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Abstract. Full-disc solar images obtained with the Extreme Ultraviolet Imaging Telescope (EIT) on board the Solar and
Heliospheric Observatory (SOHO) are used to analyse sdlareintial rotation by tracing coronal bright points for the period

June 4, 1998 to May 22, 1999. A method for the simultaneous determination of the true solar synodic rotation velocity and the
height of the tracers is applied to data sets analysed with interactive and automatic methods. The calculated height of coronal
bright points is on average 8000—12000 km above the photosphere. Corrected rotation velocities are transformed into sidereal
ones and compared with results from the literature, obtained with various methods and tracer§efdmidl rotation profile
determined by coronal bright points with the interactive method corresponds roughly to the profile obtained by correlating
photospheric magnetic fields and the profile obtained from the automatic method corresponds roughly to the rotation of sunspot
groups. This result is interpreted in terms of thatiences obtained in the latitudinal distribution of coronal bright points using

the two methods.
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1. Introduction In the determination of the solar rotation it is important to

. . . . take into account the height of the tracers. The value of the
Observational characteristics and physical properties of cofo- 9

nal bright points in various wavelength ranges were r(:JcenF[;ecessary height correction increases with the distance from
. e solar disc centre (Ra’et al. 1998) and the measured ro-
summarized by Brown et al. (2001), Longcope et al. (2003 ( )

. . .tation velocity of coronal tracers cannot be reliably compared
and Madjar_ska et al. (2003)' Note tha_t coronal b”g.ht POINGth the velocities obtained using other tracers and methods if

e height correction is not taken into account properly. This

false velocity determination the apparent (measured) and true

above cancelling magnetic features (consisting of opposite Pitude also significantly diier for tracers lying above the solar

larity fragments that approach and disappear). A Converginﬁotosphere (Brafi et al. 1991, 1997; Ra'et al. 1998). The

flux model of an X-ray bright point connected to an associat %ight correction was performed infidirent ways for ki fila-

Cfg gz"”é;go rg?gln grt.' chsttrLéc_rt]l:re v(;/;ies a?e(\)lilgr?e'?jebri dPtrée;,; ('ar: nents (d’Azambuja & d’Azambuja 1948; Adams & Tang 1977;
( ). Cor Ight points w S S| NP5 rster 1979; Braga et al. 1991; \anak et al. 1999) and for ra-

rect sigr)atures of the solar dynamo Ioc_ated at the bottom of 16 and microwave tracers (Liu & Kundu 1976; Aschwanden
convective zone (Golub et al. 1981; Gilman & DelLuca 1986  Bastian 1994a, 1994b; Aschwanden et al. 1995; xajt al

Furthermore, their significance for the coronal heating was als0qq 2000a). On the other hand, the corrections due to the
discussed (Gokhale 1975; Priest et al. 1994; Longcope et Ison depression of sunspots are relatively small, but cannot

2001). be neglected close to the solar limb (Balthasar &W1983).
Send gprint requests toR. Braga, In this paper we continue our investigation of solar dif-

