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Abstract—The statistical characteristics are computed for the number of cloud layers based on radio-
sonde data from 965 aerological stations located at different latitudes of the globe for the period of
1964-2017 and on the CE method for the determination of cloud boundaries and cloud amount from the
temperature and humidity profiles retrieved from radiosonde data. The calculations are performed for
the atmospheric layer from the surface to the height of 10 km. The geographic distribution of seasonal
and annual mean values as well as of standard deviations is obtained for the number of cloud layers. The
amplitude of their regional variations is determined, that allowed specifying the spatiotemporal features
of atmospheric layering into cloud and intercloud layers. The results agree with data of aircraft-based
sounding, radar data, radiosonde data, and the results obtained from free balloon experiments.
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1. INTRODUCTION

Many studies investigated the vertical structure of the atmosphere based on observational data [3—7, 10,
11, 17,23-27, 30-34, 38, 40-45]. Such great attention is caused by the importance of this information for
scientific and applied problems, for example, for studying the radiant heat transfer in the atmosphere, for
assessing the conditions of electromagnetic wave propagation, and for aviation needs [10, 12, 15, 21, 22,
24,26, 27]. In particular, the investigation of the cloud vertical macrostructure retrieved from radiosonde
data is needed to determine its long-term characteristics as radiosonde data were collected for a rather long
observation period [1, 2, 18, 33]. The authors of this paper used radiosonde data on temperature and
humidity to obtain the global estimates of the total thickness and boundaries of retrieved cloud layers [3,
24] and presented station estimates for these parameters as well as for the number of cloud layers for
1964-2014 [4, 26].

This paper invrstigates the temperature-humidity layering of the atmosphere in the layer of 0—-10 km
above the surface into cloud and intercloud layers determined from radiosonde profiles of temperature and
humidity by the CE method [3, 25, 32]. The spatiotemporal variability is considered for the number of
cloud layers retrieved from radiosonde data from the global network of aerological stations for 1964-2017. It
was studied by the calculation of global long-term estimates and by the construction of geographic distribu-
tions for the long-term statistical characteristics of the number of cloud layers. Their analysis was performed,
and the variation ranges were determined for the long-term statistical characteristics for the whole globe.
The results are presented for different gradations of cloud amount and for different atmospheric layers for
seasons and years.
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2. DATA AND METHODS

Data for 1964-2017 from CARDS (Comprehensive Aerological Reference Dataset) [2, 33] comple-
mented with current data from AEROSTAB [1] and AEROSTAS [18] datasets formed the information
base. The data passed the procedure of complex quality control [2]. The stations located at different lati-
tudes of the globe with the sufficient amount of data for the formation of 965 time series (some of them in-
clude the observations of two or three stations due to their opening, closure, or relocation) were selected
from the list of the global aerological network stations. The period from 1964 was chosen for calculations,
because radiosonde data from the global aerological network for the Southern Hemisphere for the late
1950s—1960s are insufficient for long-term calculations [19].

The conditions for the use of sparse and, therefore, extremely valuable data in the poorly covered regions
were less strict than in the previous papers (for example, [3, 4, 24]). Firstly, the inclusion of long-term
statistical characteristics for the number of cloud layers into calculations required that the time series for
every season had data for at least 15 of 54 analyzed years for each station, provided that the last year of
observations was not before 2014; the availability of data for a half of the analyzed observation period was
required in the previous studies. Secondly, all radiosonde data which passed the quality control were used
both for temperature and for humidity in all atmospheric layers from the surface to the height of 10 km;
therefore, the number of profiles used for different layers can slightly differ. Previously, the calculations
considered only radiosonde observations which contained data on temperature and humidity for the whole
atmospheric layer from the surface to the height of 10 km. The extension of the observation period to 2017,
the softening of data application conditions, the execution of calculations for seasons and years allowed
obtaining geographic distributions for the statistical characteristics of the number of cloud layers in
different atmospheric layers, with the detailing of cloud amount gradations.

Observational data in the troposphere are more “favorable” than in the stratosphere both from the point of
view of the amount and in terms of the errors of calculation based on these data, which are related to the
small height of radiosonde flight [2, 4, 19]. One of the main characteristics of upper-air sounding is its
vertical resolution, it may vary in time in the long-term datasets [3, 25, 30, 42]: it basically increases as the
radiosonde system develops. In 1964-2017, the long-term global mean resolution is ~0.7 km for the
atmospheric layer of 0-30 km and ~0.4 km (i.e., much higher) for the lower tropospheric layer; the
long-term global mean number of observations levels is 42 and 8, respectively.

