
Solar Phys (2015) 290:3137–3149
DOI 10.1007/s11207-015-0747-3

P RO B I N G T H E S U N : I N S I D E A N D O U T

Persistent Near-Surface Flow Structures from Local
Helioseismology

Rachel Howe1 · R.W. Komm2 · D. Baker3 · L. Harra3 ·
L. van Driel-Gesztelyi3,4,5 · R.S. Bogart6

Received: 29 January 2015 / Accepted: 20 July 2015 / Published online: 12 August 2015
© Springer Science+Business Media Dordrecht 2015

Abstract Near-surface flows measured by the ring-diagram technique of local helioseis-
mology show structures that persist over multiple rotations. We examine these phenomena
using data from the Global Oscillation Network Group (GONG) and the Helioseismic and
Magnetic Imager (HMI) and show that a correlation analysis of the structures can be used
to estimate the rotation rate as a function of latitude, giving a result consistent with the
near-surface rate from global helioseismology and slightly slower than that obtained from
a similar analysis of the surface magnetic field strength. At latitudes of 60◦ and above, the
HMI flow data reveal a strong signature of a two-sided zonal flow structure. This signature
may be related to recent reports of “giant cells” in solar convection.

Keywords Active regions, velocity field · Helioseismology, observations · Velocity fields,
photosphere

1. Introduction

Horizontal flows in the solar envelope are seen at a wide range of scales, from the global
scale of differential rotation and poleward meridional flow down to the granular level.
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Many of these flows are modulated by surface activity and/or the solar cycle; at medium
scales this manifests in the so-called torsional oscilation pattern of zonal flows (Howard and
LaBonte, 1980; for a review of the helioseismic observations see Howe (2009) and refer-
ences therein) and the solar-cycle modulation of the meridional flow (Zhao and Kosovichev,
2004; González Hernández et al., 2006, 2008; Hathaway and Rightmire, 2010; Basu and
Antia, 2010; Komm et al., 2013), while at smaller scales we see flows associated with active
regions (e.g. Haber et al., 2004). There have also been reports of flow patterns attributed to
“giant cells” in the subsurface convection, most recently for example by Hathaway, Upton,
and Colegrove (2013). The aim of the current study was to look for relationships between
the near-surface horizontal flows detected by helioseismology, surface magnetic activity,
and coronal activity as they evolve over a number of years. In particular, we are interested
in features that persist over multiple rotations. Such features, unless they are rotating rigidly
at the Carrington rate, will appear to drift in longitude from one Carrington rotation to the
next; this drift therefore allows us to estimate the associated rotation rate.

2. Data

2.1. Helioseismic Data

The ring-diagram technique of local helioseismology (Hill, 1988) uses the 3D oscillation
spectrum of small areas of the solar surface, usually tracked across the disk at a speed close
to the surface rotation rate, to estimate local flows and structure. The technique is so called
because the spectrum shows concentric “rings” of power (one for each radial order [n]) when
sliced at constant frequency. Flows displace these rings, and structural changes cause them
to change size. The results of fits at different radial orders and spatial wavelengths can then
be inverted to produce estimates of the horizontal flows in the analysis region as a function
of depth.

The “dense-pack” approach, where the solar disk is covered by overlapping 15◦ patches
observed for approximately one day, was pioneered by Haber et al. (2002) and has be-
come the standard for pipeline analysis. The inversion procedure returns results at 16 target
depths ranging from 0.63 to 15.79 Mm. In this work we use ring-diagram results from the
Global Oscillation Network Group (GONG) and the Helioseismic and Magnetic Imager
(HMI; Schou et al., 2012) onboard the Solar Dynamics Observatory.

2.1.1. GONG

GONG has been producing continuous ground-based network data for local helioseismology
since mid-2001, with 1024 × 1024-pixel detectors capable of detecting oscillations up to
about � = 1000. The analysis tracks 189 patches of 16◦ × 16◦, centered at locations ±52.5◦
from the equator and the central meridian and spaced at 7.5◦ in heliographic latitude and
longitude, at the Snodgrass rotation rate for each 1664-min “ring day.” The patches are
apodized to circles of diameter 15◦.

