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Abstract

This article investigates the annual cycle observed in the Antarctic baseline aerosol
scattering coefficient, total particle number concentration, and particle number size
distribution (PNSD) as measured at Troll Atmospheric Observatory. Mie-theory shows
that the annual cycles in microphysical and optical aerosol properties have a common5

cause. By comparison with observations at other Antarctic stations, it is shown that the
annual cycle is not a local phenomenon, but common to Central Antarctic baseline air
masses. Observations of ground-level ozone at Troll as well as backward plume cal-
culations for the air masses arriving at Troll demonstrate that the baseline air masses
originate from the free troposphere and lower stratosphere region, and descend over10

the Central Antarctic continent. The Antarctic summer PNSD is dominated by particles
with diameters <100 nm recently formed from the gas-phase despite the absence of
external sources of condensible gases. The total particle volume in Antarctic base-
line aerosol is linearly correlated with the integral insolation the aerosol received on
its transport pathway, and the photooxidative production of particle volume is mostly15

limited by photooxidative capacity, not availability of aerosol precursor gases. The pho-
tooxidative particle volume formation rate in Central Antarctic baseline air is quantified
to 207±4 µm3/(MJ m). Further research is proposed to investigate the applicability of
this number to other atmospheric reservoirs, and to use the observed annual cycle in
Antarctic baseline aerosol properties as a benchmark for the representation of natural20

atmospheric aerosol processes in climate models.

1 Introduction

The Antarctic continent is located as remote as possible from most anthropogenic
emission sources on the planet. Despite measurable human influence, it is still suited to
study atmospheric processes as unaltered as possible by human activity. Their quan-25

titative understanding in turn is necessary for attributing observed changes in atmo-
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spheric composition or processes to human activity or natural variation. Climate mod-
els able to reproduce concentrations and properties of atmospheric constituents at
locations dominated by natural processes will be more likely to distinguish correctly
between natural and anthropogenic factors influencing climate than models failing to
reproduce these baseline conditions.5

The Antarctic aerosol has attracted attention as early as the 1960s, but mainly for
exploratory reasons (see Shaw, 1988, for an overview of this period). The first ob-
servations with quantitative reliability are probably those of the total particle number
concentration Ntot at South Pole Observatory, which started in 1974 and were aug-
mented by observations of the spectral aerosol scattering coefficient σsp(λ) in 197910

(Bodhaine et al., 1986). Already these observations revealed a few basic character-
ists of the central Antarctic aerosol. Firstly, a very stable annual cycle of Ntot with its
minimum in winter and its maximum in summer was observed, with a corresponding
cycle in σsp(λ), even though the values regularly approached the detection limit of the
instruments. Speculations followed (Shaw, 1988) whether the Ntot cycle was caused by15

a corresponding cycle in particulate sulphate concentrations (Cunningham and Zoller,
1981), induced by changing photolytic production of sulphate aerosol in air masses
downwelled from the stratosphere (Ito, 1993). The second characteristic is the episodic
influence of marine aerosol associated with frontal systems that affects not only coastal
but also inland Antarctic stations (Bodhaine et al., 1987). These marine episodes are20

characterised by simultaneous peaks in σsp(λ) and the concentration of particle-borne
sodium. Both, annual cycles and episodic marine influence, have been confirmed at
other stations such as Syowa (Ito, 1985, 1993) and Neumayer (Weller and Lampert,
2008). Seasonal shifts in the particle size distribution were also observed, but only in a
qualitative manner due to instrumental limitations in size resolution (Ito, 1993).25

Only rather recently, modern instrumentation for measuring the particle number size
distribution (PNSD) with high size resolution (Koponen et al., 2003), performing local
closure studies (Virkkula et al., 2006), and measuring particle hygroscopicity (Asmi
et al., 2010) has been taken into use in Antarctica, but mostly in the context of summer
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intensive campaigns. Comprehensive year-round observations of PNSD and optical
aerosol properties as recommended by the WMO Global Atmosphere Watch (GAW)
programme have been reported so far only from the Norwegian Troll station (Hansen
et al., 2009; Fiebig et al., 2009) and the station Dome C (Järvinen et al., 2013).

In contrast to most previous analyses of annual cycles in the Antarctic aerosol, this5

study discriminates the aerosol by origin, and focuses only on the baseline compo-
nent. Observations of Ntot, PNSD and aerosol optical properties are set into a context
to reveal a common origin of the annual cycle in different properties of the Antarctic
baseline aerosol. Modern modelling techniques are used to improve the assessment
of the sources of this aerosol. Finally, an attempt at quantifying the Antarctic baseline10

aerosol annual cycle in a model compatible way is made.

2 Baseline atmospheric aerosol annual cycle at Troll

2.1 Experimental

The atmospheric aerosol properties observed at Troll Atmospheric Observatory cover
a large fraction of the core variables recommended by the WMO GAW programme: par-15

ticle size distribution, optical properties (scattering and absorption), inorganic chemical
composition (until 2011), and column optical depth (see Table 1). For the present anal-
ysis, the observations of particle number size distribution (PNSD) by Differential Mo-
bility Particle Sizer (DMPS), particle number concentration integrated over the PNSD,
Nint, and aerosol scattering coefficient, using a TSI 3563 integrating nephelometer, are20

used. In an auxiliary function, also measurements of the aerosol absorption coefficient
obtained with a Particle Soot Absorption Photometer (PSAP) are utilised.

