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Internal Angular Velocity

Angular velocity 2 (r, ) and meridional circulation

Solar rotation removes the (2/+ 1)-fold degeneracy of the
frequencies of non-radial p-mode of degree /

Inversion of the frequency splitting = angular velocity as a function
of depth 2(r)

Multiplets with non-equidistant frequency spacing = angular
velocity as a function of latitude 2 (&)

Strong gradients of 2 (7, 8) near the surface r, = 0.95 and at the
bottom of the convection zone r, = 0.7

Transition from solid-body rotation of the radiative core to
differentially rotating convection zone = solar tachocline

The angular velocity of the core matches the surface rotation at
about £30° (*435 nHz) S
Shear results from non-uniform rotation = converts poIOIdaJI_...--\__,,'Q>
to torroidal magnetic fields = aQ dynamo = solar activity /7«
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Figure 13. Solar rotation rate inferred from 2 months of MDI medium-/ data as a function of radius at three
latitudes, 0°, 30°, and 60°. The formal errors are indicated by the shaded regions. The arrows indicate the
Doppler rotation rate directly measured on the surface.
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F16. 8—Comparison between the GOLF sidereal splitting results
(filled circles) and the rotational splittings calculated for a model of solar
rotation inferred from the MDI medium-/ data by the two-dimensional
RLS inversion (open circles) as functions of radius.
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Angular Velocity at the Surface

Measuring the solar surface rotation is complicated by the presence
of other velocity fields

Surface rotation is represented in the form

Q=A+Bsin’y +Csin‘y

The coefficients 4, B, and Care determined by a least-square fit to
the measurements

Gegenbauer and Legendre polynomials

A represents the equatorial rotation rate (x14.5°/day)

Old (recurrent) sunspots rotate slower than the average sunspot

The parameter C corresponds to high latitudes = not meaningful
for sunspots, which do not occur at latitudes higher than =40°

Tracers include prominences, EUV bright points, coronal holes, @
Coronal holes seem to rotate rigidly N
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Fig 2. Comparson of various determinations of the solar differential rotation obtained from small-scale
short-lived and large-scale long-lived features of the chromosphere (rescaled figure from Antonuect er al.,

1977), ) - j\
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Variations of the Sun’s
angular velocity (small
effect =0.1°/day)

The whole solar surface
slowly speeds up and
slows down in unison

“Torsional Oscillator”
(equatorial retardation
v ~0.04°/day and
w0 resz ses 199 wave-like periodic

Figure 6. Dopples measurements of zoual flow measured fom Mt, Wilson observations. The oveslaid variation)
comrouss chow the angular velocry ressduals from BBSO and GONG. The consours ase at —1.5,

sir lotitude

0.5, 0.5, 1.5 nHz, with dashed lines denoting negative values. The Doppler data have been sym- . s
memzed abous the equator and smocthed by 3 munmng mean over 108 days to reflect the resclunon 1 1 _yea r perl Od ICIty

of the helioseismic data
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Meridional Circulation

Axisymmetric longitudinally averaged north-south and radial velocity
components

LOS component of meridional circulation #10 m/s, same order of
magnitude as measurement errors

Equatorward flow at latitudes lower than x25°

Poleward flow at higher latitudes

Dividing line corresponds to the central latitude of the sunspot zone
Antisymmetric component: northward flow around +£15°

Same symmetries a visible in giant cell patterns and large-scale
magnetic field

Meridional flow patter extents to a depth of 107 m
No proper theoretical description, yet!
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FiG. 1.—The latitede motions of all individual d om the Mount ¥ in the imterval 1917 1o 1983 in degrees per day. In the lower panel

the fall latitade dependence is plotied. In the upper |||I| we plod 1he latitude drift folded about 1he equator. This maintaine the same sign comventian—pasitive

el a poleward mation in each hemisphere. At the upper keft is an antisymmetric lolding of the data. The sign of the southern data is reversed in the average 31

cach latitude, sa that a positive sign denotes northward motion. The error bars plotied in this paper represent + 1 4.
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Figure 7. Meridional and zonal flows at a depth of 2.0 Mm. Each curve is constructed by a weighted
average over all longitudes of the Dense-Pack for nine days from each Dynamics Program. The
intervals observed are: 23—31 May 1996, 15-23 April 1997, 21-29 January 1998, and 6—11 April
1999. The crosshairs on the meridional flow diagram are reference lines for the equator and for a flow
wvelocity of zero. The reference line on the zonal flow diagram denotes the latitudinal and temporal
average of all four years. The error bars are as described in Figure 5. Notice that the gradient in the
meridional flow as a funetion of latitude gets much steeper as the cycle progresses. In the zonal flows
we see bands of increased flow at around 30° latitude move toward the equator as magnetic activity
increases and see a rise in the amplitude of the southern band with respect to the northern one.
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