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C noMOWbIO YHCTIEHHOTO PelleHHs OJIYSMIIMPHYECKOTO YPaBHeHUs TypOy/ieHTHOH auddyauy NpHMecH BBIIIOJHE-
Hbl OLEHKH MacChl KMCJIOT, HONaa0mux 13 arMocdeps! Ha 03. Baiikan n npu6pexHble TeppUTOPHH 3a rof.

Onna w3 ocrpeifiunx rao6asbHbIx TpPo6GeM COBpe-
MEHHOCTH CBSI32HA € MOBBILIEHWEM KUCJIOTHOCTH aTMO-
cdepHbIX OCaJKOB M IIOYBEHHOTO IOKPOBa. KHCJIOTHbIE
JOX/M BO3HHMKAIOT B pe3YyJbTaTe XO3SUCTBEHHOW [Jef-
TEJIBHOCTH 4eJIOBEKa, CONPOBOXKAAIOUMIENHCS aMHCCHEH
OKCHJIOB CEpbl, a30Ta, YIJIEpoJa IIPU CKUTAaHUM CJIAHIIEB,
HedTH, yriei, raza. ITH COeAUHEHHUs!, TIOCTYNAst B aTMO-
cdepy, HepeHOCATCS HA GOJIBIIME DPACCTOSIHUS, B3aUMO-
AefiCTBYIOT C BOJOH U NPEBPAlIAlOTCS B PACTBOPHI CMECH
OpPraHM4eCKUX M HEOPTaHHYECKHX KHCJOT, KOTOPBIE, Bbl-
nafas C OCaJKaMH{, OKa3blBAIOT OTPHUATEJBHOE BO3JEl-
CTBHE HAa Ha3eMHYI0 U BOAHYI0 3KocHCTeMbl. Kucibie
ocaaku Hab6mogamuch B CHIA, Besmuko6putanum, Tep-
manuy, Fonnanamu, Janun, crpaHax CkaHguHaBuyW, Ha
TEPPUTOPHM APYIMX eBpollelickux rocyznapcrs, B Iloa-
MOCKOBbE, Ha ceBepo-3anajze Poccun. B mocseguue rozni
npo6siemMa BbINAJEHHA KHUCIBIX OCAJKOB IIPHOOPENA aKTy-
aJbHOCTh M B a3MaTCKOil 4acTH Halllell CTpaHbl, O 4eM
CBM/IETEIbCTBYIOT De3yJIbTaThl HHCTPYMEHTAJIbHBIX HC-
coenoBanuit [1,2].

Hannas pa6oTa ABJsETCS NPONOJIKEHHEM H3YYEHHs
NPOLECCOB PAacNpOCTpaHeHUs, TPaicHOpPMALM M OCAXK-
JleHHs1 COeMHEHHWI cepbl M a30Ta B PeruoHe 03. Balikas
C TTOMOIIBI0 MaTeMaTUYeCKOM Mojesau, Havyartoro B [3—-6].
3aech yAensiercss BHHMaHUE aHAIM3Y 3aBUCHMMOCTH ILIOT-
HOCTH MAacCOBOTO pacxo/la OCAKJAIOUIMXCS HA INOBEPX-
HOCTb 03epa KUCJOT OT BJIAXKHOCTH atMmocdepwr. Uctou-
HUKaMH BBIODOCOB OKCHIOB CEPHl M a30Ta SBJSIJINCD
TIPOMBINJICHHDbIE NPEANPUATHS 25 rOpOJOB U TOCENKOB, B
OCHOBHOM DACIOJIOXKEHHBIX B HENOCPEACTBEHHON GJH30-
ctu K Baiixany (uauGonee kpynable us Hux — CIIOASH-
ka, DBaiixanbck, Huxkueanrapck, Cesepo6aitkanbck), a
TaKXe Y/JaJeHHbIX OT 6eperoBod JIMHMM Ha PacCTOSHHS
a0 70 kM (Mpkyrck, Ulenexos, Cenenrunck, Kamerck).
BesmunHbl MaccoBoro pacxoaa AMOKCHIOB CEpbl ¥ a30Ta
6bLTH onpenesieHsl Ha ocHoBe pa6or [7—11]. Crarucrn-
YeCKM€ XapaKTePUCTUKH IOJIs BETPA, MCIOJIb30OBAHHBIE B
pacuerax, 6bLIM MOJIy4€HBI IPH O6PaGOTKE JaHHBIX MHO-
TOJIETHMX HaOJIOJeHMII 3a BEKTOPOM CKODOCTH BeTpa
[12, 13].

