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Abstract. The study of long-term trends in aerosol opti-
cal properties is an important task to understand the under-
lying aerosol processes influencing the change of climate.
The Arctic, as the place where climate change manifests
most, is an especially sensitive region of the world. Within
this work, we use a unique long-term data record of key
aerosol optical properties from the Zeppelin Observatory,
Svalbard, to ask the question of whether the environmental
changes of the last 2 decades in the Arctic are reflected in
the observations. We perform a trend analysis of the mea-
sured particle light scattering and backscattering coefficients
and the derived scattering Ångström exponent and hemi-
spheric backscattering fraction. In contrast to previous stud-
ies, the effect of in-cloud scavenging and of potential sam-
pling losses at the site are taken explicitly into account in
the trend analysis. The analysis is combined with a back tra-
jectory analysis and satellite-derived sea ice data to support
the interpretation of the observed trends. We find that the
optical properties of aerosol particles have undergone clear
and significant changes in the past 2 decades. The scattering
Ångström exponent exhibits statistically significant decreas-
ing of between −4.9 % yr−1 and −6.5 % yr−1 (using wave-
lengths of λ= 450 and 550 nm), while the particle light scat-
tering coefficient exhibits statistically significant increasing
trends of between 2.6 % yr−1 and 2.9 % yr−1 (at a wavelength
of λ= 550 nm). The magnitudes of the trends vary depend-
ing on the season. These trends indicate a shift to an aerosol
dominated more by coarse-mode particles, most likely the re-
sult of increases in the relative amount of sea spray aerosol.
We show that changes in air mass circulation patterns, specif-
ically an increase in air masses from the south-west, are re-

sponsible for the shift in aerosol optical properties, while the
decrease of Arctic sea ice in the last 2 decades only had a
marginal influence on the observed trends.

1 Introduction

The Arctic region is warming considerably faster than the
global average, a phenomenon known as Arctic amplifica-
tion. Svalbard, a Norwegian archipelago located between 74
and 81◦ N, has experienced some of the greatest observed re-
gional temperature increases throughout the past 3 decades
(Nordli et al., 2014). The impacts of Arctic amplification can
be observed in a multitude of parameters (Meredith et al.,
2020), including most notably, reductions in Arctic summer
sea ice (Perovich et al., 2018). Diminishing sea ice has been
proposed as the leading mechanism to explain the sensitivity
of the region in terms of enhanced sea surface temperature
increases (Screen and Simmonds, 2010). However, numer-
ous other mechanisms have been studied, including changes
in cloud cover (Schweiger et al., 2008), transportation of heat
from the mid-latitudes (Overland and Wang, 2016), increases
in the total water vapour in the Arctic atmosphere (Park et al.,
2015), and sulfate aerosol reductions in Europe (Navarro
et al., 2016). The exact relative importance of each of them
is debated (Dai et al., 2019; Serreze and Barry, 2011). Arctic
amplification may be linked to mid-latitude weather (Cohen
et al., 2014; Pithan et al., 2018), with increased Rossby wave
amplitude (Francis et al., 2017) and the appearance of atmo-
spheric circulation anomalies (Lee et al., 2015). Changes in
air circulation patterns within the Svalbard region have been
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observed and linked to changes in the Arctic Oscillation; the
changes include increased anticyclonic advection from the
south during winter and from the north during summer (Ma-
turilli and Kayser, 2017).

Aerosols exert a considerable influence on the Arctic cli-
mate (Willis et al., 2018). The IPCC (2013) reports that in
combination with clouds, aerosols continue to contribute the
largest uncertainty to our understanding of changes to the
Earth’s energy budget. Aerosols can influence the Earth’s cli-
mate directly through aerosol–radiation interactions. Arctic
aerosols have a net cooling effect on the region (Fyfe et al.,
2013), whereby aerosol particles reflect shortwave radiation.
With the significant decrease in sulfate aerosol in the past
few decades (Quinn et al., 2007), research into aerosol pol-
lution in the Arctic has been gaining renewed interest as a
means of explaining the increased rate of warming within
the Arctic region (Garrett and Verzella, 2008; Navarro et al.,
2016). The small amount of solar radiation that the Arctic
receives means the region is fairly sensitive to any pertur-
bations in radiative fluxes (Valero et al., 1989). In addition,
aerosol particles may act as a layer of light absorbing mate-
rial over a highly reflective ice/snow surface (Sokolik et al.,
2010). Changes in aerosol concentrations are also likely to
have an impact on cloud condensation nuclei (CCN) concen-
trations, given the two are well correlated (Jung et al., 2018).
The strong seasonal cycles in Arctic aerosol properties have
been well documented (Ström et al., 2003; Tunved et al.,
2013; Freud et al., 2017; Pandolfi et al., 2018; Schmeisser
et al., 2018). Observations from in situ ground-based sites
have helped to describe this annual cycle. The Zeppelin Ob-
servatory (ZEP), Svalbard, experiences a typical Arctic an-
nual cycle; there are peaks in accumulation-mode concentra-
tions in late spring and early winter (Freud et al., 2017) in
accordance with the Arctic haze phenomenon. The appear-
ance of the Arctic haze phenomenon is a result of the com-
bined effects from the increased south-to-north transporta-
tion of aerosol and a decline in removal efficiency during
northward transport (Shaw, 1995; Quinn et al., 2007). Sum-
mer, with more frequent cloudiness and low-intensity precip-
itation events within a retracted polar front, is nearly free of
anthropogenic aerosol influence (Willis et al., 2018), with the
exception of well-defined events related to biomass burning
and forest fires (Warneke et al., 2009). Summertime expe-
riences increased concentrations of smaller nucleation and
Aitken-mode particles, formed in situ (Freud et al., 2017).
The light scattering properties at ZEP have been shown to
reflect these changes in aerosol composition, with a scatter-
ing peak in the late winter and early spring (Schmeisser et al.,
2018; Pandolfi et al., 2018; Heintzenberg, 1982). In addition,
optical properties at ZEP signal an aerosol composition com-
posed of smaller aerosol in the spring and larger aerosol in
the late summer. More details on the seasonality of in situ
optical properties can be found in Pandolfi et al. (2018) and
Schmeisser et al. (2018).

