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A series of numerical experiments on the forced two-dimensional turbulence on a rotating sphere
were done to investigate the formation processes of zonal band structures and their sensitivity to two
experimental parameters of the rotation rate and the forcing wave number. A high-resolution
barotropic full spherical model of T199 truncation is used with a homogeneous and isotropic
formulation of the vorticity forcing function. Three different flow regimes are obtained and one of
them is a new regime previously unknown. In the cases of no rotation, a very large flow pattern is
obtained as a result of the upward energy cascade to the lowest wave number. The pattern
irregularly fluctuates with time. A zonal band structure that consists of alternating easterly and
westerly jets becomes dominant with an increase in the rotation rate. The alternating jets, which are
robust and persistent, are already formed to be discernible in the very early stage of the time
integration. The width of the jets decrease and the number of those increases as the rotation rate
increases. The upward cascade of the disturbance energy ceases owing to the effect of rotation
around a characteristic wave numbey at which the "8 term” is comparable to the nonlinear
Jacobian term. Scale separation between the scale of cascade arrest and the forcing scale allows a
systematic alignment of the vortices elongated by the shear in the zonal mean zonal flow, and such
an alignment maintains the zonal band structure. When the forcing wave number is small and the
rotation rate is large, the band structure is confined in high latitudes yielding a circumpolar vortex
with a strong easterly jet, and a wavy structure dominates in middle and low latitudes. This is the
new flow regime that is found in this study. Any systematic phase relation is not established in these
latitudes because the phases are scrambled by the forcing due to the insufficient scale separation,
therefore, the alternating zonal band structure does not emergel99® American Institute of
Physics[S1070-663197)02107-7

I. INTRODUCTION isotropic and a zonal band structure that consists of alternat-
ing easterly and westerly jets emerges owing togreffect.

plane, Kraichnahand Leitt theoretically predicted the en- Another numerical experiment on decaying 2-D turbulence
ergy spectrum that has two power lawskoF in the normal ~ On @/ plane was performed by Holloway and Hen(_zlerﬁwtt
enstrophy-cascading range and kf53 in the upward to |nve§t|gate the validity of their Cl_osure model, which is an
energy-cascading range. Since then many numerical eXpe,@_xtensmn of the turbulence “test-field model” proposed by
ments have been done to examine several aspects of the 2ifsaichnan® They showed that the flow field has a strong
turbulence theory=> One of the most remarkable features of Zonal anisotropy in the range kfsk;=/Z, whereZ is the
the flow field obtained in the numerical experiments is the'ms vorticity. Later, Shephettnumerically studied the 2-D
emergence of isolated coherent vortices in decaying 2-Durbulence on g plane under the existence of an imposed
turbulencé. Characteristics of these coherent vortices havdarge-scale zonal jet. He showed that the disturbance energy
been investigated in detail using a surprisingly high-is transferred into the range éf<k; owing to the shear-
resolution model with 10Z4grids’ induced spectral transfer, and that the disturbance flow field
A geophysical application of the 2-D turbulence theorybecomes meridionally anisotropic in this low-wave number
was first done by Rhinswith a numerical model on # range.
plane to investigate the effect of the rotation of planets on the  Maltrud and Valli$? numerically studied the forced 2-D
2-D turbulence. He showed that the upward energy cascad@rbulence on a3 plane with a high-resolution modé256
ceases roughly at a characteristic wave numbgr or 512 grids) under recent advanced computing facilities. In
=VB/2U, whereU is the rms velocity ang the meridional  their experiments, coherent vortices become weak while an-
gradient of the Coriolis parametdér The conversion from isotropy of the flow field increases as the strength of he
turbulence into Rossby waves takes place around the wavgiect increases. Moreover, Vallis and Maltfédhowed that
numberk. He also found that the flow field becomes an-yhe ghtained zonal band structure is extremely robust and
persistent, and that the meridional scale of the obtained zonal
ACorresponding author. Current address: Disaster Prevention Research jets becomes small as the strength of theffect increases.
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these experiments, the westerly jets are narrower and sharpérMODEL AND NUMERICAL EXPERIMENT
than the easterly ones. This asymmetry between the westerly niodel description
and the easterly jets has been studied and discussed by Mar-
cus and Leé® A recent review on the basic dynamics of jets
was given by Rhine¥

The nature of the 2-D turbulence in spherical geometry 57 1 2Q 9y
is interesting because of the finiteness of the domain without ¢ ¥ 32 IO+ aZ N Ftv
any artificial lateral boundary, in addition to a possible ap-
plication to planetary atmospheres. Williatheid a series of Where#(x,,t) is a streamfunction fieldj(\, u,t) :Vz‘ﬂ:
numerical experiments on the forced 2-D turbulence on &OrtiCity, A: longitude,u: sine latitudet: time, V2 horizon-

rotating sphere, and he reproduced a zonal band structul;gI Laplacian,J(¢,{): horizontal Jacobiar: radius of the

similar to that of Jovian atmosphere for experimental condi-Sphere’Q' rotation rate of the sphere; kinematic viscosity

i iate to Jupiter. H th tational d coefficient, andF(\,u,t): vorticity forcing function. The
lons appropriate o Jupiter. However, the computational d0oge g term of the viscosity terfne., 262) is necessary to

main was resricted tgs of the entire sphere under the as- satisfy the conservation law of the total angular momentum.

