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Abstract 20 

The present paper presents a climatology of total cloud cover (TCC) in the area of the 21 

three inland Eurasian seas (Black, Caspian, and Aral Sea). Analyses are performed on 22 

the basis of 20 years of data (1991-2010), collected from almost 200 ground stations. 23 

Average TCC is 49%, with broad spatial and seasonal variability: minimum TCC values 24 

are found in summer and to the southeast, while maximum values correspond to winter 25 

and to the northwest. For the whole area, linear trend analyses show that TCC did not 26 

vary during the study period. We only detected a statistically significant positive trend 27 

(+1.2% decade-1) in autumn. We obtained different results for the regions delimited by 28 

means of a Principal Component Analysis: a clear decrease, both for the annual, spring, 29 

and summer series, was detected for the south of Black Sea, while increasing TCC was 30 

found for the annual, autumn, and winter series in the north Caucasus and the west and 31 

north of Black Sea. We also analyzed the TCC data from global gridded products, 32 

including satellite projects (ISCCP, PATMOS-x, CLARA), reanalyses (ERA-interim, 33 

NCEP/DOE, MERRA), and surface observations (CRU). Although all these products 34 

capture the seasonal evolution over the study area, they differ substantially both among 35 

them and in relation to the ground observations: reanalyses produce much lower values 36 

of TCC, while ISCCP and CLARA provide a summer minimum that is too high. Trend 37 

analyses applied to these data generally showed a decrease in TCC; only CRU and 38 

NCEP/DOE tally with the ground data as regards the absence of overall trends. These 39 

results are discussed in relation to previous studies presenting trends of other variables 40 

such as sunshine duration, diurnal temperature range or precipitation; we also discuss 41 

the connections with changes in synoptic patterns and environmental changes, in 42 

particular in the Aral Sea region.    43 



3 

 

Key words: total cloud cover, climatology, variability, trends, Black Sea, Caspian Sea, 44 

Aral Sea   45 



4 

 

1. Introduction 46 

Clouds play a key role in the Earth’s energy balance and hydrological cycle, both at 47 

global and local scales (Ramanathan et al., 1989; Stevens and Bony, 2013). The 48 

physical mechanism of the influence of clouds on the underlying surface involves the 49 

way they affect the heat balance, which determines surface temperature (Matuszko and 50 

W ̧eglarczyk, 2014). For example, a numerical experiment performed using the 51 

mesoscale hydrodynamical model COSMO for the European part of Russia showed that 52 

variations in the radiative fluxes between cloudless and cloudy situations may be as 53 

great as hundreds of Wm-2 (Yevteev et al., 2010). 54 

Within the framework of current climate change, the recent report by the 55 

Intergovernmental Panel on Climate Change emphasized the uncertainties associated 56 

with clouds in relation to past climate, particularly regarding model simulations of 57 

future climate (Nam et al., 2012; Boucher et al., 2013). Despite the advances made in 58 

the modeling of the climate system, little progress has been made with regard to 59 

describing cloud-related physical processes in the models. Phenomena such as cloud 60 

formation, dissipation, precipitation, and effects on radiative fluxes are usually 61 

parameterized on the resolved scales. It is well known that many processes in climate 62 

systems are governed by cloud feedbacks through radiative and latent heat fluxes in the 63 

atmosphere. Uncertainties in the simulation of clouds therefore provide a wide range of 64 

climate model results and may lead to noteworthy regional errors relating to cloud 65 

radiative effect (Flato et al., 2013). 66 

Climatic studies of cloudiness are by far less common than studies concerning other 67 

variables such as temperature or precipitation. This is in part due to the difficulty 68 

involved in obtaining reliable data on clouds: prior to the satellite era, the only way to 69 

obtain cloud data was through visual observation by experienced meteorological 70 
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personnel (Sanchez-Lorenzo et al., 2012). These observations were therefore limited to 71 

manned stations, so their spatial (and temporal) density is lower than other 72 

meteorological variables. An additional issue refers to the intrinsic subjectivity allocated 73 

to these observations, in particular when distinguishing scattered or broken clouds and 74 

classifying the cloud type. An example of this kind of problems involves the U.S cloud 75 

cover database, for which Free and Sun (2013, 2014) remark the need for testing and 76 

adjustment before it can be used with confidence for climate trend assessment or 77 

satellite product validation. This is due to the disruption of such observations by the 78 

introduction of automated observation systems and other artificial shifts. 79 

As from the last three decades, satellite imagery can offer a more complete view of 80 

cloudiness, although several remarkable issues regarding the spatial/temporal resolution 81 

and long-term homogeneity of these data have been identified (Norris, 2005; Evan et 82 

al., 2007; Cermak et al., 2010; Sun et al., 2015). Indeed, the satellite view is 83 

complementary, but by nature different from classical ground-based observations, in 84 

terms of point of view and of spatial and temporal resolutions (e.g. L’Ecuyer and Jiang, 85 

2010). Recently, sky cameras and other (active) devices such as ceilometers or cloud 86 

radars are being deployed to further characterize cloud behavior from the ground (Long 87 

et al., 2006; Costa-Surós et al., 2013; Klebe et al., 2014); radiosoundings can also be 88 

used to describe cloud structure (Costa-Surós et al., 2014).    89 

Despite the above mentioned issues, there have been publications providing several 90 

climatic descriptions of cloud behavior within both the global and regional scopes. For 91 

example, Warren et al. (2007) developed a global climatology of clouds based upon the 92 

so-called Extended Edited Cloud Report Archive (EECRA) dataset, which contains 93 

synoptic observations for oceans since 1952 and for continents since 1971; moreover, they 94 

studied the long-term changes. The aforementioned dataset has been updated and a more in-95 
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depth analysis is given in Eastman and Warren (2013). Other studies are also of interest: at 96 

continental scale we can mention the works of Henderson-Sellers (1992) for Europe, 97 

Dai et al. (2006) and Free and Sun (2014) for the USA, Kaiser (2000) and Xia (2012) 98 

for China, and Sun and Groisman (2000) for the former Soviet Union (FUSSR) or 99 

Chernokulsky et al. (2011) for Russia. At a more local scale, Calbó and Sanchez-100 

Lorenzo (2009) studied the cloud climatology of the Iberian Peninsula. Further 101 

information on cloud climatology studies can be found in Warren and Hahn (2002) and 102 

a review of studies on long-term evolutions of cloudiness is presented by Sanchez-103 

Lorenzo et al. (2012). 104 

The present study focuses on changes in cloudiness (specifically total cloud cover, 105 

TCC), over the last 20 years, in and around the Eurasian inland seas: the Black Sea, the 106 

Caspian Sea and the Aral Sea. This area is the object of CLIMSEAS (Climate Change 107 

and Inland Seas: Phenomena, Feedbacks, and Uncertainties. The Physical Science 108 

Basis), a recent European project that involved researchers from Russia, Spain, the 109 

United Kingdom, and the United States. The belt of middle latitudes encompassing the 110 

Black, Caspian, and Aral seas area is of particular interest due to its geographical 111 

position, the presence of the three inland seas (which may affect climate at regional 112 

scales), and the recent environmental changes resulting from strong anthropogenic 113 

pressures, namely the shrinking of the Aral Sea (Koronkevich and Zaitseva, 2003; 114 

