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In this article, we review recent progresses in subsurface lows obtained from two local helioseismology methods: 
time-distance helioseismology and ring-diagram analysis. We review results in the following four topics: lows beneath 
sunspots and active regions, supergranular subsurface lows, shallow meridional low and its variations with solar 
cycles, and meridional circulation in the deep solar interior. Despite recent advancements in methodology, modeling, 
and observations, many questions are still to be answered and a few topics remain controversial. More efforts, especially 
in numerical modeling and accurate interpretation of acoustic wave travel-time measurements, are needed to improve 
the derivations of subsurface lows. © Anita Publications. All rights reserved. 

Keywords: Sun: seismology; Sun:interior; Sun: subsurface lows

1 Introduction

 Solar subsurface lows concern the low ields of convective low cells (like supergranules and 
giant cells), sunspots and active regions on local scales, and zonal and meridional lows on global scales. 
These lows are believed to transport heat, magnetic lux, and angular momentum, helping to balance the 
Sun’s convection and maintain its magnetic cycles. Studying these lows of different spatial scales is of great 
importance for us to understand the solar interior structures and dynamics, as well as its magnetic activities. 
Since these subsurface lows are hidden beneath the Sun’s non-transparent surface and invisible to any direct 
observations, we rely on helioseismology, which studies the Sun’s oscillation modes and propagating waves, 
to derive these otherwise undetectable properties. Indeed, the past two decades witnessed rapid advancements 
in understanding the Sun’s interior structures and dynamics using observations from the Global Oscillation 

Network Group (GONG) [1], the Solar and Heliospheric Observatory / Michelson Doppler Imager (SOHO/

MDI) [2], and the Solar Dynamics Observatory / Helioseismic and Magnetic Imager (SDO/HMI) [3, 4]. 

 In this article, we categorize our review of subsurface lows into four topics: lows beneath sunspots 
and active regions, supergranular subsurface lows, shallow meridional low and its temporal variations, and 
deep meridional-circulation proile. We hope the readers understand that this review is by far not a complete 
review covering all or most works related to these topics, but only those works we, the authors, are involved 
or familiar with. Meanwhile, we concentrate only on lows but not structures. For example, there were many 
works on sunspots’ subsurface structures in the past 15 years or so, but we do not include those works in this 
review. Also, since rotation and torsional oscillation were reviewed by Howe [5] in this issue, in this article 

we focus on meridional circulation but exclude rotation-related works. 
 We think it is worth pointing out, at the beginning of this article, that all the four topics that we review 
are not uncontroversial. For example, how deep is a typical supergranule and what is its low structure? How 
many meridional-circulation cells does the Sun have, in both its radial and latitudinal directions? There are 
no consensus answers to these questions. These nevertheless highlight that despite the great advancements 

Corresponding author :

e-mail: junwei@sun.Stanford.EDU (Junwei Zhao)



326 Junwei Zhao and Ruizhu Chen

in recent years, we are still in an early stage to understand the Sun’s interior, to interpret the oscillations and 
waves that we observe, and to relate these observations with the Sun’s interior properties. More works are 
badly needed to advance our knowledge in these regards. 

2 Subsurface lows in active regions

2.1 Results from time-distance helioseismology

 Time-distance helioseismology is one of local helioseismology techniques to investigate solar interior 
structures and dynamics in local areas [6, 7]. Technically, time-distance helioseismology measures travel 
times of helioseismic waves, including both surface gravity waves (f-mode) and acoustic waves (p-mode), 
from one surface location to another by cross-correlating oscillation signals observed at these two surface 
locations. The f-mode waves only propagate horizontally within the irst 2 Mm beneath the photosphere, and 
are relatively easier to be utilized to study shallow horizontal lows [8, 9]. The p-mode waves penetrate into 
the solar interior, and the travel times that time-distance method measures are what it takes for waves to travel 
from one surface location to the other through a curved path in the solar interior. These acoustic waves carry 
the information of structure and dynamics from the interior back to the surface, and in principle, the measured 
travel times can be inverted for subsurface sound-speed perturbation and low ields [10]. 

