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Abstract. High-precision measurements of cloud microphysical properties, such as particle size and phase, remain challeng-
ing. The most common method for in-situ single-particle measurements is via light scattering, where size is inferred from the
scattered-light intensity using Mie-Lorenz theory. Here, we present the newly developed instrument, the Ground-based Fog
and Aerosol Spectrometer (GFAS). Besides particle size and number concentration obtained from forward-scattering measure-
ments, the GFAS also measures the change in polarization of backward scattered light, which allows for investigating particle
morphology and composition. Within this work, we present a new methodology to calibrate detectors of light scattering spec-
trometers using a poly-disperse spray of pure water coupled with theoretical Mie-Lorenz modeling. Furthermore, we show the
importance of proper calibration procedures to derive reasonable and interpretable data with respect to particle size and degree
of linear polarization. In particular, we show that the new autocalibration method that uses a spray of pure water droplets leads
to lower uncertainties compared to the standard glass bead calibration and is also usable for the polarized backward scattering
detectors. Finally, we evaluate the GFAS using laboratory and field measurements. Under laboratory conditions, polarization
measurements distinguish water droplets from nonspherical dust. Under ambient conditions, however, this distinction becomes
considerably more challenging. For the in-situ observations, we find that cloud particle optical properties are distinctly differ-
ent compared to those of pure water measured under laboratory conditions, indicating a potentially elevated refractive index in

cloud droplets compared to pure water.
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1 Introduction

Cloud properties like hydrometeor size, composition, and shape are difficult to measure with high accuracy, and results differ
strongly depending on the measurement principle (Baumgardner, 1983; Burnet and Brenguier, 1999; Spiegel et al., 2012). In
particular, mixed-phase clouds often lack representativeness in studies, although the differentiation between liquid and ice is
critical for determining their optical properties and the evolution of precipitation (Korolev et al., 2017).

Optical measurement techniques are among the primary methodologies used to measure properties of clouds. Since the late
1970’s, a range of different instruments has been developed for the in-situ measurements of cloud hydrometeors (Knollenberg,
1976; Baumgardner et al., 2011). Cloud measurements are primarily performed via two in-situ strategies: sensors on airborne
platforms (e.g., aircrafts, balloons, drones), providing vertical and horizontal profiling; and ground-based instruments (Gultepe
et al., 2014; Shupe et al., 2008; Doulgeris et al., 2020), enabling continuous sampling on longer temporal scales (Gayet et al.,
1996; Baumgardner et al., 2011). Larger particles like cloud drops, drizzle or snowflakes (diameter 10'-10° um) can be analyzed
through imaging (Baumgardner et al., 2011) and holographic methods (Fugal et al., 2004), while smaller particles (coarse
aerosols and cloud droplets; 100’s nm to 100’s zm) are usually measured via single-particle light scattering (e.g., Rosenberg
et al., 2012; Tiitta et al., 2022; Um and McFarquhar, 2011). The principle of single-particle light scattering is based on Mie-
Lorenz theory (Mie, 1908; Lorenz, 1890) in which a spherical particle, around the size of the wavelength of the incident light,
scatters light according to the particle’s size and refractive index (1m = n+k¢). By using a monochromatic light source, typically
a laser, to illuminate particles and measuring the scattered light intensity with a detector, the size of a particle can be derived.
The first commercially available single-particle light scattering spectrometer, the Axially Scattering Spectrometer Probe, was
developed in the mid-1970s (ASSP; Pinnick and Auvermann, 1979). Since then, a range of other light scattering instruments
has been developed that use similar techniques. While the Forward Scattering Spectrometer Probe (FSSP; Knollenberg, 1976;
Miles et al., 2000), the Cloud Droplet Probe (CDP; e.g. McFarquhar et al., 2007) and the Fog Monitor (FM model 100 or 120;
e.g. Spiegel et al., 2012) measure droplets only via forward scattering, there are also instruments that detect light scattered over
more than one collection angle, e.g., the Small Ice Detectors (SID model 1 and 2; Cotton et al., 2010) and the Light Optical
Aerosol Counter (LOAC; Renard et al., 2016) or by detecting polarized components of the scattered light, like the Cloud and
Aerosol Spectrometer with Polarization (CASPOL; Glen and Brooks, 2013). Instruments with more than one collection angle
can provide additional information about the scattering phase function of a particle, which allows the discrimination between
spherical and nonspherical particles. The SID, for example, was designed to explicitly differentiate between ice crystals and
droplets by measuring the phase function over several collection angles (Cotton et al., 2010), whereas the LOAC categorizes
different types of aerosols by measuring in a forward and a sideward collection angle (Renard et al., 2016). Instruments
measuring over the near forward and backward collection angles have been used to derive the refractive index of particles in
the atmosphere by relating the ratio between the two scattering intensities to the refractive index (Baumgardner et al., 1996).
Using a change in polarization of the backscattered light has been developed in the remote-sensing community to discriminate
ice from liquid clouds by exploiting that nonspherical particles change the polarization angle of a linearly or circularly polarized

laser more than spherical particles (e.g., Schotland et al., 1971; Korolev et al., 2017). A similar method has been developed for
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in-situ measurements where the change in polarization is measured using two different detectors in the backward scattering, of
which at least one has an optical mask in order to discriminate between the perpendicularly polarized and the parallel polarized
light components with respect to the polarization of the laser (Baumgardner et al., 1996, 2011; Glen and Brooks, 2013, 2014).

The aim of this work is to present and characterize a new instrument development, the Ground-based Fog and Aerosol
Spectrometer (GFAS, Envea, France). The GFAS follows the measurement principle of the FM, but it has two additional
detectors in the near backward scattering region; one detector for the parallel polarized light component and one for the
perpendicularly polarized light component with respect to the laser. With first laboratory and field measurements, we will show
(1) how the GFAS performed during a field campaign at Sonnblick Observatory (SBO), Austria, focusing on its new feature,
the polarized back-scatter measurements, and (2) how we can use these polarized back-scattering measurements to learn more
about particle morphology and potentially the particle type. Additionally, a new method for auto-calibrating light scattering
spectrometers is presented to avoid issues arising with glass bead calibrations. Furthermore, an algorithm correcting for particle

sampling losses was developed specifically for the new GFAS.

2 Methodology
2.1 Technical description

The GFAS (Fig. 1) is a ground-based, single-particle light scattering spectrometer that derives particle size and approximates
particle shape in the range of 0.95-50 um (the lower size threshold might depend on the specific GFAS unit; for technical
details, see Tab. 1). The air flow, temperature, and a set of diagnostic parameters are continuously monitored to assess the
operational status of the instrument. Since sampling efficiency is highly dependent on the angle between wind direction and
inlet orientation (Spiegel et al., 2012), the GFAS was designed to turn horizontally into the ambient wind by measuring the

wind direction with an anemometer and adjusting its orientation.

Table 1. Technical specifications of the GFAS. For determination of particle coincidence probability, see Appendix C.

Laser wavelength A 660 nm

Sampling frequency Single-particle & 1 Hz output
Particle coincidence probability < 20% for N < 1000cm™3
Inlet diameter 50.07 mm

Contraction part length 120.05 mm

Wind tunnel length until laser 143.54 mm

Wind tunnel diameter 25.04 mm

Sampling volume flow rate around 5cm?® ™!

Light collection angles (forward, backward) 3.8 —20°, 168 — 176.5°

Laser cross section 0.22 mm?
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The optical components consist of a 660 nm diode laser that projects a collimated, focused light beam across the sampled
airstream and lenses that collect some fraction of the forward and backward scattered light (see Fig. 1). When a particle crosses
the laser beam, it scatters the incident light with an intensity depending on its size, shape, and refractive index, as well as the
intensity and wavelength of the laser. The forward scattered light is collected over a solid angle of 3.8 — 20 ° and is separated
into two components with a beam splitter. One component is directed onto an Avalanche Photo Detector (APD) whose output
signal is processed to derive a particle size. By assuming that the particle is spherical with a known refractive index, this
scattering intensity can be converted into an equivalent optical diameter (dopt) according to Mie-Lorenz theory (Mie, 1908;
Lorenz, 1890). This detector is called the "sizer". The other component is projected onto a second APD through an optical
mask, called the "qualifier", which restricts light from particles that pass through the beam outside of the Depth Of Field
(DOF). The backscattered light, collected over a solid angle of 168 — 176.5 °is also separated with a beam splitter into two
components that are then directed onto APDs. Each APD has a linear polarizing filter, one oriented parallel to the incident laser

light and the other oriented perpendicular to the incident laser light polarization (see Fig. 1).
2.2 Laboratory characterization

Measurements of water droplets and various solid, nonspherical particle samples were made in the laboratory to characterize
the response of the GFAS scattering intensities Iy, I 1B and I of the corresponding detectors. Measurements of pure deionized
water droplets and glass beads were also used to determine the scale factors ¢; required to calibrate these detectors. The glass
beads used were of sizes 2, 5, 8, 15, and 30 um (Thermo Scientific, Duke Standards, borosilicate glass for 2-15 pm n = 1.56
and lime glass for 30 um, n = 1.51 at 589 nm). All detector signals were calibrated using the theoretical o calculated for the
GFAS specific collection angles and wavelength (see Sect. 4.1).

