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ABSTRACT: This study presents the integration of the single-particle
extinction and scattering (SPES) method in a continuous flow analysis
(CFA) setup. Continuous measurements with the instrument allow for the
characterization of water-insoluble particles in ice cores at high resolution
with a minimized risk of contamination. The SPES method can be used to
investigate particles smaller than 1 μm, which previously could not be
detected by instruments typically used in CFA. Moreover, the SPES
method provides not only the particle concentration and size distribution
but also the effective refractive index. We show that nonabsorbing mineral
particles and absorbing particles from both wildfires and fossil fuel burning
can be detected with the SPES method in shallow ice cores from North−
East Greenland. The concentration record retrieved with SPES correlates
well with established methods used in continuous measurements of dust content in ice cores. Year-to-year variations in the number
distribution of the diameter are only detectable by stacking annual layers because of the low nonabsorbing particle concentration of
late Holocene ice of approximately 6 × 104 mL−1. The median diameter in the bottom 20 m of the EGRIP-S7 core is found to be
0.75 μm (0.72 μm) during the annual maximum (minimum) in dust concentration.
KEYWORDS: CFA, dust, absorbing particles, ice core, submicron particles

■ INTRODUCTION
Ice cores represent archives that contain information about
past climatic conditions, such as the composition and aerosol
content of the atmosphere. Aerosols, including water-insoluble
particles, are deposited on the ice sheets and subsequently
preserved in the ice. These particles provide crucial
information needed to reconstruct past changes in atmospheric
circulation patterns, radiative transfer, and climate conditions
in their source regions. Changes in the source regions of the
aerosols, transport, and deposition mechanisms are reflected in
alterations in the concentration, size distribution, and
mineralogy of the particles.1

Nonabsorbing, mineral particles found in Greenland ice
cores are generally referred to as dust and originate mainly
from the Asian deserts (e.g., Taklamakan)2−4 with additional
contribution from other source regions, such as Europe and
Africa.5−8 Absorbing particles are produced during incomplete
combustion processes and are of either a biogenic or
anthropogenic origin. North America and Siberia are the
dominant source regions of the absorbing aerosol black carbon,
which is found in ice cores from Greenland.9−11

Dust particles affect the biogeochemical cycles, as they
provide nutrients to the ocean and land biosphere.12−14

Furthermore, they scatter and absorb incoming and outgoing
radiation, affect the photolysis rates and photochemistry, and
act as cloud condensation and ice nuclei.15−17 Thus, particles

impact the Earth’s radiative balance. The radiative effect of
dust particles is associated with large uncertainties because
their size distribution and optical properties are not well
constrained.18,19

Particle counting and sizing in ice-core analysis is commonly
performed with either Coulter counter (CC) instruments,
laser-sensing particle detectors (LPDs),20 or imaging techni-
ques, for example, scanning electron microscopy (SEM).21,22

Imaging and the CC technique are well-established but only
discrete samples can be measured.23 A continuous measure-
ment technique of water-insoluble particles reduces the risk of
contamination and a high-resolution record can be obtained.
The Abakus laser sensor, which is an LPD instrument, is
commonly used for continuous measurements of ice cores.
However, Abakus measurements are restricted to particle sizes
larger than 1 μm.

Currently, no continuous concentration or size distribution
measurement technique for particles in ice cores smaller than 1
μm exists. The particle size range of 0.1−1 μm is of particular
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interest, as it covers the peak of the number size distribution of
the accumulation mode. Aerosols in this size range have the
longest atmospheric residence time and thus survive long-
range transport from their source region to the remote polar
ice sheets. Therefore, addressing this research gap is essential
for improving the understanding of the processes causing the
particle concentration and size distribution changes observed
in the ice and for constraining the particle properties in
paleoclimate models.

