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In this study we present a qualitative and quantitative assessment of more the 10 yr of
aerosol number size distribution data observed in the Arctic environment (Mt Zeppelin
(78◦ 560 N, 11◦ 530 E, 474 m a.s.l.), Ny Ålesund, Svalbard). We provide statistics on both
seasonal and diurnal characteristics of the aerosol observations and conclude that
the Arctic aerosol number size distribution and auxiliary parameters such as integral
mass and surface have a very pronounced seasonal variation. This seasonal variation
seems to be controlled by both dominating source as well as meteorological conditions
in general. In principle, three distinctly different periods can be identified during the
Arctic year: the haze period characterized by a dominating accumulation mode aerosol
(March–May) followed by the sunlit summer period with low abundance of accumulation mode particles but high concentration of small particles which likely are recently
and locally formed (June–August). The rest of the year is characterized by comparably
low concentration of accumulation mode particles and negligible abundance of ultra
fine particles (September–February). Minimum aerosol mass and number concentration is usually observed during September/October. We further show that the transition
between the different regimes is fast, suggesting rapid change in conditions defining
their appearance. A source climatology based on trajectory analysis is provided and it is
shown that there is a strong seasonality of dominating source areas, with dominance of
Eurasia during the autumn-winter period and dominance of North Atlantic air during the
summer months. We also show that new particle formation events seem to be a rather
common phenomenon during the Arctic summer, and this is the result of both photochemical production of nucleating/condensing species and low condensation sink. It is
also suggested that wet removal play a key role in defining the Arctic aerosol year, and
plays a crucial role for removal of accumulation mode size particles as well as it may
play a pivotal role for facilitating the conditions favoring new particle formation events.
In summary the aerosol Arctic year seems to be at least qualitatively predictable based
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The Arctic environment is well known to be particularly sensitive to perturbations of
the radiative budget. During the last century the temperature increase in the Arctic has
been observed to be two times larger than global average (IPCC, 2007). The reason
for this “Arctic amplification” is not fully understood, but it likely relates to the complex
feedbacks as well as the environmental conditions that are characteristic of the Arctic
environment. The increased warming results in, e.g. earlier onset of sea ice melt and
ice loss in general, which through positive feedback further impacts the radiative balance via reduced surface albedo (Hudson, 2011; Robock, 1983). Future changes in the
Arctic are projected to progress rapidly: several studies have suggested that the Arctic
Ocean may be seasonally ice free in next 30–40 yr (Serreze et al., 2007; Wang and
Overland, 2009). This will have a larger impact also on atmospheric aerosol sources
and sinks as well as on cloud properties and cloud distribution in the region.
Aerosols are key constituents of the atmosphere and they belong to a group of trace
constituents called Short Lived Pollutants (SLP’s). Aerosol particles are believed to perturb the radiative balance of the Arctic environment in numerous ways. During the last
three decades, the Arctic environment has experienced a warming of 1.48 ± 0.28 ◦ C. Of
this warming, 1.09 ± 0.81 ◦ C have been attributed to changes in aerosol forcing (Shindell and Faluvegi, 2009). The climate influence of aerosol particles is on one hand a
result of their ability to both directly scatter and absorb incoming shortwave solar radiation (Charlson et al., 1992). The former is assumed to result in a net cooling of the lower
atmosphere and surface, while the latter may cause warming of the atmosphere and
subsequently also the surface due to increased down-welling of long wave radiation.
However, recent studies suggest that this may induce dynamic feedbacks that still lead
to a net cooling of the surface due to weakening of lateral temperature gradients (Sand

Discussion Paper

on knowledge of seasonality of transport paths and associated source areas, meteorological conditions and removal processes.

Printer-friendly Version
Interactive Discussion

29970

|

Discussion Paper

ACPD
12, 29967–30019, 2012

Arctic aerosol life
cycle
P. Tunved et al.