sumptions  of longitudinal ~periodicity and equatorial  For the forcing functiorF, a random Markovian formu-
symmetry, and the forcing function he adopted was not isotation is used as in Lilly and Williams?*’

tropic. Hence, the obtained band structure in the flow field

might be influenced by the assumed boundary conditions and FONp, JAD=RF(\, p,(j—1)AD)

the anisotropic vorticity forcing. Another numerical experi- + \/ﬁzf:(x,ﬂ,jm), )
ment on the forced 2-D turbulence on a rotating sphere was

done by Basdevargt al'® to investigate the predictability WhereR is a dimensionless memory coefficigfit=0.98 as
properties of the flow field. In their experiments, however,in Williams'), and F is a randomly generated vorticity
the obtained flow field did not show such a strong zonality a$0Urce at every time step. The random vorticity source func-

Two-dimensional nondivergent flow on a rotating sphere
is governed by a vorticity equation:

V2t E)é N
a?) s’

that of Wl"lamsl7 tion is as follows:

A few years ago, Yoden and Yamadalid a series of R ngtdn ono
numerical experiments on the decaying 2-D turbulence on a F(A,u,jAt)= _2 N Z FR()YmN,m), 3
rotating sphere to investigate the effects of rotation and sphe- AN g

ricity. They found an easterly jet in high latitudes for large A -
Y Y v . g whereF(j) is an expansion coefficient & with spherical

rotation rates under the existence of Rossby waves. The inj- ! i
. . . . . y harmonlchnm()\,/L). We set the amplitude and phase of the
tial flow in their experiments has a maximum of energy spec-

lativelv | b 4 with coefficients randomly at every time st¢pn order to con-
trum at a relatively low wave number=10 compare Wt struct a homogeneous and isotropic forcing. The forcing is
that of the forcing 6~50) used by Williamg! so that the

! . ) given in a narrow range between—An andn;+ An with
energy transfer in their decaying turbulence may be largel\n=2 and the rms amplitude is held constant |

different from that in Williams’ forced turbulence. Recently, —\/(F2) in each run, wher¢ --) denotes the spherical aver-
Cho and POlvaﬁP did a series of numerical eXperimentS on aage_ Figure 1 shows an examp|e of the forcing field at a

shallow-water decaying turbulence on a rotating sphereparticular time step witm;=40.

They obtained zonal band structure with strong easterly flow  The vorticity equatior{1) can be nondimensionalized by

in the equatorial region, and this equatorial jet becomegaking the radius of the sphere as a length scale and the

strong as the Rossby deformation radius decreases. reciprocal of the rotation rate of the sphere as a time scale:
In this paper, we perform a series of numerical experi- o o

ments on the forced 2-D turbulence on a rotating sphere. On X+ (g, ,g*)+25—)\*:aglF* +Re V2 +2)¢,,

the subject of the forced 2-D turbulence in the spherical ge- * (4)

ometry, there has been no study aiming at a sweep in param-

eter space. Hence, this is the first step to investigate the sewhere the subscript denotes that the quantity is nondimen-

sitivity of the formation process of zonal band structure toSional, andvg=0?/||F|| and Re=Qa*» are two dimension-

the rotation rate and the forcing wave number. The model€SS numbers. Note t[‘f‘t the forcing functiéris nondimen-
and experimental procedure are described in Sec. Il; th lonalized as",, =||F|" °F. Equatlon@) means.that th.e f.IOW
framework of the experiment is close to that of Williahis, that has the same values afy(,Rey) is dynamically similar

. . o . . if the forcing wave number is unchanged in Eg).
but the numerical simulation is done in a full spherical do- In Eq. (1), thus in Eq.(4), any sort of large-scale dissi-

main and a homogeneous and isotropic formulation of the,,ion s not introduced because such a dissipation may af-
vorticity forcing function is used. Results are given in Sec.fgct the dynamics in undesired ways. The main problem with
IIl, where the obtained fluid motion is categorized into threepgt ysing any large-scale dissipation is that a final equilib-
groups and one of them is found to be a new flow regime. Ajum state can be hardly reached. The equilibrium state
discussion is presented in Sec. IV, and conclusions are prenight be reached in the spherical geometry because it is a
sented in Sec. V. closed domain. However, it requires very hard computations
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mation are 600 in longitudes and 300 in latitudes. Equation
(1) is integrated from an initial condition of zero velocity
field. The Runge—Kutta—Gill method is used for the time
integrations withAt=0.05 J.day. All of the computations
are done in double precision.

Time integrations are halted at 1000 J.days, although the
total energy at that time is not more than 5% of the estimated
energy in the final equilibrium. However, the integration pe-
riod of 1000 J.days is long enough for the formation of zonal
bands, as will be shown in Fig. 3; the zonal band structure
has already been established by that time, although the inten
sity of the jets continues to increase gradually. This work is
fundamentally aimed at investigating the formation process
of such a zonal band structure.

Table | gives a summary of 18 experiments that will be
reported in this paper. We perform three series of the experi-
ments with the forcing wave number af=20, 40, or 79.

L - B N For each forcing wave number, six values of the rotation rate
ntorvl s 25¢10 1 and negative areas are denoted by coted fines 7€ Ch0SeN(/(2,=0.00, 0.25, 0.50, 1.00, 2.00, and 4.00.
The zero contour has been deleted. Orthographic projection is used with thEhe sphere ha&/(); rotations par unit J.day. The rms am-
cer:ter atn=0° and ¢=0°. Meridians and parallels are drawn for every plitude of the forcingj|F|| is determined by a method of trial
s0*. and error to obtain a similar value of the kinetic energy av-

eraged over the spherg€2.45x10° m?s ?) in the cases

to achieve the equilibrium state, so that it is practically im-°f N0 rotation, and the amplitude is not changed for the runs
possible with the state of the art computing facilities. with the same forcing wave number. Two dimensionless
numbers Re and a¢ in Eqg. (4), are also listed in Table I,
except for the cases without rotation, in which cases the non-

