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Abstract. An empirical model of the vertical profiles of to aerosol influence on cloud microstructure, cloud forma-
aerosol optical characteristics is described. This model wasion processes and precipitation (Albrecht, 1989; Johnson et
developed based on data acquired from multi-year airbornel., 2004; Twomey, 1977; Ivlev, 2011). The key optical prop-
sensing of optical and microphysical characteristics of theerties of aerosol that determine its radiative effects are the
tropospheric aerosol over West Siberia. The main initial char-aerosol optical depth, the single scattering albedo and the
acteristics for the creation of the model were measuremenéerosol scattering phase function/asymmetry factor (Take-
data of the vertical profiles of the aerosol angular scatteringmura et al., 2002; Yu et al., 2006; Zhou et al., 2006).
coefficients in the visible wavelength range, particle size dis- Given the wide range of sources, sinks and chemical com-
tribution functions and mass concentrations of black carborposition of atmospheric aerosol and the spatial and tempo-
(BC). The proposed model allows us to retrieve the aerosotal variations in its properties, it is clear that the most reli-
optical and radiative characteristics in the visible and near-IRable data on aerosol optical characteristics and their trans-
wavelength range, using the season, air mass type and timfermation under geophysical processes can be obtained only
of day as input parameters. The columnar single scatteringhrough a detailed comparison of experimental and theoreti-
albedo and asymmetry factor of the aerosol scattering phaseal studies. This is especially important in terms of calcula-
function, calculated using the average vertical profiles, areions performed for particular regional conditions.
in good agreement with data from the AERONET station lo- Regular measurements carried out over the last decades at
cated in Tomsk. stationary ground-based sites and onboard research vessels

For solar radiative flux calculations, this empirical model have allowed for the accumulation of a vast quantity of ex-
has been tested for typical summer conditions. The availperimental data on aerosol characteristics in the near-ground
able experimental database obtained for the regional featureair layer in different regions of the Earth (Delene and Ogren,
of West Siberia and the model developed on this basis ar@002; Kozlov et al., 2007; Sakerin et al., 2007). Columnar
shown to be sufficient for performing these calculations. data on optical and microphysical aerosol parameters can
be obtained from ground-based spectral measurements of di-
rect and scattered solar radiation at the photometric networks
AERONET (ttp://aeronet.gsfc.nasa.gp\SKYNET (http:
1 Introduction /latmos.cr.chiba-u.ac)pESR fttp://www.euroskyrad.njt

etc.

Research over the past few years has led to the generally ac- Tne vertical profiles of the aerosol characteristics in the
cepted conclusion that atmospheric aerosol is one of the maigimosphere have been less studied than the horizontal vari-
substances determining climate characteristics (IPCC, 2007 htions. At present, the main source of data on aerosol prop-
Aerosol affects the radiative budget both directly and indi- erties at different altitudes is airborne observations. Data for
rectly. The direct effect is caused by the ability of aerosol regions over oceans were obtained during the experiments

particles to scatter and absorb solar and thermal radiatiojCg-2 (Collins et al., 2000aPstibm and Noone, 2000),
(Haywood and Boucher, 2000), the indirect effect is related
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INDOEX (de Reuss et al., 2001) and ACE-Asia (Andersondistribution and chemical composition (Brock et al., 2011;
etal., 2003; Redemann et al., 2003). More elaborate airborn®sborn and Haywood, 2005; Han et al., 2003; Johnson et
datasets over coastal and continental locations have been aak., 2008; Collins et al., 2000a,b; Magi et al., 2005). These
quired in the US mid-Atlantic coastal region (Hegg et al., data were used for “optical closure” aimed at comparing the
1997; Hartley et al., 2000), the Arctic (Brock et al., 2011; Mie scattering and extinction coefficients with the respective
McNaughton et al., 2011), North America (Collins et al., measured values.
2000b; Han et al., 2003; Magi et al., 2005; Shinozuka et al., In this paper, we describe our approach to estimating the
2007; Schwarz et al., 2006), Africa (Johnson et al., 2008;upward and downward solar radiative fluxes on the basis of
Magi et al., 2003) and Europe (Varotsos, 2005). Comparaan empirical model of the vertical profiles of tropospheric
tive analyses of the microphysical and optical parameters ofierosol optical properties over West Siberia. We note two
some principal aerosol species (Saharan dust, biomass burparticular aspects that form the basis of the model.
ing aerosol, European continental pollution, eastern seaboard The firstaspect consists of the necessity to parameterize
USA pollution and clean maritime aerosol), obtained duringthe relationship between aerosol characteristics and relative
international field campaigns, are presented in Osborne andir humidity, the latter of which strongly affects the transfor-
Haywood (2005) and Clark and Kapustin (2010). mation of the microphysical parameters of the aerosol par-
It should be noted that data on the seasonal variability ofticles. The approach that we have developed is based on
the vertical profiles of aerosol scattering and absorption propthe principle of separate investigations of variations in the
erties in the troposphere are very sparse. Among the studiegerosol particle dry matter and aerosol condensation activity
that collected such data (Andrews et al., 2011) is notable: apunder external factors (Panchenko et al., 2004).
proximately 600 measurements of vertical profiles obtained The second aspecif our approach lies in an empirical
over rural Oklahoma for different seasons in 2000—2007 weremodel constructed by combining the microphysical and opti-
analysed. cal approaches. The presented model of the vertical profiles
The present-day, real-atmosphere aerosol studies apply @f all of the required radiative parameters is based on the air-
wide range of methods and facilities for the study of aerosolborne sensing data of optical and microphysical characteris-
properties. There are two main approaches for estimatingics of the tropospheric aerosol over West Siberia at altitudes
aerosol optical characteristics. One method is based on dataf 0-5km (Panchenko et al., 1998; Panchenko and Terpu-
describing the microphysical and chemical composition ofgova, 2002) with the season, air mass type and time of day as
the species and involves a subsequent calculation of the rahe input parameters. The aerosol absorption properties are
quired optical characteristics, whereas the other relies on optaken into account through simultaneous airborne measure-
tical measurement data. ments of the vertical profiles of the scattering coefficient of
One advantage of therficrophysicdl approach is thatthe aerosol dry matter and the mass concentration of black car-
model data for nearly all required optical aerosol parameterdon in different seasons (Panchenko et al., 2000; Kozlov et
can be obtained in the spectral range of interest. The most se., 2009). These data allow us to obtain the vertical profiles
rious disadvantage of this approach is that any restriction oof the complex refractive index of dry carbonaceous aerosol.
distortion of the data on microphysical parameters or particle In the last stage, the aerosol spectral optical parameters
shapes leads to unpredictable errors in retrieving the opticahre used for a numerical simulation of the broadband solar
characteristics; therefore, all parameters estimated with thisadiative fluxes.
approach should be carefully validated against optical mea-
surement data.
The approach to describing the properties of atmospheri
aerosol in terms of its optical characteristics in the real atmo-

sphere is free from most of the shortcomings inherent in theIn this section, we describe an approach applied to create a

microphysical simulations. Theptical’ approach is consid- model of vertical profiles of aerosol optical and microphysi-
ered to be disadvantageous in that the data obtained can gen- P P pny

