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Abstract: The climate impact of Arctic aerosols, like the Arctic Haze, and their origin are not fully
understood. Therefore, long-term aerosol observations in the Arctic are performed. In this study, we
present a homogenised data set from a sun and star photometer operated in the European Arctic, in
Ny-Ålesund, Svalbard, of the 20 years from 2004–2023. Due to polar day and polar night, it is crucial
to use observations of both instruments. Their data is evaluated in the same way and follows the
cloud-screening procedure of AERONET. Additionally, an improved method for the calibration of
the star photometer is presented. We found out, that autumn and winter are generally more polluted
and have larger particles than summer. While the monthly median Aerosol Optical Depth (AOD)
decreases in spring, the AOD increases significantly in autumn. A clear signal of large particles during
the Arctic Haze can not be distinguished from large aerosols in winter. With autocorrelation analysis,
we found that AOD events usually occur with a duration of several hours. We also compared AOD
events with large-scale processes, like large-scale oscillation patterns, sea ice, weather conditions, or
wildfires in the Northern Hemisphere but did not find one single cause that clearly determines the
Arctic AOD. Therefore the observed optical depth is a superposition of different aerosol sources.

Keywords: long-term AOD observations; aerosol optical depth (AOD); Ångström Exponent;
seasonal trends; improvement of star photometer calibration; error estimation; polar aerosol; Arctic
Haze; long-range aerosol transport

1. Introduction

The so-called “Arctic Haze” was first observed by pilots in the 1950s, primarily occur-
ring from March to May [1]. Photometer studies revealed particles up to a size of 0.2 µm
with increased sulfate concentrations like [2,3]. Extensive airborne research investigated
the origin and properties of the Arctic Haze in the 1980s like [1–3]. The particles strongly
scatter but weakly absorb light, which reduces the overall visibility. The haze is mainly
found in the lower 5 km of the troposphere and is vertically as well as spatially highly
heterogeneously distributed [4,5]. Due to the general high surface albedo and enhanced
multiple scattering in the Arctic, aerosol-radiative interactions are additionally increased
within the haze layer [6,7].

The Arctic, especially in the European sector around Svalbard, undergoes a drastic
temperature increase. This is most pronounced during winter with up to 3 K per decade [8].
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From year to year, more and more sea ice retreats, which enhances the warming further-
more and contributes to “Arctic Amplification”. The retreating sea ice enhances the role of
the open sea, which is a local aerosol source (like sea salt) and is also a sink for long-range
transported aerosols in the Arctic [9]. Atmospheric aerosols play a crucial role in the climate
through direct and indirect interactions, for example, with respect to solar radiation or
clouds [10]. Due to their various appearances in size, shape or chemical composition, they
can interact differently with solar radiation, leading to either a surface warming or cooling.
Therefore, radiative forcing is still the most uncertain aspect in climate models [11–13].
Due to the high spatial and temporal variability of aerosol occurrences and concentrations,
long-term observations are important to understand climate changes. Several studies
like [14] have found changes in aerosol types throughout the last decades. While anthro-
pogenic emissions are globally reduced [14], a clear annual cycle can still be found in all
parts of the Arctic. Concentrations of ultrafine particles have increased, which is linked
to changes in airmass transport regimes and increased transportation time over open
water [15].

The monitoring of aerosol load and properties is especially interesting in the Arctic,
since it is nearly free of anthropogenic sources [6]. Several ground-based and automatically
measuring instruments, like photometers, are set up there to gain long-term time series of
atmospheric conditions. Photometers retrieve the integrated extinction, Aerosol Optical
Depth (AOD), of the entire atmospheric column by measuring the intensity of extraterres-
trial light sources, like the stars, Moon and Sun. Sites with exceptionally long-term data
series are for example Barrow (USA), Alert (Canada) in the American and Ny-Ålesund,
Svalbard, in the European Arctic.

Since the Arctic generally has fewer aerosol sources than the midlatitudes and the
warming takes place strongest globally, it is a very important observation site and many
different studies have been performed already to investigate changes in the aerosol budget
with various passive and active remote sensing instruments as well as in situ observations,
for example [16–18]. It is also seen in Figure 1 that different processes interact with aerosols
in the Arctic and depend on the time of the year as well. In our study, we try to provide
a comprehensive picture of changes in Arctic aerosols due to several processes. We will
take local marine aerosol, sea spray primary aerosol, sea ice cover and precipitation into
account. For the investigation, we homogenised sun and star photometer data sets for the
years 2004–2023 and analyse aerosol load and properties for every month measured in
Ny-Ålesund, Svalbard. The aim of this study is to analyse changes of aerosol properties
within 20 years of continuous observation.

Figure 1. Different relevant processes during polar day (a) and polar night (b). The numbers indicate
(1) sea spray formation; (2a–b and 8) (non-)marine secondary aerosol formation; (3) particle processing
in fog; (4) Arctic Ice Nucleation Particles (INP) concentrations; (5 and 7) Long-range transport; (6, 10
and 11) cloud formation; (9) blowing snow. Figure is adapted from Schmale et al. [14].
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2. Measurement Site and Instruments

Sun and star photometers are located at the meteorological observatory of AWIPEV,
the German-French Arctic research station, in Ny-Ålesund, an international super-site for
environmental research in the European Arctic. Ny-Ålesund is located at 78.9◦N 11.9◦E.

Since Ny-Ålesund is located beyond the Arctic circle, polar day and night strongly
affect photometer measurements. Polar day starts on 17 April and lasts until 26 August.
Limitations for Sun observations by photometer also occur due to the mountain ridge in the
South (Figure 2). A large data gap is usually in October and November, when the elevation
of the Sun is low or even beneath the horizon, but the cloud fraction is also very high
and star photometer measurements are therefore not possible [19]. In February, the Sun
is already above the horizon. But because of the orography, the first sun photometer
measurements occurs only on 8 March. For the other part of the year (November to
beginning of March), the star photometer is the only instrument used for photometer
measurements. Therefore, it is important to combine and homogenise both data sets to
see the changes in aerosol optical depth throughout an entire year. Lunar photometer
measurements are just available for half a Moon cycle and are also only suitable for
observations during polar night, but not included in this study.

The sun photometer, used in this study, was manufactured by Dr. Schulz & Partner
GmbH (Rietz-Neuendorf, Germany). It has a temporal resolution of 1 min and measures
the incoming direct solar radiation with a photo diode. The total optical depth is calcu-
lated following Lambert-Beer law and guidelines by WMO [20]. The sun photometer had
17 filters for wavelengths from 355.4 nm to 1089.0 nm until 2012. After 2012, only 10 of these
17 filters have been kept, and the spectral range is now reduced to 369 nm to 1022.9 nm. This
instrument is regularly calibrated at Observatory Izaña, Tenerife, Spain, using
the Langley Plot method. More information about the instrument is given by
Graßl and Ritter [9], Stock [21]. The raw data can be found at the data repository
PANGAEA [22].

Figure 2. Map of Ny-Ålesund on Svalbard in the European Arctic (source: Svalbardkartet (https:
//geokart.npolar.no/Html5Viewer/index.html?viewer=Svalbardkartet, accessed on 2 October 2024));
courtesy of Norwegian Polar Institute.

The star photometer was also manufactured by Dr. Schulz & Partner GmbH. It
measures the spectral intensity of various stars. The operator chooses the stars before
each measurement cycle. The instrument collects the light via a Celestron C11 Telescope
(aperture length of 280 mm, focal length of 2800 mm) and guides the light further to a CCD.

https://geokart.npolar.no/Html5Viewer/index.html?viewer=Svalbardkartet
https://geokart.npolar.no/Html5Viewer/index.html?viewer=Svalbardkartet
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To find the star and perform the fine adjustment of the altazimuth mount, two different
cameras are needed. They have a viewing angle of 53 arcmin and 9 arcmin, respectively.
A grating spectrometer is connected behind the telescope. Our instrument combines ten
measurement signals into one raw signal to increase the overall signal-to-noise-ratio.