Title Page
Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

|
Full Screen / Esc

Discussion Paper

25

|

20

Discussion Paper

15

|

10

Discussion Paper

5

et al., 2012). The ratio between scattering and absorbing chemical species, as well as
particle size, and their abundance will determine the magnitude of the combined effect.
Furthermore, aerosols do also constitute the seeds upon which cloud droplets form.
Changes in the aerosol chemistry and abundance will indirectly affect the cloud microphysical properties (Twomey, 1977) and lifetime (Albrecht, 1989). The net effect of
altered aerosol-cloud interactions over the Arctic remains uncertain, and will naturally
vary with season and location (Lubin and Vogelmann, 2010; Hu et al., 2005). Arctic is
a complex environment where, opposed to large parts of the world, the typical cloud
properties together with bright ice- and snow-covered surface cause clouds to actually
warm the surface by more efficiently trapping and re-emitting a portion of the outgoing
long-wave radiation in the Arctic (Shupe and Intrieri, 2004; Garrett et al., 2002). This is
in particular true during the dark winter period of the year. High sun and dark surfaces
will favor shortwave forcing, whereas bright surfaces and low sun or darkness will favor
the long wave radiation forcing.
Furthermore, absorbing species, such as soot, may boost surface heating and ice
melting by decreasing the surface albedo when deposited on snow and ice (Rosen
et al., 1981; Clarke and Noone, 1985; Hansen and Nazarenko, 2004) (Flanner et al.,
2007). As indicated above, aerosols may substantially impact the radiative budget of
the Arctic. Understanding the spatial and temporal variability of microphysical properties of the Arctic aerosol may provide one of the fundamental tools to determine the
magnitude as well as direction of future climate change in the Arctic region.
The Arctic aerosol has been shown to be highly variable over the year. A prime example is the Arctic spring period when elevated concentration of aerosols and trace
gases largely define the matrix of atmospheric trace constituents. This annually reoccurring phenomenon is called Arctic haze and was first observed in the 50’s during
routine flights over the Arctic (Mitchell, 1956). With its comparably high concentration
of larger sized particles and mass, the Arctic haze period is in sharp contrast to the
otherwise clean Arctic air (Shaw, 1995). The elevated particle and gas concentrations
originates from lower latitudes, that as a result of strong inversions, hindered vertical
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mixing, lack of formation of cloud systems together with atmospheric blocking phenomena are allowed to be transported into the Arctic region (Iversen and Joranger, 1985;
Shaw, 1981). The haze particles mainly consist of sulfates and different organics constituents, with some additions of ammonia as well as soot and other trace elements,
reflecting their anthropogenic origin (Quinn et al., 2007; Heintzenberg et al., 1981). Elevated concentrations of above mentioned species are often associated with increased
concentrations of sulfur dioxide, nitric acid or PANs (Jaeschke et al., 1997; Jaeschke
et al., 1999).
It is still debated how different natural and anthropogenic source regions contribute
to the Arctic aerosol, Several studies on the topic have been performed utilizing transport climatologies and various statistical methods. One of the more recent studies is
the works performed by (Hirdman et al., 2010) where the importance of source regions in characterizing some key SLP’s at three Arctic sites (Barrow, Zeppelin and
Alert) was investigated. The dominating sources of sulfate aerosols and equivalent
black carbon in the Arctic during winter were argued to be northern parts of Eurasia,
while summer time suggests important contributions from sources in Siberia and North
America. Importance of biomass burning in Russia, Siberia and Kazakhstan as an important contribution to high springtime aerosol loadings in the Arctic has previously
been demonstrated (Warneke et al., 2009). Eastern European agricultural fires were
responsible also for,so far, record high air pollution levels in European Arctic observed
in spring 2006 (Stohl et al., 2007). No direct evidence of important source contributions of black carbon from Asia or southern parts of North America could be found,
although these areas could possibly, at least occasionally contribute with sulfur to the
Arctic. Other studies of long term transport climatology include the works of (Brock
et al., 2011; Polissar et al., 1998, 2001; Stohl, 2006; Fisher et al., 2010).
In contrast to the Arctic Haze period, late spring and summer aerosol properties are
very different. Change in general circulation, increased presence of low level clouds
and thus more effective wet removal result in rather fast clean up after the haze period.
Lower aerosol loading, increased photochemistry and biological activity results in a
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The aerosol number size distribution observations that are presented in this study
were collected at the Zeppelin observatory located on the top of Mt Zeppelin, Sval◦
0
◦
0
bard (78 56 N, 11 53 E, 474 m a.s.l.), just outside the small community of Ny Ålesund.
The station represents remote Arctic conditions, and offers a unique possibility to study
the characteristic features of Arctic atmospheric trace constituents such as trace gases
and aerosols.
The Zeppelin observatory is mostly unaffected by local sources and is considered
to be within the boundary layer most of the time. On occasions when the top of the
boundary layer is below the station altitude, however, measurements can be consid-
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peak in new particle formation during Arctic summer (Strom et al., 2009; Engvall et al.,
2008b). Where and how the new particle formation predominantly occurs is still under
debate. Observations show new particle formation taking place at both higher altitudes
including free troposphere (Weber et al., 2003; Khosrawi et al., 2010; Hegg et al.,
1995) as well as in boundary layer near surface (Strom et al., 2009). Occasionally,
long-range transport pollution events occur also during summer (Iziomon et al., 2006;
O’Neill et al., 2008). The Arctic winter is devoid of sunlight, and typically, concentrations
and variability of aerosols are low.
In this study we provide a compilation of ten years of aerosol number size distribution
observations and characterize these with respect to seasonal and diurnal variations
and source regions influence. We investigate and discuss the role of different processes controlling the aerosol size distribution on longer and shorter temporal scales.
By performing trajectory analysis and transport statistics, we provide an explanation
to the variability of the aerosol number size distribution as observed at Mt Zeppelin in
terms of atmospheric aerosol source, sink and transformation processes.
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ered to be representative of the lowermost free troposphere. The local wind pattern
is dominated by east-southeast katabatic flow from Kongsvegen glacier (Beine et al.,
2001). Orographic effects from surrounding hills can deviate local winds.
The observatory is owned by the Norwegian Polar Research Institute (NP), and the
Norwegian Institute for Air Research (NILU) is responsible for the scientific program
coordination. The Department of Applied Environmental Science, Unit for Atmospheric
Science (ITM), Stockholm University, plays a key role in monitoring of atmospheric
aerosols and has performed observations of the high Arctic aerosol at Mt Zeppelin
since year 2000. It is one of the longest observational series of aerosol number size
distributions in polar environments. Alongside with observations of the aerosol number
size distribution, ITM further monitors the aerosol light absorption using a custom built
Particle Soot Absorption Photometer (PSAP) and aerosol scattering coefficient using
an integrating nephelometer TSI 3563. Total particle number concentration larger than
3 and 10 nanometers is measured by TSI CPC model 3025 and TSI CPC model 3010,
respectively. In this study however, we will focus only on the aerosol size distribution
properties.
The aerosol number size distribution is observed using a closed loop Differential
Mobility Particle Sizer (DMPS). During the period of operation, the system has undergone some changes with respect to inlet design and type of DMA used in the system.
When the measurements started in beginning of 2000, the system consisted of a CPC
3760 together with a short Hauke type DMA (Jokinen and Makela, 1997; Knutson and
Whitby, 1975). Initially, the observations covered the size distribution between 22 and
500 nm. In October 2000, the size range of the instrument setup was adjusted to observe the size distribution between 20 and 630 nm. This set-up was used until the end
of 2002, when the system was modernized and the short Hauke type DMA was replaced by a medium size Hauke DMA. Both setups used the same TSI CPC 3760, and
the size range observed remained the same. From 2005 the aerosol size distribution
size range was further increased covering particle sizes between 10 and 790 nm. During end of 2005, the rain cover on the inlet was also replaced. The last change affecting
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In order to assure consistency of the used data-set we performed a comparison of
annually averaged number and volume distributions. Figure 2 shows the 25–75th percentile range of the bulk of size distribution observations performed during the period
2000–2010 (red surface) with overlaid annual median size distributions. It is evident
that the annual median distribution of years 2000 and 2002 significantly differ from the
rest. This is due to the fact that a large part of both these years are missing. For year
2000 the observations did not start until end of March and large parts of the data for
2002 is missing due to the instrument temporary being out of commission. Otherwise,
the annual average distributions seem centered around the median of the whole measurement series. Figure 3 shows corresponding aerosol volume size distribution with
upper and lower quartiles range and annually average values. Apart from the obvious
outliers corresponding to 2000 and 2002 previously described, there is a shift in the
volume distribution towards larger sizes going from 2000–2010. Whether this is a result of changed instrument setup or actual change of the Arctic aerosol size distribution
due to changes in transport pattern and sources and sinks is however uncertain, and
it deserves a more thorough analysis in future, as it is not within the scope of current
study.
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the data dates to the end of 2008 when the sampling tubing was changed leading to reduction of the diffusion losses in the sampling line. This in turn increased the detection
efficiency of the smaller sized particles.
Although the aim is to keep the measurement continuous, some gaps in the data set
will inevitable occur due to measurement failure and other unforeseen events. Based
on daily averaged aerosol size distributions, present data set covers 84 % of time from
year 2000 to 2010 (Fig. 1). During the period of measurements presented in this study