Numerical simulations are done for EL). The radius dimensionalization witlf) " is not appropriate in these runs.
and the rotation rate of the sphere are set to those of Jupit&ior each n¢, six points on the curve of ag
just for a geophysical referenca=7.00<10’ m and @  =||F|"*(»/a®? Re are chosen for the parameter sweep.
=(,;=1.76x10 *rad s¥. Timet is measured by a Jovian The sequence of random numbers for the vorticity source
day; 1 J.day: 27/ ;=3.57x 10" s. The kinematic viscosity ~function is unchanged for all the experiments.
coefficient of »v=5.00x10° m*s! is adopted as in Table | also shows some characteristic quantities that are
Williams.}” A pseudospectral method with a triangular trun- obtained from the flow field at 1000 J.days. The kinetic en-
cation of T199 (<199=N) is used for the computation of ergy # and the enstrophy’ are determined internally and
the advectior{Jacobianterm; grids for the spectral transfor- have different dependence on the experimental parameters

B. Numerical experiment

TABLE |. Summary of experiments. The column headings are given in the text.

IF| & o
Series Runno. n; Q/Q, (s) Re: ag (m?s7?) (s) Ro Re Group ng
1 0.00 2.46x10° 2.29x107 1 1.45x< 10° A
2 0.25 43X10° 247107 2.34x10° 2.95<10° Y% 354 1.2%10° B 5.95
3 0.50 12 8.6X10° 9.87x10® 2.23x10° 3.40x10°% 1.94 1.0 10° B 8.51
I 20 7.85x 10 o
4 1.00 1.7%10°F  3.95<10° 1.76x10° 3.18x10 1.06 8.8X 107 C 12.77
5 2.00 3.4%10°F  1.58x10* 8.74x10* 2.33x10°! 6.44<10°' 5.11x107 C 21.52
6 4.00 6.9x10° 6.32x10* 3.97x107 1.44x10°'! 3.76x10°! 2.96x107 C 37.06
7 0.00 2.45<10° 4.74<1071 1.01x 10° A
8 0.25 43x10° 8.88<10' 2.52x10° 5.31x10°* 458 9.7& 107 B 5.84
9 0.50 _11 8.6X10° 3.55x10? 2.45x10° 6.43x10° % 255 8.6 107 B 8.31
I 40 2.18x 10 -
10 1.00 1.7%10°  1.42x10° 2.15x10° 8.14x10 1.53 6.75< 107 B 12.14
11 2.00 3.4%10° 5.68<10° 1.98x10° 9.50x10 ! 8.63x10° ! 5.75x1C? B 17.54
12 4.00 6.9x10° 2.27x10° 1.03x10° 7.15x10°1 518<10°' 3.46x10° C 29.18
13 0.00 2.43x10° 1.36x1071° 5.89x 107 A
14 0.25 4.32x10° 247100 2.56x10° 1.49x10°° 7.62 59X 107 B 5.82
15 0.50 41 8.63x10° 9.87x10* 2.51x10° 1.56x10°° 3.93 5.6 107 B 8.27
1 79 7.85x 10 0
16 1.00 1.73x10° 3.95x10° 2.55x10° 1.93x10 2.17 5.1& 107 B 11.65
17 2.00 3.45x10°  1.58<10° 2.10x10° 1.98x10°%° 1.21 42X 107 B 17.29
18 4.00 6.90x10° 6.32x10° 1.64x10° 2.19x10°° 7.19x10°' 3.14x1C? B 25.99
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(a) 0/0,=0.00

(d) Q/QJ=1 .00

T

FIG. 2. The streamfunction field && 1000 J.days for the runs of series II. Contour interval is2l6° m? s~! and negative areas are denoted by dotted lines.
The map projection is the same as in Fig. 1.

n: and (). From these quantities, two nondimensional num-rates. The amplitude af is large in high latitudes, forming a
bers, Reynolds number Re and Rossby number Ro, are alsircumpolar vortex. The edge of the polar vortex shifts to

defined as follows: higher latitudes as the rotation rate increases. In the rest of
1 + the streamfunction field outside of the polar vortex the am-
u'L U'a . X . ; .
Re=——, Ro= TOREL (5) plitude of ¢ decreases with an increase in the rotation rate,
14

and the zonal band structure becomes unclear in middle and
whereU" is a velocity scale estimated g2# andL'is a  low latitudes for the most rapidly rotating case.(f

length scale given by TT". Here, the time scale is estimated ~ Figure 3 shows temporal variation of a zonal mean zonal
asT'=1/\2¢. The Reynolds number Re, which is the ratio ahgular momentuniM]=av1—uu] for all runs, where

of the Jacobian term to the viscosity term in Et), is very  U(\,u,t)=—(y1—ua)(dyldpn) is a zonal velocity, and
large in the range of 300—1500, thus the role of the viscosity---] denotes the zonal mean. In the cases of no rotdtian

is not very different in all the present experiments. On the#7, #13; groupd), the easterlylight blue) or westerly(dark
other hand, the Rossby number Ro, which is the ratio of thélue) flow grows in width as the time goes by, and it domi-
Jacobian term to the linear 8 term,” varies from nates over a hemisphere by 600 J.days or so. The easterly

