A technique for measuring solar

differential rotation

Peter Meadows

The Sun exhibits differential rotation, with its rotation rate or period varying with heliographic latitude. This
short paper demonstrates a method for using full-disc white-light solar images to measure the Sun’s rotation
rate at different latitudes. Using images from the Solar Dynamics Observatory, suitable sunspots are selected.
The central meridian distance of these sunspots is calculated, and the synodic rotation rates are determined.
The paper also explains how to convert synodic to sidereal rotation rates and derive parameters for a dif-
ferential rotation model. Results are compared with other studies, showing consistency despite the relatively

small number of measurements.

Introduction

As the Sun is a gaseous rotating body consisting primarily of hy-
drogen and helium, it is to be expected that its rotation rate, in de-
grees of longitude per day (°/day), or rotation period, in days, will
vary depending on the heliographic latitude above or below the
equator. Full-disc white-light solar images can be used to show
that the Sun indeed exhibits differential rotation, measure the ro-
tation rate at different latitudes, and derive the parameters for a
differential rotation model.

Many of the full-disc solar images contributed to the BAA So-
lar Section or available from other sources are suitable for deriv-
ing rotation rates. The main requirement is that the images have
accurate orientation. This can be either equatorial (usually celes-
tial north at the image top and east to the image left), with the
solar rotation axis in the vertical direction (as for solar satellite
images), or altazimuth.

Provided several images are available of the same sunspot as
it progresses across the solar disc, then the author’s HelioViewer
software tool can be used to measure the latitude and longitude
of the sunspot and then calculate the central-
meridian distance (Dcy; the longitude dif-
ference between the sunspot and the central
meridian of the Sun).! As will be shown, the

CMD distances can be easily calculated us- »
ing a spreadsheet such as Microsoft Excel
and then used to calculate the rotation rate of o
a particular sunspot. By measuring the rota-

-

tion rate of sunspots at different latitudes, the
parameters of the differential rotation model
can be deduced, again using a spreadsheet.
The following section describes the se-
lection of suitable sunspots. Here, solar im- -
ages from the Solar Dynamics Observatory
(SDO) satellite and the Helioseismic & Mag-
netic Imager (HMI) Continuum instrument
have been used,? but the same steps can be
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Figure 1. Examples of selected H-type

used for other full-disc solar images. Then, the steps to measure
the sunspot position and calculate the CMD are described, fol-
lowed by the calculation of the solar rotation rate for a particular
sunspot. This rotation rate is the synodic rate (i.e., as measured
from Earth). So, before comparing the rotation rate of many sun-
spots, using imagery taken at different times of the year, a conver-
sion to sidereal rotation rate needs to be performed.

It is then shown how the parameters to a differential rotation
model can be easily calculated, again using a spreadsheet. Next,
the derived rotation model is compared with a selection of previ-
ous studies. A subset of measurements is described that would
be suitable for a student project into the nature of solar rotation.
Conclusions are then presented.

Note that the purpose of this paper is to demonstrate the differ-
ential nature of the Sun’s rotation using a relatively small number
of sunspots and measurements, rather than to present a compre-
hensive study of solar rotation.

Sunspot selection

The choice of sunspots to measure the rota-
tion rate is important. Within most groups,
sunspots have their own proper motion with
respect to the photosphere and hence with
respect to the general rotation of the Sun,
which we want to measure. Also, many
. groups have a rapid increase in size and
complexity followed by a slower decrease
in size before disappearing — again, sunspots
within such groups are not ideal due to their
8 proper motion.

It is suggested here that the most suit-
able sunspots are those that change very
little during their passage across the solar
disc. These are single, isolated, unipolar
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Table 1. Selected sunspot groups
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NQAA active Datg on central f:}c/ eq}{tJ; Z[l” Mean lat.(°) e e ) Synoa;ic rotation ¥ (*/day) Siderc;al rotation
region no. meridian 5.7 rate (*/day) rate (*/day)
meridian

