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ATMOSPHERIC AEROSOL OBSERVATION DATA AT KYIV AERONET SITE:
CONTRIBUTION TO THE ACME PROJECT

Background. An important direction of the ACME project is the collection of observational data characterizing the
environment, in particular the transparency of the atmosphere, at astronomical observatories which are members of ACME. These
data are also very important for meteorology and climatology. Aerosols are one of the components of the atmosphere that affect
its transparency in a wide range of the continuous optical spectrum. The international network of automatic sun photometers
AERONET provides observations of the content, dynamics, sizes and optical characteristics of aerosol particles almost over the
entire globe. Additionally, the content of water vapor in the atmosphere above the observation site is measured. The observation
sites of this network have been operating in Kyiv since March 2008, providing observational data on aerosols and the content of
water vapor in the atmospheric column above the city.

Methods. Observations in the AERONET network are carried out using automatic CIMEL CE318 sun photometers, which
measure the spectral optical thickness of the atmosphere caused by aerosol particles, recording the irradiance of the
photosensitive element by the direct radiation from the solar disk, as well as the distribution of the sky radiation. Measurements
are made in separate spectral channels with a width of approximately 10 nm, in the range from 340 nm to 1640 nm. The set of
spectral channels depends on the photometer model. To determine the water vapor content, a channel with a wavelength of 940 nm
is used. These data are processed by the AERONET standardized algorithms. The particle size distribution, single scattering
albedo, complex refractive index, particle concentration, and their extinction and absorption coefficients are determined by solving
the appropriate inverse problem. Based on these data, the spectral and integral downward fluxes at the Earth's surface of direct
and scattered by the atmosphere solar radiation, and the upward fluxes at the upper boundary of the atmosphere of radiation
reflected by the surface and the atmosphere, are calculated in the spectral range from 0.2 um to 4.0 um. The climatic effect of
aerosols (radiative forcing) is estimated based on the magnitudes of these fluxes.

Results. Datasets of the observation results collected at Kyiv site since March 2008 contain data on spectral optical
thickness in spectral channels with wavelengths of 440 nm, 675 nm, 870 nm and 1020 nm, on the water vapor content, and on the
aerosol particles properties and radiative fluxes. These data series are available via the AERONET website, and may eventually be
available via the ACME website.

Conclusions. Data on the aerosol particles properties contained in the database of the AERONET, may be of interest for
analyzing the results of optical observations performed at astronomical observatories that are part of the ACME project infrastructure.
Aerosols extinction data can be used when processing the results of observations of Cherenkov radiation which are carried out at
observatories Auger, H.E.S.S., MSAGIC, VERITAS, HAWC, and at the new-generation gamma-ray observatory, the Cherenkov Telescope
Array (CTA). The data of aerosol observations at Kyiv site can be used within Work Package 7 (WP7) of the ACME project for the processing
of astrophysical observations of celestial objects made with small telescopes, particularly by amateur astronomers.

Keywords: ACME, the Earth's atmosphere, AERONET, sun photometers, aerosols.

Background

Astronomical observatories and institutes participating in the Astrophysics Centre for Multi-Messenger Studies in Europe
(ACME, https://www.acme-astro.eu/) collect large volumes of observational data characterizing the surrounding environment.
In particular, these include data on the composition and transparency of the Earth's atmosphere at observation sites. An
important direction of the ACME project is the dissemination of these data to researchers and specialists in fields related to
the environment, such as meteorology and climatology. On the other hand, these data are valuable for the processing and
analysis of astronomical observations, since the state of the Earth's atmosphere significantly affects astronomical
measurements performed from the ground. This is especially relevant for the short-wavelength part of the electromagnetic
spectrum, which includes the ultraviolet, visible, and infrared ranges.

The strongest influence, of course, comes from the scattering of electromagnetic waves by atmospheric molecules — the
most evident result of which is the blue color of the daytime sky. The effect of this Rayleigh scattering is relatively easy to account
for, since its intensity depends on the concentration of the so-called major atmospheric gases (nitrogen, oxygen, and inert gases).
Their concentration at an observatory site can be calculated with sufficient accuracy using meteorological data. The global
content of these gases in the Earth's atmosphere is stable, and local variations due to meteorological processes are relatively
minor. However, the atmosphere also contains other components — both gaseous and in the form of liquid droplets and solid
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particles (aerosols) — whose concentrations vary greatly on both local and global scales. These components also have a
significant impact on atmospheric transparency across different spectral ranges. As an example, Fig. 1 depicts the influence of

the absorption properties of individual gaseous components on atmospheric transparency as a function of altitude.

The main atmospheric constituents that limit the transparency of a cloudless atmosphere at short wavelengths, besides Rayleigh
scattering, are ozone, carbon dioxide, and aerosols (mainly due to scattering). In the visible part of the spectrum, atmospheric
transparency is determined primarily by Rayleigh scattering and aerosols (see Fig. 2). However, apart from their impact on conditions
for astronomical observations, these components also play a crucial role in meteorological processes and in the formation of both
global and regional climate (Szopa et al., 2013). Therefore, the scientific community devotes substantial attention to monitoring the

composition and dynamics of these atmospheric components (see, for example, (Gulev et al. 2021)).
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Fig. 1. Spectrum of monochromatic absorption of the part of the atmosphere that lies above the 11-km level (a);
spectrum of monochromatic absorption of the entire atmosphere (b). Adapted from (Wallace, & Hobbs, 2006)

Scientists of the Taras Shevchenko National University of Kyiv (TSNUK) have been performing long-term observations of
the content and dynamics of aerosol particles, water vapor, and ozone in the atmospheric column above Kyiv. These studies
include measurements of aerosols and water vapor within the framework of the AERONET (AErosol RObotic NETwork)
international network of sun photometers, as well as 0zone observations using a Dobson spectrophotometer, which is part of
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Fig. 2. Spectral transparency of the Earth's atmosphere in the absence of clouds

(constructed using data from (Cox, 2002)): 1 — molecular (Rayleigh) scattering; 2 — ozone;

3 — water vapor; 4 — CO,; 5 — aerosol; 6 — total transparency
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the network coordinated by the World Meteorological Organization (WMO). The data obtained from these observations can
be used within Work Package 7 (WP7) of the ACME project for the processing of astrophysical observations of celestial
objects made with small telescopes at the Astronomical Observatory of TSNUK (AO TSNUK), at the Main Astronomical
Observatory of the National Academy of Sciences of Ukraine (MAO NASU), as well as by amateur astronomers. This article
discusses the methods used at TSNUK for monitoring aerosols and water vapor, and characterizes the datasets which contain
the results of observation data and their processing.