After the star is manually selected, the tracking of the star is performed automatically.
The filter wheel of the star photometer had 10 filters from 381.6 nm to 1037.7 nm until it
was modified in 2010. Afterwards, a second filter wheel was included, which changed the
measurement range from 420.0 nm to 1040.6 nm and increased the number of filters to
17. More information about the instrument can be found at Herber et al. [16], Graßl [23].
The raw star photometer data is available at the data repository PANGAEA [24].

Usually the star photometer performs standard measurement by observing one star,
which is very similar to lunar or Sun photometry. Both measurement techniques are
explained in greater detail by Graßl [23]. In Ny-Ålesund, we only use the four stars Vega
(α Lyr), Altair (α Aql), Merak (β UMa) and Alhena (γ Gem). A more detailed description of
the measurement principle of the star photometer can be found in Section 3 and an analysis
of the sensitivity towards measurement errors is presented in Appendix A.

3. New Method for Star Photometer

The general observation via star photometer is a so-called “One Star Measurement”
(OSM). The photometer points towards the selected star and measures its apparent intensity
with every filter. The temporal resolution is set to 5 min, which is also determined by the
time the mount needs to switch between pointing to the star and the background as well
as the integration time during the observation of the star. Since all stars are by far not as
bright as the Sun, the integration time needs to be increased compared to sun photometers.
To calibrate the star photometer every season, a Two Star Measurement (TSM) needs to be
performed by a suitable pair of stars. This require several perfect nights. A perfect night is a
cloud free and homogeneous and stable atmospheric conditions. With the built-in software
of our instrument, these calibration files need to be created manually, an automatisation of
this procedure is not possible. A TSM has a temporal resolution of about 10 min due to the
scanning of two stars.

We improve this process. The new procedure requires only one perfect night per
winter during which we perform the TSM. We take for each star of the TSM the calibration
values, and can apply them to the standard OSM process of AOD monitoring. These
calibration values are valuable for a duration of about one year:

By using Lambert–Beer Law the extraterrestrial intensity, RS1
0, can be calculated. In the

following, the reference star will be star 1. The two stars have a difference in apparent
stellar magnitudes, ∆mag. Hence, the unknown extraterrestrial intensity of star 2 can
be calculated:

RS2
0 = RS1

0 · 10−0.4·∆mag (1)

The total optical depth, τtot(λ), follows, using Bear–Lambert and Equation (1):

τtot(λ) = − 1
mtot

· ln

(
RS2

meas(λ)

RS2
0(λ)

)
= − 1

mtot
· ln

(
RS2

meas(λ)

RS1
0(λ) · 10−0.4·∆mag

)
(2)

These steps have to be performed for every wavelength of every star accordingly. As exter-
nal information, only the wavelength-dependent apparent magnitudes of different stars
needs to be looked up from astronomical websites, like Stellarium (https://stellarium-
web.org/, accessed on 3 October 2024) , and one TSM calibration in good conditions per
season needs to be done to keep the error in the calculation of the total optical depth as
small as possible. TSM calibration in good conditions means: completely cloud free and
homogeneous and stable atmospheric conditions during a long time, and small difference
in azimuth angles for each pair of stars used for the TSM.

https://stellarium-web.org/
https://stellarium-web.org/
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4. Data Processing of Star and Sun Photometer

The total optical depth, τtot, is calculated using either the measured voltage of the sun
photometer or photo counts via the star photometer. Several corrections are applied to
obtain the AOD, τaer:

τtotmtot = τaermaer + τRaymRay + τO3 mO3

τaer =
1

maer

[
τtotmtot − τRaymRay − τO3 mO3

] (3)

with the terms for optical depth τ and airmass m for the aerosol contribution indicated by
aer for aerosol or Ray for Rayleigh scattering and O3 for Ozone absorption. For simplicity,
τaer at λ = 500 nm is stated as τ, if not stated otherwise.

4.1. Ozone Correction

Daily averages of ozone ECMWF-reanalysis data of CAMSRA (Copernicus Atmo-
sphere Monitoring Service reanalysis of the atmospheric composition) [25] are used for the
calculation of the ozone optical depth for both instruments, since this data set is available as
well for polar day and for polar night. It provides a 3-hourly analysis for several greenhouse
gases, ozone and aerosols at a spatial resolution of 0.75◦ × 0.75◦. For this analysis, we used
data from January 2003 onwards, which is the beginning of the dataset.

4.2. Cloud Screening

To remove cloud-contaminated data from the data sets, cloud screening is applied
according to AERONET standards [26] with some modification due to slight differences
between the instruments used at AERONET and AWIPEV. Only measurement points that
fulfil all these criteria are considered as cloud-free and used for further analysis:

• If τ(λ) < −0.01, the measurement point is rejected for this wavelength;
• A measurement triplet consists of three measurement points for a single wavelength.

For the sun photometer, this is equivalent to 3 min, for the star photometer, a triplet
has a duration of 15 min due to its coarser time resolution. The variability between
maximum and minimum of the triplet shall be smaller than 0.02;

• If the standard deviation of daily averaged τ ≤ 0.015, the cloud-screening process
is stopped;

• If the Ångström Exponent is smaller than three times standard deviation around the
daily mean AE, the cloud-screening process is stopped;

• The smoothness criterion of the time series is based on limiting the root mean square
of the AOD second derivative with time. The second derivative is very sensitive to
local oscillations of the cloud optical depth and the threshold of D ≤ 16 between two
adjacent measurement points is applied closely following Smirnov et al. [26]. The value
for the threshold is determined analytically and based on measurement data;

• Measurements with τ ≥ 1 are flagged as clouds. This criterion might eliminate some
aerosol measurements but due to the remoteness of the location, these cases are rare;

• For sun photometer only: A lower threshold for the measured voltage is set to 10 V;
• If the remaining cloud-free time of measurements is less than 20 min, we discard the

entire day in order to have a representative measurement time of the day.

4.3. Data Availability

Throughout the year, the data coverage is very variable. A big annual and inter-
annual variability can be found. The relative availability of measurement points per year
is given in Figure 3 for both instruments separately. It is the combination of the star and
sun photometer.
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Figure 3. Relative availability of cloud-screened measurements [%] over the course of a year separated
between sun and star photometer.

From November to February only star photometer observations are available. Septem-
ber, October and March are covered by both instruments. The big deviation between sun
and star photometers has two main reasons: While the sun photometer measures automati-
cally, the star photometer has to be operated manually, often also during night times, when
the standard operator on site is not available. The second reason is the operating limitations
of the star photometers. The Sun has to be at least 8◦ below the horizon in order for the sky
to be dark enough for measurements using the stars, while the sun photometer requires
a solar elevation of a minimum of 5◦. The reduction in measurement time in 2012 can be
explained by purely two star measurements, because the temporal resolution of it is 10 min
and hence twice as long as a one star measurement. The number of measurement days
after cloud-screening is given in Table 1. Since it is difficult to detect thin clouds manually
or even with the help of thermal cameras during darkness and a cold atmosphere, lots of
star photometer measurements have been operated in cloudy conditions, and have been
excluded of the dataset during the cloud screening procedure explained in Section 4.2.

Table 1. Numbers of measurement days per month and year after cloud-screening for sun and star
photometers individually. The star photometer measurement is noted in (·). In the time of the year
in which only one instrument is operational, the other instrument is not reported in the table.