12785 2020 Nov 28 333 =22 2 13.30 1.01 14.31
12818 2021 Apr26 116 -16 204 13.23 0.97 14.21
12886 2021 Oct 23 296 -19 333 13.11 1.00 14.10
12927 2022 Jan 15 15 -20 317 13.17 1.02 14.19
12934 2022 Jan 26 26 -25 170 12.95 1.02 13.97
13024 2022 May 31 151 -34 317 12.47 0.96 13.43
13071 2022 Aug 08 220 -18 126 13.29 0.96 14.25
13160 2022 Dec 12 346 23 258 13.02 1.02 14.04
13168 2022 Dec 20 354 -16 160 13.25 1.02 14.27
13201 2023 Jan 29 29 24 351 13.13 1.02 14.15
13239 2023 Mar 06 66 33 237 12.61 1.00 13.62
13241 2023 Mar 07 66 28 223 12.61 1.00 13.61
13264 2023 Mar 30 89 15 280 13.07 0.99 14.05
13326 2023 Jun 08 159 25 69 13.12 0.96 14.08
13362 2023 Jul 10 191 -8 9 13.33 0.95 14.28
13412 2023 Aug 24 236 31 134 12.75 0.97 13.71
13501 2023 Nov 29 333 -9 297 13.44 1.01 14.45
13581 2024 Feb 14 45 -21 1 13.05 1.01 14.06
13591 2024 Feb 29 60 -36 160 12.55 1.00 13.56
13690 2024 May 29 150 16 53 13.48 0.96 14.44
13756 2024 Jul 22 204 =17 67 13.32 0.96 14.28
13798 2024 Aug 25 238 6 330 13.47 0.97 14.43
13937 2024 Dec 28 363 -12 116 13.25 1.02 14.27
13989 2025 Feb 15 46 19 204 12.92 1.01 13.93

Note: The sunspots shown in bold make up a subset suitable for measurement in a student project. See text for details.

penumbral sunspots of type H,3 which change little for many days
at a time. Preferably, they should not develop any surrounding
pores and should not start to decay.

SDO/HMI images were visually examined from the start of
2020 (i.e., from the start of Cycle 25) to the end of 2025 February
for the identification of isolated H-type sunspots. Table 1 shows
24 sunspots that have been chosen as being suitable for deter-
mining the solar rotation rate. They vary in heliographic latitude
between 33°N and 36°S, and there are slightly more of them in
the southern hemisphere (14 compared to 10) due to dominance
of southern-hemisphere activity during the first half of Cycle 25.
The average area of the 24 sunspots is 110 millionths of the
Sun’s visible hemisphere. Figure 1 shows nine example H-type
sunspots.

Note that Table 1 gives the US Air Force (USAF) and Na-
tional Oceanic and Atmospheric Administration (NOAA) Active
Region number,* and the date and day of year (DoY) when the
sunspot was close to the central meridian, together with the mea-
sured sunspot location and derived rotation rate.

Sunspot location measurement

The heliographic latitude and longitude can be measured using
HelioViewer, as shown in Figure 2 with an example SDO/HMI
image containing Active Region (AR) 13239 from 2023 March 5.
Once the image is loaded into HelioViewer, the date, time and
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orientation are automatically set correctly (see Appendix A), then
a left click on the middle of the sunspot enables its latitude and
longitude to be calculated and displayed on the left-hand side of
the HelioViewer window. HelioViewer also shows the longitude
of the central meridian (Z;). The CMD is calculated by:

Dev=L—-1Lg (1)

where L is longitude. Note that CMD has a range of between —90°
(east) and +90° (west), and if the calculated CMD is outside this
range, then 360° needs to be added or subtracted.

Table 2 gives example positions and CMD measurements for
AR 13239 from 2023 March, using SDO/HMI images spaced
12 hours apart. There are no data points for March 6 (DoY 66),
as this sunspot became a type-C group before reverting back to
type H.

To avoid any projection effects when sunspots are near to the
limb, measurements were only made where the CMD is between
—60 and + 60°. This corresponds to between five days before and
five days after the sunspot was closest to the central meridian.

Calculation of rotation rate

The rotation rate of an individual sunspot can be easily calcu-
lated by plotting the DoY against CMD.5 An example plot using
Excel,t for the sunspot AR 13239 data in Table 2, is shown in
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Figure 3: there is a good linear relationship between DoY and
CMD. Figure 3 also includes a linear-fit dashed line, the line
equation, and goodness-of-fit parameter R2.7 The slope of the line
is the synodic rotation rate for the sunspot in °/day. The same ap-
proach is then repeated for each sunspot.

Table 1 gives the synodic rotation rate for each of the 24 sun-
spots used in this paper. Note that for all sunspots, R? is equal to
1.0 (to four decimal places).

