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Abstract.

An instantaneous complete global view of the photospheric magnetic field is

indispensable to reproduce coronal and heliospheric structures observed at same time

from different points by the upcoming STEREO A & B and the Solar Sentinels. To

construct a better instantaneous entire solar surface distribution of the photospheric

magnetic field, this work first examines the effect of differential rotation of magnetic

features on the evolving photospheric magnetic field on the time scale less than one

solar rotation, finding that the magnetic elements from a synoptic chart do not cover

the entire solar surface at any time within the period of solar rotation; then improve

the synoptic frame by including the effect of differential rotation. In the improved

synoptic frame or the “synchronic frame”, all magnetic elements are remapped using

fully the heliographic coordinate system at the time of interest. The coronal holes and

heliospheric magnetic field polarities reproduced overlying the magnetogram portion of

the improved synoptic frame are better than that reproduced using the synoptic frame

without the differential rotation correction. To further approximate the photospheric

magnetic flux over the entire surface for a later time in order to make better predictions,

the synchronic frame with the differential rotation correction should be imported into

the flux-dispersal model as an initial, instantaneous, entire-surface distribution of the

photospheric magnetic field.
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1. Introduction

Carrington-coordinate synoptic maps, or synoptic charts (Bumba and Howard,

1965), constructed from a time series of magnetograms collected during a solar rotation

have typically been considered to represent the entire surface distribution of the

photospheric magnetic field, implicitly assuming that the photospheric magnetic field

are stable for one one solar rotation. These charts are often used as boundary conditions

for modeling coronal magnetic fields, for reproducing the structure of the solar wind,

and for studying the evolution and transport of magnetic field during the solar cycle. A

limitation of these charts is that each Carrington longitude is observed at a different

time, with only the data near central meridian from each magnetogram being used.

For tracking the temporal variation of individual active regions, instantaneous

magnetograms remapped into heliographic coordinates are directly extrapolated into the

corona using local coronal models. To model the temporal variation of coronal structures

larger than active regions on the time scale of day or less, the “synoptic frame” of

the photospheric magnetic field has been constructed as a proxy for the instantaneous

entire surface distribution of the photospheric magnetic field at a specified instant of

time. [Zhao, Hoeksema, and Scherrer, 1997; 1999]. The terms “dynamic synoptic maps”

or “instantaneous maps” are also used to indicate such instantaneous entire surface

distributions of the photospheric magnetic field [Harvey and Worden, 1998; McCloughan

and Durrant, 2002]. Using the synoptic frames of the photospheric magnetic field as

an input to global coronal magnetic field models, the temporal variation of the 1996

August boot-shaped coronal hole boundary on the time scale of a day and the temporal

variation of the 1994 April Soft X ray arcade on the time scale less than a day have

been reproduced by Zhao, Hoeksema and Scherrer [1999; 2000].

The synoptic frame for a specified instant of time is made up by photospheric

magnetic fields observed 4 to 14 days before and after as well as at the specified instant.

Most of the data observed not at the specified instant occur at the invisible side of
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the Sun. Because the effects of flux emergence, random-walk dispersal, meridional

advection, and differential rotation on the magnetic features may not be effectively

neglected on the time scale less than one solar rotation, the magnetic field used to

replace the invisible field at the instant is expected to be different from the real one

at the instant. Therefore, the synoptic frame is certainly not valid to be inputed into

coronal magnetic field models to reproduce coronal and heliospheric structures observed

by the upcoming STEREO mission and Solar Sentinels from different heliographic

longitude at the same time.

Flux transport models have been used to simulate the evolution of magnetic field

at the solar surface. The latest version is a flux-dispersal model that incorporates

flux emergence, random-walk dispersal, meridional advection, differential rotation, and

removal of flux via cancellation (Schrijver and Derosa, 2003, and references therein).

It can simulate the distribution of the photospheric magnetic flux from instant to

instant over the entire solar surface. Because of lacking knowledge of the instantaneous

global distribution of the photospheric magnetic field, the standard synoptic chart has

often been used as the initial instantaneous distribution, and therefore what the model

produces is also a standard synoptic chart that is a limited proxy for the instantaneous

global distribution of magnetic field at the time of interest.

