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Abstract: In this study, an innovative methodology for the identification of giant aerosols using cloud radar is
introduced. The methodology makes use of several insects studies and is applied to a 6-year long cloud radar
dataset in Potenza, South Italy. 40 giant aerosol events per year were found and are in good agreement with the
site’s climatological record. A sensitivity study on the effects of the giant aerosols on three atmospheric variables
and under different atmospheric stability conditions showed that the presence of giant aerosols: a) increased the
Aerosol Optical Depth in all the atmospheric stability conditions, b) decreased the Angstrom exponent for the
highest and lowest stability conditions and had the opposite effect for the intermediate stability condition, and c)
increased the accumulated precipitation in all the atmospheric conditions, specially in the most unstable ones.
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1. Introduction

Aerosols affect the meteorological and climate system in many ways: by interacting with solar
radiation through absorption, scattering and emission; by acting as Cloud Condensation Nuclei (CCN)
and Ice Nuclei (IN), upon which cloud droplets and ice crystals form; and by carrying nutrients to
oligotrophic ecosystems, such as oceans. Moreover, they also have a large impact on human health by
causing or enhancing respiratory, cardiovascular, infectious, and allergic diseases [1] and can affect
air transport, as happened during the spring of 2010, when the Eyjafjallajokull volcano eruption in
Iceland caused an enormous disruption to air traffic across western and northern Europe [2].

Aerosol sizes range from few nanometers to tenths of micrometers, can be of natural or anthro-
pogenic origin and have different compositions. The aerosols effects and importance depend on their
concentration and characteristics. Cloud Condensation Nuclei (CCN) and Ice Nuclei (IN) particles
determine to a large extent cloud microstructure and, consequently, cloud albedo and the dynamic
response of clouds to aerosol-induced changes to precipitation [3]. The aerosol size distribution, and in
particular the availability of Giant CCN (GCCN), has a major impact on cloud development and rain
formation [4]. By acting as GCCN, giant (> 1 ym radius) and ultragiant particles (> 2.5 um radius),
can determine the concentration of the initial cloud droplets, the clouds albedo and lifetime, and the
precipitation formation, expediting specially warm rain processes [5,6]. In addition, depending on
their composition, they can also act as IN. Mineral dust, for instance, is an efficient IN [7], being the
bigger particles with larger surface areas the first to nucleate [8]. In a cloud seeding experiment by
Ghate et al. [9], it was found that although the giant nuclei introduced into a cloud were only a small
fraction of the total aerosols, they dominated the cloud response. Besides, during a field campaign in
Barbados (BACEX, March-April 2010), it was found that during dusty periods, aerosol concentrations
increased substantially in the size range between 0.5 and 10 um (diameter) [10], which might have an
important impact on aerosol-cloud—precipitation interactions because the most effective GCCN size
lies within this range [10-12]. Nevertheless, other studies have reported a minor or no effect of GCCN
on the initiation of rain in warm convective clouds [i.e. 13-15].

Although lidar and photometer are the main instruments in aerosol monitoring, they do not
account for giant and ultragiant aerosols bigger than a a few microns. Specifically, given the wavelength
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used by the aerosol lidars, the retrieval of microphysical properties is limited to 10 um [16] whereas,
similarly, sun photometers have a 15 um cutoff [17]. Giant dust particles have been observed at great
distances from their source: van der Does et al. [18], for example, reported observations of individual
giant Saharan dust particles of up to 450 um in diameter sampled in air over the Atlantic Ocean at
2400 and 3500 km from the west African coast. In Europe, giant dust particles were found > 4000 km
from their Saharan source by using sediment traps [19], and dust particles up to 300 ym in diameter
were sampled during aircraft campaigns over north-western Africa [20]. Therefore, the complete
distribution and impact in the atmosphere and climate of these particles is not well known, and the
aerosol transport models largely underestimate them [21]. Conversely, cloud radars can complement
the existing gap and detect giant and ultragiant particles, and even though we have not found in
literature dust giant particles observations made by cloud radars at a long distance from the source,
a Ka-band cloud radar detected volcanic ultragiant particles far from the source [22], with observed
values of radar reflectivity that are consistent with a particle effective radius larger than 50 — 75 um
[23].

In this work, we present an innovative methodology for identifying giant aerosols using cloud
radar observations, which is developed on the basis of entomology studies to discriminate the contri-
bution of insects from aerosol in the low troposphere. The instrumentation and the methodology are
presented in Section 2. In Sect. 3, the methodology is applied to 6 years of continuous measurements,
where the effects of giant aerosols are studied by comparing different atmospheric variables under
different atmospheric stability conditions. The paper closes with conclusions and suggestions for
further applications and improvements.

2. Materials and Methods

2.1. Instrumentation

This study has been carried out at the CNR-IMAA Atmospheric Observatory (CIAO, www.ciao.
imaa.cnr.it), located in Tito Scalo, Potenza, Southern Italy, on the Apennine mountains (40.60°N,
15.72°E, 760 m a.s.l.), less than 150 km from the West, South and East coasts [24]. The site is in a plain
surrounded by low mountains (< 1300 m a.s.l.) and has a coastal Mediterranean climate (Képpen type
Csb), characterized by dry, warm summers and wet, cold winters. The site is of particular interest for
studying aerosol properties because it is affected by a quite large number of Saharan dust intrusions
per year [25] and it is located 300 km far from the Etna volcano [26].

