Chemistry for Sustainable Development 10 (2002) 595-602 595

Seasonal Changes in Diurnal Variation
of Mass Concentrations of the Submicron Fraction
of Continental Atmospheric Aerosol of Remote Areas

PETER K. KOUTSENOGII

Institute of Chemical Kinetics and Combustion, Siberian Branch of the Russian Academy of Sciences,

Ul. Institutskaya 3, Novosibirsk 630090 (Russia)

E-mail: pkoutsen@ns.kinetics.nsc.ru

(Received April 16, 2002; in revised form October 8, 2002)

Abstract

A semi-empirical model is proposed for the description of seasonal changeability of the diurnal variations
of the accumulation mode of continental atmospheric aerosol of remote territories. The data of synchronous
measurements of diurnal variations of the mass concentration of accumulation mode of AA in winter and in
summer are reported, obtained in two observation sites in the Novosibirsk Region, the distance between them
being 450 km. Results of calculations according to the theoretical model are in good agreement with the

experimental data.

INTRODUCTION

The problem of photochemical smog for-
mation has got the status of a fundamental
research problem in the second half of the
previous century. In order to solve this prob-
lem, large-scale investigations into the physics
and chemistry of atmosphere were initiated
in the 50-ies of the 20s century in California
(USA) [1]. A large amount of experimental data
on the size distribution and chemical composi-
tion of atmospheric aerosol (AA) particles of
this region had been accumulated by the end
of 70-ies; a generalized temporal dependence
of the AA particle size distribution was propo-
sed within a broad range from 1073 to 10% um
[2, 3]. Investigation of the chemical composi-
tion of AA particles of different sizes allowed
formulating the regularities concerning main
sources, as well as mechanisms of formation
and transformation of their disperse composi-
tion and concentration. The set of these results
provided a distinct difference between the two
fractions: submicron (d < 1 pm) and coarse (d >
1 pm). The major contribution into the submi-
cron fraction mass is made by the aerosol mass
formed in the photochemical gas-to-particle
conversion.

Now it becomes clear that for solving the
problem connected with the formation of pho-
tochemical smog of anthropogenic and natural
origin, it is necessary to investigate the regu-
larities of temporal variations of microphysi-
cal characteristics (disperse composition and
concentration) of the AA submicron fraction
and to study chemical composition of minor
gaseous admixtures which are precursors of
the disperse phase [5, ba, 13—15]. However,
the dynamics of transformation of the size
distribution of AA submicron fraction includes
many stages and is complicated, so the inten-
sive investigation of these regularities goes on
till present [5, 5a]. Other urgent problems of
the physics of atmosphere are connected with
the investigation of the role of the AA submi-
cron fraction in the formation of clouds and
fogs, and with the evaluation of its effect on
optical weather and climate [16—32].

The data on the size distributsion of sub-
micron particles determining different types
of optical weather were obtained by measur-
ing various optical characteristics. An impor-
tant result of these investigations was the model
of kinetically determined parameters of the
accumulation mode of AA under stationary
conditions [17, 33, 34]. This theory is semi-
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empirical; it is based on the measurements of
optical characteristics of atmospheric aerosol.
Because of this, correct data on the size dis-
tribution of AA can be obtained only for the
accumulation mode of submicron fraction with
d > 0.1 pm. For smaller particles (d < 0.1 pm),
this model allows obtaining qualitative esti-
mations; this is why the data on the forma-
tion of the nucleation fraction (microdisperse
one) are of qualitative character; as a rule,
in order to explain spectral dependencies, the
information on chemical composition of at-
mospheric aerosol is necessarily attracted [35—
39], as well as the data on the changes of
optical characteristics of aerosol under tem-
perature action (changes of relative humidi-
ty). Using this procedure, temporal changes of
the parameters of submicron aerosols were
measured.

The present investigation is a continuation
of earlier experimental and theoretical inves-
tigations aimed at building up a dynamic model
of the formation and transformation of the
particle size distribution for the submicron frac-
tion of AA [4, 6—9]. First of all, this is a theo-
retical and experimental investigation of the
diurnal variation of numerical concentration
and dispersed composition of the submicron
fraction of atmospheric aerosols of Siberia.
Measurements of the dispersed composition of
AA within the size range of 107°~10% um in
two sites of Siberia (Novosibirsk district, and
Lake Baikal region) demonstrated that particle
size distribution is almost identical in both sites
[4]. Since the distance between the two obser-
vation sites is about 1300 km, this similarity
means that the formation of AA particle size
distribution in Siberia is regulated by global
processes. Experimentally measured particle size
distribution contains three modes, which cor-
responds to the atmospheric aerosol of remote
continental territories, according to the classi-
fication of Whitby [3].

