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Abstract. A series of wildfires broke out in Western Russia
starting in late July of 2010. Harmful particulates and gases
released into the local Russian atmosphere have been reported, as have possible negative consequences for the global
atmosphere. In this study, an extremely hazy area and its
transport trajectory on Russian wildfires were analysed using
aerosol optical depth (AOD) images retrieved via the synergy
method from Moderate Resolution Imaging Spectroradiometer (MODIS) data. In addition, we used trace gases (NO2
and SO2 ) and CO2 products measured using Ozone Monitoring Instrument (OMI) data, vertical distribution of AOD data
retrieved from Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation (CALIPSO) data, the mass trajectory
analyses, synoptic maps from a HYSPLIT model simulation
and ground-based data, including AERONET (both AOD
and Ångström exponent) data and PM2.5 . First, an Optimal
Smoothing (OS) scheme was used to develop more precise
and reliable AOD data based on multiple competing predictions made using several AOD retrieval models; then, integrated AOD and PM2.5 data were related using a chemical

transport model (GEOS-Chem), and the integrated AOD and
visibility data were related using the 6S radiative transfer
code. The results show that the PM2.5 concentration is enhanced by a factor of 3–5 as determined from both satellite
and in situ observations with peak daily mean concentrations
of approximately 500 µg m3 . Also, the visibility in many
parts of Russia, for instance in Moscow, was less than 100 m;
in some areas, the visibility was less than 50 m. Additionally, the possible impact on neighbouring countries due to
long-transport was analysed for 31 July and 15 August 2010.
A comparison of the satellite aerosol products and ground
observations from the neighbouring countries suggests that
wildfires in Western Russian had little impact on most european and asian countries, the exceptions being Finland, Estonia, Ukraine and Kyrgyzstan. However, a possible impact on
the Arctic region was identified; such an effect would have
a serious influence on the polar atmospheric enviroment, and
on animals such as polar bears.
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Introduction

Biomass burning is the burning of living and dead vegetation. The total global burned area was an estimated 3.5
million km2 in the year 2000 (Tansey et al., 2008), 2.97–
3.74 million km2 in 2001–2004 (Giglio et al., 2006), between 3.5 million km2 and 4.5 million km2 during 2005 and
2007 (Tansey et al., 2008) and between 3.3 and 4.31 million km2 in 2008 (Giglio et al., 2010). Biomass burning is
known to be a major contributor to the global budgets of
several trace gases and greenhouse gases, including carbon
monoxide (CO) (Nam et al., 2010), CO2 (Freitas et al., 2005;
Murdiyarso, 1993; Alleaume, 2005), CH4 (Alleaume, 2005)
and nitrogen oxides (NOx = NO + NO2 ) (Bruzzone, 2003). It
also contributes aerosol particles, which are a major source of
volatile organic compounds and organic halogen compounds
(Crutzen and Andreae, 1990; Trentmann et al., 2001; Freitas et al., 2005). Russian boreal forests are subject to frequent wildfires. Each year, 10–35 thousand forest fires covering 5000–53 000 km2 (including 4000–10 000 km2 of highintensity, stand-replacing fires) are detected in actively protected portions of the Russian forest (Bartalev et al., 1977;
Isaev et al., 2002). Some authors estimate even larger figures
of up to 100 000–120 000 km2 (Conard and Ivanova, 1988).
The implications of these activities are unknown and may
be of global consequence. Biomass burning has a direct
influence on the atmospheric enviroment, decreasing evapotranspiration, increasing concentrations of several greenhouse gases and large aerosols, and influencing atmospheric
chemistry (Prins et al., 1992). Aerosol and gases produced
by biomass burning also affect each other. Taking Ozone
as an example; some researches found that the impact of
aerosols on photolysis alone is to increase troposphere Ozone
by 0.63 Dobson units (DUs) (Varotsos and Zellner, 2010).
Small particulates have direct and indirect radiative effects
on the climate and can affect human health when they are
inhaled, causing respiratory problems. Biomass burning
also disturbs land-based ecosystems (Ichoku, 2008). Scholes and Andreae (2000) have estimated that approximately
9200 Tg ± 50 % (dry weight) of terrestrial vegetation is combusted each year.
The different possible sources, types and efficiency levels
of biomass burning give this phenomenon a complex chemical composition, making assessments using a single data
source nearly impossible. The spatial and temporal distribution of biomass burning also varies, and the chemical composition and physical properties of biomass burning – for example, its size distribution and optical properties – vary during
transport due to chemical and physical transformation processes and deposition. All of the above makes estimating the
effects of biomass burning quite difficult. However, assessing the effect of biomass burning is very important for research groups and communities interested in climate, atmospheric emissions, carbon cycling and pollution (Tansey et
al., 2008). Many biomass burning measurement campaigns
Biogeosciences, 8, 3771–3791, 2011

have been carried out in recent years (Lee et al., 2005), and a
large volume of ground-based data has been collected. However, these campaigns and data have been focused on local effects – for example, researching the influence of the
phenomenon on mega-cities or nature reserves (Field et al.,
2009; Kundu et al., 2010).
Many studies show that remote sensing is the most practical means of measuring energy release from large-scale
open-air biomass burning (Ricardo et al., 1995; PalaciosOrueta et al., 2004; Lee et al., 2005; Bradley and Millington,
2006) because satellite observations may detect unknown
global or regional patterns, daily variations and seasonality
that are not reproduced by models (Hoelzemann et al., 2009).
Initiatives such as the ESA’s Climate Change Initiative (CCI)
and Global Burnt Area 2000 Project (GBA2000) attempt
to evaluate burnt areas using different sensors. Integrating
available data from multiple sources creates a broader picture of aerosol characteristics and transport than is obtainable
using satellite data products alone (Liu et al., 2009). Multisource information is necessary to increase our understanding of the relationship between biomass burning episodes and
their effects. The integration of remote sensing data and surface observations can provide information on different spatial and temporal scales and is suitable for use in both local and global research. The satellite data can provide largescale coverage at daily intervals, whereas ground-based data
can provide local data with high temporal resolution.
It has been shown that in areas of low precipitation and
in regions with high-temperature dry periods, biomass consumption is greater than in more humid climates (PalaciosOrueta et al., 2005). It is reported that drought, high temperatures and some other human factors have led to Russia’s worst wildfires in modern history. Several hundreds of
people have lost their lives, thousands of homes and dachas
have been destroyed, and the associated direct losses up until 15 August 2010 have been estimated at more than 15
billion. A map of global fire activity for 2010 as detected
using the MODIS sensor is shown in Fig. 1 (http://maps.
geog.umd.edu/firms/kml.htm#russia asia). This illustration
clearly shows the significant influence of biomass burning
during August 2010 compared with other months. It is necessary to evaluate the impact effect of the Russian wildfires on
local areas and neighbouring countries. Figure 1 shows that
the fires in west Russia are much fiercer than those in Central
Russia. This paper will focus on the fires near Moscow.
The key question is which information should be used for
analysis and how to integrate the source information. This
paper focuses on transport and effects on larger areas using
a combination of satellite remote sensing, ground-based observations and modelling. In this study, satellite data and
ground-based measurement data were analysed to estimate
the smoke aerosol’s impact on the local and global atmospheric enviroment. The main emission sources of trace
gases (NO2 , SO2 ) are fossil fuel combustion, soil release,
biomass burning and lightning (Seinfeld and Pandis, 1998).
www.biogeosciences.net/8/3771/2011/
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Fig. 1. 10-day Fire map over Russian area in short periods in different seasons (http://maps.geog.umd.edu/firms/kml.htm#russia asia).