The DMPS system is custom-built based on components provided by the Depart-
ment of Applied Environmental Science at Stockholm University. It uses a Hauke-type
Differential Mobility Analyzer (DMA) (Reischl, 1991), a closed-loop sheath air flow setup25

controlled by a critical orifice, a 370 MBq 63Ni bipolar sample charger, and a TSI 3010
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Condensation Particle Counter (CPC) to detect the particles in the selected size frac-
tion. Sample as well as sheath air flow are calibrated weekly with a flow-standard. The
DMPS covers a size range of 33–830 nm particle diameter Dp with 30 size bins. The
raw size bin particle concentrations are inverted to particle number size distributions
using the algorithm of Fiebig et al. (2005), which uses the bipolar equilibrium charge5

probabilities of Wiedensohler (1988). Integrating nephelometer and PSAP are operated
according to the GAW aerosol standard operating procedure (GAW, 2011). For the in-
tegrating nephelometer, this operating procedure is based on the recommendations of
Anderson et al. (1996) and Anderson and Ogren (1998), and includes correction of the
angular truncation. The instrument’s zero point is measured once per hour, while the10

span is checked once per week using carbon dioxide of high purity. The PSAP data
analysis includes corrections for filter loading and particle scattering as described by
Bond et al. (1999).

A significant issue to be taken into account when analysing data collected at Troll is
local contamination. The atmospheric observatory was set up at an early stage of de-15

veloping Troll into a whole-year station when the infrastructure was still less developed.
Just to ensure winter access to the atmospheric observatory, it was thought necessary
to choose a location only about 200 m from the main station building. This location is
still within reach of diffuse gaseous emissions from the main building by turbulent diffu-
sion (kitchen exhaust, sewage system outgassing), as well as emissions of fossil-fuel20

driven vehicles. Four indicators are therefore used to flag the data for local contamina-
tion: (1) wind direction from contaminated sector (direct contamination); (2) wind speed
below 1 m/s (turbulent diffusion from main station); (3) single scattering albedo $0 < 0.8
(fossil-fuel driven vehicles); (4) particle number size distribution for 30 nm< Dp < 40 nm
is more than 3 times higher than for 100 nm< Dp < 150 nm (new particle formation due25

to diffuse emissions from main station). The contamination criteria are tested based on
1 min samples (6 min for size distribution). The 1 h averaged data are marked with a
respective local contamination flag as soon as it occurs once within the hour.
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2.2 Baseline aerosol annual cycle

The starting points of the present analysis are the time series of aerosol scattering
coefficient σsp and particle number size distribution (PNSD) collected over the first
5 yr of operating Troll Atmospheric Observatory, 2007–2011, which are displayed in
Fig. 1. The upper panel depicts the daily averages of σsp at 550 nm wavelength over5

this period, whereas the lower panel shows a colour contour plot of the PNSD. In this
type of plot, the x axis holds the time, the logarithmic y axis the particle diameter, and
the logarithmic colour code the particle concentration normalized by the logarithmic
particle size interval (dN/dlogDp). To give a complete overview, the data in this plot
are cleared of instrument malfunctions, but not local contamination.10

The probably most prominent feature in the σsp time series are the peaks going up

to ∼10 Mm−1, well above the baseline that extends up to ∼2 Mm−1. The baseline in
turn isn’t a line in the strictest sense, but a band of values, which is due to the fact that
σsp values in this range approach the detection limit of the integrating nephelometer,

at around 0.3 Mm−1. The scattering peaks are associated with peaks in the PNSD on15

the upper end of the measured size range. This indicates that these peaks are caused
by marine air masses featuring a more pronounced sea spray generated coarse mode,
which is confirmed by trajectory analysis (not shown), and also confirms findings of
previous studies (e.g. Bodhaine et al., 1987).

The other prominent feature, the one of interest here, is the annual cycle in the base-20

line of both σsp and PNSD. In the Fig. 1 panel showing the σsp time series, the baseline
is visible as a band of values at the lower end of the measured range outside of peaks
caused by marine intrusions or local contamination. To underline this annual cycle
graphically, the upper panel of Fig. 1 contains also the 4-week running 5th percentile
of σsp(550 nm) (dark green line).25

In the remainder of this article, all data points flagged as locally contaminated have
been removed from the analysis. As simple, yet numerically precise criterion for se-
lecting baseline aerosol, it is required that σsp(550 nm) is smaller than the threshold of
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2.5 times the 4-week running 5th percentile of σsp(550 nm) (black line in upper panel
of Fig. 1). The following questions concerning the baseline aerosol annual cycle are
investigated or, with respect to previous studies, revisited:

– What is the horizontal scale of the baseline aerosol annual cycle?

– Do the annual cycles in baseline σsp and baseline PNSD/Ntot have the same5

physical origin?

– Where do the baseline aerosol air masses originate?

– How does the PNSD vary across the annual cycle?

– How can the baseline aerosol annual cycle be explained?

