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Abstract

The aerosol properties of the atmosphere were obtained within the framework of
the AERONET program at the Moscow State University Meteorological Observatory
(Moscow MSU MO) over 2001—-2014 period. The quality data control has revealed
the necessity of their additional cloud and NO, correction. The application of cloud
correction according to hourly visual cloud observations provides a decrease in aver-
age aerosol optical thickness (AOT) at 500 nm of up to 0.03 compared with the stan-
dard dataset. We also show that the additional NO, correction of the AERONET data
is needed in large megalopolis, like Moscow, with 12 million residents and the NO,
emission rates of about 100 ktyr'1. According to the developed method we estimated
monthly mean NO, content, which provides an additional decrease of 0.01 for AOT at
340 nm, and of about 0.015 — for AOT at 380 and 440 nm. The ratios of NO, optical
thickness to AOT at 380 and 440 nm are about 5—6 % in summer and reach 15-20 % in
winter when both factors have similar effects on UV irradiance. Seasonal cycle of AOT
at 500 nm is characterized by a noticeable summer and spring maxima, and minimum
in winter conditions, changing from 0.08 in December and January up to 0.3 in Au-
gust. The application of the additional cloud correction removes a local AOT maximum
in February, and lowered the December artificial high AOT values. The pronounced
negative AOT trends of about —1-5 %yr'1 have been obtained for most months, which
could be attributed to the negative trends in emissions (£) of different aerosol precur-
sors of about 116 Ggyr~2 in Eso,, 78 Ggyr2in Enmvoc, and 272 Ggyr2in Eco over
European territory of Russia. No influence of natural factors on temporal AOT variations
has been revealed.

1 Introduction

Atmospheric aerosols are among the most important factors influencing net radiation at
the top and at the bottom of the atmosphere and, therefore, affecting the whole climate
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system (IPCC, 2013). However, still there is not enough information about their optical
properties over different geographical regions. The knowledge of long-term variations
of aerosol optical thickness can significantly affect the assessment of climate change,
and at the same time they can be an indicator of changes in emissions of aerosol
precursors (Tegen et al., 1997).

Different aerosol characteristics are possible to obtain from satellite instruments
(i.e. AVHRR, MODIS, CERES, AATSR, MERIS, OMI, GLAS, SeaWiFs, MISR). How-
ever, still the ground-based measurements are characterized by the best accuracy
and serve as a reference for comparisons. Ground-based aerosol networks such
as GAW-PFR, AERONET, SKYNET, SibRad, and German AOD network, provide
high quality aerosol measurements (http://www.wmao.int/pages/prog/arep/gaw/aerosol.
html). Aerosol Robotic Network (AERONET) (http://aeronet.gsfc.nasa.gov/) has been
in operation since the middle of 1990s (Holben et al., 1998) with currently more than
200 sites continuously working all over the world. AERONET is equipped by CIMEL
sun/sky photometers, which provide accurate measurements of direct solar irradiance
and multi-angle sky radiance from UV to near-infrared spectral region for evaluating
aerosol optical thickness and many other inversion products including size distribution,
effective radii, aerosol phase function, and different optical and radiative aerosol prop-
erties — refractive index, single scattering albedo, asymmetry factor, etc. (Dubovik and
King, 2000).

In order to eliminate the cases, which are degraded by cloud-contamination a special
cloud-screening procedure has been used in the AERONET algorithm (Smirnov et al.,
2000). In addition, in the second version of the AERONET dataset (Holben et al., 2006)
the correction on several optically effective trace gases (NO,, O3, CO,, H,O, CH,) has
been applied for the measurements in different channels.

The continuous aerosol measurements at the Moscow State University Meteoro-
logical Observatory (Moscow MSU MO) within the AERONET program have been in
operation since August 2001. These records provide a reliable dataset for studying
long-term variability of aerosol properties in the Eastern Europe, where the aerosol
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network is rare. In addition, the auxiliary hourly cloud visual observations and mea-
surements of different trace gases at the MSU MO over the whole period of observa-
tions enable us the data for testing the existing AERONET algorithms and improving
the quality of the aerosol dataset. This is important since one can see still the effects of
residual thin homogeneous cirrus cloud contamination in aerosol retrievals even in the
final AERONET dataset (O’Neill et al., 2003; Uliumdijieva et al., 2005). One of the tasks
of this paper is to demonstrate the effects of the additional cloud-screening procedure
and NO, correction on evaluation of aerosol climatology in Moscow. Using the revised
aerosol dataset we studied the seasonal features and long-term aerosol optical thick-
ness (AQT) variability over the 2001-2014 period. We also tried to find explanation of
the obtained AOT trends in Moscow and show the possible natural and human induced
effects on its character.

2 Data description

The procedure of aerosol measurements by CIMEL AERONET sun/sky photometer
and the inversion algorithms were described in numerous publications (http://aeronet.
gsfc.nasa.gov/new_web/publications.html). MSU MO site utilizes the 1.2° full field
CIMEL CE318 sun and sky photometer. The direct solar radiation measurements in
the 340, 380, 440, 500, 675, 870, and 1020 nm channels are used for aerosol optical
thickness retrievals; the measurements in the 940 nm channel are used for the evalua-
tion of water vapor content W. In addition, direct spectral irradiance measurements are
applied for the retrievals of fine and coarse aerosol modes according to the specitral
deconvolution algorithm (O’Neill et al., 2001, 2003). Both sun and sky-radiance in the
channels 440, 670, 870 and 1020 nm are utilized in the inversion algorithm developed
by Dubovik and King (2000), which provides several important aerosol products (vol-
ume size distribution, refractive index, single scattering albedo, phase function, etc.).
The uncertainty of aerosol optical thickness measurements does not exceed 0.01 in
visible range and 0.02 — in UV spectral range (Eck et al., 1999). However, there are
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some important but still not fully resolved problems, which include testing and fur-
ther improvement of cloud-screening algorithm and the additional correction on NO,
in large megalopolis like Moscow. For the improvement of these procedures, in addi-
tion, we used visual cloud observations with 1 h resolution as well and in-situ long-term
measurements of NO, concentrations by APNA-360, Horiba Inc. (Elanski et al., 2007)
at the Moscow MSU MO since 2002. The NO, data were used as the input parameters
in the developed algorithm described in (Chubarova et al., 2010) for the independent
evaluation of NO, content in the low troposphere over urban Moscow area. The details
of the methods and the results are discussed below in the next section.

