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ABSTRACT
Two intensive campaigns were carried out by the Atmospheric Optics Group of Valladolid University (GOA-UVA)
during summer 2002 and 2003 at ALOMAR station (Andgya island, Norway, 69°16'N, 16°00'E), allowing an aerosol
characterization and classification in this coastal Arctic region during the summer. Aerosol measurements were per-
formed with a Cimel sun photometer at the four nominal aerosol wavelengths 440 nm, 670 nm, 870 nm and 1020 nm.
Spectral measurements in the range 3001100 nm with a field spectroradiometer Licor-1800 were also performed during
2003, allowing a comparison with Cimel data. The agreement between both instruments is inside the current error for
field aerosol optical depth retrieval, namely, 0.02. Although aerosol optical depth (AOD) at the nominal wavelength of
440 nm has an average value below 0.12, values range from 0.04 to 0.36. Derived Angstrﬁm alpha coefficient gives an
average value about 1.6 (STD 0.2), meaning predominance of fine particles. These values do not fit the typical maritime
aerosol characteristics. Continental and long-range transport air masses seem to influence this area, giving rise to mixed
aerosols. Back trajectory analysis shows the predominance of Atlantic air masses with low AOD, while continental air

masses show in general larger aerosol loading.

1. Introduction

Aecrosols play a major role in radiative transfer processes in
the atmosphere and radiative forcing is a key effect in cli-
mate change. Therefore, strong efforts are held for global
aerosol monitoring and characterization. For this purpose, world-
wide photometers networks have been developed (Holben et
al., 1998; Werhli, 2000; Bokoye et al., 2001), and many in-
tensive measurement campaigns have been performed: ACE-
ASIA (http://www.ogp.noaa.gov/ace-asia), ACE II (Raes et
al., 2000), INDOEX (http://www-indoex.ucsd.edu), SAFARI
(http://www.wits.ac.za/fac/engineering/-civil/Safari/), and many
others. Continuous measurements at specific sites permit aerosol
properties characterization and hence the possibility to es-
tablish an aerosol climatology (D’Almeida et al., 1991; Hol-
ben et al., 2001). The AERONET (Aerosol Robotic Net-
work, http://aeronet.gsfc.nasa.gov) and the PHOTONS (Pho-
tometrie pour le Traitement Operationnel de Normalisation
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Satellitaire, http://www-loa.univ-lillel.fr/photons) projects are
excellent examples of the necessary initiatives for studying
aerosol characterization in a global scale. They have achieved
a great coverage in Europe, America and certain regions of
Asia and Africa, covering today practically all parts of the
world. However, long-term aerosol data in the Arctic and
Antarctic regions are still scarce, and very few sites belong-
ing to established networks are above 60° latitude, which
are precisely regions with high risk related with the climate
change.

An overview of the history about Arctic aerosol studies can
be seen in Barrie (1986) and Shaw (1995). More recent stud-
ies, mainly based in optical properties measurements, have been
carried out by many authors, by means of ground-based mea-
surements (Radionov et al., 1995; Polissar et al., 1999; Bigg
and Leck, 2001; Bokoye et al., 2002; Herber et al., 2002;
Quinn et al., 2002; Treffeisen et al., 2004), airborne campaigns
(Pacyna and Ottar, 1988; Heintzenberg et al., 1991; Nagel et al.,
1998; Yamanouchi et al., 2005) and satellite (Herber et al., 1993;
Thomason et al., 2003). Routine aerosol measurements are per-
formed in key sites, for example, Alaska (Bodhaine and Dutton,
1993; Polissar et al., 1999) and Svalbard (Herber et al.,
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2002; Yamanouchi et al., 2005). On 2003 April, a Cimel sun
photometer of the AERONET network was deployed at
Longyearbyen, Svalbard, for long-term aerosol monitoring, but
it has recently been moved to Hornsund (there are no published
data from these sites).

The radiative influence due to Arctic aerosols (Rinke et al.,
2004; Treffeisen et al., 2005) is difficult to estimate because of
specific reasons such as high surface albedo, long path of solar
radiation through the atmosphere and inhomogeneous aerosol
distribution. High aerosol concentration during spring (Arctic
haze) dominates the seasonal pattern of aerosols in Arctic regions
(Shaw, 1982; 1995). Arctic haze is the result of long transport
from mid-latitude sources in Russia, Europe and North America
(Herber et al., 2002; Heintzenberg et al., 2003).

