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Abstract 10 

The aerosol properties of the atmosphere were obtained within the framework of the AERONET program 11 

at the Moscow State University Meteorological Observatory (Moscow MSU MO) over 2001-2014 period. 12 

The quality data control has revealed the necessity of their additional cloud and NO2 correction. The 13 

application of cloud correction according to hourly visual cloud observations provides a decrease in 14 

monthly averages of aerosol optical thickness (AOT) at 500 nm of up to 0.03 compared with the standard 15 

dataset. We also show that the additional NO2 correction of the AERONET version 2 data is needed in 16 

large megalopolis, like Moscow, with 12 million residents and the NOx emission rates of about 100 ktyr-1. 17 

According to the developed method we estimated monthly mean NO2 content, which provides an 18 

additional decrease of 0.01 for AOT at 340nm, and of about 0.015 – for AOT at 380 and 440nm. The 19 

ratios of NO2 optical thickness to AOT at 380nm and 440nm are about 5-6% in summer and reach 15-20 

20% in winter when both factors have similar effects on UV irradiance. Seasonal cycle of AOT at 500nm 21 

is characterized by a noticeable summer and spring maxima, and minimum in winter conditions, changing 22 

from 0.08 in December and January up to 0.3 in August. The application of the additional cloud 23 

correction removes a local AOT maximum in February, and lowered the December artificial high AOT 24 

values. The pronounced negative AOT trends of about -1–5%yr-1 have been obtained for most months, 25 

which could be attributed to the negative trends in emissions (E) of different aerosol precursors of about 26 

135 Ggyr-2 in ESOx, 54 Ggyr-2 in ENMVOC, and slight negative changes in NOx over European territory of 27 

Russia. No influence of natural factors on temporal AOT variations has been revealed.  28 

  29 



1 Introduction 30 

Atmospheric aerosols are among the most important factors influencing net radiation at the top and 31 

at the bottom of the atmosphere and, therefore, affecting the whole climate system (IPCC, 2013). 32 

However, still there is not enough information about their optical properties over different geographical 33 

regions. The knowledge of long-term variations of aerosol optical thickness can significantly affect the 34 

assessment of climate change, and at the same time can be an indicator of changes in emissions of aerosol 35 

precursors (Tegen et al., 1997).  36 

Different aerosol characteristics are possible to obtain from satellite instruments, i.e. Advanced 37 

Very High Resolution Radiometer (AVHRR), Moderate Resolution Imaging Spectroradiometer 38 

(MODIS), Advanced Along-Track Scanning Radiometer (AATSR), medium-spectral resolution, imaging 39 

spectrometer MERIS, Polarization and Directionality of the Earth's Reflectances (POLDER), Ozone 40 

Monitoring Instrument (OMI), Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations 41 

(CALIPSO), Sea-Viewing Wide Field-of-View Sensor (SeaWiFs), Multi-angle Imaging 42 

Spectroradiometer (MISR), etc. (IPCC, 2013). However, still the ground-based measurements are 43 

characterized by the best accuracy and serve as a reference for comparisons. Ground-based aerosol 44 

networks such as Global Atmosphere Watch Precision Filter Radiometers (GAW-PFR), AErosol RObotic 45 

NETwork (AERONET), observation network SKYNET, Siberian system for aerosol research (SibRad), 46 

Micro-Pulse Lidar System (MPLNET) provide high quality aerosol measurements 47 

(http://www.wmo.int/pages/prog/arep/gaw/aerosol.html). Aerosol Robotic Network (AERONET) 48 

(http://aeronet.gsfc.nasa.gov/) has been in operation since the middle of 1990s (Holben et al., 1998) with 49 

currently more than 400 sites continuously working all over the world. AERONET is equipped with 50 

CIMEL sun/sky photometers, which provide accurate measurements of direct solar irradiance and multi-51 

angle sky radiance from UV to near-infrared spectral region for evaluating aerosol optical thickness and 52 

many other inversion products including size distribution, effective radii, aerosol phase function, and 53 

different optical and radiative aerosol properties – refractive index, single scattering albedo, asymmetry 54 

factor, etc. (Dubovik and King, 2000).  55 

In order to eliminate the cases, which are degraded by cloud-contamination a special cloud-56 

screening procedure has been used in the AERONET algorithm (Smirnov et al., 2000). In addition, in the 57 

second version of the AERONET dataset (Holben et al., 2006) the correction on several optically 58 

effective trace gases (NO2, O3, CO2, H20, CH4 ) has been applied for the measurements in different 59 

channels.  60 

The continuous aerosol measurements at the Moscow State University Meteorological Observatory 61 

(Moscow MSU MO) within the AERONET program have been in operation since August 2001. These 62 

records provide a reliable dataset for studying long-term variability of aerosol properties in the Eastern 63 



Europe, where the aerosol network is sparse. In addition, the auxiliary hourly cloud visual observations 64 

and measurements of different trace gases at the MSU MO over the whole period of observations enable 65 

us the data for testing the existing AERONET algorithms and improving the quality of the aerosol dataset. 66 

This is important since one can see still the effects of residual thin homogeneous upper layer cloud 67 

contamination in aerosol retrievals even in the final AERONET dataset (O’Neill et al., 2003, Uliumdjieva 68 

et al., 2005,  Chew et al., 2011, Huang et al., 2012).  One of the tasks of this paper is to demonstrate the 69 

effects of the additional cloud-screening procedure and NO2 correction on evaluation of aerosol 70 

climatology in Moscow. Using the revised aerosol dataset we studied the seasonal features and long-term 71 

aerosol optical thickness (AOT) variability over the 2001-2014 period. We also tried to find explanation 72 

of the obtained AOT trends in Moscow and showed the possible natural and human induced effects on its 73 

character.  74 

 75 

2 Data description  76 

The procedure of aerosol measurements by CIMEL AERONET sun/sky photometer and the 77 

inversion algorithms were described in numerous publications 78 

(http://aeronet.gsfc.nasa.gov/new_web/publications.html). MSU MO site utilizes the 1.2° full field of 79 

view CIMEL CE318 sun and sky photometer. The direct solar radiation measurements in the 340, 380, 80 

440, 500, 675, 870, and 1020 nm channels are used for aerosol optical thickness retrievals; the 81 

measurements in the 940 nm channel are used for the evaluation of water vapor content W. In addition, 82 

direct spectral irradiance measurements are applied for the retrievals of fine and coarse aerosol modes 83 

according to the spectral deconvolution algorithm [O’Neill et al., 2001, 2003]. Both sun and sky-radiance 84 

in the channels 440, 675, 870 and 1020 nm are utilized in the inversion algorithm developed by Dubovik 85 

and King [2000], which provides several important aerosol products (volume size distribution, refractive 86 

index, single scattering albedo, phase function, etc.). The uncertainty of aerosol optical thickness 87 

measurements does not exceed 0.01 in visible range and 0.02 - in UV spectral range (Eck et al., 1999, 88 

Holben et al., 2001). However, there are some important but still not fully resolved problems, which 89 

include testing and further improvement of cloud-screening algorithm and the additional correction on 90 

NO2 in large megalopolis like Moscow. For the improvement of these procedures, in addition, we used 91 

visual cloud observations with 1 hour resolution. The uncertainty of visual cloud amount measurements is 92 

about 1 or 2 cloud fraction (in tenth) according to (Handbook, 1989), however, the conditions with 93 

overcast or zero cloudiness are observed accurately by any observer. In addition, the dataset of hourly 94 

solar disk condition observations, which are performed simultaneously with cloud observations, was used 95 

in the analysis. This is a standard type of observations at the actinometrical stations in Russia. Using this 96 

characteristic we can distinct the conditions, when solar disk (SD) is free from clouds, or when SD is 97 



obscured by thin clouds (shadows can be seen at ground), or when SD can be seen but there are no 98 

shadows at ground, or when SD can not be seen due to relatively high cloud optical thickness. These SD 99 

conditions are noted with “2”, “1”, “0” and “P” marks, respectively.  100 

For quantifying the NO2 content, we used in-situ long-term 1 minute resolution measurements of 101 

NO2 concentrations by APNA-360, Horiba Inc. (Elanski et al., 2007) at the Moscow MSU MO at the 102 

altitude of about 3.5  meters from ground since 2002. The NO2 data were used as the input parameters in 103 

the developed algorithm described in (Chubarova et al., 2009) for the independent evaluation of NO2 104 

content in the low troposphere over urban Moscow area. The details of the methods and the results are 105 

discussed below in the next section. In addition, we used some standard meteorological and radiative 106 

measurements at the Meteorological Observatory of Moscow State University which are described 107 

directly in the text.   108 

 109 

3 Results  110 

3.1 The effects of the additional cloud-screening and NO2 correction on aerosol 111 

climatology 112 

3.1.1 Additional cloud-screening procedure and its effect on aerosol climatology 113 

Since the aerosol measurements are carried out in automatic regime, a special cloud-screening 114 

procedure was developed for an automatic removal of cloud contaminating aerosol measurements 115 

(Smirnov et al., 2000). In the standard AERONET algorithm the data, which successfully pass the cloud 116 

screening procedure, are assigned to the level 1.5. After the second calibration and some additional visual 117 

checks the data are assigned to the final level 2.0. However, sometimes even the final dataset could 118 

“suffer” from the effects of thin homogeneous upper cloudiness contamination (O’Neill et al., 2003). As 119 

was mentioned in this paper “the strategy of the AERONET cloud screening was liberal; to interfere as 120 

little as possible with coarse mode events such as dust incursions and thus to accept the inevitability of 121 

some thin homogeneous cloud data, being admitted into the database.” Hence, the question remains, how 122 

important can be this effect. Will it significantly affect the aerosol climatology?   123 

For evaluating the upper layer cloud contamination in the AERONET dataset different approaches 124 

are used. In the recent studies the ground-based MPLNET, as well as satellite CALIPSO and MODIS 125 

datasets were used for evaluating the cirrus AOT contamination (Chew et al., 2011, Huang et al., 2012). 126 

According to MPLNET data the AOT bias due to unscreened cirrus cloud presence is about 0.03-0.06 127 

with the occurrence of 23-34% depending on the method of the estimation over the tropical region in 128 

Singapore (Chew et al., 2011). Huang et al. (2012) evaluated the susceptibility percentage of AERONET 129 

level 2.0 AOT retrievals to cirrus contamination using different types of measurements. According to 130 



MPLNET cirrus flags this value varied from zero to ∼4%, according to the collocated Calipso cirrus flags  131 

