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Abstract. Changes in the composition of the atmosphere associated with the atmospheric
blocking events were analyzed using the measurements of ozone, water vapor, methane, for-
maldehyde, carbon monoxide, nitrogen dioxide, as well as aerosol optical characteristics from
the satellite instruments OMI, MLS, AIRS, MODIS and MOPITT as well as ground-based,
balloon and NCEP/NCAR reanalysis data. The changes in atmospheric composition associated
with pyrogenic, biogenic and soil emissions of aerosol and gas constituents as well as the
changes due to the regional peculiarities of the large-scale atmospheric dynamics are discussed.

1. Introduction

The continued global climate change increases the likelihood of regional weather and climate anoma-
lies essentially affecting gas constituents and aerosol composition of the regional atmosphere. Extreme
weather and climate events are associated with the prolonged impeding of the western air mass trans-
fer in the mid-latitude troposphere, which is known as a phenomenon of atmospheric blocking [1].
Summer blocks are accompanied by heat wave, lack of rainfall and drought of soil, which promote
the development of massive forest fires accompanied by pyrogenic emissions of various products of
biomass combustion into the atmosphere [2]. Along with this, anomalous temperature rise as well as
sunny and dry weather cause abiotic stress of vegetation in the blocking area [3] that as a protective
reaction leads to the increased emissions of volatile organic compounds into the atmosphere by plants
[4]. In permafrost regions, an increase in the land surface temperature (along with changes in soil
moisture and water table) regulates the soil emission of carbonaceous compounds [5]. Along with
changes associated with the pyrogenic, biogenic and soil emissions, the regional peculiarities of the
large-scale atmospheric circulation associated with atmospheric blocks are responsible for changes in
the composition of regional atmosphere [6-9].

The aim of this work is a multi-instrumental analysis of changes in the gas and aerosol composition
of the atmosphere in the regions of Northern Eurasia under summer atmospheric blocking events. The
relevance of this study is related to the fact that, according to model calculations, due to continued
global warming, one can expect an increase in anomalously prolonged atmospheric blocking events
[10].
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2. Data used

The basis for the analysis was satellite data, namely the measurements of UV radiation, total column
ozone (03), total column formaldehyde (CH,0O) and tropospheric column of nitrogen dioxide (NO,)
from the Ozone Monitoring Instrument (OMI) [11], the measurements of the vertical profiles of ozone
from the Microwave Limb Sounder (MLS) [12], the measurements of total column ozone, total
precipitable water wapor, aerosol optical depth (AOD) and the degree of cloud cover from the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) [13], the measurements of the total columns and
vertical profiles of ozone, water vapor (H,0O), carbon monoxide (CO) and methane (CHy4) from the
Advanced Infrared Sounder (AIRS) [14], and total column CO measurements from the MOPITT
(Measurements Of Pollution In The Troposphere) instrument [15]. Ozone measurements at the stations
of the world ozonometric network from the WOUDC archive, upper-air measurements at the stations
of the world aerological network from the archive of the University of Wyoming, NCEP/NCAR rea-
nalysis data [16] and active fires, detected by the MODIS instruments [17] were also involved in the
analysis. Data used in this work as well as their sources are collected in table 1. It can be seen from the
table 1 that a significant part of data was obtained from the NASA / Giovanni server [18].

Table 1. Data used in this work and their sources

Data (spatial resolution) Web address

OMI (UV, Os3: 1° x 1°, CH,0, NO,: 0.25° x  http://disc.sci.gsfc.nasa.gov/giovanni

0.25°)

MLS (400-500 xkm) http://disc.sci.gsfc.nasa.gov/giovanni
0w 10 http://disc.sci.gsfc.nasa.gov/giovanni

MODIS (1% > 1%) http://ladsweb.nascom.nasa.gov

AIRS (1° % 1°) http://disc.sci.gsfc.nasa.gov/giovanni
MOPITT (1° x 1°) http://eosweb.larc.nasa.gov

WOUDC https://woudc.org

Upper-air data http://www.weather.uwyo.edu/upperair
Active fires: MODIS /Terra (1 km x 1 kM) https://earthdata.nasa.gov/earth-observation-

data/near-real-time/firms

3. Methods

To extract the effects of atmospheric blocking events, against the background of significant natural
atmospheric variability, along with the analysis of measured characteristics, the anomalies of atmos-
pheric parameters (A) were also analyzed. Spatial (longitude-latitude) distributions of anomalies were
characterized by deviations of local values of atmospheric parameters averaged over blocking periods
from the corresponding local long-term means. Temporal variations of regional mean anomalies were
characterized by deviations of current everyday regional mean values of atmospheric parameters from
the long-term regional mean values corresponding to a given day.

