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Abstract

In the present paper, a new partial differential equation has been obtained to
describe the Rossby solitary waves with complete Coriolis force by employing
multi-scale analysis and perturbation method, we call it combined ZK-mZK equation.
The equation can reflect the propagation of Rossby waves on the plane and is more
appropriate for the real ocean and atmosphere than the (1 + 1) dimensional models
(such as KdV and mKdV), which can only represent the propagation of Rossby solitary
waves in a line. Furthermore, by adopting the multiplier method, we construct
conservation laws of the combined ZK-mZK equation, which is meaningful for
researching the global stability of solutions. Finally, we deduce the exact solutions of
the combined ZK-mZK equation via the semi-inverse variational principle. By applying
these exact solutions, some propagation features of Rossby solitary waves are
analyzed.

PACS Codes: 02.30.Jr;43.75.Fg; 92.10.Hm

Keywords: combined ZK-mZK equation; Rossby solitary waves; complete Coriolis
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1 Introduction

The Rossby waves on behalf of huge vortices which exist in the ocean and atmosphere play
an increasingly significant role in transporting energy, which can determine the weather
and climate change in the earth to a large extent [1-3]. In the last few decades, the research
on constructing mathematical models to study the generation and evolution of Rossby
waves has attracted a lot of attention, and a series of mathematical models, such as KdV [4,
5], mKdV [6, 7], ZK [8, 9], modified Kawahara equation [10], and so on [11, 12], have been
obtained. Meanwhile, some natural phenomena related to Rossby waves were explained
with the help of mathematical models [13]. We notice that the former research has the
following two disadvantages:

(1) The motion equations describing ocean and atmosphere, including momentum
equation, continuity equation, and so on, are very complicated. For the sake of simplic-
ity, we can find that (1 + 1) dimensional nonlinear partial differential equations are used to
describe the evolution of nonlinear Rossby waves. However, real oceanic and atmospheric
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motions are not just in one direction. Providing higher dimensional theories for the non-
linear Rossby waves is necessary. So, in this paper, we discuss a new (2 + 1) dimensional
model [14].

(2) All the time, the complete Coriolis force has been an important research hot spot
in dealing with the atmosphere and ocean. On the one hand, the horizontal component
of the complete Coriolis force shows the imbalance of the motion, which is an important
factor that causes the development of weather system. On the other hand, the theoreti-
cal research on the nonlinear Rossby waves in the atmosphere has been a very important
subject in meteorology. So, it is necessary to analyze the effect of intact Coriolis force on
atmospheric dynamics. However, in order to calculate and study it conveniently, many
researchers ignore the complete Coriolis force. As we know, the TA is suitable for quan-
titative studies. In the past, Kasahara [15] pointed out that the errors made by ignoring
the vertical acceleration may be much larger than those made by ignoring the horizontal
component of complete Coriolis force. However, it is controversial from the dynamical
perspective [16, 17]. White and Bromley [18] indicated the necessity to retain the hori-
zontal component of Coriolis force by scale analysis of the zonal momentum equations. It
is necessary to include the cosine Coriolis terms for fully understanding the atmospheric
motion, which is named ‘non-traditional approximation’ (NTA). Based on the NTA, the
near-inertial waves were considered by Gerkema and Shrira [19] from primitive equa-
tions. Using the variational method, a conserved potential vorticity equation with com-
plete Coriolis force was obtained by Dellar and Salmon [20]. According to the Hamilton
least-action principle [21], Dellar also derived a generalized beta plane equation. So, the
NTA is more important for tropical atmosphere, such as the stability theory [22—-24], the
dispersion relation [25, 26], the Madden-Julian Oscillation(MJO) [27, 28], and so on [29—
31].

Conservation laws [32, 33] are a power tool for studying the global stability of solu-
tions and numerical integration for PDEs emerging in nonlinear science. Numerous pow-
erful methods have been used to seek the conservation laws: Laplace direct technique
[34], characteristic form given by Stuedel [35], g-homotopy analysis transform method (g-
HATM) [36], multiplier approach [37, 38]. In this thesis, based on the modified Camassa-
Holm equation [39] and ZK-BBM equations [40] for each multiplier, and the method of
Ibragimov (nonlocal conservation method) [41-43], using the multiplier approach, con-
servation laws and the corresponding conserved quantities are discussed.