Long-term measurements are vital to understanding
changes related to the Arctic and thus to the Earth’s climate.
There is a need for long-term measurements to help reduce
the uncertainties surrounding the impacts of aerosol (Hansen
et al., 1995). Ground-based in situ measurement sites offer
the chance to examine the long-term trends associated with
aerosol optical properties. However, there are numerous dif-
ficulties in maintaining continuous and long-term observa-
tions, leading to a shortage of multidecadal time series. It
is, therefore, essential to use the available data sets to exam-
ine trends and research the underlying mechanisms behind
changes in aerosol properties. Aerosol optical properties ex-
perience a high degree of natural variability at different tem-
poral resolutions and therefore pose difficulties in determin-
ing the underlying long-term trends. Sites in polar regions
exhibit the largest number of statistically significant posi-
tive trends in particle light scattering (Collaud Coen et al.,
2013, 2020), with multiple Arctic sites experiencing alternat-
ing trend slopes based on the duration of the trend (most no-
tably in Utqiaġvik, formerly Barrow, Alaska). Interestingly,
most Arctic sites do not reflect the overall decreasing trends
in scattering coefficients observed throughout Europe and
North America (Collaud Coen et al., 2020). Thus, it is im-
portant to study why these differences are present and the
mechanisms underlying these trends. Exploring the reasons
for these trends is a central topic of this study and separates it
from most previous long-term trend analyses. This study fur-
ther differs from Collaud Coen et al. (2020) in that a longer
data set is used and that the data are prescreened with respect
to ambient relative humidity. The trends in aerosol measure-
ments cited in this study are all conducted under dry con-
ditions, as opposed to ambient conditions. Dry conditions,
where the relative humidity (RH) is controlled, help to min-
imise the effects of water uptake, known as hygroscopicity. It
should be noted that the hygroscopic effect on particle light
scattering is more pronounced in the Arctic, compared with
measurements taken in other global regions (Zieger et al.,
2010, 2013).

This study aims to show long-term trends in Arctic aerosol
optical properties, in combination with back trajectory analy-
sis and satellite-derived sea ice data, to help better understand
the changing processes controlling the optical properties of
Arctic aerosol. Connecting back trajectory data with aerosol
optical measurements helps to assess the potential aerosol
sources and types. Not only does this study explore long-term
trends in aerosol optical data, but it provides an analysis of
the mechanisms influencing these changes. The influence on
Arctic aerosol of sea ice retreat remains poorly constrained
(Willis et al., 2018). One particular motivation for this study
concerns the retreat in Arctic summer sea ice, which has seen
significant reductions throughout the same period. The re-
treat of Arctic sea ice has the potential to induce changes to
the aerosol composition; model results suggest an increase
in sea salt aerosol (SSA) emissions from the loss of summer
ice (Struthers et al., 2011; Browse et al., 2014). The aims of
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this study are to answer the following two research questions:
(a) at what rate have key aerosol optical properties changed
at Svalbard, in the Arctic, during the last 2 decades? (b) Can
changes in long-term aerosol optical properties be explained
by meteorological parameters and/or changes in sea ice cov-
erage?

2 Materials and methods

2.1 Measurement site

The study is conducted using aerosol optical data from the
Zeppelin Observatory (ZEP), located at 78.91◦ N, 11.89◦ E at
an altitude of 474 m a.s.l. on the western edge of the Norwe-
gian archipelago, Svalbard. The station is part of the World
Meteorological Organisation’s (WMO) Global Atmosphere
Watch (GAW) programme. The nearby research village Ny-
Ålesund is located on the coast of Kongsfjorden, approxi-
mately 2 km away from ZEP. The remoteness and altitude
of the observatory allow for it to measure pristine Arctic air
with minimal contamination from local pollution whilst also
being able to observe long-range transported pollution. The
location of ZEP as an Arctic site is unique, given its prox-
imity to European sources and closeness to the Arctic Ocean
sea ice edge. The nearby sea at ZEP is open all year round.
Due to its elevated location, its exposure to free-tropospheric
air and cloudiness separates it from other Arctic sites (Freud
et al., 2017).

2.2 Nephelometer

At ZEP, measurements of aerosol light scattering proper-
ties have been performed using an integrating nephelome-
ter (TSI Inc., USA, model 3563) since May 1999, making
it, next to Utqiaġvik (formerly Barrow, Alaska) and Alert
(Canada), one of the longest time series records in the Arc-
tic. The nephelometer performs continuous measurements of
the light scattering of aerosol particles at three wavelengths
(λ= 450, 550, 700 nm). The particle light scattering coeffi-
cient, σsp(λ) (m−1), and the hemispheric backscattering co-
efficient, σbsp(λ) (m−1), are recorded, without any need of
knowing any information about size, composition, and the
physical state of the light-scattering aerosol. RH, tempera-
ture, and pressure sensors also provide accurate readings at
either the sample inlet or outlet. The nephelometer is regu-
larly calibrated using CO2 and particle-free air. The contri-
bution of light scattering by air molecules (Rayleigh scatter-
ing) is automatically corrected for by regular zero measure-
ments of particle free air, about every hour. Gaps in the data
set are present, due to either instrumental failure, in which
the measurements did not perform correctly or the instrument
was away for servicing. The nephelometer is connected to a
whole-air inlet which follows the guidelines of WMO/GAW
for aerosol sampling (WMO, 2016), with similar character-
istics as the inlet described by Weingartner et al. (1999). Due

to the temperature difference between inside and outside the
inlet and the additional heating of the inlet, no additional dry-
ing of the aerosol is needed. The aerosol is sampled at dry
conditions with RH= 7.0± 4.9 % (mean ± standard devia-
tion; SD) to maintain the GAW-recommended conditions of
RH< 40 %.

The observatory, housing the instrumentation, was demol-
ished in 1999 and rebuilt and reopened at the same location
in May 2000. The nephelometer itself has undergone repairs,
and a change to its inlet was made in June 2011. Detailed
logbooks during the initial years of the observatory are lack-
ing, providing difficulties in the traceability of past operating
procedures and calibration. However, the manual inspection
of all data and the removal of periods with obvious malfunc-
tioning of the instrument are performed. More details on the
nephelometer data treatment are given below.