Although biomass burning is indeed one of the sources of
trace gases, anthropogenic activities are responsible for most
of the emissions (Beirle et al., 2003; van der A et al., 2008),
especially in areas that have experienced rapid economic and
social development. Of the anthropogenic emissions, most
are from the rapidly increasing number of motor vehicles,
power plants and other factories. We have used the variety
of trace gases during the Russian wildfires as an indicator
of the diminished importance of the anthropogenic contribution. The effect of biomass burning on the amount of CO2 is
very obvious because the plume caused by biomass burning
contains significant amounts of CO and CO2 ; thus, CO2 has
been chosen as another indicator of the plume in this paper.
There is no doubt that AOD and PM2.5 are the most important parameters of the analysis of biomass burning. However, the influence of the Russian wildfires remains largely
unknown because of the lack of source information; many
atmospheric parameters (such as AOD data) cannot be retrieved in middle or high latitudes. NASA data seldom include values above 60◦ . Thus, this paper also proposes some
new retrieval methods.

2
2.1

Methods
AOD retrieval algorithm

The suite of MODIS Dark Dense Vegetation algorithms
(DDV) was originally formulated by Kaufman et al. (1997)
over land and by Tanre et al. (1997) over water and has
www.biogeosciences.net/8/3771/2011/

been continuously evaluated for self-consistency and comparability to other datasets including AERONET (Remer
et al., 2005). The latest version provided by Levy et
al. (2007) has significantly evolved from earlier versions and
was used to produce MODIS collection 5 which is used in
this paper. The level of uncertainty is approximately as
1τ = ± 0.015 ± 0.15τ ; here, τ is the AOD of the total column in atmosphere. Responding to the limitations of the
DDV algorithm, Hsu et al. (2004) proposed the use of a
new approach (Deep Blue) to determine aerosol properties in
bright-reflectance source regions. Good agreements (i.e., relative error within 30 %) have been obtained between results
from the Deep Blue algorithm and ground-based AERONET
sun/sky radiometer measurements. However, the AOD results for high latitudes (those larger than 60 degrees) derived
using both the DDV and Deep Blue approaches are limited.
The most frequently used approximate radiative transfer
equations substitute an exact integrodifferential equation for
radiant intensity with common differential equations for upward and incident radiation flux. The general solution to this
problem was presented by Kontratyev (1969). We can find
the relation between the ground surface reflectance A0 and
apparent reflectance (reflectance on the top of atmosphere)
A, as proposed by Xue and Craknell (1995), as follows:
A=

(2A0 − sec θ ) + sec θ (1 − A0 )e(sec θ −2)ετ0
(2A0 − sec θ ) + 2(1 − A0 )e(sec θ−2)ετ0

(1)

Where ε is the backscattering coefficient and τ0 is the atmospheric optical depth, which consists of two parts: the
molecular Rayleigh scattering and (τM ) the scattering of the
Biogeosciences, 8, 3771–3791, 2011
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aerosol particles (τA ). The variation of the optical depths due
to aerosol and molecular scattering with wavelength can be
expressed as follows:

E[(x̂ − x̂b )2 ] = σ̂b2

τA = βλ−α

(2)

τM = 0.00879λ−4.09

(3)

If E[(x − x̂)2 ] yields the minimal value, then x̂ is the best
integrated value. This means that

where β is Ångström turbidity coefficient, α is the wavelength exponent, and λ is the wavelength.
Flowerdew and Haigh (1995) proposed that the surface reflectance be approximated by the variation in the wavelength
and the variation in the geometry. Under this assumption, the
ratio of the two views’ surface reflectance can be expressed
as follows:
A1,λi
Kλ i =
A2,λi

(4)

In this study we used data from MODIS on the Terra and
Aqua satellites, providing different views, and thus A1,λi
stands for the surface reflectance when TERRA includes
the study area and A2,λi is the surface reflectance when the
AQUA data includes it.
Following Eqs. (1) to (4), we assume that for two MODIS
observations within the relatively short time between the
overpasses of TERRA and AQUA, the ground surface bidirectional reflectance properties and aerosol types and properties (α) do not change. Three visible bands (0.47 µm, 0.55 µm
and 0.66 µm) of MODIS were used to retrieve the AOD data.
The method of synergetic retrieval of aerosol properties from
MODIS data (SRAP-MODIS) has been described in detail
by Tang et al. (2005) and Xue et al. (2009). This has proved
to be an effective method (Mei et al., 2012), even for highlatitude areas.
The integration of the three methods (DDV, Deep Blue and
SRAP-MODIS) above can produce AOD data with greater
accuracy and coverage. An integrated AOD product was produced using Optimal Smoothing (OS) to help account for the
uncertainty inherent in the model selection process (something that traditional statistical analysis often neglects) as follows:
Suppose that we combine a forward estimate x̂f of the state
and a backward estimate x̂b of the state to obtain a smoothed
estimate of x as follows:
x̂ = Kf x̂f + Kb x̂b

(5)

where Kf and Kb are constant matrix coefficients to be determined. Assume that x̂f and x̂b are both unbiased. Therefore,
if x̂ is to be unbiased, we require
Kf + Kb = I

(6)

E[x̂f ] = E[x̂b ] = x

(7)

We define
E[(x̂ − x̂f )2 ] = σ̂f2
Biogeosciences, 8, 3771–3791, 2011

(8)

(9)
(10)

x̂ = Kf x̂f + (I − Kf )x̂b

∂E[(x − x̂)2 ]
=0
∂x

(11)

We can easily find that
Kf =

σ̂f2

,Kb =
2

σ̂f2 + σ̂b

σ̂b2
σ̂f2 + σ̂b2

.