 Inferring subsurface lows of sunspots or active regions is a primary investigation topic of time-
distance helioseismology. Based on acoustic travel-time measurements, Duvall et al [7] reported detection 

of downdrafts beneath sunspots’ surface, supporting Parker’s cluster sunspot model [11]. Later, Kosovichev 

[10] developed an algorithm to invert these measurements for the sunspot’s subsurface low ields, and 
his inversion results showed converging and downward lows in the shallow regions, supporting Duvall et 

al’s claim [7]. These lows were believed to play a role in holding sunspots together from dissolving due 
to the magnetic repelling force. With the availability of higher-resolution observations from space-based 
instruments like SOHO/MDI [2], Hinode/SOT [12, 13], and SDO/HMI [3, 4], similar analyses were also 
performed to invert for subsurface lows in sunspots and active regions. Using MDI-observed p-mode waves, 
Zhao et al [14] found converging lows with a speed of about 500 ms–1 around the sunspot from surface to 
about 5 Mm in depth, and this converging low was associated with a downward low with a similar speed. 
On the other hand, this converging and downward low pattern located in the same region where negative 
sound-speed perturbation was found [15]. Theoretically, this could be understood as cool materials near the 
surface of sunspots moved downward due to the higher density. Later analyses using Hinode and HMI data 
gave similar results [16, 17], which was expected because the analysis procedures were roughly the same. 
Using f-mode waves, Gizon et al [9, 18] reported outlows from sunspots (or moat low) from the surface to 
about 2 Mm in depth. These results did not immediately reconcile with those reported by p-mode analysis, 
and how to understand these discrepancies has been long debated.

 Sunspots’ subsurface wave-speed perturbation is a controversial topic [18, 19] that we do not review 

in this article. And, whether the measured p-mode travel-time asymmetry in opposite traveling directions 
can be interpreted as caused by lows, like what helioseismologists usually do for quiet regions, is another 
controversial problem. Woodard [20] argued that wave absorption by sunspots could mimic the effect of 
travel-time anomaly, which might be mistakenly interpreted as lows. Lindsey & Braun [21, 22] demonstrated 
that the shower-glass effect, which smears the phases of incoming and outgoing acoustic waves, should be 
corrected before the travel-time measurements were inverted for lows, although how to correct this effect 
is a puzzling question. Some more recent analyses [23, 24] showed that the Wilson depression in sunspots 
also effected the interpretation of measured travel-times of acoustic waves. All these effects, caused by wave 
absorption, presence of magnetic ield, atmospheric height depression, and maybe others, truly complicate the 
interpretation and inversion of helioseismic measurements, but how to effectively and accurately incorporate 
these effects in measurement and inversion processes remains a dificulty to be overcome by future studies. 
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 Meanwhile, attempts have been made to analyze numerical simulations of sunspots to assess the 
time-distance analysis processes. Analyzing a realistic simulation of a sunspot model [25] using a local 

helioseismic method, Braun et al [26] found that their travel-time measurements were remarkably similar 
to those from observed sunspots, but these travel-time shifts were not expected from the low ields in the 
model, questioning the basic philosophy of inverting travel times for lows in these areas. They argued that 
a new inversion method is needed for subsurface lows in magnetic regions. More recently, DeGrave et al 

[27] inverted travel-time measurements from realistic simulations of a sunspot and a pore for subsurface low 
ields, and compared these inversion results with lows in the models. They found that they could recover the 
horizontal lows but underestimated the amplitude of lows by about 50%; however, they also found that they 
could not recover the vertical lows in these models. Nevertheless, this is a positive advancement toward a 
possible solution to the dificult obstacles of deriving sunspots’ subsurface lows. 

Fig 1. Example of subsurface lows at the depth of 0 – 1 Mm from HMI time-distance data-analysis 
pipeline, showing divergent lows in supergranules, converging lows inside a sunspot and outlows 
around it. The longest arrow represents a speed of 300 ms–1. Background image shows the magnetic 
ield of the region. Adapted from Ref [17] with permission.

 Additional efforts were made to examine the accuracy of the helioseismically inverted lows 
by comparing them with the lows derived by tracking magnetic features on the surface. Liu et al [28] 

compared near-surface lows from the HMI time-distance pipeline [17] with the surface lows obtained from 
DAVE4VM, a method of tracking vector magnetic ield and solving magnetic induction equations [29]. 