Conversion from synodic to sidereal
rotation rate

Figure 4 shows the difference between the rotation of the Sun as
seen from Earth (the synodic rotation), and relative to the fixed
stars (the sidereal rotation — the fixed stars are located to the ex-
treme left of the Figure). At date #;, a sunspot on the Sun’s central
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Figure 3. CMD for AR 13239 between 2023 Mar 2 and
Mar 11. A linear fit is shown as a dashed line. The slope of the
linear fit equation (top right) in Excel gives a synodic rotation
rate of 12.61°/day.
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Figure 2. HelioViewer with
SDO/HMI image from 2023
March 5, showing the loca-
tion of AR 13239 (blue dot
within right-hand red circle)
together with the sunspot
heliographic latitude and
longitude, and the longitude
of the central meridian, L,
(Ieft-hand red circles).

Sunspot Grid Size  Help

meridian is shown by the blue dot. One solar rotation later, Earth’s
position has rotated on its orbit around the Sun to the location at
date t,. The same sunspot, again on the central meridian, is shown
by the red dot. During the period between dates ¢; and ¢,, the Sun
has rotated, with respect to the fixed stars, by 360° plus the angle
6. Thus, the synodic rotation period is longer than the sidereal
rotation period. Over the period of a year, 6 is 360°.

If Earth’s orbit were circular and the Sun’s rotation axis were
orthogonal to it, the daily difference between the synodic and si-
dereal rotation rates, denoted by , would simply be 360° per
365.25 days or 0.9856°/day.

Considering only the variation in Earth’s distance from the
Sun during the year (i.e., ignoring the Sun’s inclination to the
ecliptic), a more accurate value for w can be calculated.®® This
has an error of less than 0.01°, which is adequate for this paper.
The yearly variation in y is shown in Figure 5, and the algorithm
to calculate v is given in Appendix B. The conversion from syn-
odic rate, wgyy, to sidereal rate, wyg, is given by:

Wsid = Wsyn + 4 (2)

Also included in Table 1 is w and the sidereal rates for the se-
lected sunspots, based on the date when the sunspot is closest to
the central meridian. Figure 6 shows the variation of the sidereal
rotation rate with latitude for the 24 selected sunspots.

Fitting of the differential rotation
model

The equation to describe the sidereal differential rotation rate is
given by:

wsiq = A + B sin?(p) + C sin(p) ?3)
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Model parameter A4 is the rotation rate at the equator, while pa-
rameters B and C give the rotation dependence on heliographic
latitude, ¢. The parameter C is important for high solar latitudes
and so can be ignored for sunspots.® Thus, C is set to zero.

The standard equation of a straight line is y = mx + ¢ where the
data coordinates are (x, y), the line slope is m and the intercept on
the y-axis is c. Equation 3 can be rewritten as:

wsiq = B sin*(p) + 4 4)

Therefore, plotting sin?(p) against wgq will give a linear fit where
the slope and intercept give values for B and A4, respectively.

Figure 7 shows a plot of sinz(go) against wg;q for the selected
sunspots, where the upper right of the plot gives 4 = 14.46 °/day
and B = -2.83 °/day. The differential rotation curve using these
parameter values is also shown in Figure 6. The sidereal equato-
rial rotation period can be calculated from 360°/4 = 24.90 days,
while Equation 4 can be used to calculate, for example, the side-
real rotation period at a latitude of £30° as 26.18 days.

Discussion

If it is assumed that the differential rotation fit shown in Figure 6
is an exact representation of the solar differential rotation, then
all 24 sunspots would lie precisely on the model curve. However,
this is not the case. The most likely explanation is that these sun-
spots exhibit a proper motion in longitude.

Table 3 presents four sets of differential rotation rate param-
eters from previous studies, alongside the results from this study.
The findings here are comparable to those of the other studies,
despite the relatively small number of rotation rate measurements
taken.

Stix (2002) and Braj$a & Hanslmeier (2024) note that the equa-
torial rotation rate (parameter A) for recurrent sunspots, which
include long-lived H-type sunspots, is shorter than that derived
from studies using all types of sunspot groups.®!2 It is evident in
Table 3 that there is a distinction between studies focusing on iso-
lated or recurrent sunspots and those analysing a large number of
sunspot groups of all types. The difference is attributed to a drag
in the photosphere affecting recurrent sunspots.

