532 and 870 nm are

used in the I aboratorv of the Institute of Geonhveicse 1in Warcaw (Poland) to estimate the
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coefficient by the lidar techniques are almost impossible, additional information about the
profile of this quantity can improve the single scattering albedo vertical distribution
estimation. The AE-51 micro-aethalometer reports the EBC concentration deposited on the
quartz filter, which can be used to estimate the aerosol absorption coefficients. However,
computation of the EBC concentration aerosol absorption coefficient is complicated due to
light multiple scattering between the filter and the aerosol layer (see below).

In addition, the data obtained from micro-aethalometer device includes non-realistic negative
values when sampling is performed in clear conditions or at a high time-resolution. In such
cases the attenuation (ATN) values may remain unchanged or may even decline slightly
between time steps due to the instrumental noise. In order to limit this effect, filter methods
can be exploited to reduce the signal-to-noise ratio. The first step is the averaging of the ATN
signal before the signal derivative. To do this we use a run mean filter with a time window of
100 seconds, which corresponds to vertical averaging of about 130 m. Fluctuation of EBC
concentration due to electronic noise was estimated thanks to a comparison of two identical
AE-51 instruments. Figure 1 shows the root mean square error (RMSE) and standard
deviation (STD) of EBC difference as a function of the time averaging. In the case of the one-
second data (without smoothing) the RMSE and STD are very large (above 1000 ng/m3 ).
Once the time averaging window is increased, both parameters decrease significantly. For
example, for a 100-second average the RMSE reaches about 65 ng/m3 , while for a 10-minute

average it declines to about 55 ng/m3.
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Fig. 2. The root mean square error (blue line) and standard deviation (red line) of the EBC
concentration difference between two AE-51 aethalometers as a function of averaging time

[s].

These values correspond to the RMSE for absorption coefficients of 0.33 Mm™" and 0.28 Mm’
" respectively.
After reduction of ATN noise the aerosol absorbing coefficient (Gags) and EBC

concentration are computed from the ATN derivative

dATN A
Oaps = (h
dt Q-C-R(ATN)
EBC = dATN A 2)
dt Qo ,py

where A is a sample spot area (7.1-10° mz), Q is the volumetric flow rate, C is the multiple
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higher than 20. Therefore, we changed the filter every time ATN exceeded the threshold
value. Taking into account the multiple scattering effects is not straightforward because
enhancement of light attenuation depends on several aerosol and filter optical parameters.
Previous studies including AE-31 aethalometer measurements show different approaches to
correct the aerosol absorption coefficient (Schmid et al., 2006; Collaud-Coen et al., 2010;
Rizzo et al., 2011; Segura et al., 2014; Virkkula et al., 2015). In the case of the AE-51 a
multiple scattering optical enhancement factor of 2.05+0.03 was estimated by Ferrero et al.,
2011. A higher value (2.98+0.05) has been assumed by Ran et al., 2016 based on the MAAP
(Multi-angle absorption photometer) and AE-31 aethalometer. In the present study the C
factor has been estimated with a comparison of experiment versus the PAX (870 nm) device,

between 30 March and 4 April 2017 in Ny-Alesund (Fig. 3).

Table 2. The scattering optical enhancement factor obtained during field experiments

Year Region C value references

2014 China 2.98+0.05 Ram et al., 2016
2008 Italy 2.05+0.03 Ferrero et al., 2011
2015 Poland 5.5440.05 Chilinski et al., 2017
2017 Arctic 2.7540.10 this study

The scattering optical enhancement factor obtained in this comparison is 2.7540.10, slightly
higher than that reported by Ferrero et al., 2011 in Italy and lower than that reported by Ran et
al., 2016 in China. In the present study, we determined also the multiple scattering factor for
AE-31 (2.884+0.08) and found it to be slightly lower than that obtained by Schmid et al., 2006;
Collaud-Coen et al., 2010; and Segura et al., 2014. Figure 2 shows the comparison of the 60-
minute average of the aerosol absorption coefficient from AE-51 and PAX after applying the
new multiple scattering factor to Equation 1. The agreement is highly satisfactory with a
correlation coefficient (rz) of 0.64, a root mean square error of .12 Mm", and a mean bias of

0.01 Mm™'. Comparison of EBC concentrations recorded simultaneously by AE-31 and AE-51
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hPa pressure and 25°C air temperature), possible thanks to a new flow speed meter based on

air mass measurements decaying with altitude (Chilinski et al., 2016).
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Fig. 3. Comparison of the absorption coefficient obtained from AE-51 aethalometer at 880 nm
and PAX at 870 nm after taking into account the multiple scattering effects in the AE-51.
Both PAX and AE-51 data are averaged to 60-minute intervals.