(10 %) to (1), except for the experiments 6f=0. or westerly bands largely vary their positions with time, cor-
responding to the irregular movement of the large pattern of
Ill. RESULTS ¢, as seen in Fig. (). For the cases with rotation, on the

other hand, the alternating easterly and westerly zonal bands
are already discernible in early stagestbyl100 J.days or so,
The streamfunction fields(\,«,t) att=1000 J.days is and do not change their positions largely after the establish-
shown in Fig. 2 for six values of)/Q); in the series Il ex- ment of the band structure. They become clear and robust as
periments withn;=40. In the case of no rotatiofa), the the rotation rate increases. These zonal band structures can
streamfunction field has a very large pattern that is charade classified into two groups: one is the alternating easterly
terized by the lowest wave number2, owing to the up- and westerly zonal band structure in all the latitud&a-3,
ward energy cascade. This flow pattern moves irregularly o#8—11, #14—18; group), and the other is the circumpolar
the sphere without changing the pattern largely. For the exeasterly jets in high latitudes and weak zonal flow in middle
periments with rotation(b)—(f), on the other hand, zonal and low latitudes for the experiments with a small forcing
band structures become dominant. The zonality of thavave number and a large rotation rétd—6, #12; groui).
streamfunction field increases as the rotation rate increaseBor groupB, the number of the bands increases and their
Although details of the flow patterns change with time, thewidth decreases as the rotation rate increases. For large
zonal structures do not change, particularly for large rotatiof)(#9-11, #17—18 several mergers of westerly bands take

A. Formation of a zonal band structure
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FIG. 3. Temporal variation of the zonal-mean zonal angular momentum. The time interval is 10 J.days, and the unit of an intepvdl0lsn®5 1.
Westerly zones are in dark blue while easterly zones in light. The number in the upper left of each figure represents the run number. The figures are arranged
from top to bottom in the order of the rotation re@d();, and from left to right in the order of the forcing wave number
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90S 30S EQ 30N 90N connected by a dotted lineand for those of series IlIX's connected by a
broken ling.

FIG. 4. Time-averaged zonal-mean zonal angular momentum for the last
200 J.days. Dashed lines are zero lines. Arrangement of the curves is iden-
tical to that of the figures in Fig. 3. Bullets are plotted above or below jet
cores.

tum  [c]=V1—pXax (alop){( V1—p?la)(s[M]/dum)}
i ) , solid curvg and a zonal mean potential vorticifg]=[{]
place and the width of the bands increases during suc 20 (dotted curvg for all runs, where the overbar de-

eyents. As the time goes by, there is a _tendency that thﬁotes the time average from 800 to 1000 J.days. In the cases
width of easterly bands becomes broad while that of westerl¥Jf group A without rotation (#1, #7, #13, the intensity of

S[M] is not very large and the region of the easterly or west-

becomes narrow. For group, on the other hand, the posi-
tion of the circumpolar easterly jets shifts to higher latitude erly flow extends over a hemisphere, as seen in Fig. 3. The
urvature[ c] and the zonal mean potential vorticity] are

with an increase in the rotation rate. The width of the easterl)é
very small in all the latitudes. For the runs in groBpthe

flow becomes broad with time as in gro@p
intensity of the jets increases and the width of them de-

Figure 4 shows the meridional distribution of a time-
averaged zonal mean zonal angular momenfii, and creases as the rotation rate increases. The curvature of the

Fig. 5 shows a curvature of the mean zonal angular momenWesterly ﬂow(mgative[?]) is larger than that of the easterly

flow (positive[c]) in magnitude, and the region with nega-
el T R T I A tive [c] is narrower than that with positiviec]. Hence, the
#1 P B PP westerly jet is narrow and steep while the easterly is broad
: e and gentle. For the runs in growp, on the other hand, the
] . L4 . intensity of the easterly jets as well as that of the westerly
#2 IR #14 flows decreases as the rotation rate incredgds-6. The
: magnitude of c] is large in high latitudes while it is very
] o F - small in middle and low latitudes. For the runs with rotation
1o v :#g gt D ot in groupB andC, the zonal mean potential vorticity monoto-
- nously increases witp due to the predominance of the plan-
etary vorticity 2. The meridional gradient ¢fq] is, there-
fore, positive in all the latitudes indicating that the jets are
barotropically stable.

In Fig. 4, we place bullets above or below the jet cores to
count the number of jets in each run. The dependence of the
number of jets on the rotation rate is shown in Fig. 6. As
seen in Figs. 3 and 4, the number of jets increases @ith

g 1 Vw H except for the runs in grou@, in which the zonal-mean flow
Ed7 =y r is weak in middle and low latitudes. For the experiments
T with the same rotation rate, the number of jets is nearly in-
6. 5. Curvature of | | | sofid curve and dependent of the forcing wave numbgras far as the alter-

. o. Curvature of zonal-mean zonal angular mome curveg an H H H .
zonal-mean potential vorticitydotted curvg averaged from 800 to 1000 nating eaSterIy and WeSIerIy Jets emerge in the flow field.

J.days. Dot—dashed lines are zero lines. Arrangement of the curves is iden- Here, a Chara?teriSticgwave numh% is introduced in
tical to that of the figures in Fig. 3. the analogy of Rhinesk:

5

2.5

[c1x103 (s=1)

-5 -2.5 0

[qIx103 (s71)

 EELa m e e e s
90S 30S EQ 30N 90N
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(a) #7 0/0,=0.00 (b)) #8 0/Qs=0.25 (c) #9 0/0,=0.50

FIG. 7. Relative vorticity field at=1000 J.days for the same runs as in Fig. 2. The Lambert equal area projection from the North Pole is used, and only a
part of the northern hemisphere is shown. Meridians and parallels are shown for every 30°. The central meridian is identical to that in Fig. 2.