The single-particle extinction and scattering (SPES)24

method can measure submicron particles continuously but
has so far only been applied to discrete ice core measure-
ments.25,26 The commercially available EOS Classizer One,
which uses the SPES method, determines the particle
extinction cross section, effective refractive index, and
concentration in the size range from 0.2 to 2 μm. This study
presents the implementation of the SPES instrument in the
Bern continuous flow analysis (CFA) system based on the
results of particle measurements from two shallow ice cores
from North−East Greenland: ExNGT-B16 and EGRIP-S7.

■ MATERIALS AND METHODS
Data. The data presented here are from two shallow cores

located in North−East Greenland, the EGRIP-S7 (75.63 N,
35.98 W) and the ExNGT-B16 (73.94 N, 37.63 W) core. Both
cores cover relatively recent times (EGRIP-S7: approximately
1470-2015 CE, ExNGT-B16: approximately 1880-2005 CE)
and thus have a very low particle concentration. Discrete
sections of these cores are presented here to illustrate the
capabilities and limitations of the SPES instrument in
continuous ice-core measurements.

For the determination of the error and resolution,
additionally, discrete samples from different ice cores
(EGRIP (Greenland), Colle Gnifetti (European Alps), EDC,
and EDML (Antarctica)) were measured. Additionally,
discrete measurements of the standard materials were
conducted. For these measurements, we used ultra fine test
dust (UFTD, NIST reference material 8632), which consists of
naturally occurring irregularly shaped mineral particles and
soot particles (fullerene soot (as produced), Sigma-Aldrich). A
detailed description of the discrete sample preparation is given
in the Supporting Information.
SPES Method. The advantages of the SPES method are

that it can be integrated into a continuous flow setup and the
lower size detection limit of approximately 0.2 μm. This lower
detection limit is dependent on the refractive index and the
sensitivity of the laser. In contrast to other techniques that give
the volume size distribution, by design, the number size
distribution is retrieved from the SPES measurements. Due to
their strongly different scattering and extinction properties, a
distinction between dielectric (nonabsorbing) and absorbing
particles can be achieved.
Detection Principle. The SPES instrument detects the laser

light that is transmitted and scattered by a particle passing
through the laser beam in a flow cell. A quadrant photodiode
registers the signal in the forward direction, which is the
direction of the incident beam. The interference of the
transmitted and scattered wave creates intensity fluctuations,
which are proportional to the complex scattering amplitude.24

The scattering data generated by the instrument are saved in
2D histograms (SPES-fields) with the x-axis corresponding to
the logarithm of the real part of the scattering amplitude in the

forward direction log[Re{S(0°)}] and the y-axis to
log[Im{S(0°)}].

Retrieval of Size and Refractive Index. The diameter and
the refractive index of a nonabsorbing particle can be
determined by comparing the experimental scattering
amplitude for each particle with computer simulations of
spherical particles of known size and refractive index.24 The
scattering simulations used for the comparison are conducted
with the open-source Amsterdam discrete dipole approxima-
tion (ADDA) code.27 A range of scattering amplitudes is
determined by simulating scattering of a plane wave with
spherical particles of different combinations of sizes and
refractive indices. The simulations are binned on the same grid
as the experimental data, thereby creating a look-up table
(LUT).

Assumptions and Implications. Some assumptions are
needed for particle sizing. The most crucial is that the particles
are assumed to be spherical and homogeneous in their
composition. Hence, only an effective (spherical equivalent)
diameter and refractive index are determined here. Note that in
principle, the scattering and extinction response of non-
spherical particles can be taken into account using forward
scattering modeling,28 if the particle shape is known a priori.
For natural dust samples in ice cores, however, the shape and
sizes are very variable and are not known for each detected
particle. Moreover, the orientation of nonspherical particles
relative to the incident laser beam may vary. Accordingly, here,
we show results only for spherical-equivalent parameters.