3 Antarctic baseline aerosol annual cycle: a large scale phenomenon10

In order to investigate the spatial scale of the baseline aerosol annual cycle observed at
Troll, it is necessary to look at observations of σsp or PNSD at other Antarctic stations.
At South Pole Observatory, operated by the US National Oceanic and Atmospheric
Administration (NOAA), Ntot has been measured since 1974, and σsp since 1979, with
both time series still ongoing. In Fig. 2, the daily averages of σsp(550 nm) measured15

at Troll for the 2007–2011 period (bottom panel) are compared with the σsp(550 nm)
daily averages observed at South Pole for the same time period (upper panel). Fig-
ure 3 displays the corresponding time series of Ntot measured with a Condensation
Particle Counter (CPC) at South Pole (top panel), and Nint, the particle concentration
integrated over the DMPS measured PNSD at Troll station (bottom panel). To under-20

line the annual cycle in the baseline, both panels also contain the running 4-week 5th
percentiles. Even though the baseline extends to still lower σsp values at South Pole as
compared to Troll, it is safe to state that the baseline σsp and Ntot/Nint values at both sta-
tions show the same annual cycle. This conclusion is not affected by the different size
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ranges covered by Ntot (particle diameters Dp > 14 nm) and Nint (Dp > 30 nm) since the
comparison is relative. This underlines the corresponding earlier findings for σsp and
Ntot at stations Syowa (Ito, 1985, 1993) and Neumayer (Weller and Lampert, 2008),
but also a recent article by Järvinen et al. (2013) discusses the same baseline aerosol
annual cycle observed in PNSD measurements performed at Concordia Station, Dome5

C, Antarctica.
To put these observations into perspective, the sheer distance between these loca-

tions observing the phenomenon needs to be pointed out. Even though Troll Station
is located 235 km from the Antarctic coast, the distance to South Pole is still about
2000 km. Troll Station and Dome C are separated by roughly 3100 km, while Dome C10

is itself located 1670 km north of South Pole. It can be concluded that the described
annual cycle in baseline aerosol properties is a phenomenon common to the whole
Antarctic Plateau, with Troll station located on the outskirts.

4 Annual cycle in physical and optical aerosol properties: a common cause

Another question to be investigated is whether the annual cycles in baseline aerosol15

PNSD and σsp at Troll have the same physical cause, or just happen to be correlated
due to other reasons. To this end, a Mie-scattering code based on the algorithm by
Bohren and Huffman (1983) and described in Fiebig et al. (2002) was used to calculate
σsp from the PNSD measured by the DMPS system at the wavelengths provided by the
integrating nephelometer. A chemical composition of pure ammonium sulphate was20

assumed for the calculation. Absorbing components were neglected in the chemical
composition since the aerosol absorption coefficient σap is below its detection limit for
baseline aerosol air masses.

Figure 4 compares σsp calculated from the PNSDs with σsp measured by the inte-
grating nephelometer with scatter plots, one panel for each wavelength provided by25

the nephelometer. The panels include also the linear regression lines (red solid) with
slope m and coefficient of determination R2, as well as the 1 : 1 lines (black dashed).
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The regression line intercept was fixed at 0 since σsp measured by nephelometer falls
below the instrument detection limit when approaching 0.

For the blue and green wavelengths, R2 between measured and calculated σsp is
larger than 0.85, i.e. more than 85% of the variation in one variable is explained by the
variation in the other. For the red wavelength, R2 falls to 0.75. This can be explained by5

the fact that the PNSD size range determining σsp extends to larger particle diameters
with increasing wavelength. The PNSD provided by the DMPS system at Troll has
an upper limit of Dp = 830 nm. Larger particles are included in σsp measured by the
nephelometer, but not in σsp calculated from the PNSD. The same line of argument
also explains that the regression line slope is smaller than 1, and that the regression10

line slope for the red wavelength is significantly smaller than for blue and green.
Nevertheless, the analysis shows for the first time that it is safe to state that annual

cycles in baseline σsp, Ntot/Nint, and PNSD observed at Troll and other Antarctic atmo-
spheric observatories are characteristics of the same underlying physical process.

5 Origin of baseline air masses at Troll15

For investigating the origin of the baseline aerosol air masses at Troll, the Lagrangian
particle dispersion model FLEXPART (Stohl et al., 1998, 2005), driven with meteorolog-
ical data from the European Centre for Medium-Range Weather Forecast (ECMWF),
was used to calculate 20-day backward plumes for the air masses arriving at Troll at-
mospheric observatory. For the subsequent analysis, only cases where σsp(550 nm)20

was below its 20th percentile (based on the whole year) was used, i.e. well within the
baseline aerosol criteria. Based on the year 2007, Fig. 5 shows a map of the likelihood
(in arbitrary units) of the backward transported particles to reside in the lowest 100 m
of the atmosphere during these 20 days. It is obvious that the Troll baseline aerosol air
masses resided in the boundary layer in this period essentially only over the Antarctic25

continent, not over the adjoining ocean. The Antarctic continent is a region of subsid-
ing air masses and essentially free of local sources of primary aerosol and secondary
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aerosol precursor gases. It can therefore be stated that the processes causing the an-
nual cycle in Antarctic baseline aerosol must be happening within the air mass without
external additions of aerosol precursor gases. The recent finding of particle generation
over Antarctic melt water ponds due to precursor emissions from cyanobactria (Kyrö
et al., 2013) doesn’t affect this conclusion. The spatial extend of these ponds is too5

small to explain a phenomenon that spans the whole Central Antarctic continent, es-
pecially since the annual cycle is observed also in the centre of the Antarctic continent
where melt water ponds are absent.

