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Abstract—An algorithm for measuring horizontal photospheric velocities previously employed to process
aerospace images is adapted for problems in solar physics and realized in a computational code. It differs
from the standard procedure of local correlation tracking in a special choice of trial areas (“targets”),
whose displacements are determined by maximizing the correlation between the original and various shifted
positions of the target. Specifically, an area is chosen as a target in a certain neighborhood of each node of
a predefined grid if either the contrast or the entropy of the brightness distribution reaches its maximum
in this area. The horizontal velocities obtained are then interpolated to the positions of imaginary “corks”
using the Delaunay triangulation and affine transformations specified by the deformation of the obtained
triangles at the time step considered. The motion of the corks is represented by their trajectories. A
superposition of flows on different scales, from mesogranular to supergranular, can clearly be seen. “Large
mesogranules” with sizes of order 15 Mm are revealed. In many cases, these are stellate in shape. Areas
of strong convergence of the horizontal flows are detected; this convergence is sometimes accompanied
by swirling. Evidence is found for the possible coexistence of convection cells with different circulation
directions, so-called l-type and g-type cells.
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1. INTRODUCTION

The abundant observational data supplied by
space stations and describing solar chromospheric
and coronal phenomena have stimulated active in-
terest in these phenomena. As a result, studies of
photospheric and subphotospheric flows, which are
directly observable (rather than requiring reconstruc-
tion from helioseismological data), were somewhat
pushed into the background. The active processes
in the photospheric and subphotospheric layers are
not as violent as in the overlying layers, so that the
dynamics there seem, in principle, relatively clear and
not requiring detailed analysis.

At the same time, the magnetic fields responsible
for the entire complex of active phenomena originate
in dense layers of the Sun, where flows play an im-
portant role in the formation of these magnetic fields.
The structure of these fields is largely an imprint of
the flow structure, and must be understood if we are
to understand solar-activity processes.

The convective motions in these dense layers are
complex and poorly ordered. It may be precisely this
fact that has relegated the problem of their morphol-
ogy to the background. However, as will become clear
from the material considered here, if proper tech-
niques are chosen, the structural organization of the

flows can become quite pronounced and demonstrate
some remarkable properties.

Four well-known types of cells observed on the
Sun are usually associated with thermal convection,
viz., granules, mesogranules, supergranules, and gi-
ant cells. Their principal parameters are listed in the
table. The question mark entered for the velocity typ-
ical of granules emphasizes that the velocities in-
side the granules and the velocities of the granules
themselves cannot easily be separated in these highly
mobile and changeable features. Since the granules
are transported by larger-scale flows, they can be
used as tracers to investigate the structure of these
flows [1–4].

This fact (and, generally, the transport of bright-
ness inhomogeneities by matter flows) underlies the
widely known method of local correlation tracking
(LCT) for measuring the velocities of brightness-
field features [5]. To some extent, these velocities
correspond to the matter flow velocities and can be
used instead of the latter in analyses of the photo-
spheric dynamics (note that no method for directly
measuring velocities normal to the line of sight has
been developed; obviously, the motion of brightness
inhomogeneities is not the same thing as the motion
of the matter).
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In our opinion, patterns of motion of imaginary
“corks” represent most informatively the velocity
fields obtained using the LCT technique. The corks
are initially assumed to be uniformly distributed over
the image, and their further motion is determined at
any time using the local velocities found.

Time series of maps of the cork distributions in-
dicate that condensations of these particle outline
progressively larger cells with time [6]. However, the
enlargement of the cells appears to be a continuous
process, and such series cannot be used to study
the shapes and characteristic sizes of true cells in
the velocity field. This can be understood in gen-
eral terms from the following considerations. As they
reach those sections of their trajectories where the
vertical velocity component (downflow) dominates,
the particles collect there, since they can move only
horizontally. The larger the flow scale, the longer
this flow persists and the more particles accumu-
late at downflow sections, outlining the contours of
the flow cells. However, before the particles reach
these sections, they can be collected by unsteady,
intermediate-scale flows. In this case, a cellular pat-
tern can also develop; however, the cells outlined by
the cork pattern will be stretched by the larger-scale
flows. Therefore, the scale of the visualized cells will
continuously grow, and the larger-scale flows will
become progressively more pronounced. If this anal-
ysis method is used, the velocity-field components for
different scales cannot easily be separated.

As we will see, it is much better to map the cork
trajectories instead of plotting the instantaneous cork
distributions in the horizontal plane.1 In this case, the
short-lived flows will only produce some jittering of
the particle that causes their trajectories to meander,
whereas, after a sufficiently long time, the endpoints
of these trajectories will be gathered, outlining the
features most stable over the given time interval.