(12)

If there are three AOD products, we can obtain the integration values as follows:

τintegration = OS τSYNTAM ,1SYNTAM ,τDDV ,1DDV ,τDeepBlue ,1DeepBlue
(13)
where 1SYNTAM is the deviation of SRAP-MODIS, 1DDV is
the deviation of DDV and 1DeepBlue is the deviation of Deep
Blue.
2.2

PM2.5 retrieval

In situ measurements can provide us with the concentration
of PM2.5 . However, these measurements do not describe
the spatial and temporal variation in PM2.5 or their sources
and transport on a regional or global scale. The most common and effective approach is to determine empirical relationships between satellite retrieved AOD and local measurements of PM2.5 . Liu et al. (2004) developed a simple
but effective way to correct for spatial and seasonal variation in these factors by applying local scaling factors from
a global atmospheric chemistry model to AOD retrieval using the Multiangle Imaging SpectroRadiometer (MISR) (van
Donkelaar et al., 2006).
Estimated PM2.5 =

Model surface aerosol concentration
× Retrieved AOD
Model AOD

(14)
Chemical transport models, which calculate the fourdimensional distribution of atmospheric aerosol mass, can
accurately relate AOD to ground-level PM2.5 , allowing estimates in locations without nearby ground-based observations
(van Donkelaar et al., 2006, 2010). We can use the GEOSChem chemical transport model (http://acmg.seas.harvard.
edu/geos/) to relate AOD to ground-level PM2.5 concentrations. GEOS-Chem is a global 3-D chemical transport CTM
model for atmospheric composition. It principally uses meteorological input from the Goddard Earth Observing System (GEOS) of the NASA Global Modelling and Assimilation Office but can also use other meteorological inputs.
Evaluations of GEOS-Chem aerosol simulations based on
surface and aircraft observations over the USA have been
www.biogeosciences.net/8/3771/2011/
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previously reported for OC, BC, SNA, dust, PM2.5 , visibility, AERONET AOD and sea salt (Drury et al., 2010).
van Donkelaar (2006) proposed the following equation as a
means of converting AOD to PM using GEOS-Chem. This
has proven to be a high-accuracy method.


4 r2.5,d,1z,eff 3 ρ2.5,d,1z r2.5,d,1z,eff f2.5,1z
M2.5,d,1z = (
) (
) τ (15)
3 r2.5,1z,eff
Q2.5,e,1z 1z
where the subscript d indicates dry conditions and the subscript 2.5 denotes aerosols smaller than 2.5 µm in diameter,
M2.5,d,1z is the total fine dry aerosol mass between the surface and altitude 1z,r2.5,d,1z,eff is the fine mode dry effective radius, and f2.5,1z is the fraction of fine mode AOD below altitude 1z to total AOD. AOD-PM2.5 conversion factors from A. van Donkelaar et al. (personal communication, 2011) were used to relate our AOD retrievals to surface
PM2.5 .
2.3

Visibility

The recent development of satellite meteorology has allowed
us to spatially and frequently estimate a number of basic meteorological parameters (Hadjimitsis et al., 2010). Visibility,
meteorological visibility (by day) are defined as the greatest distance at which a black object of suitable dimensions
(located on the ground) can be seen and recognized when
observed against the horizon sky during daylight (World Meteorological Organization, 2003). Understanding the factors
that influence atmospheric visibility is important because low
visibility can have a disastrous impact on transportation and,
in particular, air traffic. In addition, this is a good indicator of
air quality. Furthermore, visibility in recreational areas and
particularly in national parks is subject to special observance
(Baumer, 2007).
There are numerous publications that have addressed the
correlation between visibility or visual range and aerosol
properties (Elridge, 1986; Retalis et al., 2010). Using the
total-column AOD derived from satellite images with the algorithms described in Sect. 2.1, one can calculate visibility
as follows (Vermote et al., 1994):
V0 = exp(−log(τ550 /2.7628)/0.79902)
3

(16)

Data

The datasets used in this study include different satellite data
and ground-based data. The satellite data include raw data
(e.g., MODIS Level 1 data) for determining AOD, PM2.5 ,
visibility and Ångström exponents, and products such as
MODIS Level 2 fire products and CO2 , NO2 , and SO2 products from OMI. The ground-based data include AERONET
sunphotometer data, air-quality monitoring data (PM2.5 ) and
meteorological data. These data can be used together to study
the long-term characteristics of Russian wildfires in the region.
www.biogeosciences.net/8/3771/2011/
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Table 1. AERONET sites selected for analysis.

AERONET site

Country

IASBS
Issyk-Kul
Kuopio
Kyiv
Lahore
Minsk
Moscow-MSU-MU
Tomsk
Toravere
Yekaterinburg

Iran
Kyrgyzstan
Finland
Ukraine
Pakistan
Belarus
Russia
Russia
Estonia
Russia

Latitude

Longitude

Altitude (m)

36.705167
42.622778
62.892414
50.363611
31.542494
53.92
55.7
56.477333
58.255
57.038333

48.507111
76.983056
27.633606
30.496667
74.324753
27.601
37.51
85.047
26.46
59.545

