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ABSTRACT
The present study covers submicrometer aerosol size distribution data taken during three Arctic icebreaker expeditions
in the summers of 1991, 1996 and 2001. The size distributions of all expeditions were compared in log-normally fitted
form to the statistics of the marine number size distribution provided by Heintzenberg et al. (2004) yielding rather similar
log-normal parameters of the modes. Statistics of the modal concentrations revealed strong concentration decreases of
large accumulation mode particles with increasing length of time spent over the pack ice. The travel-time dependencies
of both Aitken and ultrafine modes strongly indicate, as other studies did before, the occurrence of fine-particle sources
in the inner Arctic.

With two approaches evidence of fog-related aerosol source processes was sought for in the data sets of 1996 and 2001
because they included fog drop size distributions. With increasing fog intensity modes in interstitial particle number
concentrations appeared in particular in the size range around 80 nm that was nearly mode free in clear air.

A second, dynamic approach revealed that Aitken mode concentrations increased strongly above their respective
fog-period medians in both years before maximum drop numbers were reached in both years. We interpret the results
of both approaches as strong indications of fog-related aerosol source processes as discussed in Leck and Bigg (1999)
that need to be elucidated with further data from dedicated fog experiments in future Arctic expeditions in order to
understand the life cycle of the aerosol over the high Arctic pack ice area.

1. Introduction

Largely disconnected from continental aerosol sources
(Heintzenberg and Larssen, 1983) and under the influence of
efficient wet scavenging processes of widespread Arctic stratus
(Curry, 1986; Intrieri et al., 2002), total aerosol particle num-
bers down to 1 cm−3 and particulate mass concentrations well
below 1 μg m−3 have been measured in the marginal ice zone of
the summer Arctic (Lannefors et al., 1983; Covert et al., 1996;
Leck and Persson, 1996a). Therefore, in summer, the high Arc-
tic traditionally had been seen as being one of the cleanest re-
gions in the global troposphere. However, there are no land sta-
tions north of 83◦ N and prior to 1991 no atmospheric ship-
or ice-based research was conducted north of the marginal ice
zone.

Long-term aerosol measurements in the Canadian high Arctic
and on Spitsbergen gave the first indications of natural Arc-
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tic aerosol sources though increased concentrations of particu-
late methane sulfonate (MSA) in summer (Barrie et al., 1992;
Heintzenberg and Leck, 1994).

The International Arctic Ocean Expedition 1991 provided the
first detailed aerosol measurements north of 83◦ N (Leck et al.,
1996). Both chemical (Leck and Persson, 1996a; Maenhaut
et al., 1996) and physical aerosol characteristics (Covert et al.,
1996; Wiedensohler et al., 1996) indicated local aerosol sources
deep inside the pack ice region. However, the source processes
could not be fully illuminated. The follow-up expedition in 1996
extended the aerosol studies in the high summer Arctic (Leck
et al., 2001) and generated a new hypothesis concerning natural
particle sources (Leck and Bigg, 1999). The third International
Arctic Ocean Expedition in summer 2001 (AOE-2001, Leck
et al., 2004) repeated many of the previous aerosol measurements
while adding a substantial biological component to follow up on
the ideas of Leck and Bigg (1999) and Leck et al. (2001) con-
cerning possible aerosol source processes related to biological
films on open leads in the pack ice and coupled to fog peri-
ods. AOE-2001 also carried a substantially enhanced boundary-
layer meteorological component that allowed a more detailed
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Fig. 1. Routes of the three International
Arctic Ocean Expeditions in 1991, 1996 and
2001.

analysis of the meteorological conditions relevant to the aerosol
formation.

The new hypotheses on marine aerosol formation were con-
nected to the occurrence of fogs or low clouds. These systems
traditionally are mainly seen as particle sinks (e.g. Heintzenberg
et al., 1998). A few observations exist that indicate gas-to-particle
formation processes in the vicinity of clouds (Radke and Hobbs,
1991; Wiedensohler et al., 1997; Clarke et al., 1998; 1999). How-
ever, no mechanisms have been deduced from these studies that
could explain the new particle formation in the Aitken diameter
range (25–70 nm) as hypothesized in the summer Arctic (Leck
and Bigg, 1999).