The nonsphericity influences the complex scattering
amplitude (S = Re + i · Im) in a way that the optical thickness
(ρ = 2 · Re/Im) is reduced compared to spherical particles,
and the spread in scattering amplitude is increased.26,29 Here,
the spherical shape is assumed in order to be left with only two
unknown parameters, the diameter and the real part of the
refractive index. For absorbing particles, calculating the
scattering amplitude30,31 and, thus, determining the size of
the particles are not possible without assuming either the real
or imaginary part of the refractive index and the morphology,
which typically resembles fractal aggregates.32 However, the
estimates of refractive indices of absorbing particles vary
greatly.33,34 Additionally, the shape and morphology of
carbonaceous aerosols depend strongly on their formation
and aging process.35 Therefore, we refrain from making any
assumptions on the morphology and refractive index and
report only the number concentration of absorbing particles,
not their size.

To retrieve concentrations from the detected single particle
signals, the instrument is calibrated by the manufacturer. This
calibration could potentially affect the accuracy of the retrieved
concentration and size distribution, as it is partly based on
measurements with the standard particles.
Continuous Flow Analysis. The continuous flow analysis

(CFA) pioneered in Bern36−39 consists of a melter unit in a
cold room at −20 °C and the analysis system situated in a lab
at room temperature. The analysis set up consists of different
fluorescence and absorption methods (wet-chemistry) and a
time-of-flight ICP-MS.40 Only the inner part of the melted ice
stick is analyzed with the Bern CFA system including the SPES
measurements. The ice at the ends and at breaks of the ice
sticks is shaved off to decontaminate the surfaces. In a standard
measurement, 4.4 m (8× 0.55 m long sticks) is melted at about
2.8 cm/min (for ice) in one run, which is achieved by
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reloading the ice sticks during the measurement. The system is
described in detail in Kaufmann et al.37 and Erhardt et al.41

In the Bern CFA setup, the SPES instrument is positioned
downstream of the conductivity cell (Amber Science) and the
Abakus sensor (Klotz GmbH, Germany). The meltwater is
pumped through these two instruments first, before it passes
the SPES with a delay from the moment of melting of
approximately 100 s. The instrument in use is the EOS
Classizer One, which can measure continuously in either the
lower (0.2−2 μm) or the upper (2−10 μm) size range at
different flow rates. In the Bern CFA system, the lower
measurement range at a flow rate of 2 mL/min is typically used
and described here.

The operation of the instrument in a continuous flow setup
reduces the risk of contamination because only the meltwater
from the inner part of the ice stick is measured. Additionally,
the sample is measured immediately after melting, which
reduces the likelihood of (partial) dissolution or coagulation of
particles in the meltwater. Measuring in continuous mode also
allows for the resolution of fast changes, such as individual
mineral dust storms or wildfire events in ice cores with
sufficiently high annual layer thickness. This is the case for the
EGRIP site, where the annual layer thickness in the ice section
of the core is about 12 cm during the Holocene.42

Furthermore, including the SPES instrument into the CFA
setup makes it possible to compare the data to other
measurements thanks to the perfect alignment of the different
records.
Data and Processing. The goal of the postprocessing is to

put the data on a depth scale by using the melt speed and
including the meta data on the break size and position.
Additionally, possible contamination is reduced by excluding
data around the breaks (details in Kaufmann et al.37). The
SPES data are put on the depth scale by aligning them to the
Abakus microparticle concentration data. This assumes that
the seasonal cycle of dust is the dominant signal in both
records, and therefore, the seasonal changes happen in parallel
in the smaller and larger size range. The SPES concentration is
calculated by taking the sum over each SPES-field. The time
offset between the data sets of the two instruments is
determined by maximizing the correlation between their z-
scores. The SPES data, recorded at 1 Hz, are put on a depth
scale with 1 mm resolution by taking the mean over the raw
SPES-fields that fall into the respective 1 mm depth interval. At
a melt speed of 2.8 cm/min ice equivalent, approximately 0.5
mm of the ice core is measured per second. Thus, each data
point on the 1 mm resolution depth scale corresponds to the
mean over approximately two raw SPES-fields.
Resolution. The actual resolution of the SPES concen-