Jan Feb Mar Apr May June Jul Aug Sep Oct Nov Dec

2004 (8) (10) (0) 8 11 24 24 26 24 23 (0) 2 (0) (0)
2005 (3) (9) (0) 3 14 23 10 11 11 9 (0) 0 (0) (0)
2006 (2) (15) (20) 14 27 27 24 22 18 22 (0) 2 (0) (9)
2007 (11) (4) (8) 20 23 18 23 26 20 18 (2) 0 (3) (6)
2008 (11) (1) (5) 23 28 21 26 24 25 17 (8) 2 (6) (7)
2009 (8) (8) (7) 16 23 21 17 24 17 20 (0) 0 (6) (4)
2010 (5) (18) (13) 19 26 18 23 25 23 18 (0) 0 (13) (12)
2011 (15) (9) (0) 7 22 20 22 21 18 0 (0) 0 (4) (3)
2012 (1) (1) (1) 9 28 28 25 26 21 15 (0) 3 (4) (0)
2013 (0) (3) (0) 9 26 17 14 20 21 19 (8) 1 (5) (3)
2014 (5) (0) (8) 10 11 7 18 18 27 9 (0) 0 (0) (0)
2015 (6) (4) (5) 8 28 25 23 25 25 22 (4) 1 (12) (8)
2016 (10) (11) (15) 16 24 21 16 19 26 18 (0) 1 (9) (6)
2017 (13) (4) (6) 8 28 26 20 22 17 12 (1) 3 (18) (12)
2018 (9) (9) (11) 19 24 22 16 19 26 21 (0) 3 (0) (0)
2019 (11) (9) (2) 10 17 22 25 3 10 23 (0) 1 (11) (9)
2020 (11) (19) (13) 4 25 26 24 26 25 12 (10) 1 (7) (8)
2021 (15) (2) (0) 12 29 26 24 23 22 18 (4) 1 (14) (9)
2022 (4) (14) (2) 13 29 28 21 21 19 11 (10) 0 (8) (16)
2023 (8) (3) (10) 16 15 23 25 25 19 16 (9) 0 (15) (7)
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5. Results

The treatment of raw data as well as cloud-screening was performed in the same
way for both instruments. Afterwards, the two datasets of each instrument are merged
in one homogeneous common “day&night” dataset. The AOD measurements are only
available during cloud free time. Hence, there is also a clear-sky bias in the data evaluation.
High aerosol events, which arrived during cloudy/rainy conditions, can therefore not
be captured by photometer observations. Data of some months will be neglected due
to the small number of measurement time, since a daily median is only calculated, if the
measurement was at least 60 min long and the criterion of Section 4.2 is extendet. A monthly
median is only taken into account, if at least 5 daily median values exist. This criterion is
much stricter than in other studies like [27,28] to obtain a more representative data set.

5.1. Overview of the Data

The available data is presented in Figure 4, where each point is the daily median
AOD. The daily AOD is generally low and the star photometer fills the gaps of polar night.
We notice a large variability from year to year, especially for the star photometer data set
(green points). This picture demonstrates the complementary nature of the two instrument
datasets (sun and star photometers): One instrument fills the gaps without data of the other
one. Moreover, since the gaps are very long (four months polar day or night), Figure 4
demonstrates, how important it is, to have in polar regions as well an instrument operating
during the night (star photometer) as operating during the day (sun photometer).

Figure 4. Overview of combined photometer data. Every point is a daily median AOD.

5.2. Monthly Changes of AOD

Figure 5 gives an overview of monthly median AOD observations over the entire
measurement period 2004–2023. A detailed distribution for every month and year is
provided in Figure 6.

Winter (October to March), appears with heterogeneous monthly median AOD ob-
servations. The difference in median AOD between summer and winter exceeds 0.1 and
the median AOD in winter is on average three times higher than in summer. During the
time of the Arctic Haze in early spring (March and April), mean monthly median AOD
is about 0.04 higher than during the summer (June to September). While these months
show a low year-to-year variability, April and May show a broader variability, indicating
less stable atmospheric conditions and an influence of different aerosol events occurring
in Ny-Ålesund.
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Figure 5. The monthly median values for the AOD is shown for each year of 2004–2023 in grey.
The blue lines indicate the median (solid) and mean (dashed) of these values.

The months from March to September are generally characterised by a small variability
between the years and a low AOD with small variability within a month. Some months and
years with exceptional high AOD can still be found, but they indicate a single individual
event, rather than a general trend. The exceptional high AOD in August 2019, which is
already described in much detail by Xian et al. [29].

Winters (October to February) have a pronounced increase in AOD, particularly in
January, which is characterised by an elevated AOD in general and a high variability of
it. The tendency shows that this season is increasingly polluted over the last two decades,
with a year-to-year variability being more significant compared to summer. In the recent
years, a noticeable increase in AOD was found from October to February, indicating that
a change of aerosol load and/or properties has happened. The number of measurement
days in October and November is sparse (see Table 1), which is partially caused by an
enhancement of arriving storms compared to other seasons by increasing the cloud cover.
Even though the observational time is reduced in winter compared to summer. Our dataset
reveals this enhancement of the AOD.

During the time of the Arctic Haze (March and April) the AOD is significantly reduced
compared to winter, but is much higher than during summer.

Median AOD in summer (May to September) is in general lower than in winter,
with less variability between adjacent years, with a yearly minimum in August. However,
an extraordinary spike in AOD was observed in mid-July to early August 2019 due to wild-
fires and transported aerosols. This was not captured in our July data due to maintenance
issues and is further discussed by Xian et al. [29]. We did not observe a general increasing
monthly AOD in the recent years (2004–2023). The difference is relatively small in summer,
but large in winter. Due to many storms in autumn, the cloud cover is high (up to 80%) [19],
see Table 1.

As a summary of the results’ analysis: Winter (October to February) is a highly
polluted time of the year, what is surprising for the pristine environment of the Arctic.
The importance of the Arctic Haze is clearly being reduced, since winter is the most
polluted season, while simultaneously the amplitude between minimum and maximum
of the median becomes larger and larger over the available measurement time. Several
different reasons for this change will be discussed in the Sections 5.3 and 5.7.
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Figure 6. Box-and-whisker plots for AOD for every month measured by sun and star photometer. All
individual data points after cloud-screening are taken into account. As a reference for the amount of
data per month and year, see Table 1. 25th and 75th percentile are shown by the blue boxes, whiskers
indicated 9th and 91th percentile, median is shown by − and mean by +.

5.3. Trend Analysis for AOD

As already shown in Figure 6, the AOD varies between years and months significantly.
In the following, linear trends of the Arctic AOD are analysed by month (Figure 7).

For a more substantial analysis of changes in AOD, a trend analysis is performed, first
for the entire period of 2004–2023, afterwards for every decade separately. The results of
the linear trend for each month and the corresponding standard deviation for this month
are presented in Table 2. The trend is calculated over the entire observation period and has
the unit

[
1

20 yr

]
. The 2σ interval is used to determine the uncertainty of the trend analysis.
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Figure 7. Deviation from monthly mean AOD values in dependency of the year.

Table 2. The monthly linear trend of monthly median AOD in
[

1
20 yr

]
and its standard deviation of

the monthly median of τ for the years 2004–2023 with combined sun and star photometers. The 2σ

interval gives the uncertainty range.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Trend [×10−3] −4.30 −4.91 −0.82 −0.10 −1.67 −0.46 0.12 5.82 2.15 10.72 9.30 3.34
Std 0.08 0.09 0.05 0.03 0.04 0.02 0.03 0.14 0.03 0.08 0.08 0.06

2σ interval 0.15 0.17 0.12 0.06 0.06 0.04 0.06 0.27 0.06 0.11 0.10 0.13

Over the entire observation time (2004–2023), the months April to June and especially
May became clearer with a reduction in up to ∆τ = −1.7 × 10−3 1

20 yr , while the AOD in

October and November increased with up to ∆τ = 10.1 × 10−3 1
20 yr . In agreement with

Figure 5, the standard deviation is larger for winter and smaller for summer with values
around 0.02 (June), indicating that the monthly median AOD in summer changed less
from year to year than in winter (0.09 in February). A significant decrease in AOD can be
found in January and February. When also taking Figure 6 into account, it can be seen,
that this trend happened until the year 2020. Afterwards, a constant increasing of AOD is
observed. Therefore, this linear trend only reflects roughly real changes. Generally, it can
be seen that autumn becomes more polluted, while a small decrease in AOD can be found
during spring.