With comparable techniques submicrometer particle size dis-
tributions have been measured during all three Arctic expedi-
tions. The aerosol results of 1996 and 2001 have not been pub-
lished yet. Thus, the present three-pronged study was carried
out:

1. To synthesize the size distributions of all three expeditions
and compare them to the statistics of the marine number size
distribution provided by Heintzenberg et al. (2004).

2. To study aerosol characteristics and related processes over
the pack ice covered inner Arctic.

3. To search for evidence of fog-related aerosol source pro-
cesses hypothesized by Leck and Bigg (1999) in the combined
data set.

2. Experimental

The analyses presented here rely on measurements carried out
from the icebreaker Oden between latitude 74–90◦N from be-
ginning of July to mid-September. Figure 1 shows the routes

of all three expeditions. The southern limits of the ice covered
central Arctic Ocean is also shown in terms of average limits
of 25% ice coverage for the August months of 1979–2002. The
ship encountered a transition from the ‘marginal ice zone’ hav-
ing 20–70% ice cover and the ‘pack ice region’ having between
70 and 90% ice cover. Surface air temperatures were usually in
the range −1.5◦ C to 0◦ C. Until mid-September the sun was
continuously above the horizon, though commonly obscured by
clouds.

An identical PM10-inlet was utilized in all expeditions up-
stream of all aerosol measurements. The inlet with the impactor
was located 27 m above the sea surface, 3 m above the roof
of the laboratory container. Direct contamination from the ship
was excluded by using a pollution controller. Provided that the
wind was within ±70◦ of the direction of the bow and stronger
than 2 m s−1, no pollution reached the sample inlets. Differential
mobility analysers (DMAs) were deployed in all experiments
to measure the number size distributions of dry submicrometer
particles. The 1991 set up for aerosol measurements yielded a
complete number size distribution from 3 nm to 500 nm diameter
in 34 intervals of diameter every 10 minutes. More details of the
1991 set up for aerosol measurements are given in Covert et al.
(1996). For the 1996 expedition aerosol size distributions were
measured in 27 intervals between 5 and 600 nm diameter. Leck
et al. (2001) reported further details.

The counters used in the DMPS were size and concentration
calibrated against an electrometer and the TSI 3025 in the stan-
dard way (Stolzenburg, 1988). The TSI 3010 measuring total
particle concentration was not calibrated for the present study.
Instead, factory calibrations were used to interpret the data.

In 2001 the system described in Birmili et al. (1999) was
used for the measurement of dry number size distributions of
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submicrometer aerosol particles. It consists of two DMA-based
spectrometers with overlapping size ranges working in parallel
similar to the 1996 set up. However, a TSI-3025 CPC was used
for the particle range between 3 and 20 nm and a TSI-3020
CPC for the range 10–900 nm. The total diameter range was
scanned in 12 minutes in 41 size steps. The transfer functions
of both DMA’s and the size-dependent counting efficiencies of
both CPCs had been calibrated before the experiment.

For fog measurements an aspirated commercial fog drop spec-
trometer (FSSP 100, PMS Inc., Boulder, CO) was utilized. The
FSSP was located on the roof of the laboratory container. In
1996 it was pointing in a fixed position towards the bow of
the ship resulting in a dependency of its results on wind di-
rection. This fixed position of the FSSP may have caused losses
of larger drops controlling liquid water content (LWC) in some
fogs.

Arctic fogs exhibit rather low drop numbers and LWC. Kumai
(1973) reported drop concentrations between 0.4 and 24 cm−3

with LWC between 0.006 and 0.15 g m−3 and most frequent drop
diameters around 10 μm. Most of the fog data were collected on
station, which meant that the ship was oriented so that the wind
was within ±70◦ of the direction of the bow. In 2001, mounting
the instrument on a wind vane alleviated this problem. The FSSP
was not calibrated specifically for the present study. Instead,
factory calibrations were used to interpret these data. The size
range of FSSP covered diameters from 3 μm to 47 μm with a
measurement cycle of 10 minutes. The measured drop number
size distributions were also converted to mass size distributions
assuming spherical drops with a density of 1 g cm−3. The drop
size distributions were integrated to derive the total drop number
N d in cm−3 and the LWC in g m−3.