tration record depends on the instrumental noise and the
dispersion of the signal due to the melting procedure and the
flow through the CFA system. The rise and fall times of a step
function (switch from ultrapure water to sample and back) are
indicative of the resolvable signal duration. To determine the
rise time, a cumulative normal distribution function is fitted to
the concentration data of such a step function measurement.
The rise of the signal from 10 to 90% of its final level (rise
time) is determined to be approximately 10 s (Figure 1b) and
is independent of the concentration. This corresponds to a
depth resolution of 0.5 cm at a melt speed of 2.8 cm/min.

To investigate the effect of the dispersion on the data, we
determine the upper frequency limit at which the SPES
concentration data are dominated by white noise. For an upper

frequency limit lower than the frequency determined from the
step function, the data should not be greatly affected by
smoothing in the system. By fitting a piecewise linear function
to the FFT power spectrum of the raw ice-core measurement
data, the upper frequency limit is determined to be 0.03 s−1,
corresponding to 32 s measurement time or 1.5 cm (at 2.8 cm/
min melt speed). This implies that for an annual layer
thickness of 12 cm, as typically found at the EGRIP site,
subannual variations in the aerosol deposition can be resolved.
Uncertainties in Diameter and Refractive Index. In

this study, we fit a log-normal distribution to the
experimentally retrieved data and report the two fitting
parameters, the median (μ) and the geometric standard
deviation (σg). As ice-core samples are polydisperse, a certain
number of scattering events needs to be registered by the
instrument to get a representative size distribution of the
sample. The error interval, within which the parameters of the
size distribution can be determined, is thus dependent on the
desired time/depth resolution and the particle concentration of
the sample. For a given concentration, the error increases with
increasing sampling resolution (Figure 2 and Supporting
Information). We determine the relation between the
uncertainty in the parameters of the size distribution and the
number of measured particles experimentally using different
ice-core samples spanning a wide range of concentrations. The
procedure is described in detail in the Supporting Information.

■ RESULTS AND DISCUSSION
SPES-Field. A typical SPES-field of Holocene ice in

northeastern Greenland is characterized by two distinct areas
that show high concentrations of particles (denoted as modes
in the following). The first one has a larger spread in the real
part of the scattering amplitude in the SPES-field and is mainly

Figure 1. (a) Power spectrum of the EGRIP-S7 raw data for sections
64−84 m. The orange marker (square) indicates the frequency of the
intersection of the piecewise linear function (1/32 s−1). This point
represents the frequency above which the signal is noise. The purple
marker shows the frequency that corresponds to the rise time of the
signal (1/10 s−1). (b) Switch from ultrapure water to sample and
fitted cumulative normal distribution (purple) with the dashed lines
indicating the rise time (10th to 90th percentile) of 10 s. The orange
marker being positioned at a lower frequency compared to the purple
marker indicates that concentration changes in the ice core are slower
than the changes the instrument could theoretically resolve (rise
time).
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a result from scattering of nonabsorbing (or only very weakly
absorbing) particles. The second mode appears when
scattering by absorbing particles takes place. This results
from the distinct complex scattering amplitude of strongly
absorbing and nonabsorbing particles because of their differing
optical properties.

In Figure 3, average SPES-fields are depicted for the data
between 70 and 80 m (Figure 3a), a dust peak (Figure 3b), and
an absorbing particle peak (Figure 3c) of the EGRIP-S7 core.
The orange contour lines show measurements of two standard
materials: ultra fine test dust (UFTD) and soot particles.
Although the properties of these standard particles do not
perfectly correspond to the particles in ice cores, their SPES-
fields are comparable. The small difference for absorbing
particles likely results from absorbing ice-core particles not
necessarily being black carbon (BC). Furthermore, the ice-
core-absorbing particles are aged particles, which can have a
significant effect on the refractive index and their shape and
size.35