. ey al characteristics. The aerosol radiative parameters that are
erally be used only for observed optical characteristics an o . . . L
y X - characteristic of typical summer conditions in West Siberia
are limited to the spectral range for which the initial observa-

tion data were obtained. The applicability of the data outside™ © also presented.

these bounds requires additional investigation and validationy
In the majority of the papers cited above, vertical profiles

of the aerosol radiative parameters (extinction coefficient,The measurement instrumentation and calibration techniques
single scattering albedo and asymmetry factor) were calcuysed here were described in detail in earlier publications

lated from the measured absorption, scattering and backscagpanchenko et al., 1996, 2000). Here, we give only a brief
tering coefficients (following the dptical’ approach). In  jnstrument characterisation.

some experiments, measurements of the optical characteris-
tics were accompanied by determinations of the particle size

& Empirical model of the vertical profiles of optical and
microphysical aerosol characteristics

Instrumentation and measurements
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A polarized nephelometer was used for measuring thethe scattering volume were recorded simultaneously with the
aerosol angular scattering coefficient at an angle dfadfel a  nephelometric measurements. The true values of the scatter-
wavelength of 0.51 um. The sensitivity of the instrument wasing coefficient in situ were reconstructed on this basis.
about 1 MnT1. The nephelometer was calibrated in absolute When developing the empirical model, we used data ob-
units for each flight, using the values of the molecular scat-tained from two measurement campaigns. A model of the
tering coefficient of pure air at the heights of 0.5, 1.0, 2.0, vertical profiles of the scattering coefficient and particle size
3.0, 4.0 and 5.0 km (at different pressures). distribution function at heights of up to 5 km (Panchenko et

The particle size distribution function was recorded by aal., 1998; Panchenko and Terpugova, 2002) was constructed
photoelectric particle counter in 12 channels in the radiuson the basis of airborne measurements performed from
range of 0.2-5 um. 1986-1988. The data array consists of more than 600 vertical

The mass concentration of the absorbing substance wagrofiles (the summer subarray includes more than 150 pro-
measured by an aethalometer, which employed the method dfles). The input parameters of the model are geophysical
measuring the diffuse absorption by a layer of particles durfactors: season, type of air mass, time of day; and measured
ing their deposition from airflow on a filter. The instrument parameters: near-ground value of the angular scattering coef-
is capable of measuring the mass concentration of black carficient, aerosol optical depth, vertical profiles of the temper-
bon starting from values of 0.01 pgrhwhile passing 10—  ature and relative humidity of the air.

201 of air through it. The aethalometer was calibrated in ab- During this measurement period, the airborne instrumen-
solute units under laboratory conditions using a special pytation had no devices for absorber (“soot” or black car-
rolysis generator of black carbon particles and by comparingoon (BC)) measurements. Regular monthly measurements of
the synchronous optical and gravimetric measurements of théhe aerosol scattering coefficients of dry particle matter and
black carbon content. black carbon mass concentratidf,., were initiated in 1999

A number of difficulties can arise as a result of possible aboard an AN-30 Optic-E airborne laboratory (Panchenko et
distortions of the studied air characteristics at sampling andal., 2000; Kozlov et al., 2009). The black carbon measure-
transportation to the scattering volume. ments were performed along 9 horizontal flight legs at alti-

The samples to be analysed were collected continuouslyudes of up to 7 km. The summer data array contains 27 ver-
by a direct airflow. Here, the principle difficulty is to maintain tical profiles of BC mass concentration.
the isokinetic condition. To do this, it is necessary to satisfy Before including the BC concentration data in the previ-
a number of requirements on the geometry of the collectingously developed scheme for retrieving the optical charac-
device. teristics of non-absorbing aerosol, we compared the mean

Possible changes in the particle nhumber density wherseasonal profiles of the aerosol angular scattering coeffi-
moving along the collection path may arise, firstly, due to cient for two measurement campaigns (Fig. 1a): 1986-1988
their diffusion and sedimentation on the walls and, secondly,(uélr) (45°)) and 1999_2007@2) (45°)). The average verti-

L . ; y ry
due to inertial settling on bends in the path that cannot becal profile of the mass concentration of black carbon in sum-
completely avoided in the construction of an air transportmer obtained in the second measurement campaign is shown
path. The inlet diameter of the photoelectric counter wasin Fig. 1b.
2cm, and it was installed at a short distance (approximately The necessity of such a comparison arises for the fol-
0.5m) from the collecting device. The nephelometer andlowing reasons. The empirical model of the vertical profiles
aethalometer had an inlet diameter of 1 cm and were arrangegf the aerosol scattering coefficient is based on regular air-
approximately at 3m from the collecting device. Estimateshorne sensing data for the West Siberian region obtained over
made according to Fuchs (1964) and Green and Lane (1964).5 yr (1986—1988) under different synoptic and meteorolog-
for the specific conditions of the experiment (air flow rates, ical conditions. For each season, the data were classified with
inlet diameters, etc.) show that the photoelectric counter igespect to the air mass type, pressure field and weather con-
capable of measuring the concentration of coarse particlegitions. We compared the frequency of occurrence of differ-
without distortions (up to radiuR ~ 5 um). The loss of sub-  ent air masses and pressure field types in the data array of
micron aerosol particles in the nephelometer and aethalomethe first campaign with the long-term synoptic data. In ad-
ter did not exceed 1%, but it can reach 10% or more fordition, the measured meteorological parameters were com-
particles ofR > 5 um. All measurements were carried out at pared with aerological sensing data for stations situated in the
arelative air humidity of less than 30 %. This was caused bywest Siberian region (Aleksandrovskoe, Barabinsk, Novosi-
the unavoidable heating of the air path, instruments and opbirsk, and Omsk) (Koshinskii et al., 1982).
tical cells located inside the aircraft. However, hygrograms The good agreement between the analysed synoptic and
(the dependences of the angular scattering coefficient on relneteorological characteristics of the atmosphere for the ob-
ative humidity RH up to~90-95 %) were recorded during servation period and the climatic data for the region allows us
each flight at fixed altitudes in steps of 0.5 km. to expect that the bulk of data obtained on the optical aerosol

