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Abstract

Introduction. This paper examines a two-dimensional spatial model of multifractional sediment transport, specifically
focusing on shallow water zones. This process can be described using an initial-boundary value problem for a parabolic
equation with nonlinear coefficients. The study employs a temporal grid linearization method with a step size t, where
nonlinear coefficients are calculated with a “lag” at the previous time layer. Previously, the well-posedness conditions
for the linearized sediment transport problem were established, and a conservative and stable finite-difference scheme
was developed and analyzed, with numerical implementations for both model and real-world problems (the Sea of Azov,
the Taganrog Bay, and the Tsimlyansk Reservoir). However, the convergence of solutions of the linearized problem to
the solution of the original nonlinear initial-boundary value problem for multifractional sediment transport had not yet
been explored. The research results presented in this paper fill this gap. Earlier, the author, together with A.I. Sukhinov,
conducted similar studies in the case where sediment fraction composition was not considered. These studies formed the
basis for obtaining new results.

Materials and Methods. The derivation of inequalities guaranteeing the convergence of the solutions of a sequence of
linearized problems to the solution of the original nonlinear problem is carried out using the method of mathematical
induction, with the application of differential equation theory.

Results. The conditions for the convergence of solutions of the linearized multifractional sediment transport problem to
the solution of the nonlinear problem in the Banach space L, norm at a rate O(t) of are determined.

Discussion and Conclusion. The obtained research results can be used for forecasting nonlinear hydrophysical
processes, improving their accuracy and reliability due to the new functional capabilities that account for physically
significant factors.

Keywords: two-dimensional spatial sediment transport model, multifractional sediment composition, shallow water
zone, nonlinear problem, linearized problem
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OPMZMHLUZbHoe meopemudecKkoe ucciedosamue

I[OCTaTO‘{HLIe Ycj1oBudA CXOAUMOCTH pemelmﬁ .J]I/IHeapI/I30BaHHOﬁ 3ala4i K pelI€eHUuI0
HMCXOJHOI HeJIMHEeliHOM 3agaun TpaHcmopTa MHOFO(bpaKIII/IOHHLIX HAHOCOB B 30H¢ MEJIKOBOIbSA

B.B. Cunopsikuna

JloHCKOM rocyiapcTBEHHBIN TEXHUUECKUN YHUBEpCUTET, I. PocToB-Ha-Jlony, Poccuiickas denepanus

P4 cvv9@mail.ru

AHHOTAIUSA

Beeoenue. PaccmaTprBaeTcs MpOCTPAHCTBEHHO-ABYMEPHAS MOJETh TPAHCIIOPTAa HAHOCOB MHOTO(PAKIIMOHHOTO CO-
CTaBa, OPUCHTUPOBAHHAS Ha 30HBI MEITKOBOABS. J{JIs1 OMMCaHUS STOTO IMPOIecca MOXKET OBITh UCTIONH30BaHA HAdaIbHO-
KpaeBas 3aJ1ada Uil MapabolnIecKoro ypaBHEHUS ¢ HeMMHEHHBIMU Koo dunnentamu. Ee nccnemopanne mpoBoIuTCs
C TIOMOIIBIO JIMHEAPU3aIlMU Ha BPEMEHHOW CETKE C IIaroM T, IPU KOTOPOW HEIMHEHHBIC KOI(PQPHUIIMECHTHI PACCUNUTHI-
BAIOTCS «C 3ama3bIBaHUEM» Ha MPEABIAYIIEM BpEeMEHHOM ciioe. JlJis JIMHeapHu30BaHHOMN 3a1a4K TPAHCIIOPTa MHOTO-
(paKIMOHHBIX HAHOCOB paHee OBLIM OMPEICIICHBI YCIOBHS KOPPEKTHOCTH, MMOCTPOCHA M HUCCIIC0BaHA KOHCEPBATHB-
Has yCTOMUYMBas pa3sHOCTHAs CXeMa, YUCICHHO pean30BaHHAS I MOJECNBHBIX M pealbHBIX 33134 (A30BCKOEe Mope
u Taranporckuii 3anmuB, Llumnsgackoe Bomoxpanmuine). OZHAKO BOIPOCH CXOAMMOCTH PEIICHUN THHEapU30BaHHON
3319 K PEUICHUI0 WCXOMHOU HETMHCHHOW HavYallbHO-KpaeBOW 3a/laud TPAHCIIOPTa MHOTO(PAKIIMOHHBEIX HAHOCOB
MMOKa OCTaBaJIUCh HE PACCMOTPECHHBIMU. Pe3ylbTaThl HCClieOBaHN, IPECTABICHHBIC B TaHHON paboTe, BOCIOIHS-
10T 3TOT mpoben. Panee aBTopoM coBMecTHO ¢ A.M. CyXHHOBBIM YIaliOCh MPOBECTH aHAJOTUYHBIC UCCICAOBAHUS
JUTSL CiTydasi, Korna ¢ppakIInOHHBIA COCTaB HAHOCOB HE YUUTHIBACTCS. DTH UCCICAOBAHUS JICTIIM B OCHOBY I MOJTY-
YeHUS HOBOTO pe3yiIbTara.

