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Abstract: This article presents results of the polarization laser studies of the optical and microphysical
characteristics of the high-level clouds (HLC). The high-altitude matrix polarization lidar (HAMPL;
Tomsk, Russia) is described. HAMPL measures vertical profiles of all elements of the backscattering
phase matrix (BSPM) of the HLC. Based on the joint analysis of lidar and radiosonde observations
it is shown that the spatial structure of the HLC containing oriented ice crystals is inhomogeneous
in the horizontal wind direction. It includes local areas with oriented particles; the sizes of such
areas are estimated together with the most probable meteorological conditions of their formation.
The shortcomings of the radiosonde observations performed closest to the location of the HAMPL
are described. The applicability of the ERA5 reanalysis data of the European Centre for Medium-
Range Weather Forecasts for use as an alternative source of information on the vertical profiles of
meteorological quantities for the interpretation of HLC lidar sensing data in Western Siberia was
checked.
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1. Introduction

More and more noticeable climatic changes on the Earth determine the need to im-
prove weather and climate forecasts. Increasing the accuracy of atmospheric forecasting
requires increasing the completeness, spatio-temporal resolution and accuracy of meteoro-
logical information, as well as an in-depth understanding of phenomena occurring in the
atmosphere, its structure, composition and dynamics. Cloudiness is not only a regulator
of the radiation balance in the Earth’s climatic system, but also the most important factor
determining the inflow of solar energy to its surface [1–3]. Optical and microphysical
models of the atmosphere remain imperfect.

Influence of the high-level clouds (HLC) on the radiative balance in climatic atmo-
spheric models is still not understood[4,5]. Having a large horizontal size reaching thou-
sands of kilometres, such clouds can cover up to half of the Earth’s surface [6,7]. The HLC
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contribution to the greenhouse effect is significant despite their small optical thickness [8–
10]. Special features of HLC optical transmittance are determined by their microstructure,
characterised by the distribution of ice particles in the cloud in shape, size, and spatial
orientation. These features depend on meteorological conditions in the upper troposphere.
The particles can be oriented horizontally, which increases the reflection coefficient and
leads to anomalous (specular) backscattering of optical radiation when sensing into the
zenith. Existing atmospheric models, including the global atmospheric model by European
Centre for Medium-Range Weather Forecasts (ECMWF), do not take into account features
of the HLC microstructure. In contrast to droplet clouds, it is difficult to accurately describe
sizes and shapes of particles in crystalline or mixed clouds. Usually, the concept of "effective
radius" is used, based on equality of one of the properties of particles and a certain model
sphere [1]. This simplification allows the use of the Mie theory in calculating radiative
characteristics of the HLC, but it is quite coarse and negatively affects the accuracy of
numerical weather and climate forecasts.

Experimental studies of HLC are labour-intensive and expensive. There is no instru-
ment for 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 nonspherical ice particles is a complex multicomponent task. Modern instruments
and methods for experimental data processing bring us closer to the tools that allow ade-
quately relate the characteristics of the HLC with meteorological conditions and predict
the microstructure of the clouds being formed. The use of polarization lidar, which pro-
vides evaluation of particle orientation along with other parameters (shape and size of ice
particles) of the microstructure, makes it possible to compensate for the impossibility to
determine the orientation of particles in HLC by contact.

Contrails of planes also have optical properties similar to those of natural HLC. They
not only attenuate solar radiation flux themselves, but also form cirrus [11] (e.g., Cirrus
floccus homomutatus and Cirrus fibratus homomutatus [12]). The contrails existing more
than 10 minutes are named by the World Meteorological Organisation as the only artificial
type of ice clouds [13]. Many years of HLC observations in northern latitudes [11] have
shown an increase in the frequency of clouds formation with the growth of air traffic.
Instrumental studies of the contrail characteristics are difficult, because the contact aircraft-
based instruments provide little information (in addition, information on the orientation
of ice particles gets lost), and from space platforms traces of aircrafts at the initial stage
of formation are not distinguishable from space platforms 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 time of existence of the contrail is
about 1-6 h [14].