Their results showed a very good agreement in the vicinity of a simple sunspot, but in the sunspot’s umbra, 
the subsurface lows were greater than the surface lows. This could be an underestimate of the surface low 
speed in the umbra by the tracking method due to the umbra’s featureless property, or due to that the strong 
magnetic ield complicated the inversion of the time-distance measured travel times, as already introduced 
above. Although this comparison showed an encouraging sign of the validity of sunspots’ subsurface lows, 
more works are nevertheless needed to address various effects in the magnetic regions.
2.2 Results from ring-diagram analysis

 Ring-diagram analysis is another local helioseismology technique that analyzes oscillation modes 
of the Sun, just as global helioseismology does but for local areas [30]. The positions of oscillation modes 
can be precisely determined by itting the power ridges in k-ω diagram, and the modes’ position shifts can be 
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related to the subsurface structures and low ields, which in principle can be inverted from the mode-position 
shift measurements. For a more detailed introduction of the methodology, one can refer to a recent article by 
Baldner et al [31]. 

Fig 2. Schematic plot showing a side view of large-scale mass circulations based on high- and low-
resolution ring-diagram analysis as well as local correlation tracking results. Adapted from Ref [34] 

with permission from AAS. 

 Because one needs a certain region to construct the k-ω diagrams and it for the mode positions, 
this technique can only have a relatively poor spatial resolution, typically no better than 5°. Therefore, most 
results from ring-diagram analysis give relatively large-scale low patterns around active regions. Haber 
et al [32] found a horizontal converging low toward large active regions from the surface to a depth of at 
least 7 Mm, and a divergent low from the active regions at and beneath at least 14 Mm. This low pattern is 
similar to the large-scale low pattern near large active regions obtained by the time-distance analysis [33]. 

Later, Hindman et al [34] further developed the ring-diagram analysis method into a high-resolution method, 
improving its resolution to 2°. Armed with the new method, they studied the material circulations around 
active regions, and found that almost all active regions possessed a mean inlow of 20-30 ms–1 and a cyclonic 
circulation of ~5 ms–1 at their peripheries. Near the cores of the active regions were zones of strong anti-

cyclonic outlow with a speed of about 50 ms–1. Figure 2 shows a schematic plot of the circulation structure 
they found.
 Collective properties of some speciic types of active regions, such as emerging regions, decaying 
regions, rotating sunspots, were also statistically studied. Komm et al [35] found that the average vertical 

lows, determined from horizontal lows with a combination of the mass-conservation equation, were mostly 
upward for emerging regions compared to the grand average of a large sample of regions. The vertical lows 
were more pronouncedly downward for decaying regions, especially near the depth of 8 Mm. Similar results 
were reported in follow-up studies [36, 37]. Through studying a few selected rotating sunspots, Jain et al [38] 

found that the subsurface lows associated with the rotating sunspots varied signiicantly with depths during 
the course of rotation, while the low variations of non-rotating sunspots were primarily constant. 
 Validating subsurface lows derived from ring-diagram analysis using numerical simulation data, 
like what have been done for time-distance analyses [26, 27], were largely missing due to that no realistic 
numerical simulation has been made in a large enough region to carry out these analyses. Another approach, 
comparing ring-diagram derived near-surface lows with correlation tracking method on surface, like what 
Liu et al [28] did for time-distance analysis, was recently carried out by Jain et al [39]. An example of their 
results is illustrated in Fig 3. They found a positive correlation between lows derived from the ring-diagram 
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and local correlation tracking, implying that despite the absorption of acoustic power in magnetic regions, the 
lows inferred from the helioseismic analysis were still comparable to the surface measurements. However, 
they also cautioned that the helioseismically derived lows were about as twice large as the lows from the 
tracking method, the reason of which was not understood. 

Fig 3. Comparison of horizontal lows: photospheric from local correlation tracking (blue), 
subphotospheric from f-modes (green), and subphotospheric from inverted p-modes measurements 
(red) in active regions NOAA 11339 (top) and 11890 (bottom). Adapted from Ref [39] with 

permission from AAS. 

