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Abstract: This study presents the hygroscopic properties of aerosols from the Arctic free troposphere
by means of contemporary lidar and radiosonde observations only. It investigates the period from
the Arctic Haze in spring towards the summer season in 2021. Therefore, a one-parameter growth
curve model is applied to lidar data from the Koldewey Aerosol Raman Lidar (AWIPEV in Ny-Ålesund,
Svalbard) and simultaneous radiosonde measurements. Hygroscopic growth depends on different
factors like aerosol diameter and chemical composition. To detangle this dependency, three trends in
hygroscopicity are additionally investigated by classifying the aerosol first by its dry color ratio, and
then by its season and altitude. Generally, we found a complex altitude dependence with the least
hygroscopic particles in the middle of the troposphere. The most hygroscopic aerosol is located in the
upper free troposphere. A hypothesis based on prior lifting of the particles is given. The expected
trend with aerosol diameter is not observed, which draws attention to the complex dependence of
hygroscopic growth on geographical region and altitude, and to the development of backscatter with
the aerosol size itself. In a seasonal overview, two different modes of stronger or weaker hygroscopic
particles are additionally observed. Furthermore, two special days are discussed using the Mie theory.
They show, on the one hand, the complexity of analyzing hygroscopic growth by means of lidar data,
but on the other hand, they demonstrate that it is in fact measurable with this approach. For these two
case studies, we calculated that the aerosol effective radius increased from 0.16µm (dry) to 0.18µm
(wet) and from 0.28µm to 0.32µm for the second case.

Keywords: arctic aerosol; lidar; hygroscopic growth

1. Introduction

The Arctic, and especially the European sector in winter, shows a strong warming [1], a
phenomenon which is called Arctic Amplification [2,3]. This Arctic Amplification is not fully
understood due to a complex interplay between local and regional exchange processes [4].
Amongst others, variations in aerosols are found to lead to significant changes in the Arctic
climate system [5]. Their direct effect [6] as well as the aerosol–cloud feedback [7] are
complex and depend on the spatial and temporal distribution of the aerosols [8]. However,
this feedback may play an important role in the Arctic Amplification.

Ny-Ålesund is located on the West coast of Spitsbergen in the European Arctic at
(78.9N, 11.9E). It is an international super-site for environmental research, in which at-
mospheric measurements are carried out by many institutes from different European or
Asian countries. Aerosol measurements were originally motivated by the Arctic Haze
phenomenon, a springtime air pollution [9] transported into the Arctic from inhabited
regions [10]. Other prominent aerosol types in this region are biomass burning [11], sulfates
of different origin or sea salt [12].

These aerosol measurements have been performed both by in situ (e.g., [13]) and by
remote sensing (e.g., [14]) methods for more than 20 years at that site. A current overview
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of the measurement efforts concerning in situ techniques is given in Platt et al. [15], and the
trend and variability from a remote-sensing perspective are presented in Graßl and Ritter [16].

While a few studies have been published that combine both in situ and remote sensing
information, like Ferrero et al. [17], this is generally a complicated task, because aerosol
properties may change in the boundary layer on short time scales.

Arctic aerosols typically present a clear annual cycle as described by
Tunved et al. [13]: there are slightly larger particles during the Arctic Haze period in
spring, followed by a maximum aerosol concentration in summer of more and very small
particles from a local origin (increased new particle formation [18]) and a clear autumn.
Hence, from an aerosol perspective, a year may be subdivided into three periods: polluted
in late winter and spring, local with sporadic biomass burning events in summer, and
a clean season in autumn and early winter. As the aerosol’s radiative forcing not only
depends on their intrinsic properties, but also on the albedo, solar altitude and background
atmosphere [19], a precise estimation of this forcing is challenging.

Aerosols are difficult to describe in climate models for several reasons [20]. In this
work, we investigate one of them in detail: the hygroscopic growth of these particles. Above
a given relative humidity over water, an aerosol captures water molecules from the gas
phase. Hence, it is growing in size and thus changes its light scattering properties [21–23].
We note that by the uptake and release of water molecules, not only the size but also
the shape and the index of refraction of the scattering particles change. Hence potential
differences between measured dry aerosol properties and the aerosol’s direct effect on the
real atmosphere may partially be explained by hygroscopic effects.

The uptake or release of water from aerosols at changing relative humidity has been
known for decades. Tang [21] considered the hygroscopic growth of different sulfate and
nitrate aerosol particles and presented a hysteresis curve (his Figure 1): The aerosols re-
mained at their dry radius at consecutively wetter conditions up to the deliquescence point.
Beyond that, at even higher relative humidity, they take up water (they are “activated”)
and may grow into a cloud droplet at about 100% relative humidity. At consecutively lower
relative humidity, the aerosols are able to “defend” their water shell up to the efflorescence
point. This means that aerosols that have been in contact with moist air before continuously
change their diameter, and hence their scatter coefficient, depending on ambient humidity.

Frequently, this hygroscopic behavior of the scattering particles is described by
a simple one-parameter power law of relative humidity with a hygroscopic exponent.
Gassó et al. [22], for example, were able to separate different aerosol classes via that value,
and Zieger et al. [24] presented an overview of aerosols’ hygroscopicity for several Euro-
pean sites. Vu et al. [23] also analyzed the hygroscopic behavior of an aerosol as a function
of its dry diameter.

In Ny-Ålesund, the hygroscopic growth of Arctic aerosols was also analyzed
by Zieger et al. [25], who performed measurements there during summer and fall us-
ing a dry and wet nephelometer. They found a surprisingly high hygroscopic behavior
and a considerable sea salt fraction. Rastak et al. [26] extended similar measurements for a
longer time period and concluded that during summer the aerosol was even more strongly
hygroscopic than during spring time.

Lidar together with radiosonde data have been used to derive the hygroscopicity of
aerosols so far in different regions of the world, like, e.g., in the U.S. (Dawson et al. [27]), or
in China (Zhao et al. [28]). Wang et al. [29] even discussed the modification of the aerosol
radiative forcing due to hygroscopic growth and found an increase in aerosol backscatter
already below 40% relative humidity.

By this work we wanted to analyze to what extent the hygroscopic properties of
aerosols can be derived by simultaneous observations from a multiwavelength lidar and a
radiosonde for an Arctic site. We hypothesized that in the Arctic free troposphere (far away
from the major sources of aerosols) vertical gradients of the aerosol properties, such as dry
radius and chemical composition, should be low. Hence we posed the assumption that if
changes in the aerosol properties occurred which coincided with gradients of the relative
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humidity, these changes would be due to hygroscopic effects, i.e., the uptake or release of
water molecules from the aerosol particles. During their long advection from the source
regions into the Arctic, an aerosol may frequently have encountered moist conditions and
may have been activated. Therefore, remote regions like the Arctic may be well-suited
locations to analyze hygroscopic effects of aerosol by lidar.

