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Abstract. Numerous wildfires provoked by an unprece- uation. Indeed, ozone concentrations were simulated to be
dented intensive heat wave caused continuous episodes episodically very largex400 ug nT3) even when fire emis-
extreme air pollution in several Russian cities and denselysions were omitted in the model. It was found that fire emis-
populated regions, including the Moscow region. This papersions increased ozone production by providing precursors for
analyzes the evolution of the surface concentrations of COpzone formation (mainly VOC), but also inhibited the pho-
PMjo and ozone over the Moscow region during the 2010tochemistry by absorbing and scattering solar radiation. In
heat wave by integrating available ground based and satekontrast, diagnostic model runs indicate that ozone concen-
lite measurements with results of a mesoscale model. Thérations could reach very high values even without fire emis-
CHIMERE chemistry transport model is used and modifiedsions which provide “fuel” for ozone formation, but, at the
to include the wildfire emissions of primary pollutants and same time, inhibit it as a result of absorption and scatter-
the shielding effect of smoke aerosols on photolysis. Theing of solar radiation by smoke aerosols. A comparison of
wildfire emissions are derived from satellite measurementdMOPITT CO measurements and corresponding simulations
of the fire radiative power and are optimized by assimilat-indicates that the observed episodes of extreme air pollution
ing data of ground measurements of carbon monoxide (CO)n Moscow were only a part of a very strong perturbation
and particulate matter (P into the model. It is demon- of the atmospheric composition, caused by wildfires, over
strated that the optimized simulations reproduce independerituropean Russia. It is estimated that 2010 fires in this re-
observations, which were withheld during the optimisation gion emitted~10 Tg CO, thus more than 85 % of the total
procedure, quite adequately (specifically, the correlation coannual anthropogenic CO emissions. About 30 % of total
efficient of daily time series of CO and Rllexceeds 0.8) CO fire emissions in European Russia are identified as emis-
and that inclusion of the fire emissions into the model sig-sions from peat fires.

nificantly improves its performance. The model results show.
that wildfires are the principal factor causing the observed air
pollution episode associated with the extremely high levels ofl
daily mean CO and Ph concentrations (up to 10 mgT

and 700 pgm? in the averages over available monitoring unprecedented intensive heat wave provoked thousands
sites, respectively), although accumulation of anthropogenicys yildfires during summer of 2010 over European Russia.
pollution was also favoured by a stagnant meteorological sit-these fires had devastating consequences for forests, crops,
and infrastructure (2010 Russian wildfires, 2011). The state
of emergency was officially declared during these events in
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large cities, including Moscow, Nizhniy Novgorod, Ryazan, lution Imaging Spectroradiometer (MODIS) active fire prod-
Tula, Vladimir and Voronezh. Strong perturbations of at- uct, they demonstrated linear correlations between FRP and
mospheric composition over Russia were clearly detectabléhe smoke aerosol emission rate derived from aerosol opti-
from space (Witte et al., 2011; Yurganov et al., 2011). cal thickness data by means of a simple mass balance model.
From a scientific point of view, the extreme perturba- They also estimated the smoke emission coefficient which
tion of atmospheric composition in summer 2010 over Eu-can be simply multiplied by FRP to calculate the smoke
ropean Russia provided a critical test for the current underaerosol emission rate. In particular, the magnitude of this
standing of atmospheric chemical and meteorological pro-coefficient for Western Russian regions was found to be in
cesses. Among numerous issues raised by this phenomenathe range from 0.08 to 0.1 (kg M3), although it was admit-
this paper focuses on the analysis of an extreme air polluted that this result could be overestimated by about 50 per-
tion episode observed in the Moscow megacity region. Thecent due to different uncertainties in the data and analysis.
Moscow region is a highly urbanized territory with a total Wooster et al. (2005) analyzed results from a series of exper-
population exceeding 15 millions of inhabitants. Moscow imental fires conducted to calibrate relationships between ra-
is the Russian capital and the largest city in Europe. It isdiated energy and fuel consumption. They found that the re-
one of the major political, economic, cultural, and trans- lationship between FRP and fuel consumption is linear with
portation centers of Europe and the world. Similar to manythe proportionality coefficient of 0.368:0.015) kg MJ L.
other megacities (Molina and Molina, 2004), Moscow expe- This approach seems to be very suitable for near real time
riences serious environmental problems, including air pollu-data assimilation systems (Sofiev et al., 2009; Kaiser et al.,
tion (Zvyagintsev et al., 2004; Gorchakov et al., 2006; Kono-2009), particularly because it allows (at least, in principle)
valov et al., 2009; Kuznetsova et al., 2011), even under norestimating emissions from currently active fires and taking
mal conditions. into account differences in smoke emission rates from differ-
Modeling of air pollution caused by predominantly anthro- ent active fire pixel. However, it should be noted that the
pogenic sources has been a subject of a vast number of stuémission estimates which can be derived from FRP mea-
ies. Although the performance of current chemistry trans-surements are not yet sufficiently validated; further work
port models (CTMs) is yet far from being perfect, it was aimed at elucidating possible uncertainties in such estimates
demonstrated (see e.g. Vautard et al., 2007) that in many inis needed, including comparisons with data of traditional fire
stances they are capable of reproducing and predicting imemission inventories. A comparison (Roy et al., 2008) of the
portant features of the observed evolution of major air pollu-MODIS burned area product with the alternative burned area
tants. On the other hand, emissions from wildfires are usuallyestimates obtained by mapping the MODIS active fire data
not taken into account in standard configurations of most retevealed a large difference (up to a factor of two) between the
gional CTMs, and thus they are not directly applicable in sit- continentally averaged data; these results can be regarded as
uations where the role of wildfires may be significant. Mean-indirect evidence that the emission estimates obtained with
while, there is a bulk of evidence that wildfires may have athe two approaches discussed above can also be very dif-
strong impact on air quality (see e.g. Langmann et al., 2009erent. In this study, we follow the approach suggested by
and references therein). A major factor hampering progresschoku and Kaufman (2005), having in mind prospects of
in modeling effects of wildfires on air pollution is the lack of operational applications of our modeling system for air qual-
sufficiently accurate estimates of gaseous species and aerosty} forecasts and air pollution control in Russia (Kuznetsova
emissions from these fires. et al., 2010). Note that development of a modeling system
Available methods to obtain fire emission estimates havewhich could enable analysis and forecasting of air pollution
been discussed in numerous papers. The most common apt the Moscow region during intensive fire events is practi-
proach to derive fire emissions is based on the use of inforecally important, taking into account that episodes of strong
mation on the burned area (e.g. Seiler and Crutzen, 1980air pollution associated with wildfires were already observed
Crutzen and Andreae, 1990; Andreae and Merlet, 2001; Hadn this region in the past (see e.g. Chubarova et al., 2009) and
et al., 1996; van der Werf et al., 2006, 2010; Jain et al.,will probably happen again in the future.
2006). Apart from the burned area estimates which, in recent Wildfire emission estimates obtained with the burned area
years, have become available from satellite measurementpproach have been used in many global modeling studies
(e.g. GEgoire et al., 2003; Giglio et al., 2006), this approach addressing effects of wildfires on atmospheric composition
requires additional data characterizing the local biome andsee e.g. Park et al., 2003; Jeong et al., 2008; Turquety et
the available fuel load, which, in many instances, are ratheml., 2007; Pfister et al., 2008; Stavrakou et al., 2009). The
uncertain. reduction of potential uncertainties in global model results
Ichoku and Kaufman (2005) suggested a different ap-can be achieved by averaging model outputs over sufficiently
proach to obtain fire emission estimates, which is based otarge areas and/or long (e.g. monthly) time periods. This way
a direct empirical relationship between fire radiative powerwould not be practical in the case of regional air pollution
(FRP) retrieved from satellite measurements and the instanmodels, as they are expected to address much finer tempo-
taneous rate of biomass burning. Using the Moderate Resaral and spatial scales dictated by the necessity to simulate
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regional air pollution episodes. Accordingly, more accu- to convert FRP to the biomass burning rate. We also evaluate
rate emission data are typically needed in the case of rethe impact of wildfires on air quality in the Moscow megac-
gional CTMs. It is not surprising then that comparisons of ity region during this period. A distinctive feature of this
simulations performed by regional CTMs employing wild- study is a parallel analysis of the evolution of several major
fire emission data with air pollution measurements have s@ollutants of both primary and secondary origin (CO, M
far been presented in very few papers. Specifically, WangOs). Such an approach allows us not only to evaluate wild-
et al. (2006) used the Regional Atmospheric Modeling Sys-fire emission estimates, but also to examine the ability of a
tem (RAMS) which did not include atmospheric chemistry typical regional CTM to simulate complex processes driving
and secondary aerosol formation to simulate the transport oformation of secondary pollutants in a strongly polluted at-
smoke aerosols from Central America to US. A particular mosphere.
goal of their study was to examine the impact of including di-
urnal variations of fire behavior on smoke transport simulated
by RAMS. They found that the simulated aerosol concen-2 Meéasurement data
trations correlate well with corresponding monitoring data .

: 2.1 Satellite measurements
but are much smaller than observations. Unexpectedly, they
f(_)und a!so tha’; including diurnal variations of Wildfi_re emi_s- 2.1.1 Fire radiative power (FRP)
sions did not improve the agreement between simulations

and measurements. Hodzic at al. (2007) compared aeros@rp s retrieved from the measurements performed by
optical properties simulated by the CHIMERE CTM with MODIS instruments on board of NASA polar orbiting Aqua
those derived from the MODIS and POLDER satellite mea- and Terra satellites (Ichoku and Kaufmann, 2005). The nom-

surements. They demonstrated the ability of the model tqna| resolution of FRP measurements by MODIS is about
adequately reproduce perturbations of aerosol optical thickq kn.

ness (AOT) caused by the advection of a smoke plume from e used the standard MODIS data products, which are
the source region in Portugal to Northern Europe. Howeverpyplicly distributed by the Land Processes Distributed Ac-
inclusion of fire emissions in the model did not allow im- tjye Archive Center (LP DAAC) through the Earth Observing
proving temporal variability of AOT data at specific locations system Clearing House (ECH®Xtp://www.echo.nasa.gov/

of the AERONET monitoring network. Larkin et al. (2009) system as Level 2 (orbital) and Level 3 (gridded) products.
presented a modeling framework enabling simulations of therhe algorithm of FRP retrieval (Kaufmann et al., 1998) is
cumulative smoke impacts from fires across the USA. Theyhased on an empirical relationship between FRP and temper-
showed that the modeled output generally compared welktyre measured at the 4 um MODIS channel in a pixel with

with satellite plume observations, but underpredicted meafjres and an adjacent “background” pixel without fird(
sured PM s concentrations during the considered episode.and7yy, respectively):