1805
1650
105
200
270
200
192
130
70
300

MODIS Level 1 and atmosphere data are available through
the LAADS web (http://modis.gsfc.nasa.gov/data/). The
MODIS Rapid Response System was developed to provide
daily satellite images of the Earth’s landmasses in near-real
time. The MODIS Rapid Response System Global Fire
Maps can be obtained at http://rapidfire.sci.gsfc.nasa.gov/
firemaps/. Each of these fire maps indicates the locations of
the fires detected by MODIS via the Terra and Aqua satellites
over a 10-day period. The colours depicted range from red
(where the fire count is low) to yellow (where the number of
fires is large). The compositing periods are referenced using
their start and end dates (Julian day).
AERONET provides globally distributed observations of
spectral AOD for three data quality levels: Level 1.0 (unscreened), Level 1.5 (cloud-screened), and Level 2.0 (cloudscreened and quality-assured). Ten AERONET sites in the
region of interest were used from 31 July 2009 to 15 August
2009 and from 31 July 2010 to 15 August 2010. The cloudscreened Level 1.5 AOD data available from AERONET in
different countries were collected during these two years
to compare the influence of the Russian wildfires. However, there were no AERONET measurements at the MODIS
wavelengths of 0.47, 0.55 and 0.66 µm. The AOD at 0.5 µm
was chosen for further analysis. If there was no AOD value
at 0.5 µm, those at 0.675 µm were used. Figure 2 shows the
AERONET sites in the study area. Table 1 shows the information about latitude, longitude and elevation of selected
AERONET sites. Monitoring the turbidity aerosol parameters of background aerosols of natural origin and urban
aerosols of industrial origin is of great interest for environmental and climatological studies (Zakey, 2004). The optical properties of smoke that has aged over several days are
quite different from those of young smoke, mainly due to significant shifts in the size distribution toward bigger particles
(Westphal and Toon, 1991; Reid et al., 1998). To investigate particle size, the Ångström exponent, which is related
to the size distribution of the aerosols were calculated based
on spectral AOD data.
Atmospheric CO2 concentrations were determined
based on the Atmospheric Infrared Sounder (AIRS)
Biogeosciences, 8, 3771–3791, 2011
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Table 2. EPA air quality index levels and breakpoints for PM2.5 .

Index Values

PM2.5 24 h (µg m3 )

Good
Moderate
Unhealthy for Sensitive Groups
Unhealthy
Very Unhealthy

0–50
51–100
101–150
151–200
201–300

0.0–15.4
15.5–40.4
40.5–65.4
65.5-150.4
150.5–250.4

Hazardous

301–400

250.5–350.4

401–500

350.5–500

AQI Category

Fig. 2. AERONET sites used in this study (see Table 1 for coordinates and altitude).

data
(http://disc.sci.gsfc.nasa.gov/AIRS/data-holdings/
by-data-product/data products.shtml) from 31 July to 15
August 2010. The resolution of CO2 products is 2.5◦ × 2◦ ,
the same resolution as for GEOS-Chem. Tropospheric
NO2 and SO2 datasets from OMI have been widely
used to analyse the trends in NO2 and SO2 and their
global distribution, to monitor important Atmos. Environ.
events and their effects to the ecological environment,
economy and society. Data on NO2 (http://disc.sci.gsfc.
nasa.gov/Aura/data-holdings/OMI/omno2g v003.shtml)
and SO2 (http://mirador.gsfc.nasa.gov/cgi-bin/mirador/
presentNavigation.pl?tree=project\&project=OMI)
were
also collected for analysis. The resolution of the NO2
images is 0.25◦ × 0.25◦ and that of the SO2 images is
0.125◦ × 0.125◦ and the concentrations were re-sampled
to a grid of 1.25◦ × 1.25◦ . The CO2 , NO2 and SO2 concentrations are expressed in ppm, molec cm2 , and D.U. ,
respectively.
The surface concentration of PM2.5 in Moscow during the
biomass episode period was obtained from SEI Mosecomonitoring (http://www.mosecom.ru/) to investigate the impact
of smoke aerosol from the Russian wildfires on surface air
quality. Meteorological data were collected to analyse the
biomass burning episode on local and global scales.
The temporal evolution of the vertical distribution of
aerosol must be determined to understand surface and column aerosol properties (Kim et al., 2005). The key information that is not provided by currently operating observational satellites (except CALIOP; and for well-defined
plumes MISR) is the altitude of the aerosol layers in the atmosphere. Aerosols particles in the lowest part of the atmosphere are likely to be quickly removed by rain. On the other
hand, particles which are transported to higher altitudes are
much more likely to travel over long distances and affect air
quality in distant countries. CALIPSO can provide this vital
missing piece of information (http://www-calipso.larc.nasa.
gov/).
The National Centres for Environmental Prediction
(NCEP) provide FNL (Final) Operational Global Analysis
synoptic data operationally every six hours on 1.0 × 1.0 degree grids . This information is derived from the Global
Biogeosciences, 8, 3771–3791, 2011

Data Assimilation System (GDAS), which continuously collects observational data from the Global Telecommunications System (GTS) and other sources for many analyses.
For this study, synoptic data were collected at http://dss.ucar.
edu/datasets/ds083.2/. Temperature and geopotential height
at 850 hectopascal (hPa) were used in the analysis.
The HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory) model is a complete system for computing simple air parcel trajectories and complex dispersion
and deposition simulations. HYSPLIT can compute the advection of a single pollutant particle or its trajectory (http:
//www.arl.noaa.gov/HYSPLIT info.php). In this research,
HYSPLIT was used to characterise the transport of air-mass
over the study area.

4

Results and analysis

In this section, we will analyse the effect of Russian wildfires during a period of 16 days in 2010 using both satellite
observations and ground measurements. The satellite observations include integrated AOD data obtained using the DDV,
Deep Blue and SRAP-MODIS approaches as well as information on PM2.5 , NO2 , SO2 , and CO2 from other satellites.
We first analyse the satellite observations because satellite
observations provide large-scale coverage and near-real time
data with two observations per day (using MODIS TERRA
and AQUA). Ground measurements, in turn, help us to analyse the local effects of a fire. The NO2 , SO2 , and CO2
datasets can be used to separate anthropogenic sources from
the effects of wildfires. Table 2 shows the US Environmental
Protection Agency (EPA) air quality index levels and breakpoints for PM2.5 ; the satellite-derived daily PM2.5 is colour
segmented according to Table 2.
4.1

The synoptic situation over Europe and Asia

The synoptic situation over Europe and Asia can be determined based on data from 31 July to 15 August 2010. During
that time, fire plumes were regularly emitted in the region
of Voronezh Oblast; their trajectories can be modelled using
www.biogeosciences.net/8/3771/2011/
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Fig. 3. Synoptic charts for the study area for each day at 12:00 UTC during the period from 31 July to 15 August 2010.