The paper is structured as follows: We shortly present our lidar and the radiosonde
data in Section 2. Next the general situation on which this study is built is illustrated
in Section 3. Using the lidar data, we present the development of the aerosol’s optical
properties from spring to summer 2021, followed by an overview of the vertical trends
in backscatter, color ratio and relative humidity over water. Further, an overview of their
general hygroscopic properties is illustrated in Section 4. As this seasonal overview shows
quite a bit of scatter, we discuss hygroscopicity in terms of its dependence on the aerosols’
size, season and altitude. Additionally, two case studies show the complexity of the
different phenomena in some more detail. Finally, we try to put our findings in a more
general perspective in Section 5. In particular, by using the Mie theory with properties
obtained from lidar, we show that the hygroscopic growth of Arctic atmospheric aerosols is
measurable and also above the boundary layer.

2. Instruments, Methods and Data
2.1. The Koldewey Aerosol Raman Lidar and Measurement Site

The data of this work were recorded by the Koldewey Aerosol Raman Lidar (KARL) at
the AWIPEV station in Ny-Ålesund, Svalbard, (78◦55.435′N 11◦55.740′E), which is operated
throughout the whole year. It is a traditional Raman lidar consisting of a Nd:YAG laser at
355 nm, 532 nm and 1064 nm. It collects both the elastically scattered light as well as the
N2 Raman lines at 387 nm and 607 nm by a 70 cm mirror and Licel electronics. It uses a
Spectra-Newport laser operating at 10 W per color at 50 Hz. More information on the lidar
can be found in Hoffmann [30].

This study used lidar data from April to the end of July 2021. The dataset consisted
of a spatial resolution of 7.5 m and a temporal resolution of 10 min. As the investigation
focused on tropospheric aerosol, only data up to 10.0 km are discussed.

In this work, we mainly considered the (volumetric) backscatter coefficient of an
aerosol, βaer, in [m−1 sr−1]. Another important quantity is the extinction coefficient αaer

[m−1]. Further, we defined the color ratio, the depolarization and the lidar ratio as:

CR(λ1, λ2) =
βaer(λ1)

βaer(λ2)
δaer(λ) =

βaer
⊥ (λ)

βaer
∥ (λ)

LR(λ) =
αaer(λ)

βaer(λ)
(1)

However, as we dealt with daylight data, the noise in αaer limited the accessible altitude
(see Appendix A.1). One needs to treat it with caution, which is why in this work, αaer and
the lidar ratio LR were only analyzed up to a 2.5 km height.

For abbreviation purposes, if not stated otherwise, we considered the backscatter at
532 nm, written as β532, the color ratio CR(355 nm, 532 nm) = βaer(355 nm)

βaer(532 nm)
, or in short CR355

532,
and the depolarization and lidar ratio at 532 nm as well.

Information on the meteorologic conditions was obtained by a radiosonde: A Vaisala
RS-41 was launched directly next to the lidar each day at around 11 UT. It provided
radiosonde profiles of temperature, wind, humidity and pressure [31]. These sounding
data were used to calculate the Rayleigh contribution of backscatter and extinction and
more importantly for this work, to derive profiles of relative humidity.

2.2. Dataset and Cloud Mask

Lidar provides vertical profiles of optical aerosol properties from which one can obtain
their microphysical properties. The standard methods of Ansmann [32] and Klett [33] were
used to evaluate the lidar data. A boundary condition was needed for the retrieval of the
backscatter. We chose the clear sky condition βtotal = 1.1 · βRayleigh at 532 nm as the average
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in the altitude interval between 16 km and 18 km. Further, we used an Ångström exponent
A = 1.2 to recalculate the corresponding boundary condition for the other wavelengths.
For the Klett Method, the assumption of a lidar ratio was needed. We chose moderate lidar
ratios of 36 sr for 355 nm and 42 sr for 532 nm according to [14,34].

Clouds cause high backscatter and thus destroy any statistics on aerosol properties.
Therefore, lidar profiles with cloud influence need to be filtered out prior to performing
any statistics on the aerosol. The first step is to apply a threshold-based cloud filter which
removes affected time or altitude steps. Analyzing our data (scatter plot of color ratio
versus aerosol backscatter at 532 nm), we noted that a situation where βaer > 3 · βRayleigh

implied a cloud occurrence, and we removed these data points accordingly. Further, below
clouds, the backscatter profile in a lidar might be off due to an inappropriately chosen lidar
ratio within the cloud. For thin clouds, our retrieval software automatically corrected this
as in Nakoudi et al. [35]. For thicker clouds, the lidar profiles either had to be rejected or
recalculated using the assumption that in at least one altitude layer below the cloud, the
aerosol backscatter remains constant.

After application of the cloud filter, out of 1046 lidar profiles, 451 remained. During
the discussion of hygroscopic growth, simultaneous radiosonde (Vaisala RS-41) data were
used. Then, only lidar data obtained ±30 min before and after the launch of the radiosonde
were considered, leading to 33 profiles over 10 days.

As previously mentioned, the study focused on tropospheric aerosols up to a 10.0 km
height. In addition, due to the necessary overlap of telescope and laser beam from the lidar,
only heights above 0.7 km were analyzed.

2.3. Hygroscopic Growth and the Growth Curve Model

The hygroscopicity of an aerosol describes its ability to grow due to water uptake.
Next to the relative humidity of the atmosphere, it depends on both the aerosol’s size and
chemical composition [24,36].

Tang [21] studied a salt-containing aerosol and found the hygroscopic growth to
describe a hysteresis: for the activated aerosol, meaning aerosols that already grew at some
earlier point in time, the hygroscopic growth started at 40% relative humidity, while for the
non-activated aerosol, it started at 80%.

Hygroscopic growth changes the aerosol’s scattering and absorption properties [25,37].
Zieger et al. [25] and Gassó et al. [22] described this change by means of the hygroscopic growth
curve model. It utilizes the scattering enhancement factor f (RH, λ), which they parametrized as:

f (RH) = (1 − RH)−γ (2)

with the relative humidity RH and the fit parameter γ, which acts as a measure for the
hygroscopicity of the aerosol.