3 Results

3.1 The effects of the additional cloud-screening and NO, correction on
aerosol climatology

3.1.1 Additional cloud-screening procedure and its effect on aerosol

climatology

Since the aerosol measurements are carried out in automatic regime, a special cloud-
screening procedure was developed for an automatic removal of cloud contaminating
aerosol measurements (Smirnov et al., 2000). In the standard AERONET algorithm
the data, which successfully pass the cloud screening procedure, are assigned to the
level 1.5. After the second calibration and some additional visual checks the data are
assigned to the final level 2.0. However, sometimes even the final dataset could “suffer”
from the effects of thin homogeneous upper cloudiness contamination (O’Neill et al.,
2003). As was mentioned in this paper “the strategy of the AERONET cloud screening
was liberal; to interfere as little as possible with coarse mode events such as dust
incursions and thus to accept the inevitability of some thin homogeneous cloud data,
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being admitted into the database.” Hence, the question remains, how important can be
this effect. Will it significantly affect the aerosol climatology?

The influence of the cloud contamination on aerosol properties was also discussed in
Uliumdzhieva et al. (2005). In this paper the application of the standard cloud visual ob-
servations as an additional cloud-screening filter was proposed. We showed there that
the existing standard cloud-screening algorithm works perfectly, when aerosol mea-
surements are contaminated by low layer convective cloudiness. However, thin ho-
mogenous cirrus clouds could significantly influence the aerosol retrievals. Balancing
between the substantial decrease in case number and the accuracy of the retrievals
of aerosol properties we showed that the best results were obtained when total cloudi-
ness Niyia > 9 Was used as a filter threshold during March—October period, when 100 %
cloud contaminated data were removed in overcast cloud conditions. For November—
February conditions the filter threshold is more strict (Vo4 > 6) since solar elevation
in Moscow is low (A0, < 25°) at this time and a well-known effect of significant visual
cloud amount increase towards the horizon plays a vital role.

Using this approach we obtained a revised dataset with additional visual cloud-
screening over the whole 2001-2014 period of observations in Moscow. Figure 1a
and b shows the absolute and relative differences between the standard monthly mean
aerosol optical thickness at 500 nm (AOT500) and additionally cloud-screened AOT500
values, as well as the differences in water vapor content, Angstrom exponent, and vari-
ation in day number over the whole period of measurements. One can see a substantial
systematically overestimation of monthly mean aerosol optical thickness at 500 nm in
the standard AERONET dataset up to 0.03 for several months. For all months (except
September and November) the error is higher than 0.01, which corresponds to the
uncertainty of AOT measurements (¢ = 0.01, depicted by the line in Fig. 1). In some
years the difference can even exceed 0.1 (for example, in February 2005 and Octo-
ber 2012). Due to existing AOT seasonal change the relative difference in AOT500 has
a noticeable minimum in summer (5 %) and the increase up to 20-30 % during win-
ter months when the occurrence of upper cloudiness is high and AOT is low. There
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is also discernible underestimation of Angstrom exponent in the standard AERONET
dataset due to the influence of close to neutral scattering on large cirrus particles,
which contaminate AOT values which are used for the Angstrom exponent evaluation.
The relative bias in Angstrom exponent has also some tendency towards higher un-
derestimation (from —1-2 to —6 %) in the standard product in cold period. Both positive
AQT difference and negative Angstrom exponent difference clearly indicate the reliable
elimination of cloud contaminated cases after the application of additional cloud filter. It
is interesting that water vapor content W is also overestimated in cloud contaminated
conditions up to 0.05-0.07 cm (or 15—20 %) during winter months possibly due to the
additional absorption by ice and water particles.

After the application of an additional cloud filter the day number significantly de-
creases (see Fig. 1b): up to 7-20 % during warm period, and 25-45 % in cold period
due to higher occurrence of overcast upper layer cloudiness and the application of
stricter filter. Note, that small day number with aerosol observations in winter due to
cloudy conditions results in large relative changes of the removed day number even
when only 1-2 days are removed from the initial statistics.

3.1.2 NO; correction algorithm and the effects of the revised NO,, climatology
on AOT estimations

The version 2 AERONET algorithm includes the correction on different trace gases con-
tent (http://aeronet.gsfc.nasa.gov/new_web/Documents/spectral_corrections_v2.pdf).
Among them nitrogen dioxide (NO,) has a significant absorption in UV and visible
channels, especially over the urban/industrial areas.

