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Abstract: On the basis of sun photometer measurements located at the German-French polar
research base AWIPEV in Ny-Ålesund (78.923◦ N, 11.928◦ E), Svalbard, long-term changes (2001–2017)
of aerosol properties in the European Arctic are analyzed with the main focus on physical aerosol
properties like Aerosol Optical Depth (AOD) and the Ångström exponent during the Arctic haze
season in spring compared with summer and autumn months. In order to gain more information
from the photometer data and to reduce the error of fitting the data to the Ångström law, a new
approach with an Ångström exponent, which depends linearly on wavelength, is presented in this
paper. With the Mie program of libRadtran, a calculator for long- and short-wave radiation through
the Earth’s atmosphere, artificial aerosol size distributions were created to extend the physical
understanding of this modified Ångström law. Monthly means of the measured AOD of the years
1994–2017 are presented to analyze long-term changes of aerosol properties and its load. Because
photometer data in general have no height information, a comparison with a Lidar located at the
same site is presented. The so-obtained data are then compared with the previous Mie calculus.
More homogeneous aerosol properties were found during spring and more heterogeneous in summer.
To study possible aerosol sources and sinks, five-day back-trajectories were calculated with the
FLEXPART model at three different arriving heights at 11 UTC in the village Ny-Ålesund. Besides the
pollution pathway of the aerosol into the European Arctic based on the calculated back-trajectories,
the influence of the boundary layer parameterized by the lowermost 100 hPa atmospheric layer is
analyzed and compared to the measured aerosol load by the photometer in Ny-Ålesund additionally.
During spring, the open ocean acts as a sink for aerosols, whereas sea ice clearly reduces their sinks.
Hence, trajectories over sea ice are correlated to higher aerosol loads. Thus, both sources and sinks
must be considered to understand aerosol occurrences in the Arctic.
Keywords: sun photometer; aerosol; pollution pathways; Mie scattering; libRadtran; Arctic haze;
AOD; Ångström exponent; FLEXTRA; five-day back-trajectories; Ny-Ålesund; Svalbard; Arctic; Lidar

1. Introduction
The Arctic is climatologically a key region, which shows the largest temperature increase in the
world, especially in the European Arctic around Svalbard, with a dramatic increase of about 3 K per
decade during winter [1]. Due to the retreating sea ice, the Arctic warms quicker than other regions on
Earth. This phenomenon is called “Arctic Amplification”. The retreating sea ice has the potential to
influence at the same time aerosol sources and sinks. Hence, any changes in aerosol properties in this
region may become more typical and relevant in other parts of the Arctic in the future. For this reason,
it is important to monitor aerosol load and its properties in Svalbard over the years.
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While the Arctic atmosphere is generally clearer than in mid-latitudes. Especially during spring,
the visibility can be reduced due to the so-called “Arctic haze” phenomenon [2,3]. This aerosol
consists mainly of sulfate and soot in accumulation mode, which appears in aged air masses and
apparently changes from external to internal mixture in time [4]. While anthropogenic sources are
generally thought to be the main cause of the Arctic haze [5], Warneke et al. [6] pointed out that in
spring, biomass burning can additionally be an important source of aerosol, which potentially brings
considerable pollution into the Arctic [7]. During summer, the AOD is lower than during spring.
Aerosol emitted by phytoplankton blooms in the Arctic Ocean [8] is so small, that its scatter efficiency
is very low [9].
Long-term measurements of aerosol load and properties using sun photometers at different sites
is a mature, reliable technology combined with ground-based networks, like in AERONET [10], or,
with an higher uncertainty, from satellites like GOCART or MODIS [11,12]. Over the past few years
and decades, for the Arctic, remote sensing of aerosol by photometry has been performed by several
researchers, like Herber et al. [13], Rozwadowska et al. [14], Toledano et al. [15], Stock et al. [16],
Tomasi et al. [17] (amongst others). All these authors pointed out that the aerosol load measured in
terms of the AOD shows a clear annual cycle with a maximum in spring due to the Arctic haze and an
annual minimum in autumn. Already, Toledano et al. [15] found out that a direct transport of polluted
air from Europe into the European Arctic is unlikely the main reason for the Arctic haze in spring there,
because, contrary to the observations at high latitude, no annual maximum in AOD was found over
Scandinavia. This poses a doubt on the effective pollution transport from Europe to Svalbard, which
was also found by Stock et al. [16].
In this paper, long-term AOD measurements by a sun photometer located in the research village
Ny-Ålesund on the northwest coast of Svalbard are presented. A recent climatology for this site has
been published by Maturilli et al. [18]. An overview of photometer data for Ny-Ålesund until 2012
and its comparison to the Polish station in Hornsund were given by Pakszys et al. [19].
2. Instruments, Methods, and Data
The AOD was measured by a sun photometer, Type SP1a, manufactured by Dr. Schulz & Partner
GmbH with 10 wavelengths between λ = 369 nm and 1023 nm, a field of view of 1◦ × 1◦ , and a time
resolution of 1 min. The wavelength λ = 944.8 nm, which is devoted to water vapor, was omitted
in this paper. With the remaining 9 wavelengths, optical parameters, like the AOD or the Ångström
exponent, were computed. The instrument was calibrated regularly in pristine conditions via the
Langley method at Izaña, Tenerife. The Full Width at Half Maximum (FWHD) of the AOD probability
distribution of a clear day was much smaller (∆AOD = 0.003) than the generally stated maximum
error of the instrument being ∆AOD = 0.01 [15,20]. Furthermore, minute-by-minute fluctuations of
clear and stable days were much smaller than 0.01. Accordingly, due to the small random noise of the
instrument, the time resolution of 1 min had a sufficiently high quality, and results based on the data
are presented accordingly. The measurement principle and the needed corrections for obtaining the
AOD were further described in Graßl [21].
Some singular extreme events with AOD500 > 0.3 were removed, which originated from known
and exceptional strong events, for example caused by biomass burning. Both the agricultural flaming
of May 2006 [22] and the forest fire in July 2015 [7] yielded AOD500 ' 1, which would significantly
bias monthly averages. If AOD500 > 0.3 was detected after cloud screening with a manual quality
check, the whole day was omitted. In total, 7 of 845 days during the period from 2009–2017 were
deleted from the dataset.
The number of individual measurements differed between a few hundreds, especially in March
and September, to up to 12,000 individual data points in early summer. Since 2004, the photometer has
measured continuously due to an automatic tracker. As there were hardly any technical issues with
the instrument, this dataset should be complete and representative. However, as the photometer needs
direct solar radiation for the measurement, it has a strong bias on clear-sky conditions. Hence, aerosol
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that is advected within clouds or below them cannot be observed with a photometer. An annual cycle
with maximum monthly mean AOD was found in spring, the minimum in autumn. For the following
study, the months of April, May, and August were chosen as typical representatives for months with
Arctic haze, transition, and late summer.
Five-day back-trajectories computed with the FLEXPART model [23] were used to determine
the origin of aerosol and its pollution pathway through the Arctic. Every trajectory was backward
computed starting at 11 UTC at heights of 500, 1000, and 1500 m above sea level (asl) over Zeppelin
Station, Ny-Ålesund, Svalbard. Ceilometer measurements showed that precipitating clouds reached a
typical height of 1000 m over Ny-Ålesund [1]. Hence, the trajectories were computed below, within
and above potential clouds to see the influence of hygroscopic growth on the particles and on the
measured AOD by the photometer.
Only days with at least 20 min of continuous photometer measurements between 10 and 12 UT
were chosen to ensure that the observed atmosphere was the same as in the model. In most of the
Aprils between 2013 and 2017, the AOD was bi- or multi-modally distributed (see later in Section 4.2),
with the only exception being April 2017. The local minimum of the distribution was chosen manually
and determined simultaneously the two cases of “low AOD” and “high AOD” for the back-trajectories.
Additionally, the same FLEXTRA back-trajectories were compared with the monthly means of
the ERA-interim sea ice masks with a spatial resolution of 0.75◦ × 0.75◦ . Even small leads in the sea
ice change the atmospheric stratification significantly and therefore change the feedback between
atmosphere, ocean, and ice [24]. Hence, the grid point was only counted as “sea ice”, when the lead
fraction was less than 5%.
3. A New Model for the Ångström Exponent
In photometry, it is convenient to write the AOD as a power-law on wavelength λ with the
so-called Ångström exponent AE, the wavelength λ given in µm and a proportional constant C, also
called the turbidity parameter, as the AOD of λ = 1 µm:
AOD (λ) = C · λ− AE

