
SDO — DKIST Synergies 

Long-Term Studies

Yang Liu and HMI Team 



Long-Term Studies

Credit: D. Hathaway



Long-Term Studies2011 2012 2013 2014 2015 2016 2017 2018

-50

0

50

time
la

tit
ud

e 
(d

eg
)

2011 2012 2013 2014 2015 2016 2017 2018

-50

0

50

time

la
tit

ud
e 

(d
eg

)

SDO Era: HMI Observation



Long-Term Studies

Credit: X. Sun



Long-Term Studies: Surface Flux Transport Model

Differential Rotation

Meridional Flow

Diffusion coefficient

Source function



Long-Term Studies: Surface Flux Transport Model

From M. DeRosa



Long-Term Studies: Surface Flux Transport Model

Differential Rotation

Meridional Flow

Diffusion coefficient

Source function



Long-Term Studies: Differential Rotation at High Latitude



Lamb 2017

more difficult to measure and has larger uncertainties than
rotational flow measurements. Figure 5 shows the meridional
flow measurement for the same combination of lifetime and
average closeness thresholds as in Figure 3. For the measure-
ment of the meridional velocities, I note again that several
combinations of thresholds results in curves that are too noisy
to be meaningful: all measurements for which average
closeness �0.15, (100, 0.5), and (50, 0.5). Combinations (10,
0.5) and (10, 1) are noticeably different from (50, 1) and (100,
1): the former two have very high speeds at high latitudes, with
no evidence of the midlatitude peak in the meridional speed
that is seen to some degree in the latter two observations. That

peak seems to suggest a functional form of w q qµ 2 sin cosmer
(Hathaway & Rightmire 2010), though I must understand the
difference between the two trends and not simply choose the
one that matches other observations. Considering the difference
between (50, 1) and (10, 1), the latter includes 10 times as
many features, and the excess features all have lifetimes
between 10 and 49 frames. As for the rotational flow, the mean
and median of each bin do not agree, particularly in the higher
latitudes, similarly to how the mean and median rotational flow
did not agree for some parameter combinations. I again
examine the difference between the mean and median in the
bins. Because of the noisier plots, I calculate the mean and
median of each 2°-wide bin in the range 20°–30°N. Table 2
shows the mean of the bin means, the mean of the bin medians,
and the mean of the absolute value of their differences, as a
function of lifetime threshold. Again, the difference between
the mean of the bin means and the mean of the bin medians has
its first local minima at a lifetime threshold of 50frames, as for
the lifetime distributions.
At the 50-frame lifetime threshold, I examined the effect of

the average closeness threshold. Here the effect seems to be
much more pronounced than for the rotational flow, especially
for the highest northern latitudes measured in this February
data set. In particular, the peak at ∼45°N shown in Figure 5
disappears when the average closeness threshold is reduced
from 1.0 to 0.9. Figure 6 compares the effect of the two
thresholds on the measured profile. I return to the effect of the
choice of average closeness threshold in Section 3.2.

Figure 3. Rotational motion for lifetime (rows; top to bottom: 10, 50, 100) and average closeness parameters (columns; left to right: 0.15, 0.50, 1.00). The latitudinal
bin size in all plots is 2°. The combination of the lifetime and average closeness parameters strongly affects the smoothness of the mean profiles and the width and
symmetry of the distributions in the latitudinal bins. I use the boxed plot for the rotational profile analysis in the remainder of the paper.

Table 1
Mean and Median Sidereal Rotation Velocities, Their Difference, and the

Number of Features, for Features with 20°�b�22° and Given Minimum
Lifetime Thresholds

Min Lifetime
(Frames)

Mean
(deg day−1)

Median
(deg day−1)

Difference
(deg day−1) N

10 13.263 13.716 0.453 9426
20 13.812 13.936 0.124 3768
30 13.912 13.991 0.080 2211
40 13.974 14.031 0.058 1496
50 14.031 14.059 0.028 1101
60 14.040 14.074 0.035 829
70 14.067 14.098 0.031 650
80 14.077 14.099 0.022 524
90 14.089 14.099 0.010 424
100 14.110 14.127 0.017 365
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Figure 2. Differential rotation from Carrington rotations 2096–2007. The MDI
result is plotted in black and the HMI result is plotted in red. The 5σ error ranges
are indicated by the dotted lines.
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Figure 3. Meridional flow from Carrington rotations 2096–2007. (a) The
corrected HMI results are shown in red. Results from MDI are shown in black.
The 2σ error ranges are indicated by the dotted lines. (b) The poleward velocities
in the north (red) and south (blue) are plotted to highlight the north–south
asymmetry.

along with the MDI profiles. The differential rotation is shown
in Figure 2 and the meridional flow is shown Figure 3.