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

2. Materials and Methods

In the present work, the high-altitude matrix polarization lidar (HAMPL) developed
at National Research Tomsk State University is used to measure the vertical profiles of
atmospheric parameters. Experiments on HLC sensing have been regularly carried out
since 2009 at any time of the day, as long as there is no precipitation, no gusty wind, and
low cloud cover. A distinctive feature of the lidar is an ability to perform all measurements
necessary for the experimental determination of the vertical profile of the backscattering
phase matrix (BSPM) of the HLC layers [15]. Existing analogues (e.g. [16–18]) allow
determining only some elements of the BSPM of the HLC, and the rest are calculated based
on the symmetry properties of such matrices.



3 of 17

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 oriented vertically in
the zenith direction. A Nd:YAG laser with an operating wavelength of 532 nm, pulse energy
up to 400 mJ, and a pulse repetition rate of 10 Hz is used as an optical radiation source. On
output of the receiving optical channel of the lidar a Wollaston prism is installed, which
divides the received backscattered radiation into two orthogonally polarized beams. These
radiation beams are recorded by two photomultiplier tubes (PMTs) operating in the photon
counting mode with time strobing of the signal, which provides the lidar height 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 (EOS) [19] are installed in front of the PMT allowing the
characteristics to remain linear even during lidar operation in the daytime at the maximum
energy of the sensing pulse.

Pulses of radiation with four different polarization states (three linear and one circular)
are sent to the atmosphere one by one. For each of them the polarization state of the
backscattered radiation described by the Stokes vector is determined. Thus, 16 intensity
vertical profiles are measured in each sensing cycle, from which 16 BSPM elements are
calculated. In addition, other important cloud characteristics are determined based on
the analysis of lidar measurement data: optical-scattering ratio and optical thickness, and
geometrical-altitudes of the lower and upper boundaries, and thickness [20]. As noted
in the Introduction, the horizontal orientation of ice particles in HLC leads to anomalous
backscattering of optical radiation when sensing into the zenith. Based on HAMPL sensing
data, such clouds are identified if the following criteria are simultaneously met: scattering  

ratio R > 10, optical thickness τ < 1, and BSPM element m44 < −0.4 [15,20].

Figure 1. HAMPL block diagram: 1 – laser; 2 – Glan–Taylor prism; 3 – collimator; 4 – stepping motor;
5 – polarization transformation, 6 – Cassegrain telescope; 7 – field stop; 8 – lens; 9 – interference
filter; 10 – Wollaston prism; 11 – PMT; 12 – EOS; 13 – computer-based data recording and displaying
equipment [15,21].
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Table 1. Main characteristics of the HAMPL developed at NR TSU [22,23].

Transmitting system

Laser type YAG:Nd3+; Lotis TII LS-2137U

Wavelength, nm Energy, mJ Pulse repetition rate, Hz 10

1064 700 Divergence of the beam,
mrad 0.8

532 400 Divergence of the beam after
the collimator, mrad 0.28355 160

266 120 Pulse duration, ns 7

Receiving system

Type of registering device
Two-channel photon counter

Becker & Hickl GmbH
PMS-400A

Type of interference filter Thorlabs FL532-3

Count rate, MHz 800 Central wavelength, nm 532 ± 0.6

Minimum width of the
strobed pulse, ns 1 Bandwidth, nm 3 ± 0.6

Electro-optical shutter

Crystal material DKDP Maximum frequency of
trigger pulse, Hz 100

Crystal dimensions, mm 15×15×30 Duration of high voltage
pulse, µs 1÷1000

Operating wavelengths, nm 355, 532, 1064
Delay of the high voltage

pulse relative to the trigger
pulse, µs

1÷100

The HAMPL receiver of the backscattered laser radiation provides the required accu-  

racy of the lidar signal registration from both near- and far-lying layers of the atmosphere. 
One way to match the dynamic range of the lidar signal and the lidar photodetector system
is a range gating of the transmission function of the lidar optical system. Since in the
HAMPL receiving system the backscattered radiation is separated into two orthogonally
polarized components, the use of EOS based on the Pockels effect seems to be the most
optimal. The use of this type of EOS (custom-made by Lotis TII) in the HAMPL allows to
obtain an acceptable value of the gate response time in the range of 20-50 ns. The main
characteristics of the lidar components are shown in Table 1.

