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ABSTRACT. On the example of Barguzin Bay of Lake Baikal, mathematical modeling of the dynamics of
nutrients and plankton during the development of the spring thermal bar was carried out. The meteo-
rological data of the Ust-Barguzin station for June 2023 were set in the calculations. An analysis of the
horizontal movement of the area of the maximum density temperature at the lake surface was carried
out, the features of changes in the concentration of nitrates, ammonium, phosphates, dissolved oxygen,
as well as phyto- and zooplankton in this area are described.
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1. Introduction

Under the influence of natural and anthropo-
genic factors, the rate of negative changes occurring in
bodies of water has accelerated significantly over the
past decades. In Lake Baikal, the deterioration of water
quality is mainly observed in the littoral, for example,
in the delta of the Selenga River (Tomberg et al., 2014),
while in the pelagic region during 1950-2015 the level
of nutrients remains relatively stable (Domysheva et
al., 2023).

Nutrients like dissolved oxygen, nitrogen and
phosphorus serve as key indicators of the well-being
of the aquatic ecosystem. Dissolved oxygen in the lake
is replenished through photosynthesis, interaction with
the atmosphere, is consumed during the respiration of
living organisms, oxidation of organic substances, and
is also involved in other chemical reactions (Palshin
et al., 2021). According to measurements (Domysheva
et al., 2023) in Baikal, the concentration of dissolved
oxygen has stable daily and seasonal variability, and
organic matter is unevenly distributed. During the
development of the thermal bar (a natural phenome-
non that is a narrow zone of surface water immersion
in the vicinity of the temperature of maximum density)
in Lake Baikal, spatial heterogeneities in the physical,
chemical and biological characteristics of the deep
waters of the lake are noted (Shimaraev et al., 1995;
Likhoshway et al., 1996; Parfenova et al., 2000).
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The purpose of this work is mathematical mod-
eling of the dynamics of plankton and nutrients at the
front of the thermal bar on the example of Barguzin Bay
of Lake Baikal.

2. Materials and methods

The vertical section of Barguzin Bay of Lake
Baikal is considered, the origin of the coordinate sys-
tem corresponds to the mouth of the Barguzin River
(Fig. 1A). A computational domain having a length of
20 km and a depth of 100 m (Fig. 1B), covered with a
uniform orthogonal grid with stepsh, = 25mand h, =
2.5 m. The time step is 10 s.

The mathematical model used in the work is
based on models of the cycle of nitrogen (Fennel et
al., 2006), phosphorus (Gan et al., 2014) and oxygen
(Fennel et al., 2013). The circulation of dissolved oxy-
gen in the body of water is carried out through oxy-
gen exchange with the atmosphere, biogeochemical
processes and physical transport. The biochemical
dynamics of oxygen are described by the processes of
photosynthesis (+ O,), respiration (-O,), nitrification (-
0,) and remineralization (-O,). The physical transport
of nutrients and plankton in the lake is implemented
on the basis of a thermohydrodynamic model, which
includes equations of continuity, momentum, energy,
turbulent characteristics, etc. (Tsydenov, 2022).
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Fig.1. Lake Baikal cross-section (A) and calculation domain (B).

In the calculation experiment, the concentrations
of nitrates, ammonium, phosphates and oxygen at the
initial moment of time were taken equal to 1.0 mmol/
m?, 1.0 mmol/m?, 0.05 mmol/m? and 312 mmolO,/m?,
respectively. The initial concentration distribution for
planktonic and detrital components is 0.2 mmolN/m?3
and 0.1 mmolN/m?, respectively. The amount of chlo-
rophyll a is determined from the ratio of chlorophyll/
phytoplankton = 1.59. The boundary conditions at
the confluence of the river into the lake for the bio-
geochemical model variables coincide with their initial
values. The shear stress of the wind and the compo-
nents of heat fluxes at the water surface were calcu-
lated according to the data from the weather conditions
archive of the weather station in Ust-Barguzin for June
2023 (https://rp5.ru/). Values of physical parameters
adopted in the model are given in (Tsydenov, 2023).