The MDI and HMI differential rotation equatorward of
55◦ are in very good agreement. There are, however, small
systematic differences (∼1–2 m s−1), with larger velocities in
HMI. Poleward of 55◦ HMI is ∼10–20 m s−1 more retrograde
relative to the rotating frame of reference than MDI. This may
be attributed to a reported elliptical distortion of the MDI images
(Korzennik et al. 1993), which was not completely accounted
for in our mapping due to the fact that it is not well characterized.
The statistical errors in the HMI data (dotted red lines in
Figure 2) indicate that precise measurements can be made to
±85◦ latitude.

HMI measurements of the meridional flow also agree well
with those obtained at latitudes up to ∼55◦ (Figure 3(a)), but
are systematically slower by ∼1–2 m s−1. Again, this can be
attributed to a possible elliptical distortion of MDI images.
At higher latitudes, HMI tells a different story than MDI.
The MDI measurements suggested a counter-cell in the north
(equatorward flow above ∼60◦) but indicate flow to the pole
in the south. The HMI measurements have no indication of
counter-cells in either hemisphere for this time interval. The
results do show a slight, but potentially important, north–south
asymmetry. A faster poleward flow is seen in the south through
the active latitudes (from the equator to ∼40◦) and in the
north at higher latitudes. The errors in the HMI meridional
flow data (dotted red lines in Figure 3(a)) indicate that many
of the fluctuations in the meridional flow profile are actual
features, rather than noise. The noise level is low enough that
the meridional flow is well determined at 85◦ using HMI data.

4. CONCLUSIONS

We find that the improved data from HMI can extend our
measurements of the axisymmetric flows, differential rotation,
and meridional flow to much higher latitudes—85◦ or more.
During this analysis, measurements were restricted to 85◦.
While noise levels are higher at the poles, it is reasonable to
expect that measurements could be obtained all the way to the
pole, particularly for Carrington rotations, in which the Sun is
tilted 7◦ toward or away from the earth. Our measurements of
these flows during the ∼1 year of overlap between the MDI
and HMI instrument operations clearly show that the poleward
meridional flow extends to the poles. We do not find evidence for
any polar counter-cells as was indicated in the highest latitude
measurements from MDI.

Recently Zhao et al. (2012) found and corrected a system-
atic error in the meridional flow measurements made with
time–distance helioseismology. Their comparison of their cor-
rected meridional flow profile with the contemporaneous merid-
ional flow measurements from magnetic element motions seen
with MDI (Hathaway & Rightmire 2010) and from direct
Doppler measurements (Ulrich 2010) shows good agreement
to latitudes of 50◦–60◦, but not much agreement at higher lati-
tudes. The high-latitude measurements we show here are largely
in agreement with the helioseismology results but are further
out of line with the direct Doppler measurements (which show
counter-cells above 60◦ in each hemisphere).

We also find slight, but potentially important, north–south
asymmetries in the meridional flow profile. The poleward flow
is faster in the south in the active latitudes and faster in the north
in the polar latitudes. Both of these asymmetries may help to
explain the observed north–south asymmetry in the polar fields.
Shiota et al. (2012) observed a faster decline in magnetic flux
of the north pole between 2008 and 2012 than was seen in the
south. The trend in the north suggests an imminent polar field
reversal. While some of this trend may be due to the fact the
northern hemisphere was more active during this period, the
meridional flow asymmetry we observe should also contribute.

