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� Atmospheric blocking influences regional atmospheric composition.
� Water vapor increases in the troposphere and stratosphere over the blocks.
� Negative total column ozone anomalies dominate within the blocking domains.
� The ozone and water vapor anomalies is due mainly to atmospheric dynamics.
� Interconnection of blocking anticyclone with stationary Rossby wave.
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a b s t r a c t

Using data from the AIRS satellite instrument (V6, L3), ozone, water vapor (WV), and temperature
anomalies associated with the relatively short spring atmospheric blocking event and anomalously
prolonged summer block over European Russia (ER) in 2010 are analyzed. Within the domain of the
blocking anticyclones, negative total column ozone (TCO) anomalies and positive total column water
vapor (TCWV) anomalies reaching the values of �25 and �32 Dobson Units (DU) and 10 and 11 kg m�2

during the spring and summer blocks are observed, respectively. Conversely, within the regions adjacent
to the anticyclones to the west and east, positive TCO anomalies (77 and 45 DU) and negative TCWV
anomalies (�3 and �4 kg m�2) are found. These TCO and TCWV anomalies are conditioned by the
regional atmospheric circulation associated with the strong omega-type blocking. The TCO deficit and
TCWV surplus within the atmospheric blocking domain are explained primarily by the poleward
advection of subtropical air with low TCO and high TCWV content and tropopause uplift. The TCO and
TCWV anomalies are also associated with quasi-stationary Rossby wave trains that accompanied these
blocking events. An analysis of the anomaly vertical structure shows that the marked TCO decrease is
primarily due to the lower stratospheric ozone decrease, while the strong TCWV increase is mainly the
result of an increase of lower tropospheric WV content. The possible role of photochemical ozone
destruction in the lower stratosphere due to WV advection within the blocked regions is also discussed.
Vertical profiles of the thermal anomalies during both atmospheric blocking events reveal dipole-like
structures characterized by positive temperature anomalies in the troposphere and negative anoma-
lies in the lower stratosphere.

© 2017 Elsevier Ltd. All rights reserved.
017, Russia.
1. Introduction

Atmospheric blocking is associated with the formation of a
strong stationary anticyclone, which impedes the westerly transfer
of air masses in the mid-latitude troposphere (Rex, 1950). It is
believed that block formation is closely related to nonlinear
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instability and overturning of Rossby waves (Pelly and Hoskins,
2003; Lupo et al., 2012).

Summer blocking episodes are accompanied by heat waves, lack
of rainfall, drought, and often with the wildfires (Mokhov, 2011).
Anomalously hot and dry weather associated with the unusually
persistent atmospheric block over European Russia (ER) during the
summer of 2010 contributed to the development of severewildfires
and pyrogenic emission into the atmosphere of various combustion
products (including toxic ones) that in aggregate with a heat wave
adversely affected human health (Witte et al., 2011; van Donkelaar
et al., 2011; Sitnov, 2011a; Huijnen et al., 2012). In the pre-fire
period for the summer of 2010, a rise in regional surface temper-
ature in ER resulted in an increase of the regional atmospheric
abundance of formaldehyde formed in the atmosphere due to the
oxidation of isoprene emitted by plants (Sitnov and Mokhov, 2017).

Changes in regional atmospheric composition during atmo-
spheric blocking events can be conditioned also by the peculiarities
of the regional atmospheric circulation associated with blocks
(Peters et al., 1995). It was shown that during the omega-type at-
mospheric blocks over ER during the summer 1972 and 2010, the
total column water vapor (TCWV) field was characterized by
anomalous spatial distribution, with a water vapor (WV) excess
over the northern part of ER and a deficiency over the southern part
of ER (Sitnov and Mokhov, 2013). The anomalous TCWV spatial
distributions were associated mainly with the advection of humid
maritime air from Mediterranean and Atlantic into the poleward
flank of the blocking anticyclone (Sitnov et al., 2014).

A deficit of total column ozone (TCO) was found repeatedly
within the domain of anticyclone (including the block) (e.g. Petzold,
1999; Barriopedro et al., 2010). The TCO deficit within the domain
of atmospheric block is explained generally by the advection of
ozone-depleted tropical air poleward, and the uplift of the tropo-
pause and ascending air motions (Koch et al., 2005; Orsolini and
Nikulin, 2006). The photochemical mechanisms of ozone destruc-
tion are also discussed (Petzold, 1999; Barriopedro et al., 2010).
Sitnov and Mokhov (2015) argued that the TCO decrease within the
domain of the prolonged atmospheric block over ER during the
summer of 2010was conditioned by the strong decrease of ozone in
the lower stratosphere caused by the poleward quasi-horizontal
advection of ozone-depleted tropical air and tropopause uplift.
They also hypothesized that the negative TCO anomalies during this
blocking event could be in part the result of the photochemical
ozone destruction in the lower stratosphere dueWV advection into
this region (Sitnov and Mokhov, 2016).

Atmospheric blocking events are accompanied often by deep
non-stationary mid-latitude local minima of TCO, called ozone
mini-holes (OMHs) (Barriopedro et al., 2010). The maximum fre-
quency of OMHs in the NH is observed within the Euro-Atlantic
sector (James, 1998; Orsolini and Nikulin, 2006), where atmo-
spheric blocking events also occur frequently (Lupo and Smith,
1995; Wiedenmann et al., 2002). The average duration of OMH is
about three days, but under blocking conditions the duration may
be up to two weeks (James, 1998). Since TCO modulates the in-
tensity of solar ultraviolet (UV) radiation reaching the Earth's sur-
face, living things within the domain of atmospheric block can be
exposed to hazardous doses of biologically active UV radiation
(Stick et al., 2006).