- from 1% to 33%, and according to the MODIS cirrus flags  - from 0.4% to 18% changing significantly 132 

over the globe due to the different occurrence of cirrus clouds. However, satellites have relatively low 133 

overpass frequency over AERONET sites - one-two time a day – for MODIS, and 16-day repeating cycle 134 

-  for CALIPSO (Huang et al., 2012). The MPLNET application for cirrus flags has the problem with 135 

viewing geometry difference between the sunphotometer and the MPL. In addition, the MPL signals are 136 

extremely weak at the altitudes H> 10 km, where cirrus clouds may be observed. It was also mentioned in  137 

(Huang et al., 2012) that the MPL noise level dramatically increases during daytime especially at noon, 138 

when there are most favourable conditions for AERONET-MPLNET matchup from the point of view of 139 

the closeness of viewing geometries. 140 

The influence of the cloud contamination on aerosol properties was also discussed in 141 

(Uliumdzhieva et al., 2005) for Moscow conditions. In this paper the application of the standard cloud 142 

visual observations as an additional cloud-screening filter was proposed. We used one-hour resolution 143 

cloud observations for additional filtering of quasi-simultaneous Cimel observations at the same site. The 144 

application of cloud filter means the elimination of all AOT measurements for the entire hour interval. 145 

We showed there that the existing standard cloud-screening algorithm works perfectly, when aerosol 146 

measurements are contaminated by optically thin low layer cloudiness, which is characterized by large 147 

triplet variations. These variations are used as a parameter in the standard cloud-screening algorithm 148 

developed by Smirnov et al. (2000). However, if the cloud blocking the Sun is thin and uniform, the 149 

triplet variation can be small and the contaminated AOT measurements pass through the filter. Mainly the 150 

cirrus clouds are characterized by these properties. However, in general, according to the International 151 

Cloud Atlas (1987) other types of clouds may be also characterized by these properties as well. They 152 

include different forms of Cirrostratus, and even Altostratus translucidus clouds, which relate to the 153 

middle cloud level. In this publication all types of the cloudiness, which can induce the potential 154 

contamination of AOT will be combined under the term “upper cloudiness”.  155 

Since low cloudiness is effectively filtered out by the standard cloud-screening algorithm we  156 

proposed to apply simple total cloud amount (NA) filter, which is sensitive to the existence of upper 157 

cloudiness. In this context NA value (together with the application of standard cloud-screening 158 

procedure) provides the information about the potential existence of high and middle layer cloudiness, 159 

since the standard AERONET cloud-screening algorithm successfully removes the cases contaminated by 160 

low level clouds or the cases with strong signal variations. However, the application of different NA 161 

thresholds may provide the different samples and as a result, different statistics. As an example, in Fig.1 162 

we demonstrate the effects of utilizing the different additional NA filters for AOT at 500nm (AOT500) 163 

and Angstrom exponent (α) datasets for the central months of the seasons. One can see a similar tendency 164 



of the AOT decrease in all seasons after removing the cases with the threshold of NA<9, which includes 165 

the conditions with almost total cloud amount of NA= 9-10. Additional testing on solar disk conditions 166 

has revealed that all eliminated cases in this sample belong to the situations, when solar disk was covered 167 

by clouds (SD=1 or SD=0).  In April after eliminating the almost overcast cloud conditions with NA<9 168 

threshold there is no further changes in AOT500 samples with more strict NA cloud threshold. At the 169 

same time the sample is dramatically (more than twice) reduced (from 229 to 113 in NA<3 sample). In 170 

July we also see a slight decrease in AOT500 in the NA<9 sample and, in addition, a significant growth 171 

of Angstrom exponent. Note, that in July and October we see even a slight increase in the AOT500 for 172 

almost clear sky conditions (the sample with NA<3). In January there is a pronounced decrease in 173 

AOT500 with reducing cloud amount. The lowest AOT500 values and largest Angstrom exponent are 174 

observed in the NA<3 sample. The application of the 24-hour Hybrid Single-Particle Lagrangian 175 

Integrated Trajectory (HYSPLIT) NOAA model backward trajectory analysis (Draxler and Hess, 1998) 176 

for all the cases in January has revealed for the NA<3 sample the prevalence of the northern (North-West, 177 

North, North-East) advection (80% of cases) characterized by low AOT (Chubarova, 2009), compared 178 

with 40% of cases for partially cloudy conditions (3<NA<9). At the confidence level of P=80% several of 179 

these dependencies are statistically significant (see the error bars in Fig.1).  180 

Balancing between the substantial decrease in case number and the accuracy of the retrievals of 181 

aerosol properties we showed that the best results were obtained when the cases with Ntotal.<9 during 182 

March-October period with almost overcast cloudiness and cloud contaminated solar disk conditions data 183 

were removed. For November –February conditions the filter threshold is more strict (Ntotal<6) since solar 184 

elevation in Moscow is low (hnoon<25°) at this time and a well-known effect of significant visual cloud 185 

amount increase towards the horizon plays a vital role. Smaller cloud threshold during winter time may 186 

induce filtering out so called “good” AOT cases. The additional analysis of solar disk conditions has 187 

revealed only 12 cases from 2521 cases (about 0.5%), which were not contaminated by clouds (SD=2) 188 

and were incorrectly removed from the sample. All of them were observed in February (18.02.2011 – 4 189 

cases, 3.02.2003- 5 cases, 11/02/2007 - 3 cases). However, even these three days are presented in the final 190 

sample since during these days there were other sun photometer measurements at smaller NA.   191 

In addition, we analyzed the 1-minute resolution direct solar measurements with the standard 192 

Russian actinometer (WMO, 1986) for studying the possibility of AERONET direct solar irradiance 193 

observations in cloud gaps,. These data were used for estimating the standard transparency coefficient at 194 

air mass m=2 according to (Evnevich, Savikovsky, 1988): 195 

ଶ݌ ൌ ቀ ௌ೓
ଵ.ଷ଺଻

ቁ
ೞ೔೙೓శబ.మబఱ

భ.రభ ,             (1) 196 

where  ܵ௛ - is the measured value of direct shortwave irradiance, ݄ - solar elevation. 197 

 198 



The p2 coefficient is widely used for assessing the variation of the transparency of the atmosphere 199 

(Ohvril et al., 2009). Using this equation we evaluated the integral optical thickness as ߬ ൌ െ lnሺ݌ଶሻ.  200 

This characteristic was used as the indicator for the analysis of possible AERONET CIMEL sun 201 

photometer measurements in cloud gaps. The 1-minute resolution data provide us the time series to check 202 

whether CIMEL 15-minute resolution measurements can be observed in these cloud gap conditions. Since 203 

the duration of sunphotometer measurement is about 1 minute we can compare them with 1-minute 204 

resolution τ variations around the CIMEL observation. The condition with cloud gap should relate to the τ 205 

lowest optical thickness in the moment of CIMEL observations within a few minutes around. Note, that 206 

we used the τ  data series only as an indicator of high frequency solar irradiance signal variations and we 207 

do not consider their absolute values.   208 

For illustrating this phenomenon, Fig.2 presents the diurnal variations of 1- minute resolution τ, 209 

AERONET level 2.0 AOT500 and Angstrom exponent data series in conditions with cloud contamination 210 

during the two days – February 27th, 2005 and February 1st, 2006 with different cloud conditions. 211 

Weather conditions on February 27th, 2005 were characterized by the presence of Cirrus, Cirrocumulus 212 

and Altocumulus clouds. Solar disk was covered by thin clouds (SD=1), the (NA) cloud amount was 213 

equal to 10. We can see that on February 27th, 2005 AOT500 observations do not correspond to the 214 

smallest values of τ around, and, hence, there were no cloud gaps conditions during AOT500 215 

measurements (Fig.2a). The similar results were obtained on February 1st, 2006, when during the entire 216 

day Cirrus clouds with NA=10 and NA=6 were observed (Fig.2b). The morning conditions were 217 

characterized by thin overcast cloudiness with NA=10, SD=1 and low AOT500. During the day the cloud 218 

amount decreased (NA=6) but we see the gradual increase in cloud optical thickness obscuring the Sun, 219 

which is in agreement with ߬ data series, and with the decrease in Angstrom exponent. Note, that even 220 

SD=0 conditions were observed after noon time. The τ time series with 1-minute resolution around 221 

AERONET AOT500 measurements do not demonstrate any local decrease, but just more uniform 222 

distribution. Of course, there can be cloud gap conditions during AERONET AOT measurements, 223 

however, on average, the cloud optical thickness contamination may induce much larger effect on aerosol 224 

climatology than removing of few “good” cases.  By this example we also illustrate the necessity of the 225 

additional more strict cloud screening in winter with the threshold at least equal to NA=6. 226 

Using this approach we obtained a revised dataset with additional visual cloud-screening over the 227 

whole 2001-2014 period of observations in Moscow. Figure 3a,b shows the absolute and relative 228 

differences between the standard monthly mean aerosol optical thickness at 500nm (AOT500) and 229 

additionally cloud-screened AOT500 values, as well as the differences in water vapor content, Angstrom 230 

exponent, and variation in day number over the whole period of measurements. One can see a substantial 231 

systematically overestimation of monthly mean aerosol optical thickness at 500nm in the standard 232 



AERONET dataset up to 0.03 for several months. For all months (except September and November) the 233 

error is higher than 0.01, which corresponds to the uncertainty of AOT measurements (ε=0.01, depicted 234 

by the line in Fig. 3). In some years the monthly mean difference can even exceed 0.1 (for example, in 235 

February 2005 and October 2012). A detailed analysis was made to understand the reasons of these large 236 

discrepancies with the standard AERONET AOT dataset. Fig.4 shows the comparison between the 237 

standard daily mean AOT500 and Angstrom exponent data and their values after additional cloud 238 

filtering. In February 2005 additional cloud filtering provided full elimination of measurements during 239 

03.02.2005 and 27.02.2005, which were characterized by smaller Angstrom exponent and extremely high 240 

AOT on 27/02/2005. According to the additional checks we found that all these cases were observed in 241 

solar disk conditions with SD=1 or SD=0. The additional cloud filtering also provides a slight increase in 242 

Angstrom exponent during the other days in February 2005, that also indirectly confirms the elimination 243 

of cloud-contaminated cases. In October 2012 the application of the additional cloud filter provided 244 

removal of high AOT500 values on 04/10/2012 due to the existence of overcast cloud conditions with 245 

SD=1 and SD=0. However, since the Angstrom exponent was not small the cloudiness was rather thin on 246 