It has been shown that differential rotation accounts for most of the surface

transport of magnetic field over the period of one solar rotation (Worden and Harvey,

2000). This work attempt to improve the synoptic frame by including the effect of

differential rotation of magnetic features. Such improved synoptic frame will be called

the “synchronic frame” in what follows. We first discuss the mapping inconsistence of

the synoptic frame in Section 2. We then examine the effect of the differential rotation

correction (DRC) on synoptic charts centered at the time of interest in Section 3, and

compare coronal structures calculated using the potential field source surface (PFSS)

model and the synchronic frame with that using PFSS model and synoptic frames in



5

Section 4. We finally compare the open field regions and heliospheric current sheet

overlying the visible portion of a synchronic frame with the observed coronal holes and

heliospheric magnetic polarity in Section 5. In the last section we summarize the results

and discuss how to further improve synchronic frames of the photospheric magnetic

field.

2. Mapping inconsistence of synoptic frames

The synoptic frame at a specified instant consists of two portions: one from a

remapped magnetogram observed at the instant and the other from a synoptic chart

centered at the instant. To distinguish the standard synoptic chart from the synoptic

chart centered at the time of interest, we term the latter the updated synoptic chart.

The bottom panel of Figure 1 shows the 1998:05:23 16.03.30 synoptic frame which is

constructed by inserting the lower-noise central section of the remapped magnetogram

observed at that time (the area within the red rectangle in the top panel) into the central

part of the updated synoptic chart centered at CR1936:200 or 1998:05:23 16.03.30 (the

area within the red rectangle in the the middle panel).

The top panel is a map of the entire solar surface with the 1998:05:23 16.03.30

remapped magnetogram overlapped in the central part of the map. The solar surface at

this specific time is remapped into the heliographic longitude (vertical black lines) and

sine latitude. The vertical red line in the top panel denotes the meridian at the central

meridian passage (CMP) or the central meridian (see top label of the top and middle

panels), and is defined as the heliographic longitude of 1998:05:23:200 (see bottom

label of the top panel), corresponding to the Carrington longitude of CR1936:200 (see

bottom label of the middle panel). The heliographic longitude of other meridians in

the top panel are specified with respect to this central meridian (see bottom labels of

the panel). The heliographic coordinate remapping used here shows the locations of

magnetic elements at the instant of observation.
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The updated synoptic chart (middle panel) is a standard Carrington mapping.

It shows the photospheric field at each longitude observed as it crossed the central

meridian. A few of the blue vertical lines in the middle panel are labeled with the time

of CMP at the top of the middle panel; corresponding Carrington longitudes are shown

at the bottom. Each Carrington longitude shows a different time. Thus the synoptic

chart might be better termed as ’diachronic’ chart - one that shows changes in time.

Using the word “synoptic”, implicitly assumes that the photospheric magnetic field over

the mapped area is ’seen together’, i.e., unchanged during the data collection interval.

Under this static assumption, all of the magnetic elements located, for instance, at

Carrington longitude 1936:140◦ that was observed as it crossed the central meridian

position at 1998:05:28 05.34.05 (middle panel) would be the same features seen along

the meridian of 1998:05:23:140◦ in the top panel as viewed some distance from central

meridian. As shown in the next section, the effect of differential rotation cannot be

neglected on the time scale less than one solar rotation; therefore the synoptic chart

is not an accurate representation of the global field distribution at any instant within

the rotation and the synoptic frame (bottom panel) will be inconsistent: magnetic

elements in the portion of magnetogram are positioned using heliographic longitude and

that in other portions of the synoptic frame are positioned using Carrington longitude

(see the bottom labels in the bottom panel). There must be a discontinuity on the

boundary between the inserted magnetogram portion and the synoptic chart portion of

the synoptic frame.

3. The effect of DRC on updated synoptic charts

For the synoptic frame shown in Figure 1 the differences between the specific

time when the inserted magnetogram was observed and the times when the magnetic

features in the synoptic chart portion were observed range from 4 to 14 days. Because

of the time differences, the location of the pixels will be changed due to the differential
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rotation, depending on latitude and time difference.

3.1. The effect of the DRC on location

Because of the differential rotation of photospheric magnetic features, magnetic

elements on a meridian at a specific instant will not be on the same meridian at

any other time. In other words, the heliographic longitude of a magnetic element is

time-dependent for the differentially rotating Sun. For instance, at the time of a CMP

earlier than 1998.05.23 16.03.30, magnetic elements distributed along a vertical blue

line (the central meridian, see the middle panel of Figure 1), will not distributed along

the same meridian at the time of 1998.05.23 16.03.30 except those magnetic elements

located near the equator. Higher the latitude of magnetic elements, farther the left

shifting of the heliographic longitude of the magnetic elements relative to the the vertical

blue line. We calculate the shifting of heliographic longitudes of magnetic elements

using the time difference from the time of interest and the differential rotation law

ω(θ) = A + B sin2(θ) + C sin4(θ) (1)

where ω(θ) is the sidereal rotation rate at the latitude of θ in µrads−1 and coefficients

are those fit by Snodgrass (1983): A = 2.897, B = −0.339, and C = −0.485 for

magnetic features. Snodgrass fit this law for latitudes within 50◦ of the solar equator.