Shiklomanov and Vasilieva, 2003; Chub, 2007; Aus der Beek et al., 2011; Gaybullaev 115 

et al., 2012; Zavialov et al., 2012; Frolov, 2014; Rubinstein et al., 2014). 116 

The components of the water and the heat budgets of these enclosed and inland seas are 117 

particularly dependent on local meteorological and hydrological conditions and are 118 

therefore highly sensitive to climate change (Shiklomanov and Vasilieva, 2003; Chub, 119 

2007; Zavialov et al., 2012; Frolov, 2014; Rubinstein et al., 2014). Hence, information 120 
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on the temporal changes in the climate variables of the study area and their spatial 121 

patterns is important. It can provide insights into the complex mechanism of interactions 122 

and mutual feedbacks between local atmospheric circulation, heat fluxes, and the 123 

components of hydrological cycles of the seas.   124 

Much is now known of the ecological disaster involving the desiccation of the Aral Sea, 125 

which resulted both from anthropogenic pressure and from the impact of climate change 126 

(e.g. Khan et al., 2004; Roget et al., 2009; Zavialov et al., 2012). A variety of scientific 127 

and practical issues exist referring to level changes in the Caspian Sea that are 128 

modulated by regional climate variability (e.g. Meshcerskaya and Golod, 2003; Arpe et 129 

al. 2012, 2014). More recent publications (e.g. IPCC 2014; Frolov, 2014) highlighted 130 

the vulnerability and sensitivity of the Black Sea ecosystems in relation to climate-131 

mediated hypoxia, eutrophication, and pollution. The key question to be addressed 132 

involves the extent to which human activity could have altered the physical, chemical 133 

and biological characteristics of the seas, and how these changes impacted the local 134 

climate. 135 

Regarding time variations in cloudiness, Sun and Groisman (2000) found an overall 136 

increase in TCC in the FUSSR for the 1945-1990 period, on analyzing data from 137 

surface stations. For the western part of the FUSSR (where our study area is located), 138 

the increase was statistically significant in summer (0.7 %TCC decade-1, where %TCC 139 

means fraction of sky covered by clouds). A study by Tang and Leng (2012) used 140 

daytime satellite-derived TCC data from PATMOS-x, confirming the general TCC 141 

increase over most areas of Eurasia in the 1982-2009 period. This latter paper, however, 142 

shows that the increase in TCC is not as evident in our study area; specifically, for the 143 

1995-2009 subperiod, a decrease in TCC (from -2 to over -6 %TCC decade-1) affects 144 

the northern regions of the area. A more detailed study of clouds based upon visual 145 
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observations at Russian meteorological stations over a 20-year (1991-2010) period 146 

(Chernokulsky et al., 2011) shows that in the north of the Caucasus, between the Black 147 

and the Caspian Sea, daytime TCC tends to increase, particularly in autumn and winter 148 

(approximately 1 %TCC decade-1), and much less remarkably in summer and spring. 149 

The present paper aims at presenting the climatology of TCC in the area of the inland 150 

Eurasian seas, providing both the mean annual and seasonal values and also the 151 

interannual variability and trends during the last two decades, based upon observations 152 

from almost 200 ground meteorological stations in the area. In addition, several global 153 

gridded products (satellite, reanalysis, and surface data) are also used for further study 154 

of TCC in the area. 155 

 156 

2. Data 157 

 158 

2.1 Ground-based raw data 159 

The basic data for the present study was provided by the Hydrometeorological Center of 160 

the Russian Federation (RHMC) and consists of standard synoptic observations taken at 161 

hundreds of stations in the area of interest (35-52ºN, 25-70ºE; see Figure 1). The 162 

stations currently belong to fourteen countries: Russia, Ukraine, Moldova, Romania, 163 

Bulgaria, Turkey, Greece, Georgia, Armenia, Azerbaijan, Iran, Turkmenistan, 164 

Uzbekistan, and Kazakhstan. The dataset covers the January 1991- July 2010 period. 165 

For each station, the corresponding files contain measurements and observations of 166 

most meteorological variables. In relation to cloudiness, all files provide observations of 167 

TCC; depending on station and period, data are also available on cloud type or the 168 

height of the lowest cloud. Due to the discontinuities and diversity of the latter 169 

observations, the present study will only focus on TCC. This variable is provided both 170 
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for daytime and nighttime, every 3 or 6 h, depending also on station/period. In order to 171 

avoid bias resulting from the different observation times, we finally only employed the 172 

four observations per day (at 00, 06, 12, 18 h UTC, i.e., covering the whole daily cycle) 173 

that were available for all stations and periods. The method used to register the TCC 174 

was changed during the study period: from 1991 to 2002, TCC was in oktas, whereas 175 

after 2005, TCC is in tenths; during the 2003-04 period, some stations avail of a mixture 176 

of records in oktas and tenths, and close inspection of data for these years was therefore 177 

performed. Actually, we found that this simply involved a change in recording criteria: 178 

observations were actually performed in oktas as previously, but then recorded on a 179 

scale from 0-10, by means of direct conversion (oktas-tenths: 0-0, 1-1, 2-2, 3-4, 4-5, 5-180 

6, 6-7, 7-9, 8-10) which does not exactly follow the WMO recommendations (WMO, 181 

2012). All TCC ground observations were converted into oktas for this study. That is, as 182 

from 2003, when some cloud observations were recorded in “tenths”, we changed the 183 

units back to oktas, in order to provide coherent series for the whole period analyzed. 184 

The estimated uncertainty associated with these changes is less than 0.1 oktas (1.25 185 

%TCC) for the monthly means of TCC. 186 

An equivalent dataset compiled by Hahn, Warren and Eastman (hereafter HWE, see 187 

Hahn and Warren, 2003; Eastman and Warren, 2013) was also available for our study 188 

and initially covers the 1971-2009 period. This dataset was not used due to the lack of 189 

available data for our main period of interest (1991-2009). Indeed, after application of 190 

our strict quality control procedure (see Section 3), the number of stations passing the 191 

tests (185) was about three times higher with our database than with the HWE dataset; 192 

in addition, the former presented more uniform spatial coverage of our region of interest 193 

than the latter (for example, many series of the former Soviet Union countries are not 194 

fully updated after 1997 in HWE). Moreover, the overall results obtained from both 195 
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datasets are very similar (not shown), which supported our choice. Nevertheless, the 196 

HWE dataset may be very useful for extensive analyses similar to those presented in our 197 

paper, if applied to other regions and/or when focusing on the longer period starting in 198 

the 1970s. 199 

 200 

2.2 Other datasets 201 

Apart from the observations taken at meteorological stations, there exists a number of 202 

global datasets providing information about clouds on a regular grid. A selection of 203 

these datasets was considered in the present study, initially with the aim of 204 

complementing the results obtained by means of the raw observations, thus giving a 205 

more complete picture of the TCC climatology (You et al., 2014). A side (yet relevant) 206 

result of the use of these datasets involves an assessment of their usefulness and 207 

shortcomings in relation to TCC in the area.  208 

Three types of data were selected: satellite-derived data, reanalysis, and gridded data 209 

from ground observations. The specific products/datasets are detailed as following: 210 