Profiles of SSA were computed, yielding

SSA =1 2a8s 3)

(¢}
where ¢ is the aerosol extinction coefficient. Due to the different wavelength of the AE-51,
KARL lidar, either the aerosol absorption coefficient at 880 nm needed to be converted to 532

nm or the extinction coefficient should be converted to 880 nm. For the two conversions, we

used two different methods for SSA estimation. In the first method we apnlied Raman
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to values characteristic for soot particles (Russell et al., 2010). Although the AAE variability
might be significant (Russell et al., 2010; Schuster et al., 2016), its impact on the SSA
uncertainty is small in comparison to other variables (see Section 4). The extinction
coefficient at 532 nm is retrieved directly from 532 and 607 Raman channels, while the
absorption coefficient at 880 nm is calculated using the EAE (extinction Angstrom exponent)
defined for the extinction coefficient at 355 and 532 nm. This approach assumes the vertical
variability of the EAE to be constant with wavelength; however, previous studies show that
columnar EAE (averaged in the whole atmospheric column) can change with wavelength due
to variability of aerosol size distribution (O’Neill et al., 2003; Soni et al., 2011; Kaskaoutis et
al., 2007). Therefore, sun photometer observations of AE are used to scale the profile EAE
estimated from lidar observations. The modified profile of EAE (z) is defined from

EAE, (z) = EAE(Z)L 4)
JEAE(z)dz

Also, due to significant noise of the lidar’s retrieved EAE, the vertical profiles were averaged
by means of run mean filter with a window resolution of 375 m. This method hereinafter will
be referred to as the “Raman method”.

In the second method the extinction coefficient at 532 nm is directly computed from
the backscattering coefficient at 532 nm. The extinction coefficient at 880 nm, however, is
computed as a value normalised by the AOD(t) of the backscattering coefficient at 880 nm,
which in turn is estimated from the backscattering coefficient at 532 and 1064 nm by means
of Angstrom logarithm interpolation. AOD(t) measured by the sun photometer is related with
the lidar extinction coefficient, yielding

T
JB(z)dz

o(z) =P(2) ®)

Normalisation of the backscattering coefficient corresponds to altitude invariance of the lidar
ratio method (Klett, 1981). During cloudy conditions when AOD data were not available, we
estimated the extinction coefficient using an assumed lidar ratio of 40 sr, which for visible

wavelengths seems to be a reasonable choice for Arctic aerosols (Ritter et al., 2016). The
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includes first the calculation of the extinction profile from the lidar profiles at the Raman
shifted wavelength. Next, the backscatter profile is obtained by the ratio of the elastic to
inelastic lidar profile. To retrieve the aerosol extinction and backscatter, the Rayleigh

contribution due to clear air is subtracted using the air density profile from the Vaisala RS-92.

4. Uncertainty analysis
SSA uncertainty is related to independent errors of the lidar’s retrieval of the

extinction and absorption coefficients measured by the AE-51

SSSA = (1—SSA)\/[%J +(§j_ (6)
<SABS o

Extinction coefficient uncertainties mainly consist of:

- lidar electronic and Poisson noise

- background noise

- molecular scattering and extinction coefficients

- conversion of the extinction from 532 and 355 to 880 nm (Raman method)

- conversion of backscattering coefficient from 532 and 1064 to 880 nm and calculations of
backscattering to extinction coefficient (Klett method).

