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So, what are these flows? 

• Depth structure of supergranules.   
• Convection in the outer third of the 

convection zone. (Hanasoge et al. 2010; 
Hanasoge et al. 2013) 

• Vorticity in the supergranulation.  (Langfellner, 
Gizon, Birch, 2014;  2015) 
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F-mode divergence signal with feature locations overlaid in red. 

• Supergranule location: 
First an f-mode analysis 
is done to ‘find’ the 
supergranules.   Maps of 
the travel time 
difference between the 
inward-going waves and 
outward-going waves 
from a central point to 
an annulus yield a signal 
proportional to the 
horizontal divergence.  
Local peaks in this 
signal define the 
location of the centers of 
the supergranular cells.  
64 12-hour intervals 
were analyzed yielding 
60000 supergranules to 
use. 
 



OI

DATA

−50 0 50

−50

0

50

MODEL

−50 0 50

−50

0

50

DIFF

−50 0 50

−50

0

50

WE

x [Mm]

y [Mm]

−50 0 50

−50

0

50

−50 0 50

−50

0

50

−50 0 50

−50

0

50

NS

−50 0 50

−50

0

50

−50 0 50

−50

0

50

−50 0 50

−50

0

50

−50 0 50
−2

0

2

4

6

y [Mm]

Δ=
11

.7
6 

de
g

−50 0 50

−2

0

2

x [Mm]
−50 0 50

−2

0

2

y [Mm]





   0  −22  −44  −65  −87 −109

z
t
 [Mm]

0 5 10 15 20 25
−2

0

2

4

6

8

10

12

14

Δ [deg]

δ 
t qu

 [
s]

 

 

we peak signal
ns peak signal
z0=−1.15 [Mm] model
z0=−2.30 [Mm] model
z0=−3.45 [Mm] model



−15 −10 −5 0 5 10 15
−6

−4

−2

x [Mm]

z 
[M

m
]

(a)

−6 −4 −2 0
0

100

200

300

400

z [Mm]

v z [
m

 s
−1

]

 

 

(b)

z
0
=−1.15 Mm

z
0
=−2.30 Mm

z
0
=−3.45 Mm

−6 −4 −2 0
−500

0

500

1000

1500

2000

z [Mm]

(c)

v x [
m

 s
−1

]



0 5 10 15 20 25
0

2

4

6

8

Δ [deg]

δ 
t oi

 [
s]



0 1 2 3 4 5 6 7 8 9
0

1

2

3

4

5

6

7

8

9

ν [mHz]

δ 
t oi

 [
s]

Unexpected ν variation of center−annulus time differences

 

 

peak oi signal for Δ=23 deg
ray theory model
weighted ν average



0 1 2 3 4 5 6 7 8 9
0

1

2

3

4

5

6

7

8

9

ν [mHz]

δ 
t oi

 [
s]

Unexpected ν variation of center−annulus time differences

 

 

peak oi signal for Δ=23 deg
ray theory model
ray theory new
weighted ν average



ASH

stagger

Seismology

Granulation
     tracking

SG
tracking

ℓ

E
φ
(
k
m

3
s−

2
)

10
0

10
1

10
2

10
3

10
4

10
−3

10
−2

10
−1

10
0

10
1

10
2

10
3

Figure 5

Upper bounds on kinetic energy Eφ of longitudinal velocities vφ versus spherical-harmonic degree,

`. We define Eφ at radius r such that 〈v2φ〉/2 =
∑
`≥0 Eφ(`)/r, where the expectation value is

approximated by a horizontal average. The grey region shows the helioseismology bound, based
on T = 96-hour samples of HMI observations (Hanasoge, Duvall & Sreenivasan 2012). These

constraints are several orders in magnitude smaller than numerical simulations of global convection
(Anelastic Spherical Harmonic simulation: ASH; Miesch et al. 2009), suggesting that our current
modeling of large-scale convection in the Sun is incomplete. The various curves denote convective

energy spectra at different depths: seismology corresponds to r/R� = 0.96, ASH to r/R� = 0.97,

and Stagger simulations to r/R� = 0.98. The horizontal black line is a theoretical lower bound
based on global dynamics arguments Miesch et al. (2012), assuming mode equipartition over

` < 750. The red curves are surface spectra based on HMI observations of granulation and
supergranulation (SG) tracking. The SG tracking spectrum is based on data from Hathaway,
Upton & Colegrove (2013), courtesy of David Hathaway. Adapted from Gizon & Birch (2012).