4. Results and discussion

4.1. Changes in the atmospheric composition associated with pyrogenic emission

Prolonged summer atmospheric blocks are accompanied by the heat waves, lack of precipitation and
soil drought, which is favorable for the development of wildfires. In the summer of 2012, an unusually
hot weather in Siberia was caused by a series of blocking anticyclones conducive for frequent influxes
in the region of hot and dry air from Central Asia. Extreme weather regime led to the development of
massive forest fires (figure 1a). Figures 1b-1e show daily variations of the total number of active fires
in European Russia (ER): 50°-70°N, 20°-60°E), Western Siberia (WS): 50°-70°N, 60°-100°E), Eastern
Siberia (ES): 50°-70°N, 100°-140°E) and Far East (FE): 50°-70°N, 140°-180°E) during the summer of
2012 according to the active fire detection data from the MODIS/Terra instrument. In the same fig-
ures, the daily variations in the regional mean aerosol optical depth (AOD) calculated using MODIS
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data and the variations of total column CO calculated using MOPITT data are also presented (AOT
during massive wildfires is determined mainly by the concentration of the smoke particles in the air).
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Figure 1. Spatial distribution of active fires over Northern Eurasia in the summer of 2012 (a), daily variations of
active fires (color filling), AOD at the wavelength 550 nm (solid curve) and the total column of CO (dashed
curve) in/over ER (b), WS (c), ES (d) and FE (e), everyday EPDs of AOD over ER (f), WS (g), ES (h) and FE (i)
and everyday EPDs of total column CO over ER (j), WS (k), ES (1) and FE (m) in June-August 2012.

The regional mean AOD values over ER in the summer of 2012 were close to the background
(0.13). The increase in the content of CO in the atmosphere in August was due to the seasonal course
of total column CO [19]. With a small number of relatively weak fires, mainly in the steppe zone, ER
was characterized by a lack of correlation between the variations in the total number of fires and the
regional mean values of AOT and CO (figure 1b) and also by weak correlation of the AOT and CO
variations between themselves (r = -0.3). The latter is explained by the fact that, in the absence of
massive wildfires, the sources of aerosol and CO in the atmosphere are, generally speaking, different.

The number of active fires in WS (ES) in the summer of 2012 was 20 (25) times as much that in
ER (figure 1a). With the increase in fire activity, the regional mean AOT and CO over WS (ES)
reached the values of 1.01 and 3.11-10" mollecules/cm® (0.88 and 4.15-10'"® molecules/cm?), respec-
tively. The regional mean AOT during wildfires increased 5-6 times relatively to a pre-fire period,
while the regional mean total column of CO increased 1.5-1.8 times. There was a high correlation be-
tween the variations of the regional mean values of AOT and CO with the regional fire activity (fig-
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ures lc, d), and also there was a close relationship between the variations of regional AOT and CO
between themselves (r = 0.7). It was because during massive forest fires both AOT and total column
CO are determined, mainly, by pyrogenic emission of aerosol particles and CO molecules in the pro-
cess of biomass combustion.

The number of active fires in FE in the summer of 2012 was small (figure 1a), at that the variations
of the regional mean AOD and total column CO weakly correlated with the regional fire activity.
Therefore the high regional mean values of AOD and CO (up to 2.08 and 3.92-1018 mollecules/cm?)
and a high correlation between the regional means AOD and CO (r = 0.8), typical for air masses con-
taminated with combustion products, seem rather unexpected (figure 1e). This feature can be associat-
ed with the long-range atmospheric transport of combustion products from the Eastern Siberia forest
fires into FE. The analysis showed that the regional mean AOD and CO over FE in the summer of
2012 positively correlated with the mean zonal wind u over the region between ES and FE (55°-65°N,
120°-150°E). The maximum correlation between AOD and CO with u achieved with wind taken at the
level of 300 hPa (0.61 and 0.50, respectively).

Long-range transport of combustion products is one of the modern global problems, since it can
lead to strong pollution of the atmosphere of regions distanced at hundreds or even thousands kilome-
ters from the forest fires. The cases of long-range atmospheric transport of combustion products from
the Siberian forest fires to the east have been repeatedly noted [20]. These are due to the predominance
of the western winds in the mid-latitude troposphere. The cases of anomalous transport of combustion
products (from east to west) are more rare. The physical mechanisms responsible for the transport of
smoke and CO from the forest fires in Siberia to Central Europe in July 2016 were investigated in [21,
22]. The results of the analysis showed that the eastern long-range transport in the atmosphere of the
combustion products was favored by predominant location in the center of Eurasia of a high-pressure
system (anticyclone) to the north of a low-pressure one (cyclone) characteristic for atmospheric block-
ing of the dipole type. Because in an anticyclone air circulates clockwise, while in a cyclone - counter-
clockwise, at the boundary of high- and low pressure systems (which was located near the 60N), air
was transferred from east to west. It was shown that the anomalous transport of combustion products
from Siberian forest fires occurred at a distance of about 5000 km with a speed of about 5 m/s. The
case of anomalous transboundary long-range transfer of smoke from the North American forest fires
into the territory of Russia in August 2004 was revealed in [23]. The latter event was also conditioned
by the peculiarities of atmospheric circulation, which are characteristic for the atmospheric blocking of
the dipole type, with the anticyclone over the Chukchi Sea and the cyclone over the south of the Bar-
ents Sea. In contrast with the western transport, which is the most intensive in the upper troposphere,
the eastern transport of combustion products occurred mainly in the lower troposphere.