Due to the increase in lidar noise with altitude we have made uncertainty analysis in three

layers (0.5-1.0, 1.0-1.5, and 1.5-2.0 km). The uncertainty of aerosol extinction (532 nm)

retrieval from the Raman channel (607 nm) is 18, 21, and 40 % (Table 2), respectively, for the

first, second, and third layer. In the case of the SSA computed at 880 nm the extinction

coefficient must be converted to this wavelength. The main error is related to the EAE

computed from lidar extinction profiles at 355 and 532 nm and from AE retrieved from sun

photometer observations at 500 and 870 nm, which is used to scale the lidar EAE. Finally, for

the Raman method the uncertainties of extinction coefficient at 880 nm are 27, 34, and 58 %,

respectively. The errors of the backscattering coefficient (Klett method) at 532 nm are 3, 3,

and 5%, respectively, while for 880 nm they are 6, 6, and 8%. For both backscattering

coefficients at 532 and 880 nm the conversion to extinction is needed. To estimate the
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Table 3. Relative uncertainties for the aerosol extinction (36/0) and backscattering (8B/B)

coefficients for Raman and Klett methods at 532 and 880 nm. Data are averaged between 0.5

and 1.0 km, 1.0-1.5 km, and 1.5-2.0 km.

Layer Raman Klett

levels do/o dolo 3B/P dolo 3B/ do/o
km] | (A=532) | (A=880) | (A=532) | (A=532) | (A=880) (A=880)

0.5-1.0 +0.18 +0.24 +0.03 +0.20 +0.06 +0.21
1.0-1.5 +0.21 +0.31 +0.03 +0.20 +0.06 +0.21
1.5-2.0 +0.40 +0.53 +0.05 +0.21 +0.08 +0.22

Retrieval of absorption coefficient leads to errors related to:
- instrument electronic and optical noise,
- multiple scattering effect between filter and aerosol layer,
- uncertainties of flow meter measurements and conversion of the air density to standard
conditions,
- conversion of the absorption coefficient from 880 to 532 nm.
In the case of the electronic and optical noise the fluctuation can be reduced by data
averaging, while for multiple scattering effect and spectral absorption coefficient conversion
the error depends mostly on the aerosol single scattering properties. Both effects are estimated
during comparison with PAX instruments. The electronic and optical noise was obtained from
two AE-51 device comparisons (Fig. 3). The RMSE of the EBC and absorption coefficient at
one-minute resolution is 68 ng/m2 and 0.34 Mm', respectively. The RMSE between corrected
AE-51 and PAX absorption coefficients is 0.12 Mm™. This value was obtained for hourly
mean AE-51 and PAX data and therefore does not include the electronic and optical noise.
Thus the value of £0.12 Mm™' corresponds to the uncertainty due to multiple scattering effect
(Table 4). For the flow meter and air density correction the uncertainty is somewhat constant

and was estimated at the level of 2%. To compute the error related to aerosol absorption
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coefficient at 532 nm of 0.09 Mm™. This value corresponds to a relative uncertainty of about

12%.

Table 4. Uncertainty of the absorption measurements by the AE-51 micro-aethalometer

Parameter Instrument | Flow and air | Multiple Conversion 880 | Total
noise at 1- | density scattering to 532 nm
minute effect
resolution
Absorption +0.35 Mm'’ +0.12 Mm'' +0.09 Mm™ | £0.38 Mm’'
+48% +2% +17% +12% +51%

Based on uncertainties for absorbing and extinction coefficients, we estimated the SSA
error (Equation 6). Table 5 shows SSA uncertainties for the Raman and Klett methods at three
different altitudes and for three selected SSA levels. Comparison of uncertainties of the
Raman and Klett algorithms indicates negligible differences. Errors calculated for high SSA
(0.98) are about +0.01 at 532 nm and within the range +0.01 to +0.02 at 880 nm. In the case
of a moderate load of absorbing aerosols (SSA=0.95) the uncertainties seem to be higher,
varying between +0.02 and +0.03 for Raman and about +0.02 for Klett methods at 532 nm.
Regarding the SSA of 0.9, the calculated errors are significantly higher, up to 0.03-0.05, for
both methods at 532 nm.

Table 5. Uncertainty of SSA for Raman and Klett methods defined for three altitude layers
(0.5-1.0 km, 1.0-1.5 km, and 1.5-2.0 km) and for three selected SSA values (0.98, 0.95, and

0.9). SSA error is given for 532 nm and for 880 nm (value in parentheses).