The purpose of this paper is to analyze the similarities and dif-
ferences in the spatial and temporal variations in ozone, WV and
temperature associated with a relatively short spring atmospheric
block and anomalously persistent summer event over ER in 2010.
Since numerical models project a warmer climate, an increase in
anomalously prolonged summer atmospheric blocking events over
ER may be expected (Mokhov et al., 2014). Another motivation for
this study is to obtain a more complete knowledge of possible
changes in the atmospheric composition under unusual weather
regimes occurring over the most densely populated region of
Russia.
2. Data

Profiles of ozone, WV, and temperature as well as the tropo-
pause characteristics obtained by the Atmospheric InfraRed
Sounder (AIRS) instrument during the period from 30 August 2002
to 31 December 2015 were utilized for this study. AIRS is a space-
borne high-resolution spectrometer, which measures infrared (IR)
radiation in 2378 channels within the wavelength range of
3.7e15.4 mm (Chahine et al., 2006). The scanning system provides
95% daily data coverage for the Earth's surface. The AIRS algorithm
for profile retrieval also utilizes the measurements from a collo-
cated microwave radiometer AMSU (Advanced Microwave Sound-
ing Unit), having the spatial resolution of 45 km in nadir (Mo,1996).
It is believed that joint analysis of radiation measurements in the
infrared and microwave bands allows AIRS/AMSU to retrieve
physically reasonable profiles in cases with up to 80% cloud cover
(Susskind et al., 2006). The AIRS instrument was designed to
retrieve temperature profiles with an accuracy of 1 K in a 1 km
layer, the WV profile below 100 hPa with the accuracy of 15% in a
2 km layer, the ozone profile with the accuracy of 20%, as well as
retrieving TCWV and TCO with the accuracy of 5% (Pagano et al.,
2010). The validation of the AIRS TCO version 5 (V5) data for
MayeSeptember 2010 using high-precision ground-based TCO
measurements by Brewer spectrophotometers, operated at world
ozone observation network stations Kislovodsk (43.7� N, 42.7� E)
and Obninsk (55.1� N, 36.6� E) revealed a good agreement between
satellite and ground-based TCO measurements (Sitnov and
Mokhov, 2016; see also supplementary materials). AIRS and
AMSU are installed on board the Aqua satellite, launched 4 May
2002 in a near-polar sun-synchronous orbit at a height of 705 km
and a rotational period of 98.8 min (Aumann et al., 2003).

The AIRS V6 level 3 standard products (L3) comprising daily
averaged measurements on the ascending and descending
branches of an orbit with the quality indicators 'best' and 'good' and
binned into 1� � 1� (latitude � longitude) grid cells [Tian et al.,
2013] were used here. Ozone and temperature profiles are repre-
sented by data on 24 pressure levels between 1000 hPa and 1 hPa.
WV profiles are represented at 12 levels between 1000 and 100 hPa,
however the 150 hPa and 100 hPa level data are considered unre-
liable. TCO and TCWV data are calculated by integrating ozone and
WV profiles, respectively. Tropopause pressure (Ptrop) is derived
from the air temperature profile using thermal tropopause defini-
tion (WMO, 1957). AIRS data (V6, L3) were obtained using the
Giovanni system through http://giovanni.gsfc.nasa.gov (Acker and
Leptoukh, 2007).

The daily zonal and meridional wind components as well as
geopotential heights from the National Centers for Environmental
Prediction/National Center for Atmospheric Research (NCEP/NCAR)
reanalysis were used to represent atmospheric dynamics (Kistler
et al., 2001). The data are provided on 2.5� by 2.5� latitude-
longitude grids and available on 17 mandatory levels from
1000 hPa to 10 hPa available at http://www.esrl.noaa.gov/psd/data/
reanalysis. These data are of sufficient resolution for determining
the important dynamics related to a large-scale phenomenon such
as blocking as shown in many published studies (e.g. Lupo et al.,
2012).

http://giovanni.gsfc.nasa.gov
http://www.esrl.noaa.gov/psd/data/reanalysis
http://www.esrl.noaa.gov/psd/data/reanalysis
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3. Methods

3.1. Ozone and WV anomaly calculations

It is expected that atmospheric blocking impacts on ozone and
WV concentrations manifest themselves on the background of
large-scale natural variability for these gases. Using anomalies re-
duces the impact of systematic errors of observations and the
impact of strong seasonal variations in ozone and WV, thus
allowing for the more reliable extraction of the effects due to at-
mospheric blocking.

Latitude-longitude anomaly distributions during blocking
events were calculated as deviations from spatial distributions in
atmospheric parameters during themaximum development period
of the 2010 spring and summer blocks from the average spatial
distributions for atmospheric parameters during the respective
periods 2003e2015, excepting 2010 (see also Sitnov et al., 2014).
The daily regional anomaly time-series were obtained as deviations
from regionally averaged daily values for atmospheric parameters
during 2010 corresponding to the same day for the long-term
regionally averaged daily values and smoothed using a 31-day
running mean operator. Pressure-latitude anomalies cross-
sections during the summer 2010 block were calculated as the
deviations from the pressure-latitude distributions of atmospheric
parameters for the maximum development period of the summer
2010 block from the average altitude-latitude distributions of at-
mospheric parameters during the period 2003e2015, excepting
2010.

The analysis of ozone, WV, and temperature measurements
obtained on the ascending branch of an orbit (daytime data) bore a
close resemblance to those obtained on the descending one
(nighttime data). Therefore, in this study daytime and nighttime
data are processed together.
3.2. Diagnosing the atmospheric blocking episodes

Fig. 1a shows the results of the daily atmospheric blocking di-
agnostics within the sector 20�e70� E longitude for the
AprileSeptember 2010 period. For the diagnosis of the blocking
episodes, the 500-hPa geopotential height (H500) data were
analyzed using the Tibaldi and Molteni (1990) criterion. For each
day and for every 2.5� longitude, the northern (GN) and southern
(GS) meridional gradients of H500 were calculated using:

GN ¼ H500ðfNÞ �H500ðf0Þ
fN � f0

;

GS ¼ H500ðf0Þ � H500ðfSÞ
f0 � fS

;

where 4N ¼ 80� N þ d, 40 ¼ 60� N þ d, 4S ¼ 40� N þ d, d ¼ �5�, 0�,
5�. A given longitude is defined as “blocked” if the following con-
ditions are satisfied for at least one value of d:

GS >0;

GN < � 10 m per latitude degree:

The atmospheric blocking definitions often includes addition-
ally the condition that blocking persists for at least five days (Lupo
and Smith, 1995). Additionally, a NH blocking anticyclone during its
lifetime should occur poleward of 35� N and the ridge should have
an amplitude of greater than 5� latitude (Lupo and Smith, 1995). In
accordance with these criteria, there was only two atmospheric
blocking episodes that occurredwithin the time and spatial domain
identified here. These were a spring episode (3e20 May) and a
summer episode (22 June-14 August) (Fig. 1a). In both episodes, the
block positions did not remain strictly stationary. DuringMay, there
was a gradual drift of the blocking anticyclone from east to west.
The prolonged summer blocking anticyclone was characterized by
more complex spatio-temporal dynamics, manifesting also an
amplitude vacillation (Shakina and Ivanova, 2010). According to
Lupo et al. (2012), these blocking events were more intense than a
typical event for their season and region using the Wiedenmann
et al. (2002) block intensity diagnostic. In order to analyze the
peculiarities of the TCO and TCWV fields associated with the 2010
spring and summer blocks, the 10-day periods 8e17 May and 1e10
August were selected for study. During these periods the blocking
anticyclones intensified, therefore one can expect a clearer associ-
ation between atmospheric chemical composition and atmospheric
dynamics.

4. Results and discussion

4.1. Spatial distributions of TCO and TCWV under atmospheric
blocking conditions

The mean spatial distributions of H500 during the periods 8e17
May 2010 (Fig. 1b) and 1e10 August 2010 (Fig. 1c) reveal a pattern
characteristic of an omega-block, with the high-pressure area
located over ER and two low-pressure areas over the adjacent re-
gions. In the free troposphere the atmospheric circulation pro-
moted the transport of air poleward within the longitudinal sector
10�e40� E and equatorward for the longitudinal sector 60�e90� E.
Along with the differences for the absolute values of H500 of spring
and summer, and in association with the seasonal cycles of tropo-
spheric temperature and pressure, the blocking anticyclone center
for 8e17 May 2010 was 15� longitude to the east relative to that of
1e10 August 2010 (Fig. 1b vs c). The May event also expressed a
strong tilt in the ridge axis from SE to NW (Fig. 1b), as opposed to a
weaker SW to NE ridge tilt during summer event (Fig. 1c). Within
the domains of these blocking anticyclones, the spatial distribu-
tions of temperature anomalies are characterized by positive
anomalies in the troposphere and by negative anomalies in the
lower stratosphere (see supplementary materials).

The spatial distributions of the TCO anomalies (DTCO) during
the spring (Fig. 1d) and summer (Fig. 1e) atmospheric blocking
events reveal negative TCO anomalies over the poleward periphery
of the spring block (when diagnosing block using the 500 hPa
heights) and over the poleward and western peripheries of the
summer block. Thus, the summer negative TCO anomalies
encompass a much more extensive area. Overall, the magnitudes of
TCO anomalies are not large, compared with the values generally
adopted for OMHs definition (70 Dobson units (DU) or more (James,
1998)). The minimum value in the 1� � 1� grid boxes (�33 DU
or �10% in relation to the corresponding long-term mean) is
observed during the summer block (Fig. 1e). Over the regions up
and downstream from the blocking anticyclones, considerable
positive TCO anomalies are revealed, reaching the values of 80 DU
(þ22%) during the spring block and 49 DU (þ15%) during the
summer event.

In contrast with DTCO, the spatial distributions of TCWV
anomalies (DTCWV) are characterized by strong positive anomalies
over the northern peripheries of the blocking anticyclones, reach-
ing 10 kg m�2 (88%) in spring (Fig. 1f) and 11 kg m�2 (54%) in
summer (Fig. 1g). These positive DTCWV anomalies are accompa-
nied by weaker negative anomalies (�3 to �4 kg m�2, about 30%)
for the regions upstream and downstream. The larger percentage
value of the spring WV anomaly can be explained by the seasonal
variability of WV over ER, which reaches a maximum in summer



Fig. 1. (a) Longitudes (left axis) and days (lower axis) of atmospheric blocking according to the blocking criteria of Tibaldi and Molteni (1990) (shaded) in the AprileSeptember
period of 2010, (b, c) Spatial distributions in 500-hPa geopotential heights and spatial distributions of the mean anomalies in: (d, e) TCO (color: �35 to 50 Dobson units (DU) with
increments of 5 DU, 50 to 80 DU with increments of 10 DU), (f, g) TCWV (color: �12 to 12 kg m�2 with increments of 2 kg m�2, ±1, �14 and �16 kg m�2), and (h, i) Ptrop (color: �90
to �30 with increments of 10 hPa, �30 to 35 hPa with increments of 5 hPa), during the periods of 8e17 May 2010 (left side) and 1e10 August 2010 (right side).
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(Sitnov, 2011b). The spatial distribution of TCWV anomalies during
the first ten days of August 2010 (Fig. 1g) is in accord with that of
precipitable WV anomalies obtained by Sitnov et al. (2014) using
MODIS data.

During both the spring and summer blocking episodes a nega-
tive correlation between spatial TCO and TCWV anomalies is found
(cf. Fig. 1d with Fig. 1f and e with Fig. 1g) with some strengthening
of the correlation over the poleward region. The spatial correlation
coefficients between DTCO and DTCWV for the periods 8e17 May
and 1e10 August 2010, calculated over the region bounded by the
ER coordinates defined in Fig. 1 (20�e75� N and 15� W-105� E) are
0.48 (the 95% confidence intervals: �0.50, �0.46) and �0.50
(�0.52, �0.48). The correlations calculated over the territory
poleward of 45� N reach values �0.71 (�0.73, �0.69) and �0.65
(�0.67, �0.63), respectively. As much as 90% of the ozone is in the
stratosphere, but almost all WV is in the lowest 2-km of the at-
mosphere (Perov and Khrgian, 1980), thus the close relationship
between DTCO and DTCWV seems rather unexpected and poorly
documented. Nevertheless, the relationship can be explained
qualitatively by dynamic factors. Climatologically, the TCO in-
creases with latitude, TCWV on the contrary decreases from
equator to pole, and the meridional advections likely promote the
negative correlation between DTCO and DTCWV. Lastly, the DPtrop
anomalies (Fig. 1h, i) were stronger for the spring blocking episode,
which was more intense than the summer season event.

