Math. Model. Nat. Phenom.
Vol. 8, No. 1, 2013, pp. 1-17

DOI: 10.1051/mmnp/20138101

Conserved Vectors for a Model of Nonlinear
Atmospheric Flows Around
The Rotating Spherical Surface

A.M. Araslanov!, L.R. Galiakberova!, N.H. Ibragimov!, R. N. Ibragimov?*

! Laboratory “Group analysis of mathematical models in natural and engineering sciences”
Ufa State Aviation Technical University 12, K. Marx, Str., 450000 Ufa, Russia

2 Department of Mathematics University of Texas at Brownsville Brownsville, TX 78520, USA

Abstract. We derive the conserved vectors for the nonlinear two-dimensional Euler equations
describing nonviscous incompressible fluid flows on a three-dimensional rotating spherical sur-
face superimposed by a particular stationary latitude dependent flow. Under the assumption
of no friction and a distribution of temperature dependent only upon latitude, the equations
in question can be used to model zonal west-to-east flows in the upper atmosphere between
the Ferrel and Polar cells. As a particualr example, the conserved densities are analyzed by
visualizing the exact invariant solutions associated with the given model for the particular form
of finite disturbances for which the invariant solutions are also exact solutions of Navier-Stokes
equations.
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1. Introduction

The presence of Coriolis effects originates the general west-to-east flows caused by the Earth’s rotation
which are related to jet streams, i.e., zones of fastmoving west-to east winds in the upper atmosphere
between the Ferrell and Polar cells. Such flows exist due to the presence of the cold North and South
poles and warm equator so that the pressure is low at high latitudes above the poles and is high in the
temperature zones and even higher in the equatorial zones.

In almost all oceanographic applications, e.g., meteorology, the effects of rotation and the spherical
shape of the Earth cannot be ignored and so the large-scale atmospheric dynamics is usually described by
latitude-dependent Euler or Navier-Stokes three- and two-dimensional flows on a rotating spherical surface
([6],[7; [25], [26], [20], [18]) or within the theory of shallow water approximation (see e.g., [36], [31], [23];
[21] and [35]). In particular, since non-steady westerly winds in the southern hemisphere are an important
force contributing to climate modulation ([34],[1]), understanding of the large-scale atmospheric dynamics
is the topic of current extensive research. For example, recent studies by Shindell and Schmidt,[28] suggest
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that global worming has increased the temperature difference between the southern, mid-, and high-
latitudes and loss of Antarctic ozone have contributed to this increase. Additionally, as has been shown
in [11], owing to the Coriolis forces, the temperature difference between the equator and the poles of a
sphere gives rise to the waves advancing in the direction of the meridian and the waves propagating along
the circles of latitude. The atmospheric motion modulated by the pressure distribution resulting from
the combination of the latter two groups of intersecting waves give rise to the cyclonic and anticyclonic
phenomena which are nowadays a paramount topic of research in atmospheric modeling. Particularly, the
mechanisms of cyclone formation in the Earth’s atmosphere have been recently studied by Belotserkovskii
et al. [4] by means of numerical modeling of the complete gas-dynamic equations. Recent laboratory
experiments on cyclone and anticyclone formation in a rotating stratified fluid have been studied in
[8]. The importance of understanding the formation of cyclones and their time evolution in the Earth’s
atmosphere for the creation and distribution of weather systems throughout the world is summarized in
Summerhayes & Thorpe [30].

The problem forming our main focus of interest here is to consider long waves progressing in the
earth’s atmosphere, which are captured by the rotation of the earth with the further goal to analyze and
visualize the effects of rotation on the conserved densities corresponding to the Lagrangian associated
with the nonlinear Euler equations modeling nonlinear atmospheric motion around the rotating earth.
The possibility of extension to the case of Navier-Stokes flows is also discussed in this work.

The inquiry is motivated by dynamically significant Coriolis forces in modeling of large-scale oceanic
and atmospheric motion with applications to meteorology, climate variability models, the general at-
mospheric circulation model, weather prediction, and a variety of applications to large-scale dispersant
operations e.g. Deepwater Horizon incident studied recently in[12].

For completeness, we write explicitly the three-dimensional Navier-Stokes (NS) equations in spherical
coordinates using the notation as in Bachelor, [2] (see also Lamb, [24]):
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where 2 = 27 rad/day ~ 0.73 x 1074 s~! is the rate of the earth’s rotation and

_ 19 7“22 + L 9 sin@2 +#i2 (1.5)
2 0r or r2sin 6 00 a0 r2gin? 0 0¢? '
is the Laplacian in spherical coordinates. In the above system, r, ¢ and 6 denote the radius, azimuthal
(increasing by going east) and polar (increasing by going south) angle, respectively. The associated

2



A .M. Araslanov, L.R. Galiakberova, N.H. Ibragimov, R. N. Ibragimov Model of Nonlinear Atmospheric Flows

velocity components are u,, ugs and ug, respectively, and p denotes the pressure and v is kinematic
viscosity.