The aim of this work is to provide an initial characterization
of aerosols in the north coast of Norway, as a first step towards
the development of an aerosol local climatology in this Arctic
region. In this context, two intensive campaigns were carried
out by the Atmospheric Optics Group of Valladolid University
(GOA-UVA) during summer 2002 and 2003 at ALOMAR station
(Andenes, Norway).

Remote sensing instruments for aerosol measurements were
deployed at the station, together with the ALOMAR instru-
ments operating routinely. This configuration permitted the de-
termination and comparison of column aerosol optical properties
and water vapour content with different methods. In this work
aerosol optical depth (AOD) spectral measurements and the de-
rived Angstrom coefficient are analysed and linked with air mass
back trajectories for a general characterization.

2. Site description, instrumentation
and measurements

2.1. Site description

The ALOMAR (Arctic Lidar Observatory for Middle Atmo-
sphere Research) station is located in Andgya island close to
Andenes town (69°16'N, 16°00'E, elev. 380 m), on the Atlantic
coast of Norway about 300 km north of the Arctic Circle. The
facility is managed by the Andgya Rocket Range. From the end
of May to the end of July the sun is 24 hr above the horizon, with
amaximum elevation during the solstice of 42° at noon and 2° at
midnight. The climate is strongly influenced by the Gulf Stream,
which provides mild temperatures during the entire year, with
average temperature of —2°C in January and 11°C in July. The
terrace at the Observatory provides excellent 360° free horizon,
suitable for 24 hr continuous direct sun measurements during
midnight sun period. During the campaigns warm temperatures
up to 20°C were registered, as well as snow showers in late May.

2.2. Instrumentation and measurements

The GOA-UVA instruments deployed at ALOMAR were a
Cimel sun photometer during both campaigns and a Licor-1800
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field spectroradiometer during the 2003 campaign. The Cimel
Electronique CE-318 sun photometer (Cimel-Electronique,
2004) is the standard instrument of AERONET network. It is
an automatic sun and sky radiometer, with spectral interference
filters (10 nm FWHM) centred in selected wavelengths: 440,
670, 870 and 1020 nm for aerosol measurements. Direct sun
measurements are performed at these wavelengths to determine
aerosol optical depth and another channel at 940 nm is used
for water vapour content retrieval. Three direct sun measure-
ments are performed at each time (triplet) in order to reject cloud
contamination. Sky radiance measurements are acquired at the
aerosol wavelengths in the solar almucantar and principal plane.
Cimel sun photometers were calibrated by intercomparison with
an AERONET master instrument. For more details about this
instrument see Holben et al. (1998). Inversion algorithms can be
then applied to the sky and sun measurements to retrieve aerosol
size distribution, single scattering albedo, phase function and
refractive index (Dubovik and King, 2000).

Licor-1800 is a commercial field spectroradiometer that cov-
ers a spectral range of 300-1100 nm with variable wavelength
sampling. Our measurements were sampled at each 1 nm. The
monochromator has a holographic grating of 800 grooves/mm
and the detector is a silicon photodiode. The nominal spectral
resolution checked in our laboratory is 6.2 + 0.3 nm FWHM
(nominal 6 nm). A filter wheel with seven attenuation filters
reduces stray light and an opaque target provides dark-signal
before and after each irradiance scan. A 2.3° field of view was
delimited for direct sun measurements with a collimator system
coupled to the Licor cosine receptor. Sun tracking was carried out
with an automatic robot completely developed by GOA. Calibra-
tion, maintenance and errors associated with the measurements
of Licor have been extensively explained elsewhere (Cachorro
et al., 2001, 2004; Vergaz et al., 2005).

In summer 2002 Cimel number #243 was deployed, whereas
in summer 2003 another sun photometer, number #421, was de-
ployed. The Cimel automatic sequence was followed during the
2002 campaign, thus measurements at air masses below 7 were
performed between 2002 May 25 and July 26. This sequence
includes direct sun measurements at selected air masses from
7 to 2 and each 15 min when air mass is below 2. Almucantar
and principal plane sky radiance measurements are performed
each hour. For the 2003 campaign an enhanced measurement
schedule was implemented for 24 hr direct sun measurements
reaching air masses near 17 (87° solar zenith angle) at midnight;
thus the Cimel has proved to have a wide dynamic range. Licor is
amanual field spectroradiometer, so measurements were carried
out during 14 hr per day in cloud-free conditions.