Dust samples (volcanic dust extracted from the base of the Japanese Sakurajima volcano) were aerosolized with a self-made
aerosol shaker and introduced into the GFAS inlet. To generate airborne cellulose fibers, tissue paper (paper hand towel roll,
Katrin) was mechanically crumpled in close proximity to the sampling inlet. In addition, 15 ym glass beads (Thermo Scientific,
Duke Standards, Borosilicate glass microspheres, n = 1.56 at 589 nm, mean diameter 14.6 £ 2.3 ym) were dispersed into the
instrument using the GFAS calibration kit (provided by the manufacturer). Water droplets were generated using deionized

water and a commercially available medicare humidifier (Vicks, model WUL460E4, Switzerland).
2.3 Field deployment at Sonnblick Observatory, Austria

The Sonnblick Observatory (SBO) consists of two research sites: one is on the summit of Mt. Hoher Sonnblick (47.05° N,
12.96° E, 3106 m a.s.l.), Austria, and the other is at the mountain base. The station on the summit has two terraces situated on
the northeastern edge of a steep escarpment descending into the valley below. In August 2024, the European Center for Cloud
Ambient INTer-comparison (ECCINT), based at SBO, conducted an inter-comparison campaign focused on in-situ cloud
measurements on the summit of Mt. Hoher Sonnblick. The instruments deployed included the GFAS, Fog Monitors (FM100,
Droplet Measurement Technologies, USA), and Particlulate Volume Monitor (PVM; Model PVM-100, Gerber Scientific Inc.,

USA), operated by various research groups. All instruments were located at the southeastern corner of the measurement terrace.
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Figure 1. The ground-based fog and aerosol spectrometer (GFAS). (a) Photograph of GFAS at Mt. Sonnblick (Austria), (b) dimensions
of instrument inlet (in mm), and (c) optical measurement principle. Cloud droplets, aerosols (blue and gray dots), and ice crystals are pulled
through the wind tunnel, passing a laser beam. The scattered light (red) is directed via collection and collimating lenses towards the four

detectors. /; indicate the different signal intensities measured by the GFAS at each detector.

The PVM, which measures light forward scattered from ensembles of particles (Gerber, 1991), was mounted on the eastern side
of the terrace, while the single-particle spectrometers (GFAS and FM) were mounted on the southern corner. While GFAS and
PVM were approximately at the same height (1.5 m above the terrace ground), the FM was mounted in a more elevated position
on a pole that could be manually turned into the main wind. GFAS and FM were approximately 1.7 m apart, while the PVM
was approximately 2 m away from the GFAS. Aerosol optical properties were measured with a Polar Nephelometer Aurora
4000 (Schauer and Maier, 2020). The single scattering albedo (SSA) was calculated from the measured particle scattering and
absorption coefficients (psp, f1ap, respectively). Its wavelength dependence was fitted with a power-law function to derive the
SSA exponent (agga). A change in the sign of agga indicates an inversion of the Single Scattering Albedo (SSA) spectral

dependence and is considered a marker of mineral dust influence (Collaud Coen et al., 2004).
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2.4 Estimation of optical measurement uncertainties

The accuracy of the size and number concentration derived from single-particle light scattering optical spectrometers is im-
pacted by uncertainties and limitations imposed primarily by two factors: 1) Uncertainty in the setup of the optical detection
system and 2) natural variability in the cloud and aerosol optical properties (due to changes in refractive index and particle
shape). An error estimate was performed using uncertainty propagation analysis through Monte Carlo simulations. We found
that the error in sizing can be between 16-102 % for particles < 12 um and up to 18% for particles > 12 pum (for more details
see Appendix C). The sensitivity in sizing is primarily introduced through the non-monotonic nature of Mie-Lorenz theory,

which exhibits the strongest oscillations at sizes smaller than 12 ym.

3 Theoretical calculations

To assess the theoretical sensitivity of the GFAS to particle properties, the scattering cross sections of the forward scattered
(o), backward scattered parallel polarized (o)), and backscattered perpendicular polarized (o) components were modeled
as a function of particle diameter for a range of different real (n = 1.33 — 1.6) and complex (n = 1.33,k = 0 — 0.02) refractive
indices (m = n + ki) using Mie-Lorenz theory and the GFAS optical setup (see Fig. 2 and Fig. 3). The ranges of values were
chosen based on those found in ambient aerosols (Zhao et al., 2020). These calculations were performed using the python
package PyMieScatt (Sumlin et al., 2018) based on the algorithms of Bohren and Huffman (1998).

Although the scattering cross sections have a clear dependence on particle diameter, with an approximate power-law increase
(see Figs. 2 and 3), there are distinct oscillations in the size-to-signal relationship, i.e., particles with different diameters can
yield identical o, introducing sizing uncertainties. An increase in the real part n of the refractive index significantly decreases
the o, particularly at larger diameters. This will lead to the under-sizing of particles with a higher refractive index than
water. When changing the imaginary part of the simulated o, signals for both forward and backward directions are dampened
drastically, leading to potentially strong under-sizing with absorbing matter present (see Fig. 3).

The o and its polarized components, o, and o, are highly sensitive to the refractive index, size, and shape of the scattering
particle. The degree of linear polarization r,., defined as

O’lfo'”

D

Tpol =
po )
O'H+O'J_

can thus be used to infer information about the particle’s morphology and composition (with the refractive index as an indicator
for composition). For one, nonspherical particles change the polarization of a polarized laser more than a fully spherical particle
(Korolev et al., 2017; Liou, 2002). Comparing therefore o1 to o or the total backward scattering (o5 = 0| + o) has been
used to discriminate (in-situ and in remote sensing) between ice crystals and water droplets (e.g., Nichman et al., 2016; Mahrt
et al., 2019; Zenker et al., 2017). On the other hand, 7} also changes with refractive index (Fig. 2e) and has therefore been
used to, e.g., differentiate between different dust particles (Glen and Brooks, 2013, 2014). However, 7,01’s response to the
refractive index is not as linear as the ratio between the o and op (Fig. 2d and 3d) which has also been used to discriminate

between particles of different composition over size (Glen and Brooks, 2013, 2014; Baumgardner et al., 1996). It is defined as:
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o
TR/B = L. 2
OB

To derive the scattering cross sections needed for equations (1) and (2), the intensities measured by the instruments must be

multiplied by a scale factor unique to each detector (to convert from the units of digital counts to cm?), defined as:
oi=¢ I 3)

where ¢ denotes the forward (F'), perpendicular (L), or parallel channel (||) of the measured intensity I;, while ¢; represents
the instrument-specific scale factor to derive the respective o;; with more details in Sect. 2.2 and 4.1. The parameters of 7,1
and rp/p can then e.g., be used to distinguish between solid and liquid particles or can serve as indicators to detect differences

in refractive index.
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Figure 2. Modeled scattering responses of different particle diameters for the GFAS detectors. Calculated scattering cross sections o
(a-c), rr/B (d), and 7,01 (€) for the GFAS collection angles at refractive indices m = n + 04, with n varying between 1.33 (water, black line)

and 1.6.