transport models and monitored by satellite imaging as well
as ground-based observation. Figure 3 shows the synoptic
chart at 850 hPa for the study area for the period from 31
July to 15 August 2010.
A high pressure zone dominated most of Europe and Asia
during that period, and there were two low pressure systems.
The pressure centre was relatively stable and slowly moved
towards the South-East; the high temperature could last for
a long time, and this aggravated the fire. The high pressure
centre was stable before 9 August 2010, and Moscow was lowww.biogeosciences.net/8/3771/2011/

cated at the posterior of the high pressure system. The southern airflow dominated most of the area. The pollution moved
slowly northwards, and the westernmost part of Moscow was
not affected, whereas some parts of Asia, such as Kyrgyzstan, were affected by the plume. During 10–11 August 2010,
the high pressure centre moved eastwards, and Central and
Eastern Russia were seriously affected. The precipitation
clouds reached some parts of Russia, causing washout of
aerosol particles at lower altitudes. However, the high pressure suddenly moved westwards, and the prevailing winds

Biogeosciences, 8, 3771–3791, 2011
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Fig. 3. Continued.

were easterly, carrying the fire plume from that direction
after 13 August 2010. Therefore, the plume moved from
Western Russia towards Ukraine and toward Central Europe.
Based on satellite images, it can be concluded that air masses
reached the air space over Ukraine on 14 August 2010.
Data on surface conditions indicate that Finland was affected by the fire plume on 8 August 2010. Figure 3 demonstrates that the surface pressure and wind speeds increased,
which facilitated the spread of pollution.

Biogeosciences, 8, 3771–3791, 2011

4.2

Satellite observations

Figure 4 shows the AOD distribution in the study area
during 31 July and 15 August 2010 with a resolution of
10 × 10 km2 . Both Terra and Aqua were used to retrieve
AOD data, and the integrated AQUA AOD information is
shown. The MODIS AOD data show that this hazy area features relatively high AOD (>1.0), with a maximum exceeding 3.0 and extending as high as 5.0. MODIS AOD measurements suggest that the Russian wildfires affected the aerosol
concentrations in the south-eastern part of Moscow on 31
www.biogeosciences.net/8/3771/2011/
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Fig. 4. AOD (at 0.55 µm) distribution over the study area for the period from 31 July to 15 August 2010. The AOD was obtained from
integration of the AOD retrieved from three different methods as described in the text.

July; the AOD in the south-eastern part of the Moscow region is about 0.7, whereas the AOD is about 0.4 in the northern part of the region. Figure 5 shows the mean satellitederived daily PM2.5 concentrations in the study region from
31 July to 15 August 2010. The mean satellite-derived PM2.5
concentrations ranged from 15.5–40.4 µg m3 in the northern
part of Moscow and less than 15.4 µg m3 in the west part of
Moscow when the smoke had no effect and increased. The
mean satellite-derived PM2.5 concentrations were higher in
the urban centre at around 50 µg m3 due to local emissions.
Based on Figs. 4 and 5, we can also see that the plume arrived

www.biogeosciences.net/8/3771/2011/

in Moscow on 1 August 2010 and the fire affected Moscow
from 1 to 15 August except for 3 and 5 August. These results may be due to changes in meteorological conditions
(including wind speed and direction, atmospheric stability,
temperature and precipitation). The largest plumes were
seen in Moscow on 6–9 August 2010, with PM2.5 concentrations over 500 µg m3 . Figure 6 demonstrates that the southwestern wind brought plumes of smoke to all of Moscow
and neighbouring countries on 6 August 2010. Because
the concentration levels of other anthropogenic substances
(SO2 NO2 ) were not elevated at this time, the influence of a
Biogeosciences, 8, 3771–3791, 2011
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Fig. 4. Continued.

Figure4. AOD (at 0.55 μm) distribution over the study area for the period from 31July to 15August
non-anthropogenic component (i.e., the biomass burning) is
likely The
(Witham
et al.,
2007).
The CO2from
concentrations
shown
2010.
AOD
was
obtained
integration
of
in Fig. 7 are quite high leading up to the fire event. An interesting finding is that the amount of SO2 increased on 4 and 5
described
in the text.
August 2010 and especially on 5 August. One possible reason is that the air quality improved and more anthropogenic
activities increased the volume of related compounds. Central Russia was seriously affected by the fire from 31 July to
12 August 2010 and especially during 10–12 August, with
AOD values over 2.5 and values for PM2.5 concentration
over 300 µg m3 . The amounts of SO2 , NO2 and CO2 also

Biogeosciences, 8, 3771–3791, 2011

increased during the period from 10 to 12 August. Figure 4
that although
the smoke
moved
eastward,
thesuggests
AOD retrieved
from
three plumes
different
methods
as
they did not reach Tomsk, and Eastern Russia was little affected by the fire. This is the case even though the AOD values were slightly higher than normal for several days (such as
on 7 August and 10 August). The amounts of SO2 , NO2 and
CO2 at a representative point (in Minsk) support this conclusion. Figure 4 shows that the plume may have moved toward
the Arctic region, especially from 31 July to 1 August and
from 5 to 14 August 2010.

www.biogeosciences.net/8/3771/2011/

L. Mei et al.: Integration of remote sensing data and surface observations

3781

Fig. 5. PM2.5 (in µg m−3 ) distribution over the study area for the period from 31 July to 15 August 2010. The mean satellite-derived daily
PM2.5 concentrations were calculated from the methods as described in the text.