• The International Satellite Cloud Climatology Project (ISCCP) is a project of the 211 

World Climate Research Programme (WCRP), which attempts to study the role 212 

played by clouds in the Earth’s radiation balance with the use of radiances measured 213 

from polar and geo-stationary satellites. Data were collected and processed from July 214 

1983 to 2009 (Rossow and Schiffer, 1999; Rossow and Dueñas, 2004). In the present 215 

study we consider the TCC monthly mean values (produced from initial data at a 216 

temporal resolution of 3 hours) provided in the D2 dataset on an equal-area grid 217 

(280×280 km2). 218 
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• PATMOS-x (Pathfinder Atmospheres Extended) provides data corresponding to 219 

different variables, including TCC, since 1981 (Foster and Heidinger, 2013). 220 

Variables are retrieved from the two daily fields produced by the Advanced Very 221 

High Resolution Radiometer (AVHRR) sensors onboard the Polar-orbiting 222 

Operational Environmental satellites (POES constellation) operated by NOAA, and 223 

more recently onboard the MetOp satellites operated by EUMETSAT. The resolution 224 

of the PATMOS-x data as downloaded and used in the present research is 1º×1º. 225 

Four observations per day (at 1:30, 7:30 am and 1:30, 7:30 pm) were used to 226 

compute daily, and subsequently monthly, averages, except in 1991, when only the 227 

morning and evening observations were available.  228 

• The CM SAF cLoud, Albedo & Radiation dataset (CLARA), developed by the 229 

EUMETSAT Satellite Application Facility on Climate Monitoring (CM SAF) 230 

project, has a resolution of 0.25º × 0.25º and currently covers the period ranging 231 

from 1982 to 2009 (Karlsson et al., 2013). It consists of TCC and other variables 232 

derived from the AVHRR sensors on the same satellite constellation as the 233 

PATMOS-x products, although TCC values are produced by different algorithms. In 234 

this case, the monthly averages as provided by EUMETSAT were used. 235 

• ERA-Interim is the new generation of reanalysis provided by the ECMWF 236 

(European Centre for Medium-Range Weather Forecasts). ERA-Interim has a 237 

resolution of 0.75º × 0.75º and covers from 1979 until the present at a temporal 238 

resolution of 6 hours (Dee et al., 2011), although the monthly means as provided by 239 

ECMWF were used in our study.  240 

• The National Centers for Environmental Prediction / Department of Energy 241 

(NCEP/DOE) Atmospheric Model Intercomparison Project (AMIP-II) Reanalysis 2 242 

(R-2) project provides data since 1979 every 6 hours at a spatial resolution of 243 
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approximately 1.9° × 1.9°; it uses an analysis/forecast system to perform assimilation 244 

of past data (Kanamitsu et al. 2002). Again, the monthly means were directly taken 245 

from the developers of this dataset. 246 

• MERRA stands for Modern-Era Retrospective Analysis for Research and 247 

Applications and is intended to constitute a climate-quality analysis that places 248 

NASA’s satellite observations within a climate context. MERRA data are available 249 

since 1979 on a 1/2 ̊ latitude × 2/3 ̊ longitude grid. As with the other products, the 250 

monthly means were used in the present study, despite the fact that data at 1-hour 251 

intervals are available (Rienecker et al., 2011). 252 

• The Climatic Research Unit (CRU) TS (time-series) gridded products provide 253 

monthly data for different meteorological variables, TCC being one of these. The 254 

datasets are based on an archive of thousands of meteorological stations throughout 255 

the world during the 1901-2011 period, and are transformed on a grid of 0.5º × 0.5º 256 

over land areas (Harris et al., 2014). CRU cloudiness data are based only on day-time 257 

observations. 258 

It should be noted that all these datasets offer a product that is labeled as TCC (or an 259 

equivalent term), which does not mean that the definition of clouds is exactly the same 260 

for all of them, and moreover, satellites view clouds from a different point of view. In 261 

addition, the different time resolutions of the original data may affect the comparison to 262 

a certain extent, although the latter issue should be minimized when working with 263 

monthly averages. The fact that the study region extends across several time zones 264 

could lead to slight differences in the way the daily cycle is captured in each region. 265 

 266 

 267 
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3. Methods: quality control, regionalization, trend analysis 268 

Initially, data files corresponding to several hundreds of stations in the area were 269 

available for this research. Several quality control criteria were imposed upon each 270 

station in order for them to be included in the final database. First, we aggregated the 271 

four values of TCC per day into monthly mean TCC, by simply performing an 272 

arithmetic averaging. Months with over 50% of missing original TCC data were labeled 273 

as “no data”. We then discarded all stations with over 20% of missing months. 274 

Subsequently, a quality control based upon visual inspection of all monthly series was 275 

also applied and some stations presenting obvious temporal inhomogeneity were 276 

removed from the database.  277 

Like most meteorological variables, TCC exhibits a strong yearly cycle; in order to 278 

remove this from some analyses (trends, regionalization), we computed monthly TCC 279 

anomalies. Anomalies are defined as the difference between the actual monthly value 280 

and the mean value for that month during the whole series (1991-2009 period): 281 

 �������(�, 
) = ���(�, 
) −
∑ ���(�,�)
��
���

��
 (1) 282 

where TCC(j,k) is the TCC for month j of year k, TCCanom is the corresponding anomaly 283 

and Nj is the total number of months j with available data.  284 

It is well known that ground-based observations of cloudiness present certain 285 

limitations. On one hand, it is impossible to observe higher clouds concealed by lower 286 

ones. This is not an issue, however, when focusing our attention on TCC. In addition, 287 

there is the problem of observing clouds at nighttime (e.g., Hahn et al., 1995). This 288 

should not significantly affect our results, as the same observation times (which include 289 

at least one night observation) were used for all stations and for the whole study period 290 

(see Section 2.1), and given that the analysis were performed with monthly data.  291 
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On the other hand, inherent uncertainty in the observation results from the subjectivity 292 

of the observer. Even if the observer is well trained and experienced, each particular 293 

observation presents a degree of uncertainty of around ±1 okta. Exceptions to this are 294 

the two extreme observations, that is, a totally cloudless sky (0 oktas) and a totally 295 

overcast sky (8 oktas). In these cases, the observation is easier, and the uncertainty is 296 

very much attenuated. This fact justifies the definition of the so-called “parameter of 297 

cloudiness” PC (Biel, 1963; Sanchez-Lorenzo et al., 2012), which is computed in % 298 

according to the expression:  299 

 �� = 50 + 50
������ ��!"�#

����
 (2) 300 

where Novcst and Nclear are the number of overcast and cloudless observations, 301 

respectively, in a given period, and Ntot is the total number of observations available for 302 

that period. Sanchez-Lorenzo et al. (2012) demonstrated the high correlation existing 303 

between the monthly mean TCC and PC anomalies. On the basis of this close 304 

correlation, PC was computed for each station as a way to further verify the quality of 305 