While Wang et al. (2006), Hodzic et al. (2007) and Larkin
et al. (2009) used wildfire emission inventories based on theeRpP2 4.34 x 10‘13(Tff — be> [Watt] (1)
burned area approach, Sofiev et al. (2009) derived aerosol
fire emissions from FRP measurements. Their emission estiThis dependence was obtained by fitting the simulated en-
mates were then used in the SILAM CTM to simulate /M  ergy released from many pixels with fires as a function of av-
concentrations and columns. They have demonstrated simerage radiance at 4 um. Each pixel contained 500 zones with
ilarity of spatial distributions in simulations and measure- different physical temperature representing both smoldering
ments during selected episodes of intensive fires in Europeand flaming fires, and the standard deviation in the derived
but the temporal evolution of the simulated Pdtoncentra-  fire energy is estimated as 16 % on the average (Kaufmann
tions and columns was not quantitatively evaluated. et al., 1998). However, there are many factors that may lead
Here we use the CHIMERE CTM and air quality monitor- to much larger uncertainties in real FRP measurement data.
ing data to examine the feasibility of using pyrogenic emis- Among these factors are clouds and aerosol that may atten-
sion estimates derived from satellite FRP measurements taate infrared radiation detected by a satellite instrument and
simulate daily variability of air pollution in a megacity re- dilute the contrast between the background and fire pixels.
gion during a period of intensive wildfires in summer 2010. Estimation of FRP from space is especially difficult or im-
The important features of the situation addressed in this studpossible for fires overshadowed by trees and for subsurface
are strongly perturbed (by smoke) optical properties of thesmoldering fires (peat fires). All these factors may cause neg-
atmosphere and significance of peat fires which could be neative biases in the FRP retrievals.
glected in the situations addressed by Sofiev et al. (2009). The polar orbiting Aqua and Terra satellites cannot pro-
These features make direct estimation of fire emissions fronvide sufficient information about the diurnal cycle of fire ac-
FRP difficult, and ways to overcome these difficulties aretivity. For this reason, a fixed diurnal profile of FR# (),
proposed. One of the ideas exploited in this study is to use ais assumed, which was adopted from WRAP (2005) (see
inverse modeling approach to optimize scaling factors usedrig. 1). Hodzic et al. (2007) used the same profile and found
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PR ST S NS " kind of a possible error is hardly significant in comparison
with other inevitable uncertainties in the measured FRP data.
4- B The goal of the next step is to obtain estimates for daily
4 L mean values of FRRpy. One possibility is averaging all
FRP orbital data available for a given day. However, we

3 B have found that this way leads to strongly underestimated

4 L (by more than an order of magnitude) emissions of air pol-

a lutants, probably because of the contribution of scenes partly
2 B obscured by clouds but not entirely disregarded in the FRP

i L retrievals. Instead, only a maximum value among values of
;. observed in a given grid cell and during a given daig
14 - taken into account:

dg=max{ Pr, k=1, ... K} pp(tma) "+ ©)

O T | T | T | T | T
0 5 10 15 20
Local solar time (hours)

whereK is the total number of scans during the given day,
and pn(fmax) 1S the weighting factor accounting for the as-
sumed diurnal variation of FRR;ax is the moment when

the scan with the maximum FRP was done.
Fig. 1. The diurnal profile of emissions from wildfiregy, (see

Eq. 3), which is used to convert MODIS FRP measurements to2 1.2 Aerosol optical depth (AOD)
hourly emissions of model species.
Similar to the FRP data described above, the AOD data used
in this study are retrieved from measurements performed by
that “hourly resolution of wildfire emissions gives better re- the MODIS satellite instrument. Specifically, we make use of
sults” (compared to the case of the daily resolution) “whenthe aerosol optical depths at 550 nm provided as the Level 3
simulating the impact of large wildfire events and comparingdaily data (MYD08D3) gridded with a spatial resolution of
the modeling data with satellite observations dominated by1 x 1°. In this study, grid cells with missing data are filled in

biomass burning aerosols”. by spatial averaging over an area of 5 5y For the period
The Level 2 FRP data (MOD14/MYD14) were projected considered in this study, only AQUA AOD measurements
to a regular grid (with a resolution of 0.% 0.1° for longi-  were available. A description of the retrieval procedure can

tude and latitude). This resolution corresponds to that of outbe found in Kaufmann et al. (1997). The estimated relative
model grid employed for regional-scale simulations. Specif-uncertainty of the MODIS AOD data over land is about 20 %
ically, for each orbitt we defined a spatially averaged FRP and the absolute part of errors ranges withi®.05 (Ichoku
density,®;, corresponding to a given cell of the output grid et al., 2005).

as follows:
2.1.3 CO mixing ratio
D) = —Zj FRP 2
k= Zj S;k+5]g’ @) We use CO mixing ratios derived from infrared radiance

measurements which are performed by the MOPITT instru-
wherej is the index of an observed pixel falling into the con- ment onboard the NASA Terra satellite. The MOPITT re-
sidered grid cell, FRR andS‘;k are FRP (MW) and the area trievals (version V4) include CO mixing ratio for a floating

(km?) of the fire pixel, respectively ans is the total ob- surface level followed by nine uniformly spaced levels from

served area of the surface (in the considered grid cell) iden900 to 100 hPa. Only data for 900 hPa pressure level are con-

tified in MODIS measurements as water and non-fire clearSidered in this study. It should be noted that the information
land. An area for which observational information about Provided inthe MOPITT data product for the given level ac-

potential fire activity is not retrieved (because of clouds or @lly comes from all levels although with different weights

any other reasons) is not taken into accounsn To avoid specified by the corresponding averaging kernels (see e.g.

technical difficulties associated with obtaining and process-Pfister et al., 2004). In other words, the retrieved mixing

ing of huge amount of geolocation data needed to estimat&atios at any level are a result of a certain non-uniform trans-
S€ from Level 2 data. we have deriveig from the Level 3 formation of the actual vertical distribution of the CO mix-
k il

daily data product (MOD14A1/MYD14A1) provided on a N9 ratio. We use the Level 3 daily data (MOP03) given on
1 x 1kn? grid. This simplification may entail some random 1° > 1° grid. Only daytime data are considered in this study

uncertainties in® due to possible inconsistencies between Pecause they provide more information about boundary layer

the observed area identified at a given overpass of a satellitBrocesses simulated by our model.
and the area reported in the daily data product. However, this
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2.2 Ground based measurements concentration with the threshold value of 160 pgin Ac-
cordingly, we construct a time series of daily values of mea-

We use measurements of CO, R\nd G near-surface con-  sured ozone concentrations by selecting (for each day) a site
centrations in the Moscow region, which were made at auto-with the largest daily maximum of 1-h mean ozone concen-
matic monitoring stations of the State Environmental Insti- trations. A given day is taken into account only if measure-
tution “Mosecomonitoring”. The nominal measurement fre- ments are provided for 20 or more hourly counts.
quency was three measurements per hour. Infrared spectrom-
etry, ultraviolet fluorescence and TEOM methods were used
for measurements of carbon monoxide, ozone and particulatg  Simulations
matter, respectively. Most of the monitoring sites are located
within boundaries of Moscow city, but there are also a few3.1 CHIMERE chemistry transport model: general
sites in Moscow suburbs (specifically, in Zvenigorod, Ze- description and numerical experiment settings
lenograd, and Pavlovskii Posad). Further information about
the Mosecomonitoring air pollution monitoring network can We used the CHIMERE chemistry transport model (V2007),
be found on webwww.mosecom.rj which is a multi-scale three-dimensional model designed to

The selection of monitoring sites considered in this studysimulate air pollution in the boundary layer and free tropo-
was based on their spatial representativeness and the totaphere at regional and continental scales. Evaluation and de-
number of available measurements. Specifically, we conscription of the initial version of this model was presented
sider only “residential” and “background” monitors provid- by Schmidt et al. (2001). Since then the model has been
ing more than 50 % of days with the measurements duringused in numerous studies (e.g. Hodzic et al, 2005, 2007;
the analyzed period (from 1 June to 31 August). Road traf-Vautard et al., 2007; Bessagnet et al., 2008; Menut et al.,
fic and industrial sites are excluded from analysis. The total2009; Konovalov et al., 2008, 2010; Rouil et al., 2009; Beek-
numbers of selected monitoring sites are 17, 7, and 8 for COmann and Vautard, 2010), while the model code permanently
PMjo, and @, respectively. Additionally, sites measuring undergoes further developments and modifications. Along
CO and PMg were distributed randomly into two groups. with sufficiently comprehensive (although simplified) rep-
One group is used for optimization of wildfire emissions usedresentations of atmospheric gas-phase chemistry and trans-
in our model, while the other is used only for validation of port, the model includes parameterisations of major pro-
simulations. Note that we do not expect that the variabil-cesses driving formation and evolution of organic and inor-
ity of concentrations at optimization and validation sites is ganic aerosols (such as nucleation, condensation, coagula-
independent. On the contrary, the purpose of the validatiortion, dry and wet deposition, and windblown dust genera-
procedure is to insure that the set of measurement sites useibn). An in-detail description of the model can be found in
for optimization of emissions is, on the average, sufficiently the CHIMERE technical documentation available on the web
representative of the whole region. The groups used for op{http://www.Imd.polytechnique.fr/chimene/
timization include respectively 9 and 4 CO and Rjvinon- In this study, simulations were performed using a nested-
itors. O3 measurements were not used in the optimizationdomain approach. Specifically, we used a large domain cov-
procedure; therefore, all measurement data from the selectesting both Western and Eastern Europe with a coarse reso-
Oz monitors were used for validation. The location of the |ution of 1° x 1° and a small (nested) domain covering only
selected CO, Pk and G monitors in Moscow is shown in  a central part of European Russia (including the Moscow re-
Fig. 2. gion) with the finer resolution of 0°2< 0.1°. Simulations

To simplify our analysis, we consider time series of daily of the atmospheric composition by CHIMERE over East-
mean CO and Pl concentrations averaged over all sites in ern Europe were evaluated earlier (Konovalov et al., 2005,
a given group. This is a logical approach in our case, taking2009; Kuznetsova et al., 2010, 2011). It was found, in par-
into account that most of the monitors are situated withinticular, that in spite of potentially large uncertainties in the
20 km from the Moscow center and that this study does notanthropogenic emission inventory data for Eastern Europe,
address spatial variations of pollutant concentrations insideCHIMERE demonstrates similar performance in both West-
of the Moscow agglomeration. ern and Eastern parts of Europe (Konovalov et al., 2005),

