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ABSTRACT

The gradient of rotation in the near-surface shear layer (NSSL) of the Sun provides valuable insights

into the dynamics associated with the solar activity cycle and the dynamo. Results obtained with global

oscillation mode-splittings lack resolution near the surface, prompting the use of the local helioseismic

ring-diagram method. While the Helioseismic and Magnetic Imager ring-analysis pipeline has been used

previously for analyzing this layer, default pipeline parameters limit the accuracy of the near-surface

gradients. To address these challenges, we fitted the flow parameters to power spectra averaged over

one-year periods at each location, followed by additional averaging over 12 years. We find that the NSSL

can be divided into three fairly distinct regions: a deeper, larger region with small shear, steepening

towards the surface; a narrow middle layer with a strong shear, with a gradient approximately three

times larger; and a layer very close to the surface, where the logarithmic gradient is close to zero but

becomes steeper again towards the surface. The middle layer appears to be centered at 3 Mm, but

the poor resolution in these layers implies that it is potentially located closer to the surface, around

1.5 Mm deep. While our analysis primarily focused on regions along the central meridian, we also

investigated systematic errors at longitudes off the center. The east-west antisymmetric component of

the gradient reveals a layer of substantial differences between east and west longitude around at 1.7

Mm, and the amplitude of the differences increases with longitude.

Keywords: The Sun (1693); Solar interior (1500); Solar oscillations (1515); Solar rotation (1524);

Helioseismology (709)

1. INTRODUCTION

Helioseismology has significantly advanced our under-

standing of the Sun’s internal rotation, providing crucial
insights such as the identification of two regions of radial

shear in the rotation rate. One of these regions, com-

monly referred to as the ’tachocline’ (Spiegel & Zahn

1992), is situated near the base of the convection zone;

this region near the interface between the convective and

radiative zones is believed to serve as a key location for

magnetic field storage (Parker 1975). The other region,

known as the near-surface shear layer (NSSL), is located

close to the solar surface, extending down to a depth of

about 35 Mm, i.e., approximately 5 percent of the solar

radius (Rhodes et al. 1990). Ongoing research increas-

ingly delves into the role of the NSSL in solar dynamos,
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with studies examining its potential impact (e.g., Karak

& Cameron 2016, and references within).

Various studies have explored the determination of
the rotational gradient within the NSSL, employing di-

verse data and methodologies. However, a consensus on

its characteristics remains elusive. Corbard & Thomp-

son (2002) and Barekat et al. (2014, 2016), used only

f-mode global helioseismic data and thus limited the

range of spherical harmonic degree analyzed, which con-

fined their investigations to a radius between approx-

imately 0.986 and 0.994 R⊙ (depths between 10 and

4 Mm). They observed a logarithmic radial gradient,

∂ lnΩ/∂ ln r, very close to −1. Antia & Basu (2022) em-

ployed a 2D regularized least-squares (RLS) technique

on global f- and p-modes, enabling analysis of a broader

range in spherical harmonic degree and enabling mea-

surements over a wider range of radius. Their approach,

employing B-splines and analytic derivatives, reduces

noise in estimating the rotational gradient. They re-

ported a logarithmic radial gradient close to −1 at 0.99
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R⊙ (a depth of 7 Mm), decreasing in amplitude to ap-

proximately −0.2 at 0.95 R⊙ (35 Mm). The local helio-

seismic analysis technique, known as ring-diagram anal-

ysis (Hill 1988), has also been used to estimate the rota-

tional gradient near the surface. This technique is based

on fitting three-dimensional power spectra of tracked re-

gions on the Sun. Because the analysis provides data on

modes of higher spherical harmonic degrees, it gets bet-

ter results closer to the surface. Basu et al. (1999) con-

ducted a ring-diagram analysis on patches of diameter

15 heliographic degrees, revealing a more pronounced

slope in zonal flow at depths less than 4 Mm. Za-

atri & Corbard (2009), in their ring-diagram analysis

of 15-degree patches, observed a relatively constant ra-

dial gradient between 0.980 R⊙ and approximately 0.991

R⊙ (14 and 6 Mm deep), specifically below 40◦ lati-

tude. In this range, the logarithmic gradient remains

approximately −0.76, as illustrated in their Figure 1.