Cimel #421 and Licor operated together from 2003 June 1
until July 31, and Cimel #421 continued in operation until 2003
September 15. The data were calibrated and processed accord-
ing to AERONET protocols. Cimel #243 was calibrated in GSFC
Facility, NASA (Washington) and Cimel #421 was calibrated in
LOA Facilities (Lille-Carpentras, France). All the Cimel data
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Fig. 1. Number of measurements performed each day in (a) the 2002
campaign and (b) the 2003 campaign with Cimel sun photometer.

are included in the AERONET network in the site ‘Andenes’,
with level 2.0 for the 2002 campaign and level 1.5 for the 2003
campaign. Sky radiance data for the 2003 campaign present
some calibration problems that must be solved before using these
data.

Weather conditions at ALOMAR permitted 50% of days with
measurements (three or more cloud-free observations), during
both 2002 and 2003. The number of Cimel measurements per-
formed every day for the 2002 and 2003 campaigns is sum-
marized in Fig. 1, where only cloud-free observations are con-
sidered. With the 2002 schedule up to 40 measurements were
possible each day and the total number of observations was 373.
With the enhanced schedule in 2003, up to 85 measurements
were scheduled each day for continuous AOD monitoring, and
1393 observations were performed.

Routine measurements are performed at ALOMAR Observa-
tory with a Brewer MK-II spectroradiometer. The Brewer (num-
ber #104) provides total ozone content during the day. The daily
average of this ozone content provided by the Brewer was used
for spectral AOD retrieval in the 2003 campaign. Ozone content
oscillated between 264 and 388 DU. However, differences in
Cimel AOD (670 nm channel) between the AERONET process-
ing (with ozone climatological values) and our own processing
(using the Brewer measured ozone values), were below 0.008,
thus inside the nominal error for field measurements.

3. Theoretical background and methodology

Aerosol parameters are retrieved from direct solar irradiance
measurements at ground level. Total optical thickness of the at-
mosphere (7) is obtained from the absolute direct solar irradiance

(or signal in mA, digital counts, etc.) measured at ground level,
F (L), using the Beer-Lambert law:

F() = Fy(h) - €77,

where Fy(A) is the irradiance (or instrument signal) at the top
of the atmosphere, corrected by the earth—sun distance, and m
is the airmass factor evaluated with the formula by Kasten and
Young (1989).

Aerosol optical depth (AOD or 7,) is obtained from the total
optical depth after subtraction of the Rayleigh optical thickness
(Tr) contribution and the ozone optical thickness (7 o3) according
to

Ta =T — TR — 703

Ozone optical depth contribution and Rayleigh scattering (cor-
rected with pressure at the site level provided by the ALOMAR
weather station), were taken into account according to Cachorro
et al. (2000).

Spectral AOD data allow the determination of the Angstrém
coefficient (Angstrﬁm, 1930, 1961). This parameter describes
the behaviour of the aerosol optical depth with wavelength,
which is related to the aerosol size, giving insight about pre-
dominance of the fine mode or the coarse mode of aerosols.
AOD spectral data are fitted according to the Angstrom formula:

() =g

With Cimel sun photometer, three channels are used: 440, 670
and 870 nm, thus alpha (440-870) is obtained. With Licor data all
wavelengths in the range 300—1100 are available, but only those
in non-absorbing windows in the range 370-870 nm are used for
alpha determination (Cachorro et al., 2000; Vergaz, 2001).

Direct sun measurements performed by Cimel were cloud
screened with the AERONET standard cloud-screening algo-
rithm (Smirnov et al., 2000). Licor measurements were manu-
ally performed following the Cimel schedule to facilitate cloud
screening. The presence of clouds was also daily registered by
the Licor operator for further confirmation.

Absolute error for AOD retrieval with the Cimel sun photome-
ter calibrated within AERONET protocols is 0.01-0.02 (Holben
etal., 1998; see also AERONET web page). For Licor the error is
also wavelength dependent, larger in UV and IR regions, and in
general is below 0.05 (Cachorro et al., 2000; Vergaz et al., 2005).
Errors in alpha coefficient strongly depend on AOD errors and
AOD absolute values, and in general they can be estimated in
the range 10-20%, but larger for low AOD’s.