(B) rate is smallb), the coherent vortices get elongated zonally
ng(t)=a 2000’ (6)  in middle and low latitudes, although a coherent vortex can
be seen in high latitudes because of the weakness of ghe *“
whereU(t) is the rms velocity J(t) = V2#(t)), and(B)is  effect” in the polar region. Patches of large vorticity are also
the spherical average @ (8)= 31,8 du=mQ/(2a). At elongated zonally in middle latitudes. In the cases with mod-
the horizontal scale cd/ng, the nonlinear Jacobian term is erate rotation ratéc)—(e), the elongation takes place in all
comparable to the 8 term”, (2Q/a?)(dyldN), in Eq.(1).  the latitudes, and the alternating positive and negative vor-
Values of the wave number,; att=1000 J.days are listed in ticity bands emerge. As the rotation rate increases, the num-
Table | (the last colump For the runs in groujB, the wave  ber of the vorticity bands increases and the width of them
numbern, att=1000 J.days is small relative to the forcing decreases in accordance with the formation of zonal band
wave numberng=0.44;. For the runs in grouit, on the  structures. For largé) (f) in group C, the vorticity band
other hand, the wave numbey; is not less than 0r& .

B. Vorticity field

The relative vorticity fieldZ(\, u,t) att=1000 J.days is
shown in Fig. 7 for the same runs as in Fig(s2ries 1). In
the case of no rotatiofa), several coherent vortices emerge
in the flow field, one of which corresponds to a cluster of
negatively large patches neax,{p) = (—10°,30°). A typical
size of the cluster is larger than that of the forcisge Fig.
1), suggesting some merging processes of the vorticity i r
patches. A lot of patches of large vorticity with both signs o S o o
have a rather circular structure with similar size as that of the o o2 3 4 o 1z 34
forcing. A lot of filament structures are also seen in the rest /0, Q/Qy
of the vorticity field, indicating that the fluid motions are B , _
largely turbulent there. For the experiments with rotation”'C: 8 Vorticity kurtosis for full component&) and that for disturbance

N . componentsb) as functions of)/() ;. The line coding is the same as in Fig.

(b)—(f), on the other hand, the pattern of the vorticity field is g the averaged time is from 800 to 1000 J.days. Thin vertical bars indicate
very different from that without rotation. When the rotation standard deviations for this period.

KURTOSIS
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FIG. 9. Time—wave number section of energy spectra for typical three runs @ #710 (b), and #12(c) in series Il. The upper figures show the energy
spectrum for disturbances and lower ones for the zonal-mean components. The dotted lines indicate the forcing wavemudthear(d broken curves the
wave numben, defined by Eq(6).

structure and the elongated vortices are confined in high latincrease oKu with Q is due to the confinement of the vor-
tudes, yvhereas nearly circular vortices emerge in middle anflity band structurdi.e., the circumpolar vortexo the polar
low latitudes. . region, as seen in Figs. 2 and 7.

Figure 8a) shows the dependence of time-averaged kur-
tosisKu=(¢*)/(¢£%)?, which is a measure of the peakednessc. pecomposition into zonal-mean and disturbance
of enstrophy(or squared vorticity distribution, on the rota- fields
tion rate for all runs. In the case with no rotation, the time-

averaged kurtosis decreases with an increase in the forcir{ﬂe Ir:);g?_r'?:g;’:?:i;?gf%;ﬁig?gﬂ;y fﬁ]l.g 'ks.:(;vgeg '.';t.gn
wave numben; as shown in Maltrud and Valli¥ For these z IStU ! - IS K ISt

runs, the ratio of a dissipation wave nunfdo n, decreases is useful to investigate the formation and the maintenance of

asn; increases. Hence, it is primarily due to the dissipationZonal band structure in detail, as reported by Shephertie

effects that the time-averaged kurtokis decreases with an spectral energy equations for the zonal-mean and disturbance

) . ) . mponen re written follows:
increase im; . For the series Il experimentsi(=79), the components are written as follows
time-averaged kurtosis has the largest value in the run with-  JEz(n,t)

out rotation and it decreases as the rotation rate increases. — gr  ~ oz(Mb+Coz(n,H) +Dz(n,b), ()
This fact is consistent with the results of the numerical ex- E (1)
periments on g-planel? For the series | and Il experiments, JEp(n,t _G

— —_—= n,t)+Cyp(n,t)+ Cpp(n,t)+Dp(n,t).
on the other handKu is minimized for a certain value of the at o(MNH)+Czp(N.H)+Cop(n.) o(n.Y)
rotation rate(Q/Q;=0.25 for n;=20 and/Q,=1.00 for 8

n_f=40), for the runs with Iargetﬂ than these thresholds, Here Ez(n,t)’ ED(n’t): energy spectrum densities,

Ku increases as the rotation rate increases. FiglmesBows  G,(n,t), Gp(n,t): energy source functions, ard,(n,t),

the dependence of the time-averaged kurtosis for the distup(n,t): energy sink functions, where subscrigtsand D

bance vorticity field defined a&u*={(*)*)/{({*)?)?>,  denote the zonal-mean and disturbance components, respec-
where (--)*=(---)—[---] denotes the disturbance field. In tively. The energy conversion terms due to nonlinear inter-
the cases with rotatiorKu* is nearly independent of the actions areCpz(n,t), C;p(n,t), and Cpp(n,t). The term
rotation rate as well as the forcing wave number. Hence, th€,,(n,t) is the conversion to the zonal-mean energynof
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FIG. 10. Energy conversion functions averaged around50 (a), (d), (g), 440 (b), (e), (h), and 960(c), (f), (i) J.days for the same three runs as in Fig. 9.
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Cpp(n,t) is shifted down andCp,(n,t) up for clarity. Thin dotted lines are zero lines. Thin dot—dashed lines represent the wave noméeds 4(t).

arising from the interactions between the disturbances, rem, after t~200 J.days or so, and the distribution of it does
resenting the mean zonal flow acceleration due to the meridi¢ change largely. Hence, the upward cascade of the distur-
onal flux of the relative vorticity for the disturbance compo- bance energy ceases arounmt;. The distribution of