The main instrument used in this study is a Ka-band Doppler radar. Ancillary data acquired by
other instruments, such as a microwave radiometer and a weather station, as well as the output of a
Numerical Weather Prediction (NWP) model are also used to achieve the purposes of this study.

A millimetre-wavelength cloud radar (MIRA36) from METEK GmbH is operating at CIAO since
March 2009. It is a mono static magnetron-based pulsed Ka-Band Doppler radar operating at 8.45 mm
wavelength; it has a sensitivity of —55 dBZ at 1 km and —40.3 dBZ at 5 km [24]. According to its
configuration, the time and range resolution are 10 seconds and 30 meters respectively. Linearly
polarized signal is transmitted, while co- and cross polarized signals are received simultaneously
to detect Doppler spectra and Linear Depolarization Ratio (LDR). Out of the Doppler spectra, the
Signal-to-Noise Ratio (SNR), the Doppler velocity (VEL), the peak width (RMS) and the equivalent
reflectivity (Z) are retrieved.

Measurements from three additional ground-based remote sensing instruments, a microwave
radiometer profiler (MWR), a ceilometer and a sun photometer, are used. The MWR (MP3014 from
Radiometrics) measures the sky Brightness Temperature (BT) at 12 frequencies; the inversion of this
quantity provides temperature, humidity and cloud liquid water profiles up to 10 km as well as an
estimation of the Integrated Water Vapour IWV) and the cloud Liquid Water Path (LWP) [24]. The
ceilometer (CT25K from VAISALA) is continuously measuring the cloud-base height and the signal
backscattered by atmospheric particles at 905 nm up to 7.5 km [24]. The sun photometer (CE-318 from
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CIMEL) measures the direct solar irradiance and sky radiance at the Earth’s surface. It is operational
within the AERosol RObotic NETwork (AERONET), performs columnar measurements and one of its
main products is the multi-wavelength Aerosol Optical Depth (AOD), that can be used to estimate the
aerosol size distribution [24].

In situ measurements are used as well: standard surface variables (pressure, temperature, humid-
ity and wind) are routinely monitored using the MILOS520 Automatic Weather Station [24], while
radiosounding observations of temperature, pressure, humidity and winds are considered when
available.

Moreover, data outputs from the European Centre for Medium-Range Weather Forecasts (ECMWF)
Integrated Forecast System Model, with an horizontal resolution of 39 km, 60 vertical levels and a
forecast temporal range between 12 and 35 hours are also used in this study.

2.2. Cloud Radar Aerosols Observation

In this study, giant aerosols are observed by cloud radar in a systematic way and for a long time
period. To this purpose, it is preliminarily needed to determine the sizes of the atmospheric particles
that can be detected by the cloud radar according to its sensitivity. Afterwards, a novel methodology
has been developed to detect these particles by using the MIRA36 cloud radar.

2.2.1. Sensitivity Limits

The cloud radar operating wavelength determines the atmospheric constituents it can detect.
Since airborne particles are smaller than cloud droplets or rain drops, it is important to quantify the
radar capability to detect aerosols with different particle effective radii. With this purpose, the T-matrix
method for randomly oriented, rotationally symmetric scatterers [27] has been used to compute the
extinction and scattering efficiency and the Miiller matrix of aerosols at the cloud radar wavelength.
These calculations necessitate the a priori inference of the aerosol complex refractive index.

As we were unable to find the complex refractive index for dust at the cloud radar wavelength
(8.45 mmy), we searched for the refractive indices of dust reported in literature at other wavelengths. In
Zhang et al. [28], they presented a recollection of refractive indexes for dust with different mineralogical
compositions between 0.2 and 50 pm, which shows that the refractive index changes significantly
between different wavelengths. At 800 nm, the refractive index real part ranges between 1.4 and
2.9, whilst the imaginary part falls between 2 10~° and 0.015. At 50 um, the ranges are 1.8 — 5.9 and
0.02 — 1.5 for the real and imaginary parts respectively. In the study of Weinzierl et al. [29], they
presented the refractive index of volcanic aerosols and dust between 350 and 800 nm. At 800 nm, the
same wavelength that we selected from [28], the refractive index for dust was of 1.544 + 0.00057, and
for volcanic of 1.551 + 0.078i. Given the high variability of the complex refractive index that we see at
different wavelengths, and that the values for dust and volcanic particles are relatively similar at the
same wavelength (800 nm), we decided to use the complex refractive index found by Adams et al. [30]
for volcanic particles at the radar operating frequency (35.5 GHz): 2.45 + 0.431.

The equivalent reflectivity (Z) and Linear Depolarization Ratio (LDR) can be computed from the
elements of the Miiller matrix. Figure 1 reports the estimated theoretical reflectivity at 8.45 mm for
spherical particles depending on their size and number concentration. The reflectivity is increasing
together with the particle radius and the number concentration; the highest increase is associated to the
particle size. As previously mentioned, according to the manufacturer the radar sensitivity threshold
is —55 dB at 1 km at a time resolution of 10 seconds and averaging 200 spectra; reflectivity values
above this value are highlighted using white horizontal lines. This means that the particles with the
corresponding effective radius and number of particles can be detected by the MIRA36 cloud radar. A

particle of 1 yum radius, for example, cannot be measured if its number concentration is below 10 cm 3.