During all three experiments, continuous meteorological sur-
face observations were made from a ship-based weather station.
Radiosonde releases were also performed at 6-h intervals when
the ship was stationary, to measure vertical profiles of temper-
ature, relative humidity wind direction and wind speed. These
were useful in interpreting changes in the boundary layer sta-
bility and mixing that could influence particle concentrations.
AOE-2001 also carried a more extensive set of boundary-layer
measurements, allowing a more detailed analysis of the relevant
meteorological processes (cf. Tjernström et al. (2004a; 2004b)
for a detailed discussion). In addition to the ships weather sta-
tion, a micrometeorological observation site was deployed on
the ice for a 3-week ice drift that was part of AOE-2001. This
provided more detailed surface observations during this phase
of the 2001 experiment. An array of remote-sensing instruments
was also part of AOE-2001. Cloud radar and a passive scanning
microwave radiometer provided a nearly continuous monitor-
ing of the vertical structure of the clouds and of temperature.
A wind profiler likewise provided near-continuous observa-
tions of the vertical wind profiles while a sodar system de-
ployed on the ice provided boundary-layer winds during the ice
drift.

Table 1. Time periods and number of quality-controlled and
log-normally fitted size distributions measured north of 74◦ N, and
with travel times Mtr > 24 h from the ice edge inwards during the three
International Arctic Ocean Expeditions in 1991, 1996 and 2001.

Time Records Records Records Clear,
Year period > 74◦ N Mtr > 24 h Mtr > 24 h

1991 August 1–October 10 1094 545 271
1996 July 13–September 23 4335 2577 536a

2001 July 1–August 25 4856 3737 415a

a)1996 and 2001 the ‘clear’ classification was sharpened by requiring
fog drop number concentration NFSSP to be < 0.01 cm−3.

3. Data set and data processing

The total set of aerosol size distribution data covers different
parts of the three summers of 1991, 1996 and 2001 as detailed in
Table 1. Because of the short and pronounced biologically active
summer season (Leck and Persson, 1996b) differences of weeks
in the timing of the three expeditions can be expected to result
in significant differences in measured aerosol properties. For
the clear-air statistics of size distributions all data taken north of
74◦ N were considered. Depending on the year the number of size
distributions measured north of this limit ranged between 1000
and 7000. For the process-related studies discussed in Section
4.2 the additional constraint of back trajectory travel times over
the pack ice > 24 h was introduced.

In order to harmonize und interpret the combined data set the
following processing was applied:

1. Elimination of contaminated records with CPC and, in
2001, with additional trace gas information (Armin Wisthaler,
private communication)

2. Interpolation of the size distributions on a common grid
of 41 sizes from 3.7 to 613 nm dry diameter

3. Fitting of two to four log-normal functions to the size
distributions according to the method described in Heintzenberg
et al. (2004). Whereas the input size range to the fitting procedure
corresponded to the range given under 2.), the geometric mean
diameters of the log-normal fitting functions were allowed to
vary between 1 and 1000 nm.

4. Geopositioning of all records with logged ship positions
5. Three-dimensional 5-d backward air trajectories at 6-h in-

tervals arriving at the ship’s position at a height within the bound-
ary layer were constructed for all three periods considered. They
were calculated with the 1996 version of the (McGrath, 1989)
model of the European Center of Medium-range Weather Fore-
casts (ECMWF) using their analysed wind and pressure fields.
Nilsson (1996) found that they will resolve surface and line
sources >5 d backward and point or small surface sources 2–4 d
over the central Arctic Ocean. The time elapsed since the air was
last in contact with the marine source (using current ice maps;
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National Ice Centre, USA and the ARTIST Sea Ice Algorithm
from the University of Bremen, Germany with input from daily
polar gridded brightness temperature measured by the SSM/I,
special Sensor Microwave Imager) were in addition calculated
for each trajectory, hereafter referred to as Mtr.

6. Samples taken north of the ice edge in air that subsided
from the free troposphere within 45 h (using weather maps and
soundings) before arrival at the measuring site were excluded
from the data set to minimize influences of other than boundary
layer aerosol sources.

7. Classification according to ‘clear’ and cloudy or foggy,
where clear was made according to the hourly or half-hourly
meteorological surface meteorological observations during the
expedition in 1991. In 1996 and 2001 the additional criterion
of total drop number concentration as measured by the FSSP <

0.01 cm−3 was utilized to define ‘clear’ periods.