To test this model based finding further, the concentrations of boundary layer ozone
measured at Troll observatory were considered. Over Antarctica, the tropopause de-10

scends to rather low altitudes, in winter sometimes even to the ground (Roscoe, 2004).
If the baseline aerosol air masses in fact subside from aloft, they should reflect the
high stratospheric ozone concentrations at least to some degree as compared to non-
baseline air. When performing such an analysis, it needs to be taken into account that
the annual cycle of Antarctic boundary layer ozone is determined not only by trans-15

port from the stratosphere, but also by NOx emissions generated photochemically
from nitrate deposited in the snowpack (Helmig et al., 2007). Apart from few excep-
tions, organic vapours are negligible in this location, which causes the NOx emissions
to deplete Antarctic boundary layer ozone proportionally to solar insolation. This an-
nual cycle is reflected in the boundary layer ozone time series collected at Troll (see20

Fig. 6). This NOx-initiated boundary layer ozone depletion process however affects all
air masses equally independent of origin. When comparing ozone concentrations in
baseline and non-baseline air, this annual cycle therefore needs to be filtered out.

To this end, the hourly averaged ozone data were separated into baseline and non-
baseline cases after clearing locally contaminated data. For each data point, the differ-25

ence to the 4-week running 25th, 50th, and 75th percentiles were calculated, and the
differences averaged, separately for baseline and non-baseline cases. From the result
displayed in Fig. 7, it can be deduced that the average baseline ozone concentration
corresponds to percentile 56±4.2, whereas the average non-baseline ozone concen-
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tration corresponds to percentile 42±1. The ozone data thus supports the finding of
the FLEXPART backward plume analysis that the baseline air masses observed at
Troll are subsiding air masses and, at least to some degree, influenced by ozone-rich
stratospheric air.

The picture is consistent with the findings of Roscoe (2004), who describes a pro-5

nounced downward transport across the Central Antarctic tropopause due to a weak
tropopause inversion, subsidence in the stratosphere, and surface level suction to re-
supply katabatic winds draining the Central Antarctic boundary layer, which is more
pronounced in winter than in summer. Also the Antarctic transport climatology by Stohl
and Sodemann (2010) supports this view. However, it seems unlikely that the Central10

Antarctic baseline air originates purely in the lower stratosphere. Yang et al. (2012)
report about a plume found at 11.5 km altitude at 86◦ S over the Central Antarctic con-
tinent during a flight of the NASA DC-8 aircraft. This aged mixed-pollution plume origi-
nated from lower latitude pollution, and was uplifted in a frontal conveyer belt. It there-
fore seems to be a more realistic picture that free tropospheric air of lower-latitude ori-15

gins is sandwiched between tropopause and ground while being transported to Central
Antarctica. There, the whole free-tropospheric and lower stratospheric column would
be subject to large-scale subsidence. The Central Antarctic baseline air would then
be a mixture of these, still rather pristine, free tropospheric and lower stratospheric
air masses. In either case, we are dealing with aged air that is free of recent external20

additions of aerosol precursor gases.

6 The Antarctic baseline aerosol annual cycle in particle size distribution and
particle volume concentration

After establishing that the baseline aerosol light scattering annual cycle at Troll is as-
sociated with a corresponding cycle in the PNSD, and that these cycles likely reflect25

properties of free tropospheric and lower stratospheric air masses subsiding over the
whole Central Antarctic region, it is instructive to investigate which differences in the
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PNSD cause this annual cycle. To this end, Fig. 8 shows the monthly average baseline
PNSDs based on the data obtained from the DMPS at Troll for 2007–2011, after the
data have been cleared for local contamination. The monthly PNSD graphs are organ-
ised by season into 4 panels (summer top left, autumn top right, winter bottom left,
spring bottom right). The one standard deviation variabilities are also plotted for one5

PNSD per panel as typical value, but not for all PNSDs to improve readability.
It is most instructive to compare first the PNSDs for summer (top left panel) and

winter (bottom left panel). For these seasons, the variability of the baseline PNSD
is remarkably small, i.e. the deviations between the months are small. The summer
PNSDs are dominated by a log-normal “Aitken-mode” peaking at particle diameters Dp10

between 60–70 nm. A log-normal accumulation mode can be discerned peaking at Dp
between 100–150 nm, but almost vanishes in the large particle shoulder of the Aitken-
mode. According to Jaenicke (1980, Figure 2, background aerosol case), particles in
the Aitken-mode size range have an atmospheric lifetime on the order of up to 10 days
under background aerosol conditions, and thus must have been formed from the gas-15

phase during this time period. In Sect. 5, it has been shown that the Troll baseline
aerosol can be seen as a mixture of descending free tropospheric and lower strato-
spheric air masses that has passed through regions void of emissions of condensable
gas-phase species. The particles in the Aitken-mode size range dominating the Troll
baseline aerosol in summer thus must have been formed within their air mass.20

The winter baseline aerosol particle size distribution at Troll is characterised by num-
ber concentrations about an order of magnitude lower than in summer, while the vari-
ability between the winter months is almost as low as in summer. The dominating
log-normal mode is centred in the accumulation mode size range at about 90 nm par-
ticle diameter, while particles in the Aitken-mode size range are strongly depleted as25

compared to summer. Particles in the accumulation mode size range are the result
of coagulation between Aitken-mode particles and between Aitken- and accumulation
mode particles (Jaenicke, 1980). The combination of a dominant accumulation mode
and almost absent Aitken-mode is the result of extended self-processing of the win-
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ter baseline aerosol at Troll without any significant formation of new particle mass.
The self-processing seen in the winter baseline aerosol at Troll probably partly reflects
properties of descending lower stratospheric air and the well-known fact that exchange
between the Antarctic stratosphere and the stratosphere at higher latitudes is inhibited
by the Antarctic winter circumpolar vortex (Holton, 1992, e.g.), and that photochemical5

aerosol production is inhibited in winter due to darkness.
The PNSDs observed in the spring and autumn baseline aerosol at Troll represent a

gradual transition between the states of summer and winter.

