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Abstract. The angular velocities and meridional motions of
cycle 19 sunspots observed at Meudon were investigated. We
compare our results with cycle 21 sunspot rotation properties
(Nesme-Ribes et al. 1993a). We found also a complex latitudinal
meridional circulation pattern similar to what was observed on
cycle 21 sunspots (Nesme-Ribes et al. 1993b). We also corrobo-
rated the very small sunspot covariance (i.e. angular momentum
transport via Reynolds stresses), which imposes a strong con-
straint on the source term of the differential rotation modeling.
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1. Introduction

Various tracers (particularly sunspots) have been used to charac-
terize solar dynamics. Cycle 21 sunspots of Meudon K, spec-
troheliograms have been studied previously by Nesme-Ribes et
al. (1993a; 1993b, referred to hereafter as Papers I and II, re-
spectively), where their angular rotation and meridional motion
were investigated. These reveal new sunspot properties, namely
variable rotation through the solar cycle and a very small latitu-
dinal angular momentum transport via Reynolds stresses. How-
ever, these authors also found some net meridional circulation,
which could contribute to maintaining the observed differential
rotation.

The present work consists in extending the above previous
studies to cycle 19 sunspots. Our aim was first to confirm or
refute the properties detected in Papers I and II, and secondly
to determine the time-variability of the azimuthal field: cycle
19 was the most active since Galileo’s time. Our result will be
compared extensively to cycle 21 sunspot properties.

Observational data are presented in Sect. 2, the angular ve-
locity is discussed in Sect. 3, and the meridional circulation in
Sect. 4. The correlation between these two motions (the “covari-
ance”) is calculated in Sect. 5, in order to estimate the Reynolds
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Table 1. Sunspot number in the Meudon sample

Year N. Hemisphere  S. Hemisphere  Total
1957 181 188 369
1958 273 257 530
1959 647 206 853
1960 252 180 432
1961 161 67 228
1962 24 6 30
1957-1962 1538 904 2442

stress contribution to angular momentum transport, which is a
question related to the origin of the differential rotation.

2. Observational data

Sunspots are tracked on the Meudon K, spectroheliograms
(1.5 A off the Ca II K line center), which display faculae and
sunspots at the photospheric level, about 500 km above the 7 = 1
level. The images have been digitized with 1.8 arcsec resolu-
tion, which corresponds to the average spatial resolution ob-
tained at Meudon. Image processing and tracking procedures
are described and discussed at length in Mein & Ribes (1990)
and in Paper 1. The random error on each sunspot velocity mea-
surement is of the order of 15 m/s. The number of sunspots per
hemisphere and per year, and for the whole period, is shown in
Table 1.

3. Angular rotation rate
3.1. Global rotation

The differential rotation rate is calculated for each 5° latitude
bin and is plotted in Fig. 1, along with the 1-o deviation from the
mean. These deviations are of the order of 0.04°/day. The rota-
tion appears rigid over a broad range of latitudes. This rigidity
may be due to a deep anchoring of young sunspots, if we may
indeed assume such is the case, because our tracking procedure
preferentially selects these young sunspots. To compare with
other data, we began by performing a fourth-degree Legendre
polynomial fit, using a least-squares minimization of the ob-
served data, averaged over 5° latitude bins. Since we observed
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Fig. 1. Sidereal rotation rate of Meudon sunspot data, in 5° latitude
bins, for the period 1957 to 1962. Errors are at the 1-o confidence level

no strong north-south asymmetry in rotation rates, we kept only
the even Legendre coefficients, which are then converted to A,
B, and C, such that the rotation rate is modeled by

Q) = A+ Bsin® 0 + C'sin* 6, (1)

where 6 is the latitude. Fig. 2 compares the polynomial fit per-
formed on cycle 19 and 21 sunspots. The rotation during cycle
21 seems to be a little more rigid than that of cycle 19, and
exhibits a slightly smaller equatorial rotation rate, though the
differences are not significant. This rigidity has also been ob-
served by Antonucci et al. (1990) on large-scale photospheric
features.