TCC observations: systematic biases may be detected on recording some particular 306 

cloudiness situations, because they will produce a lower correlation.  307 

Specifically, we computed the monthly PC for each station and then the monthly PC 308 

anomalies (following the definition in Eq. 1), and analyzed the correlation with the 309 

monthly TCC anomalies. As stated above, the use of anomalies is justified because they 310 

avoid the high correlation already existent between the raw monthly series resulting 311 

from the seasonal cycle. In Figure 2 (left), the values for a particular station (Chimbaj, 312 

Uzbekistan) are plotted in order to show the typical close correlation existing between 313 

TCC and PC (r2 = 0.98 for this particular site). In contrast, also in Fig. 2 (right) the plot 314 

for another site (Trabzon, Turkey) is presented: the behavior in this case is clearly 315 
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different (r2 = 0.69), so this is an example of a station that was not considered in the 316 

final database. 317 

Following application of the above mentioned criteria, the database comprised a total of 318 

185 stations. It is worth noting that for these remaining stations, most (97%) 319 

determination coefficients between the anomalies of PC and TCC are greater than 0.80, 320 

and many of them (69%) are greater than 0.90. The spatial distribution of these stations 321 

is presented in Fig. 1: in general terms they are evenly distributed in the area, although 322 

there is a higher density in the West and North of the Black Sea and a lack of stations in 323 

the East and South of the Caspian Sea. In particular, we were unable to maintain the 324 

stations in Georgia, Armenia, Azerbaijan, and Iran in the database, mainly because of 325 

long gaps in the data. Most series from the selected stations are complete and the data 326 

cover the whole time range; only 20 series (11% of 185) have over 10% (but less than 327 

20%) of missing months. A table with the list of stations (including coordinates and 328 

country), is provided as Supplementary Material. 329 

In addition to the analyses applied to each individual station, on one hand, and to the 330 

study domain as a whole on the other, we paid further attention to classifying stations 331 

according to their TCC temporal variability. We employed the Principal Component 332 

Analysis (PCA) technique to this end. We performed the analysis using the series of 333 

monthly-normalized anomalies (for mean to be equal to 0 and standard deviation equal 334 

to 1); each station is considered as a variable and each monthly anomaly, an 335 

observation. We used all months of the year in order to obtain only one classification 336 

result, thus avoiding finding different classifications for different temporal resolutions 337 

(Sanchez-Lorenzo et al., 2007). 338 

The results of the PCA showed that 17 Empirical Orthogonal Functions (EOF) account 339 

for more variance than each of the original variables (i.e., their eigenvalues are greater 340 
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than 1) and explain over 86% of the total variance of the dataset. As a compromise 341 

between simplicity and explained variance, we selected the first eight EOF, which 342 

together explain over 78% of the variance (each of them explains over 3%). In order to 343 

redistribute the variance into the components and to obtain stable and physically 344 

meaningful patterns, we applied a Varimax rotation to the selected EOF (Von Storch, 345 

1995). Subsequently, each station was assigned to one rotated component according to 346 

the maximum loading obtained from the PCA (Sanchez-Lorenzo et al., 2007). This 347 

procedure sorted stations into eight relatively coherent (from the geographical and 348 

climatic points of view) regions. Figure 3 shows a graphical representation of the 349 

classes, which will hereinafter be referred to as regions. The assignation of a station to a 350 

region is detailed in the table in supplementary material. The regions and their acronyms 351 

used herein are NBS (North Black Sea), WBS (West Black Sea), SBS (South Black 352 

Sea), NC (North Caucasus), NCAS (North Caspian and Aral Seas), AAS (Around Aral 353 

Sea), SeAS (Southeast Aral Sea), SeCS (Southeast Caspian Sea). Despite these 354 

denominations, note that three stations in or next to the Crimea Peninsula belong to the 355 

SBS region, while one station on the eastern coast of the Caspian Sea is classified as an 356 

NC region. 357 

We computed the annual, seasonal, and monthly mean series for each region and for the 358 

whole area by averaging all available data in each case. For the trend analyses, we 359 

computed the corresponding mean series of anomalies; in this case, missing data were 360 

filled with zeros. Using mean series provides a more synthetic description of the 361 

climatic signal than one single station and permits a higher signal-to-noise ratio, 362 

enabling better identification of long-term changes. The linear trends of the series were 363 

calculated by means of least squares linear fitting and their significance estimated by the 364 

Mann-Kendall nonparametric test (Sneyers, 1992). 365 
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For each of the additional datasets (Section 2.2) we first obtained the TCC monthly 366 

value for the grid cells within the area of interest. In addition to generating maps of 367 

mean TCC, we also computed the average series for the whole domain, as well as the 368 

average series of monthly and seasonal anomalies. As in the case of the observations, 369 

we used these to assess possible trends.   370 

Finally, it should be noted that, since ground data ends in July 2010, and some gridded 371 

products end in 2009, all annual analyses were performed for the 1991-2009 period. On 372 

the contrary, where possible, seasonal analyses included January and February 2010, in 373 

order to use as many winters as other seasons. 374 

 375 

4. Results and discussion 376 

 377 

4.1. Climatology for the whole area on an annual and seasonal basis 378 

Figure 4 shows the annual and seasonal mean TCC in the study area, for each station 379 

and for the 1991-2009 period. In addition, Table 1 shows the average values of TCC for 380 

the whole area both for the annual period and by seasons (winter: DJF; spring: MAM; 381 

summer: JJA; autumn: SON). The mean TCC for the area is 3.9 oktas (49 %TCC), but 382 

this value is produced by quite relevant spatial and seasonal variability.  383 

Thus, annual TCC shows a remarkable latitudinal gradient, as well as a moderate 384 

longitudinal gradient. Sites with the lowest TCC (< 2.5 oktas) are located in the 385 

southeast of the area, specifically to the south of the Aral Sea. On the other side, stations 386 

with the highest TCC (> 5 oktas) are located in the northwest corner of the domain, 387 

although a second similar maximum is found to the north of the Caucasus, between the 388 

Black and the Caspian seas.  389 
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Figure 4 also shows that all seasons follow approximately the same pattern as the 390 

annual mean, but present clearly lower values in summer and higher ones in winter. 391 

Certain specific characteristics, however, can be derived from the seasonal maps. First, 392 

the spring maximum is located in the Caucasus region. Second, summer values are 393 

extremely low, especially in the south of the Black Sea and in the southeast of the area, 394 

where summer TCC is lower than 1 okta at several sites. Third, in winter there is a 395 

relatively high mean TCC (> 5.5 oktas) in regions such as between the Black and 396 

Caspian Sea and the north of the Black Sea.  397 

Figure 5 gives the mean annual TCC as seen in the other datasets. It should be noted 398 

that in this figure the units are %TCC, but the transformation from oktas to %TCC is 399 

straightforward (1 okta = 12.5%TCC). The corresponding mean values for the whole 400 

area are given in Table 1. It is also noteworthy that the averages from the ground 401 

observations and from the gridded datasets are not strictly comparable, since the area 402 

covered by the latter datasets is somewhat larger and includes information referring to 403 

the sea; in addition, the average of the TCC from the ground stations was computed by 404 

assigning the same weight to all of them, despite their non-homogeneous distribution 405 

across the area. Moreover, the definitions of a cloud in terms of a satellite or of a 406 

reanalysis product may differ from the standard definition for a ground observer; the 407 

different temporal resolution of the original basic data may also affect the comparison. 408 