7 Antarctic baseline aerosol annual cycle: a photooxidation-limited process?

In the last section, it was discussed that the summer baseline aerosol PNSD at Troll10

is dominated by particles in the Aitken-mode size range. These particles are formed
from the gas-phase within a few days prior to measurement, despite the absence of
any external sources of condensible gases along the transport pathway. The transport
pathway was shown to go through the free troposphere or lower stratosphere and de-
scend over the Central Antarctic continent. A possible explanation for the formation of15

particle mass would be the photochemical oxidation of precursor gases into species
with low volatility, with subsequent condensation onto the particle-phase. Due to the
strong annual cycle of insolation at polar latitudes, this photochemical production of
aerosol volume, and thus the aerosol volume itself, should then also have an annual
cycle.20

In Fig. 9, the monthly average total particle volume, obtained from integrating particle
volume over the hourly baseline PNSDs measured at Troll over the 2007–2011 period,
is plotted, after the data have been cleared for local contamination. It is rather easy
to detect that the baseline aerosol total particle volume indeed shows the predicted
annual cycle. This finding is confirmed by Järvinen et al. (2013), who find the same25

annual cycle in the total particle volume at station Dome C, Antarctica.
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To support the hypothesis further, the backward plume calculations obtained with
the FLEXPART model are used to calculate the average integrated top-of-atmosphere
solar insolation along the path of the 20-day backward plumes. The calculation is based
on particle positions as a function of time, and yields an upper limit of the insolation, but
due to subsiding air in Central Antarctica, the “cloud-free” assumption isn’t completely5

unrealistic. For an initial comparison, the integrated solar insolation is also plotted in
Fig. 9 on its own axis for the year 2010. Indeed, total particle volume and the insolation
the air mass received during the 20 days prior to measurement seem to be highly
correlated, and show a synchronous annual cycle. During the austral summer, the
correlation seems to be slightly more noisy. Possible reasons include more local activity10

around the station in summer that is difficult to filter out with the local contamination
markers used, but also depletion of oxidizable gas-phase material in the air mass, and
this condensible vapours, by the strong solar insolation.

Of course, the proper way to investigate a suspected correlation between two prop-
erties is by using a scatter plot. For the baseline aerosol air masses arriving at Troll,15

Fig. 10 shows such a scatter plot for aerosol particle volume and 20-day integrated
insolation prior to arrival. The plot is based on the individual 3-hourly averages of the
baseline aerosol air masses cleared for local contamination. The correlation of the two
properties is plainly discernable despite some noise, which is probably largely due to
transport model errors, but also variations in aerosol precursor gas composition. The20

coefficient of determination R2 = 0.63 confirms clearly that the correlation is signifi-
cant. The slope of the regression line amounts to a photooxidation induced production
of aerosol particle volume of 207±4 µm3/(MJ m) in the air masses descending into the
boudary layer over the Central Antarctic continent. This number needs to be seen as
a lower limit, since the DMPS system misses some particle volume on the upper end25

of the size range. The data are consistent with assuming that the process is limited
by the photooxidation capacity, maybe apart from periods in summer when available
precursor gases may be exhausted.
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It is instructive to put these findings into their context of larger atmospheric trans-
port patterns. The air masses descending over the central Antarctic continent from the
lower stratosphere to the surface are part of a circulation pattern where, in the merid-
ional projection, air is injected into the stratosphere in the Intertropical Convergence
Zone (ITCZ), transported poleward, and descends into the UT/LS region and the tro-5

posphere in the polar regions (e.g. Holton, 1992, chapter 12). Due to the absence
of any significant sources of oxidizable gas-phase species on this transport pathway, it
needs to be assumed that the precursor gases for the observed photooxidative produc-
tion of aerosol volume in these air masses are already present when the air is trans-
ported upward in the ITCZ by tropical convective anvils. A candidate group for these10

oxidizable gas-phase species are organic vapours of low water solubility that survive
wet removal in the tropical convective anvils. In fact, such species have been found in
Antarctic aerosol samples (Kawamura et al., 1996). The air masses descending from
the free troposphere to the Central Antarctic surface likely have a whole spectrum of
origins. The air masses observed by Yang et al. (2012) at 11.5 km altitude at 86◦ S were15

uplifted from the Southern Ocean marine boundary layer by a frontal conveyer belt,
but apparently contained also anthropogenic and biomass burning emissions. Aerosol
precursor species in this air mass could therefore consist of sulphate compounds of
marine origin in addition to organic compounds. This transport pathway of marine sul-
phate compounds to the Central Antarctic free troposphere by frontal conveyer belts20

was also previously indicated by Ito (1993). The nature of the photooxidation products
entering the particle phase in Antarctic free tropospheric and lower stratospheric air
could be determined with dedicated filter samples using a sampler selective for base-
line air. However, long sampling intervals required for pristine Antarctic air and local
contamination at Troll make this effort currently not feasible.25

Another aspect worth noting concerns the fact that the observed photooxidation in-
duced production of aerosol particle volume in Central Antarctic free tropospheric and
lower stratospheric air seems to be limited by photooxidative capacity at least during
large parts of the year. This observation is non-trivial since Antarctic air is commonly
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considered to be among the most pristine on the globe, and therefore a shortage
in oxidizable gas-phase species as compared to the photooxidative capacity of the
atmosphere could have been expected. Also, the correlation between aerosol parti-
cle volume and insolation received by the air parcel holds even though the nature of
the precursor species appears to be rather diverse. These two facts, i.e. limitation of5

the process by photooxidative capacity and robustness against a variety of precursor
species involved, leaves room for the hypothesis that the photooxidative aerosol vol-
ume production rate found here for Antarctic free tropospheric/lower stratospheric air
may have a considerably wider range of application.