there are no large gaps in the data apart from three longer periods of missing data (cf.
Fig. 1; autumn-winter 2002, winter 2004 and winter 2008–2009).
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Throughout the studied period, hourly 240 h back trajectories were calculated using the
HYSPLIT4 model (Draxler and Hess, 1993). Between 2000 and 2006, the trajectory
calculations are based on meteorological data from the FNL data set and from 2007
onwards they are based on GDAS (Global Data Assimilation System) data set (cf.
http://ready.arl.noaa.gov/archives.php). The trajectories will be used to estimate spatial
distributions of the potential source areas that define the aerosol properties at Zeppelin.
The same trajectories will further be used to study the air mass history in terms of
precipitation intensity which is supplied as optional hourly output along the calculated
trajectories.
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The data was fitted with three lognormal modes for the daily averaged data. Fitting was
performed for size distribution data between 20 and 630 nm in order to assure that the
analysis was performed on a data set with identical size range for the studied period.
The modes roughly correspond to size ranges of the nuclei, Aitken and accumulation
mode particles. The fit of 3215 daily average aerosol size distributions was performed
based on the algorithm fmincon.m, available in Matlab Optimization toolbox.
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The purpose of this study is to analyze long term observations of the Arctic aerosol
number size distributions towards better understanding of what processes control Arctic aerosol properties.
First a survey of the general aerosol size distribution properties observed between
years 2000–2010 is presented. The second part will describe both seasonality of the
aerosol properties and diurnal variability. The third part focuses on a study of air mass
transport patterns using trajectory analysis and description of seasonal variability. Fi29975
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The Arctic aerosol concentration is generally very low, typically a couple of hundred
−3
particles per cm (Strom et al., 2003). Also, both integrated aerosol mass and surface
concentrations are very low compared to observations performed in, e.g. the closeby boreal region of Scandinavia (Dal Maso et al., 2007). Figure 4, shows the median aerosol number, volume and surface size distribution for the studied period March
2000–December 2010. The average number size distribution (Fig. 4a) is typically bimodal with two modes in Aitken and accumulation mode size range. On average, the
accumulation mode number concentration dominates the aerosol size distribution, and
peaks around 150 nm.
The aerosol surface distribution (Fig. 4b) is defined by roughly a single mode with the
maximum peak located around 220 nm. The average volume size distribution (Fig. 4c)
peaks at around 300 nm. There is indication of a second mode in aerosol volume distribution, but its peak is located above the upper limit of the measurement range and
extends towards size around 1 µm or above.
Daily average aerosol number size distribution data have been fitted into three lognormal modes (cf. Sect. 2.2). In the forthcoming, we will use the terms nuclei, Aitken
and accumulation modes for mode 1–3, respectively, although the mode 1 modal diameter is slightly too large to be called a nucleation mode. Nevertheless, this mode
represents aerosol population in smallest observed sizes, which potentially originate
from new particle formation that occurred rather recently (an assumption based on the
fact that lifetime of such small particles is short). The aerosol number size distribution fitted modal parameters are summarized in Table 1. During the ten years of measurements in this study, the smallest mode is typically centered around 25–40 nm and
−3
have a number concentration around 5–36 cm as indicated by the 25–75th percentile
range. This low value is indicative of only small abundance of nuclei mode particles on
29976
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nally, in the last part, role of precipitation in shaping the aerosol size distribution in the
Arctic environment will be analyzed and discussed.
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Figure 5 shows seasonal variation of the monthly median and mean integral aerosol
number concentration of submicron aerosol particles from 20 nm to 630 nm in diameter derived from number size distributions for period 2000–2010. Overall, the aerosol
−3
number density, typically in a range from 50 to 200 cm , is comparable to aerosol concentrations in coastal Antarctica (Koponen et al., 2003) and substantially lower than
typical background aerosol concentrations in remote regions at lower latitudes where
aerosol number concentration is usually between 300–500 cm−3 . The annual trend in
Fig. 5 indicates clear and repeating strong seasonality in aerosol umber concentration.
−3
Minimum values are observed during autumn and onset of winter (ca 50 cm ). Maximum concentrations are observed during the summer months, with a monthly mean of
250 cm−3 during July. Although the seasonal variation of the integral number concentration seems to be virtually uni-modal, there are significant differences in the shape of
the size distribution over the seasons, which are highlighted in Figs. 6 and 7. Figure 6
represent a spectral plot of the whole 10 yr period averaged on daily basis. The high
29977
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average. The second mode is typically located between 55 and 110 nm, with a modal
−3
concentration of 24 cm as median. The accumulation mode is the most dominating
−3
mode, with typical median concentration of 37 cm and modal size between 130 and
190 nm. As can be seen from the mean values in Table 1, episodically high particle
concentrations in the different modes do occur, causing a more than double mean values compared to the median. These events are likely caused by either new particle
formation events during summer (indicated by the comparably high concentration of
nuclei mode particles) or episodes of long range transport (in the case of high concentration of accumulation mode). The fact that the mean concentration of the nuclei
mode is higher than the 75th percentile of the data suggests a small number of cases
with comparably high nuclei mode number concentrations. This pattern can be linked
to seasonal variability in aerosol size distribution, which will be discussed in following
section.
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concentrations during spring months March–April are almost exclusively governed by
the accumulation mode number aerosol, while the high summer concentrations are related to elevated number in the Aitken and Nuclei mode size ranges. Thus, the aerosol
size distribution during the haze period appears to be dynamically aged, and represent the terminal stage of the aerosol lifecycle (e.g. Tunved et al., 2004). The summer
period aerosol size distribution is dominated by (most likely) freshly formed particles
that have not yet undergone significant growth by condensation and coagulation and
have not been affected by cloud processing and wet removal. From this perspective it
is a strikingly sharp transition between spring and summer periods, which represent
a regime-shift between polluted spring and the relatively cleaner summer. The spring
time domination of accumulation mode particles is diminished in favor of smaller particles over the time period of a couple of days. This phenomenon has been studied in
detail by (Engvall et al., 2008b) using six years of aerosol size distribution observations
from Mt Zeppelin. It was shown that the sharp transition between these two extremes
happens every year during the same period, within a couple of weeks, and cannot be
explained by changes air mass transport and source regions influence alone. Instead,
this transition is associated with increased photochemical activity due to increased solar radiation. In combination with reduced condensation sink due to accumulation mode
aerosol concentrations decrease, suitable conditions for new particle formation occur
during Arctic summertime. This is of course dependent on a nucleating gas and its precursors could be either locally emitted, e.g. DMS from the ocean (Sharma et al., 2012)
or, perhaps less likely, transported into the Arctic during certain transport conditions.
Single particle analysis (Behrenfeldt et al., 2008) further indicated that samples taken
before the rapid transition mainly consisted of spherical “organic like” particles originating from Eurasia, while particles sampled after the transition were more complex in
nature with a higher influence of natural sources reflecting shift in general circulation
within Arctic during transition from spring to summer period. Thus, while the spring
maximum (i.e. “the Haze period”) is linked to certain meteorological transport condi-
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tions, the high concentration of small particles during summer likely reflect local new
particle formation within the Arctic domain.
Figure 7 further emphasizes the seasonal variability in terms of monthly average
aerosol number size distributions for the studied time period: the Arctic Haze period
is dominated by an almost monomodal accumulation mode aerosol, which shift into
a nuclei-Aitken mode size range dominated aerosol during the summer months. After
the sun goes below the horizon after the summer, the size distributions again display
more aged aerosol characteristics: the abundance of small particles decrease and relative fraction of accumulation mode particles increase. This trend and decrease in total
aerosol number density continues throughout September and October when annual
minimum in total aerosol number concentration is observed. From November the concentration of the accumulation mode aerosol slowly rise towards next year maximum
during the following spring haze period.
This figure is accompanied by Table 2, providing monthly descriptive statistics for fitted aerosol number distributions. We will not address this table in detail, but do instead
provide it for completeness as a reference for, e.g. model initialization and evaluation
as well as for comparison with previously derived statistics from the Arctic environment.
−3
Finally, Fig. 8, provides the seasonal variation of the integral mass (µg m ) and
2 −3
surface (cm m ). The mass is calculated from the submicron aerosol number size
distribution simply assuming a density of ρ = 1 g cm−3 for ease of scaling (n.b. that dry
aerosol densities are likely to be closer to 2 g cm−3 ). The winter months are, as previously mentioned, characterized by very low aerosol concentrations, with a dominance
of accumulation mode sized particles. Minimum mass concentrations are observed
during September, whereas lowest number concentration was found in October. Not
surprisingly, the maximum mass concentration is largest during the Arctic Haze period.
Although relatively high for Arctic conditions, the maximum mass (around 0.8 µg m−3 )
is small compared to continental sites (cf. with, e.g. Van Dingenen et al., 2004). The
annual variation of the integral surface concentration follows approximately the same
