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Solar interior structure and dynamics

R Howe
University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom

Helioseismology allows us to probe the interior structure and dynamics of the Sun, and long-term observa-tions allow
us to follow their temporal variations. This review describes the important findings of recent years, covering the interior
structure, the near-surface changes related to the solar cycle and possible deeper-seated variations, the interior rotation
profile, and solar-cycle related changes in the zonal and meridional flows. © Anita Publications. All rights reserved.
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1 Introduction

While the solar layers from the corona down to the photosphere can be directly observed using suitable
instrumentation, the interior — everything that lies below the opaque photosphere — can only be observed by
indirect methods. The most important of these methods in the last half-century has been helioseismology, in
which the (mainly acoustic) waves that propagate through the solar interior are monitored at the surface in
intensity or Doppler velocity and their frequencies are used to deduce the interior structure and dynamics.
While the field of helioseismology recently celebrated its 50th anniversary, the past two decades have seen
significant advances due to the availability of continuous, high-quality resolved-Sun observations from the
Global Oscillation Network Group (GONG [1]) starting in 1995, from the Michelson Doppler Imager (MDI
[2]), which launched onboard the Solar and Heliospheric Observatory (SOHO) in 1996 and observed until
early 2011, and from the Helioseismic and Magnetic Imager (HMI [3]), which launched onboard the Solar
Dynamics Observatory (SDO) in early 2010. There are also instruments dedicated to low-degree, ‘Sun as
a star’ observations, such as the Birmingham Solar-Oscillations Network (BiSON [4, 5]) and the Global
Oscillations at Low Frequencies (GOLF: [6]) instrument onboard SOHO, for example.

In this review we examine some of the important recent results. Section 2 covers the solar interior
structure and its temporal variation, while Section 3 deals with the interior dynamics, including the rotation
profile and the meridional circulation, together with their temporal variations.

2 Solar interior structure

2.1 Sound-speed and density stratification

The term “structure” in the helioseismic context refers to properties of the solar interior such as
sound-speed and density. Such quantities are inferred by inversion of the acoustic mode frequencies —
usually, in practice, by the inversion of differences between the observed frequencies and those predicted by
a particular model. In current models these differences are usually less than one part in a thousand, once the
frequency-dependent ‘surface term’ has been removed, as seen for example in Fig 1. In this figure,"Model
S’ refers to a model by Christensen-Dalsgaard et al [9], which is popular with helioseismologists because its
differences from the observations are small and show distinct features of interest, in particular the ‘bump’
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in the sound speed at the bottom of the convection zone due to the lack of turbulent diffusion in the model.
The good agreement between standard solar models and observations implied that the solar neutrino problem
— the discrepancy between the predicted and observed levels of neutrinos from the Sun detected on Earth—
could not be a problem with the solar models [10]. However, subsequent changes to the solar element
abundances [11], which yielded lower metallicity — lower abundances of heavy elements — resulted in much
worse agreement between models and observations [12], which would require substantial adjustments to
the opacity tables and/or other input physics to bring the models back into line with the observations. Much
effort was subsequently expended on this problem [ 13] without much success. This led to the conclusion |13,
7] that the new, low-metallicity element abundances may be flawed and it would be better to use the earlier
ones.
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Fig 1. The relative differences of the squared sound speed between the Sun and two other solar models,
Model S and model BSB. (b) The relative density differences between the Sun and the two models. The
results, which were obtained by inverting the frequency differences between the Sun and these models, are
from Basu et al (2009) [ 7]. Figure taken from Schmitt and Basu [8] by kind permssion of S. Basu

2.2 Temporal variations
2.2.1 Frequency shifts

One of the early findings from systematic helioseismic observations was that the mode frequencies
vary with the level of solar activity. The effect was seen [14] using unresolved-Sun observations from the
ACRIM (Active Cavity Radiation Monitor) instrument; the frequency of the oscillations changed by about
0.5 microHz between 1981 (solar maximum) and 19845 (close to solar minimum.) The variation was later
confirmed for low-degree modes in ground-based velocity observations from instruments of what would
later be known as the BiSON network [ 15, 16], while Libbrecht and Woodard [17] found that the changes
also occurred in resolved-Sun observations at the Big Bear Solar Observatory. These variations correlate
with the distribution of surface magnetic activity in location as well as time for both medium-degree global
modes [ 18, 19] and local modes [20, 21]. Figure 2 shows the variation of the central frequency of one (/,
n) multiplet from GONG data, and Fig 3 shows the result of one-dimensional latitudinal inversions of the
frequency shifts [ 19] for nearly 20 years of GONG observations, showing how the shifts map to the magnetic
butterfly diagram. The frequency-dependence of these changes (with higher-frequency modes, at least below
the acoustic cut-off frequency, responding more strongly to activity changes than lower-frequency modes
[17,22]) implies that the changes are confined to the near-surface layers of the Sun.
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Fig 2. The central frequency of the / = 50, n = 10 multiplet over time, from GONG data. The solid
curve represents the best linear fit to the 10.7 cm radio flux index.
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Fig 3. Mean frequency shifts for modes with 40 <7< 80 and 9 <n < 11 observed by GONG, inverted to
show the latitudinal distribution [19]. The white contour indicates the 5G level of the unsigned magnetic
field strength from Kitt Peak synoptic maps. Note that both the shifts and the magnetic data are symmetrized