2.3 Subsurface properties and laring activities
 Whether the subsurface lows in and around active regions are related to, or even are able to be used 
to forecast, solar eruptive events is another interesting topic that some helioseismologists have explored. In 
principle, since helioseismology is able to provide three-dimensional subsurface low ields, it is possible to 
calculate the distributions of subsurface vorticity and kinetic helicity, and try to relate these quantities with 
laring activities. 
 Through analyzing a number of selected active regions, Komm et al [40] irst reported that the 
maximum values of unsigned kinetic helicity density of each active region correlated remarkably well with 
the total laring X-ray lux, and active regions with strong laring activities showed large values of subsurface 
kinetic helicity density. With a larger sample of active regions, Mason et al [41] analyzed the relations 
between subsurface vorticity and lares. They reported that the horizontal components of vorticity were 
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correlated with the total lare intensity of corresponding active regions, and the vorticity was proportional to 
the product of total lare intensity and maximum unsigned magnetic lux. Similar studies with more samples 
were carried out later [42, 43]. By combining different subsurface quantities of active regions derived from 
ring-diagram analysis, Reinard et al [44] deined a parameter that seemed to be able to provide an advanced 
notice of lare occurrences (as shown in Fig 4), enhancing the hope of lare forecast. 
 Using subsurface low ields from the HMI time-distance pipeline [17], Gao et al [45] studied 

connections between lares and subsurface properties with a higher spatial resolution and a higher temporal 
cadence. They found that the lare-proliic active regions often showed a bump in subsurface kinetic helicity 
before or during the occurrence of a major solar lare. A more systematic statistics with more lare samples 
in more active regions are needed to more convincingly establish a clear relationship between the subsurface 
properties with the laring events.

Fig 4. Superposed epoch analysis for the NHGV parameter of active regions associated with X- (red), 
M- (blue), and C-class (cyan) lares. The green line is an average value for active regions that do not 
lare. Adapted from Ref [44] with permission from AAS. 

3 Subsurface lows of supergranules 

 Supergranulation was irst found in 1950s [46],  and has long been thought as medium-sized 
convection. These structures are often characterized by their association with magnetic networks [47] and 

divergent lows from the center of the structures [48]. Local helioseismology, particularly time-distance 
helioseismology, has been widely employed to study the subsurface low ields of supergranules, to understand 
their horizontal and vertical low patterns, as well as their depth extents. Although supergranules mostly 
locate in the Sun’s quiet regions, where no strong magnetic ields are present to complicate the measurements 
and interpretation of helioseismic signals like in active regions, it turns out that the supergranular subsurface 
properties derived from the helioseismology technique are not controversy-free. 
 Duvall & Gizon [8] developed methods to measure supergranular lows using f-mode waves, and 
inversions were later carried out to derive the divergent low ields in the near-surface depths [9]. These 

results were compared with local-correlation tracking results, and high similarities were found [49]. Using 
p-mode time-distance analysis, Zhao & Kosovichev [50] demonstrated that it was not dificult to invert 
the near-surface divergent low patterns, but quite dificult to determine the vertical low and to ind the 
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converging low in the deeper depths, which is expected from mass conservation if supergranules are truly 
convective cells. Since the divergent low patterns and downlows contribute similarly to the measured 
acoustic travel-time shifts, known as cross-talk effect, it is dificult to disentangle these lows if not invoking 
other observational constraints [50]. Using a realistic simulation of solar convection [51], Zhao et al [52] 

demonstrated once again that the supergranular vertical low was dificult to be reliably inverted due to its 
smaller amplitude and the cross-talk effect.

Fig 5. A supergranular model that satisies time-distance measurements. (a) Velocity vectors with a 
peak uplow of 240 ms–1 at z = –2.3 Mm and a peak horizontal low of 700 ms–1 at z = –1.6 Mm and 
x = 7 Mm. The blue lines in panels (b) and (c) are taken from the red dashed line and turquoise line 
in panel (a) and for vertical low and horizontal low, respectively. Other lines in (b) and (c) are taken 
from different models. Adapted from Ref [64] with permission from the authors. 