Mamepuanst u memoost. IloydeHne HEPaBEHCTB, TAPAHTUPYIOIINX CXOAUMOCTD PEIICHHUH ICTIOYKH JINHEAPU30BAHHBIX
3a/a4 K PEIICHUIO MCXOMHBIX HEJIMHEHHBIX 3ajad, MPOBOAUTCS METOJAOM MATeMaTHYeCKOW WHIYKIMH C MPHBICUYCHHEM
Teopun auddepeHInaNbHBIX YPABHCHHIMA.

Pesynomamot uccnedosanus. OnpeneseHbl yCIOBHsL CXOMUMOCTH PELICHUH JTMHEapU30BaHHOM 3a1a41 TPAHCIIOPTa HAHOCOB
MHOTO(PAKIIMOHHOTO COCTaBa K PENICHHUIO HEMMHEHHOM 3a/1a91 B HOpME 0aHaxoBOTO MPOCTPAHCTBA L, CO CKopocThIo O(T).
Obcysicoenue u 3aknroyenue. lomydeHHbIe pe3yNbTaThl UCCIEAOBAHUS MOTYT OBITh HCHOJIB30BAHBI IPH IMPOTHO3HPO-
BaHUM HEIWHEHHBIX THAPOPU3NIECKUAX MPOIECCOB, MOBBIIICHAS UX TOYHOCTH M HAIC)KHOCTH B CHJIY HAJUYHS HOBBIX
(YHKIIMOHATHHBIX BO3MOXKHOCTEH y4eTa (PH3NIeCKU BAXKHBIX (PAKTOPOB.

KioueBble ciioBa: IpOCTPaHCTBEHHO-ABYMEpPHAst MOJIENb TPAHCIIOPTa HAHOCOB, MHOTO(PAKIIMOHHBIN COCTAB HAHOCOB,
30Ha MEJIKOBO/IbsI, HEIMHEHHAs 3aa4a, TMHEeapU30BaHHAas 3a]a4a

®dunancupoBanue. VccienoBanue BBINONHEHO 3a cueT IpaHTa Poccuiickoro nHayuHoro ¢onma Ne 25-11-68060,
https://rscf.ru/project/25-11-68060

Jnst uurnposanus. Cunopsikuna B.B. JlocTarounbie yCIOBHS CXOMUMOCTH PEIIEHHH JTHHEAPH30BaHHOM 3a1au K pe-
[ICHUIO UCXOJHOW HEIMHEWHOMN 3a7aud TPAaHCIIOPTa MHOTO(PAKIIMOHHBIX HAHOCOB B 30HE MeNKOBObs. Computational
Mathematics and Information Technologies. 2025;9(1):20-30. https://doi.org/10.23947/2587-8999-2025-9-1-20-30

Introduction. One of the important and complex problems in studying sediment transport in shallow water zones
is accounting for its fractional composition. The fractional composition of sediments varies significantly depending on
the slope and morphological structure of the seabed, depth, flow velocity, bed surface roughness, and other factors.
Differences in fractional composition determine the nature of sediment movement and sedimentation processes.
Considering particle size in mathematical modeling of sediment transport enables more accurate and reliable predictions
of seabed morphodynamics.

