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ABSTRACT Introduction: The subject of the study is the effect of humidification of aerosol on visibility on roads. When

hygroscopic aerosol becomes humidified, the size of aerosol particles increases several times, which sig-
nificantly impairs visibility on roads. The aim of the study is to study the effect of humidification of hygroscopic aerosol on
visibility on highways. Materials and methods: A model is proposed for calculating integral visibility on a long highway, taking
into account the hygroscopicity of the aerosol, i.e. the effect of humidification of the aerosol in these zones. The variational op-
timization method was used to perform a model-based study of total visibility along a long highway passing through geometric
zones characterized by varying degrees of aerosol air pollution and relative humidity in these zones. A logarithmic measure
of aerosol air pollution has been introduced for consideration, as well as an integral logarithmic measure of such pollution in
both discrete and continuous representations. Findings: It is shown that the integral logarithmic measure of aerosol pollution
taking into account the effect of humidification of aerosol reaches a maximum with a certain type of introduced relationship
function, and at the same time, visibility on a highway reaches a minimum in the integral sense. Conclusions: It is determined
that when a certain restrictive condition imposed on the integral of the introduced relationship function is satisfied, the integral
logarithmic measure of aerosol pollution reaches a maximum with a certain type of the introduced relationship function, and
visibility on the highway reaches a minimum, in the integral sense.
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AH HOTA I/l MpeaMeT UCCNeaoBaHUS — BAWSHUE YBIAXKHEHWS a3p030/s Ha BUAMMOCTb Ha aBToLoporax. [Mpu yBnax-
HEHWUM TUIPOCKOMMUYHOrO a3p030/s pa3Mepbl a3p030J/ibHbIX YacTUL, YBENMYMBAKOTCA B HECKO/IbKO pas,

YTO 3HAYUTENDbHO yXyAllaeT BUAMMOCTb Ha A0pOorax. Lenb nccnepoBanmsa — n3yyeHume BAUAHUA YBNAXHEHUSA TMTPOCKOMUYHOIO
d3p030/14 Ha BUAMMOCTb Ha aBTO40pOrax. I'Ipe,u,no>KeHa mMonaenb Anga BblMUCNEHNUA MHTerpaanoﬁ BUOAUMOCTM Ha I'IpOD,Oﬂ)KMTEJ'IbHOﬁ
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aBTOTPACCE C YYETOM FUIPOCKOMUYHOCTM a3p030/is, T.e. 3P DeKTa yBNAKHEHMS a3pP030Sisi B 3TUX 30HaX. C MCNOb30BaHWEM Bapua-
LIMOHHOTO MeToAa ONTUMM3aLLMM NPOBELEHO MOLENbHOE UCCIIEA0BAHNE CYMMapHOI BUAMMOCTU MO NPOAOIKUTENBHOM aBToTpacce,
npoxofsLuei Yepes reoMeTpuyeckme 30Hbl, OTIMYAKLLMECS PA3IMYHOM CTEMEHbIO a3P030JIbHOMO 3arpsi3HEHWS BO3A4yXa U BENWUYM-
HOWM OTHOCUTENIbHOM BNIAXXHOCTM BO3AYyXa B HUX. [TpeanoxeH norapndmMmnyecknii MHAEKC 3arpsi3HEHHOCTM BO34yXa a3p030/1bHbIMU
YacTMLAaMK, a TakKe pa3paboTaH nokasaTtesib CyMMapHOM N0rapupMmUUYeCcKoi OLLEHKM 3TOMO 3arpsA3HEHUS — Kak B AMCKPETHOM, TaK
W B HempepbiBHOW NOCTaHOBKe. Pe3ynbTtaThbl: [10ka3aHo, YTO MHTErpanbHas norapudMmuyeckas oLeHKa a3spo30ibHOro 3arps3HeHns
C y4eToM 3ddeKTa yBNaKHEHUS a3p030/s AOCTUrAET MaKCMMyMa MpyU HEKOTOPOM BUAE BBEAEHHOM (QYHKLMU CBA3U, U NPU 3TOM
BMOMMOCTb HA aBTOTPACCE B UHTETPATIbHOM CMbIC/IE LOCTUIaeT MUHUMYMA. BbiBoapl: OnpesneneHo, YTo npu BbINOJHEHUU HEKOTOPO-
ro OrpaHUYMUTENIbHOIO YC/I0BUS, HalaraeMoro Ha MHTerpan BBeLeHHON QYHKLUMM CBA3U, MHTErpanbHas norapudmmuyeckas oLeHka
a3p030/1bHOrO 3arps3HEHWS AOCTUrAET MaKCMMyMa NpU HEKOTOPOM BUAE BBEAEHHOW PYHKLMK CBSA3M, @ BUAMMOCTb Ha aBTOTpacce
B MHTErpasibHOM CMbIC/Ie AOCTUrAET MUHUMYMa.
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INTRODUCTION

