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Meridional flow profile measurements with SOHO/MDI
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We present meridional flow measurements of the Sun usinge helioseismic approach for analyzing SOHO/MDI data
in order to push the current limits in radial depth. Analygiiiree consecutive months of data during solar minimum,
we find that the meridional flow is as expected poleward in fhygeu convection zone, turns equatorward at a depth of
around 40 Mm £ 0.95 R), and possibly changes direction again in the lower comwecone. This may indicate two
meridional circulation cells in each hemisphere, one biénie other.
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1 Introduction needs to be large. No return flow has conclusively been ob-
served to date. Using time-distance helioseismology.<Gile
The first observations of the Sun’s meridional flow wer§¢l999) measured the radial profile of the meridional circu-
made independently by Duvall (1979), Howalrd (1979), anla@tion down to the bottom of the convection zone and, with
Beckers [(1979), who found a poleward drift e20m/s the added constraint that the meridional circulation has to
at the solar surface. By mass conservation, this meridiorfz¢ contained within the convection zone, inferred a return
flow has to change direction somewhere in the solar interidlow at around 0.8 solar radii. Applying Hankel analysis,
which may happen in the lower regions of the convectioBraun & Fan [(1998) saw a tentative return flow at around
zone. 40 Mm depth (but also consistent with zero within the error
The meridional circulation plays an important role ifmargin), whereas Duvall & Kosovichev (2001) observed no

many solar models. In mean-field models of angular mégturn flow.

mentum transport, the meridional circulation is responsi-

ble for how differential rotation is established and main: .
tained (Rudiger 1989; Thompson et al. 2003; Miesch 2005%. Data and analysis

Anisotropic Reynolds stresses, arising from random turbu-

lent fluctuations of the plasma motions, can induce a meritf/€ analyze ViIOCiW d‘?f? from the Michelson-Doppler Im-
ional circulation, which in turn drives the differentialtes  29€" (MDI.Scherrer et al. 1995) on board the Solar and He-

tion. In numerical simulations, Brun & Toomre (2002) findiospheric Observatory (SOHO, Domingo etlal. 1995). The
that the differential rotation profile is established bybwr ©PServations were taken during three consecutive Carring-
lent convection, and that the Reynolds stresses play aatrudpn Rotations: CR 1922 (1997 April 24 — May 21), CR 1923

role in transporting meridional momentum toward the equi1997 May 21 —June 17), and CR 1924 (1997 June 17 —
tor. The meridional circulation is also an important ingred YUY 13). During this time, the Sun was at the minimum
ent in some dynamo models (Charbonfieau 2005). In flu@f its activity cycle. We use tracked data along the Center
transport models of the solar dynamo (Babcock-Leightdwe”(_j'a'ﬂ’ obtal_ned for the SOI Dynamics Campalg_n us-
models) the meridional flow is needed to transport the suf9 high-resolution, full-disk Dopplergrams. The cadeisce

face poloidal magnetic field to the bottom of the convectiofi0'S:
zone, where it is then converted into a toroidal field by rota-
tional shearl (Dikpati & Charbonneau 1999). 2.1 Dispersion relation along the center meridian

Using helioseismic techniques, the meridional flow is
usua”y observed in the upper |ayers of the solar Convees our aim is to measure the meridional ﬂOW, which is in
tion zone. Quite good spatial resolution is achieved in thorth-South direction, we restrict ourselves to analyzing
regime, in particular with ring-diagram analysis (€.g.nGale SPritatndéY Eegp. in the same direction. The data are co-
1999). Deeper down in the convection zone the horizontafided along latitude, resulting in a 2D array with one time

resolution is poorer and to probe there the viewing angfd one spatial coordinate (see Mitra-Kraev &t al. 2006 Th
spatial coordinaté (latitude) is equally spaced in angle
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Fig.1 The difference between the negative and the positive popeataum,P,., — Ppos. The frequency shift is visible
along the f- and p-mode ridges. Dark dots areft, > Py,s, While lighter dots are foP,e, < Ppos. Northward flow is
present if the dark dots are shifted to higher frequenciedighter dots to lower ones, while for Southward flow lighter
dots are at higher frequencies than dark dots. The size afdtseis proportional to the absolute power. The black lines
indicate the lower ray-turning points.