Statistical significance of the DTCO and DTCWV anomalies, and
DPtrop was calculated for each of the 1� � 1� grid cell using the two-
sample Welch's t-test, which is more reliable than Student's t-test
when two samples have unequal sample sizes and unequal vari-
ances (Fig. 2). The results indicate that within the domains of the
spring and summer 2010 atmospheric blocks, the positive anom-
alies of WV and negative anomalies of the Ptrop are significant
(a ¼ 0.05) (cf. Fig. 1f with Fig. 2c, Fig. 1g with Fig. 2d, Fig. 1h with
Figs. 2e, 1i and 2f). When comparing Fig. 2 with Fig. 1, it can be seen
that within the domains upstream and downstream to the blocks,
the negative WV anomalies as well as positive ozone - and Ptrop
anomalies are also statistically significant. At the same time the
negative TCO anomalies within the domains of the blocks are at the
limits of the standard levels of statistical significance. However it
should be noted that the estimation of significance thresholds re-
lates to the significance of anomalies in the spatial resolution
1� � 1�. When assessing the reliability of the existence of a
conglomerate of the anomalies of the same sign, the requirement
for the statistical significance of each individual anomaly seems
unnecessarily strict.

The presence of meridional transports over a wide range of
height levels during the spring and summer 2010 atmospheric
blocks is illustrated in Fig. 3. Comparing the spatial distributions of
DTCWV and the 700-hPa wind field indicates a close association
between the spatial inhomogeneities in DTCWV with the atmo-
spheric circulation in the free troposphere (cf. Fig.1f with Fig. 3i and
Fig. 1g with Fig. 3j). In particular, the spatial distribution of DTCWV
8e17 May 2010 (Fig. 1f) reflects air mass transport from SE to NW
due to the tilt of the ridge's western flank (Fig. 1b). The surplus of
TCWV over the domain of blocking anticyclone can be explained by
the advection of warm subtropical air, enriched byWV poleward of
ER along the western periphery block center, while the deficit of
TCWV over the areas conterminous with the anticyclone could be
due to the advection of the WV depleted arctic air (Fig. 3e,g,i).

It was not expected that the spatial distributions of DTCO in both
examined blocking episodes would bear little relation to the hori-
zontal wind distribution in the stratosphere (Fig. 3aef) (since the
bulk of ozone is in the stratosphere). For example, positive TCO
anomalies over the regions west and east of the spring 2010 block
are accompanied by the meridional flows having opposite di-
rections at the 50-hPa level (cf. Fig.1d and Fig. 3c) in spite of the fact
that this level is near the maximum of the mid-latitude ozone
profile (Perov and Khrgian, 1980). Comparative analysis of ozone
anomalies with winds at different levels indicates that the TCO
anomalies are associated, to a greater extent, with atmospheric
circulations near the tropopause (cf. Fig.1d with Fig. 3e,g and Fig.1e
with Fig. 3f,h). This distribution could be explained by a sharp wind
maximum at this level, and, thus, is the dominant component of
ozone fluxes in the tropopause region for the formation of TCO
field. The negative TCO anomalies within the atmospheric blocking
regions was explained further by the advection of subtropical air
with low total ozone content poleward and following turning
eastward due to the large-scale anticyclonic circulation (Fig. 3ceh
and also Fig. 7a). The positive TCO anomalies over the adjacent
regions may be the result of the equatorward advection of ozone-
enriched arctic air.

An important mechanism for TCO changes is known to be
associated with the changes in the tropopause position. Intra-
seasonal changes in the tropopause are closely related to the ver-
tical air motions in the upper troposphere - lower stratosphere
(UTLS) (Petzold et al., 1994). Fig. 1h and f show Ptrop anomalies
(DPtrop) during the spring and summer atmospheric blocks,
respectively, calculated similar to those of DTCO and DTCWV. The
increase or decrease in DPtrop is associated with lowering or lifting
of the tropopause, respectively. A comparison of Fig. 1d with Fig. 1h
and e with Fig. 1i reveals close similarity between the spatial dis-
tributions of DTCO and DPtrop during both blocking episodes. The
correlation coefficients between the DTCO and DPtrop spatial dis-
tributions within the region 20�e75� N, 15� W-105� E during the
periods 8e17 May 2010 and 1e10 August 2010 are 0.75 (0.74, 0.76)
and 0.77 (0.76, 0.78), respectively. The link between D TCWV and
DPtrop is much weaker. The spatial correlation coefficients between
DTCWV and DPtrop for the respective periods are �0.38
(�0.40, �0.36) and �0.30 (�0.32, �0.28). Positive correlations be-
tween DTCO and DPtrop in the block region can be partially
explained by the advection of air masses originating from sub-
tropical latitudes with low TCO and high tropopause, and also by
the advection of arctic air, with increased TCO and a lower tropo-
pause (cf. Fig. 1d with Fig. 3c, e, g and Fig. 1e with Fig. 3d, f, h).
However, some details of the DTCO distributions are difficult to
explain by quasi-horizontal advection.

Local TCO anomalies (especially the anomaly centered near 45�

N, 30� E during the period of 1e10 August 2010 (Fig. 1e)) are
difficult to explain by horizontal motions. Rather, they could be
associated with the vertical motions of air. Ascending air in the
UTLS results in the replacement of air from the lower stratosphere
characterized by relatively high ozone mixing ratio with the air
from the upper troposphere possessing relatively low mixing ratio
of ozone. Additionally, since the ozone relaxation time decreases
with height, the ozone concentration in the upper part of the
profile finds photochemical equilibrium faster than the lower part.
Therefore, in the presence of overall upward vertical motion
extending through a deep atmospheric layer should result in a
decrease for total columnar ozone content (Perov and Khrgian,
1980). On the other hand, rapid upward motion in the UTLS is
associated with adiabatic cooling and, consequently, a decrease in
temperature and tropopause (decrease in Ptrop). Conversely, sub-
sidence occurring in a deep layer leads a depression in tropopause
height (increase in Ptrop) and an increase in TCO. Relatively low
correlation coefficients between DTCWV and DPtrop are probably
indicative of a relatively weak contribution of the vertical motions



Fig. 2. (a) The levels of significance of individual (1� � 1�) anomalies in TCO (a,b), TCWV (c,d), and Ptrop (e,f) in the periods 8e17 May 2010 (left side) and 1e10 August 2010 (right
side).
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to the TCWV field formation, compared to their contribution to the
TCO field formation. Apparently, the anomalies of TCWV during the
spring and summer atmospheric blocking events in 2010 are
associated with the horizontal advection of WV to a greater degree.