3. Results and discussion

The behavior of horizontal movement of the loca-
tion of maximum density temperature on the surface of
the lake (Fig. 2A) indicates an increase in the influence
of intra-day variations in atmospheric parameters when
the thermal bar is removed from the mouth of the river
tributary. In the first 5 days of the month, the spread of

the thermal bar front either accelerates or slows down
and even reverses (toward the mouth of the river) as a
result of the joint effect of night cooling and the action
of oppositely directed westerly winds. On day 5, the
location of the maximum density temperature reached
a distance of 3600 m, and on day 10 — 6850 m. The
average horizontal velocity of the thermal bar was 685
m/day.

The concentration of dissolved oxygen on the
surface of the body of water in the area of the tempera-
ture of maximum density increases by days 1-6 to 341
mmolO,/m?, after which (for 7-10 days) it fluctuates in
a rather narrow range (Fig. 2C). There are jumps of 1, 2
and 6 days. The level of nitrates in this area rises from
1 to 1.028 mmol/m? (Fig. 2B). The ammonium concen-
tration gradually drops from 1 to 0.972 mmol/m? (Fig.
2B). Zooplankton biomass gradually decreases from 0.2
to 0.172 mmolN/m? (Fig. 2C). It is important to note
that in the area of maximum density temperature, the
change in the listed nutrients and zooplankton (unlike
phosphates and phytoplankton) over time is monoto-
nous. The phosphate concentration decreases from 0.05
to 0.0493 mmol/m?® on day 4, after which it returns to
0.05 mmol/m? on day 10 (Fig. 2B). Phytoplankton bio-
mass grows from 0.2 to 0.206 mmolN/m? on day 3, and
then drops to 0.1875 mmolN/m?® on day 10 (Fig. 2C).
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Fig.2. The position of maximum density temperature (A), the concentration of nutrients and plankton at this position (B, C).
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4. Conclusions

The results of mathematical modeling performed
for Barguzin Bay of Lake Baikal indicate an increase
in the influence of intra-day variations in atmospheric
parameters on the rate of propagation of the thermal
bar as it moves away from the coast. In particular, the
change in the direction of movement of the thermal
front toward the mouth of the Barguzin River can be
caused by a combination of two factors: (1) the effect of
the west wind and (2) the effect of night cooling. It was
found that over time, the content of nitrates and dis-
solved oxygen increases on the thermal front, and the
level of ammonium and zooplankton tends to decrease.
Changes in the concentration of phosphates and phyto-
plankton in the thermal bar area in the spring-summer
period are non-monotonic.
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AHHOTAILIUS. Ha npumepe BaprysuHckoro 3ajuBa 03. balikayi mpoBejeHO MaTeMaTUYecKoe MoJie-
JIUpOBaHUe OUHAMUKU OMOTeHHBIX 3JIEMEHTOB M IIAHKTOHA BO BpeMsA pa3BUTHA BeCEHHEro TepMo-
b6apa. B pacueTax 3aaBajiich MeTeOpOJIOTMYecKre JaHHble CTaHIUM N. YcTh-baprysus 3a uioHbs 2023
r. [IpoBeaeH aHaM3 rOpU30HTAIBHOIO ABKEHUA 00J1aCTH PacroJIoXeHus TeMIepaTypbl MaKkCcHMaJlb-
HOM IIJIOTHOCTH Ha IOBEPXHOCTH 03epa, OIMCAaHBl 0COOEHHOCTU W3MeHeHUs KOHIeHTpalii HUTPaTOB,
aMMoHUs, dochaToB, paCTBOPEHHOT0 KHCJIOPOa, a Takke (PUTO- U 300IJIAHKTOHA B 3TOHM 00J1acTH.
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1. BBeapenue

Ilon meficTBueM MPUPOAHBIX U AHTPOIIOT€HHBIX
dakTopoB TeMnbl HeraTHBHBIX M3MeHEHUI, IIpouc-
XOAAIMMX B BOAOEMAX, 3a IOCJeNHHE AeCATHUIIeTUs
CyIlleCTBEHHO yCKOpWJIHCh. B o3epe Bartikan yxyiie-
HUe KadecTBa BOJBI IJIaBHBIM 0Opa3oM HabsoaeTcs B
JuTopasny, Hanpumep, B AenbTe p. Cenenru (Tomberg
et al., 2014), B TO BpeMs Kak B Iejarvajid Ha OpOTs-
xeHnn 1950-2015 1T. ypoBeHb MUTATEJIbHBIX BEILIECTB
OCTaeTCsi OTHOCUTEJIBHO cTabmipHeIM (Domysheva et

al., 2023).
BuoreHHble 37€MeHTH, KaK pPacTBOPEHHBII
KUCJIOPOA, a3oT u ¢ocdop, CayXkaT KIHYeBEIMU