The Sun’s polar field reversals are produced by the poleward
transport of opposite polarity magnetic flux from the active
latitudes (opposite to that of the pole at the start of the sunspot
cycle). While active regions (sunspot groups) have a balance
of both magnetic polarities, in each hemisphere the opposite
polarity is systematically found at higher latitudes (Joy’s law).
Some of the lower latitude magnetic elements, like polarity,
can cross the equator to cancel similar (but reverse) polarity
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peak flows are in contrast with some measurements of the
meridional flow from Doppler shift, which show peak flows at
lower latitudes (e.g., Ulrich 2010). Dikpati et al. (2010)
attribute the differences in these types of measurements to the
effects of surface turbulent magnetic diffusion. I note that all
measurements of meridional circulation on the surface and in
the solar interior (e.g., Basu & Antia 2010) show, over the
course of the solar cycle, significant variations in the latitude
and amplitude of the peak flow. For example, the Mount
Wilson Doppler-shift measurements show sharp low-latitude
(∼20°) peaks in the ascending phase of the solar cycle
(1987–1990, 1997–2000) and broader midlatitude (∼40°)
peaks during the declining phases (1992–1996, 2003–2008).

Because the descending phase of the solar cycle is longer than
the ascending phase, cycle averages tend to wash out the
ascending phase peaks and result in broader peak flows than
actually exist at a given time (Ulrich 2010, Figures6 and7).
Thus, rigorous comparisons between measurements must take
into account not only differences in the methods but also the
averaging done for each and their relative phase in the solar
cycle.
This work shows that measuring the motions of individual

features in photospheric magnetograms can produce high-
precision results in relatively short time spans. The relative ease
by which this process could be automated suggests that higher-
resolution non-longitudinally averaged photospheric velocity
residual measurements could be produced to compare with
coronal results and to provide other diagnostics of the solar
dynamo.

I thank the anonymous referee for suggestions that improved
the quality of this manuscript, particularly the Introduction and
Conclusion, Ivica Skokic for detailed instructions that enabled
me to construct accurate synodic–sidereal corrections in
Section 2.1.1, Tim Howard for reading and providing
comments on draft versions of the manuscript, and Craig
DeForest for insightful discussions regarding the analysis. The
author was partially supported by NASA grants NNX11AP03G
and NNX14AJ67G. The data used in this paper are courtesy of
NASA/SDO and the HMI science team.
Facility: SDO.
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Figure 8. Meridional flow profile for features with lifetime �50frames and
average closeness �1. Shown in each panel are the mean of the velocities in
each 2° latitudinal bin and error bars representing twice the standard error of
the mean (black), the best fit to the mean (red), and10× theuncertaintiesin the
fit, for direct comparison with Figure 7 (pink). Individual panels show both
hemispheres (top), the southern hemisphere only (middle), and the northern
hemisphere only (bottom). The data used to create this figure are available.

Figure 9. Comparison of differential rotation curves obtained from some
published rotation coefficients, in which an arbitrarily chosen background
rotation curve (Howard et al. 1983) has been subtracted to emphasize the
differences. Errors from uncertainties in the coefficients have been neglected
for clarity. The rotation curve found in this work (solid black line) is
consistently slower than the coronal bright point curve of Sudar et al. (2016)
(solid purple line). Surface spectroscopic observations (dashed lines) and
surface tracer observations (dotted lines) drawn from Beck (2000) are also
plotted. HH70: Howard & Harvey (1970); SWS80: Scherrer et al. (1980);
LH82: Labonte & Howard (1982); How83: (Howard et al. 1983); Sn84:
Snodgrass (1984) (A—using all their data; B—using only their “best” data);
Ulr88: Ulrich et al. (1988); SU90: Snodgrass & Ulrich (1990) (A—
spectroscopic; B—correlation of daily magnetograms; C—correlation of
supergranules in Dopplergrams); KHH93: Komm et al. (1993).
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Abramenko (2017): diffusion coefficient depends on spatial and temporal scales of 
magnetic features in quiet Sun regions.
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SDO & DKIST can make progress in understanding Sun’s long-term 
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3.2. Magnetic Flux from 304 Å Images

The relationship between the X-ray and EUV intensities and
magnetic quantities, such as the total unsigned magnetic flux in
an active region, has been firmly established (see Gurman
et al. 1974; Schrijver 1987; Fisher et al. 1998; Pevtsov
et al. 2003; van Driel-Gesztelyi et al. 2003; Fludra &
Ireland 2008). Chromospheric EUV lines like He I 584.34Å
are no exception, as shown by CDS/SoHO measurements
(Fludra et al. 2002; Fludra & Ireland 2008). We show in
Figure 2 that this relationship also holds true for He II 303.8Å,
the dominant spectral line in the 304Å channel (O’Dwyer
et al. 2010).

