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Ab stract—The sta tis ti cal char ac ter is tics are com puted for the num ber of cloud lay ers based on ra dio -
sonde data from 965 aerological sta tions lo cated at dif fer ent lat i tudes of the globe for the pe riod of
1964–2017 and on the CE method for the de ter mi na tion of cloud bound aries and cloud amount from the 
tem per a ture and hu mid ity pro files re trieved from ra dio sonde data. The cal cu la tions are per formed for
the at mo spheric layer from the sur face to the height of 10 km. The geo graphic dis tri bu tion of sea sonal
and an nual mean val ues as well as of stan dard de vi a tions is ob tained for the num ber of cloud lay ers. The 
am pli tude of their re gional vari a tions is de ter mined, that al lowed spec i fy ing the spatiotemporal fea tures
of at mo spheric lay er ing into cloud and intercloud lay ers. The re sults agree with data of air craft-based
sound ing, ra dar data, ra dio sonde data, and the re sults ob tained from free bal loon ex per i ments.
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1. IN TRO DUC TION

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. 

ISSN 1068-3739, Russian Meteorology and Hydrology, 2020, Vol. 45, No. 4, pp. 227–238. Ó Allerton Press, Inc., 2020.

Russian Text Ó The Author(s), 2020, published in Meteorologiya i Gidrologiya, 2020, No. 4, pp. 18–32.

227



2. DATA AND METHODS

Data for 1964–2017 from CARDS (Com pre hen sive Aerological Ref er ence Dataset) [2, 33] com ple -
mented with cur rent data from AEROSTAB [1] and AEROSTAS [18] datasets formed the in for ma tion
base. The data passed the pro ce dure of com plex qual ity con trol [2]. The sta tions lo cated at dif fer ent lat i -
tudes of the globe with the suf fi cient amount of data for the for ma tion of 965 time se ries (some of them in -
clude the ob ser va tions of two or three sta tions due to their open ing, clo sure, or re lo ca tion) were se lected
from the list of the global aerological net work sta tions. The pe riod from 1964 was cho sen for cal cu la tions,
be cause ra dio sonde data from the global aerological net work for the South ern Hemi sphere for the late
1950s–1960s are in suf fi cient for long-term cal cu la tions [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. 

His tor i cal data on hu mid ity are inhomogeneous in most coun tries for the fol low ing rea sons: firstly, dif -
fer ent coun tries use dif fer ent sen sors; sec ondly, there are no in ter na tional stan dards for the con ver sion of
rel a tive hu mid ity into dew point; thirdly, the re place ment of hu mid ity sen sors was car ried out; fourthly, the
pre ci sion of rel a tive hu mid ity mea sure ment (re gard less of the sen sor model) is in flu enced by the value of
rel a tive hu mid ity, pres sure, and so lar ra di a tion as well as by the value and/or sign of the tem per a ture gra di -
ent [3, 13, 25, 28, 30, 33, 35–37, 39]. 

In ac cor dance to the KN-04 code [16], the val ues of tem per a ture T and rel a tive hu mid ity R in the
aerological tele gram are pre sented with the ac cu racy to 0.1°C and 0.1%, re spec tively. It should be re called
that the time con stant for tem per a ture sen sors usu ally does not ex ceed 5 s at the level of 1000 hPa and 13.5 s 
at 100 hPa. For most hu mid ity sen sors, mea sure ment er rors do not ex ceed 5% un der the pos i tive val ues of
tem per a ture but in crease es sen tially at the tem per a ture of –20 to –40°C. The val ues of the time con stant for
dif fer ent hu mid ity sen sors may dif fer sig nif i cantly: for ex am ple, from 0.3 s at 20°C for the thin-film car bon 
sen sor used for the VIZ and AIR ra dio sondes to 200 s at –30°C for the film sen sor used in China, Rus sia,
and France [3, 13, 25]. 