* 16 H H '
nents {*. The term Czp(n,t) is the conversion to the E,(n,t) is largely different from that without rotation: the

disturbance energy of arising from the interactions be- ral s of th | ticularly in th
tween the disturbance and the zonal-mean components, re?f-’ec fal components ot the zonal energy, particuiarly in the

resenting straining of* by the shear in the zonal mean OW-Wave number range of 2n=n,, begin to increase
zonal flow!! Finally, Cop(n,t) is a transfer of the distur- when the disturbance energy begin to accumulate around the
bance energy arising from the interactiofslvection be- ~ Wave numbemg. The zonal energy increases with time at
tween the other disturbance components. The terngeveral fixed components of the spectrum, consistent with
Cpp(n,t) only redistributes the disturbance energy betweerihe robustness and the persistence of the meridional distribu-
different wave numbers, so that the s®_,Cpp(n,t) is  tion of [M], as seen in Fig. 3. For the run #12 in groGp
always identical to zero. The explicit formulation of these (c), the time evolution oEp(n,t) andEz(n,t) is rather simi-
terms is shown in Appendix A. Note that the energy sourcear to that in #10(b). However, the energy upward cascade
function for zonal component§z(n,t) is set to be zero in  for the disturbance components is hard to occur because the
this study. _ . wave numbem is very close to the forcing wave number
Figure 9 shows time-wave number sections of, ence Ep(n,t) has a maximum around the wave num-

Ep(n,t) andE,(n,1) for typical three runs of #7, #10, and bern; for the whole integration period. The disturbance en-

#12 in the series Il experiments. In the case of no rotation .

: ergy penetrates into the low-wave number range of 5
(a), the disturbance energy cascades towards the lower wave d the intensity of it vari ith ti in thi
numbers as the time goes by, and the spectrum has a maxi 18 an € intensity ot it varies with ime in this range.

mum at the lowest wave number=2 by t=600 J.days or The number of the spectral components at which the zonal
s0. The zonal energy also cascades upward and the spectr@Rergy is dominant is larger than that in #10. Nevertheless,
has a peak ab=2 after that time, consistent with the time the number of jets in #12 is not larger than that in #10, as
evolution of[M] (see Fig. 3. For the experiment in group  shown in Fig. 6. In the present case of #12, the spectral
(b), on the other hand, the energy spectrum for the disturamplitude of the zonal-mean components is successfully can-
bance components has a maximum around the wave numbeelled out in middle and low latitudes by the superposition,
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so that the zonal band structure does not appear there, a (a)
shown in Figs. 3 and 4.

The energy conversion tern@&,,(n,t), C,p(n,t), and
Cpp(n,t) around three typical times ot 150, 440, and 960
J.days are shown in Fig. 10 for the same runs as in Fig. 9. In
the case without rotatio#7), the disturbance energy forced
at n; is transferred into the lower-wave number range
through Cpp(n,t) at the beginninga), and it reaches the
lowest wavenumben=2 by t=440 J.days(b). After the
intermediate stagé)—(c), the energy conversions between
the disturbance and the zonal-mean components also take
place, and they are dominant in the low-wave number range
of 2=<n=<7. The direction of the energy conversion varies _
with time largely: from the disturbance to the zonal-mean r
components owice versa and this corresponds to the tem- e 90S
poral variation ofEz(n,t) in Fig. 9a). For the case in group (b) 0/0,=1.00 Lnlanndy goN
B (#10), on the other hand, the disturbance energy forced at ?
n¢ is transferred to the wave number range aroopd and
very little energy cascades into the range sfi2<ng (dot-
ted lines in(d)—(e)) as seen in Fig. ®). At the intermediate
stage oft=440 J.dayse), Cpp(n,t) is positive arounch,
while C,p(n,t) is negative there, indicating that the distur-
bance energy accumulating aroungl is converted into the
zonal energy. The teri@y,(n,t) is positive in the range of
2<n=ng, so that the transferred energy for the disturbance
components is converted to the spectral components of the
zonal energy, particularly to those in the low wave number
range. At this formation stage, therefore, the disturbance en-
ergy is transferred from the forcing scale to the scale of
cascade arrest, and then converted to the zonal energy. At thi
last stage of the time integratioff), the term Cpp(n,t)
which represents the redistribution of the disturbance energy
is small in all the wave number range, while the energy
conversion from the disturbance to the zonal-mean compo-
nents is dominant. Thus, the disturbance energy is convertec
to the zonal energy directly from the forcing scale at the
maintenance stage. The energy conversions for the case #1 g
in group C (g)—(i) have some similar features as those for
#10, but the scale separation between the scale of cascad |
arrest and the forcing scale is not sufficient. As a result,
Cpp(n,t) has significant values, even at the last stage of the
time integration(i).

Figure 11 shows the relative vorticity field for the dis- :
turbance components* and the zonal-mean zonal angular e 905
momentum[M] at t=1000 J.days for the same runs as in -5 0 5
Figs. 9 and 10. In the case of no rotati@), the disturbance -2 -1 0 1 2 [M]x10-8%
vorticity field is homogeneous and isotropic. The vortex fila- ¢*x 1 0% (s 1) (m2s-1)
ments are elongated in various directions insensitive to the
distribution of[M]. For the experiment in group (b), on FIG. 11. Relative vorticity field for the disturbance compone(ieft) and
the other hand, the disturbance vortices are elongated by tf@nal-mean zonal angular momentéright) att=1000 J.days for the same

. . . three runs as in Figs. 9 and 10. Map projection is the same as in Fig. 1.
shear in the mean zonal flow in the whole sphere. This vor-

tex elongation with systematic alignment brings the intensi-t ified. In hiah latitud the other hand. th i
fication of the alternating easterly and westerly zonal jets,enSI 'ed. In high fatitudes, on the other hand, the vortices
clongated by the strong shear[dfl ], and the circumpolar

and corresponds to the energy conversion from the di:stur?t th | teXis intensified
bance to the zonal-mean compone@is,(n,t), as seen in et (or the polar vortekis intensified.