We also tried to investigate the trend over one decade (2004–2013 and 2014–2023,
respectively), but the large variability between two consecutive years of the same month
does not allow a trend analysis. Hence, we stick to a twenty year long trend analysis.

5.4. Case Study: Polar Stratospheric Clouds

Polar Stratospheric Clouds (PSC) can occur in the Arctic lower stratosphere, when the
temperature drops below 195 K. PSCs provide the surface, on which chemical reaction can
take place to form free chlorine radicals, which directly destroy ozone molecules. Due to the
required low temperatures of the atmosphere, they are typically observed in Ny-Ålesund
between December and February [30]. While the global temperature in the troposphere
increases significantly due to climate change, the stratosphere cools down at the same
time [31]. This effect enhances the probability of PSC formation. Therefore, it is not trivial
to directly transfer older studies like [32,33] to today’s occurrence probabilities of PSCs.
Since these stratospheric clouds occur above Ny-Ålesund only during winter, when in
parallel the AOD is significantly higher than during summer time, we estimate the possible
impact of a PSC to star photometer observations. To obtain a height-dependent information
about the PSC, we use additional Raman Lidar data. By measuring the back-scattering
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coefficient of aerosol and cloud layers, distinct and different layers can be identified. The
presented ground-based observations (Figure 8) by the Raman Lidar KARL (Koldewey
Aerosol Raman Lidar), which is operated manually from Ny-Ålesund, shows one exemplary
day with a thick and persistent PSC in February 2020. The temporal resolution is 10 min
with a spatial resolution of 60 m. More information about the Raman Lidar KARL can
be found at Hoffmann [34]. A rough estimation of the AOD can be obtained from the
extinction coefficient measured of a Raman Lidar. More information about the calculation
of the AOD are described by Herrmann et al. [35].

Figure 8 shows an example of a PSC in around 17 km to 20 km on 9 February 2020.
As Massoli et al. [33] showed, the temperature in the lower stratosphere can change
rapidly from day to day, which immediately can stop the formation of PSCs or shift it into
higher/lower altitudes. Generally, it can be seen in Figure 8 the lower troposphere is quite
polluted, indicated by high back-scatter values. This also supports the observations by
the star photometer, which generally see a high aerosol load during the entire winter (see
Figure 6) with comparably large particles (later discussed in Section 5.5).

Figure 8. One exemplary day with PSC (9 February 2020), measured by the Raman Lidar KARL in
Ny-Ålesund. The PSC is clearly visible in about 20 km altitude throughout the entire day.

Regularisation methods are used to retrieve the optical depth of this PSC. An optical
depth of the PSC by Lidar is estimated to τPSC

532 = 0.06 for the time period 5:09 UT to 6:40 UT.
Parallel star photometer measurements with the star Merak reveal a mean aerosol optical
depth for the entire atmospheric column of τPh

532 = 0.11. Merak had during this measure-
ment an elevation between 62◦43′ and 58◦31′. The Sun moved during this measurement
from an elevation of about −18◦ to −13◦.

The above described PSC dominates the back-scatter coefficient of the low strato-
sphere, but its contribution to the AOD measured by the star photometer is only an offset
of ∆τ = 0.06. Even if we correct the complete winter AOD dataset from this ∆τ = 0.06 PSC
offset, supposing a PSC cover of 100 %, the winter months would still have higher AOD
values than the summer months (see Figure 5). As Maturilli et al. [32] have shown, polar
stratospheric clouds do not occur constantly in the Arctic winter stratosphere. Hence, the en-
hancement of AOD in winter cannot be caused by PSC-contamination in star photometer
data, but is rather caused by aerosol layers.
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5.5. Ångström Exponent

The Ångström Exponent is a very important parameter to determine the effective size
of aerosols. The evaluation of the Ångström Exponent is only performed for cloud-screened
data. It is defined according to Ångström [36] as followed:

AE = −∂ ln τaer(λ)

∂ ln λ
→
{

4 , small particles, Rayleigh scattering
0 , large particles, grey scattering

(4)

In this work, AE has been calculated as a linear fit of ln(τ) and −ln(λ) considering at
least six wavelengths in the range between 413 nm and 862 nm (before 2013) and 381 nm
to 779 nm (after 2013) for the sun photometer. For the star photometer, the Ångström
Exponent is calculated with seven wavelengths between 381 nm and 861 nm (before 2006),
with eight wavelengths until 2010 (413 nm to 861 nm) and from 2010 onwards between
450 nm and 862 nm with ten wavelengths.

Similar to Figure 4 (for AOD), Figure 9 shows the daily median Ångström Exponent
for both instruments from 2004–2023. As can be seen, most of the AE values concentrate
within the range of AE ∈ [0, 1.8]. Some exceptions are recorded for values AE > 2.

Figure 9. Daily median of Ångström Exponent for sun and star photometer.

Figure 10 gives a relative overview about the density of AOD versus AE, where yellow
indicates a high density of combination and blue colors a low one for the two photometer
data sets separately for a resolution of 1 min.

Figure 10. Density plot of AOD and Ångström Exponent (AE) for Sun (left) and star photometer
(right) for all individual measurements from 2004 to 2023

For the sun photometer data, most observations accumulate in a very small range of
AOD- and AE-values with τ ∈ [0.02, 0.1] and corresponding AE ∈ [1.2, 1.7]. A band of
small aerosols and low AOD is found (AE → 4, τ < 0.05). The AOD in this regime is very
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low, which results in a large uncertainty. This error propagates through the calculation of
the Ångström Exponent, and hence, these values cannot fully be trusted. Individual events
with high AOD and comparably large AE are also found. Since no averaging was applied
to the data displayed in Figure 10, much more points are visible compared to Figure 9.

The situation is different for the star photometer. As already seen in Figure 5, the AOD
is much larger than during solar measurements, with a corresponding lower AE. Typical
combinations for the star photometer are τ ∈ [0.09, 0.3] and AE ∈ [0.4, 1.8].

A more detailed overview of monthly median AE values is given in Figure 11 for the
entire measurement period in grey. In orange over all these 20 years the lines for median
(solid) and mean (dashed) are plotted. A more detailed distribution characteristics of the
Ångström Exponent is presented in Figure 12. Generally, aerosols in the atmosphere above
Ny-Ålesund are larger in winter times with a corresponding higher AOD than in summer
times. The same result was also found by Gogoi et al. [37], who measured scattering
coefficients at the surface.

Figure 11. Monthly median values of the Ångström Exponent is shown in grey for all of the years
2004 to 2023. The median (solid) and mean (dashed) of these annual cycle is given in orange.

For the entire measurement period, it can be said that summers usually have a smaller
monthly variability than winters. A generally increased AE in April and May compared
to other months of the same year cannot clearly be seen in the data, which would be
expected for a clear Arctic Haze season. The exceptionally low AE values, and therefore
large particles, in August correspond to a wildfire event the year 2019 [29].

Summer exhibits smaller particles, with monthly median AE values typically between
1.2 and 1.7 (July), indicating a shift towards smaller aerosol sizes. The variability within
a month reaches its maximum in July with low values, which indicate small particles
on average. A small year-to-year variability evolves from June onwards with increasing
tendency towards autumn and winter. The transition from summer to winter in September
shows a gradual increase in particle size and variability.

After the polar day is over, a clear change in Ångström Exponent can be observed.
Winters (October to February) are characterised by large particles with AE close to 1. There
is significant diversity in the monthly median AE, with values in November ranging from
0.5 to 2.1. This is due to a wide variation in particle size during winter and especially
in November. From November to January, a decreasing tendency in AE values is ob-
served, indicating that particles became larger with decreasing variability from 2019 to 2023.
The overall pattern suggests that aerosols arriving in the Arctic during winter, become more
homogeneous (smaller spreading within a month) over time, with a consistent increase in
AOD. When AE → 0.5 the mean AOD is high (τ > 0.3) and reduced with smaller AE. This
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indicates that large particles are transported into the Arctic, resulting in a local increase of
the optical depth there.