The use of the polarization state transformation blocks of the sent and received beams
makes it possible to obtain all 4 components of the Stokes vector of the backscattered
radiation and, thus, to determine the total BSPM of the cloud layer. In this case, use of
the Wollaston prism provides a possibility to obtain the Stokes vectors in two mutually
orthogonal channels of the receiving system simultaneously, which significantly increases
the reliability of the obtained data. Figure 2 shows the vertical lidar signal intensity profiles
for each combination of the sensing radiation polarization state (described by the Stokes
vector S⃗), and the instrument vector G of the lidar receiver system for both HAMPL
receiver channels. The instrument vectors G are given only for the first receiving channel,
as indicated by the upper index "A". For the second channel, they correspond to G(A), but
have opposite signs for all components except the first. Note that the intensity of the lidar
signal for altitudes below 3 km is significantly reduced, which is caused by the work of
EOS suppressing active noise from the lower atmosphere.



5 of 17

Figure 2. Example of vertical lidar signal intensity profiles for different combinations of polarization
states of the sensing and received backscattered radiation for both channels of the HAMPL receiver
system.

During experiments on obtaining BSPM, it should be taken into account a continuous
change of the volumes of air from which scattered radiation comes during the time interval
required to obtain all 16 elements of the matrix. A correct obtaining of BSPM requires
"freezing" conditions, i.e., position and orientation of the particles remain unchanged
during the measurement period. It is practically impossible to strictly comply with this
condition in a remote sensing scheme [24], since a sequential change of the polarization
state of the lidar radiation is required. Scattering properties of the aerosol ensemble change
chaotically even in absence of macroscopic transfer, and therefore, an averaging of the
BSPM elements over the fluctuation time is inevitable. Thus, the involved number of
particles may vary from measurement to measurement. For this reason, early studies at
HAMPL were based on the hypothesis that the microphysical characteristics of the particles,  

responsible for the polarization of the radiation, are conserved in the general ensemble,  

and there are only variations in their concentrations. 
In 2016, the HAMPL implemented a mode of the "parallel" accumulation of the 16

lidar signals from HLC with the same accuracy at the same time interval. In this mode the
minimal time for measuring the full BSPM becomes 2 seconds. Thus, the motion of the in-
vestigated air volumes in the field of view of the telescope affects equally all measurements
for all combinations of polarizations of the transmitted and received radiation. Figure 3
shows an example of dynamics of the lidar signal vertical intensity profile.

Figure 3. Example of timeline dynamics of lidar signal vertical profile (September 9, 2020).
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In addition, the parallel signal recording makes it possible to conduct a long continuous
session of HLC sensing, and then select the most promising time intervals for processing.
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 [25,26].

2.2. Use of meteorological data for interpretation of lidar data

Study of the cloud properties requires a combined analysis with the meteorological
data at the corresponding altitudes. The most reliable and extremely important source
of information on the vertical profiles of meteorological data is the radiosonde observa-
tions. At present, the Russian radiosonde network includes 127 aerological stations on
the territory of the Russian Federation and two more in Antarctica [27]. To estimate the
meteorological conditions at the altitudes of the investigated HLC, until recently, we used
the measurements of the aerological stations closest to Tomsk located in Kolpashevo (WMO
29231) and Novosibirsk (WMO 29634).

2.2.1. Radiosonde observations

Figure 4 shows a map of the aerological station locations within the 500 km radius from
Tomsk; their distances from the HAMPL standing point are given in Table 2. Aerological
data are freely available on the website of the University of Wyoming (USA), which provides
access to measurement data performed all over the globe since 1973. [15,28].

Figure 4. Location of aerological stations closest to Tomsk according to the data from the website [29].

Table 2. 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

In spite of 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 [15,26]. To illustrate the small differences
in the vertical profiles of meteorological values from data of these stations, Figure 5 shows
examples of temperature vertical profiles and wind direction measured at these stations.
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(a) (b)

Figure 5. 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
[30].

The similarity of meteorological measurements of two mentioned aerological stations
does not take place always. In addition, measurements at them are performed only twice a
day - at 0:00 and 12:00 UTC (7:00 and 19:00 local time). Thus, a comparison of the cloud
characteristics determined from the lidar data with the vertical profiles of the meteorological
data often requires a choice: data from which station and for which time should be used.
This choice becomes more important when estimating the drift parameters of the aerosol
formations. Such an assessment is performed for the identification and study of contrails
(e.g., [31]), as well as for the temporal correction of the results of complex lidar-pyranometer
experiments [26].