The World Meteorological Organization defines
visibility as a distance at which an observed object is
seen against its background with a contrast equal to
the contrast threshold for the observer [1]. The im-
portance of visibility on roads is hard to overestimate
[2-5]. High levels of air pollution usually impair visibil-
ity on roads. In particular, high aerosol concentrations
in the air cause high light scattering, thus significantly
reducing visibility on roads. Thus, according to [6], in
London, smog reduces visibility to just few meters.
A similar situation has been also observed in large
cities in China [7] and India [8]. At the same time, in
clear air, meteorological factors, such as temperature,
relative humidity, wind velocity, and wind direction,
have no impact on visibility. However, the situation is
different when aerosol pollution is high. In particular,
the hygroscopicity of the bulk of atmospheric aerosol
causes humification of aerosol particles, which, in turn,
makes them grow in size, volume, and weight. As a re-
sult, the refractive index of aerosol particles changes
causing the dependence of visibility on relative air
humidity [9-10]. To carry out a model-based study of
the problem, let us briefly overview the existing model
relations found in [11].

The basic measure of light attenuation by an aero-
sol particle is the extinction coefficient determined as
follows:

Bext = Bsca + Babs’ (1)

where B, is the extinction (attenuation) coefficient;
B,., 1s the scattering coefficient; and p ,_ is the absorp-
tion coefficient.

abs
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According to Koschmieder’s definition, horizontal
visibility (y) is determined as
k
Y =) (2)
Bext
where k is the experimentally determined coefficient
that takes into account the sensitivity threshold of the
observer’s eyes.
According to [11], when aerosol pollution is high:

Bsca > Babs' (3)

The scattering coefficient is determined according
to the Mie theory as follows:

0

Bsca ,“

0

[ ]2Qm (i) N - £(D)YdD, (&)

where D is the particle diameter; and o is the size pa-
rameter which is determined as follows:

nD
- T El (5)

where 2 is the wavelength; N is the quantitative con-
centration of particles; n is the refractive index; and
fID) is the particle size distribution law.

According to [12], when aerosol is humidified, all
values in equation (4) change. For example, the scatter-
ing coefficient is determined as follows:

Bsca(RH) 7( _ﬂjiy
Buo(dn) | 00 ©

where p_ (RH) is the value of the scattering coefficient
at relative humidity RH; B_ (dry) is the value of the

sca
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Fig. 1. Geometric interpretation of the proposed model of a highway running through zones (2);

scattering coefficient in dry weather; and y is the aero-
sol hygroscopicity.

Next, we will conduct a comprehensive model-
based study of visibility on highways running through
geographic areas with varying degrees of aerosol air
pollution.

MATERIALS AND METHODS

We will consider the proposed meteorologi-
cal model of a substantially long highway passing
through areas with different degrees of aerosol pol-
lution (Fig. 1).

According to the model shown in Fig. 1, a highway
with length A A runs through n zones with varying
weather conditions. Specifically, for zone Z, relative
humidity is defined as RH, and aerosol hygroscopicity
as y,. Hence, we can speak of the two sets Zy.

RH = {RH}. ™

y={r}. (8)

Correlation

1000

0 200 400 600 800

1200

Fig. 2. Scattergram of dependence of the correlation coefficient
in values of relative humidity on the distance [13] between
correlated points

Ci(Ly. Ly) CollyLy)
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P ——————— >
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Fig. 3. Explaining the introduction of condition (9)
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i=1,n

Next, we assume that in the proposed model of a
weather-dependent highway, (7) and (8) are ordered
sets, i.e. the following conditions are satisfied:

RH,=RH,  +ARH; i=1,n, )
where ARH = const; RH = 0.
V= Vi YA (10

where Ay = const; y, = 0.

Condition (9) can be substantiated as follows: As is
known [13], relative humidity exhibits a fairly strong
spatial correlation (Fig. 2). L

Let us plot discrete points L, on axis L, where i =1, 4
(Fig. 3).

L is the spatial distance, where L,~L,=L, - L, = AL.

For points L, and L,, we will write the following:

RH(L) = C(L,, L,) - RH(L,), an
where C(L,, L,) is the RH correlation coefficient at
points L, and L,.

RH(L,) = C(L,, L) RH(L,), (12)
where C(L,, L)) is the RH correlation coefficient at
points L, and L,.