The LCT method—in both its traditional form and
the improved version employed here—will be briefly
described in the next section. The technique used by
us was originally developed for space hydrometeorol-
ogy and was applied to determining the velocities of
cloud masses and drifting ice [7]; it was later adapted
for problems in solar physics. We will track the motion
of corks in the velocity field obtained by analyzing a
series of granulation images.

1 Strictly speaking, the plane of the sky is meant here. How-
ever, images obtained near the solar-disk center should be
used to study horizontal flows; thus, we will make no distinc-
tion between the plane of the sky and the horizontal plane on
the Sun.

Principal parameters of the velocity-field cells on the Sun

Cell type
Size, Lifetime Horizontal

Mm velocities in the cell

Granules 0.25–2 8–15 min 1–2 km/s (?)

Mesogranules 5–10 2–10 h 0.4–1 km/s

Supergranules 20–30 �1 day ∼500 m/s

Giant cells Hundreds �100 days ∼4 m/s

2. TECHNIQUES

The idea of the LCT method is as follows (Fig. 1).
An area, A, is chosen in an image of the solar surface.
Another image taken shortly after the first image is
then considered. Variously shifted positions are in-
spected in some neighborhood of the initial position
of area A. For each of these, the correlation between
the brightness distributions over the original area in
the first image and over the shifted area in the second
image is calculated. In Fig. 1, the brightness pattern
inside the original area is shown as a shaded feature
outlined with a solid curve. Let us suppose that this
correlation is maximum at some shifted position, B,
among all the values obtained for various shifts (the
brightness pattern in the shifted area is represented by
the shaded region outlined with a solid curve, whereas
the original shaded region shifted together with the
area is outlined with a dashed curve; clearly, the less
the shifted pattern differs from the original one, the
higher the correlation). In this case, the shift vector
(shown as the heavy arrow) of area B with respect to
area A divided by the time interval between the times
when the two images were taken is regarded as the
local velocity vector.

The procedure we employ here differs from the
standard LCT procedure in our choice of the trial
areas (“targets”) used to calculate the correlations.
While, in the standard method, the targets are fixed
to the nodes of a purposely specified uniform grid,
the choice of the targets in our study is a particular
problem.

We choose our target to be a square area in the
image, such that the brightness in this area is “max-
imally variable” compared to the neighboring areas.
Our search for targets is based on the EUMET-
SAT technique [7]. The search for targets using this
technique employs the size of the square grid cells,
Grid_Size; the size of the square area centered at
the grid point and used to search for the targets,
Targ_Search; the size of the target, Targ_Size;
and the minimum distance between target centers,
Targ_Dist (the targets may partially overlap). We
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Fig. 1. Illustration of the principle of measuring velocity
using the technique of local correlation tracking. See the
text for explanation.

regard the position where the control parameter Par,
which is either the contrast or the entropy, reaches
its maximum as the optimum target position in the
search area. To search for targets in an area of size
Targ_Search, we use the local brightness averages I
calculated for each point in a surrounding neighbor-
hood of 3 × 3 pixels and the local standard deviations
(in the same neighborhood). The contrast is defined
as the difference

C = Imax − Imin, (1)

where Imax and Imin are the maximum and the mini-
mum local brightness in the area. The entropy is

E = −
∑

i

pi log pi, (2)

where pi is the probability of a pixel of value i; 2 the
summation is done over all pixels in the area with
different values. This probability is defined as pi =
Si/S, where S is the image area (the number of pixels)
and Si is the number of pixels of value i in the image.

In addition to the above geometrical parameters,
we selected targets using also the following charac-
teristics of the image variability in the area covered
by the target: Min_St_Dev, the minimum value of
the local standard deviation, and Num_Gr_SD, the
minimum number of pixels with a standard devia-
tion in excess of Min_St_Dev. The shift is deter-
mined for each of K_Targs targets found. The new

2 For brevity, we will write the pixel value in place of the
brightness value at the pixel.

target position is sought inside the square area of
size Search_Size whose center coincides with the
original position of the target. We regard the posi-
tion where the correlation coefficient Corr reaches
its maximum as the new target position. In contrast
to the technique of EUMETSAT [7], we allow scal-
ing and rotation transformations of the target in the
process of scanning the search region. Among all the
new positions found, we can select those satisfying
the threshold conditions; more precisely, we specify
the minimum admissible correlation coefficient and
minimum admissible target shift.

The use of such selection criteria for the targets
reduces the probability of considering brightness dis-
tributions over areas with weak and smooth bright-
ness variations that are correlated by chance. This
ultimately increases the reliability of local-velocity
determinations.