In contrast to o, the o increases by over an order of magnitude with increasing refractive index, with slight differences

for the perpendicular and parallel polarized components (Fig. 2b and ¢). The 7y /g is therefore highly sensitive to the refractive
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Figure 3. Same as Fig. 2 but for changing imaginary parts (k) of the complex refractive index m = n + ki, while the real part was set to

water (n = 1.33, black line).

index (Fig. 2d). While lower refractive indices show a rr /g > 100 for almost the entire size range, the value decreases to around
10 for the larger refractive indices and larger particles > 10 ym. In the smaller size ranges below around 3 pum, the rr /5 shows
a less pronounced and clear dependence on n compared to the larger particle size range. 7,1 is less straightforward to interpret
for different values of n; however, as the imaginary part increases, 7,01 converges towards 0 for particles larger than 20 um (see
Fig. 3e). Given that the scattering of nonspherical particles is a challenge to model, the response of 7, was experimentally

evaluated in the laboratory (see Sect. 2.2).

4 Data processing

The GFAS provides its measurements in two different formats: (a) as single-particle data and (b) as 1-Hz binned data. Within
the 1-Hz data, the particles are already counted and binned into predefined size intervals. The single-particle data, or Particle-
by-Particle (PbP) data, capture the peak scattering intensity of individual particles as measured by all four detectors.

In the PbP data, each detected particle’s peak forward (Ir) and backward polarization scattering intensities (/1 and I)) are

recorded in Analog to Digital Counts (ADC), which are subsequently used to estimate an equivalent optical diameter (dqpt)
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and to extract additional information about particle shape or refractive index if the particles can be assumed to be spherical. It
is important to note that none of the GFAS data are pre-corrected for particle losses or instrument specific detector sensitivities;

such corrections must be applied during post-processing to ensure data quality, which will be described in the following section.
4.1 Detector calibrations

Two calibration steps are needed to infer the correct particle size from the measured scattered light intensity: (a) a detector-
specific conversion (scaling) factor (see Eq. (3)) is derived in order to convert measured intensities into o, and (b) a theoretical
relationship between o and dop, is parameterized with a strictly-monotonic function. Finding the theoretical relationship be-
tween o and dgp¢ is straightforward. o of water is calculated for the GFAS specific measurement setup and a polynomial
function is used to find the best fit to predict dqp from o (for more details see Appendix A2). However, finding the correct
scale factors for each detector is more challenging due to inherent uncertainties within the optical measurement setup, as well
as the Mie-oscillations themselves.

The most common method to determine the scaling factors of the detectors in scattering spectrometers is to use monodisperse
reference particles (e.g., glass beads). However, we have found that using glass beads can lead to high uncertainties in cr (see
Tab. 2 and Fig. AS). In the Appendix A, the glass bead calibration procedure is described in more detail. Additionally, finding
c1, and ¢ for the backward-scattering detectors did not yield coherent results because the signal distributions of all bead
sizes were too similar (see also supplementary information (SI) Fig. S1). Glass beads probably show responses different from
theoretical expectations because the 1, is highly sensitive to non-sphericity and surface roughness (Farias et al., 1994). We
have therefore developed three alternative methods to find the scale factors using pure water spray (see Fig. 4). We call these
new methods "autocalibration methods I-III" because they use water, i.e., the same medium that the instrument is designed to
primarily measure. Furthermore, to better constrain the backward detectors, we developed and tested two additional techniques.
Glass bead calibration will be used as a well-established reference method for the forward detector to derive the scale factor
cr, albeit with the aforementioned uncertainties. In the following, we will describe the bead calibration and introduce the three

new approaches (see Fig. 4).
Standard method: Glass bead calibration

Calibrating an optical particle counter with glass beads is, in theory, fairly straightforward. Monodisperse glass beads of a
known size and refractive index are measured, and each size is expected to produce a fairly narrow intensity distribution from
which either the mode or the median can be assumed to be representative of the signal intensity of the nominal diameter. The
o (for glass) is calculated for the selected diameter, and c is calculated using Eq. (3).

The measured signal intensity spectrum for each glass bead size was found to be fairly broad, sometimes ranging over two
orders of magnitude, and approximately log-normally distributed (see Fig. A4a). One reason for this could be that the reference
particles are not strictly monodisperse but have a finite standard deviation, typically around +10%. When simulating the signal
response of these distributions, assuming a standard deviation of 10 % for each size distribution, we found that the signal is

usually non-normally distributed and shows many peaks and valleys (see Fig. A4b). When propagating the uncertainties of
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Figure 4. The different calibration methods for deriving the instrument-specific scale factor c to convert measured scattering inten-
sities into scattering cross sections. Method a is a standard method for cloud probe calibration, while methods b-d have been developed
within this work (see text for details). Further detailed flow diagrams for method b and d are shown in Fig. S2 and S3. Colors indicate
connected parts within the methodology. Turquoise: glass bead measurements, violet: water measurements, light blue: modeling glass bead

measurement response, pink: modeling water measurement response, green: final step, statistics and results, gray: iterate scale factors.

200 both distributions, the measured and modeled, the scale factor derived for the different glass bead sizes does not only have a
rather large standard deviation but also increases with bead size (Fig. AS5). More details on glass bead derived scale factors
can be found in Appendix A3. Instrument specific uncertainties and the inherent oscillations in the Mie scattering response
additionally introduce a size-dependent error in the signal intensity of between 16 and 102 % for particles smaller than 12 ym
which is difficult to model for each particle size (see Appendix C). We therefore decided to only use the 15 and 30 um glass

205 beads for our final scale factor. The error propagation and description of the uncertainties related to the measurement setup can

be found in the Appendix C.
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Autocalibration I: Mie features matching

The first autocalibration method uses the intrinsic Mie oscillations to derive the scale factor (see Fig. 4b). As mentioned in
Sect. 3, the relationship between o and particle diameter is not linear, and several diameters lead to the same . This means that
these o will be sampled with a higher probability than others. As a result, a naturally smooth size distribution will have artificial
but reproducible bumps and valleys. These bumps and valleys can be modeled by calculating o for the GFAS specifications
and comparing the frequency distribution of the modeled o with the frequency distribution of the I of measured pure water
droplets. To compare the two frequency distributions, an initial scale factor has to be assumed to translate I to o. Then, the
correlation coefficient  and a x2-test are calculated to evaluate the similarity of the two distributions. In an iterative process,
the scale factor is changed until an optimum fit is found(see Tab. 2). In order to capture the features in the measured droplet
distribution that correspond to the Mie oscillations, the width of the bins is set to 500 ADC per interval, and the comparisons

are restricted to bins that have at least 10 and no more than 100 droplets in them.
Autocalibration II: Forward-to-backward adjustment

To constrain ¢ and ¢, the autocalibration II uses the linear relationship (in log-log space) between op and o or o (see

Fig. S4c):
logyg(0i) = ai -logyg(or) +b; 4)

Where i denotes the parallel (||) or perpendicular (L) polarization. If we use c¢p from either the bead calibrations or the Mie-
oscillation-matching, and the slope a and intercept b from Eq. (4), o; can be replaced by c¢; - I; (see Eq. (3)), and the equation

can be solved for c; (see Fig. 4c):

c; = 10%i-10810(crIr)+bi—logo([:) (®))

With this approach, ¢ and c_ can be calculated for each droplet of measured pure water, from which we obtain a frequency
distribution of possible c. We found that the geometric mean of ¢ and ¢ yields the best resulting o) and rr /g compared to

theoretical calculations (not shown).
Autocalibration III: Size distribution match

The third method, developed to find ¢ and | is to match the calculated size distributions derived from all detectors separately
(see Fig. 4d). This procedure is similar to Method I, but instead of looking at a small part of the distribution with a smaller
sample size, this method uses the entire sample period and size distribution. First, an equation for a monotonic fit between o and
diameter is found for each detector (Eq. (A3)). For the forward detector, the cz has already been established by autocalibration
L, and particle size can be directly calculated. For the back-scattering detectors, a range of scale factors for ¢ and c, is
assumed to translate measured [ into o. Then, using these scale factors and the equations from the monotonic fit, the particle

size distributions are calculated. These size distributions can then be compared to the forward size distribution via, e.g., the
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Kolmogorov Smirnov (K-S) test. The size distribution that fits best to the forward size distribution will contain the best estimate

forc; and ¢|.