We should emphasize that Moscow is a large megalopolis with significant level of
NO, emission of about 100 ktyr'1 (lvanov et al., 2012). According to the data of Mosec-
omonitoring Agency the actual NO, surface concentrations in clean background con-
ditions near Moscow are about 70 % lower than those observed in Moscow (Report
on the State of the Environment in Moscow, 2014). The spectral correction of aerosol
optical thickness on NO, in the AERONET algorithm is made according to the SCIA-
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MACHY climatology data over the 2003—2005 period (http://www.temis.nl/airpollution/
no2.html) (Eskes et al.,2004). However, other studies have revealed much higher NO,
content over Moscow (lvanov et al., 2012). According to satellite data the NO, tropo-
spheric content over megacities reach high level (Hiboll et al., 2013). Our aerosol com-
parisons in urban and background conditions (Chubarova et al., 2011) also demon-
strated the existence of the residual NO, contamination over Moscow, which can be
seen in a specific character of AOT spectral difference between the parallel measure-
ments in Moscow and in Zvenigorod background conditions (see Fig. 3 and the discus-
sion in Chubarova et al., 2011). This residual NO, contamination is caused by much
higher NO, content in Moscow than that accounted in the AERONET algorithm.

In order to exclude the effects of NO, underestimation in AOT retrievals over urban
Moscow area we applied the algorithm for evaluating the NO, content, which has been
developed recently (Chubarova et al., 2009, 2010). For accounting the NO, amount up
to the height of 350 m we utilized the developed parameterizations of its content within
350 m according to in-situ long-term NO,, measurements in the boundary layer from
ground to 350 m in several points of Moscow (at the Ostankino tower and at the top
of Moscow State University Building). These data were combined with the results of
photochemical model, which had been adapted to the available experimental data on
different chemical constituents and meteorological conditions in the boundary layer. As
a result, different weighting coefficients for summer and winter conditions were obtained
for different layers: 0—-350 m, 350—1000 m, and 1000-2000 m. Note, that tropospheric
and especially boundary layer NO, content in urban areas has the most important
contribution to the total NO, content and is several times higher than that in background
conditions (Richter et al., 2005; Hiboll et al., 2013). Therefore for the altitudes higher
2km we applied the climatological NO, values according to numerous data of aircraft
measurements (Bruns et al., 2006; Heland et al., 2002; Martin et al., 2006). They are
about 0.01 ppb for the altitudes of 2-5km, and are characterized by linear decrease
to approximately 0.01 ppb at 12 km. In the stratosphere the NO, profile corresponds to
the data published in (Bruns, 2004) according to the direct measurements in Europe
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and Northern America. Totally the NO, content at the altitudes higher 2 km is relatively
small comprising about 0.24 DU. (0.6 x 10" molcm‘z).

Figure 2a and Table 1 show the resulting monthly mean NO, content obtained ac-
cording to the proposed method. One can see that the maximum NO, content is ob-
served in February and elevated NO, values are recorded in December—March period
due to higher emissions from power stations during the heating season and larger NO,
life time in winter conditions. Figure 2a also demonstrates seasonal variations of NO,
content, which is used in the standard AERONET algorithm. One can see that the
new NO, climatology is 2—-3 times higher than the standard AERONET NO, climatol-
ogy, which is applied in the AERONET aerosol correction algorithm. Since these NO,
amounts were obtained for the 2003—2005 period, we also compared them with the
NO, retrievals over the same period according to the proposed method. As it is seen
in Fig. 2a, no any statistically significant difference between the revised NO, content
climatology is detected between the 2002—-2013 and 2003—-2005 periods.

The values obtained from the new NO, climatology are well coincided with the results
of direct NO, retrievals using MAX-DOAS algorithm (lvanov et al., 2012) over the same
site. On average, their NO, estimates, in the boundary layer in Moscow are about 1.1
DU (0.5—-1.8DU) while our assessments after excluding the stratospheric NO, content
give the close value of about 1.2 DU.

The estimated NO, optical thickness (OTy,) in different CIMEL spectral channels
is shown in Fig. 2b. The most pronounced effects of OTyp, = 0.02-0.03 are observed
for 380 and 440 nm channels due to the strongest NO, absorption there. At the same
time, NO, optical thickness obtained from the standard AERONET algorithm is much
smaller and does not exceed OTNO2 =0.013 at 380 nm in March. New NO, climatology
provides NO, optical thickness, which is 2—4 times higher than the values in the stan-
dard AERONET dataset for Moscow urban conditions. It should be emphasized that the
added OTyo, values are close to the uncertainty threshold of aerosol optical thickness
evaluation of ~ 0.02 at 340nm and are usually higher than the uncertainty threshold
for AOT at other wavelengths especially, in winter and spring conditions, which should
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be necessary to take into account. The obtained monthly mean NO, content can be
considered as a typical level for large megalopolis with 12 million residents and the
NO, emission rates of about 100 ktyr™".

Since the uncertainty in AOT according to the additional correction on the revised
NO, optical thickness has a spectral character the effect is also expressed in the re-
trievals of the Angstrom exponent (a). One can see in Table 1 a decrease (in absolute
values) in the a,49_g7¢ retrievals of about 0.06-0.3 for different months mainly due to
the reduction of AOT at 440 nm after applying the higher values of OTy, from the new
NO, climatology. On the contrary, the revised Angstrom exponent retrievals in UV spec-
tral region increase up to 0.15-0.6 after additional NO, correction. Both procedures
lead to decreasing in the second derivative and may affect the inverse RT solution in
the AERONET algorithm (Dubovik and King, 2000), especially in case, when OTy,
values are close to aerosol optical thickness.

Seasonal variations of OTyo, to AQOT ratios at different wavelengths are shown in
Fig. 2c. One can see that the maximum effect is observed for the ratio at 380 and
440 nm, comprising about 15-20 % in winter and 5-6 % in other seasons. This ratio
is smaller at 340 and 500 nm varying from 10 % in winter to 2-3 % in other seasons.
Hence, the most substantial changes in aerosol properties and, hence, solar irradiance
due to NO, correction are observed during cold period. This implies the increase in the
effects of NO, absorption during winter time.