Figs. 1@e) and 1@f). For the experiment in grou@ (c), the

disturbance vortices have nearly circular shape in middle anB/' DISCUSSION

low latitudes, where the shear[d¥1] as well as the intensity Nearly two decades ago, Williartsstudied the forced
of it is not very large. Thus the zonal-mean flow is not in- two-dimensional2-D) turbulence by assuming a longitudi-
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nally cyclic boundary condition and an anisotropic forcingtices are systematically elongated by the zonal mean zonal
function, and he showed an impressive clear band structuriow. This systematic alignment intensifies the alternating
However, the zonality of the flow field he obtained is mucheasterly and westerly zonal jétsOn the other handy is
stronger than that obtained for similar experimental paramnearly equal to or larger tham for the runs in grouft, thus
eters using the full spherical model and the isotropic vorticitythe effect of rotation is important even in such a small scale
forcing function, as shown in Fig.(&); thus, his result is of the vorticity forcing. In this situation, the disturbance en-
more or less influenced by his assumptions. Basdevargrgy inputted around; is hard to cascade upward, and such
et al!® did a few numerical experiments on the forced 2-Da systematic phase relationship as in gr&ujs not realized
turbulence on a full sphere, but they did not obtain such alue to the vorticity forcing, which obliges the energy to have
clear zonal band structure as shown in Fig&l) 2and Ze) a random phase around . This effect is enhanced by the
because of the smallness of the rotation rate and of the irfact that the effective; is even greater at low latitudes than
troduction of low-wave number dissipation. the globally averaged value. Hence, the alternating zonal
The alternating easterly and westerly zonal band strucband structure is not established in the middle and low lati-
ture was found in the experiments on a quasigeostrophitudes.
two-layer B-plane turbulencé?* as well as in the numerical Yoden and Yamadd showed the emergence of a strong
experiments on a 2-DB-plane turbulencé® Both experi-  Circumpolar vortex with easterly jet in the numerical experi-
ments showed that the westerly flow is narrower and sharpépents on decaying 2-D turbulence on a rotating sphere start-
than the easterly. A similar difference between the westerljng from many initial flow fields with the energy spectrum
and the easterly flow is also seen in Figs. 3—5. This differthat has a maximum at a low wave number 10. The wave
ence is a common feature both olane and on a rotating Numbem; defined by Eq(6) is roughly estimated to be 7.45
sphere. Furthermore, in Fig. 3, we can see another differend@r their experiments witlf) =100, indicating that the scale
between the westerly and the easterly flows; several mergef§paration between the scale of cascade amgeand that of
of the westerlies take place but a merger of the easterliede initial flow field (n=10) is insufficient. Thus the emer-
does not occur in the time evolution. Prior to a westerly flowgence of a strong circumpolar vortex with an easterly jet in
merger, easterly flows outside of the merging westerlies betheir experiments may be due to the smallness of the wave
come wide, the westerlies become close, and then, the mer§limber where the energy spectrum initially has a maximum.
ing event occurithis is C|ear|y seen in F|g 3’ #l8ThUS, The time integration is done Only for the pel’iOd of 1000
the trigger of the merging process seems to be the broaded-days, during which time the zonal band structure is suffi-
ing of the easterly flow, which is a characteristic effect of theciently established, as seen in Fig. 3. If the simulation is
disturbances in the shear flows as shown by Shephésee  Performed for a very long period beyond 1000 J.days, the
his Fig. 22. The difference between the easterly and thelntensity qf the zonal flow may incregse gradually. Hence,
westerly flows may be produced by meridionally propagatingh€ shear in the mean zonal flow may increase, and at last, a
Rossby wave packets, which may redistribute the zonalshear instability may take place. In such a situation, no one
mean zonal angular momentum to maintain the band strud"OWs what happens and how the flow field is drastically
ture resulting in such a remarkable difference. changed. Further investigation on this topic will be very in-
The zonal band structure is formed in early stages andgresting when computing facilities become available in the
then it becomes robust and persistent for the cases with rduture
tation in groupB, as shown in Fig. 3. A supplementary ex-
periment with another random sequence for the vorticityv' CONCLUSIONS
source functior(see Appendix Bshows that the band struc- A series of numerical experiments on the forced 2-D
ture is quite robust after~180 J.days or so for a large rota- turbulence on a rotating sphere were done with a high-
tion rate (3/Q2;=4.00 and a large forcing wave numbey  resolution barotropic model, which has the term of homoge-
=79. However, the supplementary experiment also showaeous and isotropic vorticity forcing. The formation of zonal
that the position of the jets largely depends on the choice oband structures in the flow field was investigated by sweep-
the sequence of random numbers for the vorticity sourcéng two experimental parameters of the rotation rate and the
function in the very early stages, although the number of jet$orcing wave number, and a new flow regime was found with
is nearly independent of the choice. Thus, it is difficult toa small forcing wave number and large rotation rate. The
predict the position of the jets. process of the formation of the zonal band structure is stud-
In group B, vortex straining by the shear in the meanied by dividing the vorticity field and the spectral energy
zonal flow is dominant in the whole sphere, while relatively equation into the zonal-mean and disturbance components.
circular vortices are dominant in middle and low latitudes inThe difference in the formation process was discussed on the
groupC as seen in Figs. 7 and 11. This difference in the flowbasis of the degree of the scale separation between the scale
field between grou® and groupC is arised from the degree of cascade arrest and the forcing scale.
of the scale separation between the scale of cascade arrest In the cases of no rotatioftalled groupA), the stream-
ng and the forcing scale;. For the runs in grou, ngis  function field shows a very large flow pattern that is charac-
much smaller tham;, thus the disturbance energy can effi- terized by the total wave number=2 because the energy
ciently cascade toward the low-wave number range. Theascades upward to the lowest wave number. The easterly or
transferred disturbance energy accumulates aroyndith  westerly flow dominates over a hemisphere and the zonal
conserving a certain phase relationship; the disturbance vobands largely vary their positions with time, consistent with
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the irregular movement of large coherent vortices in theAPPENDIX A: DERIVATION OF THE SPECTRAL
streamfunction field. In the vorticity field, a lot of vorticity ENERGY EQUATIONS