A 2 um radius particle, instead, will be detected if the number concentration is higher than 0.2 cm 3.
And finally, all particles with a radius of 5 um or bigger will be detected if their number concentration

is as low as 0.001 cm 3. These values are in line with giant aerosol observations in the atmosphere,
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such as Exton et al. [31], who found total particle concentrations of a few-per-centimeter cubed in the
range 1 — 23.5 um, and of about 0.1 — 0.5 cm ™2 in the range 5 — 150 um, and with the measurements
performed during the First Aerosol Characterization Experiment (ACE-1), that measured particles
with dry radii on the order of 6 to 12 um in concentrations between 10~# and 1072 cm 3 [5].

Therefore, given the radar sensitivity, the T-Matrix scattering calculations, and the aerosols size
and number concentration in the atmosphere, we can affirm that the cloud radar is sensitive to giant
and ultragiant aerosols.
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Figure 1. Reflectivity calculations from the output of Mishchenko’s T-matrix scattering code depending
on the particle effective radius and the number of particles. These values correspond to spherical
particles at a wavelength of 8.45 mm, to a complex refractive index of 2.40 4 0.40i, and to a scattering
angle of 180°. The white horizontal lines highlight reflectivities over —55 dB, the radar sensitivity
threshold at 1 km.

2.2.2. Detection Methodology

The microwave radiation emitted by the radar probes the atmospheric vertical structure, and
receives echoes caused by different kinds of scatterers (hereinafter targets). The target discrimination
is essential for interpreting the cloud radar observations, and in many cases this operation can
be accomplished by using the different Doppler velocities and LDR. In the cloud radar MIRA36
algorithms, following the noise (the so-called clutter) removal, the targets are classified into clouds,
rain and plankton; being the latter the radar term used to describe non-hydrometeor targets (i.e.
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insects). Ka and W-band cloud radars (35 and 94 GHz respectively) detect almost exclusively insect
targets on warm cloudless days [32,33]. Indeed, radar has been applied to the study of insects for more
than 40 years. Since wind-borne insect migration occurs on a colossal scale, far exceeding (at least
in numerical terms) the migratory flux of birds [34] and giant and ultragiant volcanic aerosols can
be detected by Ka-band radars [22,23,35,36], it can be assumed that the non-hydrometeor (plankton)
echoes consist of insect and aerosol returns only. Therefore, a strategy has been developed based on
insects characteristics and behaviour to detect and subtract them from the radar signals, keeping the
aerosol returns only.

The first of the insects characteristics that has to be taken into account is their vertical evolution
throughout the day. The depth of the insect layer follows the diurnal variation of the Atmospheric
Boundary Layer (ABL) with a minimum during night-time, sharply increases in the morning, and
reaches a maximum in the afternoon. According to this daily evolution, represented in Figure 2,
crepuscular, diurnal and nocturnal insects can be identified with almost no overlap between them.
Crepuscular species take-off during the morning twilight period, with small numbers and a generally
short-lived flight, although occasionally continue for some time and day-time layers are reported [34].
Day-flying migrants take off from mid-morning onward, as atmospheric convection develops, and
generally descend in the late afternoon; occasionally, small numbers of day-flying species continue
their migration into the night [34]. Nocturnal species typically have a mass take-off at dusk and fly
throughout the night following the stratification of the nocturnal BL [37—41]. Therefore, they tend to
concentrate into layers of shallow depth but broad horizontal extent [42—45].

Height

W PP

Time

Figure 2. Insect daily schematic evolution, in three distinguished groups: crepuscular (green), diurnal
(orange) and nocturnal (blue). The height reached by the insects depends on the geographical location
and meteorological conditions. Elaborated based on Chapman et al. [34,37], Drake [42], Drake and
Farrow [43], Gatehouse [44], Reynolds et al. [38,39,45] and Wood et al. [40,41].

Typically, insects size range is of the order of millimeters, whereas aerosols size range after
atmospheric transport can reach up to a few hundred microns. Considering that the radar reflectivity
is proportional to the sixth power of the diameter of the scatterers, aerosols are only detectable in range
gates free of insects. Therefore, only the lofted layers relative to the areas where the insects fly are
searched for and further processed.

Figure 3 illustrates the approach that has been developed with this purpose. First, according
to the cloud radar original classification [46], the plankton (non-hydrometeor) layers are looked for.
Due to the speckled nature of the cloud radar images, it was established that the lofted layers should
have 600 pixels at least (10 samples in height x 60 samples in time), which corresponds to a 300 m
thick layer that lasts for 10 min. Second, the misclassification of the outer cloud and rain pixels into
the plankton category that is frequently done by the original cloud radar classification algorithm
needs to be overcome. With this purpose, the cloud and rain areas are expanded 2 min in time and
120 m in range to create a cloud mask. This mask includes the clouds and rain regions, including their
outer originally misclassified pixels. Third, the cloud base height detected by the ceilometer is also
included into the mask in order to avoid inserting misclassified clouds into the process. Finally, after
applying the cloud mask, the remaining layers are classified into lofted or not lofted depending on
their minimum height.
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Figure 3. Methodology adopted for the identification of non-hydrometeor targets lofted layers. The
green arrow indicates the condition is fulfilled, the red one that it is not.