This study examines a nonlinear 2D model of sediment transport that takes into account its fractional composition [1-4].
To analyze this model, a linearization is performed on a time grid with step size , where nonlinear coefficients are
computed with a “lag” from the previous time step. Using the method of mathematical induction and differential equation
theory, sufficient conditions for the convergence of solutions of the linearized problem to the solution of the original
nonlinear initial-boundary value problem are determined. It is worth noting that previous studies have ensured the
well-posedness of this problem.

The existence and uniqueness of solutions to the linearized multifractional sediment transport problem were studied
in [3]. The work [4] demonstrated the continuous dependence of the solutions of the linearized multifractional sediment
transport problem on the input data. Research on the well-posedness of the linearized sediment transport problem, which
does not account for heterogeneous fractional composition, is presented in [5-8].
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Materials and Methods. The sediment transport equation, including R fractions, is written as:

(1 ~)8—H+§R:d' (Vk7,)= ZR:d' Vk—2 gradH ER:

€ A iv(Vk,T, )= 2 iv| Vk, Sing, gra 2,
where H = H(x,y,f) is the water body depth; € is the porosity of bottom sediments averaged over all components; £ is the
time variable, 1[0, T]; ¥ volume fraction of the r-th component; fb is the vector of tangential shear stress at the bottom
of the water body; 1, is the critical value of tangential stress for the 7-th sediment component, t, = a sing, where a, is
the coefficient for the r-th sediment component, @, is the angle of natural slope of the ground in the water body; w is the
vertical component of the velocity vector U of the water medium; w,  is the hydraulic size or settling velocity of the r-th
component; p is the density of the -th bottom material component; ¢ is the concentration of the 7-th suspended fraction;
k_is the coefficient determined by the relation:

w+w, —
£ c., r=1R, )

g1
Add,

((p, —po)ed.)

(& is the average wave frequency; d  is the characteristic size of the 7-th component; g is the gravitational acceleration; p,
is the density of the water medium; 4 and P are the dimensionless constants),

= ‘Cbc r
T, ————gradH

k =k,,(H,x,y,t)= Sno
0

r b

krZkO’rzconst>0,‘v’(x,y)eé, r=1R, 0<t<T.

We assume that I = Gx(0,7) is the domain where equation (1) is defined. Let the sediment transport process take
place in the domain with the boundary I, which represents a piecewise-smooth curve.

The boundary of this cylinder consists of the lateral surface ['x[0,7] and two bases — G x {0} and G x { T} .

Equation (1) is considered in the domain G(x,y) = {0 <x<L,0<y< Ly} (Fig. 1).

Y &
L |p c
4 “Deep woter” B X
Lx
Fig. 1. Computational domain
We supplement equation (1) with initial and boundary conditions:
H(x,y,0)=H,(x,y), Ho(x,y)eCz(G)ﬂC(a), ©)
AD: H(O,y,t)ZH](y,t), (3)
BC: H(Lx,y,t)=H2(y,t), 4)
AB: H()C,O,t)=H3 (x), 5
CD: H(x,L;,t):H4(x,t)ZcoEconst>0,L)', <L, (6)
Additionally, we assume:
AB:|%,| =0, (7
grad(x’y)H € C(ﬁT ) NC' (HT ), graaf(x’y)H0 € C(E), (8)
o _on|
ax x=0 - ax x=Ly o (9)
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k. >k, ,=c0nst>0, V(x,y)eé, (10)
T =1, z+r[n], L S¢n [T, |6, ¢ =const, ¢, = const. (11)

The condition
H(x,y,t)ZcOEconst>0, 0<x<L,0<y<L, 0<t<T. (12)

ensures that no drying occurs in the considered domain.
Linearization of problem (1)—(6) is performed on a time grid:

o, :{tn =nt,n=0,L..,N,, Nlr:T},

using the methods presented in [5-10].
After linearization, equation (1) and the initial conditions (2) are written as:

(n)
(1- 8)8H —idlv Vki”1 gradH i lV Vk"1 ) iW’LWg,r ¢,
r=l1 p ~ pr (13)
FZL_R, ,n=12,
H(l)(x,y,to)zH (x,y), H" (x VoL, 1)_H< )(x it 1) (x,y)eG, n=2,..,N. (14)

The coefficient k£ " in equation (14) is determined by the equation:
Add,

0

((p.—p,)ed,)

Results. We will show that the solution of problem (13), (14), (3)—(6) converges to the solution of the nonlinear
problem (1)—(6) in the norm of the space L (Gx[0,7]) ast — 0, Nt =T.