The submicron fraction of the AA of re-
mote continental territories in summer is formed
mainly by means of the photochemical gas-to-
particle conversion of chemically active gas-
phase precursors [5, 5a], which is confirmed
by the results of experimental investigations
in Siberia [4, 6]. A specific feature of the diur-
nal variation of numerical AA concentration
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Fig. 1. Diurnal and seasonal dynamics of the disperse
composition and concentration of the submicron frac-
tion of atmospheric aerosol: a — model (1), experiment (2);
b — morning maximum (1), daytime (2), nighttime (3).

(Fig. 1, a, curve 2) is the existence of two peaks,
in morning and in evening. Since gas-to-parti-
cle conversion rate is proportional to the in-
tensity of solar radiation and to the concen-
tration of gaseous precursors, this must be taken
into account for the theoretical description of
experimental data, along with taking account
of the diurnal dynamics of the thickness of
the boundary atmospheric layer. The latter proc-
ess affects both the temporal change of the
concentrations of chemically active gaseous ad-
mixtures and the concentration of newly
formed aerosol particles.

The results of the calculation of the diur-
nal cycle of the submicron AA fraction ac-
cording to the model developed in [4, 6, 8] are
shown in Fig. 1, a (curve 1). The mechanism of
photochemical formation of the submicron frac-
tion of AA from gaseous precursors is also con-
firmed by the experimental data on the diur-
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Fig. 2. Results obtained in smog chamber: 1 and 2 — after
irradiation for 0.5 (1) and 2 h (2).

nal dynamics of the size of submicron partic-
les (see Fig. 1, b) and the data obtained in a
smog chamber [4, 6] (Fig. 2). In particular, dur-
ing the morning maximum of the number con-
centration of AA (see Fig. 1, a, curve 2), the
particle size distribution contains two modes.
The first maximum is located at ~10 nm radi-
us, while the second is at ~100 nm (see Fig. 1,
b, curve 1). In the daytime, rather broad sin-
gle-mode particle size distribution is observed
(see Fig. 1, b, curve 2); a narrower single-
mode distribution is observed at night (see
Fig. 1, b, curve 3). These features of the diur-
nal variation of particle size distribution, as
well as the results obtained in smog chamber
(see Fig. 2), point to substantial effect of particle
coagulation on the regularities of temporal evo-
lution of AA particle size distribution within
the diurnal cycle. In addition to clarifying the
mechanism of temporal variability of the par-
ticle size distribution of submicron aerosol frac-
tion formed during gas-to-particle conversion,
an experiment in smog chamber allows us to
estimate the characteristic scale of “pumping”
the nucleation mode into accumulation one.

The accumulation mode (0.1-1 pm) is the
most long-lived size fraction of AA; its char-
acteristics are most stable in time. Because of
this, in order to study slow changes of mass
concentration in seasonal cycles of atmosphe-
ric processes, it is preferable to use rather sen-
sitive and specific measurement method. One
of rather simple methods allowing one to in-
vestigate the dynamics of the mass concentra-
tion of accumulation mode is nephelometry.
Earlier this technique was used to study diur-
nal dynamics in other regions [40—44]. These
experiments also revealed the diversity of
forms of the diurnal cycle of the numerical
concentration of AA submicron fraction de-
pending on weather type, season, as well as
observation site (background territory, urban
or suburban area). In order to explain the day-
time minimum, the hypothesis was proposed
concerning the role of convective mixing in
the boundary atmospheric layer. However, only
qualitative interpretation of the observed regu-
larities was proposed; no theoretical models
were presented to describe specific features of
the diurnal dynamics (the value and time of
extreme points on experimental curve, and the
dependence of these features on external con-
ditions).