Notably, above 0.992 R⊙ (6 Mm), the logarithmic gra-

dient becomes increasingly negative, extending at least

up to 0.996 R⊙ (3 Mm). Komm (2022), using standard

ring-diagram results from GONG and HMI pipelines, re-

ported a logarithmic gradient equal to −1 at 0.990 R⊙,

consistent with previous studies. Similar to Zaatri &

Corbard (2009), he observed a steeper gradient closer

to the surface, with the steepest slope at 0.998 R⊙ (1.4

Mm).

Barekat et al. (2014, 2016) observed a very slight in-

crease in the gradient with latitude in the range r =

0.990 ± 0.004 R⊙, similar to Antia & Basu (2022) at

0.95, 0.97, and 0.99 R⊙ (35, 21, and 7 Mm). In con-

trast, Corbard & Thompson (2002) and Zaatri & Cor-

bard (2009) reported a more pronounced variation with

latitude above 40◦, where the value of the dimensionless

gradient tends towards zero at 60◦. Reiter et al. (2020)

extended their analysis to spherical harmonic degree as

high as 1000, revealing a substantial variation in the

logarithmic gradient with latitude very close to the solar

surface, increasing in steepness from approximately−1.5

at the equator to −2.8 at 28.1◦ latitude, then approach-

ing zero at 70◦ latitude. These nuanced and evolving

findings highlight the complex challenges in characteriz-

ing the NSSL. As research advances, the importance of

establishing the NSSL’s behavior becomes increasingly

apparent, particularly for understanding its pivotal role

in shaping solar dynamics and its connection with phe-

nomena such as sunspots and the broader solar magnetic

cycle.

The variation of the gradient over time during one

or more solar cycles has been consistently reported to

be small, with ∂ lnΩ/∂ ln r within ± 0.1 or lower, as

demonstrated in previous studies (Barekat et al. 2016;

Antia & Basu 2022; Komm 2022).

In this study, we conducted a comprehensive analysis

to determine the averaged logarithmic radial gradient

of the solar rotation rate, with a specific focus on the

NSSL. Employing the local helioseismology technique

of ring-diagram analysis, we analyzed 12 years of HMI

data, equivalent to approximately one solar cycle. In

contrast to Komm (2022), our approach involved us-

ing multiple inversion methods, as well as multiple in-

versions using many tradeoff parameters, allowing for a

more precise analysis, with reduced noise introduced by

error correlation and a more accurate determination of

the depth structure of the gradient than those provided

by the single pipeline inversion. The next section de-

scribes the data used and the steps taken to estimate the

non-dimensional rotation radial gradient. We describe

our results in Section 3, and include a comparison with

simulations. The results are summarized and discussed

in section 4.

2. METHODOLOGY AND DATA

Our approach involved the application of ring-diagram

analysis to 15-degree and 30-degree diameter regions ob-

served by the Helioseismic and Magnetic Imager (HMI)

(Scherrer et al. 2012) from May 2010 through April

2022. While the HMI pipeline is an extremely useful and

widely used tool, providing estimates of horizontal flows

as a function of solar radius near the surface, we have

identified limitations associated with the default param-

eters that impact the accuracy of near-surface gradients.

A significant challenge in our analysis was the presence

of oscillatory patterns induced by error correlations, a

phenomenon highlighted by Howe & Thompson (1996).

Random noise in observed mode frequencies can intro-

duce spurious oscillatory behavior in the inverted depth

structure of flows. These oscillatory patterns are notice-

able and pervasive in the inversion results, and are exac-

erbated when estimating the radial gradient of rotation.

To address this issue, we computed flow parameters by

fitting power spectra averaged over one-year intervals at

each location that we investigate. This is not the usual

analysis done in the HMI ring-analysis pipeline.

