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ABSTRACT
Atmospheric aerosols play an important role in global climate change, directly through radiative forcing and indirectly
through their effect on cloud properties. Numerous measurements have been performed in the last three decades in
order to characterize polar aerosols. Information about aerosol characteristics is needed to calculate induced changes in
the Earth’s heat balance. However, this forcing is highly variable in space and time. Accurate quantification of forcing
by aerosols will require combined efforts, assimilating information from different sources such as satellite, aircraft and
surface-based observations. Adding to the complexity of the problem is that the measurements themselves are often
not directly comparable as they vary in spatial/temporal resolution and in the basic properties of the aerosol that they
measure. Therefore it is desirable to close the gap between the differences in temporal and spatial resolution and coverage
among the observational approaches. In order to keep the entire information content and to treat aerosol variability in
a consistent and manageable way an approach has to be achieved which enables one to combine these data. This study
presents one possibility for linking together a complex Arctic aerosol data set in terms of parameters, timescale and place
of measurement as well as meteorological parameters. A cluster analysis was applied as a pattern recognition technique.
The data set is classified in clusters and expressed in terms of mean statistical values, which represent the entire database
and its variation. For this study, different time-series of microphysical, optical and chemical aerosol parameters as
well as meteorological parameters were analysed. The database was obtained during an extensive aerosol measurement
campaign, the ASTAR 2000 (Arctic Study of Tropospheric Aerosol and Radiation) field campaign, with coordinated
simultaneous ground-based and airborne measurements in the vicinity of Spitsbergen (Svalbard). Furthermore, long-
term measurements at two ground-based sites situated at different altitudes were incorporated into the analysis. The
approach presented in this study allows the necessary linking of routine long-term measurements with short-term
extensive observations. It also involves integration of intermittent vertical aerosol profile measurements. This is useful
for many applications, especially in climate research where the required data coverage is large.

1. Introduction

The effects of aerosols on atmospheric radiation remain a major
uncertainty in our understanding of past and present climates and
in predicting the future climate. Directly, the particles influence
the atmosphere by scattering and absorbing solar and terrestrial
radiation. This may lead to heating or cooling depending on the
aerosol properties, the surface albedo and the cloud cover (IPCC,
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2001). Indirectly, aerosols affect the radiation and water budgets
of the atmosphere (e.g. Blanchet, 1989; Hegg et al., 1996). Based
on current knowledge, it is expected that a major impact of an
increase in anthropogenic greenhouse gases will be a warming of
the polar regions (IPCC, 2001). So far it is not completely clear
what the impact of Arctic aerosols will be on the climate. Over
the past three decades studies of the characteristics of Arctic
aerosols have demonstrated an increasing interest in this field.

The direct radiative effect of high Arctic aerosol loadings
(Arctic haze) has been investigated by numerous 1-D radia-
tive transfer model studies (e.g. Emery et al., 1992; Shaw et al.,
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1993). All these studies showed a gain of solar radiation by ab-
sorption in the atmosphere of 2–20 W m−2 (as a daily mean
value) and were associated with an atmospheric heating rate of
0.1–1.8 K d−1. Furthermore the short-wave solar net flux at the
surface was reduced by 0.2–6 W m−2, which resulted in surface
cooling. The calculated magnitudes were strongly dependent on
the assumed optical aerosol properties (determined by the con-
centration, chemical composition, size number distribution and
atmospheric humidity) as well as on the solar zenith angle and
surface albedo. However, the evaluation of the direct and indi-
rect climatic effect of Arctic aerosols requires the use of complex
3-D climate models. Investigations with global climate models
(e.g. Blanchet, 1989) have indicated a regionally strong varying
surface warming in the range of 1–2 K in the high Arctic.

Since Arctic haze was discovered and described in the 1950s
to the 1980s a major scientific effort has been undertaken to in-
crease our knowledge about Arctic aerosols. An overview of the
history and early studies on Arctic haze can be found in Shaw
(1995) and Barrie (1986). Chemical properties of Arctic aerosols
have been measured in several locations ranging from Alaska
to the Greenland region, the European Arctic and the Central
Arctic Ocean (see e.g. Heintzenberg, 1981; Barrie and Barrie,
1990; Hopfer et al., 1994; Leck et al., 2001; Ricard et al., 2002,
and references therein). Numerous investigations have been un-
dertaken to understand the sources, occurrence and pathways
of Arctic aerosols (e.g. Heidam, 1984; Harris and Kahl, 1994;
Norman et al., 1999; MacDonald et al., 2000 and references
therein). Some long-term records of Arctic aerosol properties
are available (e.g. Bodhaine and Dutton, 1993; Polissar et al.,
1999; Herber et al., 2002; Quinn et al., 2002).

Information on the vertical structure of Arctic aerosols is based
on aircraft measurements. For a month each spring during 1983,
1986, 1989 and 1991, an aircraft was operated in the Arctic cov-
ering the region from Alaska to Norway to study Arctic haze,
air chemistry and solar radiation issues (e.g. Clarke et al., 1984;
Raatz and Schnell, 1984; Radke et al., 1984; Dutton et al., 1989;
Parungo et al., 1990). Three German–Russian measuring cam-
paigns during the spring and summer of 1994 and spring of 1995
provided an opportunity to investigate the pollution of the Arctic
atmosphere (e.g. Leiterer et al., 1997). Arctic haze was analysed
in different areas such as the Atlantic, Norwegian, Canadian and
Russian Arctic. Horizontal and vertical variations of O3, SO2,
peroxyacetyl nitrate (PAN), HNO3, nitrate, sulfate and ammo-
nium concentrations were also determined by aircraft observa-
tions (e.g. Pueschel and Kinne, 1995; Dreiling and Jaenicke,
1995; Dreiling and Friedrich, 1997; Khattatov et al., 1997; Kras-
nova et al., 1997; Skouratov, 1997; Jaeschke et al., 1999). Fur-
thermore, airborne observations took place during a ferry flight
from Germany to Spitsbergen and during the course of an exper-
iment in June and July 1984 (Heintzenberg et al., 1991).

The examples above show the immense effort given to inves-
tigation of Arctic aerosols. Despite this effort, the understanding
on how various anthropogenic and natural aerosols are trans-

ported from their sources to the Arctic troposphere and how
this is influencing Arctic chemistry and climate is still far from
complete. Moreover, knowledge of the microphysical, optical
and chemical properties of Arctic aerosols and their variation
is crucial for evaluating their effect on the radiative budget of
the atmosphere. For climate assessment, measurements of Arc-
tic aerosols are still neither particularly extensive nor optimally
distributed in space and /or time. In an attempt to overcome this
problem we have used a statistical method (hierarchical cluster
analysis) in order to link together extensive short-term measure-
ments with long-term observations. The goal of this paper is to
provide future estimates for aerosol model input parameters cov-
ering time periods where aerosol measurements are limited to a
routine long-term aerosol monitoring.

2. Database

The data set studied is composed of different physical and chem-
ical aerosol parameters obtained in the Svalbard area for dif-
ferent time intervals as well as different places and is sum-
marized in Table 1. The hierarchical cluster analysis (HCA)
for all ground-based systems was performed for a daily arith-
metic mean even though the timescale variability of aerosols
can be much smaller. Arithmetic mean values were chosen be-
cause they present a stronger signal than daily median values
and therefore they are better suited to this type of analysis. The
focus of this paper was not to investigate short-term aerosol
variations. The most important points for the chosen daily basis
are the time interval of the long-term integrated aerosol opti-
cal depth measurements as well as the ground-based chemical
components which are only available on a daily basis due to
the long sampling time. Another point is our intention to com-
bine the extensive ground-based observations with airborne mea-
surements, which are only performed for selected days. It is as-
sumed that they represent the vertical aerosol characteristics of
a day under consideration. This aspect is important because in
the future aerosol model input parameters for a regional climate
model, HIRHAM, will be derived on the basis of the obtained
results (e.g. Dethloff et al., 1996, 2002; Rinke et al., 2000; Dorn
et al., 2003). Among other things the required aerosol model
input parameters of HIRHAM have to be provided as vertical
information.