Table 2. Scale factors for converting the GFAS signal Intensities I to scattering cross sections (cm?) for the three different detectors.
The values are provided as geometric mean (Sgeo), median [25 %, 75 % quartiles], or arithmetic mean =+ std, dependent on the applied
statistics. The final scaling factors for the backward detectors is the average between autocalibration method II and III. The values for ¢ and

¢ of autocalibration I are marked with an asterisk (*) because they are not being considered to be well constrained.

Method F detector (cr) Perpendicular detector (c.) Parallel detector (c)
Glass beads (15.0 £ 1.5) um 3.39 (1.38) - -
Glass beads (30.0 £ 3.0) um 4.08 (1.42) - -

Autocalibration I 4.174+1.18 - -
Autocalibration II - 1.94[1.39,2.59] 0.55[0.39,0.80]
Autocalibration IIT - 2.06£0.2 0.64+£0.03

Final scaling values 4.17 1.99 0.59

4.2 Correcting for sampling losses

Reliable observational data requires systematic correction for both sampling and transport losses within the GFAS inlet. To
correct for these effects, the approach developed by Spiegel et al. (2012) for the FM-100 was adopted for the GFAS specifica-
tions (see Fig. 1 and Tab. 1). Particles in moving air will generally follow the streamlines; however, due to their inertia, if these
streamlines bend, larger particle trajectories will no longer follow those of the air. When particles are being sampled with a
system that uses a blower to draw the particle-laden air through an inlet, some particles may impact the wall of the inlet if the
air approaches the inlet from an angle. If the sampled particles are being carried by the ambient wind, then these losses can be
exacerbated if the wind direction is not aligned with the inlet’s orientation. With an increase in the difference between wind
direction and sampling orientation, sampling losses increase (unless the wind speed is very low) especially for large particles.
For angles larger than 90 °, however, the majority of sampling losses can no longer be calculated (Spiegel et al., 2012). To
mitigate these losses, the GFAS was designed to actively align horizontally with the wind direction. However, even under ideal
isoaxial conditions where wind and inlet orientations are aligned, sampling losses cannot be neglected due to wall impaction,
turbulent deposition, and sedimentation within the inlet (Spiegel et al., 2012). In addition, the automated wind alignment of the
GFAS inlet is not continuous due to the turbulent nature of the wind. Substantial sampling losses can therefore still occur even
when orientation and wind direction do align. The sampling loss corrections also do not take vertical wind into consideration,
so strong updrafts can additionally decrease sampling efficiency that cannot be accounted for when only using the horizontally
measured wind direction recorded by the GFAS. The consideration of particle sampling losses is particularly relevant for a
reliable determination of the liquid water content (LW C)), which is dominated by larger droplets. The correction for sampling
losses was applied to the GFAS in-situ measurements of this work. An overview of applied corrections is found in Fig. S5 in

SL
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5 Results and discussion
5.1 Ambient observations at Sonnblick Observatory

Two contrasting events were selected exemplarily to showcase ambient measurements taken by the GFAS at SBO: one (liquid)
cloud event (August 11-12, 2024) and one dust event (August 16, 2024). The cloud event started around 18:00 on August 11,
when visibility slowly decreased, then stayed low (below 100 m) and remained fairly constant for several hours (see Fig. 5d).
After midnight, the cloud started to decrease in density until around 02:00. The time span in which the visibility stayed
constantly below 100 m (21:36-00:35) will be called the dense cloud period and will be used for evaluating the polarization
signals in later sections (see hashed period in Fig. 5). With the visibility decreasing, N (particles > 1 um) increases in the GFAS
up to values between 500 — 700 cm 3. Around 22:00, N decreases towards 200 cm~? but increases shortly after and then stays
constant around 500 cm 3 for the rest of the dense cloud period. After the dense cloud period, NN first decreases for roughly an
hour, and then increases for a brief period between 01:00 and 02:00, after which the cloud fully disappears. While /N increases
relatively quickly at the beginning, the LW C measured by the GFAS increases slowly towards a maximum of around 0.3
gm~3 (when loss corrected) at around 21:30, indicating smaller droplets at the beginning of the cloud event (Fig. 5¢). LW C
then slowly decreases throughout the dense cloud period and only increases again between 01:00 and 02:00, simultaneous with
the decrease in N. Deg increases almost step-wise from 3 pm (cloud free) to around 5, 7, and then 11 pm at the beginning of
the dense cloud period. Similarly to LW C and N, D.g also decreases throughout the dense cloud period and shows another
peak between 01:00-02:00. Loss corrections, which impact larger droplets more than smaller ones, influence LW C and D.g
more than N (see difference in the hashed vs. continuous black lines in Fig. 5a vs. b and ¢). The larger losses in the beginning
of the event can be attributed to the difference between wind direction and GFAS orientation (the sample angle) as well as
the availability for different efficiency corrections (see also Sect. B and Fig. S5g and h). Certain sample efficiencies can only
be calculated under specific wind speed and sample angle conditions and outside of that range, these efficiencies cannot be
considered and are therefore not available. In this case, the total losses calculated seem to be lower than expected because not
all of the loss corrections can be applied all the time through the cloud event. The GFAS consistently reported significantly
higher N than the FM (500 vs. 150 cm—2). However, the LW C of GFAS and FM are remarkably similar (excluding a dip in
LW C for the GFAS roughly around 22:00). The PVM follows the same temporal trends as both droplet spectrometers but
measures a higher LW C than both the FM and GFAS during the dense cloud period. An opposite effect is observed for the
D.g, where the PVM measures the lowest values and the FM is highest, with the GFAS in between. With a higher N but
similar LW C' and smaller D, the GFAS clearly measures more and smaller droplets compared to the FM (see also the size
distribution in the SI Fig. S6).

Throughout the cloud event, the 1 shows a decrease in values for larger particles, which is expected for spherical particles
with a refractive index close to water (see Fig. 2e). However, according to the theory, 7,1 should approach negative values
consistently for particles larger than 6 um, whereas in this cloud case, the 7,0 is predominantly negative for particles only
larger than 15 um. 7,1 seems to be higher than expected over the entire size range. We assume that the refractive index of cloud

droplets is higher than that of pure water since they contain (partially) dissolved aerosol (Cotterell et al., 2017). Interestingly,
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Figure 5. Example cloud event on August 11-12 2024 (a)-(e) and Saharan dust event on August 16 2024 (g)-(k). Number concentration
N (a, g), Liquid Water Content LW C' (b, h), effective Diameter Deg (c, i) of the GFAS (black), the Fog Monitor (FM, green) and PVM
(purple), GFAS degree if linear polarization .1 per particle size and visibility < 10 km (d, j), particle light scattering coefficient psp for
three different wavelengths (blue, green and red) and single scattering albedo angstrdm exponent (assa, black dashed line) (e, k) measured

at Sonnblick Observatory (SBO).

Tpol changes over time, especially for smaller particle sizes. Although initially the values for small particles <10 zm showed
values around 0.25, 7,1 increases for that size range in the middle of the dense cloud period and then fluctuates over time. In
the hours around and during the cloud event, the p,, as well as agsa, measured in parallel at the SBO observatory, stayed
relatively consistent, suggesting that aerosol properties did not change significantly throughout these hours (see Fig. 5e). A
change in the underlying overall aerosol properties is therefore not likely to be the reason for the change in 7, but rather a
change in cloud microphysical properties.

An SDE is observed at SBO starting on August 16 and lasting until August 18. Within that period, a shorter interval is
chosen, where aigga seems fairly stable and low (around -0.1), indicating the prevalence of mineral dust, while the pi5, shows
almost the same values for all three wavelengths, suggesting a coarse particle mode in which the GFAS is able to measure
particles (hashed period, see Fig. 5). This event (lasting from 03:00 to 12:00 on August 16) will be analyzed further in Sect. 5.2
and will, from here on, be called the dust event. During the dust event, the GFAS measures an average number concentration

of 1 cm~3. The majority of particles are below 5 um with few particles larger than 10 yum. The LW C is below 10~7 gm~3 for
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both FM and GFAS, while the PVM shows a common offset for cloud free periods. The 7,0 varies throughout the dust event,
first with values around 0.6 until roughly 06:00 UTC where the values decrease to around 0.2. After the dust event, around

13:00 UTC, rp increases again (see Fig. 5j).
5.2 Distinguishing spherical from nonspherical particles

To understand the response of the GFAS to different types of particles, we measured a variety of substances in the laboratory.
The 7,01 shows a clear difference in the size-dependence of the liquid water and solid particles for the selected compounds
(Fig. 6). These differences in 7, start to show at around 7 sm, where the average 7,1 for nonspherical particles significantly
deviates from that of water droplets. For water droplets, the median 7,1 and its inter-quartile range decreased with particle
dopt, approaching —0.4 for the largest sizes.