4. Results and discussion

In tropical or mid-latitude sites, maritime aerosol properties
are relatively well characterized. In general, pure maritime
aerosol will be found in remote island locations, and presents
AOD < 0.15 at 500 nm and alpha < 1, (Smirnov et al., 2002,
2003). According to these authors, the AOD (440 nm) would be
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below 0.17, considering a typical maritime alpha value of 0.8,
although other authors establish alpha below 0.5 (Hess et al.,
1998; see ref. in Smirnov et al., 2002). Coastal regions may
present influences of different origin (desert, industrial, conti-
nental) depending on the site location, so local climatologies are
needed for a complete assessment of aerosol properties. A very
complete overview about maritime aerosols publications is pro-
vided in Smirnov et al. (2002), but few of them refer to North
Atlantic and none specifically to the Arctic Ocean. There is alack
of measurements in this Norwegian Arctic region and a specific
characterization is needed.

Local aerosol anthropogenic sources are almost absent in the
Arctic, and high turbidity is dominated by long transport from
source regions, which mainly occurs during late winter and
spring (Shaw, 1995). The Arctic haze formation is also related
to high stability of the winter Arctic troposphere. Lower AOD
values are observed in summer with respect to spring (Herber
et al., 2002; Treffeisen et al., 2004). In general, AOD peaks in
spring with values around 0.15-0.20 and higher during strong
haze episodes. During the summer and autumn, aerosol loading
decreases to background values, around 0.05 at 500 nm, sim-
ilar to Antarctic background AOD (Herber et al., 1996). High
colour ratio (ratio between AOD at two wavelengths, similar to
the Angstrom exponent) is associated with spectral AOD, indi-
cating predominance of fine particles.

About ground-level particles other authors report an increase
in the particle number concentration during summer (Strom et al.,
2003), which is suggested to be due to a higher biological activ-
ity. The study by Tunved et al. (2003) in various Scandinavian
sites, also reports higher values of particle number concentra-
tion during spring and summer seasons, with a maximum of
nucleation events during the spring months. These authors show
a predominance of fine particles in the aerosols present in the
Arctic regions.

In this study, a detailed analysis of summer AOD and al-
pha coefficient measured at ALOMAR Observatory (Andenes,
Norway) is carried out, giving their general features. Three spe-
cific episodes are also analysed to show in detail high, medium
and low turbidity events. We have preferred to present the
retrieved data for the 2002 and 2003 campaigns separately,
for a more detailed analysis of aerosol variability during each
campaign.

4.1. Aerosol optical depth and alpha features during the
2002 summer campaign

Statistical results for aerosol optical depth and Angstrom alpha
parameter during the 2002 summer campaign are summarized
in Table 1. The average AOD (440 nm) is 0.13 with standard
deviation (STD) of 0.06, which represents 50% of the aver-
age value. At 1020 nm channel the average AOD is 0.04 (STD
0.02), thus strong wavelength dependence is observed, as shown
by the high average alpha value: 1.6. This variability is con-
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Table 1. General statistics for the 2002 campaign at ALOMAR
N obs =373 AOD AOD AOD AOD Alpha
m<17 1020nm  870nm  670nm 440 nm
Average 0.04 0.04 0.06 0.13 1.6
STD 0.02 0.02 0.03 0.06 0.3
Max. 0.19 0.20 0.22 0.36 2.1
Min. 0.01 0.01 0.02 0.04 0.4
Median 0.03 0.04 0.06 0.11 1.7
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Fig. 2. AOD relative frequencies during the 2002 campaign.

sistent for all AOD channels according to the values given in
Table 1.

Further statistical information can be extracted from the anal-
ysis of the frequency distribution histograms. The frequency dis-
tribution for AOD data in 440 and 870 nm channels is shown in
Fig. 2. Most of AOD (440 nm) observations (80%) were below
0.17, thus indicating low turbidity, and data are within repre-
sentative values of maritime aerosol type. The frequency peak
for AOD (440 nm) is found at 0.11 and peaks for longer wave-
lengths are atlower values (see Fig.2). The 870 nm channel (also
670 nm and 1020 nm, not shown) presents a narrower frequency
distribution histogram compared to that of 440 nm.