Ozone concentrations measured in Moscow exhibit veryprobably because emission uncertainties are not a major fac-
strong spatial variability on fine scales (probably as a re-tor limiting the performance of this model (Konovalov et al.,
sult of ozone titration by strong NO emissions in Moscow) 2006a, b). In the vertical dimension, the simulations were
which cannot be adequately addressed by our model. In sucperformed with 12 vertical levels specified in hybrid coordi-
a situation, the model is expected to better predict the largestates with the resolution decreasing from bottom to top in
ozone concentration over the region than a spatially averagedccordance with a geometrical progression. The top of the
concentration. It should also be taken into account that theCHIMERE vertical domain is fixed at the 200 hPa pressure
model provides outputs on the hourly basis and the air quallevel. Boundary conditions for gaseous and aerosol species
ity standards in Russia regulate the daily maximum ozoneare specified by using monthly average (“climatological”)
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Fig. 2. The maps illustrating the location of air pollution monitors selected for this st(ajyCO monitors;(b) PM1g and Q3 monitors.
Red squares and green triangles represent, respectively, the optimisation and validation subsets of Cg) amdnRdMs, which were
randomly selected from the full set of “residential” and “background” monitors (see Sect. 2.2). Ozone monitors (used for validation only)
are represented by green circles. Not shown are monitoring stations (measuring ¢§)aRMQ) in Pavlovskii Posad~50 km east of
Moscow) and in Zvenigorod~40 km west of Moscow). Observations in Pavlovskii Posad were used for optimisation of CO arpd PM
emissions and for validation of4»imulations, while measurement data from the Zvenigorod station were used for validation of @®, PM
and Q; simulations.

values of the MOZART (Horowitz et al., 2003) and GO-  Simulations were performed with the MELCHIOR1 gas
CART (Ginoux et al., 2001) models, respectively. phase chemical mechanism (Lattuati, 1997) which includes
Meteorological input data were calculated off-line with More than 300 reactions of 80 species. Parameterisation
a horizontal resolution of 100 100 kn? using the MM5 of a minimal set of heterogeneous reactions specified in
non-hydrostatic meso-scale modaéittp:/www.mmm.ucar. CHIMERE as recommended by Jacob (2000) is based on
edu/mms). MM5 was initialised with NCEP Reanalysis-2 formulations of Aumont et al. (2003) and is mainly appli-
data fttp://www.cpc.ncep.noaa.gov/products/wesley/ncep cable to anthropogenic urban aerosol, while in our case most
data). The resolution of MM5 was defined taking into ac- of aerosol is produced by wildfires. Major modifications of
count available computational resources and results of théis simple parameterization are also needed in view of re-
study by Zaripov et al. (2011), in which no serious differ- €€nt experimental findings (Monge et al., 2010) revealing
ence in accuracy of ozone forecasts produced by CHIMERENat heterogeneous processes are strongly affected by solar
for the Moscow region was found when resolution of mete-fadiation. Accordingly, as a conservative option, all hetero-
orological data decreased from 2®0 ki? to 70x 70 ki?. geneous reactions in our simulations were disregarded. A
A probable explanation of this result is that the accuracy ofSPecial model test run which was performed with the “stan-
higher resolution meteorological simulations for the consid-dard” parameterisation to roughly assess the potential role
ered plain region is mainly limited by global data driving ©f heterogeneous reactions in the considered phenomenon
mesoscale simulations. Possible effects of perturbations iffndicated that in general it was not important, although not

the atmospheric radiative balance due to changes in atmg2ways negligible (e.g. corresponding changes in ozone con-
spheric composition (in particular due to the large aerosolcentration mostly did not exceed a few percent but reached a

content owing to fires) could not be properly addressed inféW tenths of percent on one day, 7 August, associated with
our modelling scheme. In a less direct way, they were takerin€ largest concentration of smoke aerosol).

into account in the NCEP Reanalysis-2 data through assimi- Calculations of photolysis rates in the CHIMERE stan-
lation of measured data. dard version are based on the tabulated outputs from
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Table 1. Summary of settings of different model runs performed in vento.ries an.d _I?rojections (CEIP) websitetg://www.ceip.
the framework of this study. at/) with the initial resolution of 0.5x 0.5°. For the nested

domain, emissions were downscaled proportionally to the
Model run names  Fire emissions  Aerosol impacton  SSA population density (GPW, 2010). Higher resolution emission
(abbreviation) photolysis rates value data from other European inventories (e.g. the TNO emis-
sion inventory) were tested with CHIMERE but did not yield

REF No Yes 0.95 any better agreement of simulations with monitoring data in
FE Yes Yes 0.95 M han the d led EMEP d

TEST 1 Yest Yes 095 oscow than the downscaled | > data. _ '
TEST 2 Yeg Yes 0.95 The estimation of pyrogenic emissions is described in
TEST.3 No No 0.95 Sect. 4. Here, the choice of the injection height is discussed.
TEST4 Yes No 0.95 In our study, the maximum injection height of fire emissions
TESTS Yes Yes 0.80 is defined as a constant parameter. Such a highly simpli-

fied approximation of the actual injection height (which in
* Wildfire emissions in a small region surrounding Moscow are put to zero, see Sect. 5.3 e reality depends on the f|aming intensity and meteorolog-
for details. ical conditions) is partly based on the analysis presented by
** Wildfire emissions are estimateq without accounting for a possible attenuation OfSOfieV et al. (2009). Specifically, by plotting measured val-
the measured FRP by smoke from firex() =1, see Eq. 5). ues of the height of real smoke plumes as function of cor-
responding FRP, they have shown that the plume height was
) o almost independent on FRP within the range of FRP values
the Troposphere Ultraviolet and Visible (TUV) model ica) for European fires, and its values are quasi-randomly
(M'adronlch et aI.,' 1998). ".I'he agrosol impact on photol- c.ovared in the range from about 100 m to 2km. Based on
ysis rates, _potentlally significant in a polluted atmospher_ethese findings, the pyrogenic emissions are homogeneously
(see e.g. Dickerson et al., 1997; Martin et al., 2003; HOdZiCjisyripted in the model up to 1 km. It is expected that if the
et al., 2007) has not yet been taken into account in the,q, \nqary layer height (which is typically less than 2 km) ex-
CHIMERE standard version. In this study, we have intro- ¢eqqg 1 km, then the emissions are rapidly distributed within
duced the TUV (v.5.0) model into the meteorological inter- boundary layer by turbulent mixing; otherwise, the pyro-

face of CHIMERE_’ and this |mportant m0d|f|_cat|on allowed genic emissions are expected to be injected above the bound-
us to perform off-line calculation of photolysis rates of each ary layer due to pyro-convection. In their own modelling

model species for each grid cell of the three-dimensional do'study, Sofiev et al. (2009) used a similar simple approach by
mains of the model as a function of the zenith angle and

assuming that 50 % of the emissions are injected in the lowest

aerosol optical depth measured by MODIS at 550 nm (S8 and the rest is homogenously distributed from 200 m
Sect. 2.1.2). We used a non-uniform wavelength grid forfast-up to 1km. Different simple methods were used in other

TUV calculations of photolysis rates in the troposphere, andy, ejing studies addressing effects of fire emissions. For ex-

an altitude grid with uneq.ually spaced levels with the maxi- ample, Turquety et al. (2007) tested several assumptions for
mum resolution of 100 m in the boundary layer. the altitude of injection of North American fire emissions, in-

It is assumed that most aerosol particles are uniformlycjuding injection of all the emissions in the boundary layer,
distributed either within the bOUndary Iayer if the bOUndary and injection of On|y 40 % or 60 % of emissions in the bound-
layer height is larger than the maximum injection height for ary Jayer. They did not find significant differences in compar-
smoke aerosols (see below), or up to the maximum injectionsons of their simulations with MOPITT measurements over
height otherwise. The calculations are performed with thethe whole period (three summer months of 2004) considered
single scattering albedo (SSA) value equal 0.95. This valugn their study, although they noted that releasing a significant
is assumed to be best representative of the range of SSA vajraction of emissions in the upper troposphere brought some
ues (-0.92-0.97) retrieved from AERONET measurementsjmprovements in simulations downwind from the source re-
in Moscow during the period a major fire events in summer gions for the large transport events. In the framework of their
2002 (Chubarova et al., 2009) and 2010 (Chubarova et aljnverse modeling study of CO fire emissions from Alaskan
2011). Note that so large SSA values of biomass burningwildfires, Pfister et al. (2005) found that injecting CO only
aerosol are not quite typical; for example a much lower valuejnto the boundary layer gave almost the same results as dis-
(~0.8) was reported by Meloni et al. (2006) in the case oftriputing the fire emissions uniformly up to about 7 km.
aerosol originating from forest fires in Western Europe. To  Two fractions (fine and coarse ones) of aerosol emis-
test the sensitivity of our results to this parameter, we persijons were distributed among 8 size bins with the diame-
formed a special model run addressing the case of highly abter of particles ranging from 10 nm to 10 um in accordance
sorbing aerosol (see Sect. 5.3). to a bi-modal lognormal distribution. The parameters of

Anthropogenic emissions are based on the “expert” an+his distribution were the same as in the study by Hodzic et
nual data of the EMEP emission inventory (UNECE, 2009; al. (2007): a fine mode was centered on a 0.25 pm mean di-
EMEP, 2010) taken from the EMEP Centre on Emission In-ameter (1.6 geometric standard deviation) and a coarse mode

www.atmos-chem-phys.net/11/10031/2011/ Atmos. Chem. Phys., 11, 1000#6-2011


http://www.ceip.at/
http://www.ceip.at/

10038 I. B. Konovalov et al.: An extreme air pollution episode in the Moscow region

was centered on a 5um mean diameter (1.4 geometric stag Estimation of air pollutant emissions from wildfires
dard deviation).

During this study, CHIMERE was run for the period from 4.1 Basic formulations
28 May to 31 August 2010 using several different model con-
figurations. Specifically, a model run was performed with The fire emission estimates are obtained in this study by as-
fire emissions and with account for the shielding effects ofSUMing a linear relationship between the biomass burning
aerosols, as explained above. This simulation is referred téate and FRP. Such a relationship was identified by Wooster
as the “FE” run and is considered as the base case in thigt @l. (2005) in measurements of experimental fires. How-
study. To assess the direct effect of fire emissions on théVer, taking into account that the experiments could not re-
atmospheric composition, the results of the FE run are comProduce a very wide range of real burning conditions, the ac-
pared with those of the reference run (which is referred totual relationship between the wildfire emissions and the FRP
below as the REF run). The configuration of the REF run isdata may be much more complex than assumed, and the esti-
the same as that of the FE run, except that fire emissions ar@ation algorithm described below should be considered as a
set to be zero. Other model configurations considered in thigiéuristic procedure.