Methods

Studies of the optical properties of the Earth's atmosphere caused by aerosols, as well as of the content, dynamics, and
characteristics of aerosol particles in the atmosphere over Kyiv — and later over other regions of Ukraine — began at
TSNUK in 2008 with the establishment of a Kyiv observation station of the AERONET/PHOTONS network. This was
accomplished through the joint efforts of the Department of Astronomy and Space Physics and the AO TSNUK, together with
the MAO NASU, with the assistance of the Laboratoire d'Optique Atmosphérique (LOA) at the University of Lille 1, France.

PHOTONS (from the French PHOtométrie pour le Traitement, I'Observation et la Normalisation Satellite) is the European
branch of AERONET (http://loaphotons.univ-lillel.fr/photons/), recognized as a National Observatory for Aerosol Research.
It supports the operation of about 100 observation stations located mainly across Europe, as well as in Africa, Asia, and even
Antarctica. However, in the eastern part of Europe, such stations were very limited. To address this gap, the necessary
equipment was installed at the main building of the MAO in the Holosiiv Forest, about 10 km from the city center. Continuous
measurements began in late March 2008 and have been ongoing ever since.

The AERONET instruments, observation procedure and data transfer. The AERONET is a federation of ground-
based remote sensing aerosol networks established by NASA and a French organization PHOTONS. PHOTONS is supported
by the University of Lille 1 (https://www.univ-lille.fr/), Centre National D'Etudes Spatiales (CNES, https://cnes.fr/), and I'Institut
national des sciences de I'Univers (INSU, https://www.insu.cnrs.fr/fr) du Centre national de la recherche scientifique (CNRS,
https://www.cnrs.fr/). AERONET is also expanding through networks, calibration centers and other partners from national
agencies of many countries, institutes, universities, individual scientists (a full list of these organizations can be found on the
AERONET website). For more than 25 years, the project has provided continuous, and readily accessible public databases of
aerosol optical, microphysical and radiative properties for aerosol studies, validation of satellite retrievals, and synergism with
other databases. The network provides standardization of instruments and their calibration, processing and distribution of data.
In such a way, AERONET maintaines globally observations of spectral aerosol optical depth (AOD), optical and microphysical
properties of aerosol particles, and water vapor content in different aerosol regimes in the atmosphere column over the
observational site. The AERONET offers high-precision measurements of aerosol optical parameters and water vapor content
over about 1700 stations globally, many of which have long-term measurements for one or more decades.

The AERONET instruments for the aerosol and water vapor observations are the CIMEL Electronique CE318 sun
photometers which perform measurements of spectral sun irradiance and sky radiances in different wavelength bands from
near UV to near IR. The sun photometer is an autonomous and portable instrument. It consists of a sensor head provided
with 25 cm collimators that is attached to a 40 cm robot base which points the sensor head at the Sun, the sky and the moon
according to a preprogrammed procedure. The optical head has two channel systems: the sun collimator, and the sky
collimator without lenses. The sun tracking is equipped with a 4-quadrant detector. The electronic control box contains two
microprocessors for real time operation of the robot motion control and data acquisition by the optical head. The electronic
box performs the computation of the Sun coordinates, and the robot rotates the optical head by step-by-step motors in the
zenith and azimuth planes and directs it to the Sun or the certain point of the sky. Accuracy of the optical head pointing is
better than 0.1°. Also, the control box operates a wet sensor that detects precipitation and in automatic mode forces the
instrument to park and to protect the optics. Internal batteries are used for the optical head operation, and external batteries
for the robot. The batteries are rechargeable by solar panels. The Cimel control unit and batteries are usually deployed in a
weatherproof plastic case. The solar panels are usually located on the case door. The operating temperature of the sun
photometer is —30 to +60°C.

The observational data collected in the AERONET database are obtained with sun photometers of different models, whose
characteristics and potential of measurements developed greatly during more than 25 years. Design, parameters and
characteristics of the sun photometer of various models can be found in the sections "System Description" of the AERONET
site. The sun photometer's manuals and operation rules are contained in the "Logistic" section. Sun photometers perform
measurements in the single bands of the spectrum with a full width at half maximum (FWHM) of 10 nm in the range from
340 to 1640 nm. The interference filters at each wavelength are located in a filter wheel which is rotated by a direct drive
stepping motor. The number of the spectral filters depends on the photometer model. Modern CE318 photometers can have
from 5 to 9 spectral channels. For example, the base model of the CIMEL CE 318 sun photometer has 5 filters of 440,
670, 870, 936,1020 nm, but the latest CE318-T models which also perform nighttime measurements of the spectral lunar
irradiance have 9 filters with wavelengths of 340, 380, 440, 500, 675, 870, 937, 1020, and 1640 nm. The CE318-T models
spectral filters also have the FWHM of 2 nm at 340 nm, 4 nm at 380 nm and 25 nm at 1640 nm. The sun photometers of the
newest models also have polarization analyzers in each of these channels to measure the polarization parameters of the
solar radiance scattered by the Earth atmosphere.