Spring (March and April) shows a relatively small year-to-year variability and monthly
variation in aerosol sizes. However, an expected increase in AE during April, indicative of
the Arctic Haze season, is not clearly observed, but rather a smooth transition from winter
to summer.

Figure 12. Box-and-whisker plots for Ångström Exponent for every month measured by sun and star
photometer. All individual data points after cloud screening are taken into account. As a reference
for the amount of data per month and year, see Table 1. The 25th and 75th percentile are shown by
the blue boxes, whiskers indicate the 9th and 91st percentile, and the median is shown by − and
mean by +.



Remote Sens. 2024, 16, 3725 15 of 27

5.6. Trend Analysis for Ångström Exponent

For every month, the mean AE value was calculated to deseasonalize the Ångström
Exponent. With this deseasonalized AE, the deviation between every single monthly
median and its corresponding monthly mean value are calculated. The result is shown in
Figure 13.

Figure 13. Deviation from monthly AE mean values to long-term median AE values.

For months with ∆AE < 0, the observed aerosols had above-average effective sizes,
for cases with ∆AE > 0 vice-versa. The variability of ∆AE was large at the beginning of the
observation time. But is decreasing from year to year (for all 12 months). The trend of the
monthly mean AE, the Std (standard deviation of this parameter), and the 2σ confidence
interval (uncertainty of the linear trend) are shown in Table 3.

A trend analysis is only possible to be performed with a 20-year-long data set, be-
cause the variability (indicated by the standard deviation and the 2σ confidence interval) is
so large, that a potential trend is hidden behind it. The uncertainty parameters (Std and
2σ) are very large; therefore, trends of the parameter AE have to be analysed carefully.
Positive trends in the parameter AE (see Table 3) mean that the particle size of the aerosols
is decreasing. Negative trends in the parameter AE mean, that there is an increasing particle
size. This occurs mostly in winter. The interpretation is that the particles transported over
Ny-Ålesund in this season are getting larger from year to year.

Table 3. Deseasonalized linear monthly median AE trend and its standard deviation of the monthly
median of AE for the years 2004–2023 with combined sun and star photometers. Positive values
indicate aerosols becoming generally smaller over time. The 2σ interval is also given for uncer-
tainty estimations.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Trend −0.55 −0.53 −0.17 −0.16 −0.04 0.03 0.23 0.20 −0.01 0.10 −0.91 −0.45
Std 0.52 0.53 0.23 0.16 0.19 0.17 0.20 0.36 0.28 0.39 0.77 0.55

2σ interval 1.15 1.28 0.42 0.36 0.46 0.35 0.36 0.68 0.58 0.85 1.74 1.24

In winter (November to February), aerosols tend to become larger, while a slight
decrease in aerosol size is observed over the two decades in June to August. This trend
needs to be considered with caution since for these months, the uncertainty parameters
(Std and 2σ) are the highest. As already concluded in Section 5.2, the particles are more
heterogeneous in winter, which can be supported by the analysis of the Ångström Exponent
as well. The increase in AOD in autumn and early winter is caused by particles, which
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become larger over time. The effective particle size increases not only in the winter, but also
in March and April. Therefore, we do not conclude that the time of the Arctic Haze is
shifted to earlier times. Rather we interpret that there is a general trend of increasing AOD
and increasing particle size (decrease in AE) throughout the entire winter.

5.7. Duration of Events

With autocorrelation analysis a typical length of AOD events shall be determined for
every month individually. Figure 14 shows the autocorrelations for each month in grey, ρ,
and the median of the different years in green. An autocorrelation analysis was performed
for a month, which fulfils the requirements discussed already in Section 4.3. For calculating
the autocorrelation no interpolation was applied for measurement gaps.

Figure 14. Autocorrelations for each month across the 20-year period (shown in grey) are displayed.
The green line represents the median autocorrelation function derived from all individual monthly
autocorrelations. Vertical lines indicate key time intervals at 1 h and 1 day. Additionally, black
diamonds highlight the vertexes within the data.
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Lags of 1 h and 1 day are each indicated by the black vertical lines. For all months,
the variability between different years of one month is large as well as between adjacent
months. For all months, the correlation coefficient decreases to ρ < 0.2 within the duration
length of several hours. For every month, the vertex of the median curve (black diamond
of Figure 14) is determined. This duration estimates a typical aerosol event of this month.
The vertexes of in all months have a corresponding correlation coefficient in all cases > 0.47.
The different time lags are shown in Table 4.

Table 4. Vertex of the median curve of the autocorrelation functions in Figure 14 for every month.
The corresponding time lag is given in [h].

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Lag [h] 3.67 3.77 3.67 4.34 9.70 6.65 5.71 5.26 5.93 6.22 2.38 0.79

It can be seen that the duration is longest during the time between May and October
and shortest throughout winter and spring (November to April). Generally a low variability
occurs on minute time-scales. This indicates that aerosol events change significantly within
usually about 3 h to 7 h. September and October have different patterns with a high
variability within minute-scale, but this is due to the low data coverage (see Table 1).
On time-scales of several days the correlation coefficient varies strongly, between −1 and
+1. At that point, the atmosphere has no memory of previous events. Therefore, we
conclude the observed events are all different from each other, especially during winter,
the autocorrelation becomes noisy. However, for some months, a small positive correlation
coefficient can be observed by 1.2 to 1.5 days with ρ > 0.2. A similar peak in ρ is also
observed with a lower intensity in July to August with a similar length.

The more rapid decline of the median curve of the correlation coefficient between 1 h
and 1 day in winter (November to March) indicates that consecutive aerosol events within
one month are very diverse and no projection or forecast of their length or intensity can
be made. These events also change rapidly. Sudden jumps in the correlation coefficient
indicate larger gaps in the measurements, especially obviously in early winter. A smoother
transition between consecutive aerosol events occur more often in summer, in which the
decline of ρ happens on larger time scales, which indicates a smoother transition from low
aerosol load to an event. The obtained duration of aerosol events agrees with the study by
Dada et al. [38], who analysed aerosol events caused by warm air mass intrusions. Overall
the duration of a single event of depends strongly on the atmospheric conditions [39].

5.8. Possible Aerosol Sources and Sinks

To investigate potential sources and sinks for high and low aerosol events in the Arctic,
ten different potential contributors were investigated on their impact to the photometer
observations. Therefore, a multiple linear regression analysis is performed using the
implemented MATLAB-routine “regress.m”. Note that the linear independence of these
parameters was not checked. After the multiple linear regression analysis was performed,
an artificial AOD was reconstructed, based on the result. This reconstructed AOD was
afterwards correlated with the measured one for comparison. We used the following
parameters:

• PNA- (Pacific-North American teleconnection pattern) and NAO-Index (North At-
lantic Oscillation) by the Climate Prediction Center (last accessed on 6 June 2024): The
NAO- and PNA-Indices are calculated daily and are based on Rotated Principal Com-
ponent Analysis and are applied to monthly standardised 500 mbar height anomalies

• Fire Radiative Power (FRP) by MODIS–Moderate Resolution Imaging Spectrora-
diometer (last accessed on 6 June 2024): MODIS is a NASA satellite-based radiometer.
It is designed for Earth observations across 36 different spectral bands, ranging from
0.4 µm to 14.4 µm in wavelength. Depending on the selected specific bands, MODIS
offers a spatial resolution of 0.25◦ × 0.25◦ and a temporal resolution of approximately

https://www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/climwx.shtml
https://modis.gsfc.nasa.gov/data/dataprod/mod14.php
https://modis.gsfc.nasa.gov/data/dataprod/mod14.php
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two days. MODIS detects wildfires by analysing the 4 µm and 11 µm bands, identi-
fying temperature anomalies relative to the background and absolute temperatures.
This study uses the Fire Radiative Power (FRP) from the two satellites Aqua and Terra,
with a gridded spatial resolution of 1 km. For more information about MODIS and
its data products, visit the official website: MODIS–Moderate Resolution Imaging
Spectroradiometer (last accessed on 3 October 2024)

• Arctic Sea Ice Extend by Meereisportal [40] (Data received by authors on 19 January
2024): The sea ice extend is a product of several, homogenised data sets from differ-
ent passive microwave sensors of satellite observations with horizontal resolutions
between 5 km to 50 km. More information can be found at Online Sea-Ice Knowledge
and Data Platform (last accessed on 3 October 2024)

• Radiosonde products (temperature (T), pressure (P), wind speed (Wind Speed) and
water vapour mixing ration (water vapour)) are described in detail by Maturilli and
Kayser [41], Maturilli [42]. At AWIPEV, one radiosonde is launched at 11 UT every
day. The altitude, in which the wind is less perturbed by orography is at about 700 m
as it is shown by Graßl et al. [43] using Wind Lidar measurements. For taking local
weather effects into account, we used these radiosonde observations

• Precipitation observations are taken from Met Norway (last accessed on 3 October
2024). A day with precipitation was chosen, if the daily cumulative amount was
≥1 mm.