Deng, Wang and Harvey (1999), using magnetic tracers, found that the Snodgrass fit is

adequate to first-order for solar rotation at polar latitudes.

Figure 2 shows how to construct an updated synoptic chart with the DRC (middle

panel) from updated synoptic charts without the DRC (top panel).

The top panel shows a MDI updated synoptic chart centered at the Carrington

longitude of CR1936:200, i.e., 1998.05.23 16.03.30, as shown by the vertical red line. The

time increases from right to left in the panel, and the chart covers one solar rotation.
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Vertical blue lines here denote central meridians indicating by Carrington longitudes

(see bottom labels).

The middle panel shows a MDI updated synoptic chart with the DRC. It centers

at the heliographic longitude of 1998.05.23 200, as shown by the vertical red line. The

east and west edges are both at 1998.05.23:20, and the updated synoptic chart with the

DRC covers the entire solar surface at the time of 1998.05.23 16.03.30. Vertical black

lines here denote meridians indicating by heliographic longitudes. The chart is obtained

by including the effect of differential rotation of magnetic features, as detailed in the

bottom panel of Figure 2 and in next subsection.

The vertical red line in the bottom panel indicates the reference time of

1998.05.23 16.03.30 corresponding to the Carrington longitude of CR1936:200 and the

heliographic longitude of 1998.05.23 200. The panel spans one solar rotation as shown

by the top panel and the entire solar surface as shown by the middle panel. Vertical blue

lines in the panel are central meridians, the same ones as in the top panel. Black curves

are calculated using Equation (1) and the time difference between each blue line and

the vertical red line. As time goes on, the magnetic elements originally along a central

meridian and near the equator stay at the original meridian, but those far away from

the equator will shift toward the vertical red line from the original meridian. The curves

represent new locations of magnetic elements, indicating by heliographic longitudes and

sine latitudes.

The Carrington rotation rate is defined as an average rotation rate for sunspots

or the rotation rate of sunspots occurred around the latitude of 16◦. The two dotted

lines denote the latitude of 16◦ and −16◦. Each curve corresponds to a blue line that

touches the low-latitude part of the curve. Nearly all the touched low-latitude part of

black curves are occurred within the two dotted lines, implying that the effect of the

DRC may be neglected in this latitude zone.

The bottom panel shows that the black curves can not cover the entire solar surface,
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as shown by the four blank corners. This demonstrates that the magnetic elements in a

synoptic chart cannot be used to completely fill in the entire solar surface at any instant

within the period of the rotation. To construct an updated synoptic chart with the

DRC more observational data than that observed over one solar rotation are needed.

3.2. The effect of differential rotation on magnetic field distribution

The magnetic field distribution will change because of the shifts of heliographic

longitude relative to the rigidly rotating meridian corresponding to the associated

Carrington longitude. As shown by the bottom panel of Figure 2, the change of the

magnetic field distribution will be significant at latitudes higher than 30 degrees, i.e.,

the locations of older, decaying active regions, unipolar magnetic regions, and polar

regions. Except for the effect of differential rotation, these large-scale photospheric fields

may be nearly time-independent over one solar rotation. Thus the time variation of

these large-scale photospheric fields caused by the differential rotation can be effectively

corrected as follows.

To obtain the new synchronic magnetic field distribution requires three successive

updated synoptic charts with centers located at Carrington longitudes CT1935 : 200◦,

CT1936 : 200◦ and CT1937 : 200◦. We shift the magnetic element at each pixel

according to the rule described above. Finally the shifted magnetic fluxes are averaged

at each grid location. The middle panel of Figure 2 shows the updated synoptic chart

with the DRC. It can be considered as the instantaneous magnetic field distribution

over the entire solar surface at the time of 1998.05.23 16.03.30 if the time variation of

the photospheric magnetic field in the period of time is caused totally by the differential

rotation.

Figure 3 displays the longitudinal variation of magnetic field at latitudes −84◦,

−60◦, −30◦, −16◦, and 0◦. Blue (red) lines denote the longitudinal variation in the
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updated synoptic chart with (without) the DRC. Starting at the latitude of −30◦ the

blue line significantly shifts, relative to the red line, toward the black vertical line from

two sides. The shift increases as the blue line aways from the black line and as the

latitude increases. There is no significant shift between blue and red lines at the solar

latitude less than 16◦, further showing that the effect of differential rotation may be

neglected there.