The general spatial behavior (Fig. 5) is well captured by all datasets: in particular, they 409 

all show the latitudinal gradient, as well as the lowest values in the eastern part of the 410 

study area. Nonetheless, several particularities ought to be highlighted: the ISCCP mean 411 

annual TCC (53 %TCC) is slightly higher than that given by the ground stations (Table 412 

1). CLARA exhibits the highest resolution of this dataset; this enables some local TCC 413 

maxima to be identified, such as in the southeast of the Black Sea, and in particular 414 
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(perhaps erroneously) in the south of the Aral Sea. Mean annual TCC from PATMOS-x 415 

(48 %TCC) is very similar to that provided by the ground observations; indeed, the 416 

spatial pattern described by this product fits quite well with the ground observations. 417 

Values from the CRU dataset are virtually identical to the ground observations; this was 418 

to be expected, since the CRU dataset is built upon ground measurements, although it 419 

only uses daytime observations and a set of stations that is not necessarily the same. 420 

The three reanalysis products clearly underestimate the annual mean TCC in the area. 421 

The range of values in the domain, from these three products, is 20-55 %TCC. 422 

Computed as the deviation for the whole area of the annual mean TCC, 423 

underestimations from the reanalyses are greater than -10 %TCC, reaching -15 %TCC 424 

for NCEP/DOE when compared with the ground observations (see Table 1). These 425 

values correspond to relative deviations (taking the ground observations as the 426 

reference) of over -20%. This remarkable underestimation has been previously reported 427 

for other areas (e.g., Weare et al., 1995; Betts et al., 2006; Bedacht et al., 2007; Calbó 428 

and Sanchez-Lorenzo, 2009;Wu et al., 2012; Naud et al., 2014).  429 

The values of mean annual TCC obtained from the ground observations (see Figure 4), 430 

as well as from most of the gridded products (Figure 5), are in agreement with global 431 

cloud climatologies (Warren et al., 1986; Warren and Hahn, 2002) and correspond to 432 

what is to be expected for such a mid-latitude area. For example, the values for winter 433 

plotted by Warren and Hahn (2002) in this area are approximately 40-70 %TCC, in full 434 

agreement with the values we found herein. Maximum cloudiness in the northwest is 435 

associated with low pressure systems travelling from the west at these latitudes, while 436 

the minimum in the south corresponds to the influence of the subtropical high pressure 437 

systems. Moreover, this minimum is enhanced in the eastern corner of the area because 438 

of the distance to any large water mass.  439 
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 440 

4.2. Variability and trends for the whole area 441 

Figure 6 (top) shows the evolution of the monthly TCC mean for the whole area 442 

throughout the analyzed years for all data sources. All datasets suitably capture the 443 

amplitude of the annual cycle, with the maximum in winter and the minimum in 444 

summer. Relatively high values of TCC are often extended through the springtime, a 445 

pattern that is also captured by most products. 446 

However, differences among the different datasets are also clear. For the ground 447 

observations, the winter maxima and the summer minima are approximately 5.5 and 2.5 448 

oktas, respectively. Reanalysis products (in green in Figure 6, top) show the above 449 

mentioned large underestimation, with minimum values well below 2 oktas. Indeed, 450 

NCEP/DOE maxima never reach 4 oktas, so the large underestimation of TCC with 451 

NCEP/DOE data is mainly the result of underestimating the winter maximum. The three 452 

satellite-based products (shown in blue) very clearly follow the ground-based TCC 453 

evolution, especially during the final years of the series. These three products generally 454 

tend to produce a narrower yearly range, with lower maxima and higher minima. The 455 

PATMOS-x data are in slightly better agreement, whereas the minima provided by 456 

CLARA are always clearly higher than the ground observations. Among the gridded 457 

datasets, CRU (pink line) is the best one with regard to reproducing the variability of 458 

observations, confirming our findings in relation to the overall behavior presented in 459 

Section 4.1. 460 

Figure 6 (bottom) shows the anomalies (of the mean TCC for the whole area) for all 461 

datasets. The relationship among them is now not so close: although the most important 462 

anomalies are captured by most datasets (see for example the strong anomalies in the 463 

second half of 1996, or in the 2008-2009 transition period), sometimes a particular 464 
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anomaly is not produced by all of them, and even opposite-sign anomalies can be seen. 465 

Table 2 provides the correlations between the time series of monthly anomalies from 466 

each gridded dataset and the monthly anomalies from the ground observations. 467 

Strikingly, the highest correlations (0.58-0.64) correspond to the reanalysis products; 468 

this means that despite their systematic underestimation (see Section 4.1), the reanalyses 469 

quite correctly capture the temporal variability. Among the satellite products, the 470 

highest correlation is found for PATMOS-x (0.55), while CLARA reveals a very low 471 

correlation (0.41). The latter results tally with those of Sun et al. (2015) for the 472 

contiguous U.S. The correlation between anomalies from our ground-based 473 

observations and those from the CRU dataset is relatively low (0.49), considering that 474 

the latter was also developed on the basis of surface measurements. The CRU dataset, 475 

however, may be using different stations, and is built upon only diurnal observations; 476 

moreover, it sometimes makes use of proxy magnitudes (such as daily temperature 477 

range and sunshine duration) rather than direct observations of TCC (New et al., 2000; 478 

Harris et al., 2014). 479 

Table 2 also shows the linear trends of the annual and seasonal TCC anomalies during 480 

the period analyzed, as derived from each dataset for the whole area. Based on the 481 

ground observations, the annual series show a statistically non-significant trend. The 482 

only slightly significant (90%) trend is found for the autumn data: +1.2 %TCC decade-1. 483 

By contrast, most other datasets show significant negative trends, both for the annual 484 

series and also for most seasons, even in autumn. In this sense, the behavior of the 485 

CLARA dataset is clearly anomalous: all seasons show decreasing trends that are 486 

greater (in the absolute sense) than -4 %TCC decade-1 and the annual trend is -5.7 487 

%TCC decade-1. If this is certain, this would result in an 11 %TCC (almost 1 okta) 488 

reduction for the 19-year period. Since the average TCC in the area (according to the 489 
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CLARA data) is 53 %TCC, this would mean a relative TCC decrease of over 20%. The 490 

exaggeratedly large decreasing TCC trend shown by the CLARA dataset was also found 491 

in the U.S. by Sun et al. (2015). The other satellite products provide negative trends too, 492 

although much lower in absolute terms. The reanalysis datasets show a more moderate 493 

evolution, which are therefore more similar to the ground observations. Indeed, 494 

NCEP/DOE is the only dataset that does not produce any significant trend, so from this 495 

point of view, it is the one most parallel to the ground data. ERA and MERRA give 496 

negative trends, which are lower than those from the satellite products. 497 

It should be noted that the 20–year period is somewhat short for a truly meaningful 498 

trend analysis. However, the results are in good agreement with other research dealing 499 

with the decadal variability of cloudiness in and around the area. In this sense, the 500 

statistically non-significant evolution of TCC observed in the study area is in line with 501 

the trends of ground-based records since the early 1990s over global land areas 502 

