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a b s t r a c t

An updated set of time series of derived aerosol optical depth (AOD) and Ångström’s exponent a from
a number of Arctic and Antarctic stations was analyzed to determine the long-termvariations of these two
parameters. The Arctic measurements were performed at Ny-Ålesund (1991e2010), Barrow (1977e2010)
and some Siberian sites (1981e1991). The data were integrated with Level 2.0 AERONET sun-photometer
measurements recorded at Hornsund, Svalbard, and Barrow for recent years, and at Tiksi for the summer
2010. The Antarctic data-set comprises sun-photometer measurements performed at Mirny (1982e2009),
Neumayer (1991e2004), and Terra Nova Bay (1987e2005), and at South Pole (1977e2010). Analyses of
daily mean AOD were made in the Arctic by (i) adjusting values to eliminate volcanic effects due to the El
Chichón, Pinatubo, Kasatochi and Sarychev eruptions, and (ii) selecting the summer background aerosol
data from those affected by forest fire smoke. Nearly null values of the long-term variation of summer
background AOD were obtained at Ny-Ålesund (1991e2010) and at Barrow (1977e2010). No evidence of
important variations in AOD was found when comparing the monthly mean values of AOD measured at
Tiksi in summer 2010 with those derived from multi-filter actinometer measurements performed in the
late 1980s at some Siberian sites. The long-term variations of seasonal mean AOD for Arctic Haze (AH)
conditions and AH episode seasonal frequency were also evaluated, finding that these parameters
underwent large fluctuations over the 35-year period at Ny-Ålesund and Barrow, without presentingwell-
defined long-term variations. A characterization of chemical composition, complex refractive index and
single scattering albedo of ground-level aerosol polydispersions in summer and winterespring is also
presented, based on results mainly found in the literature.

The long-term variation in Antarctic AOD was estimated to be stable, within �0.10% per year, at the
three coastal sites, and nearly null at South Pole, where a weak increase was only recently observed,
associated with an appreciable decrease in a, plausibly due to the formation of thin stratospheric layers
of ageing volcanic particles. The main characteristics of chemical composition, complex refractive index
and single scattering albedo of Antarctic aerosols are also presented for coastal particles sampled at
Neumayer and Terra Nova Bay, and continental particles at South Pole.

� 2012 Elsevier Ltd. All rights reserved.
x: þ39 051 639 9652.
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1. Introduction

Atmospheric aerosols are known to play an important role
in changing the radiation budget of the surface-atmosphere system,
inducing both direct and indirect radiative effects (Charlson et al.,
1992). Direct effects are mainly caused by aerosols through the
scattering and absorption of incoming solar radiation, and therefore
depend not only on the aerosol burden and radiative properties but
also on the surface reflectance characteristics (Chylek and Coakley,
1974). Various indirect effects are caused by aerosols, which act as
condensation nuclei that favour the formation of smaller cloud
droplets, thus enhancing cloud brightness and modifying the
atmospheric life-time of clouds (Schwartz et al., 1995). Surface
albedo generally exhibits rather high values in Polar regions covered
by snowand ice. Optically dense layers of aerosols andhaze particles
may therefore induce important changes in the radiation budget of
the atmosphere (Randles et al., 2004), and in the overall albedo
of the surface-atmosphere system. This quantity varies significantly
as a function of solar zenith angle, surface reflectance, and radiative,
chemical composition and morphological characteristics of the
columnar aerosol particle polydispersions (Shaw et al., 1993;
Blanchet, 1995). Empirical analyses, however, show that Arctic
aerosols radiatively cool the surface, even when snow covered
(e.g., Stone et al., 2007, 2008). Realistic simulations of aerosol radi-
ative forcing at the top of the atmosphere (TOA) and at the surface
can only be obtained knowing the aerosol optical depth (AOD),
radiative properties of aerosols (such as the complex refractive
index and single scattering albedo) and spectral and angular
dependence features of the non-lambertian surface reflectance
(Ricchiazzi et al., 2005). An improved knowledge of the optical and
chemical parameters of polar aerosols is therefore a fundamental
pre-requisite for characterizing particle polydispersions of different
origin and obtaining realistic estimates of the aerosol radiative
impact on climate in the Polar regions. This objective has gained in
importance over the past decades, because amarked decrease in the
annual average albedo has been observed mainly in the Arctic
region since the ’80s, due to the gradually increasing sea ice melting
in summer and a marked reduction in the snow cover (Stone et al.,
2002; Serreze et al., 2003; Holland et al., 2006).

To better define the radiative properties of polar aerosols,
Tomasi et al. (2007) analyzed a large set of AOD measurements
performed over the last 30 years at numerous Arctic and Antarctic
sites using filtered actinometers, multi-filter pyrheliometers and
multispectral sun-photometers. Three time series of summer AOD
measurements obtained for clean-air conditions at Barrow (from
1977 to 2002), Ny-Ålesund (from 1991 to 2006), and five Siberian
Arctic sites (from 1981 to 1991) were analyzed to determine the
long-term average variations in AOD and Ångström’s atmospheric
turbidity parameters over the last three decades, finding negative
values of the yearly long-term average trend of summer-time
AOD, equal to �1.6% at Barrow, �2.2% at Ny-Ålesund, and �7.6%
at the Siberian sites. The decreases were attributed mainly to the
diminishing anthropogenic emissions of SO2, observed especially
since 1985 in Europe and Russia, and to the large year-to-year
changes in atmospheric transport of anthropogenic aerosols
from Europe and Asia (Jaffe et al., 1995), possibly associated with
variations in atmospheric circulation patterns that affect cloudi-
ness, temperature and snowfall (Stone, 1997; Stone et al., 2002).
The time series of the daily mean values of AODmeasured at seven
Arctic stations from 1991 to 2006 were analyzed by Tomasi et al.
(2007) for the purpose of providing an overall evaluation of the
variability of Arctic Haze (hereinafter referred to as AH) formation
processes during the winterespring period at the various sites.
Conversely, no evidencewas found of significant AOD variations at
Antarctic sites.
The long-term variations of Arctic AOD and other sets of
satellite-derived and surface-based measurements of AOD on the
global scale were analyzed by Chylek et al. (2007), who found an
average annual decrease in planetary AOD of about 0.14% per year
(y�1), illustrating the great value in long-term monitoring of AOD
and aerosol radiative parameters at representative remote sites,
and the need to update time series analyses on a regular basis. The
present study analyzes the updated time series of AOD and
Ångström’s exponent a measured over the past 35 years at
a number of strategic Arctic and Antarctic sites, including those
measurements made during International Polar Year 2007e2009 as
part of the POLAR-AOD activity aimed at “characterizing the means,
variability and trends of the climate-forcing properties of aerosols
in Polar regions” (see http://classic.ipy.org/development/eoi/
details.php?id¼299). Therefore, field data and measurements
taken from the relevant literature are incorporated, to describe the
radiative properties of aerosol particles in the Arctic and Antarctic
regions.

2. Long-term variations in aerosol optical depth at Arctic sites

Before examining the time series of AOD recorded at the Arctic
and Antarctic sites and illustrating the novelty of their analysis, it is
useful to describe the procedure adopted by Tomasi et al. (2007) to
analyze the long-term variations of AOD in the Arctic. The AOD
measurements were performed at:

(i) Ny-Ålesund, in the northern part of Spitsbergen (Svalbard,
Norway), where regular multispectral measurements were
performed by the AWI (Alfred Wegener Institute, Bre-
merhaven, Germany) group, using the two sun-photometers
and the star-photometer described in Table 1 over the
16-year period from 1991 to 2006 (Herber et al., 1993, 2002);

(ii) Barrow, Alaska, on the coast of the Arctic Ocean, where the
NOAA/GMD (National Oceanic and Atmospheric Administra-
tion, Global Monitoring Division, Earth System Research
Laboratory, Boulder, Colorado) group carried out routine
measurements of aerosol optical depth at a mean visible
wavelength (AODFWNIP), performed using Filter Wheel Normal
Incidence Pyrheliometer (FWNIP) models over the 25-year
period from April 1977 to March 2001 (Dutton and Christy,
1992; Dutton et al., 2004) and spectral observations begin-
ning in 2000 (Stone, 2002) ; and

(iii) Dikson Island, Severnaya Zemlya, Kotel’ny Island, and
Wrangel Island, all situated along the Siberian coast of the
Arctic Ocean, where the AARI group (Arctic and Antarctic
Research Institute, St. Petersburg, Russia) recorded time series
of monthly mean values of AODact in the visible, using ther-
moelectric narrow-band filtered actinometers over the 11-
year period from March 1981 to June 1991 (Radionov and
Marshunova, 1992; Radionov, 2005).

Examining the above sets of daily AOD measurements, Tomasi
et al. (2007) determined three series of monthly mean values of
AOD by first discarding the AOD data recorded during the
1982e1984 and 1992e1994 periods, because they were strongly
affected by stratospheric particle extinction effects due to the El
Chichón and Pinatubo eruptions, respectively. Subsequently, only
the data relative to the four summer months from June to
September were considered when calculating the long-term vari-
ations of AOD, with the background contribution hereafter referred
to as BG, and enhancements attributed to extinction mainly by
smoke particles from boreal forest fires (hereafter referred to as
FFS) in North America and Siberia (Forster et al., 2001; Damoah
et al., 2004; Stohl et al., 2006; Tunved et al., 2006). Following the

http://classic.ipy.org/development/eoi/details.php%3Fid%3D299
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Table 1
Main instrumental characteristics of the sun-photometers and star-photometer employed by the AWI group at Ny-Ålesund (Svalbard, Norway), and of the two sun-
photometers used by the NOAA/GMD group, of which the SP02 model was employed at Barrow and South Pole from 2001 to 2010, and the SP022 model at Barrow since
2007. The peak wavelengths in bold characters refer to the narrow-band interference filters of the AWI sun-photometers used to determine the spectral values of AOD, while
the peak wavelengths in brackets are those used to measure precipitable water.