Nu mer ous stud ies [5, 6, 11, 12, 17, 41, 43–45] noted that the pres ence of cloud lay ers mainly af fects the
value of air tem per a ture and air hu mid ity. Hence, their cross ing by ra dio sondes should lead to the changes
in the read ings of cor re spond ing sen sors. For the long-term stud ies of pa ram e ters of the ver ti cal
macrostructure of cloud lay ers, it is de sir able to use a method for their de ter mi na tion which is poorly sen si -
tive to the inhomogeneities of long-term aerological datasets caused by the change of sen sors and by the
tech nol ogy of ra dio sonde ob ser va tions, in par tic u lar, by the pos si ble change in the res o lu tion of sound ing.
The re sults of ap ply ing the meth ods for the de ter mi na tion of cloud bound aries and cloud amount based on
the di rect use of the mea sured val ues of tem per a ture and hu mid ity highly de pend on the in er tial prop er ties
of sen sors [13, 39]. Using them, it is of ten im pos si ble to de tect  intercloud lay ers as well as thin and
few-cloud lay ers in case of multilayer cloud i ness, hence, the cor rect de ter mi na tion of the num ber of lay ers
and the thick ness of clouds is also im pos si ble [3, 5, 12, 41–45]. 

The CE method was used to re trieve cloud bound aries and cloud amount from ra dio sonde pro files of
tem per a ture and hu mid ity. The method was spe cially de vel oped for the long-term stud ies of cloud lay ers
based on global long-term ra dio sonde data [33]. The main idea of the method con sists in the de ter mi na tion
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of height in ter vals, where the tem per a ture and hu mid ity pro files are af fected by cloud lay ers. Due to the
mea sure ment data pre sen ta tion ac cu racy and the in er tia of in stru ments, the re sponse of the sen sors may
have a weak or al most no ef fect on the ab so lute val ues of tem per a ture and hu mid ity [13, 17]. How ever, ac -
cord ing to [3, 25, 32, 37, 39], it is al most al ways man i fested in rel a tive changes (the de riv a tives along the
pro file which cor re spond to the rate and ac cel er a tion of tem per a ture and hu mid ity vari a tion in the cer tain
in ter val of the ver ti cal pro file). The ap prox i ma tion of ra dio sonde data on tem per a ture and hu mid ity us ing
cu bic splines with smooth vari a tion in de riv a tives along the pro file gives a more plau si ble pat tern of ver ti -
cal vari a tions in the me te o ro log i cal pa ram e ters than the ap prox i ma tion with a bro ken line. The val ues of de -
riv a tives along the pro file which in di cate the im pact of ex ter nal forces, in case of spline ap prox i ma tion are
de ter mined by ob ser va tions not only at the near est points of the pro file but also at the next points. This al -
lows re duc ing the ef fect of the sen sor in er tia dur ing the anal y sis of the ver ti cal pro file seg ment un der study.

The de tec tion of cloud lay ers by the CE method in cludes two stages. At the first stage, the cloud bound -
aries are de ter mined us ing the sec ond height de riv a tives of tem per a ture T and rel a tive hu mid ity R along the
pro files. The idea is that the fea tures of the rate of ver ti cal vari a tions in tem per a ture and hu mid ity may be
caused by changes in these pa ram e ters, when a ra dio sonde crosses the cloud layer bound aries. The fol low -
ing con di tions were taken as a cri te rion of cloud layer ex is tence:

¢¢ ³T h( ) 0    and   ¢¢ £R h( ) 0   for   h h h1 2£ £ .

It is re quired to change the sign of the cor re spond ing sec ond de riv a tive to the op po site one at the bound -
ary points h1 and h2. This means that the points h1 and h2 are the points of in flec tion for the pro files of T and
R as well as the points of lo cal ex tremes of the first de riv a tives ¢T  and ¢R  (the max i mum of ¢R  and the min i -
mum of ¢T  at the point h1 and, on the con trary, the min i mum of ¢R  and the max i mum of ¢T  at the point h2).
These con di tions were de ter mined as a re sult of the com par i son of tem per a ture and rel a tive hu mid ity pro -
files and their sec ond de riv a tives with ground-based ob ser va tions of clouds [3, 25, 32]. The ap prox i ma tion
of mea sure ment data on me te o ro log i cal pa ram e ters with an Akima cu bic spline with zero bound ary con di -
tions for the sec ond de riv a tives is ap plied to ob tain the con tin u ous sec ond de riv a tives along the ver ti cal
pro file [9, 20, 29, 32]. The pos si ble false os cil la tions aris ing from the ap pli ca tion of the stan dard cu bic
spline at the dra matic change in the value at close dis tances are damped by the Akima spline as well as by
the re quire ment that the used pro file points had the ver ti cal dis tance of at least 10 m at the given ac cu racy of 
pre sen ta tion of the val ues of me te o ro log i cal pa ram e ters. 