Pacyeth1 mnpoBommanch B 06acTH  ILIOIIAABIO
250x700 kM2 u BBICOTOH S5 KM HAaJ IOBEPXHOCTBIO O3.
Baiixasn. Illaru no BpeMeHH W rOPHM3OHTAJM COCTaBJAIU
cooTBercTBeHHO 150 ¢ M 5 KM; Iuar 10 BepTHKa/lM 3aja-
Bajica CeAyiomuM o6pasoM: fo Bbicotsl 300 M oH pas-
naiaca 50 M, ganee — 200, 1000, 1500 1 2000 M. Kosd-
durmeHTsl TypOyaeHTHOH MudPy3uM PacCUMTHIBAUCD C
HCNOJ/Ib30BaHHEM COOTHOINEHMH I10JySMIIMPUYECKOH TEO-
puu TypGyaentoctu [6]. IIpeamonaranocs, uto BeIGpa-
CbiBaeMble MCTOYHMKAMM IDPHMECH PaBHOMEDHO paclpeje-
JIEHBI B OJHOH IPOCTPAHCTBEHHOH $AYelKe CETOYHOH 06-
Jacti. HayanbHasd KOHLEHTpAnus MOJIEKYJISIPHOTCG a3oTa
{N2] npunnmanace passoit 0,93 xr/m3, Monexy.spHOTO
kucaopoga [Oz] — 0,297 xr /M3, [Hy0y] — 1079 kr /M8,
MoseKyasipHoro Bogopoga [Hp) — 1077 xr/m3. Havanp-
Hasd KOHIeHTpalus BoAsHoro napa [HyO] Bapsuposa-
nack ot 2,23:1076 mo 2,23-1072 kr /M3, T.e. Macca H,0
cocrasJsita ot 1,7-1074 1o 1,7% Macchr Bo3xyxa. Moue-
KyJApHBIA KHCIOpOJ M BOASHON NMap y4acTBOBalH TOJb-
KO B npouecce TpascopMaliu IpuMeceii.

B tabn. 1 npuBeseHbl paccYMTaHHBIE 3HAYEHHSA KOH-
LIeHTpaLii COeJUHEHUH cepbl, a30Ta M MajbIX Ta30BBIX
COCTaBJAIOMMNX  atMocepbl B NPUBOAHOM  CJIOE
03. Bafixan npm HavanpHO# KoHuentpammu [H,0] =
= 2,23-10™4 xr /3. Bo BTOpPO# ¥ TIOCAEAYIOMMX KOJOHKAX
5TH 3Ha4yeHud AaHbl HA npodusie, NMPOXOASILIEM Yepes CT.
Hymuxa (noanoxse xp. Xamap-/a6aH) ¥ OpHEHTHpPOBAH-
HOM C I0T0-3aIlaJla Ha CEBEPO-BOCTOK, HA Pa3/MYHBIX pac-
CTOSIHISIX OT 3TOM craHuuM (pACCTOSIHUSL YKa3saHbl B KH-
noMetpax). CpaBHEHME De3yJ/IbTATOB DPACYeTOB KOHIIEH-
Tpaumit CcyabGaroB U HHUTPATOB M [JaHHBIX HHCTPYMEH-
TaJIbHBIX W3MepeHHil [4] NMOKa3aJo MX Ka4yecTBEHHOE H
KOJMYECTBEHHOe CcooTBercTBMe. KOHIEHTpaumu apyrux
MaJIbIX COCTABJIAIOMMX aTMOChepbl IO NOPSIAKY BEJMYHHBI
COOTBETCTBYIOT HAGMIIOaeMbIM B APYTMX peruoHax [14—
26]. U3 panneix Ta6a. 1 cieayer, 4TO 10)KHasl KOTJOBHHA
03epa 3arpsA3HsETCsA 3HAYMTEJBHO CHJIbHEE, 4YeM CPeiHsis,
3HauYeHUs] KOHIUEHTpauyi B 10HOH (Kononku 2, 3 u 4)
MPEBBINAIOT COOTBETCTBYIONINE 3HAYEHHs B CPeAHEl KOT-
soBuHe (kosoHKHU 3, 6 1 7) Ha nopsaok u Gonee.
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Ta6auupa 1
PaccuuTanHble 3HaYEHHs KOHIEHTpaumii, MKT /M3, cOeHHEHHH Cepbi, A30Ta M MAJBIX FA30BBIX COCTABJISIOMIMX
atmMocdepsl B npuBoAHOM cjoe 03. Balixaa