WHAUKATOpaMu O6JIaromnoy4yus BOJHON 3KOCHCTEMBL
PacTBOpeHHEBIH KHCJIOPO B O3€pPe NOIOJIHAETCSA 3a CUeT
doTocuHTe3a, B3auMoAelcTBUsA ¢ aTMochepoii, pacxo-
JyeTCsl IPU AbIXaHUU XUBBIX OPraHNU3MOB, OKUCJIEHUU
OpraHUYecKUX BeIIecTB, a TAKXe yYacTBYeT B APYTUX
xuMuueckux peaknusax (Palshin et al., 2021). CorsiacHo
maHHbBIM u3MepeHuiln (Domysheva et al., 2023) B
Baiikajyle KOHIIEHTpaUMs PacTBOPEHHOI'O KHUCJIOpOAa
VMeeT YCTOMYMBYH) CYTOYHYI0 U CE30HHYI H3MeH-
YMBOCTb, @ OpPraHUYECKOe BeIIeCTBO pacIpeiesieHO
HepaBHOMepHO. Bo Bpems passutus Tepmobapa (mpu-
POIHOTO sBJIEHUS, NPEeJCTaBILAIONIEr0 COOOH Y3KYI0
30HY MOrpY’KeHUs MOBEPXHOCTHBIX BOJ B OKPECTHOCTU
TeMIlepaTypsl MaKCMMaJIbHOU IJIOTHOCTU) B Baiikase
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OTMeUaloTCA MPOCTPAaHCTBEHHble HEOAHOPOOHOCTHU
usnyecknx, XMMHAYECKUX U OMOJIOTMYeCKUX XapaKTe-
pucTuk riyounHsix Bof o3epa ([llumapaes u gp., 1995;
Likhoshway et al., 1996; Parfenova et al., 2000).

Llespio HacTosAMel paboTH ABJIAETCA MaTeMaTu-
yeckoe MoJiesIipoBaHUe NUHAaMMKU IJIAHKTOHA U O1O-
reHHBIX 3JIEMEHTOB B 00J1aCTH pacosiockeHHus GpoHTa
TepMoOapa Ha IpuMepe bBaprysmHckoro 3ajausa oO3.
Barikai.

2. MaTtepuanbl U MEeTOAbDI

PaccmaTpuBaeTca ~ BepTHUKaJbHOe  ceueHHUe
BaprysuHckoro 3anuBa 03. Baiikaj, Hauajio CUCTEMBI
KOOpJAVHAT COOTBETCTBYeT ycThio p. baprysun (Puc. 1,
a). BeruuciuresibHas obyacTb, MMeloman AauHy 20 kM
u ray6uny 100 m (Puc. 1, 6), nokpeiTa paBHOMEPHOM!
OPTOrOHaJIbHOW CeTKOH ¢ maramu h =25 M u h =2.5
M. [Mlar no Bpemenu cocrasJiiset 10 c.

Hcnone3yemas B paboTe Maremaruyeckas
MOJIeJIb OCHOBaHa Ha MojeJiax ukJiia azora (Fennel et
al., 2006), docdhopa (Gan et al., 2014) u xkucjopona
(Fennel et al., 2013). ILupKyJsanus pacTBOPEHHOTO
KHCJIOPOJia B BOAOEMe OCYIIeCTBJIAeTCA depe3 KUCJIO-
ponHbll obMeH ¢ aTMocdepoli, OGHOreoXuMUYecKHe
npolecchl ¥ Gusndeckuil TpaHcnopT. buoxumuueckas
JUHaMMKa KHUCJIOpoAa OIMCBHIBaeTcA IpolieccamMu

© ABrop(s1) 2024. DTa paboTa pacnpocTpaHsi-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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p. BaprysuH

c. flopAYUHCK

mybuHa, M

100 km
a

Puc.1. Cxema pa3spe3sa (a) u BeruucuTe pHasA o6sacts (6).