Since the velocity vector 7 and the pressure p are coupled together by the incompressibility constraint
(1.5), V- W = 0, it is difficult to analyze the full set of three-dimensional equations (1.1) - (1.3). A
common approach to simplify the nonlinear model in the question is to use artificial methods such as
pressure stabilization and projection [29]. However, as has been shown in [29], the error estimate of the
pressure stabilization and projection methods is not mathematically precise.

Another approach to reduce the complexity of the governing equations of geophysical fluid dynamics
is to consider submodels thereof. The latter usually take into account several simplifications that make
them adapted for distinct physical processes or that render them valid only on well-defined spatial or
temporal scales. One of the most relevant simplifications which can be reasonably implemented in the
atmospheric sciences is that of the two-dimensionality of the large-scale flow [20]; [18]. This reduction in
dimensionality greatly simplifies the structure of the dynamical part of the governing equations, which
can be consistently described by some forms of the two-dimensional Euler or Navier-Stokes equations
[33]. Though they are still coupled systems of nonlinear partial differential equations, much is known by
today about the long-term behavior of these systems.

In terms of physical interpretation, our reduction (see also [13]) consists in considering the fluid flows
on a sphere of radius r, such that ro < |r| < r¢ + €, where € is a nondimensional small parameter that
represents the thickness of the spherical shell. Thus in the limiting case ¢ — 0, we must set u, = 0.
In addition, since the atmosphere neither loses nor gains mass from outside, we naturally assume that
(pu,) = 0 as r — oo, where p is the density. However, there exists a height for which pu, attains a
maximum (the other possibility corresponds to the case when the vertical velocity w, = 0), i.e. when

puy
or

=0. (1.6)

It is thus postulated in the present work that at least one such level exists for the entire atmosphere of
the earth. We call it the ”mean level”. In practice (see e.g. Refs. [6]; [7] and [4]), we can speak about it
as a level of 3-5 km. Thus in the limit ¢ — 0, the non-stationary three-dimensional viscous rotating fluid
flow is confined on a sphere of the radius ry parametrized by the polar and azimuthal angles 6 and ¢.

In terms of rigorous mathematical treatment, the latter reduction (1.6) can also be deduced from the
result of Theorem B in [33], which states that provided the initial data u (r,8, ¢) is smooth enough, the
strong global solution u (r,0,¢,t) of the three-dimensional Euler equations converges as ¢ — 0 to the
strong global solution v (6, ¢, t) of the two-dimensional Euler equations on the sphere, where

1 1+e€
v(0,¢,t) = lim — ru(r,6,¢,t) dr = (0,up, ug) - (1.7)

e—0 € 1

The vector v (0, ¢,t) can be interpreted as the average velocity with respect to r.

The resulting form of the two-dimensional Euler or NS equations which is of immediate interest in
large-scale atmospheric dynamics in a thin atmospheric layer on a sphere rotating with constant angular
velocity (2 is

6u¢
dvy Jvy vy Ovg 5 . up — 2cosf 7 op
— — — — t 6 A —_— | === 1.
ot "0 T smg o Voot T R | Asuot 5 ey 20’ (18)
8% 8U¢ Vg 8v¢,
5 + cot Bvg + vg 50 + S0 99 + vgvy cot O+
2 cos e — Ugp 1 0
pll Y 5% =———°F 1.
Re ( Ste + r2sin” 0 sing ¢’ (1.9)
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% (v sin 6) + %ﬁ’ =0, (1.10)
where R, oc v~1 is the Reynolds number, Ry oc 271 is the Rossby number (which is the ratio of inertial
to Coriolis force) and

1 0 0 1 02
Ag = — [ sinf— —_— 1.11
$ = Sin6 oo <Sm ae> * inZo 0g? (L11)

is the Laplace-Beltrami operator in spherical angles. The latter reduction relies on the theorem from the
work [33].
We represent the solution of the model (1.8) - (1.10) in the form