The study presented here takes advantage of a large aerosol
data set from the Svalbard area. The long-term aerosol varia-
tion was analysed on the basis of two different time-series (see
Table 1 for details). First, an 11-yr observation record of inte-
grated aerosol optical depth (AOD) from 1991 to 2001 from a
sun photometer (polar day) and a star photometer (polar night) at
Ny-Ålesund (78◦55′N, 11◦53′E) and second, the 3-yr data record
of the scattering coefficient from Zeppelin Mountain (78◦54′N,
11◦53′E). The AOD measurements are described in detail in
Herber et al. (2002) and were provided as daily mean val-
ues. The scattering coefficients were averaged to daily mean
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Table 1. Measurement site, instrumentation, data availability and parameters used for the performed cluster analysis

Site Geo-location Height Instrumentation for Data availability Time interval Parameters included in
Lat. Long. (m a.s.l.) statistical analysis investigated cluster analysis

Koldewey 78◦55′N 11◦53′E 11 Star/sun photometer 1991–2001 Daily mean AOD at 533 and 1028 nm,
Meteorol. parameters 1991–2001 Arithmetic value colour ratio:
Trajectoriesa 1991–2001 AOD(533/1028 nm)

global radiation, pressure,
temp., RH, wind velocity,
trajectory start sector,
trajectory sector with
max. residence time

Rabben 78◦55′N 11◦53′E 11 2-stage impactor 19 Mar–22 Apr 2000 Daily mean PNC, scattering
IN 15 Mar–21 Apr 2000 Arithmetic value coeff. (450, 500, 700 nm),
OPC 15 Mar–21 Apr 2000 ratio of 450/700 nm,
Meteorol. parameters 15 Mar–21 Apr 2000 global radiation,
Trajectoriesa 15 Mar–21 Apr 2000 pressure, temp.,

RH, wind velocity,
trajectory start sector,
trajectory sector with
max. residence time,
chem. componentsb

Zeppelin 78◦54′N 11◦53′E 475 IN May 1999–May 2002 Daily mean Parameter lognormal
Mountain DMPS 15 Mar–21 Apr 2000 Arithmetic value distribution, PNC,

Meteorol. parameters May 1999–May 2002 scattering coeff.
Trajectoriesa May 1999–May 2002 (450, 500, 700 nm),

ratio of 450/700 nm,
global radiation, pressure,
temp., RH, wind velocity,
trajectory start sector,
trajectory sector with
max. residence time

Aircraft See Table 3 for details Sun photometer Different days Averaged to the Extinction coeff.,
IN between 15 Mar and height levels of absorption coeff.,
PSAP 30 Apr 2000 extinction scattering coeff., PNC,
OPC (see Table 2) measurements of RH, trajectory start
Trajectoriesc each flight sector, trajectory sector

with max. residence
time, height

Abbreviations: IN, integrating nephelometer; OPC, optical particle counter; DMPS, differential mobility particle sizer; PSAP, particle
soot/absorption photometer; RH, relative humidity; PNC, particle number concentration.
a96 h backward trajectories were calculated for different height levels (1500, 3000 and 5000 m) at each day at 12:00 UT. Five sectors were used for
classifying the trajectories. Sector 1: −15◦ to 45◦ (represents air masses coming from Europe); sector 2: 45◦ to 150◦ (represents air masses coming
from Siberia); sector 3: 150◦ to −135◦ (represents air masses coming over the North Pole); sector 4: −135◦ to −60◦ (represents air masses from
Canada); sector 5: −60◦ to −15◦ (represents air masses from Greenland. Prior to the HCA each trajectory was grouped twice according to its
starting sector and its sector of longest residence time. These two variables were incorporated into the HCA to represent the air mass history.
bChemical species used for HCA4: Al, Mn, Fe, Na, Mg, K, Na/Mg, Ti, S, Ni, Co, Cu, Zn, Cd, Pb; sampling duration between 1 and 3 d.
c96 h backward trajectories were calculated for the middle of the corresponding extinction height level.

arithmetic values prior to the cluster analysis. The annual cycle
of AOD is shown in Fig. 1a with typical maxima in March, April
and May and minima during the winter, which reflects the fact
that the Arctic is perturbed by anthropogenic aerosol sources, es-
pecially in late winter and spring. Taking into account the quite

large error bars representing the internal monthly variation, this
behaviour is also seen in the monthly mean values of the scat-
tering coefficient (Fig. 1c). Figures 1b and 1d denote differences
which might be assigned to a change in the aerosol characteristics
(Ström et al., 2003).

Tellus 56B (2004), 5



460 R. TREFFEISEN ET AL.

Fig 1. Monthly mean variation of the
long-term database of the sun photometer
measurements at Koldewey and the
integrating nephelometer measurements at
Zeppelin Mountain (error bars represent the
monthly variation). For details on the
database see Tables 1 and 2. (a) Monthly
mean AOD from Koldewey. (b) AOD
monthly mean colour ratio 533 nm/1028 nm.
(c) Monthly mean scattering coefficient at
550 nm from Zeppelin Mountain. (d)
Monthly mean colour ratio of the scattering
coefficient (459 nm/700 nm).

Furthermore, different short-term data sets were analysed,
which were recorded by the Arctic Study of Tropospheric
Aerosol and Radiation (ASTAR) 2000 campaign. This cam-
paign provided extensive vertical measurements of microphysi-
cal, optical and chemical aerosol properties around the Svalbard
area and simultaneously conducted aerosol measurements at two
ground-based locations situated at different altitudes. The cam-
paign was conducted from 12 March to 25 April 2000 in the
vicinity of Svalbard. An overview of all the observation systems
and the corresponding references is given in Table 2. Figure 2
presents example results for some ground-based measurements
and demonstrates the variation of the available ground-based
data sets. It shows daily mean values of the scattering coeffi-
cient at two different heights, the particle number concentration
and a bar plot of one chosen chemical component. High con-
centrations of lead were found on two days (23 and 24 March
2000). However, in the time-series depicted below it can be seen
that increased values of particle number concentrations occurred
during two other periods as well.

Table 3 summarizes the measurement place and measurement
time, as well as the simultaneous operating ground-based sys-
tems at Ny-Ålesund for the 17 days with flight activities during
the ASTAR campaign,. Measurements of the vertical aerosol
characteristics were carried out during clear sky conditions, in
the height range from 250 m up to approximately 8 km. Ex-
ample results for 23 March and 26 March 2000 are shown in
Fig. 3 to illustrate the vertical aerosol measurements. For 23 to
26 March 2000 the extinction measurements at 532 nm from the
sun photometer took place at seven and eight different height
levels, respectively. An aerosol layer was recorded on both days

in the first 3 km but the measured extinction coefficients were
about 60% less on 26 March than on 23 March 2000. Above this
layer a rapid decrease of all values was observed on 26 March,
whereas on 23 March the extinction coefficient remained higher
until a height of 5 km. A similar structure can be observed from
the in situ measurements of the scattering and absorption coeffi-
cient profiles (see Fig. 3). Absorption and scattering coefficients
as well as particle number concentration for each day were aver-
aged before the HCA was applied according to the corresponding
flight level of the airborne sun photometer measurements which
differs from day to day. To account for the varying flight levels
the mean layer height was included in the HCA.

As meteorology is an important factor in understanding the
temporal and spatial variation of aerosols, local parameters of
wind speed, temperature, relative humidity, pressure and global
radiation were also included as daily averaged values in the HCA.
Furthermore, large-scale meteorological transport systems may
have considerable influence on the aerosol loading. Four-day
back trajectories of air parcels starting at three different alti-
tudes (1500, 3000 and 5000 m) from Ny-Ålesund were analysed
to trace the history of the sampled air masses. Four-day back
trajectories were used because of concern that the cumulative
errors in the parcel location beyond 4 d become very large. The
backward trajectories were calculated at 12:00 UT for each day
of the ASTAR campaign using the HYSPLIT model (HYbrid
Single-Particle Lagrangian Integrated Trajectory). The HYS-
PLIT model is the newest version of a complete system for com-
puting simple air parcel trajectories from complex dispersion
and deposition simulations (Draxler and Rolph, 2003; Rolph
2003). Five sectors were chosen for this study. These sectors are
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Table 2. Overview of all the observation systems during the ASTAR 2000 campaign

System Measurement References for system used

Ground-based measurements:

Koldewey (78◦55′N, 11◦53′E)
Sun and star photometer AOD, phase function, RI Weller et al. (1998),

Herber et al. (2002)
Aerosol Raman LIDAR Aerosol backscattering extinction coefficient Ansmann et al. (1990),

and depolarization factor at 532 and 1064 nm Schumacher et al. (2001)
Meteorology Temp., RH, wind speed, wind direction

Rabben (78◦55′N, 11◦53′E)

Nephelometer TSI model 3563 Scattering coefficient at three wavelengths Anderson et al. (1996)
(450, 550 and 700 nm)