The dielectric and absorbing particle concentrations can be
determined by taking the sum over the area of the SPES-field
where the respective mode lies. To separate the respective
areas, scattering simulations for particles with a refractive index
of 1.9 were used (red line in Figure 3). These fall into the
concentration minimum of the SPES-field between the two
modes, and the refractive index of most naturally occurring
mineral particles is smaller. The disadvantage of this approach
is that the modes may overlap to some degree, and some of the
particles can be misclassified. This overlap results from the

detected particles having a range of refractive indices and
shapes. An estimation of the misclassification based on
standard measurements is described in the Supporting
Information.

In the ice-core data presented here, the dielectric particle
concentration is low and is in a range similar to the absorbing
one. Therefore, the identification of absorbing particle peaks
and the relative changes in concentration over longer time
scales is possible solely on the basis of the scattering amplitude.
For data with higher concentration differences between
absorbing and nonabsorbing particles, a more sophisticated
approach may be needed.
Absorbing Particles. The lower detection limit in particle

diameter of the SPES only allows for the detection of particles
larger than approximately 0.2 μm. This would correspond to
the upper tail of the size distribution of absorbing particles in
Greenland. Mori et al.43 found a number modal diameter for
BC particles in Greenland snow below 100 nm using an SP2
instrument. As the detection limit of the SPES also depends on
the (complex) refractive index of the particles and because the
particle sizes in SP2 and SPES are determined fundamentally
different, a direct comparison is beyond the scope of this study.
However, we can still expect that only the larger absorbing
particles can be detected by SPES, while the majority remains
hidden.

To test the hypothesis that the detected absorbing particles
originate from wildfire events, we compare the data to the
ammonium (NH4

+) record for a section (corresponding to the
years 1620−1640 CE) of the EGRIP-S7 core (Figure 4a).
Large peaks in NH4

+ are associated with the deposition of
wildfire-derived aerosols, which can include BC.44,45 Some of
the largest peaks in the NH4

+ record are also found in the

Figure 2. Error of the median diameter (μ) depends on the particle
concentration (C) and the resolution (time over which the data are
averaged). (a) The lines represent the error divided by the standard
deviation of the diameter of the sample. The lines were obtained by
fitting the data from samples from Colle Gnifetti (CG, square),
EGRIP (circle), EDML (pentagon), and EDC (hexagon). (b) 600 s
of a measurement of a well-mixed EGRIP sample is shown. The
median diameter (μ) was determined for different resolutions (20 and
100 s) with the shaded area corresponding to the determined error
(0.04 and 0.02 μm) at 95% confidence (see the Supporting
Information) for the sample with a concentration of C = 3.7 × 105

mL−1.

Figure 3. SPES-fields for selected ice-core data (purple, 2D
histogram) and standard particles (orange, contours). (a) Mean
SPES-field (70−80 m in EGRIP-S7) with a contour line of UFTD
mixed with soot particles. (b) Section with high nonabsorbing particle
concentration (55.12−55.85 m in EGRIP-S7 core, dust peak) with a
contour line from a UFTD sample. (c) Absorbing particle peak
(60.565−60.615 m in EGRIP-S7 core) with the contour line from a
soot particle sample. The red line is the separating line used for the
differentiation between absorbing and nonabsorbing particles.
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absorbing particle concentration data, which is highlighted in
orange in Figure 4a. This suggests that the absorbing particle
events that can be detected with the SPES instrument in
preindustrial times can be primarily attributed to wildfires.
NH4

+ peaks in the ice are not always accompanied by
absorbing particle peaks or vice versa, which is explained by the
fact that the fire properties that lead to NH4

+ production may
not always be conducive of the formation of absorbing particles
and that the atmospheric residence times of absorbing particles
and NH4