In Figure 2 we plot the total number of AIA 304Å counts
per second in an active region as a function of total unsigned
flux as measured from HMI magnetograms. The data points
represent observations tracking each active region from limb to
limb with a cadence of 1 hr. AIA 304Å images were corrected
for the time dependent degradation in sensitivity in the filter
response, provided by the instrument team within the standard
processing software. A threshold of 85 DN/s/pixel was used to
discriminate between the pixels with active region contribution
from the quiet Sun pixels. The field-of view ranged between
215″–325″ depending on the size of the region, with the
exception of active region 11672 in which we used a
100″×110″ area. In the magnetograms, only field strengths
above 20 Gauss, in absolute value, were considered.

The power-law relationship can be expressed as
I A Blog logAIA304( ) ∣ ∣f= + , where IAIA304 is in DN/s,

B=0.71±0.01 and A=−8.41±0.15. This link between
the 304Å integrated intensity and the magnetic flux is
important, not only for its implications in terms of how the
EUV emission is generated, as the previous studies have
argued, but also because it allows the 304Å intensity to be
used as a proxy of magnetic flux. This is particularly interesting
now, as we do not currently have magnetic field measurements
from outside the Earthʼs line of sight perspective, but we do
have 304Å measurements thanks to STEREO. The 304Å
emission is better than other lines at tracking flux evolution. It
is formed closer to the solar surface than other EUV and X-ray
lines, which extend over larger volumes in the atmosphere and
are more sensitive to transient energetic events that generate
significant density changes with their respective intensity
fluctuations.

This power law can be used to translate the 304Å light
curves in Figure 1 into total unsigned magnetic flux curves for
the full lifetime of the active regions. An intermediate step is
necessary to go from the integrated intensities of the STEREO
heliographic maps to the AIA intensities in the powerlaw.
That relationship in our analysis is: log(IAIA304)=C+D
log(IHG304), with C=−0.9±0.3 and D=1.11±0.04.
To assess the importance of the chosen thresholds in the

flux-luminosity relationship we repeated the analysis for all
regions in different scenarios: AIA thresholds of 5, 85 and 190
DN/s and HMI thresholds of 20, 40, and 80 Gauss. While the
slopes of the power law can change significantly in all those
permutations due to the added or reduced 304Å counts and
magnetic fluxes, the correlation coefficients are larger than 0.90
in all of them. In the case we selected is ρ=0.96. The best fits
correspond to an AIA threshold of 85 DN/s with marginal
differences in the correlation and fit uncertainties between the
20 (our choice), 40, and 80 Gauss cases. The fit coefficients
for the 40 and 80 Gauss cases are respectively A=−7.69,
B=0.68 and A=−6.83, B=0.64.

Figure 1. 304 Å integrated intensity light curves for the full active region data set. Left panel: light curves have been shifted in time to align their peak intensities to the
origin in time. Right panel: light curves have been scaled in intensity to match the peak in NOAA 11158 and then normalized by that peak intensity. The intensity
scaling factor is used to scale the times, then normalized by the NOAA 11158 peak-to-disappearance duration.

Figure 2. Scatter plot of AIA 304 Å counts s−1 vs. total unsigned
magnetic flux.
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Recover far-side magnetic flux. Ugarto-Urra et al. 2015
predictive science in combination with state-of-the-art mag-
netic flux transport models. The applicability of this technique
needs to be demonstrated in active regions inside large active
region complexes, which are frequently observed around the
peak of solar activity.

We would like to thank the referee for insightful comments
that helped improve the paper. I.U.U. acknowledges funding
from the NASA grant NNX13AE06G. H.P.W.ʼs participation
was supported by CNR. The SECCHI data are produced by an
international consortium of the NRL, LMSAL and NASA
GSFC (USA), RAL and U. Bham (UK), MPS (Germany), CSL
(Belgium), IOTA and IAS (France). AIA and HMI data are
courtesy of NASA/SDO and the AIA and HMI science teams.
I.U.U. and H.P.W. would like to thank Neil Sheeley for many
helpful conversations. I.U.U. also acknowledges useful com-
ments from William T. Thompson about the EUVI-AIA
corrections available in the SolarSoft STEREO beacon
directories.
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