UQ:NE)\@? U¢:F(0)+,u’i)\¢v p:ﬁ—’_ﬂﬁv (112)

where 1 > 0 is a (not necessarily small) parameter, F' () is an arbitrary function of its argument and p
is the mean pressure in the thin atmospheric layer studied. Variables with hats are to be interpreted as
disturbance quantities. Physically, this ansatz corresponds to finite disturbances that are superimposed
to a zonally averaged mean flow having only a latitudinal dependence. Particularly, the presence of
Coriolis effects originates the general west-to-east flows caused by the Earth’s rotation which are related
to jet streams, i.e., zones of fast-moving west-to east winds in the upper atmosphere between the Ferrell
and Polar cells. Such flows exist due to the presence of the cold North and South Poles and warm Equator
so that the pressure is low at high latitudes above the poles and is high in the temperate zones and even
higher in the equatorial zones. Thus as has been discussed in [11] and [4], under the assumption of no
friction, and a distribution of temperature dependent only upon latitude and altitude, the stationary
solution (1.10) can be associated with a zonal flow directed from the west to east. The experimental
results in [8] justify the conclusions on existence of such zonal flows discussed in [11].
After dropping the hat symbol, equations for disturbances are written as

vy F Ovg dp Ovy Vg Ovp 9
— — —2F t0 4+ — — — — t 6
ot T singop e g T eg T o U0
vp — 2 cos 222
Re_l (AS'UQ + 02(9¢> = O7 (113)
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— 4+ (F t 6 — - — — t 0
o T et e Ym0 9s T 99 s ag T U0
2coshe — y
+R;! (As% + ,ng‘ﬁ) =0, (1.14)
sin” 6
8 . a’U¢
% (UQ SIHG) + ai(b = O7 (115)

where prime means differentiation and, without loss of generality, we set © = 1 in front of quadratic
terms.

In this work, we are mostly focused on the particular case of nonviscous flows, i.e., when R, — oo.
However, a discussion of a possible extension of our analysis to the case of nonzero viscosity is presented
in the last section of this work.

By introducing a stream function 1 for the disturbance velocities, i.e.,

1 o o

sinf 9¢’ Y Bg

(1.16)

and taking the curl of Egs. (1.13) and (1.14), one arrives at the vorticity equation in the limiting case
Re — o0 :
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%—Fﬁj (%’22) sii@%_ sirlle%LlF—i_RiOg% =9 (1.17)
where the vorticity ( is related to the stream function v through the Laplacian in spherical geometry,
(= Asy (1.18)
wnd 1 d d 1
Ly = g do (sin@de) ~ s (1.19)

is the Sturm-Liouville operator for the associated Legendre functions. Additionally,
J(a, b) = agb¢ - a¢bg (1.20)

stands for the nonlinear Jacobian operator with the subscripts meaning the partial differentiation.

2. Background

In terms of group theoretical modeling, the dynamics of the system in the question can often be described
by means of the formal Lagrangian and the adjoint equations [22], [16]. The construction of conservation
laws can be deduced from the Noether’s theorem [27] that manifests a connection between symmetries
and conservation laws for variational problems and thus provides a simpler procedure for construction
of conservation laws for equations with known symmetries. Namely, our algorithm in finding the formal
Lagrangian and conservation laws is based on Theorem 2.3 in [22] which states that any system (linear
or nonlinear) of s'"—order of differential equations

Fa(m,u,u(l),...7u(s)):07 a:l,...,m, (2.1)

conserved together with its adjoint equation

5 (’LUBFﬁ)
F; sy Uy Uy eve s U(s)y s)) = =0 2.2
o (T, v, sy, W) Suo (2.2)
has a Lagrangian, where x = (ml,...,x”) be n independent variables, u = (ul,...,x’”) be m de-
pendent variables, u),...,u) denote the sets of partial derivatives of the respective orders, e.g.
U1y = {uf‘}, U(2) = {ufj} with
ou® 2, «
uy = Y (m)7 uf‘.ziau. (x)
oxt 7o Oxtoxt

and w = (wl, e wm) are new dependent variables. Namely, according to [22], the Lagrangian L is given
by

L :wﬂFg(x,mu(l),...,u(s)). (2.3)

As will be outlined in sequel of this work, the nonlinear model (1.13) - (1.15) describing the dynamics
of atmospheric motion in a thin rotating shell considered in Section 3 has a remarkable property to be
self-adjoint for a specific choice of F'(6). This property is crucial for constructing conservation laws
provided in the present study.