Figures 4 and 5 show that during the study period the
AOD in Eastern Europe was less than 0.3, and the PM2.5
concentration less than 30 µg m3 in some areas; in Finland,
the PM2.5 concentration was less than 15.4 µg m3 . However,
when the wildfire plume moved westward it affected eastern
european countries such as Ukraine and Belarus on 6 August 2010, Estonia on 7 August, and Finland on 8 August
(see Fig. 6); the PM2.5 concentrations were 3–5 times the
normal values on these days. The meteorological conditions
favoured the dilution and spread of aerosol and trace gases
from 9 to 14 August 2010, which decreased the values for
AOD and PM2.5 concentration. However, the plume reached
www.biogeosciences.net/8/3771/2011/

Ukraine again on 14 and 15 August 2010, whereas the plume
had little effect on other european countries, merely depositing some vestigial particulate matter in the air.
We next analysed the effect of the plume on specific countries from north to south. Finland was first affected by the fire
on 8 August 2010, as indicated in Figs. 4 and 5. It was found
that the air conditions in the northern part of Finland were
much better than those in the southern part because the latter
is the most developed economic area in Finland and there are
more anthropogenic emissions in the southern part. Taking 7
August as an example, Figs. 4 and 5 show that the AOD and
PM2.5 values for the southern part were much higher than
Biogeosciences, 8, 3771–3791, 2011
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Fig. 5. Continued.

those for the northern part. Figure 7 shows that there was a
peak in the concentrations of NO2 , SO2 and CO2 , implying
that the atmospheric environment of Finland was effected by
local emissions as well as by transport from elsewhere. On 8
August, levels of anthropogenic species (SO2 and NO2 ) were
not elevated in contrast to the concentration of CO2 , indicating that Finland was seriously affected by the plume on 8
August, 2010. PM2.5 concentrations increased to 60 µg m3 ,
a level 4 times higher than normal. Estonia was strongly affected by the plume on 7 August, 2010; the AOD increased
from 0.3 to over 1.2, and the PM2.5 concentration increased
from 20 µg m3 to over 100 µg m3 . Figure 7 shows that an-

Biogeosciences, 8, 3771–3791, 2011

thropogenic emissions had little effect on AOD and PM2.5
and that the transport of the plume was the dominant influence for the observed increases in concentrations. However,
the air quality improved because of the dispersion of particulate matter, and the fire had little effect on the concentrations
in Estonia after 7 August 2010. The fire began to affect Belarus on 6 August 2010, and the greatest effect occurred on
7 August 2010. The influence of remaining particles lasted
until 15 August 2010; however, the effect was quite small,
and there was no effect on 11 and 12 August 2010 on the
whole. As shown in Fig. 7, anthropogenic emissions may
have also contributed to the increase in AOD and PM2.5
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Fig. 6. Air flow trajectories for a 48 h time interval with 6 h temporal resolution obtained from the HYSPLIT model. Left: forward trajectories
for air masses originating near the Voronezh Oblast starting on 6 August 2010 at 12:00 UTC; Right: backward trajectories of air masses
Figure
Air flow trajectories for a 48-h time interval with
interval
with 6-h temporal resolution obtained
from6.the
reaching Moscow, Finland and Estonia on 8 August 2010 at 12:00 UTC. The bottom panels show the height of the air mass in meters above
ground level.

6-h t

HYSPLIT
ctories for air masses originating near the Voronezh
Oblastmodel. Left: forward trajectories for air masses or
3

creased
to 150 µg m
. However,
the effect
of the
wildfires
concentrations,
and the
effect of anthropogenic
emissions
starting
on
6 August
2010
at 12:00
UTC;
Right:
backward
UTC; Right:
backward
trajectories
of air masses
reaching

gust

vel.

on non-neighbouring countries is illustrated for three counwas quite unstable. AOD and PM2.5 suddenly increased on
4 and 5 August 2010 due to local emissions. The effect to
tries (Kirghizstan, Iran and Pakistan). Due to cloud cover,
Moscow,
Finland
Estonia
August
2010access
at 12:00
2010 Ukraine
at 12:00
Theunexpected;
bottom panels
show
the
heightthe
of
satellite and
instruments
didon
not 8have
direct visual
to
wasUTC.
somewhat
Figs. 4 and
5 show
that
Kirghizstan for several days, but the AOD values for the surthe fire began to affect Ukraine on 6 August 2010, but the
rounding pixels suggest approximate values for that country.
effect decreased because of meteorological conditions, and
the air mass
in meters above ground level.
Figures 4 and 5 show that the fire began to affect Kirghizstan
there was no overall effect on that country as a whole. Then
on 10 August 2010 and that the effect lasted until 15 Auon 14 and 15 August, 2010, the fire “reached” Ukraine again;
gust 2010. Figure 7 demonstrates that local emissions might
AOD levels increased to 1.2, and PM2.5 concentration increased to over 100 µg m3 . The amount of SO2 increased
have contributed to the increase in AOD and PM2.5 on 13 August 2010 but that the fire had a strong influence on Kirghizsat the same time, and NO2 and CO2 fluctuated within a nartan during the period 10–14 August 2010, especially in the
row range, implying that anthropogenic emissions may have
contributed to the increase in AOD and PM2.5 . Overall, howwestern part of Kirghizstan, where the PM2.5 concentration
ever, it can be concluded that the Russian wildfires affected
values increased to 100 µg m3 . The fire had little effect on
Iran and Pakistan. The distribution of AOD and PM2.5 on
several european countries during a short period of time.
13–15 August 2010 in Iran and on 14 August 2010 in PakMost Asian countries are developing countries. Figures 4
istan indicates that the fire may have affected the local atand 5 show that the PM2.5 concentrations there were much
mospheric enviroment, but Fig. 7 shows that local emissions
higher than those in european countries. The PM2.5 concenwere also very high. Thus, more data will be needed for furtrations mostly ranged from 40–80 µg m3 but in some regions
ther analysis. Overall, the Russian wildfires strongly influeven extended as high as 100 µg m3 . The Russian wildfires
enced neighbouring asian countries for a significant period
had the largest effect on Asia, especially for neighbouring
of time, whereas little effect was found for other countries.
countries. This was mainly due to the atmospheric pressure
and wind direction at high latitudes. In Kazakhstan, for example, the effect of the Russian wildfires lasted for a long
time and was the most serious from 12 to 13 August 2010,
when the AOD values were higher than 2.0 and PM2.5 inwww.biogeosciences.net/8/3771/2011/
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Fig. 7. Time series of the concentrations of NO2 , SO2 and CO2 in different countries. The CO2 , NO2 and SO2 concentrations are expressed
in ppmv (partspermillionbyvolume), molec cm2 , and D.U., respectively. To make appropriate comparisons, all CO2 values were divided by
100, all NO2 were divided by 1015 .