For nonspherical and solid particles, including cellulose and volcanic dust, the 1) displayed greater variability and minimal
trends with increasing dopt, fluctuating around 0.4, with a slight dip towards smaller values between 15 — 20 um. We assume
that 7,1 does not show a trend with increasing size for nonspherical particles due to their varying shapes and orientations
as they pass through the laser beam, along with possible absorbance. The fact that there is no obvious size dependency in
rpol Of nonspherical particles is somewhat contrary to the findings of Glen and Brooks (2013), who observed a clear change in
polarization with increasing size for different types of mineral dust. However, in a later paper of theirs, this trend in polarization
over dopy Was much lower or had totally disappeared (Glen and Brooks, 2014). One reason for the differences in their findings
could be that in the later publication, Glen and Brooks (2014) measured with an upgraded version of the CASPOL, where the
backward scattering setup was changed. In Glen and Brooks (2013), the polarization ratio 6 = I /I was used as a measure of
changes in polarization, whereas in Glen and Brooks (2014), the depolarization ratio DR =1, /1 | was taken. Furthermore, it
also seemed that the derived signal intensities in both publications were not calibrated to o; therefore, the measurements could
lead to different results in the two versions of the CASPOL.

For sizes larger than 5 pum, glass bead 7,0 is higher than for water, which is expected for higher refractive indices in that
size range. Interestingly, however, glass beads show a slight decrease of r,,; with particle size, even though they were meant to
be monodisperse at 15 pm. Since they have a higher refractive index than water, it is reasonable that they are sized smaller (see
also Sect. 3), but they appear in a fairly broad size range below 10 um. As discussed in Sect. 4.1, glass bead measurements can
be accompanied by large uncertainties, partially due to Mie oscillations. However, we also observed that they do not behave as
predicted by the theory in the backward scattering collection angles (Appendix 4.1).

In Fig. 6, the average size-dependent 7,1 for the cloud and dust event observed at SBO is shown. The cloud event at SBO
(hashed period in Fig. 5) showed a similar decrease of 1, over particle size as the laboratory measurements of pure water
droplets, however, the values were generally slightly higher and converged towards —0.15 instead of —0.35 as observed for
pure water droplets in the laboratory measurements (see Fig. 6). The most likely physical explanation for the elevated values of
Tpol, as mentioned earlier, is that the measured cloud water at SBO has a different refractive index than pure deionized water.
Dissolved or insoluble material within cloud droplets can increase both the real (scattering) and the imaginary (absorbing) parts

of the refractive index (Baumgardner et al., 1996; Shepherd et al., 2018), changing its optical properties and therefore its 7
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Figure 6. Degree of linear polarization 7. of different aerosol types and droplets over the optical diameter d,,: measured in labo-
ratory and in the field. Laboratory measurements of 7,.; for various test aerosol and water droplets are shown as markers (error bars: 25"
and 75" quartiles), while in-situ measurements at Sonnblick Observatory (SBO) are shown as lines (median and mean values, shaded areas

show 25" and 75" quartiles).

(see also Fig. 2). The large interquartile range of 7, over diameter (25-75%, shaded area in Fig. 6) across all particle sizes
also supports some heterogeneity in composition or refractive index in the measured droplets. Figure 6 also shows that the dust
event observed at SBO exhibited a similar 7, (around 0.3) to the nonspherical particles probed in the laboratory experiments.
While the median 7, is initially slightly smaller than that for the substances measured in the laboratory experiments and the
cloud event, it increases somewhat for particles >5 ym towards 0.35. It is important to note here that we measured significantly
fewer particles during the dust event than for most other laboratory substances displayed here, especially above 5 ym.

Looking at rp/p (Fig. 7), the laboratory measurements of water droplets show a clear size dependence in their frequency
distribution, which appears approximately log-normally distributed and shifts toward higher values. The increase in 7r /g with
larger particles seems to be in line with the calculations done in Sect. 3. The cloud event exhibits a broadly similar behavior;
however, rp g values are nearly an order of magnitude lower for small particles and display a bimodal structure in the frequency
distribution for the smallest size range. The lower values of rr /g, especially for the smaller sizes, potentially indicate particles
with a higher refractive index (see Fig. 2), while the bimodality across all size ranges reflects the underlying ambient size
distribution. In contrast, volcanic dust measured in the laboratory follows a similar frequency distribution of 7p,p to water
droplets for particles smaller than 5 pm, but deviates significantly at larger sizes. The distributions are less smooth, likely due
to lower particle counts, and show a weaker size dependence overall. Notably, particles larger than 14 ym exhibit rg /g values
comparable to the smallest size range, whereas particles between 3-9 yum tend to show higher values. The ambient dust event
reveals a qualitatively similar pattern across size ranges as the volcanic dust but with rr /g values reduced by approximately

half an order of magnitude. Additionally, particles larger than 9 um are not represented due to insufficient sampling statistics.
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Figure 7. Size resolved frequency distribution of the forward-to-backward scattering ratio rr 5. All distributions are normalized by
bin width and sample size. The gray shaded area is the frequency distribution of the full size range while the different colors describe the

distribution for each size category.

The laboratory measurements of water droplets also show a clear size dependence in 7,1 (see Fig. 8). Smaller particles
(<3 pm) exhibit higher values and broader frequency distributions, with a mode around 0.35, whereas larger particles (>21 pm)
show lower values and a narrow distribution, converging toward a mode near “0.4. In contrast, the frequency distribution
of 701 of the cloud event displays a more complex, multi-modal structure. For the smallest particles (<3 ym), a tri-modal
distribution is observed, with modes around 0.85, —0.1, and “0.8. With increasing particle size, the high-value mode at around
0.8 decreases in frequency and shifts slightly to lower values but persists up to sizes of 14 — 21 ym. Meanwhile, the lower
mode that is around O for the smallest particles becomes more prominent and shifts somewhat toward more negative values,
reaching approximately “0.1 for particles >21 pym. In contrast to both water and cloud observations, laboratory measurements
of volcanic dust show almost no size dependence. The distributions remain centered around a mode of approximately 0.4 across
all size ranges, with only a slight skew toward smaller values for larger particles. The SDE exhibits a tri-modal distribution
similar to the cloud case, with modes around 0.95, 0.45, and “0.8, but shows minimal variation with particle size.

Combining 701 and 7r/p can be used as a fingerprint to differentiate aerosol types and potentially cloud phases (Glen and
Brooks, 2013, 2014). Figure 9 shows these frequency distributions for the laboratory measurements of water and volcanic dust,

as well as the cloud and dust event measured at SBO. Contour lines show the distribution of values from different size bins
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Figure 8. Size resolved frequency distribution of the degree of linear polarization .. The gray shaded area is the frequency distribution
of the full size range while the different colors describe the distribution for each size category. All distributions are normalized by bin width

and sample size.

(here showing 86 % of the data to guide the reader’s eye). rg /g is increasing with particle size for all four selected examples,
differing only in magnitude. Noticeably, the rr,p for the laboratory water is seen to be higher, with a mode larger than 100,
while the modes of the other substances are below 50. For water droplets measured under laboratory conditions, most values
of rr,p fall between 100 and 200, and for 7}, between —0.5 and 0, respectively (see dark gray shaded area in Fig. 9a).

The ambient cloud event observed at SBO is bi-modally distributed in both 7,01 and 75/ (see Fig. 9¢). Only in the smallest
size range can we identify the small mode also visible in Fig. 8c at 7,,1= —0.85. The reason for this observed bimodality in
the ambient data is difficult to identify. It is unlikely that these large particles with a high 7, are interstitial aerosol since they
exist in size ranges even larger than 14 ;sm, whereas the dust event barely showed any particles larger than 9 sm. As mentioned
before, we hypothesize that the cloud water composition is significantly different from pure water, which could impact the
droplet’s optical properties. A potential increase in the droplet’s refractive index would also mean that it is being undersized
by scattering spectrometers, leading to an underestimation of the LW C and D.g.