The North Atlantic Oscillation depends on the strength and positions of Iceland Low
and Azores High. In the positive phase both pressure systems are well evolved and the
large-scale weather systems pass quickly. The meridional transport is weaker in the North
Atlantic sector, which also prevents aerosols reaching the Arctic over this pathway. In a
negative phase, both pressure systems are weak, blocking occurs. Continuously cold Arctic
air reaches the midlatitudes or warm Atlantic air penetrates into the Arctic.

The PNA has a big influence on the extratropics on the Northern Hemisphere. The pos-
itive phase is associated with an enhanced East Asian jet stream with its exit over the
western part of the USA with precipitation anomalies, including above-average amounts in
the Gulf of Alaska to the Pacific Northwestern USA, while the negative phase is associated
with blocking activity over the high latitudes of the North pacific and a strong split-flow
over the central North Pacific.

In the frame of a case study by Graßl and Ritter [9], we tested the hypothesis with
a longer time series that sea ice prevents removal processes of aerosols from the lower
atmosphere. Another explanation for a positive correlation between sea ice extend and AOD
could be the erosion of ice crystals by wind. These ice crystals are then further transported
and measured in Ny-Ålesund. To test this hypothesis, depolarisation measurements of
aerosols are be needed. This information is not available with both photometers of this
study and therefore has to be performed in future studies.

On a regular basis, wildfires occur in the Northern Hemisphere throughout the entire
year and are a big source for aerosols, which can be lifted by several processes into the
free troposphere or even stratosphere, where they are able to be transported over long
distances [44–46]. Since Russia and North America represent the two major land masses,
where large wildfires on the Northern Hemisphere occur, these regions are represented
in the rectangular fields by the geographical coordinates 77◦N 31◦E and 48◦N 180◦E for
“Russia” and by 71◦N 170◦W and 48◦N 52◦W for “North America” (NA).

Assuming that aerosols are a good tracer of wind fields, the altitude of 700 m is
used to compare the photometer data with local atmospheric conditions. For this study,
monthly mean profiles were taken and compared with monthly mean AOD measurements.
Temperature and pressure are taken into account, since they are good tracers for pressure
systems moving over Ny-Ålesund but also warm air intrusions, which might also affect
the aerosol budget.

As Schmale et al. [14] has already shown, the Arctic aerosol budget is influenced by
several different parameters. Hence, a correlation analysis between each independent

https://modis.gsfc.nasa.gov/data/dataprod/mod14.php
https://modis.gsfc.nasa.gov/data/dataprod/mod14.php
www.meereisportal.de
https://gfzpublic.gfz-potsdam.de/rest/items/item_1577929/component/file_1587913/content
https://gfzpublic.gfz-potsdam.de/rest/items/item_1577929/component/file_1587913/content
https://seklima.met.no/observations/
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parameter and the measured AOD would lead to wrong conclusions. The obtained parame-
ters are then used to construct an AOD, which is expected to be measured, if the chosen ten
parameters are responsible for the aerosol budget. A correlation analysis afterwards shows
how well the artificially obtained AOD matches to the observations. Monthly median
values of NAO, PNA, pressure, temperature and wind speed at 700 m altitude, integrated
water vapour over the entire troposphere, sea ice cover of the Arctic, precipitation days
and wildfires in North America and Russia.

The parameter coefficients for the above-mentioned parameters of the multiple linear
regression are shown in Table 5. Since sea ice cover is in the order of magnitude of 108 km2

but NAO- or PNA-indices are usually <2, a normalisation was applied before calculating
the regression parameters. The normalisation factors of each parameter are also given,
as well as the upper and lower confidence intervals.

As shown in Table 5, the coefficients of the multiple linear regression analysis are
different for each chosen period. Early spring (March and April) are in direct comparison
still a bit different, which also agrees with the previous findings of our study. The negative
sign for fire radiative power (FRP) for North America and Russia might be a bit counter
intuitive. We think, the highly polluted air by boreal wildfires either has no trajectories
into the European Arctic or the aerosol is dry or wet removed before arriving at Svalbard.
The positive coefficient between sea ice cover and AOD agrees to the study by Graßl and
Ritter [9] with a significantly larger data set. With these coefficients of Table 5, we conclude
that the measured aerosol load throughout the time period 2004–2023 is a superposition of
different sources and sinks as well as different pathways into the Arctic. A clear correlation
between an AOD event and a source or pathway was not found.

Table 5. Normalised coefficients of the multiple linear regression are shown. Due to the large span
between the different parameters in the order of magnitudes, these parameters were first normalised
to a range between [−1,+1] for a better comparison between each other. Afterwards the multiple
linear regression was calculated with these normalised values. The order of magnitude for the
normalisation is given in [·]. Additionally, the confidence lower and upper intervals for each period
is given in (·).

NAO PNA P T Water
Vapour

Wind
Speed

Sea Ice
Cover

Precip
Days

FRP
(NA)

FRP
(RU)

[×10] [×10] [×103] [×103] [×1] [×102] [×108] [×102] [×10] [×10]

Mar–Apr
−0.04 −0.18 −0.39 0.19 −0.20 0.38 2.73 −0.72 0.34 0.04

(−0.22) (−0.34) (−2.08) (−5.62) (−0.46) (−0.39) (−0.08) (−1.32) (0.00) (−0.96)
(0.13) (−0.01) (1.30) (6.01) (0.06) (1.15) (5.54) (−0.11) (0.68) (1.03)

May–Sep
−0.09 0.07 2.29 −6.28 0.07 −0.38 −1.03 −0.15 −0.11 −1.02

(−0.23) (−0.10) (0.19) (−13.44) (−0.04) (−1.34) (−2.27) (−0.67) (−0.30) (−2.17)
(0.05) (0.25) (4.38) (0.88) (0.17) (0.57) (0.21) (0.36) (0.08) (0.13)

Oct–Feb
0.12 0.09 0.75 −2.05 −0.16 −0.60 0.79 −0.07 −0.05 −0.05

(−0.14) (−0.12) (−2.08) (−11.85) (−0.47) (−2.19) (−0.30) (−0.56) (−0.30) (−0.47)
(0.37) (0.30) (3.78) (7.76) (0.16) (0.99) (1.89) (0.49) (0.20) (0.37)

Jan–Dec
0.02 0.10 1.50 −5.01 0.02 0.23 0.35 0.17 −0.02 −0.02

(−0.08) (−0.01) (0.32) (−9.00) (−0.07) (−0.41) (−0.22) (−0.13) (−0.14) (−0.37)
(0.13) (0.22) (2.68) (−1.02) (0.12) (0.87) (0.92) (0.47) (0.11) (0.33)

Figure 15 shows the measured AOD median and the reconstructed AOD based on the
above-mentioned parameters after performing a multiple linear regression.