study are defined in Sect. 5.3. The model runs performed in [N this study, the emission rates of gaseous species and
this work are summarized in Table 1. particulate matter from wildfires in a given grid cell and at a

given hourg, are calculated as follows:
3.2 Initial processing of model results
Es(t) = Pgxa x (Q_[Bsix pi] x F1+
The model outputs were processed to insure their consistency ! Fo) x C ’ ®)
with measurements used for their evaluation. To compare Bspx pp X F2) X C(T) X ph(r)
simulations of near surface concentrations with the air po"“‘whereEs (gs~1m2) is the emission rate of a model species

tion monitoring data, the hourly concentrations at the lowest, @4 (Wm~2) is the FRP density (or, in other words, the flux
model level were first extracted from the model output files ot infrared radiation) derived from satellite measurements
for each grid cell whose center is closest to the location of gge Egs. 2 and 3, (g [biomass] 51 W-1) is the empirical

a corresponding monitoring site. Then the hourly concentraqefficient transforming the FRP density into the combustion
tions were either avc'eraged.over twenty-four. hours (for CO4te densityfs and fsp (g [model species])/g [biomass]) are
and PMy), or the daily maximum concentration was deter- he emission factors for a given land cover typand peat

mined (for ozone). _ fires, respectivelyp; and pp are fractions of land cover type
A more complicated processing of model results was«» gnq peatland area in a given grid celfy , are scaling fac-
needed for their comparison with the MOPITT CO measure-iqg optimized in model runss, is the assumed diurnal pro-

ments. Specifically, as recommended by Deeter et al. 2009k of emissions (see Fig. 1), ar@dlis an additional correc-

we took into account the sensitivity of the retrieved CO Ver- jon, factor (see below) specified as a function of the aerosol
tical profile to the true CO vertical distribution by means of optical thicknessz.

a logarithmic transformation of the modeled profile: We consider nine different land cover types defined in

(4) the CHIMERE CTM used in this study. The fractions of
land cover per grid cell are evaluated using Global Land
wherex g, andxg; are the simulated CO profiles before and Cover Facility (GLCF) data basatfp://www.landcover.org
after the transformationy, is the a priori CO profile, and The land cover types used in CHIMERE and their corre-
A is a matrix of the averaging kernels. The transformationspondence to the GLCF data is described in the CHIMERE
Eq. (4) was applied to the simulated CO concentrations inCTM documentation available on the wetitp://www.Imd.
each grid cell and for each hour. Because the exact time opolytechnique.fr/chimerg/ Additionally, we consider the
the MOPITT scans (which considerably varies from day to “peatland” category of the land type by introducing a frac-
day) is not reported in the MOPITT CO Level 3 (daytime) tion (pp) of the land surface identified as the peatland. This
data product used in this study, the transformed CO concenapproach allows us to take into account, in an indirect way,
trations are averaged over the period from sunrise to sunseémissions from peat fires. Although peat fires cannot be di-
We found that the transformed CO data are quite insensitiveectly detected from satellites, we expect that if a crown or
to the definition of the averaging period, and that possible bi-surface fire is observed over the dry peatland, there is some
ases caused by a probable temporal mismatch between meprobability that a subsurface peat fire takes place at the same
surements and simulations cannot account for the differenceime. Note that a similar assumption was made by Turquety
between the measured and simulated CO mixing ratios diset al. (2007) in their modelling study of impacts of peat fires
cussed in Sect. 5.4. on carbon monoxide pollution of atmosphere over the USA.
The peatland map for Russia on the grid 0f°0<0.72 was
obtained from the GIS “Peatlands of Russia” (Vompersky et
al., 2005) (see Fig. 3). The coarse resolution of this map

Log (xsp) =Log (xs0) +A [LOQ (xso) —LoOg (xa)]
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into account that the emission efficiency of actual fires may
strongly depend on burning conditions (e.g. Muraleedharan
et al., 2000), which are not controlled in this study, values
of emission factors assigned here (see Table 2) should only
be considered as rough estimates. Potential uncertainties in
the emission factors can manifest as discrepancies between
their estimations in different studies. In this way, Akagi et
al. (2011, Table S2) estimated, in particular, that the uncer-
tainty of the CO emission factor for boreal forest reaches
35 percent; even larger uncertainties (exceeding 50 percent)
were reported in the emission factors for several hydrocar-
-8 g 16° 28° 40 52° bons.
0 1 & 10 15 2 % o 10 Along with the scaling parametefg and F», our formula-
tion for wildfire emissions (see Eg. 5) contains one more cor-
Fig. 3. Fractions (in %) of peat land in a grid cell. Note that the peat rec_tion fa_ctor,C, Which_is_assumed to depend on _the aerosol
land data used in this study are not representative of any countr@Ptical thicknessy. This is an ad hoc parameter introduced
except Russia. in order to account for possible underestimation of FRP from
fires obscured by smoke aerosols. Heavy smoke is mentioned
by Giglio (2010) among the main factors affecting accuracy
probably introduces additional uncertainties in emission es-of MODIS fire data products. Based on the limited number
timates from peatfires, but taking into account that the as-of numerical experiments, it was found that the agreement of
sumed relation between FRP and the intensity of peatfiresnodel simulations with measurements drastically improves
has a probabilistic character it is not at all obvious that fur-if C(z) is defined as follows:
ther increase of the peatland map’s resolution would lead to
significantly better emission estimates. C (1) =exp (k AODmodis) (6)

A value of o (3.68x 10~4gJ 1) has been adopted from . .
the experimental study by Wooster et al. (2005). EmissionWhere AODhodis is the aerosol optical depth at 550 nm, ob-

factors for PMs, PMyo, CO, NO., SO, and NH for dif- tained with 1x 1° resolution as a MODIS Level 3 data prod-

ferent GLCF landuse types were adopted from WiedinmyerUCt prpwded from MO.DIS .measur_emen.ts (see Sect. 2.1.2)
. and« is a constant which, in our simulations, was set to be
et al. (2006). The total emissions of non-methane hydrocar-" . . P .
: .. unity. A methodical optimization of was not carried out.
bons (NMHCSs) are evaluated by using the NMHCs emission, . .
. o . o However, it was found that settingvalues to much smaller
factor given by Wiedinmyer et al. (2006), while emission fac- or laraer than unity dearades model performance. Therefore
tors for individual hydrocarbons (Urbanski et al., 2009) are 9 Y deg P : '

used to split total NMHCs into emissions of different model « was set to Lin this study, and the sensitivity to this param-
species eter is examined in Sect. 5.3.

In the case of peatland fires, the emission factors for CO The idea behind the relation given by Eq. (6) is rather sim-

NOy, and NH; are assigned using data of laboratory mea-ble' As it is shown by Wooster et al. (2003, 2005), FRP

surements (Yokelson et al., 1997; Christian et al., 2003) com-de”ved from MODIS measurements using Eq. (1) can al-

bined by Akagi et al. (2011). The emission factors eValu_ternatlvely be expressed as a linear function of the spectral

ated by Akagi et al. (2011) for several hydrocarbons emit—rad'ance’Lf’ emitted in the ?"4_4'2 Hm .wavelength range.
. . .The measured spectral radiandg,meas IS attenuated by
ted from peat burning and grassland fires are used to obtain !
the NMHC emission factor for peat fires by scaling the cor- aerosols, such that
responding factor reported by Wled|nmyer et al. (2006) for Lt meas™ Li true€XP(—T4), @)
grassland. Due to the lack of direct measurements of £M
and PM emissions from peat burning, the emission factorswhereLs yrye andrs are the true spectral radiance and aerosol
for PM25 and PMg are assigned to be the same as for theoptical thickness at the 4 um wavelength, respectively. The
grasslands, although probably they are much larger (linumaneasured FRP should be attenuated in a similar way. Since
et al., 2007). Note that the results of this study are not senthe measurements afy have not been available, we used
sitive to our choices made for emission factors for particu- AODmggis at 550 nm (with 1Ix 1° resolution) as a substitute.
late matter and CO because the pyrogenic emissions of thedRelating AODnogis and 74 is not easy, because not only op-
species are optimized using measurements (see Sect. 4.2). fical properties of aerosols but also the spatial structure of
contrast, the NMHCs emission estimates are not optimized ir4 on fine scales which are not captured by AQJas data
this study (but scaling for CO emission factor is used), and scshould be taken into account. For example, heavy smoke
their accuracy can only be indirectly assessed by comparingver an isolated single fire could completely obscure it from
simulated ozone concentrations with measurements. Taking satellite sensor, but, at the same time, the corresponding

60°

48°

36°
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Table 2. Biomass burning emission factors (g5 specified in the fire emission model (see Eq. 5) for different types of land. Note that the
emission factors for four other surface types (bare land, inland water, ocean, and urban) considered in CHIMERE are set to be zero.

agricultural grass shrubs needleleaf broadleaf peatland

forest forest
Cco 70 90 84 8.9 94 210
NOx (as NO) 2.4 6.5 3.2 2.5 2.1 1.0
NMHC 6.7 5.0 3.2 6.3 6.8 24.3
SO 0.4 0.5 0.5 0.8 0.8 0.5
NH3 1.5 0.6 0.6 0.9 0.6 14.3
PMy 5 5.7 9.5 5.6 11.7 11.2 9.5
PM1o 6.9 12.5 6.9 13.7 12.5 12.5