The meteorological parameters (temperature and relative
humidity) of the air outside the aircraft and immediately in
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2.2 Scheme of the generalised model

7
6 —e— 19992007 i _ i
£ —A— 1986-1988 The proposed procedure for calculating the optical and mi-
~ 5 — crophysical aerosol parameters is described in this section.
é; 4 A block diagram of the generalised model is shown in
= 2 The first block (Sect. 2.2.1) includes a previously de-
. veloped model of the vertical profiles of the scattering co-
I efficient and the size distribution function of dry aerosol
L] T T RS AP (Panchenko et al., 1998; Panchenko and Terpugova, 2002).
0,1 1 10 At this stage, we use the seasonal average (summer) profiles
By, (459), Mm s of the angular scattering coefficiep 1&, (45°), the relative

humidity of air RH and the parameter of condensation ac-

I tivity y. Parameters of the particle size distribution function
Th————— 19992007 were selected so that the angular scattering coefficient of the
6 / aerosol fraction calculated by the Mie theory would match

£ 5L '\ the experimental seasonal average value at this altitude.

< al The second block (Sect. 2.2.2) of the model includes the
£ 5L N . aerosol absorption properties into the calculations: namely,
= o0 NG the seasonal average values of the mass concentration of

I e black carbonM,.(z) at different heights (Kozlov et al.,

1 b TN 2009). Then, the optical constants (real and imaginary parts
or L % . of the refractive index) of the dry aerosol fractions are calcu-
0,01 0,1 M. . pgfin’ lated by the simple mixture rule.

BC In the next stage of calculations, the seasonal average ver-

Fig. 1. The average summer vertical profiles and standard devia-tlcal profile of.the relgt.lve humld!ty RH] anq the parameter
tion of the aerosol angular scattering coefficient according to air-Cf coOndensation activity (z), which determines the depen-
borne measurements for 1986-1988 and 1999-2007 over Wedle€nce of the aerosol parameters on RH (Hanel, 1976), are

Siberia(a) and the mass concentration of black carbon for the sec-included in the calculations (Sect. 2.2.3). The parameters of
ond campaigrtb). wet aerosol are calculated here (i.e., recalculated for the ac-

tual relative humidity): the median radii and volume concen-
trations of submicron and coarse aerosol fractions and the
parameters and the factors of its variability will reflect the real and imaginary parts of the refractive index.
most general regional features of West Siberia. Finally, by applying the Mie theory, the radiative parame-
Fewer measurements were obtained in the second camers (spectral extinction coefficient, single scattering albedo,
paign (1999-2007): flights were performed once a monthscattering phase function) are calculated at all prescribed al-
only, in the afternoon. titudesz (Sect. 2.2.4) and are used to simulate the upward
According to the data shown in Fig. 1a, the vertical pro- (F1) and downward £V) radiation fluxes at different atmo-
file shapes of the aerosol angular scattering coefficientgpheric levelg (Sect. 3).
,uélri, (45°) anduézr) (45°) obtained for the measurement peri-
ods of 1986-1988 and 1999-2007 agree well with each othe2.2.1 Vertical profiles of the aerosol size distributions
The possibility of combining the airborne data obtained for
different periods is additionally supported by the fact that the The measured aerosol size distribution functions at altitudes
currently available series of continuing measurements of théf 0, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0 and 5.0km were fitted by
mass concentrations of aerosol and black carbon in the nea@ Sum of two lognormal functions (Panchenko et al., 1998).
ground layer of the atmosphere, with a duration of more thanThen, the angular scattering coefficient of the dry fraction
10yr, shows no significant trend in these parameters (Kozlowtdry (45°) was calculated with Mie formulas using the pa-
etal., 2007). rameters of submicrors) and coarsed) fractions (median
Thus, the results of this analysis indicate the possibility offadiusR;, standard deviation of the radius logarithmand
including data from these two different periods in an empiri- volume concentratiot;, i =s, c) at each altitude.
cal model that adequately reflects the specific aerosol param- Aerosol particles were assumed to be non-absorbing, with

eters for current summer conditions over Western Siberia. the real part of the refractive index beinge,=1.5. Then,
the volume concentration¥;, i =s,c, were recalculated

so that the obtained valueqry (45°) would coincide with
the average seasonal valuélri,(45°) and so that the ratio
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Fig. 2. Block diagram of the model.

betweenVs and V; would remain constant (Panchenko et al., and its spectral dependence vary substantially, depending on
1996). whether black carbon exists as a separate fraction (external

Table 1 presents the average scattering coefficients of thenixture) or is uniformly distributed in aerosol particles (in-
aerosol dry matter and relative humidity measured at theséernal mixture) (Terpugova et al., 2005). Moreover, irrespec-
altitudes (Panchenko et al., 1996), as well as the distributiortive of which (internal or external) mixture is hypothesized,
parameters;, v; andV; adjusted for both particle fractions, the relative content of black carbon may also depend on the
i=s,cC. particle size.

In Sects. 2.2.2-2.2.3, all of the characteristics (volume and Data from particular experiments dealing with black car-
mass concentrations of black carbon, refractive index) ardoon particle size distributions are available in the literature
calculated at all altitudes. (Hitzenberger and Tohno, 2001; Kozlov et al., 2002l
et al., 2002; Delene and Ogren, 2002). Their results indicate
that particles with radii of 0.1-0.12 um contain the largest
amount of black carbon and that its relative content decreases
with the particle size. An analysis of BC impactor measure-
ments made in 1998-1999 in Vienna and Uji (Japarl¢H

2.2.2 Estimation of the complex refractive index of dry
aerosol

In the following simulations, we assume BC to be the only k a )
absorbing substance. et al., 2002) shows that large particles contain approximately

The estimation of the refractive index depends on the form10 % Of the total BC mass, with the remaining 90% dis-

in which black carbon is present in the atmosphere. previlributed in approximately equal parts as microdispersed (less

ous estimates of the single scattering albedproiade un- than 0.1) and submicron particles (0.1-1 um). Delene and

der different assumptions about the content of black carborf9ren (2002) reported that the average contribution of coarse
showed that the absolute value of the single scattering albedBarticles to the total absorption coefficient varies from 7 to

www.atmos-meas-tech.net/5/1513/2012/ Atmos. Meas. Tech., 5, 13B27, 2012
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Table 1. The mass concentrations of the absorbing subst angular scattering coefficients for the dry maitey, (45°), relative
humidity RH and parameters of the lognormal distributions (median raRljustandard deviation of the radius logarithmand volume
concentration of the fractioW) for the submicron and coarsely dispersed fractions at different altitud€ke values oM;C were calculated
based on Eqg. 1 in Sect. 2.2.2.)