Two comments about this Formula (2) are necessary: First, f usually refers to the
scattering enhancement. A lidar measures primarily the backscatter, and we applied the
same approach to our data. Hence, the γ values of our work are not directly comparable
to the cited literature. Second, via water uptake, typically, the refractive index of the
aerosol changes. For a few case studies with good lidar data quality, this effect can be
deduced (e.g., Dube et al. [38]). However, as in the literature above, here, we neglected
this and assumed that the index of refraction did not change with humidity. In addition,
we performed simulations that demonstrated that the derivation of the dry and wet di-
ameter did not critically depend on the refractive index. In addition, by keeping the size
distribution as a constant, the backscatter was only proportional to the total number N
of aerosols behind the distribution. We assumed that N stayed constant and a change in
backscatter at a contemporary gradient in relative humidity was solely due to hygroscopic
growth. The application of the growth curve was then feasible without precise knowledge
of the aerosol concentration by using the normalized backscatter. It was normalized by dry
conditions where hygroscopic growth cannot occur. Dry conditions are generally consid-



Remote Sens. 2024, 16, 3087 5 of 23

ered between 0% and 40% relative humidity but are adapted depending on the quality of
the normalization.

However, note that an assumption about the unchangeable composition of the particles
only holds locally, that is, for each day and each layer where we see a pronounced gradient
in the relative humidity. The averaged chemical composition in the seasonal overviews
acts as an indication of the average hygroscopic growth in the free troposphere and might
thus help in the future to refine the lifetime of the different aerosol species.

3. Aerosol Properties in Spring and Summer 2021
3.1. The Seasonal Aerosol Cycle from Spring to Summer 2021

The daily median of the aerosol backscatter, color ratio and depolarization between 0.7 km
and 10.0 km and of the lidar ratio between 0.7 km and 2.5 km are illustrated in Figure 1a–d.
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Figure 1. The daily median of the backscatter (a), the color ratio (b) and the aerosol depolarization
(c) was calculated within altitudes between 0.7 km and 10.0 km, and for the lidar ratio (d) from 0.7 km
to 2.5 km. After a decrease in April, the backscatter takes its maximum in May. An unusual second
increase in July is observed. The lidar ratio is enhanced throughout the whole season and is maximal
in May and June. The color ratio continuously increases, and the ‘depolarization decreases. Three
estimated seasons are indicated by dotted lines.

The backscatter development in Figure 1a exhibits an increase till mid-May, followed
by a decrease till mid-June. Towards mid-July, the backscatter increases again. Considering
the points of inflections on 20 May and 20 July, the period can be subdivided into three
different seasons, as indicated by the vertical dotted lines in Figure 1a–d.

The color ratio in Figure 1b shows a continuous decrease in effective particle radius
throughout the whole period.

The aerosol depolarization stays continuously low (see Figure 1c).
The lidar ratio is on average the highest in May and early June. In particular,

11 and 12 April have low values. It is noteworthy that the lidar ratio most often has
values between 35 sr and 40 sr during the season, except for May and June. It is constantly
enhanced and even provides two peaks in the lidar ratio on two consecutive days.
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3.2. Vertical Trends in Backscatter and Color Ratio, and the Relative Humidity over Water of
the Season

Figure 2a demonstrates the height dependence of the backscatter development. The daily
median of the backscatter was built upon four different height intervals: 0.7–2.5 km, 2.5–4.5 km,
4.5–6.5 km and 6.5–10.0 km. Overall, the backscatter was most increased in the lowest height
interval. However, the backscatter gradients in time were most pronounced at heights of
2.5 km to 6.5 km.

(a) (b)

Figure 2. The daily median of the backscatter (a) and color ratio (b) are illustrated for four different
height intervals: 0.7–2.5 km, 2.5–4.5 km, 4.5–6.5 km and 6.5–10.0 km. Overall, the backscatter is the
highest in the lowest height interval. However, the seasonal development, i.e., the transition from
spring to summer, is most pronounced between 2.5 km and 6.5 km. The color ratio increases towards
summer. The strongest gradient in time is visible below 2.5 km.

Figure 2b was built similarly to Figure 2a but illustrates the color ratio. In general, the
color ratio increased towards the summer season for every height interval. Thereby, the
lowest height interval (0.7–2.5 km) provided the strongest gradient in time. The beginning
of that increase was approximately after the spring season, which was estimated by means
of the backscatter. Furthermore, the color ratio values were about 1.5 to 2.0 in the beginning
and later rose to more than 2.5.

For a further evaluation of the impact of relative humidity on the seasonal trend
(see Section 4.2), the average trend of relative humidity from April to July is shown in
Figure 3a. From mid-April to May the values were comparably low. The forest fire-impacted
season had on average the highest relative humidity of about 75%. However, otherwise, no
strong bias towards high or low relative humidity during a season was observed.

Although the absolute humidity decreased with altitude, the impact on the relative
humidity was not clear, as the temperature decreased with altitude. The average, vertical
distribution of relative humidity over water RH is illustrated in Figure 4a. Radiosonde
points from the whole season, without limitation to temporal closeness to lidar data, were
used. Data of low relative humidity (RH < 40%) can be treated all together, as hygroscopic
growth occurs only for RH > 40%; thus, this is thus illustrated individually in Figure 3b.

It is visible that the relative humidity decreased with altitude. In particular, above
7 km, the amount of RH < 40% increased strongly. Noteworthy is also the accumulation of
relative humidity data points between 40% and 60% from 2 km to 4 km.

Figure 4b illustrates the relative amount of aerosol of specified color ratio within a
certain height interval. A shift to higher color ratio values was observed above 5.0 km.
The biggest aerosol gathered around 2.5–3.5 km, which correlated with the accumulation of
relative humidity values between 40% and 60%. Note, also that the spread increased in this
height interval so that aerosol with CR < 1 was especially allocated there. Above 7 km,
the average color ratio began to reduce again, yet it was still bigger than the average values
below 4.5 km. Above 9 km, the pattern became a more even distribution and in addition, a
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second concentration emerged which included very small aerosols (CR > 4). Overall, there
existed a clear trend of smaller aerosols at higher altitudes, yet not continuously decreasing.
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Figure 3. The seasonal development of the relative humidity is illustrated in (a). The median was
determined between 0.7 km and 10.0 km. Dotted lines indicate the three seasons—Haze, summer
season and forest fire-impacted season. Figure (b) shows the vertical distribution of data points from
the whole season between 0.7 km and 10.0 km that provided a relative humidity smaller than 40%.
On average, the relative humidity decreases with altitude.
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Figure 4. The vertical distribution of the color ratio (a) and relative humidity (b) over the troposphere
are shown. Values between 40% and 60%, as well as the smallest color ratio values, occur most often
between 2 km and 4 km. Note, as no direct comparison of radiosonde and lidar data was performed
here, not only the simultaneous data are illustrated, which enhances the data basis.

4. Hygroscopic Properties

In this section, we present an overview of the general hygroscopic properties of Arctic
aerosols for the whole season. Note that the relative humidity over ice, and thus ice
nucleation, was not additionally considered. A further explanation for neglecting this effect
is stated in Appendix A.2.