MHrpesnent Paccrosiiune or cr. [lynuxa, kKM
20 70 120 160 200 320 375 435
1 2 3 4 35 6 7 8 9

SO, 9 0,08 0,01 0,5 0,2 0,008 2-106 0,0005
H,S04 1 0,1 0,02 0,2 0,3 0,01 3-106 0,002
HSO;3, - 101 2 0,05 0,005 0,3 0,2 0,004 9.107 0,0003
SO3, - 109 5 0,2 0,02 0,9 0,6 0,01 3-106 0,001
SO,", - 101! 4 0,046 0,005 0,2 0,1 0,004 106 0,0002
SO, - 1017 4 0,0003 5.1076 0,01 0,003 3108 2:10°13 1078
NO,, - 102 4 0,03 0,003 0,2 0,2 0,005 61077 0,0003
HNOs3, - 10 2 0,1 0,02 0,3 0,6 0,03 1073 0,002
HNOy, - 107 2 0,08 0,009 0,4 0,7 0,03 106 0,01
NO 2 0,02 0,003 0,2 0,1 0,003 1076 41075
NO3, - 107 1 0,3 0,05 0,7 2 0,07 21073 0,006
HNO,, - 10 2 0,07 0,01 0,6 0,5 0,01 2-1076 0,0001
N,Os, - 1011 9 0,01 0,0003 0,2 0,6 0,0008 2.107"! 3106
OH, - 103 0,6 2 2 2 3 2 1 2
HQ,, - 103 0,6 3 3 2 4 5 2 31
o('D), - 1013 1 0,05 0,01 0,2 0,2 0,01 0,0001 0,002
O3 5 0,2 0,04 0,7 0,9 0,06 0,0005 0,009
Oo@Gp), - 108 2 0,08 0,02 0,3 0,4 0,02 0,0002 0,004
H, - 1018 2 0,04 0,005 0,3 0,6 0,02 41075 0,02
H,0,, - 10 4 1 1 3 4 2 0,6 15

Ha puc. 1-4 npexcraBsesbl pacCYuTaHHblE 3HAYEHUS
TJIOTHOCTH MAacCOBOrO pacxofa CepHOM, a30THOM, a30TH-
CTOH M IIepOKCOA30THOH KHUCJAOT B perucne o3. Baiikan.

Puc. 1. M3osuHuu paccyuTaHHON IJIOTHOCTH MaccOBOrO pacxo-
aa HySO4 y nopcrunaroueii mosepxHocTH pernoHa o3. Daiikan,
kr/ (xm%-ron)

Hauboiblitee BO3seHCTBAE 3TUX COEAUHEHNH OTMEYEHO B
gojute p. Axrapa (Bbi6pocet Wpkyrcka u Illenexosa),
Hag [OxupiM  DBailikanoMm, wmexnay mn.JluctBanka wu
cT. BolApHHO — B pe3ysbTaTe BBIOPOCOB IPEANPHSATHIH
Ilpuanrapesi, Caloasuku u Baiikaibcka, B pailoHe BBI-

6pocop Cenenruncka n Kamencka, Ha cesepe Bafikana
(Bbi6pocel Cepepo6aiikanbcka u Huxmeanrapcka). Ort-
METHM, YTO MaKCHUMyM B I0KHOM 4acTH O3€pa CMelleH
OTHOCHTEJIBHO PACIIOJIOKEHHUs HCTOUHUKOB BbIGPOCOR.

Puc. 2. V3onuHun paccYHMTaHHON INJIOTHOCTH MAaccOBOTO PacXo-

na HNOs y noacrunasomeii noBepxHocTd pervoHa o3. Baikai,
»

kr/ (km2-rox)

I[]Iﬂ ucciieoBaHiAaA  BJAMAHMA BJKHOCTH BO3AyXa
6bLi I[TPOBEACHDBI YHCJICHHbIE 3KCIIEPUMEHTDI ¢ pa3JIMYHbIMU
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3HAYEHUAMHM Haya/bHOH KOHIEHTDALMH BOASHOTO TAPA.
PesybraThl pacyeToB NpuBefeHbI B Tabn. 2.