zZ, My, Hdry (45°),  RH, Submicron fractioni(=s) Coarsely dispersed fractioh(c)
km pgni3 Mm=isrl % Invs  Rs, pm Vs INnve  Re, pm Ve

0 1.16 9.77 72 0.8 0.114  1.548E-11 0.65 2.078 1.145E-11
0.5 0.634 7.07 70 0.8 0.096 1.414E-11 0.65 1.804 1.573E-11
1 0.556 6.18 75 0.8 0.098 1.236E-11 0.65 1.797 1.321E-11
1.5 0.458 5.09 74 0.8 0.098 1.018E-11 0.65 1.791 1.044E-11
2 0.417 3.48 71 0.8 0.096 6.956E-12 0.65 1.784 6.841E-12
3 0.248 2.08 69 0.8 0.095 4.156E-12 0.65 1.771 3.738E-12
4 0.091 0.61 62 0.8 0.092 1.213E-12 0.65 1.758 9.914E-13
5 0.045 0.30 53 0.8 0.089 6.022E-13 0.65 1.745 4.435E-13

20 % depending on the anthropogenic loading in the regiorwhereVa,ey; is the volume concentration of the non-absorbing
of observation. aerosol in the-th fraction. The complex refractive index of
Based on the above cited works, we performed calculablack carbon was set to be,. = 1.8, ;. =0.74) (Gelencser,

tions using the hypothesis that 90 % of the black carbon is2004; Bond and Bergstrom, 2006).

localized in the submicron fraction and that 10 % belongs to

the coarse fraction. 2.2.3 Estimation of the complex refractive index of wet

Here, it should be noted that measurements of the black aerosol

carbon mass concentration were carried out in the second

campaign (1999-2007), whereas the model of the vertical" the next stage, we recalculated the refractive index of dry

profiles of the scattering coefficient was created from the dati€rosol in accordance with the mean seasonal relative hu-

from the first campaign (1986-1988). Thus, to match the datanidities RH at different altitudes obtained during airborne

used for estimating the volume concentration of black carborsensing (Panchenko et al., 1996).

in the model calculations, the coefficient was introduced as The dependences of the aerosol parameters (radius, vol-

equa| to the ratio Of the average aeroso| angu|ar Scatteringme Concentration and Scattering CoefﬁCient) on rela.tive hU'

coefficients in the first and second campaigns: midity were approximated by the Hanel formula (Hanel,
1976). In particular, for the angular scattering coefficient, the

MY = My, M((ilril (450)/%% @5), Vee =M /ose (1) formula can be written as

where M?*_ is the mass concentration of black carbon useduwet(45°) = uary (45°) x (1 — RH(z)) 7@, 4)

for calculations of the complex refractive index (Table 1),

pgc IS the density of black carbon matter,. =1.85g cnt3 whereuwet (45°) is the scattering coefficient under the ambi-

(Gelencser, 2004; Bond and Bergstrom, 2006). ent conditionsuqry (45°) is the dry scattering coefficient at
The volume concentration of black carbon in evesth ~ relative humidity<30 %, and RH{) andy (z) are the mean
fraction,i =s, ¢, was calculated using the formula seasonal relative humidity and parameter of the condensation
activity at a height ot.
Vac: = Ci Ve, 2 The y values at different altitudes, except for those at

. . - ground levek =0, are among the input parameters of the em-
whereC; is the portion of black carbon in theth aerosol ~ ia model; they were obtained in the first measurement
fraction (CS:O.9,CC:0.1, in accordance with the accepted campaign (1986-1988) (Panchenko et al., 1996). The mean
hypothesis). L , ) ) seasonal data from multi-year measurements in Tomsk were
The refractlve index of the mixture in each fra.ctma,(,,i; _ taken as the near-groundvalue (Panchenko et al., 2005).
Xaryi), £ =S, C, was determined acco_rdmg tp the internal mix- For summer, the condensation activity parameterwa$.3
ture rule (as a sum_of the refractive |nd_|ces of bl_ack carat, =0, withy = 0.5 at all other altitudes. The results of pro-
bon and non-absorbing aerosol, taken with the weights Corgeqging more than 200 realisations of hygrograms at heights
responding to their fractions at each altitude): of up to 5 km showed that the differences betweenthval-

= i % statisticall
ndrvi = (naer X Vaeri + e X Vo) / (Vaeri + Voo ). ues atz 0and oth_er heights are more than 95 y
cryi = (naer X Vaeri + tige X Ve, )/ (Vaeri + Vac,) significant, according to the “Student's t-test” (Panchenko et
Xdryi = Xoc X Vaci/ (Vaeri + Vac,) (3 al, 1996). The angular scattering coefficigniy (45°) was

Atmos. Meas. Tech., 5, 1513527 2012 www.atmos-meas-tech.net/5/1513/2012/
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calculation experiment Table 2. Real and imaginary parts of the aerosol complex refractive
S o5 % :g:ﬁﬂjgj . R indices of the submicron and coarse fractions.
g o4 o‘,«° G—oT RH=80% —A  RH=80%
E 03 nD;gn .‘o—v-—Ruzgo% ¥ RH=90% z, km ns ne Xs Xc
= o Thsdida\ \
S 021 o v, 0 1.4486 150 0.0171 0.0040
g o 7 ) 05 14266 150 0.0087 0.0016
Z 00 RS 1 1.4182 1.50 0.0079 0.0017
2 01 % 1.5 14200 150 0.0081 0.0018
:5,, -0,24 2 1.4261 1.50 0.0113 0.0024
5 03 | I 3 1.4294 150 0.0117 0.0027
"20 0 20 40 60 80 100 120 140 160 180 200 4 1.4413 150 0.0161 0.0037
Scattering angle, deg 5 14538 150 0.0179 0.0041
calculation experiment
= v RH=60% _A__ RH=60% ) . .
i 35 \\' — 4 RH=70% ® RH=75% The refractive index rwetsxwety Of the submicron
‘.?3 3,0 A —A— RH=80% _ A  RH>80% aerosol fraction was estimated under the assumption that,
< ”s \ B e s during wetting, the volume of particles increases due to water
< 7 a_ uptake only:
o A A
v 204 al ™~
3‘«5 s "o n\.;\‘ \ Nwet,s= (ndry,sVs + nw Vw)/Vwet,s, (6)
= b T x A = Vs / Viets. (7)
= N " ~, Xwet,s= Xdry,s s/ wet,s
<10 Do | el . o .
i \A\A\To\: Here,ny =1.33 is the refractive index of the liquid water and
3 05—t —— Vi = Viwet,s— Vary,s is the condensed water volume, i.e., the
5 04 05 06 07 08 09 10 1,1

increment in the volume of the aerosol particles.
Wavelength, um The values of the complex refractive index of the submi-
cron and coarse fractions used for further calculations are