At the sec ond stage, the de gree of the sky cov er age was de ter mined for the gra da tions of 0–20, 20–60,
60–80, and 80–100% for each de tected cloud layer. It was based on the val ues of tem per a ture and dew point 
at the level of max i mum rel a tive hu mid ity within this layer us ing the piecewise-linear ap prox i ma tion of the
Arabei–Moshnikov di a gram [3, 32]. The max i mum cloud amount in the lay ers sit u ated within the cor re -
spond ing al ti tude ranges (0–2, 2–6, and 6–10 km) is taken as the cloud amount in each layer [7, 23]. 

Dif fer ent as pects of the CE method test ing for dense and thin cloud layers, for cases of cloud less sky are
dis cussed in de tail in [3, 25, 30, 32, 40]. The au thors and in de pend ent ex perts dem on strated that the re sults
ob tained us ing it in di cate the pres ence of in di vid ual cloud and intercloud lay ers; this al lows the ob jec tive
es ti ma tion of the num ber of lay ers [3, 25, 30, 40]. 

To as sess a pos si bil ity of us ing the time se ries of re trieved cloud pa ram e ters for the long-term stud ies,
the sen si tiv ity of the meth ods for the cloud layer de ter mi na tion from ra dio sonde data (in clud ing the CE
method) to the sound ing res o lu tion vari a tion was stud ied, and the re sults of cloud i ness re trieval by the other 
meth ods us ing the SHEBA (Sur face Heat Bud get of the Arc tic Ocean, USA) ex per i ment data were com -
pared [3, 25, 30]. The com par i son of the cloud layer bound aries pre dicted by the CE method and the clouds
de tected by the cloud-range me ter, ra dar, lidar, sat el lite and air craft in stru ments re vealed the fol low ing.
Firstly, the re sults of the CE method poorly de pend on the res o lu tion of hu mid ity and tem per a ture pro files
(in the frame work of stan dard ra dio sound ing) and on the min i mum per mis si ble cloud layer thick ness. Sec -
ondly, the change in the sound ing res o lu tion from 0.4 to 0.7 km un der the min i mum per mis si ble cloud layer 
thick ness of 0.1 km has lit tle ef fect on the re sults of cloud layer bound ary pre dic tion. Thirdly, the best re sult 
of re trieval of cloud layer bound aries in the at mo spheric layer be low 0.5–0.6 km was ob tained for the tem -
per a ture and hu mid ity pro file res o lu tion of 0.1 km and for the min i mum per mis si ble cloud layer thick ness
of 50 m. In this case, a need in the higher res o lu tion is ex plained by the smaller scale of phys i cal pro cesses
in the lower tro po sphere as com pared to the free tro po sphere [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 Dh is determined from the formula D ¢T  = 0.1/Dh. If the resolution Dh varies within 0.4–0.7 km,
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the error of temperature gradient due to the accuracy of presentation of T 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 Dh = 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 val ues of the num ber of lay ers with the cloud amount of 0–20, 20–60, 60–80, and
80–100% for the at mo spheric lay ers of 0–2, 2–6, 6–10, and 0–10 km for the sea sons and the whole year and 
the re spec tive stan dard de vi a tions were com puted for each sta tion to study vari a tions in the num ber of
cloud lay ers de pend ing on the cloud amount, at mo spheric layer, and sea son. The cloud lay ers de tected by
the CE method with the thick ness of at least 50 m were con sid ered. The ex is tence of other lay ers was per -
mit ted dur ing the anal y sis of cloud lay ers with the fixed cloud amount. The cloud amount of 0–20% is few
clouds, 20–60% is scat tered clouds, 60–80% is bro ken clouds, and 80–100% is over cast. 

To vi su al ize and to an a lyze the geo graphic dis tri bu tion of sta tis ti cal char ac ter is tics, it is more con ve -
nient to use fields on a reg u lar grid than val ues on an ir reg u lar set of sta tions. The method of weighted
anisotropic in ter po la tion [10] was used to in ter po late the long-term sta tis ti cal char ac ter is tics of the num ber
of cloud lay ers to the 2° ́  2° grid:
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where ai is the weight of each of the neigh bor ing sta tions for a reg u lar grid point. The es ti mates show [8]
that it is suf fi cient to use the 5–8 clos est sta tions to the point of in ter est which ho mo ge neously or sym met ri -
cally sur round it from all sides, for the hor i zon tal in ter po la tion. Ev ery time the val ues of ai are found as the
so lu tions to the sys tem of lin ear equa tions 
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m
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=
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where rij is the dis tance be tween the ith and jth sta tions, r0j is the dis tance be tween the zero grid point and
the jth sta tion. For most me te o ro log i cal pa ram e ters, the method of anisotropic in ter po la tion gives al most
the same ac cu racy (in terms of min i miz ing the mean squared in ter po la tion er ror) as the op ti mum in ter po la -
tion [9, 14], but it has an es sen tial ad van tage over the op ti mum in ter po la tion as its ap pli ca tion does not re -
quire the knowl edge of sta tis ti cal struc ture of the in ter po lated pa ram e ters. How ever, the anisotropic in ter -
po la tion does not pro vide the es ti mates of the in ter po la tion er ror [2, 3]. 