We estimated relative attenuation due to monthly mean NO, and aerosol optical
thickness for erythemal and longwave UV 300-380 nm irradiance at ground accord-
ing using the TUV model (Madronich and Flocke, 1998) with 8-stream DISORT solver
and pseudo spherical corrections. Similar effects of NO, and AOT of about 47 % are
observed during winter time, while in summer the effects of AOT reach 14 % com-
pared with 1-2 % due to NO, (Fig. 2d). There is a pronounced amplification of NO,,
effects for longwave UV 300-380 nm irradiance due to the increase of the effective
wavelength (from ~ 305-315nm for erythemal radiation to ~ 345nm — for UV irradi-
ance 300-380nm), where the NO, absorption coefficients are much higher. In addi-
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tion, using the on-line calculator (http://litms.molnet.ru/csif/index.php) developed in the
Institute of Moleculer Physics of RRC “Kurchatov Institute” we estimated the effects
of NO, on total shortwave irradiance, which are about 0.5 % in summer and 2.5 % in
winter depending on NO, content and solar zenith angle.

As a result, we have applied the NO, correction to monthly mean AOT values for
the whole AERONET dataset in Moscow since 2001. We should note, that large NO,
content can be also observed in forest fire smoke plumes, however, due to large aerosol
amount and small OTy, /AOT ratios its radiative effect should be small compared with
the aerosol radiative impact.

NO, effects on other aerosol characteristics are also existing, however, we do not
consider them in this study. According to several case studies we showed the ef-
fects of NO, on the retrievals of single scattering albedo, which can increase up to
0.02 when the ratio OTNOZ/AOT at 440nm is about 10 % (Chubarova and Dubovik,
2004). The influence of NO, on the retrievals of aerosol size distribution is also pro-
nounced with the artificial bias towards smaller particles overestimating the fine mode
fraction of about dV/dinr = 0.02 um3 um_2 at r =0.05-0.065um and decrease over
0.01-0.083 um3 mm~ at 0.11-0.15um for typical air pollution conditions. However, in
overall the fine mode fraction due to accounting for NO, content changes only on 1—
5% (Chubarova and Dubovik, 2004).

A full scheme of aerosol correction for Moscow MSU MO aerosol measurements
is shown in Fig. 3. The final aerosol product is attributed to so-called level 2.5 just
to be in the mainstream of the AERONET standard level ranks. Currently, the cor-
rection has been fulfilled only for the aerosol parameters retrieved from direct solar
measurements (aerosol optical thickness and Angstrom exponent). The standard and
the revised monthly mean spectral AOT dependence over the 2001-2014 period after
the cloud and NO,, corrections is shown in Fig. 4. The revised spectral dependencies
are characterized by more smooth spectral character due to the influence of spectral
NO, correction. The total difference in annual mean AOT values due to additional ac-
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count for cloud and NO, corrections is about 0.04 in UV, 0.02 in visible, and 0.01 in
near-infrared spectral ranges.

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

After additional cloud and NO, correction we obtained a revised dataset of aerosol
optical thickness, water vapor content and Angstrom exponent over the 2001-2014
period. Figure 5 shows the seasonal changes of monthly mean AOT500, AOT380, and
Angstrom exponent a,4q_g7o from the revised dataset, the dataset with only additional
cloud correction, and from the standard AERONET level 2.0 dataset. The difference be-
tween the cloud-corrected and the revised aerosol optical thickness demonstrates the
effect of NO, additional correction. The revised AOT seasonal cycle is characterized
by a pronounced summer maximum reaching AOT500 = 0.3 in August, an additional
maximum in April (AOT500 = 0.22), and minimum in December and January (AOT500
= 0.08). One can see that the application of the additional cloud correction removes
a local AOT maximum in February, and lowered the December artificial high AOT val-
ues. The application of the new NO, climatology provides the decrease in AOT all over
the year and does not significantly change the AOT seasonal cycle. The maximum
effects of NO, can be seen in correction of AOT at 380 nm due to the highest NO,
absorption coefficients. The effects of additional NO, and cloud correction are compa-
rable for AOT380 and AOT440, while for AOT at other wavelengths the additional cloud
correction plays more vital role. The main statistics of revised AOT, water vapor content
and Angstrom exponent are presented in Table 2.

In Moscow Angstrom exponent has a pronounced maximum in summer months,
which had been also documented for European conditions (Hsu et al., 2014;
Chubarova, 2009). The revised a,44q_g7o9 Values are characterized by much more no-
ticeable seasonal dependence with a substantial decrease in December.

Figure 6 presents three-dimensional distributions of monthly mean, 50 % quantile,
maximum and minimum AOT500 values over the 2001-2014 period. The AOT maxi-
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mum in spring (and, especially, in April) is typical for almost all years and is a char-
acteristic feature for the whole Eastern European plane. It can be explained by the
circulation pattern from South—East of Russia and Kazakhstan with dust advection
from semi-deserts and steppes, as well as by the accumulation of the dust after snow
melting, and the beginning of agricultural season with the prescribed fires. At the same
time, relatively small precipitation prevents wet deposition of aerosol particles and con-
tributes to their accumulation. In April, for example, the precipitation is only 41 mm,
which is about 30 % smaller than the annual monthly mean value (Chubarova et al.,
2014). The local June minimum is observed due to the increase in precipitation, domi-
nating the northern air advection from Scandinavian regions, more intensive uptake of
aerosol by grass and leaves, and comparatively high water store in soil and vegetation,
which can also prevent active mineral dust aerosol formation. According to monthly
mean data summer AOT500 maximum is observed in August. However, AOT500 50 %
quantile has the maximum in July, when the high temperature provides favorable con-
ditions for the second aerosol generation and accumulation of aerosol (see also Fig. 5
and Table 2). The bias towards the fall in monthly mean AOT500 is observed due to the
episodes with forest and peat bog fires with high aerosol loading in 2002 (July, August
and September) and 2010 (July, August) (Chubarova et al., 2012).

