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Abstract: Interpreting the results of a high-level clouds (HLCs) lidar study requires a comparison
with the vertical profiles of meteorological quantities. There are no regular radiosonde measurements
of vertical profiles of meteorological quantities in Tomsk. The nearest aerological stations are several
hundred kilometers away from the lidar and perform radiosonde measurements only a few times
a day, whereas lidar experiments are performed continuously throughout the day. To estimate
meteorological conditions at the HLC altitudes, we propose to use the ERA5 reanalysis. Its reliability
was tested by comparing with the data from five aerological stations within a radius of 500 km
around Tomsk. A labeled database of the lidar, radiosonde, and ERA5 data (2016-2020) for isobaric
levels 1000-50 hPa was created. The temperature reconstruction error over the entire altitude
range was characterized by an RMSE of 0.8-2.8 °C, bias of 0-0.9, and Corr ~1. The accuracy of
the relative vertical profiles (RMSE 25-40%, Bias 10-22%, and Corr <0.7) and specific humidity
(RMSE 0.2-1.2 g/kg, Bias ~0 g/kg, and Corr ~0) at the HLC altitudes were unsatisfying. The ERA5
data on wind direction and speed for the HLC altitudes were promising.

Keywords: atmosphere; high-level clouds; ice particles; polarization lidar; interpretation of lidar
data; radiosonde observations; ERAS reanalysis

1. Introduction

More and more noticeable climatic changes on the Earth determine the need to improve
weather and climate forecasts. Increasing the accuracy of atmospheric forecasting requires
increasing the completeness, spatio-temporal resolution, and accuracy of meteorological
information, as well increasing as the understanding of phenomena occurring in the
atmosphere and its structure, composition, and dynamics. Cloudiness is not only a regulator
of the radiation budget in the Earth’s climatic system, but also the most important factor
in determining the inflow of solar energy to its surface [1-3]. Optical and microphysical
models of the atmosphere remain imperfect. Such disadvantages include simplifications
caused by insufficient knowledge of atmospheric processes and phenomena. Accounting
for the effect of high-level clouds (HLCs) on the radiation budget in climatic models of the
atmosphere is an important, unresolved problem [4,5].

Such clouds have a large horizontal size, reaching thousands of kilometers, and
therefore can cover up to half of the Earth’s surface [6,7]. The HLC contribution to the
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greenhouse effect is significant despite their small optical thicknesses [8-10]. Special
features of HLC optical transmittance are determined by their microstructure, characterized
by the distribution of ice particles in the cloud by shape, size, and spatial orientation. These
characteristics depend on meteorological conditions in the upper troposphere. Under
certain conditions, particles can be oriented horizontally, which increases the reflectance
and leads to the anomalous (specular) backscattering of optical radiation during sensing
into the zenith. Existing atmospheric models, including the global atmospheric model
developed by the European Centre for Medium-Range Weather Forecasts (ECMWFEF), do
not consider the characteristics of the HLC microstructure. In contrast to droplet clouds, it
is difficult to accurately describe the sizes and shapes of particles in crystalline or mixed
clouds. Usually, the concept of “effective radius,” which is based on the equality of particle
properties with a certain model sphere, is used [1]. This simplification allows the Mie
theory to be used in calculating the radiative characteristics of HLCs, but it is quite coarse
and negatively affects the accuracy of numerical weather and climate forecasts.

Experimental studies of HLCs are labor-intensive and expensive. There is no instru-
ment for the contact determination of the spatial orientation of particles in clouds because it
is violated during air sampling. The theoretical description of optical radiation interaction
with non-spherical ice particles is a complex, multicomponent task. Modern instruments
and methods for experimental data processing bring us closer to the tools that allow for
the adequate relation of the characteristics of HLCs with meteorological conditions and
the prediction of the microstructure of the clouds being formed. The use of polarization
lidar, which provides an evaluation of particle orientation along with other parameters (the
shape and size of ice particles) of the microstructure, makes it possible to compensate for
the impossibility of determining the orientation of particles in HLCs using contact methods.

Airplane contrails also have optical properties similar to those of natural HLCs. They
not only attenuate solar radiation flux themselves, but also form cirrus [11] (e.g., Cirrus
floccus homomutatus and Cirrus fibratus homomutatus [12]). Contrails existing more than
10 min are named by the World Meteorological Organisation as the only artificial type of
ice clouds [13]. Long-term observations of HLCs in northern latitudes [11] have shown an
increase in the frequency of cloud formation with the growth of air traffic. Instrumental
studies of contrail characteristics are difficult because the aircraft-based contact instruments
provide little information (in addition, information on the orientation of ice particles cannot
be obtained), and space platforms cannot observe contrails at the initial stage of formation
due to their small dimensions. They become detectable by satellites 1-2 h after the emission
of combustion products from aircraft engines, which is too long because the average contrail
lifetime is about 1-6 h [14].