Historical data on humidity are inhomogeneous in most countries for the following reasons: firstly, dif-
ferent countries use different sensors; secondly, there are no international standards for the conversion of
relative humidity into dew point; thirdly, the replacement of humidity sensors was carried out; fourthly, the
precision of relative humidity measurement (regardless of the sensor model) is influenced by the value of
relative humidity, pressure, and solar radiation as well as by the value and/or sign of the temperature gradi-
ent [3, 13, 25, 28, 30, 33, 35-37, 39].

In accordance to the KN-04 code [16], the values of temperature 7" and relative humidity R in the
aerological telegram are presented with the accuracy to 0.1°C and 0.1%, respectively. It should be recalled
that the time constant for temperature sensors usually does not exceed 5 s at the level of 1000 hPa and 13.5 s
at 100 hPa. For most humidity sensors, measurement errors do not exceed 5% under the positive values of
temperature but increase essentially at the temperature of —20 to —40°C. The values of the time constant for
different humidity sensors may differ significantly: for example, from 0.3 s at 20°C for the thin-film carbon
sensor used for the VIZ and AIR radiosondes to 200 s at —30°C for the film sensor used in China, Russia,
and France [3, 13, 25].

Numerous studies [5, 6, 11, 12, 17, 41, 43—-45] noted that the presence of cloud layers mainly affects the
value of air temperature and air humidity. Hence, their crossing by radiosondes should lead to the changes
in the readings of corresponding sensors. For the long-term studies of parameters of the vertical
macrostructure of cloud layers, it is desirable to use a method for their determination which is poorly sensi-
tive to the inhomogeneities of long-term aerological datasets caused by the change of sensors and by the
technology of radiosonde observations, in particular, by the possible change in the resolution of sounding.
The results of applying the methods for the determination of cloud boundaries and cloud amount based on
the direct use of the measured values of temperature and humidity highly depend on the inertial properties
of sensors [13, 39]. Using them, it is often impossible to detect intercloud layers as well as thin and
few-cloud layers in case of multilayer cloudiness, hence, the correct determination of the number of layers
and the thickness of clouds is also impossible [3, 5, 12, 41-45].

The CE method was used to retrieve cloud boundaries and cloud amount from radiosonde profiles of
temperature and humidity. The method was specially developed for the long-term studies of cloud layers
based on global long-term radiosonde data [33]. The main idea of the method consists in the determination
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of height intervals, where the temperature and humidity profiles are affected by cloud layers. Due to the
measurement data presentation accuracy and the inertia of instruments, the response of the sensors may
have a weak or almost no effect on the absolute values of temperature and humidity [13, 17]. However, ac-
cording to [3, 25, 32, 37, 39], it is almost always manifested in relative changes (the derivatives along the
profile which correspond to the rate and acceleration of temperature and humidity variation in the certain
interval of the vertical profile). The approximation of radiosonde data on temperature and humidity using
cubic splines with smooth variation in derivatives along the profile gives a more plausible pattern of verti-
cal variations in the meteorological parameters than the approximation with a broken line. The values of de-
rivatives along the profile which indicate the impact of external forces, in case of spline approximation are
determined by observations not only at the nearest points of the profile but also at the next points. This al-
lows reducing the effect of the sensor inertia during the analysis of the vertical profile segment under study.

The detection of cloud layers by the CE method includes two stages. At the first stage, the cloud bound-
aries are determined using the second height derivatives of temperature 7" and relative humidity R along the
profiles. The idea is that the features of the rate of vertical variations in temperature and humidity may be
caused by changes in these parameters, when a radiosonde crosses the cloud layer boundaries. The follow-
ing conditions were taken as a criterion of cloud layer existence:

T"(h)>0 and R"(h)<O0 for h, <h<h,.