(1)

In this approach, the exponent AE had the limits of AE → 4 (small particles) for Rayleigh
scattering and AE → 0 (large particles) or even slightly negative values for geometrical optics
appearing in clouds [25]. Hence, AE gives a rough estimation of the prevalent radius of the observed
aerosol. Typically in the Arctic, aerosols have an Ångström exponent in the range of 1 < AE < 1.5 [17].
However, the assumption of a power-law for the AOD is clearly only a common approximation.
A typical result for Arctic aerosol (green circles) can be as depicted in Figure 1. Equation (1) was used
to fit the exponential law (colored lines) to the observation data of the year 2013 (Figure 1, left). It can
easily be seen that this approximation under- and over-estimated the measured AOD at some points.
To achieve a better result for the same dataset, the wavelength range was divided into two regimes, one
for the visible and Ultraviolet (UV) spectrum (<700 nm), the other for the Infrared part (IR) (>700 nm):
(
AOD (λ) =

a1 · λ−a2 , ∀λ < 700 nm
a3 · λ−a4 , ∀λ > 700 nm

(2)

Now, two independent Ångström exponents a2 and a4 and both turbidity parameters a1 and a3
were computed, one corresponding tuple for every wavelength regime. This approach closer represents
the measurement (see Figure 1, right) as the differences between fitting curves (colored lines) and the
measurement data (green circles) were smaller, especially for the ultraviolet and infrared part of the
spectrum. In every randomly-selected day, there was a step at λ = 700 nm in the fitting functions of
both regimes, and the fitting accuracy was always improved. Therefore, the function of Equation (1)
did not give a good approximation of the aerosol properties in the Arctic when applied over a broad
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spectral region and needed to be improved by a wavelength-dependent Ångström law. Contrary to
the data of this work, for other sites with moderate AOD and at least 12 wavelengths, however, it is
possible to retrieve significant microphysical properties from the Ångström exponent, as shown e.g.,
by Cachorro et al. [26].

Figure 1. Green circles are individual measurements, the colored lines the fitted exponential law.
Left: The data were fitted with the traditional Ångström law of Equation (1). Right: Equation (2) with
two wavelength ranges of the UV and visible (<700 nm) and the near-infrared (>700 nm) were used for
the same dataset.

Already, O’Neill et al. [27] (amongst others) modified the traditional Ångström exponent, via the
separation into a fine, f , and a coarse, c, mode to gain additional information about bimodal aerosol
size distributions for each wavelength:
AODaer (λ) = AOD f + AODc

= A f · C f + Ac · Cc

(3)

where A f and Ac are the vertically-integrated number density in abundance and C f (λ), as well as
Cc (λ) are the extinction cross-sections of the fine and coarse mode. The Ångström exponent AE is
defined as:
d ln ( AODaer )
AE = −
d ln (λ)
with the second derivative:
AE0 = −

d2 ln ( AODaer )
d ln (λ2 )

The total optical curvature parameters AODaer , AE, and AE0 characterize most of the variability
in the AOD spectra according to O’Neill et al. [28]. These parameters are related to the coarse and fine
mode components of the measured bimodal aerosol particle size distribution [28]. In O’Neill et al. [29],
all three parameters referred to the measured spectrum to the reference values of λ = 500 nm in a
second-order polynomial fit of ln AODaer versus ln λ to obtain the fitting parameters a0 , a1 , and a2 :
ln AODaer = a0 + a1 ln λ + a2 ln2 λ

(4)

However, a slightly different and easier fitting approach was chosen in this paper. A Taylor
expansion of the traditional Ångström exponent AE of Equation (1) to the first-order correction term
leads to the equation:
AOD (λ) = C · λ−α+ β·λ := C · λ F(λ)
(5)
In the following, α is called the modified Ångström exponent, β the spectral slope, and F(λ) the
total effective Ångström exponent. The physical meaning of this approach is simple: α is the classical
Ångström exponent in the limit of very short wavelengths (λ → 0), and β gives the wavelength
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dependence. The turbidity parameter C is treated as a constant. This is in contrast, e.g., to the approach
of Shifrin [30]. A wavelength-independent turbidity factor has, however, the advantage that it only
depends on the aerosol concentration, not on its microphysical properties. Since 2009, in 254,312 of
255,389 (99.58%) individual sun photometer measurements, a clearly increased fitting accuracy χ2 by
the new approach was found. This fitting accuracy is defined by:
1 n
χ =
·
m k∑
=1
2

AODmeas (λk ) − AOD f it (λk )
∆AOD (λk )

!2
(6)

where meas and f it refer to the measured and fitted AOD value at each of the n = 9 wavelengths, λ.
The error of the measured AOD (∆AOD) was set to 0.01 for each wavelength, and m are the degrees
of freedom.
A comparison of the fitting accuracy χ2 between the traditional, the modified Ångström law, and
the one that was discussed in O’Neill et al. [28] was done for 6 April 2014. The results are presented
in Figure 2. A case study including Mie calculus and a comparison with Lidar data for this day is
performed afterwards in the Section 3.2.