The field sun photometers are calibrated against an AERONET reference instrument both before deployment in the field
and post-deployment. Analysis suggests an uncertainty of approximately 0.01 — 0.02 in AOD (wavelength dependent) due to
calibration uncertainty for the field instruments. For the sky radiance measurements, calibration is performed at a calibration
facility using a calibrated integrating sphere to an accuracy of +5 %.

Photometers perform measurements by observing the Sun and the Moon in automatic mode according to a special
algorithm controlled by a microprocessor. In addition, the distribution of sky brightness is measured along the Sun's
almucantar in the range of +180°, and along the circle of its altitude from the solar disk through the zenith to the horizon
(i.e. in the principal plane). Special measurement sequences have been created to measure sky and sun radiance. Different
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scenarios are used to make various kinds of measurement automatic. A preprogrammed sequence of measurements is taken
by these instruments starting at an air mass of 7 in the morning and ending at an air mass of 7 in the evening. Optical depth
is calculated from spectral extinction of direct beam radiation at each wavelength based on the Beer-Bouguer Law. This
parameter depends on the content of particles in the atmospheric column, and on their optical characteristics:

o(h)= ! mfxz[% m(x))w.dr.dh,

where L is the wavelength of radiation; H is the height of the upper boundary of the aerosol layer above the observation site;

Imin, Fmax @re the minimum and maximum sizes of aerosol particles; X is the scattering cross-section area of an aerosol
particle, which depends on the ratio between the particle size r and the radiation wavelength (size parameter), and on the
complex refractive index of the particle m, which also depends on the radiation wavelength; dN/dr is the size distribution of
particles in the atmospheric column, which generally varies with height, as do other particle parameters.

Attenuation due to Rayleigh scatter, and absorption by ozone, and gaseous pollutants is estimated and removed to isolate
the AOD. Measurements of the sky radiance are performed by the sun photometer in four spectral bands (440, 670, 870 and
1020 nm) along the solar principal plane up to nine times a day and along the solar almucantar up to six times a day. The
approach is to acquire aureole and sky radiances observations through a large range of scattering angles from the sun through
a constant aerosol profile to retrieve size distribution, phase function and aerosol optical depth. More than eight almucantar
sequences are made daily at an optical air mass of 4, 3, 2 and 1.7 both morning and afternoon.

To characterize the AOD wavelength dependence the Angstréom parameter is used in the AERONET. It is parameter that
is determined by empirical formula:

(L) = r(?»o)-kfa,

where A, =1-pm, and which in AERONET data processing algorithms is determined from AOD measurements in different

spectral channels. To interpolate AOD from the spectrum in AERONET algorithms, the Angstrdm exponent determined at
wavelengths of 440 and 870 nm is usually used.

Observed data may be downloaded automatically from the Cimel sun photometer and stored on the local computer. This
computer can run software to automatically transfer data files to the AERONET processing system through the Internet. Also,
data can be transmitted from the memory of the sun photometer via the Data Collection Systems (DCS) to either of
geosynchronous satellites GOES, METEOSAT or GMS and then retransmitted to the appropriate ground receiving station.
The special satellite transmitter module with antenna is used, collocated with the sun photometer. The transmitter system is
battery operated and charged by a solar panel. The Model T instrument has the capability of uploading data directly from the
instrument to a cellular network using the modem inside the control box with a SIM card instead of a PC. After collection in
the processing server the data are converted to the unified format and are placed in the database. Data are also copied to a
backup system and cloned on several other workstations.

The AERONET data processing and distribution. Observational data are filtered and processed using special
standardized algorithms. The processing consists of several algorithms applied to the raw data. They are: 1) Aerosol Optical
Depth (AOD) retrieval; 2) AOD cloud screening; 3) Inversion of Sky Radiance data measured on Almucantars and Principal
Planes. The processing algorithms have evolved from Version 1.0 to Version 2.0 and now Version 3.0. The Version 3
databases are available from the AERONET and PHOTONS web sites. Version 2 data may be downloaded from the web site
through 2018 and thereafter upon special request. Version 3 AOD data are computed for three data quality levels: Level 1.0
(unscreened), Level 1.5 (cloud-screened and quality-controlled), and Level 2.0 (quality-assured) (Giles et al., 2019; Sinyuk et al.,
2020). These data can also be reprocessed to implement new parameters (e.g., calibration). Inversion results (i.e. aerosol
particles properties), precipitable water content, and other AOD-dependent products averaged over an atmosphere column
are derived from data of these levels. Documents and publications for the algorithms of data processing and inversion can
also be found on the AERONET web-site. New AERONET products will be released as new measurement techniques and
algorithms are adopted and validated by the AERONET research community.

AERONET data are distributed via the internet through a web tool and FTP. The primary distribution method of AERONET
data is the AERONET web download tool. This tool provides access to most AERONET data products (e.g., aerosol optical
depth and inversion products). For special requests and products not available through the download tool (e.g., data for
specific instruments), an FTP transfer can be set up to update remote systems. AERONET uses the ASCII text format for
data dissemination. These data are provided within compressed zip files to improve data transfer between systems.

The AERONET website also provides AERONET-related news, a description of research and operational activities, data
visualization, web services, related Earth Science links, and links to other data related to the Earth atmosphere research.
Particularly, the AERONET — Ocean Color (https://aeronet.gsfc.nasa.gov/new_web/ocean_color.html) that is another
component of the AERONET program, provides the additional capability of measuring the radiance emerging from the sea
(i.e., water-leaving radiance) with sun photometers installed on offshore platforms like lighthouses, oceanographic and oil
towers. Similarly, the Maritime Aerosol Network (https://aeronet.gsfc.nasa.gov/new_web/maritime_aerosol_network_v3.html)
component of the AERONET program provides ship-borne aerosol optical depth measurements from the Microtops Il sun
photometers. These instruments have been deployed periodically on ships of opportunity and research vessels to monitor
aerosol properties over the World's Oceans. The Solar Radiation Network (https://aeronet.gsfc.nasa.gov/new_web/
maritime_aerosol_network_v3.html) provides high-frequency solar flux measurements and is collocated with AERONET sites.
Some of the satellite instruments data (i.e., MODIS) are available on the AERONET web-site.