There are two main problems in developing optical models of crystalline HLCs that
adequately reflect their microphysical characteristics. The first problem is the absence of the
certified instrumental methods for determining the orientation of non-spherical particles in
the atmosphere at the altitudes of HLC formation. The second problem is the complexity of
calculations of the basic optical and radiative characteristics of such clouds.

The materials and methods are described in Section 2. Section 2.1 contains basic
information about the high-altitude matrix polarization lidar of the National Research
Tomsk State University (NR TSU). Section 2.2 explains the technique of using the me-
teorological data for the interpretation of the lidar data. In Section 2.2.1, radiosonde
observations whose data are used for the estimation of clouds formation conditions are
described. Some information about the ERA5 reanalysis and the evaluation of the applica-
bility of the ERAS reanalysis for processing and interpreting the lidar data are presented
in Sections 2.2.2 and 2.3, respectively. The results of the evaluation are shown in Section 3
and discussed in Section 4. Conclusions are presented in Section 5.

2. Materials and Methods

According to [15], the maximum information about the microphysical parameters of
an ensemble of particles is contained in the light-scattering matrix (LSM). In the present
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work, vertical profiles of atmospheric parameters are measured using a high-altitude matrix
polarization lidar (HAMPL) developed at the NR TSU. A special feature of the HAMPL
is its ability to perform all the measurements necessary for experimental determining of
the vertical profile of all elements of the backscattering phase matrix (BSPM; a special case
of the LSM for scattering angles close to 180 degrees) of the HLC layers [16]. Existing
analogs (for example, [17-19]) allow only some BSPM elements to be determined, and the
rest elements are calculated based on the symmetry properties of such matrices.

2.1. High-Altitude Matrix Polarization Lidar of National Research Tomsk State University

A block diagram of the HAMPL is shown in Figure 1. The lidar is located in Tomsk and
is oriented vertically in the zenith direction. It is regularly used for performing experiments
on the sensing of HLCs from 2009. The measurements are carried out at any time of day
when there are no precipitation, wind gusts, and low-level clouds. A Nd:YAG laser Lotis
TII LS-2137U with an operating wavelength of 532 nm, a pulse energy of up to 400 m]J,
and a pulse repetition rate of 10 Hz is used as an optical radiation source. A Cassegrain
mirror lens with a primary mirror diameter of 0.5 m and a focal length of 5 m is used
as a receiving antenna. A Wollaston prism, which divides the received, backscattered
radiation into two orthogonally polarized beams, is installed on the output of the receiving
optical channel of the lidar. These radiation beams are recorded by two photomultiplier
tubes (PMTs), Hamamatsu H5783Ps, operating in the photon-counting mode with time
strobing of the signal, which provides the lidar altitude resolution from 37.5 to 150 m. To
suppress active backscatter noise from the lidar’s near-field zone (up to 3 km), electro-
optical shutters (EOSs) [20] are mounted in front of the PMTs. The EOSs are based on a
potassium dideuterium phosphate (DKDP) crystal with a maximum trigger frequency of
100 Hz, a high voltage pulse duration of 1-1000 ps, and a high voltage pulse delay relative
to the trigger pulse of 1-100 ps. The use of EOSs allows the characteristics to remain linear
even during lidar operation in the daytime at the maximum energy of the sensing pulse.

J

Figure 1. HAMPL block diagram: 1—laser; 2—Glan-Taylor prism; 3—collimator; 4—stepper motor;
5—polarization transformation unit; 6—Cassegrain telescope; 7—field stop; 8—lens; 9—interference
filter; 10—Wollaston prism; 11—PMTs; 12—EOSs; 13—computer-based data recording and display-
ing equipment.
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Pulses of radiation with four different polarization states (three linear and one circular)
were sent to the atmosphere one by one. For each pulse, the polarization state of backscat-
tered radiation described by the Stokes vector were determined. Thus, 16 intensity vertical
profiles, from which 16 BSPM elements were calculated, were measured in each sensing
cycle. In addition, other important cloud characteristics were determined based on the
analysis of lidar measurement data, including optical characteristics (the scattering ratio
and optical thicknesses, as well as geometrical ones) and the altitudes of the lower and
upper boundaries and thicknesses [21]. As was noted in the Introduction, the horizontal
orientation of ice particles in HLCs leads to anomalous backscattering of optical radiation
during sensing into the zenith. Based on the HAMPL data, such clouds are identified if the
following criteria are simultaneously met: scattering ratio R > 10, optical thickness T <1,
and the BSPM element myy < —0.4 [16,21].

The HAMPL provided the registration of lidar returns from HLCs in the parallel
accumulation mode of 16 arrays of single-electron pulses. This mode allowed the intensity
of all 16 lidar signals from the clouds, which were necessary to determine all elements of
the BSPM, to be estimated with the same error. During sensing in this mode, there was a
continuous change of polarization elements in the transmitting and receiving systems of the
lidar, due to which the minimum time of a complete cycle of measurements for determining
all BSPM elements was 2 s. Thus, the movement of the examined air volumes falling into
the field of view of the telescope affected the measurements in the same way with each of
the used combinations of the polarization states of sensing and received radiation.