Although it is a common belief that the applicability of Noether’s theorem is restricted because La-
grangians exist only for very special types of differential equations, it has been shown in Ref. [22] that
one can associate conservation laws with symmetries of any partial differential equation using the concept
(2.2) of a formal Lagrangian.
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In general, the conservation equation is written [22] as
Dy(CY) + Dg(C?) + Dy(C®) = 0. (2.4)

Particularly, the direct application of the general conservation theorem demonstrated in [22] shows
that the components C* of the conservation law (2.4), or more concisely, D;(C") = 0, for the model in
question admitting the group in the general form

i 0 0
can be written as
i % - oL oL
c=w {81/)1 D (01/}17> JrD D (az/}wk)]
oL oL oL
iJ 1] )
where A
W =n—¢&;. (2.7)

3. Self-adjointness and formal Lagrangian

As will be shown in this section, the nonlinear system (1.17) describing the dynamics of atmospheric
motion in a thin rotating shell has a remarkable property to be self-adjoint only for certain choice of the
finite disturbances F' ().

F(0) = ksind, (3.1)

where k is an arbitrary constant. This choice is crucial for constructing conservation laws provided in
the present study. Somewhat surprisingly, the same choice of F' provides the invariant (exact) solutions
for the Navier-Stokes flows, i.e. when R, # oo. For investigating the self-adjointness, we write equation
(1.17) in the form

0+ 025+ ,u(23 =0, (32)
where
sin 6

= g coS O + Y9 sin b + ¢t¢¢> + — o Ve, (3.3)
2 = < ) F(0) — gL, F, (3.4)

_ 1 Vg
023 = Yooy + oy cot O + —5—Vgge | Yo — | L1tvg + —5- | (3.5)

sin” 6 sin” 6

in which the Sturm-Liouville operator L, for the associated Legendre functions is given by formula (1.19).
Then, using notation as in Ref. [22], the adjoint equation to Equation (3.2) is written as

QF + 25 + 2 =0 (3.6)
v S(we) 5w ) 5w )
wiziy w9 wizss

2 = r = = .

1 (5’¢ 9 2 (Sw ) 3 5,(/} ) (37)

where w is a new dependent variable. By definition of the variational derivative §/d1), we have, e.g.

27 = D:Dg(wcos ) — Dth(w sinf) — DtDi (ﬁ) — D, (Szloew)
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and so forth. Working out the differentiations, we obtain

sin @

Wipep + R

1
2] = — |wig cos O + wigg sin 6 + o —— Wy
It is manifest that letting here w = 1 we obtain 27 = —(2; and (25 = —(2» holds when w = ¢ if and
only if the function F(6) solves the equation

dF
@ = Fcot 07 (38)
i.e., if F(0) is given by (3.1).Finally, the reckoning shows that the equation 25 = —23 holds when w = .

To summarize, Equation (1.17) is self-adjoint (i.e., the adjoint equation (3.6) coincides with equation
(3.2) upon the substitution w = 1) provided that F() has the form (3.1).

Solution of the determining equations shows that the maximal symmetry group admitted by the
equation (1.17) with F(0) given by (3.1), and two parameters p and Ry # oo is generated by the infinite-
dimensional Lie algebra spanned by the following operators:

0 0 0
X1 =— Xy = — Xy =~(t)— 3.9
1 ot ’ 2 a¢ ; 3 ’7( )aw ) ( )
X4 =2R, t8 8 + ([1 + 2Rok] cos 0) — 2 Rw)g (3.10)
4 = oM ot a¢ 0 2227 31/} 3 .
. 0 cosf t 0
X5,usm(¢)+>86+ 9C08<¢+2R0>8¢
sin 6 t 0
— | F(0 i — | — A1
< ()+2R0)Sm<¢+230>3¢7 (3.11)
t 0 cos t 0
X = — | — — i ) =
6 = ficos <¢+ )aa Mg ™ <¢+2RO> 96
sin 0 t 0
— [ F(0 — ) — 3.12
(r0+ 550 )= (44 575 g (342
where «(¢) in the operator X3 is an arbitrary function.
For the purpose of our work it is convenient to rewrite equation (1.17) in the form
. 1
A= {1/1,59 cos 6 + 99 sin 6 + o ?/Jtdm} + (3.13)
L + 2k | gy sind + k | 1gg cos 0 + 1gge sin 6 + Voso +
Ry sin 0
¢
n )
_ 2 cos
0 (COt Ooo + Voge + W(.Wg Yo _ —3 ) =0
sin“ 6 sin® @

Recall that L is the formal Lagrangian for equation for (3.13) and that it should be written in the
symmetric form which, for the case of arbitrary F (), was calculated in [17] as

1 1 1 1 1
L=v [2%0 cos ) + §¢0t cos 0 + g%ee sin 6 + §¢9te sin 0 + §¢99t sin 6
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Vipg | Vote | Yogt | sinb
3sinf  3sinf  3siné Ry