To compare the velocity fields for different times,
we must obtain the velocity values for the same
points; to plot trajectories, the velocities must be de-
termined for the endpoints of the already constructed
segments of the trajectories. However, our procedure
yields velocities for the points specified by our choice
of targets, which are different at different times. For
this reason, we obtained the velocities for the needed
points by interpolating the horizontal velocities found
using our technique to these points. To this end, we
constructed a Delaunay triangulation (see, e.g., [8])
on the family of the original target positions and the
affine transformations specified by the deformation of
the constructed triangles at the time step considered.

Previously, Pötzi [9] plotted cork trajectories using
the standard LCT procedure. We used one of the
maps of trajectories he obtained based on the same
series of granulation images that we process here to
test our algorithm. As far as we know, Pötzi did not
employ the maps of trajectories to analyze the flow
structure.

Here, we plot the trajectories based on the mod-
ified LCT algorithm described above to study the
morphology of the solar convection.

3. OBSERVATIONAL DATA

We analyzed a series of solar-granulation images
obtained on June 5, 1993 by Simon et al. [10] using
the Swedish Vacuum Solar Telescope (La Palma,
Canary Islands). This series is remarkable in terms
of its duration (11 h), continuity (a constant frame
cadence of 21.03 s), and quality (rms contrast varying
from 6 to 10.6%), taken together, and remains among
the best available. The observations were carried out
from 08:07 UT to 19:07 UT near the center of the solar
disk in a 10-nm spectral band centered at 468 nm.
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As a rule, the spatial resolution of the images was no
worse than 0.5′′.

The preprocessing of data included spatial align-
ment of each image with the preceding image, a de-
stretching procedure required to compensate for at-
mospheric distortions, and the removal of fast (5-min)
intensity variations via subsonic filtering [11]. In ad-
dition, after cutting a central area 43.5 × 43.5 Mm in
size (480 × 480 pixels 0.125′′, or 90.6 km, in size), all
the images were normalized to a specified rms con-
trast chosen to be standard, and the residual large-
scale intensity gradient was eliminated from them.
We use here a subset of the series covering an interval
of duration 8 h 45 min (1500 frames).

4. RESULTS

We present here the results of constructing cork
trajectories traversed over intervals of about two
hours’ duration.

A series of trajectory maps plotted for a sequence
of overlapping two-hour intervals is shown in Fig. 2.
The motion from the beginning to the end of each
trajectory is shown by an increase in the curve bright-
ness. The ends of the trajectories clearly outline the
boundaries of cells.

In particular, two cells on a supergranular scale
are quite distinct in the upper half of Fig. 2а; another
somewhat smaller cell is located below the image
center, and a third adjoins it on the left. The boundary
of the supergranule located in the lower middle is
especially pronounced in Figs. 2b–2d (and a defor-
mation of the supergranule can be noted), and the
boundary of the upper-right supergranule in Fig. 2d.
The pattern in the other images is more complex, and,
although the supergranules can still be outlined, this
is more difficult.

Smaller-scale cells can also be distinguished
against the supergranular background. For example,
the lower supergranule in Fig. 2a is intersected by
two (almost perpendicular) lines that are apparently
the boundaries of smaller, mesogranular-scale cells.
In this image, the shape of these small cells is nearly
triangular; they deform at later times. The fact that
they are definitely “inscribed” in a supergranule in
Fig. 2a suggests that a secondary flow has developed
here due to an instability of the supergranule. The
idea that we see here a superposition of flows on two
different scales is supported by the fact that the left-
hand mesogranule (triangular in Fig. 2a and roundish
in Fig. 2c) is characterized by an asymmetric trajec-
tory pattern: the trajectories are longer in its left-hand
part, where the velocities of the mesogranular flow are
added to those of the supergranular flow, than they are
in the right-hand side, where these two components
cancel each other out.

Thus, the separation of flow scales and the out-
lines of cells can quite clearly be noted in the tra-
jectory maps. The largest, supergranular, cells are
superposed with smaller ones, which can be reliably
identified with mesogranules. It is interesting that
the shapes of the boundaries of both these types of
cells are much closer to polygonal (and, therefore, to
the shapes of the cells observable under quiescent
laboratory conditions—in particular, in moderately
supercritical regimes) than if these boundaries are
identified based on the concentrations of corks at a
certain time.