(spacingdd = 0.125°). As the meridional flow is oppo- the resolutions are given bl = 1/T,,s = 0.4 pHz and
site in each hemisphere and vanishes around the equatidr= 27/6,ange = 9.

the ranget20° to +-60° is used for the Northern, and60°
to —20° for the Southern hemisphere. For each hemisph

. &% The effect of flows on the p-mode ridges
we obtain a power spectrum

~ 2 For slow flows, which allow a linear approximation, the fre-

P(y1) = ’f(”’l)‘ ’ quency splitting is given by\w = k&, - U’ (an expression
where which is also used in ring-diagram analysis) whieyés the

~ (D horizontal wave number and the velociiy is the radially-

f(v, k) = Z f(t,0) e7HEmirkod) dependent horizontal flow (r) convol\zlfc}i/ with a functi}(;n
is the Fourier transform of the dafdt, 6). The power spec- describing the medium the pressure wave passes through.
trum has symmetries such th&(|v| > 0,]l| > 0) = Formeasured\w as a function ok, U(r) can be retrieved
P(|lv] < 0,]l] < 0) = P,os, which we define as the ‘pos- by an inversion.
itive’, and P(Jv| > 0,|I| < 0) = P(Jv| < 0,]l] > 0) = In our case;,, U’ andU (r) are 1D variables, describing

Poeg, which we define as the ‘negative’ power spectrunthe flow perpendicular to the solar radius in the North-South
The difference between the positive and the negative powdirection. WithAw = 27 Av andk;, = I/ R we obtain for
spectrum can be attributed to flows. the frequency shift in velocity units

The approach of a 1D Fourier transform along the center __,
meridian is comparable to a spherical harmonic treatment U'(v/l) = Av2rRo 1, (1)
with only consideringn = 0 modes, which was used bywhere R, = 6.96 x 108 m is the solar radius. The fre-
Krieger et al.[(2007) for meridional flow measurements. Aquency shiftAv is the shift by which, for a givehvalue, a
kg corresponds to the spherical harmonic dedreee use p-mode ridge is displaced from its unperturbed position due
the notationky = [ from now on. With the observing lengthto a flow. A Northward flow moves p-mode ridges along
Tons =~ 27days and the latitudinal rangé..,,c = 40°, [, such that the frequency of p-mode ridges in the positive
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Fig.2 The observed frequency shifts in the Northern (top) and8ouat(bottom) hemispheres.

power spectrum is reduced kyv, while the frequency of Carrington rotations. The spreadZ00 to +400m/s) of
p-mode ridges in the negative power spectrum is enhandibe individual frequency shifts, represented by crosses an
by Av. color coded with the corresponding p-mode, exceeds the
Figure[l shows the difference between the negative aptptting range. The middle black curve was obtained by
the positive power spectrunB,c; — Ppos, for the South- smoothing the individual measurements twice with a bin
ern hemisphere of CR 1922-1924. The size of the dotsSige of 101 points. For the first smoothing, the error is given
linear with absolute spectral power. For better readabilitby the standard deviation of the points. The error margins
all power smaller than a lower cutoff, which was chosei Figure[2 (upper and lower lines) are then given by error
to decay exponentially alongand has a Lorentzian shapepropagation in the second smoothing, assuming that the ini-
as a function of around 3.3 mHz, was set to zero. The fiial errors given by the standard deviation of the points are
and p-mode ridges are clearly visible due to the frequentydependent. However, as the initial errors are clearly not
shift. The f mode as well as p1-p8 modes are labeled. Ddfdependent, this treatment undoubtedly underestimiages t
dots are forP,e; — Ppos > 0, while lighter dots repre- €rrors somewhat.
sentPuee — Pros < 0. This means a lighter dot being at
a slightly larger frequency than its darker counterpart in-
dicates a Southward flow, whereas a dark dot sitting atza4 Asymptotic inversion
larger frequency indicates a Northward flow. The stra|gr\we invert the smoothed cunig’

using an asymptotic in-
black lines indicate the lower ray-turning points. g ymp

version (see, e.d., Christensen-Dalsgaard|ét al.| 199@). Th
inversion is given by
2.3 Measuring the frequency shift

_2a a(r) 1
In order to obtain the frequency shiftv, we cross-correlate U(r) = 2 —w?
Phes and Py,,¢ for eachl over av-range covering each p-
mode ridge. The criterion for accepting a measurement ispith v = 2rv /1, r the solar radiusy(r r)/r, ande(r)
correlation coefficient of 0.35 or more. the sound-speed profile given by Model SofChrlstensendhalsi et af

Figure[2 shows the measured frequency stifftv/I)  (1996). The integral ranges from the solar surface to the
for the Northern (top panel) and Southern (bottom pandbwer turning point of the ray path. In order to solve the
hemispheres obtained for each power spectrum of the thiategral, which has an integrable singularity at the upper
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Fig.3 The meridional flow profile for the Northern and Southern hsphere obtained by asymptotic inversion.

boundary, the numerical scheme described in Appendixdf the inclination of the solar rotation axis (Beck & Glles
ofChristensen-Dalsgaard el al. (1989) was applied. 2005).

Figure[3 displays the obtained meridional flow profileAcknowledgements. We thank SOHO and in particular the SOI
from the asymptotic inversion. Displayed is the Northwardleam at Stanford University for making SOHO/MDI data readil
flow for both the Northern and Southern hemispheres. Tiagailable. We are also grateful to the UK Science and Tedigyol
error region (shaded area) was obtained by Monte-Caffgsearch Council (STFC) for funding this research.
simulations. The inversion profile was twice smoothed.
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