Fig. 3. Comparison of calculated and measured ground-level ]
9 P g esented in Table 2.

aerosol parameters: the degree of linear polarisation of the scatterdd
radiation(a) and spectral dependence of the ratio of the scattering
coefficient for several relative humidity values on the scattering co-
efficient of the aerosol dry matté).

2.2.4 Calculation of aerosol parameters

In the next stage, Mie calculations of the extinction coeffi-
ciento (A, 7), single scattering albedo(, z) and scattering
the main characteristic measured in the airborne experiment®hase functiong(x, 6, z) (6 is the scattering angle) were
For the submicron aerosol fraction, this characteristic is lin-Performed at the prescribed atmospheric levels in the altitude
early related to the particle volume concentration; therefore@nge of 0-5km. The optical deptg(i) was calculated as

for the wet aerosol, the following formula is valid: the integral of the aerosol extinction coefficient in the altitude
' range of 05 km.
Viets = Vdry,s X (1 — RH(z)) 7@, (5) The normalised spectral behaviour afy(1)/7a(r=

0.55um) in the wavelength range of 0.37-1.02 um and the

where Vgry,s and Viyet,s are the volume concentrations of the Angstiom exponentr (0.44-0.87 pm) are in good agree-
respective “dry” and “wet” (ambient) aerosol. ment with multi-year sunphotometer measurements collected

To decide whether to include the effect of humidity on for the territory of Siberia (Sakerin and Kabanov, 2007)
coarse particles, we compared data from earlier experiment&Fig. 4a). Thea (0.44-0.87 pm) value is also close to
with the aerosol optical parameters calculated on conditiorthe Angstiom exponent for the OPAC model of continental
that only the submicron fraction is hygroscopic. Figure 3 aerosol (continental average, RH=70%; Hess et al., 1998)
presents the calculated values of the degree of linear polarizaand is equal to approximately 1.4.
tion of the scattered radiation (a) and the spectral dependence The aerosol single scattering albedox, z) varies quite
of the ratio of the scattering coefficient at several relative hu-substantially with altitude: at all wavelengths, the maximum
midity values to the scattering coefficient of the aerosol dryvaluesw (1, z) ~0.92—-0.93 are observed in the mixing layer
matter (b) in comparison with experimental data (Kabanov etat 0.5-1.5 km; outside this layer, they decrease towards the
al., 1988). Earth’s surface and with increasing altitude (Fig. 4b). At the

As the comparison showed a good agreement between theame time, the altitude variations in the asymmetry param-
model and experimental characteristics, in further calcula-eter < g(i, z) > of the scattering phase function are much
tions, we considered only variations in wetting of the sub-smaller, not exceeding-0.02 throughout the entire wave-
micron fraction. length range of 0.44—-0.87 um (Fig. 4c).
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a

7 (A)/7 (4=0.55 um)

a

Altitude, km

Altitude, km

Fig. 4. Spectral behaviour of the normalised aerosol optical depth
according to multi-year airborne and ground-based photometri
measurementga) and vertical profiles of the single scattering
albedo(b) and asymmetry factdc) for the altitude range of 0—5 km
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in the summer.

Asymmetry factor
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A detailed comparison between the presented average
summer profiles of the single scattering albedo and asymme-
try factor and the airborne measurements obtained by other
authors is rather problematic.

The first reason is that these results correspond to different
geographic and climatic environments. Difficulty also arises
from the fact that the available data from regular measure-
ments of the vertical profiles a@f (i, z) mainly refer to dry
aerosol (Han et al., 2003; Andrews et al., 2011; McNaughton
et al., 2011; Brock et al., 2011; Taubman et al., 2006; Magi
et al., 2003). Only a few authors (e.@st®m and Noone,
2000; Magi et al., 2003, 2005; Shinozuka et al., 2007) have
attempted to simulate (i, z) variations while considering
changing aerosol parameters under the effect of the real rel-
ative humidity of air.

We use the obtained values(i, z) and < g(&, z) >
for comparison with the columnar single scattering albedo
»?™M()) and the asymmetry factor of the scattering phase
function < g@M(1) >. One of the few sources for data on the
columnar aerosol optical characteristics is the Dubovik-King
algorithm (Dubovik and King, 2000) for the AERONET site
located in the city of Tomskhttp://aeronet.gsfc.nasa.gov
However, the data array collected since 2002 (in particu-
lar, the complex refractive index and the single scattering
albedo) at Level 2.0 characterises the aerosol state only under
conditions of high atmospheric turbidity (0.44 um)> 0.4,
caused mainly by forest fires. A method for the retrieval of
»?M(0) and < g@M()) > based on measurements of spec-
tral aerosol optical depth (AOD) and cloudless sky bright-
ness in solar almucantar was proposed by the authors Be-
dareva and Zhuravleva (2011, 2012). It provides for an esti-
mation of these parameters in the visible wavelength range
under conditions of weak to moderate atmospheric turbidity
75 (0.44 um)< 0.4,

The columnar aerosol optical characteristics are presented
in Table 3. The average valués®™(1)) and(< g2™(%) >)
retrieved from the data obtained at the Tomsk AERONET
station in summer (June—August) for 2004—2009 using algo-
rithms (Dubovik and King, 2000) under the conditionsrgf
(0.44 pym)> 0.4 and (Bedareva and Zhuravleva, 2011, 2012)
at 7 (0.44 um)< 0.4 are also given here. Furthermore, Ta-
ble 3 presents data on the optical characteristics of continen-
tal average aerosol (RH =70 %) from the OPAC model (Hess
etal., 1998).