Puc. 3. Mzonmuum paccuuTaHHOHR MIOTHOCTH MaccoBOIO pacxo-
aa HNO; y noacrunaomeit nopepxXHoctu pervona o3. Baiikan,
kr/ (xkm2-ron)

C

0 40 80kM
[E——"

Puc. 4. W3onuuuy paccyutaHHOM MAOTHOCTM MaccoBOIO pacxo-
na HNOy y moactunaromeif mosepxHoct pervona o3. Baiikas,
mr/ (kM2-ron)

Ta6auua 2

PaccuMranHbie Macchbl OCHOBHBIX HEOPraHMYECKHX KHCJOT,
BbiNajaouiue Ha o3. Bailikax 3a rog, kr

Havasnbhas konuen- Macca, xr
tpauust [Hy0], xr/m3 | H,8O, | HNO; [ HNO, | HNO,

2,23.10°6 7680 1120 1030 0,017
2,23-10™ 7780 1140 1050 0,017
2,23.1072 14080 2360 2160 0,022

Pacuerpl mokasanu, 4TO 3aBHCMMOCTb MAaccChl Bbilla-
JAIOMMX KHCJOT OT BJIAXKHOCTH CYIIECTBEHHas: MpH yBe-
JMYEHUH COJepKaHds BOJASHOro mapa B arMocdepe ¢
0,017 po 1,7% Maccel Bo3Zlyxa Macca CepHOi, a3oTHOH u
430THCTOH KHCJIOT, BBINAJAIONIAS HA 03€PO, YBEJHYHBAET-
cs B 2 pasa.

OTMeTUM, UTO BeJIMYMHA OCAKAEHUS 3aBHCHUT TaKKe
OT MPUCYTCTBUS JPYTHX COCTaBJSIOIUX arMocdepsl.
Ilpy yBeamyenMm HavanbHO# KoHueHTpauun HyO, Ha
asa mopaaka (c 10710 go 1078 xr/m3) Macca cepHoii,
a30THOM M a30THCTOH KHCJIOT, ocakaaiomasica Ha Badixkai
3a rof, yseauuusaercd B 7 (¢ 2,5 no 18 1), B 40 (c 0,2
o 6,6 1) u B 4 pasa (c 0,4 10 1,5 T) COOTBETCTBEHHO.
Ilpu u3MeHeHMH Haua/JpHOH KOHIEHTPALMH ATOMAPHOTO
kucaopopa O(3P) Taxke na mBa mopaaxa (¢ 1014 po
10712 kr/m3) Macca cepHoil KHCJOTbI YBEJIHUHBAETCA C
0,3 no 1,6 T, asornoit — ¢ 0,02 go 0,5 T, asoTUcTOl — ¢
0,05 go 0,2 T. TakuM 06pa3oM, HavaJbHOE paciipeleJie-
HHe KOHIIEHTpalWil MaJbIX COCTAaBJAIOMNX aTMocdeps
CYIIECTBEHHO BJIMSIET Ha 3arps3HeHHE 03epa.

ITony4yenusie pe3yabTaTbl MOTYT GBITh HCIOJb30Ba-
HBl IIPY OLlEHKe BKJAaJa MAacChl KHCJOT, BBITAJAIOMIHX C
ocaZikaMH, B OOLIYI0 Maccy KHMCJOT, MOMAaAAolMX B 03e-
po Baifkan npu cyXoM ¥ BJIaXKHOM OCaKAEHHH.
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We estimate the amount of acids deposited annually from the atmosphere onto the Lake Baikal
surface and on the neighboring areas by solving numerically a semiempirical equation of turbulent

diffusion.