e-mail:rbrajsa@kis.uni-freiburg.de ferential rotation determined by tracing coronal bright points
* Alexander von Humboldt Research Fellow at KIS. in SOHO-EIT images during the 199® observing period.
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The interactive and the automatic methods of data reductiestablished with the interactive method. For the “data set 1”
and the application of the improved solar disc coordinatd®e tracing was performed in up to 11 consecutive images and
(Auchére et al. 1998) were introduced and described indBrajfor the “data set 2" the tracing was performed in up to 24 con-
etal. (2001a). In Braj et al. (2002a) the results orffdrential secutive images. In both cases the rotation velocities were cal-
rotation for the two methods, for the northern and southern sn#ated by the linear least-squares fit of the central meridian
lar hemispheres, and for the three subtypes of tracers (potlistances) (also denoted as CMD), as a function of timé),
like structures, small loops, and small active regions) weaad at least three images were used to determine the velocity
presented and compared. Properties of the solar veloafyeach bright point. For each velocity value the meaturing
field indicated by motions of coronal bright points expresselde tracing was calculated. Since the height correction depends
through the rotation velocity residual, meridional motions ar@h CMD and it is important to measure as many rotation veloc-
Reynolds stresses were discussed isnéK et al. (2003). ities for different CMDs in each latitude band as possible, the
We apply a method to determine simultaneously the trugore abundant data set 1 will be used in the present paper. In
solar rotation rate and the height of tracers et al. 1998) the case of the interactive method (visual tracing) it is also pos-
to our set of solar rotation measurements tracing coronal brigittle to identify the tracer subtype: point-like structures, small
points. By this method it is possible to calculate the averafgops, and small active regions.
height of all tracers in dierent latitude bands. The interactive The automatic method of data reduction is based on
method of data reduction also provides the possibility to dige Interactive Data Language (IDL) procedure “Regions Of
tinguish between the various tracer subtypes (point-like struoterest (ROI) segmentation”. The ROI procedure was applied
tures, small loops, and small active regions) which do not ¢m triplets of images taken every 6 hours. The numerical ROI
average necessarily have the same height and, consequepdiiameters of the automatic method (sharpness of the subim-
the same value of the height correction. On the other hand, vages, their circumference range and the intensity range of their
ious automatic procedures of data reduction (e.g.,SBrajal. brightness) were chosen to resemble the interactive method as
2001a; Wohl et al. 2001; Gissot et al. 2003) are very useful beauch as possible. The ROI parameters that were used in the
cause of the large SOHO-EIT data set (Hochedez et al. 20(dgtual analysis were given by Bsajet al. (2002a). We point
In such cases it is important to know statistical properties of that that it is not possible to identify filerent tracer subtypes
tracers including their height. This will be especially importargpplying the automatic method.
when the appropriate automatic method will be applied to the Further technical details about data selection and prepa-
data from the whole SOHO lifetime. It is important to extendation of images for the reduction were given in Bajgt al.
the solar rotational analysis to higher latitudes (e.g., Fisk 199@001a; 2002a).
and this is one of the primary goals of our study. This informa-
tion can be provided by study of coronal bright points, sin
they are widely distributed over solar latitudes.
Some preliminary results, obtained using a small subset®fi. The method

our data without improved solar disc coordinates and not tak- ] ] )
ing into account the latitudinal dependence of the correctioWe now describe briefly the method for the simultaneous deter-

have been described by Bsaj'et al. (2000b). In that papermlnation of the corrected solar rotation velocity and the height
we found that coronal bright points had no significant heigRf racers ac_cor*dlng to Ra’et al. (1998). Quantities denoted
above the solar radius used in the coordinate transformatifth @n asterisk’) are the measured ones and without an aster-
(R = 704000 km), which is 8000 km larger than the radius &K the corrected ones. .

the solar photosphere. In the present paper we check the reli-/& introduce first the parametgr which connects the

ability of that result using a larger data set and applying tfgight parameter = h/R, wherehis the height above the solar
analytical method consistently. surface andR the solar radius, with the observed latituge,

and corrected (true) latitude of the traqggr,

% Height correction

cosy

The data set consists of 463 full-disc solar filtergrams recorded cosy

in the Fe XV line at the wavelength of 28.4 nm withThisis Eq. (17b) in Rea et al. (1998), which can for the case

the EIT instrument on board the SOHO spacecraft durir?@ ~ 0, whereBy is the heliographic latitude of the solar disc

June, November, and December 1998 and March, April, ag@ntre, be written as

May 1999. The images were taken with a regular cadence of

6 hours. The data were reduced using two methods, the inter- NS sinzl//*

active and the automatic one. B= cosy = constant )
Using the interactive method, coronal bright points are vi-

sually traced in consecutive images on a computer screen. THigs is Eg. (20b) in Rea et al. (1998). The relative deviation

was carried out by several observers. Some of them perfornoédhe parametes from a constant value due to the change of

the tracing in shorter time intervals only, while others followethe projected heliographic latitude is less than 2% even in the

the bright points as long as possible. So, for the whole obsemest inconvenient cases wh8g reaches the maximum value

ing period, June 4, 1998 to May 22, 1999, two data sets wexed the tracer is close to the limb (oét al. 1998).