04/10/2012. During the other days in October the difference in both aerosol characteristics obtained 247 

before and after the additional cloud filtering was negligible.  248 

Due to existing AOT seasonal change the relative difference in AOT500 has a noticeable minimum 249 

in summer (5%) and the increase up to 20-30% during winter months when the occurrence of upper 250 

cloudiness is high and AOT is low.  There is also discernible underestimation of Angstrom exponent in 251 

the standard AERONET dataset due to the influence of close to neutral scattering on large cloud droplet, 252 

which contaminate AOT values which are used for the Angstrom exponent evaluation. The relative bias 253 

in Angstrom exponent has also some tendency towards higher underestimation (from -1-2% to -6%) in 254 

the standard product in cold period. Both positive AOT difference and negative Angstrom exponent 255 

difference clearly indicate the reliable elimination of cloud contaminated cases after the application of 256 

additional cloud filter. It is interesting that water vapor content W is also overestimated in cloud 257 

contaminated conditions up to 0.05-0.07 cm (or 15-20%) during winter months possibly due to the 258 

additional absorption by ice and water particles. However, there can be another reason for this 259 

phenomenon: the air convergence may create favorable conditions with higher relative humidity and 260 

water vapor content in the atmosphere, and, hence, the existence of clouds (see, for example, Jeong, Li, 261 

2010). However, these processes should be studied further.   262 

After the application of an additional cloud filter the day number significantly decreases (see 263 

Fig.3b): up to 7-20% during warm period, and 25-45% in cold period due to higher occurrence of 264 

overcast upper layer cloudiness and the application of more strict filter NA<6. Note, that small day 265 

number with aerosol observations in winter due to cloudy conditions results in large relative changes of 266 



the removed day number even when only 1-2 days are removed from the initial statistics. These values 267 

are in a qualitative agreement with the cirrus susceptibility percentage tests of AERONET level 2.0 AOT 268 

retrievals against the CALIPSO vertical feature masks (Huang et al.,2012), but they differ from the 269 

similar assessments against Micro-Pulse Lidar data shown in the same paper. However, the application of 270 

the Micro-Pulse Lidar data for evaluating the cirrus cloud contamination over Tropical area (Chew et al., 271 

2011)  has revealed much higher susceptibility percentage (about 23-34%) of the AOT sample, which is 272 

in qualitative accordance with our data for winter months.  273 

However, several recent studies indicated that clouds can have a real impact on AOT. These 274 

mechanisms of aerosol/cloud interaction include aerosol hygroscopic growth, increasing aerosol 275 

concentration due to air convergence, and new particles formation in the presence of clouds (Su et al., 276 

2008, Jeong , Li, 2010, Eck et.al. 2012, Eck et.al. 2014). In addition to well known hygroscopic growth  277 

of particles there is a mechanism of the gas-to-particle conversion, which occurs more intensively in the 278 

aqueous phase in cloud droplets due to the oxidation of gases (SO2, NOx, SOA) (Eck et al., 2014).  Due 279 

to this mechanism in the presence of convective cloudiness the formation of new aerosol particles may 280 

observe providing higher aerosol loading during the periods with higher cloud amount in the vicinity of 281 

clouds  (Eck et.al. (2014). The same mechanism also provides lower Angstrom exponent values. 282 

Another mechanism of simultaneous variations in both aerosol and cloud amount is the changes in 283 

meteorology conditions, when, depending on advection and circulation features one can obtain 284 

synchronous changes in AOT and cloud amount, which do not interact with each other. A good example 285 

of this effect is the noticeable dependence of AOT and Angstrom exponent on various cloud filters for 286 

January. As discussed above, according to the results of 24-hour HYSPLIT backward trajectory analysis 287 

the collocated changes in AOT and cloud amount (value of cloud filter, see Fig.1) are likely observed due 288 

to the changes in advection.  However, during warm period according to our long-term dataset we did not 289 

obtain the AOT-cloud amount dependence, except 100% contaminated cases when the NA<9 threshold 290 

filter has been applied. We should also mention that after applying this filter, which removes the data 291 

when solar disk was blocked by cloud, we do not remove any cases with particular convective cloudiness 292 

development, except those, which have been removed by the standard AERONET cloud-screening 293 

algorithm. However, it will be interesting to compare the results with the coming AERONET version 3 294 

dataset, where a modification of standard cloud-screening algorithm will be applied to the data according 295 

to the method described in (Eck et al., 2014).  296 



3.1.2 NO2 correction algorithm and the effects of the revised NO2 climatology on 297 

AOT estimations  298 

The version 2 AERONET algorithm includes the correction on different trace gases content 299 

(http://aeronet.gsfc.nasa.gov/new_web/Documents/spectral_corrections_v2.pdf). Among them nitrogen 300 

dioxide (NO2) has a significant absorption in UV and several visible channels, especially over the 301 

urban/industrial areas.  302 

We should emphasize that Moscow is a large megalopolis with significant level of NOx emission of 303 

about 100 ktyr-1 (Ivanov et al., 2012). According to the data of Mosecomonitoring Agency the actual NO2 304 

surface concentrations in clean background conditions near Moscow are about 70% lower than those 305 

observed in Moscow (Report on the State of the Environment in Moscow, 2014). The spectral correction 306 

of aerosol optical thickness on NO2 in the AERONET algorithm is made according to the SCIAMACHY 307 

climatology data over the 2003-2005 period (http://www.temis.nl/airpollution/no2.html) (Eskes et 308 

al.,2004). However, other studies have revealed much higher NO2 content over Moscow (Ivanov, et al., 309 

2012). According to satellite data the NO2 tropospheric content over megacities reach high level (Hiboll 310 

et al., 2013). Our aerosol comparisons in urban and background conditions (Chubarova et al., 2011) also 311 

demonstrated the existence of the residual NO2 contamination over Moscow, which can be seen in a 312 

specific character of AOT spectral difference between the parallel measurements in Moscow and in 313 

Zvenigorod background conditions at the distance of 55 km (see Fig.3 and the discussion in Chubarova et 314 

al., 2011). This residual NO2 contamination is caused by much higher NO2 content in Moscow than that 315 

accounted in the AERONET algorithm.  316 

In order to exclude the effects of NO2 underestimation in AOT retrievals over urban Moscow area 317 

we applied the algorithm for evaluating the NO2 content, which has been developed recently (Chubarova 318 

et al., 2009, Chubarova et. al, 2010). For accounting the NO2 amount up to the height of 350m we utilized 319 

the developed parameterizations of its content within 350m according to in-situ long-term NO2 320 

measurements in the boundary layer from ground to 350m in several points of Moscow (at  the Ostankino 321 

tower and at the top of Moscow State University Building) during summer and winter conditions to 322 

account for possible differences in meteorological factors like boundary layer altitude, temperature and 323 

photochemistry effects.  These data were combined with the results of photochemical model, which had 324 

been adapted to the available experimental data on different chemical constituents and meteorological 325 

conditions in the boundary layer. Input model parameters include spectral flux of solar radiation; 326 

absorption cross sections and quantum yields of photodissociation products; rate constants of chemical 327 

reactions; the altitude temperature profiles, turbulent diffusion coefficients, concentrations of some 328 

atmospheric components, and meteorological parameters which were measured during the experiments 329 

[Chubarova et al., 2010]. The applied 1-D photochemical model calculated the vertical profiles with 50-330 



meter resolution up to 20 km and takes into account for several hundreds of chemical reactions for 100 331 

components. We also used the temperature profiles from Microwave Temperature Profiler MTP5 332 

(Kadygrov et al., 2003) up to 600 m for the evaluation of the diffusion coefficients to account for the 333 

different boundary layer conditions. As a result, various weighting coefficients for summer and winter 334 

conditions were evaluated for different layers: 0-350m, 350-1000m, and 1000-2000 m. According to 335 

these data we obtained two regimes of NO2 vertical distribution typical for Moscow conditions within the 336 

low 2 km layer. Note, that tropospheric and especially boundary layer NO2 content in urban areas has the 337 

most important contribution to the total NO2 content and is several times higher than that in background 338 

conditions (Richter et al., 2005, Hiboll et al., 2013). Therefore for the altitudes higher 2km we applied the 339 

climatological NO2 values according to numerous data of aircraft measurements (Bruns et al. 2006, 340 

Heland et al., 2002, Martin et al., 2006). They are about 0.01 ppb for the altitudes of 2-5 km, and are 341 

characterized by linear decrease to approximately 0.01 ppb at 12 km. In the stratosphere the NO2 profile 342 

corresponds to the data published in (Bruns, 2004) according to the direct measurements in Europe and 343 

Northern America. Totally the NO2 content at the altitudes higher 2 km is relatively small comprising 344 

about 0.24 DU. (0.6 1016
 mol cm-2).    345 

Figure 5a and Table 1 show the resulting monthly mean NO2 content obtained according to the 346 

proposed method. One can see that the maximum NO2 content is observed in February and elevated NO2 347 

values are recorded in December-March period due to higher emissions from power stations during the 348 

heating season and larger NO2 life time in winter conditions due to decreasing of the photodissociation 349 

rates at higher zenith angles (Brasseur and Solomon, 1986). Fig. 5a also demonstrates seasonal variations 350 

of NO2 content, which is used in the standard AERONET algorithm. One can see that the new NO2 351 

climatology is 2-3 times higher than the standard AERONET NO2 climatology, which is applied in the 352 

AERONET aerosol correction algorithm. Since these NO2 amounts were obtained for the 2003-2005 353 

period, we also compared them with the NO2 retrievals over the same period according to the proposed 354 

method. As it is seen in Fig.5a, no any statistically significant difference between the revised NO2 content 355 

climatology is detected between the 2002-2013 and 2003-2005 periods.  356 

The values obtained from the new NO2 climatology are well coincided with the results of accurate 357 

direct NO2 retrievals using MAX-DOAS algorithm (Ivanov et al., 2012) over the same MSU MO site. We 358 

have a good agreement with these  MAX-DOAS NO2 estimates for 15 months of collocated observations. 359 

Mean difference between our NO2 retrievals and the MAX-DOAS dataset is about -2±12% (at P=95%) 360 

for monthly mean NO2 estimates, which were used for the NO2 aerosol correction.   361 

The estimated NO2 optical thickness (OTNO2) in different CIMEL spectral channels is shown in 362 

Fig.5b. The most pronounced effects of OTNO2=0.02-0.03±0.003 are observed for 380 and 440nm 363 

channels due to the strongest NO2 absorption there. At the same time, NO2 optical thickness obtained 364 



from the standard AERONET algorithm is much smaller and does not exceed OTNO2=0.013 at 380nm in 365 