2.1.2. HMI

HMI has been in operation since April 2010, collecting magnetic and Doppler velocity data
at 4096 × 4096-pixel resolution. The pipeline processing for ring diagrams has been de-
scribed by Bogart (2007) and Bogart et al. (2011a, 2011b). This processing differs from the
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more traditional dense-pack approach in that the patches are tracked at the Carrington rather
than the Snodgrass rotation rate – that is, the tracking rate does not depend on the latitude.
Also, because of the higher resolution of HMI the analysis can be extended to higher lati-
tudes, with patches at up to ±75◦ available for part of the year. The longitude grid used at
higher latitudes differs from that at low latitude and changes throughout the year.

2.2. Magnetic Data

The magnetic data used here are taken from the magnetic synoptic charts from the Michel-
son Doppler Imager (MDI; Scherrer et al., 1995) up to the end of its operation in 2011 and
from HMI thereafter. The signed longitudinal magnetic field strength is averaged over heli-
ographic latitude and Carrington longitude ranges corresponding to the (nominal) locations
of each ring-diagram synoptic-map patch in heliographic co-ordinates.

3. Analysis and Results

3.1. Longitude–Time Plots

For this analysis the ring-diagram zonal and meridional flow data were first combined into
synoptic charts. The HMI data at higher latitudes were interpolated to the same longi-
tude grid as the lower-latitude and GONG data. We next formed a weighted mean velocity
〈V (d,T , θ)〉, where V stands for the zonal or meridional velocity estimate from the in-
version over all of the nφ longitude steps φ for each depth d , Carrington rotation T , and
latitude θ ,

〈
V (d,T , θ)

〉 =
∑nφ

i=1
V (d,T ,θ,φi )

σ 2
v (d,T ,θ,φi )∑nφ

i=1
1

σ 2
V

(d,t,θ,φi )

, (1)

where σV is the standard deviation of V . We then subtracted this from the velocity values to
obtain a residual

δV (d,T , θ,φ) = V (d,T , θ,φ) − 〈
V (d,T , θ)

〉
. (2)

The purpose of this step was to remove the first-order effects of latitudinal variation in
the flows, annually varying projection effects (Zaatri et al., 2006; Komm et al., 2015), and
solar-cycle-related changes in the overall flow patterns, while revealing the disruptions of
the flows around local features. Finally the zonal and meridional velocity residuals were
averaged over all of the nd depth locations (d) available from the inversions to obtain an
averaged residual

〈
δV (T , θ,φ)

〉 =
∑nd

i=1
δV (di ,T ,θ)

σ 2
δV

(di ,T ,θ)
∑nd

i=1 σ 2
δV (di, T , θ)

. (3)

The 1/σ 2 weighting used in the averages results in a heavier weighting for the shallower
depths where the uncertainties are smaller.
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Figure 1 Longitude–time maps of zonal velocity residuals from GONG at each ring-diagram latitude. No
data for GONG are available for latitudes poleward of ±52.5◦ , but the blank maps are shown to facilitate
comparisons with later figures.

3.1.1. GONG

The GONG ring data cover the period from Carrington rotation (CR) 1979 in August 2002,
just after the maximum of Solar Cycle 23, to CR 2139 in 2013, around the considerably
weaker maximum of Cycle 24. In between the two maxima falls the unusually quiet and
prolonged solar minimum of 2008 – 2009.

To follow the migration of structures in longitude over this period, we plot the residual
velocity as a function of Carrington longitude and time for each latitude. In such plots,
a location rotating at a rate � that is different from the Carrington rate (�CR) will drift in
Carrington longitude at a rate given by dφ/dt = �CR − �, tracing a line in the plots with
slope 1/(dφ/dt).