The investigation of the soliton solutions [44—46] for PDEs has become highly active in
all areas of applied research. Many efficient techniques, such as homogeneous balance
technique [47], symmetry theory [48], Jacobi elliptic function method [49], homotopy
analysis transform method [50], homotopy perturbation transform method [51], Darboux
transformation [52-54], Bilinear method [55, 56], and so on [57], have been proposed to
seek solitary waves solutions. In addition, some numerical methods, i.e., modified bino-
mial and Monte Carlo methods [58], high accurate NRK, and MWENO [59-61], have
also been used to solve partial differential equations. In the paper, we use the semi-inverse
variational principle [62, 63] to obtain the soliton solutions of PDEs.

In this article, by using multi-scale analysis and perturbation method, a (2 + 1) dimen-
sional combined ZK-mZK model for Rossby solitary waves is obtained. According to the
new model, we have a discussion. The construction of this paper is as follows. In Section 2,
applying the quasi-geostrophic potential vorticity equation, we obtain a new combined
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ZK-mZK equation. The property of conservation laws and the corresponding conserved
quantities of the new equation are discussed in Section 3. Later, the soliton solutions of
the combined ZK-mZK equation are established in Section 4. According to the soliton
solution, we research the solitary wave profiles for various timescales and the collisions
between two waves with different velocities and various timescales. Finally, some conclu-

sions are drawn.

2 The derivation of combined ZK-mZK equation
Based on the basic equations of geophysical fluid dynamics, after reasonable assumption,
we can easily obtain the following non-dimensional quasi-geostrophic potential vorticity

equation:

o oJov a9 aIv o
- T
at  0dx dy 0y ox

([ f& v fo aG(x,y)
AV — (L0~ — G(x,) - =0. 1
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The vertical velocity is
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where W is the stream function. Normal component of the complete Coriolis is f = fy +
B(¥)y, and horizontal component is fi;, where f;, fiy are unknown constants. G(x, y) is the
topographic effect. N(z) is the function of z. V2 = 82/3x? + 32/3y? is the Laplace operator.

The lateral boundary condition is
W(0) = W(+00) = 0. (3)

The vertical boundary condition is
W (0) = W(+00) = 0. (4)

Take the dimensionless variables into Eq. (1) and Eq. (2), then Eq. (1) and Eq. (2) are

transformed into the dimensionless equation:

a ov I a¥ o
-
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3 ([ 00 IG(x,
Av2w s 2 (1222 4 sy + Gl y) -0 2552 | o, )
0z 0z ay
(0 0w oW 9\ow
W=RK —+—————— | —, ©
dt  0dx dy 0y dx) 0z

where K? = L3fZ/N?HG, Ro = UplfoLo, 0 = fu * Hlfo * Lo. Lo is the horizontal feature of
space, Uy is the velocity characteristic quantity, and Hy is the characteristic quantity of
fluid thickness.
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Assume G(x,7) = £20(y) and the stream function W as the sum of zonal flow and per-
turbation stream function v

y
\IJ:—/ (U(s) = co) ds + e, (7)

where the constant ¢ is the sign of the velocity of non-dispersive part of linear Rossby

waves. ¢ < 1 is a small parameter used to measure the magnitude of nonlinear feature
Substituting the stream function W into Eq. (5), we have
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where 8 = (B(y)y) — U". Further, J[A,B] = 24 28 _ 94 38
We introduce the following multiple time-space scale transform in the Rossby waves
equation:

3 1 3
€2f, Y:eély,

(10)
Substituting Eq. (10) into Eq. (8), we have
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The boundary conditions can be written in the following form

¥(0) = ¥ (+00) = 0.

(12)
Therefore, in the vertical direction, the boundary satisfies

y

=0, z— +00.
0z

(13)
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Assume the perturbation stream function expanded with small parameter ¢,

VASRVNNIPS SRS RVSSPE SUNSUPS SNUS RVANPS By A (14)

Substituting Eq. (14) into Eq. (11) leads to all-order perturbation equations about €.
In the first place, introduce the operator L

ara® @ 3 B
L=(U-c))—|—+—(K>— )+ p . (15)
X | dy* oz 0z U-co
First-order approximation
1
o(ef) : L(yp) =0. (16)

The boundary conditions can be written as follows:

¥0(0) = Yo(+00) = 0. (17)
The vertical boundary condition is

Wo _

0, z— +00. (18)
0z

Owing to Eq. (16) being the linear equation, we assume the solution of v is as follows:
Vo =AX,Y, T)do(y)Po(2). (19)

Substituting the solution of vy Eq. (19) into Eq. (16) and Eq. (17), we get the eigenvalue
problem on level eigenfunction ¢, Py:

(/)/ + k(%¢0 + u_ﬂco ¢0 =0, (20)
(K2P)) + k2Py = 0.