patches with circular structure are dominant, the size of
which is nearly equal to that of the forcing.

For the experiments with rotatiofgroup B), a zonal
band structure that consists of alternating easterly and we
erly jets becomes dominant in the flow field. The width of
the jets decreases and the number of them increases as W]
rotation rate increases. The band structure is already discern-;~ + ;2 [I(y*.0")]
ible in the early stages of the time integration from the initial
condition of no flow field, and it is robust and persistent for v
the integration period of 1000 Jovian days. The easterly jets =[F]+ a2
become broad and gentle while the westerly ones becomeg* L L
narrow and sharp. In the vorticity field, patches of large vor-9 " . %
ticity are elongated by the shear in the mean zonal flow, andat a2 DLyl &)+ LD+ 22 397,87
the vortex elongation with systematic alignment brings the
intensification of the alternating easterly and westerly zonal — _ * ok 2Q ay* %

[IC™, 01} + =F*+v

Dividing ¢ and ¢ into zonal-mean and disturbance com-
ponents and taking a zonal mean of the vorticity equation
S@_nd a deviation from that, we can obtain the following equa-
tions for the zonal-mean and disturbance vorticity:

(<1, (A1)

1—pu? a)+2
W( M)(m

jets. a’ o

For the experiments with small forcing wave numbergpq o) energy equations for the zonal-mean and distur-
and large rotation rat@groupC), the zonal band structure is bance components can be obtained by expanding each term

confined in high latitudes with the emergence o.f.a circum-of Egs.(AL) and(A2) with spherical harmonics, multiplying
polar vortex with a strong easterly jet. The position of thethe complex conjugate of an expansion coefficient of the

circumpolar easterly jets shifts into high latitudes as the rOgtreamfunction, and, for the disturbance components, sum-

tation rate increases. Outside of the polar vortex, mean Zon%ing them with respect to a zonal wave numbeexcept for
flow is weak westerly in middle and low latitudes, and nearlym: 0

circular vorticity patches are dominant in the vorticity field.

The difference in the formation process of the zonal  JEz(n,t)
band structure between grodp and groupC may be ex- ot
plained as follows. For the runs in grol the effect of
rotation is very weak at the forcing scale, thus the inputted JEp(n,t)
disturbance energy is transferred toward larger scales. The at
upward cascade of the disturbance energy ceases around a (A4)
characteristic wave numbey; at which the "B term” due o The exact representation of each term is written as follows:
planetary rotation is comparable to the nonlinear Jacobian
term. The disturbance energy begins to accumulate around E,(nt)= } n(n+1) |¢0(t)|2
ng with conserving a systematic phase relation, which corre- 2 2 a’ n '
sponds to the straining of disturbance vortices by the shear in
the mean zonal flow in physical space. Hence, the zonal band
structure of alternating easterly and westerly jets is estab-
lished and intensified by this systematic alignment of the
elongated vortices. For the runs in gro@p on the other Go(n,t)={y2t)}TFO(D),
hand, the effect of rotation is significant even at the forcing
scale, thus the upward cascade of the disturbance energy "
hardly occurred. The phase relation of the disturbance is not GD(n’t):m;n {yn(O}YFR(t) +c.c.,

2
V2+?

. (A2)

:Gz(n,t)+CDz(n,t)+Dz(n,t), (A3)

:GD(n,t)+CZD(n,t)+CDD(n,t)+ DD(n,t).

n

1 n(n+1)
Eont=y X T ol
m#0

systematic but scattered by the phase scrambling effect at the m#0
forcing scale. As a result, such clear zonal jets as in giup _
. . . n(n+1)—2
do not emerge in the middle and low latitudes. Dy(n,t)=—v —7 Ez(n,t),
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wherey;'(t), 17(t), andC[\(t) are expansion coefficients of
the terms ¢(\,u,t), (1/2HDI(¢*,¢*), and (14?)
X{I(Ll, &%)+ I(yP™ ,[{])}, respectively:
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and, (--)T denotes the complex conjugate as well as th

symbol c.c.

APPENDIX B: ROBUSTNESS AND PERSISTENCY OF
THE BAND STRUCTURE

In order to investigate the sensitivity of the zonal bandi,

though the number of the easteflgr westerly jets are not
very different(6—8). If the sequence of random numbét$

is replaced aftet=180 J.days, the mean zonal angular mo-
mentum is almost unchanged; the zonal band structure is
already formed by that time and it becomes insensitive to the
choice of the sequence of random numbers after that time. In
high latitudes this timing is earlier than in middle and low
latitudes; for example, the band structure is unchanged for
t.=30 J.days in southern high latitudes. When the replaced
time is very early(t;<10 J.days on the other hand, the
band structure is very sensitive tp.
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