In winter, there is a minimum in AOT due to wet deposition of aerosol during active
cyclonic processes and the absence of favorable conditions for second aerosol gener-
ation. Note, that low AOT in December and February are observed only after NO,, and
cloud correction.

The described AOT seasonal changes occur almost every year, except 2006 (see
Fig. 6). AOT daily maxima are also observed every year in spring and in summer. Dur-
ing the intensive forest fires in Moscow regions in 2002 and 2010 the daily maximum
AOT500 has reached 2.3 in July 2002 and 3.7 in August 2010. However, there are no
any seasonal changes in daily minima — the AOT500 varies within 0.02—0.05 through-
out the year. Even during the long-term forest fires episodes very low and extremely
high AOT values are observed during the same month. This phenomenon takes place
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due to changes in wind direction and advection of fresh as well as due to effective wet
deposition of aerosol particles from the atmosphere which, for example, was observed
in August 2010.

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

The continuous aerosol measurements since 2001 provide a perfect tool for study-
ing long-term variability of aerosol properties over 14 years. Table 3 summarizes the
correlation coefficients and AOT relative temporal changes for different months, ex-
cept January and December, when the statistics is too low due to prevailing cloudy
conditions. One can see a decrease in monthly mean AOT500 with the rate of about
~1-5 %yr'1 for most months, except June and November. However, the statistically
significant trends of mean and daily maxima AOT500 values at P = 95 % are observed
only in April, May and September. After excluding the intensive fire periods in 2002 and
2010 the significance of AOT trend remains the same, but its values have changed, for
example, from 10 to 3%yr‘1 in September. In April and September statistically signif-
icant negative trends were also obtained for 50 % quantile AOT500. So we can state
that the most significant AOT decrease is observed in spring and fall periods.

Relative changes in annual mean and 50 % quantile values of aerosol optical thick-
ness at different wavelengths in UV, visible and near-infrared spectral range are shown
in Fig. 7. Negative annual AOT trends are about —-2.3 and -1.7 %yr'1 at 500 nm, -2.7
and —2.9%yr‘1 at 340nm, and —-1.8 and -1.1 %yr‘1 at 1020 nm respectively for the
mean and 50 % quantile values. For the annual mean AOT the negative trend is sta-
tistically significant at P = 95 % over the whole spectral range and is characterized by
a 15-20 % drop over the last four years, while for annual 50 % quantile AOT values the
significant trend is observed only at 340 and at 500 nm. There is no statistically signifi-
cant trend in the annual 50 % quantile AOT at 1020 nm that could mean preserving the
same coarse mode particles content in typical conditions. This could be also confirmed
by the decrease in monthly mean Angstrom exponent obtained within a spectral range
of 440-870 nm during summer period. We should emphasize that the trend obtained
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for annual mean AQOT values is much more sensitive to the fire smoke episodes with
extremely high aerosol loading (for example, forest fires in 2002 and 2010). Annual
50 % quantile AOT values are not sensitive to such outbursts, therefore their interan-
nual changes better describe the temporal changes of typical aerosol.

The negative AOT trends in 21 century are observed over many regions in Europe.
For example, according to satellite dataset Yoon et al. (2014) has revealed a distinct
AQOT decrease over western Europe of about —40% from 2003 to 2008. The same
negative trends over 1997 to 2010 in Europe was obtained in (Hsu et al., 2012) ac-
cording to SeaWiFS measurements. In Putaud et al. (2014) the negative trends in AOT
and some other aerosol characteristics were also obtained in Northern Italy over the
2004-2010 period.

There can be several natural or anthropogenic reasons for these negative AOT
trends. In order to study the effect of anthropogenic emissions we used the offi-
cially reported emission data from the Centre on Emission Inventories and Projections
WebDab — EMEP database (http://www.ceip.at/webdab_emepdatabase/). Figure 8a
presents temporal variations in emissions of different main aerosol precursors over
the European part of Russia, which can affect the secondary aerosol generation in
Moscow. One can see a statistically significant at P = 95 % decrease in SO, emission
of about 116 Gg yr'2, the negative trend in emission of Non-methane volatile organic
compound (NMVOC) of about 78 Ggyr‘z, as well as in CO emission (272 Ggyr‘z).
There is also a substantial decrease in NO,, over European part of Russia during the
last years, however, the data for 2012-2014 period are unavailable yet. No trend is
observed in concentration of particulate matter with the diameter less 2.5 pm (PM, 5).
The comparison of temporal variability of main aerosol precursors over the European
part of Russia and in Moscow is shown in Fig. 8b. There we also present the trend
in annual 50 % quantile AOT500, which is not sensitive to the extremely high aerosol
loading during the Moscow 2002 and 2010 fire episodes. One can see the absence of
local changes in SO, in Moscow compared with a distinct negative trend in SO, up to
—7 % a year over the whole territory of European part of Russia, which can be observed
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due to change in fuel from coal to gas. In Moscow this change of fuel has been made
at the end of 1980s. Note also, that the high median AOT values in 2006 correspond
well with the elevated emission of SO, both in Moscow and at the whole European
plain as well as the emission of NO, — in Moscow. The last years are characterized
by a decrease in NO, emission both in Moscow and at the European part of Russia
possibly due to improving the quality of petrol standards. However, according to (Hiboll
et al., 2013) the negative trend in NO, (~ -1 .6%yr‘1) is not significant in Moscow. As
a result, we assume that negative trend in AOT could be observed due to decrease
in anthropogenic emissions of SO,, NMVOC and CO over European plain, which play
a significant role in second aerosol generation especially during warm period.