 Later, many authors have substantially improved their inversions by introducing wave-based 
sensitivity kernels and different inversion codes. For example, Jackiewicz et al [53] developed two-

dimensional Fréchet kernels for the surface f-mode waves, Birch & Gizon [54] developed Born-approximation 
sensitivity kernels for 3-D vector subsurface lows, and Burston et al [55] computed 3-D Fréchet kernels for 
vector lows. These developments in principle could more accurately relate the subsurface low ields with 
the measured helioseismic travel times on the surface. Regarding the inversion techniques, Jackiewicz et al 

[56] developed a high-resolution OLA inversion method for travel-time measurements, and they later further 
developed a three-dimensional SOLA inversion technique targeting for an inversion of 3-D subsurface low 
vectors [57]. These developments led to a more reliable inversion of the supergranular subsurface low with 
a more conident vertical low in shallow layers [58]. The divergent low pattern was more robustly inferred 
up to 3.5 Mm in depth, and the vertical low was derived for the irst 1 Mm after minimizing the cross-talk 
effect. However, despite these progresses, there are still a number of issues that weaken our conidence in 
the inverted supergranular subsurface lows, as recently pointed out by Švanda [59]. Among these issues, 
a puzzling one is that the inverted horizontal lows switch directions every a few megameters in depth, 
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prompting people to doubt the reliability of the inversion despite the progresses in inversion techniques and 
sensitivity-kernel calculations. That is, whether there are converging low patterns beneath supergranular 
surface, conirming the convective nature of supergranulation, is still an open question. 
 Efforts have also been made to validate the analysis processes using numerical simulation data. 
Geogorbiani et al [60] analyzed realistic convection simulation data [51] using local correlation tracking and 
f-mode time-distance method, and reported that the near-surface lows from helioseismology were in very 
good agreement with the local correlation tracking results, as well as with the near-surface low averaged from 
the model. Using same datasets, Zhao et al [52] reported that they could satisfactorily invert the horizontal 
lows up to about 4 Mm in depth, but could not recover vertical lows due to cross-talk effect, as already 
reviewed above. More recently, DeGrave et al [61] utilized a set of simulation in a larger box and analyzed by 
combining different types of Fourier-domain ilters, and concluded that the lows could be well retrieved in 
the upper ~3 Mm of the box while the vertical lows, even near-surface, could be hardly recovered reliably. 
 What is more controversial is the depth of supergranulation. Earlier Dopplergram observation and 
local correlation tracking method gave a prediction of the supergranular low no deeper than 2.4 Mm in 
depth [48]. Based on early time-distance inversion results on supergranular lows, Duvall [62] estimated a 
supergranulation depth of about 8 Mm, while Zhao & Kosovichev [50] estimated the depth to be about 15 
Mm using another set of low inversion results. However, more recently, through a combination of time-
distance measurements and forward modeling, Duvall & Hanasoge [63] argued that supergranulation is a 

shallow phenomenon with a depth of 2.3 Mm, in rough agreement with earlier result in 1990s [48]. They 
also reported a peak upward low of 240 ms–1 at a depth of 2.3 Mm and a peak horizontal low of 700 ms-1 

at a depth of 1.6 Mm. Later, Duvall et al [64] further examined the simulation data made using their favored 
supergranular model, and found that new measurements from simulations supported their previous report of 
shallow supergranulation. Figure 5 shows a picture of their favored model for the supergranular subsurface 
lows. However, on the other hand, Hathaway [65] found that even at depths of ~50 Mm, he was still able to 
detect the lows associated with surface supergranules. How deep supergranules are seems to be a question 
that will haunt for a while.

4 Shallow meridional low and its temporal variations

 Both the internal rotation and meridional low are favorite research topics of helioseismology. As 
reviewed by Howe [5] in this issue, solar internal rotation does not stay stationary but changes with the 
phase of solar cycles, known as torsional oscillation [66, 67]. The torsional oscillation has two branches, 

one drifting toward the pole and one migrating toward the equator together with the activity belts. The lower 
branch of the torsional oscillation exhibits as faster and slower zonal-low bands, residing on both sides of the 
activity belts. This phenomenon was irst studied using global helioseismology analysis, but was later widely 
studied by both ring-diagram [e.g., 68, 69, 70] and time-distance analysis techniques [e.g., 33, 71]. 