Something is missing from our current theoretical understanding of solar convection below

∼ 10 Mm”. Of particular relevance to models of convection are the matching of the ampli-

tude of convective motions at all scales at the surface and accurately matching the ratios of

power spectra at different depths. Both of these factors are strong tests of the mechanism

www.annualreviews.org • Seismology of Convection in the Sun 13



- Figure 1.

http://iopscience.iop.org/2041-8205/712/1/L98/apjl340750f1.html[3/9/2011 9:10:15 AM]

Figure 1. CITED IN TEXT | HIGH RESOLUTION IMAGE Go to: Figure 2.

Pictorial representation of deep-focusing time-distance helioseismology. Numerous waves, denoted here by rays, that
intersect at r/R  = 0.95 are utilized in order to image flows at that depth (shown by the horizontal curved dashed line)
and that horizontal location. The signal associated with the waves is measured at the solar photosphere (depicted by the
horizontal curved solid line).

http://iopscience.iop.org/2041-8205/712/1/L98/apjl_712_1_98.text.html#apjl340750f1
http://iopscience.iop.org/2041-8205/712/1/L98/apjl340750f1_hr.gif
http://iopscience.iop.org/2041-8205/712/1/L98/apjl340750f2.html


- Figure 3.

http://iopscience.iop.org/2041-8205/712/1/L98/apjl340750f3.html[3/9/2011 9:13:46 AM]

Figure 3. CITED IN TEXT | HIGH RESOLUTION IMAGE Go to: Figure 2. | Figure 4.

Comparison of flows at a depth of r/R  = 0.95 and deep-focus travel-time differences (configuration shown in Figure
1). The left column shows the flows from the simulation: from top to bottom, the radial (vr), north-south (vλ), and
east-west (v ) components at r/R  = 0.95. Travel-time differences corresponding to these three components are
shown on the right-hand column: from top to bottom, the difference between the ingoing and outgoing travel times
(τio), the north-south travel-time asymmetry (τns), and the east-west travel-time asymmetry (τew). The correlation
coefficients between the flows and travel-time maps are 0.17 for the radial, 0.59 for the north-south, and 0.69 for the
east-west cases. The spatial cross-correlations between the travel-time and velocity maps have a FWHM of 9° for both
the north-south and east-west cases.

http://iopscience.iop.org/2041-8205/712/1/L98/apjl_712_1_98.text.html#apjl340750f3
http://iopscience.iop.org/2041-8205/712/1/L98/apjl340750f3_hr.jpg
http://iopscience.iop.org/2041-8205/712/1/L98/apjl340750f2.html
http://iopscience.iop.org/2041-8205/712/1/L98/apjl_712_1_98.text.html#apjl340750f1


- Figure 4.

http://iopscience.iop.org/2041-8205/712/1/L98/apjl340750f4.html[3/9/2011 9:14:17 AM]

Figure 4. CITED IN TEXT | HIGH RESOLUTION IMAGE Go to: Figure 3. | Figure 5.