However, natural AOT variations can be also taken into account. For example, since
AQT is characterized by a significant decrease from south-east to the north in Europe
(Chubarova, 2009) natural AOT interannual variability can be observed due to the year-
to-year variability of different air mass advection. Wet aerosol deposition, regulated by
precipitation, can also play an important role in year-to-year AOT variability. In addition,
the enhancement of the dynamic stability of the atmosphere can be also an effective
factor leading to the stagnation of air and, hence, to the aerosol accumulation. As
a parameter characterizing the atmospheric instability we used the convective available
potential energy (CAPE) (Barry and Chorley, 1998). The CAPE data from the ERA-
Interim re-analysis over Moscow (36—38° E, 55-56° N) were taken for the days, when
the aerosol measurements were made.

As a result, multiple regression analysis has been applied for studying the relation-
ship of monthly mean AOT500 with temperature (as an indicator of air advection),
precipitation, wind speed, wind direction and CAPE characteristics according to the
Moscow dataset over the whole period of measurements. However, the analysis re-
vealed the absence of significant AOT correlation with any of the characteristics con-
sidered. This means that natural factors might not be responsible for the negative AOT
trend in the Moscow area.

7858

Jaded uoissnosiq | Jaded uoissnosiq

Jaded uoissnosiq | Jaded uoissnosiq

(®
{o

AMTD
8, 7843-7878, 2015

Long-term variability
of aerosol optical
thickness in Eastern
Europe over
2001-2014

N. Y. Chubarova et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/7843/2015/amtd-8-7843-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/7843/2015/amtd-8-7843-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

4 Discussion

We propose the additional cloud screening correction and the revised NO, data for
large megacity conditions for obtaining the highest quality dataset of aerosol properties.
Small but systematical AOT500 overestimation up to 0.03 in the standard AERONET
dataset was received due to the effects of uniform cirrus clouds. This overestimation is
usually higher than the uncertainty of AOT measurements. In some years the applica-
tion of additional cloud filter resulted in the AOT bias of more than 0.1. The contribution
of this difference for AOT500 has minimum in summer (5 %) and increase up to 20—
30 % for winter months when the occurrence of upper cloudiness is high, and AOT
values are low. Since the effects of additional cloud-screening are distinct, its appli-
cation could be helpful at other AERONET sites. The information on the visual cloud
observations can be taken from meteorological stations for the cases when it is nec-
essary to obtain the best aerosol quality statistics over the historical periods of aerosol
measurements. According to our analysis, about 80 % of AERONET sites are located
within 60 km from the nearest meteorological station. This is enough for removing the
cloud-contaminated aerosol measurements, since upper layer cirrus cloudiness oc-
cupies extremely large spatial fields of thousands of kilometers (Radiation in cloudy
atmosphere, 1984). It is also possible to verify the current aerosol datasets using the
cloud data from the automatic total sky imagers, which have been already in operation
at several sites (O’Neill et al., 2003).

For additional NO, correction a new NO, content climatology over Moscow has been
applied according to the algorithm, which has been developed recently (Chubarova
et al., 2010) on the base of in-situ NO, concentration measurements at different alti-
tudes and the results of photochemical model. The new monthly mean NO, content is
two-three times higher, than that in the AERONET dataset, which is used for aerosol
correction due to extremely large NO, emission in large megacity, like Moscow. The
most pronounced effects of OTyo, = 0.02-0.03 are observed at 380 and 440 nm chan-
nels due to the strongest NO, absorption. The obtained monthly mean NO, values can
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be considered as typical values for megalopolis conditions with 12 million residents and
the NO, emission rates of about 100 ktyr™" (lvanov et al., 2012). The NO, correction
over other megacities can be also made according to long-term satellite NO, retrievals
but after their rigorous validation.

Seasonal variations of OTyo, to AOT ratio at 380 and 440 nm vary from 15-20 % in
winter to 5—6 % in warm period. This ratio is much smaller at 340 and 500 nm changing
from 10 % in winter to 2—3 % in warm period. Hence, the most substantial changes in
aerosol properties and, hence, solar irradiance due to NO, correction would be ob-
served during cold period. According to radiative modeling this results in similar effects
of NO, and aerosol in winter in UV spectral region, which is about 4-7 %. For shortwave
irradiance the NO, effect in Moscow changes within 0.5-2.5 % and also increases in
winter.

The total difference in annual mean AOT values due to the additional account for
cloud and NO, corrections is about 0.04 in UV, 0.02 in visible, and 0.01 in near-infrared
spectral range. The revised aerosol product after the application of additional cloud
and NO, correction is attributed to so-called level 2.5 to be in the mainstream of the
AERONET standard level ranks. Currently, the correction has been fulfilled only for the
aerosol parameters retrieved from direct solar measurements (aerosol optical thick-
ness, Angstrom exponent, and water vapor content).

The revised dataset of monthly mean aerosol optical thickness and Angstrom expo-
nent in Moscow was used for studying seasonal changes as well as AOT long-term
variability over the 2001-2014 period.

The corrected AOT mean seasonal cycle is characterized by a pronounced sum-
mer maximum, an additional spring maximum, and minimum in winter conditions
(December—January). The application of the additional cloud correction removes a lo-
cal AOT maximum in February, and lowered the December artificial high AOT values.
After the application of additional filters we also obtained much more noticeable sea-
sonal dependence of Angstrom exponent with the maximum during summer period.