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So far, we have focused on the seasonal properties and variation of the aerosol number
size distribution. While the annual variability most likely reflect the large scale features
of Arctic meteorology and transport conditions, diurnal variability will reflect process active on a much smaller temporal and spatial scale. One such phenomenon is new particle formation. New particle formation (Kulmala and Kerminen, 2008), is occasionally
observed also in the Arctic environment. Figure 9 provides an example on how these
events look when observed at the Zeppelin site. The new particle formation events observed at Mt Zeppelin exhibit several general features: (1) They occur during the sunlit
period of the year (i.e. summer months May–August), (2) they are detected around
midday and (3) the newly formed particles seem to grow relatively slowly compared to
other observations of new particle formation outside the Arctic. Many times, however,
new particles are observed to appear, but without traceable growth. In this study we
will not provide a detailed inventory of the nucleation events in terms of classification,
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pattern as the integral mass, but it is associated with a less pronounced spring maximum.
In summary, the Arctic boundary layer aerosol seems to be predictable and repetitive
with respect to the aerosol size distribution seasonality trends and properties. Typical
phases of the observed aerosol number size distribution can be characterized by three
significantly different states: (1) the summer period, with its dominance of smaller sized
particles, (2) the dark winter period with comparably few particles and dominance by
accumulation mode sized particles slowly increasing in number, and (3) the Arctic Haze
period with highly elevated concentrations of accumulation mode aerosol and just a
few nucleation and Aitken mode particles. The timing of the transition between different
characteristic aerosol regimes is, based on this and previous studies (Engvall et al.,
2008b), consistent and very well pronounced.
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growth rate and formation rate. Provision of similar analyses will be in future studies.
Instead, we focus on more general diurnal trends of the Arctic number size distribution.
The dataset including data from 2000–2010 was split into 12 monthly subsets and
these monthly subsets were further sorted according to time of day and then averaged. This gave a monthly average diurnal variation for the studied decade. Firstly,
when investigating median integral number concentrations, there was no evident diurnal variability. From this we draw the conclusion that there is no typical systematic
diurnal variation of neither of the studied size classes on a day-to-day basis. In order
to highlight any diurnal variability that may be hidden in the dataset, hourly 5th and
95th percentile ranges were calculated. This will reveal the more extreme cases in the
dataset and how these extremes in turn will vary on shorter time scales. Figure 10
shows monthly median and 5–95 percentile rages of the sub 60 nm and super 60 nm
integral particle population. The selected cutoff of 60 nm is based on the on average
shape of the size distribution, consisting of a mode above 60 nm and mode below
60 nm, with a typical Hoppel minimum (Hoppel and Frick, 1990) in-between (cf. Fig. 4).
Except for the period June–August, when both the sub-60 nm and the super-60 nm
particle populations are of similar magnitude, median concentration of the sub 60 nm
population is always lower than the integral of the larger size classes.
There is only little or no diurnal variation observed for the larger particles. This suggests that the super-60 nm accumulation mode aerosol particles number concentration
is controlled by long range transport, and does not seem to be systematically affected
by processes acting locally and on shorter time scales. The population of sub-60 nm
particle concentration does seem to have a clear diurnal variability during Arctic summer, in particular June, July and August. The concentration of these particles increases
around noon and start to decrease again during late afternoon. One plausible explanation for this would be vertical mixing with free tropospheric air reaching a maximum
during midday resulting in elevated particle concentration. This, however, would only be
true if two conditions are fulfilled: firstly, the vertical gradient of super-60 nm particles
is small through whole tropospheric column since no diurnal variability is identified for
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this size range. Secondly, particles are formed aloft. Concerning the first assumption,
accumulation mode aerosol shows nearly homogeneous distribution through Arctic troposphere (Engvall et al., 2008a) including also not all, but some of the Arctic Haze
occasions and plumes (Schmale et al., 2011). Regarding the location of particle formation, it is indicated by airborne measurements (Engvall et al., 2008a) that new particle
formation in the free troposphere seem to be very rare in the Arctic. Instead, the shape
of and continuity of the observed events (cf. Fig. 9) in many aspects resemble previously reported boundary layer nucleation events (Kulmala and Kerminen, 2008). The
continuity (i.e. possibility to follow the evolution of the nuclei mode for several hours)
further suggests that observed Arctic particle formation events are likely to take place
simultaneously over large areas.
The data was further subdivided according to month, and average diurnal behavior
of the full size distribution was calculated to reveal any systematic variation of the size
distribution as whole over a 24 h cycle (Fig. 11). During January–February the average
day is characterized by a persistent accumulation mode and there is no evidence of
any diurnal variation of the aerosol number size distribution. Entering March, the lack
of diurnal variability continues, but as this is one of the more prominent haze months,
the number concentration of the accumulation mode is higher. All these months are
as good as completely devoid of direct sunlight, although the sun rises towards the
end of March. Entering April, the concentration of accumulation mode particles remain
high an there seem to be an increased abundance of small (< 20 nm) particles having
a maximum concentration around noon. In May this picture is even more pronounced,
and there seem to be on average a formation of small particles around noon which
seem to grow during the afternoon. In June, as previously described, the Haze disappears which means that the amount of accumulation mode particles is lower. During
this month there is a persistent mode present in the Aitken size range and there is
clear evidence of new particle formation starting to be visible around midday, followed
by growth which is visible also during the following day. The sun is now high and the
Arctic environment is characterized by constant daylight. This picture is preserved and
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enhanced during the following months July–August, where the average data show typical signs of new particle formation and growth. Entering September, the sun sets and
the signs of nucleation are diminished. This continues to be the case during the rest of
the dark winter months, even though the amount of larger particles remains low.
We interpret this characteristic seasonal dependence as follows: During March–May,
there is sunlight but also a large preexisting surface. The waters are mainly covered by
ice. This means poor conditions for new particle formation as newly formed particles
are scavenged quickly as are any potential nucleating gases (which in any cases likely
are produced at a slow speed due to the lack of significant insolation). If the source of
the precursor gases is the ocean itself, any emission of such is likely hindered by the
ice cover. During June, conditions are quite different. More sunlight and less abundant
preexisting accumulation mode particles means that the newly formed particles are
able to grow into a large enough size that the particle lasts into the following day. On
average any diurnal variation in Aitken mode particles is therefore masked. This is a
feature shared by July and August months as well. These months are all characterized
by high insolation, low aerosol surface (and mass) and a much higher fraction of open
ocean. In September, as days become shorter and solar radiation decreases, the particle production ceases and period of dominating accumulation mode is reestablished.
This again indicates the importance of photochemical production as the main driver for
new particle formation in the Arctic environment.
The features associated with the diurnal characteristics of different size classes presented above support the idea that new particle formation in the Arctic boundary layer
seems to be an important source of submicron particles during the polar summer.
This corroborates earlier findings by, e.g. (Strom et al., 2003, 2009; Shaw, 1989). The
qualitative and quantitative behavior of the temporal evolution of small particles show a
behavior consistent with new particle formation events as observed at continental sites,
and is further indicative of the important balance between generation of nucleating and
condensing vapors on the one hand, and sink from making new particle material on the
other hand (e.g Kulmala and Kerminen, 2008). This picture also holds for the general
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It has been shown earlier that the Arctic aerosol size distribution properties and diurnal
behavior exhibit strong seasonal variability. To a certain degree we have already discussed the role of meteorological parameters such as intensity of sunlight, balance
between generation and consumption of condensable gases, growth and potential
sources. We have however not yet in detail discussed the role of the actual aerosol
sources and source areas and their seasonal variation. Arctic air mass source climatologies focusing mainly on the Arctic Haze phenomenon are not something new, and
detailed analysis regarding transport characteristics and source dependence may be
found elsewhere (e.g. Hirdman et al., 2010; Polissar et al., 2001; Shaw, 1981). These
and similar studies mainly address the source dependence of chemical composition
and general meteorological characteristics. Here we will address source regions and
transport patterns for air masses reaching Zeppelin station, by calculating relative horizontal source contribution based on trajectory calculations using the HYSPLIT model
(c.f Sect. 2.3). We will investigate how the transport history is described in terms of
source area and precipitation how the air mass history to a large degree defines the
properties of the aerosol number size distribution.
Figure 12 shows the distribution of potential source areas experienced by a randomly
selected trajectory during each month (frame 1–12) through the studied 10 yr period.
Every map is generated by examining in what grids any single trajectory have resided
29984
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features of nucleation events observed in the Arctic (i.e. detection of 10 nm particles
around noon, which by assuming a growth rate of 2 nm per hour would have been
formed some 5 h earlier), followed by growth that by its nature suggest condensational