As it was mentioned above, the author pre-
viously proposed the dynamic model to de-
scribe diurnal variations of the number con-
centration and size distribution of the submi-
cron AA fraction [4, 6, 8]. This became possible
only due to the fact that the change of number
concentration and size distribution of the sub-
micron AA fraction in diurnal cycle is deter-
mined by the regularities of the behaviour of
the nucleation mode (d < 0.1 pm). The mass
concentration of the particles of continental
aerosol of remote territories, as it follows from
the model [3], is determined by the character-
istics of not only the accumulation mode by
the coarse mode. It is demonstrated experimen-
tally that in summer the mass fraction of the
coarse fraction of AA in Siberia is up to 85 %
[45]. The submicron fraction accounts for about
15 %. In winter, because of the decrease of
the emission of soil erosion component, the
mass fraction of coarse fraction decreases [45].
However, due to the global transfer of air, an
insignificant fraction of the submicron parti-
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cles of soil erosion nature can also participate
in the formation of the accumulation mode of
AA in continental territories. This contribution
can be estimated using the data on the chemi-
cal composition of the accumulation fraction
of AA (see [46]). If we assume that the gas
precursors (GP) of the aerosol particles can be
converted into aerosol particles (AP) by a se-
quence of photochemically initiated reactions,
the reactions in the gas phase can be written
down as the following scheme:

GP + sunlight - reactions - ... - AP 1)

The mean reaction rate constant of the se-
quence depends on the quantum yield of the
GP photodecomposition and on the intensity
of sunlight. It is assumed that the photodecom-
position of the initiating agent is the limiting
stage of the process.

The following examples of the sequences
of atmospheric reactions can be listed:

NO, + hv — NO + O-

o+ o0, - 0,

0, +hv - O'+ 0O,

O'+M - O

0" + H,0 - 20H"

OH + SO, - HSOY

HSOJ + 0, - SO, + HOY'

SO, +NH;+H,0 - (NH,)HSO, (AP)
0, + R'=R? - RI-R*0O

R'-R°0F _ R!=0 + RO}
R?08'+ S0, - SO, + R*=0
m

R0y + H,0 — RYOH)(OOH) (AP)

These reactions [49] lead to the formation of low-
volatile components like sulphates ((NH,)HSO,)
or hydroperoxides (R%(OH)(OOH)) which can be
condensed in the atmosphere forming aerosol
particles. In these reactions, R! and R? mean
hydrocarbon residues of more complicated or-
ganic compounds.

In this reaction sequence, two components,
playing key role according to modern notions,
can be stressed. They are ozone (O;) and sul-
phur oxides. The special role of ozone is con-
nected with the fact that its decomposition re-

sults in the formation of excited oxygen, which
can react with water vapour leading to the
formation of OH radicals; in turn, they are
likely to be the major active basis for the at-
mospheric processes, since they oxidize almost
all the atmospheric admixtures.

Sulphur oxidation is a very important pro-
cess from the viewpoint of aerosol formation.
The reason is that the compounds of sulphur
(IV) are present in the atmosphere mainly in
the gaseous state, while the compounds of sul-
phur (VI) are much less reactive; under the
conditions of competition between numerous
atmospheric reactions, this leads to preferable
formation of sulphates with very low saturat-
ed vapour pressure. This means the formation
of sulphate aerosol particles.

An alternative way of using ozone as oxi-
dizer leading to the formation of aerosol parti-
cles is its participation in the oxidation of un-
saturated hydrocarbons. This reaction mecha-
nism may be probable over territories with large
natural emission of unsaturated hydrocarbons.
For example, plants emit rather large amount
of terpenes, which are the products of iso-
prene dimerization or trimerization. These hy-
drocarbons are unsaturated (since they contain
double bonds); their concentration can be sub-
stantial over territories densely populated with
plants (for example, tropical or boreal forests).

The reaction of ozone with the double bond
of unsaturated hydrocarbon leads to the for-
mation of double radicals, the so-called Criege
radicals (R*Oy). These radicals can in turn par-
ticipate in the oxidation of sulphur, which leads
to the formation of sulphate aerosol, as it has
been already mentioned. At the same time,
organic aerosol particles are formed, which are
better known as the blue haze. Thus, intensive
gas-phase emission from plant sources helps
forming both organic and sulphate aerosol,
which is considered mainly as anthropogenic
one, since the major source of sulphur dioxide
in atmosphere is believed to be the combus-
tion of coal and oil. This example confirms the
postulate stating impossibility to distinguish at-
mospheric aerosol by relating them to anthro-
pogenic or natural origin.