+-bearing aerosol are different.44

Absorbing particles in industrial times do not always
coincide with NH4

+ peaks (Figure 4b). The ice-core section
of the ExNGT-B16 record covers the period 1900−1920 CE
and therefore the peak in BC concentrations found in

Greenland ice.9 The absorbing particle maxima highlighted
in purple in Figure 4b do not coincide with maxima but with
minima in the NH4

+ record. Thus, they occur during the time
of the year with minimal biogenic productivity (winter),
suggesting that these particles are not of biogenic origin. These
shifted absorbing particle peaks are likely a result of
anthropogenic fossil fuel burning during the winter months.
Dielectric Particles. Overall, the SPES instrument

operated in continuous mode produces results similar to
those of the already established methods. The concentration of
the SPES instrument and the concentration measured with the
Abakus dust sensor show simultaneous changes with the
calcium (Ca2+) concentration, which is often taken as (soluble)
dust proxy.20 The Abakus and SPES concentration data

Figure 4. SPES absorbing particle concentration CSPES,abs (high-resolution data in gray, Gaussian smoothed data in black, σ = 12) for an ice-core
section of (a) the EGRIP-S7 core in preindustrial times and (b) ExNGT-B16 in industrial times in comparison with the ammonium (NH4

+) record.
High peaks in the NH4

+ record are associated with wildfires and are highlighted in orange. The absorbing particle peaks highlighted in purple do
not coincide with the NH4

+ peaks, suggesting their origin to be fossil fuel combustion.

Figure 5. High-resolution ice-core data for a 2 m section of the EGRIP-S7 core. (a) The soluble dust proxy calcium (Ca2+) with the gray vertical
lines indicating the sections used for the calculation of the parameters in plots (e−g); (b) the Abakus particle concentration CAbakus for particles
larger than 1 μm; the SPES particle concentration (raw data in gray, data smoothed with a Gaussian filter (σ = 6) in black) for (c) nonabsorbing
CSPES,diel and (d) absorbing CSPES,abs particles; (e) the median diameter μ and (f) the geometric standard deviation σg of the number size
distribution; (g) the mean effective refractive index m̅. At this resolution, no change in the size distribution parameters or the mean refractive index,
considering the associated errors, is detectable.
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correlate well despite their different size ranges (Figure 5b,c,
Pearson correlation coefficient of 0.76 for the unfiltered data,
below 60 m of the EGRIP-S7 core). This demonstrates that
the seasonal changes in the dust signal in the smaller and the
larger size range happen in parallel. When only considering the
common size range (1−2 μm), the correlation between the
two data sets is higher (0.84).

However, some significant differences between the concen-
tration record in the common size range of Abakus and the
SPES instrument exist. The high-resolution SPES concen-
tration record is much more variable than the Abakus record.
This is likely due to the much lower detection efficiency of the
SPES, which only measures a small fraction of the particles in
the meltwater stream. Even though this is corrected for by the
instrument software, this results in lower counting statistics
and a higher noise in the data.

Potential inaccuracies in this estimation of the concentration
based on the single particle signals are also one possible cause
for the SPES concentrations being approximately four times
larger than those from the Abakus. The other possible cause
for this is the lack of a good size calibration of the Abakus
instrument employed in these measurements. For natural,
nonspherical particles found in the ice, uncalibrated Abakus
size distribution measurements are skewed toward larger
particles.46 Thus, the concentration in the size range between 1
and 2 μm is underestimated in our Abakus measurements.
Considering this, the retrieved absolute concentration values
should be considered with caution. However, relative
concentration changes detected with SPES are not affected
by a potential overestimation of the concentration.

Besides the high-resolution particle concentration measure-
ments, the SPES instrument offers the opportunity to
investigate the effective diameter and refractive index
distributions. The median diameter of the fitted size
distribution, the geometric standard deviation, and the mean
refractive index are shown for each annual concentration
maximum in a 2 m section of the EGRIP-S7 core, with the
associated errors in Figure 5e−g. No changes in these
parameters are detected within their errors due to the noise
in the SPES raw data (see Figure 2). This implies that for an
investigation of the seasonality, a stacking of several years (or

peaks) is necessary to obtain statistically significant results for
samples of low concentrations.

