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ABSTRACT

Frequency splitting coefficients from Global Oscillation Network Group and Michelson Doppler Imager ob-
servations covering the period 1995-2001 are used to study temporal variations in the solar rotation rate at high
latitudes. The torsional oscillation pattern in the Sun is known to penetrate to a depth ofCab&y with
alternate bands of faster and slower rotating plasma. At lower latitudes, the bands move toward the equator with
time. At higher latitudes, however, the bands appear to move toward the poles. This is similar to the observed
poleward movement of large-scale magnetic fields at high latitudes. This also supports theoretical results of
poleward-moving bands at high latitudes in some mean field dynamo models. The polar rotation rate is found
to decrease between 1995 and 1999, after which it has started increasing.

Subject headings: Sun: interior — Sun: oscillations — Sun: rotation

1. INTRODUCTION these techniques to study the temporal variations in the rotation

The rotation rate of the solar interior can be determined by rate using observed splitting coefficients.

inverting observed rotational splittings of solar oscillation fre-
quencies (Thompson et al. 1996; Schou et al. 1998). With the
accumulation of Global Oscillation Network Group (GONG) o
and Michelson Doppler Imager (MDI) data over the last 6 years, We have used data sets from GONG and MDI for this in-

it is now possible to study the temporal variation of the rotation vestigation. These sets consist of the mean frequency and the
rate in the solar interior. The rotation rate is known to show Splitting coefficients for each(l) multiplet. We use the GONG
temporal variations, with bands of faster and slower rotating data for months 1-55, which cover the period from 1995 May
regions moving toward the equator with time (Schou 1999; 7 to 2000 OC’FOber 6. We use a” avallable 54 data sets, each
Howe et al. 2000; Antia & Basu 2000) similar to torsional Ccovering a period of 108 days with a spacing of 36 days between
oscillations observed at the solar surface (Howard & LaBonte consecutive data sets. The first data set covers only 36 days (a
1980; LaBonte & Howard 1982; Snodgrass 1992). This pattern GONG month being 36 days). The MDI data (Schou 1999)
is found to penetrate to a depth of abdul R, . Torsional consist of 23 nonoverlapping data sets, each covering a period
oscillations are believed to arise from nonlinear interactions Of 72 days, starting from 1996 May 1 and ending on 2001 April
between magnetic field and differential rotation. As such, they 4. With some gap in between when tSelar and Heliospheric
should provide a constraint on theories of solar dynamo. CovasObservatory (SOHO) satellite was out of contact.

et al. (2000) considered an axisymmetric mean field dynamo We use a two-dimensional regularized least-squares (RLS)
model to study temporal variations in rotation rate and magnetic inversion technique to infer the rotation rate in the solar interior
field in the solar interior. They find temporal variation in the from each of the available data sets. The details of the inversion
rotation rate, which shows a pattern similar to torsional oscil- technique are described by Antia, Basu, & Chitre (1998). Since
lations at low latitudes, with bands of faster and slower rotating in this work we are mainly interested in the rotation rate at
regions moving toward the equator with time. But at high lat- high latitudes where the inversion technique is somewhat un-
itudes they find that these bands migrate poleward. As far ascertain, we first perform a series of tests using artificial data
surface observations go, some magnetic features are seen mﬁets to ascertain the rellablllty of the |nver$|0n procedure. For
grating poleward at high latitude (Leroy & Noens 1983; Mak- this purpose, we use a model rotation profile and calculate the
arov & Sivaraman 1989). This poleward movement may be splitting coefficients fqr the assumed rotation rate. _Then we
crucial for magnetic field reversal during the solar cycle. Thus, @dd random errors with the same standard deviation as the
it is of interest to check if the observed zonal flow pattern also estimated errors in observed data sets and perform inversion
moves poleward at high latitudes. Inverters thus far have largelyusing the same regularization as that used for the real data. We
ignored the variation of the rotation rate near the polar regions, construct artificial data sets using test profiles of the form
where the measurement of the rotation rate is likely to be less

reliable. Preliminary helioseismic work by Howe et al. (2001) (1, 6) = 460— 55 cos 6 — 55 cos'f

2. DATA AND TECHNIQUE USED

and Basu & Antia (2001) suggests that there could be a pole- r—r, cof — ¢,

ward flow at high latitudes. In this work, we attempt to study + Aexp|— ( ﬂ exp[ - (7)] ,
the temporal variations of the rotation rate near the poles. We W We

first test the ability of inversion techniques to resolve the ro- 1)

tation rate near the poles using artificial data. We then apply
L67



L68 TEMPORAL VARIATIONS OF SOLAR ROTATION RATE Vol. 559

400

GONG r=0.98R,

380

(o)}
o

360 F

Latitude (°)
o

400

|
oy
o

380 = REAYS
1996 1998 2000

' MDI r=0.98R
360 ¢ = T

(o)}
o

400

Q (nHz)