processes to be dominating (e.g. Dal Maso et al., 2005). Where exactly new particle
formation takes place, what gaseous precursors are critical for aerosol nucleation and if
these gaseous precursors dominantly are of natural or of anthropogenic origin remains
to be addressed by future research.
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prior arrival. This is performed for every hourly trajectory calculated 2000–2010. Only
the horizontal transport is considered, and we do not discriminate whether or not the
trajectory is more or less close to the ground. After adding the number of hits in each
grid, the matrix was divided by the total number of trajectories investigated for the
month at hand. This results in a likelihood frequency that transport takes place from
◦
or over each one of the grids. The grid system itself is made up by 30 × 30 (3 Lat◦
itude and 12 Longitude) polar grids distributed around the receptor (Zeppelin). It is
well known fact that the accuracy of the trajectories deteriorate rapidly with increasing
transport distance (Engstrom and Magnusson, 2009). For this application, i.e. when
using a very large number of trajectories, we do however believe that sufficient amount
of information is retained by the individual trajectories to support the statistical analysis
presented also when long transport time/distance is considered.
Starting with the Arctic Haze period, there seems to be a strong probability of transport of air over the Arctic ocean, and a majority of trajectories are arriving within an approximately 120◦ sector extending to Alaska in easterly direction and Northern Siberia
in the westerly directions (cf. frame 3–5 for March, April and May data). Transport from
continental sources seems to be dominated by transport from Siberia, Eurasia and to
some degree the European subcontinent. Only minor parts of the 240 h trajectories
extend down to East Asia and Central Asia. There is further a minimum influence of
air mass transport over the Atlantic Ocean. Entering June, this pattern starts to break
up. The dominating transport sector defining the haze period is weakened and a much
larger portion of air is funneled over the Northern Atlantic Ocean.
During the following months July–August this pattern gets even more pronounced,
suggesting that the source areas experienced during the summer period is substantially different from those experienced during the haze. Frames 6–8 in Fig. 12 suggest
that a majority of air mass transport goes along two separate branches: one south-west
of Greenland and one branch arriving from the north-west, north of Greenland. During September the transport patterns shift once more, and under the period October–
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December is consistent transport through the Arctic from Eastern Siberia–Alaska. January and February is strong shift westwards in source regions.
Thus, in simple terms it seems so that transport in terms of geographical origin is
defined mainly by two different patterns: Atlantic air arriving from the south west during
the summer months and air mass transport over the Arctic ocean from Siberia, Eurasia
and partly Asia during the rest of the year. In terms of the summer period compared to
the rest of the year, the transition between aerosol properties seem somewhat straightforward as the air mass transport patterns are significantly different between these
two periods. We note that although the transport patterns are similar for October and
March, their respective aerosol characteristics are very different. These results should
be compared to, e.g. the findings by (Hirdman et al., 2010) where the importance of
source regions in characterizing some key SLP’s at three Arctic sites (Barrow, Zeppelin
and Alert) was investigated. The dominating sources of sulfate aerosols and equivalent
black carbon in the Arctic during winter were argued to be northern parts of Eurasia,
while summer time suggests important contributions from sources in Siberia and North
America. Importance of biomass burning in Russia, Siberia and Kazakhstan as an important contribution to high springtime aerosol loadings in the Arctic has previously
been shown by (Warneke et al., 2009).
In order to better understand how transport over different source regions may affect
the aerosol properties in the Arctic, we also calculated maps showing the aerosol mass
concentration observed on average after the air has crossed a certain grid. The aerosol
number size distribution data was divided into hourly averages. For every average, the
integral aerosol mass was calculated. For every one of these averaged observed mass
concentrations, hourly backward trajectories were calculated.
These calculations are performed on monthly basis for the whole period 2000–2010.
In simple terms, the mass concentration observed at Zeppelin during every hour is
assigned to the grids crossed by the corresponding air mass trajectory. Performing
this analysis for every trajectory and normalizing the result by the number of times a
trajectory actually have crossed any particular grid square provides a measure on how
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much mass on average is observed at the receptor (Zeppelin) after the trajectory has
crossed any of the respective grids. The resulting plot is displayed in Fig. 13. The figure
−3
shows the mass concentration in µg m of integrated aerosol mass (20–630 nm) on
average observed when a trajectory has crossed a particular grid.
Transport from Central Europe and Russia (including Siberia) and northern parts of
Asia provide the conditions for observation of relatively high mass concentration in at
the receptor Mt Zeppelin for all months. While this is true, it also becomes clear the
mass concentration assigned to these source regions do vary substantially comparing
the different months. For example, transport over Eastern Siberia during March results
in observed concentrations of about 0.4–0.5 µg m−3 while during September, the same
area results on observed concentrations in the range of 0.1 µg m−3 . If we assume that
the chosen approach at least to some degree represent the strength of the source areas, these results indicate that either the source strength changes substantial over the
year or that the sinks during transport is significantly different comparing the different
months.
The submicron aerosol mass is almost exclusively governed by accumulation mode
particles (Fig. 4). As described in (Sect. 1) meteorological characteristics do play an
important role in defining the seasonality of the Arctic aerosol. Furthermore, the most
important sink for accumulation mode particles is wet removal (Buatmenard and Duce,
1986; Textor et al., 2006).
Thus, average amount of precipitation experienced per month during the studied period was calculated. This was done by integrating precipitation intensity calculated by
the HYSPLIT4 model along the trajectories and averaging the result per month for the
studied period. The result is presented in Fig. 14 as monthly median amount of accumulated precipitation during last 10 days (240 h). There is a strong annual variation in
accumulated precipitation. Maximum values are estimated for the summer (7–8 mmtot
during July–September) months, and this amount gradually decrease during autumn,
winter and spring to reach a minimum value during the haze period March–May (2–
3 mmtot during March–May). The fact that the minimum agrees well with maximum in
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In order to resolve the potential importance of wet removal for shaping the Arctic
aerosol, hourly values of precipitation intensity were extracted along each single trajectory and integrated during the full duration of transport for every trajectory. Integral
precipitation during transport was compared to the observed mass concentration at
the Zeppelin station. Subsequently, the integral precipitation was grouped according
to amount of accumulated precipitation over the range of precipitation values using an
increment of 0.5 mm per step. The corresponding mass was simultaneously calculated
for every bin as 25th, 50th and 75th percentiles. The result is shown in Fig. 15.
It is seen that the mass versus precipitation follows an exponential function, with an
initially rapid decrease in mass, followed by a decreased apparent removal rate when
the accumulated precipitation is large and mass is small. At zero mm of accumulated
precipitation, the typical mass concentration observed at zeppelin station is around
0.45 µg m−1 (covering a typical range of 0.18–0.62 as indicated by the 25th–75th percentile range). The mass concentration drops comparably fast up to about 10 mm of
integral precipitation. When accumulated precipitation during the transport is larger
than 10 mm decrease in aerosol mass with precipitation is less obvious until there is
no apparent change of aerosol mass with increasing precipitation.
In order to better resolve how precipitation influences the Arctic aerosol, a separate
study was also performed to resolve how the wet removal affects the whole size distribution range and not only mass. Thus, in same manner as for the mass, each hourly
observed size distribution was associated with precipitation history during transport.
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aerosol mass concentration do suggest that precipitation does play a key role for abundance and annual variability of the observed Arctic aerosol properties. In the following
section we will therefore adopt a statistical approach to investigate how precipitation
and wet removal could contribute in shaping the Arctic aerosol size distribution properties.
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The result was binned according to incremental accumulated precipitation (0.5 mm)
during transport. The result is shown in Fig. 16.
First of all, there is initially a rapid decrease of larger sized particles. Assuming incloud scavenging to be the most important mechanism of removal, precipitation will
remove the larger particles first and the removal will affect smaller and smaller particles as soon as the larger ones have been removed. This is, at least conceptually,
sound considering the mechanisms and process active in activation scavenging (Guibert et al., 2003; Snider et al., 2003). The best CCN’s will be consumed first, and as
the number and size of the accumulation mode decrease, smaller and smaller sizes
become activated since there is less competition for the available super-saturation.
Considering several consecutive precipitation events, the cloud droplets will be bigger
and bigger for every cloud cycle if we assume same dynamic forcing during the formation of the cloud (i.e. updraft, temperature, pressure and constant liquid water content
(LWC)), and less particle number and mass will be removed per mm of rain as the size
distribution is shifted towards smaller and fewer available CCN’s. This mechanism is
in qualitative agreement with the result presented in Figs. 15 and 16 (assuming that
coalescence processes are the dominating mechanism of rain formation).
Secondly, after about 15–20 mm of total accumulated precipitation an apparent increase of nuclei and Aitken mode particles seem to take place. This could either be a
result of different meteorological conditions and transport conditions during occasions