¢dorocunresa (+0,), apixanua (-0,), HUTpUPUKAUH
(-0,) n pemunepamusanuu (-0,). OU3NIECKUIA TPaHC-
MOpPT OWOTeHHBIX 3JIEMEHTOB W IJIAHKTOHA B 0O3epe
peaiu30BaH Ha OCHOBE TEPMOTHIPOANHAMUYECKOU
MOJeJY, BKJIFOUAIIel B ceOs1 ypaBHEHUST HEPA3PhIBHO-
CTH, KOJINYECTBA JIBUXKEHUs, DHEPTUU, TYPOYJIEHTHBIX
xapakTepucTtuk u ap. (Tsydenov, 2022).

B BBIYMC/IMTEIBHOM JKCIIEPUMEHTE 3HauYeHUs
KOHI[eHTpall HUTPATOB, aMMOHUsA, ¢docdhaTtoB u
KHCJIOPO/Ia B HAYaJIbHBII MOMEHT BpEeMEeHM MPUHATHI
paBabIMU 1.0 MMosis/M3, 1.0 MMouib/M3, 0.05 MMOJIB/
M® u 312 mmonbO,/M* cooTBeTcTBeHHO. HauanbHoe
pacnpefieJieHle KOHIIEHTPANWU [JIA TUIAHKTOHHBIX U
JOETPUTHBIX KOMIIOHEHTOB cocTasyseT 0.2 mMmosibN/
M3 u 0.1 mmonsN/M® coorBercTBeHHO. KosuecTtBO
xJ0podUiIIa a 3aJ]aHO WCXOMA M3 COOTHOIIEHUA XJIO-
poduwi/puronsiaHnkToH = 1.59. 'paHuvHBIE YCI0BUA
Ha MecCTe BHajleHus peKd B 03epo JiA MepeMeHHBIX
6MOreoXMUYECKON MOJEJIU COBNaJalnT C UX Haydallb-
HBIMM 3HaueHUsAMU. KacaTesibHOe HanpspkeHre BETpa U
KOMITOHEHTHI TETJIOBBIX IMOTOKOB, KOHTAaKTUPYIOIUX C
BOJTHOU ITOBEPXHOCTHI0, BHIYMCJIEHBI COTJIACHO JAaHHBIM
U3 apXuBa MOTOAHBIX YCJIOBUN METEOCTAHIUU M. Y CTh-
Baprysus 3a urons 2023 r. (https://rp5.ru/). 3HaueHuA
(pu3nueckrx mapaMeTpoB, IPUHATHIX B MO/IEJIU, TIPHBE-
nensl B pabote (I{pigeHos, 2023).
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[ToBegeHre TOPHU30OHTAJBHOTO OBUXeHMA 00Jia-
CTU PAaCIOJIOXEHUS TEMIIEPAaTyphl MaKCUMaJIbHON
IUIOTHOCTU Ha moBepxHOCTU o3epa (Puic. 2, a) cBuge-
TEJbCTBYeT 00 YCWJIEHUU BJIUSHUA BHYTPHUCYTOYHBIX
BapHaruii aTMochepHBIX MapaMeTpoB IpU yaaJleHUU
TepMobapa OT yCThA PEYHOTo MpuTOKa. Bo BTOpOIi
MOJIOBHMHE TIepBOM OeKaAbl MecAlla pacHpocTpaHeHue
dpoHTa TepMmobapa TO yCKOpseTcA, TO 3aMeJJIAeTCA U
naxe Habsomaercsa obpaTHoe HBUXeHHUe (B CTOPOHY
YCThA peKu) B pe3yJibTaTe COBMeCTHOro 3¢ @exra HOU-
HOTO BBIXOJIQXWBAHUSA U IEUCTBUSA IIPOTHUBOIIOJIOKHO
HallpaBJIEHHBIX 3amafgHbIX BeTpoB. Ha 5 cyT mecTtormo-
JIOKEHWE TeMIlepaTyphl MAaKCUMAaJIbHOW IIJIOTHOCTU
gocturiio paccrosaHusa 3600 m, a Ha 10 cyT — 6850 M.
CpenHAsA CKOPOCTh T'OPU3OHTAJIBHOTO ABMXEHUA Tep-
mobapa cocraBuyia 685 M/CyT.