The spatial structure of the vertical wind velocities which
occurred in the middle troposphere during the maximum
strengthening phase for the summer blocking anticyclone over ER
in 2010 were presented by Sitnov et al. (2014). The results of this
earlier work show the presence of ascending air motions over the
western and northern flanks of the blocking anticyclone with the
velocities of 1e1.5 cm s�1. A general overview of the vertical mo-
tions during the spring and summer atmospheric blocking events
over ER in 2010 can be also inferred from the calculation of hori-
zontal divergence in the mean wind field (during the 10-day in-
tervals) at several pressure levels (Fig. 3). The results show that
poleward of 45� N, over the western (eastern) flank of the blocking
regions, poleward (equatorward) air flow is accompanied by
divergence (convergence) of horizontal wind, respectively. The
absolute values of the horizontal divergence (divhV) increase with
height in the troposphere and decrease with height in the strato-
sphere peaking just above the tropopause. Thus in the UTLS over
the western (eastern) flanks of the blocks, ascending (descending)
motions of air should occur, respectively. The patterns of vertical
motions are rather crude since these were calculated using the
divergence in horizontal wind fields averaged over the 10-day
periods.
It is believed that atmospheric blocking events are closely
related to the dynamics of planetary Rossby waves (Pelly and
Hoskins, 2003). The global distributions of TCO, TCWV, and Ptrop
anomalies during the summer 2010 atmospheric blocking event
reveal clearly the large-scale wave structures (Fig. 4). It can be seen
that in the middle latitudes, the field of horizontal wind reveals jet
maxima or streaks generally flowing from west to east. (Fig. 4d). A
Rossby wave train (RWT) originates in the region of the Hawaiian
archipelago (21� N, 151� W) over the Pacific Ocean. The amplitude
of RWT increases fromwest to east reaching amaximumwithin the
domain of the atmospheric block over ER. Note that ridges and
troughs are associatedwith negative and positive anomalies in TCO,
respectively (cf. Fig. 4d with Fig. 4a). It has been shown earlier that
for planetary waves embedded in zonal flow, a poleward (equa-
torward) shift of the flow is always accompanied by an ascent
(descent) of air, respectively (Matsuno, 1980). A numerical simu-
lation of the ozone transport by planetary waves showed that the
maximum increase (decrease) in TCO should occur in the trough
(ridge) of the wave, respectively (Bekoryukov, 1965). It can be seen
that the global distribution of TCO anomalies during the summer
2010 ER atmospheric blocking is consistent with the results of the
latter study (cf. Fig. 4a and d).

The wave-like structure of DTCWV is less clear than that of the
TCO anomalies (Fig. 4b). In the mid-latitudes, however, TCWV
anomalies associated with RWT negatively correlated with TCO.
Unlike TCO, the magnitudes of the TCWV anomalies are greater in



Fig. 3. Spatial distributions of the mean horizontal wind vectors (arrows) and horizontal divergence of the wind (color scale) at the levels: (a, b) 50 hPa, (c, d) 70 hPa, (e, f) 200 hPa,
(g, h) 300 hPa, and (i, j) 700 hPa in the period 8e17 May 2010 (left side) and 1e10 August 2010 (right side).
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ridges, but weaker in troughs. The wave-pattern of anomalies is
revealed also on the Ptrop (Fig. 4c). The spatial distribution of
negative Ptrop anomalies nearly coincides with the axis of the jet
stream (Fig. 4d) while the negative anomaly associated with the



Fig. 4. Spatial distributions in the Northern Hemisphere of the mean anomalies in: (a) TCO, (b) TCWV, and (c) Ptrop, and (d) the mean wind vectors at 200-hPa level in the period
1e10 August 2010.
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block is represented by split flow (Fig. 4d). In the troughs, (pole-
ward of the jet axis) weaker positive DPtrop anomalies are observed.
In the latitude belt 30�e75� N, DPtrop is highly correlated with
DTCO. The spatial correlation between D Ptrop and DTCO reached
0.83 (0.82e0.84). Positive TCO anomalies are also observed within
regions of persistent and closed cyclonic circulations, in particular,
those centered at (37� N,152� W) and (32� N, 38� W). The planetary
wave structure is less pronounced during the spring blocking event
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(see supplementary materials).

4.2. Temporal evolution of TCO and TCWV, and dynamical
parameters within the 2010 ER atmospheric blocking events

When examining the spatial distribution and magnitude of TCO
and TCWV anomalies during the spring and summer 2010
Fig. 5. (a) Longitudes (right axis) and days (lower axis) of atmospheric blocking according to
averaged over the region 65�e75� N, 30�e60� E at the levels of 700 hPa (thick grey line),
averaged over the region 45�e75� N, 15�e30� E at the same levels, and averaged over the
AprileSeptember 2010. The regionally averaged daily anomalies were calculated as deviat
corresponding to this day the long-term regionally averaged daily values, based on data fro
running mean operator.
atmospheric blocking events, Fig. 1deg does not elucidate the time
evolution of these anomalies. Fig. 5 shows the temporal changes of
sub-regional mean daily.

TCO, TCWV, and Ptrop anomalies, and the accompanying varia-
tions for the regional mean tropopause and stratospheric region
meridional and zonal winds. Fig. 5 depicts the winds and not their
anomalies, since the former provides information about the
the blocking criteria of Tibaldi and Molteni (1990) (shaded), (b) daily mean zonal wind,
200 hPa (thin black line), and 70 hPa (dashed line), (c) daily mean meridional wind,
region 60�e70� N, 30�e60� E daily anomalies in: (d) TCWV, (e) TCO, and (f) Ptrop in
ions of the regionally averaged daily values of atmospheric parameters in 2010 from
m 1 September 2002 to 30 September 2015 (excluding 2010), smoothed by the 31-day
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direction of air transport. Variations in u, v and DPtrop demonstrate
the basic physical mechanisms for changes in TCO and TCWV
within the northern ER during block development, namely the
horizontal advection of air and the changes in the tropopause po-
sition. It is known that the intraseasonal variations in Ptrop are
closely related to atmospheric dynamics, in particular, the vertical
motions in the UTLS region (Petzold et al., 1994; Petzold, 1999).