of high precipitation resulting in contributions from different source areas and/or different source strength (e.g. increase in wind speed may result in larger emissions of both
DMS and sea salt particles). That is, a mixture of conditions that result in the observed
pattern. Another potential explanation is that the wet removal result in reduced mass
and aerosol surface (i.e. reduced condensation sink) leading to higher concentration of
gaseous precursors suitable for nucleation and new particle formation. This fits snugly
with the previous discussion in Sect. 3.3 indicating a strong inverse relation between
pre-existing amount of aerosol surface and new particle formation. If the latter is true,
the apparent increase of smaller sized particles would be present only during the sunlit
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part of the year, since photochemistry is a prerequisite for formation of, e.g. sulfuric
acid in the gas phase.
Thus, the data was separated into two periods, one comprising data when the Arctic
is dark (i.e. October–February), and one comprising data during the sunlit part of the
year (i.e. March–September). The result is shown in Fig. 17 and 18, respectively. It becomes clear that the apparent number increase of smaller sized particles is much more
pronounced during the summer months. It is also evident that this relative increase of
small particles follows after an initial, significant, decrease of aerosols in the larger size
classes (Fig. 17). When concentration of accumulation mode concentration is high (i.e.
prior to substantial wet removal) the concentration of the finer fraction is very small and
only increase after a large portion of the accumulation mode sized particles has been
removed. It is also evident that during the dark half of the year, the apparent increase
is missing although there is a substantial reduction of accumulation mode particle concentration (Fig. 18), suggesting that the increase is depending on the season, and thus
possibly the rate of incoming solar radiation to support the photochemical reactions
generating suitable precursor gases. It seems so that wet removal paves way for new
particle formation via removal of larger sized particles and thus condensation sink, allowing high enough concentrations of precursor gases build up, supporting new particle
formation. The rain would then act as a mechanism that facilitates a “shift of generation” with respect to the particle population. When the older bigger particles have been
removed, a new aerosol starts to form, filling the gap created by the clouds and precipitation. It is also interesting to notice that these newly formed particles seem less
accessible to removal by rain compared to the original, larger sized aerosols, as the
sensitivity to increasing precipitation is less for higher integral values of accumulated
amount of precipitation (mmtot ).
Consequently, it is suggested that clouds and rain and associated wet removal seem
to be a key process in shaping the appearance of the Arctic aerosol. The effect of wet
removal seem to be two-fold: it does not only include removal of larger size particles by
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In this study we have presented a 10-yr data set of aerosol size distribution measurements collected at the Zeppelin station located on Svalbard. We have investigated the
data based on seasonality and diurnal variability and provide transport climatology for
the studied period. We have presented statistics for the size distribution properties,
including estimates of log normal modal size distribution parameters on annual and
monthly basis.
We have shown that the aerosol mass, surface and size number distribution properties are a strong function of season, and that this seasonality is repeated from year
to year. During the haze period in late winter and spring, the aerosol is dominated by
accumulation mode sized particles, and there seem to be an absence of contribution to
particle number from local nucleation. Highest observed concentration of aerosol mass
is observed when transport comes from of Russia and Central Europe. The dominating transport direction derived however, seem to be for all months except June–August,
◦
within an approximately 120 sector extending to Alaska in easterly direction and Northern Siberia in the westerly directions. Transport from land-based sources seems to be
dominated by transport from Siberia, Eurasia and to some degree the European sub
continent (which is in agreement with previous findings by Hirdman et al., 2010). Only
a minor fraction of the 240 h trajectories extend down to East Asia and Central Asia.
There is further a minimum influence of air mass transport over the Atlantic Ocean.
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scavenging, but instead by removing the larger particles, rain events further establish
conditions that favor new particle formation via nucleation.
Based on the findings presented in this study, a conceptually reasonable and qualitatively sound mechanistic explanation of the annual variation of aerosol properties
may be proposed, whereby the key conditions to reach haze levels of particles include
transport from areas with high emissions concurrent with sunlit transport conditions
and low precipitation during transport.
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During the summer months June–August, a much larger fraction of air mass transport
takes place over the Atlantic Ocean, and the summer season is characterized by higher
fraction of smaller sized particles, which is suggested to have been formed locally.
We further show that the transport from the source regions into the Arctic during
the Haze periods is characterized by low amounts of precipitation (on average 2–3 mm
of rain during last 10 days), and that summer time is associated with highest amount
of precipitation amount (on average 7–8 mm of rain during last 10 days). By investigating the relation between aerosol mass and calculated precipitation we demonstrate
a strong link between observed mass and precipitation history, suggesting that wet
removal largely control the properties of the aerosol size distribution observed in Svalbard. This is further supported by an analogous analysis of the size distribution properties and their relation to experienced amount of precipitation. During the winter period,
wet removal gradually diminishes the accumulation mode particles and this decrease
is most rapid when the amount of accumulated precipitation is comparably small. Performing the same analysis for the summer months demonstrated that although precipitation initially removes aerosol mass and number, wet removal also seem to facilitate
conditions that favor new particle formation and growth. This was demonstrated as a
gradual increase in nuclei-Aitken mode sized particles as the amount of precipitation
increased further during the summer months. The fact that this was only observed during summer suggests that photochemistry plays a central role in formation of these
small particles and that this formation of new particles only takes place when the balance between generation and removal of nucleating gases is favorable (i.e. source of
pre-cursor gases, photochemical activity and low condensation sink).
Based on the findings, we can, at least qualitatively, describe the Arctic aerosol year
based on the characteristics of land-based sources, sinks (mainly wet deposition) en
route to Svalbard, and photochemical activity. Thus, during the Haze period, precipitation and wet removal is at a minimum, which result in effective transport of pollutants
into the Arctic. Although the haze period is partly sunlit, the sink constituted by the large
concentration of pre-existing aerosols hinders nucleation and growth. When entering
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the summer, the source areas are shifted and the amount of precipitation increase
which result in low mass and surface concentration. This low concentration of large
sized particles and maximum photochemical activity leads to new particle formation,
and the aerosol is dominated by a comparable large amount of small particles. During
the end of the summer the intensity of sunlight decreases, and despite of low concentration of large particles, nucleation cease since the production of nucleating vapors
is too slow. This state progresses during the rest of the year (October–February). The
trajectories experience less and less precipitation during transport, which is reflected
by increasing aerosol mass concentration. The combined effect of sources and sinks
in terms of wet removal bring about a new haze event the following year and the cycle
is repeated. In summary, precipitation seems to be a major factor, not only acting as a
direct sink of particles, but also, wet removal provides the mechanism that allow for a
generation shift of the aerosol population; situations with substantial wet removal provide a low enough condensation sink to allow for formation of new particle number to
be formed via new particle formation events.
Although this mechanistic explanation seems to agree with the results presented in
this study, a number of other mechanisms may play important roles. To a certain extent, our findings corroborate earlier mechanistic implications presented by, e.g. (Shaw,
1981; Quinn et al., 2007), especially regarding the characteristic transport conditions
and absence of significant wet removal during the Arctic Haze period.
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Table 2. Modal parameters and their corresponding 25th–75th percentile ranges for the period March 2000–December 2010. The lognormal fitting is based on daily average data for
the selected time period. Given are the median of modal number concentration (N, cm−3 ),
modal geometrical standard deviation (GSD) and modal geometrical mean diameter (Dg , µm)
for modes 1–3.
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Fig. 1. Data coverage as fraction per month for the investigated period March 2000–March
2010. Data is shown as percent of daily averages.
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Fig. 2. Percentile range of aerosol number size distributions collected during 2000–2010 (red
surface) and corresponding annual median aerosol number size distributions (black lines); pre2006 data as dashed lines and post 2006 data as solid lines. Units in dN/dlogDp , cm−3 .
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Fig. 3. Percentile range of aerosol volume size distributions collected during 2000–2010 (red
surface) and corresponding annual median aerosol number size distributions (black lines); pre3 −3
2006 data as dashed lines and post 2006 data as solid lines. dV /dlogDp , cm m .
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Fig. 4. Aerosol size distribution properties for the period March 2000–March 2010 and 25th–
75th percentile ranges indicated. Top panel: Median aerosol number size distribution. Units in
cm−3 . Middle panel: Median aerosol volume size distribution. Units in cm3 m−3 . Bottom panel:
2 −3
Median aerosol surface distribution. Units in cm m .
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Fig. 5. Annual average variation of median and mean integrated number concentration per
month March 2000–March 2010. 25th–75th percentile ranges indicated by vertical “error bars”.
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Discussion Paper