SSA Raman Klett
0.5-1.0km | 1.0-1.5km | 1.5-2.0km | 0.5-1.0km | 1.0-1.5km | 1.5-2.0 km
+0.01 +0.01 +0.01 +0.01 +0.01 +0.01

0.98 (+0.01) (£0.01) (+0.02) (+0.01) (+0.01) *0.01)
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Slightly higher error is found at 880 nm for both methods due to the previously described
conversions of extinction coefficient to corresponding wavelengths. The increasing value of
SSA uncertainties with altitude (especially for the third layer [1.5-2.0 km]) is related both
with the lidar retrieval error and the significant decline of absorption coefficient with altitude.
The significantly high uncertainties of SSA retrieval are mainly due to AE-51 noise related to
the data sampling close to the instrument’s detection limit in a pristine environment. Thus,
while instrumental error is somewhat constant, using the algorithms for cases with higher

particle concentrations would result in lower SSA uncertainties.

5. Case study
This section contains a detailed discussion of aerosol events observed during the
springs of 2015 and 2016. We selected days with higher aerosol absorption coefficient,

indicated by the long-range transport from middle-latitudes.

5.1. Aerosol event between 22 and 24 March 2016

In 2016 an anthropogenic event took place between 22 and 24 of March. Although the
number of data is rather small due to cirrus cloud contamination, the AOD show values of
about 0.08 (500 nm) on 21 March and between 0.11 and 0.14 on March 24, indicating higher
concentrations of aerosols as measured by SPla and Microtops II sun photometers.
Furthermore, the NAAPS model (Fig. 4) indicates an advection of sulphates over the North
Pole and Svalbard (orange and red colour) between 22 and 25 March. Modelled AOD at 550
nm reaches 0.2-0.4, a very high value for the Arctic, with no significant contribution of dust
and smoke particles. The origin of the mass over Svalbard can be identified by the HYSPLIT
(Draxler and Rolph, 2010) back trajectories (Fig. 5). The 144-hour back trajectories ending in
Ny-/o\lesund at 00 UTC on 22 (a), 23 (b), 24 (c), and 25 (d) March show the transport of air
mass from the middle latitudes. Although the transport is significantly different between 1 and
5 km a.g.l, the HYSPLIT results indicate possible advection of air pollution from Siberia.
Thus anthropogenic particles from middle latitudes, as well as the biomass burning from

boreal forest could be exnected
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480 Fig. 4. NAAPS aerosol optical depth at 550 nm for 00 UTC on 22 (a), 23 (b), 24 (c), and 25

481 (d) March 2016. The orange/red colour corresponds to anthropogenic sulphates, blue to
482 smoke particles, and green/yellow to dust. The colour bars for each aerosol component vary
483 between (.1 and 12.8.
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Fig. 5. 144-hour air mass back trajectories obtained from the NOAA HYSPLIT model
at 00:00 UTC for 22 (a), 23 (b), 24(c), and 25 (d) March 2016. Panels a-d are generated by
means of the NCEP reanalysis database for Ny-Alesund at 1, 3, and 5 km.

During this event, four tethered balloon profiles were conducted. Figure 6 shows

aerosol absorption coefficient and EBC concentration as a function of altitude. The blue and

green lines show data for 23 March around 13:40 and 18:20 UTC, respectively. In these cases,
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and also close to 1000 m and 1200-1400 m. EBC concentration and absorption coefficient
decrease with altitude. The maximum values of EBC concentration observed during this event
are significantly higher than the long-term mean (2005-2014) for spring season of 44 ng/m’

measured by the AE-31 aethalometer at the Zeppelin station (460 m a.s.l.) (Lisok et al., 2016).
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Fig. 6. Vertical variability of the EBC concentration and absorption coefficient at 880 nm
from AE-51 onboard the tethered balloon soundings made on 23 and 24 March 2016 between
13:23 and 13:53 UTC (blue line), 18:07-18:35 (green line), 13:35-14:11 (red line), and 17:26-

18:01 (grey line).