AERONET Inversion Methodology. The final product of AERONET is data on the aerosol content in the atmospheric
column above the observation site and properties of aerosol particles, averaged in the atmospheric column, and the water
vapor content in it. The content of aerosol particles is characterized by the AOD of the atmosphere. The characteristics of
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aerosol particles are determined from the AOD observations and the distribution of sky brightness along the almucantar and
the circle of the solar altitude by solving the corresponding inverse problem (Holben et al., 1998; Dubovik, & King, 2000;
Dubovik et al., 2000; 2002; 2006). These are the following characteristics: 1) particle Volume Size distribution (VSD) in 22 size
bins approximated by two-modal (fine and coarse modes) lognormal function, 2) volume concentration (VC), 3) volume
median radius, 4) standard deviation and effective radius for total, fine and coarse modes; 5) relative content (in %) of
spherical particles; 6) spectral Phase function (PF) of the light scattered by particles; 7) spectral Asymmetry Parameter of the
Phase function (APPF); 8) spectral Extinction Optical Depth (ExtAOD); 9) spectral Absorption Optical Depth (AbsAOD); 10)
spectral Single Scattering Albedo (SSA); 11) spectral Complex Index of Refraction (real ReRI and imaginary ImRI); 12) lidar
and depolarization ratios.

Based on these data, the AERONET algorithms calculate the spectral flux of solar radiation at the Earth's surface, the flux
at the upper boundary of the atmosphere of radiation scattered by the atmosphere and reflected by the Earth's surface, and
the contribution of scattering by aerosol particles to these fluxes (the so-called radiative forcing). The following radiative fluxes
are calculated. 1) Spectral downward flux for each of the sun photometer spectral channels at the bottom of atmosphere
(BOA), and upward fluxes at the top of atmosphere (TOA). 2) Downward flux at the BOA and upward flux at the TOA in the
broad spectral band in the spectral range from 0.2 to 4.0 ym. 3) Radiative forcing at TOA and BOA. 4) Radiative forcing
efficiency at TOA and BOA.

Also, a special algorithm determines the AOD for the fine and coarse modes of aerosol particles at a light wavelength of
500 nm (O'Neil et al., 2003; O'Neill et al., 2023).

The inversion algorithm is based on integration of the radiative transfer equation downward from TOA to BOA and upward
to TOA with some assumptions on the atmosphere and aerosol particles properties. The first, the atmosphere is assumed to
be plane-parallel. Gaseous absorption by ozone, nitrogen dioxide and water vapor are accounted for in the inversion of the
sky radiances. Total column water vapor amount is determined from the AERONET sun photometer measurements at 940 nm
spectral channel. Total ozone optical depth is determined from the total column monthly average climatology (1978-2004) of
03 concentration data collected by the Total Ozone Mapping Spectrometer (TOMS) instrument aboard set of satellites
(EarthProbe, Nimbus-7, Meteor-3) and The Ozone Monitoring Instrument (OMI), aboard the Aura satellite (July 2004 — current).
Measurements were performed at 1° x 1.25° spatial resolution, and the Oz spectral absorption coefficient was used. The
nitrogen dioxide optical depth is calculated using the total column OMI monthly average climatology of NO2 concentration
at 0.25°x 0.25° spatial resolution and the NO2 spectral absorption coefficient.

Vertical distributions of aerosol concentration are adopted from MERRA-2 reanalysis, which uses aerosol vertical profile
from measurements made by Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument. CALIOP was installed
aboard the joint NASA/French Space Agency Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO)
satellite that was in operation from April 28, 2006 to December 15, 2023. Aerosol patrticles are assumed to be partitioned into
spherical and non-spherical. The spherical component is modeled by an ensemble of polydisperse, homogeneous spheres.
The non-spherical component is a mixture of polydisperse, randomly-oriented homogeneous spheroids. The spheroid aspect
ratio distribution is retrieved by Dubovik et al. [2006] and fits to the scattering matrix of mineral dust measured in the laboratory.
The volume particle size distribution (dV(r)/dInr (um3/um?)) is simulated by a bimodal log-normal function, and is retrieved

for 22 logarithmically equidistant discrete points (ri) in the range of sizes 0.05um < r < 15um. The inversion algorithm finds

the minimum of the bimodal function within the size interval from 0.439 to 0.992 um. This minimum is used as a separation
point between fine and coarse mode patrticles. Using that separation, the algorithm simulates AOD, phase function and single
scattering albedo of fine and coarse mode separately. Furthermore, the retrieval provides estimates of effective radius, volume
median radius, Standard Deviation and particle volume concentrations (um? / pm?) for both fine and coarse modes of the
retrieved size distribution.

The complex index of refraction is assumed to be the same for particles of all sizes. The real for (1.33 < ReRI(A) < 1.6)
and imaginary (0.0005 < ImRI(A) < 0.5) parts of the complex refractive index are retrieved for the wavelengths from the sky
radiance measurements.

Surface Reflectance (surface albedo) is modeled by the bidirectional reflectance distribution function (BRDF) (Breon, &
Maignan, 2017). The BRDF parameters for land sites are adopted from MODIS measurements. The land and water BRDF
models are mixed using the percentage of land and water within a 10 km diameter circle centered at AERONET site.