The equatorial rotation rate derived in this study falls between
the values reported for isolated/recurrent sunspots and those for
all sunspot groups. None of the selected H-type groups in this
study were observed for more than one rotation and therefore
they cannot be classified as recurrent. A larger sample of sun-
spot groups and a longer time period would enable determina-
tion of more definitive values for the equatorial rotation model
parameters.

Measurement subset for students

The results presented here are based on 24 sunspots and SDO im-
ages acquired at 12-hour intervals, which requires 300 individual
heliographic latitude and longitude measurements.!> A student,
with limited time, but still with the aim of demonstrating the dif-
ferential rotation of the Sun, can use a subset of sunspots and
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Figure 4. Illustration of the difference between synodic and sidereal rotation of
the Sun. See text for details.
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Figure 5. Difference between sidereal and synodic solar-rota-
tion rates during the year.
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Figure 6. Relationship between sidereal rotation rate and he-
liographic latitude for the selected sunspot groups in Table 1.
The curve is the best fit to the differential rotation model.

measurements. By selecting the nine sunspots shown in bold in
Table 1 and those in Figure 1, together with using images approx-
imately two days apart, then the number of measurements using
HelioViewer could be reduced to a more manageable 50. The nine
sunspots have been selected to cover the full range of latitudes
and to give similar values for the differential rotation model pa-
rameters A and B as for the full set of measurements (see Table 3).
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Table 2. Position & central-meridian distance measurements for AR 13239

Date Time (UT) DoY Ly(°) Lat. (°) Long. (°) CMD (°)
2023 Mar 2 00:00 61.0 295.0 32.4 239.6 -55.4
2023 Mar 2 12:00 61.5 288.4 32.3 239.5 -48.9
2023 Mar 3 00:00 62.0 281.8 32.3 239.3 —42.5
2023 Mar 3 12:00 62.5 2752 324 239.0 -36.2
2023 Mar 4 00:00 63.0 268.6 325 238.9 -29.7
2023 Mar 4 12:00 63.5 262.0 32.6 238.7 -23.3
2023 Mar 5 00:00 64.0 255.4 32.7 238.5 -16.9
2023 Mar 5 12:00 64.5 248.8 32.8 238.3 -10.5
2023 Mar 7 00:00 66.0 229.1 33.1 2374 8.3
2023 Mar 7 12:00 66.5 222.5 33.1 237.0 14.5
2023 Mar 8 00:00 67.0 2159 33.1 236.8 20.9
2023 Mar 8 12:00 67.5 209.3 33.1 236.4 27.1
2023 Mar 9 00:00 68.0 202.7 33.0 236.1 334
2023 Mar 9 12:00 68.5 196.1 329 235.7 39.6
2023 Mar 10 00:00 69.0 189.6 32.8 235.3 45.7
2023 Mar 10 12:00 69.5 183.0 32.7 234.9 51.9
2023 Mar 11 00:00 70.0 176.4 32.6 234.7 58.3

It is envisaged that a template spreadsheet could be created where
students would only need to enter the sunspot position informa-
tion and the longitude of the central meridian. In addition, the
various calculations and plots could already be included in the
spreadsheet to reduce the time required by the student.

Conclusions

This study has demonstrated the differential rotation of the Sun
using a modest yet representative set of 24 isolated H-type sun-
spots observed across a range of heliographic latitudes. By using
full-disc SDO/HMI white-light images, alongside the Helio View-
er tool and spreadsheet analysis, it was possible to calculate ac-
curate synodic rotation rates for each sunspot. These were then
converted to sidereal rates, allowing for the derivation of differ-
ential rotation model parameters.

The resulting fit to a solar differential rotation model, us-
ing parameters 4 = 14.46 °/day and B = —2.83 °/day, is in good

agreement with values reported in previous studies. Although the
sunspots do not lie exactly on the fitted curve — likely due to
their inherent proper motion — the overall consistency supports
the validity of this short study. Importantly, the equatorial rota-
tion period derived here (24.90 days) lies between values ob-
tained for recurrent sunspots and those obtained using all sunspot
group types.