KoHnieHTpanya pacTBOPEHHOTO KHUCJIOpoJa Ha
TIOBEPXHOCTU BOZ0eMa B 00JIaCTH PACHOJIOXKEHUA TEM-
nepaTypsl MakCUMaJbHOU IJIOTHOCTU Ha 1-6 cyT BO3-
pacraer 0 oTMeTKu B 341 Mmosib0,/M° mocsie 4ero
(#a 7-10 cyT) kosiebJieTcs B JOCTATOYHO Y3KOM Juamna-
3oHe (Puc. 2, B). HabogatoTcsa ckauku Ha 1, 2 1 6 CyT.
YpoBeHb HUTPATOB B 3TOM 00JIaCTU MOBHIMIaeTcA ¢ 1 10
1.028 mmouib/m3 (Puc. 2, 6). KoHIleHTpaIss aMMOHUS
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nocrerneHHo nagaet ¢ 1 1o 0.972 mmous/m2 (Puc. 2, 6).
Bruomacca 300IJIaHKTOHA IOCTENIEHHO YMEHBIIAaeTcA C
0.2 o 0.172 mmoasN/m2 (Puc. 2, B). BaXXHO 3aMeTHUTh,
4yTO B 00JIaCTH TeMIlepaTypbl MaKCUMaJIbHOHN IJIOTHO-
CTHU U3MeHeHUe IepeulC/IeHHBIX OMOreHHBIX 3jeMeH-
TOB U 300IUIaHKTOHA (B oTJinuue oT dhocdaros u puro-
IJIAHKTOHA) C TeyeHHeM BpeMeHU MMeeT MOHOTOHHBIN
xapakrtep. Konuentpanusa ¢ocdartos co 3HaueHus 0.05
MMOJIb/M® cokpamaercs 10 0.0493 mmoss/M® Ha 4 cyT,
mocjie 4ero Bo3Bpamjaercs K 3HaueHuwo 0.05 mmosib/
m3Ha 10 cyt (puc. 2, 6). Buomacca PpUTONIAHKTOHA
pacret ¢ 0.2 mo 0.206 mmosibN/M® Ha 3 cyT, a 3aTeM
nagaet 0 0.1875 mmonsN/M3Ha 10 cyT (Puc. 2, B).

4. BoiBOADI

PesyspTaThl MaTeMaTH4eCKOI0 MO IMPOBaHUS,
BBHINOJIHEHHOT 0 [J14 ycJI0BuUi baprysnHckoro 3ainBsa o3.
Batikay, cBueTebCTBYIOT 00 YCUJIEHUN BJIUAHUA BHY-
TPUCYTOYHBIX Bapyanuil aTMocgepHbIX NapaMeTpoB Ha
CKOpPOCTh pacnpocTpaHeHus TepMobapa IO Mepe ero
yaasieHusa ot Oepera. B yacTHOoCcTH, cMeHa Halpasiie-
HUA ABMXKEHUsA TepMHYecKoro GpoHTa B CTOPOHY YCThbA
p- Bapry3uH mMoxeT OBITh BBI3BaHa KOMOWHAaIMeE IBYX
¢akropoB: (1) Bo3fgelicTBUe 3amagHOro Berpa u (2)
3G¢eKT HOYHOr0 BHIXOJAXUBaHUA. BriABIEHO, 4TO C
TeuyeHWeM BpPeMeHM cofepXaHHe HUTPAaTOB U PacTBO-
PEHHOro KHCJIOpOJa IIOBHINIAETCA Ha TEpPMUYECKOM
dpoHTe, a ypoBeHb aMMOHHUSA U 300ILIAHKTOHA HMMeeT
TeH[JEHIMI0 K CHIXeHHUI0. [3MeHeHNe KOHLIeHTpaluu
docpatoB u ¢uromnsmaHkToHa B obsacTh Tepmobapa
B BeCeHHe-JIeTHUN Iepruoj] HOCUT HEMOHOTOHHBIN
xapakTep.
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