After the identification of the plankton lofted layers via the process that we just described, a
series of tests based on the insect behaviour in the atmosphere are carried out to distinguish between
the aerosol and insect layers. The different criteria are based on entomology studies and consider
atmospheric variables such as the temperature and the wind. The key features of insects layers are
explained next.

Two aspects of the insects relation with temperature were considered: (a) the ceiling (maximum
height) of the insect layer can be approximated by the 10°C isotherm in most cases, even though there
is a tendency of insects to tolerate lower temperatures after prolonged periods with temperatures
lower than average [47]; and (b) the insect layers during night-time are frequently located near the
inversion top height [38].

Regarding the insects behaviour with respect to the wind, it was found that (a) they do not fly at a
wind speed on the Beaufort wind force scale higher than 5 close to the ground [48], which corresponds
to a mean wind speed of 10 m s~ and that (b) the aerosol layers tend to follow the 3D wind vector,
while insects usually have a more random behaviour.

Finally, concerning the relation of the insects with the convection, the ABL and the height, it is
known that (a) insects tend to be concentrated in plumes of rising air [49]; that (b) there are usually
many more insects within the convective ABL than above it [50]; and that (c) migrating insects typically
fly at high altitudes, sometimes as high as 2 or 3 km above the ground [44].

Figure 4 illustrates the developed methodology based on entomology criteria outlined above. In
order to perform the following screening steps, ancillary information is required. Temperature and
wind profiles from radiosondes are used, if available, within a temporal difference of 2 1 (we assume
that within this time interval the measured profiles are still representative of the actual conditions). In
any other case, profiles provided by the MWR and the ECMWEF model are used for temperature and
wind respectively.

In the first step, the layers that have more than 60% upward Doppler velocities are classified
as insects. If not, then it is a possible aerosol layer and goes through the second screening step. In
the second step, which is only applied during night, the layer location relative to the temperature
inversion height is used as the screening metric. If more than 10% of the layer is located within 500 m
higher or lower of the temperature inversion height, it is classified as an insect layer. If not, it goes
ahead in the classification procedure. In the third screening step, four tests are applied:

¢ is the temperature of more than 90% of the points below 0°C?

e are more than 90% of the layer pixels located above 3 km?

* is the corresponding horizontal wind speed of at least 90% of the layer pixels over 10 m s~1?

* is the difference of angle between the layer and the isotachs time-height cross section orientation
lower than 30°?

The layer that meets at least one of these conditions is classified as aerosol. If not, it falls into the
insect category.
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Since radar measurements alone cannot provide unique information on whether giant aerosols are
embedded in the insect layers due to their highly differing sizes, it is necessary to check independent
measurements to further scrutinise the results obtained from the cloud radar. For this reason, the
insect layers are submitted to an additional screening criterion. The size distribution retrievals from
the AERONET sun photometer during the insect layer are averaged. Then, if the effective radius of the
coarse mode is smaller than 2.5 um it is considered that it is an insect layer, whilst otherwise we assume
that is a layer of insects with embedded giant aerosols. This criterion can only be applied during
day-time, when the sun photometer is operating. During night-time, the atmospheric conditions
are generally more stable and, in addition, the cases occurring in this period are checked for the
temperature inversion.

\\ \
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Figure 4. Methodology used for the creation of the aerosol-insect dataset, applying tests based on
entomology studies. Green arrows indicate the condition is fulfilled, and red arrows that it is not.

3. Results

3.1. Giant Aerosols Dataset

The described methodology was applied to all the cloud radar observations in Potenza within the
period of March 2009 - June 2015, resulting in the identification of 328 aerosol layers, 684 insect layers
and 18 insect layers with embedded giant aerosols. The selection of this time interval was based on
having the longest data records at the station without gaps due to maintenance, tests and temporarily
instrument shut-down.

Table 1 shows the day/night distribution of the identified layers.

Table 1. Aerosols, insects and insects with embedded giant aerosol lofted layers dataset (March 2009 -
June 2015). Between parentheses is the percentage of layers of the total. Note that some layers have a
long duration and occur both during day- and night-time.

Layers Aerosols Insects Insects with
embedded giant
aerosol
Day-time 175 (16.8%) 270 (26.0%) 18 (1.7%)
Night-time 155 (14.9%) 421 (40.5%) 0(0.0%)
Total 328 (31.8%) 684 (66.5%) 18 (1.7%)

The number of aerosol layers during day and night is very similar, while the number of insect lay-
ers during night is much higher than during day. This agrees with the entomology studies description
of the insects behaviour: they mainly fly within the ABL during the day and follow the stratification of
the ABL during the night. Nevertheless, this could also be caused by one of the steps in the screening
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procedure, in which the temperature inversion height is compared to the height of the aerosol/insect
layer. The information from the sun photometer, used to detect embedded giant aerosol layers, was
available for the 48.3% of the total insect cases, and it was found that the 12.9% of the insect layers to
which this criterion could be applied contained giant aerosols. Henceforth, only the aerosol and insect
layers without embedded giant aerosols will be considered in order to compare the two targets.

The frequency distributions of the reflectivity (Z) and LDR for aerosols and insects are shown in
Figures 5 and 6. The reflectivity distribution (Figure 5) is very similar for both targets. Nonetheless,
some small differences are observed: low reflectivity values are observed more frequently for insects,
while aerosols reach higher values. The LDR distribution (Figure 6) is bimodal for the aerosols and
unimodal for the insects, being the low values more common for the aerosols. This indicates that
the SNR difference between the co- and the cross-channel is, in general, higher for aerosols. This
effect might be due to the effective irregularities of the two targets; for aerosols, non-zero LDR values
indicate the presence of non-spherical aerosols and can be highly sensitive to particle shapes and sizes
[51].