As an example, let us consider the results of lidar measurements from 1 June 2021. An
extended HLC layer at altitudes of 6.2-8.3 km was registered. Figure 2 shows an example of
the temporal dynamics of the vertical profile of the lidar signal intensity. Each vertical line
on the plot corresponds to a single laser pulse. Figure 3 shows the same profile summed
over the entire time of the measurement series.
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Figure 2. Temporal dynamics of the vertical profile of the lidar signal intensity (6 January 2021; series
of measurements was performed from 2:34 to 2:51 p.m..).

In Figure 2, turquoise areas (brighter than the blue color, which corresponds to zero
intensity) can be found at altitudes of about 6.5 km at time points around 2:39, 2:44 p.m.
and between 2:49 p.m. and the end of the series. These areas correspond to the increase
in intensity compared to the zero intensity (blue), which caused the intensity increase in
Figure 3 starting from an altitude of about 6.4 km. Optical characteristics of the cloud
registered with the HAMPL are presented in Table 1. As can be seen from the table,
according to the criteria mentioned above, the observed cloud contained predominantly
horizontally oriented ice particles.
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Figure 3. Vertical profile of the lidar signal intensity (6 January 2021; series of measurements was

performed from 2:34 to 2:51 p.m.).

Table 1. Geometric and optical characteristics of the cloud registered in lidar measurements (6 January
2021; series of measurements was performed from 2:34 to 2:51 p.m.).

Border Altitudes, km Scattering Ratio R Optical Thickness T BSPM in a Single Strobe (i, km)
1.00 005 005 —0.03
6.2-8.3 25.6 0.1 Mz = | 00> 093 003 —0.19

—-0.05 001 —-098 0.24
-0.03 -0.02 014 -09

In addition, the parallel signal recording made it possible to conduct a long, continuous
session of HLC sensing and then select the time intervals for processing according to the
given criteria. This procedure allowed us to establish that the same lengthy cloud can
contain both specular (containing horizontally oriented ice particles) and non-specular
local areas, as well as to estimate their sizes [22,23].

2.2. Use of Meteorological Data for the Interpretation of the Lidar Measurement Data

To study the clouds and to establish the relationships between their characteristics
and environmental conditions, it was necessary to perform a joint analysis of the experi-
mental data with the meteorological situation at appropriate altitudes. The most reliable
and extremely important source of information on the vertical profiles of meteorological
data was the radiosonde observation data. At present, the Russian radiosonde network
includes 127 aerological stations in the territory of the Russian Federation and two more
in Antarctica [24]. When interpreting the results of HAMPL measurements, to assess the
meteorological conditions at the altitudes of HLCs, the measurement data of the aerological
stations closest to Tomsk (Kolpashevo WMO 29231 and Novosibirsk WMO 29634) were
used. Radiosonde data are freely available on the website of the University of Wyoming
(USA) [25], which provides access to data from measurements performed around the globe
from 1973.

2.2.1. Radiosonde Observations and Conditions for the Formation of Specular Clouds

Despite the remoteness of the aerological stations of Novosibirsk and Kolpashevo
from each other, the meteorological conditions at the altitudes of HLC formation based
on the data of both stations usually differ insignificantly [16,23]. The small differences
in the vertical profiles of meteorological values from data from these stations are illus-
trated in Figure 4, which shows examples of the vertical profiles of temperature and wind
direction measured at these stations. In this figure and throughout the text, we will use
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the abbreviation RAOB to designate upper-air measurement data (short for “RAdiosonde
OBservations”). The designation ERA5 is used for the reanalysis data of the same name—it
will be described below. In the examples presented in Figure 4, the vertical temperature
profiles according to the data of radiosonde observations in Kolpashevo and Novosibirsk
almost completely coincide. The vertical profiles of the wind direction according to the
data of measurements at these stations are also close to each other, although they differ
from each other by up to 10-20°. Separately, we note that the profiles of the reconstructed
values of meteorological quantities according to the ERA5 reanalysis almost completely
coincide with the profiles of radiosonde data.
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Figure 4. Vertical profiles of temperature (a) and wind direction (b) from data of the radiosonde
observations (RAOB) and reanalysis (ERA5) for the Kolpashevo, Novosibirsk and Tomsk coordinates.

1000

During the period of 2016 to 2020, about 1500 series of measurements (including
measurements in cloudless conditions; one series of measurements usually takes about
17 min) were performed at the HAMPL in the mode of parallel accumulation of lidar
signals [26]. Figure 5 shows the distributions of the measurement series by year and by
season. Despite the predominance of the lidar measurement series in spring, the largest
number of HLCs by absolute value was detected in winter and about 20% less were detected
in autumn. At the same time, the largest number of specular areas of clouds was detected
in autumn; on the contrary, the number was the smallest in spring. In summer, both the
number of detected HLCs and the number of their specular areas were significantly smaller,
but the second number exceeded the first one [26].