Using the mean values for representation of AOD and CO variations (figures 1b-d) during the peri-
ods of massive forest fires is not quite correct due to essential distinctions of the AOT and CO proba-
bility distributions functions from normal ones. More complete and adequate information about AOT
and CO variation during wildfires gives an analysis of changes in the empirical probability distribu-
tions (EPDs) of AOD (figure 1f-1i) and CO (figure 1j-m) over the regions under consideration. Ac-
cording to MODIS data, over WS at the end of July and over FE in early August, AOD values at the
wavelength of 550 nm and in spatial resolution 1 © x 1 ° (L3) reached 5 that is 30-40 times the AOD
values in the pre-fire period. This also means that part of AOD values at the original resolution of 10
km x 10 km (L2) exceeded 5 and indicates the need to extend the upper limit of the operating range of
the MODIS algorithm. According to MOPITT data, the total column CO during the maximum devel-
opment of forest fires in Siberia at a resolution of 1° x 1° reached 8-10"* molecules/cm’ that is 3-4
times the values of CO contents in the pre-fire period.

Over the areas of intense forest fires, accompanied summer atmospheric blocking events over ER
in 2010 and WS in 2012, an increase in the atmospheric total column of CH,0O and tropospheric col-
umn of NO, was revealed [24]. Due to the short lifetime of CH,O and NO, molecules in the atmos-
phere, the increase of formaldehyde and nitrogen dioxide in the atmosphere over foci of burning can
be related to the pyrogenic emission of CH,O and NO, when biomass combustion. Over the clusters of
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the most intense fires in ER (52°-57°N, 38°-49°E) in the period of their maximum development (1-10
August 2010) and over those in WS (57°-62°N, 85°-98°E; 22-31 July 2012), the regional mean con-
tents of CH,0 amounted to 2.45-10'® molecules/cm® and 1.47-10'® molecules/cm?, respectively, that 2
times the content of CH,O over these areas in the absence of wildfires.

The maximum daily total column of CH,O over ER (WS) in the spatial resolution 0.25° x (0.25°
reached 9.3-10'® (1.0-10"7) molecules/ cm’, respectively. The mean tropospheric columns of NO, over
the same areas and in the same periods achieved the values 2.0-10" (1.2-10"%) molecules/cm?, which is
1.2 times the corresponding NO, contents in the absence of fires. The daily local NO, content in the
atmosphere over ER (WS) in the resolution 0.25° x 0.25° reached the values of 2.5-10'° (1.2-10'°)
molecules/cm?, respectively. The ratio of the regional total column of CH,O to the regional tropo-
spheric column of NO, over ER and WS was dependent on the regional fire activity. Over both the
regions, in the absence of fires the ratio of CH,O to NO, was 7-8, while in periods of maximum fire
development it increased up to 12.

4.2. Changes in the atmospheric composition associated with biogenic emission

An increase in the content of CH,O revealed itself not only over the foci of burning but also in the at-
mosphere over ER and WS in the whole. According to OMI data, the daily regional mean CH,O con-
tent over ER in the summer of 2010 and over the WS in the summer of 2012 reached 1.7-10'° mole-
cules/cm” and 1.4-10'® molecules/cm?, respectively (an increase of 72% and 55% relatively to the cor-
responding long-term values of the CH,O contents). As an example, figures 2 show the changes in the
CH,O content over the region restricted by coordinates 45°-65°N, 30°-60°E in May-September 2010.
Significant differences in the EPDs of CH,O during the periods of high and low fire activity were re-
vealed (figure 2b). It can be seen that the modal values of CH,O during pre-fire period and during
wildfires 2010 were 8.5-10"° molecules/cm® and 14.5-10"° molecules/cm?, respectively. The EPD of
CH,O0 during wildfires was characterized by 1.5 times a half-width than EPD in the absence of fires.
These differences indicate the effect of pyrogenic emission of CH,O on the regional content of for-
maldehyde. At the same time, the local maxima of short-lived CH,O anomalies (the lifetime of the
CH,0 molecule in the troposphere are several hours) are generally weakly related to the spatial distri-
bution of active fires (figure 2a). It can be seen that the vast region of increased CH,O content rather
coincides with the region of surface temperature anomalies exceeding 10°C and agrees with the wind
field in the lower troposphere.