The results for alpha parameter are also summarized in
Table 1. The average value is 1.6, with a relatively small standard
deviation (0.3 or 18%). The frequency distribution is presented
in Fig. 3, and shows a maximum around 1.7, close to the average
value. The most significant result is that 97.5% of the data give
alpha values above 1, that is, above the representative threshold
for maritime aerosol type according to Smirnov et al. (2003). Fur-
thermore, the lowest alpha values observed may be due to thin
cirrus clouds, because of the difficulty of the automatic cloud-
screening algorithm to detect them.

Finally, Fig. 4 shows the temporal evolution for AOD
(440 nm) and alpha during this 2002 campaign, giving a better
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illustration of aerosol variability. AOD (440 nm) values range
from 0.04 to 0.36. Two episodes with AOD as high as 0.3
take place on June 9 and July 11. These high turbidity events
also present high alpha values (about 1.7-2), which imply large
aerosol loading of fine particles.

4.2. Aerosol characteristics during summer
campaign 2003

For the 2003 summer campaign we have performed a similar
analysis. A general statistics is summarized in Table 2. Note that
data in 2003 range from June to middle September, that is, the
whole 2003 summer. Average AOD (440nm)is 0.11 (STD 0.04);
lower than the average for the 2002 campaign. The evolution of
AOD during summer 2003, presented in Fig. 5, is not as variable
as in summer 2002, and most of the days in July and August have
AOD (440 nm) below 0.1. Very few observations (less than 2%)
were above 0.2 for AOD (440 nm).

The AOD (440 nm) frequency distribution presented in Fig. 6
shows 48% of observations below 0.1 and 90% below 0.17. These
results agree with the reported summer low aerosol optical depths
in the Arctic (Herber et al., 2002), with an AOD decrease dur-
ing summer as can be observed in Fig. 5. Mean AOD in 2003
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Fig. 4. AOD and alpha during the 2002 campaign.

Table 2.  General statistics for the 2003 campaign at ALOMAR

N obs = 1393 AOD AOD AOD AOD Alpha
m<17 1020nm  870nm 670 nm 440 nm
Average 0.03 0.04 0.05 0.11 1.6
STD 0.01 0.01 0.02 0.04 0.2
Max. 0.08 0.09 0.13 0.26 2.0
Min. 0.02 0.02 0.02 0.05 0.6
Median 0.03 0.03 0.05 0.10 1.6
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Fig.5. AOD and alpha during the 2003 campaign.
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June was 0.14, indicating a moderate pollution level, probably
as a result of long transported aerosols across the Arctic, given
that back trajectories during June show mostly northerly flows,
covering a sector from NE to NW. A lower mean AOD (440 nm)
of 0.09 in July and 0.08 in August and September was obtained,
although two short episodes (associated with South advections)
on July 22 and July 31 registered high AOD.

Angstrom exponent in 2003 has an average of 1.6 (STD 0.18),
which is very similar to the average alpha during 2002, and with
a small variability, typically 11% of the average alpha. The evo-
lution of the Angstrdm exponent ( Fig. 5) shows values mainly
between 1.3 and 1.8. The frequency histogram in Fig. 7 shows
no significant observations below 1, and a narrow distribution
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between 1.3 and 1.9 with peak at alpha = 1.7. This is consistent
with results from 2002.

As mentioned, during this campaign simultaneous Cimel and
Licor measurements are available, and comparative results are
obtained in 2003 June and July. The comparison at the 440 nm
and 670 nm wavelengths show AOD absolute differences below
0.02 (0.03 for 870 nm), which is the AERONET error threshold
specified for field instruments. At 1020 nm the relative differ-
ences result near 100% because of low AOD values, but most
absolute differences are below 0.05. The average AOD (440 nm)
with Licor is 0.129 and that of Cimel for the same operation pe-
riod (June and July 2003) is 0.125. Averages AOD for the 670 nm
wavelength are 0.08 and 0.07 for Licor and Cimel, respectively.
Less agreement is obtained for infrared channels as mentioned
above. An example of Licor and Cimel data comparison for AOD
in 440 nm channel can be seen in Fig. 8. One advantage of Licor
data is that we have measurements at UV wavelengths, for exam-
ple, average AOD at 350 nm was 0.17. These data may be used as
reference values for comparison when Brewer AOD data in the
UV are available (Groebner et al., 2001; Groebner and Meleti,
2003).