4.3

Ground measurements

This section presents an analysis of in situ AOD measurements by the AERONET network in the study area during
2010 in comparison with those for the year 2009. We used
data from ten measurement sites shown in Table 1 and Fig. 3,
which are located around the biomass burning area, with
measurements continuously available. The time series for
the Ångström exponents (440–870 nm) at the ten AERONET
sites as a relative measure of fine versus coarse mode contriBiogeosciences, 8, 3771–3791, 2011

butions to total AOD (Reid et al., 1998; Eck et al., 2001).
Figure 8 shows continuous measurements for the AOD values and Ångström exponents (440–870 nm) from 31 July to
15 August 2010 at each of the ten AERONET sites except
Lahore (because there was no data for the latter city from
this period).
Three AERONET sites (Moscow-MSU-MO, Tomsk and
Yekaterinburg) located in different areas in Russia (MoscowMSU-MO in Western Russia, Yekaterinburg in the middle
Russia and Tomsk in East Russia) were chosen for further
www.biogeosciences.net/8/3771/2011/
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Fig. 8. Time series of aerosol optical depth at 500 nm and Ångström exponent (400–870 nm) at different AERONET sites during 16 days in
both 2009 and 2010.
Figure 8. Time series of aerosol optical depth at 500nm and Ångström exponent (400-870nm)

different AERONET sites during 16 days in both 2009 and 2010.
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Fig. 9. Air flow trajectories for a 24 h time interval with 6 h temporal resolution obtained from the HYSPLIT model. Left: forward
trajectories for
air masses
originating
near the Voronezh
30 July 2010
12:00
UTC; Right:
backward trajectories
air
Figure
9. Air
masstrajectories
for aOblast
24-hstarting
time on
interval
withat6-h
temporal
resolution
obtained offrom
masses reaching Belarus on 31 July 2010 at 12:00 UTC.

the

HYSPLIT model. Left: forward trajectories for air masses originating near the Voronezh Oblast
the Ångström coefficient from approximately 2.1 for young
analysis. A large degree of day-to-day variability was obsmoke particles to smaller values as the distance from the
served during the overall fire episode in Moscow-MSU-MO
starting on 30 July 2010 at 12:00 UTC; Right:
backward trajectories of air masses reaching Belarus
source (and, consequently, the age of the air mass) increased
and Yekaterinburg, with some days showing near-baseline
AOD levels (<0.2 at 0.55 µm) for 2009, whereas 2010
(O’Neill et al., 2002). These observations support our inon in
31major
July tropical
2010 atbiomass
12:00 burning
UTC. regions. On
terpretation of the biomass burning episode. Figure 8 shows
showed peaks
that Central Russia (Yekaterinburg) was affected by the wild31 July, the AOD (0.55 µm) was larger than 1.0 in 2010 (and
fire during the period from 31 July to 12 August; the AOD
in some cases even close to 1.8), whereas the correspondvalue for 2010 (which is larger than 1.0) is much higher than
ing AOD figure (0.55 µm) for 2009 was less than 0.2. This
that for a similar period in 2009 (which is less than 0.2), and
demonstrated that the plume had already affected Central
Russia. Additionally, the AOD measurements at some locathe Ångström exponent for 2010 is much larger than that for
2009. Based on the satellite observations, we cannot confirm
tions (Moscow-MSU-MO) were also strongly affected by the
whether the fire was still affecting Central Russia during 13–
location of the fires relative to the wind direction and other
15 August 2010. We found an effect during these days acmeteorological factors after 1 August 2010. The AOD values
during 6–10 August 2010 were also very high, with a large
cording to the AERONET observations; meteorological conditions were beneficial for the spread of pollution during the
Ångström exponent, which implies that most of the aerosol
was composed of small particles produced by biomass burnnight of 12 August 2010. We cannot confirm from satellite
ing. Moscow was severely influenced by the wildfires on 7
observations alone whether the fire affected Eastern Russia
and 8 August 2010; the AOD was greater than 4.5, which
during 7–10 August 2010. Figure 8 demonstrates that the
means that the visibility in many parts of the city was less
AOD values were high during 6–9 August 2010, which suggests that the fire may have begun to affect Eastern Russian
than 100 m. Based on the satellite images, the effect of the
on 6 August 2010; however, the Ångström exponent values
Russian wildfires decreased on 10 August compared with 9
August 2010; however, the ground-based observations show
indicate that large particles were present into the atmosphere
on 6 August 2010, possibly due to local emissions. We can
that the fire was still strongly affecting Moscow at that time.
confirm that the fire affected Eastern Russia during 7–9 AuThis is mainly due to different data recording times: the satellite images record information on the atmosphere in the afgust 2010.
ternoon, whereas the AERONET system records this inforWe also found that the Russian wildfires had serious
mation from 8:00 a.m. It can be concluded that the effect of
effects on Finland on 8 August 2010 according to the
the fire on Moscow began to decrease in the afternoon on 10
AERONET observations. A south-eastern wind carried the
August 2010. Several observations indicate the decrease in
Russian wildfire plumes into Eastern Europe. However, due
Biogeosciences, 8, 3771–3791, 2011
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Figure 10. CALIPSOmeasurements of aerosol extinction coefficient o
2010. Right: the orbit of CALIPSO.

Fig. 10. CALIPSO measurements of aerosol extinction coefficient over Kyrgyzstan on 6 August 2010. Bottom: the orbit of CALIPSO.

to the south-westerly wind the effects of the smoke were diminished soon thereafter. Based on satellite observations, it
was not possible to confirm whether the fire was still affecting Finland during 9–12 August 2010. In Estonia, the fire
had a strong effect on 7 August 2010, as shown in Fig. 8. It
is uncertain whether the fire was still affecting Estonia during 8–10 August and 13–15 August 2010. The AERONET
observations indicate that the effect decreased significantly
in the afternoon of 8 August; the AOD was over 0.15 before
12:00 UTC and 0.07 after 14:00 UTC. Figure 8 also demonstrates that the fire began to affect Estonia again on 14–15
August 2010. During 31 July 2010, the day of highest aerosol
loading (approximate 0.7) over Minsk, the Ångström wavelength exponent, computed from the 440 nm and 870 nm
channels, ranged from 0.5 to 1.0, indicating the presence of

www.biogeosciences.net/8/3771/2011/

mid-size particles. However, the effect of the Russian wildfires was clearly negligible given the air mass trajectories
shown in Fig. 9, which indicate that local-scale phenomena
had the greater influence. Industry and transport pollution
from South Belarus may have caused the pollution. However,
this is not the case for 3–10 August 2010, the period during
which the satellite observations suggest that the fire affected
Belarus. The AOD values for 14–15 August suggest that the
fire began to affect Belarus during 14–15 August 2010, and
these results are also consistent with the satellite data. Figure 8 indicates that the fire was still affecting Ukraine during
9–10 August 2010.
Data from three AERONET sites (IASBS, Issyk-Kul, and
Lahore) located in Asia was collected to analyse the influence of the Russian wildfires on Asia. According to the
Biogeosciences, 8, 3771–3791, 2011