® Lidar Measurement Series mHLC Specular areas of HLC Season Distribution of Specular HLC, %

600 120 Autumn: 43 Winter: 31

- 100

400 80

300 - 60

200 40

100 20
0 0 Spring: 12

Winter Spring Summer Autumn Summer: 14

u
8

Number of Detected HLC

Number of Lidar Measurement Series

(a) (b)

Figure 5. Distribution of the number of measurement series with the parallel accumulation of photo-
electron pulses at the HAMPL (a) and specular HLCs registered with it (b) by season (2016-2020).
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As was noted in Section 2.1, the parallel accumulation of lidar signals allows for long,
continuous sessions of HLC sensing to be performed and then the specified time intervals
to be selected for processing according to the given criteria. A comparison of the specular
HLC local area detecting time and its altitude based on the lidar data with the wind speed
at this altitude (based on the radiosonde data) provides the possibility to estimate the size
of such areas. HLCs were detected during 231 series of the HAMPL measurements (see
Figure 5); 81 specular areas of such clouds were identified, and their sizes were estimated.
The distribution of HLC specular area size estimates is shown in Figure 6. As the data from
the two aerological stations closest to the HAMPL location were used, the histogram shows
data from both. The sizes of the HLC specular areas lay in the range from 4 to 30 km; the
fraction of cases with the largest value was 2% of the total number.

70
60
Lot ® Kolpashevo

an - m Novosibirsk

30 1

Fraction, %

20

10 1

o -
<10 10 20 30

Dimensions of Specular Local Areas of HLC, km

Figure 6. Distribution of HLC specular area sizes (2016-2020).

Figure 7 shows the distributions of the specular-HLC formation altitudes according
to lidar measurements, as well as the values of relative humidity, air temperature, and
dewpoint at these altitudes. Specular HLCs were observed most frequently at the air
temperature and dew point of —60...—50 °C and —70...—60 °C, respectively, as well as at
30—40% relative air humidity [26]. Specular HLCs were recorded most frequently at the
altitudes of 10-11 and 6-7 km. Most of the regular air traffic routes within a radius of
100 km from Tomsk are located at these altitudes [27]. Before the COVID-19 pandemic,
about 200 planes flew over this region per day. Some contrail studies performed at HAMPL
from 2016 were described in [28,29]. It is premature to estimate the relationship between
the recurrence of specular HLCs and air traffic at their altitudes, because the accumulation
duration of the array of recorded aircraft trajectories is much smaller than the ones of the
lidar data array (these data have been continuously recorded from August 2019). We noted
that the density of air traffic within a radius of 100 km from Tomsk from March to December
2020 was about 1.5-2 times lower than before the pandemic.

The closeness of the values of meteorological parameters according to the measure-
ment data of both indicated aerological stations (see Figure 4) was not always observed.
In addition, measurements on these stations were performed only twice a day, at 0:00
and 12:00 UTC (7:00 and 19:00 local time). Thus, a comparison of cloud characteristics
determined from the lidar data with the vertical profiles of meteorological parameters often
requires a choice: the data from which station and for what time it should be used.

As an illustration of the described difficulties in using radiosonde data when interpret-
ing the results of lidar experiments, Table 2 presents the values of meteorological quantities
corresponding to the lidar measurements performed on 1 June 2021 (see Section 2.1).
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Figure 7. Distribution of altitudes of the formation of HLCs with horizontally oriented ice particles
detected with HAMPL (a) and corresponding values of relative humidity (b), air temperature (c), and
dew point (d) at their altitudes based on the radiosonde observation data [25] (2016-2020).

Table 2. Meteorological conditions [25] at the altitude of the HLC registered with HAMPL (1 June 2021).

Time Station PRES, hPa HGHT, m TEMP, °C RELH, % MIXR, g/kg DRCT, ° SKNT, kt
7 am. Kolp (29231) 419 6979 -24.8 49 0.61 260 27
7 am. Nsk (29634) 400 7340 -26.5 19 0.20 315 21
7 p.m. Kolp (29231) 425 6857 -25.0 40 0.48 265 37
7 p.m. Nsk (29634) 416 7104 221 33 0.52 269 14

The following notations are used in the Table 2: PRES—atmospheric pressure (hPa); HGHT—geopotential height
(m); TEMP—temperature (°C); RELH—relative humidity (%); MIXR—mixing ratio (g/kg); DRCT—wind direction
(°); SKNT—wind speed (kt; 1 kt = 0.51 m/s) [30].