Aerosoll
] Insect

F[%]

-60 -40 -20 0 20
Z[dB]

Figure 5. Frequency distribution of reflectivity for all the aerosols (in orange) and insect cases (in green).
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Figure 6. Frequency distribution of LDR for all the aerosols (in orange, bi-modal distribution) and
insect cases (in green, mono-modal distribution).
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In Figure 7 the occurrence of the aerosol layers throughout the year is presented. The maximum
number of aerosol layers observed occurs during summer (July and August), whilst the minimum
occurs during winter. The number of aerosol cases decrease gradually from summer to winter. From
winter to summer, there is a gradual increase of the aerosol layers detected, with the exception of a
relative maximum in April. These features are in accordance to climatological studies of the site [25,52].
Most likely, the peak during spring is caused by pollen and dust and the one during summer by dust.

100 7 ' ' ' ' ' Aiaros'ol
80 nsect

60
40

20
0

Cases

2 4 6 8 10 12
Month

Figure 7. Number of aerosol (in orange) and insect layers (in green) per month. As the total number
of cases is presented instead of the frequency distribution, the total number of insect layers is much
higher than the number of aerosol layers.

The annual evolution of Aerosol Optical Depth (AOD) retrieved by the AERONET sun photometer
is presented in Figure 8 together with the normalized frequency distribution of giant aerosol cases.
The AOD curves and the distribution of the giant aerosol observations yield a good agreement: the
highest AOD values are observed during the months in which more giant aerosol cases occur. The
enhanced AOD values during spring and summer agree with the annual cycle of dust outbreaks
[25,53], suggesting the presence of coarse mode aerosols over Potenza.

0.4 ' ) ' ™ AOD (1020 nm)
AOD (500 nm)
AOD (340 nm)

(Gilant cases

0.3
0.2

0.1

AOD /Cases F

<o
=]

2 4 6 8 10
Month

.
]

Figure 8. Frequency distribution of giant aerosols cases (orange line) as observed by the cloud radar
together with AOD measured by AERONET at 340, 500 and 1020 nm.
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Concerning the layers vertical distribution (Figure 9), aerosols are usually located at higher
altitudes compared to insects. This is caused by the preference of insects to stay within the ABL.
Figure 10 shows the distribution of the percentage of rising particles of the layers: most of the times,
the aerosol layers have a vertical velocity close to zero (of the total number of particles in each layer,
between the 40 and 60% have ascending velocities), and in some cases most of the particles are falling
(lower percentage of rising particles within each layer). This characteristic helps to distinguish these
layers from the insect ones, as insects tend to follow the upward motion of the air parcels.

The fact that there are no aerosol layers that contain more than 60% of rising particles is a
consequence of our algorithm for the giant aerosols detection.
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Figure 9. Frequency distribution of the height location of the insect (in green) and aerosol layers (in

orange).
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Figure 10. Frequency distribution of the proportion of particles with upwards velocity within the insect
(in green) and aerosol layers (in orange).

3.2. Giant Aerosols Effects

The ultimate goal of observing giant aerosols is to study their effects to get a better understanding
of the processes that they are involved in and their importance for meteorology and climate. To this
purpose, we have made a comparison of the values of some atmospheric variables depending on
whether giant aerosols were observed or not. Control cases are days in which giant aerosols were not
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observed by the cloud radar. The variables that have been considered are the Aerosol Optical Depth
(AOD), the Angstrém exponent and the accumulated precipitation.

In order to study the giant aerosols effects on these variables, it is necessary to account for the
diurnal cycle and the meteorological situation.

The diurnal cycle is an important factor in the development of the ABL, the convective activity,
and the formation of clouds and rain, and therefore needs to be taken into account. To account for it, a
time period of the day needs to be selected and used for all the cases. The time interval selected here is
from 13:00 to 14:00 local time (LT), selected on the basis of Koren ef al. [54], who made a study on the
aerosol-induced intensification of rain from the tropics to the mid-latitudes and set the time for his
study at 13:30 LT.

The meteorological situation is assessed by sorting the data into cases with different pressure
vertical velocities (w) of the upper troposphere (400 hPa), as in [54]. Negative pressure vertical
velocities indicate a net upward air motion, related with more developed clouds and higher rain
rates (R). Positive pressure vertical velocities indicate net downward motion, related to fair weather.
According to the pressure vertical velocities from the ECMWEF model, three stability levels were defined
for this study:

e  Stability condition 1: w < —0.001 Pas~!
e Stability condition 2: —0.001 < w < 0.001 Pas~!
*  Stability condition 3: w > 0.001 Pas~!

The use of the vertical velocity measured by the cloud radar in the higher troposphere was
considered to establish the different atmospheric stability conditions, but we disregarded it because
it could be affected by cloud vertical dynamics (i.e. the ice cloud targets normally show significant
terminal falling velocities), because imperfect pointing of the vertical beam can generate an offset that
is large compared to the synoptic w-values, and because it was not always available (i.e. clouds not
present).