Instrumental
characteristics

Instruments

SP-AWI sun-photometers and star-photometer (Herber et al., 2002) NOAA/GMD sun-photometers
(Dutton et al., 2004; Stone, 2002)

SP1A model SP2H model STAR01 model SP02 Carter Scott model SP022 Carter Scott model

Spectral range (nm) 351e1062 367e1045 390e1050 411e862 368e1050
Number of

channels
17 14 10 4 4

Peak wavelengths
(nm)

351, 371, 380, 416, 443,
500, 532, 609, 675, 778,
864, 911, (947), (961),
1025, 1046, 1062

367, 380, 413, 441, 501,
531, 605, 673, 776, 862,
(912), (949), 1023, 1045

390, 441, 501, 531, 605,
673, 776, 862, (949),
1045

412, 500, 675, 862 368, 610, 778, 1050

Full-width-half-
maximum
FWHM (nm)

3e10 3e10 3e15 10 10 (5 at 368 nm)

Entrance optical
system

Quartz window Quartz window Telescope Maksutov
(180 mm/1800 mm)

Quartz window Quartz window

Aperture diameter
(mm)

10 10 1 4 4

Angular Field of
View (FOV)
diameter

1� 1� 1� 5� 5�

Detector Photodiode
Hamamatsu S 1337 e

66BQ

Photodiode Hamamatsu S
1337 e 66BQ

Avalanche diode SQ37 UV Si-photodiode UV Si-photodiode

Detection area
(mm2)

4 4 0.1 32 32

Operating
temperature

�40 �C to þ30 �C �40 �C to þ30 �C �30 �C to þ15 �C �50 �C to þ70 �Ca �50 �C to þ70 �Ca

Thermal control Temperature shift is taken into account using
appropriate temperature coefficients throughout the
operative temperature range

30.0e30.5 �C �1 �C of set point �1 �C of set point

Accuracy of the
AOD
measurements

0.005e0.008 0.005e0.008 0.005e0.008 0.005 0.05 (at 610 and 778 nm);
0.01 (at 368 and 1050 nm)

a Minimum operating range is extended via thermal control to about �50 �C ambient temperature.
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same approach used by Tomasi et al. (2007), this summer-time
analysis ignores influences of AH and/or Asian dust (AD) that occur
mainly during late winter and spring (Rahn et al., 1977; Shaw, 1982,
1983; VanCuren and Cahill, 2002; Stone et al., 2007; Quinn et al.,
2007).

Tomasi et al. (2007) showed that the summer BG aerosol cases
are distinguishable in terms of AOD from signatures of AH, AD and
FFS events: the values of AOD(500 nm) measured for AH, AD and
FFS cases in general exceed 0.10 and are appreciably lower under
typical background conditions, while exponent a can assume
values varying over the range between about 0.5 and 2.0 and are
sometimes difficult to use to distinguish aerosol types, although
Stone (2002) and Treffeisen et al. (2007) suggested spectral
signatures of AOD useful for identifying different types of Arctic
aerosol. Here, selection criteria for distinguishing the BG aerosol
from AH, AD or FFS episodes are based solely on the examination of
AOD(500 nm) using a threshold of < 0.08: details are described in
the following sections.

2.1. Time series of AOD at Ny-Ålesund (Spitsbergen, Svalbard)

The first data-set examined in the present study consists of all
the spectral series of AOD measured at Ny-Ålesund (78� 540 N, 11�

530 E, 2 m a.m.s.l., Koldewey-AWIPEV station) by the AWI group
fromMarch 1991 to September 2010. The data-set includes the AOD
measurements performed from 1991 to spring 2006, and the more
recent measurements performed from May 2006 to September
2010. All the AWI data were recorded using the SP1A and SP2H
sun-photometers and the STAR01 star-photometer having the
specific characteristics listed in Table 1 (Herber et al., 2002).

A supplementary data-set recorded in the Svalbard area was
considered for comparison with the AWI data, consisting of the
daily spectral series of AOD measured at Hornsund (77� 000 N, 15�

330 E, 10 m a.m.s.l.) (Polish Academy of Sciences), on Polar Bear Bay
(Spitsbergen), from April 2005 to September 2009. Level 2.0 data
were downloaded from the AERONET (Holben et al., 1998) website
(http://aeronet.gsfc.nasa.gov/), derived from measurements made
using a Cimel CE-318 sun-photometer (Table 2).

All the AWI spectral data were then analyzed using the best-fit
procedure based on the well-known Ångström’s (1964) formula to
determine the pair of atmospheric turbidity parameters a and b for
each AOD spectrum (Herber et al., 1993, 2002). Fig. 1 presents some
examples of this best-fit procedure applied to spectral series of AOD
measured with the SP1A and SP2H sun-photometers for different
atmospheric turbidity conditions observed on summer clear-sky
days representing BG aerosol conditions, and during AH episodes
typical of the winterespring period. The examples show that the
best-fit values of a and b were obtained for regression coefficients
better in general than �0.96 over the 416e864 nm and the
413e862 nm wavelength intervals chosen for the SP1A and SP2H
sun-photometers, respectively. All daily sets of AOD measurements
recorded at Ny-Ålesund by the AWI group were then examined to
determine the daily mean values of AOD(500 nm) and a over
a 20-year period from March 1991 to September 2010. The time
series of AOD and a are shown in Fig. 2, compared with similar
time series derived from the Level 2.0 AERONET data recorded at

http://aeronet.gsfc.nasa.gov/


Table 2
Main instrumental characteristics of the two sun-photometers employed by the IAO-SB group (Tomsk, Russia) and the AERONET team at Tiksi in summer 2010. The peak
wavelengths in bold characters refer to the narrow-band interference filters used to determine the spectral values of AOD, while the peak wavelengths in brackets are those
used to measure precipitable water.

Instrumental characteristics Instruments

IAO-SB sun-photometer (Sakerin et al., 2009) AERONET sun-photometer (Holben et al., 1998)
Portable SPM CIMEL CE-318

Spectral range (nm) 340e2140 340e1020
Number of channels 12 8
Peak wavelengths (nm) 340, 379, 443, 499, 548, 676, 871, (941), 1019, 1244, 1555, 2134 340, 380, 440, 500, 675, 870, (940), 1020
Full-width-half-maximum, FWHM (nm) 3 (at 340 and 379 nm)e13 (at 2134 nm) 3 (at 340 and 380 nm)e10 (at the 440e1020 nm

wavelengths)
Entrance optical system Quartz window Quartz window
Angular field of view (FOV) diameter 2.2�e3� (from 340 to 1019 nm); 3.2�e4.4� (from 1244 to

2134 nm)
1.2�

Detector Si photodiode FDUK-13 (340e1020 nm); InGaAs photodiode
Hamamatsu G 8373 (1200e2200 nm)

Silicon detector Hamamatsu (model S1336)

Operating temperature Ambient temperature �30 �C to þ60 �C
Thermal control Use of a thermostating system providing a stable internal

temperature of 25 �C� 0.5 �C.
Use of a thermistor measuring the temperature
of the detector allowing compensation for any
temperature dependence in the silicon detector

Accuracy of the AOD measurements 0.01e0.02 0.01e0.02
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Hornsund, where the values of a have been calculated over the
440e870 nm wavelength range to be consistent with the AWI
measurements. Two features are clearly evident in Fig. 2: (i) the
regular sequence of AOD peaks in the winterespring periods due to
frequent Arctic Haze (AH) episodes, and (ii) the high values of AOD
associated with relatively low values of a during the periods
characterized by the presence of stratospheric loadings of ageing
volcanic aerosols. The two features were analyzed for purposes of
(a) characterizing the AH spectral extinction properties, and (b)
removing the volcanic particle extinction effects in order to better
define the typical summer BG aerosol extinction features.

2.1.1. Arctic haze characterization
Fig. 2 shows that the daily mean values of AOD(500 nm) varied

mainly between 0.12 and 0.25 during the winterespring periods, as
Fig. 1. Application examples of the best-fit procedure based on the Ångström (1964)
formula to eight spectral series of AOD measured at the Ny-Ålesund (Koldewey/
AWIPEV) station, using the SP1A (left) and SP2H (right) sun-photometers (see Table 1)
on summer clean-air days (open symbols) and winterespring days in the presence of
Arctic haze (solid symbols). The best-fit values of Ångström’s exponent a calculated for
the spectral series of AOD measured on different days are given together with the
corresponding values of regression coefficient R, as obtained over the 416e864 nm and
the 413e862 nmwavelength intervals for the SP1A and SP2H sun-photometer models,
respectively.
a result of the numerous AH transport events. To better evaluate the
effects due to AH and separate the summer BG cases from the FFS
ones, the relative frequency histograms of AOD(500 nm) were
calculated separately by examining the daily mean values of this
optical parameter for the JuneeSeptember and DecembereMay
periods, excluding the periods in which strong extinction effects
were caused by stratospheric volcanic particle layers. The results
are presented in Fig. 3, where the summer histogram exhibits
a maximum higher than 20% at AOD(500 nm)¼ 0.045 and presents
a sharp left wing with 50% half-width centred at AOD(500 nm)¼
0.030 and 10% half-width at AOD(500 nm)¼ 0.02. The right wing is
long-tailed, presumably as a result of the frequent FFS transport
episodes from North America and Siberia. It can be noted in Fig. 3
that the Gaussian curve centred at AOD(500 nm)¼ 0.045 shows
(i) a right wing with 10% half-width at AOD(500 nm)¼ 0.08, giving
a statistical indication that the summer BG values of AOD(500 nm)
should all be smaller than 0.08, and (ii) a long-tailed right wing,
which is presumably given by the relatively high number of FFS
particle transport episodes occurring in the Svalbard region. The
estimate of a threshold value of 0.08 for the BG aerosol cases agrees
very well with the evaluations of AOD(532 nm) performed by
Herber et al. (2002), who found a mean summer value of
AOD¼ 0.046� 0.012 at this wavelength, with more than 90% of the
AOD(532 nm) measurements ranging between 0.022 and 0.070
during summer. On the basis of these evaluations, it was decided to
assume a threshold value of 0.08 to distinguish the summer BG
values of AOD(500 nm) from the summer values affected by FFS
extinction. The correctness of this assumption is confirmed by the
shape of the relative frequency histogram reported in Fig. 3 for the
winterespring cases, which presents a long-tailed right wing over
the range AOD> 0.08, due to the relatively high occurrence of AH
episodes, and a left wing characterized by an evident flex at
AOD(500 nm)¼ 0.065, produced by the overlap of a mode
including the winter clean-air cases on a mode of higher AOD
values arising from the numerous AH cases. Thus, the above
threshold value of 0.08 is suitable for separating the winter
clean-air cases from the AH ones also at other Arctic sites.