Let us denote the solution of the nonlinear problem as H,,(x,.t), (x,y)€G, and the solution of the linearized
problem as H,(x,y,t), (x,y)€G. Note that for each time layer, its own solution function H,= (x.p,1) is defined, and
in general, the linearized problem constructs a family of solutions {H (x ¥, )}, =1,2,.. N , that depends on the
parameter T.

We assume that:

1. The function /= (x,y,?) is bounded on the interval 0 <7< T;

2. The derivatives exist and are bounded:

o oH,, 0 oH,, 0 oH, 0 OH,, ).
o5} el ) Ao} Sl )

T, - Toer gradH"" (x ¥, “1)

(n-1) __ 7.(n-1) (n-1) _
K™ =k (H ,x,y,t)— g,

"

wH+w, .
3. The expression £” ¢, is bounded.
P,
Substituting the function A, o (x,y,t) into equation (1) and the function Hlp= (x,y,f) into equation (12), we obtain:
O0H L T R R wW+w —
1-¢ 2 =Ndiv|Vk ——gradH |- div(VkZT)- e, r=LR. 15
(-5 2 S| vk, g, |- San(rh7)- 52 15

~ 6[_](}") R , . ) - R W+Wgr
1902~ gy |- San{ra ) 5 e,

o =] = P, ( 1 6)

where

np.r np,r = ((pr ., )gd, )ﬁ

p-1

Add,
((p,—p.)ed,)
Multiplying both sides of equations (15) and (16) by the functions H,, (x,y,t) ,H" :H,(p”) (x,y,t), (x,y) €G,

Ip
respectively, and integrating the resulting expressions over the variables ¢, 0 < ¢ < T u (x,y) and (x,y) in the domain G

followed by some straightforward transformations, we can write:

T, - T” gradH,p” ) (x,y,t)

k(n—l) _ k(n;l) (H n-1) X, 0, )
sSmaQ,

Ip.r Ip, p
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ﬂ xy, HZ xy, )dxdy i]{“‘H dzv(Vrknpr —"gradH, dedy]dt

G = ino, (17)
R T RT
_Z l UG H,,div(V,k,, 3, dxdyjdt Z’ g( ([, W+1/v ]dt_
(1—§)t;.ﬂ‘]{G.|‘H;;')a;I—t[(;)d dyjd itT][I H ahv[Vrkl(:r1 in(po gradH jdxdyjdt— (18)
_ijl UGJ' HZ(I:’)div(V,kl(;j)‘fb )dxdyjdt - 21( IGI HY %ﬁvg"‘cr ]J,’ r=1R.
Summing both sides of relation (18) over n, n = 1,...,N, we obtain:
HL; ,IIH H, dtdedy ZI:HZ;LJ‘IL”H dzv(Vk Sln(po gradH dedy}dt (19
[ (v k%, Vaxay |ae- [ | [0 0 aay |ar
(oo o a1 [ |
By transforming the left-hand side of equality (19), we write:
_5)'[3[(1‘[; (x,y,T)— x »,0 )dxdy = ii{j [”H Md;y(V kl;rl jn(p gradH )dxdy)dt— 20)

ty
- H"div(V k"7 dxdyjdz - [ H" e dxddet
oty o
Subtracting expression (20) from equality (17) and considering that H = (e ,b)= H = (xe,0), H = )= HZP(O), we obtain:

(7 )1 o5 =
1( GjH dzv[an,,rsi nor gradH, jdxdyjdt—iz(anpdiv(Vk,,p, b)dxdyjd

Bl e | el g omns oo
+I(HH”’dzv(Vk”l b)dxdyjdt+ j[”H > gr c,,dxdy]dt}.