Measure of the imaging resolution of helioseismic waves. For example, a convective cell with horizontal velocity
amplitude 100 m s–1 and dominant spatial power in  = 1 will elicit approximately a 3 s shift in the travel times as
measured by this deep-focusing technique. Similar interpretations apply to convective features at higher . Finer-scale
features at this depth, i.e., those characterized by >50, register much more weakly in the travel times. Note that these
curves suggest an imaging resolution of  ~ 30 (defined as the half-width), far smaller than the largest wavenumber (
max ~ 185) that propagates at this depth (r/R  = 0.95).

http://iopscience.iop.org/2041-8205/712/1/L98/apjl_712_1_98.text.html#apjl340750f4
http://iopscience.iop.org/2041-8205/712/1/L98/apjl340750f4_hr.jpg
http://iopscience.iop.org/2041-8205/712/1/L98/apjl340750f5.html
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Fig. 1. Travel-time measurement geometries. a) Measurement geome-
try sensitive to the horizontal component of the flow divergence. Travel
times are measured between a central point r and the average over a sur-
rounding annulus with radius ∆ as introduced by Duvall et al. (1993).
b) Proposed new measurement geometry sensitive to the vertical com-
ponent of flow vorticity. Travel times are measured sequentially along
neighboring pairs of points ri and ri+1 located on a closed contour. In
this example, n = 6 points are used, forming a regular hexagon. c) As
b), but the hexagon is rotated by an angle β around r.

respectively. Here we remind the reader that the solar conven-
tion is that west is in the prograde direction of solar rotation.
The travel time measured between r and the west (or the east)
quadrant (“point-to-quadrant geometry”) is sensitive to the com-
ponent of the flow velocity in the west direction, vx. In practice,
the difference of the quadrants is used. In the same fashion, the
north component of the flow velocity, vy, can be obtained using
the north and south quadrants.

There is no specific measurement geometry, however, that is
directly sensitive to the flow vorticity. So far, the vertical com-
ponent of flow vorticity, ωz = ∂xvy − ∂yvx, has been estimated by
taking spatial derivatives of the west-east and north-south travel
times (see, e.g., Gizon et al. 2000). Alternatively, one could take
the spatial derivatives of inverted flow velocities. We would like
though a travel-time measurement that is close to the vorticity
before performing any inversion. Furthermore, taking deriva-
tives of noisy quantities (as in both cases above) is a dangerous
operation. Thus it is desirable to have a travel-time measurement
geometry that is explicitly tailored to measure vorticity and that
avoids numerical derivatives.

2. Measuring vortical flows along a closed contour

In this paper, we implement a measurement technique that is
used in ocean acoustic tomography (Munk et al. 1995), where
wave travel times are measured along a closed contour C. This
measurement returns the flow circulation along the contour. The
flow circulation is related to the vertical component of vorticity
ωz (averaged over the area A enclosed by the contour) by Stokes’
theorem:

〈ωz〉A =
1
A

∫
A
(∇ × u) · dA =

1
A

�
C

u · dl, (2)

where u is the flow velocity vector on the surface A. The vec-
tor dA is normal to the solar surface (upward) and the contour
integral runs anti-clockwise with dl tangential to the contour.

2.1. Geometry for anti-clockwise travel times

We approximate the contour integral as follows. We select n
points r1, r2, . . . , rn along a circular contour C and measure
the travel times τ+ pairwise in the anti-clockwise direction.
Neighboring points are each separated by an equal distance ∆.
The points form the vertices of a regular polygon (Fig. 1b).
Averaging over the τ+ measurements yields what we call the
“anti-clockwise travel time” τ	,

τ	(r,∆, n) :=
1
n

n∑
i=1

τ+(ri, ri+1) , (3)

with the notation rn+1 = r1. With this definition, τ	 is reduced
when there is a flow velocity vφ tangential to the circle of radius
R = ∆/[2 sin(π/n)] in anti-clockwise direction. In order to pro-
vide a simplified description of the relationship between τ	 and
ωz, we may write the perturbation to the anti-clockwise travel
time caused by vφ as

δτ	 ≈ −τ0
vφ

Vref
∼ −

τ0R
2Vref

ωz, (4)

where τ0 is the unperturbed travel time and Vref is the reference
wave speed. This description only provides a rule-of-thumb con-
nection between τ	 and ωz. The proper relationship is described
by 3D sensitivity kernels (Birch & Gizon 2007). Additionally,
these quantities are functions of all three spatial dimensions,
which has not been accounted for.