2.1.2. Adjustment of the volcanic particle extinction effects
In order to evaluate only summer BG values of AOD at

Ny-Ålesund, steps were also taken to eliminate the effects of
volcanic aerosols that are episodically present in the Arctic, as
follows:



Fig. 2. Time series of the daily mean values of aerosol optical depth AOD(500 nm) (upper part) and Ångström’s (1964) exponent a (lower part), as obtained from the measurements
performed by the AWI group at the Ny-Ålesund (AWIPEV) station (Spitsbergen, Svalbard, Norway) from 1991 to 2010, using the SP1A (solid circles) and SP2H (open circles) sun-
photometers, and the STAR01 star-photometer (open triangles). The time series of the daily mean values of AOD(500 nm) derived from the Level 2.0 AERONET measurements
performed at Hornsund (grey diamonds) from April 2005 to September 2009 are also shown for comparison. The 3-year period from 1992 to 1994, when the AOD(500 nm) and
a measurements were strongly affected by the Pinatubo particle extinction effects (PAE), is indicated by the grey vertical band. Similarly, the summer periods of 2008 and 2009 are
marked by two narrow grey vertical bands labelled with letters K and S to indicate the data affected by extinction effects produced by the Kasatochi and Sarychev volcanic particle
loadings, respectively.
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(1) The entire 1991e2010 data-set was first examined following
the same procedure used by Tomasi et al. (2007) by (i)
assuming that the decay time of Pinatubo stratospheric
aerosol particles was about 2e3 years on the basis of analysis
by Stone et al. (1993), thus omitting data recorded during the
Fig. 3. Relative frequency histograms of AOD(500 nm) obtained by examining the set of AW
which the data affected by Pinatubo particle extinction during the 1992e1994 period have
summer days from June to September, for which the best-fit Gaussian (solid) curve was foun
right part shows the histogram obtained for the AODmeasurements performed onwinteresp
fit Gaussian (dashed) curve shown in the right part was obtained, with maximum equal to
1992e1994 period; and (ii) calculating the monthly mean
values of AOD(500 nm) and exponent a without excluding the
data affected by FFS particle extinction. The monthly mean
values of AOD obtained for the summer months were then
plotted in Fig. 4 as a function of time over the entire period,
I sun-photometer measurements performed at Ny-Ålesund from 1991 to 2010, from
been omitted. The left part shows the histogram of the measurements performed on
d with maximum equal to 20.8% at AOD¼ 0.045 and standard deviation s¼ 0.015. The
ring days (DecembereMay) mainly characterized by AH conditions, for which the best-
11.0% at AOD(500 nm)¼ 0.0944, and s¼ 0.820.
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finding a regression line with a slightly negative slope coeffi-
cient k¼�0.021% y�1. These results show an appreciable
change in the magnitude of the long-term variation in summer
BG values of AOD with respect to the value of k¼�2.2% y�1

found by Tomasi et al. (2007) for the 1991e2006 period. The
new result suggests that the extinction by enhanced strato-
spheric loading of volcanic particles may have contributed to
the change represented by the slope parameter k. There is
evidence, on the global scale, of slowly increasing stratospheric
AOD over the last decade as a result of minor volcanic eruptions
(Solomon et al., 2011).

(2) The dominant effects of volcanic particles were removed in the
second step, including those from (i) the Pinatubo eruption
(15� 080 N, 120� 210 E) on June 15, 1991, (ii) the Kasatochi (52�

100 N,175� 310 W) eruption of August 7 and 8, 2008, and (iii) the
Sarychev (48� 060 N, 153� 120 E) eruption of June 12, 2009. The
daily mean values of total atmospheric AOD were adjusted to
account for these stratospheric volcanic aerosol effects as
follows: (a) the adjustment of the Pinatubo measurements of
AOD was made using the SAGE II estimates of stratospheric
AOD(532 nm) given by Herber et al. (2002) for the 1992e1996
period, which indicated that volcanic AOD decreased at
Ny-Ålesund from about 0.16 in the early months of 1992 to less
than 0.01 in October 1996; and (b) the daily mean values of
total atmospheric AOD(500 nm) measured with the AWI
sun-photometers from August 15 to September 27, 2008, and
those measured from July 3 to early October, 2009, were
adjusted for the Kasatochi and Sarychev volcanic particle
extinction effects, respectively, by subtracting the values of
stratospheric AOD(500 nm) derived from the vertical profiles
of aerosol extinction coefficient at the 532 nm wavelength
measured with the Koldewey Aerosol Raman Lidar (KARL) by
Hoffmann et al. (2010) during summer 2008, and Hoffmann
(2010) during summer 2009 (see also O’Neill et al., 2012).
Fig. 4. Time series of the monthly mean values of AOD(500 nm) (upper part) and Ångström
optical parameters (solid circles) derived from the AWI sun-photometer measurements
star-photometer. The time-patterns of the monthly mean values of AOD(500 nm) and a obta
diamonds) are also given for comparison. For all the data-sets, the vertical bars define the st
AERONET AOD (dashed and dotted line) data-sets are shown giving best-fit values of slop
coefficient ka¼þ2.0% y�1 of the regression line was found in the lower part, indicating that a
the increasing contribution of anthropogenic aerosols. The value of ka¼�5.8% y�1 determi
(5-year) observation period.
For the adjusted values of monthly mean AOD the slope coef-
ficient k was evaluated to be slightly positive and equal
to þ0.006% y�1, which still includes the extinction effects due
to the frequent summer FFS episodes.

(3) In the third step, the summer BG values of AOD were selected
to exclude the data measured on days characterized by the
presence of significant loadings of FFS particles. Using
the threshold value of 0.08 determined in Fig. 3, the daily
mean values of AOD(500 nm) associated with summer BG
aerosol conditions were selected by rejecting days having
AOD(500 nm)> 0.08. Fig. 4 shows the time series of monthly
mean BG values of AOD(500 nm) recorded by AWI during the
summer season, with essentially a null slope coefficient
(k¼�0.01% y�1).

The long-term average variation in AOD(500 nm) was also
calculated for the set of monthly mean values of AOD(500 nm)
determined in the summer months at the Hornsund AERONET site
from April 2005 to September 2009. Omitting the monthly mean
values of AOD(500 nm) affected by the Kasatochi and Sarychev
particle extinction, a best-fit value of k¼þ1.0% y�1 was found.
Therefore, the daily mean values of AOD were first adjusted for the
stratospheric volcanic AOD due to the Kasatochi and Sarychev
volcanic particles present in the stratosphere during the summer
months of 2008 and 2009, respectively: the daily values of strato-
spheric AOD were determined according to the monthly mean
estimates of this quantity obtained by Kravitz et al. (2010) for
Kasatochi eruption, and by Kravitz et al. (2011) and Haywood et al.
(2010) for Sarychev episode, on the basis of both satellite-borne
observations and climate model simulations. For such adjusted
monthly mean values of AOD, a lower value of k¼þ0.4% y�1 was
found. The daily residual values of AOD were then examined
rejecting the values of AOD(500 nm)> 0.08, which are probably
associated with the presence of FFS loadings, and subsequently
’s exponent a (lower part) obtained as averages of the daily mean values of the two
performed at Ny-Ålesund with the SP1A and SP2H sun-photometers and STAR01
ined from the AERONET sun-photometer measurements performed at Hornsund (open
andard deviations. The best-fit regression lines drawn for the AWI AOD (solid line) and
e coefficient k¼�0.01% y�1 and k¼þ0.16% y�1, respectively. A value of relative slope
weak increase in awas observed over the period from 1991 to 2010, presumably due to
ned at Hornsund over the 2005e2009 period is less significant because of the shorter
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subdivided into monthly sets for which the monthly averages were
calculated, obtaining a best-fit line with a slightly positive value of
k¼þ0.16% y�1, which can be reasonably explained as due to
amajor contribution of anthropogenic aerosol particles transported
from European polluted areas. The results given in Fig. 4 also show
that the negative value of k found by Tomasi et al. (2007) was at
least in part due to the omitted adjustment for volcanic particle
extinction effects during the decay phase in 1995 and 1996, and the
occurrence of relatively high values of AOD(500 nm) from 1997 to
2000.

The monthly mean values of exponent a were correspondingly
calculated for all the measurements performed on summer
days to assess BG aerosol characteristics, by excluding periods
affected by Pinatubo, Kasatochi and Sarychev volcanic eruptions.
Therefore, the monthly mean values of exponent a presented in
Fig. 4 can be correctly attributed to BG aerosol conditions
measured at Ny-Ålesund (1991e2010), and show a significant
increase with mean slope coefficient ka¼þ2.0% y�1, which may
be due to an increase in the anthropogenic contribution from
mid-latitudes in recent decades. The Hornsund values of a differ
markedly from those obtained at Ny-Ålesund: however,
the regression considers only five years of data in which is
ka¼�5.8% y�1.