It is required to change the sign of the corresponding second derivative to the opposite one at the bound-
ary points 4, and /4,. This means that the points /2, and 4, are the points of inflection for the profiles of 7"and
R as well as the points of local extremes of the first derivatives 7" and R’ (the maximum of R" and the mini-
mum of 7" at the point /; and, on the contrary, the minimum of R’ and the maximum of 7" at the point 4,).
These conditions were determined as a result of the comparison of temperature and relative humidity pro-
files and their second derivatives with ground-based observations of clouds [3, 25, 32]. The approximation
of measurement data on meteorological parameters with an Akima cubic spline with zero boundary condi-
tions for the second derivatives is applied to obtain the continuous second derivatives along the vertical
profile [9, 20, 29, 32]. The possible false oscillations arising from the application of the standard cubic
spline at the dramatic change in the value at close distances are damped by the Akima spline as well as by
the requirement that the used profile points had the vertical distance of at least 10 m at the given accuracy of
presentation of the values of meteorological parameters.

At the second stage, the degree of the sky coverage was determined for the gradations of 0-20, 2060,
60-80, and 80—-100% for each detected cloud layer. It was based on the values of temperature and dew point
at the level of maximum relative humidity within this layer using the piecewise-linear approximation of the
Arabei—Moshnikov diagram [3, 32]. The maximum cloud amount in the layers situated within the corre-
sponding altitude ranges (0-2, 2—6, and 6—10 km) is taken as the cloud amount in each layer [7, 23].

Different aspects of the CE method testing for dense and thin cloud layers, for cases of cloudless sky are
discussed in detail in [3, 25, 30, 32, 40]. The authors and independent experts demonstrated that the results
obtained using it indicate the presence of individual cloud and intercloud layers; this allows the objective
estimation of the number of layers [3, 25, 30, 40].

To assess a possibility of using the time series of retrieved cloud parameters for the long-term studies,
the sensitivity of the methods for the cloud layer determination from radiosonde data (including the CE
method) to the sounding resolution variation was studied, and the results of cloudiness retrieval by the other
methods using the SHEBA (Surface Heat Budget of the Arctic Ocean, USA) experiment data were com-
pared [3, 25, 30]. The comparison of the cloud layer boundaries predicted by the CE method and the clouds
detected by the cloud-range meter, radar, lidar, satellite and aircraft instruments revealed the following.
Firstly, the results of the CE method poorly depend on the resolution of humidity and temperature profiles
(in the framework of standard radio sounding) and on the minimum permissible cloud layer thickness. Sec-
ondly, the change in the sounding resolution from 0.4 to 0.7 km under the minimum permissible cloud layer
thickness of 0.1 km has little effect on the results of cloud layer boundary prediction. Thirdly, the best result
of retrieval of cloud layer boundaries in the atmospheric layer below 0.5-0.6 km was obtained for the tem-
perature and humidity profile resolution of 0.1 km and for the minimum permissible cloud layer thickness
of 50 m. In this case, a need in the higher resolution is explained by the smaller scale of physical processes
in the lower troposphere as compared to the free troposphere [3, 23, 30].

The use of more detailed profiles (with the resolution of 1 m) for the analysis is limited by the accuracy
of presentation of temperature and humidity values in the aerological telegram [3, 25]. The upper estimate
of the error of gradient calculation using two neighboring observed values of temperature with the
resolution A/ is determined from the formula AT = 0.1/Ah. If the resolution Ak varies within 0.4—0.7 km,
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the error of temperature gradient due to the accuracy of presentation of 7 varies from 0.025 to 0.014°C/m that
makes up about 4 and 2% of the mean tropospheric temperature gradient (0.65°C/100 m). This is an accep-
table accuracy. If Ah =1 m, the error of the temperature gradient determination caused by the accuracy of
temperature presentation equal to 0.1°C is 0.1°C/m, which is by 15 times higher than its mean tropospheric
value. Hence, to solve the problems implying the calculation of derivatives using detailed radiosonde
profiles, for example, of GPS sounding profiles, the values of temperature and relative humidity should be
presented in the aerological diagram with the accuracy at least to 0.001°C and 0.001%. This may have no
added value to the accuracy for transmitted values (due to the observation errors) but will allow obtaining a
more precise profile of gradients due to the high correlation of observation errors which cancel each other
during the calculation of gradients [3].

The long-term mean values of the number of layers with the cloud amount of 0-20, 20-60, 60—80, and
80—100% for the atmospheric layers of 0-2, 2—6, 610, and 0—10 km for the seasons and the whole year and
the respective standard deviations were computed for each station to study variations in the number of
cloud layers depending on the cloud amount, atmospheric layer, and season. The cloud layers detected by
the CE method with the thickness of at least 50 m were considered. The existence of other layers was per-
mitted during the analysis of cloud layers with the fixed cloud amount. The cloud amount of 0-20% is few
clouds, 20-60% is scattered clouds, 60—80% is broken clouds, and 80—100% is overcast.