Taking into account that C(L,, L,) =
(11) and (12), we obtain:

cL, L), from

ARH =RH(L,) - RH(L,) = RH(L,) - RH(L). ~ (13)
Equation (13) shows that increment ARH is constant
along the entire axis L (see Fig. 3).
Next, taking into account formula (6), we introduce
the logarithmic measure for the i-th aerosol-polluted
zone as follows:

Bsca( )__ [ _ RHij
= ﬁsca(d’y) vin(! 100 )°

(14)

By summing up (11) for all i’s, we obtain the fol-
lowing:

" RH,
ae:l_glnr Zvlln[ 100) (15)
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For the relationship between y, and RH, let us intro-
duce a discrete function as follows:

RH, = ¥(y). (16)

In the physical sense, the introduced function (15)
means that air humidity decreases as aerosol hygrosco-
picity increases, because aerosol kind of “ingests” some
of the moisture present in the air.

Let us impose a restrictive condition on function
(13) as follows:

n
> ¥(y;)=Cy; C = const. a7
il

In meteorological terms, restriction (14) means that

n
the sum of all highway zones >, RH; may remain con-

i=1
stant.

The meaning of condition (17) for the subject model
is easily seen from expression (13).

Obviously, if condition (13) is satisfied, i.e. when
AL is constant, ARH is constant too, i.e. with the fixed
value of

Lmax
= Zmax 1
n AL (18)
where is the maximum route length,
We obtain:
C,=n-ARH. 19)

Next, let us switch to continuous analogues of dis-
crete models (9)-(17). Model (14) is presented as fol-
lows:

¥ ()

n= —jg"““ y-In [l ~ 00 jdx, (20)

and model (17) is presented as follows:

[im @ (y)dy = Cy; €, = const. (21

Next, we will seek for a form of function ¥(y) with
which n reaches an extreme value.

Taking into account expressions (20) and (21), we
compose the objective functional F of variational opti-
mization as follows:

max \P Y max
(“)/ Y.ln[l— léo)j+x[_|'g ‘P(y)dy—cz], (22)

where 2 is the Lagrange multiplier.
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According to the Euler’s method, the solution to op-
timization problem (22) satisfies the following condi-

tion:
d {—y In [1 - ‘{;ég)] AW (y)}

dy (y)

=0. (23)

From condition (18), we obtain:

+1=0 (24)

or

or

or

99y

It can be shown that with solution (25), the objective
functional (22) reaches its maximum. To this end, ac-
cording to Lagrange, it is sufficient to examine the sign
of the derivative of expression (24) for the required
function ¥(y). The result will have a negative sign and
therefore functional (22) reaches its maximum. And
taking into account (2), in the integral terms, visibility
on the highway decreases to its minimum.

DISCUSSION

It should be noted that we can calculate the La-
grange multiplier in expression (25) using expressions
(25) and (21). Let us use expressions (20) and (25) to
calculate the maximum value. Taking into account the
above, we obtain:

, 99
max (100 - Tyjdy -G, (26)
From (26), we obtain:
99y 2 ax
1007 0y — TR C,. 27
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From (27), we obtain:
% =-Cy + 1007 ax- (28)
2%
From (28), we obtain:
L=99y :100y, . -C,. (29)

Hence, taking into account (29), solution (25) will
look as follows:

¥ (y) =100 - 99”1007';“ G 1004 ¢, - 1007 _
%Ymax Y max (30)
_ ¢, +100[1—y =Cy-Cy -1,
¥ max
where
C3 :C3 = 100, C4 :ﬂ.
¥ max

Taking into account (30) in expression (20), we ob-

tain:
C
Nmax = gm“vln( _2_(1_1/ de=
100 MNmax (31)

C y
—yln| S22 T gy,
“(IOOWWJ !
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CONCLUSION

Consequently, the newly introduced value n in-
creases with growth of y, but decreases with growth
ofy .. andC,

We have conducted a model-based study of total
visibility along a long highway running through geo-
metric zones with varying degrees of aerosol air pollu-
tion and relative air humidity.

The study has:

1. Proposed a model for calculating integral visibil-
ity along a long highway taking into account the hygro-
scopicity of the aerosol, i.e. the effect of humidification
of the aerosol in these zones;

2. Introduced for consideration a logarithmic meas-
ure of air pollution by aerosols, as well as an integral
logarithmic measure of pollution both in discrete and
continuous representations;

3. Introduced for consideration a regression rela-
tionship function between relative humidity and aero-
sol hygroscopicity;

4. Shown that with a certain restrictive condition on
the integral of the introduced relationship function, the
integral logarithmic measure of aerosol pollution tak-
ing into account the effect of humidification of aerosol
reaches a maximum with a certain type of the intro-
duced relationship function, while visibility on a high-
way reaches a minimum, in the integral sense.
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