The geo graphic dis tri bu tions of the mean val ues and stan dard de vi a tions of the num ber of cloud lay ers
for the sea sons and the whole year with ac count of the cloud amount gra da tion and at mo spheric layer were
con structed to study the spatiotemporal vari abil ity of the num ber of cloud lay ers. 

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 Ta ble 1 and Figs. 1 and 2 show that the global sea sonal and an nual mean val ues of the num -
ber of cloud lay ers with the cloud amount of 0–100% in the lay ers of 0–2, 2–6, 6–10, and 0–10 km vary
within 1.0–3.1, 1.2–5.0, 1.2–4.1, and 2.1–10.7; the am pli tudes of their vari a tions are equal to 2.1, 3.8, 2.9,
and 8.6, re spec tively. For the re spec tive stan dard de vi a tions, the ranges of their global vari a tion are
0.1–1.6, 0.4–2.8, 0.5–2.5, and 0.9–5.5 (Ta ble 2), and the am pli tudes of vari a tions are 1.5, 2.4, 2.0, and 4.6.
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For the sea sons, the vari a tion ranges of global long-term mean val ues of the num ber of cloud lay ers and
stan dard de vi a tions for each gra da tion of cloud amount in each an a lyzed at mo spheric layer dif fer lit tle. 

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. 

Fig ures 1 and 2 dem on strate that the min i mum mean val ues of the num ber of cloud lay ers with the cloud 
amount of 0–100% for all sea sons and at mo spheric lay ers are dis cov ered in the area of the Hi ma la yas, and
the lo ca tion of sev eral zones with their max i mum val ues de pends on a sea son and an at mo spheric layer. For 
ex am ple, the max i mum sea sonal mean val ues of the num ber of cloud lay ers in the at mo spheric lay ers of
0–2 and 0–10 km are found in au tumn and win ter in the south west ern At lan tic Ocean (Figs. 1a, 1g, 2b, and
2h). The anal y sis of data re vealed that in the lower tro po spheric layer in the area of the Hi ma la yas the an -
nual mean num ber of the sound ing lev els is about 2, whereas it is equal to ~13 in the south west ern At lan tic
Ocean un der 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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Ta ble 1. The vari a tion ranges of global long-term sea sonal mean and an nual mean val ues of the num ber of cloud
lay ers re trieved from the ra dio sonde pro files of tem per a ture and hu mid ity for the at mo spheric lay ers of 0–2, 2–6,
6–10, and 0–10 km above the sur face with ac count of cloud amount, 1964–2017