To visualize and to analyze the geographic distribution of statistical characteristics, it is more conve-
nient to use fields on a regular grid than values on an irregular set of stations. The method of weighted
anisotropic interpolation [10] was used to interpolate the long-term statistical characteristics of the number
of cloud layers to the 2° x 2° grid:

]{(): i=1

m

Z a;

i=1
where q; is the weight of each of the neighboring stations for a regular grid point. The estimates show [§]
that it is sufficient to use the 5—8 closest stations to the point of interest which homogeneously or symmetri-
cally surround it from all sides, for the horizontal interpolation. Every time the values of a; are found as the
solutions to the system of linear equations

m

Zairﬁ =7, for j=1..,m
i=1

where 7y is the distance between the ith and jth stations, ry; is the distance between the zero grid point and
the jth station. For most meteorological parameters, the method of anisotropic interpolation gives almost
the same accuracy (in terms of minimizing the mean squared interpolation error) as the optimum interpola-
tion [9, 14], but it has an essential advantage over the optimum interpolation as its application does not re-
quire the knowledge of statistical structure of the interpolated parameters. However, the anisotropic inter-
polation does not provide the estimates of the interpolation error [2, 3].

The geographic distributions of the mean values and standard deviations of the number of cloud layers
for the seasons and the whole year with account of the cloud amount gradation and atmospheric layer were
constructed to study the spatiotemporal variability of the number of cloud layers.

3. NUMBER OF CLOUD LAYERS

Tables 1 and 2 present the estimates of variation ranges for the long-term statistical characteristics of
the number of cloud layers in the above atmospheric layers on the territory of the globe for different
gradations of cloud amount. The estimates were obtained by the analysis of the corresponding geographic
distributions for the seasons and the whole year. For the mean values of the number of cloud layers with the
cloud amount of 0-100% in different atmospheric layers, they are presented in Figs. 1 and 2 for different
seasons.

The data in Table 1 and Figs. 1 and 2 show that the global seasonal and annual mean values of the num-
ber of cloud layers with the cloud amount of 0-100% in the layers of 0-2, 2—6, 610, and 0—10 km vary
within 1.0-3.1, 1.2-5.0, 1.2-4.1, and 2.1-10.7; the amplitudes of their variations are equal to 2.1, 3.8, 2.9,
and 8.6, respectively. For the respective standard deviations, the ranges of their global variation are
0.1-1.6, 0.4-2.8, 0.5-2.5, and 0.9-5.5 (Table 2), and the amplitudes of variations are 1.5, 2.4, 2.0, and 4.6.
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Table 1. The variation ranges of global long-term seasonal mean and annual mean values of the number of cloud
layers retrieved from the radiosonde profiles of temperature and humidity for the atmospheric layers of 0-2, 2—6,
6-10, and 0-10 km above the surface with account of cloud amount, 1964-2017