 Meridional low is mainly poleward on the surface and in shallow depths, and this was already well 
recognized in earlier helioseismic studies. By use of time-distance helioseismology, Giles et al [72] for the 

irst time reported a poleward meridional low from the surface up to 0.97 RSUN in depth with a speed of ~20 

ms–1. Using ring-diagram analysis, González Hernández et al [73] also reported similar results. Since then, 
poleward low with a speed of about 20 ms–1 was widely agreed by many follow-up works in the depths no 
deeper than about 30 Mm. 
 Meanwhile, temporal variations of the meridional low became another favorite topic by local 
helioseismologists. For deeper regions, using time-distance measurements, Chou et al [74] reported that in 

addition to the poleward low, the meridional low had an extra component of diverging lows from the active 
zones up to 77 Mm below the solar surface. Later analysis by Beck et al [75] covering a longer period using 
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nearly continuous data conirmed these results. Both these works focused on longer acoustic travel distances, 
i.e., deeper interior, and did not invert the travel-time measurements for meridional-low speed. However, a 
more recent analysis in 2015 argued that the surface magnetic ield might have contaminated the measured 
travel times in this type of measurements, and caused these extra components that were actually not there 
[76]. After getting rid of the magnetic-ield effect, Liang & Chou [77] found a change of meridional-low 
speed of about 10 ms–1 around the bottom of the convection zone from solar minimum to solar maximum 
years. 
 There are more works concerning the temporal evolution of meridional low in the depths shallower 
than 30 Mm. By use of dense-pack ring-diagram analysis, Haber et al [78] analyzed organized low patterns 
in the upper convection zone, and in a later paper [68], they reported that with the evolution of the solar 
cycle toward the maximum, the gradient of meridional low near the equator deepened. They also reported 
extra meridional-circulation cells merging and submerging in higher latitude, but this phenomenon was later 
dismissed as an effect caused by the variation of solar B-angle [79]. Using a similar analysis procedure, 
Basu & Antia [69] reported that the meridional low showed distinct activity-related changes, and the anti-
symmetric component of the meridional low showed a decrease in speed with the magnetic activity. 

 

Fig 6. (a) Butterly diagram for magnetic ield between 2010 May and 2015 December, observed by HMI. (b) 

Zonal low (rotational proiles after a long-time mean is subtracted) during the same period. Red (blue) represents 
faster (slower) low than the mean, and color scale is between –5 and 5 ms–1. (c) Residual meridional low 
(meridional low proiles after a long-time mean is subtracted) for the same period. Red (blue) represents poleward 
(equatorward) low, and color scale is between –7 and 7 ms–1. This plot is based on Ref. [71] but with a longer 

analysis period.

 Using time-distance method, Zhao & Kosovichev [33] investigated variations of the meridional 
low with time by subtracting a solar minimum-year meridional-low proile from all other years. They found 
the residual meridional low showed a converging-low pattern toward the activity belts in both hemispheres. 
They suggested that this converging low was due to the downdrafts of cool materials in the activity zones, as 
proposed by Spruit [80]. This low pattern was also studied by Gizon [81] and González Hernández et al [82], 
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among others. Later, González Hernández et al [83] reported that the converging low pattern also extended 
into the solar minimum years when there was little magnetic activity, indicating that the low pattern might 
not be an artifact caused by the magnetic ield. Through tracking motions of surface magnetic elements, 
Hathaway & Rightmire [84] also found similar low patterns, and this was an independent conirmation of 
these results using a non-helioseismic method. By combining observational analysis and numerical modeling, 
Gizon & Rempel [85] suggested that the additional meridional-low component was likely a geostrophic 
low caused by the increased radiative loss in the activity belts. Figure 6 shows recent results of torsional 

oscillation (or zonal low) and residual meridional low obtained by the HMI time-distance pipeline [71]. 

 In addition to the study on the meridional-low pattern around activity belts, there were also other 
works studying the differences in meridional-low speeds during the solar activity maximum and minimum. 
Hathaway & Rightmire [86] studied the advection of magnetic ield and determined the meridional-low 
speed covering the entire cycle 23. They found that the meridional-low speed was faster in activity minimum 
years than in maximum years, and was substantially faster in the minimum approaching cycle 24 than the 
corresponding minimum approaching cycle 23. They related the increase of the meridional-low speed to the 
extended minimum after cycle 23. Basu & Antia [87] also reported the similar trend that the meridional-low 
speed was faster during activity minimum years than the maximum years. More recent studies reported that 
the same trend continued into the current solar cycle [71, 88].