The scatter plot of AOD versus alpha is a common tool for
aerosol measurements analysis and Fig. 9 reflects clearly that
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Fig. 8. AOD and alpha for 2003 June 29 to July 1, at ALOMAR.
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for all AOD range, alpha values greater than 1 are observed. A
first look of this plot seems to indicate continental aerosol type,
except for the low measured AOD. The region with AOD greater
than 0.17 and high alphas usually means continental or polluted-
continental aerosol type (Holben et al., 2001). The region with
AOD below 0.17 and alphas greater than 1 is discussed below.

Although AOD retrievals during both campaigns are in good
agreement with AOD reported by Herber et al. (2002), alpha pa-
rameter presented by these authors at Svalbard is much smaller
(mean value 0.8 in summer and 1.0 in spring). One possible ex-
planation is the large uncertainties in alphas associated with low
optical depths and the different spectral range considered. The
alphas reported by the AERONET Cimel operating at Longyear-
byen (Svalbard), that are directly comparable with our data,
present mean value of 1.5 (STD 0.4), which is in good agree-
ment with our results at Andgya. At Longyearbyen, the AOD
(440 nm) mean value was 0.18 in June, 0.09 in July and 0.06 in
August and September 2003; thus strong correlation was found
between both Arctic sites, also in agreement with the expected
low AOD values in summer and autumn. The mentioned high
turbidity episode in 2003 June was also recorded at Longyear-
byen, since the turbid air mass arriving at Andgya from NE was
also over passing Svalbard.

The above results of AOD and alpha parameters from the 2002
and 2003 campaigns clearly show that the analysed aerosols are
not within the cited reference values for maritime aerosol type.
Although AOD values are inside the maritime coastal aerosol
range (low turbidity in general), the alpha values are far from
it (98.7% of data above alpha = 1). These alpha results indi-
cate fine particles predominance in the aerosol size distribution,
according to the criterion for columnar volume size distribu-
tions given by Dubovik et al. (2002). These fine particles in
moderate—high turbidity events are expectable, both for conti-
nental or long-range transported anthropogenic aerosols. How-
ever, the presence of fine particles is difficult to explain for
low turbidity (mainly maritime) conditions. Recent publications
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Table 3.  AOD, alpha and water vapour statistics for the sectors in the back trajectory analysis

Sector Frequency AOD AOD Alpha Water (cm) Frequency
Occurr. 870 nm 440 nm AOD (440) < 0.1

SW-NW 45-50% 0.032 0.091 1.54 1.00 71%

N-NE 15-20% 0.039 0.114 1.58 0.89 30%

E-S 30-35% 0.038 0.119 1.67 1.45 32%

suggest that these fine particles might be due to bubble bursting
of small insoluble organic particles from the surface microlayer
of the ocean (Leck and Bigg, 2005a,b). The predominance of
Atlantic air masses (as described later)—and sea salt deposition
on instruments—indicates a maritime character of background
aerosol in this coastal site, supporting the earlier hypothesis about
the maritime origin of the fine particles. However, we cannot
discard an important influence of continental aerosols over this
coastal area, giving rise to mixed aerosol type.

4.3. Back trajectory analysis

Back trajectory analysis has been performed for Cimel data for
both data sets (2002 and 2003 campaigns). Trajectories were on-
line calculated with HY SPLIT model (Draxler and Rolph, 2003;
Rolph,2003), considering 5 d (120 hr) back from 12 GMT at each
day, at three different levels (500, 1500 and 3000 m amsl) and
using the model vertical velocity. HY SPLIT 5 d back trajectories
were classified according to air mass origin in three types: SW—
NW, N-NE and E-S. These sectors are related to typical synoptic
situations in the site. Air masses from southwest to northwest
arrive before and after low-pressure systems from the Atlantic,
and in principle they can be labelled as maritime. Air masses
from north to northeast are also maritime but with strong Arctic
character because they are very cold and dry. The last type (east
to south) includes warm air masses arriving at the site when high-
pressure systems are situated over north Scandinavia or Russia.
Note that only days with solar measurements are considered in
this study, which means days with few clouds or cloudless days.