Cloud . . Number
amount, % Winter Spring Summer Autumn Year of observations, 10°
0-10 km
0-20 1.6-7.0 1.6-7.2 1.6-8.0 1.7-8.0 1.7-7.3 1.2-36.3
20-60 1.1-2.0 1.1-2.0 1.1-2.0 1.1-2.0 1.1-2.0 0.5-21.6
60-80 1.0-14 1.0-14 1.0-14 1.0-14 1.0-1.4 0.3-13.1
80-100 1.4-4.9 1.4-4.6 1.2-4.7 1.3-44 1.4-4.5 0.7-31.6
0-100 2.3-10.7 2.3-10.8 2.1-10.6 2.2-10.6 2.2-10.5 1.5-37.9
6-10 km
0-20 1.2-3.0 1.2-3.1 1.2-3.1 1.2-3.0 1.2-3.0 0.5-32.9
20-60 1.0-1.6 1.0-1.5 1.0-1.5 1.0-1.5 1.0-1.5 0.2-15.5
60-80 1.0-1.3 1.0-1.2 1.0-1.2 1.0-1.2 1.0-1.2 0.1-9.9
80-100 1.1-2.5 1.1-2.6 1.1-2.7 1.1-2.6 1.1-2.6 0.2-254
0-100 1.3-3.9 1.3-4.0 1.2-4.0 1.3-4.1 1.3-4.0 1.4-37.5
2—-6 km
0-20 1.1-3.5 1.2-3.9 1.2-3.6 1.2-3.7 1.2-3.5 1.1-35.3
20-60 1.0-1.5 1.0-1.5 1.0-1.5 1.0-1.5 1.0-1.5 0.3-9.8
60-80 1.0-1.2 1.0-1.2 1.0-1.1 1.0-1.1 1.0-1.2 0.1-7.0
80-100 1.1-2.5 1.1-2.6 1.1-2.5 1.1-2.5 1.1-2.5 0.5-25.0
0-100 1.2-4.9 1.2-5.0 1.2-4.8 1.2-4.7 1.2-4.6 1.5-37.7
0-2 km
0-20 1.0-2.5 1.0-2.3 1.0-2.4 1.0-2.4 1.0-2.4 0.8-29.0
20-60 1.0-1.3 1.0-1.3 1.0-1.3 1.0-1.3 1.0-1.3 0.1-10.5
60-80 1.0-1.1 1.0-1.1 1.0-1.1 1.0-1.1 1.0-1.1 0.1-5.9
80-100 1.0-2.1 1.0-2.0 1.0-2.1 1.0-2.1 1.0-2.1 0.2-31.3
0-100 1.1-3.0 1.0-3.1 1.0-3.1 1.0-3.1 1.0-3.1 1.4-37.9

For the seasons, the variation ranges of global long-term mean values of the number of cloud layers and
standard deviations for each gradation of cloud amount in each analyzed atmospheric layer differ little.

For all seasons and for the whole year, the variation ranges of global long-term statistical characteristics
for the number of cloud layers for the analyzed atmospheric layers are highly dependent on the cloud
amount. The geographic distribution of long-term statistical characteristics for the number of cloud layers
with account of the cloud amount gradation for the whole year is presented in Fig. 3. Their maximum
values were basically registered in the low latitudes in case of few clouds and in the high latitudes in
overcast conditions.

Figures 1 and 2 demonstrate that the minimum mean values of the number of cloud layers with the cloud
amount of 0—100% for all seasons and atmospheric layers are discovered in the area of the Himalayas, and
the location of several zones with their maximum values depends on a season and an atmospheric layer. For
example, the maximum seasonal mean values of the number of cloud layers in the atmospheric layers of
0-2 and 0—-10 km are found in autumn and winter in the southwestern Atlantic Ocean (Figs. 1a, 1g, 2b, and
2h). The analysis of data revealed that in the lower tropospheric layer in the area of the Himalayas the an-
nual mean number of the sounding levels is about 2, whereas it is equal to ~13 in the southwestern Atlantic
Ocean under the global mean value of ~8.

Data in Table 3 show that the global statistical characteristics of the number of retrieved few-cloud
layers are maximum in all seasons and for the whole year in each analyzed atmospheric layer; they decrease
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Table 2. The variation ranges of global long-term seasonal and annual standard deviations of the number of cloud
layers for the atmospheric layers of 0-2, 2—6, 6-10, and 0—10 km above the surface with account of cloud amount,

