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Abstract

Botation plays vital roles in a great number of solar phenomerme Here
we discuss results of o large eddy simulation study that illustrates the
behavior of convective: turbulence spanning over a wide range of Coriolis
numbers.
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1. Introduction

Rotation has dominant effeet on the conveetive turbulence in most of the solar
convection zone, So far, a comprehensive understanding of the ellect has not
been achieved, and due to the complexity of the problem, realistic progress has
to rely on numerical simulation. In an earlier paper (Chan, 20015, we have re-
ported on an Fhox study that eovered the parameter space with a rather dense
distribution of cases, so that trends can be clearly identified in the changing
behavior of convection as the Coriolis number (Co = 1/ Rossby number ] in-
ereases from 0 to some moderate vihie (= 7). For a review of the litcrature, the
readers are referred to the paper by Brummell ef al. (1996),

In the last couple of years, we have made higher resolution caleulations
(70 7O = 80 vs 35 % 35 x 39 meshes) that allow us to extend the range of Co
Lo higher values (since the sizes of large eddies decrease with inereasing Co: see
later diseussion). Here the discussion is focused on the changing hehavior of the
turbulence across the different values of Co (= 0 to 15.6); the latitude is fixed
at 22.5°,

2. The Model

A ‘fhox’ is a three-dimensional, rectangular, horizontally periodie, region that
approximates a small piece of the global rotating convection zone. In this region,
the angle between the rotation vector and the vertical direction is considered
to he constant (the colatitude). In our Cartesian system, the x-, v-, 2 axes arc
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north-to-soutli, west-to-cast, and radially ontward, respectively (a right-handed
systern), The gas is ideal and the total stratifieation is about 5 pressure seale
heights. The units are chosen so that the total depth, the pressure, density,
and pressure af the top are all erpaal to 1 (in these units, sound spoed = 5 =
1.29}. The top of the conveetion zone is at the height 0,93, above which lies a
marginally stable laver to soften the impact of the turbulence with the upper
boundary. Further details of the model can be found in Chan's paper.

In this short article, we consider eight cases which have rotation rates £
sequentially chosen at 0, 1/8, 1/4, 1/2, 1, 3 /2,2, and 3. Correspondingly. the
Coriolie number, defined to he 2 [ dz/ [ v"dz where v is the rms velocity (with
contribution of the mean already sublracted), takes on the approximate values
0. 0.7, 1.3 2.6, 54, 83, 11.1, and 15.6. The resolution may noil be sufficient for
the fastest rotating ease, but we nclude it here fior COMPrison.

3. Dependence of the Turbulence on Rotation Rate

3.1. Flow patterns

Figure 1 shows horizontal cuts of instances of the vertical velocity field v, ata
numiber of depths for the different cases. The dark lanes show downflow regions.
Roll structures are prominent, and there s a transition in thie roll alignment from
north-south to west-east belween 2 = 1 /8 and 1 /4. The east-west alignment can
be explained ly the linear analysis of Hathaway el al, (1979). and the transition
la the north-sauth alignment can be understood as the growing dominance of
the Taylor-Proudman effect at higher (’o. The separation of the downflow lanes
decreases with increasing Co.

Figire 2 shows the vertical component of the vorticity €1 = (V x 7). Note
that {}' denotes that the fluctuating quantity already has the mean subtracted.
Both positive nnd negative vorticities concentrale along the downflow lanes, but
the positive kind is more prominent. Figure 4 shows the vertical contribution to
the helicity, v.¢.. This part of the helicity also shows n wendeney Lo concentrate
in the downflow lanes, but its distribution is more spotty Lhan the vertical
vorticity. The spots are primarily negative and prominent only near the top of
the convection zone.

Figure 4 illustrates thae the rolls are tilted from the horizontal direction.
The roll axes are more or less in alipnment with the rotation vector. Before
the stream lines arc generated, the horizontal mean flows have heen subtracted
from the velocity field,
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3.2, Statistics of the velocity field

Figures 5 and 6 show the horizontal and temporal mean of the meridional (north-
south) and zonal (west-east) velocities, respectively. For small Co, the mean
velocities have shear-like distributions. As Co gets larger, the shear region
shrinks towards the top. The senses of the shears below the tap of the convection
zone are negative (velocities dropping ontward). The depth extent of the shear
region is related to the local Coriolis number (= QH, /0" where H,, is the local
pressure scale height) whose disteibutions are plotted in Figure 7. The shears
are confined to repions with the loeal Coriolis number below 1. The vertical
averaging of the local Coriolis number defined here yields the values 0, (.19,
(.35, 0.73, 1.6, 2.5, 3.4, 4.6 for the cight sequential cases, They are different, from
the Ca defined earlier; there is arbitrariness in the choice of the charactoristic
velocity and length scales.