1,
We perform transformations on the right-hand side of equality (21). To do this, we add and then subtract the expressions

Mx

7

o2y

")le[V, k,,, 'n 0 ~— gradH ] /(:)div(Vr knp’r%b) under the integral sign, respectively, in the fourth and fifth terms of
0

the right-hand side of equality (21).

Combining the terms, we obtain:

_U( x v, T (x,y,T))dxdy =

G

R N I
=>> {]HL[(HW )le[Vk vy "~ gradH, jdxdy]+”H dlv( SZ_‘(;O @)
(k,,prgde —k gradH ))dxdy+H(H,(;)—an)div<anp, b)dxdy+

+jo dzv( ARV INE: )dxa’y+”( i, )"

We estimate each of the integrals on the right-hand side of equality (22) under the summation sign. For this purpose,
we use the reasoning detailed in [9].

+w
= c,dxdy} dt.
P,
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Let us introduce the following notation:

I j[” (#,, - H )dzv[l{kﬂpysi;”(;o gradandeddet, (23)
- j ( ([ dWL (knp, grad H,, k")rl)gradH,(:)))dxdy]dt, (24)
th
( j dzv(anpr b)dxdyjdt (25)
UGJ.H“’ dzv l:rl) ~k,,, )_fb )dxdy)dt, (26)

—J[mH )

For n =1 for integrals (23)—(27), we obtain:

"¢ dxdy]dt n=1..,N. 27)

r

I}, < ; vLL M|

1r? 2, 2 20" x "y

Io<iemipr I, S%TZL LM,
1 1 2 1 1 2 1 (28)
I4J£ETM LL, I, < vLLM

4 "x"y 52

where

br o=t | (x.y)eG ot Ot o

oH, (x,y.8) OH) (x.»,
M! =max max{ "p(xyE”)— p (00%) div anp, ——gradH,, |+,
Smo

T, [0k (x,v, 0 X, ¥,
M) =max{ max H] div| v, e ’W( 4 %)gradHn +k gradM dxdy|; ¢,
2 sy | G || sinQ, ot v ot

T
ot ot et
ok .Y S
Hl(l)div V. _—,W(xy §7) T,
? ot

oH,) (x., °H,, (x,y, w+w
M) =max< max p ( Y §5) _ "p( Y E—’6) er o |l

aH(l)
M), = max (m%[ (x’y’%)-aH””(x’y’éé)Jdiv( o)1
’ 0SI=f | (x,y)e

M) =max< max
T SIS | (x,y)eG

P,

fy <8 & &5 &y &0 & & 1, <1<,

Considering the obtained estimates (28) and using the triangle inequality for the magnitudes of the quantities, we
obtain an inequality of the form:

R
J.GJ‘(H; ()c,y,t1 ) - Hl(;)z (x,y,t1 ))dxdy < ’CZLXL),;M:’,, (29)
where
M, = ! (M1 + M, M+ M, +M, ).

By swapping the functions H, * (x,p,t,) u H,* (x,y.t,) and following reasoning analogous to the one given above, we

can obtain an estimate:

R
J;J(H,S)z ()c,y,t1 ) —H,fp (x,y,t1 ))dxdy < TzLxLyZ:l:Ml*,r' (30)
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From inequalities (29) and (30), we get the following inequality:
R
J.HHZ(;)Z ()c,y,tl ) —ij (x,y,t1 ))dxdy < ‘CZLXL_VZM:V. (31)
G 7=

We transform the left-hand side of inequality (31):