2. The data set and reduction methods B=1+e

1)
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Now we connect the paramef@mwith the mean observed Table 1. Effective heights of coronal bright points calculated for var-
central meridian distanc&, and corresponding observed rotaious latitude bins using Egs. (11) and (12) for the interactive method.

tion velocityw*, and corrected rotation velocity, of the mea- The results for all data and for the subsample of point-like struc-
sured tracer tures (PLS) are presented.

B2 - sirfA:
. B i . 3) all subtypes PLS only

wp =

cosd, Latitudey (deg) height (km) heighth (km)

This is Eq. (21d) in Rs& et al. (1998). 00 =y <100 3997 2911
Further, the corrected rotation velocityand the parame- 10:0 ; v < 20:0 _184 _361
ter can be calculated by 200 <y < 300 3607 5821
, ab-cd 300 < ¥ < 400 1842 3284
=T (4) 400 < ¢ < 500 9332 16758
500 < ¥ < 60.0 3396 2819
b—d+c/w? 60.0 < ¥ < 70.0 8868 9368

/32 = T’ (5)

vyhlch are Egs. (_33a) and (_33_b) in Ea)et al. (1998), respec-s 5 The calculation procedure
tively. The following abbreviations were introduced
N The calculation of the height correction proceeds in the follow-
a= Z wi*z’ (6) ing way. All measured rotation velocities (without any velocity
filter, BrajSa et al. 2002a) with the corresponding mean values

of the CMD are divided in 10-deg latitude bins. Now, for each

b= 1 , (7) latitude bin the mean value of the corrected rotation velagity
-1 cos'A and the parametgrare calculated according to Egs. (4) and (5),
N2 respectively. The measured rotation velocitigsare now fit-

= Z —, (8) ted as a function of the measured central meridian distahce

— cog4, using Eq. (3) where the corrected (true) rotation velogignd
N 1 the value of the parametgrare taken as fit parameters in each

d= Z o2l (9) latitude bin. All measurements with the corresponding curves
i=1 ' fitted in this way are presented separately in Figs. 1 and 2, for
NN the interactive and automatic methods, respectively. The scatter

€= ) Cod L’ (10)  of data points in Figs. 1 and 2 provides some insight into the
i=1 ! errors of measurements, indicating also the statistical nature of

where the summation refers to 10-deg latitude bins Idnd the height correction procedure.
the number of measured pairs of velocitisand mean central ~ Further, the height of the tracer above the solar surface (ex-
meridian distanceg;, in each bin. pressed in units of the solar radiB is calculated according
Finally, the true height of the tracer is calculated by to Eq. (11) for each latitude bin (in Table 1 the results for the
interactive method are presented as an example) taking into ac-
h= R(\/,B2co§¢* + sinfy — 1), (11) count the mean latitude of all measurements in each bin using
Eqg. (12). Finally, the corrected mean latitude for each bin is
wherey* is the mean latitude value for each latitude bin calculated using Eq. (14).
LN For each latitude bin we now have the mean observed val-
v = 5 Z v (12) ues of the latitude and the rotation velocity, andw*, calcu-
i=1

lated using Egs. (12) and (13), and the corresponding corrected

. ., valuesy andw, calculated using Egs. (4) and (14). From these
These two expressions are Eqs. (34) and (35) frosafat al. values the corrections specific for each latitude bin are calcu-

(1998). Equation (11), as well as Eq. (2), hold in the aPProXkiod asAw = w — w* and Ay = ¢ — * and used to cor-

ma_tl_on 'TD’O ~ 0. The mean value of the measured rotation Vfect all individual measured pairs of the rotation velocity and
locities is calculated by

latitude. In this way the corrected data sets for each method

1N of data reduction, the interactive and the automatic one, were

w' = N Zl: W}, (13) established.

i=
for each latitude bin. The corrected latituglés calculated by 4. Results

Beosy” . . .
cosy = = ' (14) 4.1. Differential rotation
2coSy* + simy*
‘/’8 v v The raw and corrected data for both methods of data reduc-

This formula is obtained by combining Egs. (1) and (2). tion are further treated in the usual way, applying the two-step
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Fig. 1. Observed solar sidereal rotation velocities as a function of the CMD for 10-deg latitude bins: panel 1 for the lafitides<010.0 deg,
panel 2 for the latitudes 10 < ¢ < 20.0 deg, etc. Results obtained with the interactive method are presented for both solar hemispheres trea

together. For details see text.

velocity filter (Brajpa et al. 2002a) and calculating the paramé&om Eq. (15), with all three paramete® ¢ C) and imposing
ters of the solar dierential rotationA, B, andC according to B = C are calculated. In the last of the above-mentioned cases,

the standard formula

w(y) = A+ Bsirfy + Csin'y,

(15)

wherew is the sidereal rotation velocity in d&tay andy the

heliographic latitude in degrees.