The selection of control cases (not giant aerosol observations) is based on the size distribution
retrievals from AERONET and for the same time interval (13:00 — 14:00 LT). Therefore, days in which
there were no giant aerosols cloud radar observations and the effective radius of the coarse mode
is lower than 2.5 um are flagged as control cases. This retrieval was available for 212 of the 2107
considered days (March 2009 - June 2015), and the screening filter was met for 173 cases.

The giant observations are selected from the cloud radar giant aerosols dataset. The cases are
selected if they occurred less than 4 h before or after the predefined time interval, limiting, thus, the
cases to a fully developed ABL. From the initial 328 cases of giant aerosol observations, 150 passed this
specific filter.

After the selection of the two datasets (giant aerosols and control) and their classification according
to the meteorological situation, 150 giant aerosol and 159 control cases were found. Table 2 reports the
number of cases classified according to their atmospheric stability category.

Table 2. Number of giant and not giant cases for the initial conditions (giant cases within the time
interval defined and not giant cases with a coarse mode effective radius < 2.5 pm) and with available
pressure vertical velocity (w) data. The stability types defined are: 1 (w < —0.001 Pas~1!), 2
(=0.001 < w < 0.001 Pas Hand 3 (w > 0.001 Pas™1).

Stability Dataset

condition Giant Control
1 33 47
2 88 70
3 29 42

Total 150 159
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In the following, we assess the giant aerosol effects on three independent parameters: the Aerosol
Optical Depth (AOD), the Angstrom exponent and the accumulated precipitation.

3.2.1. Aerosol Optical Depth

The mean AOD during the control and giant aerosol events at 340, 500 and 1020 nm is presented
in Figure 11 and summarized in Table 3. For all the atmospheric conditions and all the wavelengths we
noted an increase of the mean AOD values when giant aerosol were observed. This increase ranged
from 0.004 to 0.164 in absolute values, and from 6% to 90% in relative terms.

The highest differences were found for Conditions 1 and 3, whereas for Condition 2 the effect
was less pronounced. At 340 nm, for example, the AOD went from 0.187 to 0.297 for Condition 1 (0.11
increase, 59%), and from 0.183 to 0.347 for Condition 3 (0.164 increase, 90%). These higher increases
during the most stable and unstable atmospheric conditions can be linked to the meteorological
situation affecting the site at the time of the observations. Figure 12 presents a schematic of a theoretical
meteorological situation affecting the site for the stability conditions 1 and 3. The site is affected by
low pressures in Condition 1 (blue) and by high pressures in Condition 3 (in red). According to
the seasonality of the giant aerosols observations (Figure 7), it is likely that most particles observed
over Potenza originate in the Sahara desert. Therefore, the higher increases of AOD caused by giant
aerosols can be related to the flow of desert dust particles towards the site, both in low and high
pressure conditions. The dust particles reaching the observational site, though, will most likely have
different characteristics, as under low pressure conditions the particles will be fresher, whilst under
high pressure conditions they will be more aged due to a longer range transport.

el Mo o

C G C G C G
Stab. 1 Stab. 2 Stab. 3

Figure 11. Mean Aerosol Optical Depth (AOD) values at 340, 500, and 1020 nm during control and
giant aerosol cases according to the atmospheric stability. The error bars correspond to the standard
deviation. "C" stands for control cases, "G" for giant aerosols observations, and "Stab." for atmospheric
stability condition, where "1" has the lower stability and "3" the highest.
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Table 3. Mean Aerosol Optical Depth (AOD) values during control and giant aerosol cases according
to the atmospheric stability, where "1" has the lower stability and "3" the highest. The values after the
=+ sign correspond to the standard deviation.

Wavelength Stability condition 1 Stability condition 2 Stability condition 3
[nm] Control Giant Control Giant Control Giant
340 0.187 + 0.297 + 0.191 + 0.267 £ 0.183 £ 0.347 +
0.103 0.157 0.085 0.129 0.090 0.155
500 0.120 + 0.208 + 0.132 + 0.173 £ 0.121 £ 0.223 +
0.082 0.101 0.069 0.113 0.069 0.122
1020 0.055 + 0.103 + 0.065 + 0.069 £ 0.058 £ 0.102 +
0.070 0.066 0.058 0.088 0.059 0.103
50°N
igj h
45°N \
- %74/ | g , 5
d
35°N W =
30°N h‘?’\/
10°w 0° 10°E 20°E 30°E

Figure 12. Scheme of the synoptic situation corresponding to the atmospheric stability conditions "1"
(blue) and "3" (red). "L" stands for a low pressure system (cyclone) and "H" for a high pressure system
(anticyclone). The green cross indicates the observatory location.