3.2. Cycle variability

We now investigate the variability of the rotation rate throughout
the cycle. Table 2 shows the expansion (1) coefficients during
cycle 19. The period ranging from 1957 to 1959 is one of intense
activity, while the minimum occurred in 1963. Errors at the 1-o
confidence level are computed using a Monte Carlo simulation.

The errors in the Legendre polynomial coefficients are usu-
ally determined by computing the covariance matrix (see Press
et al. 1986, p521ff). However, this method assumes that when
the fit parameters are displaced from their optimum values by a
deviation

aE(alaa2a"'aaM)7 (2)
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Fig. 2. Comparison of cycle 19 (solid line) and 21 (dashed line) sunspot
rotation rates using a fourth-degree polynomial fit on the averaged data

Table 2. Parameters of expansion Q(#) = A+ B sin? §+C sin* 6, where
0 is the latitude, for cycle 19 sunspots (in prad/s) and cycle 21 (Paper
I). Errors are at the 1-o confidence level

Year A oA B oB C oo
Cycle 21 2921 0.017 -042 036 0.10 1.29
1957 2932 0.047 -0.38 0.84 -044 264
1958 2910 0.019 -0.30 0.21 -1.15 1.30
1959 2937 0.026 -0.59 0.55 -0.02 235
1960 2910 0.023 -0.26 0.55 0.11 215
1961 2928 0.006 030 027 -892 195
1957-1962 2924 0.013 -038 020 -0.30 0.71

then the resulting deviation in x? is quadratic:

M
1
x2<a)~x2<0>+2§ Djrajay. 3)
Jk=1

When higher order terms are significant, the covariance matrix
becomes unreliable, and we turn to Monte Carlo simulations to
estimate realistic errors (Press et al. 1986, p529ff). We found
that errors computed with the two methods are different, so we
adopted the Monte Carlo method to determine them.

Based on these errors, we conclude that the variations of the
coefficients A, B, and C over the five year duration of the data
set were not significant.

3.3. North-south asymmetry

To investigate the north-south asymmetry of sunspot rotation
rates, we now consider the odd coefficients of the polynomial
expansion

i=4
Q0) = A;sin’ 6, 4)
=0
where Ay, Ay, and Ay are the coefficients A, B, and C' of Eq. 1.

Aj and Aj represent the north-south asymmetry of the rotation
rate at low and high latitudes, respectively. A; and A3 are shown
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Table 3. North-south asymmetry coefficients for cycle 19 and 21, with
their 1-o errors

Year Ay o1 As 03
19 0.086 0.238 -0.707 1.522
21 -0.171 0.348 0.735 2.168

in Table 3 for cycles 19 and 21. Let us note that Az is not
reliable because there are too few sunspots at high latitudes, but
a second-degree polynomial fit would provide a poor fit of the
data. Both cycles exhibit no significant north-south asymmetry.

3.4. Age and magnetic polarity dependence

We then examined the variability of the rotation rates with
sunspot age. For this purpose, two classes of sunspots were
considered: those four days old or less (759 sunspots) and those
more than eight days old (194 sunspots). We also considered
“complex sunspot” rotation rates. Complex sunspots belong to
groups in which it is not possible to determine their age. Fig. 3.2
shows the rotation rates for the three classes and compares their
respective polynomial fits. Young sunspots show a slightly more
rigid rotation than old ones. The uncertainty on the coefficients

sidereal rotation (deg/day)

confidence level

A, B and C are large, due to the small sampling. However, the
same trend was observed in cycle 21 sunspots, which gives some
confidence in the result. It should be noted that other sunspot
data sets (Mount Wilson) and sunspot-group data sets (Green-
wich) also show that sunspots rotation is age-dependent (e.g.
Ward, 1965; Gilman & Howard, 1983). However, these authors
could not conclude that young sunspots were deeply anchored:
the rigidity of young sunspot rotation suggests a deep anchor-
age, ata place where the convective layers show little differential
rotation.