A comparison of the data shows satisfactory agreement
between the(w®™())) and (< ¢®™(1) >) values obtained
from airborne sensing and the method presented in Be-
dareva and Zhuravleva (2011, 2012). The single scattering
albedo obtained from ground-based photometric measure-
ments (Dubovik and King, 2000) under conditions of high
turbidity is slightly greater than that obtained with the model
presented here. In our opinion, this is not only due to the dif-
ference in retrieval methods of aerosol radiative parameters,
but to the fact that data under conditiongg0.44 um)> 0.4
correspond to situations influenced by Siberian forest fires.
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Table 3. The columnar single scattering albedo and the asymmetryscattering albedo, scattering phase function of aerosol parti-
factor obtained from the empirical model in comparison with the cles), molecular scattering coefficient and albedo of the un-
methods of Dubovik and King (2000) and Bedareva and ZhUI’aV|-der|ying surface are constant within theh Spectra| sub-
eva (2011,_ 2012) and the continental aerosol model (RH=70 %X’ange.

presented in the model OPAC (Hess et al., 1998). The transmission function of the atmospheric gases within
each band was approximated by a finite exponential series
(correlatedk-distribution method; Lacis and Oinas, 1991)

A, um  Our  Dubovik Bedareva Hess

model and and etal . . . .

King  Zhuravieva (1998) as in Ricchiazzi et al. (1998), Clough et al. (2004), Mayer

(2000) (2011, and Kylling (2005) and Gara et al. (2012). Molecular ab-
2012) sorption coefficients were calculated, taking into account
(0®MG0) 0440 0.92 0.94 0.92 0.92 all atmospheric gases included in the AFGL meteorologi-
0.675 0.90 0.93 0.90 0.9 cal model (Anderson et al., 1986) using the HITRAN2008

0.870  0.90 0.92 - 0.87 database and the MTKD v.2.4 continuum modelh{tp:/

(<¢¥Mo)>) 0440 0.67 0.69 0.68 0.72 rtweb.aer.com/continuurframe.htmy). The results of the nu-
0.675  0.63 0.61 0.61 0.69 merical simulation showed that the errors in calculating the
0870 062 057 - 0.66 transmission function in most of the considered shortwave

ranges do not exceed 1%. The exceptions are two spectral

regions, 4.6—4.8 and 4.8-5.0 um, in which the errors reach
As shown in Kozlov et al. (2008), the intrusion of forest fire 5%. The use of a more sophisticated method that accounts for
smoke in the region of observation leads to an increased sinthe overlap of the absorption bands of different gases (Firsov
gle scattering albedo in comparison with background con-and Chesnokova, 1998) makes it possible to reduce this error
ditions. As for the model of continental aerosol OPAC, its to ~1 %. However, because the broadband radiation fluxes
single scattering albedo data are close to the values we olare the main interest in this work and because the contribu-
tained for the territory of West Siberia, while the qualitative tion of the aforementioned spectral regions to the total flux
differences in the asymmetry factor values are much morg0.2-5 um) is less than 0.2 %, we do not apply this more ac-
significant. curate but laborious procedure. The comparisons showed the

numerical simulation results to be in satisfactory agreement

o ] with the results of line-by-line calculations and field mea-

3 Radiative calculations surements (Tvorogov et al., 2008; Chesnokova et al., 2009).
For the computations presented below, the transmission

. function was calculated using a regional model of the tem-
aerqsol, plane-parallel atmosphere were calculated using Serature pressure and water vapour profiles (Komarov and
previously developed Monte Carlo algorithm (Zhuravleva et Lomakina, 2008). The total water vapour content was as-

al., 2009). The shortwave spectral interval of 0.2-5.0 um was _ 2
divided into 31 subranges (Slingo, 1989). sumed to beW =1.9gcn1*, the total ozone content was

The Monte Carlo method was used to solve the radia equal to 336 DU according to TOMS sateliite daftp(/

. . . ‘toms.gsfc.nasa.gdvand th I ntent in the atmo-
tive transfer equation within each of the 31 subranges (for-tO s.gsfc.nasa.ggvand the total C@content in the atmo

i _ h 380 . (Th I dt
ward photon tracing method), analogously to that descnbedSp ere was ppm. (These values correspond to summer

oS . averages for the territory of West Siberia; Sakerin and Ka-
for (_axample, in O'Hirok and Gautier (1998) and Mayer :?md banov, 2007; Sakerin et al., 2009; Arshinov et al., 2009.) The
Kylling (2005). To account for the molecular absorption

L data of Fontenla et al. (1999) were used for the extraterres-
within each spectral band A, we used an approach based _ . ;
th fthe t ission functi f at heri trial spectral solar radiance.
(;n € Eseho de ra_r;srg@agnt ulnc |oznho a ImOszggg galses The incident radiation was reflected from the underlying
az, Which is described in detail in Zhuravieva ( )- In surface according to the Lambert law. The surface albedo

essence, th|_s approach consists of a simulation of the.phOto\'?vas specified using the MODIS satellite measurement data
trajectories in the molecular-aerosol atmosphere while ne

; . L . Moody et al., 2005) for the region of Tomsk.
glecting molecular absorption, and statistical estimates suclg y ) g

Ny m; . - .
as| Y. X Tas (L) | /N are used for calculations of the 3.1 The influence of spectral variations in aerosol

The broadband solar radiation fluxes in the molecular-

i=1j=1 radiative parameters on broadband flux
radiation fluxes at =z*. Here, Ny is the number of trajec- calculations
tories,m; is the number of crossings at the planez* by
a photon in thei-th trajectory along the direction of mo- The numerous comparisons presented above between the
tion, andl;; is the photon path length in theth trajectory  calculation results and the near-ground measurement data
from the point at the top of the atmosphere to jh#h cross-  showed that, within standard measurement errors, the em-
ing of the levelz =z* by the photon. It is assumed that the pirical model provides for a retrieval of the scattering coeffi-
aerosol optical characteristics (extinction coefficient, singlecients and the angular dependence of the scattering matrix
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elements in the wavelength range of 0.44-0.87 um. This a) 12b) o), <g(M)>
is quite gon3|stent W|_th the measurement capacity of th.e = 0516 ) ?A-AM% .
airborne instrumentation (nephelometer and photoelectric e '. 0.8 ]——opac Naaa .
counter). g 0,44 Gb —::l/friann}w(?») > A\*

The nephelometer, operating in the visible wavelength = 9 ] . B l\hi )
range, adequately represents the optical properties of mainly ~ © 0,3 % 06) . opac :;(';'P
submicron particles K=0.05-0.7 um) (Panchenko et al., =1 % Variant 2 % pm
2004). The photoelectric counter, measuring particles in the 2 024 O Tos 1 a
radius range of 0.3-5 um, offers a means to extend the range 8 —e—OPAC —o—Base variant
of optical characteristic estimation towards longer wave- O 0,1 OQoo-o—o—o-o—o—o—o-o~o-o-o
lengths. However, the accuracy in measuring particle con- o L

. . L . < .‘.-O’.~.\._.........

centrations closer to the upper size limit (accounting for pos- 004 0~ ~ 97990ee
sible distortions in the airborne air intake) becomes increas- 0 1 2 3 4 5
ingly lower compared to the case in which smaller particles Wavelength, pm
are recorded.