jGj 11 (5,328 ) = HE (3t ey = IGI 11 (. 3.,) = H,, (5,3,

0 (32)
.‘Hlp (x,y,t] )+an (x,y,tl )‘dxdy.
Next, we will assume that an inequality of the form (12) holds for the functions /= (x,y,¢) and H, ", i. e.
np Ip
H, (x,3,t)2¢,>0, (x,y)eG, 0<t<T, (33)
Hl(pl)(x,y,t)200>0, (x,y)e(_;, 0<t<T. (34)
Considering expressions (33)—(34), we obtain:
(1)2 (1
.[G”Hlp (x,y,t1 ) — H:p (x,y,tl )}dxdy > 2COJ.GJ.‘HIP (x,y,t1 ) -H, (x,y,t1 ))dxdy. (35)
From relations (31), (32), and (35), we get the following estimate:
U | T
L”HIP (x’y’tl ) -H, (x’y’tl ))dxdy < 2_6,0T LJCL)’;MIJ" (36)
The required estimate for n = 1 is obtained, since inequality (36) is equivalent to a relation of the form:
R
(1) _ <L 2 *
where
Ul
"Q(x’y’t)"Ll(Gx[to,tl]] = ;I;[J;;”Q(x’y,t)|dxdyjdt
For n = 2 for integrals (23)—(27), we obtain:
2 1 2 1 * 2 2 2 1 2 2 2 2 1 2 1 * 2 2
I <—vLL|—wM M +M; |, I, <—tvLLM M, 6 I, <—tLL|—tM M; +M; |,
S 2 Xy CO W S S S 2 Xy W S S 2 Xy CO W S N
(39%)

I;, < %ﬁLxLyMjJMZ I < %rzLxLy (L’EM;M;V + M, J

T2
CO
}9

oH, (x,3,8) oH (x,, T
M? =max<{ max ""( yil)— lp( yaZ) div| Vk — oradH ,
2r = 1 | (o o, np
Ty sing

ot ot .
i

2oy M2 M2+ M+ ML +M?

21, r 22,r 23, r 24, r 25, r 26,r°

where

2
M = max{ max

b hsist | (x,y)eG

T
div[V,knpr _bes gradanj
" sing

0

2
M: Emax{max{‘H[( )
» {<i<ty | (x,y)eG 'p

M; =M

4,

M, =max{ max
T gsisty \(xy)eG

[aan(x’y"gl)_aHl(pZ)(x’y’az)]div(Vk T )

np,r b

div(V,k,,? )‘}

M? =max< max

6, n<tsty | (x,y)eG M apr b

T
ot ot

M7 =M +M, +M:;
N 3,r

32, 33,r°



Sidoryakina V.V, Sufficient conditions for the convergence of solutions of the linearized problem ...

MZ

11,r

w+w,,

p,

Cc

b hsisty | (x)eG "

M:? Emax{max

oH,, (x,y,&l) ~ GH};) (x,y,éz) wHw,, .
ot ot P,

O ygisty | (x)eG ik

M? =max max{

M2 r :M321,r +M322,r +M2

7, 33,72

= max | max|t, Ot (1) +1-(bl) oH, (y,t1)| , M7, =max{max|z, OH, (»:t) +r2) oH, (y°t1)|
hsisiy | xeBC | gy ¥ ox | T ysisiy | yeBC | gy y oy |
- o, () ot ()| R — [oH(en) o, (x)] ’
13,1 §<1<ty | xeCD | Ox Ox | 14 §<1<ty | xeCD | ay 6)}
M, =max max|aH1(y’t) + o, (y’tl)| , M} =max max|aH1(y’t1) + 8H1(y,t1)| ,
o ysisty | xedD | ox Ox T ySisty | yedD | oy oy |
M? =max<{max|V. Ti"” Add, i oA, (y,<“;4) Tber M* -2t |+
2Lr T ysisty | veBC |7 gin? 3 : 1Lr bx
sin” @, ((Pr —py )gdr) ox ot sin@,
+i aHQ (y’§4) Thc,r M2 _2'5 aHz (y9tl)
oy ot sing, '’ b Oox ’
M, =max{max|k o[, \15,) (&) ,
22,r yst<ty | yeBC npr ax at
T, Advd 0 [OH, (%.65) | Ty,
M223,V = 11;1;123; 1)22%( I/’ Sinb2 ’(p ((p :) )rgd )3 (t - tl )|:§ : (at : ) Sll'l;(ﬁp M123,r - 2Tbx +
0 r~ Po r 0
L0 oH, (x.8))( T, Ve o oH,(x,1,)
Oy ot sing, 4 oy ’
M224,, = g}gﬁ{l}é&gg knp,r %(%:’Q)J },
M}, =max{max|V, Tic" Aod, oo, (y, §3) “er_pp2 -2t |+
25r n<t<ty | vedD | 7 gin? 3 . 15, bx
sin” @, ((Pr _ p())gdr) Ox ot sing,