AODmogis value (representing a much larger territory) would run with both F; and F» equal to unity ¢ =F>=1). The
not be significantly different from a background value. If the next two runs were successively performed withvalue in-
area affected by the fires within a<11° grid cell (with theto-  creased by 10 % and with a similarly perturbed valugaf
tal area of about 5000 kfrin the considered Russian region) The results of all these runs were used to estimate partial
in the MODIS AOD data product is, e.g. only about 500%m derivatives of CO and P\ concentrations with respect of
the actual optical depth over these fires may be about a factoF; and F>. Under the assumption (which is justified below)
of ten larger than the corresponding spatially averaged valthat the relationships between CO and fgMoncentrations
ues of AODnodis On the contrary, available estimations us- and corresponding fire emissions are linear, the estimates of
ing Mie theory (Key, 2001) suggest that is much smaller these derivatives allowed us to find the optimal parameter
than AOD at 550 nm for a given air column. As a conclu- values, Fopt, providing a minimum of a cost function/,
sion, a more detailed analysis of possible impacts of aerosolahich is defined as a mean square error (MSE) of the model:
on FRP measurements is very difficult and goes beyond the .
scope of this paper. Fopr=argmin(/); ) ®)
J=3 205 (Ch—Co=Ae)",
4.2 Optimization procedure whereCr,, andC,, are the modeled and observed daily mean
concentrations, respectivelyjs the index of a day is the
Basically, the idea of the optimization procedure performedtotal number of days provided with observations, andis
in the framework of this study is to find estimates of certain a bias (Systematic error) of the simulations. The bias is as-
parameters of a model which provide the best agreement o§umed to be independent of any processes caused by wild-
simulations with measurements. Note that this idea is akin tGire emissions and is estimated as a difference between the
the general ideas behind both the inverse modeling (e.g. Entsimulated and observed concentrations averaged over the pe-
ing, 2002) and data assimilation (Eskes et al., 1999; Elberitiod from 1 June to 15 July 2010. According to our simula-
etal., 2007; Barbu et al., 2009) approaches. In this study, Weions (see Sect. 5.2), the impact of wildfires on air pollution
attempt optimization of a parameter vect#t, which con-  in Moscow during this period was indeed quite negligible.
sists of only two components which are the scaling factorstechnically, Fopt Was found by resolving a system of two
F1 and F> (see Eq. 5). As a result, we not only optimize the |inear algebraic equations obtained by requiring that the par-
model performance but also obtain emission estimates thEﬁa] derivatives ofJ with respect taFy andF, are equa| Zero.
are consistent with available measurements. It should be kepbifferent sets of optimal parameters were obtained for CO
in mind, however, that these estimates are sufficiently accugng particu|ate matter (PM), with the same correction fac-
rate only if the modeled relationship between concentrationgor applied to both fine and coarse fractions of aerosol. The
and emissions is correct, subject to some random uncertairefficiency of our simple optimization procedure is directly
ties in model results. This is @ common condition assumednanifested in results of comparison of optimized simulated
in any inverse modeling study. On the other hand, the im-concentrations with observations (see Sect. 5.2).
provement of model performance resulting from parameter The optimization procedure employed in this study is rel-
optimization can be considered as a self-sufficient goal, irre-ative|y simp|e because not 0n|y any nonlinearities in re-
spectively of the physical meaning attributed to the optimizediationships between concentrations of CO andpMnd
parameters. This goal is typical for data assimilation studiestheir emissions from wildfires turned out to be small, but
Our optimization algorithm is based on the “twin exper- also the interaction between these species is rather negligi-
iment” method. Specifically, we first performed the model ble. In principle, changes in CO emissions can affect M
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concentrations through changes in chemical processes driv Ll L
ing formation of secondary aerosols. However, in the con- 10000
sidered situation with intensive wildfires, the fraction of sec-
ondary aerosol compounds in the simulated;pbncentra-
tion turned out to be small (as noted in Sect. 5.2). Aerosol
emissions can, in principle, affect CO concentration by mod-
ulating photolysis rates of many gaseous species which di-
rectly or indirectly interact with CO. However, the simu-
lated aerosols concentrations were not used in this study fol
evaluation of radiative effects of aerosols. Instead, these ef-
fects were taken into account by using satellite AOD mea-
surements, as described in Sect. 3.1. The legitimacy of &
linear approximation for the relationships between CO (or
PMj0) concentrations and corresponding wildfire emissions
is confirmed by results of a comparison of CO andgM 100
concentrations estimated using a linear relationship betweer
them and the wildfire emission factors and those simulated
by CHIMERE with F = F o (see Fig. 4). The efficiency of
our simple optimization procedure is also directly manifested 1000 —p-rrel Ll L
in results of comparison of optimized simulated concentra- __ Fit equation: R
tions with observations (see Sect. 5.2). In(Y)=1.03"In(X)-0.07 v
Optimized values of the factors; and F» in the cases of
CO and PM emissions are not directly applicable for the es-
timation of emissions of other model species, such ag NO
and NMHC:s. If the emission factop were known exactly,
the optimal values of; and F» would be the same for all
species. Unfortunately, as it is demonstrated below, our opti-
mization procedure yields rather different values in the cases 8
of CO and PM, and this means that actual values of emissior "o
factors for different species in the considered fires might be E
significantly different from those assumed in our algorithm.
In this situation, we have estimated emissions of all model
gas species simply using the set of valueg'pfand F> ob-
tained in this study for CO (see Sect. 5.1).

__ Fit equation:
In(Y)=1.01*In(X)-0.05 e
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4.3 Potential uncertainties in emission estimates PMo "estimated” (ug/m?) (b)

While the accuracy of simulated concentrations of the con-F'9- 4- CO (a) and PMg (b) daily mean concentrations estimated
using a linear relationship between them and the wildfire emission

sidered species can be evaluated through their direct co : . . . )
actors () in comparison with corresponding concentrations calcu-

parison to corresponding measurements, estimation of UNCeY3ted directly by CHIMERE. Both the “estimated” and “calculated”

tainties in emission estimates derived from the MeasurementS,ncentrations are obtained with optimal values of the correction

with an inverse modeling method is a quite challenging task factors F (see Sect. 5.1 and Table 3). The “estimated” concentra-
which so far does not have a universal solution in a com-tions are obtained by applying a linear correction to concentrations
mon case (see e.g. Enting, 2002). In the considered compleximulated withF; » =1. The data are presented for the period from
situation, there are many error components (e.g. measure:June to 30 August 2010.

ment errors, representativity errors caused by a limited spa-

tial resolution of the model, errors in anthropogenic and nat-

ural emissions, uncertainties associated with chemical mechthis section we first describe a simple method which is used
anism and parameterization of aerosol processes, errors ii® roughly estimate the range of “intrinsic” uncertainties in
boundary conditions, etc.). Each of these components maypur fire emissions estimates, which are associated with the
satisfy a different unknown probability distribution, and its inverse modeling procedure. Then we discuss several ma-
contribution to differences between measurement and simujor factors which can contribute to additional biases in our
lations may vary in both time and space. Accordingly, only estimates but cannot be evaluated in a formal way.

very rough estimates of uncertainties in our results can be ob- The intrinsic uncertainties in our estimates of the spatially
tained without a detailed knowledge of all these factors. Inand temporally averaged fire emissions can be expressed as
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Table 3. Optimal estimates of the correction factafsand F» (see 'S SUPPOrted by convincing experimental evidences (Wooster
Eq. 5). The uncertainties reported in brackets are evaluated as thgt &, 2005). As it is mentioned above (see Sect. 4.1), the
geometric standard deviation corresponding to the 68.3th percentiléélationship between the emissions and FRP in the real at-
of the probability distributions of logarithms of the correction fac- mosphere can be affected, in particular, by heavy smoke from

tors obtained in a Monte Carlo experiment. fires. To take into account the effect of smoke, we introduced
a special correction factoC) which is specified in a rather
F1 Fy crude way as an exponential function of AOD retrieved from

the MODIS measurements at 550 nm (see Eq. 6). It is pos-
sible that some uncertainties in our emission estimates are
associated with the evaluation of this factor. Although the
magnitude of these uncertainties is difficult to evaluate due
to lack of knowledge about the spatial distribution and opti-
uncertainties in the optimized values of the factdlisand  cal properties of the considered smoke aerosol in the infrared
F>. We expect that a major part of the uncertaintiefin  region, we expect that at least their systematic part can be
andF is manifested as “random” differences between simu-strongly reduced as a result of the optimization procedure
lated and measured concentrations. Specifically, this part oflescribed in the previous section. It should be kept in mind,
uncertainties is determined by differences between simulahowever, that monitoring data used in this study allow us to
tion and observations, which vary from day to day. These areconstrain emissions (by optimizing valuesffand F») only
uncertainties associated with an inverse modeling procedurih a rather close vicinity of Moscow (a typical distance from
in a situation when neither measurements nor a model aréires strongly affecting air quality in Moscow does not exceed
perfect. To obtain rough estimates of such kind of uncertain-200 km, as evidenced by the results presented in Sect. 5.3).
ties in Fqpt, we performed a Monte Carlo experiment (see Emission estimates reported in the next section for larger re-
e.g. Press et al., 1992). For this experiment, values of CQjions are obtained assuming that the same optimal values
and PM concentrations simulated with the optimal param- of F; and F, are applicable to more distant fires. This as-
eter values were considered as a substitute for the true vaBumption cannot be validated, although it is, to some extent,
ues of these concentrations. Following a common approackorroborated by the fact that, according to our results (see
used in inverse modeling studies (e.g. Tarantola, 1987), weSect. 5.1), major fire emissions in European Russia occurred
do not discriminate between uncertainties in measurementg a rather compact region featuring similar vegetative cover
and simulations but rather characterize all of them by in-(mixed and coniferous forests).
troducing an effective observational error satisfying (in our Itis also assumed in Eq. (5) that subsurface peat fires occur
case) a Gaussian probability distribution. The standard deat the same time and place as a crown or surface fire visible
viation, o, of this probability distribution is evaluated as from space (as a matter of evidence, only in the fraction of
the root mean square deviation of the “true” concentrationsgrid cells covered by peatlands). This is a rough assumption
from corresponding observations in the period of intensivewhich may not be always valid, but it is useful because it al-
wildfires in the Moscow region (from 20 July to 20 August). lows us to estimate emissions from peat fires separately from
Choices of the type of probability distribution and of the pe- emissions from other fires. The uncertainties associated with
riod used to evaluate, are made in an attempt to best char- possible deviations from the assumed relationship between
acterize actual uncertainties but they are nevertheless subjeERP and emissions from peatlands may be very large for in-
tive. The errors sampled from the Gaussian distribution withdividual grid cells, but by separately optimising the factor
the standard deviatiosi, were applied to the substitutes of F, we try to insure that our estimates of the spatially and
the true concentrations, and the estimation procedure define@mporally averaged emissions are reasonably accurate. The
by Eq. (8) was repeated with the randomly perturbed con-uncertainty in the optimised value &% is estimated as dis-
centrations serving as substitutes tr. The sampling of  cussed in this section above. We do not expect that this value
random errors and the evaluation procedure were re-iterateshay exhibit a considerable additional bias, although it again
1000 times to obtain the statistical distributions of logarithmsshould be kept in mind that the emissions from peat fires
of F1 and F>. Finally, the geometric standard deviation cor- are constrained in this study only by measurements in the
responding to the 68.3 percentile of these distributions is caliloscow region.
culated as a quantitative indicator of uncertainties ;. The injection height of air pollutant emissions is one more
As noted above, our estimates may be subject to additionalactor which can affect our estimates of fire emissions. As it
biases which cannot be formally evaluated in the frameworkis explained in Sect. 4.3, our choice of the injection height (in
of our study and should be considered together with the in-our simulations, the pyrogenic emissions are homogeneously
trinsic uncertainties. A basic assumption which is used in thisdistributed in the model up to 1 km) is based on the smoke
study to calculate two-dimensional hourly fields of wildfire plume height analysis presented by Sofiev et al. (2009). In
emissions (see Eq. 5) is direct proportionality of the emis-principle, if a considerable part of fire emissions were in-
sion rates to FRP measured from satellites. This assumptiojected (in the real atmosphere) much higher than the typical