2.3 Back trajectory analysis

Air mass back trajectories are calculated every hour, with
the air parcels arriving at the altitude of ZEP. The HYS-
PLIT model (Draxler and Hess, 1998) is used to perform the
back trajectory calculations. The meteorological fields are
obtained from NOAA; the period 1999–2004 uses the FNL
archive, and 2005–2016 uses the Global Data Assimilation
System (GDAS) (http://ready.arl.noaa.gov/archives.php, last
access: 12 March 2019).

2.4 Data treatment

The hourly medians of aerosol optical properties, back trajec-
tory, and ambient relative humidity data are temporally collo-
cated. After the temporal collocation of the data set, approx-
imately 52.8 % and 60.4 % of the quality-controlled hourly
medians for σsp and σbsp (λ= 550 nm), respectively, are left
of the original data set. The period of study is from 1999 to
the end of 2016.

This section concerns the data processing of the following:

1. treatment of optical properties; cleaning and computing
medians for σsp, σbsp, α, and b;

2. use of station meteorology data;

3. back trajectory calculations; combining land type data
and determining source regions.

2.4.1 Treatment of optical properties

The data are quality checked using similar procedures to
Asmi et al. (2013), whereby if a change in the instrumen-
tal conditions is coincident with a clear change in the optical
properties, the data of the changed period are not included.
Most notably, obvious outliers are removed. When available,
the information from logbooks is used to remove periods of
known instrument failure. Data are selected such that the RH
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at the sample outlet never surpasses 40 %; this helps min-
imise the effects on σsp and σbsp from hygroscopic growth
(see e.g. WMO, 2016). Hourly medians are calculated (see
Fig. S1 in the Supplement). The particle light scattering
coefficients are adjusted to standard temperature and pres-
sure, using data from the in-built instrument sensors. Detec-
tion limits (Anderson et al., 1996) and the illumination and
truncation error correction method by Anderson and Ogren
(1998) are applied to the hourly medians, based on their re-
spective wavelength and scattering type. The detection limits
for σsp and σbsp (λ= 550 nm) are 0.37 and 0.24 Mm−1 re-
spectively and represent the linearly-interpolated estimations
for a 1 h averaging time, based on Anderson et al. (1996).
Small values for σsp are considered less reliable due to instru-
ment noise at low aerosol loadings (Schmeisser et al., 2017),
and studies often use a constant threshold; e.g. Schmeisser
et al. (2017) consider σsp> 1 Mm−1. However, for this study,
thresholds on particle light scattering coefficients are applied
based on detection limits, so as to not bias the data and push
the extensive values higher. Overall, the fractions of data re-
moved in terms hourly averages are as follows: 31.1 % for
σsp (λ= 450 nm), 26.1 % σsp (λ= 550 nm), and 39.4 % σbsp
(λ= 550 nm). Most of the years are not affected by missing
data with the exception of the years 2003 and 2016, where
66.6 %–67.0 % and 67.9 %–74.0 % of data are excluded re-
spectively.

This study focuses on key aerosol optical properties
needed to describe the aerosol interaction with solar radia-
tion; these properties are needed to accurately estimate the
direct aerosol radiative forcing (Haywood and Shine, 1995).
We refer to both extensive and intensive aerosol optical prop-
erties; the intensive parameters are calculated from exten-
sive parameters and are thus independent of the amount of
aerosol. The extensive parameters include scattering coef-
ficients (σsp) and backscattering coefficients (σbsp), whilst
the intensive parameters are the scattering Ångström expo-
nent (α) and the hemispheric backscattering fraction (b). λ
is omitted from the abbreviations, in subsequent sections, for
simplicity; however, it should be noted that the above optical
properties are dependent on λ.

The hemispheric backscattering fraction b is defined as

b(λ)=
σbsp(λ)

σsp(λ)
, (1)

where λ denotes the wavelength, σbsp is the hemispheric
backscattering coefficient, and σsp the particle light scatter-
ing coefficient.

The scattering Ångström exponent α describes the wave-
length dependency of the particle light scattering coefficient
and is defined as

α =−
ln

(
σsp,1/σsp,2

)
ln(λ1/λ2)

, (2)

where σsp,1 and σsp,2 are the particle light scattering coeffi-
cients at wavelengths λ1 and λ2 respectively.

α represents the wavelength dependency of particle light
scattering. α is inversely proportional to the size of the
aerosol; thus larger particles exhibit lower α values and vice
versa.

From these data, Eqs. (1) and (2) are used to calculate
b and α, respectively. b is calculated based on the green
(550 nm) wavelength, and α is computed from the blue
(450 nm) and the green wavelengths, as the red channel of the
nephelometer generally exhibits greater variability. However,
it should be noted that the results do not change significantly
if a fit over all three channels is being used.

Daily and seasonal medians are computed and used to
assess the trends in aerosol optical properties. The seasons
are defined based on calendar dates: winter (December–
February), spring (March–May), summer (June–August),
and autumn (September–November). Daily medians are
based on a minimum of 6-hourly data points (in keeping with
a 25 % threshold imposed by Collaud Coen et al., 2020).
Daily medians reduce the noise related to very low aerosol
loadings; any uncertainties in σsp and σbsp are more pro-
nounced in the Arctic region and are further enhanced in the
derived intensive properties, b and α. It should be noted that
the light scattering properties at ZEP do not show any pro-
nounced daily cycle (not shown).