2.2. Time series of AOD at Barrow (Alaska)

An important part of the Arctic AOD data analyzed in the
present paper was derived from the measurements routinely
performed at Barrow (71� 190 N, 156� 360 W, 8 m a.m.s.l.) by the
NOAA/GMD group from April 1977 to August 2010, using the Filter
Wheel Normal Incidence Pyrheliometer (FWNIP). Examining this
multi-year series of FWNIP measurements, a long series of daily
Fig. 5. Time series of the daily mean values of aerosol optical depth AODFWNIP (upper part) an
measurements performed at Barrow (Alaska) by the NOAA/GMD group using the Filter Whee
April 1977 to August 2010, while exponent a was evaluated using the algorithm of Bernha
AOD(500 nm) derived from the SP02 Carter Scott sun-photometer measurements (solid squ
sun-photometer (open squares) measurements, as performed by the NOAA/GMD group dur
from the Level 2.0 AERONET sun-photometer measurements performed at Barrow over the 1
recorded during the 1982e1984 and 1992e1994 periods for strong stratospheric particle exti
vertical bands labelled ECAE and PAE, respectively. Similarly, the summer periods of 2008 an
Kasatochi and Sarychev eruptions are marked by two narrow grey vertical bands labelled w
mean values of mean visible AODFWNIP was obtained. Therefore, the
present Barrow data-set includes all the daily mean values of
AODFWNIP previously analyzed by Tomasi et al. (2007) and those
measured with the same technique during the subsequent 10 years,
April 2001eAugust 2010. In addition, a large set of sun-photometer
measurements recorded over the period from February 2002 to
October 2010 was examined in the present study to determine the
time series of AOD(500 nm) and exponent a from the daily sets of
spectral values of AOD measured by the NOAA/GMD group using
the SP02 and SP022 Carter Scott sun-photometers at the wave-
lengths listed in Table 1 (Stone, 2002). To better characterize the
atmospheric turbidity conditions at Barrow, we also examined the
time series of AERONET Level 2.0 AOD(500 nm) data recorded
within six spectral channels centred at wavelengths ranging
between 340 and 1020 nm, June 1999eAugust 2010.

Fig. 5 shows the time series of the daily mean values of
AODFWNIP, those of AOD(500 nm) obtained with the SP02 and
SP022 sun-photometers, and the AOD(500 nm) measured by AER-
ONET for April 1977eOctober 2010. Especially high values were
obtained during all the volcanic periods and seasonally during
occurrences of AH and FFS. Fig. 5 also presents the record of
a derived using (i) the FWNIP measurements following the
procedure of Bernhard et al. (2007); (ii) the spectral series of AOD
determined from the SP02 and SP022 sun-photometer measure-
ments (Table 1), applying the Ångström (1964) best-fit method
described above (Fig. 1); and (iii) the AERONET Level 2.0 estimates
of a determined over the 440e879 nm spectral range (1999e2010).
It should be pointed out that the AODFWNIP measurements have
a lower accuracy than the values of AOD(500 nm) directly
measured with the SP02 and Cimel sun-photometers (Dutton et al.,
2004). Comparing the measurements of AODFWNIP with those of
AOD(500 nm) directly obtained from the Cimel sun-photometer
d Ångström’s (1964) exponent a (lower part): AODFWNIP was obtained from the routine
l Normal Incidence Pyrheliometer (FWNIP) (open circles) over the 34-year period from
rd et al. (2007). The two FWNIP series of AOD and a are compared with (1) those of
ares), (2) those of a determined from the overall set of SP02 (solid squares) and SP022
ing the 9-year period from February 2002 to October 2010; and (3) those determined
2-year period from June 1999 to September 2010 (grey diamonds). The measurements
nction due to the El Chichón and Pinatubo volcanic eruptions are evidenced by the grey
d 2009, in which marked volcanic particle extinction effects were observed due to the
ith letters K and S, respectively.
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measurements recorded at Barrow, Bernhard et al. (2007) found
a very good correlation between the AODFWNIP and AOD(500 nm)
values, defined for an overall regression coefficient R¼þ0.91. To
verify the reliability of the present estimates of AODFWNIP and
evaluate their consistency with the AOD(500 nm) evaluations
derived from the SP02 sun-photometer measurements, Fig. 6
presents a comparison between the daily mean FWNIP values of
AOD determined on 149 days during the period from February 2002
to October 2010 and the coincident daily mean SP02 values of
AOD(500 nm). There is a fair correlation between these two time
series with intercept very close to null and a slope coefficient not far
from unity. Discrepancies are attributed mostly to the uncertainty
in evaluating AODFWNIP and also infrequent sampling using the
FWNIP comparedwith SP02s that record values everyminute of the
day when cloud-free.

It is evident in Fig. 5 that daily mean measurements of AOD
performed at Barrow, and a inferred from them using the Bernhard
et al. (2007) algorithm, for the 1982e1984 and 1992e1994 periods,
are strongly affected by the stratospheric particle extinction due to
the El Chichón and Pinatubo volcanic eruptions (Dutton and
Christy, 1992; Stone et al., 1993) occurring in MarcheApril 1982
and June 1991, respectively. In order to distinguish the effects
produced by such volcanic particles and from those due to biomass
burning and FFS pollution episodes in the summer months, the
procedure adopted to analyze Ny-Ålesund data was also applied to
the Barrow data-set described above, as follows:

(1) The AODFWNIP and AOD(500 nm) data were examined sepa-
rately, imposing the same criteria as Tomasi et al. (2007). The
AOD data recorded during the 1982e1984 and 1992e1994
periods and in the summer periods of 2008 and 2009 were
first omitted to exclude the volcanic contributions. Subse-
quently, the monthly mean values of AOD and a were deter-
mined for the summer months, including the FFS data. The
FWNIP time series of AOD was fitted linearly to obtain slope
coefficient k¼þ0.001% y�1. A similar analysis of the SP02 data
Fig. 6. Scatter plot of the daily mean values of AODFWNIP derived from the Filter Wheel
Normal Incidence Pyrheliometer measurements performed at Barrow by the NOAA/
GMD group from February 2002 to October 2010 versus the simultaneous daily mean
values of AOD(500 nm) obtained from the SP02 sun-photometer measurements. The
best-fit dashed line was determined for a total number of 149 cases, with intercept
equal to 0.01, slope coefficient equal to þ0.88 and regression coefficient R¼þ0.58.
gave a value of k¼þ0.03% y�1. The combined analysis, which
shows increases in both AODFWNIP and AOD(500 nm) at Barrow
over the past 6e8 years, indicates a reversal of the trend noted
by Tomasi et al. (2007) with k¼�1.6% y�1).

(2) In the second step, the AOD data affected by volcanic particle
extinctionwere adjusted for periods affected by El Chichón and
Pinatubo and also by minor eruptions of Okmok, Kasatochi,
Mt. Redoubt and Sarychev during 2008 and 2009. The adjust-
ments of AODFWNIP data were made on the basis of anomalies
determined by Dutton and Christy (1992) for a period from
spring 1982 to the end of 1984. The values of volcanic AOD
generated by the Pinatubo eruption were calculated taking
into account the evaluations of Dutton and Christy (1992) for
1992 and those of Stone (2002) for the period from spring 1992
to late 1996. Similarly, the adjustment of the monthly mean
values of AOD obtained in the summer months of 2008 and
2009 (for the above-mentioned four eruptions) was done
using the estimates of stratospheric AOD provided by Kravitz
et al. (2010) for the Okmok and Kasatochi volcanic effects,
and by Haywood et al. (2010), Kravitz et al. (2011), and O’Neill
et al. (2012) for the Mt. Redoubt and Sarychev effects, respec-
tively.
Examining the time series of the monthly mean values of

AODFWNIP (summer only) for 1977e2010, including both BG
and FFS values of AOD, we obtained slope coefficient
k¼�0.002% y�1, which is no measurable change when
removing contributions from volcanic aerosols. Analysis of the
time series of monthly mean values of AOD(500 nm), deter-
mined with SP02 sun-photometers over the 2002e2010
period, provided a value of k¼�0.09% y�1, indicating some
decrease in AOD for the BGþ FFS particles.

(3) Finally, a selection of pure summer BG values of AODwas made
by rejecting FFS events and re-fitting the time series, assuming
the threshold BG value of 0.08 (Fig. 3). Results are presented in
Fig. 7 for the period, 1977e2010. The following regression
slopes were computed:
(i) a nearly null value, k¼�0.02% y�1, for the AODFWNIP data

only;
(ii) a slightly negative value of k¼�0.05% y�1 for SP02 data

only; and
(iii) k¼þ0.06% y�1 for the overall set of AERONET Level 2.0

values of AOD, showing that the AERONET result obtained
for 1997e2010 does not differ appreciably from that given
by the SP02 measurements over the last 9 years.

The results obtained examining the updated time series of AOD
over the 1977e2010 period indicate that a change has occurred in
the long-term average slope of this optical parameter, mainly due
to the rather high values measured during the past decade, passing
from a negative value of �1.6% y�1 over the 26-year period from
1977 to 2002 to values very close to null over the last 10 years.
Because the present analysis refers to summer BG aerosols only, it is
important to highlight that this change in the AOD slope coefficient
cannot be attributed to events, such as volcanic eruptions, AH
occurrence or FFS transport episodes, but rather to a slowly
increasing contribution due to background aerosol extinction
presumably caused by the recently increasing emissions of pollut-
ants in the mid-latitude areas of the Northern hemisphere. This
explanation is consistent with the increase in anthropogenic
emissions reported by Hirdman et al. (2010). They performed
a cluster analysis of model output from the Lagrangian particle
dispersion model, FLEXPART (Stohl et al., 1998), run backward in
time, relative to Alert, Barrow and Zeppelin (Ny-Ålesund). Their
results indicate that equivalent black carbon (EBC) and sulphate
concentrations are mainly associated with transport from Northern



Fig. 7. Time series of the monthly mean values of aerosol optical depth AODFWNIP and AOD(500 nm) (upper part) and exponent a (lower part) obtained by averaging the daily mean
values of the two optical parameters (solid squares). The AODFWNIP values are derived from the FWNIP measurements performed at Barrow (Alaska) by the NOAA/GMD group over
the 34-year period from April 1977 to August 2010, and those of a using the algorithm of Bernhard et al. (2007) applied to FWNIP data. The time series of monthly mean values of
AODFWNIP and a are compared with (1) those obtained from the SP02 and SP022 sun-photometer measurements (grey circles) performed by the NOAA/GMD group from February
2002 to October 2010, and (2) those obtained from the Level 2.0 AERONET sun-photometer measurements performed at Barrow from June 1999 to August 2010 (open diamonds).
The values of slope coefficient k giving the percentage long-term average variation of AOD per year and defined by the best-fit regression lines drawn for the FWNIP (solid line),
SP02 (dashed line), and AERONET (dashed and dotted line) data-sets are given in the upper graph, while the best-fit regression lines shown in the lower graph with different values
of slope coefficient ka provide evidence of the marked decrease of a observed over the past 9 years.
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Eurasia, whichwas identified as the dominant emission source over
the past decade at all Arctic stations for EBC. Another possible
contributing factor is increasing emissions from coal burning in
China during the recent decade. An appreciable increase in the
sulphate aerosol loading at mid-latitudes, followed by dispersion
within the stratosphere was hypothesized by Hofmann et al.
(2009). The subsequent transport of these particles into the Arctic
stratosphere has also been suggested (Vernier et al., 2009; Stone
et al., 2010).