across the equator, as the global analysis does not allow us to distinguish the two hemispheres.

Various mechanisms have been proposed for the frequency changes. Many of these have invoked
magnetic field effects at various depths, for example in the chromosphere [23, 24], the photosphere [25],
the 50 Mm depth around which sunspots are anchored [26], or at the base of the convection zone [27]. An
alternative explanation [28] attributes the shifts to changes in the physical size of the cavity in which the
modes propagate; the question is not yet definitively settled, but it is widely accepted that the changes are
mostly confined to the outer layers.

2.2.2 Variations beyond the 11-year cycle

Not all of the observed frequency shifts directly correlate with solar activity indices, and there have
been reports in recent years that the relationship between shifts and activity may vary between solar cycles
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or between different phases of the cycle. While these may seem like two distinct phenomena, it is difficult
to disentangle them, as a short-term variation may reduce the level of correlation between the frequencies
and the activity index. For example, Basu ez a/ [29] found that the trend extrapolated from the BiSON shifts
in Cycle 22 did not match the shifts observed in Cycle 23, and interpreted this as evidence for thinning of
the subsurface magnetic layer, while on the other hand Salabert ef a/ [30], using GOLF data, found a larger
frequency increase in Cycle 24 than would have been expected for a comparable activity level in Cycle 23.
Such results may be quite sensitive to which modes are averaged and what is used as a reference.

The so-called quasi-biennial oscillation (QBO) in the low-degree frequencies was reported for
example by Fletcher ez al [31], who looked at frequency shifts from BiSON and GOLF and found that after
subtracting the dominant 11-year cycle from the frequency shifts there remained a signal with a period of
about two years that was strongest at solar maximum. Unlike the strongly frequency-dependent solar cycle
effect, this oscillation has a similar amplitude at all frequencies. The authors suggest it may be related to a
'second solar dynamo' operating close to the surface, but the effect is still not well understood.

2.2.3 Interior structure variation

While the mode frequency changes are dominated by the near-surface layers, some attempts have
been made to use helioseismology to probe structural changes deeper in the convection zone.

There have been some reports that the solar-cycle structure variation has a two-layer configuration.
Lefebvre and Kosovichev [32] found a two-layer structure in the variation of the so-called ‘acoustic solar
radius’ measured using MDI data; More recently Rabello-Soares [33], also using global analysis of MDI
data, found a two-layer structure in the sound speed. A two-layer structure has also been commonly found in
local helioseismic analysis of the sound-speed around active regions, but there are doubts about the reliability
of this analysis, as the measurements are very prone to be affected by surface magnetic fields and give
inconsistent results when applied to the same feature [34].

Some studies found indications of a solar-cycle change in the signature of the helium ionization
zone at 0.98 Rgyy in mode frequencies at medium [35] and low [36] degree. However, this result was not
reproduced in more recent work [37].

Eff-Darwich et a/ [38] put an upper limit on any temporal variations of the interior sound speed at a
fractional change of 3 x 107, Baldner and Basu [39] found subtle solar-cycle changes in the structure at the
base of the convection zone, just below the Eff-Darwich limit.

3 Solar interior dynamics

3.1 Rotation

The Sun’s rotation breaks its spherical symmetry and hence breaks the degeneracy between modes
of the same radial order and degree but different azimuthal order (m), giving rise to rotational splitting. This
makes it possible to map the interior rotation in two dimensions using inversion techniques. Two commonly
used techniques are regularized least squares (RLS) [40] and optimally localized averages (OLA) [41, 42].
These represent different approaches to the problem of balancing noise and resolution. In the RLS approach
we use a least-squares fit to minimize the difference between the observed splittings and those predicted from
the inferred rotation profile; a smoothness constraint is included by adding a second-derivative term to the
quantity to be minimized. The balance between noise and resolution is then controlled by empirically chosen
trade-off parameters in the radial and latitudinal directions. In OLA, on the other hand, the inversion attempts
to match the shape of the averaging kernel — the weighting function that relates the inferred rotation rate at
a given location to the underlying rotation profile — to a predetermined form such a 2-dimensional Gaussian
function. The effectiveness of the inversion technique is limited by the available modes; as depth below the
surface increases there are fewer modes to contribute to the estimate, so the resolution decreases and the
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results become more vulnerable to errors in the input data. For more detailed discussion on solar rotation
inversions, see the article by Schou ef al [43] and the review by Howe [44].
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Fig 4. Features of the interior rotation, based on the mean of 19 RLS inversions of HMI data covering
the period 2010 - 2014. Upper panel: contour map; lower panel: rotation rate as a function of radius