8 Conclusions and outlook10

The annual cycles detected in the baselines of aerosol scattering coefficient σsp, total
particle number concentration Ntot, and particle number size distribution (PNSD) ob-
served at Troll Atmospheric Observatory, Antarctica, are used as a starting point for
(re-)investigating the origin of these baseline aerosol air masses and the cause of the
annual cycle. By use of Mie-theory, it is demonstrated that the annual cycles in σsp and15

Ntot are induced by the corresponding cycle in the PNSD, i.e. all cycles have the same
underlying cause. By comparison with σsp and Ntot data collected at South Pole Obser-
vatory, and PNSD data collected at station Dome C, it is shown that the annual cycle
observed in baseline aerosol properties at Troll is in fact a large scale phenomenon
common to Central Antarctic air masses.20

By consulting backward plume calculations with the Lagrangian transport model
FLEXPART for the baseline air masses arriving at Troll, it is established that these
air masses descend from aloft, i.e., they are not the result of transport of marine air
from the adjacent Southern Ocean. Analyzing the concentrations of boundary layer
ozone at Troll suggests that the baseline air masses are influenced in part by lower25

stratospheric air, whereas literature shows influence of the free tropospheric column.
The Central Antarcic baseline air can therefore be considered a mixture of descending
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free tropospheric and lower stratospheric air. The PNSD in summer Central Antarctic
baseline air is characterised by a dominant Aitken-mode of particles, peaking at Dp
between 60–70 nm, and formed within a matter of days prior to observation. In the
corresponding winter baseline air masses, the Aitken-mode is absent, overall particle
concentrations are an order of magnitude lower than in summer, and the PNSD is5

dominated by an accumulation mode peaking at Dp about 90 nm, indicating extended
self-processing by coagulation.

Investigating the formation of particle volume in the summer Central Antarctic base-
line aerosol further, an annual cycle in the total particle volume in these air masses is
discovered that correlates with the annual cycle of the integrated insolation these air10

masses receive over the 20-day period prior to observation. The process of formation
of aerosol particle mass induced by photooxidation seems to be limited by sunlight,
not by availability of oxidizable gas-phase aerosol precursor substances. The photoox-
idative particle volume formation rate in Central Antarctic baseline air is determined to
207±4 µm3/(MJ m).15

The potential uses of these results extend e.g. to the quantification of the natural ver-
sus anthropogenic aerosol climate effects. The Antarctic lower stratospheric aerosol is
part of a large scale circulation pattern, where boundary layer air is injected into the
lower stratosphere by convection in the ITCZ, transported poleward in the stratosphere,
and descends to the troposphere over the poles. The polar free troposphere also con-20

tains aged uplifted marine air, potentially including continental pollution as well. The
observed photooxidative production of aerosol volume in these air masses is part of
this mostly natural process. The correct reproduction of this process in climate models
can therefore serve as a benchmark for correct quantification of this natural aerosol
process, improving the distinction of natural vs. anthropogenic aerosol climate effects,25

at least for Antarctica.
Furthermore, the observed production of aerosol particle volume in Antarctic base-

line air seems to be mostly limited by photooxidative capacity, even though a limitation
by oxidizable precursor gases could be imagined in these pristine air masses. This
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leaves room for further research as to whether the observed photooxidative particle
volume formation rate is applicable also to other regions of the atmosphere.
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Table 1. Aerosol parameters observed at Troll and instruments used.

Instrument Parameter Measured

Differential Mobility Particle Sizer (DMPS, custom) particle number size distribution
(30–800 nm)

Integrating nephelometer (TSI 3563) aerosol scattering coefficient
(450, 550, 700 nm wavelength)
aerosol hemispheric backscattering
coefficient (450, 550, 700 nm wavelength)

Particle Soot Absorption Photometer (custom) aerosol absorption coefficient
(522 nm wavelength)

Sequential Air Sampler (filter samples, EMEP type) inorganic chemical composition
(discontinued in 2011)
Precision Filter Radiometer (PFR, GAW-type) aerosol optical depth

(369, 412, 500, 862 nm wavelength)
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Fig. 1. Troll 2007 - 2011 time series of aerosol scattering coefficient (550 nm, daily averages, upper panel)

and particle number size distribution (PNSD, lower panel). The upper panel also contains the time series of

the 550 nm aerosol scattering coefficient running 4-week 5th percentile (dark green, based on hourly values)

to underline the annual cycle of the baseline aerosol properties. Furthermore, the baseline air mass thresh-

old criterion based on the 550 nm aerosol scattering coefficient running 4-week 5th percentile is also plotted

(black line). The PNSD, measured by differential mobility particle sizer (DMPS), is shown as a colour contour

surface plot with time on the x-axis, particle diameter on the logarithmic y-axis, and logarithmic colour code

for the particle number concentration (normalized by logarithmic size interval). Both datasets are cleared for

instrument malfunctions, but not for local contamination.