Similar to the first approximation, we continue to consider the higher order problem

™
B

L(yr) = 0. (21)

Take the variables form of v in the following form:

Y1 = A2(X, Y, T)$1(5)Py(2). (22)
Further,
el L(yp)=0. (23)

Similar to Eq. (19), assume the solution of v,

V2 = AX, Y, T)p2(y)Pa(2). (24)
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Substituting Eq. (22), Eq. (24) into Eq. (21) and Eq. (23), the eigenfunction equations about
Y1, Yo, Py, Py can be obtained as follows:

U+ Ky + %60% =0,
(K2P)) +k3Py =0,

_ (25)
é/ + k§¢2 + u%ca(pZ = 01
(K2Py)' + k3Py = 0.

Analogously, the boundary conditions can be written as follows:

Y1(0) = Y1(+00) =0, ¥2(0) = Yra(+00) = 0. (26)
The vertical boundary condition is

0 a

ﬂzo, ﬂ=O, Z— +00. (27)

0z 0z

In order to obtain the singularity elimination condition, it is important to make further

discussion.
et L(ys)=—2U c)ﬂ (28)
‘ ¥ " aXaydY "
Substituting Eq. (19) into Eq. (28), we get
3+ ks + gl bs = =24y, (29)

(K2P}) + k2P3 = —2P,.

The boundary conditions are no less than the above conditions. Based on Eq. (28), we can

have the separate variables form of /3
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Multiplying Eq. (33) by ¢y, integrating Eq. (33) with respect to y, z from 0 to +00, and using
the following identical equation

2 2
do 88 L (¢o%) _2 (1/%%) WM (34)
y? Y

we can obtain
AT + (loAX + tllAAX + dzASAX + (lgAXXX + a4,Axyy = 0, (35)

where

a= [ )" e = @3 + k3o (K2P))]dydz,
a= " Jy [¢00/W) +0¢50"(y)]Po dy dz/a,
ar=[o7 Jo™ mhes Lo PoPy + k3o (K*P)' — ¢y PoPa = ks pa(KPy)

+ ¢2¢WP0P2 + k3o (K2 Pp) — @y PoPs — Ky o (K2Py) 1 dy dzla, (36)
a, = 0+°° A - (p10]' P2 — ¢,y P2 dydzla,
as = 0 oo ¢2P2 dde/d,

+00

a4 = Jo o+ (2¢4P5 + poPo) dy dz/a.

Remark Eq. (35) is a new (2 + 1) dimensional model. The coefficient 4 is in connection
with topographic effect G. The second term apAx represents the effect of complete Cori-
olis force and topography on the evolution of Rossby solitary waves. Based on a;AAx and
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a,A3Ay, we know that the new equation is the combination of ZK equation and mZK
equation. So, the new model Eq. (35) is called combined ZK-mZK equation. Compared
with other models, the combined ZK-mZK model can describe Rossby solitary waves

more accurately.

In order to facilitate the calculation, we ignore the effect of complete Coriolis force. In-
troducing the transformation 77 = T, X’ = X — aoT and Y’ = Y, substituting the transfor-
mation into Eq. (35), and omitting the apostrophe, we can rewrite the combined ZK-mZK

equation in the following form:
AT + alAAx + d2A3Ax + (lgAXXX + a4Axyy =0. (37)

3 The derivation of conservation laws

To learn more about the new model, the conservation laws of the combined ZK-mZK
equation are discussed. The research process of conservation laws is as follows. The Euler
operator is defined as [64]

1) d d 0 d , 0 , 0 , 0
— =— -Dj— -Dy— -Dy— +D?— + D2—— + D’ —— ..., (38)
Su Ou ou; Oty du, Oty Olhx 7 duyy
where Dy, D;,and D, are defined as follows:
D d d d d d (39)
= — v U— A Ugp— FUyp—— +Uyp—— + -+,
o ou "ou,  ou, M ou,
D d 0 d d a (40)
=t Uy— Uy F U FUpp—— + -,
TTox o ou o due Cow ' ou,
D d d d d d (41)
= — ot Uy— At Up—— FUyy—— + Uyy—— + -
4 ay Tou 7 du, v ouy ”auy
Consider the nth-order partial differential equation of ¢, x, and y as follows:
H(t,%, 9, U, Uy, Uy Uy Ugy, Uiy Ugys - ..) = 0. (42)
A vector Q = (Qf, Q%, Q) such that
Dy(Q") + D:(Q*) + D,y (Q) =0 (43)
holds for all solutions of Eq. (42) and is defined as the conserved vector of Eq. (42).
The multiplier A for Eq. (42) has the property as follows:
Di(Q) + D:(Q) + Dy(Q) = AH. (44)

For an arbitrary function u(x, y, £), the determining equations for multiplier are acquired
by taking the variational derivative of Eq. (44)

)
E(AH) =0. (45)

Page 8 of 16
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For an arbitrary function u(x, y,t), Eq. (45) sets up forever. Using Eq. (44) and computing
the multiplier from Eq. (45), we can derive the conserved vectors.
According to Section 2, the combined ZK-mZK equation is given by

AT + ﬂlAAX + ﬂzASAX + ﬂgAXXX + ﬂ4Axyy =0.