 Whether there are extra circulation cells in high-latitude areas is another interesting question that 
many authors have investigated. For surface measurements using HMI magnetic ield data, Rightmire-Upton 
et al [89] reported that the poleward meridional low extended at least to 5° within the pole, and did not 
ind evidences of counter-low cells above that. Using ring-diagram analysis, Komm et al [90] found that 

the poleward low at various depths at least extended to 75°. Although during some periods a counter-low 
cell was detected, that was more likely due to the effect of solar B-angle and could not be trusted. However, 
using a global helioseismology method, Schad et al [91] reported a multi-cell structure in both latitudinal and 
radial directions, suggesting a high-latitude counter-low cell. Therefore, whether there is a counter-low cell 
residing in the Sun’s high-latitude area, it is still an open question that demands more work, and probably 
off-ecliptic observations that rely on future space missions.
 A more recent study [71], focusing on the temporal evolution of meridional low during the rising 
phase of the solar cycle 24 using HMI data, reported an interesting anti-correlation between the meridional-
low speed and the magnetic lux in the mid-latitude areas. It was found that the meridional-low speed 
slowed down when the following-polarity magnetic lux was transported to cancel the existing magnetic ield 
in the polar region, and the low sped up when the leading-polarity lux was transported poleward to enhance 
the existing magnetic ield in the polar region. It is unclear why the low speed is coupled with the magnetic 
lux this way, but this interesting phenomenon certainly has an interesting implication to the polarity reversal 
in the polar region [92]. 

5 Deep meridional circulation

 The global-scale meridional circulation is crucial for understanding solar dynamics and solar cycles, 
and plays an important role in transporting magnetic lux and redistributing angular momentum [93]. Despite 
the facts that the internal rotational proile has been long established and the shallow meridional low was 
widely studied, the deep meridional-circulation proile is much more dificult to detect and remains an active 
topic being studied by different groups using various approaches. 
 As already mentioned in Sec. 4, the meridional low on the surface and in shallow interior were 
reliably determined as poleward with a speed of about 20 ms–1, but the returning equatorward low, expected 
to be inside the Sun so as to balance the poleward low and keep mass conserved, was not reliably detected 
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for a long time. Giles [94] inverted his long-distance travel-time measurements, but found poleward lows 
through the entire convection zone. After invoking mass-conservation constraint, he reported a 2 ms–1 return 

low near the bottom of the convection zone. For many years after that, a single-cell meridional-circulation 
model with a deep equatorward low was widely believed in the solar physics community, and this model 
helped the development of lux-transport solar dynamo model [95].  

 In 2007, Mitra-Kraev & Thompson [96] used a method pioneered by Braun & Fan [97], measured 
frequency shifts of solar oscillations due to the north-south directed meridional low, and inverted these 
measurements for lows. They reported an equatorward low at the depth of about 50 Mm, but their 
measurement errors were large. In 2012, by tracking the supergranular patterns observed by MDI, Hathaway 
[98] found a signiicant equatorward low (4.6±0.4 ms–1) at a depth of ~70 Mm (or 0.90 RSUN). However, 

the determination of the depth of lows from this method was tricky, and he tried to match the rotational 
properties of supergranules with the differential rotation inferred by global helioseismology. The physical 
reasoning behind this is unclear, and this leads to some suspicions in these results.
 On the other hand, the discovery of a systematic center-to-limb effect in helioseismic measurements 
allowed a more robust inference of the deep meridional low. The systematic center-to-limb effect in time-
distance method exhibits as an extra travel-time shift, as a function of disk location and measurement distance, 
and this effect must be removed from travel-time measurements before inversion is done [99]. 

Fig 7. Meridional-low proile obtained from time-distance inversion. Panel (a) shows a cross-

sectional view of the meridional circulation, with positive velocity directing northward. Panels (b) 

and (c) show the inverted velocity as functions of latitude averaged over some depths. Panels (d) and 

(e) show the velocity as a function of depth averaged over some latitudinal bands. Adapted from Ref 
[100] with permission from AAS. 