Figure 2. Comparison of the fitting accuracy χ2 between the traditional (blue, Equation (1)), the modified
Ångström law (yellow, Equation (5)), and the one that is discussed in O’Neill et al. [28] (red, Equation (3)).

It can be seen from Figure 2 that for a typical day in spring, both the minute-to-minute fluctuations
and the residuals to the observed data were smallest for the modified Ångström approach (yellow)
of Equation (5). The fitting accuracy of the traditional Ångström law (Equation (1), red) and the
suggestion by O’Neill et al. [27] (Equation (4), blue) were, especially at noon, much poorer than for the
approach of Equation (5). The over the afternoon decreasing fitting accuracy, χ2 , was a feature of an
erroneous Langley calibration [31]. It is worth mentioning that the fitting accuracy of the modified
Ångström approach did not change significantly when a thin cloud passed by at 14:30 (see also
Section 3.2).
Obviously, the suggested approach with a linear wavelength-dependent Ångström approach fits
best for Arctic sun photometer data due to the smallest χ2 . For this reason, the so-called “modified
Ångström exponent” will be considered most in this paper.
3.1. Mie Calculus
With the Mie program of libRadtran (www.libradtran.org) artificial (ideal) aerosol log-normal
distributions were created to get a fully-known aerosol size distribution for the modified Ångström
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approach. The equation for the log-normal distribution is given in Appendix A. Effective radii between
re f f = 0.01 µm and 1.0 µm in steps of 0.01 µm were taken, and three different geometrical standard
deviations of the distribution widths, σ, from σ = 1.3–1.7 were considered. Refractive indices of
n1 = 1.44 + 10−5 i and n2 = 1.60 + 0.1i, which are devoted to sulfate-like and strongly-absorbing
aerosol-like black carbon, were chosen. The wavelength interval was adjusted to the filters of the sun
photometer to [360:1030] nm with a step size of 5 nm. We remark that a similar approach to connect an
effective radius of aerosol from photometer data was performed by [32].
To verify the numerical stability of the modified approach in Equation (5), artificial values of the
three parameters C, α, and β were taken and the resulting AOD (λ) calculated. These artificial AOD
values were disturbed by 100 different random realizations of noise per noise amplitude ∆AOD. It
was checked how an increasing noise level affects the precision by which the crucial parameters α and
β can be retrieved. The result can be seen in Figure 3. Assuming a ∆AOD = 0.01, which is a typical
overall uncertainty for sun photometry (including systematic errors), an error span for the traditional
Ångström exponent ∆AE = ±0.32935 was found. α can be determined better with ∆α = ±0.0752. The
largest uncertainty was stored in β with ∆β = ±0.98665. Later, it will be shown that an error in the
AOD of ∆AOD = 0.01 is the maximum to retrieve any information of aerosol microphysical properties
from photometer data.

Figure 3. 30th and 70th percentile for traditional and modified Ångström parameters AE, α, and β
depending on the noise level ∆AOD.

With the above-mentioned parameters σ and n, the dependency of the Ångström parameters
AE, α, and β on the effective radius re f f were investigated and are presented in Figure 4. For each
value of re f f , σ, and n, a noise-free AOD was calculated, from which the three Ångström parameters
were retrieved.
It can be seen from Figure 4 that already around an effective radius of re f f = 0.4 µm, it became
difficult to distinguish a given aerosol distribution from the Ångström parameters due to the grey
approximation. When the size distribution became wider (σ = 1.7) or the refractive index was high
(n = 1.60 + 0.0i ), the variation of the parameters was less and the grey approximation valid already
for smaller effective radii, in agreement with Mie theory, e.g., Hulst [33]. The traditional Ångström
exponent AE did not depend uniquely on the properties of the aerosol distribution. To determine
an effective radius of the aerosol distribution using the traditional Ångström law, knowledge of the
standard deviation and the refractive index was required. For AE > 1.1, even knowledge of σ and
n was not sufficient to determine a unique effective radius from the traditional Ångström exponent
(dark blue and green curves in Figure 4).
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Figure 4. Radius dependency of the traditional and modified Ångström exponent AE, α, and β for
different refractive indexes and standard derivations σ.

Contrarily, by the two independent parameters α and β, some more information can be obtained.
The modified Ångström exponent generally behaved similarly to the traditional one. In the Arctic
environment, the important size range is re f f ∈ [0.05, 0.2]µm [9]. Only in this radius interval, AE and
α monotonically rose for each geometric standard deviation and refractive index. Generally, more
narrow aerosol size distributions with low refractive indexes are better suited for the determination of
the additionally obtainable information of photometer data, because AE and α changed more strongly
over a wider range of effective radii. The spectral slope β showed a pronounced variation and even
changed its sign, when the effective radius became larger. Typically, two very different effective radii
correspond to the one given value of β. The independent information of the two parameters, α and β,
can be used to narrow down all possible aerosol size distributions, which were in agreement with the
measured Ångström parameters.
A possible solution can only be found if α and β have the same effective radius re f f within
their error margin. Finding only one unique combination of Ångström values additionally gives the
standard deviation of the size distribution and the refractive index at the same time. Using other
instruments, like in situ instruments or a multiple wavelength Raman Lidar, the refractive index can
be determined independently [34,35].
Typical values for the three Ångström parameters for Arctic aerosol are α = 1, β = −1.5,
and AE = 1. A possible aerosol size distribution can be identified by using Figure 4. All possible
combinations are presented in Table 1, and the most probable results are highlighted in red. A matching
of the effective radius can be obtained by comparing the possible solutions for α and β within their
error margin. This example yields either an effective radius re f f ,1 = 0.09 µm at a standard deviation
σ = 1.5 for n1 or re f f ,2 = 0.10 µm for n2 and σ = 1.3. Even though there were two possibilities
using the modified Ångström approach with different refractive indices and the geometric standard
deviations, the effective radius of the aerosol can be estimated roughly. On the other hand, there were
in total seven possible combinations using the traditional Ångström approach, spanning an interval
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over more than one order of magnitude for the radius, but only two very similar aerosol distributions
using the modified Ångström law.
Table 1. Different possibilities for an effective radius, re f f , depending on the standard deviation σ of
the distribution and refractive indexes n1 and n2 for given parameters α = 1, β = −1.5, and AE = 1.
The best matching combination of α and β is highlighted in red.