Cloud
amount, % Win ter Spring Sum mer Au tumn Year Num ber                

of ob ser va tions, 103

0–10 km

  0–20
20–60
60–80

  80–100
    0–100

1.6–7.0
1.1–2.0
1.0–1.4
1.4–4.9

  2.3–10.7

1.6–7.2
1.1–2.0
1.0–1.4
1.4–4.6

  2.3–10.8

1.6–8.0
1.1–2.0
1.0–1.4
1.2–4.7

  2.1–10.6

1.7–8.0
1.1–2.0
1.0–1.4
1.3–4.4

  2.2–10.6

1.7–7.3
1.1–2.0
1.0–1.4
1.4–4.5

  2.2–10.5

1.2–36.3
0.5–21.6
0.3–13.1
0.7–31.6
1.5–37.9

6–10 km

 0–20
20–60
60–80

  80–100
    0–100

1.2–3.0
1.0–1.6
1.0–1.3
1.1–2.5
1.3–3.9

1.2–3.1
1.0–1.5
1.0–1.2
1.1–2.6
1.3–4.0

1.2–3.1
1.0–1.5
1.0–1.2
1.1–2.7
1.2–4.0

1.2–3.0
1.0–1.5
1.0–1.2
1.1–2.6
1.3–4.1

1.2–3.0
1.0–1.5
1.0–1.2
1.1–2.6
1.3–4.0

0.5–32.9
0.2–15.5
0.1–9.9  
0.2–25.4
1.4–37.5

2–6 km

 0–20
20–60
60–80

  80–100
    0–100

1.1–3.5
1.0–1.5
1.0–1.2
1.1–2.5
1.2–4.9

1.2–3.9
1.0–1.5
1.0–1.2
1.1–2.6
1.2–5.0

1.2–3.6
1.0–1.5
1.0–1.1
1.1–2.5
1.2–4.8

1.2–3.7
1.0–1.5
1.0–1.1
1.1–2.5
1.2–4.7

1.2–3.5
1.0–1.5
1.0–1.2
1.1–2.5
1.2–4.6

1.1–35.3
0.3–9.8  
0.1–7.0  
0.5–25.0
1.5–37.7

0–2 km

 0–20
20–60
60–80

  80–100
    0–100

1.0–2.5
1.0–1.3
1.0–1.1
1.0–2.1
1.1–3.0

1.0–2.3
1.0–1.3
1.0–1.1
1.0–2.0
1.0–3.1

1.0–2.4
1.0–1.3
1.0–1.1
1.0–2.1
1.0–3.1

1.0–2.4
1.0–1.3
1.0–1.1
1.0–2.1
1.0–3.1

1.0–2.4
1.0–1.3
1.0–1.1
1.0–2.1
1.0–3.1

0.8–29.0
0.1–10.5
0.1–5.9  
0.2–31.3
1.4–37.9



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 mid dle level;

—1.0–1.6 and 0.2–0.8 for the low level.

The high est am pli tudes of vari a tions in long-term sta tis ti cal char ac ter is tics of the num ber of cloud lay -
ers de pend ing on the cloud amount gra da tion are reg is tered for the mid dle-level cloud lay ers. 

The pre sented re sults agree with air craft, ra dar, free bal loon, and ra dio sonde data [12, 26, 45]. Based on
the air craft data [12, 26], A.M. Baranov and A.M. Borovikov noted an ap prox i mate con stancy of the dis tri -
bu tion of cloud lay er ing dur ing a year; ac cord ing to the re sults of the stud ies by L.P. Uporova, the num ber
of cloud lay ers can reach 8. M.B. Fridzon [22, 26] used free bal loons and cer ti fied pre ci sion fast-response
in stru ments to reg is ter the lay ered struc ture of the at mo sphere, where the zones of high and low rel a tive hu -
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Ta ble 2. The vari a tion ranges of global long-term sea sonal and an nual stan dard de vi a tions of the num ber of cloud
lay ers for the at mo spheric lay ers of 0–2, 2–6, 6–10, and 0–10 km above the sur face with ac count of cloud amount,
1964–2017