Fig. 7 also shows the monthly mean values of a for 1977e2010,
calculated for BG conditions only. An appreciable decrease in a is
noted during the past decade, as determined from the NOAA SP02/
SP022 data, yielding ka¼�5.1% y�1, while analysis of AERONET
data has produced a value of ka¼�1.5% y�1 for period, 1999e2010.
Themarked decreases in a are likely due to a relative increase in the
concentration of large sulphate particles of anthropogenic origin, as
suggested by Hirdman et al. (2010). Another possible contributor is
the increasing burden of ageing stratospheric aerosol from minor
volcanic eruptions that have added to the BG. For instance, particle
formation following the eruption of the Soufrière Hills (16� 430 N,
62� 110 W) volcano in May 2006 (Prata et al., 2007) may have been
dispersed poleward via upper-level transport (Vernier et al., 2009).

2.3. Time series of AOD at the Arctic Siberian sites

Long-term measurements of AOD were performed by the AARI
group (Arctic and Antarctic Research Institute, St. Petersburg,
Russia) during the 11 years from 1981 to 1991 at the Siberian
stations of Dikson Island (76� 300 N, 87� 540 E, 12 m a.m.s.l.),
Severnaya Zemlya (79� 000 N, 100� 000 E, 7 m a.m.s.l.), Kotel’ny
Island (76� 000 N, 137� 540 E, 8 m a.m.s.l.), and Wrangel Island (71�

140 N, 179� 360 W, 10 m a.m.s.l.). The measurements were carried
out using thermoelectric actinometers equipped with a set of
glass bandpass filters, having short-wavelength cutoffs at the 0.38,
0.47, 0.53, 0.63 and 0.71 mm wavelengths. Analyzing these
actinometric measurements, a multi-year set of monthly mean
values of aerosol optical depth AODact was collected at a visible
wavelength close to 500 nm (Radionov and Marshunova, 1992;
Radionov, 2005). The AODact values were obtained from
measurements performed in both clean-air and polluted-air
conditions, from which Tomasi et al. (2007) found that AODact
underwent a considerable decrease over the 1981e1991 period,
with an average slope coefficient of �7.6% y�1, attributed to the
sharply diminishing anthropogenic emissions of SO2 in Europe
and Russia, especially since 1985.

The time series of monthlymean AODact measured in summer at
the above 4 Siberian sites are shown in Fig. 8, where the data
obtained for the months predominantly characterized by BG
aerosol conditions are examined separately from those with more
polluted-air conditions, which are due to the arrival of air masses
containing anthropogenic particulate matter from the Eurasia area
and, to a lesser extent, FFS particulate matter from the Siberian
interior. Considering only the summer BG values of AODact,
a regression line was drawn for Dikson Island, Severnaya Zemlya
and Kotel’ny Island, finding an average decrease from about 0.08 in
1984 to 0.05 in 1988, defined by k¼�0.24% y�1. This estimate is
considerably smaller than that found by Tomasi et al. (2007) for the
overall BGþ FFS data-set. No measurements have been performed
by the AARI group since 1991. Thus, in order to obtain a measure of
AOD(500 nm), as currently observed in the Siberian coastal area of
the Arctic Ocean, the monthly mean values of AOD obtained from
the summer BG aerosol data recorded at Tiksi (71� 350 N,128� 470 E,
40 m a.m.s.l.) in the North Central Siberia were also considered, as
determined in (i) June 2010 from the measurements performed
with the portable SPM sun-photometer manufactured by Sakerin
et al. (2009) at the Institute of Atmospheric Optics (Siberian
Branch, Russian Academy of Sciences, Tomsk, Russia) (IAO-SB, RAS),
and (ii) JuneeSeptember 2010 from the AERONET Level 2.0
measurements carried out with the Cimel CE-318 sun-photometer.
The technical characteristics of both instruments are given in



Fig. 8. Time series of the monthly mean values of aerosol optical depth AODact ob-
tained from the measurements performed by the AARI group in the 1981e1991
summer months using multi-filtered thermoelectric actinometers at Dikson Island
(circles), Severnaya Zemlya (triangles), and Kotel’ny Island (squares). The data were
calculated as averages of the monthly sub-sets of daily mean values of AODact selected
separately for BG aerosol conditions (open symbols) and polluted-air conditions (solid
symbols). The regression line is drawn for the BG values of AODact, giving a best-fit
slope coefficient k¼�0.24% y�1. The BG aerosol data are compared with the
monthly mean values of AOD(500 nm) obtained with their standard deviations
(vertical bars) for the same atmospheric turbidity conditions from the SPM sun-
photometer (grey diamond) measurements performed at Tiksi by the IAO-SB group
in June 2010, and from the Level 2.0 AOD(500 nm) measurements (grey squares)
performed at Tiksi by the AERONET/GSFC group over the JuneeSeptember 2010 period,
using a Cimel CE-318 sun-photometer.
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Table 2. The monthly mean SPM and Cimel values of AOD(500 nm)
that are lower than the above-assumed threshold value of 0.08 are
shown in Fig. 8, together with their standard deviations. Although
affected by large uncertainties, they result in practice to be
comparable with the BG values of AOD observed by the AARI team
in 1988e1991, proving that the average atmospheric transparency
conditions of the summer Arctic atmosphere have been quite stable
over the last two decades in the North Central Siberian coastal area.
The monthlymean values of exponent a associated with BG aerosol
conditions were found to range mainly between 0.9 and 1.9 at Tiksi,
during summer 2010.

3. Long-term variations in frequency and intensity of Arctic
haze episodes

Examining the surface aerosol scattering nephelometric
measurements conducted at Barrow from May 1976 to late
1992 and the FWNIP measurements performed from 1977 to 1991,
Bodhaine and Dutton (1993) found that both surface-level
scattering coefficient and AOD reached a maximum in 1982 and
then decreased gradually, as a consequence of the decrease in
anthropogenic pollution emissions in Europe and the former Soviet
Union. In fact, very high AH extinction features were observed in
the ’80s and early ’90s, subsequently decreasing with the reduction
of SO2 emissions in the major industrial areas of the Northern
hemisphere. Such strong pollution occurrences have long been
a subject of considerable interest and concern, since their source
was initially uncertain, attributed mainly to natural factors. Only
more recently, they have been predominantly ascribed to the
transport of polluted-air masses of industrial origin from North
America, Europe and Asia, and biomass burning particles generated
by agricultural activities and/or boreal forest fires. In view of
increasing aerosol emissions in the Asian area, Quinn et al. (2007)
pointed out that it is reasonable to expect a corresponding
increase in the frequency and intensity of AH episodes within a few
years. However, while emission rates certainly exert an influence
on the distribution of haze, changes in atmospheric transport were
also a relevant factor, because atmospheric circulation has under-
gone significant changes in the Arctic region over the last decades,
leading to variations in atmospheric circulation patterns affecting
cloudiness features, temperature conditions and snowfall
frequency (Stone, 1997; Stone et al., 2002).

In order to update the data-set containing information on the
AH aerosol optical depth, atmospheric turbidity conditions and
frequency of such episodes, the present study re-examined the
time series of the daily mean values of AOD shown in Figs. 2 and 5,
as measured at Ny-Ålesund and Barrow over the 1991e2010 and
1977e2010 periods, respectively. In analyzing these data, it was
taken into account that nearly all AH episodes are observed during
the winterespring period of each year, from December to May,
these months being generally characterized by a sharp increase in
AOD. In fact, AOD(500 nm) often exhibits peaks> 0.12 that are
comparable to those usually measured at mid-latitude stations of
the Northern continental areas. The transport of pollutants from
the mid- to the high-latitudes, leading to the formation of AH,
is favoured in winterespring because atmosphere cleaning due
to particle scavenging by precipitations is particularly weak
during this seasonal period (Stone et al., 2002). Fig. 3 shows that
the relative frequency histogram of AOD(500 nm) measured at
Ny-Ålesund on winterespring days exhibits a large bimodal
maximum in the 0.08e0.12 range, with a long-tailed right wing
extending up to values of more than 0.20. Therefore, assuming the
threshold of 0.08 defined in Fig. 3 to distinguish the clean-air AOD
values from those occurring in AH episodes, thewinterespring data
presented in Figs. 2 and 5 were re-examined to determine the
following parameters for the 6-month period of each year from
December to May: (i) the average value of AOD for AH events only,
as obtained from the AWI sun-photometer measurements at
Ny-Ålesund, and the FWNIP and SP02 sun-photometer measure-
ments at Barrow; (ii) the average value of exponent a evaluated
during AH episodes; (iii) the overall number NAH of the AH events;
and (iv) the cumulative 6-month value of AOD(500 nm), obtained
by summing all the daily mean values of this quantity measured
during the 6-month period.

The results are presented in Fig. 9, showing that: (a) the
long-term variation of the 6-month average value of
AOD(500 nm) for the AH episodes is characterized by very low
values of slope coefficient kAH defined by the regression lines,
equal to þ0.02% y�1 at Ny-Ålesund, and �0.04% y�1 at Barrow,
indicating that significant long-term variations of AH intensity
have not been present over the last 35 years; (b) the 6-month
average value of a associated with AH events increased at Ny-
Ålesund by þ2.5% y�1 on average, over the 1991e2010 period, and
increased by less than 0.1% y�1 at Barrow, showing that appre-
ciable variations in the size-distribution of AH particles may have
occurred in the last 20 years; (c) the overall number of AH
episodes observed at Ny-Ålesund varied from more than 20 in the
1996e2000 period to less than 10 in the 2001e2007 period,
while at Barrow it was higher than 40 from 1978 to 1986 and
since 2002, but lower than 20 during the intermediate period,
thus indicating that no long-term variations of AH frequency
were recorded at the two Arctic sites; and (d) the cumulative AOD
was also subject to large fluctuations at both Ny-Ålesund and
Barrow, presenting maxima and minima that in practice coincide
with those of NAH. In particular, the time-patterns of this
parameter were estimated to vary mainly between 0.5 and more
than 3 at Ny-Ålesund, and between less than 1 and more than 8 at
Barrow, providing evidence of a higher and more intense occur-
rence of AH episodes since 2002, which may be plausibly
attributed to the recent increase in pollutant emissions in the
Asian region (Hirdman et al., 2010).