 Using the irst two years’ continuous HMI observations and after removing the systematic effect, 
Zhao et al [100] reported a double-cell circulation, with a 15 ms–1 poleward low from the surface to about 
0.91 RSUN and a 10 ms–1 equatorward extending from 0.91RSUN to 0.82 RSUN. The low direction turned 
to poleward again below that and persisted to at least 0.75RSUN or so. Figure 7 displays their meridional 
circulation results. Later, Kholikov et al [101] and Jackiewicz et al [102] measured and inverted two years 
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of GONG data following the same measuring and systematic-effect-correcting strategies prescribed by Zhao 
et al [100]. The results from these two different instruments agreed well in the outer 15% of solar radius, 
i.e., a shallow equatorward low and the depth of low turn-over, but were at odds in the deeper interior. 
More recently, Rajaguru & Antia [103] also carried out time-distance measurements using the HMI data, 
and performed inversions after including the mass-conservation equation and the radial low component, 
both of which were not included in the previous studies. They reported a single-cell circulation and a deep 
equatorward low beneath 0.77 RSUN, not much different from the early circulation model by Giles [94]. 

What is truly the proile of the meridional circulation is still not yet within our touch. 
 Another approach to probe the meridional-circulation structure is to use global helioseismology, a 
method developed in recent years by Schad et al [104]. The meridional low as a perturbation distorts the 
p-mode oscillation eigenfunctions, represented by mixing of unperturbed modes. The amplitude ratios of 
such mixed modes in Fourier domain, measurable using global oscillation data, are quantitatively related to 
meridional low and in principle can be inverted for meridional low. The measuring and inversion were done 
by Schad et al [91] using MDI 2004-2010 Dopplergram data. Their results showed evidence of a non-zero 
meridional low at the base of the convection zone, and the meridional-circulation proile between 0.82 to 
0.97 RSUN exhibited multiple-cell structures in both latitude and depth. The general picture from this approach 
has both similarities and discrepancies comparing with that from the time-distance helioseismology, and a 
more detailed comparison among all the above-mentioned results and methods will help to progress toward 
a better determination of the solar meridional-circulation proile.

6 Discussions

 We have reviewed progresses obtained by local helioseismology methods in subsurface lows of 
sunspots and active regions, subsurface supergranular lows, shallow meridional low, and deep meridional 
circulation. As we can see, despite the rapid progresses in data acquisition, numerical modeling, and inversion 
techniques, many topics still remain largely controversial and confusing. 
 Regarding sunspots and active regions, although converging and downward lows were reported in 
earlier studies, some effects due to Wilson depression, inluence of magnetic ield, and complex spectrum-
line formation above sunspots, all make the interpretation of the measured acoustic travel times very dificult 
if possible at all. 

 Regarding subsurface lows beneath supergranules, although there is no effect due to magnetic 
ield, the inversion of vertical lows and the search for converging return lows continue puzzling many 
helioseismologists. In spite of recent reports of shallow depths of supergranules, others still believe that 
supergranules penetrate into very deep interior. The only consensus seems to be that the divergent lows 
persist from the surface to at least 3 or 4 Mm in depth.
 Regarding shallow meridional low, the converging low pattern toward the activity belts in residual 
meridional low is a well-agreed phenomenon by many different analysis methods. And many agree that 
there is no counter-low cell at least lower than 75° latitude on the surface and in the shallow interior. 
 Regarding deep meridional-circulation proile, two questions need deinite answers: how many 
circulation cells are there in the radial direction, and at what depth does the poleward low switch direction 
to equatorward? Although the three papers published in 2012 and 2013 within one year span [98, 100, 91] 

all pointed to double- or multi-cell circulation and a shallow equatorward low near 65 Mm in depth, a recent 
publication [103] suggested a single-cell circulation with a deep equatorward low.
 To solve some of these obstacles, we believe it is important to do more studies in realistic simulations, 
on both local and global scales and for both magnetized and non-magnetized models. Moreover, more careful 
works are needed in modeling the spectrum-line formation in the solar atmosphere, because a slight different 
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atmospheric height may give us quite different phase shifts in acoustic waves. How do wave phases behave 
in the atmosphere above the height of frequency cut-off? This also has important implications in interpreting 
the measured acoustic travel times. Clearly, there are many unanswered questions in local helioseismology, 
and the derivation of subsurface lows requires more efforts from more scientists. 
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