First interpretations of the 1996 data and the results of the
fast pulse height analysers connected to UCPCs in 1991 (Covert
et al., 1996) and 1996 (not shown here) had indicated frequent
occurrences of new particle nucleation. In order not to miss any
such events we refrained in the present study from applying the
criteria of eliminating all particle data with nominal Poisson
counting errors of 100% and larger.

4. Results and discussion

4.1. Statistics of the clear air size distribution

Aerosol data from four cruises over North and South Atlantic,
Indian Ocean and Pacific taken with very similar aerosol instru-
mentation as on the Arctic expeditions have been analysed by
Heintzenberg et al. (2004) to derive statistical information on
the shape of the submicrometer marine aerosol size distribution.
The ship-borne data in Heintzenberg et al. (2004) were taken on
transits to specific working areas without detailed meteorolog-
ical records that would allow differentiating foggy from clear
periods. However, the respective routes can be expected to be
largely free from fog events. In the summer Arctic, on the other
hand, low stratus clouds and fogs are very frequent (Huschke,
1969; Curry, 1986; Intrieri et al., 2002). Furthermore, closely re-
lated to boundary-layer fog and cloud formation, the occurrence
of pack ice strongly controls all processes at the sea surface
(Tjernström, 2005). In order to allow a comparison of the Arctic
aerosol statistics with the corresponding data from Heintzenberg
et al. (2004) only fog and cloud-free Arctic data were consid-
ered according to constraint six in Section 3. The extent of the
respective sub sets of data is given in Table 1.

In the marine aerosol data from southern latitudes the fre-
quency of occurrence of geometric mean diameters f n(dg0) ex-
hibited four maxima, which led to the discussion of the four
modes: ‘ultrafine’ (1–25 nm), ‘Aitken’ (25–70 nm), ‘accumula-
tion’ (70–250 nm) and ‘large accumulation’ (250–1000 nm) in

Fig. 2. Frequency of occurrence f n(dg0) of geometric mean diameters
in the submicrometer summer Arctic aerosol in the three Arctic Ocean
Expeditions (cf. Table 1 for details on the expeditions). For 1991 only
data with Day of the Year (DOY) < 250 were used (see text for details).

the submicrometer size distribution. An inspection of f n(dg0) of
the three Arctic expeditions in Fig. 2 reveals a somewhat differ-
ent picture. In the ultrafine size range relative maxima of f n(dg0)
are found at different diameters in different years. In the Aitken
range the absolute maxima of f n(dg0) were found in all years.
However, considerable structure appears and year-to-year vari-
ability appears in this range as well. The accumulation range
exhibits more similar frequencies of occurrences of dg0 with the
maxima being located in a narrow size range. The large accu-
mulation mode is hardly visible in any year, largely because of
an upper size limit of 613 nm in the interpolated data, low winds
in the marginal ice zone and the majority of data having been
taken within the pack ice. We note that in 1991 data later than
Day of the Year (DOY) 250 were excluded from the statistics in
Fig. 1 because the biologically active season ended and conti-
nentally polluted air masses prevailed later (Leck and Persson,
1996a).

For comparison with the grand average (GA) marine aerosol
data we calculated the statistics of the log-normally fitted Arc-
tic size distributions in the four modal ranges mentioned above.
This comparison is reported in Table 2. Figure 3 compares the
positions of the median values of dg0 in the different years
with the respective GA marine values to emphasize the simi-
larity of the modal positions in both Arctic and the GA marine
aerosol.

When comparing Arctic modal number concentrations with
GA marine conditions the traditional view of source-free inner
Arctic is only confirmed in modes three and four. Median concen-
trations in the Aitken mode are about two-thirds of the respective
GA marine value. The even larger difference in nucleation mode
medians may be in part due to the different statistical cleaning
process applied to the GA marine data set (Heintzenberg et al.,
2004) as compared to the Arctic data to which this process was
not applied.
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Table 2. Median log-normal fit parameters of the marine submicrometer number size distribution of aerosol particles (cf. Table 1 for details of the
experiments). The Arctic data hold for Latitudes > 74◦ N, travel time Mtr from the ice edge >24 h and clear sky conditions. GA = grand average
Arctic (1991–2001). GA = grand average Marine (1995–2001) (Heintzenberg et al., 2004). dg i = geometric mean diameters (nm). Ni = total number
(cm−3). σ g i = geometric standard deviations. i = 1: ultrafine mode; i = 2: Aitken mode; i = 3: accumulation mode; i = 4: large accumulation mode