Fig. 9. Time series of the 6-month mean values determined at Ny-Ålesund and Barrow
over the DecembereMay period of each year for the following parameters: (a)
AOD(500 nm), as derived from the AWI sun-photometer measurements performed at
Ny-Ålesund (solid circles), and the (FWNIPþ SP02þ SP022) measurement set at
Barrow (open squares); (b) exponent a, as determined from the AWI sun-photometer
at Ny-Ålesund and the (FWNIPþ SP02þ SP022) data-set at Barrow; (c) overall number
NAH of the AH episodes recorded during each 6-month period; and (d) cumulative
aerosol optical depth, AOD, obtained by summing all the AOD values recorded during
the 6-month period and attributed to AH episodes.
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4. Arctic aerosol radiative properties

The above evaluations of AOD and a for both summer BG
aerosols and AH particles sampled inwinter and spring can be used
to obtain reliable evaluations of the direct aerosol-induced radia-
tive forcing at TOA only knowing the chemical composition of
particulate matter, from which the complex refractive index and
the radiative properties of aerosol polydispersions can be derived.
For this purpose, an evaluation of the mass fractions of the main
particulate chemical components was performed, by taking into
account the results found by Quinn et al. (2002), who examined
a 3-year set of simultaneous measurements of aerosol chemical
composition and light scattering and absorption measurements
performed at Barrow from October 1997 to December 2000,
for rather low relative humidity conditions. These estimates
were given by Quinn et al. (2007) in terms of monthly mean
concentrations of aerosol mass constituents, such as sea salt,
non-sea salt (nss) sulphate, methane sulphonic acid (MSA),
ammonium ions, and nss K, Mg and Ca ions, for both the submicron
and supermicron size ranges. In the present study, the above data
were integrated by (i) the estimates of total carbon (black carbon
(BC)þ organic carbon (OC)) concentration measured by Sharma
et al. (2002, 2006) at Barrow, and (ii) the conversion from the
above nss Mg and Ca ionic concentrations to the AleSi components,
using the soil factors proposed by Polissar et al. (1998) for the
Northwest Alaska areas. For such features of particulate matter
composition, the percentage mass fractions were determined for
sulphates, nitrates, sea salt, mineral dust, water-soluble organic
matter (WSOM) and BC components, in the submicron, super-
micron and overall size-distributions, during the summer period
from June to September, and for the rest of the year. The results are
presented in Fig. 10.

The spectral patterns of the real part nr and imaginary part
ni of the particulate refractive index were then calculated as
weighted averages of the two optical parameters found for
sulphates (Toon and Pollack, 1976), nitrates (Tang and
Munkelwitz, 1996), sea salt (Shettle and Fenn, 1979), mineral
dust (Dust-Like component of Vermote et al. (1997)), BC (Soot
component of Vermote et al. (1997)), and WSOM (Water-Soluble
component of Vermote et al. (1997)), using as weights the
composition mass percentages given in Fig. 10 for the overall
particle size-distributions sampled during the JuneeSeptember
(summer) and OctobereMay (winterespring) periods. The spec-
tral patterns of parameters nr and ni are presented in Fig. 11, for
both summer and winterespring: it can be seen that the values
of these optical parameters for winterespring conditions are
appreciably higher than those obtained in summer, mainly due to
the higher sulphate concentration.

The values of ground-level single scattering albedo uo obtained
for the above summer and winterespring aerosol models were
calculated following the same weighting procedure as for the mass
fractions shown in Fig. 10. They are presented in Fig. 11 for the
overall particle size-distribution and are compared with the eval-
uations of uo obtained by:

(a) Bodhaine (1995) at Barrow, examining a 6-year set of nephe-
lometer and aethalometer measurements of the volume scat-
tering and absorption coefficients at 550 nm wavelength,
finding monthly median values that varied between 0.928 in
March and 0.983 in January, with an annual median value of
0.958, thus describing an annual cycle providing an average
winter value of 0.950� 0.018 and an average summer value of
0.974� 0.006;

(b) Heintzenberg et al. (1997), who obtained annual mean values
of uo (550 nm) equal to 0.960 and 0.948 at Barrow and
Ny-Ålesund, respectively;

(c) Delene and Ogren (2002), who obtained at Barrow a pair of
annual mean values of uo¼ 0.954� 0.028 for accumulation
particles and uo¼ 0.965� 0.023 for coarse particles;

(d) Sharma et al. (2006), who measured the annual cycle of
parameter uo at Barrow, finding a maximum of about 0.98 in
September, and awideminimum of 0.94 from February toMay;

(e) Ström et al. (2003), who found at Zeppelin (Ny-Ålesund) a set
of monthly mean values varying mainly between 0.94 and
0.98 in spring and summer, and between 0.84 and 0.91 in
autumn and winter, with a marked minimum in December/
January;

(f) Eck et al. (2009), who found at the boreal forest Bonanza Creek
site in interior Alaska a set of uo (440 nm) values mainly
varying between 0.91 and 0.99 in 2004 and 2005, giving an
average value equal to w0.96; and

(g) the ISAC-CNR group, who obtained some accurate estimates of
the monthly mean values of uo at the Dirigibile Italia station
(Ny-Ålesund) during summer 2010, using a pair of Radiance
Research M903 nephelometer (to measure the volume scat-
tering coefficient of aerosol particles at the 530 nm wave-
length) and Particle Soot Absorption Photometer (PSAP) (to
measure the volume absorption coefficient of particles at the



Fig. 10. Upper part: average composition diagrams of the summer ground-level particulate matter sampled at Barrow from June to September for (a) submicron, (b) supermicron,
and (c) overall particle size-distributions, pertaining mainly to summer BG aerosol cases. Lower part: as in the upper part for the period from October to May, for (d) submicron, (e)
supermicron, and (f) overall particle size-distributions. Different crosshatching patterns are used to indicate the six main particulate matter constituents (WSOM¼Water-Soluble
Organic Matter; BC¼ Black Carbon).
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467, 530 and 660 nm wavelengths). Over 4500 measurements
were performed during the campaign, obtaining a large set of
30-min average values of the volume scattering and absorption
coefficients, from which monthly mean values of uo (530 nm)
were determined, equal to 0.93� 0.04 in June, 0.86� 0.09 in
July, 0.91�0.08 in August, and 0.89� 0.09 in September,
yielding a seasonal average value of 0.90� 0.07.

Such recent measurements of uo (530 nm) performed at
Ny-Ålesund and the above-mentioned evaluations of uo turn out to
agree very well with the model-simulated estimates shown in
Fig. 11. The exception was the winterespring data found by
Ström et al. (2003) at the Zeppelin station (474 m a.m.s.l.) above Ny-
Ålesund, which gave considerably lower values of uo probably
owing to a higher content of combustion particles measured at
the Svalbard site than those sampled at Barrow by Sharma et al.
(2002, 2006).

5. Long-term variations of AOD at Antarctic sites over the last
decades

Accurate multi-wavelength measurements of AOD have been
carried out over the last two decades, employing advanced
sun-photometers at the Antarctic stations of Mirny (Russia) (66� 330

S, 93� 010 E, 40 m a.m.s.l.), Neumayer (Germany) (70� 380 S, 8� 150

W, 40 m a.m.s.l.), Mario Zucchelli (Italy) on the Terra Nova Bay (74�

420 S, 164� 070 E, 15 m a.m.s.l.), and South Pole (USA) (89� 590 S, 139�

160 E, 2841 m a.m.s.l.). Time series of AOD(500 nm) recorded at
Mirny from 1979/1980 to 2005/2006, and Neumayer from 1991 to
2004, and of AODvis measured at South Pole from 1977 to 2006with
the FWNIP technique were examined by Tomasi et al. (2007),
omitting the data measured during the 1982e1984 and the
1991e1994 periods, which were strongly affected by the El Chichón
and the Pinatubo (and Cerro Hudson) volcanic eruptions (Herber
et al., 1993, 1996). The analysis provided long-term average varia-
tions of AOD equal to �0.09% y�1 at Mirny, þ0.03% y�1 at Neu-
mayer, and �0.01% y�1 at South Pole, indicating that atmospheric
turbidity conditions have been very stable in Antarctica during the
past 3 decades, thanks to the great distance of this remote conti-
nent from other continental areas, where anthropogenic and
biomass burning aerosols are generated.

In the present study, updated series of AOD(500 nm) and AODvis
are presented to provide more recent information on the long-term
variations of AOD. They were recorded at:

(1) Mirny, from January 1983 to December 2009, initially using
some sun-photometer models equipped with narrow-band
interference filters (presenting technical characteristics
similar to those described by Sonntag (1970)) and more
recently the AARI multispectral sun-photometer having the
technical characteristics given in Table 3 (Radionov,1994, 2005;
Radionov et al., 2002);

(2) Neumayer, where multispectral sun-photometer measure-
ments were carried out from January 1991 to April 2004, using
the AWI sun-photometer models described in Table 1;

(3) Mario Zucchelli station, where multispectral sun-photometer
measurements were performed from December 1987 to
January 2005, using different sun-photometer models, whose
main technical characteristics are given in Table 3, to collect
various seasonal sets of daily values of AOD at various wave-
lengths, from which the best-fit values of a were calculated
(Tomasi et al., 1989, 1991; Vitale and Tomasi, 1990; Di Carmine
et al., 2005); and

(4) South Pole, where a time series of AODvis values was deter-
mined by NOAA/GMD from FWNIP measurements routinely
performed from January 1977 to December 2010, and an



Fig. 11. Spectral curves of (i) real part nr, (ii) imaginary part ni of particulate refractive
index, and (iii) single scattering albedo uo, obtained for the winterespring and
summer models of particulate matter composition at Barrow shown in Fig. 10. The
modelled data of uo are compared with experimental estimates found in the literature
for the Barrow, Ny-Ålesund and mountain Zeppelin stations, and with the recent
results derived from field measurements performed by ISAC-CNR at Ny-Ålesund in
summer 2010.