The results of the analysis indicate a close connection between the daily regional mean CH,O
anomalies over ER and WS (ACH,0) with regional surface temperature anomalies (AT;), which is
characteristic for both the fire periods and the quiet periods [24]. Over ER, a high positive correlation
between regional mean anomalies of ACH,O and AT (r = 0.81) was revealed, in particular, in the pre-
fire period: 1 May - 22 July 22 (figure 2c). The connection between ACH,0O and AT in this period is
close to linear. Based on linear regression, the sensitivity of the daily regional mean total column
CH,0 anomaly to the corresponding anomaly of T in the pre-fire period was estimated as ACH,O/ATs
=0.45-10" molecules-cm™/°C or 4.5%/°C (relatively to corresponding long-term CH,O content). Dur-
ing the period of massive wildfires in ER (from 23 July till 16 August) the dependence of ACH,O on
AT, was nonlinear and can be closer approximated by the exponential function ACH,O = 2.05 exp
(0.165-ATy), where ACH,O is expressed in 10" molecules/cm?, AT, is in °C (coefficient of determina-
tion (R?) of exponential (linear) approximation is 0.85 (0.74), respectively).

A positive correlation of total column CH,O content in the atmosphere with a surface temperature
is probably due to the photochemical formation of formaldehyde in the atmosphere due to oxidation of
isoprene (CsHg) emitted by plants. In unfavorable for plant conditions associated with summer atmos-
pheric blocking events (anomalous increase of surface temperature, prolonged sun shining and soil
drought), the biogenic emission of isoprene increases, reaching a maximum at 35-40°C [3].
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Figure 2. (a) Spatial distributions of ACH,O (tonal gradation), active fires (small red crosses), temperature
anomalies at the pressure level of 1000 hPa (isolines, labels in °C) and the vectors of 850-hPa wind (green ar-
rows) during 1-10 August 2010, (b) the EPDs of CH,O over the region (45°-65°N, 30°-60°E, hereafter also ER)
under atmospheric blocking and without it, (c) daily regional mean anomalies of CH,O and Ts over ER as well
as daily total number of active fires in the same region in May-September 2010 (horizontal orange bars denote
the episodes of atmospheric blocking over ER), (d) scatter plot between daily regional mean ACH,O values over
ER versus corresponding AT values in May — September 2010 (yellow circles) and that during the pre-fire peri-
od in ER in 2010 (blue circles).

4.3. Changes in the atmospheric composition associated with soil emission
In the summer of 2016 the north of WS was characterized by anomalously hot weather, whose reason
was a prolonged location an extensive high-pressure region in the subarctic zone, to the south of which
a low-pressure region was located. As already noted, such disposition of the pressure systems is typi-
cal for the dipole type of atmospheric blocking (figure 3a). In the high pressure region, the strong posi-
tive anomalies of surface temperature occurred with maximum values of AT, up to 10°C in the Yamal
Peninsula (figure 3a).

Analysis of AIRS data showed that the spatial distribution of the anomalies of CH4 over the north
of the WS, both total column (TC) and volume mixing ratio (VMR) of CH, in the free troposphere,
were also characterized by positive values (figure 3¢) with local (1° x 1°) total column CH4 maxima
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Figure 3. (a) 500-hPa geopotential height field (isolines, labels in geopotential meters) and surface temperature
anomalies (AT, color scale) during 1-20 July 2016, (b) regional mean total column methane content and region-
al mean surface temperature over the north of Western Siberia (WS: 65°-75°N, 60°-100°E) in July in the period
of 2003-2016; the linear trend of CHy (straight line) and its 95% confidence intervals (shading) are also shown,
(c) anomalies of the methane volume mixing ratio (ACH,) at the pressure level of 500 hPa during 1-20 July
2016, (d) the EPDs of ACH, over the territory of Northern Eurasia (50°-80°N, 0°-140°E) at AT less than -3°C
and at AT, more than 3°C, (e) the everyday regional mean values of ACH,4 and AT over the north of WS and the
number of active fires in Siberia (55°-75°N, 60°-120°E), (f) scatter plot of the everyday regional mean values of
ACHy versus AT over the north of WS in the summer of 2016.

over Yamal (5.7-10"7 molecules/cm’ or 1.5% relatively to corresponding long-term value of TC CH,in
Julies 2003-2015), Taimyr (6.2-10'” molecules/cm” or 1.6%) and near Igarka (6.5-10"" molecules/cm’
molecules/cm’ or 1.8%) and with local maxima of CH,; VMR (at 500-hPa level) over Yamal (27 ppbv
or 1.5%) and Putorana Plateau (30 ppbv or 1.6%). The positive anomalies of methane, detected over
the north of WS in the summer of 2016, were comparable with the intra-annual variations of CH4 over
this region.