While the sample size and time period are limited, this paper
has shown that the differential nature of the Sun’s rotation can
be effectively demonstrated using a relatively small number of
carefully selected sunspots. This makes the approach particularly
suitable for educational purposes, where time constraints may ap-
ply. A reduced dataset of nine sunspots has been proposed for stu-
dent investigations, along with the suggestion of a pre-configured
spreadsheet to streamline the analysis.

Further work involving a larger dataset over a longer time span
would allow for more precise determination of the Sun’s rota-
tion profile, particularly at higher latitudes. However, even with
limited data, the methodology outlined here offers a robust and
accessible means of quantifying solar rotation.

Table 3. White-light differential sidereal solar-rotation rates

Source A (°/day) B (%/day) C (*/day) Comments

Maunder 1 14.37 -2.60 0.00 Based on small, isolated sunspot from 1888-1893

Newton & Nunn ! 14.38 -2.96 0.00 Based on single recurrent sunspots from 1934-1944

Stix 12 1454 £ 0.02 Z2.86 £ 0.02 0.00 Average qf Greenwwh (1874-1976) sunspot groups & Mt Wilson (1921-
1982) individual sunspots

Brajia & Hanslmeier 14 1450 + 0.05 .67+ 0.20 0.00 Average of 11 datasets ffom Greenwich, Debrecen Pl.wto.h.elzogmphzc Data
catalogue and Kanzelhéhe for sunspot groups and individual sunspots

This paper 14.46 -2.83 0.00 Based on 24 isolated individual sunspots (Table 1)

This paper 14.47 -2.89 0.00 Based on nine isolated individual sunspots (bold entries in Table 1)
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Figure 7. Relationship between sin?(latitude) and sidereal
rotation rate for the selected sunspot groups in Table 1. The
dashed line is a linear fit whose equation (top right) gives the
A (14.46 °/day) and B (-2.83 °/day) parameters for the differ-
ential rotation model.
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where y has a value of 3547.717 arcsec or 0.9855°, and D is the Earth—
Sun distance in astronomical units.
The distance D is given by the equation:

D=1.0-ecos(T+ esin(7))

where e is the eccentricity of Earth’s orbit (= 0.01675) and 7 'is the frac-
tion of the year from the date of perihelion and is equal to (2 / 365.25) x
(!poy — tp)- tpoy 18 the number of days after January 0 and 7py is the time
in days of the mean perihelion: a value of 3.5 has been assumed.

If using Excel, the following steps are required, where the value of
tpoy for when the sunspot is closest to the central meridian (see Table 1)
is input into cell Al:

— Tis calculated in cell B1 using the expression ‘=(2*PI()/360)*(A1-3.5)

— D is calculated in cell C1 using the expression ‘=1-0.01675*COS(B1
+0.01675*SIN(B1))’

—  is calculated in cell D1 using the expression ‘=0.9855/(C1*C1)’

Note that y is in °/day and as 7 is already in radians, no conversion
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Appendix A

Using HelioViewer

Prior to using HelioViewer for the sunspot position measurement, the
following steps are needed:

— Set the correct orientation. The equatorial orientation, for example,
is set by using menu Disk Orientation > Equatorial. The other options
are AltAzimuth or Rotation Axis (mainly for satellite solar images). In
addition, a change of east/west position can be made using menu Disk
Orientation > Mirror. Usually, images have east towards the left (and
north towards the top). Note that for SDO/HMI flattened images, the
orientation is automatically set (based on the filename containing the
string ¢ Ic flat 1k’).

— Set the image size. If the input image is large — at more, say, than ap-
proximately 1,000 x 1,000 pixels — it is suggested that the image size
is reduced using, for example, menu Display > Image Size > Reduce /
2, to reduce the size by a factor of 2. This needs to be set before open-
ing the image (menu File > Open Image...).

— Set the latitude and longitude precision. It is suggested that this is
set to 0.1° using menu Display > Lat Long > 0.1°.

Appendix B

Conversion from synodic to sidereal
rotation rate

An approximate set of equations for the conversion from the synodic to
sidereal rotation rate for a particular sunspot is given by Graf (1974),8
and corrected by Brajsa & Hanslmeier (2024).° This approach only takes
into account the variation in Earth’s distance from the Sun during the
year (i.e., ignoring the Sun’s inclination to the ecliptic) to calculate the
difference between the synodic and sidereal rotation rates (i):

w=wo/ D?
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from degrees to radians for the Excel sin and cos functions is required for
the calculation of D.
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