σ

Refractive Index n1 = 1.60 + 0.01i
AE
α
re f f = 0.13 µm

1.5

re f f ,1 = 0.01 µm
re f f ,2 = 0.18 µm
re f f = 0.14 µm

1.7

re f f = 0.10 µm

re f f = 0.07 µm

1.3

σ

re f f = 0.09 µm

re f f ,1
re f f ,2
re f f ,1
re f f ,2
re f f ,1
re f f ,2

Refractive Index n2 = 1.44 + 10−5 i
AE
α

1.3

re f f = 0.16 µm

re f f = 0.10 µm

1.5

re f f = 0.21 µm

re f f = 0.14 µm

1.7

re f f = 0.28 µm

re f f = 0.19 µm

re f f ,1
re f f ,2
re f f ,1
re f f ,2
re f f ,1
re f f ,2

β

= 0.11 µm
= 0.34 µm
= 0.09 µm
= 0.20 µm
= 0.11 µm
= 0.34 µm
β

= 0.09 µm
= 0.16 µm
= 0.06 µm
= 0.35 µm
= 0.05 µm
= 0.16 µm

To conclude, using the traditional Ångström law, one can in general not gain unique information
about the distribution or the refractive index. On the other hand, the modified approach provided
more information, especially about the effective radius in the size interval between 0.05 µm and 0.4 µm.
3.2. Case Study: Sun Photometer-Lidar
For several days with only briefly appearing clouds, the three parameters AE, α, and β were
compared. In the photometer data (Figure 5, right) on 6 April 2014, the clouds can be recognized easily
between 14:30 and 16:30 by the sudden change of all three parameters. With the Koldewey Aerosol
Raman Lidar (KARL), located in Ny-Ålesund, as well, aerosol layers and clouds can be recognized by
measuring the back-scattered laser beam. KARL was further described in Kulla and Ritter [36].
In the comparison of both instruments, several aspects can be found: Generally, the aerosol in the
Arctic is quite small in size, as indicated by the Ångström exponent AE → 4. This is in agreement with
earlier photometer studies [17,20], as well as in situ-measured size distributions by Tunved et al. [9].
A slightly lower modified Ångström exponent α, than AE, was found in photometer data at the same
time. The uncertainty of the computation was mostly included in β, as can be seen in Figure 3 for
noiseless data. Further, the variability of α of the photometer measurement was smaller than the
variability of the traditional Ångström exponent AE.
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Figure 5. Example of a clear day with a small cloud appearing at 14:30 with changes in the computed
Ångström parameters afterwards.

The spectral slope, β, was in most of the cases negative for aerosol, which was obviously smaller
than 0.4 µm. Therefore, the whole exponent −α + λ · β was less negative for the UV and more negative
for the IR light compared to the traditional Ångström law. Such behavior is reasonable as the UV light
shows the existing particles as larger than the IR light. In clouds, β may change its sign. For times with
β = 0, the wavelength dependency of the modified Ångström exponent became negligible, and hence,
AE = α.
Note that this day was chosen for the calculation of the deviation between the fitted and observed
AOD in Figure 2. During the time when the photometer detected a cloud, the fit of the traditional
Ångström exponent was clearly inferior (see the spikes in χ2 in Figure 2).
The detection of the cloud in both instruments, Lidar and sun photometer, had a tiny shift in
time. First, the photometer detected the change in AOD, then the cloud also passed by the Lidar. This
difference can be explained by the different lines of sight. Whereas the Lidar measures in the zenith,
the photometer has to follow its light source. In general, the Sun has only a small elevation at this
Arctic site, even in summer, and never stands at zenith. This fact makes a comparison between the
photometer and Lidar non-trivial. For clouds, the modified and the traditional Ångström exponents
nicely followed each other. After the cloud passed by, the traditional Ångström exponent, AE, and the
spectral slope, β, changed its intrinsic values slightly, whereas α remained constant.
At 13:00, in the photometer profile (Figure 5, left), the values for the three fitting parameters could
be read out with α = 1.3 and β = −1. With the results of the Mie calculus for α and β of Figure 4,
the parameters of the aerosol size distribution were determinable. For this particular case, a standard
derivation of σ = 1.7, an effective radius re f f = 0.04 µm, and a refractive index of n = 1.60 + 0.01i
were found.
With the Lidar ratio, LR = 30 [37], the aerosol extinction α aer can be calculated from Lidar data,
as well. This was used as an indicator of the comparability of both instruments. Using Figure 5, the
parameters for cloud thickness ∆z = 500 m, back-scattering coefficient β aer = 15 × 10−6 m−1 sr−1 , and
the Lidar ratio LR = 30 sr can be estimated as:
LR =

⇒ AODLidar =

α aer
⇒ α aer = LR · β aer
β aer
Z ∆z
0

α aer (z)dz = 0.225

Contrary to the Lidar, the photometer measured AOD500 = 0.25. The major difference of both
measuring instrument can be caused by the different lines of sight or the spatial distribution and the
temporal evolution of the cloud itself.
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To conclude, both instruments could be compared if the atmosphere was homogeneous on longer
time scales because both instruments always had a different line of sight. However, they could measure
different aerosol optical depths due to the temporal and spatial evolution of the cloud or aerosol layer.
To get more information out of one instrument, the other can be taken into account.
4. Results
4.1. Trends in the AOD
Before showing the multi-annual monthly mean of the AOD500 of the wavelength λ = 500 nm
and its change over time, first, the different annual cycles of the AOD for Ny-Ålesund are presented in
Figure 6. A high year-to-year variability was evident. 2009 was the last year with extremely high AOD
over the whole year, including the time of the Arctic haze in spring, as well as during the biomass
burning season in summer (Figure 6). The high AOD in summer 2009 (June–August) can, however,
partially be explained by the eruption of Mt. Sarychev in June 2009. This eruption may have increased
the AOD500 at this site by about 0.05 [38]. The only other volcanic eruption of clear impact on the AOD
was Kasatochi in August 2008 [39], which was responsible for the increase of AOD recorded only in
autumn 2008. Hence, in spring time, the high AOD of 2009 was purely due to Arctic haze. Comparing
both plots in Figure 6, it is evident that the monthly mean AOD decreased over time, as after 2009,
no month with AOD500 > 0.1 was recorded any longer. This was even more remarkable as the data
coverage between 2001 and 2004 was poor due to the absence of an automatic tracking system and
photometer measurements were more or less only available during campaigns. Hence, monthly means
were not available for all months. However, no apparent transition between “polluted earlier years”
and “clearer later years” was evident as the inter-annual fluctuations were high. For comparison, the
year 2009 was plotted twice. Moreover, in observation data from 1994–2017, it was found that the AOD
decreased more strongly in spring and early summer; e.g., in the 1990s, in some years, a high AOD was
still found in May. In more recent years, the haze was not only reduced, but also lasted a shorter time
during spring. For August and September, the AOD remained almost constant at AOD500 = 0.055.
This made the annual cycle of the AOD flatter and reduced the importance of the haze season in spring.
The trend of both Ångström exponents, α and β, is plotted in Figure A2 in Appendix C.
With Pearson’s empirical correlation coefficient ρ X,Y ∈ [−1, 1], it can be shown if two parameters
X and Y are statistically correlated:


ρ X,Y

 


n
1 n
1 n
−
X
Y
X
Y
∑
∑
∑
i
i
i
i
i =1
n i =1
n i =1
Cov( X, Y )
=
= r


2 
σX · σY
2
1 n
1 n
X
Y
X
−
Y
−
∑
∑
i
i
n i =1
n i =1
1
n

(7)

In the following discussion, the correlation coefficient ρ is applied to the monthly mean AOD
trends of the time periods 2001–2009 as X in Equation (7) and for 2009–2017 as Y. An answer,
concerning the influence between clear and polluted days on the number of measurement days, can be
given with ρ.
For spring (March and April), the correlation was ρspring = −0.4408, which indicates a slight
anti-correlation. In fact, while the average spring AOD seemed to increase for the earlier period, it
had been fluctuating more around a lower value since 2010 (Figure 7). For the other seasons, summer
(June–August) and autumn (September), the correlation coefficients were ρsummer = −0.1423 and
ρ autumn = −0.0071. Because in both cases, the correlation coefficient ρ ' 0, there was no apparent
trend for those seasons.
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Figure 6. Monthly means in AOD for the years 1994–2000 (first row), 2001–2009 (bottom, left), and
2009–2017 (bottom, right). The dashed magenta lines are the monthly means of the corresponding time
interval. Note that the year 2009 is plotted as well in both plots (bottom) as a reference.

Figure 7. Left: Monthly mean AOD500 for the years 1994–2000 (already published in Herber et al. [13]).
Right: Seasonal means of the AOD of “spring” (March and April), “summer” (July to August),
and September as the only available representative for the autumn month of the years 2004–2017.
The shaded areas represent the 30th and 70th percentiles, respectively.

The year-on-year variability of AOD500 and its variability, expressed by the spread of the 30th
and 70th percentile for the different seasons, are shown in Figure 7. Since 1994, the overall decrease of
the spring AOD was evident, even if AOD500 increased during 2004 and 2009. Still, spring is the most
polluted season. Furthermore, a quite large spread between the 30th and 70th percentile for the haze
season can be seen. This variability means that in each month in spring, both at least one clear, as well
as one polluted period were found. Hence, individual haze events lasted less than a month. Hence,
in each month in spring, a clear, as well as a polluted period were found. Before 2009, a relative clear
monthly average in spring still had a higher AOD than more polluted (70th percentile) averages in
summer or autumn, except for only one year of September. The variability in AOD500 was lower after
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the haze season in spring. This means that clear or polluted periods seemed to last longer. Finally, it
can be seen from Figure 7 that generally, the averaged AOD500 and the spread were not correlated,
although, obviously, a low monthly average also implies a low variability.
With a Nd:YAG laser-based Mie depolarization Lidar system, also located in Ny-Ålesund, a similar
pattern of the mean annual cycle of the aerosol load with decreasing importance of the Arctic haze
season was recently found [40].
4.2. Histograms of Aerosol Load and Properties
In the previous section, monthly mean values of the AOD500 were shown in order to present the
strong month-to-month variability and the small, but distinct decrease of springtime AOD500 .
In this section, the minute-by-minute data are analyzed in more detail for some selected periods.
Figure 8 shows the histograms of AOD500 for April 2013 (left) and April 2017 (right). April 2013 was a
typical month during the Arctic haze season, as it showed a multi-modal distribution. This means that
simple monthly averages, as, e.g., published by Stock et al. [16], are inappropriate. For every month,
minute-by-minute data often show a bimodal distribution. This was then used as an indication for
large and small aerosol discrimination concerning the modified Ångström exponent in α > 1.5 and
α < 1.5 given in Figure 8. In the segmentation in α, the origin of the multi-modal distribution of AOD500
was obvious as a superposition of small and large aerosol particles having a more or less Ångström
exponent. April 2017 is plotted, as well, because it was the only exception with an AOD500 , as well as a
modified Ångström exponent α following a mono-modal, log-normal distribution quite well.

Figure 8. Histogram of one-minute photometer data of AOD500 for April 2013 (left) and April 2017 (right).

Interestingly, the value of the modified Ångström exponent α was in general closely related to its
spectral slope β (Figure 9). The separation of all photometer data into α < 1.5 and α > 1.5 additionally
distinguished between almost negligible (β ' 0) and significant (β > 1) spectral slope. Due to the
definition of the modified Ångström law in Equation (5), the combination of α > 0 and β > 0 means
that in the UV, a smaller, more negative total effective Ångström exponent was retrieved than for the
IR. Similar to the log-normal distributed AOD500 in April 2017 (Figure 8), the spectral slope, β, was
distributed following roughly a log-normal distribution (Figure 9), as well.
The generally nice correlation between the modified Ångström exponent α and its spectral slope
β is also plotted in Figure 10. The worst correlation between α and β was found for April 2011 with
ρ = 0.505. The grey shaded area represents the area, where Figure 4 provides results for the assumed
choices of the geometric standard deviation of the aerosol size distribution and the refractive index.
Beyond this grey area, one cannot get a clear result for the parameters with the one-modal log-normal
size distributions and Mie theory mentioned before.
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Figure 9. Histograms of the spectral slope β for April 2013 (left) and April 2017 (right). The blue bars
are the total amount of measurements, whereas the yellow and red bars only represent the fraction of
α > 1.5 and α < 1.5, respectively.

Figure 10. Correlation between the modified Ångström exponent α and its spectral slope β for the haze
season (April) and for summer conditions (August) of the years 2009–2017. The grey area indicates the
possible combinations for α and β using the Mie calculus of Figure 4.