The statistically optimized inversion algorithm is applied to retrieve the aerosol particles properties listed above. The
particle parameters retrieval and errors estimate are obtained under the assumption of uncorrelated log-normally distributed
errors. This optimization accounts for different levels of accuracy in the measurements. For example, the standard deviation
for error in T(A) is assumed 0.01, and the standard deviation for error in sky radiance measurements is assumed 5 %). The
details see in (Dubovik, & King 2000; Dubovik et al., 2000; 2002; 2006). The output provides estimates for both random and
possible systematic (resulted from possible biases in measurements) errors for most of the retrieved parameters. According
to those estimates, 68 % confidence intervals are presented for most retrieved characteristics.

The almucantar sky radiance scans made by the CIMEL instruments are performed at fixed elevation angles equal to the
solar elevation with +180° azimuthal measurements made sequentially at seven wavelengths (380, 440, 500, 675, 870, 1020
and 1640 nm). In the standard retrieval product only the data from 440, 675, 870 and 1020 nm are input to the inversion
algorithm. All sky scan retrievals in the AERONET Version 3 database were only inverted for these wavelengths since these
are the common wavelengths for all instruments and all sites.

Almucantar directional scan radiance data are combined with measured AOD data at identical wavelengths as inputs
to retrieve optically equivalent column-integrated volume size distributions and aerosol refractive indices utilizing the
algorithms as developed by Dubovik and King (2000) and Dubovik et al. (2006). The Dubovik and King (2000) inversion
algorithm in AERONET makes no assumptions about the spectral variation of AOD. The inversion fits the measured AOD to
within 0.01 consistent with the measurement accuracy of the direct sun measured AOD, and along with the retrieved size
distribution and complex refractive indices computes the radiative transfer calculated sky radiances with residual errors of
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maximum of 5-8 % (lower value at higher AOD). These retrieved aerosol properties are used to derive additional
parameters such as asymmetry parameter, single scattering albedo, and phase function. The percentage particles of
spheroidal and spherical shape required to give the best fit to the measured angular distribution of spectral sky radiances
is also determined by the AERONET retrieval algorithm. Dubovik et al. (2006) provides further details on these retrieval
algorithms. The nominal uncertainty of AERONET SSA at AOD (440) is ~0.03, and the SSA uncertainty decreases as AOD
increases (Sinyuk et al., 2020).

Results

This section will provide a description of the aerosol properties data obtained from observations at Kyiv
AERONET/PHOTONS site. To access these data, use the Download Tool option on the AERONET website on the left side
of the screen. The following datasets of three data quality levels are available for download for Kyiv: Level 1.0, Level 1.5 and
Level 2.0. Observational data are collected in the dataset of all measurements, and daily and monthly averaged datasets.
But all measurements datasets of Level 1.5 are described here because these data contain all basic information about aerosol
properties and observation conditions. Also, these datasets have a larger size. Download Tool options propose to download
the following data sets.

AEROSOL OPTICAL DEPTH (V3)-SOLAR Download Tool option allows access to datasets containing the following
parameters.

1) Spectral AOD with Precipitable Water (i.e., water vapor amount) and Angstrém Parameter. This dataset contains for
each observation time the AOD value for each spectral channel and SD estimations from triplet measurements; the
precipitable water layer thickness (in cm) and SD from triplet measurement; the Angstrém Parameter values determined for
the spectral intervals 380-500 nm (if available), 440-675 nm and 440-870 nm. Also, other data are available in this dataset,
such as the observational site coordinates, the Sun zenith angle, optical air mass, O3 and NO2 content in the atmosphere
column (in Dobson unit), the sun photometer temperature and exact wavelength of each spectral channel, and other relevant
information.

2) Total Optical Depth based on AOD Level contains an optical depth of the entire atmosphere and optical depths of each
atmosphere component in the atmosphere column: Rayleigh scattering, O3, NO2, Water Vapor and CO2. Also, all relevant
data are available in this dataset like as in the previous dataset.

3) Spectral Deconvolution Algorithm (SDA) Retrievals: Fine Mode AOD, Coarse Mode AOD, and Fine Mode Fraction in
the AOD. SDA is O'Neill's algorithm (O'Neill et al., 2003; 2023).

AEROSOL INVERSIONS (V3) Download Tool option allows access to all inversion product datasets. The aerosol
particle properties are available in the following datasets of data quality Level 1.5 and Level 2.0.

1) Raw Almucantar, Raw Principal Plane and Raw Polarized Principal Plane (with degree of polarization). These data are
the Sky radiance data Level 1.0 in pW/(cm?.sr-nm) measured by the sun photometer scanning along the Almucantar of the
Sun and in the Principal Plane, at each spectral channel. The Almucantar radiance dataset contains the radiance data for
each mean time moment of scanning at the azimuth angle series from the solar disk to 180° in both directions: the eastward
and the westward. The step of measurements is 0.5° in the range of azimuth from 2° up to 4°, 1° in the azimuth range from
4° to 10°, 2° from azimuth 10° to 20°, 5° from azimuth 20° to 50°, 10° from azimuth 50° to 100° and 20° from azimuth 100° to
180°. Corresponding zenith angles of the Sun and scattering angles are also given, together with exact wavelength values,
and the sun photometer number.

2) The Sky radiance data Level 1.0 of measurements in the principal plane are given for each mean time moment of
scanning from the Sun through zenith to the maximum scattering angle that is equal to 150°. The step of measurements is
0.5° in the range of scattering angle from 2° up to 4°, 1° in the scattering angle range from 4° to 6°, 2° from 6° to 16°, 4° from
16° to 20°, 5° from 20° to 70° and 10° from the scattering angle 100° to 150°. Relevant data on the Sun zenith angles and the
sun photometer information are given too.