The effect of the DRC on magnetic structures should also be detectable. Figure

4 shows a quantitative sketch of the effect. The rectangles bound by thick (thin) line

denote the areas occupied by magnetic structures in the synoptic chart with (without)

the DRC. Depending on the latitude and the angular distance from the center, the thick

line rectangles, relative to the thin line rectangles, displace toward the center with their

upper parts shear more than the lower parts and their rear parts move more than front

parts. These differences are understandable.

Such differences are perceptible in the middle panel of Figure 2. All active regions

away from the red line in the panel show a displacement toward the red line with

respect to the top panel. For instance, the active regions located at ±30◦ of latitude and

98.05.23 350◦ of longitude moved about 5◦ leftward relative their counterpart in the top

panel. In addition, the active region in northern (southern) hemisphere shows a slight

counter clock-wise (clock-wise) rotation with respect to the top panel. The structures in

the east side shows an opposite rotation. This tendency of rotation is consistent with

the latitude dependence of the DRC.

4. Effect of synchronic frames with DRC on modeled coronal

structures

Inserting a remapped magnetogram into a synoptic chart with the DRC, will

produce a synchronic frame that will be a better proxy for the instantaneous global
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distribution of magnetic field.

The top two panels of Figure 5 display the synoptic frame without the DRC (top)

and the synchronic frame with the DRC (second). Overplotted are the photospheric

polarity inversion lines of large-scale field (black curves). Between the two panels

differences like those found in Figures 2 and 3 also appear in the synoptic chart portion

outside the rectangle bound by dashed lines. The displacing, tilting and shrinking of the

positive (white) and negative regions bound by polarity inversion lines in the second

panel indicate the effect of the differential rotation on the distribution of magnetic

polarities.

What is the effect of this difference on the calculated coronal field, specifically, on

modeled coronal holes and the base of the heliospheric current sheet (HCS)?

The bottom two panels of Figure 5 display the field distribution and neutral

lines (black curves) calculated on the source surface using the MDI synoptic frames

without and with the DRC as input to the potential field - source surface (PFSS)

model. The source surface is located at 2.5 solar radii and the principal order of the

spherical harmonic series being 45. The blue and red dotted areas in the panels show

the calculated positive and negative foot points of open field lines. The green line in the

bottom panel is the same as the neutral line in the third panel, showing the difference

between the two neutral lines caused by the DRC. The difference of calculated coronal

holes between the two panels are evident in the synoptic chart portion outside the the

rectangle. Even in the magnetogram portion within the rectangle both the neutral line

and the northern and near-equator open field regions show the perceptible difference.

Figure 5 shows that although the DRC changes the photospheric field distribution

only in the portion outside the rectangle, calculated coronal holes and the HCS are

changed in the portion within the rectangle as well as in the portion outside the

rectangle. To see whether or not the DRC improve the instantaneous entire surface

distribution of the photospheric magnetic field, it is necessary to compare the coronal
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and heliospheric structures overlying the rectangle calculated using the synchronic frame

with observations made at the same time.

5. Comparison of calculated coronal hole and HCS with

observations

Since the synchronic frame is a proxy for the global distribution of the photospheric

field at a specific time, the coronal structure and the HCS to be compared must be

observed near the same time. The outlines in Figure 6 show the boundary of 1083

nm coronal holes observed at 1998.05.23 17:13 by the NSO Vacuum Telescope of the

Kitt Peak Observatory. Although for south polar hole and the near-equator hole, the

agreement between observation and both calculation is basically the same, the blue foot

point areas in the north polar hole calculated using synchronic frame with the DRC does

show a better agreement with observations than the synoptic frame without the DRC.

Figure 7 shows the calculated heliospheric current sheet that has been mapped

to Earth’s orbital distance with a constant solar wind speed of 350 km/s (the solar

wind velocity near the HCS is always low). The symbols ‘+’ and ‘-’ denote the daily

polarity of the heliospheric magnetic field observed at 1 AU and various dates. Only

the two ’+’ polarity days around 98/05/28:134 in the bottom panel correspond to the

time of interest near the Sun, and can be approximately used to compare with the HCS

calculated for the time of interest. The two ’+’ polarity do correctly locate above the

calculated HCS, but in the top panel one ’+’ polarity wrongly crossed the HCS. It

should be noted that the agreement depends also on the selection of the solar wind speed

to map the HCS to Earth’s orbit. The upcoming STEREO A and B measurements of

the heliospheric magnetic field may provide valid data to make strict testing.
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6. Summary and Discussion