The observed and the reconstructed AOD-curves are further correlated with each other
to obtain an estimation about the alignment between each other. The chosen parameters
for the multiple linear regression analysis represent different seasons with a different signs
and order of magnitude for the selected months or in total. Figure 15 shows a good recon-
struction for years without extreme AOD events, such as from 2009 to 2014. In other years
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with exceptional high AOD values, this simulation does not provide a good reconstruction.
In these cases, the measured AOD is much higher than the reconstructed one.

Figure 15. Monthly median AOD values are given in blue. With a multiple linear regression this
AOD is reconstructed by using the above-mentioned parameter coefficients.

For all months, a correlation coefficient ρ = 0.43 (p-value: 10−10) was found. By just
looking at individual time periods the situation is different: while March and April can be
reconstructed well (ρ = 0.62, p-value: 10−5), summer is poorer represented with a correla-
tion ρ = 0.35 (p-value: 10−4). Winter is close to the annual correlation ρ = 0.48 (p-value:
10−5). The small p-values in all seasons and the entire year indicate that the used set of
possible sources and sinks do not span a full orthogonal basis, on which the multiple linear
regression analysis is calculated because the correlation is not significant. A high correlation
between the reconstructed and observed AOD indicates a large contribution by the chosen
parameters to the aerosol budget at Ny-Ålesund. With this set of different parameters,
the observed AOD cannot be represented entirely. This can be caused by the presence of
more local sources and agrees with in situ measurements by Tunved et al. [47]. Generally
speaking, the full annual cycle can partially be explained by the chosen parameters and the
correlation could be improved by using slightly different variables, with which the AOD
is reconstructed.

6. Discussion

The study by Tunved et al. [47] found out with aerosol in situ measurements that the
particle formation of small particles starts in April and reaches its annual maximum in June,
while simultaneously the number concentration of larger particles is slowly decreasing.
The minimum is reached in October for small and large aerosol size ranges. The newly
formed particles seem to grow relatively slowly compared to other observations outside
of the Arctic. During January and February, aerosols are persistent within accumulation
mode. A larger variability returns to the aerosol size distribution in March together with
the end of the polar night. From June to August, a clear sign of local particle formation and
growth was found, which ends with the end of the polar day in September.

The aerosol number concentration is smallest during October and increases afterwards
until it reaches its local maximum in April and has an impact on the largest spread of
the monthly median values, which the star photometer detected. A mode in the aerosol
size distribution with an effective radius around 150 nm evolves from October onwards
and peaks in April. The beginning of particle formation by the presence of polar day in
May changes the abundance of aerosols within weeks and cannot be purely explained by
changes in transport pathways of the arriving air masses. It is more likely that these changes
are linked to increased wet removal and enhanced photochemical processes [48]. The lack
of large aerosols might be caused by the combination of dry deposition and wet scavenging,
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which might be more efficient in summer than in winter [48]. These studies follow the
observations of the sun photometer nicely and are confirmed by the calculations of the
Ångström Exponent, which reaches its annual maximum in July. The studies of Tunved
et al. [47], Garrett et al. [49] agree very well with our observations in AOD, Ångström
Exponent as well as the autocorrelation analysis, where small particles are observed with a
simultaneously increased frequency of local events.

As already stated in Garrett et al. [48,49], we found a very similar annual cycle
of aerosol abundance compared to the North American places Alert, Canada, and Bar-
row, USA. For these studies, air surface CO-measurements were taken from 2000–2009.
With these measurements, a scavenging factor was calculated, which is indirect propor-
tional to the aerosol concentration in the Arctic lower troposphere. Since CO and aerosols
are affected by dilution but CO is able to form chemical compositions, the ratio between
CO and aerosol concentration can be used as an indicator for aerosol dry and wet removal.
If the ratio maintains its source value, the aerosol concentration variability is driven by
dilution or mixing. More details and the assumptions are given in Garrett et al. [48].

As well as in the presented study with photometer measurements a strong seasonal
cycle was found with this method. As also pointed out by Garrett et al. [49], the origin of
this cycle is not primarily in changes in transport efficiency but rather in removal processes
of aerosols on their pathway to the Arctic. This also explains the missing or even negative
correlation with strong aerosol sources, like wildfires in Russia or North America.

The modelling study by Quinn et al. [6] revealed that during an NAO positive phase,
the effective transport of aerosol tracers becomes more enhanced especially during winter
and spring. In direct comparison with the negative phase, the efficiency is increased
by up to 70%. Since trace gases cannot be dry or wet deposited, unlike aerosols, CO
is a good tracer of long-range pollution pathways into the Arctic. Eckhardt et al. [50]
also found a correlation between the positive NAO phase and high concentrations of
CO mainly originating from Europe and less from North America. This result cannot be
directly confirmed by our analysis, because NAO and PNA have a small contribution to
the reconstructed AOD. Other parameters, like local temperature and pressure as well as
sea ice cover have a larger impact.

In the model study of Rinke et al. [51] analysing the years 1979–2015, it was shown
that 20 to 40 extreme cyclones occur in the Arctic North Atlantic per winter season with
an increasing trend of 3–4 events per decade for the months November and December.
With an increasing number of (extreme) cyclones reaching the Arctic, circulation patterns
change within and therefore the relative humidity as well as aerosol pollution pathways
and their lifetime. With the limitations of the clear-sky bias of both photometers, this model
study agrees very well with the results of this trend analysis since we also observed a strong
increase in τ in October to December, with over the entire period small trend in January.

In the study of You et al. [52] using ERA5 reanalysis data from 1979–2018, an increasing
trend of moisture and heat transport over Beaufort Sea into the Arctic was found during
winter with a simultaneously increasing occurrence of blocking days. During summer, the
enhanced poleward transport of energy and heat takes place more frequently in the East
Siberian Sea sector. Due to the geographical location of Ny-Ålesund, the station is less
affected by this summer trend. The photometers at Ny-Ålesund rather see air from the
inner Arctic, where the numbers of aerosol sources are comparably small.

The study by Yao et al. [53] uses space-born level 3 Lidar data by Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP) for the seasonal AOD and composition
of tropospheric aerosols in the Arctic during day and night time between 2007 and 2019.
The study reveals that the Arctic is generally more polluted during winter (December to
February) than during summer. Together with reanalysis data by Modern-Era Retrospective
analysis for Research and Applications, Version 2 (MERRA-2), the contribution of different
aerosol types are shown for each season by Yao et al. [53]. The modelled total AOD fits
very well with our observations in Ny-Ålesund with an AOD maximum in winter and a
minimum in summer.
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While sea salt is the most dominant type in winter (December to February), the contri-
bution decreases and reaches its minimum in summer (June to August). In spring (March
to May), the dominant aerosol type changes to sulfate with some dust contributing to
the total AOD. Black and organic carbon is usually transported Svalbard over the North
Pole during summer months. In autumn (September to November) sulfates and sea salt
are the main contributors. The large aerosols are associated with sea salt and dust, while
sulfate as particles in nucleation mode are comparably small [47,48,54]. These results agree
with our observations of the annual cycle of aerosol properties measured continuously by
photometers in Ny-Ålesund.

7. Conclusions and Outlook

We presented in this study a homogenised data set from sun and star photometer
measured in Ny-Ålesund in the European Arctic. The aim was not to focus on a special
or extreme event of high AOD (e.g., volcanic eruption, huge wildfire event), but to inves-
tigate the general trends in aerosol load (AOD) and aerosol particle size (AE). Our key
findings are:

• A homogenised data set from sun and star photometer is crucial to observe strong
inter-annual, seasonal and short-term changes in the aerosol load and properties in
high latitudes.

• The AOD dataset from sun and star photometers matches well with in-situ AOD
measurements from the same site. It also shows similarities to other American Arctic
sites, like Barrow or Alert, pan-Arctic satellite observations and reanalysis data in-
vestigations. The data reveals some key features of the Arctic atmosphere, with large
particles during the winter, and during the summer, often lower AOD and smaller
particles (larger AE). These features are not unique to the measurement site, but suits
to an Arctic-wide phenomenon. PSC optical depth estimated with the Lidar method is
smaller than 0.06. This demonstrates that PSC are not the only reason of the trend of
increasing AOD observed with the star photometer during the winter.