3) Volume Size Distribution (VSD) is the Dataset of the aerosol particle size distribution averaged in the atmosphere
column over the observational site, determined as the particle volume distribution, dV(r)/dr (um3/um?). This means the
integral volume of all particles in the atmosphere column with section equal to 1 um?. These data are given for each of the
almucantar radiance dataset of Level 1.5. Particle radii are in the range from 0.05 to 15 um. The VSD data are given for
22 discrete values ri which logarithmically equidistant in the range of sizes 0.05 pm < r < 15um. Also, the r value corresponding
to inflection point of the bimodal lognormal function are given in this dataset, and relevant data on the Sun zenith angle,
number of the scanning, coincident AOD at 440 nm, values of the Earth surface albedo and other relevant parameters of the
sun photometer and observational site.

4) Size Distribution Parameters dataset contains parameters of the Total Volume Distribution and both Fine mode and
Coarse mode distribution: Volume particles concentration, Effective radius, Modal radius and Standard Deviation of the
distribution. Also, the relevant parameters are given, such as the Sun zenith angles at the time moment of scanning and
moment of start scanning, coincident AOD (440 nm), the surface albedo for each spectral channel, the observational site
coordinates and other.

5) Coincident AOD dataset contains the AOD measured with the direct Sun at the time of almucantar scanning for each
spectral channel 440, 675, 870 and 1020 nm. Also, the Angstrdm exponent values determined for 440-870 nm are given
together with the Sun zenith angles, surface albedo and other relevant parameters of the observational site.

6) Extinction AOD dataset contains AOD values caused by absorption and scattering solar radiation by aerosol particles,
determined from almucantar scanning, for total aerosol content in the atmosphere column, and for both aerosol fine and
coarse mode. Also, the Angstrom exponent values of extinction determined for 440—870 nm for total aerosol content in the
atmosphere column are given together with the Sun zenith angles, surface albedo and other relevant parameters of the
observational site and observation conditions.

7) Absorption AOD dataset contains AOD caused only by absorption of the solar radiation by the aerosol particles at for
total aerosol content in the atmosphere column, and for both aerosol fine and coarse mode. Also, the Angstrém exponent
values of absorption determined for 440—870 nm for total aerosol content in the atmosphere column are given together with
the Sun zenith angles, surface albedo and other relevant parameters of the observational site and observation conditions.
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8) Refractive Index dataset contains the real and imaginary parts of aerosol particles RI determined from almucantar
measurements for spectral channels of 440, 675, 870 and 1020 nm, averaged in the whole atmosphere column, together with
the Sun zenith angle and other parameters of the observational site and observation conditions.

9) Single Scattering Albedo contains the SSA values of the aerosol particles determined from almucantar measurements
for spectral channels of 440, 675, 870 and 1020 nm, averaged in the whole atmosphere column, together with the Sun zenith
angle and other parameters of the observational site and observation conditions.

10) Uncertainty Estimates — are the standard deviation of SSA and RI data retrieved from Almucantar measurements.

11) Phase Function (PhF) dataset contains values of PhF for 83 scattering angles from 0° to 180° at wavelengths
corresponding to sky radiance measurements: 440, 675, 870 and 1020 nm. Also, the relevant parameters of the observational
site and conditions of observations.

12) Asymmetry Factor dataset contains the factor of phase function asymmetry values for the same wavelength as the
PhF. Also, the particle sphericity factor (in %) is given in this dataset. The relevant parameters of the observational site and
conditions of observations are given too.

13) Spectral Flux (SF) dataset contains values of SF in W/m? at the wavelengths of spectral channels corresponding to
the direct Sun irradiance and sky radiance measurements. SF are determined from both the direct Sun irradiance
measurements (direct Sun SF) and the Sky radiance measurements (diffuse SF). Correspondingly, downward SF at the at
the top of the atmosphere (F | toa(L)) and bottom of the atmosphere (F|soa())) and upward SF at the bottom of the atmosphere
(F1eoa(A)) and at the top of the atmosphere (F1Ttoa(M)) of direct Sun SF and diffuse SF are also calculated and given in this
dataset. Also, all relevant data on the Sun zenith angles, coincident AOD (440 nm), surface albedo spectral values and other
parameters of the observational site and condition of observations are given in this dataset.

14) Radiative Forcing (RF) dataset contains values of the downward direct Sun flux and diffuse flux at TOA and BOA, and
the upward direct Sun and diffuse fluxes at BOA and TOA. These fluxes are integral in the spectral range from 0.2 um to
4 um. They are calculated on the basis of the corresponding spectral fluxes which are given in the previous datasets using
the data on the spectral properties of the atmosphere constituents. Also, the direct RF values for the BOA and TOA, and
diffuse RF at TOA are given in this dataset together with altitudes of the bottom and top atmosphere layers used for calculation
of the BOA and TOA fluxes and RF. All relevant data on the Sun zenith angles and parameters of the observational site and
condition of observations are given in this dataset too.

15) Lidar and Depolarization Ratios dataset contains lidar ratio and the particle linear depolarization ratio values for the
wavelengths 440, 675, 870 and 1020 nm at each time of the almucantar scanning of the sky. Also, all relevant data on the
Sun zenith angles, coincident AOD (440 nm), surface albedo spectral values and other parameters of the observational site
and condition of observations are given in this dataset.

The data presented in the above datasets are obtained from observations made since the end of March 2008. In total, for
the period from March 29, 2008 to May 30, 2024, the Spectral AOD with Precipitable Water and Angstréom Parameter datasets
provide aerosol data values for 91193 observation times. There are a total of 113 values for each observation time. In total,
the data in the Spectral AOD with Precipitable Water and Angstrém Parameter, Total Optical Depth and Spectral
Deconvolution Algorithm Retrievals datasets are approximately 432 MB in size.