According to the defining equation for multiplier A(X,Y, T, A(X, Y, T)) from Eq. (37), after
simplification, we can have

AA (AT + alAAx + dzAsAx + ngAxxx + ﬂ4Axyy) + A(dle + 2612A2Ax)

- Dr(A) - Dx[A(a1A + a2A%)| - Dy (a3 A) - Dy [Dx(asA)] = 0. (46)
The coefficients of different derivatives of A of Eq. (46) for multiplier A give
AKX, Y, T,A) = c1A + F(Y). (47)

By calculating, conserved quantities for Eq. (37) are obtained as follows:

1
Q{ — _AZ, (48)
2
D7(Q) =AAr + AAr = 2AAr, (49)
1 1
QY= %A3 + %A5 —-as (AAXX - iAf() —dy <AAYY + EAZ ): (50)

Dx(Qf) = a1 A®Ax + aA*Ax — as(AxAxx + AAxxx — AxAxx) — as(AxAyy + AAxyy

+AyAxy) + Ax(a1A” + ayA* — azAxx — asAyy) — as(AAxxx — AxAxx)

—as(AAxyy + AyAxy), (51)
Ql = asAxAy, (52)
Dy(Q)) =2a4(AxAyy + AyAxy). (53)

So, we can have

Dr(Q7) + Dx(Qr) + Dy (QY)
= 2AAT + 2(11A2AX + 2(12A4AX - 2613AAXXX - 2614_AAXYY

=2A (AT + ﬂlAAX + dzASAX - ﬂgAXXX - 614,Axyy). (54)
For the multiplier A(X,Y, T, A) = F(Y), the physical conserved quantities are as follows:

QF = E(Y)A, (55)

1 1
Qf = EalF(Y)A2 + EazF(Y)A4 —asF(Y)Axx + 2aaF(Y)Ayy

1 1
- §ﬂ4FyAy - §ﬂ4FyyA, (56)

QF =as(FyAx — F(Y)Axy). (57)
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4 The soliton solutions
In order to seek the soliton solution [65, 66] of a partial differential equation, the semi-
inverse variational principle is used. Its steps are as follows:

Step 1. For an arbitrary function u(x, y, t), assuming u(x,y,2) = u(x+y—ct)and § =x+y—

ct, we can convert the partial differential equation into an ordinary differential equation
H(u, cug, co) =0, (58)

where ¢ is the wave speed and ¢y is the integration constant.

Step 2. A steady integral is constructed in the following form:

I- f o de. (59)

o0

Step 3. In order to find the one soliton to Eq. (42), we let

u(§) = psech”(qf), (60)

where p is the wave amplitude of Rossby solitary waves, g is the inverse width of Rossby
solitary waves, # is the exponent, and it is obtained by equating the exponents of the high-

est derivatives and nonlinear terms.

Step 4. Substituting Eq. (37) into Eq. (59), letting % =0and % = 0, and solving them to

determine the constants p and ¢, respectively, we determine the solitary wave solutions of
Eq. (37).
In this section, by using the semi-inverse variational principle, we seek the soliton solu-

tions of ZK-mZK equation. We convert Eq. (37) into ODE wave transformation:
E=X+Y-cT, AE)=AX+Y —T), (61)
and Eq. (37) has the following form:
—cA' +ar(A?) + }Laz(A‘L), +(az +a)A® =0 (62)
and

1
—CcA + @ A% + Eﬂ2A4 + (a3 + asy)A® = 0. (63)
Assuming n =2/3,A=p sech? (g€) and integrating the above equation, we can get

+00
1
I= / —CcA + a1 A% + L—L@A4 + (as + a4)A(2) dé

(o¢]

1 [+ 1
=— / {—cp sech% (q&) + a1p2 sech% (q&) + L—Lagp4 sech%(qé) + (as + ag)p
qJ-c

- [sech? (g¢ )]”'} d(qé). (64)
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Eq. (64) can be rewritten as follows:

VT (1 2 4
1 (4 Hr 1 RNE
12_[_0,,3 (), 23O aszns’], )
q r'(3) VT 4 (%)
s ) sr)ré) Jard)
where I'(x) = [ ™ " le ' dt, 11 = T m42L = j/; el = 0587, 73 = F”(%i = 1.68,
37T (
o= 2{(11 - 2.52.