Thus, even a very limited set of atmosphe-
ric chemical reactions leading to the formation
of aerosol particles demonstrates the complexity
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of the interpretation of experimental data for
revealing the aerosol formation mechanism. In
order to reduce the listed system of equations
to the eq. (1), it is necessary that the initial
stage of photodecomposition of the process
initiator (for example, nitrogen dioxide) would
be the limiting one.

In the model proposed in the present study,
such detailed notions are not taken into ac-
count, because specific features of the nuclea-
tion and accumulation modes are modelled by
their lifetimes. The lifetime of the nucleation
mode is much less than a day, while that of
the accumulation mode substantially exceeds
24 h [47]. This fact allows one to reveal the
features of the behaviour of mass concentra-
tion of the accumulation mode within a day
cycle as small deviations from the daily mean
value. Physical processes leading to temporal
change of the mass concentration are consi-
dered in such a manner that the numerical
concentration of the accumulation mode is ta-
ken constant (this follows from the previous
model developed by the author), while the
mass concentration changes due to photochemi-
cal conversion of gaseous precursors which con-
tribute in increasing numerical concentration
of the nucleation mode. After this, small par-
ticles pass into the accumulation mode due to
coagulation.

EXPERIMENTAL

As it was demonstrated in [7], the major
part of light scattering in Siberia is connected
with the particles within size range 0.1-0.3 pm.
Within this size range, the sensitivity of a FAN-
A type nephelometer changes as a function of
3 [7]. This dependence was obtained by calcu-
lating light scattering by particles of different
sizes according to the Mi theory [10] taking
into account experimentally measured disperse
composition of AA, illumination characteris-
tics in the counting volume of FAN-A nephe-
lometer, and spectral sensitivity of a photom-
ultiplier. This means that the overall light scat-
tering by AA is proportional to the mass con-
centration of the accumulation mode or sub-
micron particles.

For the light scattering by aerosol, meas-
ured with a FAN-A nephelometer, one can
calculate the proportionality coefficient for the
mass concentration of the submicron fraction
(Mg p.g/mg) [10], at the density of aerosol
particles 1 g/cm?:

M, = 2.6(S — 1) (2)

sub

where S is the ratio of total light scattering to
molecular scattering. The eq. (2) is obtained on
the basis of the results of the Siberian AA
size distribution determinations. Earlier, a sim-
ilar equation was obtained from the experi-
mental data by measuring the indicatrix of
scattering by AA in the bottom layer of the
atmosphere [48].

The results of experimental determination
of seasonal variations in the diurnal cycle of
light scattering by the submicron fraction of
AA in Novosibirsk district are shown in Fig. 3
(the observation site was in Akademgorodok).
In winter (curve 4), when the intensity of so-
lar radiation and the duration of illumination
are minimal, the daily peaks of light scatter-
ing which are proportional to the mass con-
centration of the accumulation mode exhibit
less contrast; the time between them is the
shortest. In warm season (curve 2), in compari-
son with winter, light scattering by aerosol is
lower. This can be explained by the fact that in
winter the height of the boundary layer is less
than in summer, while the intensity of indust-
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Fig. 3. Dynamics of diurnal and seasonal variation of
the concentration of accumulation mode: 1 — June-—
July, 2 — August—September, 3 — October—December,
4 — December—January, 5 — February—March.
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Fig. 4. Month-averaged diurnal variation of aerosol scat-
tering measured in winter (a) and in summer (b) in the
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rial emission of chemically active gases and
aerosol particles is higher.

The results of simultaneous winter and sum-
mer measurements of the intensity of aerosol
light scattering in different observation sites
(Klyuchi settlement, and Chany), distance bet-
ween them being 450 km, are shown in Fig. 4.
One can see that at any season the diurnal
variations in both sites are very much similar;
however, the shapes of diurnal cycles of light
scattering in warm season are substantially dif-
ferent from those in cold season.