Optical particle counter Particle number concentration
(MetOne model 227B and MetOne 227B: D = 0.3 µm and one of
RION model KC-01C) 0.5, 1.0, 3.0, 5.0 µm. RION KC-01C:

D = 0.3, 0.5, 1.0, 2.0, 5.0 µm
Micropulse LIDAR Backscatter ratio at 523 nm Spinhirne (1993),

Shiobara (2000)
Sky scanning radiometer AOD, size distribution, RI Nakajima et al. (1996)
Two-stage impactor High-volume sampler with a single-stage impactor Kriews and Schrems (1998)

(cut-off diameter 2 µm): chemical aerosol Luedke et al. (1999)
composition in dry and wet periods

Zeppelin Mountain (78◦54′N, 11◦53′E)

Nephelometer TSI 3563 Scattering coefficient at three wavelengths Anderson et al. (1996)
(450, 550 and 700 nm)

DMPS Particle number concentration Knutson and Whitby (1975)
Size range between 0.025 and 0.5 µm Jokinen and Mäkelä (1997)

Ström et al. (2003)

Aircraft measurements:

Sun photometer AOD, phase function, RI Leiterer et al. (1997),
Nagel et al. (1998)

Nephelometer: Radiance Res. M903 Scattering coefficient at 530 nm
Optical particle counter Particle number concentration
(MetOne model 237H and 237H size range: D = 0.1, 0.2, 0.3, 0.5, 1 µm
237B) 237B size range: D = 0.3, 0.5, 1, 5 µm
Particle soot absorption Absorption coefficient at 565 nm Bond et al., 1999
photometer (Radiance Research)
Filter sampling Ionic and metal constituents
One-stage aerosol impactor Individual particle analysis, mixing state and Hara et al. (2002)

morphology observation, cut-off diameter Hara et al. (2003)
c.0.2 µm at ground level

Basic sensor systems Meteorological data

Satellite measurements
SAGE II (Stratospheric Aerosol Aerosol extinction coefficient Wang et al. (1999),
and Gas Experiment II) Thomason et al. (2003)

Abbreviations: AOD, aerosol optical depth; RI, refractive index; DMPS, differential mobility particle sizer.

in accordance with the trajectory analysis for Ny-Ålesund per-
formed by Eneroth et al. (2003). Sector 1 was defined between
−15◦ and 45◦ to present air mass transport from Europe, sec-
tor 2 between 45◦ and 150◦ to present air mass transport from

Russia and Siberia, sector 3 for 150◦ to −135◦ to present air mass
transport over the North Pole, sector 4 between −135◦ and −60◦

to present air mass transport from Alaska and sector 5 between
−60◦ and −15◦ to cover air mass transport over Greenland. Prior
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Fig 2. Daily mean values of selected aerosol
parameters for the ASTAR campaign. (a)
Lead concentration at Rabben station (dark
bars for cut-off of dp< 2 µm and light bars
for dp> 2 µm). (b) Daily mean value of the
particle number concentration and scattering
coefficient at 550 nm from Zeppelin
Mountain as well as the scattering coefficient
at 550 nm from Rabben station (for details
on measurement time and measurement
system see Table 1).

Table 3. (a) Airborne activities during ASTAR 2000

Flight Date Location Systemsa Start time Duration Height (m) for 1st
no in 2000 (hh:mm) (hh:mm) AOD level

1 15 March Near Ny-Ålesund 79◦N/8◦E × 10:07 03:39 86
2 23 March Ny-Ålesund 79◦N/11◦E × 10:30 03:01 55
3 24 March Longyearbyen 78◦N/12◦E × 08:40 04:41 68
4 25 March Ny-Ålesund 78◦N/12◦E ×b 07:43 03:32 76
5 26 March E of Svalbard 79◦N/24◦E ×b,c 09:29 04:58 92
6 28 March Ny-Ålesund 79◦N/24◦E ×c 08:42 04:21 59
7 30 March E of Svalbard 76◦N/18◦E ×c 11.22 04:58 378
8 1 April Longyearbyen 79◦N/15◦E ×c 09:07 03:33 488
9 2 April S of Svalbard 77◦N/13◦E ×c 12:27 03:43 62
10 4 April SE of Svalbard 76◦N/20◦E × 13:02 04:07 60
11 7 April Longyearbyen 79◦N/15◦E × 13.13 04:32 82
12 12 April Ny-Ålesund 79◦N/12◦E × 14:15 03:28 64
13 13 April Near Ny-Ålesund 79◦N/11◦E × 14:26 04:56 486
14 14 April Longyearbyen 78◦N/15◦E × 14:29 04:59 3360
15 16 April Ny-Ålesund 79◦N/11◦E × 14:55 03:26 68
16 17 April S of Svalbard 74◦N/11◦E × 15:50 04:49 1426
17 19 April S of Svalbard 74◦N/ 8◦E × 16:34 04:37 1428

a× means all instruments working (photometer, integrating nephelometer, particle soot /absorption photometer, optical particle
counter, impactor, filter sampling and meteorology).
bWithout filter sampling.
cNo impactor measurements.

to the HCA each trajectory was grouped twice according to its
start sector and its sector of longest residence time. These two
variables were incorporated into the HCA to take into account
the air mass history.

3. Data analysis method

Hierarchical cluster analysis (HCA) was applied as the data anal-
ysis method. This method is beneficial as it allows a group

classification and provides the opportunity to calculate group-
defining values. Cluster analysis (CA) is an exploratory data
analysis tool for solving classification problems. Its object is to
sort cases into groups, or clusters, so that the degree of associ-
ation is strong between members of the same cluster and weak
between members of different clusters. Searching the data for a
structure of inherent groupings is an important exploratory tech-
nique in air quality modelling. As an exploratory technique with
graphical output, cluster analysis does not require many of the
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Table 3. (b) Related ground-based activities during ASTAR 2000. Key
to column headings is as follows: A, Aerosol Raman LIDAR; B,
Photometer; C, Meteorological data; D, Micropulse LIDAR; E, sky
radiometer; F, integrating nephelometer; G, OPC; H, two-stage
impactor; I, differential mobility particle sizer (DMPS); J, integrating
nephelometer.

Flight Date Koldewey Rabben Zeppelin
no in 2000 A B Cd D E F G H I J

1 15 March × ×e ×f × × – – – × ×
2 23 March × × ×f × × × ×g × × ×
3 24 March × ×e × × × × ×g × × ×
4 25 March × ×e × × × × ×g × – ×
5 26 March – – ×f – – × ×g × × ×
6 28 March × × ×f × × × ×g × × ×
7 30 March × – × × × × ×g × × ×
8 1 April × × × × × × ×g × × ×
9 2 April × – ×f × × × ×g × × ×
10 4 April – – ×f – – × ×h × × ×
11 7 April × – × × × × ×h × × ×
12 12 April × × ×f × × × ×h × × ×
13 13 April × × × × × × ×h × × ×
14 14 April × – × × × × ×h × × ×
15 16 April × – × × × × ×h × × ×
16 17 April × – ×f × × × ×h × × ×
17 19 April × × ×f × × × ×h × × ×
dRadio sounding and BRSN (baseline surface radiation network).
eAlso star photometer.
fAdditional ozone sounding.
gMetOne OPC.
hRION OPC.

assumptions that other statistical methods do, except that the
data are heterogeneous. Therefore, this method is often used
in environmental science (Ho et al., 2002; de Miranda et al.,
2002; Eneroth et al., 2003). Cluster analysis techniques are hier-
archical or non-hierarchical. The hierarchical method of cluster

analysis has the advantage of not demanding any prior knowl-
edge about the number of clusters, whereas the non-hierarchical
method does. However, with an increasing number of data points,
the calculation for the hierarchical method increases dispropor-
tionately. HCA was used to perform this study.

Ward’s clustering procedure was applied in this paper fol-
lowing a review by Sharma (1996) which suggests that Ward’s
clustering method is superior because it yields a larger proportion
of correctly classified observations than most other methods. In
general, this method is regarded as very efficient. A problem with
Ward’s method could be its tendency to produce tight clusters—it
joins the outlier with another single object, rather than grouping
existing clusters into larger clusters. For this study, the squared
Euclidean distance was used as a distance measure. This is one
of the most commonly adopted measures (e.g. Fovell and Fovell,
1993). Furthermore, complete linkage clustering was applied to
minimize the maximum intercluster distance at each stage (e.g.