The densest part of Figure 10 (right) remained at the same values for α, but slightly shifted to more
negative values in β in August. While only a smaller range of α (−0.5 < α < 2.5 and −6 < β < 5) was
covered in April, the aerosol became less uniform in summer times (−1 < α < 5 and −6 < β < 13).
With this correlation, the effective radius of the underlying aerosol size distributions can be estimated
using Figure 4. Preliminary results using the Mie code of libRadtran suggest that large values of β
may be explained by particles with re f f ' 0.9 µm. However, a detailed month-by-month analysis
of the observed aerosol properties is beyond the scope of this work. As an example, an aerosol size
distribution for an refractive index of n = 1.44 + 10−5 i and a standard deviation of σ = 1.05 is plotted
in Figure A1. The narrower a size distribution gets, the more extreme are the values of β. This is a
possible explanation for these large values beyond the grey box in Figure 10.
Hence, the aerosol was more heterogeneously distributed in August than in April. On the other
hand, the 30th and 70th percentile were quite similar in summer. Therefore, although the measured
AOD500 over the years had about the same absolute value, the composition seemed to be constantly
changing from year-to-year during summer and may not be explained by the assumption of spherical
particles and a mono-modal log-normal distribution. The aerosol arriving in Svalbard each April was
more homogeneous in terms of AE, α, and β and may have approximately the same age and similar
chemical and physical composition. This is in complete contrast to August, when the aerosol had a
lower age, because it was advected more quickly into the Arctic due to a weaker polar vortex, and
chemical reactions were still ongoing on the particles. Sources for this kind of aerosol can be biomass
burning or marine bionic sulfur emission. In Lidar profiles, such events are shown as individual
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layers [41]. whereas, the Arctic haze appeared as a constantly higher AOD500 over the whole part of
the lower troposphere [39].
According to Tunved et al. [9], particles are larger within the haze season with typical effective
radii of re f f ∈ [0.1, 0.2] µm and smaller particles (re f f < 0.1 µm) outside the haze season. If this
information is combined with the results of Figure 10 for April and August and the Mie calculations
in Figure 4, the size distribution from the ground-based in situ instruments would agree fairly well
with the data of this work for April. The range of the modified Ångström exponent, α, and its spectral
slope, β, matched the mono-modal log-normal distributions with particles of effective radius between
re f f ∈ [0.05, 0.3] µm. Hence, the ground-based aerosol properties were representative for the whole
atmospheric column in spring. However, the wide range of the modified Ångström exponent α and its
spectral slope β in August indicates that during summer, the free troposphere might see a different
aerosol load than the surface. Indeed, in the Lidar observations of Shibata et al. [40], an increased
backscatter signal was found during summer months up to about an altitude of 5 km.
As in summer, the polar vortex is much weaker than during polar night, much more diverse
aerosol can be advected from mid-latitudes into the Arctic. In addition to that, small aerosols produced
by plankton and plants are more numerous during polar day. This means that the aerosol is much more
diverse in August than in spring, which can be seen in the thresholds between the regimes of high and
low AOD (see Table 2) and the larger range in α and β in Figure 10 with a higher inter-annual variability.
5. Discussion Concerning the Aerosol Origin
5.1. FLEXTRA Five-Day Back-Trajectories
By using five-day FLEXTRA back-trajectories, the origin and the pollution pathway of the aerosol
were analyzed to answer the questions about where the aerosol was released into the atmosphere and
under which atmospheric conditions the air reached Ny-Ålesund five days later at 500 m, 1000 m,
and 1500 m above sea level (asl) at Zeppelin Station. There are some possibilities for how to define
trajectory clusters.
First, two different groups were selected depending on the value of the measured AOD500 .
The groups “high AOD” and “low AOD” were defined according to the bimodal distribution of the
AOD500 of the corresponding month. These two groups were each separated afterwards into two
additional groups, “dry” and “wet”, depending on whether the relative humidity increased over 90%
for at least one time step. Aerosol is highly affected by relative humidity and starts hygroscopically
growing after a certain threshold of humidity, which suddenly increases the AOD dramatically.
Simultaneously, it is a cloud condensation nucleus and can easily be removed from the atmosphere
by precipitation.
Secondly, the ocean, land, and sea ice interact totally differently on aerosols, their origin, and
sinks. The influence of the ground conditions was investigated using the fraction of how much time
the air stayed over which surface type. Because aerosol is mainly produced on the ground or in the
boundary layer, the third way of obtaining information out of the model is by focusing on the time the
air resided in the boundary layer.
5.1.1. Aerosol Origin Due to Arriving Air Pollution
In Figure 11, all 14 trajectories are shown for April 2013, which end at a 1500 m altitude above
Zeppelin Station. The multi-modal AOD distributions were considered only showing back-trajectories
with low or high AOD. The threshold was determined by the sun photometer, and it was set for each
month individually (see Table 2).
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Table 2. AOD500 thresholds to distinguish back-trajectories arriving at Zeppelin Station with high and
low AOD. They are the minima in the bimodal AOD500 distributions.
Year

April

May

August

2013
2014
2015
2016
2017

0.07
0.07
0.085
0.08
-

0.04
0.056
0.09
0.05
0.08

0.035
0.08
0.07
0.1
0.035

For both groups, “high AOD” and “low AOD”, the air may come either from the North American
or Russian Arctic. Overall, the trajectory groups looked quite similar. Both groups contained air masses
being advected at low altitudes over the American or Eurasian continent. Moreover, precipitation
(thick grey dots in Figure 11) did not occur frequently in the trajectory dataset. Hence, one cannot
simply assess one single pollution transport or favor one special source region, from which the Arctic
haze originated. Note that in this sample, there was no direct transport from Europe. In general,
the photometer can only measure during clear-sky conditions, and even thin clouds disturb the
measurement significantly. Due to the prevalent west-wind drift, much moist air is transported from
the Atlantic to Svalbard, shielding Europe. Therefore, in the photometer data, there was always a
bias in the data with an under-representation of Northern Europe, as well as the Atlantic being the
pathway of precipitation-bringing areas. Hence, aerosol from Europe may enter the Arctic mainly in
interstitial form. Although the European origin of inert trace gases arriving in Ny-Ålesund has already
been proven [42], this is not possible for aerosols yet. When they enter clouds, aerosols change their
physical and chemical properties. Because they act as cloud condensation nuclei, they form droplets
and are washed out by precipitation. For this reason, they do not have exactly the same pollution
pathways into the Arctic as trace gases, and determining their origin with models becomes much more
difficult. Especially in the Arctic, the interaction between clouds and aerosol, as well as their lifetime
in the atmosphere are only poorly understood.

Figure 11. Five-day back-trajectories arriving at a 1500 m altitude over Zeppelin Station for days with
“low AOD” (left) and “high AOD” (right) for April 2013. Thick grey dots mark areas with a relative
humidity >90% as an indication of hygroscopic growth of the aerosol.