2.4.2 Relative humidity

When the observatory is in the midst of a cloud, large wa-
ter droplets taken in by the whole-air inlet may affect the
collection efficiency of the inlet. In addition, particles in the
surrounding air can be removed due to in-cloud scavenging.
This study aims to take this into account, however, for heated
whole-air inlets, inside-cloud situations should not affect the
measurements significantly (Asmi et al., 2013). Hourly mean
values of ambient RH are used as a proxy for the presence of
clouds. The ambient RH for ZEP is acquired through EBAS
(http://ebas.nilu.no/, last access: 7 January 2020). The ambi-
ent RH measurements are operated by the Norwegian Insti-
tute for Air Research, NILU, Atmosphere and Climate De-
partment. The data are prescreened to remove periods dur-
ing which ambient RH exceeded 95 %, whereby it is as-
sumed that cloud conditions were present for some fraction
of that hour. The measurements are therefore assumed to be
of cloud-free conditions (see Fig. S2 in the Supplement). The
chosen threshold is the point at which a significant drop in σsp
is observed. The observatory has frequent inside-cloud situ-
ations, which can affect the aerosol optical measurements;
approximately 10.9 % of the optical data is removed as a re-
sult of high ambient RH values, with summer the most af-
fected season; ∼ 21.0 % is removed, as opposed to ∼ 5.9 %,
∼ 12.1 %, and ∼ 6.8 % for spring, autumn, and winter, re-
spectively.
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2.4.3 Trajectory calculations

Each back trajectory is 7 d in length; the number of days
is chosen as a compromise between restricting the increas-
ing uncertainties the further back in time they go and cap-
turing the typical lifetime of the aerosol in the atmosphere,
and with this the main source regions. The HYSPLIT back
trajectories provide a detailed history of the air parcels, in-
cluding changes in latitude, longitude, altitude, the height of
the mixed layer (ML), precipitation, relative humidity, and
temperature. The ML forms part of the planetary boundary
layer (PBL); it is defined as the height at which substances,
such as aerosol, can be vertically dispersed and well mixed
(Seinfeld and Pandis, 2006). The back trajectories are classi-
fied as being above or below the ML height. In the interest
of this study, only data points (time) for which the air parcels
reside within the ML are considered to be influenced by sur-
face sources and dominate the observed signal at ZEP.

Wind speed is a main driver to SSA production and thus
highly pertinent to this study. The average wind speeds are
calculated as part of the back trajectory analysis based on the
change in latitude, longitude, and altitude of each respective
hourly data point. The direction from which back trajectories
arrive at ZEP is computed by calculating the mean Cartesian-
transformed coordinates. The mean coordinate is used to as-
sign each back trajectory a region, namely north-west (NW),
north-east (NE), south-east (SE), and south-west (SW). The
region the back trajectories are assigned is dependent on the
average of the coordinates, so they are not defined based on
the origin. It is understood that back trajectories can cross
multiple regions; the assigned regions simplify the classifica-
tion. The four regions are defined relative to ZEP being at the
centre. Monthly Special Sensor Microwave/Imager (SSM/I)
satellite-derived sea ice concentration (SIC) data from the
Version 1.1 Hadley Centre Sea Ice (HadISST1.1) data set
(Rayner et al., 2003) are used. The SIC data set is of a 1◦× 1◦

resolution. SIC data are temporally collocated with the back
trajectories. Each data point from the back trajectory is clas-
sified into the following: (1) above ML, (2) above land and
within ML, (3) above sea ice and within ML, and (4) above
open water and within ML. The ice surface type is defined
as having a mean SIC above 0.85 (see Fig. S3 in the Supple-
ment), which is commonly used in the literature (e.g. Rayner
et al., 2003; Fetterer et al., 2016; Stroeve and Meier, 2003),
although lower thresholds have been used as well.

2.5 Statistical tools for trend analysis

For all the trend analyses, the Python scipy.stats package is
used within SciPy (v.1.1.0) (Virtanen et al., 2020).

2.5.1 Seasonal Mann–Kendall test

The Mann–Kendall test (hereafter “MK test”) is one of the
most widely used non-parametric tests for determining the

statistical significance of trends in environmental data. The
test is rank-based with a null hypothesis that the time series
has no trend. The alternative hypothesis is that a monotonic
trend exists (Gilbert, 1987). The MK test is ideal since it is
not affected by missing values. Given that the data set con-
tains gaps and irregular spacing, this is a major advantage.
Hirsch et al. (1982) developed the “seasonal” MK test to take
seasonality into account. The seasonal MK test works by sep-
arating the data into distinct seasons and then comparing like
for like.

The MK test assumes that the data are independent; thus
there is no autocorrelation. Kulkarni and von Storch (1995)
show that the result of the MK test depends strongly on the
autocorrelation; a positive autocorrelation increases the like-
lihood that the null hypothesis is rejected when there is no
trend. The time series is “pre-whitened” (PW) based on the
trend-free pre-whitening (TFPW) procedure described in de-
tail in Yue et al. (2002).

The daily medians provide a sufficient amount of data
points; however, they are considerably more plagued by au-
tocorrelation than time series constructed from longer aver-
aging periods (i.e. seasonal medians). The seasonal MK test
is performed on the PW daily medians with a two-tailed sig-
nificance test of 95 %. Medians are used for all the analyses
as the variables are non-normally distributed. Medians are
also less affected by outliers.

2.5.2 The Theil–Sen estimator

The Theil–Sen estimator (TS) is used in this study to calcu-
late the slope of the linear trends. The procedure developed
by Sen (1968) is useful, as it is relatively less affected by out-
liers. TS is a non-parametric tool (therefore no type of distri-
bution needs to be assumed for the data) and often accom-
panies the MK test. TS works by calculating the median of
all the slopes of every pair of ordered data points. The slope
is unbiased in regards to highly autocorrelated data; however
standard errors are affected by autocorrelation. The estimated
slopes of the regression lines are multiplied by 365.25 or
4 for daily and seasonal medians respectively. The relative
trends (i.e. % yr−1) are obtained by dividing by the median
of the data set in question, similar to previous studies (e.g.
Asmi et al., 2013).

2.5.3 Least mean square analysis (LMS)

The least mean square analysis (LMS) is applied to the log-
arithm of the dependent variable to calculate the relative
trends. The logarithm approximates the data to a normal dis-
tribution, allowing for the use of this statistical tool.

log(Xt + s)= a+β · t + εt , (3)

where Xt is the observation at time t , a is the regression pa-
rameter representing the intercept, and β is the regression
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parameter representing the slope, while s is a small scalar. εt
is the random error term associated with each observation.

The confidence level is set at 95 %, and the trend is deemed
as having statistical significance (ss) if |β/SEβ |> 1.960,
where SEβ denotes the standard error of the slope, β. For
LMS trends not in terms of relative changes, the logarithm is
not applied to Xt .