We note that the distance ∆ between the points must be
greater than the wavelength (e.g., about 5 Mm for the f mode
at 3 mHz), in order to distinguish waves propagating from ri
to ri+1 from waves propagating in the opposite direction. Also
there is some freedom in selecting the contour C. For example,
active regions are often shaped irregularly. To measure the vor-
ticity around active regions, it may be useful to adapt the contour
to the shape of the active region.

2.2. Reducing the noise level

The definition of the anti-clockwise travel times (Eq. (3)) as-
sumes that pairwise travel times can be measured, irrespective
of the noise level. This is not a problem in the quiet Sun us-
ing the travel-time definition of Gizon & Birch (2004), which
is very robust with respect to noise. However, a wavelet fit to
the cross-covariance (as in Duvall et al. 1997) is only possible
when the noise is sufficiently low. This is not the case for a single
pair of points (see Fig. 2a for an example using f-mode-filtered
SDO/HMI data with ∆ = 10 Mm).

One option is to average C before performing the wavelet fit.
At fixed ∆ and n, the measurement polygon can be rotated by
angles β around r (Fig. 1c). Since plane waves are only weakly
correlated for different propagation directions, taking the aver-
age over various angles β will lower the noise level. In Fig. 2c,
an average over eight angles β is shown for n = 6. Furthermore,
C can be averaged over several annulus radii R (several n at
fixed distance ∆). In Fig. 2d, the cross-covariance is averaged
over three different annuli (n = 4, 6, and 8) and angles β. An
additional 4 × 4 averaging over the centers of annuli (Fig. 2e)
gives a cross-covariance function that has a sufficiently low level
of noise to be analyzed by a wavelet fit. Such averaging proce-
dures are often used for measuring outward−inward travel times.
Any spatial averaging must be properly taken into account when
travel-time inversions are performed later.

A90, page 2 of 7
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J. Langfellner et al.: Spatially resolved vertical vorticity in solar supergranulation
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Fig. 2. Comparison of line-of-sight velocity from two different data products at 40◦ solar latitude. a) HMI
Dopplergram averaged over 8 h. The map has been convolved with a Gaussian of σ/

√
2 ≈ 1.4 Mm and sub-

sampled to match the coarser LCT resolution. The mean over the map and a linear function in the x direction
(parameters determined by a least-squares fit) have been subtracted. b) LCT map from HMI intensity images,
averaged over 8 h. The line-of-sight velocity component was computed from the vx and vy components. For
vy, the mean over the map and a linear function in y direction have been subtracted. c) Scatter plot of the
two maps. The Pearson correlation coefficient is 0.94. The red line shows the direction of largest scatter and
crosses the origin. It is a best-fit line in the sense that it minimizes the sum of squared distances of the points
perpendicular to the line (cf. Pearson 1901). This is different from linear regression, where no error in the x
coordinate is assumed and only the sum of squared distances in the vertical direction is minimized. The slope
of the red line is 1.08; the error in the direction of lowest scatter is 33.9 m s−1.

(2013) found that LCT underestimates the real velocities in convection simulations (however at

smaller spatial scales than we are studying).

2.2. Travel-time maps for horizontal divergence and vertical vorticity

As input for the travel-time measurements, we used the HMI Dopplergrams. In Fourier space,

we filtered the 8 h datasets to select either the f-mode or p1-mode ridge. The filters consist of a

raised cosine function with a plateau region in frequency around the ridge maximum for every

wavenumber k. Additionally, power for kR� < 300 and kR� > 2600 (f modes) and for kR� < 180

and kR� > 1800 (p1 modes) respectively is discarded. The symbol R� denotes the solar radius. The

filter details are given in Appendix A.