The symmetric Reyvnolds stress tensor contains six independent components,
The dizgonal ones are the mean square velocities, and the off-diagonal ones are
covariatiees of different veloeity components. Divnamieally the dingonal stress
components act as turbulence pressure along different directions, and the off-
diagonal ones produce momentum transport. One inferesting result in the [-
box configuration is that the mean zonal flow is driven ooly by the vertical-
meridional component of the Reynolds stress; components that carey the zonal
momentum do not participate in the averaged momentum balance, Figure 8
shows the distributions of the rms vertical velocity, Higher rotation rates tend
to suppress this component of velovity, Figure O shows the rms meridional
velority, the rms zonal velocity behaves similarly (except in the fastest rotating
case whose resulls may not be relinble).

Figure 10 shows the correlation coelficient of the two horizontal velocities
(remembei that the means have beon subtracted ). Between the Co values 0.7
and 2.6, there is a change of sign in the correlation, almost at all deptls, At
the Co value 1.3, the situation is transitional. Figure 11 shows the correlation
coefficient of the vertical and mwridional velocity Huctnations, Note the general
presence of positive peaks near the top of the convection zane in all of distribu-
tions; they are responsible for producing the negative dips in the zonal velocity
near the top, theough the meridional momentum equation, Figure 12 shows the
correlation of the vertical and zonal veloeity Auctnations. Though negative (as
expected) when the Co s small, the correlation drops in megnitude when Co
gets large, and eventually regions of positive correlation show up.
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4.  Summary

Results of the higher resolution calentitions presented here are genetially n
agrecment with those obtained by the low resolution ealenlations presonted in
the earlier paper. The higher resolition allows us to view the HBow fields more
¢learly, That also makes possible the pushing of Co to higher values, further
consequences of which are to heexplored in g later paper,
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Fignee 1: From top to bottom, the rows show instances of the vertieal welogity field for the
coses with (2= L8, 104, 1721, 2,4 respectively, Each colummn shows horizootal cats of the
fields ot o fxed depth. From léfe to right, the depths go from deeper to shallower. The vertical
and hortzontal directions represent the northe-souch and onst-west oriencations, respectively,
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Figire 2: Horzontal cuts of the vertical vorticity feld (e (¥ % 7). ) fir the same instances
and casts fs those in Figure 1,
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Figure % Horigontal cuts of the vertical contribution to the holicity ficld (Leo oz (W @), for
the samie instances nod coses as these in Figure 1.
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Figure 45 Btrewnlines of the turbilence volacity feld (mean fows elliminated) in an instance
of the £1 = 2 case. Upper panel A view tikin from the west side of the box towards east.
Lower panct A view taken fram the south side snd 22° below the horizon. towards the surth
apel 51 an anghe G8° Trom the vertical direction; the projected streamlines indicate cirentar roll
ot s
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Figure 5: Vertieal distributions (profiles) of the horizontally and temporally averaped mean
meridional flow. The 1= 0, 178, 1/4, 1/2, 1, 32, 2, 3 casee are represented by the solid,
dotted, short dushed, dot-dashed, triple-dot-dashed, long dashed lines, tho triangles; and
rhombug, respectively. All later fgures use the same symbols wo identily the coses,

Figure B Profiles of the hartzontally and temporally averaged mean sonal How. All show dips
near the tap of the convection gone.
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Figure T logyn of the local Coriolls number, defined ns {1Hp /v, The churacturistie fength
penle i chosen to be the local pressure height Hp

Flimire B Profiles of the rms vertical velocity. Rotation tends to suppress this veloeity,




Turbulence in Rotating Convection 54

Figure % Profiles of the rma meridional wlocity,

Figure 10 Profiles of the correlation covfficiont of the two bonzontal velocity: Buctuations
Thure is o chingr of sign betwwen the distribitions for the low and the high Co valies




i Kwing L. Chan

Figure 11: Profiles of the correlation cocfficient of the vertical _zm:d. meridional velocity fue-
tuations. Note the genernl presence of a positive peak in the upper region of the convection
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Figure 120 Profiles of the carrelation eoeffieiont of the vertical and sonal velocity Huotuations:
lis wahue 35 not always negative