Eq. (15) was transformed to(y) = y(X) = A + B(x + x2) with
the substitutiornx = sirfy. Now we takex + x2 = x’ leading to
y(X') = A+ BX, which is now fitted with the linear least-square
method, as usual (e.g., Bsajet al. 1997).

The diferential rotation curves for the interactive and au-

The parameters are presented in Tables 2-5 for the inter@menatic methods are shown in Figs. 3 and 4, respectively. For
tive and the automatic method and for the raw and correctieoth cases data sets with and without the height correction are
data sets. The cases with only the first two parame@es Q) presented.
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Fig. 2. As Fig. 1 for the automatic method.
4.2. Height of coronal bright points solar radius in pixels, the solar radius in arcsec is calculated

taking into account that 1 pixel corresponds to 2.629 arcsec.
The dfective heights of coronal bright points are calculated fdthen the distance from the spacecraft to the Sun was calcu-
each 10-deg latitude bin using Eq. (11). The first seven lakkted from the coordinates of the SOHO spacecraft in the solar
tude bins, i.e., latitudes up to 70 deg are taken into accowgystem, and used to convert the solar radius in arcsec to the one
and the mean values with standard errors (expressed &8I, in kilometers.
whereo is the standard deviation ard the number of data

o . We obtain following heights relative to the mentioned
points in the bin) are calculated.

solar radiusR = 701500 km: for the interactive method
The calculated heights refer to the solar radRs= h = 4400 km+ 1300 km and for the automatic methbd=

701500 km used in the coordinate transformation. THisce 2800 km= 3300 km. In the interactive method it is also possi-

tive solar radius was obtained in the following way. From thigle to distinguish between various tracer subtypes, point-like
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SOHO, EIT, Fe XV, 28.4 nm, interactive
T T T T T T T T T T T

Table 2. Differential rotation parametess B, andC from Eg. (15) 15
for the interactive method, without the height correction. The side-
real parameters and their standard errtdy gre expressed in detpy
for three cases (see remarks). Both solar hemispheres are treatedsto-
gether and the number of tracers: 1179 (after the velocity filter was 14
applied).

Sidereal rotation velocity [deg/

H
w
L L B L BB ! B

A+ My -B+ Mg -C+ Mc Remark
14591+ 0.028 3.18:0.10 O C=0 .
14549+ 0.036 2.59%0.33 0.89+0.47 B=C BPe 1o heiaht corr @
14.495+0.026 1.89:0.06 1.89:0.06 B=C e ¢ TR e nesm e )
O BPs, with height corr.
Table 3. As Table 2 with the height correction (interactive method). ‘ ‘ ‘ %
n=1182. 0 20 40 60 80
Solar latitude [degrees], N+S
A+ My -B+ Mg —-C + Mc Remark Fig. 3. The mean values of sidereal rotation velocities of coronal bright
points (BPs) using the interactive method with and without the height
14561+ 0.029 3.680.11 O C=0

correction, as indicated in the legend. The averaging is performed in
10-deg latitude bins and the error bars indicate the standard errors of
the means in each bin (calculatedMs= o-/ YN, wheres is the stan-

dard deviation and\ the number of data points in the bin). Both solar
Table 4.As Table 2 for the automatic method (without the height COhemispheres are treated together and the lines represent least-square
rection).n = 1500. fits (C = 0) to all filtered data points for each case. The parameters are
given in the first lines in Tables 2 and 3, for the cases without and with
height correction, respectively.