Cloud amount, % Win ter Spring Sum mer Au tumn Year

0–10 km

0–20
20–60
60–80

  80–100
    0–100

0.9–4.1
0.4–1.2
0.2–0.6
0.7–3.5
1.0–5.5

0.8–4.2
0.4–1.2
0.2–0.6
0.6–3.5
0.9–5.4

0.8–4.2
0.3–1.2
0.1–0.6
0.5–3.6
1.0–5.2

0.8–4.2
0.4–1.3
0.2–0.6
0.6–3.2
0.9–5.4

0.8–4.2
0.4–1.2
0.2–0.6
0.7–3.5
1.0–5.4

6–10 km

0–20
20–60
60–80

  80–100
    0–100

0.5–1.7
0.2–0.9
0.1–0.5
0.3–1.6
0.5–2.1

0.4–1.8
0.2–0.8
0.0–0.4
0.3–1.7
0.5–2.2

0.4–1.8
0.2–0.8
0.0–0.4
0.3–1.7
0.5–2.2

0.4–1.8
0.2–0.8
0.1–0.4
0.3–1.6
0.5–2.5

0.4–1.7
0.2–0.8
0.1–0.4
0.3–1.6
0.5–2.2

2–6 km

0–20
20–60
60–80

  80–100
    0–100

0.4–2.3
0.1–0.9
0.0–0.4
0.3–1.7
0.4–2.7

0.4–2.4
0.1–0.7
0.1–0.4
0.3–1.7
0.5–2.8

0.4–2.4
0.1–0.7
0.0–0.4
0.3–1.8
0.5–2.5

0.4–2.4
0.2–0.9
0.1–0.4
0.3–1.7
0.5–2.8

0.4–2.3
0.2–0.9
0.1–0.4
0.3–1.7
0.5–2.6

0–2 km

0–20
20–60
60–80

  80–100
    0–100

0.2–1.3
0.0–0.6
0.0–0.3
0.1–1.2
0.2–1.6

0.1–1.2
0.0–0.5
0.0–0.3
0.1–1.2
0.2–1.6

0.1–1.2
0.0–0.5
0.0–0.3
0.1–1.2
0.1–1.5

0.1–1.3
0.0–0.5
0.0–0.3
0.2–1.2
0.2–1.5

0.2–1.3
0.1–0.5
0.0–0.3
0.1–1.2
0.2–1.5



mid ity al ter nate as the height in creases; their num ber can reach 10–12. In [45] the num ber of cloud lay ers
reached 5 based on ra dio sonde data and on the cer tain crit i cal value of hu mid ity for the iden ti fi ca tion of
cloud lay ers and 4 based on the data of quasisynchronous ra dar mea sure ments. 

The pos si ble rea sons for dif fer ences in the es ti mates of the num ber of cloud lay ers are dif fer ences in the
meth ods for their de ter mi na tion and cal cu la tion, in ob ser va tion pe ri ods, pe ri od ic ity, and reg u lar ity of ob -
ser va tions [3, 12, 26] and, ev i dently, in the study re gion. The com par i son of re sults of the cloud layer re -
trieval us ing the CE method, ground-based ob ser va tions of clouds, air craft, ra dar, and lidar data re vealed
[25, 30] that the CE method de tects the cloud and hu mid lay ers reg is tered dur ing ground-based ob ser va -
tions which can form clouds dur ing the next hours (they will be de tected af ter the for ma tion, usu ally by the
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Fig. 1. The geo graphic dis tri bu tion of long-term mean val ues of the num ber of cloud lay ers with the cloud amount of 0–100%
in dif fer ent at mo spheric lay ers: (a, b) 0–10, (c, d) 6–10, (e, f) 2–6, and (g, h) 0–2 km above the sur face for (a, c, e, g) win ter and 
(b, d, f, h) sum mer. Here and in Figs. 2 and 3, ra dio sonde data from 965 sta tions for 1964–2017 are used; the blue and pink
seg ments are cor re spond ing max i mum and min i mum val ues; the as ter isks are aerological sta tions. The win ter in cludes De -

cem ber, January, and Feb ru ary; the sum mer in cludes June, July, and Au gust.



ra dar), as well as the lay ers be ing a cer tain form of the clouds re mained af ter their spread ing (they are de -
tected us ing an in stru ment for the de ter mi na tion of cloud par ti cle im ages dur ing the air craft sound ing).  

4. CONCLUSIONS

New data on the ver ti cal macrostructure of clouds, namely, on the num ber of cloud lay ers in the height
range from the sur face to 10 km are pre sented us ing ra dio sonde data for 1964–2017 and the CE method for
the de ter mi na tion of cloud bound aries and cloud amount based on the tem per a ture and hu mid ity pro files. 

The long-term es ti mates of global sta tis ti cal char ac ter is tics were ob tained for the num ber of cloud lay ers 
de pend ing on a sea son, cloud amount, and at mo spheric layer. Their anal y sis re vealed that the sea sonal dif -
fer ences in the global mean val ues of the num ber of cloud lay ers with ac count of cloud amount in each in -
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Fig. 2. The geo graphic dis tri bu tion of long-term mean val ues of the num ber of cloud lay ers with the cloud amount of 0–100%
in dif fer ent at mo spheric lay ers: (a, b) 0–10, (c, d) 6–10, (e, f) 2–6, and (g, h) 0–2 km above the sur face for (a, c, e, g) spring and
(b, d, f, h) au tumn. The spring in cludes March, April, and May; the au tumn in cludes Sep tem ber, Oc to ber, and No vem ber. 



ves ti gated at mo spheric layer as well as in the vari a tion ranges of the sea sonal mean num ber of lay ers de -
pend ing on the cloud amount in the an a lyzed at mo spheric lay ers are poorly pro nounced. 

The anal y sis of geo graphic dis tri bu tions of the sea sonal mean num ber of cloud lay ers lo cal ized the
zones of the max i mum and min i mum num ber of cloud lay ers in dif fer ent at mo spheric lay ers. 
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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%. 



The es ti mates of the num ber of cloud lay ers may be use ful for study ing the ra di ant heat trans fer in the at -
mo sphere, for as sess ing con di tions for the prop a ga tion of elec tro mag netic waves, and for avi a tion needs.
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