Both the spring and summer blocking episodes were accom-
panied over the northern part of ER by negative TCO anomalies and
positive TCWV anomalies (cf. Fig. 5a with Fig. 5e and d). Unlike the
spring episode, the summer one is characterized by a rather pro-
longed development stage for TCO and TCWV (and also Ptrop)
anomalies and by a rapid change in the sign of the anomalies during
block decay. This corresponded to the evolution of the planetary-
scale dynamics for this event shown in Lupo et al. (2012). Inter-
estingly, TCO and Ptrop over the northern ER began to decrease even
before the formation of the summer block (as it diagnosed using
H500) (cf. Fig. 5a with Fig. 5e). The gradual development of TCO,
TCWV and Ptrop anomalies was accompanied by the gradual
strengthening of u and v (Fig. 5b and c). These anomalies were
associated with the development of the summer blocking anti-
cyclone over ER, and reached its culmination during the first ten
days of August 2010. However, as expected the maximum values of
u and vwere observed at 200 hPa during both blocking events. This
was slightly above the position of the mid-latitude tropopause,
where the atmospheric circulation was also closely related with
Rossby wave dynamics (see also Fig. 4d). Fig. 5b and c also show
that the sharp decrease of the wind components during the sum-
mer block decay period was accompanied by similar abrupt
changes in DTCO, DTCWV and DPtrop. The rapid changes in all
examined atmospheric parameters near the termination of the
summer blocking event were apparently associated with replace-
ment of the strong stationary anticyclone by the upper-level
cyclone that persisted over the Polar Ural during the second half
of August 2010 (see supplementary materials). After the summer
block termination, the TCO, TCWV and Ptrop anomalies with the
opposite signs of those during atmospheric blocking persisted over
the northern ER for two weeks (Fig. 5).

Quantitative relationships between the analyzed atmospheric
parameters are shown in Table 1, which contains a correlation
matrix of DTCO, DTCWV, DPtrop, u and v, calculated for the period
AprileSeptember 2010 and separately for atmospheric blocking
conditions. The latter are diagnosed at 45� E, which is close to the
block center andmidway between 30� E and 60� E (see also Fig. 5a).
It can be seen in Table 1 that high correlations between the tracer
variables and meteorological parameters manifest themselves be-
tween the DTCO and DPtrop during both the periods (0.73). Also,
high correlations were found for the full period between DTCWV
and DPtrop (�0.72). Moderately high correlations were found
Table 1
Correlation matrix for the daily TCO, TCWV, and Ptrop anomalies averaged over the region
N, 15�e30� E), as well as the mean zonal wind (u) over northern European Russia (65�e7
diagonal are obtained in the period AprileSeptember 2010, while those below the diago
Correlation coefficients, exceeding 0.6 are shown in bold text. Values showing no correla

DTCO DTCWV DPtrop v700

DTCO 1.00 ¡0.61 0.73 �0.50
DTCWV �0.45 1.00 ¡0.72 0.50
DPtrop 0.73 �0.56 1.00 �0.59
v700 �0.36 0.45 �0.50 1.00
v200 �0.40 0.54 �0.52 0.85
v70 �0.19 0.40 �0.37 0.66
u700 �0.52 0.36 �0.36 0.25
u200 �0.54 0.36 �0.35 0.32
u70 �0.17 0.31 �0.20 0.38
between DTCO and DTCWV when calculated over the full period
(�0.61).

The data in Table 1 show a closer correlation between DTCO and
DTCWVwith the wind at 200 hPa thanwith the winds at the 700 or
70 hPa levels. This indicates the important (possibly leading) role of
atmospheric dynamics near the tropopause in the formation of the
TCO and TCWV fields during the spring and summer 2010 atmo-
spheric blocking events. In turn, the variations of the wind at
200 hPa more closely correlate with variations of wind in the
troposphere than with those in the stratosphere. This is indicative
of the link between the blocking anticyclone in the troposphere,
and the stationary Rossby wave ridge in the tropopause region.
Somewhat unexpectedly, correlation coefficients during blocking
conditions are generally lower than those during the whole period
even though the reverse was expected (Pelly and Hoskins, 2003).
This may be explained by the strong and concomitant changes in all
the atmospheric parameters observed at the termination of the
summer 2010 block and during the following ten-day period. These
changes in flow regime may have contributed substantially to the
correlation, but revealed themselves only after blocking
termination.
4.3. Vertical structures of the ozone, WV and temperature
anomalies

4.3.1. Anomaly pressure-time cross sections
Analysis of the TCO and TCWV previously provided some in-

formation about the pressure levels where changes of ozone and
WV occurred. Fig. 6 shows the vertical structures of the anomalies
in the volumemixing ratios (VMRs) of ozone (DO3) andWV (DH2O)
as well as the air temperature anomalies (DT) in more detail.

A characteristic feature of the altitude-time evolution in
stratospheric ozone under blocking conditions is the presence of
ozone anomalies of different signs, simultaneously existing at
different altitudes, which obviously leads to their mutual
compensation in TCO (Fig. 6a). This fact explains the weak mani-
festation of negative TCO anomalies over the northern ER during
the spring block (see also Fig. 1d). At the same time ozone anom-
alies tend to have the same signs in the lower stratosphere and in
the troposphere. The negative ozone anomalies in the lower
stratosphere and troposphere during the summer block were more
widespread, persistent, and higher in height however, than those
associated with the spring event.