Fig. 6. Spectral plot of daily average aerosol number size distributions March 2000–December
2010. Units on x-axis as day of year.
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Fig. 7. Monthly median size distributions for years March 2000–March 2010. 25th–75th percentile ranges indicated by errorbars. Corresponding lognormal fitting parameters are shown in
Table 2.
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Fig. 8. Annual average variation of integrated surface and mass March 2000–March 2010.
Mass data calculated from aerosol number size distribution assuming a density of ρ = 1 g cm−3 .
25th–75th percentile ranges indicated by errorbars.
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Fig. 9. Example of an Arctic nucleation event as observed 7 May 2008. dN/dlogDp (cm−3 )
versus decimal day of year (D.O.Y.).
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Fig. 10. Monthly (month 1–12) diurnal variation of number concentration Dp < 60 nm and Dp >
60 nm. 5th–95th percentile ranges indicated by errorbars. March 2000–March 2010. T.O.D.
represents “Time of Day”.
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Fig. 11. Monthly diurnal variation of the 95th percentile of the aerosol number size distribution.
T.O.D. represents “Time of Day”.
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Fig. 12. Monthly, relative source distribution of trajectories arrving to Mt Zeppelin. Map display
the average possibility that any single trajectory have resider above a certain grid. This is
calculated by dividing the number of times each grid have been passed by a trajectory and
dividing this number by the total number of trajectories arrviing to the receptor during that
month. Data represents years 2000–2010.