Yo+

cot Oy cotbug  Vegy  Yage  Veos  Vepo
( 5 t—5 T 3 T3 t-5 +Sin2w)[F(a)—uwe]—LF(H)%—

g 2cos b Voo Yoo Yoo ) ]
6040 + Y000 — — g — + '
1 (CO Yoo + Yoo sinZ 0 sin3 0 et 3sin260 @ 3sin2f  3sin’d (G

Since we are interested in the nonlinearly self-adjoint case, we now consider the case when F'(6) has the
form (3.1). We let v = 1) due to the self-adjointness of equation (1.17) and obtain

L=y {COS f (o + or) + (%99 + Yoro + Yoor)
1 . k cos 9 Yigp + Vot + Voot
+ <Ro+2k> g sind + (og + Vo) + 35 0 +

ksmﬁ

k
(Yoo + oge + Vpoe) + sin 0¢¢¢¢+

it <C0t 4 <we¢ + 1g0)

2 n%é

v 2cosf Vopp + Yoot Vs )}
t 0 -2, ’
Hg (CO Voo Voo sin?f  sin®@ Voo + 3sin” f

+ 3 (wew + Yogo + Yoge) + ¢¢¢¢ )

4. Calculation of conserved vectors

We calculate in this section all conserved vectors associated with the Lie point symmetries of equation
(1.17). Using notation ! =t, 2% =0, 2® = ¢, we write the conservation law for the vector (2.6) in the
form (2.4). The conserved vectors have been computed using the package MAPLE.

4.1. Conserved vector associated with X3

We begin with finding all components C*, C? and C? of the conservation equation (??) associated with
the symmetry X;. Following notation in Ref. [22], the component C! of the conserved vector is referred

to as the conserved density. Here W = —1); and the computation gives the conserved vector with the
components
= Pgthrg sin 0 + ¢¢>¢t¢, (4.1)
I
C%, = — (uthuo + Yo + kibiibos + kiphiog) sin O+ (4.2)

w [Vihgibios — W/&WM + cot 0 (Yetho — Yiibegy) +

sin 0

(Vhgthipg — wwtww)]

sm 0

C;’(l = @Wft

('l/)twtcﬁ + Pug) — (4.3)

k {(21#1/% — o) sin 6 + ﬁ (Vehgp — Vg + w¢t¢¢)] +

|:¢¢t¢009 — VPothion + (wwt%e — YPotheg) +
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2 0
g (Vrtoag — Vgtas — inie) - SCO‘“’ wwtw}

It is shown in [17] that the conserved density (4.1) is trivial, namely it can be written in the divergent
form

Ck, = —vA+ Dy (O) + Dy (), (4.4)
where A is defined in equation (3.13) and

O = Pihig sin 0 + kyprpgg sin 6 — (1/)1%1/199 + cot Orpg)y — %5 9>

1/”/%45 - 2 . L 2 _ﬁ 2 .
?= sin 0 + 2R0 k) ¢Tsing + 25in 6 (2¢¢¢¢ 1%) 2¢9 sin 64

cos

{Wﬁe%e + — (2¢¢0¢¢¢ — 2Phgthoy — o] + cot By + 1/”/&4

Therefore one can nullify Cl by transferring the terms Dy (©) and Dy (2) into Cg(l and C% , respectively.
As a result, we first obtain

C%, =C%, +D:(0) = Dy (uﬁg) ) (4.5)

Ck, = Ck, + D (@) = Dy (—p®), (4.6)
where

B = —ion — cot Ot + o ! = (200t — 200 + V03

It follows that the vector (4.1) - (4.3) is equivalent to the trivial conserved vector
C = (—v4,0,0).
2. Conserved vector associated with X,

For the symmetry X5 from (3.9) we obtain

Cx, = o (De (g sin ) + gﬁg) _ “n

2

1, .
D, lzz/}g sin g — o= 9] Dy (Ygthg sin6) .

Calculating further we see that the conserved vector has the form

Cx, =0,

Ck, =Dy (®),
C%, = —Dy (D) — A,

where

(V8 —Yesteth  cosOeths  Ytstes | VEIvs  2Utetes
45_”( 3sm20  2sm@ 3 T3 T 3 -

*1/”% cosf + - (k%% — 2kpgg — 31hhig) sin 6.

Hence the symmetry X5 provides the tr1v1al conserved vector
(0,0, —A).
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4.3. Conserved vector associated with X3

For the symmetry X3 we obtain the following nontrivial conserved vector:
Cx, =0

C%, =7 (1) [N (_ iﬁéqg) — gibes — cot 9%1%) + g sin 0 + kibgy sin 9} \

C%y =7 (1) [u (ffﬁ?