(Eastman and Warren, 2013). Likewise, the global time series of satellite-derived TCC 503 

do not show a clear trend over the last two decades (Palle and Laken, 2013; Stubenrauch 504 

et al., 2012, 2013), or over the ocean during the last decade (March and, 2013). Indeed, 505 

stability in TCC since the 1990s is also observed in other regions of the World 506 

(Jovanovic et al., 2011; Sanchez-Lorenzo et al., 2012; Sanchez-Lorenzo and Wild, 507 

2012; Free and Sun, 2014) despite the fact that sometimes a decrease (Sanchez-Lorenzo 508 

et al., 2012; Eastman and Warren, 2013) or an increase (Free and Sun, 2014) has been 509 

described for previous years. For example, Eastman and Warren (2013) reported a 510 

statistically significant decrease of -0.4 %TCC decade-1 over global land areas from 511 

1971 to 2009, but this was caused by high positive anomalies during the 1970s and 512 

early 1980s. It should be pointed out that, based upon the results of these authors 513 
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(Eastman and Warren, 2013), we can infer a mean decrease of -0.7 %TCC decade-1 for 514 

the study area and for the 1971-2009 period. 515 

As previously mentioned, the TCC trends generated by other products show big 516 

discrepancies as compared with ground observations. It is worth noting that the study 517 

area is located at the edge of the geostationary satellite view. This is known to produce 518 

spurious negative trends in ISCCP records (Evan et al., 2007; Norris, 2007; Norris and 519 

Slingo, 2009) that are no longer obvious when the artifacts have been removed from the 520 

data (Norris and Evan, 2015). Equally, other satellite-derived products such as CLARA 521 

and PATMOS-x have also been reported to show spurious negative trends during the 522 

last few decades, possibly due to an orbital drift in the sun-synchronous satellites used 523 

for the retrieval of their products (Norris and Slingo, 2009; Karlsson et al., 2013). Thus, 524 

the results of the present study highlight the need to validate trends derived from 525 

satellite and reanalysis records of clouds by inter-comparing them (Stubenrauch et al., 526 

2013), and also by including traditional ground-based observations of clouds, which can 527 

help to distinguish between real climate variability and artifacts. 528 

 529 

4.3. Climatology and trends on regional scale 530 

Herein we describe the behavior of TCC in the eight regions defined by the PCA 531 

method (Section 3). We first computed the mean series of monthly TCC for each region 532 

by averaging the data from the corresponding stations. Moreover, we derived a mean 533 

annual cycle for each region by averaging the monthly data over all years. These mean 534 

annual cycles are displayed in Figure 7, while the annual and seasonal means for each 535 

region are given in Table 1. Two regions (NBS and NC) exhibit the highest TCC 536 

throughout the whole year, with a winter maximum of 6 oktas and a summer minimum 537 
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greater than 3.5 oktas. Two other regions (WBS and NCAS) show a slightly lower 538 

summer minimum, while TCC is almost 1 okta lower in winter. The region with the 539 

lowest annual mean TCC (3 oktas), SeAS, has a summer minimum of approximately 1 540 

okta (and < 1 okta in August), while the winter maximum is around 4.5 oktas. The other 541 

three regions (SBS, SeCS, AAS) lie somewhere in between. As a common feature for 542 

all regions, the summer minimum is reached in August, but it tends to be extended into 543 

September in the eastern regions (SeCS, SeAS, AAS, NCAS) and into July in the 544 

Western regions (NBS, WBS, SBS, NC). As for the winter maximum, values for 545 

December and January are very similar in all regions. 546 

Subsequently, we computed and scrutinized the annual and seasonal anomalies to 547 

search for trends. Table 3 shows the results, which indicate that the averaging of 548 

anomalies for the whole area was hiding several regional trends of TCC. The most 549 

notable ones are found for the NC region: it presents a significant positive trend on an 550 

annual basis (+2.2 %TCC decade-1), which is the result of large trends in autumn and 551 

winter (and also, but non-significantly, in spring). For some stations in this region, 552 

where cloud type data were available, we found that the increase in TCC is coupled with 553 

an increase in low cloud cover, which is also more marked in autumn and winter (not 554 

shown). Other neighboring regions (NCAS, WBS, NBS) also show positive (but non-555 

significant) trends of TCC on an annual basis. In two of these latter regions (WBS, 556 

NBS) the annual positive trends result from large (and mostly significant) trends in 557 

autumn and winter. In the latter regions, however, non-significant trends in spring and 558 

summer are negative. In the region NCAS, the annual positive trend is mainly generated 559 

by the evolution of TCC in spring, which shows a significant trend. A similar positive 560 

trend in spring is found in the other north-eastern region (AAS).  561 
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On the other hand, the three southern regions behave quite differently. In SBS we found 562 

an annual negative trend (-2.2 %TCC decade-1, significant) which results from negative 563 

trends in all seasons except autumn (although the winter trend is non-significant). The 564 

other two southern regions (SeAS, SeCS) do not reveal any significant trend, although 565 

the tendency indicates an increase in TCC in winter and spring and a decrease in 566 

summer and autumn. 567 

Thus, the above results show that in spring there is a clear separation between the 568 

western regions (i.e., the three regions around the Black Sea), where TCC trends are 569 

negative, and the other regions, where trends are positive. On the contrary, in autumn 570 

and winter there are positive (and mostly significant) trends in the three northern 571 

regions around the Black Sea, whereas in the other regions trends are inexistent or 572 

slightly negative. In summer, there is no clear trend in any region, with the exception of 573 

one (SBS); however, the tendency, if any, is towards a decrease in TCC. 574 

We also applied trend analysis per regions to the gridded products. That is, the values of 575 

TCC from the satellite, reanalyses, and CRU were averaged for the grid points 576 

approximately corresponding to the regions. Subsequently, anomalies were computed 577 

on an annual and seasonal basis, and trends were estimated. The results (not shown) are 578 

hardly compatible with what the ground observations indicated. For example, for region 579 

NC, where ground observations give mainly increasing TCC trends, all products (except 580 

CRU) generate negative trends. The exception is region SBS, where TCC trends are 581 

negative according to ground observations, and also according to most gridded products 582 

(although with different values and levels of significance). Surprisingly, the only 583 

product that produces contradictory trends for this region is CRU. 584 

The trends found herein (or the lack of trends in some regions) can be compared with 585 

previous studies. For example, Eastman and Warren (2013) found clear reductions in 586 
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the southwest regions (up to -1.8% decade-1), which is in good agreement with our 587 

result for SBS, while they found smaller reductions, or even an increase (+0.3% 588 

decade-1) in the northeast areas, i.e. in agreement with our non-significant trend in 589 

NCAS. It should be pointed out that a longer period (1971-2009) was studied by these 590 

authors. Chernokulsky et al. (2011) analyzed the same period as us (1991-2010), albeit 591 

only Russian stations, and found, as we did, an increase in TCC in the northeast of the 592 

Black Sea and the north of the Caucasus, particularly in autumn-winter. This is not 593 

surprising because the ground observations of cloudiness are likely the same or very 594 

similar. 595 

Other studies in the area focus not only on cloudiness, but also on other variables that 596 

may be used as proxies. For example, Rahimzadeh et al. (2014) studied sunshine 597 

duration (SD) and diurnal temperature range (DTR) in Iran, as well as TCC. They found 598 

no DTR trends as from 1991 in northern Iran (and a slight non-significant decrease in 599 