3.2.2. Angstrbm Exponent

The Angstrbm exponent, which is an aerosol size-related parameter, is also affected by the
presence of giant aerosols. Figure 13 represents the change at three wavelength pairs (380 — 500 nm,
440 — 675 nm and 500 — 870 nm) for control and giant observations, classified according to the
atmospheric stability condition. The values are reported in Table 4. In this case, an Angstrém exponent
decrease is observed for all the pairs of wavelengths for the lower atmospheric stability (Stab. 1):
around —30% for all of them. The highest difference was observed for the 440 — 675 nm pair, where
the Angstrom exponent decreased from 1.5 to 1.06 (—0.44 change). The opposite behaviour is observed
for the neutral atmospheric stability (Stab. 2), for which the Angstrém exponent increases in presence
of giant aerosols between 16 and 22%. For the same wavelengths pair than before, it went from 1.39
to 1.61 (+0.22). Finally, for the most stable atmospheric condition (Stab. 3), the absolute difference
with respect to the other meteorological conditions is the smallest, with the changes in the Angstrom
exponent ranging from —0.09 (—7%) to 0.01 (+1%).
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Figure 13. Mean Angstrém exponent values during control and giant aerosol cases according to the
atmospheric stability for three wavelength pairs: 380 — 500 nm, 440 — 675 nm and 500 — 870 nm. The
error bars correspond to the standard deviation. "C" stands for control cases, "G" for giant aerosols
observations, and "Stab." for atmospheric stability condition, where "1" has the lower stability and "3"
the highest.

Table 4. Mean Angstrom exponent values during control and giant aerosol cases according to the
atmospheric stability, where "1" has the lower stability and "3" the highest. The values after the & sign
correspond to the standard deviation.

Wavelength Stability condition 1 Stability condition 2 Stability condition 3
pair [nm] Control Giant Control Giant Control Giant

380 - 500 132+043 095+043 122+042 144+036 128+041 1.29+033
440 - 675 1.50£059 1.06£057 139+060 161052 146055 1.39+047
500 - 870 127+ 060 093+£057 1.18£061 144+054 129+055 1204048

The Angstrom exponent gives a rough indication of the particle size: lower values indicate the
presence of big particles, and higher values of smaller particles. Accordingly, during giant aerosols
cloud radar observations, the sun photometer measured coarser particles in low atmospheric stability
conditions, finer in neutral conditions and particles roughly of the same size for stable atmospheric
conditions. Since the sun photometer measurements are columnar and cover a broad range of the
aerosol size spectrum, the changes in Angstrt')m exponent can be attributed to major or minor fraction,
and thus presence, of coarse aerosol particles. For Condition 1, the travelled path of desert dust
particles prior to reaching the site (see Figure 12) is the shortest, and therefore a smaller fraction of the
coarse mode is removed due to gravitational settling. For Condition 3, instead, the dust particles reach
the observational site after travelling through a longer path, and most of the big particles could have
been removed from the atmosphere in the meantime. Furthermore, the presence of marine particles
cannot be neglected for none of these conditions, and aerosols belonging to Condition 3 might also
contain continental pollution due to the air masses trajectories.

3.2.3. Accumulated Precipitation

In this section, we performed an inferential analysis to assess how the presence of giant particles
affects the accumulated precipitation, given that giant aerosols can act as GCCN and IN, affecting
the precipitation formation and the temperature at which ice nucleation initiates. Hence, the giant
aerosol together with the aerosol-giant-free observations are compared to precipitation measurements,
in order to investigate the effect on the accumulated precipitation.
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The analysis is performed at a regional scale, assuming that lofted aerosol layers can be considered
homogeneous within a range of < 100 km and 10 hours. The selected criteria follow the adopted
strategy by Pappalardo et al. [55] for correlative EARLINET-CALIPSO measurements. That study
found that in a range of < 100 km, for aerosol layers in the free troposphere, above 2 km of altitude, the
mean differences profiles do not change significantly with the time shifts that they considered (between
10 and 720 min). The precipitation measurements that we used are performed by the Basilicata
Regional Civil Protection: its rain gauges network comprises 46 stations, which are distributed into
eight hydrological basins [56] and are a maximum of 100 ki away from our observational site.

Table 5 presents the mean precipitation accumulation during 6, 12, 18 and 24 h after giant aerosols
and control observations. The minimum time interval was chosen considering wind speed data and
the distance (~ 10 km) of the furthest of the network’s rain gauge. Pappalardo et al. [55] reported that
the typical wind speed in the free troposphere at EARLINET stations ranged between 5 and 20 m/s.
The rest of the time intervals are 6 h steps so as to facilitate the inferential analysis.

The mean accumulated rain following the event was found to be higher after giant aerosol
observations for all the atmospheric stability conditions and for all the time intervals with only one
exception: a decrease is registered for Condition 2 for the longest time period. The biggest increase in
accumulated precipitation was registered for Condition 1 during the 12 / following the giant aerosols
observations, and it was of 18.8 mm (from 1.3 to 20.1 mm). In relative difference, though, the highest
increase occurred, also for Condition 1, during the 6  after the event: the accumulated precipitation
went from 0.7 to 14.4 mm, almost 20 times higher. Among all the time intervals, the lowest accumulated
rain increase was detected for Condition 2 (intermediate atmospheric stability).

For the 6 h time interval, the highest increase corresponds to Condition 1 (13.7 mm). For the 12 h
period, the maximum increase was registered for Condition 1 as well, and corresponds to a relative
increase in respect to the control of 1446%. For the 18 and 24 h time intervals, the relative increases
were lower: 142% after 18 I (Condition 1) and 50% after 24 1 (Condition 3), but given the time scales
for these longer time intervals, it is difficult to attribute the effect on the presence of giant particles.

Table 5. Mean precipitation accumulation in mm during the 6, 12, 18 and 24 hours after giant aerosols
and control observations according to the atmospheric stability conditions, where "1" has the lower
stability and "3" the highest. The values after the & sign correspond to the standard deviation.