3 Results

Section 3.1 focuses on long-term trends; trends in aerosol
light scattering properties are presented in Sect. 3.1.1, and
the trends in key meteorological parameters from the back
trajectory analysis and the changes in source types and re-
gions are presented in Sect. 3.1.2. The trends are calculated
and presented based on both seasonal and daily medians. The
seasonality of the trends is also included. The final part of the
results section, Sect. 3.2, combines the aerosol and back tra-
jectory parameters.

3.1 Trend analysis

3.1.1 Aerosol optical properties

The long-term trends in σsp, σbsp, b, and α are presented in
Fig. 1 based on the seasonal medians. σsp and σbsp both dis-
play increasing statistically significant trends estimated to be
in the range of 0.05 and 0.01 Mm−1 yr−1 respectively. σsp
and σbsp show clear seasonality with higher scattering co-
efficients occurring in spring and winter. b displays a non-
statistically significant decreasing trend of −0.0002 yr−1. α,
however, shows a large and decreasing statistically signifi-
cant trend of approximately −0.07 yr−1. α is largest during
the spring and summer, whilst autumn experiences the small-
est medians. b experiences a peak in summer and is at its
lowest value in winter. The end of 2002 and the start of 2003
display relatively increased σsp and σbsp seasonal medians
compared with medians either side. The seasons in question
exhibit a decreased α value. Tunved et al. (2013) observed a
reduced aerosol volume size distribution in 2002, which may
explain the low α medians for these seasons. Furthermore,
Eleftheriadis et al. (2009) show increased BC concentrations
for 2003.

The trends based on seasonal and daily medians are dis-
played in the Supplement (see Tables S1–S4). It should be
noted that the trends calculated based on daily medians ex-
hibit reduced magnitudes. The removal of inside-cloud situa-
tions had a negligible effect on the overall trends (see Fig. S2
in the Supplement).

The trends for each season, using the MK and LMS meth-
ods, are examined in Fig. 2. The level of significance is set
at 95 % for both methods. The two statistical methods agree
well with one another, except for σbsp and b for which the
LMS method presents reduced magnitudes for the trends;
the increased frequency of low values amongst σbsp and b

is a likely explanation for the inconsistency. σsp and σbsp
exhibit statistically significant increasing relative trends for
all seasons except spring, with the most prominent trends
during winter (∼ 6.2 % yr−1 to 6.5 % yr−1 and ∼ 1.9 % yr−1

to 5.3 % yr−1 for σsp and σbsp, respectively). The overall
trend in σsp is ∼ 2.6 % yr−1 to 2.9 % yr−1. σbsp displays a
trend of ∼ 0.7 % yr−1 to 2.3 % yr−1. σsp and σbsp display
a similar pattern in the magnitudes of the different sea-
sons. b displays a slight statistically significant decreasing
trend during all seasons, except spring. The largest decreas-
ing trends are in autumn (−0.2 % yr−1 to −0.9 % yr−1) and
winter (−0.1 % yr−1 to −0.7 % yr−1). α, however, exhibits
statistically significant decreasing relative trends for all sea-
sons. The most prominent seasonal trend for α is during au-
tumn (−7.2 % yr−1 to −7.5 % yr−1). Autumn and summer
are the cleanest periods of the year at ZEP, and despite low
concentrations during these periods, these seasons display
the strongest trends in α. The overall trend in b is statis-
tically significant and decreasing based, ∼−0.07 % yr−1 to
−0.3 % yr−1. α displays an overall trend of ∼−4.9 % yr−1

to −6.5 % yr−1.

3.1.2 Trajectory analysis

The relative accumulated times back trajectories spend above
each surface type are shown in Fig. 3a. The back trajectories
spend approximately 34 % of the time within the ML; how-
ever, this undergoes significant interannual variability. The
relative contributions for open water, land, and ice are 17 %,
5 %, and 12 % respectively. The contribution from open wa-
ter increases over time and is much more apparent in the
last few years. The contribution from land, by comparison,
shows little long-term change throughout. Seasonal variabil-
ity in the surface types is displayed; the winter and spring
seasons are slightly more prominent for land, reflecting the
expansion of the polar front. Furthermore, the time above
ice is noticeably more reduced during summer and autumn
months. Figure 3b shows that the median wind speed of air
parcels along the back trajectories and within the ML has
increased slightly. The wind speeds have undergone an abso-
lute increase of ∼ 0.62 m s−1 throughout the period in ques-
tion. It is further noticeable that air parcels experience greater
wind speeds during the winter, whilst the summer displays
a reduction in wind speeds; this is in keeping with the re-
treat and advance of the polar front, allowing back trajecto-
ries to travel further. Figure 3c details the relative contribu-
tions from the four specified regions, namely the NE, NW,
SE, and SW. In terms of changes in air circulation patterns,
the back trajectories from the SW, most likely crossing over
the Atlantic Ocean, make up an increasing proportion of the
air masses arriving at ZEP. Both regions to the west have ob-
served an increase in their relative contribution, whereas air
masses predominantly arriving from the east have witnessed
a reduction. The NE and SE made up the majority of air mass
contributions (i.e. ∼ 37 % and 33 %, respectively) at the start
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Figure 1. Long-term trends of the seasonal medians for (a) the particle light scattering coefficient (λ= 550 nm), (b) the particle light
backscattering coefficient (λ= 550 nm), (c) the hemispheric backscattering fraction (λ= 550 nm), and (d) the scattering Ångström exponent
(λ1 = 450 nm, λ2 = 550 nm). The seasonal medians are denoted by their respective symbols. The error bars denote the length of the 25th
and 75th percentile values. The seasonal mean is given by the cross. The solid and dashed red lines represent the least mean square (LMS)
and Theil–Sen slope (TS) of the seasonal medians, respectively. The red shaded area denotes the associated 90 % confidence interval of the
TS slope. Note that TS is not used to test the statistical significance.

Figure 2. Relative trends based on daily medians for (a) the particle light scattering coefficient, (b) the particle light backscattering coefficient,
(c) the hemispheric backscattering fraction (note the different y scale), and (d) the scattering Ångström exponent for different and all seasons.
The white bar displays the Theil–Sen estimator (TS). The red bar displays log-transformed least mean square (LMS) trends. Cross-hatching
denotes trends that have statistical significance (ss) at a confidence interval of 95 %. The ss for the TS is based on the “pre-whitened” (PW)
time series. The trends in their respective units yr−1 are in the tables in the Supplement. The dashed line aids the reader in separating the
individual seasonal trends and the trend with all the seasons included.
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of the study period; however, the years towards the end of
study period exhibit a more equal mix of air mass origins.
There are noticeable peaks in the relative contribution from
open water by season (signified by the dashed black line in
Fig. 3a), coinciding with seasons experiencing greater con-
tributions from the SW.