Figure 1 shows the zonal and Figure 2 the meridional velocity residuals for the GONG
ring data. Figure 3 shows the net magnetic field strength from MDI and HMI magnetograms,
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Figure 2 Longitude–time maps of meridional velocity residuals from GONG at each ring-diagram latitude.
No data for GONG are available poleward of ±52.5◦ , but the blank maps are shown to facilitate comparisons
with later figures.

averaged over the same 15◦ patches and plotted in the same way as the flows. No temporal-
average subtraction has been performed for the magnetic maps, and the highest latitudes
clearly show the effects of B0-angle variation, particularly for the MDI epoch. On this scale,
only strong isolated magnetic dipoles can be distinguished. The rise and fall of activity over
the cycle is clearly visible in the magnetic maps; the amount of perturbation in the flows, as
indicated by the standard deviation of the flow estimates at each rotation and latitude, also
follows the activity cycle, but the flows show structure even in the quiet periods. The zonal
flow shows a slanted “grain” that appears to correspond to features moving in Carrington
longitude due to the differential rotation, tracing upwards from left to right at low latitudes
(dφ/dt > 0, implying a rotation rate above the Carrington rate) and downwards at high lati-
tudes (corresponding to rotation slower than the Carrington rate or dφ/dt < 0). The farther
away the stripe is from the vertical, the larger the difference from the Carrington rotation
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Figure 3 Longitude–time maps of MDI and HMI magnetic field strength at each ring-diagram latitude,
averaged over the 15 × 15◦ areas used for the ring-diagram analysis and plotted for the period covered by the
GONG observations.

rate. It is noticeable that while the ±15◦ latitudes show a downward slope in the velocity
measurements, the trend is upward in the magnetic data; this gives a hint that the two kinds
of feature are revealing slightly different rotation profiles.

Some features persist for multiple rotations. For example, note the two “bipole” fea-
tures around CR 2080 in the 0◦ panel of Figure 1; each has a faster-than-average flow on
the lower-longitude side and slower on the higher-longitude side, and persists for a few rota-
tions. These features do not appear to correspond to any magnetic feature that is pronounced
enough to show up on the magnetic plots, but the configuration of the flows suggests an in-
flow into a “sink” feature. Another feature is the broad, low-contrast, but prolonged streak
of below-average velocity starting at the far left of the 7.5◦ south panel around CR 2040
and extending over at least 40 rotations. Both of these features appear during the period of
extremely low solar activity that marked the Cycle 23 – 24 solar minimum, as can be seen by
comparing with Figure 3. At the higher latitudes, for example 45◦ north, we see shallowly
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Figure 4 Longitude–time maps of zonal velocity from HMI at each ring-diagram latitude.

downward-slanting stripes that tend to have below-average speed on the lower-longitude
side, which would correspond to flows outward from a persistent “source” feature. These
patterns are more noticeable during the higher-activity periods and less visible during solar
minimum, which supports the conjecture that they are associated with areas of activity.

The meridional flows (Figure 2), on the other hand, show very little trace of any persistent
features. This is what we would expect if the bipolar features arise from flows into or out of
features such as regions of diffuse surface magnetic flux; the poleward flows would lie to the
north and south of the feature at the same longitude and would appear in different latitude
“bins” (and hence in different panels of the plot) or would tend to cancel one another if they
fall within the same bin; the features would therefore be less visible. For flows circulating
around a feature, on the other hand, we would expect a stronger signature in the meridional-
flow maps where the poleward flows would appear to the east and west of the feature and
flows parallel to the equator to the north and south.
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Figure 5 Longitude–time maps of meridional velocity from HMI at each ring-diagram latitude.

Figures 4 and 5 show a similar analysis of the ring-diagram flow data from HMI. The
lower noise and higher resolution of the HMI data reveal the streak pattern more clearly;
furthermore, at the higher latitudes that are not covered by GONG, we see a very clear
pattern of slanted stripes of slower and faster flows, and there is also a detectable slanted
grain in the meridional flows, particularly at the higher latitudes where we do see a few
bipolar features. The r.m.s. value for the zonal-flow variations at 67.5◦ is about 10 m s−1.
This amounts to about 1 – 2 % of the near-surface rotation rate at that latitude; it is also a few
times larger than the solar-cycle variation of the rotation rate due to the poleward branch of
the torsional oscillation (Antia and Basu, 2001; Howe et al., 2013) and comparable with the
amplitude of the large-scale meridional flow.