The plotted trajectories in Figure 11 show only one example of high and low AOD for a typical
month and year. In April 2013, the air came from Siberia, as well as from North America and Greenland,
being dry, as well as wet and reaching heights of up to 500 hPa. Because no bi-modal distribution in
AOD500 was found in April 2017, no distinction in high and low AOD can be made. This year was
omitted for trajectory analysis. Similar to Figure 11, trajectories for many more months inside and
outside the Arctic haze season have been calculated.
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One can say that the origin of air with low AOD comes slightly more frequently from North
America, whereas air with high AOD has a higher probability to originate from Siberia. However, in
both cases, there are also many trajectories coming from the other continents before reaching Svalbard.
Hence, any clear source region of the aerosol was not found. Furthermore, the pattern of each chosen
height looked similar. Hence, the dependency of the chosen height was not the most important point
of the interpretation of back-trajectories. Maybe the biggest problem is the reliability of the wind fields,
especially at high latitudes.
Contrary to this approach and dataset, Christensen et al. [43] and Udisti et al. [5] employed a
chemical analysis of aerosol in situ measurements from Ny-Ålesund to perform a source apportionment
for the important sulfate component of the Arctic haze. They found a clear anthropogenic origin for
data from April and more marine aerosol during summer. Clearly, looking for markers in in situ
samples is one way to prove the origin of Arctic aerosol. However, its pollution pathway and lifetime
in the atmosphere remain open questions.
5.1.2. Aerosol Sources and Sinks
As the five-day back-trajectory analysis did not show any convincing source region of Arctic haze,
the following hypothesis was tested: Does the time the air parcel spends over sea ice, free ocean, or
land have an impact on low and accordingly high AOD in Ny-Ålesund? Does the measured AOD
depend more on the effective sinks instead of sources?
The albedo of sea ice and snow covered land is very high, and heating of the ground by the Sun
is very inefficient. Hence, the atmosphere is thermodynamically stably stratified, and the boundary
layer is thin. Therefore, it is expected to have less vertical mixing, a dry boundary layer and, therefore,
a longer aerosol lifetime compared to air masses being advected over the free ocean. Due to this
initial condition, aerosol sinks are turned off over ice, and the aerosol can mainly be transported,
not removed.
This idea was checked by the fraction of time the air parcel stayed over land, sea ice, or open
ocean, and it was plotted for the month of April 2013 to exemplify it (see Figure 12). Furthermore,
the cases “dry” and “wet” air were distinguished using relative humidity >90% for at least 6 h as
a limit and divided between arrival altitudes at 500 m, 1000 m, and 1500 m over Zeppelin Station,
Ny-Ålesund. As is known from Lidar observations, the Arctic haze phenomenon usually occurs in the
lower troposphere [17,37]. The number of measurements for the so-called “wet” case was much less
than for “dry” ones either because the aerosol advection intrinsically occurs in dry air or due to the
clear sky bias in the instrument. Cases of wet air below 1000 m altitude drastically reduced the number
of available photometer measurements. This is in agreement with Maturilli and Ebell [1], who derived
from ceilometer observations that the cloud bottom at Ny-Ålesund was generally below a 1000 m
altitude. From this follows that aerosol above a 1000 m altitude may survive cloud formation and is
not being washed out. Therefore, it can be measured with photometers in their intrinsic appearance.
Due to the annual changes of sea ice extent, the fraction of sea ice in August is always smaller than in
April and May, and vice versa for the fraction of the ocean (Figure 12).
The fraction of sea ice was much higher (up to 42% in April) for the “high, dry” case. On the other
hand, the category “ocean” had only a fraction of 22% for the case “high, dry”, which was the smallest
of all categories (Figure 12). This indicates that the sinks are important. Over sea ice, the boundary
layer is stably stratified, and no convection takes place due to the high surface albedo. Additionally,
the probability of cloud formation is reduced because convection and moist air are needed. The often
occurrence of sea ice acting as a cover of sinks prevents a deposition of the aerosol, and the polluted
air is advected by long-range transport. In agreement with Christensen et al. [43] and Tunved et al. [9],
aerosol of marine origin can be neglected for optical measurements in the haze season. Furthermore,
the explicit consideration of aerosol sinks might be very important to understand the advection into
the Arctic. Whereas, the boundary layer is stably stratified over the sea ice and the efficiency of sinks is
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reduced, the probability of cloud formation is much more likely over a convective boundary layer over
the ocean with moist conditions.

Figure 12. Fraction of how long the air parcel was over land, ocean, or ice for the months of April, May,
and August and arrived at a height of 1500 m over Ny-Ålesund for the years 2013–2017. The numbers
below the bars indicate the total number of points for each category.

Due to a higher probability of wet deposition in summer than in winter, the mean lifetime of
aerosol is much shorter. Therefore, the results of the trajectory model should be more reliable in
summer than in winter times. A tendency of the surface fraction can be seen: the longer the air was
over sea ice, the higher was the AOD, e.g., in April, the ice fraction for the case “low, dry” was 29%,
whereas it was 42% for the case “high, dry”. The sea ice reduced the efficiency of sinks. For April and
May, it seemed that the high AOD was additionally caused by a high fraction of land, because most of
the aerosol was released there in the presence of plants, humans, and soil.
5.1.3. Remarks on the Advection Altitude
A clear difference can be seen in Figure 13 for each height and type of ground (land, free ocean, or
sea ice). The left plots of Figures 13 and 14 represent all data independent of the height the air was
on the way to Zeppelin Station, whereas the plot on the right only shows trajectories, for which the
air was in contact with the ground (minimum 2 h) at the lowermost 100 hPa pressure level, which is
called the “boundary layer” in the following discussion.
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Figure 13. Fraction of how long the air parcel was over land, ocean, or ice. Left: All data points are
plotted, independent of the height of the air parcel. Right: Only the cases are plotted where the air
parcel was within the boundary layer (defined as p > 900 hPa). This plot only shows the data for the
arriving heights of 500 m and 1500 m above Zeppelin Station for all Aprils, 2013–2016. The numbers
below the bars indicate the total number of points for each category.