1964-2017

Cloud amount, % Winter Spring Summer Autumn Year
0-10 km
0-20 0.94.1 0.8-4.2 0.84.2 0.8-4.2 0.8-4.2
20-60 0.4-1.2 0.4-1.2 0.3-1.2 0.4-1.3 0.4-1.2
60-80 0.2-0.6 0.2-0.6 0.1-0.6 0.2-0.6 0.2-0.6
80-100 0.7-3.5 0.6-3.5 0.5-3.6 0.6-3.2 0.7-3.5
0-100 1.0-5.5 0.9-5.4 1.0-5.2 0.9-5.4 1.0-54
6-10 km
0-20 0.5-1.7 0.4-1.8 0.4-1.8 0.4-1.8 0.4-1.7
20-60 0.2-0.9 0.2-0.8 0.2-0.8 0.2-0.8 0.2-0.8
60-80 0.1-0.5 0.0-0.4 0.0-0.4 0.1-0.4 0.1-0.4
80-100 0.3-1.6 0.3-1.7 0.3-1.7 0.3-1.6 0.3-1.6
0-100 0.5-2.1 0.5-2.2 0.5-2.2 0.5-2.5 0.5-2.2
2-6 km
0-20 0.4-2.3 0.4-2.4 0.4-2.4 0.4-2.4 0.4-2.3
20-60 0.1-0.9 0.1-0.7 0.1-0.7 0.2-0.9 0.2-0.9
60-80 0.0-0.4 0.1-0.4 0.0-0.4 0.1-0.4 0.1-0.4
80-100 0.3-1.7 0.3-1.7 0.3-1.8 0.3-1.7 0.3-1.7
0-100 0.4-2.7 0.5-2.8 0.5-2.5 0.5-2.8 0.5-2.6
0-2 km
0-20 0.2-1.3 0.1-1.2 0.1-1.2 0.1-1.3 0.2-1.3
20-60 0.0-0.6 0.0-0.5 0.0-0.5 0.0-0.5 0.1-0.5
60-80 0.0-0.3 0.0-0.3 0.0-0.3 0.0-0.3 0.0-0.3
80-100 0.1-1.2 0.1-1.2 0.1-1.2 0.2-1.2 0.1-1.2
0-100 0.2-1.6 0.2-1.6 0.1-1.5 0.2-1.5 0.2-1.5

as the cloud amount increases to 60-80% and increase (but remain smaller than the number of few-cloud
layers) for the overcast layers. For example, in the layer of 0—10 km for the whole year the global mean
number of cloud layers with few, scattered, broken clouds, and overcast is equal to 4.2, 1.5, 1.2, and 2.6; for
the gradation of 0—100%, the mean number of the cloud layers is 6.5; for the low, middle, and high levels,
the mean number of cloud layers with the cloud amount of 0-100% is 2.1, 2.8, and 2.3, respectively.
According to Table 3, the global long-term seasonal mean values and standard deviations of the number of
cloud layers with the fixed gradation of cloud amount inside each layer do not depend on a season. For all
seasons, the variation ranges of global long-term mean values and standard deviations of the number of
cloud layers with account of the cloud amount gradation for different levels are:

—1.1-1.9 and 0.3-1.0 for the high level;
—1.1-2.3 and 0.2-1.3 for the middle level,;
—1.0-1.6 and 0.2-0.8 for the low level.

The highest amplitudes of variations in long-term statistical characteristics of the number of cloud lay-
ers depending on the cloud amount gradation are registered for the middle-level cloud layers.

The presented results agree with aircraft, radar, free balloon, and radiosonde data [12, 26, 45]. Based on
the aircraft data [12, 26], A.M. Baranov and A.M. Borovikov noted an approximate constancy of the distri-
bution of cloud layering during a year; according to the results of the studies by L.P. Uporova, the number
of cloud layers can reach 8. M.B. Fridzon [22, 26] used free balloons and certified precision fast-response
instruments to register the layered structure of the atmosphere, where the zones of high and low relative hu-
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Fig. 1. The geographic distribution of long-term mean values of the number of cloud layers with the cloud amount of 0—100%
in different atmospheric layers: (a, b) 0-10, (¢, d) 6-10, (e, f) 2—6, and (g, h) 0-2 km above the surface for (a, c, e, g) winter and
(b, d, f, h) summer. Here and in Figs. 2 and 3, radiosonde data from 965 stations for 1964-2017 are used; the blue and pink
segments are corresponding maximum and minimum values; the asterisks are aerological stations. The winter includes De-
cember, January, and February; the summer includes June, July, and August.

midity alternate as the height increases; their number can reach 10—12. In [45] the number of cloud layers
reached 5 based on radiosonde data and on the certain critical value of humidity for the identification of
cloud layers and 4 based on the data of quasisynchronous radar measurements.

The possible reasons for differences in the estimates of the number of cloud layers are differences in the
methods for their determination and calculation, in observation periods, periodicity, and regularity of ob-
servations [3, 12, 26] and, evidently, in the study region. The comparison of results of the cloud layer re-
trieval using the CE method, ground-based observations of clouds, aircraft, radar, and lidar data revealed
[25, 30] that the CE method detects the cloud and humid layers registered during ground-based observa-
tions which can form clouds during the next hours (they will be detected after the formation, usually by the
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Fig. 2. The geographic distribution of long-term mean values of the number of cloud layers with the cloud amount of 0—100%
in different atmospheric layers: (a, b) 0-10, (¢, d) 6-10, (e, f) 2-6, and (g, h) 0-2 km above the surface for (a, c, e, g) spring and
(b, d, f,h) autumn. The spring includes March, April, and May; the autumn includes September, October, and November.

radar), as well as the layers being a certain form of the clouds remained after their spreading (they are de-
tected using an instrument for the determination of cloud particle images during the aircraft sounding).