For this vector the conservation equation is satisfied in the form

+ Ygtbge + cot 91/)3) + ﬁ (Vrg + ktbgpg) + (1;0 + 2k> 1 sin 0} .
Di(Cx,) + Do(Cx,) + Dy(C%,) = 7 (1) A.

4.4. Conserved vector associated with X4

The symmetry X4 provides a nontrivial conserved vector. Namely,

Cx, = |sin@ (1 + 2Rok) vy + 2uRg (vg + vi) + utRo (vg + vi)t] sin 6, (4.8)

The conserved density (4.8) can be reduced to the form
1 2 :o2 2 L5
Cx, = (1 +2Rok) Yy sin” 0 + 2Ry | Yy sinb + @1% (4.9)

because
ptRy (v +v3), sin 0 = 2ut Ry [Dp(t0) + Dy (1) — tA],

where © and @ are the same as in equation (4.4). For C%, and C%, we obtain
Ck, = MRy (Ygthag + cot Ogthgg) —

Yoty

w 4Ry (kog + i) sin b + (2Rok + 1) ( + Yy thog cos 9)] + (2Rok + 1) (3194 sinf cos 0) ,

CL = 4 Rot <¢9¢99+00t9¢9 wf?;%

4R
4 {_Sin(é)’ (kYgp + ip) Y +

b3 ¢2
(2R0kj + 1) (Sln (’(/ngﬂ(ﬁd, — ¢¢w9¢) 9 2’(/} Sll’l 9)

Ve
sin 0

1
+5 (2Rok — 1) 2 sinf| +

(2Rok + 1) |:k1/19 (1 — sin® 9) + cot 0 (kgy + rg) + <<2k + R1> ¥+ kw99> sin 6 cos 9} .
0

In this case the conservation equation (2.4) has the form
Dy(CX,) + Do(C%,) + Dy(C%,) = ((2kRo + 1) cos § — 4uRoy)) A

10
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5. Conserved vector associated with X5

Considering X5 we obtain the conserved vector

1
0)1(5 = <k + 2R> (1psinb cos O — gy) sin T, (4.10)
0

The conserved density (4.8) can be reduced to the form

cos 0

Ck, = 1 (YpcosT + sinT) [— i ¢¢¢¢¢ —y (Vpogp — ot — Yotege) +

cot 0 (Ypther — Yotos) + Yetbess — Yotboss] +

</€ + 2;) (Sln0¢¢w¢¢ + (Y90 — Yotoge) sin 9) sinT—p (Y cosT + P sinT) Lull@ (kvgse + Vtop) +

((k + 2;) 204 + kogg + ¢t90> sin 6 + (kgg + o) cos 9] +

sinf | k + 1 kg cosOsinT — (kibgy + i) sinfsint — Lw cosfcosT|,
2Ry 2Ry

3 _ M
X5 7 sing

1\? 1 ¥
(k;+ 2R> )y COST + (k:—i— 230) (2R0 (1 — 2sin? 9) — kw¢¢> sin 7,

(k + 2]1% ) [orpy cos T — (Ypthoy + Yothee) SinT] +

where ¢
T=¢p+ — 4.11
2R0 ( )

The conservation equation (2.4) has the form

Dt(C}(S) + DQ(C?(S) + D¢(C§(S) = —p(PsinT 4+ Py cosT) Dg (A) —

p(YgsinT + gy cost) + | k+ L sinf@sinT| A.
2Ry

4.6. Conserved vector associated with Xg

Finally, using the symmetry Xg we obtain the similar conserved vector:

1
Cx, = (k + QR) (g sind cos @ — 1hyge) cos T, (4.12)

The conserved density (4.8) can be reduced to the form

Cx, = 1 (Vg sinT —1hcos) {2 cos6
sin

Yo og t 57, (%m — YpWass + Volsss) +

cot 8 (Voros — Vetbeg) + Vetbegs — Vetess] +

M (k + 22) ( ¢¢¢¢¢ + (Yphoo — Yotbey) sin 9) cos T+ (g sinT — 1P cos T) [511110 (kYpos + Vios) +

((k + 2;) by + ktbans + wwe) sin 6+ (ko + trs) cos 9] +
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1 1
sind ( k+ — ) | =51 cosfsinT + kip, cos 0 cos T — (kiboy + 1ig) sinfcos 7|,
2Ro /) |2Rg

Cg’(e e (k + 2;(}) [Vorg sinT + (Yptag + 1ethpg) cos T] —

sin 0

1\? 1
(b 3my) e+ (k4 5, ) (g, (- 260°0) v ) s

where 7 is defined by (4.11).
Correspondingly, the conservation equation (2.4) has the form