We noted a noticeable discrepancy between the values of relative and specific humidity,
as well as the wind direction and speed according to the data of morning and evening
measurements performed at the Kolpashevo and Novosibirsk aerological stations. An
estimation of the drift parameters of the examined clouds was performed based on the
vertical profiles of wind direction and speed. This was necessary for identifying and
studying the aircraft contrails (for example, [28]), as well as for the time correction of the
results of the complex, lidar-pyranometric experiments [23]. Concluding the description of
the radiosonde data, let us summarize: it is important to find a source of vertical profiles
of meteorological characteristics that correspond to the HAMPL location and provide a
higher time resolution.
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2.2.2. ERA5 Reanalysis

Previously, in the search for a source of a meteorological data alternative to the
radiosonde measurements, the applicability of reanalysis to interpret data from the lidar
experiments was tested. Such data sets consist of the results of measurements from many
meteorological instruments around the globe and use different systems for processing
the information. The ERA (short for “TECMWF ReAnalysis”) product (its ERA-Interim
version [31]) was used for the reanalysis verification. For this purpose, the reanalysis data
for Kolpashevo, Novosibirsk, and Tomsk were compared with the corresponding RAOB
data. It was shown [28], that the temperature, the wind direction, and wind speed at the
altitudes of HLC formation agreed well with each other for the indicated coordinate points
and for both sources of vertical meteorological profiles.

ERA-Interim reanalysis data are available for the period from 1 January 1979 to
31 August 2019. This dataset includes vertical profiles for a number of meteorological
parameters (such as temperature, relative humidity, U and V components of wind, etc.).
It was superseded by the fifth generation ERAS reanalysis, which provides high spatial
resolution (0.25 x 0.25 °) and a frequent time step (1 h). It includes a continuous series
of meteorological data for the period of more than 40 years (from 1979 to the present).
The input data for the ERAS reanalysis are the results of measurements from all over the
globe (satellite radiometers; ground, ship, and airborne weather stations; moored buoys,
radiosondes; and ground-based radars) [32]. The time series of the air temperature and
its derivatives in the reanalysis of the ERA family were homogeneous for the Siberian
territory, and could therefore be used to identify spatial heterogeneity caused by the local
factors [33]. There are known works in which the ERA5 reanalysis was used to solve the
issues of studying the atmosphere, including the verification of the ERA5 data applicability
in various territories around the world [34-36]. Table 3 presents the example of the ERA5
reanalysis dataset. The notations used in the Table 3 are the same as in Table 2.

Table 3. Example of vertical profiles of meteorological characteristics [25] based on the ERA5 data
(7 July 2020; 4 p.m.; HAMPL location, Tomsk).

PRES, TEMP, RELH, MIXR, DRCT, SKNT, PRES, TEMP, RELH, MIXR, DRCT, SKNT,
hPa °C % g/kg ° kt hPa °C % g/kg © kt
1000 24 42 7.77 319 6 550 -9 11 0.36 277 16
975 22 44 7.43 319 10 500 —14 19 0.43 262 17
950 20 49 7.36 320 10 450 -20 19 0.27 258 19
925 18 54 7.33 320 10 400 —27 31 0.24 255 19
900 15 61 7.31 320 12 350 —35 41 0.15 252 23
875 13 68 7.29 320 12 300 —44 69 0.11 251 31
850 11 77 7.20 321 12 250 —53 73 0.05 245 33
825 9 72 6.26 328 12 225 —51 29 0.03 233 27
800 8 58 4.90 333 12 200 —48 9 0.01 231 16
775 6 64 4.89 331 12 175 —47 2 0.00 233 12
750 4 69 4.63 329 14 150 —46 1 0.00 281
700 0 66 3.72 321 14 125 —48 1 0.00 353 4
650 -3 69 3.16 312 14 100 —51 1 0.00 240 6
600 -5 23 0.94 300 16

The HAMPL provides high temporal (2-3 min) and spatial (from 37.5 m) resolution;
therefore, we considered it necessary to evaluate how correctly the ERA5 data can be used
for processing and interpreting the results of the lidar measurements.
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2.3. Evaluation of the Applicability of the ERA5 Reanalysis for Processing and Interpreting the
Lidar Data

To assess the applicability of the ERA5 reanalysis for interpreting the results of the
HAMPL measurements, the RAOB and ERA5 data were analyzed jointly for the coordinates
of all aerological stations within a radius of 500 km from Tomsk. Figure 8 shows the location
map of these stations, whereas their distances from the HAMPL location point are presented
in Table 4.

—

.

A
‘Kolpashevo (WMO.\29231 )

e
JBarabinsk (WMO;/29612,)‘,
Y Tom\ sr kN

Figure 8. Location map of aerological stations closest to Tomsk according to the website [37]; the
image was obtained with the geographic information system Google Earth Distribution of HLC
specular area sizes (2016-2020).

Table 4. Aerological stations located within a radius of 500 km from Tomsk.