Figure 5a shows the backscatter development with regard to the relative humidity over
water from April to the end of July 2021. Due to the high spread of 7.8 · 10−2 Mm−1 sr−1

in the backscatter, the median for each percentage of relative humidity is additionally
illustrated. In general, the backscatter rose with the relative humidity. However, beginning
at a relative humidity of 67%, the behavior became more irregular and provided increased
backscatter values.

For further analysis, in Figure 5b, a normalization of the median backscatter relative to
dry conditions was performed. The drop in backscatter below 20% relative humidity was
considered as not representative for the expected constant course in dry conditions. Thus,
“dry conditions” were taken here as the average backscatter coefficient between 20% and
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40% relative humidity. The quality of the normalization was considered to be sufficient, as
the constant course below 40% was located around 1.0. The growth curve in Equation (2)
was fitted to the normalized median backscatter between 41% and 67% relative humidity.
By means of the assumption that disruptive effects would cancel out, due to the variety of
meteorological events and aerosol size and composition, the fitting parameter γ could be
considered as a seasonal average. It can be seen from the plot that already at 40% relative
humidity, the backscatter was larger than in dry conditions and that at 60%, the backscatter
was about 1.3 times larger than in the dry state.

Note that R2 amounted to only 0.43. To reduce the spread in backscatter and thus
obtain a more precise fitting parameter γ, three subdivisions of the dataset were performed
and are evaluated in the following Sections 4.1–4.3. The goal was to evaluate diameter-
dependent, seasonal and vertical trends in hygroscopic growth of aerosols. The subdatasets
in the following subsections are illustrated without an upper boundary in relative humidity.
A robust least-squares fit was used for the application of the growth curve due to its stability
against outliers.

 (a)

backscatter
median backscatter

 (b)

median backscatter
 = 0.23

Figure 5. The backscatter development between April and July 2021 with regard to the relative
humidity over water is shown in (a). The median backscatter of each percentage of relative humidity
is additionally illustrated. In general, the aerosol demonstrates a hygroscopic growth between 40%
and 67% relative humidity. Beginning at 67% relative humidity, a more irregular behavior dominates.
The growth curve is fitted onto the normalized median backscatter between 41% and 67% relative
humidity in (b). The fitting parameter γ amounts to 0.23 with an R2 of 0.43.

4.1. Hygroscopic Growth Analysis, Dependent on Aerosol Diameter

A subdivision of the backscatter and radiosonde data from Figure 5 was performed.
It was classified by the profiles’ median dry color ratios CRdry(355 nm, 532 nm) and
CRdry(532 nm, 1064 nm): Figure A3a in Appendix A.3 shows aerosols with
CRdry(355 nm, 532 nm) < 2 and 2 < CRdry(532 nm, 1064 nm) < 3. Aerosols in Figure A3b
fulfilled the conditions CRdry(355 nm, 532 nm) ≥ 3.0 or CRdry(532 nm, 1064 nm) ≤ 1.2.
The last subplot, Figure A3c, presents aerosols with 2 ≤ CRdry(355 nm, 532 nm) < 3 and
1.2 < CRdry(532 nm, 1064 nm) ≤ 1.7. The choice of these color ratio intervals is explained
later in Section 5.3. For now, just note that the subfigures are sorted in ascending order of
aerosol diameter. As indicated by the median backscatter, the general development was a
rise in backscatter with humidity, i.e., the occurrence of hygroscopic growth was still visible.
Another observation is that the subdivision of the dataset mostly reduced the standard
deviation σ. In particular, on the log-scale, a thinning of the spread in the data was visible
compared to Figure 5a.

The hygroscopic growth curve was fitted to these subdatasets in Figure 6a–c. To im-
prove the normalization in Figure 6a, reasonable dry conditions were considered to be
between 30% and 40%. The fitting parameter γ was maximal for Figure 6b. Moreover, it
indicated a particularly low hygroscopicity for Figure 6a.
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Figure 6. The median backscatter of the subdivided dataset is illustrated in scatter plots (a–c) along
with relative humidity. The intervals of the subdivision were the following: (a) CRdry(355 nm,
532 nm) < 2 and 2 < CRdry(532 nm, 1064 nm) < 3, (b) CRdry(355 nm, 532 nm) ≥ 3.0 or
CRdry(532 nm, 1064 nm) ≤ 1.2, (c) 2 ≤ CRdry(355 nm, 532 nm) < 3 and 1.2 < CRdry(532 nm,
1064 nm) ≤ 1.7. It resulted in an increasing aerosol diameter. The growth curve was calculated for
each dataset. Hygroscopic growth was the strongest for (b) and the weakest for (a).

4.2. Hygroscopic Growth Analysis, Dependent on the Season

The lidar and radiosonde data of Figure 5a were subdivided into whether they were
recorded during Arctic Haze, the summer or the season with forest fire impacts. The classi-
fication of those seasons was based on Section 3.

The subdivided data are shown in Figure A4a–c in Appendix A.3. In general, backscatter
still increased with relative humidity. Compared to the full dataset in Figure 5a, the spread in
backscatter did not decrease significantly (see Figure A4a,b). Furthermore, because the complete
daily trends were included in one subdataset, individual days that differed strongly from other
days could have quite an impact on the overall trend. This was particularly visible in the
smallest dataset—the forest fire-impacted season (see Figure A4c).

The growth curve was fitted onto the subdatasets (see Figure 7a–c). Two different
modes were striking during the Haze and the summer season: one of lower and one of
higher hygroscopicity. A weighting of the data points confirmed the fitting curves followed
the different modes and estimated the aerosols’ hygroscopicity.

The modes of high hygroscopicity were almost identical for both seasons. However,
the mode of low hygroscopicity during summer was stronger than during both Haze and
forest fire-impacted season, as indicated by the fit parameter γ.
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Figure 7. The growth curve was fitted onto the median backscatter above 40% relative humidity
over water. The data were taken from the seasonally classified dataset. It was subdivided into Arctic
Haze (a), summer (b) and the season with forest fire impacts (c). Modes of higher and one of lower
hygroscopicity were visible during Arctic Haze and summer. The high modes almost coincided,
whereas the lower mode of the summer season was still stronger than during Arctic Haze and the
forest fire-impacted season.
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4.3. Hygroscopic Growth Analysis, Dependent on Altitude

The last hygroscopic growth analysis was performed on a dataset that was subdivided
into altitude intervals. This subdivision is interesting as the aerosol size, chemical com-
position and relative humidity change with altitude. In accordance with Section 3, the
following height intervals were used: 0.7–2.5 km, 2.5–4.5 km, 4.5–6.5 km and 6.5–10.0 km.
Figures A5a–d illustrate the backscatter of the subdivided dataset, as well as its median.
The standard deviation, in comparison with the analysis of the whole season (see Figure 5),
was only partly reduced, as the average backscatter value of subplot Figures A5a,b was
relatively high. Looking at the median backscatter, it seemed to be almost constant and
merely fluctuating around a value.