Printer-friendly Version
Interactive Discussion

Discussion Paper

ACPD
12, 29967–30019, 2012

|

Arctic aerosol life
cycle

Discussion Paper

P. Tunved et al.

Title Page

|
Discussion Paper

Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

|
Full Screen / Esc

|

30014

Discussion Paper

Fig. 13. Monthly maps showing the average concentration of submicron mass observed at
Svalbard after crossing different source areas. Data represents years 2000–2010 (see text for
details).
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Fig. 14. Monthly median of accumulated precipitation experience by trajectories arriving to
Svalbard during the period 2000–2010.
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Fig. 15. Submicron aerosol mass evolution (10–630 nm; ρ = 1 g cm ) as a function of accumulated precipitation along the trajectories. Data is shown as 25th–75th percentile ranges per
bin (solid lines) and median (circles). The figure includes all data collected between 2000 and
2010.
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Fig. 16. Evolution of aerosol number size distribution as a function of accumulated precipitation
(mmtot ) along 240 h trajectories. Data is shown binned over a step size of 0.5 mmtot and the
corresponding size distributions over this ranges of precipitation is presented as median values.
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Fig. 17. Evolution of aerosol number size distribution as a function of accumulated precipitation
(mmtot ) along 240 h trajectories for the dark period (October–February). Data from 2000–2010.
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Fig. 18. Evolution of aerosol number size distribution as a function of accumulated precipitation
(mmtot ) along 240 h trajectories for the sunlit period (March–September). Data from 2000–2010.
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