The relative trends, in terms of percentage increase, for
back trajectory parameters based on daily medians are shown
in Fig. 4. The time spent over open water and within
the ML displays large statistically significant trends; in
particular, spring and autumn show large positive relative
changes (3.3 % yr−1 and 3.4 % yr−1 to 3.5 % yr−1, respec-
tively), whilst spring shows a decreasing trend. The trends in
wind speed are statistically significant for autumn and across
all seasons but < 1 % yr−1. The trends in daily medians for
open water and precipitation display similar patterns in their
respective magnitudes amongst the different seasons.

Figure 5 displays the relative contributions from the four
regions, namely the NE, NW, SE, and SW. Note that these
relative trends are computed based on monthly contributions,
due to the high presence of zero values in the daily values.
The relative trends for air masses arriving from the west are
noticeably large in magnitude, in particular the south-west.
The south-west displays statistically significant increasing
trends for autumn and across all seasons (6.0 % yr−1 to
6.7 % yr−1 and 2.6 % yr−1 to 3.2 % yr−1, respectively). The
relative trends are decreasing for both the air masses arriv-
ing from the east. The north-east displays a large statistically
significant decreasing trend in autumn. The relative trends for
time spent over the open water (Fig. 4a) and the contribution
from SW air masses (Fig. 5c) also display similar variations
in the magnitudes for each season.

3.2 Increased contribution from coarse-mode particles

α is the only aerosol light scattering property featured in this
part of the results as it shows the largest change of the last
2 decades. α is a qualitative indicator of aerosol particle size
(Ångström, 1929), where α ≤ 1 indicates an aerosol size dis-
tribution dominated by coarse-mode particles.

The influence on α of the various surface types is dis-
played in the ternary plots (see Fig. 6). Each hexbin displays
a unique combination of the different surface types, namely
open water, land, and ice (all within the ML). The hexbin
near the top vertex of each ternary plot displays the median
α observed at ZEP when the arriving back trajectories spend
nearly all of their time above land. It is apparent that back
trajectories that traverse over a relatively large proportion of
land show higher α values (more yellow). Descending the
right edge (land) from the top vertex, the individual hexbins
represent back trajectories that spend an increasing amount
of time over open water. It is evident that the median α is
lower (i.e. more blue) as the relative amount of time over
open water increases (hexbins near to the lower right ver-
tices in Fig. 6). For Fig. 6a, the relative residence times are

potentially skewed by back trajectories that spend very lit-
tle time within the ML. There is an additional requirement in
Fig. 6b to ensure that the back trajectories spend at least 40 %
of the 7 d within the ML. It is noticeable in Fig. 6b that the
number of data points is considerably lower for back trajec-
tories that traversed mainly over land (see hexbins near to the
top vertices in Fig. 6b), thus not meeting the required mini-
mum number. Svalbard is an archipelago and some consider-
able distance from the main continental landmasses; thus it
makes sense for back trajectories that are completely domi-
nated by land not to be present. Overall, there is a clear gra-
dient in α values, as the percent contribution from open wa-
ter increases at the expense of land and ice. Moreover, this
gradient is more pronounced as the amount of time back tra-
jectories within the ML increases.

Figure 7 correlates the seasonal α medians observed
throughout the 18 years with the relative contribution of the
combined north-west and south-west air masses. The corre-
lation is most striking for autumn, with an r value (correla-
tion coefficient) of −0.65. Moreover, the influence of NW
and SW air masses is largest in autumn. The variability in
the contribution of NW and SW air masses for the different
seasons is apparent; spring and winter show smaller contribu-
tions from NW and SW overall. Spring 2003 displays an in-
creased contribution from NW and SW air masses of∼ 49 %
(compared with contributions in spring 2001 and 2004 of
∼ 32 % and 17 %), providing a partial explanation for the
seasonal low in α.

4 Discussion

Table 1 presents an overview of the main findings. α de-
creases for all seasons, with a clear NW and SW increase
throughout the year and slight decreases in NE and SE in the
autumn and winter.

Increasing concentrations of coarse-mode particles rela-
tive to fine-mode particles reduce α (Schuster et al., 2006).
Hence, the large decreasing trend in α (Fig. 1d) is suggestive
of a significant shift to aerosol dominated more by coarse-
mode particles. At the same time, increasing trends in σsp and
σbsp are observed. Accumulation-mode particles are respon-
sible for the majority of light scattering; however, as shown
in Fig. S4 (in the Supplement) at ZEP coarse-mode parti-
cles still contribute a significant amount to the overall light
scattering. The relative increase in coarse-mode particles can,
therefore, explain the increasing trend in σsp (Fig. 1a) as well.
Smaller particles, on the other hand, exhibit increased values
in b (Seinfeld and Pandis, 2006). b is more sensitive to the
changes to the distribution of particles at the smaller end of
the accumulation mode (Collaud Coen et al., 2007). There is
a small negative trend in b (Fig. 4); nonetheless, a small rela-
tive decrease in b could potentially mean substantial changes
at the lower end of the accumulation mode. The trends re-
ported are consistent in sign and significance with those in
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Figure 3. Long-term trends in (a) the relative contribution of the accumulated time per season air parcels spent above land, ice, and open
water (whilst within the ML) and above the ML. (b) Median wind speed of air parcels located within the ML. (c) The relative contribution
from the four different regions. The dashed black line in panel (a) presents the proportion of accumulated seasonal times for open water. For
panel (b), the dashed red line represents the Theil–Sen slope (TS) of the seasonal medians. The error bars denote the length of the 25th and
75th percentile values. The red shaded area denotes the associated 90 % confidence interval of the TS slope. The solid lines in panels (b)
and (c) display the least mean square (LMS) regression fit. Note the scale for the y axis of panel (c) is reduced to 0.6, and the south-east
contribution in spring 1999 is ∼ 94 %.