During both the spring and summer 2010 blocking events the
positive WV anomalies in the lower troposphere reached values of
3.5 and 6 ( � 10�3), respectively (Fig. 6c). It is demonstrated here
that the anomalies spanned not only the entire troposphere, but
also penetrated in the lower stratosphere. At the 200 hPa level, the
increase inWV during the periods 8e17May 2010 and 1e10 August
60�e70� N, 30�e60� E, the mean meridional wind (v) over Central Europe (45�e75�

5� N, 30�e60� E) at the pressure levels 700, 200, and 70 hPa. Correlations above the
nal - under atmospheric blocking conditions, when the block is diagnosed at 45� E.
tion significant at the 0.95 confidence level are shaded.

v200 v70 u700 u200 u70

�0.53 �0.32 �0.47 ¡0.64 �0.25
0.56 0.54 0.41 0.54 0.23
¡0.62 �0.57 �0.48 ¡0.63 �0.15
0.85 0.56 0.34 0.40 �0.01
1.00 0.74 0.42 0.56 0.09
0.74 1.00 0.29 0.46 0.31
0.38 0.04 1.00 0.82 0.24
0.53 0.20 0.84 1.00 0.42
0.38 0.64 0.11 0.25 1.00



Fig. 6. Pressure-time distributions of the regionally mean daily anomalies in: (a) ozone (DO3), (c) WV (DH2O), and (e) temperature (DT), averaged over the region 60�e70� N,
30�e60� E in AprileSeptember 2010; (b, d, f) - the levels of significance of the anomalies in ozone, WV, and temperature (respectively) calculated for individual days and levels.
Dashed lines depict daily position of the regionally mean tropopause position.
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2010 reached 0.0032 � 10�3 (3.2 ppm or 39% relative to the cor-
responding long-term mean) and 0.0066 � 10�3 (6.6 ppm or 43%),
respectively (Fig. 6c). Additionally, during both the spring and
summer atmospheric blocking events, a noticeable increase in
tropopause height was observed.

A prominent feature in the altitude-time cross-section of
temperature changes is the thermal anomalies of opposite signs,
which manifest themselves in the troposphere and lower strato-
sphere (Fig. 6e). The changes in sign of the anomalies occur at
tropopause level. Dipole-like structure for the temperature anom-
alies is seen clearly during both atmospheric blocking events.
During these periods the positive tropospheric temperature
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anomalies (reaching the surface layer the values of þ10 �C for
spring and þ7.5 �C for summer) are accompanied by negative
temperature anomalies in the lower stratosphere (�5.5 �C). It is
also shown that following the end of the summer blocking period,
the signs of the tropospheric and stratospheric thermal anomalies
reversed and persisted until the end of August.

The statistical significance of the anomalies in the ozone, WV,
and temperature profiles was calculated for each day and level
using the two-sample Welch's t-test (Fig. 6b,d,f). It can be seen that
during spring and summer atmospheric blocking events the
negative ozone anomalies and positive WV anomalies manifesting
in the troposphere and lower stratosphere over the northern ER are
statistically significant. Comparison Fig. 6f with Fig. 6e also con-
firms the reality of dipole-like altitude structures in temperature
anomalies observed over this region, with the positive temperature
anomalies in the troposphere and negative ones in the lower
stratosphere.
4.3.2. Pressure-latitude cross sections of the anomalies
Since the meridional advection plays a crucial role in the for-

mation of TCO and TCWV anomalies within the domains of atmo-
spheric omega-blocks, an analysis of the latitudinal distributions of
atmospheric parameters during these events is of great interest.
Fig. 7 shows the pressure-latitude distribution of ozone, WV and
Fig. 7. Pressure-latitude distributions of the anomalies in: (a) ozone (DO3), (c) WV (DH2O),
August 2010 (color scales) and the corresponding long-term distributions in the periods 1e
0.25, 0.5,1, 2, 3, 5, 7, 9 ppm), (c) WV (isolines: 0.003, 0.005, 0.01, 0.05, 0.25,1, 3, 6, 10, 15, 20 (
position in 1e10 August 2010. The levels of significance of the anomalies in ozone (b), WV
temperature anomalies over the western periphery of the summer
blocking high (see also Fig. 1c, e, g).

A characteristic feature of the altitude-latitude distribution of
the ozone anomalies is the columnar structure and the alternating
of the anomalies' signs from the equator to the pole (Fig. 7a). Over
the subtropical- and polar latitudes, there are positive ozone
anomalies at all levels, while over the middle latitudes the negative
ozone anomalies dominate in the lower stratosphere and tropo-
sphere. The negative anomalies reach extreme values in the lower
stratosphere over the latitudes centered at 45� N (up to �0.4 ppm).
It can be seen that at these latitudes an abrupt change in the
tropopause position occurred.

The pressure-latitude distribution of WV anomalies (Fig. 7c)
during the 1e10 August 2010 period is characterized by an
extended region of positive WV anomalies in the troposphere
stretching from 7� N to 74� N latitude (see also Fig. 1d). The
maximumWV anomalies reached 3.65 (� 10�3) in the surface layer
at 60� N. Within the latitudes 47�e74� N positive WV anomalies
covered the entire troposphere and penetrated into the lower
stratosphere. In the middle latitudes the surplus of WV in the
stratosphere is observed immediately after the lowering of the
tropopause position (from the tropical-to polar tropopause).

Contrary with ozone, the main feature in the pressure-latitude
distribution of temperature anomalies (Fig. 7e) is the alternating
and (e) temperature (DT), averaged in the longitudinal sector 25�e35� E during 1e10
10 August 2003e2015 (excluding 2010) of (a) ozone (isolines: 0.03, 0.05, 0.075, 0.125,
� 10�3)), and (e) temperature (isolines, step 10 �C). Dashed lines depict the tropopause
(d), and temperature (f) calculated for the anomalies at individual latitudes and levels.
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signs of these anomalies with altitude. The dipole-like structure of
the temperature anomalies reveals itself most noticeably over the
middle latitudes, where strong tropospheric positive anomalies,
reaching þ6.5 �C near the surface layer are accompanied by nega-
tive stratospheric anomalies of �3.8 �C slightly above the
tropopause.

Note the proximity of the temperature anomaly dipole structure
and that of negative ozone anomalies in the mid-latitudes, which is
a result of the presence of the blocking events. Since the climato-
logical meridional temperature gradients in the extratropical
troposphere and stratosphere are characterized by opposite signs
(see isolines in Fig. 7e), the meridional air motions spanning nearly
the depth of the column can be a cause or manifestation of the
temperature anomalies of the opposite signs in the troposphere
and lower stratosphere. The dipole-like structure of weaker tem-
perature anomalies, which are of opposite sign to those in the mid-
latitudes, is observed also north of 80� N.

The statistical significance of ozone, WV and temperature
anomaly profiles was calculated for individual anomalies at each
latitude and level (Fig. 7b,d,f). It can be seen that over the middle-
and high latitudes, the vertical anomaly structures described above
are statistically significant.