3788

L. Mei et al.: Integration of remote sensing data and surface observations

Table 3. The effect of Russian wildfires on Russia and neighbouring countries in 2010, with different numbers representing different levels.
Levels 1 to 5 stand for no effect, very little effect (a negligible effect), a possible effect, a certain effect and a strong effect, respectively.

31 July
1 August
2 August
3 August
4 August
5 August
6 August
7 August
8 August
9 August
10 August
11 August
12 August
13 August
14 August
15 August

Iran

Kyrgyzstan

Finland

Ukraine

Pakistan

Belarus

Russia-West

Russia-Middle

Russia-East

Estonia

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

4
4
4
4
4
3
3
3
3
3
4
4
4
4
4
4

1
1
1
1
1
1
1
1
5
2
1
1
1
1
1
1

1
1
1
1
1
1
4
3
3
3
3
2
2
2
5
5

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
3
3
3
4
4
3
3
3
1
1
1
4
4

4
4
4
4
4
4
5
5
5
5
4
4
4
4
4
4

4
4
4
4
4
4
4
4
4
4
5
5
5
1
1
1

2
2
2
2
2
2
2
4
4
4
2
2
2
2
2
2

1
1
1
1
1
1
1
4
3
2
2
1
1
2
3
3

satellite-derived AOD data, the wildfires had little effect on
most of Asia. IASBS and Issyk-kul are at high elevation
(see Table 1) where AOD values often much lower than at
lower elevations. Because the Issyk-Kul station is located
on the eastern edge of Kyrgyzstan, we can further analyse
the effect of the Russian fires on Eastern Kyrgyzstan based
on data indicating that the fire affected Kyrgyzstan form 31
July to 15 August 2010. Figure 8 demonstrates that the fire
began to affect Eastern Kyrgyzstan on 3 August 2010 and
that the greatest effects occurred on 5 August 2010. However, there are no values for 6–7 August, 2010. CALIPSO
data were also collected so that we might make a more detailed analysis. Vertical distribution of AOD over Issyk-Kul
from a CALIPSO overpass on 6 August 2010 was prepared.
Figure 10 shows the aerosol extinction coefficient over Kyrgyzstan in August, 2010. We can see the vertical profile of
aerosol at different levels. The aerosol extinction coefficient
is much larger above 5km than near the surface, which indicates that the pollutants emitted by the Russian wildfires
were transported to higher levels Satellite-derived AOD and
PM2.5 data suggest that the fires had little to no effect on
Iran and Pakistan. However, the in situ observation showed
that the AOD was much higher on days with large Ångström
exponents, which implies that there could have been some
effect on some days. Although there is no 2009 AERONET
data for the IASBS sites, the values for 31 July 2010 were
less than 0.05, indicating a very low background level of 0.05
for those sites. Figure 1 shows that there were biomass burning episodes in Iran and Pakistan. The local emissions contributed significantly to the increase in AOD.

Biogeosciences, 8, 3771–3791, 2011

5 Discussion and conclusions
Extensive fire activities occurred during late July to August
in 2010 over Western Russia. The effects on the local Atmos. Environ. and regional transport to Asia and Europe
were analysed in this study using multiple satellite remote
sensing products (MODIS AOD, PM2.5 , CALIPSO AOD
and OMI CO2 , SO2 , NO2 ) and surface observation tools
(AERONET AOD, Ångström exponent and in situ measurements of PM2.5 ) together with synoptic data. The heavy
smoke plume had a significant effect on the local and regional
concentration, especially in Western and Central Russia.
The smoke plumes from the Russian forest fires extended
as far as Moscow and into Eastern Europe and Northern Asia.
Moscow was seriously influenced by the wildfires from 31
July to 15 August, 2010 and especially from 6 to 9 August
2010. On 7 and 8 August 2010, the AOD was greater than
4.5, and the visibility in many parts of Moscow was lower
than 100 m. The smoke aerosol contributed to the daily averaged surface PM2.5 concentration in Moscow, which exceeded levels of 500 µg m3 . The plume moved toward the
East and North-East toward Central Russia and Kyrgyzstan,
which were thus affected by the fire. The effect on Central
Russia and Kyrgyzstan lasted as long as the effect on Western
Russia but was not as intense. For Central Russia, the greatest effect was seen during 10–12 August 2010. However, due
to meteorological conditions, the effect decreased on 13 August 2010, and there was basically no effect on Central Russia. The wildfires had a strong effect on Eastern Russia during 7–9 August 2010. For the eastern european countries, the
wildfire had a strong effect in some cases for a short period
www.biogeosciences.net/8/3771/2011/
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of time, and the PM2.5 concentrations in the affected countries were 3–5 times their normal rates. On 8 August 2010,
Finland was seriously affected by the plume; its PM2.5 concentrations exceeded 60 µg m3 (these PM2.5 concentrations
are normally less than 15.4 µg m3 ). The fire affected Ukraine
and Estonia during 7–9 August 2010. No effect was found
in the other Asian countries such as Iran and Pakistan. The
detailed results indicating the effect of the Russian wildfires
on local and neighbouring countries are shown in Table 3,
with different numbers representing different levels. Levels
1 to 5 stand for no effect, very little effect, a possible effect, a certain effect and a strong effect, respectively. This
paper shows that the integration of multiple forms of remote
sensing data and ground-based data, together with metrological data, constitutes a powerful tool for characterising plume
transport. The behaviour of different atmospheric parameters
as described in the paper is consistent and the analysis using satellite atmospheric parameters is in line with synoptic
charts. Hence the different data sources are complementary
and the results support each other.
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