For comparison purposes, in Figure 6 we replot the GONG zonal flows on the same scale
as Figure 4. Over the 15 latitudes and 43 rotations common to both data sets, the correlation
coefficient between GONG and HMI is 0.81 for the zonal and 0.84 for the meridional veloc-
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Figure 6 Longitude–time maps of zonal velocity at each ring-diagram latitude during the period of the HMI
observations, from GONG data.

ity. This gives us some confidence that the flow patterns are neither instrumental in origin
nor pure noise.

In Figure 7 we show the standard deviations of the zonal and meridional flow residuals
within each rotation and latitude bin, overlaid with the 5 gauss contour of the unsigned
magnetic field strength. These plots clearly show that the mid-latitude flow residuals – both
zonal and meridional – tend to have more structure in the presence of magnetic activity, but
the correlation is by no means perfect.

Curiously, the zonal flow residuals in the +67.5◦ band have a correlation coefficient of
−0.41 with those in the −67.5◦ band, while the correlation coefficient is −0.27 for the ±60◦

bands and negligible elsewhere. For the meridional flow residuals the only somewhat signif-
icant correlation between opposite latitudes is +0.33 between the bands at ±7.5◦. There is
also a correlation coefficient of +0.30 between the ±7.5◦ latitudes in the GONG meridional
flow. Could these correlations hint at, on the one hand, a global-scale variation of the high-



3146 R. Howe et al.

Figure 7 Time–latitude maps of the standard deviation of the zonal (left) and meridional (right) flow residu-
als for GONG (top) and HMI (bottom). The overlaid contours represent the 5G level of the unsigned magnetic
field strength.

latitude zonal flow on a timescale of months, and on the other, low-latitude meridionally
aligned underlying features reminiscent of the “banana cells” seen in convection simula-
tions?

3.2. Cross-Correlation Analysis

The features that we see as patterns in the residual flow field appear to persist over multiple
rotations; in what follows, we assume that they have some identity – perhaps tied to magnetic
features not obvious in synoptic maps – that can withstand the advection and shear of the
wider flow field. Meridional advection might be expected eventually to carry such an entity
out of its original 15-degree latitude band; the band covers about 180 Mm in horizontal
distance at the surface, so the time for this to occur at a meridional flow rate of 10 m s−1

would be about 100 days, or roughly four rotations, on average, although it might be longer
for a feature that started well to the equatorward side of the latitude range. There will also
be shearing effects; the shear from differential rotation ranges from zero at the equator to
about 75 m s−1 per degree at 45◦ latitude; a feature in the band centred on 7.5◦ latitude and
spread over two degrees of latitude would experience a shear of ≈20 m s−1 and so might
be expected to be completely destroyed in around two rotations if nothing was acting to
maintain its identity, but we know that active regions can persist for at least that long. In
what follows, we will treat the features as entities that are carried along – like eddies in a
stream – by the differential rotation but are not destroyed by it.

To verify that the migration of the features we see corresponds to the differential rota-
tion, we carried out a cross-correlation analysis on the longitude–time plots. For each slice
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Figure 8 Synodic rotation rate
as a function of latitude from
global inversions at 0.99 R�
(solid curve), compared with the
rate inferred from
cross-correlation analysis of HMI
synoptic magnetic data (green
open circles, dot-dashed line),
SOHO/EIT 195 Å synoptic
charts (cyan open circles, dashed
line), GONG PFSS coronal hole
proxy (orange filled squares,
dashed line), and zonal flow data
from GONG (blue filled circles,
dashed line) and HMI (red stars,
dotted line) ring diagrams.

at longitude φ through a map at a given latitude θ we formed the temporal cross-correlation
function [Cφ(v(φ,T ), v(φ + δφ, δT ))] of v(φ,T ) with v(φ + δφ,T ) at longitude offsets
out to δφ = ±17�φ, where �φ is the longitude step (in degrees) and δT is the temporal lag
(in Carrington rotations). This number of steps was empirically chosen to allow a reasonable
amount of averaging while avoiding “wrap-around” effects. The cross-correlation maps for
each latitude were then averaged across all longitudes (φ) to give a two-dimensional mean
correlation map Cav(δφ, δT ). The maximum of the function was then taken at each time off-
set and a trend with δT fitted to the maximum-correlation longitude offset δφmax(δT ). In this
fit, zero-offset values are omitted as there is some distortion of the profile due to end effects.
This fit yields a differential rotation rate dδφ/dδT in units of degrees per Carrington rotation
at each latitude, which can then be converted to a synodic angular rotation rate in nanohertz.
In Figure 8 we show the rotation-rate estimates from GONG and HMI ring-diagram zonal
flows compared with those from HMI magnetic data over the period (CR 2097 – 2048), or
May 2010 to March 2014, corresponding to the HMI observations. We show on the same
axis the rotation rate from global analysis of GONG data over the period from mid-2001
to mid-2013 corresponding to the GONG ring-diagram data. The error bars shown on these
plots are probably underestimated; however, we can see that the rotation rate from magnetic
features is systematically slightly higher than those from the global helioseismic analysis
and the flow correlations.