CO 0.24(152) 1.68(1.72)
PM 0.13(1.21) 1.30(1.67)
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boundary layer height in the considered region during day-as a potentially useful “byproduct” of our analysis. The cor-
time (1.5-2km), our analysis could yield underestimatedresponding results should be considered together with limita-
emission values (because a higher injection height wouldions and uncertainties discussed above. These uncertainties
lead to smaller air pollutant concentrations at the monitoringand limitations cannot invalidate any of the results presented
sites). However, taking into account the analysis by Sofievin Sects. 5.2 and 5.3.
et al. (2009), it seems unlikely that the fraction of emissions
injected directly in the free troposphere was actually signifi-
cant. As mentioned in Sect. 3.1, numerical experiments per5 Results
formed in other modeling studies addressing effects of fire
emissions (Pfister et al., 2005; Turquety et al., 2007) did not5.1  Wildfire emissions in summer 2010
reveal strong sensitivity of the modelled CO concentration to
the injection height. A possible bias associated with this fac-The optimal estimates of the correction factdts and F»
tor in our emission estimates is difficult to evaluate; our sub-(see Egs. 5 and 8) are reported in Table 3. Although these
jective estimate based on the mentioned above facts is thdgctors do not have any definite physical meaning, their op-
it is not likely to exceed 30 percent (but probably it is much timized values and uncertainties can give some idea about
smaller). possible inaccuracies in other parameters involved in the re-
The results shown in Fig. 4 (see Sect. 4.2) indicate that thdationship between FRP and wildfire emissions as well as
impact of chemical processes on concentrations of CO an@bout the relative importance of emissions from peat fires. In
PMyo in the Moscow region during the considered period is particular, the fact that the optimal values of b@thand F»
very small. Indeed, the first guesses for CO,jghand VOC  are significantly larger in the case of CO than in the case of
fire emissions specified in the optimization procedure (withPM shows that either the emission factors for CO were con-
F1 = F, =1) were several times larger than the optimized siderably underestimated (relative to the emission factors for
emissions (see Sect. 5.1). Still, the CO and;PNoncen-  PM) or emission factors for PM were overestimated (relative
trations corresponding to optimal emissions could be accuto the emission factors for CO). The fact ttfatis found to
rately evaluated simply by linear scaling of the concentra-be much larger tha#; indicates that the emission efficiency
tions obtained withF; = F»> = 1. This would not be possible of detected fires in peat lands is many times larger than that in
if, for example, strong changes in OH concentration, causedhe case of fires occurring above ground. This is an expected
by changes in the emissions, had a strong impact on CO corresult because peat fires normally cannot be detected from
centration. Therefore, we believe that any possible inaccuraspace, and a small overground fire seen from a satellite may
cies in the chemical mechanism of the model are not amondpe associated with strong emissions from subsurface smol-
major factors contributing to uncertainties in our emissiondering fires. The interpretation of magnitudes of the correc-
estimates. There could be, however, errors associated wittion factors is difficult because they may reflect uncertainties
possible inaccuracies of description of transport processes inot only in the physical parameters of our algorithm but also
the model. For example, specific urban effects, such as urin the input FRP data and in the assumed diurnal profile of
ban roughness and anthropogenic heat fluxes (see e.g. Bafire emissions as well. In particular, the use of FRP max-
lanov et al., 2009) may be not negligible in the consideredima detected during the course of a day to characterize the
megacity region, but they are not taken into account in ourdaily mean FRP values may lead to systematic overestima-
simulations. Available experimental studies of the impact oftion of daily mean FRP estimates (afg and/or F» values
urban canopy and anthropogenic heat fluxes on the boundselow unity) if the measured FRP data are noisy or variable.
ary layer over Moscow (e.g. Kadygrov et al., 2002; Khaikine It is recalled that maximum values were used because aver-
et al., 2006) suggest that the boundary layer height in sumage values risked to be contaminated by clouds. Too small
mer may be up to 30 percent larger in the city than outsideyalues of the diurnal profilep(¢)) of wildfire emissions at
although typically the difference is probably much smaller. nighttime can also cause overestimation of daily mean FRP
This effect can cause a corresponding negative bias in ouvalues. A special test has shown that if the assumed diurnal
emission estimates. Nonetheless, the fact (as it is shown iprofile of fire emissions were uniform, values Bf and F
Sect. 5.2) that the model reproduces the daily variability ofwould be up to a factor of four larger. Note that uncertain-
measured concentrations of several species (COgRMd  tiesin our estimates of the correction factors not only depend
O3) rather adequately indicates that, on the whole, the modebn model and observations errors but also on the amount of
is reasonably accurate. available information allowing to resolve effects from peat
As a conclusion, any systematic biases (in addition to in-fires and overground fires. Not surprisingly, the uncertainties
trinsic uncertainties associated with our inverse modelingare larger in/, than inF; estimates.
procedure) in the wildfire emission estimates reported in The ratio of the emission rateE¢, see Eq. 5) to FRP
Sect. 5.1 are not likely to exceed several tenths of percent(®y) determines the emission coefficient characterizing the
We would like to emphasize that we do not consider these esamount (in grams) of the speciesmitted per joule of the
timates as a major result of this study. Rather, we regard themadiated energy. In our case, a value of this coefficient may
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strongly vary in space and time since it involves the correc- According to our estimates, the CER region provided the
tion factorC depending on the aerosol optical depth. In the major part of total pyrogenic emission in Europe in Au-
case of PMp, the value of the emission coefficient averaged gust 2010. Moreover, only about 9% of the total Euro-
over the smaller (nested) domain covering the Central European amount of pyrogenic CO were emitted outside of Rus-
pean Russia (CER) in the period of intensive fires from 20sia (mainly, in Portugal). Magnitudes of emissions are quite
July to 20 August is found to be aboutxd0-®gJ1. This impressive: specifically, the total pyrogenic CO emissions
value is more than an order of magnitude smaller than aranga the European region of Russia (9.7 Tg) in summer 2010
of values (8-10%10°) g J-1) of the aerosol emission coef- constitute more than 85 % of the total annual anthropogenic
ficient estimated by Ichoku and Kaufman (2005) for fires in CO emissions in the same region1 Tg according to CEIP,
Western Russia. It is also much smaller than values (1.8-3.5ttp://www.ceip.at/emission-data-webdabAbout 30 per-
(x107%) g J-1) adopted by Sofiev et al. (2009). However, our cent of total CO fire emissions in Russia are identified by our
estimate is not very different from the emission coefficient model optimization procedure as emissions from peat fires.
value (~5.5x 10~%g J1) which can be obtained as the prod- ~ For comparison, we calculated CO emissions for the se-
uct of the fuel combustion coefficient (3.6810 %4 g J 1) re- lected regions using the gridded (with the 0.5 by 0.5 de-
ported by Woooster et al. (2005) and the RMmission co-  gree resolution) monthly data of the Global Fire Emissions
efficient for temperate forests (15 gkt recommended by Database version 3 (GFED3) (van der Werf et al., 2010;
Wiedinmyer et al. (2006). The differences between all thesehttp://www.globalfiredata.o)g The corresponding values
estimates may reflect a yet limited knowledge about potentiabre also given in Table 4. Unfortunately, contribution of
biases in the MODIS FRP data, as well as the differences irpeatfires to the total CO fire emissions in Russia was not
initial FRP data processing. In particular, the maximum daily provided in the available GFED3 data. Similar to our es-
FRP values modified with the assumed diurnal profile weretimates, GFED3 shows that the intensity of fire emissions
used in our study, while Ichoku and Kaufman (2005) con- strongly increased in Western Russia from June to August.
sidered the average of all fire pixels falling into each aerosolHowever, our estimates are, on the average, about a factor
pixel. A number of tests carried out in a preliminary stage of of three larger than the values obtained from GFED3. The
this study indicated that differences in the MODIS FRP datareasons for these large differences are not known; we cannot
preprocessing may indeed account for the mentioned differexplain them by any inaccuracies in our approach. Note that
ences in the emission coefficient estimates. the country-level estimates are provided in GFED3 with the
The estimates of wildfire emissions obtained using Eq. (5)warning about possible large uncertainties and potential for
with the optimized values of’; and F» are presented in  missing key regional aspects in the global approach used.
Fig. 5 which shows spatial distributions of monthly mean An independent estimate of the total CO amount (between
CO fluxes from wildfires in comparison with seasonally av- 34 and 40 Tg) emitted in the region covering almost the
eraged distributions of anthropogenic CO fluxes. The distri-whole Russia as a well as parts of Kazakhstan, Mongolia
butions are shown separately for the large European domaiand other neighbouring states during July and August 2010
of CHIMERE and for the smaller (nested) domain covering was reported by Yurganov et al. (2011). Using a simple box
only the Central European Russia (CER). It can be seen thanodel, they performed an inversion of CO mixing ratios de-
while wildfire emissions in June were quite negligible with rived from satellite measurements. A direct comparison of
respect to anthropogenic emissions, they were very considtheir estimate with ours is not meaningful because of a mis-
erable in August. According to our estimates, wildfire emis- match between the considered regions. Indeed, according to
sions were strongest in the CER region, that is, not far fromthe GFED3 gridded data, the largest part of the total annual
Moscow. Importantly, CO fluxes in certain regions (e.g. nearCO emitted from fires in Russia in 2010 is attributed to fires
Ryazan) were much larger than anthropogenic CO emissions Siberia and Russian Far East. These regions are not cov-
from Moscow. ered by our model. However, the estimate by Yurganov et
The estimates of total amounts of carbon monoxide emit-al. can be compared directly to the annual 2010 emissions in
ted in different regions and months are listed in Table 4.Russia, Kazakhstan and Mongolia (20.6 Tg in total), which
Note that we cannot claim that our estimates concerningare reported in the GFED3 tablegwww.falw.vu/~gwerf/
the European part of Russia or the whole Europe are suffiGFED/GFED3/tables/countrigs/Thus, differences between
ciently constrained by measurements, because measuremeisth methods are about a factor two, not very different to
in Moscow are mainly sensitive to emissions in the CER re-the factor 3 deviation between GFED3 results and ours in the
gion. Taking into account that actual uncertainties in our totalmore restricted European Russian region.
emission estimates are not sufficiently known (see Sect. 4.3),
the uncertainty ranges are thus not reported here. Nonethe-
less, recognizing all possible uncertainties, we believe that
our independent estimates are sufficiently adequate, and they
can be useful for characterizing the global and regional im-
pacts of 2010 Russian wildfires.
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Fig. 5. Rates of anthropogen(a, b) and pyrogeni¢c—h) CO emissions specified in CHIMERE (in *®molecules (crii? s)). Anthropogenic
emissions are averaged over three summer months (June—August) and pyrogenic emissions are presented as averaesipuiry(me

f), and Augustg, h). The emission rates are shown separately for a large model domain covering both Western and Eastern Europe with the
coarse resolution of°1x 1° (on the left) and for a small (nested) domain covering only Central European Russia with the finer resolution of
0.2° x 0.1° (on the right). Note that the colour palette in the case of pyrogenic emissions is extended.
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Table 4. Estimates of total amounts of CO (Tg) emitted in different regions and months in summer 2010.