at selected latitudes.

Figure 4 shows the solar interior rotation derived from 2d RLS inversions of data from HMI.

3.1.1 The core and the radiative interior

Only the lowest-degree acoustic modes penetrate into the deep interior of the Sun, and even those
modes are heavily weighted towards the outer layers. Although the low-frequency low-degree modes
observed for example by BiSON are very sharp, they are also of low amplitude, while the higher-frequency
low-degree modes are too broad for the rotational splitting (approximately 0.8 pHz between the m = £l
components of the / = 1 mode) to be resolved. This means that in practice it is not possible to use the p-mode
splittings to determine the rotation rate below about 0.2 Rgyy [45], or to rule out the possibility that the core
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is rotating substantially faster than the radiative envelope [46]. A recent attempt to constrain the interior
rotation using data from GONG, MDI, and HMI was made by Eff-Darwich et al [47]; they were still unable
to rule out a fast- or slow-rotating core. In the radiative zone their results were consistent with rigid rotation at
approximately 431 nHz; however, they report “a consistent and systematic dip in the rotation profile located
at around 0.4 Rgyy and 60 degrees of latitude.”

If solar g-modes (waves in which the restoring force is gravity, and which have their highest
amplitudes in the core) were readily observed, they would provide a much better way to constrain the core
rotation. However, there are still no independently verified findings of g-modes in solar data, though the
search continues. Unfortunately, it seems that such modes have very small amplitudes at the surface. One
recent report was by Garcia et al [48] based on GOLF observations, who found indications of a pattern of
peaks consistent with / =2 g-modes with a splitting corresponding to a core rotation rate three to five times
higher than the surface rate.

3.1.2 The tachocline

Between the rigidly rotating radiative interior and the differential rotation in the convection zone lies
aregion of strong radial shear known as the tachocline, which was first detected in helioseismic observations
by Brown et al [49] and Dziembowski et al [50]. The shear is approximately centered on the bottom of the
convection zone as determined from structure inversions, which is at 0.713 Rgyy [51]. This region is not
fully resolved in most inversions; while the inversion results seem to show a rather gentle slope occupying
about 10% of the solar radius, this is largely an artifact of the limited resolution. Estimates of the true
thickness of the tachocline range from 12% [52] based on splitting coefficients from the Big Bear Solar
Observatory observations to 1% [53] based on a specialized inversion technique applied to data from the
LOWL instrument. All of these estimates suggest a thinner tachocline than can easily be explained by simple
models or even by detailed simulations [54]; the confinement of the tachocline is one of many puzzles in solar
dynamics. The tachocline plays an important role in dynamo models of the solar cycle.

3.1.3 The convection zone

In the bulk of the convection zone, the Sun’s rotation is differential, with the slowest rotation near
the poles and the fastest at the equator. Below about 0.95Rgyy is almost but not quite constant on radial lines.
In fact, over a wide range of latitudes the rotation contours lie at an angle of approximately 25 degrees to the
rotation axis [55, 56], which may be due the Coriolis effect acting on the meridional circulation.

3.1.4 The near-surface shear

In the upper layers of the convection zone, down to about 0.95 Rgyy, the rotation rate increases with
depth. Because the p-modes used in global analysis do not resolve this region, the best way to study it is using
the f modes. Corbard and Thompson [57] carried out such an analysis using /' -mode data from MDI. They
found that the logarithmic gradient, d In Q/d In 7, had a value of —1 at low latitudes, whereas the standard
understanding of momentum conservation would require a value of —2 [58]. They also found that the gradient
decreased at latitudes above 30 degrees.

Barekat ef al [59] confirmed the low-latitude result but obtained somewhat different results at higher
latitudes using HMI data and more recently re-analyzed MDI data, with the sign of the near-surface shear
remaining negative at least up to 60 degrees latitude. They concluded that the results above this latitude
should be treated with caution as they are vulnerable to systematic error, and that the decrease in the gradient
seen with the earlier MDI data may have been spurious.