One of the most urgent global problems nowadays
is connected with the increase in dcidity of atmospheric
precipitation and topsoil. Acid rains result from human
activity accompanied by emissions of sulfur, nitrogen,
and carbon acids and combustion of oil, shale oil, coal,
and gas. In the atmosphere these compounds -are
transported at long distances, interact with water, and
transform into solutions of mixed organic and inorganic
acids, which fall with precipitation and produce a
harmful effect on the land and water ecosystems. Acid
precipitations were observed in the USA, Great Britain,
Germany, Netherlands, Denmark, Scandinavian
countries, and on the territories of other European
countries, as well as in Moscow region and in the
northwestern Russia. In recent years, the problem of
acid rain has become increasingly urgent for the Asian
part of Russia as well, as indicated by the results of
instrumental observations.!:2

This paper continues the investigation into the
processes of spread, transformation, and deposition of
sulfur and nitrogen compounds in the Lake Baikal
region with the use of mathematical modeling that was
started in Refs. 3—6. In this paper the emphasis is put
on the analysis of the dependence of the mass flow
density of acids deposited onto the lake surface on the
atmospheric humidity. The sources of emissions of
sulfur and nitrogen oxides were industrial plants of 23
cities and towns located on Lake Baikal sides (the
largest of them are Slyudyanka, Baikal’sk,
Nizhneangarsk, Severobaikal'sk), as well as at the
distance up to 70 km from the lakeside (Irkutsk,
Shelekhov, Selenginsk, Kamensk). The values of the
mass flow of sulfur and nitrogen dioxides were
determined based on the data from Refs. 7-11. The
statistical characteristics of the wind field used in the
calculations were obtained from processing the many-
year observations of the wind velocity. 12,13

The calculations were carried out for the region
having the area of 250x700 km? and the height of 5 km
above the Lake Baikal surface. The time and horizontal

0235-6880,/02,/05—06 411-04 $02.00

steps were, respectively, 150 s and 5 km, while the
vertical step was specified in the following way: it was
50 m up the height of 300 m, and then 200, 1000, 1500,
and 2000 m. The turbulent diffusion coefficients were
calculated with the use of equations of the semiempiric
theory of turbulence.® It was assumed that the gases
emitted are distributed homogeneously in a spatial cell of
a grid region. The initial concentrations were taken to be
the following: 0.93 kg,/m3 for molecular nitrogen [N,],
0.297 kg,/m3 for molecular oxygen [O,], 1079 kg/m3 for
[Hy0,], and 10~7 kg,/m3 for molecular hydrogen [Hy].
The initial concentration of water vapor [H;O] varied
from 2.23-1076 to 2.23-10~2 kg/m3, that is, the H,O
mass used was from 1.7-10™% to 1.7% of the air mass.
Molecular oxygen and water vapor were assumed to
take part only in the transformation process.

Table 1 gives the calculated concentrations of sulfur
and nitrogen compounds and minor atmospheric
constituents in the surface atmosphere above Lake Baikal
at the initial concentration [H,O]=2.23.107% kg/m3.
The second and next columns present the same
concentrations at the profile passing through St. Dulikha
(near Khamar-Daban Ridge) and oriented from the
southwest to the northeast at different distances from
this station (distances are given in kilometers). The
comparison of calculated concentrations of sulfates and
nitrates with the data of instrumental measurements?
showed a satisfactory qualitative and quantitative
agreement between them. The concentrations of other
minor gases are close, in the order of magnitude, to those
observed in other regions.!1426 It follows from the
Table 1 that the southern part of Lake Baikal is much
more polluted than the central one, and the
concentrations in the southern part (columns 2, 3, and
4) exceed the corresponding values in the central
part (columns 5, 6, and 7) by the order of magnitude
and more.

Figures 1-4 depict the calculated mass flow
densities of sulfuric, nitric, nitrous, and peroxynitric
acids in the Baikal region. The strongest effect of these
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compounds was noticed in River Angara valley
(emissions from Irkutsk and Shelekhov), over Southern
Baikal, between Listvyanka and Vydrino due to
emissions from industrial plants in Priangar’e,
Slyudyanka, and Baikal'sk, in the region of emissions

V.K. Arguchintsev and V.L. Makukhin

from Selenginsk and Kamensk, and in the northern
Baikal region (emissions from Severobaikal'sk and
Nizhneangarsk). It should be noted that the maximum
in the southern part of Lake Baikal is shifted with
respect to the location of pollution sources.