7860

Jaded uoissnosiq | Jaded uoissnosiq

Jaded uoissnosiq | Jaded uoissnosiq

(®
{o

AMTD
8, 7843-7878, 2015

Long-term variability
of aerosol optical
thickness in Eastern
Europe over
2001-2014

N. Y. Chubarova et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/8/7843/2015/amtd-8-7843-2015-print.pdf
http://www.atmos-meas-tech-discuss.net/8/7843/2015/amtd-8-7843-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

There are pronounced statistically significant negative trends at P = 95 % in temporal
variation of mean and 50 % quantile AOT500 values for some months over 2001-2014.
We also found a decrease in monthly mean AOT500 changes of about —1-5 %yr‘1
for most months, however, the statistically significant trends of mean and daily max-
ima AOT500 values are observed in April, May and September. The most significant
temporal changes in AOT are observed in spring and fall period. This is especially
important, since April is characterized by local seasonal AOT maximum. Removal of
AOT observed during the intensive fire periods in 2002 and 2010 does not change the
significance of the results, but modify the value of AOT500 relative change.

There is also a statistically significant negative trend at P = 95 % in annual mean
AQT variations over the whole spectral range with a pronounced 15-20 % drop during
the last four years. At the same time considering annual 50 % quantile AOT variation
we found a statistically significant trend in AOT only at 340 and 500 nm. No similar
tendency in AOT at 1020 nm was obtained, that could mean no temporal changes in
coarse mode particles during the whole period of observations in typical conditions,
which are better described by the analysis of 50 % quantile AOT.

To understand the cause of the negative trends we used the data from the Centre on
Emission Inventories and Projections (WebDab — EMEP database). According to these
data we showed that the decrease in AOT can be observed in 21 century due to sta-
tistically significant at P = 95 % negative trends in SO, emission of about 116 Gg yr2,
in NMVOC emission of about 78 Ggyr'z, and in CO emission (272 Gg yr'2). We found
that the high median AOT values in 2006 correspond well with the elevated emission
of SO, both in Moscow and at the whole European plain, as well as with NO, — in
Moscow. The last four years are characterized by some decrease in NO,, emission
both in Moscow and at the European part of Russia possibly due to improving the
quality of petrol standard. However, the NO, trend in Moscow is not statistically sig-
nificant. We also studied the possible effect of natural factors in AOT variability. No
statistically significant correlation was obtained in AOT relationship with different me-
teorological parameters and CAPE. This means the importance of the anthropogenic
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factor (negative emissions of aerosol precursors) for attributing the negative AOT trend
in Moscow.

5 Conclusions

We show the necessity of additional cloud and NO, correction for retrieving the best
quality aerosol climatology. The application of the additional cloud-screening filters re-
vealed a noticeable positive bias of up to 0.03 in monthly mean aerosol optical thick-
ness compared with the results obtained from the standard algorithm.

A new NO, climatology over Moscow has been obtained. Its application demon-
strates that tropospheric NO, content in Moscow is two-three times larger than that
applied in the standard AERONET algorithm. The additional NO, correction of aerosol
optical thickness is about 0.01 at 340 nm, and 0.015 — at 380 and 440 nm.

The total difference in annual mean AOT values due to the additional account for
cloud and NO, correction is about 0.04 in UV, 0.02 in visible, and 0.01 in near-infrared
spectral range, which are higher than the uncertainty of AOT measurements.

The revised dataset was used for the analysis of seasonal and year-to-year variability
of aerosol optical thickness in Moscow over the 2001-2014 period. We have revealed
the distinct seasonal cycle in AOT500 values changing from 0.08 in December up to
0.3 in August as well as summer maximum in Anstrom exponent.

The interannual changes in aerosol properties reveal distinct negative trends, which
are statistically significant in April, May and September. We show that the main reason
for the AOT decrease could be negative trends in emissions of different aerosol pre-
cursors over European Plain according to the WebDab — EMEP database. We showed
that the AOT negative trend can be observed due to a noticeable decrease in SO,,
NMVOC and CO emissions at the European Plain. The analysis of variability in natural
factors has not revealed their influence on negative AOT trends. However, further stud-
ies will be helpful for understanding the role of specific emissions and their interaction
with changing weather conditions.
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Table 1. The monthly mean total NO, content according to the new climatology and NO,, used
in the standard AERONET algorithm; total NO, optical thickness at different wavelengths, and
the difference in Angstrom exponent obtained with and without additional NO, correction of
aerosol optical thickness at different wavelengths. Moscow, 2002—2013.

months total® NO, content total” NO, optical thickness at different  difference in
NO, content, used in the wavelengths, nm Angstrom exponent
DU" standard 340 380 440 500 440- 340—
AERONET 870 nm 380nm

algorithm

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 1.48 045 0.02 0.02 0.02 0.01 -0.13 0.31

" Total NO, content partly includes the NO, content which is applied in the standard AERONET correction algorithm.
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Table 2. The main statistics of aerosol optical thickness at different wavelengths, water vapor
content, and Angstrom exponent ,44_g7o in Moscow. The revised AERONET dataset. 2001-

2014.

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 0.12 023 025 036 032 025 038 046 0.38 022 0.17 0.12 0.27
AOT380 0.11 020 0.22 0.31 028 022 033 041 034 0.19 0.15 0.11 0.24
AOT440 0.09 0.17 0.19 0.26 023 0.18 0.27 035 029 0.16 0.13 0.09 0.20
AOT500 0.08 0.14 0.16 0.22 0.19 0.15 023 030 025 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 027 029 050 070 135 1.69 221 202 155 091 058 0.37 1.04
Angstrom exponent 124 130 127 139 135 150 1.63 155 147 135 130 1.30 1.39
standard deviation
AOT340 0.09 0.15 0.19 0.26 0.19 0.15 029 050 042 0.15 0.12 0.04 0.21
AOT380 0.08 0.14 0.17 023 0.17 0.13 026 048 0.39 0.14 0.11 0.04 0.20
AOT440 0.07 0.12 0.14 0.19 0.14 0.11 023 045 0.34¢ 0.12 0.09 0.04 0.17
AOT500 0.06 0.10 0.12 0.15 0.11 0.09 0.19 041 030 0.10 0.07 0.04 0.14
AOT675 0.04 0.07 0.08 0.09 0.07 0.06 0.12 029 0.19 0.06 0.05 0.04 0.09
AOT870 0.02 0.05 0.05 0.06 0.05 0.04 0.07 020 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 0.09 025 0.28 056 0.54 050 053 047 041 028 0.14 0.35
Angstrom exponent 0.24 0.28 0.29 023 029 025 0.17 0.18 021 024 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 exponent, 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
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Table 2. Continued.