Experiment dg1 dg2 dg3 dg4 N 1 N 2 N 3 N 4 σ g1 σ g2 σ g3 σ g4

1991 11 35 135 328 22 31 20 1.4 1.3 1.4 1.4 1.3
1996 11 46 143 528 92 375 19 0.72 1.3 1.4 1.4 1.3
2001 17 36 133 470 54 60 19 0.95 1.3 1.4 1.4 1.2
GA Arctic 12 41 130 427 52 91 20 1.1 1.3 1.4 1.4 1.2
GA Marine 18 43 149 487 0 146 98 4 1.3 1.4 1.4 1.4

4.2. Dependence of modal concentrations on travel time
from ice edge

As we are interested in the aerosol characteristics and related
processes of the pack ice covered inner Arctic, we would like
to eliminate the influence of open southern waters and of the
marginal ice zone. The former influence was minimized by ex-
cluding all data south of 74◦ N. As a means to investigate the
latter we classified clear-air modal concentrations as a function
of travel time from the ice edge in 24 h bins up to the maximum
length of 120 h of the back trajectories. All travel times (Mtr)
estimated to be larger than 120 h were collected in bin 120–
144 h.

The travel-time dependencies of the concentrations in the four
modes are collected in Fig. 4. As indication of the variability of
the data 25th and 75th percentiles are shown as ‘error bars’ in
the graphs. Travel-time statistics are presented only for at least
five cases per time bin and mode.

Losses of particles to the surface will be highest on the first or
second day when drizzle and sedimentation of fog drops cause

Fig. 3. Median positions of the geometric mean diameters dg0 in the
four modes (1) ‘ultrafine’, (2) ‘Aitken’, (3) accumulation’ and (4)
‘large accumulation’ of the three Arctic Ocean Expeditions in Table 1
compared to the grand average (GA) marine results of Heintzenberg et
al. (2004). The results hold for clear conditions and travel times Mtr
from the ice edge with Mtr > 24 h. The 5th and 95th percentiles are
given as error bars about the median results.

effective wet scavenging as warm moist air is advected in over
the pack ice. In accordance with the conventional understanding
of a source-less high summer Arctic large accumulation mode
concentrations would be expected to decline rapidly within 24 h
travel time from the ice edge and remain low over the pack ice
(cf. Fig. 4d). This trend is less clearly seen in the accumulation
mode, most clearly in 1996 (cf. Fig. 4c). In the Aitken mode,
no consistent concentration decrease with increasing travel time
from the ice edge is apparent. In contrast, depending on the
year, and thus position in the strong seasonal biological cycle,
substantial concentration increases were observed in the inner
Arctic. In 1991 even the highest Aitken concentrations were
measured with maximum travel times. Even higher variability
with travel time is seen in the ultrafine mode with strong con-
centration increases at long travel times from the ice edge. The
travel-time dependencies of both Aitken and ultrafine modes
strongly indicate the occurrence of fine particle sources over the
inner Arctic in accord with the interpretations of (Leck and Bigg,
2005).

In Leck and Bigg (2005) transmission electron microscopy
(TEM) photographs of airborne particles were compared with
those of particles found in the surface microlayer of the open
water between ice floes (Bigg et al., 2004). The similarity in
morphology (closely resembling microcolloidal aggregates or
‘virus-like particles’), physical properties, X-ray spectra and a
chemical reaction of the numerous aggregates and their build-
ing blocks and of bacteria and other micro-organisms found
in both, strongly suggests that the airborne particles were
ejected from the water by bursting bubbles. Individual com-
ponents of the aggregates were too small to be captured ef-
ficiently with the TEM collectors used, but the fact that they
were the only particle types observed that were smaller than
70 nm diameter suggests that they formed the bulk of such
size of particles seen by the DMPS. The close agreement be-
tween the size distributions obtained from TEM photographs
of the aggregates and their individual components and that of
the DMPS between 15 and 70 nm (Aitken mode) thus strongly
indicate the occurrence of fine particle sources over the inner
Arctic.
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Fig. 4. (a) Ultrafine median modal concentrations of the three Arctic
Ocean Expeditions in Table 1 as a function of travel time from the ice
edge; (b) same but for Aitken modal concentrations; (c) same but for