March. New NO2 climatology provides NO2 optical thickness, which is 2-4 times higher than the values 366 

in the standard AERONET dataset for Moscow urban conditions. It should be emphasized that the added 367 

OTNO2 values are close to the uncertainty threshold of aerosol optical thickness evaluation of ∼0.02 at 368 

340nm and are usually higher or comparable with the uncertainty threshold for AOT at other wavelengths 369 

especially, in winter and spring conditions, which should be necessary to take into account. The obtained 370 

monthly mean NO2 content can be considered as a typical level for large megalopolis with 12 million 371 

residents and the NOx emission rates of about 100 ktyr-1.   372 

The effect of NO2 content on the AOT retrievals is not very large and since there is no statistically 373 

significant trend in NO2 content over Moscow according to our data as well as according to satellite 374 

retrievals (Hiboll et al., 2013, Shneider et al., 2015), we suggest to account only for monthly mean NO2 375 

values.  376 

Since the uncertainty in AOT according to the additional correction on the revised NO2 optical 377 

thickness has a spectral character the effect is also expressed in the retrievals of the Angstrom exponent 378 

(α). One can see in Table 1 a decrease (in absolute values) in the α440-870 retrievals of about 0.06-0.3 for 379 

different months mainly due to the reduction of AOT at 440nm after applying the higher values of OTNO2 380 

from the new NO2 climatology. On the contrary, the revised Angstrom exponent retrievals in UV spectral 381 

region increase up to 0.15-0.6 after additional NO2 correction. Both procedures lead to decreasing in the 382 

second derivative of logarithm of AOT versus logarithm of wavelength (Eck et al., 1999) and may affect 383 

the inverse RT solution in the AERONET algorithm (Dubovik, King, 2000), especially in case, when 384 

OTNO2 values are close to aerosol optical thickness.   385 

Seasonal variations of OTNO2 to AOT ratios at different wavelengths are shown in Figure 5c. One 386 

can see that the maximum effect is observed for the ratio at 380nm and 440nm, comprising about 15-20% 387 

in winter and 5-6% in other seasons. This ratio is smaller at 340 and 500 nm varying from 10% in winter 388 

to 2-3% in other seasons. The most substantial changes in aerosol properties and, hence, in solar 389 

irradiance due to NO2 correction are observed during cold period. This implies the increase in the effects 390 

of NO2 absorption during winter time.  391 

We estimated relative attenuation due to monthly mean NO2 and aerosol optical thickness for 392 

erythemal and longwave UV 300-380nm irradiance at ground using the TUV model (Madronich, Flocke, 393 

1998) with 8-stream DISORT solver and pseudo spherical corrections. According to our estimates similar 394 

effects of NO2 and AOT of about 4-7% are observed during winter time, while in summer the effects of 395 

AOT reach 14% compared with 1-2% due to NO2 (Fig.5d). There is a pronounced amplification of NO2 396 

effects for longwave UV 300-380nm irradiance due to the increase of the effective wavelength (from 397 

∼305-315 nm for erythemal radiation to ∼345nm – for UV irradiance 300-380nm), where the NO2 398 



absorption coefficients are much higher. In addition, using the on-line calculator 399 

(http://litms.molnet.ru/csif/index.php) developed in the Institute of Moleculer Physics of RRC “Kurchatov 400 

Institute” we estimated the effects of NO2 on total shortwave irradiance, which are about 0.5% in summer 401 

and 2.5% in winter depending on NO2 content and solar zenith angle.   402 

As a result, we have applied the NO2 correction to monthly mean AOT values for the whole 403 

AERONET dataset in Moscow since 2001. We should note, that large NO2 content can be also observed 404 

in forest fire smoke plumes, however, due to large aerosol amount and small OTNO2/AOT ratios its 405 

radiative effect should be small compared with the aerosol radiative impact. 406 

Large NO2 content has also the influence on the retrievals of other aerosol characteristics, which are 407 

not considered in this study. However, according to the previous cases study analysis we showed the 408 

pronounced effects of NO2 on the retrievals of single scattering albedo, which can increase up to 0.02 409 

when the ratio OTNO2/AOT at 440nm is about 10% (Chubarova and Dubovik, 2004). The influence of 410 

NO2 on the retrievals of aerosol size distribution is also pronounced with the artificial bias towards 411 

smaller particles with overestimating the fine mode fraction of about dV/dlnr= 0.02 µm3/µm2 at r=0.05-412 

0.065 µm and the decrease over 0.01-0.03 µm3/mm2 at 0.11-0.15 µm for typical air pollution conditions 413 

(Chubarova and Dubovik, 2004). In overall, the fine mode fraction due to accounting for NO2 content 414 

changes on 1-5%. We should note that in (Chubarova and Dubovik, 2004) only few cases (n=14) were 415 

analyzed while in this study we considered the NO2 effects on AOT climatology over the whole period of 416 

measurements. In addition, in (Chubarova and Dubovik, 2004) the evaluation of the NO2 content was 417 

made using the model vertical profile according to the global 3-D GEOS-CHEM model (Martin et al., 418 

2002), while in this paper we applied the NO2 profile in the low troposphere using the parameterizations 419 

obtained according to the in-situ NO2 measurements up to 350meters and photochemical model directly 420 

for Moscow conditions.  421 

A full scheme of aerosol correction for Moscow MSU MO aerosol measurements is shown in Fig.6. 422 

The final aerosol product is attributed to so-called level 2.5 just to be in the mainstream of the AERONET 423 

standard level ranks. Currently, the correction has been fulfilled only for the aerosol parameters retrieved 424 

from direct solar measurements (aerosol optical thickness and Angstrom exponent).  425 

The standard and the revised monthly mean spectral АОТ dependences over the 2001-2014 period 426 

with the application of the cloud and NO2 corrections are shown in Fig.7. The revised spectral 427 

dependencies for most months especially in cold period, when NO2 to AOT ratio is high, are 428 

characterized by more smooth spectral character due to the influence of spectral NO2 correction. This 429 

correction also induces slightly higher determination coefficient when obtaining Angstrom exponent 430 

within 440-870nm in logarithmic space coordinates. The total difference in annual mean AOT values due 431 



to the additional account for cloud and NO2 corrections is about 0.04 in UV, 0.02 in visible, and 0.01 in 432 

near-infrared spectral ranges. 433 

 434 

3.2 Seasonal changes in aerosol optical thickness in Moscow according to the revised 435 

dataset  436 

 After the additional cloud and NO2 correction we obtained a revised dataset of aerosol optical 437 

thickness, water vapor content and Angstrom exponent over the 2001-2014 period. Fig.8 shows the 438 

seasonal changes of monthly mean AOT500, AOT380, and Angstrom exponent α440-870 from the revised 439 

dataset, the dataset with only additional cloud correction, and from the standard AERONET level 2.0 440 

dataset. The difference between the cloud-corrected and the revised aerosol optical thickness 441 

demonstrates the effect of NO2 additional correction. The revised AOT seasonal cycle is characterized by 442 

a pronounced summer maximum reaching AOT500=0.3 in August, an additional maximum in April 443 

(AOT500=0.22), and minimum in December and January (AOT500=0.08). One can see that the 444 

application of the additional cloud correction removes a local AOT maximum in February, and lowered 445 

the December artificial high AOT values. The application of the new NO2 climatology provides the 446 

decrease in AOT all over the year and does not significantly change the AOT seasonal cycle. The 447 

maximum effects of NO2 can be seen in correction of AOT at 380nm due to the highest NO2 absorption 448 

coefficients. The effects of additional NO2 and cloud correction are comparable for AOT380 and 449 

AOT440, while for AOT at other wavelengths the additional cloud correction plays more vital role. The 450 

main statistics of revised AOT, water vapor content and Angstrom exponent are presented in Table 2. It 451 

should be noted, that we have very small AOT statistics in December due to high cyclonic activity with 452 

cloudy weather. Moreover, the application of the restriction on air mass m>5, which can be observed in 453 

December even at noon conditions in Moscow, provides further elimination of the level 2.0 data.  So the 454 

obtained climatological values should be taken with caution. However, after the additional corrections 455 

even this small dataset demonstrates reasonable AOT values, which are in agreement with the statistics 456 

obtained for January (next winter month) conditions (see Table 2). 457 

 In Moscow Angstrom exponent has a pronounced maximum in summer months, which had been 458 

also documented for European conditions (Hsu et al., 2014, Chubarova, 2009). The revised α440-870 values 459 

are characterized by much more noticeable seasonal dependence with a substantial decrease in December.  460 

 Figure 9 presents three-dimensional distributions of monthly mean, 50% quantile, maximum and 461 

minimum AOT500 values over the 2001-2014 period. The AOT maximum in spring (and, especially, in 462 

April) is typical for almost all years and is a characteristic feature for the whole Eastern European plane. 463 

It can be explained by the circulation pattern from South-East of Russia and Kazakhstan with dust 464 



advection from semi-deserts and steppes, as well as by the accumulation of the dust after snow melting, 465 

and the beginning of agricultural season with the prescribed fires. At the same time, relatively small 466 

precipitation prevents wet deposition of aerosol particles and contributes to their accumulation. In April, 467 

for example, the precipitation is only 41 mm, which is about 30% smaller than the annual monthly mean 468 

value (Chubarova et al., 2014).  The local June minimum is observed due to the increase in precipitation, 469 

dominating the northern air advection from Scandinavian regions, more intensive uptake of aerosol by 470 

grass and leaves, and comparatively high water store in soil and vegetation, which can also prevent active 471 

mineral dust aerosol formation. According to monthly mean data summer AOT500 maximum is observed 472 

in August. However, AOT500 50% quantile has the maximum in July, when the high temperature 473 

provides favorable conditions for the second aerosol generation and accumulation of aerosol (see also 474 

Fig.8 and Table 2). The bias towards the fall in monthly mean AOT500 is observed due to the episodes 475 

with forest and peat bog fires with high aerosol loading in 2002 (July, August and September) and 2010 476 

(July, August) (Chubarova et al., 2012).  477 

 In winter, there is a minimum in AOT due to wet deposition of aerosol during active cyclonic 478 

processes and the absence of favorable conditions for second aerosol generation. Note, that low AOT in 479 

December and February are observed only after NO2 and cloud correction.   480 

 The described AOT seasonal changes occur almost every year, except 2006 (see Fig.9). AOT 481 

daily maxima are also observed every year in spring and in summer. During the intensive forest fires in 482 