We have shown that the effect of differential rotation on the time variation of

photospheric magnetic field should not be neglected, even on the time scale less than

one solar rotation. We find that the magnetic elements from a standard synoptic chart

do not cover the entire solar surface at any time within the period of rotation. The

synoptic chart, therefore, cannot be considered as a good proxy of the entire surface

distribution of the differentially rotating photospheric magnetic field. The comparison

of the difference between the synoptic charts with and without the differential rotation

correction shows that the difference is not dramatic. The standard synoptic chart

can thus be used, as the first approximation, to reproduce coronal and heliospheric

structures observed at times corresponding to Carrington longitudes during the solar

rotation; and the synoptic frame without the differential rotation correction can be

used to reproduce the time variation of coronal hole boundaries directly overlying the

visible photospheric magnetic field (Zhao, Hoeksema and Scherrer, 1999). However,

to reproduce coronal and heliospheric structures observed at the same time but from

different places by such spacecraft as the STEREO A and B and the Solar Sentinels, the

differential rotation correction is absolutely necessary in constructing the instantaneous

entire solar surface distribution of the photospheric magnetic field.

We have constructed the 1998.05.23 16.03.30 synchronic frame with the DRC and

examined the effect of the Sun’s differential rotation on the frames by comparing polarity

inversion lines of large scale field with those from the synoptic frames without the DRC.

We also considered modeled coronal structures by comparing open field regions and the

base of heliospheric current sheet. The effect is detectable, though not dramatic. This

is expected since the time difference that determines the longitude shift relative to the

rigidly rotating meridian corresponding to the central meridian is fairly small where the

tests are sensitive.

The modeled open field regions overlying the embedded 1998.05.13 16.03.30
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magnetogram are compared with coronal holes observed at 1998.05.13 17.13, and the

calculated HCS for 1998.05.13 near the Sun is compared with daily polarity of the

heliospheric magnetic field observed around 1998.05.28 near the Earth corresponding

to 1998.05.13 near the Sun. The agreement obtained using the synchronic frame with

the DRC is slightly better than using the synoptic frame without the DRC. Although

more samples are needed to make the result more convincing and conclusive, the

fact that there is only slight improvement is understandable since the influence of

invisible photospheric magnetic field distribution on the visible coronal structures is of

secondary importance. In fact this slight improvement may validate the construction

of the synchronic frame as the better proxy of instantaneous global distribution of the

photospheric magnetic field.

The synchronic frame with the DRC may be used as a better approximation for

the initial instantaneous global distribution of the photospheric magnetic field for the

flux-dispersal model. By combining a synthesized synchronic chart with an observed

remapped magnetogram for a particular time, the new synchronic frame would be the

best proxy of the instantaneous global distribution of the photospheric magnetic field.
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Figure 1. Construction of the synoptic frame of the photospheric magnetic field (bot-

tom panel) using a remapped magnetogram (top panel) and an updated synoptic chart

(middle panel).
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Figure 2. Construction of updated synchronic chart with the differential rotation correc-

tion (bottom panel) from updated synoptic charts without differential rotation correction

(see text for details).
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Figure 3. Comparison of the longitudinal variation of magnetic field at latitudes of 0,

-30, -60 and −84◦ (bottom to top) between updated synoptic charts without (red lines)

and with differential rotation correction (blue lines).
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Figure 4. Comparison between updated synoptic charts without differential rotation

correction and synchronic charts with DRC. The first two panels are for grid spacing of

360 x 180, and the third and fourth panels are in low resolution of 72 x 30, the same

as WSO synoptic charts. The black outlines in the third and fourth panels are polarity

inversion lines.
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Figure 5. Comparison between synoptic frames without DRC (first panel) and syn-

chronic frame with DRC (the second panel). The black and blue-red curves are polarity

inversion lines and closed field lines with apex less than 1.6 solar radii, respectively. The

black line, blue-red curves, and blue (positive) and red (negative) points in the third and

fourth panels denote the neutral line at the source surface, closed lines with apex higher

than 1.6 solar radii, and foot points of open field lines.
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Figure 6. Comparison of open field regions calculated using the 1998:05:23 16:03:30

synoptic frame without DRC and the synchronic frame with DRC with KPNO He 1083.0

nm coronal holes observed at 1998:05:23 17.43.
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Figure 7. Comparison of the location of heliospheric current sheet calculated using

the 1998:05:23 16.06.30 synoptic frame without DRC and the synchronic frame with

differential rotation correction with the heliospheric magnetic field polarities observed

near the Earth.