3.1.5 Temporal variation

The interior and near-surface rotation are not static, but change during the solar cycle. Howard
and Labonte [60], using surface Doppler observations from the Mount Wilson observatory, first observed a
pattern of bands of faster and slower rotation propagating from mid-latitudes towards the equator during the
solar cycle, which they dubbed the ‘torsional oscillation.” The first helioseismic detection of the flows was
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made in MDI f-mode data [61]. Within a few years, global p-mode data from MDI and GONG revealed that
the flows penetrated a substantial distance — at least to 0.92Rgyy — below the surface [62-65]. As well as the
bands moving towards the equator, at higher latitudes bands of faster rotation moves towards the poles [66];
this high-latitude branch appears to penetrate the full depth of the convection zone [65]. These patterns are
revealed by subtracting a temporal mean at each depth and latitude from each of a series of 2-dimensional
rotation inversions. The flow patterns found with global helioseismology correspond to those found using

local helioseismic analysis [67].
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Fig 5. Zonal flow residuals from RLS inversions of GONG, MDI, and HMI data at 0.99 Rgyy. The
black contour indicates the 5 G level of the unsigned magnetic flux from Kitt Peak synoptic maps.
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Fig 6. Time-radius plots of the rotation-rate residuals in the convection zone at selected latitudes (0,
15, 30, 45 degrees, from left to right), for OLA (top row) and RLS (middle row) inversions of MDI

and HMI data, and for RLS inversions of GONG data (bottom row).

Figure 5 shows the near-surface flows from GONG, MDI, and HMI data, covering the period from
the beginning of the GONG observations in 1995 to the most recent data available at the time of writing.
Figure 6 shows the rotation residuals as time—radius maps at selected latitudes.

During Solar Cycle 23 (1996 — 2009) there were indications that either the flow pattern propagated
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radially upwards from the solar interior over about two years, or the flow belts had the same 25-degree
inclination to the rotation axis as the rotation contours [56, 68]. Also, during this epoch the variation of the
near-surface rotation at low and middle latitudes could be well described by a combination of an 11-year
sine wave and its second harmonic [56]. However, during the unusually deep and extended solar minimum
following Cycle 23 these patterns were less clear. The apparent length of the cycle, based on the best fit of
a cycle and its second harmonic or on cross-correlation of the recent configuration of the flows with that in
the previous cycle, gradually increased as the equatorward migration of the mid-latitude flow belt appeared
to stall [69]. Only when the branch finally reached a latitude around 20 degrees in late 2009 did widespread
solar activity return [70]. Meanwhile, the high-latitude branch for Cycle 24 is not evident on a map where
the rotation rate subtracted is over the whole period of the observations. However, if the average is taken
only over the rising phase of the new cycle a rather weak and disorganized high-latitude branch is seen,
superimposed on a lower average rotation rate [71], as illustrated in Fig 7. This may be associated with the

weaker polar magnetic fields in Cycle 24 [72].
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Fig 7. Near-surface zonal flow maps from OLA inversions of MDI and HMI data, for the ascending
and maximum phases of Solar Cycle 23 (upper panel) and 24 (lower panel). The mean subtracted in
each case was taken over the 3.5 years from solar minimum.

From a theoretical point of view, the torsional oscillation is generally considered as a kind of side-
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effect of the magnetic field variation during the solar cycle. It has been modeled as a result of the Lorentz
force due to dynamo waves [73, 74| and as a geostrophic flow associated with active regions [75]. None of
these models appears entirely to account for the observed depth structure.

1998 2002 2006 2010 2014
Date (years)
Fig 8. Variation of the rotation-rate residuals from RLS (filled symbols) and OLA (open symbols)
analysis of GONG (black circles), MDI (red triangles), and HMI (green triangles) data at 0.72Rgyy
(top) and 0.72Rgyy (bottom), just above and below the base of the convection zone. In the period
1995-2000 there appears to be an oscillatory signal with period 1.3 years.

Howe et al [76] reported an oscillatory signal in the rotation rate at the base of the convection zone
in the first few years of GONG and MDI observations (see Fig 8). This was of interest because of the role
of the tachocline in the dynamo and because signals of a similar period had been seen in some geophysical
and heliospheric phenomena [78,79] However, the result was not reproduced by other authors analysing the
same data [80]. The strong periodic signal disappeared in later years [81], although the observations from the
different projects continued to fluctuate together [82].