Moscow regions in 2002 and 2010 the daily maximum AOT500 has reached 2.3 in July 2002 and 3.7 in 483 

August 2010. However, there are no any seasonal changes in daily minima - the AOT500 varies within 484 

0.02-0.05 throughout the year. Even during the long-term forest fires episodes very low and extremely 485 

high AOT values are observed during the same month. This phenomenon takes place due to changes in 486 

wind direction and the advection of fresh air as well as due to the effective wet deposition of aerosol 487 

particles from the atmosphere which, for example, was observed in August 2010.  488 

  489 

3.3 Long-term AOT trends in Moscow and their possible reasons 490 

 The continuous aerosol measurements since 2001 provide a useful tool for studying long-term 491 

variability of aerosol properties over 14 years. Table 3 summarizes the correlation coefficients and AOT 492 

relative temporal changes for different months, except January and December, when the statistics is too 493 

low due to prevailing cloudy conditions. One can see a decrease in monthly mean AOT500 with the rate 494 

of about ∼1-5% per year for most months, except June and November. However, the statistically 495 

significant trends of mean and daily maxima AOT500 values at P=95% are observed only in April, May 496 

and September. After excluding the intensive fire periods in 2002 and 2010 the significance of AOT trend 497 

remains the same, but its values have changed, for example, from 10% to 3% per year in September. In 498 



April and September statistically significant negative trends were also obtained for 50% quantile 499 

AOT500. So we can state that the most significant AOT decrease is observed in spring and fall periods, 500 

however, negative tendencies are observed almost throughout a year.  501 

 Relative changes in annual mean and 50% quantile values of aerosol optical thickness at different 502 

wavelengths in UV, visible and near-infrared spectral range are shown in Fig.10. Negative annual AOT 503 

trends are about -2.3% and -1.7% per year at 500 nm, -2.7% and -2.9% per year  at 340nm, and -1.8% and 504 

-1.1% per year at 1020 nm respectively for the mean and 50% quantile values. For the annual mean AOT 505 

the negative trend is statistically significant at P=95% over the whole spectral range and is characterized 506 

by a 15-20% drop over the last four years, while for annual 50% quantile AOT values the significant 507 

trend is observed only at 340 nm and at 500 nm. There is no statistically significant trend in the annual 508 

50% quantile AOT at 1020 nm that could mean preserving the same coarse mode particles content in 509 

typical conditions. This could be also confirmed by the decrease in monthly mean Angstrom exponent 510 

obtained within a spectral range of 440-870nm during summer period. We should emphasize that the 511 

trend obtained for annual mean AOT values is much more sensitive to the fire smoke episodes with 512 

extremely high aerosol loading (for example, forest fires in 2002 and 2010). Annual 50% quantile AOT 513 

values are not sensitive to such outbursts, therefore their interannual changes better describe the temporal 514 

changes of typical aerosol.  515 

 The negative AOT trends in 21 century are observed over many regions in Europe. For example, 516 

according to satellite dataset Yoon et al., (2014) has revealed a distinct AOT decrease over western 517 

Europe of about −40% from 2003 to 2008. The same negative trends over 1997 to 2010 in Europe was 518 

obtained in (Hsu et al., 2012) according to SeaWiFS measurements. In Putaud et al (2014) the negative 519 

trends in AOT and some other aerosol characteristics were also obtained in Northern Italy over the 2004–520 

2010 period. 521 

 There can be several natural or anthropogenic reasons for these negative AOT trends. In order to 522 

study the effect of anthropogenic emissions we used the officially reported emission data from the Centre 523 

on Emission Inventories and Projections WebDab – EMEP database 524 

(http://www.ceip.at/status_reporting/2014_submissions/). Fig 11a presents temporal variations in 525 

emissions of different main aerosol precursors over the European part of Russia, which can affect the 526 

secondary aerosol generation in Moscow. One can see a statistically significant at P=95% decrease in SOx 527 

emission of about 135 Gg yr-1 per year (or 135 Gg yr-2), the negative trend in emission of Non-methane 528 

volatile organic compound (NMVOC) of about 54 Gg yr-2. In addition, the CO emissions, which do not 529 

influence directly on the secondary aerosol generation but may characterize the intensity of pollution 530 

from the transportation sources, has also a pronounced negative trend of about 69 Gg yr-2. This negative 531 

trend also confirms the complex character of the atmosphere cleanup. There is also a tendency of  NOx  532 



decrease over European part of Russia, especially during the last years but it is not statistically significant. 533 

Some negative tendency is observed in emissions of the particulate matter with the diameter less 2.5 µm 534 

(PM2.5). The comparison of temporal variability of main aerosol precursors over the European part of 535 

Russia and in Moscow is shown in Fig.11b. There we also present the trend in annual 50% quantile 536 

AOT500, which is not sensitive to the extremely high aerosol loading during the Moscow 2002 and 2010 537 

fire episodes. One can see the absence of local changes in SOx in Moscow compared with a distinct 538 

negative trend in SOx up to -6.5% a year over the European part of Russia, which can be observed due to 539 

changes in fuel from coal to gas. In Moscow this change of fuel has been made earlier, at the end of 540 

1980s. Note also, that the high median AOT values in 2006 correspond well with the elevated emission of 541 

SOx both in Moscow and at the whole European part of Russia as well as the elevated emission of NOx in 542 

Moscow. The last years are characterized by a decrease in NOx emission both in Moscow and at the 543 

European part of Russia possibly due to improving the quality of petrol standards. As a result, we assume 544 

that negative trend in AOT is observed likely due to the decrease in anthropogenic emissions of SOx and 545 

NMVOC over European part of Russia, which play a significant role in the second aerosol generation, 546 

especially during warm period. Some important role can also play the decrease in NO2 emission during 547 

the last years since 2010. 548 

 However, natural AOT variations should be also taken into account. For example, since the AOT 549 

spatial distribution is characterized by a significant decrease from south-east to the north in Europe 550 

(Chubarova, 2009) natural AOT interannual variability can be observed due to the year-to-year variability 551 

of different air mass advection. We tested this effect and its possible influence on interannual AOT 552 

variability for the months with statistically significant negative trends - April, May, and September. For 553 

this purpose we compared the results obtained over the whole period of observations and over the last 5 554 

years since 2010, when low 50% quantile AOT500 values were observed (see Fig.10b).  555 

 For this purpose we used the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) 556 

model (Draxler and Hess, 1998) to generate the 24-hour backward trajectories for the days with AOT 557 

measurements in April, May and September at the altitude H=500m for 12:00 UTC.  Since Moscow is 558 

located close to the center of the European Plain and there is almost the same probability of air parcel 559 

arriving from different directions, we combined the results in the standard wind diagram and compared 560 

the change in the relative number of cases in different directions over the whole period of measurements 561 

(2002-2014) with that over the last years (2010-2014). We will consider that the significant difference in 562 

circulation pattern occurs, when the change in relative number of cases over a particular direction exceeds 563 

5%. In addition, we calculated the mean daily AOT500 for the air masses coming from different 564 

directions. Fig.12 presents the obtained wind diagrams as well as the mean daily AOT500 diagrams over 565 

these two periods. One can see that in most cases there is no significant difference in wind diagrams 566 

between 2010-2014 and 2002-2014 periods for all three months. The exception was observed in May with 567 



small prevailing of air mass advection from the East (+7%), accompanied by slightly lower AOT 568 

(difference in AOT500=-0.02), and in September with small prevalence of the air mass advection from 569 

the North (+6%) accompanied by slightly higher AOT values (difference in AOT500=+0.03). Lower 570 

AOT500 values during the last 2010-2014 period were observed almost at all the directions of air mass 571 

advection with the difference of about 0.02÷0.14 in April, 0.02÷0.10 in May and 0.03÷0.18 in September. 572 

The increase in AOT500 higher than 0.01 was only observed in conditions with South-West air mass 573 

advection in April (difference in AOT500=+0.09), which occurrence is small, and in September with 574 

North and East air mass advection when there was a slight difference in AOT500=+0.03. Hence, we can 575 

state that there were no significant changes in circulation pattern during the last years. Note, that the data 576 

from September, 2002, when the intensive forest fires were observed and AOT500 was unusually high, 577 

were not used in this analysis.  578 

 Wet aerosol deposition, regulated by precipitation, can also play an important role in year-to-year 579 

AOT variability. In addition, the enhancement of the dynamic stability of the atmosphere can be an 580 

effective factor leading to the stagnation of air and, hence, to the aerosol accumulation. As a parameter 581 

characterizing the atmospheric instability we used the convective available potential energy (CAPE) 582 

(Barry and Chorley, 1998). The CAPE data from the ERA-Interim re-analysis over Moscow (36-38⁰E, 583 

55-56⁰N) were taken for the days, when the aerosol measurements were made. As a result, multiple 584 

regression analysis has been applied for studying the relationship of monthly mean AOT500 with 585 

temperature (as an indicator of air advection), precipitation, wind speed, wind direction and CAPE 586 

characteristics according to the Moscow dataset over the whole period of measurements. However, the 587 

analysis revealed the absence of any significant AOT correlation with any of the characteristics 588 

considered. This means that natural factors might not be responsible for the negative AOT trend in the 589 

Moscow area.  590 

In addition, we compared the changes of meteorological parameters, AOT500, the annual emissions of 591 

main aerosol precursors and PM2.5, observed during the last 2010-2014 period with their values for the 592 

whole dataset 2002-2014. We have to analyze the existing 2002-2013 dataset for emissions and assume, 593 

that they do not vary within the year, since the monthly resolution data are not available. All data were 594 

normalized against their means. Fig.13 shows error bars interval  at confidence level P=95% of relatively 595 

changes over 2002-2014 in monthly mean AOT500, air temperature,  precipitation, CAPE, as well as 596 

NMVOC, NOx, PM2.5, SOx emissions and, for comparison, the mean relative changes of these 597 

characteristics over the 2010-2014 period for April, May and September. One can see that the mean 598 

negative changes in emissions during the last 2010-2013 period were significantly higher than those over 599 

the whole period while the relative changes in meteorological factors demonstrate different signs, except 600 

the precipitation, which slightly increases in all months. Their mean relative changes lie mainly within the 601 



error bars interval at P=95%, except air temperature in May, and CAPE in September. However, for the 602 

other months these parameters have even the opposite sign, which might means the random character of 603 

their change.  604 

 Hence, we should state that the effect of the negative trend in emission likely have the main 605 

influence on negative AOT500 trend, which was observed over Moscow. There are some slight changes 606 

in meteorological regime and advection, but they seems to be not very important.  607 