380

360 |

I
o)
o

Latitude ()
o
HTT1 | T TTT | T TTT1 I T4

| S

1996 1998 2000

400
380

360

Latitude (°)

Ffl(l‘ 1.—Artif:::ia| daltari]nvgrsiog |r_esults hfor scre]veral different model rr?tlatiorrw] B J" P IIEDN .\\ 6
profiles. In each panel, the dotted lines show the true rotation rate, while other
lines show the inverted profiles at different latitudes. The solid line is fér 85 1999 1999.5 2000 2000.5
the short-dashed line for 78he long-dashed line for 6%, and the dot-dashed Date
line for 60 latitudes. All the artificial profiles are for, = 0.95R, w, =
0.02R,, andA = 20 nHz in eq. (1).d) ¢, =1, w,=0.1L (b) ¢, = 0.9,
W, =0.1(c) G, =08 w,=0.1 (d) ¢, =0.8 w, =0.05 Fic. 2.—Contour diagrams of constant rotation velocity residuals &t

0.98 R, obtained using two-dimensional RLS inversion of GONG and MDI
whereQ(r, ) is the rotation rate in units of nanohertz #d data. Also shown are the residuals for surface Doppler observation of Ulrich
[ W.c.. andw. are suitably chosen constants. In Figure 1 the(2001). The solid contours are for positi¥e, , while dotted contours denote
L0 T 00 . C - : ! negative values. The contours are drawn at intervals of I'm s
inverted profiles are compared with the actual ones for a few gative valu . W at interv
of these sets using errors in MDI data sets. It is clear that | )
inversions are able to reproduce relatively sharp peaks at highdifferent GONG (or MDI) data sets and then subtract this mean
latitudes, too, although the exact shape may not match theffom the rotation rate at each epoch to get the residual. This
actual peak. The radial extent of the peak is reasonably wellresidual 6Q, contains the time-varying part of the rotation rate.

reproduced by the inversions. Thus, the inversion results appeafigure 2 shows the contours of constant residual as a function
to be reliable even at high latitudes. of time and latitude at a depth @¢£02R, below the solar

surface as obtained from both GONG and MDI data. The MDI
results have a gap during 1998—-1999 when no data were avail-
able due to problems with th8OHO spacecraft. In order to
facilitate comparison of the inversion results with surface ob-
servations, we show the rotation velocify= rQ cosé ,where
0 is the latitude. Also shown in the figure are the contours
To identify the time-varying component of the rotation rate, obtained for surface rotation velocity using Doppler measure-
we take the time average of all the results obtained from the ments from Mount Wilson (Ulrich 2001). For the figure with

3. RESULTS
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Fic. 3.—Rotation rate residuals at= 0.98 R,  plotted as a function of time for different latitudes. The latitudes are marked in the figure. The results were
obtained using two-dimensional RLS inversion of GONEit) and MDI (right) data.

Doppler results, we show the north-south symmetric part of increasing. The minimum in polar rotation rate is found to be
the rotation velocity since that is what the inversion results in early 1999 in GONG data and slightly later in MDI data.
determine. In addition, we bin the Doppler data over the time At a latitude of 75, the pattern of variation is similar, but the
intervals covered by the GONG data for a better comparison.amplitude of variation is much lower. The amplitude decreases
In all these results, we can see that bands of faster and slowerapidly as we move away from pole. It may be noted that in
rotation move toward the equator at low latitudes. But beyond this figure we have plotted the rotation rdterather than the
about 50, the bands appear to move toward the poles. Theo-rotation velocityv, . The amplitude of, -variation does not
retical results of Covas et al. (2000) based on a mean fieldincrease as we approach the pole.
dynamo model also show this feature. The latitude at which To study the depth dependence of the changes in the polar
the transition from equatorward to poleward movement takesrotation rate, we show, in Figure 4, the rotation rate residuals
place is also similar in their models. The poleward driftis clear at a latitude of 85 at different depths. At = 0.98 R, , the
in the GONG results, which do not have any gap. The surfaceerrors are small and both GONG and MDI data show a clear
rotation rate as measured using Doppler technigues (Ulrichtime variation with a minimum in early 1999, as discussed
2001) also shows similar features, although the poleward mi- earlier. This panel also shows the north-south symmetric com-
gration of bands at high latitude is not as clear as in the he-ponent of the surface rotation rate as inferred from Mount
lioseismic results, probably due to difficulties of making Dopp- Wilson Doppler measurements (Ulrich 2001). It is clear that
ler measurements at high latitudes. Helioseismic data representalthough the Doppler measurements have larger fluctuations,
an average rotation rate over the period of observations, ancdthe basic trend is similar to the helioseismic results, and in
this averaging smooths out variations on short timescales inparticular, these measurements also show the minimum at
the rotation rate, which have been observed both in Doppleraround the same period. The results for deeper layers have
measurements at the solar surface (Ulrich et al. 1988; Hathawayarger errors, but even so, a similar variation is seen at
et al. 1996) and in results from local helioseismic techniques 0.95 R,. At even deeper layers, there is no clear temporal
(Basu & Antia 2000). To test the robustness of the pattern, we variation. Thus, it seems possible that the depth to which the
have tried many different regularization parameters for inver- temporal variation extends is similar to the R}, found for
sion, and all results show these bands. The GONG and MDIthe zonal flow pattern at low latitudes (Howe et al. 2000; Antia
patterns will not match exactly, as the temporal mean, which & Basu 2000).
is subtracted to calculate the residuals, is taken over different
time intervals.