Months 1 2 3 4 5 6 7 8 9 10 1 12 year average
Day number 33 68 144 191 227 244 290 243 186 87 33 4 146
50 %quantile

AQT340 0.11 0.18 023 037 032 024 035 032 028 0.18 0.16 0.12 0.24
AQOT380 0.10 0.15 0.21 0.32 027 021 030 029 025 0.15 0.14 0.10 0.21
AQT440 0.08 0.13 0.17 0.26 0.22 0.17 025 024 021 0.13 0.12 0.08 0.17
AQOT500 0.07 0.11 0.14 022 0.19 0.15 021 020 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
AQOT1020 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 028 029 048 0.70 145 169 217 211 157 087 052 041 1.04
Angstrom exponent  1.46 140 142 149 141 159 169 161 154 147 139 172 1.52
maximum

AQT340 037 062 1.10 152 137 087 319 379 290 0.77 070 0.20 1.45
AOT380 0.34 058 095 1.34 120 0.76 297 378 274 070 060 0.17 1.35
AQT440 030 051 079 1.10 0.96 066 260 363 246 057 048 0.16 1.18
AQOT500 0.27 045 065 0.89 0.77 057 225 346 216 045 0.39 0.15 1.04
AQT675 0.18 0.32 042 051 042 036 142 266 141 027 026 0.12 0.70
AQT870 0.13 024 032 031 029 024 089 185 0.89 0.18 0.19 0.09 0.47
AOT1020 0.10 0.20 0.28 0.24 028 022 064 141 065 0.15 0.17 0.08 0.37
H20 content, cm 060 052 139 180 3.11 3.16 346 353 282 211 129 055 2.03
Angstrom exponent 1.86 1.89 186 1.93 198 212 211 194 196 188 172 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 0.038 0.05 0.04 0.04 0.04 0.02 0.07 0.04
AQT440 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 0.08 0.05 0.04 0.03 0.03 0.02 0.05 0.03
AQT675 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
AQT870 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 0.20 050 0.64 1.12 0.90 053 024 021 0.16 0.40
Angstrom exponent 0.96 0.72 0.56 0.82 042 043 1.04 1.02 044 086 1.01 0.96 0.77
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Table 3. Correlation coefficients and AOT500 trends (% yr~') over 2001-2014 in monthly mean,
50 % quantile and daily maxima. Statistically significant values at P = 95 % are shown in bold.

Moscow.
months average 50 % quantile daily maxima
correlation  trend, % yr™' correlation  trend, % yr ™ correlation  trend,%yr ™
coefficient coefficient coefficient
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 episodes observed in
2002 and 2010.
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Figure 1. The absolute (a) and relative (b) difference of monthly mean standard level 2.0 data
on aerosol optical thickness at 500 nm (AOT500), Angstrom exponent and water vapor with the
dataset after additional cloud correction. The standard uncertainty of AOT measurements is
shown in Fig. 1a. Relative changes in day number removed after additional cloud correction is
shown in Fig. 1b. Moscow, 2001-2014 period.
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Figure 2. The seasonal distribution of mean NO, content over 2002-2013 and 2003—-2005
periods obtained according to (Chubarova et al., 2009) and the NO, retrievals applied in the
standard AERONET algorithm (a); monthly mean total and additional optical thickness (OT) of
NO, at different wavelengths (b); monthly mean ratio OT(NO,)/AQT at different wavelengths
(c); relative attenuation of erythemal radiation and UV radiation 300—-380 nm due to NO, and
AOT at noon time conditions according to the results of 8-stream DISORT method (d). Moscow.
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Figure 3. The scheme of the updated AERONET data proceeding with additional cloud and
NO, correction used at the Moscow MSU MO.
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Figure 4. Spectral dependence of monthly mean AOT according to standard and the revised
AERONET dataset with the additional cloud and NO, correction. Moscow, 2001-2014 period.
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Figure 5. Seasonal variation of monthly mean aerosol optical thickness at 380 and 500 nm,
median AOT at 500 nm, and Angstrom exponent according to the standard AERONET level
2.0 dataset, the data after additional cloud correction, and the final revised dataset. Note, that
the additional correction of cloud and NO, has different sign for Angstrom exponent. Moscow,

2001-2014 period.
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Figure 6. 3-D distribution of the revised monthly mean AOT500 (a), 50 % quantile AOT500 (b),
daily AOT500 maximum (c) and daily AOT500 minimum (d). Moscow.
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Figure 7. Interannual variations of the revised annual mean (a) and 50 % quantile (b) AOT
at several wavelengths. Moscow. Comment: the annual 50 % quantile AOT is estimated from
monthly 50 % quantile AOT values. For consistency the 2001 data were not used since the

measurements have been in operation only since August.
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Figure 8. Interannual variations in emissions of main aerosol precursors and particulate matter
(PM, 5) according to WebDab - EMEP database (a) over European part of Russia (a), relative
changes in 50 % quantile AOT500 and in SO, and NO,, emissions over European part of

Russia and directly over Moscow (b).
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