 608 

4 Discussion  609 

  We propose the additional cloud screening correction and the adjustment for the revised NO2 610 

content in large megacity conditions for obtaining the highest quality dataset of aerosol properties. Small 611 

but systematical AOT500 overestimation up to 0.03 in the standard AERONET dataset was received due 612 

to the effects of uniform upper layer clouds. This overestimation is usually higher than the uncertainty of 613 

AOT measurements. However, in some months the application of additional cloud filter resulted in the 614 

AOT bias of more than 0.1.  615 

 There can be some another drivers of increasing the AOT due to clouds as was obtained in several 616 

recent publications both from ground-based and satellite dataset due to aerosol humidification growth, 617 

cloud processing, or new particle formation in clouds (Quass et al., 2010, Eck et al., 2014). As a result, 618 

we may consider two competing phenomena – the effects of cloud contamination on aerosol retrievals 619 

and the possible changes in aerosol properties in the vicinity of clouds. We should note that since it is not 620 

possible to distinct these two processes without special field experiments as it was made in (Eck et al., 621 

2014), our revised aerosol climatology relates to the classical way of aerosol properties evaluation, when 622 

these aerosol/cloud interaction processes are not accounted for. However, the existence of the additional 623 

cloud contaminated cases with solar disk blocking conditions almost in all cases, except 0.5% in winter, 624 

biased the aerosol climatology. Their removal provides the better quality dataset.  625 

The relative AOT500 difference between the standard dataset and the dataset with the additional 626 

cloud-screening has minimum in summer (5%) and maximum up to 20-30% for winter months when the 627 

occurrence of upper cloudiness is high, and AOT values are low. The larger AOT difference in winter can 628 

be also attributed to more cloud filtering (with strict filter of human observed cloud fraction ≥60%) and 629 

therefore highly likely larger differences with the standard AERONET values.  630 

The application of an additional cloud filter results in significantly decrease in day number up to 7-631 

20% during warm period, and 25-45%  during the cold period because of higher occurrence of overcast 632 

upper layer cloudiness and the application of more strict filter NA<6. We should also note that the 633 

susceptibility percentage of contaminated cases is in the qualitative agreement with the data shown in 634 



Chew et al., (2011) as well as with the results obtained in (Huang et al. 2012) for the collocated 635 

AERONET/CALIPSO and AERONET/MODIS measurements.  636 

Since the effects of the proposed additional cloud-screening are distinct, its application may help in 637 

obtaining the better quality aerosol datasets by different users, especially for the old, historical records. 638 

However, we admit that this is not a rigorous assessment. But this additional correction could be very 639 

useful in different applications. It is also possible to verify the current aerosol datasets using the cloud 640 

data from the automatic total sky imagers, which have been already in operation at several sites (O’Neill 641 

et al., 2003, Jeong, Li, 2010) or using the collocated  lidar measurements (Chew et al, 2011, Huang et al., 642 

2012).  643 

 For additional NO2 correction a new NO2 content climatology over Moscow has been applied 644 

according to the algorithm, which has been developed recently (Chubarova et. al, 2010) on the base of in-645 

situ NO2 concentration measurements at different altitudes and the results of photochemical model. The 646 

new monthly mean NO2 content is two-three times higher, than that in the AERONET dataset, which is 647 

used for aerosol correction due to extremely large NOx emission in large megacity, like Moscow. The 648 

most pronounced effects of OTNO2=0.02-0.03 are observed at 380 and 440nm channels due to the 649 

strongest NO2 absorption. The obtained monthly mean NO2 climatology can be considered as a typical 650 

one for megalopolis conditions with 12 million residents and the NOx emission rates of about 100 ktyr-1 651 

(Ivanov et al., 2012). The NO2 correction over other megacities can be also made according to long-term 652 

satellite NO2 retrievals but after their rigorous validation. It should be emphasized that the upcoming 653 

AERONET Version 3 database utilizes a new monthly mean climatology of total columnar NO2 from the 654 

OMI satellite sensor data and that these values are significantly higher than those obtained from the 655 

SCIAMACHY database for the Moscow MSU MO site (T. Eck, personal communication). 656 

 Seasonal changes of OTNO2 to AOT ratio at 380 and 440nm vary from 15-20% in winter to 5-6% 657 

in warm period. This ratio is much smaller at 340 and 500 nm changing from 10% in winter to 2-3% in 658 

warm period. Hence, the most substantial changes in aerosol properties and, hence, in solar irradiance due 659 

to NO2 correction would be observed during cold period. According to radiative modeling this results in 660 

similar effects of NO2 and aerosol of about 4-7% in winter in the UV spectral region. For shortwave 661 

irradiance the NO2 effect in Moscow changes within 0.5-2.5% and also increases in winter.  662 

 The total difference in annual mean AOT values due to the additional account for cloud and NO2 663 

corrections is about 0.04 in UV, 0.02 in visible, and 0.01 in near-infrared spectral range. Note, that the 664 

NO2 correction mainly concerns the 340, 380, 440, and 500nm AOT channels and the retrievals of 665 

Angstrom exponent. The revised aerosol product after the application of additional cloud and NO2 666 

correction is attributed to so-called level 2.5 to be in the mainstream of the AERONET standard level 667 



ranks. Currently, the correction has been fulfilled only for the aerosol parameters retrieved from direct 668 

solar measurements (aerosol optical thickness, Angstrom exponent, and water vapor content). 669 

 The revised dataset of monthly mean aerosol optical thickness and Angstrom exponent in Moscow 670 

was used for studying seasonal changes as well as AOT long-term variability over the 2001-2014 period.  671 

 The corrected AOT mean seasonal cycle is characterized by a pronounced summer maximum, an 672 

additional spring maximum, and minimum in winter conditions (December-January). The application of 673 

the additional cloud correction removes a local AOT maximum in February, and lowered the December 674 

artificial high AOT values. Although we have only 4-day sample for December the application of 675 

additional correction provided reasonable changes removing the cloud contaminated cases with high 676 

optical thickness.  However, still due to small statistics, the results for this month should be taken with 677 

caution. After the application of additional filters we also obtained much more noticeable seasonal 678 

dependence of Angstrom exponent with the maximum during summer period.   679 

 There are pronounced statistically significant negative trends at P=95% in temporal variation of 680 

mean and 50% quantile AOT500 values for some months over 2001-2014. We also found a decrease in 681 

monthly mean AOT500 changes of about -1-5% per year for most months, however, the statistically 682 

significant trends of mean and daily maxima AOT500 values are observed in April, May and September. 683 

The most significant temporal changes in AOT are observed in spring and fall period. This is especially 684 

important, since April is characterized by local seasonal AOT maximum. Removal of AOT observed 685 

during the intensive fire periods in 2002 and 2010 does not change the significance of the results, but 686 

modify the value of AOT500 relative change.  687 

 There is also a statistically significant negative trend at P=95% in annual mean AOT variations 688 

over the whole spectral range with a pronounced 15-20% drop during the last years. At the same time 689 

considering annual 50% quantile AOT variation we found a statistically significant trend in AOT only at 690 

340 and 500 nm. No similar tendency in AOT at 1020 nm was obtained, that could mean no temporal 691 

changes in coarse mode particles during the whole period of observations in typical conditions, which are 692 

better described by the analysis of 50% quantile AOT.  693 

 To understand the cause of the negative trends we used the officially reported emission data from 694 

WebDab – EMEP database (http://www.ceip.at/status_reporting/2014_submissions/). According to these 695 

data we showed that the decrease in AOT in 21 century can be observed due to statistically significant at 696 

P=95% negative trends in SOx emission of about 135 Gg yr-2, in NMVOC emission of about 54 Gg yr-2, 697 

which can affect the secondary aerosol generation. We found that the high median AOT values in 2006 698 

correspond well with the elevated emission of SOx both in Moscow and at the European part of Russia, as 699 

well as with NOx – in Moscow. The last years are characterized by the decrease in NOx emission both in 700 



Moscow and at the European part of Russia possibly due to improving the quality of petrol standard. 701 

However, the NO2 trend in Moscow and over European part of Russia is not statistically significant.  702 

 We also studied the possible effect of natural factors in interannual AOT variability. According to 703 

the 24-hour NOAA HYSPLIT model backward trajectory analysis at 500m AGL for 12h UTC we 704 

obtained the wind diagrams and the distribution of daily AOT500 at different directions of the air mass 705 

advection for the months with statistically significant negative AOT trends (April, May, September). 706 

However, no significant difference in wind diagram is observed over 2010-2014 compared with the 2002-707 

2014 period for all three months except the small increase (+7%) in conditions with the East air mass 708 

advection, accompanied by slightly smaller AOT in May, and the small increase (+6%) of air mass 709 

advection from the North with slightly higher AOT values in September. At the same time we see a 710 

significant drop in AOT500 values almost at all directions, except South-West air mass advection in 711 

April, which occurrence is small, and in conditions with North and East air advection in September.  712 

No statistically significant correlation was obtained in monthly mean AOT relationship with different 713 

meteorological parameters and CAPE. The analysis of relative changes in different characteristics 714 

obtained during the last years against the whole period of observations has revealed that mean negative 715 

changes in emissions of aerosol precursors over the 2010-2013 period were significantly higher than 716 

those over the whole period, while the relative changes in meteorological factors demonstrate different 717 

signs, except the precipitation, which slightly increased in all months. However, its changes are not 718 

statistically significant. This means the importance of the anthropogenic factor (negative emissions of 719 

aerosol precursors) for attributing the negative AOT trend in Moscow.  720 

 721 

5 Conclusions 722 

 We show the necessity of additional cloud and NO2 correction for retrieving the best quality 723 

aerosol climatology. The application of the additional cloud-screening filters revealed a noticeable 724 

positive bias of up to 0.03 in monthly mean aerosol optical thickness compared with the results obtained 725 

from the standard algorithm.  726 

  A new NO2 climatology over Moscow has been obtained. Its application demonstrates that 727 

tropospheric NO2 content in Moscow is two-three times larger than that applied in the standard 728 

AERONET algorithm. The additional NO2 correction of aerosol optical thickness is about  0.01 at 340nm, 729 

and 0.015 – at 380 and 440nm. 730 

 The total difference in annual mean AOT values due to the additional account for cloud and NO2 731 

correction is about 0.04 in UV, 0.02 in visible, and 0.01 in near-infrared spectral range, which are higher 732 



than the uncertainty of AOT measurements. The NO2 correction mainly concerns the 340, 380, 440, and 733 