The 7 /B-Tpo1-relationship of volcanic dust shows a distinctly different pattern compared to water droplets (see Fig. 9a and
b). As discussed before, 1,01 of dust is clearly higher due to the nonspherical nature of the particles and a higher refractive

index. As expected, given that the properties of Saharan and volcanic dust are quite different due to their vastly different origins,
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Figure 9. Frequency distributions of the degree of linear polarization 7, vs. forward-to-backward ratio rr 5. Laboratory measure-
ments of (a) water droplets and (b) volcanic dust. Measurements from the campaign at Mt. Sonnblick Observatory (SBO) during (c) a cloud

event and (d) a dust event (see Fig. 5).

their rg /g and ;) patterns also differ (Glen and Brooks, 2013). The mode of 7o) around 0.4 in both samples (see also Fig. 8b
and d) indicates some similarities in optical behavior with the volcanic dust.

The most striking difference between laboratory and ambient data is the multi-modality of the 7,1, which is only observed
in the ambient data (see Fig. 9 and 8). The bimodality as a function of the forward-to-backward ratio is even further enhanced
in the cloud case. Although we cannot fully explain the observed features, the overall direction of higher size-independent

polarization ratios in the SDE compared to the cloud event is in line with the laboratory experiments.
5.3 Recommendations

For the retrieval of reliable aerosol and cloud microphysical parameters from measurements with the GFAS, and for future

work and developments, we can make the following recommendations:
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1. For the standard glass bead calibration of the forward scattering detector, we recommend using several glass bead sizes,

especially diameters above 12 pm to reduce the errors induced by Mie-oscillations.

2. To ensure proper simultaneous calibration of all three detectors, a water droplet calibration using the autocalibration
methods presented here should be applied. This is crucial to ensure compatibility between different observations and

different instrumentation.

3. To ensure that all detectors are properly calibrated and the optical alignment is in place before deployment, we further
recommend that frequency distribution plots of the g, signal, as well as for the 7,01 (see Fig. 7 and 8), be done early on
with nebulized pure water. Within the frequency distribution plots, the signals of a properly functioning and calibrated
instrument will follow a similar pattern as predicted by Mie-Lorenz theory; thus, malfunctions or calibration issues with

the instrument can easily be detected.

4. Particle loss calculations with respect to sampling and transport losses should be performed to derive more accurate

cloud microphysical parameters.

5. Despite many decades of advancements in cloud probe development, large uncertainties in key cloud microphysical
parameters, such as LW and N, persist among different cloud probes, as illustrated here. This calls for continuing

regular and coordinated cloud probe inter-comparison exercises, as e.g. done within ECCINT ACTRIS.

6 Conclusions

Within this work, we present the new ground-based fog and aerosol spectrometer (GFAS), which is based on single-particle
light scattering and polarization measurements to retrieve aerosol and cloud microphysical parameters. Since the standard
glass bead calibration is prone to high uncertainties (due to the size, shape, and refractive index of the glass beads) and
cannot be used to calibrate the polarized backward scattering signals, we developed a new autocalibration method based on
pure water droplets and Mie-Lorenz theory. This method is easier to use than the standard method using glass beads and
can be applied to all scattering spectrometers with a monochromatic light source and single-particle data. Using the new
autocalibration method, we retrieve detector-specific scale factors with lower error estimates in the forward scattering. We
could also derive well constrained scale factors for the backward polarized scattering signals. To our knowledge, this is the
first study including the calibration of the polarized backward scattering detectors of an in-situ scattering spectrometer. This
approach enables comparability across different studies with similar instruments. Furthermore, for the GFAS, we can conclude
that the translation of measured optical properties to accurate microphysical parameters generally improves for larger particle
diameters above around 12 ym in diameter. While sizing can have a relative error margin of up to 102% for particles smaller
than 12 um, the uncertainty decreases to 18 % for particles > 12 yum. We performed laboratory and field measurements to
characterize the signal response of the GFAS to different spherical and nonspherical particles of various compositions, as well

as its performance in ambient measurement conditions. Using the degree of linear polarization (7,1), nonspherical particles
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can be well distinguished from water droplets under laboratory conditions and for particles > 7 yum. While 7, for pure water
decreases with optical diameter (dpt) from 0.15 to roughly -0.5 over the GFAS size range, nonspherical particles do not show a
significant change in polarization over size and remain roughly at values around 0.3. Ambient cloud droplets, however, show a
distinctly different distribution of 7,1 compared to the water measured in the laboratory. While the values are also decreasing
over dopt, they remain constantly elevated compared to pure water and are also bi-modally distributed (for droplets up to
21 pim). We hypothesize that the difference in 7, between the laboratory water and ambient cloud droplets implies different
refractive indices of the cloud droplets compared to pure water due to (partially) dissolved aerosol within the droplets. These

properties likely influence sizing and thus, LW C, D.g, and may also impact the radiative properties of the cloud.
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Acronyms

ADC Analog to Digital Counts

APD Avalanche Photo Detector

DOF Depth Of Field

ECCINT European Center for Cloud Ambient INTer-comparison
FM Fog Monitor

FWHM Full-Width-Half-Maximum

GFAS Ground-based Fog and Aerosol Spectrometer
PbP Particle-by-Particle

PVM Particlulate Volume Monitor

RSS Root Sum Square

SBO Sonnblick Observatory

SDE Saharan Dust Event

SSA Single Scattering Albedo

Glossary

D.g Effective diameter (um)

I Scattering light intensity (ADC)

I Parallel polarized back-scattering light intensity (ADC)

I, Perpendicularly polarized back-scattering light intensity (ADC)
Iy Total forward-scattering light intensity (ADC)

LW C Liquid water content (g m™?)

N Number concentration (cm™3)

P Power of the laser (W/m?)

P. Probability of particle coincidence (%)
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assa Single Scattering Albedo Angstrom exponent
pap Particle Light Absorption coefficient (Mm ™)
psp Particle Light Scattering coefficient (Mm™1)
460 o Scattering cross section (cm?)
op Scattering cross section of the backward scattering angles of the GFAS (cm?)
o Scattering cross section of the forward scattering angles of the GFAS (cm?)
o) Scattering cross section of the parallel polarized backward scattering angles of the GFAS (cm?)
o1 Scattering cross section of the perpendicularly polarized backward scattering angles of the GFAS (cm?)
465 0, Scattering efficiency
¢ Scale factor to scale the measured scattering intensity towards scattering cross section (cm?/ADC)
cr Scale factor for the forward scattering detector (cm? /ADC)
c| Scale factor for the backward parallel polarized detector (cm?/ADC)
¢, Scale factor for the backward perpendicularly polarized detector (cm? /ADC)
470 dpeam Cross section of the laser beam (mm)
dopt Equivalent optical diameter (yum)
rp,g Forward-to-backward scattering ratio
Tpol Degree of linear polarization

Sgeo Geometric standard deviation
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Appendix A: Calibration techniques

In the following, we present more general details on calibrating scattering spectrometers, with a focus on the GFAS measure-
ment setup. Although the derivation of d,p¢ from the forward scattering intensity [r is straightforward, as will be explained
below, there are several factors that complicate this derivation and must be recognized as sources of uncertainty in the subse-

quent derivation of particle size.
Al Theoretical basis for d,; extraction from light scattering measurements

The collection angles of spectrometers are determined by the geometry of the instrument. As an example, Fig. Al illustrates

what determines the forward scattering collection angles of the GFAS.

‘\Qf tan(X/L2) Center of Focus

L1

Prism ©,=tan(R/L1)

Radius =R

Figure A1l. The optical collection angle 0>-6, in a forward scattering spectrometer. 6, is determined by the distance between prism and
center of focus (L1), and the radius of the prism (R), while 5 is determined by the distance between the objective lens and the center of

focus (L2).

The particle parameter determined from the Mie-Lorenz theory, which relates to the incident light, is the scattering efficiency
5. This is a non-dimensional measure of the fraction of the incident light that is scattered by the particle.

The scattering cross section, o, of a particle with radius r is the product of its scattering efficiency 65 and cross-sectional

area 712

o = 0y7r? (A1)
The intensity of the scattered light, I, is the product of the o and the power, P, of the light source:

I=Po, (A2)
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Collection Optics
Photodetector
Particle AQ\ Digitizer

Analog
to Digital
Counts

Light source

Scattered Light Signal Conditioning

Figure A2. Basic setup employed by all the light scattering spectrometers to measure light scattered by individual particles.

where P is usually given in watts per unit area.