Table 3
Main instrumental characteristics of the sun-photometers employed in Antarctica by the A
Terra Nova Bay (Italy). The peak wavelengths in bold characters refer to the narrow-ban
wavelengths in brackets are those used to measure precipitable water.

Instrumental characteristics Instruments

AARI sun-photometer
(Radionov et al., 2002;
Radionov, 2005)

ISAC-CNR sun-photome

UVISIR-2 (De Santis
et al., 1994

Spectral range (nm) 395e1041 320e1047
Number of channels 8 12
Peak wavelengths (nm) 395, 408, 479, 581, 651,

789, 873, 1041
320.2, 335.3, 359.8,
401.3, 459.6, 505.9,
550.0, 671.3, 780.0,
865.2, (939.0), 1047.4

Full-width-half-maximum,
FWHM (nm)

3.1e10.9 7.2e13.6

Entrance optical system Quartz window Quartz window
Angular field of view (FOV)

diameter
1� 590e1� 030

Detector Silicon photodiode UDT-555 UV Photop
Operating temperature �16 �C to þ40 �C �20 �C to þ50 �C
Thermal control No control 50 �C� 1 �C
Accuracy of the AOD

measurements
0.01 0.01
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additional data-set of AOD and a measurements was recorded
by NOAA/GMD from November 2001 to March 2010, using the
SP02 sun-photometer model (see Table 1).

Fig. 12 presents the time-patterns of the daily mean values of
AOD and a recorded at the 4 Antarctic sites, showing that the daily
mean values of AOD(500 nm) measured at coastal sites vary mainly
between 0.02 and 0.08, and those measured at South Pole are
generally lower than 0.02. Correspondingly, parameter awas found
to vary mainly between 0.6 and 1.9 at the coastal sites and between
1.0 and 2.1 at South Pole. The data were analyzed to determine the
monthly mean values of AOD(500 nm) and a for the various
measurement periods, and were then adjusted for the El Chichón
and Pinatubo-Cerro Hudson volcanic eruption effects (Herber et al.,
1996). In particular, the monthly mean values of El Chichón’s
stratospheric contribution to the total atmospheric AOD(500 nm)
during the 1982e1986 period were calculated on the basis of the
South Pole AOD anomalies evaluated by Dutton and Christy (1992)
and Stone (2002), while those due to the Pinatubo and Cerro
Hudson extinction effects were estimated according to Stone
(2002).

The time series of the monthly mean values of AOD(500 nm)
and a obtained at the coastal sites of Mirny, Neumayer and Terra
Nova Bay are shown in Fig. 13. The best-fit lines of these time series
were drawn obtaining the values of k¼�0.10% y�1 at Mirny,
k¼þ0.02% y�1 at Neumayer, and k¼�0.06% y�1 at Mario Zuc-
chelli, which differ by no more than 0.03% y�1 from the slope
coefficients estimated by Tomasi et al. (2007), confirming that the
BG conditions of Antarctic AOD have continued to remain very
stable also over the last decade. The time series of AOD at South
Pole are presented in Fig. 14, separately for the FWNIP and SP02
sun-photometer measurements. The regression line drawn for the
AODFWNIP data-set was found to give a nearly null slope coefficient
k¼�0.003% y�1, fully confirming the stability of this parameter
over the whole 34-year period from 1977 to 2010. However, it is
worth noting that the regression line determined for the SP02 sun-
photometer data-set was found to yield a value of k¼þ0.17% y�1

over the period from late 2001 to early 2010, as shown in Fig. 14.
This suggests that AOD(500 nm) has slowly increased since 2002,
while the time series of a derived from SP02 measurements
ARI group atMirny (Russia), and the ISAC-CNR group at the “Mario Zucchelli” station,
d interference filters used to determine the spectral values of AOD, while the peak

ters

FISBAT (Tomasi et al.,
1983)

PREDE POM-01L (Di
Carmine et al., 2005)

ASP-15WL (Tomasi
et al., 2007)

400e1041 400e1020 321e1026
7 7 15
400.2, 441.5, 500.6,
550.0, 669.7, 868.0
(947.2), 1040.6

315, 400, 500, 675, 870,
940, 1020

321.0, 342.0, 370.0,
381.0, 411.5, 450.5,
499.5, 551.0, 610.0,
672.5, 774.6, (818.4),
861.2, (947.7), 1025.7

8.8e10.7 10 9e12

Quartz window Quartz window Quartz window
1� 030e1� 120 1� 390e420

UDT-500 Photop Silicon PIN photodiode UDT-555 UV Photop
�20 �C to þ50 �C �10 �C to þ45 �C �20 �C to þ50 �C
47 �C� 1 �C No control 47 �C� 1 �C
0.01 0.01 0.01



Fig. 12. Upper part: time series of the daily mean values of (i) aerosol optical depth AODFWNIP (open circles) and AOD(500 nm) (grey circles) obtained at South Pole from the FWNIP
and SP02 sun-photometer measurements performed by the NOAA/GMD group, respectively, (ii) AOD(500 nm) sun-photometer measurements taken at Mirny by the AARI group
(grey diamonds), (iii) AOD(500 nm) measurements taken at Neumayer by the AWI group (grey downward triangles) using the SPA1 sun-photometer, and (iv) AOD(500 nm) sun-
photometer measurements taken at the Mario Zucchelli station, on Terra Nova Bay, by the ISAC-CNR group (open squares) using the sun-photometers described in Table 3. Lower
part: time series of the daily mean values of Ångström’s exponent a determined from the sun-photometer measurements shown in the upper part. The measurements recorded
during the 1982e1984 and 1992e1994 periods for stratospheric particle extinction due to the El Chichón and to the Pinatubo and Cerro Hudson volcanic eruptions, respectively, are
evidenced by the grey vertical bands labelled ECAE and PAE.

C. Tomasi et al. / Atmospheric Environment 52 (2012) 29e4742
indicates that a slightly decreasing tendency has occurred,
around �1.8% y�1, over the last 10 years. The formation of thin
layers of stratospheric particles generated by volcanic eruptions at
mid-latitudes and subsequently transported towards the austral
region could be a plausible explanation for these recent variations
in the average time-patterns of AOD and a.
Fig. 13. Upper part: time series of the monthly mean values of AOD(500 nm) obtained with t
Table 3), (ii) Neumayer (solid triangles) by the AWI group (see Table 1), and (iii) Mario Zucch
regression lines were found to give slope coefficients k¼�0.10% y�1 at Mirny over the 198
(solid line), and k¼�0.06% y�1 at the Mario Zucchelli station over the 1987e2005 period
values of exponent a and their standard deviations, as obtained at the three Antarctic coas
6. Antarctic aerosol radiative properties

Comparing the chemical characteristics and radiative properties
of Antarctic aerosols measured at coastal and continental sites in
Antarctica, Tomasi et al. (2007) found that large differences exist
between the columnar aerosol contents at coastal sites and those
heir standard deviations (vertical bars) at (i) Mirny (open circles) by the AARI group (see
elli station (grey squares) on Terra Nova Bay, by the ISAC-CNR group (see Table 3). The

3e2009 period (dashed line), k¼þ0.02% y�1 at Neumayer over the 1991e2004 period
(dashed and dotted line). Lower part: corresponding time series of the monthly mean
tal stations.



Fig. 14. Upper part: time series of the monthly mean BG values recorded at South Pole of: (i) AODFWNIP (open circles), given with their standard deviations (vertical bars) obtained
from the FWNIP measurements performed by the NOAAGMD group from January 1977 to December 2010, and (ii) AOD(500 nm) (solid squares) obtained from the SP02 sun-
photometer measurements performed from November 2001 to March 2010. The regression line drawn for the overall FWNIP data-set was found for a slope coefficient
k¼�0.003% y�1 (dashed and dotted line), while that determined for the SP02 data only has a slope coefficient k¼þ0.17% y�1 (solid line). Lower part: time series of the monthly
mean values of exponent a given with their standard deviations, as obtained from the SP02 sun-photometer measurements, giving a best-fit slope coefficient ka¼�1.8% y�1 over
the observation period from late 2001 to early 2010.
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monitored in the inner regions of Antarctic Plateau: (i) the coastal
aerosol is strongly influenced by the vicinity of oceanic sources and
therefore the particle size-distributions generally contain a strong
component of large sea-salt particles during the austral summer,
while (ii) the Antarctic Plateau aerosol is most frequently influ-
enced by the subsidence of aerosols from the free troposphere,
associated with long-range transport processes (Bigg, 1980), and
presents a predominant content of fine nss sulphate and MSA
particles (Hara et al., 2004). Thus, significant concentrations of
sea-salt aerosols are rarely monitored at South Pole, only in cases
when marine air is transported above the station by large storm
systems (Shaw, 1988; Bodhaine, 1992).

Taking these differences into account, an attempt was made to
define the main chemical composition features of aerosols at the
two coastal sites of Mario Zucchelli (Terra Nova Bay, Italy) and
Neumayer (Germany), and at the South Pole (USA) high-altitude
site, to provide a general picture of the aerosol composition mass
fractions and radiative properties in Antarctica:

(1) At Terra Nova Bay, the analysis was performed using the results
obtained by Hillamo et al. (1998) from measurements of the
mass concentrations of the major inorganic ions present in
particulate matter and their atmospheric precursor gases, from
late January to mid-February 1995. The percentage mass frac-
tions of the various components (i.e. ions of nss sulphate,
nitrate, sea salt, ammonium, Mg, and nss K, Mg and Ca) were
determined by Hillamo et al. (1998) separately for the Aitken
nuclei, accumulation particle, large particle and coarse particle
modes. Combining such data with the more recent evaluations
of the mass concentrations of these constituents made by
Fattori et al. (2005), the average mass fractions of the particle
components were determined, integrating them with evalua-
tions of mineral dust concentration derived from the nss K, Mg
and Ca ionic concentrations, and with average BC and OC
concentrations assumed to be similar to those evaluated on
average by Wolff and Cachier (1998) at Halley Bay during the
austral summer.