The application of the growth curve (see Figures 8a–d) confirmed that observation,
as the fit parameter γ at 2.5–4.5 km and 4.5–6.5 km was unreasonably low. Aerosols below
2.5 km provided a weak hygroscopicity (see Figure 8a). Above 6.5 km, there existed a
comparably strong growth behavior (see Figure 8d).
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Figure 8. The growth curve was fitted onto the data of the different height intervals 0.7–2.5 km (a),
2.5–4.5 km (b), 4.5–6.5 km (c) and 6.5–10.0 km (d). Except for the uppermost height interval, no clear
growth trend was observed. Especially within 2.5–6.5 km, random trends seemed to dominate.

4.4. Case Study: 23 May 2021

This case study addresses the visibility of hygroscopic growth within the variables
color ratio, lidar ratio and aerosol depolarization in detail. In particular, we found dis-
tinct particle properties below 20% relative humidity. Even if at this dry condition, no
hygroscopic behavior can be expected, we present the results here and simply state that
apparently, below this limit, the aerosol microphysics is different.

23 May 2021 was characterized by a strong gradient in relative humidity between
2.28 km and 3.28 km. Figure 9 shows the development of the color ratio (a) as well as the
lidar ratio and aerosol depolarization (b) with relative humidity over water.

The color ratio CR355
532 decreased from about 2.8 to 2.4. The color ratio CR532

1064, con-
structed from the longer wavelengths, was lower and rose from about 1.2 to 1.9. The aerosol
depolarization was generally low and further decreased with increasing relative humidity.
Apparently, the hygroscopic growth made the particles even more spherical, as one could
imagine for a shell of water forming around the aerosol. Only at very dry conditions, the
aerosol depolarization increased above 3%. However, the dependence of the lidar ratio on
relative humidity was not simple. We recall that the lidar ratio depends on all three param-
eters that determine the light scattering: the size, shape and refractive index [39]. All these
variables change by the uptake or release of water molecules from the aerosol. As it can be
seen from Figure 9, for 355 nm, the lidar ratio was low and more or less constant with low
values below 20 sr, in particular above 20% relative humidity. For 532 nm, the lidar ratio
was more complicated: it peaked with values around 65 sr at about 30% relative humidity.
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Figure 9. The development of the color ratio (a) and of the depolarization and lidar ratio (b) with
relative humidity on 23 May between 2.28 km and 3.28 km is illustrated. CR355

532 and CR532
1064 developed

contrarily. While the lidar ratio at 355 nm was constantly low, it had a maximum at 30% relative
humidity for 532 nm. In Section 5.1 the aerosol radius of this case study is shown to have increased
from 0.16µm to 0.18µm.

4.5. Case Study: 29 April 2021

In this section, we discuss a second case study, this time for 29 April. By using this day,
we wanted to demonstrate some caveats and difficulties which must be kept in mind when
a combined evaluation between lidar and radiosonde for hygroscopic growth of aerosol
is conducted.

We neglected the trivial case where the radiosonde and lidar may not probe the same
air mass, because the radiosonde drifts with the wind and hence cannot see the advection
of “new air masses”. One can overcome this by making sure that only cases are discussed
that show a persistent structure in the lidar.

In Figure 10, an overview of this day in terms of relative humidity and aerosol backscat-
ter is presented. While the lowest interval (1550 m to 1900 m) may point to a hygroscopic
growth, the higher intervals (Figures 10b,c) clearly show a different behavior: while in the
layer at altitudes between 3000 m and 3800 m, the relative humidity rose from slightly over
20% to over 60%, absolutely no increase in backscatter can be seen. There are two possible
explanations for this finding: either the aerosol in this case is really non-hygroscopic and
may, e.g., consist of soot, or (more likely) it consists of a normal hygroscopic aerosol that
has not been activated before and was always trapped in dry air masses. In this case, the
particles are always below their deliquescence point (as in Figure 1 of Tang [21]). While
such cases may be rare in the Arctic (a long advection time of aerosols and cooling of the
air masses, which enhances the relative humidity), they should be more frequent in the free
troposphere above the inhabited continents.
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Figure 10. The backscatter profiles at 10:52:31 and the relative humidity profiles at 11:00:00 be-
tween 1550–1900 m (a), 3000–3800m (b) and 6350–6650 m (c) on 29 April are illustrated. These cases
demonstrate the difficulties when analyzing hygroscopic growth with combined radiosonde and
lidar data.

Figure 10c shows the conditions in the altitude range between 6350 m and 6650 m,
where a double layer in backscatter can be seen. In this case, the relative humidity is so
low that no hygroscopic growth can be expected. This example simply shows that at least



Remote Sens. 2024, 16, 3087 12 of 23

sometimes the aerosol is advected in dry air into the Arctic. In fact, Khattatov et al. [40]
already noted that according to their observations, Arctic Haze either resulted from cold
and dry source regions or underwent cloud formation processes.

The fact that no hygroscopic growth is visible in the layers around 3400 m or 6500 m
can also be seen in Figure 11.
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Figure 11. The color ratio development of CR355
532 and CR532

1064 with regard to relative humidity is
displayed between 3000–3800 m (a) and 6350–6650 m (b). The development of the two color ratios
seems chaotic. No hygroscopic growth is visible.

Figure 12 shows the lowest layer, at altitudes between 1550 m and 1900 m. While the
relative humidity dropped significantly in this range, the color ratio CR532

1064 rose. However,
clearly, both quantities were not strictly correlated (see Figure 12a). This may indicate that
(dry) particle properties were not precisely constant over this altitude interval. Neglecting
this complication, Figure 12b shows the scatter plots of both color ratios as a function of
relative humidity. It can be seen that the color ratio CR355

532 remained almost constant at
values around two.
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Figure 12. The profiles of color ratio CR532
1064 and relative humidity for the lowest layer, 1550–1900 m,

are illustrated (a). No strict correlation is seen. In addition, the development of CR355
532 and CR532

1064
with relative humidity is shown (b). In particular, CR355

532 stays almost constant.

5. Discussion
5.1. Estimation of the Effective Aerosol Radius—According to Mie Theory

In this section, we present an analysis of Mie calculations to quantify any change
in the aerosol size by water uptake. Mie theory is a valid approximation as the aerosol
depolarization, as presented in the previous sections, is generally small. It enables a deeper
understanding of how the lidar variables change with particle diameter, and was already
used by Ferrare et al. [41].
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To represent an aerosol distribution, we chose a slim log-normal distribution with
a geometric standard deviation of σ = 1.1 and a typical complex refractive index of
Arctic aerosol of n = 1.5 + 0.01i, as in Böckmann et al. [42]. This assumption of an
index of refraction is a bit heuristic, as the precise value for both case studies and the
change in the refractive index with humidity is not known. Contrarily, the choice of the
geometric standard deviation is quite safe, as broader distributions cannot represent the
measured changes in the color ratios and even more narrow distributions may be unlikely.
We calculated for different effective radii of the aerosol the ratio of the backscatter efficiency
coefficients at the three different wavelengths, i.e., the color ratios. The result is plotted in
Figure 13.