The trajectory maps are very convenient for deter-
mining the cork velocities (which are presumably the
horizontal matter velocities) averaged over the time
for the passage of a certain segment of the trajec-
tory. In particular, cork displacements of the order of
6 Mm, typical of the detected mesogranules at the
segments of the trajectories obtained from the data
for a two-hour interval, yield velocities of the order of
0.8 km/s. This is within the range of mesogranular
velocities. However, when making such velocity esti-
mates, we must bear in mind that the trajectory re-
sults from a superposition of flows on different scales,
and the separation of the velocities related to different
sorts of cells is, in general, a special problem.

It can easily be seen from Figs. 2a and 2b that the
two upper supergranular cells are superposed with
cells that are considerably smaller (about 15 Mm
in size), but appreciably exceed the sizes typical of
mesogranules. The cell superposed onto the right-
hand supergranule is even more pronounced in
Fig. 2d. We are not aware of references to such cells
in the literature. These cells, which we tentatively
call “large mesogranules,” can be detected at various
times and do not appear to be a rare phenomenon.
While the supergranules resemble convex (typically
irregular) polygons, the large mesogranules can also
exhibit stellate shapes (in particular, this can be seen
for the cell superposed onto the upper right super-
granule in Figs. 2b and 2d). This may testify that the
flows in such cells are farther from a well-established
regime than the flows in the supergranules, and are
characterized by flows diverging from the center.

It is remarkable that several areas with a strong
convergence of horizontal flows can be noted in each
image. These are mostly at the nodes of the network
formed by the cell boundaries (where the matter de-
scends). This is generally typical of convection in the
conditions of the formation of well defined polygonal
convection cells with central upflows and peripheral
downflows. However, in some cases, there is no clear
relationship between such areas and the network. For
example, near the left edge of the image in Figs. 2b
and 2c, at roughly its mid-height, there is a conver-
gence that does not seem to be associated with a node
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Fig. 2. Trajectories of corks during the time intervals (a) 8:43−10:46 UT, (b) 10:11−12:14 UT, (c) 11:38−13:41 UT, and (d)
13:06−15:09 UT. The motion of a cork from the beginning to the end of the trajectory is shown by an increase in the brightness
of the curve.

of the network of cell boundaries. The same is true
of the smaller convergence area located somewhat
higher.

The presence of such isolated convergence ar-
eas raises the question of the character of convec-
tive circulation in their vicinity. Obviously, if mat-
ter descends rather than ascends at the center of
some convection cell, ascends along the edges of the
cell, and then moves centripetally, the edges of the
cell will not be visible in the trajectory map; on the
contrary, a convergence will be visible in the cen-
ter. Since the convergence areas noted above do not

agree with the general network of downflows and are
surrounded with a dark background in the figure, it
is quite possible that they are located at the centers
of mesogranular-scale cells with an opposite (com-
pared to most cells) direction of circulation. We note
that precisely such “opposite” circulation is typical of
gases under laboratory conditions (which differ rad-
ically from the solar conditions); therefore, cells with
central downflows are called g-type (derived from
gas) cells; in contrast, l-type (from liquid) cells with
central upflows are typical of convection in liquids;
see, e.g., [12, Chapter 4], where investigations of the
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effects of various factors on the direction of circulation
in the cells are reviewed.

Finally, we note another interesting property of
the areas of convergence. We can clearly see from
Fig. 2c that the flow converging to the hypothetical
center of a g-type flow swirls in a circular motion.
This effect is expected where a concentrated down-
flow is present (this phenomenon is probably akin to
the swirling of water as it is drained from the bath).
Vortical flows have already been repeatedly observed
in the photosphere; in our case, however, we see a
strong convergence of the swirling flow within a very
small area, which can hardly be interpreted other than
as a manifest of a localized sink.

5. CONCLUSIONS

(1) The construction of cork trajectories based on
an improved local-correlation-tracking technique is
an effective tool for studying the structure of convec-
tive motions in near-photospheric layers. It displays
quite clearly a superposition of flows on various scales
ranging from mesogranular to supergranular scales.

(2) The shapes of the supergranulation and meso-
granulation cells that can be identified in the cork tra-
jectory maps are more similar to ordered convection
cells observed under laboratory conditions than cells
detected in other ways.

(3) In addition to the supergranulation and meso-
granulation cells with characteristic sizes of �20 and
5–10 Mm, we have detected “large mesogranules”
with intermediate sizes of the order of 15 Mm.

(4) In some cases, such cells are stellate in their
appearance, which may be an effect of nonstationarity
of the convective flows.

(5) Small areas of strong convergence, sometimes
with swirling motions, is characteristic of the photo-
spheric flows, which can be revealed by plotting the
cork trajectory maps.

(6) It cannot be ruled out that l-type and g-type
cells coexist in the overall convection field.
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