Figure 4. Relative trends in daily medians for (a) time spent above open water and within the ML, (b) median wind speed, and (c) accumu-
lated precipitation along each back trajectory for different seasons and all seasons. The white bar displays the Theil–Sen estimator (TS). The
red bar displays log-transformed least mean square (LMS) trends. Cross-hatching denotes trends that have statistical significance (ss) at a
confidence interval of 95 %. The ss for the TS is based on the “pre-whitened” (PW) time series. The dashed line aids the reader in separating
the individual seasonal trends and the trend with all the seasons included.

Collaud Coen et al. (2020). It should be mentioned though
that gaps in the data could affect the calculated magnitude
of the trends. Previous studies have used different averaging
and pre-whitening methods to calculate the trends and their
respective statistical significance (e.g. Pandolfi et al., 2018;
Collaud Coen et al., 2013, 2020). However, by applying dif-
ferent statistical methods on both daily and seasonal averag-
ing times, a better indication of the robustness of the derived
trends is achieved.

Sea spray aerosol (SSA) is the most plausible type of
coarse-mode aerosol to be encountered at ZEP. It is produced
at the ocean surface through the process of wind-induced
bubble bursting and the tearing of wave crests (O’Dowd and
De Leeuw, 2007). The production and transportation of SSA
are linked to surface wind speeds (De Leeuw et al., 2011),
with increasing sea salt mass associated with increasing wind
speeds (Lewis and Schwartz, 2004). SSA is identified by
smaller α values, typically less than 0.5 (Schmeisser et al.,
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Figure 5. Relative trends in monthly contributions from each respective region: (a) north-west (NW), (b) north-east (NE), (c) south-east
(SE), and (d) south-west (SW). The white bar displays the Theil–Sen estimator (TS); the red bar displays log-transformed least mean square
(LMS) trends. Cross-hatching denotes trends that are statistically significant at a confidence interval of 95 %. The dashed line aids the reader
in separating the individual seasonal trends and the trend with all the seasons included.

Figure 6. Scattering Ångström exponent (α) as a function of surface type. Each hexbin displays the median of hourly α for that particular
combination of surface types (see left schematic). The three vertices display the following surface contributions: 100 % land (top), 100 % open
water (right), and 100 % ice (left). The hourly α values are binned according to their proximity to the centre of a hexagon. The surface times
are normalised using the time each back trajectory spends within the mixed layer (ML). Certain criteria are placed on the back trajectories:
(a) no criteria and (b) 40 % of the 7 d were spent within the mixed layer. A minimum count of 50 has been placed on the hexbins.

2017), and can contribute to the total amount of scattering.
The clear oceanic influence on α (see Fig. 6) suggests that
the relative influx of coarse-mode particles is marine in origin
and most likely SSA as opposed to coarse-mode-dominated
dust from land sources.

Within this work, we show that the increased presence of
SSA at ZEP is the result of changes in air circulation pat-
terns, as opposed to the retreat in Arctic sea ice. There is a
clear increase in the contribution of SW air masses, in par-
ticular in autumn, which coincides with the largest trend in
α. The trends in σsp and α in summer can be explained by a
greater influx of SSA arriving from the NW, over the Arctic
sea ice, during the summer. Despite the continued increase in

the expanse of open water in the Arctic Ocean, and the po-
tential for increased SSA production, the effects of retreating
sea ice on observations at ZEP were shown to be negligi-
ble (Fig. S5 in the Supplement). This study suggests that the
growing contribution from western air masses leads to more
SSA being transported to ZEP (Fig. 7). The overall effect
is that air masses reaching ZEP are becoming more marine
dominated. The largest increases in the expanse of summer-
time open water, within the Arctic Ocean, concern the Beau-
fort and Chukchi seas. These areas are a considerable dis-
tance from ZEP; thus the residence times back trajectories
spend over these regions are minimal compared to the com-
bined area that all the back trajectories cover. However, more
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Figure 7. Relationship between the proportion of air masses arriving from the west (i.e. the combination of south-west and north-west
regions) with seasonal scattering Ångström exponent (α) medians. The four seasons, namely spring (MAM), summer (JJA), autumn (SON),
and winter (DJF), are presented. The error bars denote the length of the 25th and 75th percentile values. Note that the number of seasonal
medians displayed is larger than the total number of distinct seasons, as winter here is subdivided into the respective years. The ordinary least
squares method is applied to the seasonal medians, while the r value denotes the correlation coefficient.

Table 1. Schematic to aid the reader in the discussion related to
the observed trends in aerosol light scattering properties and results
from the trajectory analysis. Arrows correspond to the sign of the
trends. Single arrows are given when the average of the two meth-
ods is greater than 1 % or statistically significant. Double arrows
display trends where the average trend is more than 2 %. The aster-
isk corresponds to non-statistically significant results from the least
squares method (LMS). The brackets correspond to non-statistically
significant results from the Mann–Kendall (MK) test. The scatter-
ing Ångström exponent uses wavelengths of λ= 450 and 550 nm,
while the particle light scattering coefficient is given for the 550 nm
wavelength.

Spring Summer Autumn Winter All
seasons

σsp ↑ ↑↑ ↑↑ ↑↑ ↑↑

α ↓↓ ↓↓ ↓↓ ↓↓ ↓↓

Open water ↑↑ ↓↓ ↑↑ – ↑

Precipitation ↑↑ – ↑↑ – ↑↑

Wind speed – – ↑ – ↑

NW (↑)∗ (↑↑)∗ (↑)∗ (↓↓) (↑)∗

NE – – ↓↓* – (↓)∗

SE – (↓↓)∗ – (↓↓) (↓)∗

SW (↑↑)∗ (↓)∗ ↑↑ (↑↑)∗ ↑ ↑
∗

work is required to ascertain the exact annual movement of
the polar front and whether its location excludes ZEP from
any changes in emissions induced by the melting summer sea
ice.

The back trajectory analysis offers a plausible partial ex-
planation of the changes in aerosol optical properties ob-
served at ZEP. However, it should be noted that there is un-
likely to be any single overarching factor determining the ob-
served trends. Accompanying the changes in air circulation
patterns, there is a positive trend in wind speeds along the
back trajectories (Figs. 3 and 4). The inverse relationship be-
tween wind speeds and α (Woodcock, 1953) suggests that
higher wind speeds allow larger particles to be produced and
transported to the observatory.