TCC in summer), which is in line with the lack of significant trends that we found in the 600 

nearest region (SeCS). Furthermore, Yildirim et al. (2013) studied the behavior of SD in 601 

Turkey for the 1970-2010 period; specifically, and regarding the estimation of trends, 602 

they focused on two different subperiods, 1970-1990 and 1991-2010, the latter being 603 

coincident with our study period. They did not find any clear overall trend of SD for 604 

Turkey as a whole for the 1990-2010 period, but they found that several sites in the 605 

northern part of Turkey showed positive trends. This area coincides with region SBS, 606 

where we find a negative trend of TCC, which may partially explain the increase in SD. 607 

Even at seasonal resolution, the agreement is qualitatively good, since Yildirim et al. 608 

(2013) found significant positive trends at several stations in northern Turkey in spring 609 

and summer (thus corresponding with our negative trends of TCC in SBS for these two 610 

seasons). 611 
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Changes in TCC should be associated with changes in atmospheric circulation, provided 612 

that most cloudiness is of synoptic origin. Actually, this is not strictly so in the study 613 

area, where many clouds of mesoscale origin (i.e., convective clouds, orography-614 

induced clouds, sea-breeze induced clouds) may exist, in particular in the warm part of 615 

the year. Nevertheless, some of the trends detected agree with changes in cyclonic 616 

activity in the area (Tilinina et al., 2014), specifically a decrease in cyclones to the south 617 

of the Black Sea, especially in winter, and a moderate increase in cyclones to the north 618 

of the Black Sea, especially in summer. In general terms, these changes can be linked to 619 

the northward shift of the subtropical high pressure systems (Siedel et al., 2008; Hu and 620 

Fu, 2007; Lu et al., 2007). 621 

In particular for the Aral Sea zone, cloud and precipitation are also modulated by 622 

invasion of cyclones from the south and south-west, wave activity, and western and 623 

north-western cold air intrusions. These types of synoptic activity along with 624 

topography and regional changes related to Aral Sea desiccation may be playing an 625 

important role in cloud variability in the AAS region. Due to the presence of a 626 

significant positive trend of TCC in spring in this Aral Sea region, we analyzed the time 627 

evolution of mean sea level pressure (MSLP) and precipitation fields as described by 628 

the NCEP/NCAR reanalysis. This revealed a tendency of MSLP to decrease in the 629 

region (up to -2.5 hPa decade-1), while precipitation also showed an increase in spring 630 

for the last two decades (4 mm decade-1). All these results agree well with each other: 631 

increased cloudiness and precipitation in spring are associated with intensification of 632 

activity of the South-Caspian, Murgab and Upper Amudariya cyclones, which is 633 

reflected in the pressure field configuration.  634 

During the summer period, non-significant negative trends are revealed in the AAS, 635 

SeCS and SeAS regions. This fact is compatible with the statement by Chub (2003) that 636 
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the proportion of summer and winter precipitation over the Aral Sea has changed. Prior 637 

to the desiccation period, the maximum of precipitation was in summer and this is now 638 

observed during the winter. Moreover, a significant decrease in relative humidity and an 639 

increase in DTR, especially in the south and east of the Aral Sea region, has been 640 

documented for summertime (Chub, 2003). The increase in DTR can be explained by 641 

the reduction of TCC, by means of modulation of radiative (both shortwave and 642 

longwave) fluxes. 643 

 644 

5. Conclusions 645 

The present study provides a description of the climatic behavior of total cloud cover 646 

(TCC) in the area of the three inland Eurasian seas (the Black, Caspian, and Aral seas). 647 

On the basis of data collected at almost 200 ground stations in the area, we found that 648 

average TCC is 3.9 oktas (49 %TCC). This figure, however, hides a large spatial and 649 

seasonal variability with minimum (maximum) TCC values in summer (winter) and in 650 

the southeast (northwest). 651 

According to the temporal behavior of TCC, eight different regions are defined by 652 

means of a Principal Component Analysis. These eight regions share some common 653 

patterns, in particular a marked seasonal cycle, but also big differences as far as average 654 

TCC is concerned. Differences exceed 2.5 oktas (31 %TCC) in summer between the 655 

regions in the north of the Black Sea and the Caucasus mountains and the region located 656 

to the southeast of the Aral Sea. 657 

Linear trend analyses of the ground-based observations of TCC have shown that for the 658 

whole area, TCC did not vary during the study period of almost 20 years (January 1991 659 

– July 2010). Only in autumn, a weakly significant (90%) trend of +1.2 %TCC decade-1 660 
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is detected over the whole domain. Again, the regional behavior is quite different. In the 661 

south of the Black Sea, clear decreasing trends are detected, both for the annual 662 

anomalies and also for spring and summer (values down to -4.3 %TCC decade-1). In the 663 

north of the Caucasus, and the west and north of the Black Sea, increasing TCC is found 664 

for the annual series, mainly due to significant positive trends in autumn and winter (up 665 

to +5.0 %TCC decade-1). In general, despite the relatively short period analyzed in the 666 

present research, all the findings regarding trends are in good correspondence with 667 

previous studies developed in different regions of the study area, either based on 668 

cloudiness data or based on proxy data such as sunshine duration or diurnal temperature 669 

range.  670 

In addition to the ground observations, we also analyzed TCC data from a number of 671 

products offering gridded values. These products include satellite projects (ISCCP, 672 

PATMOS-x, CLARA), reanalyses (ERA-interim, NCEP/DOE, MERRA), and a dataset 673 

based on surface observations (CRU). Although all these products are able to capture 674 

the seasonal evolution over the study area, they differ substantially both among each 675 

other and in relation to the ground observations. Thus, for the whole area all reanalyses 676 

produce much lower values of TCC, while satellite data (ISCCP and CLARA) involve 677 

difficulties with regard to capturing the value of the summer minimum. Only CRU and, 678 

to a lesser extent, PATMOS-x data appear to agree quite well with the original surface 679 

observations referring to mean TCC, although monthly anomalies of all datasets 680 

correlate with the ground data anomalies (the highest correlations being found for the 681 

reanalyses). Global products should therefore be considered with caution when used to 682 

describe cloudiness, at least in this area. Moreover, this point is confirmed by the trend 683 

analyses applied to these data: most products generate negative trends, some of them 684 

being oddly large (CLARA gives a reduction of -5.7 %TCC decade-1). The relative 685 
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performance of PATMOS-x, ISCCP, and CLARA in their internanual variations and 686 

trends found in in this work is similar to that found by Sun et al. (2015), indicating that 687 

issues of the retrieval systems for those three satellite products are fundamental to the 688 

systems, independent of geographic regions. Only CRU and NCEP/DOE agree 689 

relatively well with the ground data regarding the absence of overall trends. It should be 690 

noted that direct comparison of these products with the ground-based data involves 691 

inherent limitations: first, because of the different points of view and even the different 692 

definition of what a cloud is; second, because of the different time sampling, which may 693 

hinder or enhance the description of the daily cycle; third, because each dataset has a 694 

different spatial resolution and representativeness. 695 

In the future, there is a need to address two questions put forward by the current study. 696 