• A subtle trend can be found in two decades of sun and star photometer observations
with increasing AOD in winter months and a simultaneous decreasing tendency in
spring. Therefore, the Arctic Haze is expected to become weaker or rarer in the years
to come. Since many aerosol events are recorded by the star photometer, it is definitely
necessary to extend the sun photometer data set by star and lunar measurements to
obtain a better understanding of the polar atmosphere during the entire year, since
winter dimming is expected to be more and more pronounced.

• With several different large-scale oscillations (PNA, NAO), local atmospheric parame-
ters (temperature, wind speed, pressure, precipitation days) and wildfires in Russia
and North America, we reconstructed an AOD and compared to the measured AOD.
Especially in spring and years without major aerosol events, the result was good.
The spring AOD is therefore most dominated by the given parameters. In summer,
when local sources become more and more important, the comparison results showed
that the simulation was less successfully.

• The AOD observed in Ny-Ålesund and over the Arctic in general is dominated by
long-range transported aerosols and having their sources during processes that occur
far away from the Arctic region. Hence, pathways into the Arctic as well as possible
sinks and additional sources during transportation are important to understand the
properties of the aerosols observed at Ny-Ålesund.

The long dataset shows the importance of long-term monitoring of the polar atmo-
sphere, since trends are very subtle recognisable. In future studies, the results could be
compared with other long-term photometer observations from other Arctic sites. This
study also emphasises the importance of aerosol measurements during the polar night with
automatic and continuous observations. March and October usually have the problem that
both instruments have a very limited measurement window per day and the data coverage
is poorer than in other months. To fill this gap, a moon photometer might help for several
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days around full moon, when the Sun is at the same time sufficiently below the horizon.
Additionally, a moon photometer is cheaper, less bulky and easier to use (full automatic)
than a star photometer. It can therefore be more easily performed at remote places in
the Arctic. To bring both instruments and the interpretation of their measurements better
together, a scanning Lidar would be preferable, since then measurements right beside the
celestial object can be performed during the entire year. With this instrument, we can focus
on the observations in the direction of the celestial object observed by the photometers (Sun,
Moon or observed stars) during the entire year, filling data gaps of the photometers, giving
additional information (profile distribution) or allowing Lidar-Photometer comparison on
the AOD.

Aerosol properties, load, concentration and appearance are crucial for improving cli-
mate model predictions, but also assessing non-linear aerosol-radiation-cloud interactions
in the Arctic. With an improved understanding of Arctic aerosols, the evolution of ongoing
environmental changes in the Arctic can further be investigated and better understood.
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Appendix A. Error Estimation of the Star Photometer

A detailed error analysis about the sun photometer was performed by Stock [21].
We used the same procedure to estimate the error of the AOD for the star photome-
ter accordingly. A more detailed analysis of star photometer errors are described by
Ivănescu et al. [55]. The star photometer in their study is from the same type as ours and
therefore the presented errors similar.

The star photometer measures the incoming star irradiance in photo counts, which
are used to calculate the total optical depth. Since the raw signal of the sun photometer
is given as a voltage, whereas the star photometer measures photo counts, we use use in
this analysis the parameter Raw Signal, RS. Note that the parameter RS is an instrument
specific variable with in our case 1 count/s =̂ 1500 photons received from the observed
star. Equivalent to Stock [21], an error estimation of the star photometer was performed by
estimating the largest error of all independent variables of the AOD calculation:
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(A1)

with RS0 and RS the raw signal from calibration and measurement measured by the
photometer, respectively, the airmass m and optical depth τ for the contribution of aerosols,
aer, Rayleigh scattering, Ray, or Ozone absorption O3, respectively.

Observation of 17 December 2020 is used for the following estimation of the absolute
error, since on this day the atmospheric conditions were very stable and a long observation
was performed. The relative contributions of each of the terms of Equation (A1) is shown
in Table A1. On this day, a mean AOD of τ420 = 0.14, τ500 = 0.11 and τ1025 = 0.09 was
measured. We used ∆λ = ±0.002 nm based on the information given by the manufacturer
of the instrument, an error in ozone column concentration of ±3%, an error in the calculation
of the star elevation by ±0.05◦ according to Stock [21] at an airmass between 1.9 and 2.1,
and an uncertainty in the surface pressure measurement of ±0.1 hPa. The error in the
calibration raw signal, ∆RS0, was calculated by the standard deviation this star during
upper culmination and constant atmospheric conditions. For this star photometer, an error
occurs during very stable atmospheric conditions of ±72,000 photons for λ = 420.0 nm,
±16,500 photons for λ = 500.4 nm and ±750 photons for λ = 1029.5 nm was determined
within the upper culmination of the star. The relative contribution [%] of all of the terms t1
to t7 of Equation (A1) to the entire error of ∆τaer is given in Table A1.

Table A1. Relative contribution [%] of the single terms of Equation (A1) to the total error to the three
exemplary wavelengths with the mean AOD of 17 December 2020 as a reference.

t1 t2 t3 t4 t5 t6 t7 AOD

420.0 nm 3.0 75.4 0.1 20.6 <0.1 0.0 0.0 0.14
500.4 nm 2.9 66.3 <0.1 11.2 <0.1 19.4 0.4 0.11
1029.5 nm 6.7 91.2 0.1 1.0 <0.1 0.0 0.0 0.08

The terms with the lowest relative contributions refer to errors in aerosol and Rayleigh
air mass correction (t3 and t5, respectively) and the noise within the calibration process (t1).
The Rayleigh optical depth (t4) is more critical for smaller wavelengths and less important
for larger ones. Depending on the wavelength the ozone correction (t6) contributes with
>19% to the absolute error. By far the most important error is the signal-to-noise ratio (t2).
The absolute values of the largest error estimation are given in Table A2 for star and sun
photometer in comparison.

Table A2. Largest error estimation for sun and star photometer in comparison for selected wave-
lengths. Error for sun photometer taken from Stock [21] for small airmasses.

420.0 nm 500.4 nm 1029.5 nm

Sun photometer 0.02 0.01 0.01
Star Photometer 0.03 0.02 0.01

Since the AOD in the Arctic is generally low compared to more populated areas in the
world, the importance of precise measurements of ozone optical depth is very important.
Moreover, the ozone depletion takes place in the Arctic stratosphere. So, the column ozone
concentration is generally different than in lower latitudes.
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Appendix B. Sensitivity of the Star Photometer towards Errors in Raw Signal

To estimate the error of the new method for star photometer evaluation, let us assume
a mean raw signal, RS, during a very stable measurement period for the reference star 1.
Star 2 shall be calibrated using Equations (1) and (2):

RS2
meas = RS2

0 · 10−0.4(mag2−mag1) (A2)

Let us assume a constant error during the measurement of the stellar apparent mag-
nitudes of δ (∆mag → ∆mag + δ). This error will propagate through the calculations and

will create a factor to the calibration counts of star 2, R̃S2
meas:

R̃S2
meas = RS2

0 · 10−0.4[mag2−(mag1+δ)]

= RS2
0 · 10−0.4(mag2−mag1)+0.4δ

= RS2
meas · 10+0.4δ

(A3)

And with this also an additional term to the TOD of star 2, τ2
tot:

τ̃2
tot = − 1

mtot
ln
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0
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(
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))
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[
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0

)
− ln

(
10+0.4δ

)]

= τ2
tot +

ln
(
10+0.4δ

)
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(A4)

The absolute error for AOD of the star photometer is according to the manufacturer
∆τtot = 0.01, which is surprisingly low. Therefore, we estimated an error as described in
Appendix A. As it is further discussed by Stock [21], the error strongly depends also on the
elevation of the celestial object and becomes most uncertain the lower the object is above
the horizon.
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