Station Location Station ID Distance from the Station to Tomsk, km
Novosibirsk WMO 29634 210
Kolpashevo WMO 29231 240
Barabinsk WMO 29612 430
Yemelyanovo WMO 29572 470
Yeniseisk WMO 29263 480

The values of the temperature and the relative and specific air humidity, as well as
the wind direction and speed, were analyzed. The first three of the listed characteristics
affect the growth and morphological properties of ice crystals in the HLCs [38], and the
wind characteristics are used to calculate the wind drift parameters of the examined clouds.
The analysis was performed for the standard isobaric surfaces from 1000 to 50 hPa. This
pressure range approximately corresponds to the altitudes from 0 to 20 km and includes
the HAMPL operation range (0-15 km).

An array of the meteorological information combined data for all days from 1 January
2016 to 31 December 2020; two time moments per day (corresponding to the time of
measurements at the aerological stations, 00:00 and 12:00 UTC). Statistical analysis of
the obtained data was performed similarly to [34]. The vertical profiles of the standard
deviations of the meteorological values from the ERA5 and RAOB data, as well as the
average difference and the correlation coefficient of these values were obtained.

The standard deviation of the values was calculated by the expression:

1
RMSE = ﬁZ(XiRAOB — Xigras)
=

The mean difference of the values showing the sign of deviations was calculated

as follows:
Ns

. 1
Bias = N Y (Xieras — Xira0B)

Si=1
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The correlation coefficient was determined by the expression:

Y. (Xeras — Xeras) (Xraos — Xraos)

Corr(ERA5, RAOB) = - _
\/ Y (Xeras — Xeras) L(Xraos — Xraos)

In order to perform the analysis, a local database was created. It had an irregular
step of the atmospheric pressure in the RAOB data and occasional omissions in them. To
mitigate the effect of these features, a preliminary selection of data was made: vertical
profiles from the ERA5 and RAOB data arrays for the same city and time were compared.
Then, the nearest pressure from the RAOB data array was searched for each atmospheric
pressure in the ERA5 data. If the pressure difference exceeded 7.5 hPa, then this pair of
values was excluded from the further analysis. In addition, this pressure level in the RAOB
data was excluded from comparison with the ERA5 data for other levels. Thus, as a result
of the selection, there were pairs of values of the meteorological quantities based on the
ERAS5 and RAOB datasets that were obtained for further comparison with each other.

3. Results

Figures 9-13 show the vertical profiles of the RMSE, Bias, and Corr values, as well as
the corresponding distributions of deviations of the absolute and relative air humidity, the
air temperature, the wind direction, and the wind speed based on the ERA5 [39] relative to
the RAOB [25] data for 2016-2020 for the aerological stations specified in Table 4.

Correlation
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Figure 9. Vertical profiles of RMSE, Bias, and Corr for the values of specific humidity based on
ERADS [39] relative to RAOB [25] data for 2016-2020 (a) and the corresponding distribution of devia-
tions Aq (b) for the coordinates of the specified aerological stations.
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Figure 10. Vertical profiles of RMSE, Bias, and Corr for the values of relative humidity based
on ERA5 [39] relative to RAOB [25] data for 20162020 (a) and the corresponding distribution of
deviations Af (b) for the coordinates of the specified aerological stations.
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Figure 11. Vertical profiles of RMSE, Bias, and Corr for the values of temperature based on ERA5 [39]
relative to the RAOB [25] data for 2016-2020 (a) and the corresponding distribution of deviations At
(b) for the coordinates of the specified aerological stations.
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Figure 12. Vertical profiles of RMSE, Bias, and Corr for the values of wind direction based on
ERAS5 [39] relative to the RAOB [25] data for 20162020 (a) and the corresponding distribution of
deviations AD (b) for the coordinates of the specified aerological stations.
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Figure 13. Vertical profiles of RMSE, Bias, and Corr for the values of wind speed based on ERA5 [39]
relative to RAOB [25] data for 2016-2020 years (a) and the corresponding distribution of deviations
AV (b) for the coordinates of the specified aerological stations.

The analysis of the obtained vertical profiles of statistical characteristics describing accu-
racy of the recovery of the meteorological values by the ERAS5 reanalysis is presented below.
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4. Discussion

Using the standard deviation (RMSE) value as an accuracy measure for recovering
the meteorological quantity by the ERA5 reanalysis, we note that the specific air humidity
is recovered (Figure 9a) with an accuracy of 0.5-1 g/kg at isobaric levels of 1000-800 hPa,
which corresponds to an altitude range of 0-2 km from sea level in the standard atmosphere.
At the higher levels, up to the level of 450 hPa (about 6 km in the standard atmosphere), the
accuracy is improved: the RMSE takes values in the range of 0.3-0.7 g/kg. However, the
vertical profile behavior of the RMSE of specific humidity then changes sharply and takes
values from 0.2 to 2.4 g/kg. At the same time, the correlation coefficient Corr, insignificantly
fluctuating around unity below the altitudes of HLC formation (at isobaric levels above
450 hPa), also demonstrates a sharp deterioration of the relationship between the recovered
and measured values of specific humidity above this level, reaching zero or even negative
values there. The magnitude of the average difference Bias at the levels of 1000-800 hPa
varies from —0.3 to 0, showing slight variations from —0.1 to 0 above this height, up to the
very top of the indicated pressure range. According to Figure 9b, there is most often an
underestimation of the specific humidity values from ERA5 when compared to the RAOB.
The highest repeatability is in the deviations of specific humidity values (Aq) obtained from
ERADS reanalysis relative to similar values from RAOB data in the range of —0.2...0.1 g/kg at
all the considered levels (0-2, 2-6, and over 6 km). With a probability of more than 5%
there are Ag values in the ranges of —0.4...0.2, —0.3...0.2, and —0.2...0.1 g/kg for the lower,
middle, and upper levels, respectively. Thus, for the specific air humidity, the range of
isobaric levels of the most reliable recovery at the considered coordinate points and for the
considered time period is 800450 hPa (2-6 km in the standard atmosphere). This range
includes only a small part of the altitude range of HLC formation and therefore is not useful
for interpreting the data of lidar studies of such clouds.