Figure A2 is a schematic of how the light scattering spectrometers detect the scattered light and convert it into a digital signal
that can be processed to extract the particle size. A particle excited by a light source will scatter light anisotropically, i.e., in all
directions but not with the same photon density. The optical system of the spectrometer collects some fraction of this light and
focuses it onto a photodetector that converts the photons into a current, after which it is conditioned (filtered and amplified)
before being digitized by an analog-to-digital converter.

Equations (A1) and (A2) describe the relationship between the I and the theoretical o. Given that we are measuring I,
we could directly relate this value to the theoretical cross sections if we know P, the wavelength A, of the light source, the
refractive index of the particle, the sensitivity of the photo-detector, the amplification of the signal conditioning electronics and
the resolution of the digitizer. We actually do have all this information from which we could directly derive o; = f(I;), where i
are the different detectors of the instrument. From the o, we could determine the size of the particle; however, given the normal
variability in laser power and photo detector sensitivity from instrument to instrument, the simpler approach for relating the I
to o is through calibration, commonly done with spherical particles of known size and refractive index, as briefly summarized

in the previous section and as detailed in the following sections.
A2 Regression fitting and binning for this GFAS unit

In order to derive a size from the GFAS signal, as well as to compare the values of the degree of linear polarization 7, and
the forward-to-backward ratio rr,p with the theory and other measurements, the output of the detectors of the GFAS must be
related to the theoretical scattering cross section o for the collection angles of the GFAS (see also Sect. 4.1 for the method of
deriving the scale factors).

The I of different detectors can be converted into ¢ by multiplying them by a scale factor ¢ (see also Eq. (3) in the main
text). After transforming / values into o, a polynomial regression equation in log-log space is used to convert the scattering
cross section ¢ into a particle equivalent optical diameter (dopt). In most cases, the forward scattering cross section oy is used

for sizing, but a regression can be applied to all detectors:

dopt — 1Qmotm1 logq(0)+ma2 10%10(‘7)2_ (A3)
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Regression o
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Figure A3. Selected size bins in order to account for Mie-oscillations and theoretical curve of scattering cross section (o) of water over

the GFAS size range. The shaded squares show the recommended diameter bins for the GFAS as well of the corresponding values of .

We found that a best fit was possible when fitting two different second degree polynomial regressions for particles smaller or
larger than 1.17 um, because around this value the slope of the theoretical curve changes strongly (see also Fig. A3). The two

regressions differ in their regression coefficients mg,m1,ms, which are instrument specific and listed for GFAS in Tab. Al.

Table Al. Regression coefficients of the polynomial regression equation to convert the GFAS measurement signal into equivalent

optical diameter

mo ma mo
Dcii7um  3.544  0.644  0.025
Ds117um 2436 -0.196  -0.066

The fact that the theoretical relationship between particle size and ¢ is non-monotonically increasing and oscillating leads
to the issue that we cannot differentiate between certain particle sizes because they result in the same measurement signal
(see Fig. A3). For example, a particle of 2 um has the same o as one with a diameter of 1.1 um. While we make use of these
oscillations to auto-calibrate the GFAS, they may lead to large under-or over-sizing errors that are beyond this work to de-
tangle. To avoid large errors, we binned the particle sizes into 25 Mie-oscillation-sensitive size bins (shaded boxes in Fig. A3).
Table S1 in the SI shows the size bin thresholds (dp) optimized for cloud droplets, along with the corresponding o and fitted
I threshold values for our GFAS unit.
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A3 Step-by-step procedure to calculate forward scattering size thresholds for glass bead calibration

In the following, we describe the different steps for finding detector specific scale factors in monochromatic light scattering

spectrometers using monodisperse calibration beads. This section serves as a best practice manual for glass bead calibration.
Step 1: Measure monodisperse particles

Select and measure monodisperse, spherical calibration particles of known refractive index. A measurement with a single size
is sufficient, but measuring multiple sizes decreases the uncertainty. As previously discussed, either the 1-Hz or PbP files can
be processed and evaluated. Figure A4a illustrates measurements of 2, 5, 8, 15, and 30 pm crown glass beads generated from
the PbP file. Use the geometric mean or the mode (fitted with a log-normal distribution) of the sampled signal distribution to

continue with further calculations.

le7

0.00035 T
(a) Bead measurements 2 pm 2.004 (b) Modeled measurement response
0.00030 A 5 um '
8 um 1.75 4
&' 0.00025 15 pm
b — 30 um 1.50 A
=]
o S, range
9 0.00020 1 2 1.25 4
£
el
g 1.00 -
< 0.00015
g 0.75
S |
Z 0.00010 ‘
| 0.50 1
0.00005 A / 0.25 4
. § . 0.00 : . .
103 104 105 1078 1077 1076
Ir (ADC) o (cm?)

Figure A4. (a) Measured and (b) modeled response for various glass bead sizes. The derived geometric mean (vertical lines) and geo-
metric standard deviation (sgeo, in gray) are shown for each measured and modeled glass bead size as well. Ir: Signal intensity measured in

the forward detector, ADC: Analog-to-digital counts, o: scattering cross section, sgeo: geometric standard deviation.

Step 2: Finding scale factors from glass beads

Model the theoretical response of the glass bead measurements by assuming a small standard deviation in the size distribution
of each bead size (e.g., 10 %). In order to model the o correctly, the refractive indices for all glass beads, as well as the
collection angles of the scattering spectrometer, need to be taken into account. Fit a log-normal distribution of the resulting o7
and find the mode or geometric mean of the distribution (see Fig. A4b).

The scale factor cp can then be calculated using the relationship ¢ = o /Ir. A scale factor for each calibration size is
calculated in this way. For each scale factor, the s4e, can be calculated by error-propagating the s, of the fitted log-normal

curves of the measurements, as well as the model (see Fig. AS). Since both distributions, the measurements and the expected
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theoretical response, are log-normal, the logarithm of the scale factor cr is also normally distributed (N) as:
2 2
Incp ~ N (Vgeo,or = VeeoIr s Sinop + Sin1p — 280 * Snlp) (Ad)

With v, being the geometric mean and s the standard deviation of each distribution in log space. The standard deviation of

Incp can be calculated via error propagation:

_ 2 2
Stner = \/Saop + 5Tty — 2Sinor St (A5)

The s4¢, 0f the cr in natural space can then be calculated using:

Sgeo,cF = exp (SlnCF)- (A6)
le-11
-®- mode
X —&— geometric mean
5 - * ®  Guess without fitting

Autocalibration |

scale factor

glass bead size (um)

Figure AS. Comparison of scale factors derived from the glass bead calibration. The shaded area corresponds to the geometric standard
deviation sge, of the geometric mean (purple line), while retrieved scale factors using the fitted mode is shown as a black dashed line. The
result from the autocalibration I (cyan line and shaded standard deviation) is shown for comparison exemplarily over the same size range as
the glass beads used here. Black crosses (best guess) indicate how scale factors would look like if the modeled size distribution of the glass

beads were not taken into account.

2

zeo,cp 1S Used as a

In order to calculate the overall cr from all calibration beads, a weighted average is performed where 1/s

weight. Using the overall ¢y, Ir can now be calculated into o.
Step 3: Mie model

Model the o of water (n = 1.33), for the collection angles of your instrument (here the Ground-based Fog and Aerosol Spec-
trometer (GFAS), see also Tab. 1) over the expected measurement size range. All Mie-Lorenz calculations (to derive e.g., o)
within this work were performed using the python package PyMieScatt (Sumlin et al., 2018) based on the algorithms of Bohren
and Huffman (1998).
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555 Step 4: Regression and diameter assignment
Create a regression between particle size and o that removes the oscillations in o, as described in Sect. A2.
Step 5: Final diameter assignment

A diameter can now be calculated. After translating I into ¢ with step 1 and 2, we can use the relationship established in step

3 and 4 to calculate a diameter to each particle.
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Appendix B: Data processing

Within this section, we will describe the individual data processing steps needed to derive reliable observables. This includes

the following steps:
1. Attenuation correction™
2. Qualifier-to-sizer ratio filtering*
3. Application of scale factors
4. Assigning particle sizes to individual particles
5. Binning of single-particle data to derive particle size distribution and calculate microphysical parameters
6. Sample loss correction

*only needed for certain GFAS versions built after 2024.
Attenuation correction

A special correction is needed for GFAS versions built after 2024. This version of the GFAS (with one detector gain for each
of the four detectors) has a moving baseline in all detectors that is not accounted for when I is passed to the data file. This
baseline moves depending on the Full-Width-Half-Maximum (FWHM) of the signal - a function of size and particle velocity
(personal comm. ENVEA), leading to a higher baseline with a higher FWHM. The higher baseline results in under-sizing,
especially for large particles. To correct for this, ENVEA developed a correction factor C'F' that must be calculated for each

particle in all four detectors:

CF =1+ 0.00404079 - FWHM!-07336 (B1)
This empirical correction factor is then multiplied by I in each detector in the PbP data.