Di(Ck,) + Do(C%,) + Dy (C%,) = (g sinT — v cost) Dy (A) +

e (Popsin T — 1hg cos ) — k—l—L sinfsin 7| A.
2R,

5. Applications

As an illustration to our calculations, the remainder of this article is devoted to discussion and visualiza-
tion of the particular conserved densities C§ and C given by (4.1) and (4.8) respectively. As shown
in our recent work in Ref. [15], the two exact nonstationary solutions for the nonlinear model (1.17) in
the limiting case R. = oo (non-viscous fluid) can be written in terms of the stream function ¢ for an
arbitrary disturbance F (6) as

m_cosé HE a e | 0 1
P SR, p +t+t ntan g, (5.1)
[Q]ZCOSH_H(G) 14’))\ 59
v A (), (5.2)
where Lo
A=sinfcost and @ (\)=c; +coln 1;7/\, (5.3)

in which 7 is given by (4.11) and ¢; and ¢ are constants that are determined from the boundary conditions.
Namely, as has been discussed in Ref. [13] the solution for the truncated spherical layer

So={(0,9): 0y <0 <m—0y 0<¢<2r}, (5.4)

were defined on the closed interval 8y < 6 < m—6) for 6 < 6y < w/2 is subject to the boundary conditions
¥ (0p) =9 (0p) = (m — b)) = ¢ (7 — Oy) = 0 meaning that components of the velocity vector vanish at
the regular end points of the domain. Since § = 0 and § = 7 are singular points of the interval 0 < 6 < m,
the solution v (f) for the complete sphere with the singular end points is defined on an open interval
0 < 6 < 7 satisfying the boundary conditions lim (6) = lim () = lim sin ¢’ (6) = lim sin¢’ (6) =0
0—0 0—m 0—0 0—m
meaning that the components of the vorticity
0 (sinfvg)  Ovg

00  9¢
vanish at the singular end points of the domain. Without loss of generality, the spherical layer Sy is
truncated symmetrically at the two rings located in the northern and southern hemispheres so that the
velocity components and pressure terms associated with the invariant solutions (5.1) and (5.2) are free
of pole singularities in Sy. Additionally, for the purpose of visualization, the singularities of the function
@ (\) and its derivatives were removed artificially by replacing the values A = 1 by A = 0.999. Also, since
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we are interested in nonlinear atmospheric modeling, without loss of generality, we further set p = 1. We
remark that if F/(0) is given by (3.1) with k = —1/2Ry, i.e. if
sin 6

F=—-——— 5.9
S (55)

then the both invariant solutions ¥* and 12 given by (5.1) and (5.2) of the Euler equations (i.e., when
R, = c0) are also exact solutions of two-dimensional Navier-Stokes equations (i.e. when R, # 00). The
latter fact follows from direct calculations. Namely, one can check by direct differentiating that if F' is
given by (5.5), then the both solutions Yl and ! are also the solutions of the coupled equations

2cos 0 0
Agvg— —8_ _ ZCBEC% (5.6)

Vg 2cos§ Juy

Agvp — —5— + — =0, 5.7

e sin?@  sin?6 0¢ (5.7)
which represent the ”viscous corrections” in equations (1.13) and (1.14) in the case when R, # oc.

We further consider the particular case when F' is given by (5.5), for which the corresponding velocity

il 1]

components (Ue g ) associated with the stream function ¢ (i = 1,2) are

C2

1l — p. 1] _
v =0 Y = rang (58)
o 20 EN. e o
v} __zf(l—)ﬂ)bln(qs—i_?R())’ Vs =TT cos0c0s<¢+2R0). (5.9)

For the purpose of visualization of the conserved densities associated with the invariant solutions !l
and Y2 | the color ranges in Figures 1 and 3 were manually selected to avoid extreme values near the
polar caps that would cause the plots to appear uniform. In actuality, these manually selected color
ranges correspond to a condensed subset of data. By using these condensed ranges, the visualizations are
better able to convey the dynamical behavior of the model, which is the main purpose of those respective
figures. The value Ry = 68.4932 has been chosen for the following reason; for a typical atmosphere, we
can choose the characteristic velocity and length scale to be ¢y ~ 10 m/s, and 79 ~ 103 (see also Table
I in Ref. [35]) so that we have 1/R, ~ 0.0146. A small Rossby number Ry signifies a system which is
strongly affected by Coriolis force while a large Rossby number signifies a system in which inertial and
centrifugal forces dominate. As is seen from the analysis in this work, our model is related to the second
situation of the large Rossby numbers.