Comparison of figure 3¢ with figure 3a indicates the similarity of the spatial distributions of ACH,4
and AT with the longitude alternation of regions with different signs of the anomalies in the subpolar
and polar latitudes. It is known that the changes in land surface temperature, along with changes in soil
moisture and water table depth, regulate the soil emission of carbon-containing compounds [25]. In the
cryolitizone, in particular, an increase in surface temperature leads to thawing of the permafrost and
contributes to an increase in methane emissions from wetlands [5].

The relationship between the spatial distributions of AT, and ACH,4 also manifests itself in the prin-
cipal distinction of the EPDs of ACH,4 under different temperature regimes (figure 3d). It can be seen
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from that at AT, < -3°C, the EPD of ACH, is unimodal with a peak at about 2-10'" molecules/cm?,
whereas at AT; > 3°C the distribution of ACH,4 is polymodal, with the main peak centered at 7-10"
molecules/cm?, which is accompanying by two additional minor peaks at 1-10'7 molecules/cm” and at
3-10"" molecules/cm’.

Correlation between variations of the daily regional mean anomalies of CH4 and T was also re-
vealed (figure 3e). It can be seen that each of heat waves occurred in the north of WS in the summer of
2016 was accompanied by an increase in the regional abundance of CH,. The results of the analysis
show that on the formation of positive correlation of ACH, and AT the intra-seasonal variations of
CH, and T; (with the period exceeding the characteristic synoptic period) contributed significantly.
This inference is confirmed by the results of cross-wavelet analysis of ACH4 with AT - their statisti-
cally significant coherence manifests itself for the periods of about 3 weeks or more. When using line-
ar regression (figure 3f), the sensitivity of daily anomalies of the regional total column of CH, to the
corresponding anomalies of surface temperature was estimated to be ACH,/AT, = 7.5-10'"® mole-
cules-cm™/°C or 0.2% /°C, relatively the average regional mean total column of CH, in Julies of 2003-
2007 (3.74-10" molecules/cm?) [26].

It is known that the wildfires are an important natural source of methane in the atmosphere. In the
summer of 2016, massive fires in Siberia were concentrated to the south of the region of the increased
atmospheric CHy4 content. Atmospheric circulation promoted the transport of combustion products
south of the region characterized by the positive anomaly of CH, in the atmosphere - approximately
along 60°N [21, 22]. A conducted correlation analysis did not reveal any significant correlation be-
tween the variations of CHy4 over the north of WS with forest fire activity in the territory of Siberia
(figure 4e).

Over the north of WS the connection between methane content in the regional atmosphere and sur-
face temperature is also manifested in the interannual variations of CH, and T (figure 3b). The region-
al mean July values of CHy4 and 75 in 2003-2016 as a whole positively correlate with each other (the
only failure occurred in 2006-2008). The positive correlation between the July values of CH, and T is
partly related to the unidirectional trends of CH, and T, observed in this region during the period of
2003-2016. Changes in July's methane contents over the north of WS in this period were characterized
by a positive linear trend of 5.4 ( 3.6)-10'® molecules-cm™/year or 1.5 (£1.0)%/10 years, statistically
significant at 0.05 level (in parentheses - + 95% confidence intervals for the trend). The corresponding
changes in the surface temperature were also characterized by a positive linear trend 1.1 (% 2.5) °C/10
years, which was however statistically insignificant. After removal of linear trends and using linear
regression, the sensitivity of the interannual variations of the regional mean CH,4 content to variations
of regional mean T was estimated to be CH4/T; = 1.1-10"7 molecules-ecm™/°C or 0.3%/° C [26]. Tt is
characteristic that the sensitivity of CHy4 to T; at the interannual time scale is higher than that at the
synoptic scale.