2.2.2. Meteorological conditions of formation of preferred horizontal orientation of ice
particles in HLC

During 2016-2020, about 1500 series of measurements (including measurements in
cloudless conditions; one series of measurements usually takes 17 minutes) were performed
at HAMPL in the regime of "parallel" lidar signal accumulation [32]. Figure 6 shows
distributions of the measurements series by year and by season. Despite the predominance
of the lidar measurement series in spring, the largest number of HLC by absolute value
was detected in winter and about 20% less in autumn. At the same time, the largest number
of specular areas of clouds was detected in autumn, while in spring, on the contrary, the
number was the smallest one. In summer, both the number of detected HLC and the
number of their specular areas were significantly smaller, but the second number exceeds
the first one [32].

As noted in Section 2.1, the parallel accumulation of lidar signals makes it possible
to conduct long continuous sessions of HLC sensing and then select the most promising
time intervals for processing. The joint analysis of the duration lidar detecting of a specular
local area of HLC and the altitude of its location with the wind speed at this altitude based
on the radiosonde observations data provides a possibility to estimate the size of such
areas. HLC were detected during 231 series of measurements (see Figure 6); 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 7. Since the data from two aerological
stations closest to the HAMPL location were used, the histogram shows data from both of
them. The sizes of the HLC specular areas lie in the range from 4 to 30 km; the fraction of
cases with the largest value is 2% of the total number.

Figure 8 shows the distributions of the altitudes of the specular HLC formation
according to lidar measurements, as well as the values of relative humidity, air temperature,
and dew point at these altitudes. The most frequent specular HLC were observed at values
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(a) (b)

Figure 6. Distribution of the number of measurement series with parallel accumulation of photoelec-
tron pulses at the HAMPL (a) and season distribution of specular HLC detected with the HAMPL in 
2016–2022 (b) [32].

of air temperature and dew point of −60...−50◦C and −70...−60◦C, respectively, as well as  

at 30–40% relative air humidity [32]. 

Figure 7. Distribution of HLC specular area sizes (2016-2020) [33].

The most frequent specular HLC were recorded 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 [34]. Before COVID-19 pandemic about 200 airplanes per day flew here on
average. Some contrail studies performed at HAMPL since 2016 are described in [31,35]. It
is premature to estimate the relationship between the recurrence of specular HLC and air
traffic at their altitudes, because the array of recorded aircraft trajectories (these data have
been continuously recorded since August 2019) is much smaller than the lidar data time
span. Also the density of air traffic within a radius of 100 km from Tomsk from March to
December 2020 is about 1.5–2 times lower than before the pandemic [32].

2.2.3. ERA5 Reanalysis

Previously, in search for a source of a meteorological data alternative to the aerological
measurements, the applicability of reanalysis was tested to interpret data from the lidar
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(a) (b)

(c) (d)

Figure 8. Distribution of of altitudes of HLC 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 data from aerological stations (2016-2020) [28,32].

experiments. Such data sets combine the results of measurements from many meteorologi-  

cal instruments around the globe and use different systems for processing the information. 
The ERA (short for ECMWF ReAnalysis), specifically the ERA-Interim version [36], was
used for the reanalysis verification: the data for Kolpashevo, Novosibirsk, and Tomsk were
compared with the corresponding RAOB data. It was shown [31], that the temperature, the
wind direction, and wind speed at the altitudes of HLC formation agree well with each
other for the indicated coordinate points and for both sources of vertical meteorological
profiles used.

ERA-Interim reanalysis data are available for the period from January 1, 1979 to August
31, 2019. They are developed in the fifth generation ERA5 reanalysis, which provides high
spatial resolution (0.25◦ × 0.25◦), more frequent time step (1 hour). It includes integration
of continuous series of meteorological data for the period of more than 40 years (from 1979
to the present). As input data for the ERA5 reanalysis, the results of the measurements
from all over the globe are used: satellite radiometers, ground, ship, and airborne weather
stations, moored buoys, radiosondes, and ground-based radars [37]. In addition, similar
ERA5 series were calculated for the period 1950-1978, but, due to the limited accumulated
data for this period, the accuracy of this part of the array is worse than that of the main set.
Time series of the air temperature and its derivatives in the reanalyses of the ERA family
are homogeneous for the territory of Siberia, and, therefore, can be used to identify spatial
heterogeneity due to local factors [38].
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3. Results