This air masses classification is related with the aerosol type
and loading. Air masses from E-S (30-35% frequency) have
in general larger aerosol loading, with 68% of observations
above 0.1 in 440 nm (Table 3). High AOD episodes may oc-
cur with transport from central Europe, as the case analysed in
Section 4.4.1. The Angstrom coefficient is also above the av-
erage 1.6, thus fine particles transport or continental aerosols
may be associated with these air masses. Cimel provides water
vapour content in the atmospheric column (Bruegge et al., 1992;
Holben et al., 1998), and these data have been used for air mass
discrimination. Mean water vapour content was 1.45 cm (STD
0.52 cm). Water vapour content in this group (east to south) is
20-30% higher than the average value, and the highest water
contents during both campaigns were associated with these air
masses.

Air masses from SW-NW (45-50% occurrence) are usually
cloudy and rainy. Most of days without measurements are asso-
ciated with Atlantic air masses. Aerosol AOD-alpha parameters
and water vapour features in these air masses (see Table 3) are
very close to the average values, as this is the dominant situa-
tion. They have in average low AOD with 71% of measurements
below 0.1 (440 nm), and the cleanest days, when background
AOD is registered, are associated with them.

Air masses from N-NE (15-20% frequency) are cold and not
as clean as expected, since long transport episodes of polluted
aerosols from north Russia seem to be associated with these air
masses. Aerosol loading is in average similar to the Atlantic mar-
itime air masses, but water vapour is significantly lower, about
35% with an average below 1 cm. North—northeast air masses
(Table 3) also present alpha slightly below the average. AOD
(440 nm) is always below 0.2 in this group. However, almost
70% observations are above 0.1, which suggests the contribu-
tion of long transport across the Arctic Ocean.

According to the back trajectories analysis, air masses of mar-
itime character are predominant, with AOD (440 nm) below 0.1
and alpha in the range 1.3—1.8, which are not representative of
maritime aerosols. To explain these unexpected values, further
studies seem to be necessary, although the results given by Leck
and Bigg (2005a; 2005b) are a new insight. Mixed maritime
air masses may reach AOD (440 nm) up to 0.2 but with asso-
ciated Angstrém exponent below 1.7. Continental and polluted
aerosols present AOD above 0.1 and alpha above 1.6, and they
are mainly associated with air masses arriving at Andenes from
Russia and central Europe, that is, transported from mid-latitude
regions.

4.4. Detailed analysis of selected episodes

4.4.1. High turbidity episode in July 2002. The highest tur-
bidity measured at Andenes in both campaigns was registered
on 2002 July 11. Cimel observations in the four channels and
Angstrom exponent are shown in Fig. 10. The average value for
AOD (440 nm) was 0.28 (STD 0.04). Average value for of alpha
was 1.93, which means that mainly fine particles were responsi-
ble for the strong attenuation. Other days also present such high
alpha values, but in those days AOD was medium—low. It was
an exceptional situation, produced by an air mass arriving at the
site from south Europe and may be considered as an Arctic haze
episode in summer.
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Fig. 10. AOD and alpha for 2002 July 11 and 12, at ALOMAR.

The sky was visually very bright and some cirrus clouds were
also present during this meteorological situation. Visibility was
highly reduced since the Senja island located 40 km far from the
station was not visible. Moreover the backscatter signal from all
the ALOMAR Lidar systems was reduced to one-third of current
values. Although the earlier observations are mostly qualitative,
the conditions during the episode were clearly singular.

During this episode, in order to eliminate cirrus cloud contam-
ination in AOD data, a detailed analysis of ALOMAR Ozone
Lidar profiles was performed. Homogeneous and thin cirrus
clouds were detected from 8:00 to 10:00 GMT on 11 July. The
cloud presence is also detected by the AOD and alpha parameter.
A decrease from 2 to 1.6 in alpha is detected from 7:00 to 9:00,
with an increase of about 0.03—0.04 in AOD at all wavelengths.
Note that direct sun Cimel observations point at as elevation of
35° and Lider observations point at the zenith, so a time delay
in clouds presence is expectable from both data.

Low pressure over the Atlantic and high pressure over Scan-
dinavia produced southerly winds in the study area and warm
sunny weather (18°C). The HYSPLIT back trajectory analysis
shows an air mass going through all Europe from south to north,
in all the three levels (550, 1500 and 3000 m amsl), as shown in
Fig. 11.