14496+ 0.037 2.77+0.34 1.40+050 B=C
14.454+ 0.027 2.22+0.07 2.22+0.07 B=C

A+ My -B+ Mg —-C+ Mc Remark
SOHO, EIT, Fe XV, 28.4 t ti

14.530+ 0.032 2.68:0.13 0 C=0 o e e 20 202 T, attoman .
14.460+ 0.042 1.79+0.36 1.38:052 B=#C L ]
14.446+ 0.029 1.63:0.08 1.63+0.08 B=C _ E 1
§ [ ]
S 4 .
Table 5. As Table 3 for the automatic method (with the height correcs ]
tion). n = 1495. > r :
A+ Mg -BxtMg  -C+Mc  Remark R ]
14.677+0.033 3.10:0.14 0 cC=0 Bl ]
14.549+ 0.043 1.43+ 0.38 2.75+ 0.58 B+ C § 12 } P X BPs, no height corr. % {
14.591+ 0.030 1.94-0.08 1.94+0.08 B=C é r o]
L O BPs, with height corr. ]
structures, small loops and small active regions. The mean''s 2~ 20 e "

height of the point-like structures is= 6100 km+ 2100 km, Solar latitude [degrees], N+S

while the subsets of the other two tracers are too small to @f§. 4. As Fig. 3 for the automatic method (the case w@th= 0,
reliable results. We note that the above-mentioned heights @igles 4 and 5).
rounded up to 100 km (see also Table 1).

Finally, the transformed heights of coronal bright points
above the solar photosphere, having the radius of 696 000 km,
are approximately 9900 km for the interactive methodyightness temperature regions and magnetic features, as well
8300 km for the automatic method and 11 600 km for the poirts measuring Doppler shifts. Two or three parameters are cal-
like tracer subtype. culated and in some cases only the equatorial rotation velocity,
represented by the paramefgris presented. When available,
errors of the parameters are also given. Further details are listed
as remarks below Table 6.

Solar diferential rotation curves obtained tracing coronal
In Table 6 representative solari@irential rotation parametersbright points are compared with some profiles obtained with
from the present work are compared to selected results frather data in Figs. 5 and 6 for the interactive and automatic
the literature, where the solar rotation was determined tracimgthods, respectively. In both cases data with and without the
sunspots, ki filaments, coronal bright points, microwave lowheight correction are presented.

5. Comparison with other data, discussion,
and conclusions
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Table 6. A comparison of dferential rotation parametefs B, andC from Eq. (15) for coronal bright points (Tables 2-5) with other results.

R —remark.
Tracefmethod Time A+ Mp -B+ Mg -C+ Mc Source R
Coronal bright points 1967 14.650.2 Dupree & Henze (1972) 1
Coronal bright points 1973 1460.3 Golub et al. (1974) 2
Coronal bright points  1998-1999 14.58®.032 2.68+0.13 present work, Table 4 3
Coronal bright points  1998-1999 14.6¥0.033 3.10+0.14 present work, Table 5 4
Sunspots 1921-1982 14.520.004 2.84+0.04 Howard et al. (1984) 5
Sunspots 1921-1982 14.393.010 2.95+0.09 Howard et al. (1984) 6
Sunspots 1874-1976 14.5%10.006 2.87+ 0.06 Balthasar et al. (1986) 7
Sunspots 1853-1996 14.5210.003 2.75+0.05 Pulkkinen & Tuominen (1998) 8
Sunspots 1880-1976 14.370.01 2.59+ 0.16 Brafa et al. (2002b) 9
Ha filaments 1919-1929 14.48 2.16 d’Azambuja & d’Azambuja (1948) 10
He filaments 1972-1973 14.45 1.43 Adams & Tang (1977) 11
He filaments 1972-1987 14.450.15 0.11+ 0.90 3.69:£0.90 Brafaetal. (1991) 12
Coronal bright points  1998-1999 14.499.026 1.89+0.06 1.89+0.06 present work, Table 2 13
Coronal bright points  1998-1999  14.48£€.027 2.22+0.07 2.22+0.07 present work, Table 3 14
LTRs 1979-1991 14.250.06 1.25+0.19 1.25+0.19 Brapaetal. (2000a) 15
LTRs 1979-1991 14.16€ 0.06 141+ 0.19 1.41+0.19 Brapaetal. (2000a) 16
Magnetic 1967-1980 14.3070.005 1.98-0.06 2.15+0.11 Snodgrass (1983) 17
Magnetic 1975-1991 14.420.02 2.00+0.13 2.09+0.15 Komm etal. (1993) 18
Magnetic 1997 14.08 0.54 2.24+1.22 1.78:£0.79 Dengetal. (1999) 19
Doppler 1966-1968 13.76 1.74 2.19 Howard & Harvey (1970) 20
Doppler 1967-1984 14.05 1.49 2.61 Snodgrass (1984) 21
Doppler 1981-1982 13.990.06 Kiiveler & Wohl (1983) 22
Doppler 1983-1986 13.920.12 Lustig & WohI (1989) 23