To assess the applicability of the ERA5 reanalysis for the interpretation of HAMPL
measurement data, the RAOB and ERA5 data were compared. The values of the tem-
perature, the relative and specific humidity, as well as the wind direction and speed on
standard isobaric surfaces from 1000 to 50 hPa were analysed. This pressure range approxi-
mately corresponds to the altitudes from 0 to 20 km and includes the operating range of
the HAMPL (0–15 km). An array of the meteorological information combines data for all
days from January 1, 2016 to December 31, 2020, two time moments (corresponding to the
time of measurements at the aerological stations – 00:00 and 12:00 UTC) in each of five
coordinate points (points of aerological stations location shown in Figure 4 and Table 2).
Statistical analysis of the obtained data was carried out: similarly to [30,39], vertical profiles
of the standard deviations of ERA5 meteorological values from RAOB ones, as well as the
average difference and the correlation coefficient of these values were obtained.

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

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

RMSE =

√√√√ 1
Ns

Ns

∑
i=1

(
XRAOB

i − XERA5
i

)2. (1)

The mean difference of the values showing the sign of deviations was calculated as 
follows:

Bias =
1

Ns

Ns

∑
i=1

(
XRAOB

i − XERA5
i

)
. (2)

The correlation coefficient was determined by the formula:

Corr(ERA5, RAOB) =
∑Ns

i=1

(
XERA5

i − XERA5
i

)
∑Ns

i=1

(
XRAOB

i − XRAOB
i

)
√

∑Ns
i=1

(
XERA5

i − XERA5
i

)2
∑Ns

i=1

(
XRAOB

i − XRAOB
i

)2
(3)

Figures 9–13 show the vertical profiles of RMSE, Bias, and Corr, as well as the corre-  

sponding distributions of deviations of the absolute and relative humidity, the air temper- 
ature, the wind direction, and the wind speed based on ERA5 [40] relative to RAOB [28]
data for 2016–2020 for the aerological stations specified in Table 2.

The analysis of the obtained vertical profiles of statistical characteristics describing
accuracy of the recovery of the meteorological values by the ERA5 reanalysis is presented
below.

4. Discussion

Using the standard deviation (RMSE) value as an accuracy measure for recoverying
the meteorological quantity by 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. 
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(a) (b)

Figure 9. Vertical profiles of RMSE, Bias, and Corr for the values of specific humidity based on
ERA5 [40] relative to RAOB [28] data for 2016–2020 years (a) and the corresponding distribution of
deviations ∆q (b) for the coordinates of the mentioned aerological stations.

(a) (b)

Figure 10. Vertical profiles of RMSE, Bias, and Corr for the values of relative humidity based on 
ERA5 [40] relative to RAOB [28] data for 2016–2020 years (a) and the corresponding distribution of 
deviations ∆ f (b) for the coordinates of the mentioned aerological stations.

At the higher levels, up to the level of 450 hPa (about 6 km in the standard atmosphere), 
the accuracy improves: the RMSE takes values in the range of 0.3–0.7 g/kg. However, then
the vertical profile behaviour of the RMSE of specific humidity changes sharply: it takes
values from 0.2 to 2.4 g/kg. At the same time, the correlation coefficient Corr insignificantly
fluctuating around unity below the heights 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 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 compared to RAOB. The highest repeatability is
in the deviations of specific humidity values (∆q) obtained from ERA5 reanalysis relative
to similar values from RAOB data in the range −0.2...0.1 g/kg at all levels (0–2 km, 2–6
km, and over 6 km). With a probability of more than 5% there are ∆q values in the ranges
−0.4...0.2 g/kg, −0.3...0.2 g/kg, 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 under consideration and for the
considered time period is 800–450 hPa (2–6 km in the standard atmosphere). This range
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(a) (b)

Figure 11. Vertical profiles of RMSE, Bias, and Corr for the values of temperature based on ERA5 [40]
relative to RAOB [28] data for 2016–2020 years (a) and the corresponding distribution of deviations
∆t (b) for the coordinates of the mentioned aerological stations.