The polar front advances in the winter to include more in-
dustrial emissions coming from Eurasia (as showed by the
increased NE contribution in Fig. S6 in the Supplement). In
the summertime, the polar front retreats, and ZEP is found
more often outside of the polar front receiving mainly ma-
rine air masses from the Atlantic Ocean (Dall’Osto et al.,
2017). The increased contribution from SW air masses in the
autumn and winter (Fig. 4) over the 18 years suggests that
the time the polar front is residing north of ZEP is increas-
ing; this further signals the observatory’s shift from a polar
to a marine site. Previous studies have shown that transport
through the North Atlantic has become more frequent in the
last decades (Mewes and Jacobi, 2019). The long-term in-
creasing trend in the contribution from air masses from the
SW in winter and NW in summer is consistent with the find-
ings in Maturilli and Kayser (2017), who have shown that
in the winter troposphere, the frequency in wind from north-
westerly directions is reduced, and, instead, there is much
more frequent wind from southern directions.

The overall changes in air circulation patterns can be tied
to regional shifts in weather phenomena. It is well known that
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long-term trends in the North Atlantic Oscillation (NAO) in-
fluence long-term trends in Arctic pollution (Stohl, 2006).
The Arctic Oscillation (AO) can also be used to describe
the same phenomenon as the NAO. The AO index has been
shown to be shifted towards more negative anomalies in re-
cent years (Maturilli and Kayser, 2017), which is consistent
with the findings in this study. A negative AO increases the
amount of meridional transport (south-to-north or vice versa)
(Maturilli and Kayser, 2017); the Icelandic low pressure sys-
tem and the Azores high pressure system are weakened, re-
stricting westerly flow and enabling an increased amount of
meridional transport over the North Atlantic.

Other potential explanations for the shift towards large
particles exist. The following alternatives are addressed as to
whether these trends are the result of any other hypotheses:
(1) increased influence of mineral dust in the Arctic; (2) de-
creases in new particle formation (NPF); (3) decreases in
long-range transport and/or local emissions of anthropogenic
pollution; or (4) decreases in the scavenging of larger parti-
cles due to changes in the rates of wet deposition.

Mineral dust, arising from deglaciation in the Arctic, is
another coarse-mode aerosol with the potential to be ob-
served at ZEP. However, it is well established that SSA is
the most abundant coarse-mode aerosol at ZEP (Weinbruch
et al., 2012). The clear open water dependency of α (see
Fig. 6) suggests the changes are a result of marine influences,
thus negating (1). Ultrafine particles (< 100 nm) produced
via NPF are considered to contribute a negligible amount to
the total aerosol light scattering. Furthermore, NPF events
at ZEP have been shown to be anti-correlated with sea ice
extent (Dall’Osto et al., 2017); thus (2) is not considered.
Anthropogenic pollution, which is either transported up to
the Arctic or produced locally, is typically dominated by
accumulation-mode aerosol particles and thus exhibits higher
α values. If (3) is assumed and also that there is no increase
in the contribution from coarse-mode aerosol, it is difficult
to explain the observed increasing trend in σsp. The mea-
surements in this study, however, cannot be used to demon-
strate a reduction in anthropogenic pollution at ZEP. How-
ever, previous studies have reported reductions in elemen-
tal black carbon (BC) at ZEP (Stone et al., 2014; Eleftheri-
adis et al., 2009; Hirdman et al., 2010), notable given the in-
crease in BC emission inventories in the past decade (Ohara
et al., 2007). Hirdman et al. (2010) also present reductions
in measured total sulfate concentrations at ZEP. It should be
noted that Hirdman et al. (2010) conclude that about 4.9 %
and 0.3 % of the reductions in BC and sulfate respectively
at ZEP can be explained by circulation changes within the
time period (1990–2009). Higher median α values for the air
masses arriving from the north-east and south-east are ob-
served (Fig. S7 in the Supplement). These air masses, where
a considerable amount of Eurasian pollution originates from,
have decreased in their relative contribution. The influence
of wet deposition on Arctic aerosol requires a thorough anal-
ysis. However, the trend in precipitation from arriving back

trajectories is increasing (Fig. 4c), as wetter air masses from
the south-west arrive at the observatory. The increase in pre-
cipitation suggests that (4) is unlikely to be the reason for the
shift to more coarse-mode particles. Dall’Osto et al. (2017)
show that NPF events are linked to the retreat in Arctic sea
ice; ultrafine particles (< 100 nm) are shown to be associated
with air masses travelling over open water and sea ice. In this
study, SSA is linked to air masses traversing over open wa-
ter; however, the overall mechanism that is ascribed to the
observed aerosol trends is changes in air mass contributions.

5 Conclusion

Aerosol composition at ZEP has undergone significant
changes over the last 2 decades, manifesting in a clear shift
of aerosol light scattering properties. The statistically signif-
icant increasing trend in σsp of ∼ 2.6 % yr−1 to 2.9 % yr−1,
combined with a statistically significant decreasing trend in
α of around −4.9 % yr−1 to −6.5 % yr−1, demonstrates that
aerosol observed at ZEP has become more dominated by
coarse-mode particles over time, which in turn contribute a
greater proportion to the scattering of light. There is a clear
open water dependency on α, suggesting that the increasing
trend is a result of marine influences leading to increased
transport of SSA to the site. The strong decrease of Arctic
sea ice over the last decades, leading to more open water, is,
however, not the main reason for the increased contribution
of SSA. Here, we demonstrate that the growing marine in-
fluence originates from the increasing time back trajectories
spend over the open water, particularly south-west of Sval-
bard. As such, the changes in air circulation patterns have re-
sulted in a characteristic shift of ZEP, from an Arctic towards
a more marine-dominated site.

ZEP is a site that requires detailed analysis, given the sig-
nificance and magnitude of the observed trends. The results
in this study suggest that climate-related changes are influ-
encing the transportation of aerosol particles in and to the
Arctic region, as well as the processing and sources of parti-
cles. It is important to note that the results are site dependent
and that no general conclusions for the entire Arctic can be
made.
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