Table 1. Aerosol Parameters Observed at Troll and Instruments Used

Instrument Parameter Measured

Differential Mobility Particle Sizer (DMPS, custom) particle number size distribution (30 - 800 nm)

Integrating nephelometer (TSI 3563) aerosol scattering coefficient (450, 550, 700 nm wavelength)

aerosol hemispheric backscattering coefficient (450, 550, 700 nm wavelength)

Particle Soot Absorption Photometer (custom) aerosol absorption coefficient (522 nm wavelength)

Sequential Air Sampler (filter samples, EMEP type) inorganic chemical composition

(discontinued in 2011)

Precision Filter Radiometer (PFR, GAW-type) aerosol optical depth (369, 412, 500, 862 nm wavelength)

15

Fig. 1. Troll 2007–2011 time series of aerosol scattering coefficient (550 nm, daily averages, up-
per panel) and particle number size distribution (PNSD, lower panel). The upper panel also con-
tains the time series of the 550 nm aerosol scattering coefficient running 4-week 5th percentile
(dark green, based on hourly values) to underline the annual cycle of the baseline aerosol
properties. Furthermore, the baseline air mass threshold criterion based on the 550 nm aerosol
scattering coefficient running 4-week 5th percentile is also plotted (black line). The PNSD, mea-
sured by differential mobility particle sizer (DMPS), is shown as a colour contour surface plot
with time on the x axis, particle diameter on the logarithmic y axis, and logarithmic colour code
for the particle number concentration (normalized by logarithmic size interval). Both datasets
are cleared for instrument malfunctions, but not for local contamination.
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Fig. 2. Time series (2007 - 2011) of aerosol scattering coefficient daily averages at 550 nm wavelength measured

at the Global Atmosphere Watch stations South Pole (top panel) and Troll (lower panel). To highlight the annual

cycle in the baseline scattering coefficient data, the plots also contain the running 4-week 5th percentiles, which

are based on hourly values.

16

Fig. 2. Time series (2007–2011) of aerosol scattering coefficient daily averages at 550 nm
wavelength measured at the Global Atmosphere Watch stations South Pole (top panel) and
Troll (lower panel). To highlight the annual cycle in the baseline scattering coefficient data, the
plots also contain the running 4-week 5th percentiles, which are based on hourly values.

23080

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/23057/2013/acpd-13-23057-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/23057/2013/acpd-13-23057-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 23057–23088, 2013

Antarctic baseline
aerosol annual cycle

M. Fiebig et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2007-01-01 2008-01-01 2009-01-01 2010-01-01 2011-01-01 2012-01-01
10

0

10
1

10
2

10
3 Troll

South Pole
to

ta
l 
p

a
rt

ic
le

 n
u

m
b

e
r 

c
o

n
c
. 
N

to
t /

 c
m

-3

 

 

in
te

g
. 
p

a
rt

ic
le

 n
u

m
b

e
r

c
o

n
c
. 
N

in
t.
 /
 c

m
-3

Time / Date

 daily mean

 monthly running

         5
th
 percentile

10
0

10
1

10
2

10
3

 

Fig. 3. Time series (2007 - 2011) of daily averaged total particle number concentration Ntot measured by

Condensation Particle Counter (CPC) at South Pole station (top panel, black dots), and corresponding time

series of particle number concentration integrated over the PNSD Nint measured by DMPS at Troll station

(bottom panel, black dots). To highlight the annual cycle also in the particle number concentration, the plots

contain the respective running 4-week 5th percentiles (grey line), which are again based on hourly values.
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Fig. 4. Scatter plot of the aerosol scattering coefficient measured directly by integrating nephelometer (x-axis),

and calculated from the particle number size distribution assuming non-absorbing, spherical particles consist-

ing of ammonium sulphate, one panel for each of the nephelometer wavelengths. Also plotted are the linear

regression lines (red solid, intercept fixed at 0), including their slope m and the coefficient of determination R
2,

as well as the 1:1 line (black dashed).
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Fig. 3. Time series (2007–2011) of daily averaged total particle number concentration Ntot mea-
sured by Condensation Particle Counter (CPC) at South Pole station (top panel, black dots),
and corresponding time series of particle number concentration integrated over the PNSD Nint
measured by DMPS at Troll station (bottom panel, black dots). To highlight the annual cycle
also in the particle number concentration, the plots contain the respective running 4-week 5th
percentiles (red line), which are again based on hourly values.
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Fig. 3. Time series (2007 - 2011) of daily averaged total particle number concentration Ntot measured by

Condensation Particle Counter (CPC) at South Pole station (top panel, black dots), and corresponding time

series of particle number concentration integrated over the PNSD Nint measured by DMPS at Troll station