Forward scattering qualifier-to-sizer ratio filtering

To ensure that the particle was measured within the DOF of the laser beam, the GFAS automatically excludes particles that
do not have a certain ratio between the signal intensities of the qualifier and the sizer (forward) detector. These particles are
excluded before the output of the PbP or User files. If the attenuation correction has to be performed, the filtering also has to
be applied to particles that now have a ratio falling outside of the expected range. The ratio to accept a particle as measured

within the DOF is (Envea, personal communication):
I
2 >06 (B2)

with I being the signal intensity for the qualifier (Q) and the forward (F) detector.
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Application of scale factors

The scale factors can be calculated via the different calibration methods introduced within this work (Sect. 2.2 and 4.1). The

signal intensity I of the individual detectors will then be translated into o using Eq. (3).
Assigning particle size to individual particles

After translating [ into o for all detectors, the strictly monotonic relationship between particle diameter and oz established in

Sect. A2 can be used to calculate each particle’s dqpt.
Binning of single-particle data

As mentioned previously, Mie oscillations lead to the problem that several particle sizes may result in the same measured
1. Therefore, the derived particle d,p¢ should be binned in Mie-aware size bins as described in Sect. A2. The bin thresholds

(diameter, I, and o) chosen in this work can be found in the SI in Tab. S1.
Sample loss corrections

The particle sampling efficiencies of the GFAS can be divided into three types: (a) aspiration, (b) transmission, and (c) transport
(see Spiegel et al., 2012, for more details). In summary, aspiration losses occur when the wind direction and velocity do not
align with the orientation of the inlet and its sample flow rate; they describe the ratio between particles entering the inlet and the
ambient concentration. This efficiency can only be calculated when the difference between inlet orientation and wind direction
is smaller than either 90 or 60 °, depending on the wind speed. Transmission efficiency is the efficiency with which particles
make it through the inlet. The transmission efficiency can only be calculated when the difference between inlet orientation and
wind direction is smaller than 90 °. Transport losses are gravitational and turbulent losses that occur in the sample tube between
the inlet and detector. These losses are independent of wind speed and direction and are only constrained by the turbulence
of the airflow. Efficiencies were not taken into account when they were below 0.1, because such a low number would lead to
the statistical problem of overestimating something that might not be statistically significant in number. An overview of the

availability of the different sampling efficiencies is given in Fig. S5.
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Appendix C: Measurement uncertainties and limitations

In the following, GFAS-specific measurement uncertainties will be described, followed by a Root Sum Square (RSS) error
estimate for each uncertainty component (Tab. C1). The error estimates were made using an uncertainty propagation analysis
through Monte Carlo simulations. For these simulations, a log-normal particle size distribution was used. Random particles
were selected from this distribution several million times for each uncertainty condition (listed below). The selected particle
is represented by its scattering cross section converted to signal intensity (I) and then classified into an equivalent optical
diameter (dopt). This derived d,p, is compared with the physical geometric diameter to calculate the sizing errors over the size

range of the GFAS.
Collection Angle

The collection angles are determined by the optical geometry and location of the particle in the beam. The uncertainty in
collection angles propagates into the derivation of size from Mie-Lorenz theory, which requires the collection angle as an
input. The sources of systematic errors are the uncertainties in the dimensions of the right-angle mirror (+0.2mm), objective
lens (& 0.5 mm), and the location of the center of focus (&= 1 mm). The random error originates from uncertainties in where

particles pass through the beam relative to the center of focus (&= 1 mm). The random errors depend on particle diameter.
Beam intensity non-uniformity

The laser beam used in the GFAS has a Gaussian intensity distribution. There is no systematic error, but there is a random
error, given that the location where the particles pass through the beam depends on their spatial separations in the sampled air.
The qualifier’s optical mask constrains the detection region so that more than 95% of qualified particles pass through the laser

beam where the intensity is > 85% of the maximum. This is also somewhat dependent on the particle’s size.
Mie-Lorenz theory

The uncertainties due to the non-monotonic nature of Mie-Lorenz scattering are dependent on the size range, refractive index
and wavelength of the incident light. The errors are considered neither systematic or random here because the theory is quite
clear with respect to scattering intensity versus size, the error is how this is interpreted if an inversion to the data is not done,
i.e., if more than one particle size has the same scattering intensity, the software does not a priori know to which size the
scattering intensity should be assigned to. Since it doesn’t matter which type of error this is in the final calculation of RSS, it

will be considered random here.
Refractive index

The uncertainties related to the particle refractive index fall into two categories: 1) natural and 2) calibration. The uncertainties
related to the first category refer to how we interpret the data, i.e., the uncertainty due to how we derive a particle size from the

scattering signal. This error can be quite large, depending on the difference between the assumed and actual refractive index.
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These uncertainties are intrinsically embedded in the analysis of error through Mie-Lorenz theory, which was calculated over
arange of refractive indices with real parts from 1.33 to 1.80 and imaginary components from 0.0z to 0.01%.

The second type of refractive index uncertainty is a result of variations in the refractive index of reference particles used to
calibrate the GFAS. The manufacturers of these particles list the refractive index at a specific wavelength that is close to, but
not the same as, the GFAS. In addition, an investigation into the refractive index of crown glass beads, for example, showed
published values between 1.51 and 1.54 at a wavelength of 658 nm. The Monte Carlo simulation of this uncertainty, introduced

to the calibration process, leads to the uncertainties shown in (Tab. C1)
Electronic noise

The term noise refers to any random background electrical or light signals that contribute to the voltage signals from the
detectors. These random pulses are removed by the algorithm that calculates a running average of the signal baseline, which
is then subtracted from the peak before assigning a size. In the GFAS, this baseline generally varies between 1000 and 5000

Analog to Digital Counts out of a maximum possible count of 131000.
Coincidence

There is a finite probability, even at small concentrations, that the spacing between particles arriving in the laser beam is smaller
than the width of the laser beam. In these cases, the light scattered is some combination of scattering from the two (or more)
particles in the beam. This will lead to an overestimate in size, but one that is difficult to quantify. However, the probability that

coincidence occurs (F,) increases with particle number concentration N and can be quantified via (Baumgardner et al., 1985):

d eam
P.=1—exp (—Nbl/s), (C1)

with the cross section of the laser beam dpeam. For P. to be below, e.g., 20 %, N has to be below 1000 cm 3 (Fig. C1).
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Figure C1. Probability of particle coincidence P, calculated for the GFAS. Coincidence here means that the distance between two particles

crossing the laser beam is smaller than the laser cross section.

Table C1. Equivalent Optical Diameter Root Sum Square (RSS) Error Analysis (Taylor and Kuyatt, 1994) for the different measurement

uncertainties within the GFAS.

Source Size range Systematic error (%) Random error (%)
Collection Angle <12 pm +(2-5) +(2-5)

> 12 ym <8 <5
Beam intensity non-uniformity - - +15
Mie-Lorenz theory < 10 pm - +(5-60)

> 10 pm - +3
Refractive index <10 pm - +15
Electronic noise - - +0.5-4
Coincidence - - <5
Overall uncertainty (RSS) <12 um +(16-102)

> 12 ym +18

Code availability. The code behind the analysis and needed for the GFAS calibration can be found on our department’s GitHub page
660 https://github.com/SU-air/instrumentation- GFAS.

Data availability. The data will be available on the Bolin Center Data Base (bolin.su.se/data) and uploaded during the review process.
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