To investigate possible seasonal differences in median
diameter, every annual layer below 65 m (approximately
1625 CE) of the EGRIP-S7 core was divided into four equal
parts. The annual layer boundary was set to the annual
concentration maximum in the Ca2+ record, which is observed
in late winter to early spring (January−March) at the EGRIP
site in recent years.47 A mean SPES-field over each part of
every year was calculated and normalized. A 150 year mean
SPES-field for each of the four parts was determined from the
normalized SPES-fields. The log-normal size distribution was
fit to each part (Figure 6a). The instrumental uncertainty
(according to the determination described in the Supporting
Information) for this data is negligible, and only the standard
deviations of the parameters of the fit are reported in the
following.

The median diameter retrieved from the fit for the first and
fourth part of the year (annual concentration maximum) is
(0.75 ± 0.01) μm, and the geometric standard deviation is
found to be 1.79 ± 0.02. For the second and third part of the
year (annual concentration minimum), a median diameter of
(0.72 ± 0.01) μm and a geometric standard deviation of 1.76
± 0.02 and 1.77 ± 0.02, respectively, were determined from
the fit. Thus, the median diameter is different between the
annual dust minimum and the maximum, while the geometric
standard deviation does not differ within the fitting
uncertainty.

In order to illustrate the spread in concentration and median
diameter over the 150 year period, the log-normal size
distribution was also fit to each annual quarterly SPES-field.
This is depicted in boxplots for the concentration and median
diameter for the four parts of the year in Figure 6c,d. It appears
that the median diameter is the largest during the part of the
year with the highest dust input (spring) and the lowest during
the minimum in annual dust concentration. Therefore, a
seasonal signal appears not only in the concentration but also
in the median diameter of the size distribution.

The origin of dust in Greenland ice cores varies seasonally,48

which could potentially affect the size distribution of the
particles. Transport time and deposition mechanisms also
modulate the size distribution and concentration,49 as larger

Figure 6. (a) Mean size distribution for each of (b) 4 equally long parts of an annual layer (based on the peak in Ca2+ corresponding to late winter
to early spring) over 150 years (approximately 1625−1475 CE, 65−83 m). The size distributions of the 1st and 4th and the 2nd and 3rd parts are
almost indistinguishable. Indicated are the median (square), the mode (circle), and the 84th percentile (diamond) of the fitted number size
distribution to the data of the 2nd and 4th part. The boxplots show the distribution of (c) the annual dielectric particle concentration CSPES,diel and
(d) the median diameter μ for each of the 4 parts of the year for the 150 year period.
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particles are more efficiently removed from the air column and
dry and wet depositions depend differently on particle size.50

Additionally, changes in source region mobilization affect the
particle concentration.51 This is illustrated by the annual dust
concentration maximum observed in Greenland ice cores
during late winter/early spring47 concurring with dust storms
in Asia.52 Therefore, seasonal variability in precipitation during
transport and to the ice sheet, as well as in source region
contribution, could result in the higher median diameter
during the annual dust concentration maximum in the
investigated period from 1475 to 1625 CE. As there are
several potential mechanisms that could result in the observed
differences in size distribution, dedicated research is needed to
confidently attribute them.

To comprehensively understand these seasonal differences,
it is essential to interpret them in the context of changing
atmospheric circulation, source region mobilization, and
depositional mechanisms. Future applications of the instru-
ment may include investigating long-term climatic and seasonal
variations in particle concentration, effective diameter, and
refractive index. Integrating the SPES instrument into a CFA
setup enhances the ability to measure these physical properties
of particles preserved in ice cores. The information gained
from the addition of the SPES could help disentangle the
processes, leading to variations in these parameters.
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