June July August

All fires Peatfires Allfires Peatfires Allfires Peatfires

Contral E Russig NS Study <001 <0.01 1.33 0.42 4.89 1.58
entraleuropean RUSSA ez 1 0,01 NA 0.42 NA 0.80 NA
. Russ this study 0.03 <0.01 1.83 0.57 7.85 2.60
uropean Russia GFED3.1 0.13 NA 1.06 NA 1.67 NA
c this study 014 <0.01 2.29 0.57 8.31 2.60
urope GFED3.1 0.13 NA 1.18 NA 1.98 NA

5.2 Comparative analysis of simulated and measured ; ' : : =

) ) ) . . 10000 H model-REF E
time series of air pollutant concentrations in the E RMSE=148x10%(ug/m?), r=0.37 ‘ F

Moscow region ] model-FE
] RMSE=8.5x10%(ug/m?), r=0.83

Figures 6-8 present time series of simulated concentration<&
of CO, PMg and G in the Moscow region in comparison 2 1000 |
with corresponding monitoring data. Supplementary mete- 8 ]
orological information is presented in Fig. 9. Simulations
were performed both with and without fire emissions (see
the curves for the FE and REF runs, respectively). Concen-
trations of primary pollutants used in our optimization proce- 100 o 2 4 e s
dure are presented separately for the two groups of sites (se days (from 1 June 2010) ()
Sect. 2.2), one of which is used for optimization of wildfire . | . ‘ ‘ | .
emissions and another — only for validation of model results. 14000 model-REF L
Note that CO and PM concentrations are shown with a log- mif:;-53x103<“9’m“% r=0.41 E
arithmic scale. 17 RMSE=8.1x103(ug/m?), r=0.86
The observed CO and Pilyiconcentrations exhibited very
strong positive perturbations in the period from 3 to 15 Au-
gust. The largest CO and Rl concentrations were ob-
served in Moscow on 7 August (68th day at the figures).
Specifically, average (over all of the monitors considered
in this study) concentrations of CO and PdMexceeded :
10mgn3 and 700 ugm?®, respectively, while the maxi- 100 : i : : : : : :
mum daily mean concentrations registered at individual mon- 0 0 60 80
o . . X ys (from 1 June 2010) (b)
itoring sites in Moscow in that day reached 20 mghior
CO and 900 pgm? for PMio. These concentrations sig- Fig. 6. Daily mean CO concentrations simulated by CHIMERE
nificantly exceeded threshold values established by Russia@ithout (the REF run) and with (the FE run) wildfire emissions in
air quality standards (which are 3 mgfand 150 pg m3 comparison with corresponding measurements. Concentrations are
for daily mean of CO and PM concentrations, respec- averaged over monitoring sit¢a) used in optimisation procedure
tively). Very large aerosol concentrations were associatedind(b) employed only for validation of the modelling results. The
with strongly reduced visibility (see Fig. 10). The observed dashed horizontal lines depict the threshold CO daily mean concen-
ozone concentrations were also enhanced in August, but to t.glation defi_ned by the Russian air quality standards, and the vertical
lesser extent than primary pollutant concentrations. Interestdash-dot lines mark the 68th day (7 August). Note that concen-

ingly, the peaks of CO and PMconcentrations on 7 August trat|0n§ are given on a logarithmic scale. the also that althoggh
: . .. . : RMSE in the FE case is about as large as typical CO concentrations
were not associated with a similar maximum in ozone. In

o . o under normal conditions, it is a factor of ten less than the maximum
general, temporal variability in the ozone time series is muchcq «gncentration observed during the considered period.

larger than that for CO and Pjgl

The formation of the strong air pollution episodes took
place in the hot and dry atmosphere inside of a blocking
anticyclone accumulating tropical air transported to West-

1000

CO (ug/m?)
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10004 RMSE=110 (ug/me), r=0.50 L Fig. 8. Daily maximums of ozone concentrations simulated by
] model-FE F CHIMERE without (the REF run) and with (the FE run) wildfire
oo ﬁiﬁf;;g rf,ig/m HISRES i emissions in comparison with daily maximums of 1 h average ozone
£ concentrations measured at the sites of Mosecomonitoring in the
2 1004 Moscow region. Each data point represents the largest value among
$ 3 daily maximum ozone concentrations at all of the ozone monitoring
& sites considered in this study. The dashed horizontal lines depict the
threshold @ concentration (160 pg r_r?’) defined by the Russian air
104 quality standards, and the vertical dash-dot lines mark the 68th day
] (7 August).
0
days (from 1 June 2010) (b)
_ o ) coefficient is also quite impressive: from 0.5 to 0.88. The re-
Fig. 7. The same as in Fig. 6 but for P}glconcentrations. duction of RMSE for the optimisation subset of Pjiata is

also large (about 50 %). The differences in results obtained
with optimisation and validation subsets of Pjlata may

ern Russia from south. Maximum daily temperature mostlybe due to a considerable representativity error in ouqrPM
exceeded 30C in July and August (see Fig. 9), surpassing simulations which cannot be sufficiently reduced by averag-
record values registered in Moscow over a period of moreing of PM;g concentrations over a few measurement sites.
than 100yr. Note that the daily variations of observed tem- The available measurement data did not allow us to val-
perature are closely reproduced by the model. A small unidate the simulated chemical composition of aerosol parti-
derestimation (a few degrees) may be associated with unrecles. However, it is useful to note that according to our
solved local features of the meteorological station. Both themodel results, a fraction of secondary aerosol in the atmo-
measured and modeled data show that there was almost rgphere strongly perturbed by emissions from fires was typi-
precipitation in July and in the beginning of August. The cally rather small (less than 10 percent). Note also that an ad-
level of local precipitation is in general difficult to predict; ditional numerical experiment, in which the optimisation and
differences between the measurements and calculations maplidation procedures were repeated after “swapping” the op-
reflect strong spatial variability of precipitation in the con- timisation and validation subsets of CO and RWnonitors
sidered period. yielded very similar results; in this way, we checked that the

Simulations taking into account wildfire emissions repro- model performance is not very sensitive to the choice of op-
duce the CO and Pl observations fairly well. Specifically, timisation and validation sites.
the correlation coefficient calculated for the daily time series In addition to the comparison of simulations and mea-
exceeds 0.8 both for CO and Ri/and for all of the data sub- surements of the daily mean CO and RMoncentrations,
sets (sites used for the optimisation procedure and validatiomve performed a similar comparison of the night time con-
sites). Importantly, inclusion of fire emissions in the model centrations. Specifically, both the measured and simulated
leads to drastic improvements in agreement between the olfwith fire emissions) CO and P)d concentrations were av-
served and simulated data. In particular, the root mean squareraged over the period from 10:00 p.m. to 05:00a.m. of
error (RMSE) calculated for the validation subset of CO con-the local time. Such processed simulations and measure-
centrations is reduced by more than 45 % and the correlatioments also demonstrated reasonable agreement (the cor-
coefficient increased from 0.41 to 0.86. Although the reduc-relation coefficients equals 0.59 and 0.61 in the FE case
tion of RMSE is smaller for the validation subset of M  for validation subsets of the CO and RMdata, respec-
concentrations (about 36 %), the increase of the correlationively). In the period from 20 July to 20 August (when fires
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Fig. 9. Daily maximum and minimum of 2-m temperature and daily ;- June 2010, 20:22 (left) and 7 August 2010, 17:05. Source:

precipitation (lower panel) measured at the meteorological station2010 Russian Fires (2010). The picture is reproduced under the
situated in the Moscow State University and calculated with theterms of the GNU Free Documentation License.

MM5 model driven by the NCEP Reanalysis-2 data.

veals that the air pollution episode in Moscow in the pe-

were most important) the measured night-time concentrayiod from 3 to 15 August was mainly caused by transport
tions were slightly larger than the daily mean concentrationssf smoke from intensive fires north to Ryazan (the city sit-
(1.97x 10° vs. 1.88x 10> ugni > for CO and 1.3% 10°VS.  yjated in~180km south-east from Moscow). As an illus-
1.22x 107 ug 3 for PMyo; the values are provided for the tration, Fig. 11 presents the HYSPLIMt{p://ready.arl.noaa.
validation subset of the data). Similar differences are demo”gov/hysplit-bir) backward trajectory analysis for 7 August,
strated by the model (2.0610° vs. 1.81x 10°ugni> for  \yhich confirms that the air transport to Moscow took place
CO and 1.58< 107 vs. 1.42x 107 pg nm~2 for PM1g). These  from south-east during the last day.
results indicate that mixing processes during night-time are  ozone can be affected by wild fires at least in two dif-
well taken into account by the model. ferent ways. First, wildfire emissions favor photochemical

Ozone simulations also improve after taking fire emissionsgzone formation by increasing ozone precursor levels(NO
into account, but to a smaller extent. Specifically, the cor-yoc, CO). Second, smoke aerosol absorbs solar radiations
relation coefficient increases from 0.58 to 0.75 and RMSEgnd thus inhibits ozone formation. The reference (REF) sim-
decreases from 79 to 63 ugth Smaller improvements of yjation presented in Fig. 8 was performed without fire emis-
ozone simulations compared to the cases of CO angoPM sjons, but the impact of fires on photolytic reactions was
simulations may reflect strong temporal and spatial variabil-gtj|| included (via the observational constraint as discussed
ity of 0zone concentrations in the megacity region, especiallyabove)_ In this case, unlike CO and Rjylozone could still
in the presence of large perturbations of atmospheric compeach rather high values-B00 pg n3). At the same time,
position due to fires. Some factors affecting the ozone bethe fire case (FE) run yields much higher (more than a fac-
haviour are examined in Sect. 5.3. tor of two) ozone concentrations than the REF run in two

Contribution of fires to air pollution in the Moscow re- episodes (26—29 July and 4-11 August), clearly showing the
gion can be assessed as the difference between simulatiofgpact of fire emissions. The impact of the shielding effect
performed with and without fire emissions. Evidently, the of aerosol on the ozone evolution is assessed in Sect. 5.3.
extreme air pollution episode in August was mainly caused
by fires. Although stagnant meteorological conditions and5.3 Sensitivity tests
high temperature which dominated in the Moscow region
during July and August (see Fig. 9) favoured accumulationlin this section, we present results of several numerical exper-
of primary pollutants and formation of secondary aerosols,iments clarifying the role of different factors in the consid-
our simulations in the REF case demonstrate that if wild-ered phenomena. First, we tried to better understand the ori-
fires would have been absent, the evolution of CO and®M gin of the extreme air pollution episodes in Moscow. For this
concentrations would not have demonstrated any dramatipurpose, we examined whether these episodes were caused
anomalies. On the other hand, the large impact of fires on aiby relatively local fires or were due to transport of air pollu-
quality in Moscow was favoured by specific circulations pat- tion from more distant regions. Specifically, we performed a
terns: additional analysis (not presented here) of the spatialtest simulation (TESTL) where wildfire emissions in a small
temporal evolution of the simulated concentration fields re-region surrounding Moscow were put to zero. The region
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Fig. 12. Daily mean CO concentrations obtained as a result of the
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ing Moscow were put to zero (see the text for the region definition)
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and 56 N, i.e. less than 200km from Moscow. This re- 0 20 40 60 80

. . . . . . . . d. fi 1J 2010
gion includes, in particular, locations of intensive fires near 2ys (from 1 June 2010)

Ryaz_an (see Fig. _5f and h). Results pre_sented n F'g'_ 12 unI':ig. 13. The same as in Fig. 12 except that the test simulations (the

ambiguously confirm that the extreme air pollution episodestegT > run) were performed witlr () = 1 (see Eq. 5).

in Moscow were caused by fires taking place at relatively

short range from Moscow, although the impact of more dis-

tant fires is also not negligible, especially in the period from formance of the simulations is much worse in the test case