Fig 3. Vertical profiles of the extinction, scattering and absorption
coefficient for 23 and 26 March 2000. For the extinction coefficient the
value of the mean measured layer is marked and the vertical line
represents the layer thickness. The continuous measurements of
scattering and absorption coefficient were averaged over a height of
100 m (error bars represent measurement errors).

Smolinski et al., 2002). Prior to the performed clustering a data
transformation was necessary to ensure that each variable in the
database (see Section 2 for details) is given appropriate weight in
the analysis and contributes equally to the variance in the analy-
sis. To standardize each variable z-scores were calculated, which
have a mean of zero and a standard deviation of 1. A difficult
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Fig 4. Depicted cluster analysis results
according to Ward (Sharma, 1996) of the
four performed HCA for the ground-based
data set as dendrograms. Parameters
included in each performed HCA are listed
in Table 1. The obtained clusters are marked.
Corresponding statistical values are listed in
Tables 4, 5 and 6.

problem facing the user of HCA in practice is the objective as-
sessment of the stability and validity of the clusters found by the
numerical technique used. The problem of determining the “true”
number of clusters has been called the fundamental problem of
cluster validity. The result of the HCA is analysed graphically
by a tree that shows at which distance the cluster merges (a den-
drogram). When the data contain a clear “structure” in terms
of objects that are similar to each other, then this structure will
often be reflected in the dendrogram as distinct branches. We
tried to identify which number of groups would be the best for
our purpose, using a rescaled distance of cluster combination

(e.g. Smolinski et al., 2002). Finally, it should be noted that even
though CA is described as an objective method, the selection of
the algorithm, the specification of the distance measure and the
number of clusters are subjective (e.g. Stohl, 1998).

The discriminant analysis with a discriminant projection and
the non-parametric Kruskal–Wallis test were applied to test for
and validate statistical differences among the classified groups
(Conover, 1971; Rosner, 1995; Tabanick and Fidell, 1996). Dis-
criminant analysis is a technique for classifying a set of obser-
vations into pre-defined classes. The purpose is to determine the
class of an observation based on a set of variables known as
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Table 4. Calculated mean statistical values for the clusters obtained by the performed HCA (ground-based without chemical components).
Corresponding parameters used for the different HCA are listed in Table 1

HCA Cluster 1 Cluster 2 Cluster 3
noa Median Mean SD Median Mean SD Median Mean SD Sig.b

Zeppelin
Parameters of the lognormal distribution
n1 (cm−3) HCA1 21 25 13 20 22 9 56 63 24 0.003

HCA2 17 21 13 20 20 8 50 50 26 0.006
HCA3 20 25 14 20 19 7 49 50 29 0.014

s1 HCA1 1.4 1.4 0.1 1.3 1.3 0.0 1.3 1.3 0.1 0.001
HCA2 1.3 1.3 0.0 1.2 1.3 0.1 1.3 1.3 0.1 0.056
HCA3 1.4 1.4 0.1 1.2 1.3 0.0 1.3 1.3 0.1 0.000

dp1 (µm) HCA1 0.04 0.04 0.00 0.05 0.05 0.00 0.05 0.05 0.00 0.000
HCA2 0.05 0.04 0.01 0.05 0.05 0.00 0.05 0.05 0.00 0.019
HCA3 0.04 0.04 0.0 0.05 0.05 0.00 0.05 0.05 0.00 0.000

n2 (cm−3) HCA1 34 37 21 80 79 31 206 259 123 0.000
HCA2 39 37 14 71 64 34 152 200 123 0.000
HCA3 33 38 21 71 67 30 160 214 126 0.000

s2 HCA1 1.3 1.4 0.1 1.3 1.3 0.0 1.4 1.3 0.0 0.000
HCA2 1.3 1.4 0.1 1.3 1.3 0.0 1.3 1.3 0.1 0.002
HCA3 1.3 1.4 0.1 1.3 1.3 0.0 1.33 1.33 .05 0.000

dp2 (µm) HCA1 0.09 0.10 0.01 0.12 0.12 0.01 0.13 0.13 0.01 0.000
HCA2 0.10 0.10 .02 0.11 0.11 0.01 0.12 0.12 0.02 0.077
HCA3 0.09 0.10 0.0 0.12 0.11 0.01 0.12 0.12 0.01 0.001

n3 (cm−3) HCA1 46 56 33 121 134 43 96 97 19 0.000
HCA2 42 63 50 117 115 29 102 115 57 0.020
HCA3 47 58 34 121 126 24 108 121 59 0.000

s3 HCA1 1.4 1.4 0.1 1.4 1.4 0.1 1.4 1.3 0.0 0.003
HCA2 1.4 1.4 0.1 1.4 1.4 0.1 1.4 1.4 0.1 0.065
HCA3 1.4 1.4 0.1 1.4 1.5 0.1 1.4 1.4 0.1 0.017

dp3 (µm) HCA1 0.18 0.18 0.02 0.18 0.18 0.02 0.22 0.23 0.02 0.001
HCA2 0.19 0.19 0.02 0.17 0.17 0.01 0.21 0.21 0.03 0.003
HCA3 0.18 0.18 0.00 0.17 0.17 0.01 0.22 0.22 0.03 0.002

Partic. number conc. (cm−3)
HCA1 97 113 46 221 228 63 432 421 130 0.000
HCA2 95 111 51 208 193 51 338 362 134 0.000
HCA3 97 114 48 213 204 39 357 385 128 0.000

Scattering coefficient 550 nm (km−1)
HCA1 0.0014 0.0015 0.0008 0.0030 0.0031 0.0009 0.0059 0.0064 0.0021 0.000
HCA2 0.0014 0.0016 0.0009 0.0030 0.0028 0.0009 0.0046 0.0052 0.0025 0.000
HCA3 0.0015 0.0015 0.0008 0.0030 0.0029 0.0007 0.0047 0.0057 0.0022 0.000

Colour ratio 450 nm/700 nm
HCA1 2.8 2.8 0.3 2.9 2.9 0.2 2.7 2.7 0.1 0.075
HCA2 2.8 2.8 0.3 2.8 2.9 0.1 2.8 2.8 0.1 0.617
HCA3 2.8 2.8 0.3 2.8 2.9 0.1 2.7 2.8 0.2 0.477

predictors or input variables. The model is built based on a set of
observations for which the classes are known. This set of obser-
vations is sometimes referred to as the training set. Based on the
training set, the technique constructs a set of linear functions of
the predictors, known as discriminant functions. These discrim-
inant functions are used to predict the class of a new observation
with an unknown class (Conover, 1971; Rosner, 1995; Tabanick
and Fidell, 1996).

4. Results and discussion

4.1. Ground-based time series during ASTAR

For the ground-based measurements the HCA consisted of
four different analyses. Each data set at different height lev-
els was analysed separately (HCA1 and HCA2) and combined
(HCA3). Finally, the analysis was performed by integrating the
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Table 4. (Continued)

HCA Cluster 1 Cluster 2 Cluster 3
noa Median Mean SD Median Mean SD Median Mean SD Sig.b

Rabben

Partic. number conc. (cm−3)
HCA1 6 8 6 11 12 5 26 28 9 0.001
HCA2 7 7 2 11 11 5 25 26 8 0.000
HCA3 6 8 6 11 10 2 23 26 8 0.000

Scattering coefficient 550 nm (km−1)
HCA1 0.0054 0.0058 0.0035 0.0065 0.0069 0.0029 0.0147 0.0172 0.0077 0.000
HCA2 0.0058 0.0055 0.0014 0.0063 0.0062 0.0023 0.0145 0.0163 0.0060 0.000
HCA3 0.0054 0.0058 0.0035 0.0064 0.0060 0.0011 0.0144 0.0163 0.0065 0.000

Colour ratio 450 nm/700 nm
HCA1 1.6 1.6 0.4 2.2 2.1 0.2 1.9 1.9 0.3 0.001
HCA2 1.5 1.6 0.3 2.2 2.2 0.1 1.8 1.8 0.3 0.000
HCA3 1.6 1.7 0.4 2.2 2.2 0.1 1.8 1.8 0.3 0.000

aParameters used for the HCA are listed in Table 1. Analysis was performed without chemical components. HCA1 = Zeppelin Mountain: cluster
1 (n = 14); cluster 2 (n = 25); cluster 3 (n = 5). HCA2 = Rabben: cluster 1 (n = 10); cluster 2 (n = 19); cluster 3 (n = 8). HCA3 = Rabben and
Zeppelin: cluster 1 (n = 13); cluster 2 (n = 15); cluster 3 (n = 7).
bBold entries show when the difference between the clusters is not significant based on the Kruskal–Wallis test.