(bottom panel, black dots). To highlight the annual cycle also in the particle number concentration, the plots

contain the respective running 4-week 5th percentiles (grey line), which are again based on hourly values.
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Fig. 4. Scatter plot of the aerosol scattering coefficient measured directly by integrating nephelometer (x-axis),

and calculated from the particle number size distribution assuming non-absorbing, spherical particles consist-

ing of ammonium sulphate, one panel for each of the nephelometer wavelengths. Also plotted are the linear

regression lines (red solid, intercept fixed at 0), including their slope m and the coefficient of determination R
2,

as well as the 1:1 line (black dashed).
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Fig. 4. Scatter plot of the aerosol scattering coefficient measured directly by integrating neph-
elometer (x axis), and calculated from the particle number size distribution assuming non-
absorbing, spherical particles consisting of ammonium sulphate, one panel for each of the
nephelometer wavelengths. Also plotted are the linear regression lines (red solid, intercept
fixed at 0), including their slope m and the coefficient of determination R2, as well as the 1 : 1
line (black dashed).
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Fig. 5. For all 2007 20-day backward plume calculations for plumes arriving at Troll and pertaining to 550 nm

scattering coefficient data points below the 20th percentile, this map visualises the frequency of occurrence

(arbitrary units) of the location where the (imaginary) backward plume particles reside in the lowest 100 m of

the atmosphere. The backward plumes were calculated using the Lagrangian transport model FLEXPART. The

location of Troll station is marked by a green dot.

18

Fig. 5. For all 2007 20-day backward plume calculations for plumes arriving at Troll and pertain-
ing to 550 nm scattering coefficient data points below the 20th percentile, this map visualises
the frequency of occurrence (arbitrary units) of the location where the (imaginary) backward
plume particles reside in the lowest 100 m of the atmosphere. The backward plumes were cal-
culated using the Lagrangian transport model FLEXPART. The location of Troll station is marked
by a green dot.
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Fig. 6. Time series of atmospheric ground-level ozone concentration (hourly averages) at Troll in the time

period 2007 - 2011. Also plotted is the running 4-week median (green line) to extract the annual cycle in the

ozone concentration.
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Fig. 6. Time series of atmospheric ground-level ozone concentration (hourly averages) at Troll
in the time period 2007–2011. Also plotted is the running 4-week median (green line) to extract
the annual cycle in the ozone concentration.
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Fig. 7. This graph uses the baseline air mass criterion based on the aerosol scattering coefficient to divide the

Troll ozone data into two sub-datasets: 1) baseline air mass cases (left panel); 2) non-baseline air mass cases

(right panel). For each hourly averaged data point in the two sub-datasets, the difference to the 4-week running

25th, 50th, and 75th percentiles was calculated. The plot contains the averages of these differences for the

two data subsets. This is done to investigate whether the baseline cases have a systematically higher ozone

concentration than the non-baseline cases, while at the same time removing the annual cycle in the ozone data

caused by boundary layer NOx emissions from the snowpack. Events of local contamination have been filtered

out before the analysis.
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Fig. 7. This graph uses the baseline air mass criterion based on the aerosol scattering coef-
ficient to divide the Troll ozone data into two sub-datasets: (1) baseline air mass cases (left
panel); (2) non-baseline air mass cases (right panel). For each hourly averaged data point in
the two sub-datasets, the difference to the 4-week running 25th, 50th, and 75th percentiles
was calculated. The plot contains the averages of these differences for the two data subsets.
This is done to investigate whether the baseline cases have a systematically higher ozone con-
centration than the non-baseline cases, while at the same time removing the annual cycle in
the ozone data caused by boundary layer NOx emissions from the snowpack. Events of local
contamination have been filtered out before the analysis.
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Fig. 8. Monthly average particle number size distributions (PNSDs) based on the 2007 - 2011 data measured

at Troll for all baseline air masses as determined by the aerosol scattering coefficient criterion described in the

text. The PNSDs are grouped by season in panels; summer top left, autumn to right, winter bottom left, spring

bottom right. The 25th and 75th percentiles are plotted as whiskers to indicate the atmospheric variability.
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Fig. 8. Monthly average particle number size distributions (PNSDs) based on the 2007–2011
data measured at Troll for all baseline air masses as determined by the aerosol scattering
coefficient criterion described in the text. The PNSDs are grouped by season in panels; summer
top left, autumn to right, winter bottom left, spring bottom right. The 25th and 75th percentiles
are plotted as whiskers to indicate the atmospheric variability.
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Fig. 9. Monthly average particle volume concentration (integrated over particle size) based on the particle

number size distributions in baseline air masses observed at Troll in the 2007 - 2011 time period (black squares).

Also plotted for comparison is the average solar insolation on the air masses arriving at Troll integrated along

the 20-day backward plume as calculated by FLEXPART for the year 2010.
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Fig. 9. Monthly average particle volume concentration (integrated over particle size) based on
the particle number size distributions in baseline air masses observed at Troll in the 2007–
2011 time period (black squares). Also plotted for comparison is the average solar insolation
on the air masses arriving at Troll integrated along the 20-day backward plume as calculated
by FLEXPART for the year 2010.
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Fig. 10. Graph investigating the correlation between the particle volume concentration (y-axis, integrated over

particle size) and the solar insolation integrated over the 20-day backward plume (x-axis) as calculated by

FLEXPART. Also plotted is the linear regression line including slope, intercept, and coefficient of determina-

tion.

23

Fig. 10. Graph investigating the correlation between the particle volume concentration (y axis,
integrated over particle size) and the solar insolation integrated over the 20-day backward
plume (x axis) as calculated by FLEXPART. Also plotted is the linear regression line includ-
ing slope, intercept, and coefficient of determination.

23088

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/23057/2013/acpd-13-23057-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/23057/2013/acpd-13-23057-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