3.2 The meridional flow

The meridional flow from the equator towards the poles is a vital component of the solar cycle,
as it carries the magnetic field from disintegrating active regions towards the poles and eventually causes
the sign of the polar field to reverse. This flow cannot be measured by conventional global helioseismic
techniques. In the outer layers of the convection zone it can be studied using local helioseismic techniques
such as ring-diagram [83] and time-distance [84] analysis. These measurements are quite susceptible to
systematic error, especially at high latitudes where projection effects become severe. There have been reports
of ‘counter-cells’ (reversed direction of meridional flow) at high latitudes, for example by Haber et al [85]
using MDI data, while Gonzalez Hernandez et al [86] found that in GONG data, which unlike MDI was
available continuously throughout the year, the appearance of such cells was highly correlated with the solar
B-angle, the angle of inclination of the solar rotation axis to the observer. Zaatri et a/ [87] proposed an ad-hoc
correction to remove such variations.

Recently it was found that there is a ‘center to limb’ systematic effect, particularly in time-distance
measurements [88], which affects both zonal and meridional flows away from disk center, producing a
variation in the zonal flow with distance from the meridian and an additional change in the meridional flow
with latitude. Because the effect is rotationally symmetric, the effect on the meridional flow can be corrected
in an ad-hoc fashion if one assumes that the zonal flow should not vary with longitude. This effect appears
to vary with the height in the atmosphere of the observable used for the analysis. One suggested explanation
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[89] is that it is caused by the asymmetric nature of flows in granules.
3.2.1 The deeper interior

The meridional circulation in the deeper layers of the convection zone is still challenging to measure,
but in recent years several attempts have been made to probe it.

Hathaway [90] inferred a return flow at a depth of 70 Mm (i.e, about 10% of the solar radius below
the surface), by supergranule correlation tracking.

After correcting for the center-to-limb effect discussed above, Zhao et al [91], using time-distance
analysis on two years of HMI data, found an equatorward flow in the middle of the convection zone and
indications of a second poleward flow at greater depths, suggesting a two-cell structure that would challenge
understanding of how magnetic field is transported within the convection zone. Independently and almost
at the same time, Schad et a/ [92] analyzed MDI data using a global helioseismic technique involving the
perturbations to global modes caused by the meridional flow, and found a complex multi-cell structure in
the deeper parts of the convection zone. Kholikov et al [93], analyzing several years of GONG data, found
indications of possible equatorward flow near the bottom of the convection zone and possible indications of a
multiple-cell structure. On the other hand, Jackiewicz et al [94] analyzed two years of GONG data and found
results in reasonable agreement with those from HMI, with a return flow in the middle of the convection
zone; however, they questioned the physicality of such flows, which do not obey the continuity equation.
Rajaguru and Antia [95] analyzed four years of HMI data and found evidence of a return flow near the base
of the convection zone and no strong evidence of a multiple-cell flow.

All in all, it is probably fair to say that there is still no reliable measurement of the meridional
circulation in the deeper layers of the convection zone.

3.2.2 Temporal variation

Like the zonal flow, the meridional flow in the outer convection zone shows signs of being modulated
by the solar cycle, with a pattern of flows into the activity belts (and by some reports outflows at slightly
greater depth). This was observed for example, in ring-diagram [85] and time-distance [96] analysis of MDI
data from the first half of Solar Cycle 23. More recently it has been studied in GONG and HMI data by Komm
et al [97] (see Fig 9). This effect has been questioned as some kind of contamination of the measurements by
active regions, but the results of Komm e a/ suggest that, as with the zonal torsional oscillation pattern, the
flows change even before strong active regions appear.

4 Discussion

We hae described the major observational findings about the solar interior structure and dynamics
in the last couple of decades. While the near-surface structure is clearly strongly influenced by solar-cycle
variations as well as shorter-term variations less directly related to the activity cycle, the evidence for
solar-cycle changes in the structure of the deep inner layers is still not plentiful. The rotation profile is well
constrained except in the solar core, where we still need help from g-modes to establish the rotation rate. The
solar-cycle variation of the zonal flows is well established and has been used to predict the behavior of the
magnetic cycle on a timescale of about a year. There is also growing evidence for solar-cycle modulation of
the meridional flow near the surface. Despite much effort in recent years, the nature of the meridional flow
profile in the deep interior is still elusive.

In the near future, it will be interesting to see how the frequency variations and flows respond during
the declining phase of Solar Cycle 24 and during Cycle 25. The past decade has given us ample evidence that
the behaviour we see in one cycle may not repeat exactly in the next, which makes it important to continue
the long-term observing programmes.
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Fig 9. The residual meridional flow at two depths, from ring-diagram analysis of GONG data. The
grey contours represent the magnetic field strength. Figure after Komm et al/ [97], courtesy of R
Komm.
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