chemical species, as mentioned in Table 1 (HCA4). The results of
the first three HCA performed are graphically depicted as den-
drograms in Fig. 4. The length of the edges connecting nodes
gives information about the degree of dissimilarity between the
clusters. As is often used for visualizing CA cluster results, the
horizontal axis denotes the rescaled distance of cluster combi-
nation. Thus, for each node in the graph (where a new cluster is
formed) the distance criterion at which the respective elements
were linked together into a new single cluster can be read off.
The further to the right, the more dissimilar the clusters are. As
seen in Fig. 4, the clustering starts to become less active near dis-
tances around 10 for performance of HCA1, HCA2 and HCA3.
Based on the dendrograms, we draw the conclusion that for each
of these HCAs three clusters represents the variation during the
ASTAR period. Each cluster is assigned an identification num-
ber (cluster 1 to 3). Discriminant projections as an output of the
applied discriminant analysis were also plotted to get an impres-
sion of the separateness of the resulting clusters. They showed
a clear separation (not depicted here). As the analysed data are
not normally distributed, a Kruskal–Wallis test was performed
to compare the statistical significance of the grouping. At the
α = 0.05 level of significance, there exists enough evidence to
conclude that for almost all parameters there is a statistical dif-
ference among the three clusters determined with HCA1, HCA2
and HCA3 (see Tables 4 and 5). The cluster mean represents the
average characteristics in a cluster including the air mass history
within a four-day transport time to Ny-Ålesund. The correspond-
ing statistical values for each cluster are summarized in Tables
4 and 5. The variation of the data set can thus be expressed by
these mean cluster values. Within the variance, similar cluster-
defining values can be obtained among the three HCAs. It can be

seen from Table 5 that the trajectory information of the obtained
clusters is not statistically significant. This might be attributed
to the small number of cases. There is nevertheless a tendency
to find specific air masses within the obtained clusters. Cluster
3 shows the highest particle number concentration and scatter-
ing coefficient connected with low mean pressure and low mean
global radiation, which suggest low-pressure influence. Indeed,
low-pressure systems are reported for the days belonging to clus-
ter 3. For example, on 22 March 2000 a distinctive low-pressure
system southeast of Svalbard was established with a predomi-
nantly northeast wind-flow pattern, which remained stable and
persistent until 25 March 2000. This whole period is classified in
cluster 3. During the time of the highest aerosol loading, the low
moved and expanded southeast. Cluster 2 is characterized by the
lowest mean temperature and the highest mean pressure as well
as mean global radiation, indicating that high-pressure systems
form this group. The differences in the mean scattering coeffi-
cient for each group between Rabben and Zeppelin Mountain are
remarkable; they are due to the decrease of aerosol concentra-
tion with altitude. They show the largest difference for cluster 1
(almost a factor of 4), whereas the differences are around a factor
of 2 and 3 for the other two clusters. Cluster 2 represents trans-
port from the North and the Canadian Arctic, whereas cluster 3
comprises trajectories originating from the Eurasian continent
(see Table 5). In the next step the ground-based time-series were
analysed, including the chemical components.

The chemical species used for HCA4 represent the chemical
signature of a variety of source types. Cd, Pb, Ti, Ni, Co, Cu, Zn,
S are considered to be of anthropogenic origin (e.g. Xie et al.,
1999). Mn, Al and Fe are known to be the major constituents of
soil, which suggests there is wind-blown soil dust in the Arctic
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Table 5. Calculated mean statistical values and dominating trajectory sectors for the clusters obtained by the performed HCA (ground-based
without chemical components). Corresponding parameters used for the different HCA are listed in Table 1

HCA Cluster 1 Cluster 2 Cluster 3
noa Median Mean SD Median Mean SD Median Mean SD Sig.b

Meteorology
Temperature (◦C)

HCA1 −5 −5 3 −13 −14 3 −11 −9 4 0.000
HCA2 −5 −5 3 −15 −15 3 −11 −9 4 0.000
HCA3 −5 −6 3 −15 −15 3 −12 −10 4 0.000

HCA1 76 74 12 65 62 10 64 64 5 0.011
RH (%) HCA2 76 77 7 55 57 10 64 68 9 0.000

HCA3 76 73 12 62 58 11 64 66 6 0.008

Pressure (hPa) HCA1 1012 999 17 1014 1014 6 998 997 11 0.002
HCA2 998 995 14 1014 1014 5 1001 997 14 0.000
HCA3 1001 996 16 1013 1013 6 1004 1001 11 0.002

GR (W m−2)
HCA1 52 71 58 137 130 49 51 55 19 0.015
HCA2 28 34 15 102 113 45 69 77 37 0.000
HCA3 42 67 58 95 106 46 61 77 40 0.040

WV (m s−1)
HCA1 3.2 3.3 2.2 1.4 2.0 1.5 1.6 2.1 0.9 0.152
HCA2 3.8 4.1 2.4 1.4 1.9 1.3 2.4 2.9 1.7 0.013
HCA3 3.4 3.4 2.2 1.3 1.9 1.4 2.0 2.7 1.7 0.065

HCA1a

Trajectories (dominating sectors)c

Start sector 1500 m 1 4 1/2 0.048
Max. residence 1500 m 2 1/4 1/2 0.059
Start sector 3000 m 1/5 4 2/4 0.164
Max. residence 3000 m 2/4 1/4 2/4 0.139
Start sector 5000 m 4 4 2 0.017
Max. residence 5000 m 1/5 1/4 2 0.059

HCA2a

Trajectories (dominating sectors)c

Start sector 1500 m 1 2/4 1/2 0.151
Max. residence 1500 m 1 1/2 1/2 0.114
Start sector 3000 m 1 4 2/4 0.624
Max. residence 3000 m 1/5 2/4 1/2 0.911
Start sector 5000 m 4/5 2/4 2 0.020
Max. residence 5000 m 1 4 2 0.624

HCA3a

Trajectories (dominating sectors)c

Start sector 1500 m 1/2 4 2 0.034
Max. residence 1500 m 1 4 2 0.093
Start sector 3000 m 1 4 2 0.207
Max. residence 3000 m 2 4 2 0.177
Start sector 5000 m 4/5 4 2 0.011
Max. residence 5000 m 1/5 4 2 0.093

Abbreviations: T = Temperature, RH = Relative Humidity, GR = Global Radiation, WV = Wind Velocity.
aSee Table 1 for parameters. Analysis was performed without chemical components. HCA1 = Zeppelin Mountain: cluster 1 (n = 14); cluster 2 (n
= 25); cluster 3 (n = 5). HCA2 = Rabben: cluster 1 (n = 10); cluster 2 (n = 19); cluster 3 (n = 8). HCA3 = Rabben and Zeppelin: cluster 1 (n =
13); cluster 2 (n = 15); cluster 3 (n = 7).
bBold entries show when the difference between the cluster is not significant based on the Kruskal–Wallis test.
cSector 1: −15◦ to 45◦; sector 2: 45◦ to 150◦; sector 3: 150◦ to −135◦; sector 4: −135◦ to −60◦; sector 5: −60◦ to −15◦.

aerosol. Previous studies showed that soil dust in the Arctic may
come from distant remote areas like Asian dessert sources and
show one maximum in spring (e.g. Rahn et al., 1977; Pacyna and
Ottar, 1989; Xie et al., 1999). Na, Mg and K have a marine origin

and sea salt contributes largely to the Arctic aerosol over the
period from October to April. Barrie and Barrie (1990) attributed
this aerosol feature to a probable combination of longer residence
times and a stronger sea spray source in the winter than in the
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Table 6. Calculated mean statistical values and dominating trajectory sectors for the clusters obtained by the performed HCA (ground-based with
chemical components). Corresponding parameters used for the HCA are listed in Table 1

Cluster 1 (n = 4) Cluster 2 (n = 4) Cluster 3 (n = 2) Cluster 4 (n = 21)
Med. Mean SD Med. Mean SD Med. Mean SD Med. Mean SD Sig.a