Due to cloud contamination only two KARL lidar profiles were retrieved in a close
time period with balloon soundings on 23 March. Figure 7 shows profiles of (a) SSA, (b)

extinction, and (c) absorption coefficients from profiles obtained between 13:35 and 14:11



517 600 and 1200 m. Vertical variability of the SSA profiles is significant but similar for Raman
518 and Klett algorithms. Also, the Raman method indicates negligible dependency with respect
519 to wavelength and, at some altitudes, Raman and Klett retrievals reveal appreciable
520  dissimilarities. Extinction coefficient calculations are believed to be responsible for the
521  discrepancy, as shown at the layer around 1.2 km, where Raman SSA is significantly lower

522 (Fig. 7b). Evening profiles show similar
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525 Fig. 7 Profiles of SSA (a), extinction coefficient (b), and absorption coefficient at 880 nm (c)
526 in Mm™' obtained during the tethered balloon and KARL observation on 24 Mar 2016
527  between 13:35 and 14:11 UTC. SSA and extinction coefficient are plotted at 880 nm (red) and
528 at 532 (blue) obtained by Raman (lines) and Klett (dotted circles) methods.
529

530  differences at the same layer with an analogous relationship between both methods (Fig. 8).
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0.92). The result lies within an appreciable consistency regarding uncertainty analysis
provided in Section 4, stating that conversion of the extinction coefficient at 880 nm results in

greater errors.
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Fig. 8. Profiles of SSA (a), extinction coefficient (b), and absorption coefficient at 880 nm (c)
in Mm™' obtained during the tethered balloon and KARL observation on 24 Mar 2016
between 17:26 and 18:01 UTC. The SSA and extinction coefficient are plotted at 880 nm
(red) and at 532 (blue) in the case of the Raman (lines) and Klett (dotted circles) methods.

Overall, we note a moderate agreement between low SSA and high EBC concentrations. The
relationship seems to be satisfied more around the 1.2-km layer in the first balloon profile
(blue, afternoon) and for the 400-m layer in the second profile (green, evening). The latter
was also measured by lidar, although 200 m higher, closer to 600 m a.g.l. The vertical

discrepancies might be related to the balloon drifting horizontally due to the wind in the
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5.2. Aerosol event between 7 and 8 April 2015.

Between 7 and 8 April 2015 transport of anthropogenic particles was confirmed by the
NAAPS results (Fig. 9). The AOD around the northern part of Svalbard was between 0.1 and
0.2 at 550 nm. The region of relatively high anthropogenic sulphates AOD covers the area of
the North Pole (reddish colour in Fig. 9a, b). Biomass burning activity during this period was

very low, while dust aerosol was predicted far from Svalbard (Western Canada and Alaska

and Western Siberia). The Microtops II sun photometer observation in Ny-Alesund shows the

AOD around 0.10-0.11 (500 nm) on 7 April and 0.07-0.09 during 8 April.

Fig. 9. NAAPS aerosol optical depth at 550 nm for 00 UTC on (a) 7 and (b) 8 April of
2015. The orange/red correspond to anthropogenic sulphates, blue to smoke particles, and
green/yellow to dust. The colour bars for each aerosol component vary between 0.1 and 12.8.

The 144-hour back trajectories ending in Ny-Alesund at 12 UTC on 7 (a) and 8 (b) April 2015
show the transport of air mass from middle latitudes (mostly Eastern Europe). During the first
48 hours the transport at 1, 3, and 5 km is very similar through the Barents Sea and Northern
Scandinavia (Fig. 10). After that the back trajectories spread and the source region for the
mass over Svalbard at 1 km was Western Russia and Kazakhstan. In case of the air mass at 3

km the back trajectories originated from Western Russia close to the border with Ukraine.
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maximum EBC concentration (about 200 ng/m3 , Fig. 11c). During this event high scattering
AE (1.8-2.0) and fine to coarse ratio of the particle number concentration (2000-4000) as well
as the low effective radius (about 0.22 um) indicate small particles and probably
anthropogenic origin of the pollution. Reduction of wind speed on 7 and 8 April allows use of
the tethered balloon for EBC measurements and low cloud contamination to make sun
photometer and lidar observations. In addition, low wind speed (less than 2 m/s) indicates a
negligible impact of the sea salt aerosol on surface aerosol properties. Two days previously (5
April) the high wind speed (above 10 m/s) coincides with an increase of effective radius,