4. CONCLUSIONS

New data on the vertical macrostructure of clouds, namely, on the number of cloud layers in the height
range from the surface to 10 km are presented using radiosonde data for 1964-2017 and the CE method for
the determination of cloud boundaries and cloud amount based on the temperature and humidity profiles.

The long-term estimates of global statistical characteristics were obtained for the number of cloud layers
depending on a season, cloud amount, and atmospheric layer. Their analysis revealed that the seasonal dif-
ferences in the global mean values of the number of cloud layers with account of cloud amount in each in-
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Fig. 3. The geographic distribution of (a, c, e, g, i) long-term annual mean values and (b, d, f, h, j) standard deviations of the
number of cloud layers in the atmospheric layer of 0—10 km above the surface with different cloud amounts: (a, b) 0-20%,
(c, d) 20-60%, (e, f) 60-80%, (g, h) 80—100%, (i, j) 0—100%.

vestigated atmospheric layer as well as in the variation ranges of the seasonal mean number of layers de-
pending on the cloud amount in the analyzed atmospheric layers are poorly pronounced.

The analysis of geographic distributions of the seasonal mean number of cloud layers localized the
zones of the maximum and minimum number of cloud layers in different atmospheric layers.
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Table 3. The global long-term seasonal and annual mean values of the number of cloud layers (X) for the atmo-
spheric layers of 0-2, 2—6, 6-10, and 0—10 km above the surface with account of cloud amount and the respective
standard deviations (o), 1964-2017

Cloud Winter Spring Summer Autumn Year
amount, — — — — —
% X c X c X c X c X c
0-10 km
0-20 4.2 2.4 4.2 2.5 4.3 2.5 4.2 2.5 4.2 2.5
20-60 1.5 0.8 1.5 0.8 1.5 0.8 1.5 0.8 1.5 0.8
60-80 1.2 0.4 1.2 0.4 1.2 0.4 1.2 0.4 1.2 0.4
80-100 2.7 1.8 2.6 1.8 2.5 1.7 2.5 1.8 2.6 1.8
0-100 6.5 3.0 6.6 3.1 6.5 3.1 6.5 3.1 6.5 3.1
6—10 km
0-20 1.9 1.0 1.9 1.0 1.9 1.0 1.9 1.0 1.9 1.0
20-60 1.2 0.5 1.2 0.5 1.2 0.5 1.2 0.5 1.2 0.5
60-80 1.1 0.3 1.1 0.3 1.1 0.3 1.1 0.3 1.1 0.3
80-100 1.7 0.9 1.7 0.9 1.6 0.9 1.6 0.9 1.6 0.9
0-100 2.3 1.2 2.4 1.2 2.3 1.2 2.3 1.2 2.3 1.2
2-6 km
0-20 2.2 1.3 3 1.3 2.3 1.3 2.3 1.3 3 1.3
20-60 2 0.5 2 0.4 1.2 0.4 1.2 0.5 2 0.5
60-80 1.1 0.2 1.1 0.2 1.1 0.2 1.1 0.3 1.1 0.3
80-100 1.6 0.9 .6 0.9 1.6 0.9 1.6 0.9 .6 0.9
0-100 2.8 1.5 2.8 1.5 2.8 1.5 2.8 1.5 2.8 1.5
0-2 km
0-20 1.6 0.8 1.6 0.8 1.6 0.8 1.6 0.8 1.6 0.8
20-60 1.1 0.4 1.1 0.4 1.2 0.4 1.1 0.4 1.1 0.4
60-80 1.0 0.2 1.0 0.2 1.0 0.2 1.0 0.2 1.0 0.2
80-100 1.5 0.7 1.5 0.7 1.5 0.7 1.5 0.7 1.5 0.7
0-100 2.2 1.0 2.1 1.0 2.1 1.0 2.1 1.0 2.1 1.0

The estimates of the number of cloud layers may be useful for studying the radiant heat transfer in the at-
mosphere, for assessing conditions for the propagation of electromagnetic waves, and for aviation needs.
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