The HMI pipeline tracks regions in Dopplergrams of

diameter 15 and 30 heliographic degrees, spaced at 7◦.5

and 15◦ in latitude and longitude respectively. The

tracking durations for these regions are 28.8 hours and

57.6 hours respectively, approximately corresponding to

the average displacement due to solar rotation at the

Carrington rate being equal to their diameter. Note

that the regions are tracked using the module ‘mtrack’

of the HMI pipeline (Bogart et al. 2011).
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Ring diagrams are essentially three-dimensional power

spectra in the frequency-wavenumber space (one dimen-

sion for temporal frequency, two for spatial wavenum-

bers in the zonal and meridional directions). All spectra

for each Stonyhurst location within a given Carrington

rotation were averaged together (24 15-degree tile spec-

tra and 12 30-degree tile spectra per location). Sub-

sequently, we generated twelve annual spectra by aver-

aging the rotation-averaged spectra for all Carrington

rotations falling wholly or partly within the year. Typ-

ically, this involved averaging 14 spectra, occasionally

15. It may be noted that rotations at the endpoints

were often incorporated into two of the annual averages.

Our dataset starts with observations taken on May 1st

2010, corresponding to Carrington Time 2096:240.

The annually averaged power spectra at each latitude

on the central meridian were fitted using the method

outlined by Basu & Antia (1999) using module ‘rdfitc’

of the HMI processing pipeline (Bogart et al. 2011). The

resulting fitted Ux flow parameter, characterizing the

zonal component of the transverse flow field, was aver-

aged over a span of 12 years for each individual mode (n,

ν), reducing the impact of noise in our analysis. We also

fitted spectra at multiple Stonyhurst longitudes along

the equator. We applied two inversion techniques, Opti-

mized Local Averaging (OLA, Backus & Gilbert 1968,

module ‘rdvinv’ of the HMI processing pipeline) and

the Regularized Least Squares (RLS) implementation of

Basu et al. (1999) to obtain the zonal flow variation with

depth. Given the complementary nature of the OLA and

RLS inversions (see, e.g., Sekii 1997), we can be more

confident of the results if the two inversions agree. Thus

by comparing the OLA and RLS results, we are able to

achieve more reliable solutions for the rotation gradient.

Instances of disagreement prompt a more cautious inter-

pretation of the inversion results. Figure 1 presents the

averaging kernel and the error correlation for 15-degree

and 30-degree tiles at three target depths and two solar

latitudes on the central meridian.

The inversion coefficients depend on the specific mode

set, comprising of sets of radial order (n), spherical-

harmonic degree (l), temporal frequency (ν) and the

fitted Ux parameter (and its associated uncertainties)

that are determined to be good fits. To enhance the

robustness of our inversion analysis, we generated 1,000

distinct mode sets by introducing diverse random real-

izations of Gaussian noise to the fitted Ux flow, where

the variance is the square of the Ux fitted uncertainty.

Employing a comprehensive approach involving trade-

off diagrams, the quality of the averaging kernels, and

amount of error correlation, we meticulously selected the

Figure 1. Averaging kernels (top) and error correlations
(bottom) are depicted for the 15-degree tiles (left) and 30-
degree tiles (right) at two latitudes for three target depths
(0.985, 0.994, 0.998 R⊙). The two latitudes are the equator
(solid blue lines) and 60◦ north (dashed red lines). The nor-
malization of the averaging kernel ensures that its integral is
set to one.

optimal error parameter for each tile size in both OLA

and RLS methods.

To account for potential variations arising from our

choice of inversion parameters, we computed the inver-

sion coefficients for error parameters encompassing a

range of approximately ±20% around our chosen value.

This deliberate consideration of variations enabled a

comprehensive exploration of the solution space.

3. RESULTS

3.1. The general structure of the NSSL

Figure 2 shows our results for the dimensionless ra-

dial gradient of solar rotation (∂ lnΩ/∂ ln r) at various

latitudes along the central meridian. Solar rotation (Ω)

was determined by adding the the Carrington rotation

velocity used to track the tiles to the velocity of the flows

in the zonal direction. The results in the figure are the

mean and standard deviation derived from the ensemble

of 1,000 mode sets corresponding to each error parame-
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ter. This approach ensures the reliability and accuracy

of our inversion results, as well as a correct estimate of

the uncertainties, providing a robust foundation for the

conclusions drawn in this study.