Table 1. Calculated concentrations, in pg,/m?, of sulfur and nitrogen compounds and minor atmospherie
constituents in the surface atmosphere above Lake Baikal

Ingredient Distance from St. Dulikha, in km
20 70 120 160 200 320 375 435
1 2 3 4 5 6 7 8 9
SO, 9 0.08 0.01 0.5 0.2 0.008 2106 0.0005
H,S04 i 0.1 0.02 0.2 0.3 0.01 31076 0.002
HSO;3, - 101 2 0.05 0.005 0.3 0.2 0.004 9107  0.0003
SOz, - 109 5 0.2 0.02 0.9 0.6 0.01 31073 0.001
SO, - 1011 4 0.046 0.005 0.2 0.1 0.004 1076 0.0002
SO, - 1017 4 0.0003  5-10°6 0.01 0.003 3106 2.10713 1078
NO,, - 102 4 0.03 0.003 0.2 0.2 0.005 61077  0.0003
HNOs3, - 10 2 0.1 0.02 0.3 0.6 0.03 103 0.002
HNOQ;y, - 107 2 0.08 0.009 0.4 0.7 0.03 1076 0.01
NO 2 0.02 0.003 0.2 0.1 0.003 1076 41075
NO;3, - 107 1 0.3 0.05 0.7 2 0.07 21075 0.006
HNO;,, - 10 2 0.07 0.01 0.6 0.5 0.01 24106 0.0001
N,Os, - 101! 9 0.01 0.0003 0.2 0.6 0.0008 210711 3.1076
OH, - 103 0.6 2 2 2 3 2 1 2
HO,, - 103 0.6 3 3 2 4 5 2 31
o('D), - 1013 1 0.05 0.01 0.2 0.2 0.01 0.0001 0.002
O3 5 0.2 0.04 0.7 0.9 0.06 0.0005 0.009
OCp), - 108 2 0.08 0.02 0.3 0.4 0.02 0.0002 0.004
H, - 1018 2 0.04 0.005 0.3 0.6 0.02 41073 0.02
H,0,, - 10 4 1 1 3 4 2 0.6 15

Fig. 1. Isoline of calculated mass flow density of H;SOy in the
surface atmosphere of the Baikal region, in kg/(km?2-year).

0 40 80 km
| W S—

Fig. 2. Isoline of calculated mass flow density of HNOj in the
surface atmosphere of the Baikal region, in kg/(km2.year).
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0.01

Fig. 3. Isoline of calculated mass flow density of HNO; in the
surface atmosphere of the Baikal region, in kg/(km?2-year).
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Fig. 4. Isoline of calculated mass flow density of HNOy in the
surface atmosphere of the Baikal region, in kg/(km2-year).

To study the effect of air humidity, we conducted
numerical experiments with different initial water vapor
concentration. The results of these experiments are
given in Table 2.
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Table 2. Calculated masses of main organic acids deposited
onto Lake Baikal, in kg, a year

Initial concentration of| Mass, kg
[H,01, kg/m3 H,SO, | HNO; [ HNO, | HNO,
2.231078 7680 1120 1030 0.017
2.234 7780 1140 1050  0.017
2.23-1072 14080 2360 2160  0.022

The calculations showed that the mass of the acids
deposited depends considerably on the air humidity: as
the water content in the atmosphere increases from 0.017
to 1.7% of the air mass, the mass of sulfuric, nitric, and
nitrous acids deposited onto the surface is doubled.

It should be noted that the amount of the acids
deposited depends on the presence of other atmospheric
constituents as well. As the initial concentration of
H,0, increases by two orders of magnitude (from 10710
to 1078 kg /m3), the mass of sulfuric, nitric, and nitrous
acids deposited onto the Lake Baikal surface a year
increases by 7 (from 2.5 to 18 t), 40 (from 0.2 to
6.6 t), and 4 times (from 0.4 to 1.5 t), respectively. As
the initial concentration of atomic oxygen OCP)
increases by two orders of magnitude (from 10714 to
10712 kg /m3), the mass of the sulfuric acid increases
from 0.3 to 1.6 t, the mass of the nitric acid increases
from 0.02 to 0.5t, and that of the nitrous acid
increases from 0.05 to 0.2t. Thus, the initial
concentrations of minor atmospheric constituents
considerably affect pollution of Lake Baikal.

The results obtained can be used to estimate the
contribution of acids falling with precipitation to the
total mass of acids deposited onto Lake Baikal through
wet and dry deposition.
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