Latitudinal cross-sections of the meridional and zonal wind
profiles over the western periphery of the summer block are shown
in Fig. 8. It can be seen that southerly winds prevail in the mid-
latitude troposphere and lower stratosphere, whose speed in-
creases with height reaching the maximum 17m s�1 at the 250 hPa
level over 65� N. In particular close to the tropopause break, the
southerly winds with speeds exceeding 10 m s�1 are observed. In
the mid-latitude troposphere and lower stratosphere, westerly
winds prevail reaching the maxima over 45� N in the vicinity of the
tropopause break and over 70� N in the tropopause layer, reflecting
the jet position and split flow that is typical for the omega-type
blocking (e.g. Rex, 1950) (see also Fig. 3f). Easterly winds domi-
nate tropical atmosphere, reaching the speeds of 25e30 m s�1 in
the middle stratosphere over the equator. With an increase in
latitude, the extent of the westerlies expands from the surface on
up, while the region occupied by the easterlies narrows.

In early August, within the longitudinal sector 25�e35� E, the
long-term distribution of ozone mixing ratio in the UTLS increases
Fig. 8. Pressure-latitude cross-section of the mean meridional wind (arrows) and mean zon
isolines is 5 m s�1. Westerlies are depicted by solid contours while easterlies are dotted with
from equator to pole (Fig. 7a). Therefore the poleward transport of
air masses over the western periphery of the summer blocking
anticyclone contributed to inflow of the ozone-depleted air into the
domain of atmospheric blocking (Fig. 8) thus reducing ozone over
the blocked region. The poleward advection favors also the inflow
of WV-enriched subtropical air into the blocked region (cf. Fig. 7c
with Fig. 8). It can be seen that through the tropopause break the
moist subtropical air could penetrate directly from the low-
latitudinal upper troposphere in the mid-latitude lower
stratosphere.
4.4. Photochemical destruction of ozone within the domain of
atmospheric block

Another mechanism which may be responsible for negative
correlation between ozone and WV may be photochemical
destruction of ozone in reactions, involvingWV (e.g. Hunt,1966). As
shown above, within the atmospheric blocking region there was an
excess in WV both in the troposphere and in the lower strato-
sphere, which was accompanied by a concurrent deficit in ozone
concentration (cf. Fig. 6a with Fig. 6c and also Fig. 7a with Fig. 7c). It
is known that WV oxidation by atomic oxygen in the reaction

H2O þ O(1D) / OH þ OH (1)

is an important source for hydroxyl radicals in the stratosphere.
These radicals regulate the intensity of the hydrogen catalytic cycle
for ozone destruction

O3þOH / HO2þO2 (2)

HO2þO3 / OHþ2O2 (3)

Net: 2O3 / 3O2

The chain of the reactions in the hydrogen catalytic cycle ter-
minates through the reaction

OH þ HO2 / H2O þ O2 (4)
al wind (isolines) along the meridian 30� E in the period 1e10 August 2010. The step of
in the shaded region. Zero isoline is omitted. Large dots depict the tropopause position.
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Thus, the increasedWV content in the lower stratosphere might
promote the decrease in ozone content and, as a consequence, the
decrease in TCO.

An increase of WV content in the lower stratosphere could also
intensify the chlorine catalytic cycle of ozone destruction. The rate
of chlorine activation in heterogeneous reactions of HCl and
ClONO2 on aerosol particles and therefore the rate of ozone
destruction by chlorine increases with temperature decreasing. In
spite of the marked stratospheric cooling observed during the
spring and summer 2010 atmospheric blocking periods (Fig. 6e),
the lower-stratospheric temperatures over blocking regions
remained higher than the threshold needed for the formation of
polar stratospheric clouds: �80 �C (Solomon et al., 1986). However,
according to the Anderson et al. (2012) model results, an increase in
stratospheric WV content raises the temperature threshold for the
reactions and the activation of chlorine may take place at higher
temperature even during the summer period for mid-latitudes. The
role of heterogeneous photochemistry could increase also due to
supply of smoke aerosol into the stratosphere from massive wild-
fires occurring within ER during this period. Assessments of the
photochemical mechanism effectiveness and relative contributions
of photochemical and dynamical processes involved in TCO
decrease during atmospheric blocking require a more compre-
hensive study, including computational modeling.
5. Summary and conclusions

Using data from AIRS satellite instrument, the ozone and water
vapor (WV) anomalies associated with the spring and summer at-
mospheric blocking events over European Russia (ER) during 2010
were analyzed. Within the domains of the blocking anticyclones,
negative total column ozone (TCO) and positive total columnwater
vapor (TCWV) anomalies were observed. These anomalies reached
values of �25 and �33 DU (TCO) and 10 and 11 kg m�2 (TCWV)
during the spring and summer, respectively. Over the regions up
and downstream from the blocks, positive TCO anomalies (80 and
49 DU) and negative TCWV anomalies (�3 and �4 kg m�2) were
observed, respectively.

The TCO and TCWV anomalies were likely of dynamic origin and
were associated with the large-scale atmospheric circulation
accompanying an omega-type blocking. The TCO deficit and TCWV
surplus over the blocking domains are explained primarily by the
poleward advection of ozone depleted but WV-enriched subtropi-
cal air along the western and northern flanks of blocking anticy-
clones. Also, this scenario is associated with tropopause uplift. The
most intensemeridional transport of subtropical air occurred in the
UTLS region, directly through the tropopause break. The TCO and
TCWV anomalies found in the blocking anticyclone region over ER
during the summer 2010 were linked also inherently to the global
pattern of TCO and TCWV anomalies associated with a quasi-
stationary Rossby wave train. The mechanism for the formation
of the TCO and TCWV anomalies within the blocking domains also
likely included the vertical motions inherent in planetary wave
dynamics.

The increase in TCWV within the domains of blocks was due
primarily to anWV increase in the lower troposphere. Additionally,
a considerable increase in WV was found also in the upper tropo-
sphere and in the lower stratosphere and the WV increase was
approximately 40% during both the blocking events. The increase in
WV in the lower stratosphere over the blocking domains could
contribute to ozone depletion due to the destruction of ozone in
photochemical reactions involving WV.
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