We computed the cross-correlation C from each filtered Doppler dataset in temporal Fourier

space using

C(r1, r2, ω) = hωφ∗T (r1, ω)φT (r2, ω), (4)

where ω denotes the angular frequency, hω = 2π/T (with T = 8 h) is the frequency resolution,

and φT is the temporal Fourier transform of the filtered dataset (multiplied by the temporal window

function).

For each dataset, we measured travel times τoi with an annulus radius of 10 Mm and τac with the

parameters ∆ = 10 Mm and n = 6 (regular hexagon). We rotated the hexagon structure successively

three times by an angle of 15◦ to obtain four τac measurements for the same dataset that are only

weakly correlated (see Langfellner et al. 2014, for details). Averaging over these measurements

yields a higher signal-to-noise ratio (S/N). We used the linearized travel-time definition by Gizon

& Birch (2004) and a sliding reference cross-covariance that we obtained by averaging C over the

entire map.

Article number, page 6 of 44



J. Langfellner et al.: Spatially resolved vertical vorticity in solar supergranulation

Fig. 8. Peak vac and ωz values for the average supergranule at different solar latitudes. a) vac for LCT, f modes
and p1 modes. b) Vertical component of flow vorticity ωz. Solid lines are for the average supergranule outflow
region, dashed lines for the average supergranule inflow region. At 0◦ latitude, the values at the map center are
shown instead of the peak values. The errors have been computed from dividing the 336 datasets into eight
parts à 42 datasets and measuring the variance of vac and ωz at the peak positions over the eight parts.

Fig. 12. As Fig. 6, but for the average supergranular inflows.

In Fig. 13, maps of vac for f modes and LCT are plotted for the average supergranule inflow

region. Compared to the average outflow region in Fig. 7, the same structures are visible but with

the sign reversed. This indicates that flows are preferentially in clockwise direction in the average

supergranular outflow region and anti-clockwise in the average inflow region in the northern hemi-

sphere. The preferred circulation sense is reversed in the southern hemisphere. The difference in

the FWHM of ωz between inflow and outflow regions is persistent through all observed latitudes.

The dashed lines in Fig. 8 give the peak values of vac and ωz at the average supergranule inflow

center as a function of latitude. The general appearance of the curves is almost mirror-symmetric to

Article number, page 16 of 44
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Fig. 4. a) Azimuthally averaged power of HMI and noise-model τac maps (average maps over four angles β) at kR� = 109, as a function of days
of data averaged over (the same data as in Fig. 3 were used). The power was averaged over three 8 h datasets per day. The filled areas denote
the 3σ error estimates. b) Variance of τac measurements computed from both HMI and noise-model f-mode-filtered data at the solar equator. The
observation time of the datasets is 8 h and their spatial size is about 180× 180 Mm2. The variance is shown as a function of the number of angles β
over which the data is averaged. For reference, the black line shows Var(τac) ∝ 1/nβ.

Fig. 5. a) Horizontal averages 〈τoiτ	〉 and 〈τoiτ�〉 for f-mode-filtered HMI observations as functions of solar latitude, averaged over 336 × 8 h
datasets of about 180× 180 Mm2 and four angles β. b) Horizontal average 〈τoiτac〉 for different data: HMI at full resolution (0.5 arcsec px−1), MDI
full-disk data (2.0 arcsec px−1), and HMI data spatially averaged over 4 × 4 px (after remapping) and convolved with a Gaussian with 2.4 Mm
FWHM to match the MDI sampling and PSF.

sampling and PSF, a good agreement of the curves is achieved.
Hence the difference in sensitivity to vertical vorticity between
HMI and MDI is directly related to the spatial resolution of the
instruments.

As in Sect. 3.3, we investigate how much data is needed for
a clear non-zero detection (3σ level) of 〈τoiτac〉 away from the
equator. Figure 6 shows 〈τoiτac〉 versus the duration of the HMI
observations at solar latitudes ±40◦. Again the 3σ error esti-
mates are plotted as shaded areas. The curves for observations
at 40◦ and −40◦ latitude do not overlap after averaging over
one or more days of data. This means a difference in 〈τoiτac〉

between the hemispheres can be detected at the 3σ level after
one day of averaging. To distinguish between 40◦ observations
and the noise-model data takes roughly three days of data. Note

that these results are only valid for the given map size of about
180 × 180 Mm2. This corresponds to averaging over roughly 40
supergranules per day.