Relative humidity is characterized (Figure 10a) by smoother vertical profiles of the
considered statistical characteristics. Nevertheless, it is impossible to call them applicable
for the interpretation of the HLC lidar studies data. The lowest values of the RMSE
(11-15%), as well as the Bias (—8...2%) are achieved at pressure levels of 1000-800 hPa,
corresponding to the lower altitudes. The RMSE increases almost continuously with the
isobaric levels increasing (up to the value of 200 hPa), reaching completely unacceptable
values around 40%. The Bias behaves similarly, reaching a maximum value of 25% at a
lower pressure level (300 hPa). The Corr value in the considered range of isobaric levels
has the highest value of about 0.87 at about 700 hPa. For isobaric levels corresponding
to the range of HLC formation altitudes (450-200 hPa), this value varies from 0.75 at the
bottom of the range to 0.15 at its upper boundary. According to Figure 10b, the lower
and middle levels (0-2 and 2-6 km) are usually characterized by an overestimation of the
relative humidity from ERA5 compared to RAOB, and the upper level (more than 6 km)
is characterized by the underestimation. The greatest repeatability is in the deviations
of relative humidity values (Af) obtained from the ERA5 reanalysis relative to similar
values from the RAOB data in the ranges of 0-10% (for the lower and middle levels) and
—20...—10% (for the upper level). With a probability of more than 5% Af values in the
ranges of —20...20, —20...30, and —40...0% are observed for the lower, middle, and upper
levels, respectively. Thus, the use of vertical profiles of relative humidity based on the
ERADJ data for the interpretation of the HLC laser-sensing data seems to be incorrect.

Describing the accuracy of the temperature recovery (Figure 11a), we note the small
RMSE values (0.8-2.8 °C) and extremely small fluctuations of the Corr values around
unity in the entire considered range of isobaric levels, which is known to characterize the
very high accuracy of the ERA5 data. Nevertheless, here we consider the fluctuations of
the vertical profiles of the examined statistical characteristics in more detail. The vertical
RMSE profile fluctuate with the greatest amplitude in the range of 0.9-2.8 °C at levels of
1000-800 hPa. At higher altitudes, up to an isobaric level of 450 hPa, the range of the tem-
perature RMSE values is 0.9-1.4 °C, and 1.4-2.1 °C for pressure range from 450 to 200 hPa.
The Bias value shows fluctuations with even smaller amplitude: 0-0.9 °C for isobaric levels



Remote Sens. 2023, 15, 109

14 of 17

of 1000-800 hPa, 0.2-0.3 °C for levels of 800-450 hPa, and 0.1-0.5 °C below 450 hPa. Accord-
ing to Figure 11b, the overestimation of air temperature values based on ERA5 data relative
to RAOB data is most often observed. The highest repeatability is observed for deviations
of air temperature values (At) obtained from the ERA5 reanalysis relative to similar values
from the RAOB data in the range of 0-1 C at all the considered isobaric levels (0-2, 2-6,
and more than 6 km). There is a more than 5% probability of At values in the ranges
—2..2, —1..2,and —2...2 °C for lower, middle, and upper levels, respectively. Obtained
results demonstrate a very high accuracy of temperature recovering by ERA5 reanalysis in
the entire considered range of altitudes, and therefore we evaluate these data as applicable
for the analysis of the HLC laser sensing results. We emphasize that temperature is one of
the most important meteorological parameters for analyzing the conditions of formation for
the preferred orientation of ice particles in clouds. In addition, the shapes of such particles
are also often associated specifically with temperature (e.g., [38]).