4.4. Changes in the atmospheric composition associated with atmospheric dynamics

An analysis of satellite, acrological and ozonesonde data indicate an increase in water vapor (WV) and
decrease of ozone contents over the regions of atmospheric blocking [27-29]. According to AIRS data,
total column water vapor (TCWV) in the area of the blocking anticyclone over ER in the summer of
2010 was characterized by positive anomalies, reaching the values of 11 kg/m”* (or 54% relatively cor-
responding long-term mean values) (figure 4c), while total column ozone (TCO) was characterized by
negative anomalies with the local values down to -33 Dobson units (DU) or -10% (figure 4d). At the
same time the regions adjacent to the blocking area to the east and west, on the contrary, were charac-
terized by positive anomalies of TCO (up to 50 DU) and by negative anomalies of TCWV (-4 kg/m?).
During the summer atmospheric blocking event over ER in 2010, the statistically significant negative
spatial correlation between the anomalies of TCO and TCWV over the northwest of Eurasia (45°-
75°N, 15°W-105°E) was revealed: r = -0.71 (with 95% confidence interval -0.73, -0.69) [9].
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Figure 4. Spatial distributions of: (a) 200-hPa wind (V5), (b) tropopause pressure anomalies (APyp), (c) total
column water vapor anomalies (ATCWYV), (d) total column ozone anomalies (ATCO), (e) 200-hPa water vapor
mixing ratio anomalies (AH,0), (f) 160.5-hPa methane mixing ratio anomalies (ACH,4) averaged over the period
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(60°-70°N, 30°-60°E), (h) APy, averaged over the same region as well as the meridional wind (v) averaged over
the Central European region (45°-75°N, 15°-30°E) and zonal wind () averaged over the polar region (65°-75°N,
30°-60°E) (the data are from the AIRS instrument, excepting wind data, which are taken from the NCEP/NCAR

reanalysis, shading denotes atmospheric blocking episodes).
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The increase in TCWV and decrease in TCO over the blocks were mainly due to dynamic causes
and related to the peculiarities of regional atmospheric circulation during omega-blocking, namely by
the quasi-horizontal advection of the enriched by water vapor but ozone depleted subtropical air to the
north of ER above the western and northern periphery of the blocking anticyclones (figure 4a) as well
as by the increase in tropopause height (cf. figures 4c and 4d with figures 4a and 4b). In addition, the
decrease in TCO can be partially attributed to the photochemical destruction of ozone due to the ad-
vection of WV through the tropopause gap directly from the low-latitude troposphere to the lower
stratosphere above the block and thus intensification the processes of ozone depletion in the hydrogen
catalytic cycle in the lower stratosphere [30].

Using linear regression model, the sensitivity of regional TCO and TCWV anomalies over the
north of ER (60°-70°N, 30°-60°E) to changes in the position of regional tropopause during the sum-
mer of 2010 was estimated to be ATCO/APy,, = 0.90 DU/hPa and ATCVW/APy,, = -0.86 cm/hPa
(where Py is pressure at the tropopause level). The relation between TCO and TCWYV within blocked
area with variations of the zonal wind u above the northern periphery of anticyclone (65°-75°N, 30°-
60°E) and with the meridional wind v above the western periphery of anticyclone (45°-75°N, 15°-
30°E) was also investigated. The variations of u and v over the selected regions give an idea of the
intensity of the anticyclonic circulation over ER during atmospheric blocking events. The closest cou-
pling between the TCO and TCWYV anomalies within the block with u and v revealed itself with the
wind components taken at the pressure level of 200 hPa. In the mid-latitudes this level is close to the
tropopause region that indicates the key role of the wave - vortex dynamics in the formation of the re-
gional TCO and TCWV anomalies during omega-blocking events over ER. The sensitivities of re-
gional mean ATCO and ATCWYV over the north of ER to the variations of # and v at the 200-hPa level
were estimated to be: ATCO/u = -0.87 DU/m-s”', ATCWV/u =0.78 c/m's” , ATCO/v = -0.65 DU/
m-s”, ATCWV/v = 0.69 cm/m-s™.

The positive anomalies of CHy4 (up to 20 ppb) was found in the lower stratosphere over ER during
the summer 2010 atmospheric blocking event (figure 4f). Since the climatological distribution of me-
thane in the stratosphere is characterized by a decrease from south to north, the increase in CHy in the
lower stratosphere over the blocked region could also be due to the advection of the methane enriched
air from low latitudes to the north of ER in the rear part of stratospheric anticyclone, which accompa-
nied the blocking anticyclone in the troposphere [8, 9].

The vertical structure of the ozone anomalies within blocking area during the spring and summer
atmospheric blocking events over ER in 2010 was characterized by negative anomalies in the tropo-
sphere and lower stratosphere and by the dominance of the positive O; anomalies in the middle and
upper stratosphere. The negative anomalies of ozone reached -0.18 ppmv at 150 hPa (-23% relatively
the long-term volume mixing ratio of ozone at the specified level) during the spring event and -0.26
ppm (-11%) at 50 hPa during the summer one. The corresponding WV profiles were characterized by
the positive anomalies of H,O in the troposphere and lower stratosphere, reaching the values of 3.5 x
107 in the lower troposphere and 3.2 ppm (39%) in the lower stratosphere during the spring block and
the values of 6 x 107 in the lower troposphere and 6.6 ppm (43%) in the lower stratosphere during the
summer block [9, 29].