Figure 13. Dependence of the color ratios on the effective radius of aerosol according to Mie theory for
a log-normal distribution of geometric standard deviation (σ) of 1.1 and a complex index of refraction
of n = 1.5 + 0.01i.

Some interesting features can be seen from this plot. First, in both spectral regions,
short wave and long wave, the color ratios do not decrease monotonically. This means that
a plain statement like “the color ratios are an indicator of the particles’ size” is not strictly
true. In fact, Figure 13 shows several intervals of aerosol radii, in which both color ratios
show the opposite behavior. Second, the color ratio CR355

532 contains the smaller information
content, because for an aerosol effective radius between 0.2µm to 0.45µm, its value is
always close to two.

For the case of 23 May, we observed an increase in CR532
1064 from 1.2 (dry) to 1.9 (wet)

(see Figure 9), while CR355
532 decreased from values around 2.8 (dry) to 2.3 (moist). From the

Mie calculations (see Figure 13), it can be seen that these values for the color ratios agreed
with each other, and that the effective radius of the aerosol increased from about 0.16µm
(dry) to 0.18µm (wet). These aerosol sizes are typical for the Arctic free troposphere based
on lidar data [38]. This increase in the aerosol effective radius is highly relevant as can be
seen from the increase in backscatter with humidity by a factor of three in Figure A6.

The second case from 29 April also showed values of the color ratios that were
physically meaningful (see Figure 12b). In this example, the effective radius of the aerosol
was around 0.32µm at around 1600 m at 80 % relative humidity, while it was approximately
0.28µm at around 1900 m at 50 %.

This non-monotonic behavior of the two color ratios from the Mie calculation also
explains the complicated result of Figure 6, where the largest γ value was found for
color ratios CRdry(355 nm, 532 nm) ≥ 3.0 and CRdry(532 nm, 1064 nm) ≤ 1.2, which
correspond to an effective radius of about 0.15µm (see Figure 13): both questions—how
much does the aerosol radius increase with humidity and how apparent is this radius
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change in lidar data—need to be considered. Figure 14 shows the dependence of the
aerosol backscatter at the three wavelengths of a Nd:YAG based lidar. The units in the
figure are arbitrary, as they depend on the aerosol concentration that varies from case to
case. Figure 14 uses the same log-normal distribution as before. It validates the previously
mentioned observation of significant changes in backscatter for a seemingly small increase
in aerosol size. Furthermore, it can be seen that larger particles have the highest backscatter.
However, the gradient of how much the backscatter changes with the effective radius is
not constant. The growth of aerosols with different dry radii is thus expressed differently
in a backscatter-based growth curve as in Figure 6. In particular, for this situation, the
backscatter gradient of 532 nm is the largest for an aerosol with a radius of about 0.15µm.

One obvious summary so far is that the information content from one color ratio alone
is clearly limited (due to its non-monotonic behavior). However, with a three-wavelength
system, the hygroscopic growth of aerosols in the accumulation mode can be tracked,
because the backscatter changes for all wavelengths and both color ratios mostly show an
opposite behavior. We note that for this discussion, the extinction values were not used,
hence this methodology works in daylight, as in our case. Still, it would be beneficial to
perform a real inversion (including the extinction coefficients) to retrieve the microphysical
properties of aerosols, which would also allow us to estimate the change in the refractive
index with humidity, as in Böckmann [43] and Dube et al. [38]. However, as our dataset
also contained faint aerosol layers in the high troposphere during Polar day, the evaluation
of the extinction coefficient was not always trustful; see Appendix A.1.

i

−

−

−

−

Figure 14. Dependence of the aerosol backscatter at the three colors of 355 nm, 532 nm and 1064 nm as
a function of the effective radius of the aerosol according to Mie theory for a log-normal distribution
of geometric standard deviation (σ) of 1.1 and a complex index of refraction of n = 1.5 + 0.01i.
The values on the y-axis are in arbitrary units as the concentration of aerosol is different from case
to case.

5.2. The Seasonal Cycle of Arctic Aerosol in 2021

Based on optical aerosol properties in Section 3, one can deduce the microphysical
aerosol properties. The temporal development of these properties shows the seasonal
cycle of the aerosol (see Figure 1a–d). In 2021, a return of the Haze period in May was
observed. The lidar ratio was enhanced but not due to elongated particles [44] since the
aerosol particles stayed spherical throughout the season (see Figure 1c). Instead, pollution
was the reason, i.e., a return of the Arctic Haze. The Haze lasted approximately till 20 May,
according to turning points in the backscatter developments. In comparison to May, April
consisted of a clearer atmosphere—in particular on 11 and 12 April. Usually (e.g., [9,13]),
the Haze maximum is observed in March or April. However, Shibata et al. [34] found
the backscatter maximum from 2014 to 2017 to be on average in May, as in this study.
However, they also found an increased aerosol load in June and July. This can be explained
by inter-annual variability, as discussed in Graßl and Ritter [16]. In the last century, the
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Arctic Haze phenomenon also lasted until May (Herber et al. [45]). For this reason, it is
important to continue monitoring the occurrence of aerosols in the Arctic.

After the Haze period, the typical summer season started (e.g., [13,46]). It was charac-
terized by a small aerosol diameter (see Figure 1b) and lower backscatter (see Figure 1a),
probably due to new particle formation [13].

Beginning on 20 July, the summer development was disturbed. As before, the lidar
ratio and aerosol depolarization indicated the occurrence of pollution (see Figures 1c,d).
Forest fire impacts were hypothesized as the reason for this disturbance.

The backscatter development within different height intervals is displayed in Figure 2a.
It is visible that the aerosol number density was maximal in the lower troposphere. This was
as expected (e.g., [47]), and in addition coincided during spring with the usual altitude
range of the Arctic Haze [34,48]. In comparison, the transition from Arctic Haze to summer
season, i.e., the seasonal cycle, was most pronounced between 2.5 km and 6.5 km. Shibata
et al. [34] also stated that it was best to observe a seasonal cycle above 2 km. The weaker
gradients, compared to the studies of Tunved et al. [13], stemmed from the integration of
the lidar data over the altitude.