Figure 1 illustrates the conserved quantity 0)1({1] (¢ =1,2) on the truncated spherical surface Sy cor-
responding to the invariant solutions 1! (upper panel) and /2 (lower panel), given by (5.1) and (5.2).
These densities were plotted at different increasing values of time, ¢, to show their convergent behav-
ior. Figure 2 is used to illustrate the convergent behavior of C)l(’l[l] and C)151[2] and is comprised of two-
dimensional plots of the latter conserved densities vs 6 at the same values of time used in Figure 1. The
convergence of 0)151[1] and C’;f] is manifested in Figure 2 by comparing the scales, e.g. in panels (a) and
(d). Note that for the spherical plot in Figure 1 and all spherical plots that follow, the color scale has
been manually selected to produce a clear visualization of the behavior of the solutions.

1[i], we observe the divergent behavior of the conserved density C’;(’f] as shown in

Figures 3 and 4. It is also remarkable that the density C)l(’iu is a steady state solution (and actually 0)154[1}

= 0) for the given choice of F (6), which is clearly shown in the first row of spheres in Figure 3 and the
(2]

4

In contrast with C)l(’

blue circles in the subplots of Figure 4. We also observe that the conserved density C’;(’
this steady state solution with increasing time.

diverges from
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t=4 t=8 t=15 t=20
t=4 t=8 t=15 t=20

L[]
1

FIGURE 1. Snapshot showing the asymptotic convergence of the concerved density Cy

associated with the first invariant solution ¢! (upper panel) to the energy density C;(’F]

associated with the second invariant solution 2! (lower panel) plotted on the truncated
spherical surface Sy at different values of time ¢ for the case.
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il

1@

t=4

25

8005 gyoToED

SESEel R

t=8

0.5

25

0.5

(b)

r = o!
’ SSERRREER=<1 ()
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FI1GURE 2. Asymptotic convergence of the densities C)lélp] (black dashed lines) and C)l({l]
(blue circles) shown as a two-dimensional plot versus 6 for several values of ¢ € (0, 27).
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t=10 t=700 t=1500 t=5000
t=10 t=700 t=1500 t=5000
Py
[ Y o \' \'
A Y > 4

FIGURE 3. Snapshot showing the asymptotic divergence of the densities C)l(’il] (upper

panel) and 0;54[2} (lower panel) plotted on the truncated spherical surface Sy at different
values of time ¢.
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FIGURE 4. Asymptotic divergence of the densities C;(’F] (black dashed lines) and C;(’F]
(blue circles) shown as a two-dimensional plot versus 6 for several values of ¢ € (0,27).
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6. Conclusion

The present study is devoted to calculation of conserved vectors and understanding their asymptotics
for the nonlinear model describing nonlinear nonstationary flows on a rotating spherical surface. The
model involves finite disturbances that are superimposed to a zonally averaged mean flow having only a
latitude dependence. In terms of atmospheric modeling, the exact solutions discussed here are used to
describe physically relevant zonal flows. As has been discussed in [11] and [4], under the assumption of
no friction, and a distribution of temperature dependent only upon latitude and altitude, the presence
of the Coriolis force creates a cyclonic rotation around the poles, i.e., west-to-east winds. The special
attention in this letter was given to analyzing and visualizing the conserved densities C! associated
with some of the known symmetries. Particularly, it has been illustrated that the asymptotic behavior
of the conserved densities can differ greatly depending on the selection of symmetry and the choice of
the invariant solution. However, the only choice for the function F (6) has been made in our work.
Additionally, for the purpose of illustration, the singularities associated with the invariant solutions were
removed artificially by truncating the spherical layer at the two rings located in the northern and southern
hemispheres so that the velocity components and pressure terms associated with the invariant solutions
are free of pole singularities.

From mathematical standpoint, the velocity and the pressure terms are unbounded in the neighborhood
of the pole. Unbounded terms are common in equations posed in spherical coordinates and it introduces
a host of computational problems that are collectively known as the “pole problem” (see e.g., [31] for the
nomenclature). The treatment of the geometric singularity in spherical coordinates has for many years
been a difficulty in the development of analytic and numerical simulations for oceanic and atmospheric
flows around the Earth ([5],[6], [7],[9]). The common results on computational experiments (see e.g., [5];
[23]; [35] and [32]) seem to provide credible evidence to support the assertion that singular solutions to
the shallow water equations may exist on a stationary sphere. They also suggest that singular solutions
are less likely on a rotating sphere. However, the experiments conduced up to the date are not sufficiently
extensive to support any credible assertions about the existence or nonexistence of singular solutions to
the shallow water equations on a rotating sphere. Even less is known about singular terms used on a
spherical surface. The results of the forthcoming studies will appear elsewhere.
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