(2) At Neumayer, the chemical composition of particulate matter
was derived from the composition data determined by Weller
and Wagenbach (2007), Weller et al. (2008) and Weller and
Lampert (2008). These data were then combined with the
Wolff and Cachier (1998) estimates of BC and OC concentra-
tions, to define the average percentage mass concentrations of
nitrates, sulphates, sea salt, mineral dust, BC and OC, during the
austral summer.

(3) At South Pole, several measurements of particulate chemical
composition were considered, giving the austral summer
concentrations of sulphate, nitrate, ammonium, chlorine,
sodium, and nss sulphate ions, MSA, and crustal matter (Tuncel
et al., 1989; Arimoto et al., 2004; Piel et al., 2006).

Using the average concentrations derived from the above
data-sets and the BC and OC average concentrations proposed by
Wolff and Cachier (1998) for this high-altitude site, the percentage
mass fractions of particulate matter components were calculated at
the three Antarctic sites in terms of nitrate, sulphate, sea salt,
mineral dust, BC, OC and VOC-derived concentrations. The average
composition diagrams of the particulate matter composition
obtained for the austral summer samples examined above are
presented in Fig. 16, showing that the predominant fraction is given
by sea salt at both coastal sites, with percentages appreciably
greater than 50% and lower fractions of sulphates andmineral dust.
At South Pole, nss sulphates and MSA-derived compounds consti-
tute about 2/3 of the overall particulate matter, while sea-salt
content only just exceeds 10%. Therefore, the present results yield
a lower sulphate concentration and an intermediate sea-salt
concentration compared to those assumed by Six et al. (2004) at
Dome C, consisting of 70% sulphates and 30% sea salt, and those of



Fig. 16. Spectral curves of (i) real part nr, (ii) imaginary part ni of particulate refractive
index, and (iii) single scattering albedo uo, obtained for the particulate matter
composition schemes defined in Fig. 15 from sampling measurements performed in
austral summer at Neumayer, Terra Nova Bay and South Pole. The modelled data of nr
and ni are compared with the experimental evaluations of Hogan et al. (1979) at South
Pole and of Virkkula et al. (2006a,b) at Aboa, while the modelled values of uo are
compared with experimental estimates found in the literature for the Neumayer, Terra
Nova Bay and South Pole stations.
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Hess et al. (1998) in the Antarctic Plateau model of the OPAC code
presenting mass fractions of 91% sulphates, 4.5% sea salt and 4.5%
mineral dust.

For the mass fractions of sulphates, nitrates, sea salt, mineral
dust, water-soluble organic matter (WSOM) and Black Carbon (BC)
shown in Fig. 15, the spectral patterns of parameters nr, ni and uo
were calculated, using the same spectral values of the three optical
parameters considered in Fig. 11 for the Arctic data, as proposed by
Toon and Pollack (1976) for sulphates, Tang and Munkelwitz (1996)
for nitrates, Shettle and Fenn (1979) for sea salt, and Vermote et al.
(1997) in the 6S radiative transfer code for the mineral dust, BC and
WSOM. The values of real part nr obtained from the particulate
composition models of Fig. 15 are very similar at the two coastal
sites e equal to about 1.45 in both cases e due to predominant
effects of sea-salt particles. The values of imaginary part ni at the
two coastal sites are also similar, varying between 0.003 and 0.005,
and indicating moderate absorption properties leading to values of
uo ranging between 0.96 and 0.98 at the visible wavelengths. At
South Pole, higher values of both nr and ni were obtained,
substantially due to the higher mean concentration of sulphates
and the lower mean concentration of sea-salt particles.

Fig. 16 shows the comparison of the results obtained for the
chemical composition models in Fig. 15 with the evaluations of
optical parameters nr, ni and uo found in the literature for various
coastal Antarctic sites and South Pole. In particular, the following
estimates of nr and ni are presented in Fig. 16 for comparison, as
obtained by:

(a) Virkkula et al. (2006a,b), who examined sets of optical and
chemical measurements performed at the Finnish station of
Aboa (73� 030 S, 13� 250 W, 400 m a.m.s.l.), and determined
values of nr at visible wavelengths increasing from about 1.46
for fine particles of 0.2e0.6 mm sizes to w1.56 for coarse
particles with sizes >8 mm, from which average values of nr
ranging between 1.44 and 1.46 were obtained at the visible
wavelengths, associated with values of ni close to 0.01; and

(b) Hogan et al. (1979), who found a value of nr¼ 1.54� 0.04 at
South Pole, for particle samples taken in the 0.3e12 mm size
range, presenting composition data similar to those shown in
Fig. 15 for the South Pole site.

The two sets of experimental data turn out to agree substantially
with the model-simulated data. The modelled spectral values of uo
are compared in Fig. 16 with the results obtained by: (a) Virkkula
et al. (2006a,b) at Aboa, giving values of uo higher than 0.95 for
about 93% of the measurements performed at this Antarctic site
Fig. 15. Average composition diagrams of the overall size-distribution of aerosol particles de
of (a) Mario Zucchelli, on Terra Nova Bay, (b) Neumayer, and (c) South Pole. Different cro
(WSOM¼Water-Soluble Organic Matter; BC¼ Black Carbon).
and lower than 0.90 for only 3.5% of the data; (b) Weller and
Lampert (2008) at Neumayer, providing values of uo varying
in the visible between 0.97 and 1 for more than 95% of the
measurements; (c) Bodhaine (1995) at South Pole, with monthly
termined from samples taken during the austral summer at the three Antarctic stations
sshatching patterns are used to indicate the six main particulate matter constituents
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median values of uo derived from a 3-year set of nephelometer and
aethalometer measurements, giving an annual median value of
0.974, and monthly median values varying during the austral
summer between 0.942 in January and 0.972 in November, from
which a median seasonal value of 0.953� 0.016 was obtained; and
(d) Heintzenberg et al. (1997) at South Pole, with an annual average
value of uo¼ 0.965 in the visible. The comparison in Fig.16 between
modelled and experimental data shows a good agreement for the
three optical parameters defined at the coastal sites and South Pole.

7. Conclusions

The present analysis of updated time series of AOD measure-
ments performed at Ny-Ålesund and Barrow shows that an
appreciable increase in AOD has been recorded over the past
decade, altering the evaluations of the long-term average variation
of this optical parameter from values of around �2.0% y�1 found by
Tomasi et al. (2007) in the 1977e2006 period to nearly null values
over the past decade. The measurements of AOD(500 nm) per-
formed with the AWI sun-photometer at Ny-Ålesund and with the
SP02 sun-photometer at Barrow over the last 10 years are found to
be consistent with the AERONET measurements of AOD(500 nm)
performed at Hornsund (Svalbard) and Barrow. Such variation was
plausibly due to the increasing emissions of anthropogenic SO2
from coal-burning and industrial activities in Eurasia since 2000,
which have caused the formation of sulphate particle loadings
subsequently transported towards the Arctic (Hirdman et al., 2010).
In addition, a weak increase in the stratospheric aerosol optical
depth has probably occurred over recent years as a result of the
exchange of sulphate aerosols and gases between the troposphere
and low stratosphere at tropical latitudes, then transported globally
and, hence, also towards the polar regions (Hofmann et al., 2009).

More generally, it can be concluded that the recent increase in
the SO2 emissions from Eurasian sources and the subsequent
intrusions of anthropogenic aerosol loadings may have caused an
increase in the AOD values recorded during the winterespring
months of past years at the Arctic sites. For favourable dynamical
conditions, long-lived aerosol of natural and anthropogenic origin
can be transported episodically from mid- to high-latitudes during
the winter months, and then trapped within the Arctic vortex.
These particles accumulate and grow during their life, being subject
to variations in chemical composition similar to those measured by
Quinn et al. (2007) and Sharma et al. (2002, 2006). The analysis of
the monthly mean values of AOD obtained from the data collected
during AH episodes indicates that both magnitude of AOD and
frequency of AH episodes have been subject to large fluctuations
from one season to another, without presenting a stable long-term
variation in AOD. However, a slight increase in the seasonal average
AOD and a moderate increase in the AH occurrence frequency have
been observed during the past decade, presumably as a result of the
increasing emissions of pollutant gases in Europe and Asia and the
variability of the transport processes from the mid-latitude to the
Arctic regions.

No major variations in the average time-patterns of AOD at
Antarctic sites were found during the present analysis of updated
series of AOD sun-photometer measurements, with respect to the
results of Tomasi et al. (2007): the updated values of slope coeffi-
cient k, giving a measure of the long-term average variation of
AOD(500 nm), were found to vary within �0.1% y�1 at the coastal
sites and South Pole. Only over the past decade has a slight increase
in AOD been observed at South Pole (k¼þ0.2% y�1), associated
with a simultaneous appreciable decrease of exponent a from
average values of w1.5 to less than 1.3. These features suggest that
an increase in the optical density of background stratospheric
particle layers could be responsible for such changes in the
particulate extinction features of the Antarctic atmosphere, which
can better be appreciated at South Pole, where the overall tropo-
spheric AOD generally assumes considerably lower values than at
the coastal sites.

The stable values of AOD measured at Antarctic sites provide
a useful information for evaluating the radiative forcing effects
induced by polar aerosols at both TOA and surface levels. The
estimates of the relative concentrations of the main particulate
constituents at coastal sites (among which sea-salt particles
prevail), and at South Pole (where nss sulphate particles are clearly
predominant) are suitable for obtainingmore precise evaluations of
the direct radiative effects induced by polar aerosols within the
surface-atmosphere system: these effects are particularly impor-
tant for climate studies in Antarctica, bearing in mind that this
polar region presents high reflectance conditions in the snow- and
ice-covered sea and land areas that efficiently contribute to
reflecting solar radiation towards space, thus enhancing the plan-
etary albedo.
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