500nm AOT channels and the retrievals of Angstrom exponent. 734 

 The revised dataset was used for the analysis of seasonal and year-to-year variability of aerosol 735 

optical thickness in Moscow over the 2001-2014 period.  We have revealed the distinct seasonal cycle in 736 

AOT500 values changing from 0.08 in December up to 0.3 in August as well as summer maximum in  737 

Angstrom exponent.  738 

 The interannual changes in aerosol properties reveal distinct negative trends, which are 739 

statistically significant in April, May and September. We show that the main reason for the AOT decrease 740 

could be negative trends in emissions of different aerosol precursors over European Plain according to the 741 

WebDab – EMEP database. We showed that the AOT negative trend can be observed due to a noticeable 742 

decrease in SOx, NMVOC emissions at the European Plain as well as due to the additional decrease in 743 

NOx during the last years. The analysis of variability in natural factors has not revealed their significant 744 

influence on negative AOT trends. However, further studies will be helpful for understanding the role of 745 

specific emissions and their interaction with changing weather conditions.  746 
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List of the Tables: 915 

Table 1. The monthly mean total NO2 content according to the new climatology and NO2 used in 916 

the standard AERONET algorithm; total NO2 optical thickness at different wavelengths, and the 917 

difference in Angstrom exponent obtained with and without additional NO2 correction of aerosol optical 918 

thickness at different wavelengths. Moscow, 2002-2013.  919 

 920 

 

 

months 

 

total* 

NO2 content, 

DU* 

 

NO2 content 

used in the 

standard 

AERONET 

algorithm 

 

total* NO2 optical thickness at different 

wavelengths, nm 

 

difference in 

Angstrom exponent 

340 380 440 500 

440-

870nm 

340-

380nm 

1 1.69 0.401 0.018 0.027 0.023 0.010 -0.22 0.55 

2 1.96 0.607 0.022 0.032 0.027 0.012 -0.15 0.38 

3 1.82 0.809 0.020 0.029 0.025 0.011 -0.10 0.24 

4 1.60 0.429 0.017 0.026 0.022 0.010 -0.08 0.21 

5 1.35 0.373 0.015 0.022 0.018 0.008 -0.08 0.21 

6 1.13 0.278 0.012 0.018 0.015 0.007 -0.09 0.22 

7 1.29 0.526 0.014 0.021 0.018 0.008 -0.05 0.13 

8 1.34 0.474 0.015 0.022 0.018 0.008 -0.05 0.12 

9 1.23 0.297 0.013 0.020 0.017 0.007 -0.07 0.16 

10 1.24 0.371 0.014 0.020 0.017 0.007 -0.11 0.29 

11 1.47 0.518 0.016 0.024 0.020 0.009 -0.18 0.44 

12 1.62 0.285 0.018 0.026 0.022 0.010 -0.33 0.78 

year 1.48 0.45 0.02 0.02 0.02 0.01 -0.13 0.31 

*- total NO2 content partly includes the NO2 content which is applied in the standard 921 

AERONET  correction algorithm.  922 

 923 

  924 



Table 2. The main statistics of aerosol optical thickness at different wavelengths, water vapor content, and 925 

Angstrom exponent α440-870 in Moscow. The revised AERONET dataset. 2001-2014.   926 

 927 

Months 1 2 3 4 5 6 7 8 9 10 11 12 year 
average 

Day number 33 68 144 191 227 244 290 243 186 87 33 4 146 

mean 

AOT340 0.12 0.23 0.25 0.36 0.32 0.25 0.38 0.46 0.38 0.22 0.17 0.12 0.27 

AOT380 0.11 0.20 0.22 0.31 0.28 0.22 0.33 0.41 0.34 0.19 0.15 0.11 0.24 

AOT440 0.09 0.17 0.19 0.26 0.23 0.18 0.27 0.35 0.29 0.16 0.13 0.09 0.20 

AOT500 0.08 0.14 0.16 0.22 0.19 0.15 0.23 0.30 0.25 0.14 0.11 0.08 0.17 

AOT675 0.05 0.09 0.10 0.14 0.12 0.09 0.14 0.19 0.16 0.09 0.07 0.06 0.11 

AOT870 0.04 0.07 0.08 0.10 0.09 0.07 0.09 0.13 0.11 0.06 0.05 0.04 0.08 

AOT1020 0.04 0.07 0.07 0.08 0.08 0.06 0.07 0.10 0.09 0.05 0.05 0.05 0.07 

H20 content, 
cm 

0.27 0.29 0.50 0.70 1.35 1.69 2.21 2.02 1.55 0.91 0.58 0.37 1.04 

Angstrom 
exponent 

1.24 1.30 1.27 1.39 1.35 1.50 1.63 1.55 1.47 1.35 1.30 1.30 1.39 

standard deviation 

AOT340 0.09 0.15 0.19 0.26 0.19 0.15 0.29 0.50 0.42 0.15 0.12 0.04 0.21 

AOT380 0.08 0.14 0.17 0.23 0.17 0.13 0.26 0.48 0.39 0.14 0.11 0.04 0.20 

AOT440 0.07 0.12 0.14 0.19 0.14 0.11 0.23 0.45 0.34 0.12 0.09 0.04 0.17 

AOT500 0.06 0.10 0.12 0.15 0.11 0.09 0.19 0.41 0.30 0.10 0.07 0.04 0.14 

AOT675 0.04 0.07 0.08 0.09 0.07 0.05 0.12 0.29 0.19 0.06 0.05 0.04 0.09 

AOT870 0.02 0.05 0.05 0.06 0.05 0.04 0.07 0.20 0.13 0.04 0.03 0.03 0.06 

AOT1020 0.02 0.04 0.04 0.04 0.05 0.03 0.05 0.15 0.09 0.03 0.03 0.02 0.05 

H20 content, 
cm 

0.12 0.09 0.25 0.28 0.56 0.54 0.50 0.53 0.47 0.41 0.28 0.14 0.35 

Angstrom 
exponent 

0.24 0.28 0.29 0.23 0.29 0.25 0.17 0.18 0.21 0.24 0.16 0.35 0.24 

confidence interval P=95% 

AOT340 0.03 0.04 0.03 0.04 0.02 0.02 0.03 0.06 0.06 0.03 0.04 0.04 0.04 

AOT380 0.03 0.03 0.03 0.03 0.02 0.02 0.03 0.06 0.06 0.03 0.04 0.04 0.03 

AOT440 0.02 0.03 0.02 0.03 0.02 0.01 0.03 0.06 0.05 0.02 0.03 0.04 0.03 

AOT500 0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.05 0.04 0.02 0.02 0.04 0.03 

AOT675 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.04 0.03 0.01 0.02 0.04 0.02 

AOT870 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.02 0.02 0.01 0.01 0.03 0.01 

AOT1020 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.02 0.01 0.01 0.01 0.02 0.01 

H20 content, 
cm 

0.04 0.02 0.04 0.04 0.07 0.07 0.06 0.07 0.07 0.09 0.10 0.14 0.07 

Angstrom 0.08 0.07 0.05 0.03 0.04 0.03 0.02 0.02 0.03 0.05 0.05 0.34 0.07 



exponent,  

50%quantile 

AOT340 0.11 0.18 0.23 0.37 0.32 0.24 0.35 0.32 0.28 0.18 0.16 0.12 0.24 

AOT380 0.10 0.15 0.21 0.32 0.27 0.21 0.30 0.29 0.25 0.15 0.14 0.10 0.21 

AOT440 0.08 0.13 0.17 0.26 0.22 0.17 0.25 0.24 0.21 0.13 0.12 0.08 0.17 

AOT500 0.07 0.11 0.14 0.22 0.19 0.15 0.21 0.20 0.18 0.12 0.11 0.07 0.15 

AOT675 0.05 0.08 0.09 0.14 0.12 0.09 0.13 0.13 0.11 0.07 0.07 0.04 0.09 

AOT870 0.04 0.06 0.07 0.10 0.09 0.07 0.09 0.08 0.08 0.05 0.05 0.03 0.07 

AOT1020 0.04 0.06 0.06 0.08 0.07 0.06 0.07 0.07 0.06 0.04 0.05 0.04 0.06 

H20 content, 
cm 

0.28 0.29 0.48 0.70 1.45 1.69 2.17 2.11 1.57 0.87 0.52 0.41 1.04 

Angstrom 
exponent 

1.46 1.40 1.42 1.49 1.41 1.59 1.69 1.61 1.54 1.47 1.39 1.72 1.52 

maximum 

AOT340 0.37 0.62 1.10 1.52 1.37 0.87 3.19 3.79 2.90 0.77 0.70 0.20 1.45 

AOT380 0.34 0.58 0.95 1.34 1.20 0.76 2.97 3.78 2.74 0.70 0.60 0.17 1.35 

AOT440 0.30 0.51 0.79 1.10 0.96 0.66 2.60 3.63 2.46 0.57 0.48 0.16 1.18 

AOT500 0.27 0.45 0.65 0.89 0.77 0.57 2.25 3.46 2.16 0.45 0.39 0.15 1.04 

AOT675 0.18 0.32 0.42 0.51 0.42 0.36 1.42 2.66 1.41 0.27 0.26 0.12 0.70 

AOT870 0.13 0.24 0.32 0.31 0.29 0.24 0.89 1.85 0.89 0.18 0.19 0.09 0.47 

AOT1020 0.10 0.20 0.28 0.24 0.28 0.22 0.64 1.41 0.65 0.15 0.17 0.08 0.37 

H20 content, 
cm 

0.60 0.52 1.39 1.80 3.11 3.16 3.46 3.53 2.82 2.11 1.29 0.55 2.03 

Angstrom 
exponent 

1.86 1.89 1.86 1.93 1.98 2.12 2.11 1.94 1.96 1.88 1.72 1.82 1.92 

minimum 

AOT340 0.03 0.05 0.06 0.04 0.08 0.05 0.10 0.08 0.07 0.07 0.05 0.11 0.07 

AOT380 0.03 0.04 0.03 0.03 0.06 0.03 0.05 0.04 0.04 0.04 0.02 0.07 0.04 

AOT440 0.02 0.03 0.03 0.03 0.05 0.03 0.05 0.04 0.03 0.03 0.02 0.05 0.04 

AOT500 0.02 0.02 0.03 0.03 0.04 0.03 0.05 0.04 0.03 0.03 0.02 0.05 0.03 

AOT675 0.01 0.02 0.02 0.02 0.03 0.02 0.03 0.02 0.02 0.02 0.02 0.03 0.02 

AOT870 0.01 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 

AOT1020 0.02 0.03 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 

H20 content, 
cm 

0.07 0.11 0.16 0.20 0.50 0.64 1.12 0.90 0.53 0.24 0.21 0.16 0.40 

Angstrom 
exponent 

0.96 0.72 0.56 0.82 0.42 0.43 1.04 1.02 0.44 0.86 1.01 0.96 0.77 

 928 

 929 

  930 



 931 

Table 3. Correlation coefficients and AOT500 trends (%yr-1) over 2001-2014 in monthly mean, 50% 932 