Water vapour retrieval on July 11 presented the highest values
during the 2002 campaign, with an average of 2.8 cm. A warm
front arrived on July 12, which explains the cirrus presence and
increasing relative humidity, and the AOD decreased to 0.18 (440
nm), that is, less aerosol loading, but alpha remains around the
same values, so it was the same type of aerosol. Afterwards, the
measurements stopped because of rain showers and fog.

A criterion was defined to evaluate turbid episodes for the two
campaigns. According to Herber et al. (2002), the mean AOD
value + 2 STD was defined as a threshold. The frequency of
high turbidity events during summer 2002 and 2003 was 3.6%,
mostly registered in June and July, close to the reported 4% by
Herber et al. (2002) for the period 1991-1999, but less frequent
than the 10% of turbid events reported by Heintzenberg et al.
(1991).

4.4.2. 3 d of continuous measurements in 2003 July. It is not
frequent to find three consecutive clear sky days at Andgya. The
sun was 24 hr per day above the horizon and continuous direct
sun measurements were possible for almost 72 hr. These weather
conditions were produced by a high-pressure system over north
Scandinavia. The air mass remained over the same area for some
days, and the back trajectory shows a clockwise pattern arriving
at ALOMAR station from the East (Fig. 12).
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Fig. 11. 5 d back trajectory ending at ALOMAR on 2002 July 11, at 12
GMT.
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Alpha

Cimel and Licor (the latter only in 440 nm) measurements
in this episode are shown in Fig. 8. The aerosol optical depth
presents medium values, with an average AOD (440 nm) of 0.12,
0.16 and 0.13 on June 29, 30 and July 1, respectively. The AOD
was over the average 0.11 (440 nm) of the campaign data. Alpha
average for the 3 d was 1.75, also above the average alpha for the
campaign (1.6). Although alpha is not very stable, no significant
changes during the episode were registered. In this episode a
continental air mass and dry weather over the site provided these
AOD and alpha retrievals higher than the mean values in summer
2003.

4.4.3. Low turbidity episode: summer background conditions.
These 3 d constitute a very clean atmosphere episode in the site.
Aerosol loading is very close to the lowest values observed dur-
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Fig. 14. 5 d back trajectory ending at ALOMAR on 2003 July 18, at 12
GMT.

ing the campaigns (0.05 in 440 nm), thus very close to back-
ground aerosol. Data for this episode are presented in Fig. 13.
Because of the fog during the ‘night’ hours, no continuous mea-
surements were possible in this episode.

The AOD (440 nm) daily averages are 0.06, 0.07 and 0.06,
respectively. In 1020 nm channel daily averages are about 0.02
for the 3 d. These are typical summer background values, in
agreement with the 0.058 at 532 nm reported in the cited work
by Herber et al. (2002).

These AOD retrievals are similar to the absolute error in AOD
(~0.01-0.02) estimated for the Cimel sun photometer. It means
that relative uncertainty is close to 100%, which affects alpha
retrievals. As it can be observed in Fig. 13, alpha is not very
stable, because errors in alpha depend on the inverse of AOD
(Toledano, 2005). However, daily averages for alpha are 1.7, 1.7
and 1.5, very close to the average alpha for the whole campaign.
Water vapour content (0.80 cm) was low compared to the whole
data series.

In this episode, sunny weather was assured by a high-pressure
system centred south of the site. Back trajectory analysis in
Fig. 14 shows an air mass arriving from the west, which is rep-
resentative of the Atlantic air masses that are predominant in the
site.

5. Conclusions

Aerosol measurements were performed at ALOMAR observa-
tory during summer 2002 and 2003, allowing a first characteriza-
tion by means of AOD and alpha parameters. Maritime aerosol
characteristics were expected, mainly when Atlantic air masses
are prevailing in this coastal site. Nevertheless under all turbidity
conditions, both for low and high AOD values, the alpha param-
eter shows high values, above 1, indicating predominance of fine
particles, not representative in principle of maritime aerosol type.
These values for low turbidity conditions are not easy to explain,
and further studies are necessary to confirm the origin of these
fine particles. Some recent works propose these particles to have
a biogenic origin. Moreover, the influence of these particles over
columnar aerosol properties must be further investigated.

Back trajectory analysis revealed a close relation between At-
lantic air masses and the predominant aerosol properties. Air
masses arriving at the site from the south to the east are related
to higher aerosol loading, with advection of continental fine par-
ticles. Air masses from N to NE are related to long transport of
aerosols from source regions in north Russia.
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