Zeppelin
Parameters of the lognormal distrib.
n1 (cm−3) 17 25 17 54 59 33 52 52 5 20 20 7 0.008
s1 1.3 1.3 .0 1.4 1.4 0.1 1.23 1.23 0.0 1.3 1.3 0.1 0.063
dp1 (µm) 0.04 0.04 0.00 0.05 0.05 0.00 0.05 0.05 0.00 0.05 0.05 0.00 0.014
n2 (cm−3) 36 47 37 152 153 43 391 391 10 59 61 31 0.003
s2 1.4 1.4 0.1 1.3 1.3 0.1 1.4 1.4 0.0 1.3 1.3 0.1 0.002
dp2 (µm) 0.09 0.09 0.01 0.12 0.12 0.01 0.14 0.14 0.00 0.11 0.11 0.01 0.003
n3 (cm−3) 38 41 25 109 137 77 94 94 20 116 111 35 0.020
s3 1.4 1.4 0.1 1.4 1.4 0.1 1.3 1.3 0.0 1.4 1.4 0.1 0.054
dp3 (µm) 0.20 0.20 0.00 0.21 0.20 0.02 0.25 0.25 0.01 0.17 0.17 0.02 0.003
PNC (cm−3) 79 104 69 338 342 71 545 545 29 193 184 52 0.001
SC 550 nm (km−1) 0.0010 0.0010 0.0005 0.0046 0.0049 0.0006 0.0086 0.0086 0.0007 0.0027 0.0026 0.0009 0.000
CR 450 nm/700 nm 2.7 2.7 0.5 2.8 2.8 0.1 2.7 2.7 0.0 2.8 2.9 0.1 0.206

Rabben
PNC (cm−3) 6 10 11 22 26 11 29 29 3 10 10 4 0.008
SC 550 nm (km−1) 0.0059 0.0076 0.0062 0.0131 0.0168 0.0090 0.0162 0.0162 0.0021 0.0063 0.0060 0.0023 0.008
CR 450 nm/700 nm 1.3 1.40 0.3 1.8 1.7 0.3 2.1 2.1 0.1 2.2 2.1 0.3 0.005

Meteorology
Temperature (◦C) −5 −5 1 −9 −8 5 −11 −11 1 −13 −13 4 0.011
RH (%) 81 80 8 64 65 4 61 61 4 62 60 11 0.040
Pressure 974 977 8 992 996 12 1007 1007 5 1012 1013 5 0.001
GR (W m−2) 46 48 24 65 73 41 56 56 7 109 110 49 0.038
WV (m s−1) 4.0 3.5 2.2 2.4 2.4 0.8 1.4 1.4 0.1 1.5 2.2 1.6 0.492

Chemical components (ng m−3)
Soil
Al 41.8 41.8 13.7 99.3 99.3 46.7 102.5 102.5 8.3 80.7 87.7 30.7 0.018
Mn 0.6 0.6 0.1 1.5 1.5 0.4 2.4 2.4 0.4 1.3 1.3 0.4 0.004
Fe 26.0 26.0 13.7 40.2 40.2 6.9 50.5 50.5 11.5 41.6 41.6 11.4 0.052
Sea salt
Na 961 961 482 1663 1663 717 354 354 278 179 260 210 0.002
Mg 115.5 115.5 17.0 195.7 195.7 99.8 65.7 65.7 32.4 75.0 77.3 23.3 0.002
K 54.1 54.1 2.5 101.1 101.1 27.9 84.7 84.7 21.1 55.1 52.9 15.3 0.005
Na / Mg 8.0 8.0 3.0 8.8 8.8 0.8 5.0 5.0 1.8 2.9 3.3 2.0 0.001
Anthropogenic
Ti 0.0052 0.0052 0.0036 0.0078 0.0078 0.0007 0.0145 0.0145 0.0013 0.0045 0.0051 0.0013 0.006
S 26157 26157 16733 43267 43267 3674 50133 50133 4331 27165 29263 8070 0.018
Ni 1.00 1.00 0.63 0.86 0.86 0.07 1.33 1.33 0.09 0.82 0.79 0.16 0.170
Co 0.03 0.03 .01 0.04 0.04 0.00 0.08 0.08 0.01 0.03 0.03 0.01 0.016
Cu 3.03 3.03 2.02 1.55 1.55 0.03 3.80 3.80 0.35 1.56 1.64 0.36 0.208
Zn 2.67 2.67 1.98 2.58 2.58 0.06 6.19 6.19 0.58 3.33 3.14 0.78 0.080
Cd 0.03 0.03 0.01 0.05 0.05 0.00 0.13 0.13 0.00 0.04 0.04 0.01 0.007
Pb 0.37 0.37 0.04 1.18 1.18 0.07 2.86 2.86 0.01 0.79 0.83 0.22 0.001

summer. As the ratio of Na/Mg (value around 8.3) is an indicator
for sea salt, this parameter was also included in HCA4.

The corresponding dendrogram for HCA4 suggested an op-
timal number of four clusters (Fig. 4). Discriminant analy-
sis was also applied and showed a clear separation. Cluster
3 covers 23 and 24 March 2000 with the highest number

of anthropogenic and soil tracer components associated with
the highest scattering coefficients (see Table 6). Analysis of
weekly lead samples from northeast Greenland gives an in-
dication that these high aerosol loadings are probably found
throughout the region in March (Wåhlin, 2003). On 23 and 24
March 2000 (cluster 3) the corresponding backward trajectories
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Table 6 (Continued).

Cluster 1 (n = 4) Cluster 2 (n = 4) Cluster 3 (n = 2) Cluster 4 (n = 21)
Med. Mean SD Med. Mean SD Med. Mean SD Med. Mean SD Sig.a

Summary source types
Soil 68 68 28 141 141 54 155 155 20 122 131 41
Sea salt 1131 1131 502 1959 1959 845 504 504 331 284 391 232
Anthropogenic 26164 26164 16737 43273 43273 3673 50147 50147 4331 27171 29269 8071

Trajectories (dominating sectors)b

Start sector 1500 m 2/4 1 2 4 0.614
Max. residence 1500 m 2 1 2 1 0.597
Start sector 3000 m 5 4 2 4 0.013
Max. residence 3000 m 4 1 2 1 0.144
Start sector 5000 m 4 None 2 4 0.233
Max. residence 5000 m 5 2 2 1/4 0.646

Abbreviations: PNC, particle number concentration; SC, scattering coefficient; CR, colour ratio; GR, global radiation; WV, wind velocity.
aBold entries show when the difference between the cluster is not significant based on the Kruskal–Wallis test.
bSector 1: −15◦ to 45◦; sector 2: 45◦ to 150◦; sector 3: 150◦ to −135◦; sector 4: −135◦ to −60◦; sector 5: −60◦ to −15◦.

Table 7. Calculated mean statistical values and dominating trajectory sectors for the clusters obtained by the performed HCA (long-term sun
photometer measurements). Corresponding parameters used for the HCA are listed in Table 1

Cluster 1 (n = 202) Cluster 2 (n = 142) Cluster 3 (n = 125)
Median Mean SD Median Mean SD Median Mean SD Sig.a

AOD at 533 nm 0.05 0.06 0.03 0.09 0.10 0.04 0.06 0.07 0.03 0.000
AOD at 1028 nm 0.03 0.04 0.02 0.05 0.05 0.02 0.04 0.04 0.02 0.000
AOD at 533/ AOD at 1028 1.5 1.5 .4 1.9 2.0 0.5 1.7 1.7 0.4 0.001
Global radiation (W m−2) 178 173 108 95 122 107 140 144 112 0.014
Pressure (hPa) 1011 1011 9 1019 1018 9 1012 1012 8 0.000
Temperature (◦C) −1 −2 8 −13 −13 8 −7 −8 10 0.000
RH (%) 71 72 11 61 62 9 73 72 11 0.000
Wind velocity (m s−1) 2.5 3.3 2.4 2.1 2.8 1.6 2.8 3.3 1.8 0.010

Trajectories (dominating sector)b

Start sector 1500 m 1 2 4 0.000
Max. residence 1500 m 1 1/2 1/4 0.000
Start sector 3000 m 1 2 4 0.000
Max. residence 3000 m 1 1/2 4/5 0.000
Start sector 5000 m 1/5 1/2 4 0.000
Max. residence 5000 m 1 1/2 4/5 0.000

aBold entries show when the difference between the cluster is not significant based on the Kruskal–Wallis test.
bSector 1: −15◦ to 45◦; sector 2: 45◦ to 150◦; sector 3: 150◦ to −135◦; sector 4: −135◦ to −60◦; sector 5: −60◦ to −15◦.