aerosol scattering, and a decrease of scattering AE.
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Fig. 10. 144-hour air mass back trajectories obtained from the NOAA HYSPLIT model at
12:00 UTC for (a) 7 and (b) 8 April 2016. Pangls a-d are generated by means of the NCEP
reanalysis database for Ny-Alesund at 1, 3, and 5 km.
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Fig. 11. Temporal variability of (a) aerosol scattering coefficient at 525 nm [Mm], (b)
scattering Angstrom exponent (SAE) both from TSI nephelometer, (¢) EBC concentration at
880 nm [ng/m3 ] from aethalometer AE-31, (d) fine to coarse particle number concentration,
(e) effective radius [um] both from Laser Aerosol Spectrometer 3340, and (f) wind speed
[m/s] at Gruvebadet observatory between 5 and 11 April 2015.
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Fig. 12 Profiles of SSA (a), extinction coefficient (b), and absorption coefficient at 880 nm (c)
in Mm™' obtained during the tethered balloon and KARL observation on 7 April 2015 between
07:17 and 08:10 UTC. The SSA and extinction coefficient are plotted at 880 nm (red) and at
532 (blue) in case of the Raman (lines) and Klett (dotted circles) methods. The black square
with error bar shows SSA at 532 nm measured by PAX in dry conditions.

Fig. 12 shows profiles of SSA (a), extinction (b), and absorption (c) coefficients
retrieved from micro-aethalometer AE-51 and KARL lidar observation made between 07:17
and 08:10 UTC on 7 April 2015. All retrieved SSA profiles indicate similar vertical
variability with a slightly decreasing trend from 0.97 at about 400 m to 0.94 at the level of
1400 m as a consequence of reduction of aerosol extinction and a weak enhancement of the

absorption with altitude. Also, profiles performed between 11:23 and 12:03 UTC show

cimilar neclicihle ctratificatinn indicatinog a naccihle mivino croandition within the lowearmact
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increases from a value close to zero at the surface to about 1 Mm™ at 1400 m. In the case of
the extinction coefficient retrieval, the difference between Raman and Klett methods is clearly

visible.
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Fig. 13. Profiles of SSA (a), extinction (b) and absorption coefficients at 880 nm (c) in Mm™
obtained during joint measurements by means of tethered balloon and KARL lidar on 7 April
2015 between 11:23 and 12:03 UTC. SSA and extinction coefficient are plotted at 880 nm
(red) and at 532 nm (blue) in the case of the Raman (lines) and Klett (dotted circles) methods.
The black square with error bar shows SSA at 532 nm measured by PAX in dry conditions.

Fig 14 presents profiles of single scattering properties obtained between 09:08 and
09:50 UTC on April 8. Vertical variability of SSA is small, and it declines with altitude from
values 0.97-0.98 at 400 m to 0.91-0.92 at 1600 m. Some small difference between wavelength

and methnde (Fio 14R) wac foiind: however it liec within the 1n1ncertainty ranoce (cea cartinn
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Fig. 14. Profiles of SSA (a), extinction (b), and absorption coefficients at 880 nm (c) in Mm''
obtained during joint measurements by means of tethered balloon and KARL lidar on 8 April
2015 between 09:08 and 09:50 UTC. The SSA and extinction coefficient are plotted at 880
nm (red) and at 532 nm (blue) in the case of the Raman (lines) and Klett (dotted circles)
methods. The black square with error bar shows SSA at 532 nm measured by PAX in dry
conditions.

In all analysed cases from 2015 and 2016 the extinction and absorption coefficients are
uncorrelated. This is not an artefact of the extinction retrieval in the because as it holds true
also for the Klett method. Generally, SSA values are greater than 0.8, indicating that the
absorbing aerosol component (EBC) is not correlated with sulphates and sea salt, considered
the main Arctic aerosol species (Lisok et al., 2016). In addition, figures 12-14 show the
surface SSA at 532 nm measured by PAX device. In all cases the surface values are lower in

comparison to the SSA obtained from lidar and AE-51 at 400 m a.g.l. This is primarily due to
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6. Profiles of EBC and total aerosol concentration