4.3. Influence of fog periods

In 1996 and 2001 drop spectrometers (FSSP) were available to
delineate and quantify fog passages and their potential effects
on the submicrometer aerosol. With the help of the FSSP data
two investigations were conducted. First, the frequency of oc-
currence of modal diameters dg0 was calculated as a function
of total drop number concentration N FSSP (cm−3). For that pur-
pose three subpopulations of interstitial particle size distributions
were formed: (a) N FSSP > 0.1 cm−3, (b) N FSSP > 1 cm−3 and (c)
N FSSP > 10 cm−3. The frequencies of occurrence were weighted
with the respective modal concentrations. In order to emphasize
the changes in particle size distributions with non-fog conditions,
the weighted frequencies were normalized by the respective val-
ues in clear air (N FSSP < 0.01 cm−3). The results of this analysis
are collected in Figs. 5a and 5b.

In both 1996 and 2001 systematic changes of the intersti-
tial aerosol occurred with increasing number of fog drops. In
clear air geometric mean diameters were most frequent in the
range 30–60 nm and a consistent minimum in occurrences was
found between 70 and 90 nm (cf. Fig. 2). In fogs, and increas-
ingly so with increasing drop number, the situation reversed.
Much less frequently occurring modes were found in the clear-air
Aitken range (30–60 nm) while a strong increase of occurrences
fell right into the minimum between Aitken and accumulation
range. Relative to clear-air conditions further strong increases
of mode occurrences were found in both years above 100 nm
diameters.

These findings are incompatible with conventional under-
standing of aerosol scavenging processes in fogs or clouds, from
which one would have expected increasing scavenging of accu-
mulation mode and ultrafine particles with increasing strength
of fogs. In particular, the most frequent appearance of particle
modes right in the clear-air gap between Aitken and accumu-
lation mode we interpret as strong indication of particle source
processes in the fogs of the inner summer Arctic.

In a second, dynamic approach, fog periods were defined
with a FORTRAN-programmed algorithm searching through the
FSSP time series according to the following criteria:

1. A fog period starts when the total drop number N d reaches
above a threshold called ANT.

2. The LWC exceeds a threshold called AMT for at least N1
records (with 10 min per record) during the fog period.

accumulation modal concentrations and (d) same but for large
accumulation modal concentrations. The modal concentrations are
collected in 24 h bins. Concentration values for the different years are
shifted by the factors given after the year in order to avoid overlapping
curves. Only time bins with at least five cases are shown. The 25th and
75th percentiles are given as error bars.
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Fig. 5. (a) Normalized frequencies of occurrence of geometric mean
diameters f weighted (dg0)/f weighted,clear (dg0) in 1996 for three groups of
total number concentration N FSSP in cm−3 of fog drops and (b) same
but for the year 2001. The frequencies of occurrence were weighted
with the respective modal concentrations. Travel times Mtr from the ice
edge were greater than 24 h.

3. During the fog period N d may fall below ANT for no more
than N2 records.

4. The fog period ends at a return of N d below ANT.
5. The fog period then has a total length of at least N3

records.
6. N d then stays below ANT for at least N4 records.

The N4 records after the end of a fog period were added
because observations during the expeditions hinted at particle
production during post-fog periods. For a synopsis of the aerosol
evolution over fog periods of different lengths we normalized the
time axis of each fog period by the total length of the respective
fog period (including the post-fog period). Thus, the subsequent
results are presented as a function of the fraction of the fog events
(covering the scale 0–1). Size-dependent particle concentrations
during the analysed fog periods varied over a wide range. To
facilitate comparisons we normalized the modal concentrations

N Mod of each fog period by the median modal concentrations
N Mod,median taken over the respective period.