The color ratio development within the different height intervals (see Figure 2b) shows
that in general, aerosols have a larger diameter in lower height intervals. This coincides
with the studies of Rader et al. [49] and the location of the Haze [34,48]. A connection to
hygroscopic growth is to be discussed later in Section 5.3. If we compare the color ratio of
Figure 13 with typical sizes of Arctic aerosols as in Tunved et al. [13] or Dall’Osto et al. [50],
which measured, even close to the ground, predominately aerosol radii smaller than 0.1µm,
we notice that our sizes seem generally larger. Clearly, more regular and direct comparisons
between aerosol in situ and remote sensing instruments are necessary. The existence of
CR355

532 values of about 1.5 only below an altitude of 2.5 km in March and April, which later
increased to values around 2 and more, implies that only during the Haze period, at this
low altitude, particles with an effective radius around 0.18µm prevail. Later in the year
and always at higher altitudes, particles with effective radii around 0.15µm dominate.

Two obvious explanations why the aerosol diameter may be overestimated in lidar
compared to in situ instruments can be immediately given: Figure 14 shows that the lidar
signal is dominated by very few large particles which may not be captured efficiently
by in situ techniques, or, simply, part of the aerosol is hygroscopically grown in the free
Arctic atmosphere.

5.3. Dependence of Hygroscopicity on Particle Size, Season and Altitude

The hygroscopic analysis of all simultaneous lidar and radiosonde data from April
to July 2021 (see Figure 5b) between 0.7 km and 10 km altitude provides a weaker growth
than in the studies of Zieger et al. [25]. However, as described in Section 2.3 our values of
the growth parameter γ were based on the backscatter coefficient and hence only roughly
comparable to the existing literature. Further, we hypothesize that the sea salt fraction
decreases with altitude: while sea salt may be one reason for the high hygroscopicity
found by [26] and is frequent in the boundary layer of Ny-Ålesund as pointed out by [12],
previous lidar studies suggest that sea salt is only a minor aerosol constituent above a 1 km
altitude [14].

Overall, we noted a large spread in the overall hygroscopicity (see Figure 5). Therefore,
subdivisions of the dataset were performed to reduce this spread. It was assumed that γ
would then be determined more exactly. Moreover, another goal was the determination
of hygroscopic trends dependent on aerosol diameter, season and altitude. Thus, this
study provides information on hygroscopic properties of an average Arctic aerosol in this
season. This is a major difference from previous studies, as they were mostly performed
at either constant time or altitude (e.g., Navas-Guzmán et al. [51], Lv et al. [52]), except,
e.g., Dawson et al. [27], who presented an overview of a campaign (based in the U.S.).
Furthermore, our study includes the free troposphere, whereas studies have so far been
often focused on the boundary layer (e.g., Lv et al. [52]).
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Particle Diameter Trends

First of all, using Figure 13, the choice of the color ratio intervals in Section 4.1 leads
to the following aerosol radii: Figure 6a corresponds to aerosols with a radius of about
0.11–0.12µm. Aerosols in Figure 6b have a radius of about 0.15µm, and the ones in
Figure 6c have a radius of about 0.15–0.17µm. Hence, the hygroscopicity does not increase
with the aerosol diameter in this analysis. However, this expected trend [23] is not doubted.

The results show that aerosol size is not the most important parameter in determining
hygroscopic growth, unlike others, e.g., chemical composition. This critical dependence
is also underlined by a case study from Lv et al. [52]. Thus, Figure 6 emphasizes the
importance of the aerosols’ geographical location and altitude.

Furthermore, Figure 14 can be consulted to interpret the trend seen in hygroscopicity.
The development of the backscatter coefficient of 532 nm with relative humidity shows the
strongest gradient for a radius of around 0.15µm and is particularly low for smaller aerosols.
It coincides with the observed high or low γ parameters in Figure 6a–c. Further research
on the importance of the chemical composition compared to the aerosol size in terms of
its hygroscopicity needs to be performed for a final evaluation of these two hypotheses.
The unambiguous classification of even larger aerosols by their dry color ratio is desirable
but not feasible here.

Seasonal Trends

In this work, we generally (Figure 7) found two modes with higher or lower values
of the growth parameter. Only for the days in July with increased backscatter (biomass
burning) was the mode of high γ missing (see Figure 7c). A low hygroscopicity for biomass
burning was also found by [53,54].

We hypothesize that our finding with the mode of weak hygroscopicity can be ex-
plained by one of the following circumstances: T he particles have not been activated, as
in the case of Section 4.5, which is indeed more likely for the drier upper free troposphere
(Figure 3). Alternatively, the particles are already so large that any further growth cannot
be captured well by the color ratio only in lidar data [42]. Finally, the aerosol in the upper
free troposphere may simply be less hygroscopic; see next paragraph.

Vertical Trends

In this study, we analyzed to our knowledge for the first time the hygroscopic behavior
of Arctic aerosols vertically resolved in the free troposphere. In our dataset from 2021, on
average, no hygroscopic growth was visible from 2.5 km to 6.5 km (see Figures 8b,c). We ex-
plain this by the fact that with the increasing altitude, the surrounding air becomes drier
(Figure 3) and the aerosol may become smaller. These two effects hinder the hygroscopicity.
Further, Figure 8 shows the highest variability in the middle two altitude intervals.

From 0.7 km to 2.5 km, the aerosol is weakly hygroscopic (see Figure 8a). Due to the
orography of Svalbard, one can hypothesize that underneath 2.5 km, interactions with the
boundary layer still occur, meaning that, e.g., more moisture from the ocean or sea salt
aerosol is present. Furthermore, assuming vertical wind shear, the spread in color ratio
from 2.5–3.5 km (see Figure 4a) results from the mixing of different aerosols, if the free
troposphere is in fact located above 2.5 km.

The most hygroscopic aerosol is present above 6.5 km (see Figure 8d). We explain this
surprising result by the fact that the sources of the aerosol are close to the ground. Hence,
an aerosol above 6.5 km has necessarily been rising with the surrounding air. Ascending
air cools, which increases the relative humidity. Further, the aerosol in this air might be
the oldest and during its aging, an Arctic aerosol changes from a chemically external to an
internal mixture, meaning that less hygroscopic aerosol is surrounded by a shell of more
hygroscopic sulfate [55]. Hence, we hypothesize that the fraction of aerosol in this altitude
that has been in contact with moist conditions is higher than below 6.5 km. Therefore, the
less hygroscopic, non-activated branch is missing in the upper troposphere. This finding is
in agreement with [56] who stated that high Arctic black carbon (and aerosol) layers in the
Arctic are controlled by cloud processes.
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In total, we found a surprising complex vertical hygroscopicity, which needs to be
analyzed further.