71011 August. than in the base (FE) case. Therefore, this test justifies the
The goal of the next experiment is to justify the importance proposed parameterization 6f(r), even though we cannot

of the paramete€ (t), which is expected to compensate for claim that it is the best possible.

a possible underestimation of FRP from fires obscured by The next experiments examine the impact of the shielding

smoke aerosols. In the case Gfr) =1, the optimization effect of smoke aerosols on the evolution of surface ozone

procedure described in Sect. 4.2 yielded the following val-in the Moscow region. Simulations were performed for the

ues of the correction factors for CO fire emissioAs=0.93 TEST.3 and TEST4 cases which were the same as the ref-

and F», = —1.3. Negative values of emissions from peat fireserence (REF) and base (FE) cases discussed above (that is,

are physically unacceptable, and this result is evidence thatithout and with fire emissions), respectively, except that the

if the impact of smoke aerosols on the FRP measurements isffect of aerosol on photolysis rates was disregarded. The re-

disregarded, the emission model defined by Eq. (5) becomesults presented in Fig. 14 indicate that even if fires were ab-

inadequate. WithC(r) =1 and F» fixed at zero, we found sent, ozone concentration in the Moscow region under very

that the optimal value of is 0.88. The corresponding CO hot, stagnant and cloudless conditions of August 2010 could

concentrations are presented in Fig. 13. Evidently, the perfeach very high values. Comparison of the TESERnd
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Fig. 14. The same as in Fig. 8, except that instead of results for
the REF run, the simulated data are presented for the two test case
(see Table 1 and Sect. 5.3 for definitions). For better readability, "
only the period most affected by fires is shown (from 20 July to

20 August 2010), although the statistics are evaluated for the whole

period considered in this study.
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Fig. 16. Maximum perturbations i¢a) daily mean CO an¢b) daily
maximum G concentrations due to wildfires in summer 2010. The
perturbations (in pg m3) are estimated as differences of the respec-
tive concentrations simulated in the FE and TESGases; the latter

0 : | : L : I is used to represent the atmosphere unperturbed by fires.
50 60 70 80
days (from 1 June 2010)

200

smaller SSA value of 0.8 representing the case of strongly
Fig. 15. The same as in Fig. 14, but instead of results for the testabsorbing smoke aerosol which was observed by Meloni et
cases 3 and 4, the simulated data are presented for the 5€&3e 5| (2006) in comparison with the ozone time series obtained
where an SSA value of 0.8 is used instead of 0.95 in the FE case. in the FE case (with SSA=0.95). Note that the AOD val-

ues specified for our photolysis rate calculations from the
TEST._4 results with the base case (FE) simulations confirmsMODIS measurements were the same in the both simula-
that wildfires strongly affected ozone formation in the two tions. Evidently, ozone concentrations calculated with the
ways, namely by providing a powerful source of ozone pre-smaller SSA value are only very insignificantly lower than
cursors and, at the same time, inhibiting its formations as dn the base case (the differences in ozone concentrations do
result of absorption of solar radiation by smoke aerosols. Thenot exceed 7 percent). Even much smaller differences were
net result of these two effects was different in different con-found in concentrations of CO and RM Therefore, we can
ditions. Note that the extremely high and unrealistic level of conclude that results of our simulations would not be sig-
ozone concentration reached in the TESTase may reflect nificantly affected by possible variations of SSA of smoke
a nonlinear interaction of ozone with its precursors. Namely,aerosol in the real atmosphere.
large fire emissions of VOC may counterbalance large an-
thropogenic NQ emissions inhibiting ozone formation and 5.4 Air pollution episodes in the Moscow region from a
contribute to even larger production of ozone. This makes continental scale perspective
again evident the importance of the shielding effect.

The purpose of a final test (the TESTcase) is to assess The severe air pollution episodes observed in the Moscow
0zone sensitivity to the single scattering albedo (SSA) valueregion were only a part of a strong perturbation in the atmo-
specified in our model. Figure 15 presents the ozone evospheric composition caused by wildfires in Russia. To get
lution simulated as in the FE case but with a considerablyan idea about the spatial extent of these perturbations and
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Fig. 17. Spatial distributions of monthly mean CO mixing ratio at the nominal 900 hPa MOPITT pressure level {aJtjwnd August
(d—f) 2010. The MOPITT datéa, d) are shown in comparison with simulated CO mixing ratios (corrected for a systematic biag) vajh
and without(c, f) fire emissions.

to evaluate representativity of the phenomena observed in The direct validation of these modeling results is difficult
Moscow within a more general picture, we estimated max-due to the lack of available air quality monitoring data. How-
imum perturbations in daily mean CO and daily maximum ever, the fact that the composition of the lower atmosphere
O3 concentrations due to wildfires in summer 2010 by usingduring the considered period was indeed very strongly per-
simulations performed with the large (continental) domain ofturbed over a large region can be confirmed by satellite mea-
our model. Specifically, we calculated the maximum differ- surements. Figure 17 presents the spatial distributions of the
ences between the FE and TESTases; the latter is used CO mixing ratio at 900 hPa, derived from MOPITT measure-
to represent the atmosphere unperturbed by fires. The resultaents in comparison with the corresponding distributions
are presented in Fig. 16. According to these results, the levebf the simulated data. The modeled data were preliminary
of the considered pollutants was considerably enhanced (girocessed with MOPITT averaging kernels as explained in
least episodically) over the most of European Russia, but als&ect. 3.2. The MOPITT measurements show that the CO
over parts of Ukraine, Belorussia, Baltic states and Finlandlevel was strongly enhanced over most of the European part
The transport of air pollution from Russia further to Western of Russia in August. The huge CO “cloud” also covered parts
Europe was small. of Belarus and Ukraine. The model reproduces the location

www.atmos-chem-phys.net/11/10031/2011/ Atmos. Chem. Phys., 11, 1000#6-2011
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of the maximum CO mixing ratio perturbation in the south- reduction of photolysis rates due to the assumed shielding
east of Moscow reasonably well, but underestimates its mageffect of aerosols. The wildfire emission estimates derived
nitude even after correction of the systematic bias over thdrom the MODIS FRP measurements were optimized by as-
whole domain (which is about 16 ppb). It appears that thesimilating data of air pollution monitoring in Moscow into
CO distribution from the model is much smoother than thatthe model. Specifically, we optimized two factors relating
from MOPITT. The model also underestimates the CO mix- FRP data to rates of wildfire emissions separately from peat
ing ratios in the southern part of the domain. Nonetheless|and and other types of vegetative land cover. In this way, we
it is important that inclusion of fire emissions into our model managed to estimate both total wildfire emissions and emis-
improves the agreement between the simulated and measursibns from peat fires. The impact of smoke aerosols on pho-
variation of CO mixing ratios at the continental scale. tolysis rates was taken into account using the TUV model
When discussing systematic differences between the meawith the aerosol optical depth (AOD) measured by MODIS
sured and modeled CO mixing ratio, it should be consideredat 550 nm and assuming an aerosol single scattering albedo
that 900 hPa MOPITT measurements are actually sensitivef 0.95. The MODIS AOD measurements were used also to
to CO over the whole troposphere, as explained in Sect. 3.2correct a possible negative bias in FRP measurements in case
For instance, the mean (over the whole model domain and thef fires obscured by heavy smoke.
summer 2010 season) sensitivity to CO at 500 hPa is still as Validation of the model results was performed by com-
large as that at 900 hPa. Pfister et al. (2004) detected an evgraring them with independent monitoring data which were
larger positive systematic difference than in our study (upwithheld during the optimisation procedure. It is demon-
to 30 ppb in summer) between CO mixing ratios from MO- strated that the optimized simulations reproduce; &&hd
PITT and the MOZART global CTM and found that only CO monitoring data rather adequately. Specifically, the cor-
8% of CO at 500hPa over Europe originated from Euro-relation coefficient«) of daily time series of CO and P)d
pean emissions. Accordingly, one probable reason for theexceeds 0.85. Strong temporal variability of the measured
bias detected in this study is a systematic underestimation ofzone daily maxima is not always closely reproduced by
monthly average climatological CO lateral and top boundarythe model, but in general the agreement between time series
conditions that are indeed taken from MOZART. To examine of the simulated and measured ozone concentrations is also
the role of boundary conditions in our simulations, we haverather satisfactoryr-(= 0.75).
performed a model run with zero CO at the top and lateral It is also found that inclusion of fire emissions into the
boundaries. In this simulation, and under unperturbed condimodel considerably improves its performance at the surface.
tions (without fires) the average CO mixing ratios at 900 hPaln particular, the correlation coefficient calculated for daily
(processed with the MOPITT averaging kernels) are then deCO concentrations in the validation data subset has increased
creased by more than a factor of three over the CER regiorirom 0.41 up to 0.86, and RMSE has been reduced from
in July and August. This test confirms a strong impact of 1.53 to 0.81 mg mS3. Similar large improvements are found
the boundary conditions on the model results which potenfor daily PM;g concentrations. Smaller but also considerable
tially could explain the differences with MOPITT measure- improvements are achieved in ozone simulations (specifi-
ments. Pfister et al. (2004) also argue that a significant par¢cally, the correlation coefficient calculated for ozone daily
of the mentioned difference is due to an underestimation ofmaximums has increased from 0.58 up to 0.75, and RMSE
anthropogenic CO emissions in their model. Thus, both anhas been reduced from 79 to 63 pugi Therefore, this
thropogenic CO emissions, but also advection through mode$tudy demonstrated the feasibility of using fire emission es-
boundaries, are potential error sources, in addition to uncertimates derived from satellite FRP measurements to simulate
tainties in the fire emissions and their vertical distribution in the daily variability of air pollution in a megacity region.
the troposphere. In spite of certain differences with the satel- The comparison of model results obtained without and
lite measurements, the simulations confirm the role of fireswith fire emissions showed that stagnant and dry meteorolog-
as the principal reason for the extreme air pollution observedcal conditions favoured accumulation of anthropogenic pol-
over Russia in August 2010. lution during the observed episodes of extremely high con-
centrations of CO and Py in the Moscow region, but an-
thropogenic sources could not compete with the huge wild-
6 Conclusions fire emissions of these pollutants. On the contrary, our diag-
nostic simulations revealed that ozone concentrations could
The CHIMERE chemistry transport model in combination reach large values>{400 pgnt3) even without fire emis-
with satellite data and ground based measurements was useibns. Fires provided a powerful source of ozone precursors
in order to analyze episodes of extreme air pollution in but, at the same time, inhibited ozone formation as a result of
the Moscow megacity region in summer 2010, when max-absorption and scattering of solar radiation by smoke aerosol.
imum measured daily average CO and fgMoncentrations Additional numerical experiments aimed at clarifying the
reached 20 mg m? and 0.9 mg m?3, respectively. The model role of different factors in the considered phenomena. In par-
was modified to take into account wildfire emissions andticular, it was found that the extreme air pollution episodes
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