show that for the different pressure levels the air masses came
from central Siberia and the northern part of Europe and thus
anthropogenic air masses released at mid-latitudes reached
the observation area. These results are consistent with former
studies on synoptic systems and preferred pathways of pos-
sible sources for high Arctic aerosol loadings (e.g. Rahn and
McCaffrey, 1980; Xie et al., 1999; MacDonald et al., 2000;
Eneroth et al., 2003, and references therein). The days 21 and 22
March 2000 as well as 10 and 11 April 2000 form cluster 2 with
a similar number of anthropogenic components but with a much

higher fraction of sea salt components. For these days the anthro-
pogenic influences can be explained by the lowest-level trajecto-
ries that are touching northern Scotland, Scandinavia and Siberia
(see Table 6). Like the second cluster, the first cluster shows an
explicit influence of sea salt particles (ratios of Na/Mg around
8). Cluster 1 consists of days where the major synoptic pressure
system showed an intrusion of Atlantic air masses into the Arctic.
Thus, it could be assumed that this northeastward flow of air was
responsible for the registered aerosol loading at Svalbard. This
could be confirmed by the analysed backward trajectories (see
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Table 8. Calculated mean statistical values for the clusters obtained by the performed HCA and dominating trajectory sectors (long-term
integrating nephelometer measurements). Corresponding parameters used for the HCA are listed in Table 1

Cluster 1 (n = 228) Cluster 2 (n = 258) Cluster 3 (n = 16) Cluster 4 (n = 218)
Med. Mean SD Med. Mean SD Med. Mean SD Med. Mean SD Sig.a

Scattering coefficient
550 nm (km−1)b 0.0027 0.0028 0.0014 0.0006 0.0008 0.0006 0.0083 0.0089 0.0025 0.0008 0.0010 0.0009 0.000
450 nm (km−1)b 0.0041 0.0043 0.0021 0.0010 0.0013 0.0010 0.0125 0.0136 0.0040 0.0011 0.0016 0.0013 0.000
700 nm (km−1)b 0.0015 0.0016 0.0008 0.0004 0.0005 0.0004 0.0047 0.0049 0.0014 0.0004 0.0006 0.0005 0.000
Ratio 450/700 nmb 2.9 2.9 0.3 2.9 2.8 0.6 2.8 2.8 0.3 2.8 2.6 0.6 0.000
Meteorology
Global rad. (W m−2) 19 72 92 97 120 110 139 166 114 13 75 78 0.000
Pressure (hPa) 1011 1010 11 1008 1008 11 1018 1015 7 1008 1006 11 0.000
Temperature (◦C) −12 −11 7 0 0 5 −7 −5 6 −4 −5 7 0.000
RH (%) 65 65 11 80 79 10 69 71 14 78 77 11 0.000
Wind velocity (m s−1) 2.3 3.4 2.8 1.8 2.3 2.3 1.3 1.7 1.2 2.5 3.3 2.6 0.000

Trajectories (dominating sectors)c

Start sector 1500 m 2 1 1/2 5 0.000
Max. residence 1500 m 1 1 1 1/5 0.000
Start sector 3000 m 2 1 1 4/5 0.000
Max. residence 3000 m 1 1 1 5 0.000
Start sector 5000 m 1/2 1 2 5 0.000
Max. residence 5000 m 1 1 1 4/5 0.000

aBold entries show when the difference between the cluster is not significant based on the Kruskal–Wallis test.
bScattering coefficient and colour ratio of integrating nephelometer measurements from Zeppelin Mountain.
cSector 1: −15◦ to 45◦; sector 2: 45◦ to 150◦; sector 3: 150◦ to −135◦; sector 4: −135◦ to −60◦; sector 5: −60◦ to −15◦.

Table 6). The first and the fourth cluster have a similar amount
of total anthropogenic tracer component whereas cluster 4 has
approximately twice as much soil component and about four
times less sea salt component. Interesting are still high amounts
of anthropogenic species and an increased scattering coefficient
for both clusters, although the four-day backward trajectories
used do not pass over any obvious source of pollution. Cluster
4 is characterized by air masses coming mainly from the north-
west (see Table 6). This behaviour can be attributed to the fact
that precipitation scavenging is less pronounced in winter, so that
aerosol residence times in the Arctic atmosphere reach their max-
imum (Carlson, 1981; Heidam, 1984). During the cold period of
the year, aerosol residence times range between 3 and 7 weeks
compared with 3 to 7 days in the warm period (Sirois and Bar-
rie, 1999; Nilson and Rannik, 2001). The analysed time-series
of weekly lead concentrations in Greenland underline this state-
ment, where almost stable concentrations were found throughout
April before they decreased at the end of the month from 1 to
0.5 ng m−3 (Wåhlin, 2003). Within the clusters differences oc-
curred for the parameters of the aerosol size distribution, which
might be the result of the different aerosol sources discussed
above. By including the chemical components in the HCA an
additional cluster (cluster 2) was identified, which shows the
greatest quantity of sea-salt components but also increased an-
thropogenic tracers. Within HCA1 to HCA3 these days were
classified into cluster 3.

4.2. Long-term time-series from Koldewey
and Zeppelin Mountain

Having in mind the goal of linking together the extensive short-
term measurements (ASTAR) with available routine long-term
measurements the HCA was also applied to the two available
long-term data sets (see Table 1). This puts the obtained clas-
sification of the ASTAR period into a broader context and en-
ables us to validate their application and transfer to a long-term
scale. HCA for the long-term AOD data record was applied by
incorporating all parameters mentioned in Table 1. Three clus-
ters were determined. A discriminant analysis was performed
on the basis of the three-class hypothesis according to the re-
sults of the cluster analysis. The three cluster points were ar-
ranged in the a priori classes. The graphical representation of
these classes in the plane of the two non-elementary discrimi-
nant functions highlights the complete separation. The correct
classification confirms the classes of different aerosol states (see
Fig. 5a). The three clusters characterizing statistical values are
listed in Table 7. Siberia and Europe are the dominating trajectory
start sectors for the cluster with the highest AOD values (cluster
2). This is in agreement with cluster 3 of the ASTAR database.
The determined mean values for cluster 2 are in the range of
AOD measurements reported from other authors for high Arctic
aerosol loadings (Shaw, 1975; Freud, 1983; Dutton et al., 1989;
Leiterer et al., 1992; Herber et al., 2002; Eneroth et al., 2003).
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Table 9. Calculated mean statistical values and dominating trajectory sectors for the clusters obtained by the performed HCA (long-term
integrating nephelometer and sun photometer measurements). Corresponding parameters used for the HCA are listed in Table 1

Cluster 1 (n = 41) Cluster 2 (n = 48) Cluster 3 (n = 4)
Median Mean SD Median Mean SD Median Mean SD Sig.a

Integrating nephelometerb

550 nm (km−1) 0.0009 0.0015 0.0014 0.0032 0.0032 0.0012 0.0116 0.0116 0.0022 0.000
450 nm (km−1) 0.0016 0.0023 0.0021 0.0049 0.0051 0.0020 0.0186 0.0182 0.0037 0.000
700 nm (km−1) 0.0005 0.0009 0.0008 0.0017 0.0018 0.0007 0.0060 0.0060 0.0010 0.000
Ratio 450 nm/700 nm 2.7 2.7 0.5 2.9 2.9 0.1 3.0 3.0 0.2 0.012
Sun photometer
AOD at 533 nm 0.05 0.056 0.02 0.09 0.09 0.02 0.14 0.14 0.04 0.000
AOD at 1028 nm 0.04 0.04 0.02 0.05 0.05 0.01 0.07 0.07 0.02 0.003
AOD at 533/AOD at 1028 1.3 1.3 0.3 1.8 1.8 0.5 1.9 1.1 0.5 0.000

Meteorology
Global rad. (W m−2) 240 225 81 136 161 81 254 210 107 0.002
Pressure (hPa) 1007 1007 9 1015 1015 8 1010 1010 9 0.000
Temperature (◦C) −1 −1 4 −12 −12 6 −7 −8 2 0.000
RH (%) 78 77 9 62 62 8 65 66 2 0.000
Wind velocity (m s−1) 1.9 3.0 2.4 1.7 2.0 1.4 1.3 1.3 0.1 0.144

Trajectories (dominating sectors)c

Start sector 1500 m 1 1 2 0.739
Max. residence 1500 m 1 1 1 0.566
Start sector 3000 m None 4 4 0.947
Max. residence 3000 m 1 1 1 0.377
Start sector 5000 m 1/5 2/4 2/4 0.492
Max. residence 5000 m 1/2 1/2 1/2 0.679

aBold entries show when the difference between the cluster is not significant based on the Kruskal–Wallis test.
bScattering coefficient and colour ratio of integrating nephelometer measurements from Zeppelin Mountain.
cSector 1: −15◦ to 45◦; sector 2: 45◦ to 150◦; sector 3: 150◦ to −135◦; sector 4: −135◦ to −60◦; sector 5: −60◦ to −15◦.