(a) (b)

Figure 12. Vertical profiles of RMSE, Bias, and Corr for the values of wind direction based on
ERA5 [40] relative to RAOB [28] data for 2016–2020 years (a) and the corresponding distribution of
deviations ∆D (b) for the coordinates of the mentioned aerological stations.

includes only a small part of the height range of HLC formation and therefore is not useful
for interpreting the data of lidar studies of such clouds

Relative humidity is characterised (Figure 10a) by smoother vertical profiles of the
considered statistical characteristics. Nevertheless, it is impossible to call them applicable
for interpretation of HLC lidar data. The lowest values of RMSE (11–15%), as well as Bias
(−8...2%) are achieved at levels 1000–800 hPa, corresponding to lower altitudes. As the
isobaric level increases (up to about 200 hPa), the RMSE increases almost continuously,
reaching completely unacceptable values around 40%. Bias behaves similarly reaching a
maximum value of 25% at a lower 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. Wherein, for isobaric
levels corresponding to the altitude range of HLC formation heights (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 km and 2–6 km) are usually characterized
by overestimation of the relative humidity from ERA5 compared to RAOB, and the upper
level (more than 6 km) is characterized by underestimation. The greatest repeatability is in
the deviations of relative humidity values (∆ f ) obtained from ERA5 reanalysis relative to
similar values from 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% ∆ f values in the
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(a) (b)

Figure 13. Vertical profiles of RMSE, Bias, and Corr for the values of wind speed based on ERA5 [40]
relative to RAOB [28] data for 2016–2020 years (a) and the corresponding distribution of deviations
∆V (b) for the coordinates of the mentioned aerological stations.

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 base on ERA5
data for interpretation of 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 experiences fluctuations 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 temperature RMSE values is 0.9–1.4◦C, from 450 to 200 hPa – 1.4–2.1◦C. The Bias value
shows fluctuations with even smaller amplitude: 0–0.9◦C for isobaric levels of 1000–800 hPa,
0.2–0.3◦C for levels of 800–450 hPa, and 0.1–0.5◦C below 450 hPa. According to Figure 11b,
the overestimation of air temperature values based on ERA5 data relative to RAOB is most
often observed. The highest repeatability is observed for deviations of air temperature
values (∆t) obtained from ERA5 reanalysis relative to similar values from RAOB data in
the range of 0 ÷ 1◦C at all levels (0–2 km, 2–6 km, and more than 6 km). There is more
than 5% probability of ∆t values in the ranges −2...2◦C, −1...2◦C 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 HLC laser sensing results.
We emphasize that temperature is one of the most important meteorological parameters
when analyzing the conditions for forming the preferred orientation of ice particles in
clouds. In addition, shapes of such particles are also often associated specifically with
temperature (e.g. [41]).

Analyzing about 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 – 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 – from 0 to 3◦ at higher levels, which could be considered
insignificant if 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: Corr ranges from 0.75 to 0.85. At
higher altitudes, the variability of 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
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relative to RAOB is usually observed. The greatest recurrence is in the deviations of wind
direction values (∆D) obtained from the ERA5 reanalysis relative to similar values from
RAOB data in the range of 0 ÷ 10◦ at all levels (0–2 km, 2–6 km, and more than 6 km).
With a probability of more than 5%, ∆D values in the range of −30...30◦ for the lower and
middle levels, and −20...20◦ for the upper level are observed. To summarize the analysis
of the wind direction based on the ERA5 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 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 RMSE shifts noticeably towards lower values indicating a higher recovery
accuracy: 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 this value slightly decreases. 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 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 (∆V) obtained from ERA5
reanalysis relative to similar values from RAOB data in the range −1...0 m/s at lower,
middle, and upper levels (0–2 km, 2–6 km, and more than 6 km). ∆V 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 height range of
HLC formation.

5. Conclusion

The presented results show a promising application of the vertical profiles of the
temperature and the wind speed based on the ERA5 reanalysis data for the HLC studies. It
is possible to use these data for the Tomsk coordinates for interpretation of the experimental
data performed on the HAMPL developed at NR TSU. In addition, the use of the ERA5 data
will improve the temporal resolution of the meteorological part of 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. Alas, vertical profiles of the specific and relative humidity show significant
discrepancies from those measured by radiosondes, and therefore we cannot conclude
about correctness of its usage.

Although the described results are obtained for the region presented in Figure 4,
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
extended data samples are not expected to be significant. This statement is confirmed by
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the consistency of the results of the current analysis with those obtained earlier for a smaller  

data set [34]. 
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