During the iAREA campaigns of 2015 and 2016 we performed measurements
resulting in 93 tethered balloon profiles. Figure 15 shows single (grey lines) and mean (dots)
profiles of EBC concentration (Fig. 15a), and total aerosol concentration (Fig. 15b) for
particle diameters greater than 0.31 um as well as the ratio of fine (0.31-0.51 um) to total
aerosol number concentration (Fig. 15¢). The colours of the dots show the frequencies of the
measurements at a given altitude. The mean profile reached up to 1.2 km (red colour). The
mean profile of the EBC concentration slightly increases with altitude; aerosol concentration,
however, indicates the opposite trend. Vertical variability of EBC and total aerosol
concentration is small, regarding averaged profiles for spring season of 2015 and 2016.
Furthermore, significant reduction of EBC concentration is observed above 1.6 km, but due to
the small number of measurements at this altitude the results are rather uncertain. Although
balloon profiling does not allow measurements of single scattering properties above 1.6 km to
be conducted, if a long-range transport of EBC aerosol occurred it should have left a mark in
the lidar data due to the hygroscopic properties of non-pure EBC particles. Also, in the lidar
data for iAREA 2015 there was no hint of significant aerosol above 3 km. EBC
concentrations close to the surface agree with observations performed by AE-31 (black square
with error bar in Fig. 15a) at Gruvebadet (1 km distance from balloon launch site). The
contribution of small particles (0.31-0.51 pum) to the number of particles larger than 0.51 pm
is about 0.9. The mean values slightly increase with altitude due to reduction of the largest
particles. Similar data were collected in 2016 (Fig. 16). Figures 16a and Fig. 16b show a flat
profile with low values of EBC concentration and total aerosol concentration. In the case of
EBC we observed its increasing profile up to 300 m and then almost constant concentration
(about 100 ng/m’) until 1.6 km. Similarly to 2015, a significant reduction of EBC
concentration is observed above 1.6 km; however, its significance is doubtful regarding the
low number of observations. Above 400 m a systematic reduction of particles in the profiles
of the total number concentration is present. OPC-N2 (Fig. 16b) profiles seem to be noisier in

comparison to the HandiLaz counter (Fig. 15b), which might be explained by different time
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underlining that this value is significantly larger than the standard effective radius due to the

fact that OPC-N2 does not measure particles below 0.38 um diameter. Generally we found

some cases in 2016 where the average EBC concentration in the lowest 1 km was above 250

ng/m3 and the aerosol concentration larger than 2.5 per cm’® , which we did not find in the
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Fig. 15. Vertical variability of EBC concentration from AE-51(a), total aerosol concentration

(b), and fine (0.31-0.51 um) to total particle number concentration (from 0.31 um) by

HandiLaz averaged over 52 tethered balloon profiles conducted in March and April 2015.

Grey lines in (a) and (b) correspond to single profiles, while blue vertical lines (c) to standard

deviation. The averaged profiles are indicated by dots with the colour to show the frequency

of the measurements at different altitudes. Squared error bars in (a) present the EBC measured

at the surface by the AE-31 in Gruvebadet laboratory.
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Fig. 16. Vertical variability of EBC concentration from AE-51(a), total aerosol concentration
(b), and effective radius for particles between 0.38 and 17 um from OPC-N2 averaged over
41 tethered balloon profiles conducted in March and April 2016. Grey lines in (a) and (b)
correspond to single profiles, while blue vertical lines (c) to standard deviation. The averaged
profiles are indicated by dots, with the colour to show the frequency of the measurements at
different altitudes. Squared error bars in (a) present the EBC measured at the surface by the

AE-31 in Gruvebadet laboratory.

7. Summary and conclusions
In this study we summarised two years of joint measurements from lidar and tethered
balloons during the spring seasons 2015 and 2016. We found that mean profiles of EBC

concentration as well as aerosol number concentration are very uniform. In the case of aerosol
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to Gruvebadet observatory. Although the AGAP payload was set up under a 50-m’ helium
balloon, the gondola was heavy enough to be lifted only 1 km a.g.l. in moderate wind
conditions. A previous study of EBC and aerosol concentration profiles in Ny-Alesund by
Ferrero et al. (2016) shows different vertical variability. During the spring seasons of 2011
and 2012, 15% of the profiles are homogenous, 17% and 48% of measurements indicate the
increase and decrease of aerosol concentration with altitude, respectively, while 20% are
defined as decoupled negative gradient profiles, characterised by negative gradients at
different altitudes depending on particle size. Summer profiles are more homogenous (37%)
and are effected by ship emissions. The PAM-ARCMIP (Polar Airborne Measurements and
Arctic Regional Climate Model Simulation Project) (Stone et al., 2010) and HIPPO (HIAPER
Pole-to-Pole Observations) (Schwarz et al., 2010) spring campaigns showed high EBC
concentrations close to the ground but also at high altitudes over the Arctic (Wofsy et al.,
2011). The HIPPO campaign revealed that in the lower troposphere the BC vertical gradient
can change seasonally from positive to negative (Schwarz et al., 2013). In this respect,
Spackman et al., 2010 and Koch et al., 2009 reported BC located mainly in the Arctic free
troposphere with a positive gradient in the lower troposphere.