To solve the inverse problem and determine the optical and microphysical characteristics of the particles, a sufficient
number of sky brightness observations are required, which are contained in the Raw Almucantar and Raw Principal Plane
datasets. These observational data are used in solving the inverse problem after filtering. Accordingly, the amount of data in
the Raw Almucantar and Raw Principal Plane datasets is the largest. From March 29, 2008 to May 30, 2024, the Raw
Almucantar dataset contains 129717 scan cycles, which are assigned to a single moment of time. Each scan cycle contains
164 values. The Raw Principal Plane dataset has 107274 scan cycles, and each of them contains 51 values. In the datasets
containing characteristics of aerosol particles, fluxes and RF values, data are provided for a total of 10705 moments of time.
In total, the data in datasets containing raw data and aerosol particles properties have a total size of approximately 495 Mb.

Discussion and conclusions

The article describes a data series of the characteristics of aerosol particles contained in the database of the International
network of the automatic sun photometers AERONET, which may be of interest for analyzing the results of optical
observations performed at astronomical observatories that are part of the ACME project infrastructure. Since aerosol particles
affect the transparency of the atmosphere in a wide range of the optical spectrum due to their content, optical characteristics,
and dynamics in the atmosphere, these data can be used when processing the results of observations of Cherenkov radiation,
which is measured to record fluxes of high-energy cosmic particles and gamma rays. In particular, such observations are
carried out at observatories Auger, H.E.S.S., MAGIC, VERITAS, HAWC. Such research will also be carried out at the new-
generation gamma-ray observatory, the Cherenkov Telescope Array (CTA), which is under construction and should become
a particularly powerful tool for studying high-energy cosmic rays.

Although AERONET sun photometers use sunlight to study aerosols and perform measurements during the daytime,
these data can be used to determine atmospheric transparency at astronomical observation sites. As aerosol particles can
be transported by air masses over significant distances when they enter the atmosphere in a large number, sun photometer
observations can also be useful for tracking particle transport trajectories and assessing their impact on atmospheric
transparency at night. Large amounts of aerosol particles enter the atmosphere during large-scale wildfires, dust storms or
volcanic eruptions. Analysis of observational data, including data from sun photometers, has revealed that aerosol particles
that entered the high atmosphere as a result of such phenomena can spread thousands of kilometers from the site where
they enter the atmosphere. For example, smoke particles from wildfires in Canada in 2023 were observed in Europe
(Evgenieva et al., 2025), and aerosol particles from the eruption of the Hunga Tonga-Hunga Ha'apai volcano in the Tonga
archipelago in the southwest Pacific were observed on Reunion Island in the Indian Ocean, near Madagascar (Baron et al.,
2023). Also, dust from the Sahara spreads across the Atlantic and reaches the Caribbean islands (Rittmeister et al., 2017).

The AERONET database (https://aeronet.gsfc.nasa.gov/) contains data on the dynamics of the content and characteristics
of aerosol particles, determined from observations with sun photometers at more than 1700 sites in various regions of the
globe. Such aerosols parameters as the spectral AOD of the atmosphere, caused by the scattering and absorption of sunlight
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by aerosol particles in the atmospheric column above the observation site, as well as the particle sizes averaged in the
atmospheric column, their complex refractive index, scattering and absorption coefficients, and other parameters affecting
the transparency of the atmosphere are determined from the observation data. In particular, these data are used to assess
the impact of aerosols on meteorological processes and climate by calculating the solar radiation fluxes integrated over a
wide range of the optical spectrum: descending to the Earth's surface (BOA) and ascending to the upper boundary of the
atmosphere (TOA). Radiation flux at BOA takes into account both the direct radiation from the solar disk and the radiation
scattered by the atmosphere from the entire hemisphere of the sky, while flux at TOA takes into account fluxes of the radiation
reflected from the surface and scattered by the atmosphere. Estimates of the radiative forcing at the BOA and TOA generated
by aerosol particles are also provided. All these properties are given as separate datasets together with additional data on
the values of the parameters characterizing the sun photometers used for the measurements and the circumstances under
which these measurements were made. Sun photometers are characterized by precise wavelengths of their spectral
channels. Circumstances of the observations are characterized by the moments of measurements, the zenith distance of the
Sun, the albedo of the Earth's surface, and some others, depending on the aerosol particles properties in the dataset. The
coordinates of the observation site are also given in the datasets.

Observations with the AERONET sun photometer have been carried out in Kyiv since March 29, 2008. During this time,
a significant amount of data has been accumulated on the content and characteristics of aerosol particles and the content of
water vapor in the entire atmospheric column. All of this data is available to interested scientists through the AERONET
website. Over time, access to these data may be provided through the ACME research infrastructure, in particular through
the Center for Collective Use of Scientific Equipment "Laboratory of High Energy Physics and Astrophysics" of Taras
Shevchenko National University of Kyiv, as a component of ACME infrastructure.
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1 KuiBcbkuii HauioHanbHUM yHiBepcUuTeT iMeHi Tapaca LLleByeHka, KuiB, YkpaiHa

OAHI CNOCTEPEXXEHb ATMOC®EPHUX AEPO30J1IB HA KUIBCbKIA CTAHLIT AERONET:
BHECOK 10 MPOEKTY ACME

B cTyn. Baxnueum Hanpssmom npoekmy ACME € 36ip daHux criocmepexeHb, siKi xapakmepu3yromb HaeKoO/IUWHE cepedosuule, 30Kkpema i
npo3opicmb ammocghepu, 8 acmpoHoMidHUX o6cepeamopisix — YneHax ACME. Takox yi 0aHi dyxe saxnuei dna docnidHukie i paxieyie y 2anyssix,
noe'sizaHux i3 HaeKoslUWHIM cepedosuwieM, makKux sIK Memeoposiozid ma Kiimamorsogzisi. Aepo3osii € oOHiero 3i cknadoeux ammocghepu, wo
ennuearome Ha il nposopicmb y wupokomy Oiana3oHi HermepepeHoO20 onNMuUYHO20 crnekmpa. MixHapoOHa Mepexa asmomMamu4HUX COHSIYHUX
¢gomomempie AERONET 3a6e3neuye crnocmepexeHHsi 3a eMicmomM, GuHaMikoro, po3mipamu U OMMUYHUMU XapakKmepucmuKaMu aepo30JIbHUX
YacmuHOK npakmu4yHo Had ycieto 3eMHolo Kyneto. [lJodamkoeo eumiproembcsi i eMicm eodsiHOI napu 8 ammocgpepi Had MicyeM criocmepexeHsb.
CnocmepexHa cmaHyis yiei mepexi npayroe y Kueei 3 6epe3Hss 2008 p., 3abe3neyyroyu OaHi npo aepo3osii ma emicm e800siHOI napu y cmoeni
ammocgepu Had micmom.