>

I EV, 7

oy ot sing, 16r Ox

" ﬁ[M]

" ox ot

2
M, . =max{max
T i<ty | yedD

T i OH, (v, T
M?  =max{max|V, —< Add, - 9%, (y E"“) 2t — M|+
S y<t<ty | yeBC Sln(PO ((p —po)gd ) ax X S

OH, (y, -
+i 2 (-y E-’4 ) 2Tb _ ’.Ebc,) M]22 . Tb
oy ot Y sing, ’ i
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M322,r Etrllggé I}El%( V. s::(;) (( Ad)‘;r y )3 {a_ax(a}h (X’QS)J(}EM _LMz J_‘r
N o (P, —py)gd,

T, AG OH, (y, Ty
M, = max4 max |V, —<~ od, . o (18) 21, ——L M |+
T gsisty | yedD ) ox ot X ks

1 <&, &, &, &, &, <1, 1, <t<t,.

Thus, using the estimates (38), we obtain:

R
jGﬂij (x.3,t,) = H (x, 3.1, )}dxdy <PLL, ;(Mg +My ), (39)
where
Mf,m‘ll (M2 M2+ M+ M (M2 M} ))
2 - 2 2
M2, = (1_5)COM,1(M M+ M),

From inequality (39), we can move to the following estimate:

1, R
<—1L, L 1 +71 M s 40
L(@{nn))  2c, ; > (40)

Jf1 (e 3.t) =, (0,

where

.
M,,

= max (Mg, 5 M, |,

)
0G50, 00, = j[ Lﬂg(x,y,t)wxdy]dt.
il

The required estimate for » = 2 is obtained. The first step of the induction is completed.
Next, we assume that for n = s the estimate holds:

SLENEYS L, 1= TSER:M 41
Ll(GX[fHJx]] 2¢, -t & 7 (41)

HHI(;) (x,y,ts ) -H, (x,yyf.v)

where M* .. is some constant function.
For n = s + 1 in equations (23)—(27), we consider integrals over the time interval ¢ < ¢ <¢_ . By estimating these
integrals with the consideration of (41) on the previous time step, we obtain the inequality:

”| X, Yt m pr (x,y,ts+1 )ldxdy < rzLxLyZR:(MOTIr +TM s+l et TYMOY:i1 r) (42)

with constants M ;ﬁ M S; l,, M gil > that depend on the magnitudes of the derivatives.

Using inequality (42), we arrive at the estimate:

1 1-t&
bt ot ot 3 M @
where 0
M, = max AMGT s M s M
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||Q(x’y’t)"L](GX[IS,tSH]) = j [L”Q(x,y,tﬂdxdy]dt.

The inductive step has been completed, allowing us to state the validity of the assertion for any s, 1 <s < N.
Using the estimates (37), (40), and (43) from formula (22), we obtain:

”}Ilp (7)- H, (T)“L,(Gx[o,r]) < ;TZLXZ,},C((I —1)+ (1 - ‘Ez) +..+ (1 — v )) <

~ 2¢,(1-
CO( T) N+2 (44)
< ;rzLxL,C[N+ 1 —l}
2¢,(1-1) iy -7
where
R * R * R *
C= (E}%E%{;Ml,r’;er""’ 2 M“Lr},
T N | I
"Q(x,y,t)"Ll(Gx[oﬂ) = ![g|Q(x,y,t)|dxdyjdt = Z‘{ j [L[|Q(x,y,t)|dxdyjdt}
n=| t"71
Since Nt = T = const, inequality (44) leads to
"H’P (T) - H”P (T)”LI(GX[O,T]) - O(T)’ (45)

which completes the study of the convergence of the linearized problem to the solution of the original nonlinear problem.

Discussion and Conclusion. The conditions for the convergence of the solutions of the linearized sediment transport
problem with a multicomponent composition to the solution of the nonlinear problem in the Banach space norm L, with a
rate O(t) of convergence have been determined. The obtained research results can be used in the forecasting of nonlinear
hydrophysical processes, improving their accuracy and reliability due to the availability of new functional capabilities for
accounting for physically significant factors.
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