Because TCO modulates the intensity of solar UV radiation incoming to the Earth’s surface, the
decrease in TCO during atmospheric blocking events, cloudless anticyclonic weather and the high po-
sition of the Sun in the summer can result the living things within the blocking areas will be exposed
by hazardous doses of biologically active solar radiation [31]. Based on the measurements of TCO and
UV radiation from the OMI instrument, an analysis was made of the spatial and temporal variations of
the solar UV exposure during atmospheric blocks over ER in the spring and summer 2010.

The results indicated a significant increase of the surface biologically active solar UV radiation in
the blocking areas. During the summer atmospheric block (figure 5a), the maximum erythemal UV
daily doses (AUV) were observed over Southern Ural (534 J/m® or 17% relative to the corresponding
long-term mean), Western Caucasus (1040 J/m” or 21%) and the north-east of ER (631 J/m* or 23%)
(figure 5a). There is a close conformity between the spatial distributions of AUV and ATCO during the
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Figure 5. Spatial distributions over the period 1-10 August 2010 of: (a) the anomalies of erythemal UV daily
dose (AUV dose), (b) CF, (c) ATCO and (d) AOD (A=550 nm); the time series of: (e) the daily regional mean
AUV dose and ATCO as well as daily regional CF and AOD over the region (50°-70°N, 30°-70°E), (f) daily
regional mean surface UV irradiances over the same region in the summer of 2010; the scatter plots of: (g) the
mean local (1° x 1°) AUV dose in the region (40°-75°N, 15°W-105°E) 1-10 August 2010 versus corresponding
local ATCO, (h) the daily regional mean AUV dose UV over (50°-70°N, 30°-70°E) versus corresponding anom-
alies of the daily regional mean ATCO and (i) the daily regional mean AUV dose UV over (50°-70°N, 30°-70°E)
versus the daily regional mean CF. The time-series of AUV, ATCO and surface irradiances as well as CF in (i)
were filtered by subtraction from daily data the corresponding 31-day running mean values; shading denotes
blocking episodes.
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blocking period: in the middle and high latitudes, both the AUV and ATCO distributions revealed the
alternation in signs with longitude and both of them manifest the similar wave-vortex structures asso-
ciated with the regional features of the large-scale atmospheric circulation during omega blocks over
ER (cf. figure Sa with figure Sc). There is a high spatial anticorrelation between the local (1° x 1°)
AUV and ATCO for the region restricted by the coordinates 40° -70°N, 15°W-105°E (r = -0.75). The
sensitivity of the local UV anomalies in the abovementioned region averaged over the period 1-10
August 2010 to corresponding TCO anomalies was obtained to be: AUV/ATCO = -19 ] m™?/DU (fig-
ure 5g). In May-August 2010 a high anticorrelation between the regional mean everyday AUV alues
and ATCO values was also observed (» = -0.74) with the regular decrease in ATCO and increase in
AUV in the periods of atmospheric blocking (figure 5d). An increase in irradiances at individual wave-
lengths in the UV region during atmospheric blocking events was also observed with the greatest
change of irradiance at the wavelength of 305 nm, where the ozone absorption of the solar UV radia-
tion is very strong (figure 5f). The sensitivity of the regional mean AUV to corresponding ATCO was
estimated to be AUV/ATCO = -14 ] m*/DU (figure 5h). The presented results show that the increase
of the erythemal UV dose in the periods of atmospheric blocking over ER in the spring and summer of
2010 at least in part was due to a decrease in TCO, observed during blocks over the given region.

Alongside with TCO, cloudiness has strong effect on the surface UV radiation. Using MODIS
cloud product, the relation between UV radiation and cloud fraction (CF) during the atmospheric
blockings over ER in spring and summer 2010 was analyzed. The spatial distributions of CF during
the blocking periods evidence the cloudless weather regime in the south and center of ER (figure 5b)
with the more denser cloud cover over the western, northern and eastern peripheries of the blocking
anticyclones (CF = 0.7-0.9). During the summer block, the shape and position of the isohypse CF =
0.7 north of 50°N approximately coincided with the boundary between the positive and negative UV
anomalies (cf. figure 5a and figure 5b). The correlation analysis of the daily regional means of AUV
and CF indicates a close correlation between the anomalies in UV and ACF at synoptic time scales, at
that the correlation between AUV and CF variations was higher than that that between AUV and
ATCO (-0.87 and -0.74, respectively). Thus the increase in surface UV radiation during atmospheric
blocking events over ER in spring and summer 2010 was also related to the decrease of cloud cover
over the region occupied by the blocking anticyclones.