quantile and daily maxima. Statistically significant values at P= 95% are shown in bold.  Moscow. 933 

months average 50% quantile daily maxima 

 correlation 

coefficient 

trend,%yr-1 correlation 

coefficient 

trend,%yr-1 correlation 

coefficient 

trend,%yr-1 

2 -0.14 -2% -0.08 -1% -0.28 -4% 

3 -0.30 -3% -0.36 -4% -0.09 -1% 

4 -0.67 -5% -0.64 -7% -0.48 -4% 

5 -0.52 -2% 0.19 1% -0.69 -6% 

6 -0.04 0% 0.00 0% 0.02 0% 

7* -0.38 /-0.51 -3%/-1% -0.10/-0.14 -1%/-1% -0.46/-0.18 -10%/-1% 

8* 0.01/-0.47 0%/-1% 0.03/-0.19 1%/-1% 0.04/-0.14 1%/-1% 

9* -0.50/-0.50 -10%-3% -0.48/-0.43 -10%/-3% -0.58/-0.72 -14%/-7% 

10 -0.05 -1% -0.08 -1% -0.04 -1% 

11 0.09 1% 0.09 1% 0.05 1% 

*  - first value corresponds to the whole statistics and the second one - to the statistics without forest fires 934 

episodes observed in 2002 and 2010. 935 
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942 

943 

  944 

Fig.1. Mean aerosol optical thickness at 500nm (AOT500) and Angstrom exponent within 440-870 nm 945 

spectral range in different samples with various total cloud amount (NA) thresholds for the central months 946 

of the seasons. Moscow, 2001-2014. Number of days with measurements for each sample is given in 947 

brackets. Note, that the error bars are shown at the confidence level P=80%.  948 
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 952 

 953 

 954 

Fig.2. The time series in AOT500 (diamonds), integral optical thickness τ (green line), Angstrom 955 

exponent (circles), and total cloud amount NA*0.1 (black lines) during February 27th, 2005 (a) and 956 

February 1st, 2006 (b) in contaminated cloud conditions. Note, that τ is given only as an indicator of 957 

aerosol/cloud stability conditions during the AERONET measurements. See further details in the text.  958 
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 982 

                                a.                                                                                  b. 983 

                 c.                                                                         d. 984 

 985 

Fig.4. Standard AERONET AOT500 (a,c) and Angstrom exponent (b,d) daily means and their values 986 

after the application of the additional cloud screening for the months with large monthly mean AOT bias 987 

from the standard AERONET dataset (February, 2005(a,b), October, 2012(c,d)).  Note, that the absence 988 

of the red columns (revised dataset) for several days means full elimination of the aerosol measurements 989 

after additional cloud checking. The solar disk was obscured by Cirrus, Cirrocumulus, Cirrostratus clouds 990 

during both days with SD=1, and SD=0. The halo was detected. See further description in the text. 991 
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Fig.6. The scheme of the updated AERONET data proceeding with additional cloud and NO2 correction 1011 

used at the Moscow MSU MO.  1012 
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1063 

1064 

a.                                                                b. 1065 

Fig.11. Interannual variations in emissions of main aerosol precursors (SOx, NOx, NMVOC), CO, and 1066 

particulate matter (PM2.5) according to WebDab - EMEP database over European part of Russia (a), 1067 

relative changes in 50% quantile AOT500 and in SOx and NOx emissions over European part of Russia 1068 

and directly over Moscow (b).  1069 
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 1072 

Fig.12. The wind diagram (in unit fraction) over the whole period of observations (2002-2014) and over 1073 

the 2010-2014 period (solid lines) and distribution of AOT500 at different wind directions over the same 1074 

periods (dashed line) (in AOT units) for the months with statistically significant negative trends. Wind 1075 

directions were obtained according to the  NOAA HYSPLIT model 24- hour backward trajectory analysis 1076 

at 500m AGL for 12h UTC.  1077 
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 1078 

 1079 

Fig.13. Error bars interval  at confidence level P=95% of relatively change in monthly mean AOT500, air 1080 

temperature (Tair),  precipitation (rain), CAPE, as well as different emissions (NMVOC, NOx, PM2.5, 1081 

SOx) from the WebDab – EMEP database  and  mean relative changes of these characteristics over 2010-1082 

2014.  All the data were normalized against their mean values over the whole period of observation. For 1083 

homogeneity reasons we do not include September 2002 in the analysis due to the large effect of smoke 1084 

aerosol from forest fires, and April 2012, since it was a problem with sun photometer records. Note, that 1085 

the emissions data are available only up to 2013. 1086 
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 1088 

FIGURE CAPTIONS 1089 

Fig.1. Mean aerosol optical thickness at 500nm (AOT500) and Angstrom exponent within 440-870 nm 1090 

spectral range in different samples with various total cloud amount (NA) thresholds for the central months 1091 

of the seasons. Moscow, 2001-2014. Number of days with measurements for each sample is given in 1092 

brackets. Note, that the error bars are shown at the confidence level P=80%.  1093 

 1094 

Fig.2. The time series in AOT500 (diamonds), integral optical thickness τ (green line), Angstrom 1095 

exponentr (circles), and total cloud amount NA*0.1 (black lines) during February 27th, 2005 (a) and 1096 

February 1st, 2006 (b) in contaminated cloud conditions. Note, that τ is given only as an indicator of 1097 

aerosol/cloud stability conditions during the AERONET measurements. See further details in the text. 1098 

 1099 

Fig.3. The absolute (a) and relative (b) difference of monthly mean standard level 2.0 data on aerosol 1100 

optical thickness at 500nm (AOT500), Angstrom exponent  and water vapour  with the dataset after 1101 

additional cloud correction. The standard uncertainty of AOT measurements is shown in Fig.2a. Relative 1102 

changes in day number removed after additional cloud correction is shown in Fig2b. Moscow, 2001-2014 1103 

period. Note, that in Fig.2a the difference in water vapour is given in cm and other characteristics are 1104 

dimensionless. 1105 

 1106 

Fig.4. Standard AERONET AOT500 (a,c) and Angstrom exponent (b,d) daily means and their values 1107 

after the application of the additional cloud screening for the months with large monthly mean AOT bias 1108 

from the standard AERONET dataset (February, 2005(a,b), October, 2012(c,d)).  Note, that the absence 1109 

of the red columns (revised dataset) for several days means full elimination of the aerosol measurements 1110 

after additional cloud checking. The solar disk was obscured by Cirrus, Cirrocumulus, Cirrostratus clouds 1111 

during both days with SD=1, and SD=0. The halo was detected. See further description in the text. 1112 

 1113 

Fig.5. The seasonal distribution of  mean NO2 content over 2002-2013 and 2003-2005 periods obtained 1114 

according to (Chubarova et al., 2010) and the NO2 retrievals applied in the standard AERONET algorithm 1115 

(a); monthly mean total and additional optical thickness (OT) of NO2 at different wavelengths (b); 1116 

monthly mean ratio OT(NO2)/AOT at different wavelengths (c);  relative attenuation of  erythemal 1117 

radiation and UV radiation 300-380nm  due to NO2 and AOT at noon time conditions according to the 1118 

results of 8-stream DISORT method (d). Moscow. 1119 



 1120 

Fig.6. The scheme of the updated AERONET data proceeding with additional cloud and NO2 correction 1121 

used at the Moscow MSU MO.  1122 

 1123 

Fig.7. Spectral dependence of monthly mean AOT according to the standard and the revised AERONET 1124 

dataset with the additional cloud and NO2 correction. Moscow, 2001-2014 period. 1125 

 1126 

Fig.8. Seasonal variation of monthly mean aerosol optical thickness at 380 and 500 nm, median AOT at 1127 

500 nm, and Angstrom exponent according to the standard AERONET level 2.0 dataset, the data after 1128 

additional cloud correction, and the final revised dataset. Note, that the additional correction of cloud and 1129 

NO2 has different sign for Angstrom exponent. Moscow, 2001-2014 period. 1130 

 1131 

 1132 

 1133 

Fig.9. 3-D distribution of the revised monthly mean AOT500 (a), 50% quantile AOT500 (b), daily 1134 

AOT500 maximum (c) and daily AOT500 minimum (d). Moscow.  1135 

 1136 

Fig.10. Interannual variations of the revised annual mean (a) and 50% quantile (b) AOT at several 1137 

wavelengths. Moscow.  1138 

Comment: the annual 50% quantile AOT is estimated from monthly 50% quantile AOT values.   For 1139 

consistency the 2001 data were not used since the measurements have been in operation only from 1140 

August. 1141 

 1142 

Fig.11. Interannual variations in emissions of main aerosol precursors (SOx, NOx, NMVOC), CO, and 1143 

particulate matter (PM2.5) according to WebDab - EMEP database over European part of Russia (a), 1144 

relative changes in 50% quantile AOT500 and in SOx and NOx emissions over European part of Russia 1145 

and directly over Moscow (b).  1146 

 1147 

Fig.12. The wind diagram (in unit fraction) over the whole period of observations (2002-2014) and over 1148 

the 2010-2014 period (solid lines) and distribution of AOT500 at different wind directions over the same 1149 

periods (dashed line) (in AOT units) for the months with statistically significant negative trends. Wind 1150 



directions were obtained according to the  NOAA HYSPLIT model 24- hour backward trajectory analysis 1151 

at 500m AGL for 12h UTC.  1152 

 1153 

Fig.13. Error bars interval  at confidence level P=95% of relatively change in monthly mean AOT500, air 1154 

temperature (Tair),  precipitation (rain), CAPE, as well as different emissions (NMVOC, NOx, PM2.5, 1155 

SOx) from the WebDab – EMEP database  and  mean relative changes of these characteristics over 2010-1156 

2014.  All the data were normalized against their mean values over the whole period of observation. For 1157 

homogeneity reasons we do not include September 2002 in the analysis due to the large effect of smoke 1158 

aerosol from forest fires, and April 2012, since it was a problem with sun photometer records. Note, that 1159 

the emissions data are available only up to 2013. 1160 
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