THEORETICAL MODEL

Let us assume that the submicron fraction
of the atmospheric aerosol is a mixture of two
monodispersed fractions. In this case, the total
number concentration (V) will be a sum of the
numerical concentrations of individual frac-
tions:

N=N,;+ N, 3)

Here N, and N, are number concentrations of
the nucleation and accumulation modes, re-

spectively. The lifetime of the latter mode is
about 10 days; these particles are uniformly
spread over the boundary atmospheric layer.
The lifetime of small particles of the nuclea-
tion mode depends on the rate of coagulation
with larger particles and on the rate of trans-
fer from the boundary atmospheric layer (BAL)
[6].
% = kcoagN1N2 = _%Nl 4)
According to [11], the coagulation constant
(Keoag) for the particles of the radius of 23 nm
with the particles 0.16 pm in size is equal to
51078 cm?3/s. According to the experimental
data [4, 6], the numerical concentration of
the accumulation mode is 2600 cm™3. This
makes T; equal to approximately 3 h. The time
within which aerosol particles are transferred
from the BAL in summer is about 3 h. Since
the mass concentration of the AA submicron
fraction is proportional to the total light scat-
tering (0), we can write down the following
equation:

0=0; + (0, + 0y (5)

where 0, is light scattering by the nucleation
mode; 0, is a constant constituent of light scat-
tering by the accumulation fraction; 0, is an
additional contribution arising from the coag-
ulation of small and large submicron particles.
Temporal changes of light scattering of each
mode can be represented as

do; 1 do, 1

— = ——0y; — = +K; — 6

dt T ! dt Mr1 x ©)
d02 Dd02 o d01|:|

Ky =-———=+0"0/07- 1 (7
do; CdM, [0 O dM ]

According to mass conservation law, dM,/dM;
=1

Theoretical consideration [7] demonstrates
that the o (r) function can be approximated by
the following expression:

1 R
= g, +(r/ )6
1+(R/7)

In eq. (8), R = 0.16 pm. Using (7) and (8) at r =

23 nm, we obtain K,; = 84. This result shows

that one should take into account an increase

of light scattering by large particles when con-
sidering the coagulation of small particles with

(8)
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larger ones. Because of this, let us represent
ds/dt in the following form:
L = eyt +1) - =2 z0) (9)
dt T
where 1/T, is the amplitude of the rate of
vertical transport in daily cycle (0.3 h™Y); Z(t) is
the rate of vertical daily mass exchange; C, is
a parameter connected with the amplitude of
diurnal variations of the intensity of light scat-
tering by aerosol. Using experimental data [12],
one can determine all the parameters neces-
sary for solving the eq. (9).

For winter, one can write down

D, if0<t<9, 17<t<24
T~1h, f(t)=0Q. On

5 e

10
(t—G)E, if95tsl7( )

Z(t) =1 (11)

because in winter the coefficient of turbulent
diffusion remains almost constant during a day.
The relative humidity of the atmosphere is
also almost constant and close to 100 % in win-
ter, so its effect on the variability of aerosol
light scattering can be neglected.

In summer,

o, if 0st<6; 22<t<24

T~2h, f(t)= (12)

0
Esinﬁ%(t—(ﬂ)ﬁ, if6<t<22

Z(t) =1.2 +sin %{(t -1 +S ﬁ(see Fig. 32 in [12])
(13)

In summer one must take into account also the
diurnal variation of relative humidity (fzy):

0=0y (1= fpur ()™ (14)

M.75, if 0<t<6

E sin ( )H

(15)

The results of theoretical calculations accord-
ing to the proposed model are shown in Fig. 5;
for comparison, experimental data are shown.
One can see that the proposed model provides
a good description of the features of diurnal
dynamics of the mass concentration of AA
submicron fraction in different seasons (the
appearance of maxima and minima, their sea-
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Fig. 5. Changes of the diurnal aerosol light scattering in
winter (a) and in summer (b): 1 — model, 2 — experi-
ment.

sonal variability, intensity of extreme points
and the time of their appearance).

CONCLUSIONS

A model is proposed to describe seasonal
variations of the mass concentration of the
AA submicron fraction. The model takes into
account photochemical formation of particles,
coagulation of the formed particles, diurnal
dynamics of the height of the boundary layer
of the atmosphere, and relative humidity of
the air. The comparison of calculation results
obtained using this model with the experimen-
tal data shows that the model allows one to
describe the time of the appearance of maxi-
ma and minima of the mass concentration of
AA accumulation mode, their values, as well
as seasonal variations of these major charac-
teristics of the daily cycle. The proposed mo-
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del is based on clearly established physicochemi-
cal processes. The parameters of the dynamics
of these processes are defined functionally (they
can be determined either experimentally or
theoretically). This allows using the model to
investigate the regularities of the diurnal dy-
namics of the characteristics of AA submicron
fraction under other conditions, as well as to
perfect and develop it.
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