Analyzing the wind direction (Figure 12a), we note the unacceptably high RMSE
values in the whole considered range of altitudes. Thus, at isobaric levels of 1000-800 hPa,
this value takes values of 52-75°. Higher—up to 450 hPa—the RMSE fluctuations slightly
decrease: the range of its values here is 42-57°, and at higher levels the values lie in the
range of 35-50°. The vertical profile of the wind direction Bias is noteworthy: at isobaric
levels of 1000-800 hPa, this value varies from —1 to 1°, and it varies from 0 to 3° at higher
levels, which could be considered insignificant if the RMSE did not behave as described
above. The Corr value at isobaric levels of 1000-800 hPa varies in the range of 0.63-0.77.
At higher levels, up to a pressure of 450 hPa, as for the RMSE, the situation improves
slightly: the Corr changes from 0.75 to 0.85. At higher altitudes, the variability of the Corr
values is slightly greater: 0.74-0.86. According to Figure 12b, an overestimation of the wind
direction values based on the ERA5 data 14 of 17 relative to the RAOB is usually observed.
The greatest recurrence is in the deviations of wind direction values (AD) obtained from
the ERAS reanalysis relative to similar values from the RAOB data in the range of 0-10°
at all the considered levels (0-2, 2-6, and more than 6 km). With a probability of more
than 5%, AD values change in the range from —30° to 30° for the lower and middle levels
and takes values from —20° to 20° for the upper level. To summarize the analysis of the
wind direction based on the ERAS5 data, we conclude that, in the range of altitudes of
HLC formation, the differences of the recovered values often differ significantly from those
measured by radiosondes, and therefore their applicability to lidar data analysis is limited,
although not impossible. A recommendation is to compare these ERA5 data with the results
of the radiosonde observations closest in time and made at the stations closest to the HLC
study location.

The wind speed (Figure 13a) is characterized by an even more pronounced difference in
the behavior of the vertical profiles of all considered statistical quantities in three examined
pressure intervals. In particular, the RMSE varies in the range of 1.8-2.8 m/s at isobaric
levels of 1000-800 hPa. A similar situation is also observed at levels of 450-200 hPa: the
RMSE takes values of 2-2.5 m/s. At the same time, for pressures of 800-450 hPa, the vertical
profile of the RMSE shifts noticeably towards lower values, indicating a higher recovery
accuracy of 1.7-2 m/s. It is remarkable that the correlation coefficient Corr drops to an
unacceptable value of 0.75 only at isobaric levels of 1000-800 hPa. At higher layers, up to
450 hPa, this value increases all the time, reaching a value of 0.95. From 450 to 200 hPa, Corr
is still close to 0.95 and only above 200 hPa does this value slightly decrease. An analysis of
the Bias vertical profile behavior leads to a similar observation. At isobaric levels between
1000 and 800 hPa, the largest variations occur (from —0.5 to 0.2 m/s), and the area of highest
accuracy (Bias values from —0.5 to —0.4) is in the level range of 800—450 hPa. In general,
the whole range of variation of the Bias from —0.5 to 0.2 m/s does not cause any doubt
about the accuracy of wind speed recovering. According to Figure 13b, there is usually a
slight underestimation of the wind speed values based on the ERA5 data relative to RAOB.
The highest repeatability is in the deviations of wind speed values (AV) obtained from the
ERADJ reanalysis relative to similar values from the RAOB data in the range —1...0 m/s at
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lower, middle, and upper levels (0-2, 2-6, and more than 6 km). Deviations of the wind
speed values in the range of —3...2 m/s are observed at all levels with a probability of more
than 5%. Thus, the accuracy of wind speed recovery by ERA5 reanalysis is acceptable for
the range of altitudes of HLC formation.

5. Conclusions

The presented results show a promising application of the ERA5 reanalysis to deter-
mine the vertical profiles of temperature and with direction, which are extremely necessary
for HLC studying. This fact allows the reanalysis data for Tomsk to be used for interpreting
the results of experiments performed on the HAMPL. We should note that there are no
regular radiosonde measurements in Tomsk, so the reanalysis seems to be a source of
vertical profiles of meteorological quantities for the HAMPL coordinates. In addition,
ERA5 data will improve the temporal resolution of meteorological information in the lidar—
meteorological dataset from 12 h (RAOB) to 1 h (ERA5). Wind direction can also be used
for such studies, but, as commented above, an additional comparison with the radiosonde
observations may be necessary. Vertical profiles of the specific and relative humidity show
significant discrepancies from those measured by radiosondes, and therefore we cannot
conclude about correctness of their usage. Thus, the ERAS reanalysis data on temperature
and wind characteristics can be used for the interpretation of the results of lidar studies
of high-level clouds, taking into account the indicated limitations. A comparison of the
results of lidar data interpretation with the use of radiosonde and ERA5 reanalysis data
will be made in future works.

Although the described results are obtained for the region presented in Figure 8,
they can be extended to the whole of Western Siberia. However, we admit that a similar
verification of the ERA5 data for other regions may show different results. In addition,
we should keep in mind the limited time interval of the considered data sample: only
meteorological data for 2016-2020 period were analyzed. We suppose that expanding
the time range may also affect such analysis. The data sample used in this article, which
combines measurements and calculations for each day during 5 years and for 5 cities, is
certainly representative. Therefore, possible deviations of the results obtained from the
extended data samples are not expected to be significant.
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