According to Eq. (65), taking a derivative with respect to g and p, we can have the fol-
lowing equations:

—=7-— +ap—+lap4@(§)
TG Y vz At T

a1 1 [_ Lrd) L3r@re)
dq 7

:| +(as + as)p

. [_% ETQ) Egﬁr(g)} -0 (66)
3 1) 9 2r(4)
and
ﬂ—l[—cgr(%)+2a 73F(%)F(%)+a 3LEF(%)]Ha +dy)
A e Y. R VT
| [_z ERACIN EWEF(%)} i )
3 1} 9 2rd)

So, we can get the equation as follows:

—[~4.21c + 2.587a1p + 11.68a5p%] + (a3 + as)q*[-34.21 + 1—02.52] =0,

[—4.21c + 2 X 2.587a1p + 1.68a,p%] + (a3 + as)q [—24 21 + 2 52]=0. ©3
After calculation, we can obtain the expression of p and g as follows:
3
1 [(20+/5 w +100710)tia3]
p= 5 T3d5
B 4150, , 69)

W=

4, 3.3 5, 2.2
[(20/5,/ “L222205 4 1007, ¢)r3ad]

2

3 3

—Td\p — 3 13az2p

7= (70)
2(as + 614)[——1'1 + —"-'4]

At this time, we can get the soliton solution of the combined ZK-mZK equation in the
following form:

1
—Tya r a 2
A = psechi [( 2P~ 4T 21?0 ) X+ Y—cT)}. (71)

2(as + ﬂ4)(—g"51 + 31'4)
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Assuming a; = —0.5, a3 = 1, a3 = 5, a = 5, ¢ = 0.5 and substituting them into Eq. (69), Eq.
(70), and Eq. (71), we can get p = 1.7 and

A=17sech? +/30(X + Y —05T), asc=05. (72)
When ¢ = 5, we also have the other equation about solution as follows:
A =3sech’ v/226(X + Y —5T), asc=5. (73)

Soliton is a solitary wave packet which is caused by the delicate balance between non-
linearity effect and dispersion effect. It is a single hump that has infinite tails or infinite
wings and preserves their form and speed after an entire interaction with other solitons.
In this section, we display the soliton solutions and the solitary wave profiles for various
timescales in Figure 1. According to Figure 1, we can know that the soliton moves to the
right with a fixed velocity and almost unaltered amplitude as time increases. In Figure 2,
the collisions between two waves with different velocities and various timescales appear.
We also know that the wave speed c plays a critical role in a physical structure of the so-
lutions for the combined ZK-mZK equation. Then we can guess that the solitary wave
profile moves in the positive axes when c is a positive value, and the solitary wave profile

moves in the negative axes when c is a negative value.
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Figure 1 The soliton solution and the solitary wave profiles for various timescales for T=0, T = 3, and
T =5, respectively.
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Figure 2 The collisions between two waves with different velocities for ¢ = 0.5 and ¢ = 5, respectively,
and various timescales for t = 0.08, t = 0.1, and t = 0.2, respectively.

5 Conclusions and discussions

In this paper, using the quasi-geostrophic potential vorticity equation, we get a new (2 + 1)
dimensional combined ZK-mZK model for Rossby solitary waves by applying the multi-
scale analysis and perturbation method. Based on the new model, we study conservation
laws and the soliton solutions of the new equation. By theory and image analysis, the fol-
lowing conclusions can be obtained:

(1) A combined ZK-mZK equation is a new (2 + 1) dimensional model which includes
the cosine Coriolis terms. Compared with (1 + 1) dimensional models, it can describe the
actual situation of ocean and atmosphere. Besides, in the actual ocean and atmosphere,
the cosine Coriolis is not ignored. It is necessary to include the cosine Coriolis terms for
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fully understanding the atmospheric motion. So, the combined ZK-mZK equation is more
suitable to describe Rossby solitary waves.

(2) According to the combined ZK-mZK equation, using the multiplier approach, we
obtain conservation laws and the corresponding conserved quantities. In addition, the
semi-inverse variational principle is a robust and efficient method which gives the varia-
tional principles for nonlinear problems. By using the semi-inverse variational principle,
we obtain soliton solution for the new equation. According to the soliton solution, some
propagation features of Rossby solitary waves are discussed.
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