4. Conclusion

We have presented a new averaging scheme for time-distance
helioseismology, which has direct sensitivity to the vertical com-
ponent of the flow vorticity. The anti-clockwise minus clockwise
HMI travel-time maps for f modes show power above the noise
level. Unlike the divergence signal, the vorticity signal does not
peak at supergranular scales but increases continuously toward
larger spatial scales. Furthermore, the latitudinal dependence of
the correlation between the vorticity and the divergence signals

A90, page 6 of 7
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Conclusions 

• Depth and flow structure of supergranules still 
an interesting problem. 

• Convection deeper into the Sun also needs 
more work. 

• Rotation’s influence on convection has been 
measured clearly near the photosphere. 





38 Åke Nordlund, Robert F. Stein and Martin Asplund

Figure 22: Observed and simulated horizontal velocity amplitudes over a wavenumber range extending
from global scales to below granulation scales. Observed velocities are from correlation tracking of TRACE
and SOHO white light images (Shine, private communication), and from SOHO/MDI Doppler image
modeling (Hathaway et al., 2000, and private communication). Simulation results are from Stein and
Nordlund (1998) (granulation scales – orange symbols) and Stein et al. (2006a,b) (supergranulation scales
– black symbols).

Figure 22 shows a composite of simulated and observed velocities, over a range of scales that
extends from global to below granulation scales. Note that the velocities on granular, mesogranular,
and supergranular scales are consistent with commonly adopted values (a few km s–1 on granular
scales, a few several hundred m s–1 on mesogranular scales, and 100 – 200 m s–1 on supergranular
scales). Note that the velocity spectrum is approximately linear in 𝑘, and that it continues to giant
cell scales, with no distinct features on scales larger than granulation.

Because of mass conservation large scale convection motions are necessarily dominated by
horizontal motions, while on the other hand large scale solar oscillations are dominated by vertical
motions near the solar surface. Doppler measurements from, for example, SOHO/MDI are sensitive
to a mix of horizontal and vertical motions into the line-of-sight, in that for example the high-
resolution mode of SOHO/MDI extends over a square of size ∼ 210 Mm, which is often also slightly
off-set relative to solar disc center. Figure 23 illustrates these points.

The velocity spectrum shows that velocities are present over a large range of scales simulta-
neously, with larger scale motions decreasing in amplitude roughly in inverse proportion to the
size. By using a Gaussian filter that leaves approximately the same number of effective resolution
elements in picture that vary in size with factors of 2, 4, 8, and 16 one can show that, in addition to
being nearly scale-free with respect to the amplitude spectrum, the patterns of motion are also very
similar on different scales (cf. Figure 24). The actual sizes of the panels are revealed in Figure 25.

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2009-2

http://www.livingreviews.org/lrsp-2009-2


It all  began with 8.5 hours of high resolution test Doppler data from MDI on 
observed on Jan. 27, 1996.   Back in those days, people dressed funny and 
everyone looked strangely younger than they do today… 

The data were  
analyzed 
thoroughly.  
Somebody had the 
bright idea to use 
the new technique 
of time-distance 
helioseismology to 
look for 
supergranules in 
this very nice 
dataset. 
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F-mode divergence signal with feature locations overlaid in red.

• Supergranule location: 
First an f-mode analysis 
is done to ‘find’ the 
supergranules.   Maps of 
the travel time 
difference between the 
inward-going waves and 
outward-going waves 
from a central point to 
an annulus yield a signal 
proportional to the 
horizontal divergence.  
Local peaks in this 
signal define the 
location of the centers of 
the supergranular cells.  
64 12-hour intervals 
were analyzed yielding 
60000 supergranules to 
use.
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