In all analysed cases from 2015 and 2016 the extinction and absorption coefficient are
uncorrelated. A similar relation was reported by Lisok et al., 2016 for spring 2014 based on
the in-situ data obtained in Ny-Alesund. Chemical data show that the increase of aerosol
extinction at the surface is usually due to sea-salt and sulphate particles advections, which do
not absorb the radiation in the visible range. Therefore, both optical parameters are not
correlated. In addition, the very small vertical variability of EBC and aerosol number
concentration up to 1.6 km is a consequence of the lack of significant aerosol event related to
the long-range transport from middle latitudes. Sea-salt events are usually observed in the first
few hundred metres, when high wind speed conditions with low clouds exist. Unfortunately,
such weather precluded balloon profiling due to the risk of losing equipment. Therefore, we
do not have data for sea-salt events. Also, Ferrero et al., 2016 showed negative correlations of
aerosol number and EBC concentration in a significant part of their spring profiles.

We found that svneroev of lidar measurements with tethered balloon soundine nrovides
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completely a different design of the AE-51 device. In addition, the most important part of
SSA error comes from spectral conversion of the absorption or extinction coefficient. To
avoid this, the new AE-52 micro-aethalometer can be used. This device includes two optical
channels (880 and 370 nm). The second channel is close to lidar 355 nm and 387 nm
detectors, so it allows retrieval of SSA in the UV range with less uncertainty. It can be useful
for organic carbon study with respect to biomass burning events. In the case of the
aethalometers (AE-31, AE-51), we have to remove the effect of the multiple scattering
between the filter and the aerosol deposited on it. Generally, this problem is very complicated
because the correction depends not only on the aerosol scattering but also on the aerosol
absorption that would be retrieved. In this study we estimated the multiple scattering factor
based on the comparison with photo-acoustic PAX instruments (532 nm, 870 nm). The total
SSA uncertainty from the lidar and AE-51 micro-aethalometer measurements is about +0.01,
+0.025, and $£0.04, respectively, for SSA 0.98, 0.95, and 0.90 between 500 and 1000 m. In the
upper layer the SSA error increases slightly above 1500 m, where the absorption coefficient is
relatively smaller. The retrieved SSA profiles show usually very similar vertical variability in
case of the Raman and Klett’s methods and for both 532 and 880 nm wavelengths. However,
in a few cases the values of SSA are different at certain altitudes. The lowest SSA has been
found for the Raman method at the altitudes where the extinction coefficient is very low. For
most of the data the SSA variability with altitude is rather small, especially between 7 and 8
April 2015. We found that the Klett approach is slightly more appropriate for SSA estimation
in Arctic conditions. In general, it depends on the lidar system, light, and aerosol conditions.
During night and stable aerosol conditions the Raman method is better. The Klett method
requires the AOD observations, which are usually available only during the daytime. We
recommended using the Klett approach during the day and during dynamic changes in the
aerosol conditions. In this case the Raman method requires long time averaging (about 1-2
hour or longer) of lidar signal while vertical profiling by tethered balloon or UAV is much
faster. Therefore, during such conditions (e.g. rapid change of the PBL height) the Klett

method with short averaging should be used. Our method for estimation of the vertical
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UAYV (Chilinski et al., 2016) can be used to estimate profiles of EBC and aerosol absorption

coefficient, and additional lidar or ceilometer observation to obtain the SSA profiles.
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Highlights
e anew methodology to retrieve profiles of single-scattering albedo
e reasonable agreement between Raman and Klett retrievals
e small variability of single-scattering albedo with altitude over Svalbard

e slight increase in mean equivalent black carbon concentration with altitude