An important factors affecting surface UV radiation are the content of aerosol particles in the at-
mospheric column and the physical and microphysical characteristics of aerosols. Anomalously pro-
longed summer block over ER in 2010 was accompanied by the development of massive wildfires in
the period from July 23 to August 16 that resulted in intensive pyrogenic emission of aerosol (smoke)
particles into the atmosphere [32]. Analysis of the aerosol optical depth (AOD) measurements from
the MODIS/Terra instrument showed that the average value of AOT at the wavelength A = 550 nm
exceeded 2 between Moscow and Kazan, with a local (1° x 1°) maximum of 2.54 over the east of the
Vladimir region (56°-57°N, 41°-42°E) (figure 5d). In contrast with the spatial distributions of AUV
and ATCO, characterized by extreme values over the western and northern peripheries of the block
(figure 5a and 5c), the maximum AOD was localized in the center of the blocking anticyclone. A
comparison of the spatial distributions of AUV (figure 5a) and AOT (figure 5d) shows that the region
characterized by AOT > 2 coincides well with the region of minimum values of AUV at the center of
ER (AUV dose < 300 J/m?).

The decrease in surface UV radiation during the massive wildfires in ER was noted previously. Ac-
cording to the ground-based AOT measurements at AERONET Moscow MSU MO station, the local
AOT values ( A = 500 nm) exceeded 6 on 7 August 2010, with local losses of erythemal UV radiation
of 97% [33]. It should be noted, however, that the AOT field in this day was characterized by a strong
spatial heterogeneity. The difference between AOT over the stations AERONET Moscow MSU MO
and Zvenigorod (located 47 km west of Moscow) on 7 August 2010 reached 4. Figure 5e also shows
temporal variations of the daily regional mean AOT over the region (50°-70°N, 30°-70° E) in the
summer of 2010 according to MODIS/Terra data. The presented results indicate a sharp increase in
AOT over this region in the period from 26 July to 11 August 2010 with a maximum of (1.27) on 11
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August 2010. Characteristically, that with comparable cloud cover and similar reduction in CF during
the spring and summer atmospheric blocks over ER in 2010, the surface UV irradiance during the
summer block was lower than that during the spring one, that can be attributed to a strong smoke
blanketing.

The conducted analysis revealed the main factors of changes in UV during the atmospheric block-
ing events over ER in spring and summer 2010. The results indicate that the decrease in TCO and de-
crease in cloud cover promoted the increase of UV over the periphery of blocking area, while the
dense smoke in the center of ER, on the contrary, contributed to a reduction of UV. Since the presence
of absorbing aerosols (smoke) in the lower troposphere leads to significant errors in the determination
of surface UV radiation by the OMI instrument [34], the relative contribution of the above factors re-
quires more in-depth analysis.

5. Conclusions

The analysis of data from satellite, balloon and ground-based systems for monitoring atmospheric con-
tents of radiative and chemically active gas admixtures (O;, H,O, CO, NO,, CH,0, CHy,), as well as
optical and microphysical characteristics of aerosol, revealed a number of key factors responsible for
changes in the atmospheric composition under weather extremes and climatic anomalies associated
with atmospheric blocking events in the regions of Northern Eurasia. The results of the analysis
showed that most significant changes in the atmospheric composition were associated with the pyro-
genic emission: under massive forest fires, often accompanying prolonged atmospheric blocks, AOT
increases by 30-40 times, while the total column of CO - by 3-4 times. Along with the strong increase
in AOT and CO, an increase in the local contents of CH,O (by a factor of 2) and NO, (by a factor of
1.2) is observed over the clusters of intensive wildfires. The strong increase of surface temperature,
prolonged sun shining and soil drought associated with summer atmospheric blocking events cause
abiotic stress of vegetation in the blocking area. Under adverse conditions, as a protective reaction,
plants increase emission of isoprene, the oxidation of which in the atmosphere leads to an increase in
the regional abundance of CH,O (70%). Under atmospheric blocking conditions in the subarctic zone,
an increase in land surface temperature promotes the thawing of permafrost that increases the soil
emission of CHy4 and thus the abundance of CH4 in the atmosphere over the blocking area (up to 2%).
Along with the pyrogenic, biogenic and soil emissions, the causes of changes in the atmospheric com-
position during atmospheric blocking events are also regional features of large-scale atmospheric cir-
culation. Due to advection of ozone depleted but water vapor enriched subtropical air accompanied by
rising of the tropopause, a decrease in TCO (by 10-15%) and an increase in TCWV (by 50-70%) are
noted in the blocking area. The decrease in TCO over the blocking area, cloudless weather and a high
position of the Sun in the sky in summer, result in significant increase (up to 20%) of biologically ac-
tive solar UV radiation coming to the Earth's surface. Under the atmospheric blocking of the dipole
type, the peculiarities of atmospheric circulation promote to the long-range anomalous transfer of
combustion products from east to west and can cause significant changes in the atmospheric composi-
tion over regions remote at a distance of thousands of kilometers from the region of wildfires.
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