At the same time, calculations of the upwafd (z) and 2,0 ¢)
downward F¥(z) solar radiation fluxes require data on the ~
spectral dependence of the extinctio(, z) and scattering E 1,6 “.M““W:A
os(A, z) coefficients, as well as on the spectral dependence of = ade '::A
the scattering phase functiogsx, 6, z) throughout the en- g); 1,2 i o:‘
tire wavelength range of 0.2-5.0 um. It is, therefore, relevant e - A0
to consider how critical it is for broadband flux simulations to Q 0,8
account for the spectral dependence of aerosol optical char- §=’ gs}}Variamz
acteristics beyond the range of 0.44-0.87 um. T 0,4+ :Ff?} Varants

To address this issue, we performed additional numerical X F
experiments using the OPAC model of continental aerosol i 0,01
(continental average, RH=70%, Hess et al., 1998). This LN L S S S
model contains all input aerosol parameters necessary for the 4 6 8 10 12_ 14 16 18 20 22
numerical simulation, by including both the wavelength de- Local time, hours

pendencg in the range'of.0.25—5 “_m and the vertical prOfIIe%ig. 5. Spectral behaviour of the aerosol optical defathand sin-

of the optical characteristics for altitudes of 0—35 km. gle scattering albedo and asymmetry fa¢trin the OPAC model
As a basic variant we took the calculation performed (continental average RH=70%) in the basic variant and in vari-

with the assumption that the aerosol extinction coeffi- ants 1 and 2 and the difference between the diffuse downwérd

cientso(x, z) are constant outside the wavelength inter- (;=0) and upwardr" (z=100km) radiation fluxes (between the

val of 0.37-1.02 umo (A <0.37 umgz) =0 (A =0.37 umg), basic variant and variants 1-®); za (0.5 pm) =0.262.

o(A>1.02pmgz) =0 (2 =1.02 umgz), while g(x, 8, z) and

(X, z) exactly corresponded to the model data (Fig. 5a . . )

and b). The spectral AOD dependence was modified forthe city of Tomsk, the respective average AOD values in sum-

the following reason. Based on the multi-year ground-basedner areé close taa (0.5pm)~0.16 (Sakerin and Kabanov,

observations for the territory of Siberia, it was shown that 2007; Sakerin et al., 2009; Zhuravleva et al., 2009). Thus,

the AOD varies only slightly at > 1 pum; therefore, we can I this paper, we do not dlscus_s t_he change in radiative flux

adoptra(r > 1 pm)~ a(~1 um) (Sakerin and Kabanov, differences (_:gqsed by AOD variations.

2007). The sensitivity of the radiative fluxes to the spectral de-
The simulation results for fluxes in the range of 0.2—5 pum pendence of the sqattering phase 'fun(_:tion and sing_le scatter-

showed that at, (0.5um)=0.262 and for solar zenith an- N9 albedo was estimated by considering the following cases

gles SZA~ 35-60, the direct radiation fluxe§(z =0), cal-  (Fig- 5a:and b):

culated without AOD spectral modification, were overesti-  _ yariant 1 (the single scattering albedo is assumed

mated by~8-10W n1?, while the diffuse radiation fluxes to be constant outside the interval of 0.44-0.87 um):

F§ (z=0) were underestimated by4—6W n2. Impor- o <044 pmz)=w(A=0.44 pmz), w(i>0.87

tantly, the main contribution to the radiative flux discrep- UM, z) = (A = 0.87 ung);

ancies comes precisely from the regios- 1 um. Undoubt- . ] .

edly, the differences can be more dramatic with increasing — varnant 2 (the scattering phase functions are as-

AOD. However, according to long-term satellite measure- ~ Sumed to be constant outside the interval of 0.44—

ments over West Siberia and near-ground measurements for  0-87um):g(% <0.44um,6,2)=g(. = 0.44pm, 6, ),
g(h > 0.87 umg, z) = g(1 =0.87 pmp, 2);
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— variant 3 (the scattering phase functions and the sin- a)
gle scattering albedo are assumed to be constant outside 5
the interval of 0.44-0.87 um and equal to the respective
boundary values) (see variants 1 and 2).

L
1

The results of the numerical experiments indicate that when

the spectral variations in the scattering phase functions and E 3 smiallﬁré,shlarsn
single scattering albedos are neglected, the biases are no -

greater than 2Wm? and 1Wn1? in the calculations of 3 —— ()

the instantaneous fluxes of diffuse downwaret Q) and up- :-32' o

ward radiation £=100km) (Fig. 5¢). This discrepancy in § i FT(ZL]

the radiative fluxes is small because a significant variation in
(X, z) andg(hr, 0, z) arises in the spectral bands of moder-
ate to strong water vapour absorptionx{ 1.25 um), as well

as in the spectral bands whose contribution to the broadband 01 A e — T .
radiative flux is small due to low values of solar radiation in- 0 50 100 150 200 250 300

cident on the top of the atmosphere. Evidently, for situations Fluxes, W/m

in which the spectral behaviour of the aerosol optical charaCrig g vertical profiles of the solar radiative fluxes calculated using
teristics is more pronounced, especially fo& 1.25um, ne-  oyr empirical model at 07:00 LT on 15 July (SZA = 75.614a)

glect of the spectral dependencesuaf, z) andg(2, 0, z) and time variations in the downward radiation fluxes at the surface
may lead to more substantial errors. level (b); 75 (0.5um)=0.16.

-
1

3.2 Use of the empirical aerosol model for calculating
the solar radiative fluxes

An example demonstrating the empirical aerosol model infunction and single scattering albedo does not significantly
simulating broadband fluxes is presented in this sectionaffect the solar radiative fluxes (Sect. 3.1).