With the 2001 times series of FSSP and aerosol data the six
fog-defining parameters introduced above were varied manually
until maximum increases in N Mod were reached and, at the same
time, a minimum of at least 10 fog periods were retained for
a statistics of the aerosol evolution during the respective peri-
ods. Moreover, the more extensive meteorological observations
available during 2001 were used to investigate the resulting fog
periods. Thus, all resulting fogs periods from the 2001 expedi-
tion were studied in some detail and the criteria were altered to
exclude questionable cases, for example, fogs occurring during a
frontal passage (change of air mass), until a consistent set of fog
periods remained. It is important to realize that this procedure
was not used to subjectively remove any of the cases from the
study, but only to aid in the selection of the fog-defining criteria.
The remaining fog periods after this procedure roughly fall into
three categories: ‘Air mass fogs’ (30%), ‘dynamic fogs’ (42%)
and ‘frontal fogs’ (28%). So-called ‘air mass fogs’ occur without
any changes in the dynamic parameters and include, for exam-
ple, pure radiation fogs that appear when the overlying clouds
thin or evaporate and the near-surface air cools due to radiative
processes. The so-called ‘dynamic fogs’ are perhaps the most in-
teresting category. In these cases there was a systematic change
in dynamic parameters and the vertical structure of the lower
troposphere. Often the initiation of such a fog coincided with a
front-like feature, with a rapid change in temperature, boundary-
layer depth and sometimes with a burst of drizzle. However, no
air mass change could be detected and all changes were confined
to the fog layer—the boundary layer. For lack of a better name
we can call these events ‘mesofronts’ as they appear on a small
scale. It remains unclear if these changes are in fact induced by
the presence of the fog or vice versa, that the fog is due to some
ambient mesoscale phenomena. In the third category, the fog ap-
pears in association with a frontal passage (before or after) but
no change in air mass could be detected in the boundary layer
during the fog. As near-surface observations are mostly useless
to detect frontal passages, due to the very strong surface control
of the Arctic boundary layer, this distinction could only be made
using the soundings in combination with the profiling remote
sensing instruments (Tjernström, 2005).

The resulting six fog-defining parameters yielding 15 fog pe-
riods were ANT = 0.01 cm−3, AMT = 0.02 g m−3, N1 = 5,
N2 = 1, N3 = 5 and N4 = 6. Obviously, very thin fogs had
a maximum effect on the aerosol. The 15 fog periods defined
time windows with varying lengths in absolute time. In order to
lend some statistical significance to the extracted fog effects on
the aerosol the aerosol time series were searched with these 15
time windows for periods that had the same lengths but satisfied
the constraint N d < ANT throughout, that is, were fog free. In
2001, 35 periods fulfilled this criterion of which 14 time win-
dows occurred fog free more than once in the total time series.
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Fig. 6. Median total drop number concentrations > 3 μm drop
diameter in cm−3 as a function of the fraction of fog event in 1996 and
2001. In 1996 (2001) 13 (11) fog events with travel times Mtr > 24 h
from the ice edge complied with the set fog criteria (cf. text).

Modal aerosol statistics during these 35 fog-free periods were
then compared with those of the 15 fog periods.

When applying the 2001 values of the six fog-defining param-
eters to the 1996 time series no fog period complied because the
fogs in 1996 were considerably thinner as compared to 2001. The
fixed position of the FSSP in 1996 may also have caused addi-
tional losses of larger drops. Thus, the threshold AMT had to be
lowered to 0.0006 g m−3 in order to yield at least ten fog periods
(18 were found). Again, modal aerosol statistics were calculated
for corresponding fog-free reference periods, of which 63 were
found in 1996.

Figure 6 gives the median total drop concentrations as a func-
tion of the fraction of the fog periods in 1996 and 2001. Peak
values were almost an order of magnitude smaller in 1996 com-
pared to 2001. They were reached around the middle of the
average fog event whereas maximum values of N d were reached
between 60% and 70% of the length of the average fog event in
2001.

In Fig. 7 normalized median modal concentrations in the
Aitken size range for 1996 and 2001 are compared to the corre-
sponding values during fog-free periods. For both types of time
periods, plotting the 25th and 75th percentiles indicates aerosol
variability. Without fog-related aerosol processes we would ex-
pect a random fluctuation of the ratio N Mod/N Mod,median about the
medians as indicated by the span between the percentiles during
fog-free periods. In both years this span covers a range of ±30%
about the median.