Time Stability condition 1 Stability condition 2 Stability condition 3
interval [h] Control Giant Control Giant Control Giant
6 0.7 +27 14.4 +50.2 09+19 4.1+ 13.6 1.0+24 10.8 +£19.4
12 1.3+3.1 20.1 +70.6 1.0+25 444137 30+17.0 12.0+20.3
18 121+572 297+859 374174 9.3 +27.6 84+333 1394204
24 31.6 + 113 389 + 141 +457 11.7+384 101+394 17.0+233
119.1

4. Summary and Conclusions

This work intended to fill the observational gap in the characterization of the aerosol size dis-
tribution in the region of the giant and ultragiant fraction by using a Ka-band cloud radar (8.45 mm
wavelength) and to get a deeper understanding of their characteristics and their effects on some
atmospheric variables, both at a local and at a regional scale.

With this purpose, a novel methodology for giant and ultragiant aerosols detection was developed,
which enabled the systematic classification of observations and characterization of giant aerosols using
cloud radar measurements. In summary, this new methodology consists in separating the cloud radar
observations of non-hydrometeor targets into aerosols and insects, for which the findings of several
entomology studies regarding the insects behaviour in the atmosphere were used. The application of
the methodology to approximately six years of measurements (March 2009 — June 2015) yielded to
the identification of more than three hundred giant aerosol layers. The maximum number of layers
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observed occurred during summer, and a relative maximum was observed in spring. Together with a
minimum during winter, the seasonal evolution of giant aerosols is in agreement with climatological
studies of the site realized using lidar measurements [i.e. 53]. Lastly, considering the continuous cloud
radar operation, the developed methodology could be very useful for monitoring in near real-time the
coarse aerosol fraction of aerosol particles such as dust, pollen and volcanic aerosols.

After the systematic identification of giant aerosols in cloud radar measurements, their effects
on the local meteorology were studied by correlating the observations of giant particles with three
atmospheric variables and comparing them to control observations (cases in which giant particles
were not observed). The approach followed in this investigation is based on the selection of a day-time
interval and the screening of the data according to the atmospheric stability, which was estimated by
the pressure vertical velocity in the upper atmosphere.

Giant aerosols were found to cause an Aerosol Optical Depth (AOD) increase, which ranged from
6% to 90% in respect to the control cases, contributing to an increase of the aerosol load for all the
atmospheric stability conditions.

The Angstrom exponent was also affected by giant aerosols: it decreased for the highest and lowest
atmospheric stability and it increased for the intermediate stability conditions. This means that coarser
aerosols were observed for the most extreme conditions and finer particles were observed for the
intermediate situation. The decrease ranged between 5% and 43%, while the increase ranged between
17% and 22%. Considering that the AOD and Angstrém exponent measurements are columnar, this
suggests that giant aerosols represent an important fraction of the columnar aerosol load.

Finally, an increase of the accumulated precipitation was found after the observations of giant
aerosols. This increase was found for all time intervals, and more significantly for the most unstable
atmospheric conditions, which expectedly favours convection processes. These results are in line with
findings from other studies, such as Eagan et al. [6] and Feingold et al. [5], who found that GCCN
concentration of 1072 cm 3 is enough to increase the amount of rain in stratocumuli by up to 100%,
Jung et al. [12], where they artificially introduced GCCN into stratocumulus clouds and found an
increase in the average drizzle rates during the 30 — 60 minutes after the seeding, and Liu et al. [57],
where they found that the raindrop size, concentration and rain rate increased in the presence of
coarse sea spray aerosols. Given that precipitation can be affected by several factors and conditions as
well as the uncertainties of our analysis, this study suggests that giant particles may have a role in
precipitation and calls for further research.

In conclusion, we found that giant aerosols had an effect on the AOD, the Angstr'c')m exponent
and the accumulated precipitation. Nevertheless, the standard deviations associated with the variables
indicate high variability, and considering that these variables can be affected by a number of parameters,
this study highlights a role of giant aerosols on the regional and local meteorology, but does not allow
to fully disentangle their effect. Thus, we need to expand our dataset with a longer data record in order
to vigorously assess the effects on the different meteorological variables and draw accurate conclusions.
This could be done by categorizing the cases according to the aerosol type (i.e. dust/marine/pollen),
by associating them to the cloud type formation (i.e. cumuli vs stratocumuli), or by assessing the
different atmospheric variables’ seasonality.

Although uncertainties remain, the importance and utility of the proposed methodology is
supported by our preliminary findings, and the impact that the giant aerosols can have on some
meteorological variables is displayed.
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Abbreviations

The following abbreviations are used in this manuscript:

ABL Atmospheric Boundary Layer
AERONET  Aerosol Robotic Network

AOD Aerosol Optical Depth

BT Brightness Temperature

CCN Cloud Condensation Nuclei
CIAO CNR-IMAA Atmospheric Observatory
COD Cloud Optical Depth

ECMWEF European Centre for Medium-Range Weather Forecasts
GCCN Giant Cloud Condensation Nuclei
IN Ice Nuclei

Iwp Integrated Water Vapour

LDR Linear Depolarization Ratio

LT Local Time

LWP Liquid Water Path

MWR Microwave Radiometer

NWP Numerical Weather Prediction

R Rain Rate

RMS Peak Width

SNR Signal-to-Noise Ratio

VEL Doppler Velocity

V4 Equivalent Reflectivity
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