We also include in Figure 8 results from the cross-correlation analysis of two datasets re-
lated to the corona: the 195 Å image of SOHO/Extreme ultraviolet Imaging Telescope (EIT;
Delaboudinière et al., 1995) intensity and the potential field source surface predictions of
coronal hole locations based on GONG magnetograms. While the coronal rotation estimates
are quite close to the magnetic one at lower latitudes (where the analysis will be dominated
by emission associated with active regions), at higher latitudes it is faster. In the EIT synop-
tic maps, as reflected by the cross-correlated rotation curve, different features – dark coronal
holes closer to the poles and bright active regions nearer to the equator – dominate the ap-
pearance of the corona at different latitudes. The coronal hole boundaries are not tied to the
same magnetic features, but there is a systematic (westward) displacement, which appears
to result in an increased rotation rate at latitudes higher than 50◦. At lower latitudes, i.e.
in the activity belt, bright coronal features that are genuinely tied to magnetic features are
dominant (active regions), and therefore the EIT intensity rotation curve matches that of the
magnetic features.
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Another very interesting result shown in Figure 8 is the higher (i.e. less differential)
rotation rate profile of the HMI magnetic features with latitude. As most of the high-latitude
magnetic features originate from the activity belt, one may perhaps speculate that as they
random-walk and spread towards higher latitudes, they may retain some of their original
angular momentum. Another possibility is that they maintain some connections to their
faster-rotating roots, and Lorenz forces keep their rotation rate less differential.

4. Discussion and Conclusions

We have found that some near-surface horizontal flow patterns can persist over multiple ro-
tations, even in relatively quiet Sun. The migration of these features in Carrington longitude,
as determined by a cross-correlation analysis of the longitude–time maps, corresponds to a
rotation rate that is close to the near-surface rotation rate from global helioseismology and
slightly lower than the rate found from a similar analysis of magnetic data. Given that the
near-surface rotation rate is known to increase with depth (Corbard and Thompson, 2002),
this suggests that the flow patterns may be less deeply “rooted” in the outer convection zone
than the magnetic structures. This is similar to, for example, the result of Javaraiah and
Komm (1999), who found that sunspots rotate at a faster rate than that determined from
surface Doppler velocity measurements. The existence of persistent flow patterns associated
with diffuse magnetic flux after the decay of active regions may point to an explanation for
the presence of modulations (the “torsional oscillation”) in the large-scale flow that follow
the solar cycle but are evident even at solar minimum.

At high latitudes, we see strong (10 m s−1) variation in the zonal flow structure that ap-
pears to represent a pattern of regions of faster and slower zonal flow rotating at or above the
helioseismic near-surface rotation rate. These patterns do not appear to be directly related
to high-latitude coronal features, as they correspond to a rotation rate lower than that found
for coronal holes at the same latitude. Hathaway, Upton, and Colegrove (2013) detected
large-scale high-latitude flow structures in supergranular data from the first few Carrington
rotations of HMI data and attributed them to giant convection cells. We believe that in our
high-latitude “stripe” pattern we are seeing the same phenomenon of extended zonal-flow
structures. The anticorrelation between northern and southern hemisphere results is sugges-
tive of an “oscillation” at global scale and on a timescale of months. We also see a possible
hint, in the positive correlation of meridional flow patterns across the equator, of large-scale
flows aligned parallel to the rotation axis.

It will be interesting to see what happens to these patterns as the solar cycle declines
towards the next minimum.
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