Air parcels arriving at 500 m above the station are easily influenced by the local boundary layer,
or even are still part of it. Whereas the sea ice content of the Arctic is close to its maximum in April,
the air likely flows near the ground. Due to friction, the wind speed in the boundary layer is smaller
than in the free troposphere above, which means the air cannot flow such long distances within the
five days of the calculated back-trajectories. Therefore, the differences between low and high AOD for
the boundary layer were due to the reduced sinks over ice. Contrarily, in the case of all trajectories
and a 500 m arrival height, the difference between “high” and “low” AOD is both due to more aerosol
uptake over land (sources) and reduced sinks over ice. Air parcels being close to the ground and over
continents have to travel a long distance in only five days to reach Spitsbergen. Therefore, the air has
to ascend and reach the free troposphere with higher wind speeds. This air mainly remains at a higher
altitude and arrives over Zeppelin Station more often at 1500 m. With the influence of the orography
of the surrounding continents, the air reaches the needed height. However, these possibilities are
not available over sea ice, which why this fraction is the smallest (Figure 13, bottom right). Because,
typically, clouds lie below the arriving height of the back-trajectories at 1500 m [1], the aerosol is not
washed out after it arrives in the free troposphere.
In the “wet” cases, the high relative humidity changed the aerosols and their optical properties.
Therefore, the sources lost their importance in the contribution of high or low AOD measured at
Ny-Ålesund. For these trajectories, the presence of sinks is more important.
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Figure 14. Fraction of how long the air parcel was over land, ocean, or ice. Left: All data points are
plotted, independent of the height of the air parcel. Right: Only the cases are plotted where the air
parcel was within the boundary layer (defined as p > 900 hPa). This plot only shows the data for the
arriving heights of 500 m and 1500 m above Zeppelin Station for all Augusts, 2013–2017. The numbers
below the bars indicate the total number of points for each category.

For August (Figure 14), the situation looked different than for April. Due to the annual minimum,
the sea ice concentration was very low, and a concentration of 95% of sea ice in one grid cell of the
ERA-Interim re-analysis model was reached for only a few cases. As for the cases in April, the fraction
of land rose with the arriving altitude of the air parcel, while the fraction of the ocean was decreasing
at the same time. Compared to April, the situation looked completely different, because there was
no deviation between the fractions for the whole atmosphere and the boundary layer. Moreover, for
August, the difference between advection over the ocean and the continent decreased. This can be
explained in two ways: First, contrary to spring time, the Arctic Ocean can be a source of aerosol in
summer due to DMS production (Dimethylsulfide) Udisti et al. [5]. Hence, the role as the ocean being
only a sink for aerosol might not be so clear during summer. Second, due to the results of the previous
section, the aerosol might be more diverse and arrive at higher altitudes during summer [40].
To get a better estimation of the error, back- and forward-trajectories have to be considered.
Whereas back-trajectories have one exact starting point, forward-trajectories should be set into a grid
around the position where the back-trajectories ended. In case the model has a sufficient resolution,
the forward-trajectories will end at approximately the same area as the ones that were back-computed.
However, another reason for the insufficient result of the model can be the aerosol lifetime. During
winter times, most of the ground at high latitudes is covered by snow and ice. The snow prevents dry
deposition, and the aerosols can remain on average about 15 days in the atmosphere before they are
sedimented [44]. However, for this long time, the uncertainties of the model are way too large to gain
information from this approach.
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6. Conclusions
In this paper, an improvement of the fitting approach for photometer data was presented taking
into account the first-order term of the Taylor extension of the Ångström exponent. Hence, this new
approach was wavelength dependent. It was found that the modified α and slope β were correlated,
which means larger particles had a smaller spectral slope β.
Additionally, the information content behind photometer data using the modified approach with
α and β has been assessed using the Mie program of libRadtran. Whereas the traditional Ångström
exponent hardly allows any information on the particle size, via the new approach, a typical effective
radius for spring time may be in the order of 0.1 µm, whereas in summer, the aerosol properties are more
diverse and sometimes cannot be explained by Mie theory and a one-modal log-normal distribution.
Within the measurement data starting from 1994–2017, a declining trend in AOD of the Arctic haze
during the spring months (March and April) was found with a simultaneously strong year-on-year
variability. For every month, the minute-by-minute data normally showed a bi- or even multi-modal
distribution of the AOD. The AOD500 was slightly declining in spring months; on the other hand,
it increased in autumn at the same time, which makes the annual cycle of AOD flatter. The spread
between the 70th and 30th percentile of AOD was generally large during the Arctic haze season, which
means that in spring, typically both clear and polluted days occurred each month. Apparently, mainly
the aerosol load changed, not the aerosol properties, which may agree with the measurements on the
ground in the atmospheric column.
No evident origin was found for high or low polluted air arriving at Ny-Ålesund using FLEXTRA
five-day back-trajectories. Because of the clear sky bias, most of the precipitating advecting air masses
had not been recorded by the sun photometer. The aerosol pathway through the atmosphere is an
open question, but needs to be solved by more reliable reanalysis datasets.
An indication was found that sea ice acting as the reduction of aerosol sinks controls the AOD in
the European Arctic during spring. The decline of Arctic haze can probably be related to more efficient
aerosol sinks, for example caused by the shrinking ice cover. When using back-trajectories, sinks and
sources are equally important to consider. Therefore, in case the arriving air carries a high amount of
pollution and is not being washed out by precipitation, the air can be either advected over sea ice or
arrive at an altitude above 1000 m, which is over the average height of polar clouds.
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Appendix A. Definition of the Aerosol Distribution
To generate an aerosol size distribution N (r ) for the Mie calculus, the following log-normal
distribution was chosen:


1
1
(ln r − ln rm )2
N (r ) = √
· exp −
2π ln σ r
2 · ln2 σ
where N is the number of particles or size r, rm is the mean radius, and σ the geometrical standard
deviation. libRadtran considers one particle per cm3 as the default. The effective radius can then be
obtained from the aerosol distribution by:
reff

R∞ 3
r N (r ) d r
= R0∞ 2
0 r N (r ) d r
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Appendix B. Additional Mie Calculus
Figure A1 shows the three parameters of the traditional and modified Ångström laws, AE, α,
and β, for a very narrow aerosol size distribution σ = 1.05 and a refractive index of n = 1.44 + 10−5 i.
One can easily see that the narrower a distribution gets, the larger the difference of β min to β max gets.

Figure A1. Mie calculus for a homogeneous aerosol layer with a refractive index on n = 1.44 + 10−5 i
and a standard deviation of σ = 1.05.

Appendix C. Trend of Both Modified Ångström Exponents
In Figure A2, the long-term series of the traditional and modified Ångström exponents, AE, α,
and β, is plotted for the years 2009–2017. No reason was found why the mean values for AE and α had
opposite signs in the years 2011 and 2012. As the AOD for those years seemed to be normal, no hints
for calibration or pointing issues were found. It is remarkable that the mean annual cycle of α (pink,
dashed) matched the in situ observation at the site.
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Figure A2. Trend of the traditional and modified Ångström exponents AE (upper row), α, and β
(lower row) for the years 2009–2017.
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