The aerosol radiative parameters were calculated using the The vertical profiles of upward and downward radiative
exact refractive index and size distribution obtained from fluxes in the altitude range of €z <5km at SZA=75.62

this model. The calculations of instantaneous solar radiatio{07:00 a.m. LT — local time) are presented in Fig. 6a. The in-
fluxes were performed using average summer parameters stantaneous values of the downward radiative fluxes at the
the atmosphere over West Siberia within the time intervalunderlying surface level as a function of the solar zenith
Ty <t < T, whereT; andT» correspond to the sunrise and angle are shown in Fig. 6b. The daily average values of
sunset times on July 15 for the latitude of Tomsk(B#. the shortwave component of the aerosol direct radiative ef-

To obtain a complete set of the input parameters forfect (DRE) for the aforementioned input parameters are
the simulation, the empirical model was complemented ag—15.1) Wn12 and (-6.8) W n12 at the bottom and top of
follows: the atmosphere, respectively.

We compared the obtained estimates with the DRE simula-
tion results using three OPAC models of continental aerosol:
clean, average and polluted (Hess et al., 1998). The wide
range of variations in the single scattering albedo and asym-
— the extinction coefficients were extrapolated to the metry factor presented in these models makes it possible to

wider range of 0.37-1.02 um using tf\egstrbm expo-  describe a sufficiently large number of situations that can be

nenta (0.44-0.87 um), and outside the interval of 0.37— observed in the atmosphere. Calculations of the daily aver-

1.02 um, the extinction coefficients were assumed to beage DRE values fot, (0.5pum)=0.16 show that the range

constant and equal to the respective boundary values foof the DRE for the three aforementioned modelsi4§.5)—

2=0.37 um and. = 1.02 pm; (—14.6) W2 and (-7.8)—(5.0) W ni 2 at the bottom and

th tteri hase funct dsinal tteri b top of the atmosphere, respectively.
— the scattering phase functions and single scattering albe- ‘o ppe estimates obtained using our empirical model

dos of aerosol outside the interval of 0.44-0.87 um WEr€4nd the OPAC continental aerosol model are in good agree-
assumed to be constant and equal to the respectiv

fhent. At the same time, one should note that we compared
boundary values fok =0.44 um and. =0.87 ym. the aerosol radiative effects only at the boundaries of the at-
We used this approach because ihﬂgstrbm exponents mosphere. The majority of aerosol models and the data ob-
(0.37-1.02 um) determined according to the airborne andained by AERONET, in contrast to the model of the vertical
AERONET measurements are comparable. Secondly, neprofiles of aerosol characteristics, do not enable one to obtain
glecting the spectral dependences of the scattering phasgata on changes in the upward and downward radiative fluxes

— the optical characteristics in the altitude interval of 5-35
km were taken from the OPAC model with a continental
average RH of 70 %;
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inside the atmosphere and to more adequately estimate, fon the coarse one, we followed the data of Gelencser (2004),
example, changes in the cooling rate. Hitzenberger and Tohno, (2001), Kozlov et al. (2002))e+
et al., (2002) and Delene and Ogren (2002). Taking into ac-
count the methodical remarks, let us note that the main as-
4 Discussion and conclusions sumptions introduced into the scheme of the model construc-
tion do not contradict data from numerous measurements of
On the basis of our empirical model, we performed a seriesatmospheric aerosol properties.
of numerical experiments to obtain preliminary estimates of The obtained model of the vertical profiles of the aerosol
the direct radiative effect for typical summer conditions in optical characteristics was used to calculate the broadband
Western Siberia. Here, we briefly discuss some aspects dadolar radiative fluxes and the aerosol direct radiative effect.
this approach. At this stage, we did not seek to thoroughly study the radia-
Firstly, this model (Panchenko et al., 1998; Panchenko andive effects of aerosol under specific atmospheric conditions
Terpugova, 2002), developed on the basis of airborne sensver West Siberia; rather, we used only the average values
ing, provides for the retrieval of vertical profiles of aerosol of the optical characteristics. Our main efforts were concen-
parameters under different conditions. In particular, knowl-trated on estimating the capabilities of the model from the
edge of the air mass type and time of day (night, morning,standpoint of its application to radiative calculations and on
day or evening) and the availability of data on near-grounddetermining areas for improvement.
values of the scattering coefficient, temperature and relative The testing of the developed empirical model on the ba-
humidity of air make it possible to more reliably estimate the sis of the average values of the measured and retrieved pa-
sought aerosol parameters. In the case that data on the aerosameters for calculating the solar radiative fluxes provides
optical depth and/or lidar vertical profiles are available, oneevidence that the vertical profiles of the aerosol optical char-
can essentially reduce the errors in retrieving, which are characteristics will allow one to obtain more precise estimates of
acteristic of all statistical models. the radiative parameters (in particular, the rates of cooling
However, the main purpose of this paper was to validateand solar radiation absorption) within the troposphere. We
this technique for the application of experimental data in theassume that the development of an empirical model can be
development of an empirical model of optical characteris-achieved through a more detailed account of the size distribu-
tics, which are needed for radiative calculations. Thus, attion of absorbing materials as well as through a comparison
this stage, we considered only the average summer valuesf the retrieved optical properties for specific atmospheric
of the measured parameters, and the data were not dividesituations and the results of lidar and photometric measure-
into subarrays corresponding to absolutely cloudless sky andghents. The application of the described approach to inter-
few-cloud situations. preting the results of closure radiation experiments under
Secondly, when calculating the refractive indices, we usedspecific atmospheric conditions will aid in the development
the mixture rule; hence, we a priori assumed that the absorband improvement of both the empirical model and computer
ing substance exists as an “internal mixture” in the aerosokcodes for radiative calculations.
particles. In our opinion, this assumption is justified be-
cause, according to literature data (see, for example, Bond
and Bergstrom, 2006), there are reasons to assume that BfcknowledgementsThis work was supported in part by Pro-
exists in aerosol as an “external mixture” only in the early gramme 12.2 of the Department of Earth Sciences, the Russian
phase of its emission, i.e., in the regions next to the actuaRcademy of Sciences, the Russian Foundation for Basic Research
sources of hydrocarbon material burning. The state of an in{grants No. 10-05-00162 and 11-05-93119), and by state contracts
ternal mixture of aerosol and BC is realised in the process 0f2.740.11.0674 and 14.740.11.0204.
the long-range transport of air masses during aerosol “age-
ing”. It is important to note that all of our measurements Edited by: A. Kokhanovsky
in the atmosphere of West Siberia were carried out in back-
ground regions far from large industrial centres.
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with .hl'gh accuracy, that this dependence IS cIoseﬂ?o , Force Geophysics Laboratory, AFGL-TR-86-0110, Environmen-
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