MeToAau. CnocmepexeHHs1 y mepexxi AERONET eukoHyromb 3a ornoMo20t0 aemomamuy4yHux coHssYHux ¢pomomempie CIMEL CE318, siki
euMiproromb crnekmpasibHy ONMUYHy mosujuHy ammoceepu, CrPUYUHEHY aepo30JIbHUMU YacmuHKaMu, peecmpyroyqu OrpoMiHeHicmb
ceimno4ymnueozo eneMeHma fMPOoMiHHSIM 8i0 COHsIYHO20 AucKa, @ makKoX po3nodin sickpaeocmi Heba. BumiproeaHHsi 6UKOHYIOMb 8 OKpeMux
cneKkmpanbHUX KaHanax 3aswupwku npubnu3sHo 10 HM, y diana3oHi 8id 340 Hm do 1640 HM. Habip cnekmpanbHux KaHanie 3anexums 8id modeni
¢gomomempa. [nsi eusHayeHHs1 emicmy e00sIHOI napu eukopucmoeyromb KaHan i3 doexuHoro xeuni 940 HM. 3a3HayeHi OaHi onpayboeyromb
cmaHOapmu3oeaHumu anzopummamu AERONET, i wnsixom po3e'sizyeaHHs1 06epHeHol 3a0ayi 3 HUX 8uU3Ha4alomb pPo3rnodinn 4acmuHOK 3a po3Mipamu,
anb6edo 0dHOPa308020 PO3CisIHHA, KOMM/IEKCHULU MOKa3HUK 3aJIOMJIeHHS], KOHUeHmMpauyito YacmuHoK, IXHi KoeghiyieHmu eKcmuHKYii ma no2nuHaHHs.
3a yumu daHumu ob64ucolomb criekmparnbHi U iHmezpanbHi y diana3oHi cnekmpa gid 0.2 Mkm 00 4.0 MKM HU3XiOHi MOMOKU NPsIMO20 ma pPo3CisiHO20
ammocgeporo COHsIHHO20 MPOMIHHSA Ha 3eMHili noeepxHi, i suUcxiOHi Momoku eid6umoao noeepxHero i ammocgeporo NPOMIHHSI Ha 8epPXHIll Mexi
ammocgepu. 3a eennuduUHaMu makux romokie oyiHMb Kiimamu4Hul eghekm aepo3oie (padiauitiHuli gpopcuHa).

PesynbTaTtu. 3a cnocmepexenHsamu y Kueei 3 6epe3Hs 2008 p. odepxxaHo psidu OaHux Mpo crekmpasbHy OMNMUYHY MOBUUHY Y
cnekmpanbHuUXx KaHanax i3 doexuHamu xeusnb 440 HM, 675 HM, 870 HM i 1020 HM, Npo eMicm 00sIHOI Mapu, MPO XxapakMmepucmMuKU aepo30JibHUX
YyacmuHOK i npo npomeHeei nomoku. Lji pssdu daHux docmynHi Yyepe3 iHmepHem-cmopiHky AERONET, a i3 yacom Moxxymb 6ymu docmynHi U yepe3
iHmepHem-cmopiHky ACME.

BucHoBku. [JaHi npo xapakmepucmuKu aepo30JIbHUX YaCMUHOK, w0 Micmsimbcsi 8 6a3i daHux AERONET, moxymb 6ymu KopucHuUmMu 0nsi
aHanisy pesynbmamie ONMUYHUX criocmepexeHb, WO MPoeodsimbCs 8 acmpoHOMiYHUX obcepeamopisix, siki exodsmb do iHghpacmpykmypu
npoekmy ACME. [aHi npo aepo30sibHy €KCMUHKUil0 MOXHa eukopucmamu rnid 4Yac o6pobreHHs1 pe3ysibmamie crocmepexeHb YepeHKO8CbKO20
eunpomiHioeaHHsl, siki npoeodsimbcsi 8 obcepeamopisix Auger, H.E.S.S., MAGIC, VERITAS, HAWC, a makox y 2amma-o6cepesamopii Hoeo20
nokoJliHHA — Macuei YepeHkoecbkux meneckonie (CTA). HaHi cnocmepexeHb aepo3oJiie Ha KuieCbkilli cmaHUyii MoXHa 3acmocysamu e Mmexax
Po6o4ozo nakemy 7 (WP7) npoekmy ACME Ansi 06po6nieHHs1 acmpogizudHuUX crnocmepexeHb He6ecHuUx 06'ekmie, UKOHaHUX 3a A0MOMO20r0 Maux
merneckornis, 30kpeMa U acmpoHoMaMu-amamopamu.

Knw4yoBi cnoBa: ACME, 3eMHa ammocghepa, AERONET, cousiyHi pomomempu, aepo3oni.
ABTOpM 3a8BNSAIOTb NPO BiACYTHICTb KOHMMIKTY iHTepeciB. CnoHcopy He 6panu yyacTi B po3pobreHHi JochimxkeHHs:; y 300pi, aHanisi uu
iHTepnpeTauii AaHvX; y HanucaHHi pykonucy; B pilleHHi Npo nybnikauiio pesynbTaris.
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