A bipolar group consists of a pair of sunspots of opposite
polarity, with one leading and one following. The rotation rates
of leaders (432 points) and followers (175 points) is studied
separately (Fig. 3.4). However, the error bars are too large to
detect any significant differences between these two sunspot
classes, as the one observed by Gilman & Howard (1985) and
in Paper II (faster rotation of leaders).

4. Meridional circulation
4.1. Net meridional circulation

We calculated the meridional circulation (referred to hereafter
as “m.c.”) of cycle 19 sunspots (Fig. 5). Our convention is a
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cle 19 Meudon leading and follow-
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positive m.c. towards the North pole. The observed motions
are equatorward at low latitudes (though hardly significant) and
poleward at high latitudes, for both cycles. For comparison,
net m.c. for cycle 21 is also shown. The m.c. pattern is more
pronounced for cycle 19 sunspots, particularly in the case of
low-latitude sunspots.

We considered the averaged m.c. per hemisphere for the
whole cycle. We obtained 0.005+0.010°/day for the north-
ern hemisphere and 0.016+£0.011°/day for the southern hemi-
sphere. These averages are hardly significant, because the pat-
tern is latitude-dependent, directed toward one or the other pole.
For this reason, it is not possible to use these averages to inves-
tigate the cycle variability of m.c. in detail.

5. Reynolds stresses

In this section, we address the important question of the angular
momentum transport, which is related to the origin of the differ-
ential rotation. Let us use u and v to denote the latitudinal and
longitudinal motions, respectively. The m.c. w is now positive
when equatorward in both hemispheres. The transport of linear
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Fig. 5. Meridional circulation of cycle 19 (solid line) and cycle 21
(dashed line) sunspots. Error bars for cycle 19 are at the 1-o confidence
level

angular momentum across a given latitude circle (Ward 1965)
is proportional to

< [wv] >=< [u] >< [v] > + < [u]*[v]* > + < [u®v®] >,(5)
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Fig. 6. Sunspot covariance during cycle 19 (Meudon, solid line), cy-
cle 21 (Meudon, dashed line), Mount Wilson sunspots (1921-1982,
dot-dashed line) and Greenwich sunspots (1925-1954, dotted line)

where [ ] indicate spatial averages and ® spatial deviations from
this average; < > indicate time averages and [ ]* are devi-
ations from the time-space average. The first term, < [u] ><
[v] >, represents the transport by the meridional flow (hereafter
“M.C.T.”). The second and third terms represent the transport by
non-axisymmetrical eddies. We cannot separate these but they
measure the correlation between the two horizontal motions

< [u][o]* > + < [utv®] >=< [W/V] >=

< [(u— < [u] >)(w— < [v] >)] > . (6)

This correlation (or “covariance”) term is a measure of the latitu-
dinal angular momentum transport via Reynolds stresses. Pos-
itive covariance implies that higher-than-average longitudinal
motion in the direction of rotation is coupled with equatorward
motion (see Paper II for more details).

5.1. Covariance of cycle 19 sunspots

The covariance has been calculated within each 5° latitude bin,
and for all cycle 19 Meudon sunspots (Table 4). The covariance
is found to be very small and mainly positive, in the northern
hemisphere, while negative in the southern. Fig. 6 shows the
covariance obtained for all cycle 19 sunspots. The two hemi-
spheres have been folded. We observe a very small covariance
(less than 0.02 (deg/day)?). As previously noted in Sect. 4, there
seems to be a very small contribution to the equatorial accel-
eration at low latitudes and to poleward acceleration at high
latitudes. Our results are in agreement with those for cycle 21
sunspots (Paper II), unlike those of the Mount Wilson analysis
(Gilman & Howard 1984) and Greenwich sunspot groups (Ward
1965).