The first one entails establishing the causes and consequences of the trends in TCC that 697 

we have detected in some regions. That is, the decreasing cloudiness in some regions 698 

and the increase in other regions must be related either to changes in atmospheric 699 

circulation or atmospheric state (which could be linked to global climate change) or to 700 

variations in local conditions (land use/land cover, for example). In addition, these 701 

changes also have an impact at the local/regional scales, through modification of the 702 

energy balance. The second question refers to the reason why global gridded products, 703 

and in particular reanalyses, quite poorly reproduce ground observations of TCC. 704 

Despite the fact that several studies, applied to other regions, have already described 705 

this weakness, which may in part be related to the different definitions of clouds by 706 

different products, no conclusive results regarding their origin have been established. In 707 

this sense, continuity of ground-level observations is important with regard to detecting 708 

temporal changes. Finally, it is worth making a further effort to analyze cloud type 709 

behavior, i.e. temporal changes in low, middle, and high clouds, since this might be 710 
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more informative of land-atmosphere interactions and could help to answer the other 711 

two questions. 712 
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Table 1. Mean TCC for the 1991-2009 period (in %TCC) for the whole area and from 977 

the different datasets (rows 2 to 9). Idem for each of the regions defined by the PCA 978 

(see text), but only from the ground observations (rows 11 to 18). For the ground-based 979 

values, the corresponding amount in oktas is also provided (in italics). 980 

Dataset Annual Spring Summer Autumn Winter 

Ground stations 49 (3.9) 53 (4.2) 34 (2.7) 47 (3.8) 65 (5.2) 

ISCCP 53 59 40 49 62 

PATMOS-x 48 55 33 43 62 

CLARA 53 58 41 50 61 

ERA-Interim 39 43 21 35 58 

NCEP/DOE 35 38 24 32 44 

MERRA 38 43 21 35 52 

CRU 49 54 34 46 63 

Regions      

NBS 60(4.8) 59(4.7) 45(3.6) 60(4.8) 75(6.0) 

WBS 55(4.4) 58(4.6) 42(3.4) 55(4.4) 66(5.3) 

SBS 45 (3.6) 50 (4.0) 25 (2.0) 42 (3.4) 62 (5.0) 

NC 60(4.8) 62(5.0) 45(3.6) 58(4.6) 73(5.8) 

NCAS 52(4.2) 52(4.2) 41(3.3) 50(4.0) 64(5.1) 

AAS 41(3.3) 46(3.7) 26(2.1) 35(2.8) 57(4.6) 

SeAS 38(3.0) 49(3.9) 16(1.3) 29(2.3) 58(4.6) 

SeCS 40(3.2) 47(3.8) 22(1.8) 33(2.6) 55(4.4) 
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Table 2. Linear trends (in %TCC decade-1) of the mean anomalies for the whole study 982 

area, on an annual and seasonal basis, during the 1991-2009 period. The second column 983 

is the regression coefficient between the series of monthly anomalies of each dataset 984 

and that derived from the ground observations. 985 

Dataset R Annual Spring Summer Autumn Winter 

Ground stations   n.t. n.t. – 1.2 # + 

ISCCP 0.47 -2.4 ** -3.1 * -3.8 ** -2.7 * n.t. 

PATMOS-x 0.55 -2.2 ** -3.7 ** -1.6 -1.2 -2.3 

CLARA 0.41 -5.7 ** -7.3 ** -5.0 ** -6.5 ** -4.1 ** 

ERA-Interim 0.64 -1.8 ** -3.1 * -1.2 # -1.4 -2.2 # 

NCEP/DOE 0.60 n.t. – n.t. n.t. + 

MERRA 0.58 -1.9 ** -3.5 ** -1.1 -1.9 -1.4 

CRU 0.49 – -1.1 -1.4 -1.0 1.2 

Note: significance is indicated by # (90%), * (95%), and ** (99%). Other non-significant 986 

trends greater than 1 (in absolute value) are provided; lower trends are indicated only by 987 

their sign (+, increase; –, decrease). “n.t.” means no trend at all (i.e. slope of regression 988 

line less than 0.05). 989 
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Table 3. Linear trends (in %TCC decade-1) of the mean anomalies for the regions 991 

defined in the study area, on an annual and seasonal basis, during the 1991-2009 period. 992 

Regions Annual Spring Summer Autumn Winter 

Wholearea n.t. n.t. – 1.2 # + 

NBS + -2.6 – 2.9 3.5 # 

WBS 1.1 -2.6 – 2.5 # 5.0 * 

SBS -2.2# -4.3* -3.0# n.t. -1.8 

NC 2.2 * 1.8 n.t. 4.4 # 2.6 # 

NCAS 1.3 3.7 # n.t. + n.t. 

AAS n.t. 3.7 # – n.t. – 

SeAS n.t. + -1.3 - 1.6 

SeCS n.t. 3.0 – -1.2 n.t. 

Note: significance is indicated by # (90%), and * (95%). Other non-significant 993 

trends greater than 1 (in absolute value) are provided; lower trends are indicated 994 

only by their sign. “n.t.” means no trend at all (i.e. slope of regression line less 995 

than 0.05). 996 
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Figure captions 998 

 999 

Figure 1. The study area, showing the contours of three inland seas, the main rivers, 1000 

and the topography (color scale, in meters). Note that the profile of the Aral Sea 1001 

corresponds to before-desiccation times. The location of the 185 stations with the 1002 

cloudiness data considered is shown by means of an identification number as given in 1003 

Table S1 (Supplementary Material). 1004 
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  1006 

Figure 2. TCC anomaly vs. PC anomaly for the stations of Chimbaj, Uzbekistan (left) 1007 

and Trabzon, Turkey (right). 1008 
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 1010 

Figure 3. The study area, showing the classification of the stations into the eight 1011 

regions defined by the Principal Components Analysis. Acronyms used for regions are 1012 

as follows: NBS (North Black Sea), WBS (West Black Sea), SBS (South Black Sea), 1013 

NC (North Caucasus), NCAS (North Caspian and Aral Seas), AAS (Around Aral Sea), 1014 

SeAS (Southeast Aral Sea), SeCS (Southeast Caspian Sea). 1015 

  1016 



48 

 

 1017 

Figure 4. Mean TCC for the 1991-2009 period, for the whole year (top) and for each 1018 

season (bottom). Units are oktas. 1019 
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1021 

 1022 

Figure 5. Mean annual TCC for the 1991-2009 period, as computed from different 1023 

global gridded products, from satellite (left), reanalyses (right), surface data (bottom). 1024 

Units are %TCC (1 okta = 12.5 %TCC). 1025 
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 1027 

 1028 

Figure 6. Evolution of the average monthly TCC for the whole area, as provided by 1029 

each analyzed dataset (top). Evolution of the average monthly anomaly of TCC, as 1030 

produced by each analyzed dataset (bottom). 1031 
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 1033 

Figure 7. Mean annual cycle of TCC, i.e. monthly means for the 1991-2009/10 period, 1034 

for each region defined by the PCA. 1035 