If only scavenging processes were active we would expect
a decrease of N Mod/N Mod, median below the median during the
strongest parts of the fog events. The evolution of Aitken num-
bers during fog events, however, followed quite a different path.
In both years the 75th percentile reached peak values of about
twice the median between 30% and 50% of the average fog event,
that is, before the maximum in drop number. The fact that four out
of five fog criteria being the same in both years yielded strong

Fig. 7. (a) Normalized median modal concentrations for the Aitken
mode (AI) as a function of the fraction of fog events in 1996 satisfying
the fog criteria stated in the text and with travel times from the ice edge
Mtr > 24 h and (b) same but for the year 2001. Top thick line stands for
the 75th percentile whereas the lower thick line stands for the 25th
percentile. Thin dashed lines give the corresponding statistical
parameters for clear periods of the same lengths.

temporal increases in Aitken concentrations during the onset
of fogs, which we interpret as strong indications of fog-related
aerosol source processes along the lines discussed in Leck and
Bigg (1999). One might speculate that the much thinner fogs in
1996 were likely to lead to more evaporation taking place in 1996
than in 2001 when much more dense fogs were present. Leck
and Bigg (1999) postulate the production of new particles under
conditions of evaporating fogs. One could then expect on the
basis of the Leck and Bigg (1999) hypothesis, that there should
be larger increases in Aitken particles in the 1996 fog events
compared to those in 2001. However, a comparison between
the findings of Figs 7a and 7b, reveals that there is greater en-
hancement of normalized median modal Aitken concentrations
(compared to fog-free events) in 2001 compared to 1996, oppo-
site to what one might expect on the basis of the evaporating fog
particle production mechanism of Leck and Bigg (1999). The
present statistical analysis, however, cannot elucidate specific
source processes. Moreover, there were significant differences
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in the fog measurement approaches in 1996 and 2001, which
may in part be responsible for the different results.

5. Summary and conclusions

The present study covers submicrometer aerosol size distribu-
tion data taken during three Arctic icebreaker expeditions in the
summers of 1991, 1996 and 2001. The main part of the work-
ing regions of all three expeditions was the pack-ice-covered
high Arctic north of 83◦ N for which no other aerosol data ex-
ist. Whereas the 1991 data had been published previously, the
1996 and 2001 data have not been published before. The size
distributions of all expeditions were harmonized and compared
in log-normally fitted form to the statistics of the marine number
size distribution provided by Heintzenberg et al. (2004) yielding
rather similar log-normal parameters of the four modes named
ultrafine, Aitken, accumulation and large accumulation for fog-
free periods north of 74◦ N.

The unique working area of the three expeditions allowed
systematic studies of aerosol properties as a function of the time
the air spend over the pack ice since last contact with the open
seas and the marginal ice zone (travel time), which traditionally
has been seen as free of particle sources. Statistics of the modal
concentrations revealed strong concentration decreases of large
accumulation mode particles with increasing length of time spent
over the pack ice. No clear trend with travel time was found in
the accumulation mode. For Aitken and ultrafine modes strong
concentration increases at different travel times far beyond the
ice edge were recorded. In 1991, for example, peak ultrafine
concentrations were found at travel times beyond 120 h from
the ice edge. The travel-time dependencies of both Aitken and
ultrafine modes strongly indicate the occurrence of fine-particle
sources. Other studies have indicated that these sources originate
in the surface film of the open water between ice floes (Bigg
et al. (2004); Leck and Bigg (2005)).

With two approaches evidence of fog-related aerosol source
processes as hypothesized by Leck and Bigg (1999) was sought
for in the data sets of 1996 and 2001 because they included fog
drop size distributions. In the first approach size-dependent fre-
quencies of occurrence of modal concentrations during fogs with
different thresholds of drop concentrations were compared to re-
spective data from fog-free periods. With increasing fog intensity
modes in interstitial particle number concentrations appeared in
particular in the size range around 80 nm that was nearly mode
free in clear air.

In a second, dynamic approach, fog periods were defined ob-
jectively with six parameters including thresholds of drop num-
ber and LWC, length of fog period and, importantly, the length of
fog-free period after fog dissolution. When including 60 fog-free
post-fog minutes average Aitken mode concentrations increased
strongly above their respective fog-period medians in both years
before maximum drop numbers were reached in both years. We
interpret the results of both approaches as strong indications of

fog-related aerosol source processes as discussed in Leck and
Bigg (1999) that need to be elucidated with further data from
dedicated fog experiments in future Arctic expeditions in order
to understand the life cycle of the aerosol over the high Arctic
pack ice area.
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