We also compare the covariance between cycle 19 and 21
sunspots for each hemisphere, separately, in Fig. 5.1. In each
case, the covariance is of the same order of magnitude. The
observed differences between the two hemispheres are within
the noise level.
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5.2. Leading and following sunspot covariance

Considering now whether the covariance varies with sunspot
polarity and age, we take the covariance for leading and fol-
lowing sunspots shown in Fig. 8. The two hemispheres have
been folded. Leaders seem to exhibit a higher covariance than
followers (positive for leaders and negative for followers). This
is probably due to the tilt angle of the emerging bipolar group.

5.3. Old/young sunspot covariance

Fig. 9 displays young and old sunspot covariances for cycle
19. We observed no strong difference between the two sunspot
classes. This does not confirm the higher covariance for young
sunspots as detected in Paper II. The difference in covariance
between leading and following sunspots and between old and
young sunspots is probably not significant. The robust result
is that sunspots do not show much significant transport via
Reynolds stresses.

6. Conclusion

In this paper, we investigated cycle 19 sunspot dynamics from
Meudon spectroheliograms and compared this with cycle 21
sunspot properties obtained by a similar method (Papers I and
1D).

Angular rotation rates exhibit no significant variation over
the five years of the data set. We did not detect any strong north-
south asymmetry in rotation rates in either the cycle 19 or 21
sunspots.

Our m.c. study confirms cycle 21 sunspot results (Paper
II), namely a poleward/equatorward m.c. pattern with latitude-
dependence. We also computed sunspot covariance and found
it to be very small. The differences observed in Paper II be-
tween leader and follower behaviors, and between old and young
sunspots, are not present in cycle 19, and probably reflect some
internal variability specific to cycle 21. So the main conclusion
of this paper together with Paper II is the following. The co-
variance exhibited by sunspots seems to be very small. Recent
modeling of the differential rotation (Kiiker et al. 1993) requires
a smaller covariance than previous models, which would be in
agreement with our observations. A discussion of these results
as well as facula covariances is given in Meunier et al. (1996b).

Two main sunspot data sets are available for the same pe-
riod (cycle 19): the Greenwich photoheliographic plates and the
Mount Wilson observations. The rotation obtained from these
data sets agrees fairly well with the Meudon sunspot rotation.
However, there are strong discrepancies in the covariances. The
Greenwich covariance was calculated from the motions of the
barycenter of the whole sunspot groups (Ward, 1965; Balthasar
et al., 1986). So a direct comparison with individual sunspot
motions is not straightforward, as discussed at length in Paper
I. The motions of individual sunspots are available from the
Mount Wilson data set. However, the tracking procedure used
by Howard et al. (1984) is subject to biases mentioned in Papers
Iand II.
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Table 4. Angular momentum transport by Reynolds stresses and by meridional flow, for the whole period (1957-1962). Positive covariance
implies that higher-than-average longitudinal motion in the direction of rotation is coupled with equatorward motion

Northern Hemisphere (1957-1962)

Latitude 42.5° 37.5° 32.5° 27.5° 22.5° 17.5°

Covariance  -0.042 0.006  0.025 0.020 0.007  0.006

M.C.T. 0.079 -1.604 -0.137 -0.491 -0.284 -0.128

Southern Hemisphere (1957-1962)

Latitude 42.5° 37.5° 32.5° 27.5° 22.5° 17.5°

Covariance - - -0.013  0.038 0.035  -0.007

M.C.T. - - 0.112  -0.098 -0.990 0.028
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Fig. 8. Covariance of leading (O) and following (<) sunspots during
cycles 19 (1957-1962, solid line) and 21 (1977-1984, dashed line) from
Meudon data

In Collin et al. (1995), we used helioseismology results
(Gough et al. 1993) to deduce tracer anchorage depth. In the
present work, we obtain similar rotation rates for old and young
sunspots, so we confirm our conclusion about the deep sunspot
anchorage. However, seismic observations of internal rotation
are not available for cycle 19, and it might be unsafe to extrap-
olate cycle 21 data to cycle 19.
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