1. 0S0O-4, Mg X spectroheliograms; 2. Skylab, soft X-rays; 3. SOHO-EIT, automatic method, no height correction;
4. SOHO-EIT, automatic method, with height correction; 5. Mt. Wilson, sunspots; 6. Mt. Wilson, sunspot groups;
7. Greenwich, sunspot groups; 8. Extended Greenwich, sunspots and sunspot groups;

9. Greenwich, only stable recurrent sunspot groups; 10. Meudon; 11. Big Bear, with height correction;

12. Big Bear and Kanzetifie, with height correction; 13. SOHO-EIT, interactive method, no height correction;

14. SOHO-EIT, interactive method, with height correction;

15. Metsihovi, microwave low brightness temperature regions, no height correction;

16. Metsihovi, microwave low brightness temperature regions, with height correction;

17. Mt. Wilson, photospheric magnetic fields; 18. Kitt Peak, photospheric magnetic fields;

19. HuairoyBeijing, photospheric high-latitude magnetic fields; 20. Mt. Wilson, photosphere, spectroscopic;
21. Mt. Wilson, photosphere, spectroscopic; 22. Locarno, photosphere, spectroscopic;
23. Capri, photosphere, spectroscopic.

From Table 6 and Fig. 5 we can see that coronal briginteractive method. For this reason the rotation velocity results
points traced with the interactive method rotate roughly as phabtained with the automatic method are similar to the ones de-
tospheric magnetic fields when a cross-correlation methodésmined by sunspot groups.

apphed (Komm ?t al. 1993). On.the other hand, co_ronal bright In this paper we have discussed the height correction in the
points traced with the automatic method rotate_ like SUNSp@Liermination of the solar fierential rotation velocity. This is
groups (Balthasar et al. 1986) as can be seen in Table 6 most important source of systematic errors in the rotation
Fig. 6 The mo_st probal_)Ie _explar_1at|_on for this dlscrepancy\}glocity analysis for coronal tracers, especially when medium
the_ dﬂ“erenc_e in the latitudinal distribution of coronal brlghEand high latitudes are considered. Other possible sources of er-
points applying the two methods. Less tha8 af all coronal 0 de intrinsic proper motions due to changes in the mag-

bright points traced with the interactive method, but almgst 3netic field structure, evolution of the tracer, possible systematic

of them with the automatic method were identified in the latfhaccuracy of the positioning of the solar axis4ndBg), and

tude ra_rjge from 10 to 40 deg (as rgporteq in_a preliminary for(S‘r.ﬂserver errors (Schtér 1985). In the present analysis the im-
by_ Bfaﬁa. et al. 2003).' SO, the Iantugle distribution of coron Iroved solar disc coordinates (solar radius and disc centre) ob-
bright points traced with the automatic method has a more pig, o with the refined solar limb detection method (Aereh®
hounced maximum at sunspot latitudes in comparison to g, 1998) were used for precise position measurements, and



714 R. Braga et al.: Height correction of coronal bright points

SOHO, EIT, Fe XV, 28 4 nm, interactive, comparison
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Fig. 5. Solar diferential rotation curves for various tracers and methrig. 6. As Fig. 5 for the automatic method (the case with= 0,

ods. In the case of coronal bright points (BPs) the interactive meth®ables 4 and 5).

was used, and the results with and without the height correction

are presented, as indicated in the legend (the case Bvita C,

Tables 2 and 3). The solar rotation parameters far filaments, for the height correction. F. Clette and J.-F. Hochedez acknowledge

sunspot groups, magnetic correlations and Doppler shifts are spé& support from the Belgian OSTC and from Prodex.

ified with further details in Table 6, in the lines 10, 7, 18, and 21,

respectively.
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