6. Conclusions

Herein, to our knowledge for the first time, hygroscopic properties of aerosols from
the real, Arctic free troposphere were examined vertically by lidar. The study focused on
tropospheric aerosols from the European Arctic from spring to summer 2021. Therefore,
first, the seasonal development of the microphysical aerosol properties was investigated.
The main results built the average situation of this season, on which the analysis of this
study was based: an extended Arctic Haze till 20 May, followed by the typical summer
season. Forest fire impacts were disruptive beginning on 20 July.

The main analysis, focusing on the aerosols’ hygroscopicity, included the following
tasks in particular:

• A subdivision of the dataset according to the aerosols’ color ratio, season and altitude.
The application of the growth curve model then estimated the hygroscopicity of
the subdataset.

• An illustration of the often complex interpretation of the lidar data, and in particular,
the color ratio. A Mie calculation was performed to obtain the relation between the
color ratio and the effective aerosol radius. We showed that by three backscatter
coefficients (two color ratios, no extinction coefficient) the hygroscopic growth for
a large, relevant size interval could be captured with only mild assumptions on the
refractive index.

Assessing these investigations led to the following results:

1. No clear trend in the hygroscopic growth with regard to the aerosol diameter could
be observed. This probably resulted from its strong dependence on the aerosols’
geographical location and altitude, or even the development of backscatter with the
particle radius itself (according to Mie theory). The hygroscopic growth of larger
particles surely happens in the atmosphere, but it is hard to see from the inspection of
the color ratio alone. Here, a full inversion of the lidar data seems necessary.

2. Generally, we found two modes in hygroscopicity in different seasons: one of stronger
(γ ≈ 0.75, only missing during the forest fire season) and one of weaker (γ ≈ 0.25)
hygroscopicity. During summer only, this weakly hygroscopic mode had a higher
γ value. Since this hygroscopicity parameter in the present work was based on the
aerosol backscatter coefficient, this number may not be directly comparable to the
existing literature. However, in the atmospheric column, the aerosol may, on average,
be less hygroscopic than previously derived by ground-based measurements.

3. An interplay of processes causes the vertical trend in hygroscopicity to be complex.
We found higher hygroscopicity and high relative humidity in the lowest altitude
but could not say whether this was due to a different chemical composition or due to
orographic effects. In the middle troposphere, the hygroscopicity was reduced, maybe
because the probability of having aerosols that never encountered moist conditions
is the highest. Finally, in the upper free troposphere, highly hygroscopic aerosols
were found. These particles must have been lifted up, hence the surrounding air had
apparently cooled to saturation level prior to its advection towards the Arctic. Case
studies enabled this further detangling of the complex vertical trend.

In the future, a similar work could be performed during the Polar night to capture
the full annual cycle and to systematically include the extinction coefficient from the
Raman method. Coordinated observations by wind lidar in the lowest atmospheric layers
may shed some light on vertical movements of air and their impact on humidity and
hygroscopic growth.
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Appendix A

Appendix A.1. Sensitivity Study: Amplifying Noise in the Extinction Coefficient with Altitude
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Figure A1. The median extinction over all available data points (without cloud influence) was
calculated and is displayed for each height step. The standard deviation for each height step is
illustrated as a filled area. It demonstrates the strongly increasing noise in extinction and thus the
lidar ratio with altitude. For the previous analysis in this paper, the height intervals 0.7–2.5 km,
2.5–4.5 km, 4.5–6.5 km and 6.5–10.0 km were often utilized. In particular, the lidar ratio was only used
within the lowest height interval due to noise. To emphasize this strengthening in noise, the mean
standard deviation within this height interval is denoted in the figure. It rose by a magnitude of
about 2.

Appendix A.2. Discussion on the Importance of Relative Humidity over Ice in This Work

In this work, only the relative humidity over water was considered. This was due
to the general sparseness of INP [57]: at a given supersaturation over ice, the onset of
hygroscopic growth in the ice phase depends on the availability of INP, which may or may
not be present. This potentially leads to a large scatter in the γ parameter.
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Figure A2. The vertical distribution of the relative humidity over ice is shown. Significant supersatu-
ration (>110%) occurs only above a 4 km altitude.
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Figure A2 presents the occurrence of supersaturation with respect to ice in our dataset.
It can be seen that significant supersaturation (>110%) only occurred above a 4 km altitude.
It was shown in Section 3 that at that altitude, the aerosol backscatter was already clearly
lower than in the lower free troposphere.

However, principally contemporary measurements by radiosonde and depolarization
lidar allow the creation of statistics, in which season, altitude, relative humidity and
temperature ice or water clouds will form.

Appendix A.3. Backscatter Development with Relative Humidity for the Subdivided Datasets

The backscatter developments with regard to relative humidity for the subdivided
datasets of Sections 4.1–4.3 are shown. The plots were built similar to Figure 5a, which
displays the whole season. These overview plots are important to evaluate the quality of the
subdivision by, e.g., a reduction in the spread of the backscatter. Moreover, outliers in the
normalized median backscatter, used later for the growth curve, can be understood further.

Overall, the hygroscopic growth, meaning a rise in backscatter with humidity, as well
as a reduction in the spread of the backscatter are mostly visible in all subdatasets.

 (a)

backscatter
median backscatter

 (b)  (c)

Figure A3. The backscatter and radiosonde data from April to July 2021 were subdivided according to the
profiles’ median dry color ratios. The intervals were the following: (a) CRdry(355 nm, 532 nm) < 2 and
2 < CRdry(532 nm, 1064 nm) < 3, (b) CRdry(355 nm, 532 nm) ≥ 3.0 or CRdry(532 nm, 1064 nm) ≤ 1.2,
(c) 2 ≤ CRdry(355 nm, 532 nm) < 3 and 1.2 < CRdry(532 nm, 1064 nm) ≤ 1.7. The median backscatter
was calculated for each percentage of relative humidity. Overall, the backscatter still rises with humidity,
as expected.

 (a)  (b)  (c)

backscatter
median backscatter

Figure A4. The lidar and radiosonde data were subdivided into the three seasons, Arctic Haze
(a), summer (b) and season with forest fire impacts (c). This separation was based on Section 3.
To visualize an average growth behavior of the season, the median backscatter was calculated for
each percentage of relative humidity. Note that backscatter developments of individual time steps
may have a great impact on the overall trend.
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 (c)  (d)

 (a)

backscatter
median backscatter

 (b)

Figure A5. The dataset was subdivided by altitude. The backscatter and median backscatter between
0.7–2.5 km (a), 2.5–4.5 km (b), 4.5–6.5 km (c) and 6.5–10.0 km (d) are illustrated.

Appendix A.4. Backscatter, Relative Humidity and Temperature Profiles on 23 May 2021
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Figure A6. The tropospheric profiles from backscatter, relative humidity (a) and temperature (b) are
illustrated. A strong gradient in relative humidity is visible from 2.28 km to 3.28 km. A focused
analysis of this interval was performed in Section 4.4.
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