Table 10. Calculated mean statistical values and dominating trajectory sectors for the clusters obtained by the performed HCA (aircraft
measurements). Corresponding parameters used for the HCA are listed in Table 1

Cluster 1 (n = 29) Cluster 2 (n = 91) Cluster 3 (n = 3)
Median Mean SD Median Mean SD Median Mean SD Sig.a

Extinction coeff. (km−1) 0.0194 0.0236 0.0182 0.0038 0.0045 0.0040 0.0472 0.0460 0.0071 0.000
Scattering coeff. (km−1) 0.0077 0.0079 0.0029 0.0019 0.0023 0.0012 0.0254 0.0245 0.0023 0.000
Absorption coeff. (km−1) 0.00081 0.00088 0.00041 0.00053 0.00058 0.00020 0.00353 0.00342 0.00080 0.000
Particle number (cm−3) 41 40 5 24 25 6 52 52 1 0.000
Concentration
RH (%) 46 47 11 23 24 9 49 48 4 0.000

Trajectories (dominating sectors)b

Start sector 2/3 2/4 2 0.220
Max. residence 1/2 1/4 2 0.318

aBold entries show when the difference between the cluster is not significant based on the Kruskal–Wallis test.
bSector 1: −15◦ to 45◦; sector 2: 45◦ to 150◦; sector 3: 150◦ to −135◦; sector 4: −135◦ to −60◦; sector 5: −60◦ to −15◦.

The other two clusters have much smaller and approximately
similar AOD values but are characterized by different dominant
trajectory sectors. Compared with the short-term ASTAR data
set there is a statistical significant difference between the air
mass history of the three determined clusters.

The next data set studied was the long-term integrating neph-
elometer measurements from Zeppelin Mountain (see Fig. 1 and
Table 1 for details on the data set), which deliver continuous
measured aerosol light-scattering properties at a height level of
475 m above sea level. The HCA reveals four distinct clusters
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Fig 5. Results of the discriminant analysis for the performed HCA for
both long-term data sets (parameters used for the corresponding HCA
are listed in Table 1). (a) Sun photometer measurements from
Koldewey. (b) Integrating nephelometer measurements from Zeppelin
Mountain.

of the data set. The discriminant analysis helps to assess the
homogeneity and separateness of the clusters. The clusters are
statistically different and the data points can be separated (see
Table 8 and Fig. 5b). Table 8 presents the characteristic mean
values for each cluster. The cluster with the highest scattering
coefficients (cluster 3) is accompanied with low wind veloci-
ties and the highest values for the global radiation (see Table 8).
The two clusters with the lowest scattering coefficients (clusters
2 and 4) show different air mass origins and thus are in good
agreement with the results obtained for the AOD data set (clus-
ters 1 and 3). Finally, the HCA was applied to the combination
of both long-term measurements (see Table 9).

4.3. Vertical time-series during ASTAR

The classifications presented above are related to ground-based
measurements. As a part of the ASTAR 2000 campaign 17 ver-

tical profiles of aerosol properties were measured within the lat-
itude range from 74◦N to 79◦N, and within the longitude range
from 8◦E to 24◦E (see Table 3). For the conducted flights the
hierarchical HCA was applied to the simultaneous microphys-
ical and optical measurements (see Tables 1 and 3 for details).
Three different kinds of cluster could be distinguished and were
tested for their significance (see Table 10). Mean cluster values
based on the HCA results are listed in Table 10. These mean
cluster values are comparable to values reported in other studies
(Kahn, 1981; Radke et al., 1984; Ottar et al., 1986; Brock et al.,
1990; Khattatov et al., 1997; Nagel et al., 1998). For example,
Clarke et al. (1984) determined the mean scattering coefficient
and absorption coefficient (at 550 nm) for haze layers of around
0.016 km−1 and 0.0026 km−1, respectively. Dutton et al. (1989)
reported extinction values (500 nm) for layers with high aerosol
loadings from less than 0.005 to 0.2 km−1 and typical values were
around 0.03 km−1. Leiterer et al. (1997) calculated similar ex-
tinction coefficients for haze layers. However, we note that these
authors defined aerosol layers using different threshold values.

5. Summary

Taken together, the entire ASTAR data base used for this study
contains variability in the data that essentially can be explained
by three to four clusters obtained with the help of a HCA. The
temporal and vertical variation expressed in terms of cluster re-
sults is visualized in Fig. 6. For the ground-based data sets each
day is coloured according to the cluster to which the day belongs.
Figure 6a demonstrates that days within the ASTAR campaign
are classified into distinct and similar clusters based on the four
HCAs performed. As shown above, the pattern obtained by the
four HCAs is consistent with the synoptic situations and analysed
trajectory pathways.

For the ASTAR time period the day clustering based on the
different HCAs of the two long-term data sets is depicted in
Fig. 6b. It can be concluded that the clustering of the ASTAR
campaign is consistent with the clustering obtained by the analy-
sis of the long-term data sets. Most probably the HCA performed
for the integrating nephelometer data set result in one more clus-
ter due to the larger database covering the full annul cycle and
thus the possibility of encountering the entire aerosol variation.
The differences might be also attributed to the fact that the sun
photometer measurements provide column information about the
atmospheric aerosol loading under clear sky conditions, whereas
the in situ ground-based observations provide continuous mea-
sured information about the boundary layer. By combining col-
umn information with ground-based related measurements one
faces the problem that the same AOD can be recorded for dif-
ferent atmospheric conditions. This in turn explains why the
HCA performed for the sun photometer data set clearly shows
clusters with high and low aerosol loading but cannot identify
a cluster with an intermediate aerosol loading as the integrating
nephelometer does.
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Fig 6. Clusters obtained for the time period 15 March 2000 to 30 April 2000 (ASTAR) for the different locations and monitoring systems. Each day
is shaded according to the cluster it belongs to based on the different HCAs performed for the ground-based measurements during the ASTAR
campaign and the long-term measurements. Airborne measurements are shaded according to the obtained vertical clusters. The input parameters of
each performed HCA are listed in Table 1.

Figure 6c shows the clusters determined for the airborne mea-
surements as a function of altitude. The HCA enables one to
compare the different vertical profiles based on a combina-
tion of all information included in the different parameters. As
for the ground-based analysis, 23 March and 24 March 2000
form a cluster at the lower height level with the highest mean
values for the investigated aerosol parameters (cluster 3). For
23 March 2000 the layer was identifiable up to a height of al-
most 1.5 km. Above this layer an intermediate polluted layer
(cluster 2) was determined up to a height of 4.5 km. The follow-
ing days do not show any strong signs of pollution aloft. This is
in good agreement with the results from the ground-based HCA
where the trajectory analysis showed that there was no subsi-
dence bringing polluted air masses from aloft to ground level.
The only higher aerosol loading aloft is registered for 1 and
12 April 2000.

6. Conclusion

Compared with other areas of the world, measurements of
aerosol properties in the Arctic are sparse. This study was de-
signed to achieve a meaningful data grouping in order to link

together the information from an existing Arctic data set and
has focused attention on the temporal and vertical variation in
the atmospheric aerosol loading at one measurement site in the
European Arctic. A cluster analysis was applied to systemati-
cally study different aerosol loadings and to group data in cat-
egories. An advantage of this method is that information con-
tained in complex data sets of different parameters is analysed
simultaneously. The data set analysed within this study consists
of different independent microphysical, optical and chemical
ground-based as well as airborne measurements of simultaneous
recorded aerosol parameters during a 2-month intensive mea-
surement campaign. Furthermore, two long-term aerosol data
sets and meteorological parameters as well as trajectory analysis
were incorporated into the investigations. The resulting clusters
were tested for statistical difference and mean cluster-defining
values were calculated. The performed analysis showed a distinct
and meaningful clustering.

The HCA method used in this study was shown to be effec-
tive in reducing complex information contained in a data set to
a few clusters representing typical states of the aerosol proper-
ties. This clustering helps in linking different data sets that are
intermittently non-overlapping in space and time. As such, the
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technique provides a tool by which it is possible to extend the
coverage of data in time and space to make better use of the data
to initialize and verify numerical models. Difficulties with clus-
tering ground-based sun photometer measurements with other
ground-based in situ measurements during intermediate aerosol
loadings point to the importance of knowing the vertical structure
of the aerosol. With regard to the needs of regional climate mod-
els, for example, and thus the assessment of the climatic impact
of Arctic aerosols these are essential and important results.
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