In addition to having these bands, the rotation rate in the
polar region has been decreasing with time during the period
1995-1999. To show this variation clearly, we show in Fig- 4. CONCLUSIONS
ure 3 the rotation rate residuals at constant latitude as a function
of time at a depth 0D.02R_ below the solar surface. It is  The solar rotation rate obtained from inversions of different
clear that there is a good agreement between the GONG andets of GONG and MDI data are used to study the time evo-
MDI results. At a latitude of 85 which is the highest latitude lution of the rotation rate. The rotation rate residuals, obtained
for which we have tried to calculate inversion results, both by subtracting the time-averaged rotation rate from that at each
GONG and MDI results show a clear decrease in the rotation epoch, show the well-known pattern of temporal variation sim-
rate residuals from 1995 to 1999, after which the residuals startilar to the torsional oscillations observed at the surface, with
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bands of faster and slower rotation moving toward the equator

= 3 with time at low latitudes. At high latitudes, it appears that the
10 & 3 bands move toward the pole instead; the transition between
= - equatorward and poleward movement appears to be around a
0 F L latitude of 50. Observations of magnetic features also show
- - such poleward movement at high latitudes (see Leroy & Noens
—10 & = 1983; Makarov & Sivaraman 1989; Erofeev & Erofeeva 2000;
—20 f_ _f Benevolenskaya, Kosovichev, & Scherrer 2001). Theoretical
i = results of Covas et al. (2000) using a mean field dynamo model
4 3 also show this feature. Our inversion results therefore reinforce
10 = = the link between zonal flows and the solar magnetic cycle.
0 E {_: Earlier works, too, have shown connections between zonal
= 3 flows and the solar activity cycle (Antia & Basu 2000).

—-10 E 4 The rotation rate in the outer layers of the polar regions
~ c 3 varies with time, reaching a minimum in early 1999, after which
T —<0 = it has started increasing. The time of minimum rotation rate at
\‘_:, =3 3 the poles is distinctly before the maximum in solar activity.

EVAN - = Similarly, it appears that the maximum rotation rate was
C 10 B\ = ; - : 2
©Q EO NG 3 achieved before the minimum in activity. These changes appear
0 E i — to persist until a depth of abo@1 R, , similar to the depth
= - of penetration of zonal flow pattern at low latitudes. The ob-
—-10 £0.90R, = served temporal variations in the rotation rate should provide
—20 f_ l _f constraints on dynamo models.
E I | { | | | | | | | | } E
10 &= |l —
0 —
10 - 3 We would like to thank Roger Ulrich for the surface Doppler

—-20 :—O'8|OR0 | | - data and permission to use them. This work utilizes data ob-
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' ' tained by GONG and from the Solar Oscillations Investigation/
1996 1998 2000 MDI on SOHO. GONG is managed by the National Solar
Date Observatory, which is operated by AURA, Inc., under a co-
operative agreement with the National Science Foundation. The
Fic. 4.—Rotation rate residuals at a latitude of 8plotted as a function data were acquwed l?y mstruments operated by the Big Bear
of time at a few selected radii as marked in each panel. The results were Solar Observatory, High Altitude Observatory, Learmonth So-
obtained using two-dimensional RLS inversion of GONG and MDI data. The |ar Observatory, Udaipur Solar Observatory, Instituto de As-
solid lines show the GONG results, with dotted lines showing theetror trofisico de Canarias. and Cerro Tololo Inter-American Obser-

estimates, while the filled squares with error bars show the MDI results. The . ) fi . | .
thick dashed line in the top panel shows the results from Doppler measurements/atory. SOHO is a project of international cooperation between

at the solar surface. ESA and NASA.
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