Figure 2 reveals that the NSSL is not a homogeneous

shear layer but exhibits significant gradient variations,

particularly closer to the solar surface. This prompt us

to divide the NSSL into three specific regions, as shown

in Figure 3. Layer D, the deepest and thickest region,

extends from 0.994 R⊙ (4 Mm deep) to the edge of our

inversions. The middle layer, Layer M, has a pronounced

steepening centered around 0.9965 R⊙ (2.4 Mm deep) —

indicated by the vertical dotted line in Fig. 2. Lastly,

Layer S, located very close to the surface, begins ap-

proximately at 0.9977 R⊙ (1.6 Mm deep).

Figure 4 shows the North-South symmetric compo-

nent rotational gradient, calculated as the weighted av-

erage of the northern and southern components, denoted

as (N+S)/2, in layer D. The error bars correspond to the

standard deviation of the weighted mean derived from

Monte Carlo simulations. Notably, a consistent linear

decline with increasing radius is discernible within the

depth range of 22 to 11 Mm (0.968 — 0.985 R⊙), where

the linear fitting indicates a decrease in the gradient

of 0.41±0.08 and 0.32±0.09 for OLA and RLS, respec-

tively, between these two depths. At shallower layers of

this depth interval, the gradient stabilizes around −0.75,

persisting until 6 Mm. The weighted average and its

standard deviation are −0.7 ± 0.2 and −0.8 ± 0.2 for

OLA and RLS respectively, between 11 and 6 Mm deep

and latitudes ≤ 30◦. The results for the 15-degree tiles

are similar to those of the 30-degree tiles. A comparison

with global helioseismology results, obtained by Antia &

Basu (2022) and depicted in Figure 4 with black aster-

isks, reveals a good agreement within the uncertainty

margins. This observation underscores the robustness

of our findings. Examining the antisymmetric compo-

nent of the gradient, (N-S)/2, we find that the values

fall within the range of uncertainty, suggesting a null or

negligible deviation from zero, except at latitudes 60◦

and higher.

As one approaches the solar surface from deeper lay-

ers, a noticeable steepening of the dimensionless gra-

dient is observed; this agrees with findings from other

studies (Basu et al. 1999; Zaatri & Corbard 2009; Komm

2022). This trend begins at approximately 4 Mm depth

below the solar surface (i.e., radius of 0.994 R⊙), estab-

lishing the beginning of layer M, and the dimensionless

gradient reaches its minimum at 3 Mm depth (radius of

0.996 R⊙), as shown in Figure 5, across all latitudes up

to 45◦. At shallower depths, the gradient flattens, ap-

proaching zero at all latitudes, marking the end of layer

M. Additionally, as is clearly visible in Fig. 2, there is

also another local minimum in the logarithmic gradient,

localized around 0.994 R⊙ for latitudes up to and includ-

ing 45◦, but this is only seen in the OLA results; this

suggests that this could be an artifact of the analysis.

For the 30-degree tiles, both OLA and RLS results show

an average minimum location of (2.44±0.07) Mm depth

for latitudes below 60◦ (excluding 45◦S). For the 15-

degree tiles, the minimum is located slightly deeper at

(2.7±0.1) Mm for latitudes below 30◦ and even deeper,

at (3.1±0.2) Mm, for latitudes below 60◦. The varia-

tion in depth between the 15-degree and 30-degree tiles

can be attributed to a more precise determination of the

flow parameter fitted using the 30-degree power spectra

and also the larger number of modes fitted, as indicated

by the smoother inversion results in the figure.

It should be noted that while our results obtained with

the 15-degree and 30-degree tiles are generally consistent

with each other, they sample different areas of the Sun.

For instance, a 15-degree tile centered at 45◦ latitude

spans from 37.5◦ to 52.5◦ latitude, while a 30-degree

tile centered at the same latitude extends from 30◦ to

60◦ latitude. It should be noted that not only does each

tile size differ in extension, but tiles centered off the

equator are also effectively sampling regions centered at

latitudes slightly lower than their nominal centers. This

is simply due to the larger area at lower latitudes of a cir-

cle on a sphere centered off the equator. Consequently,

more weight is assigned to the lower latitudes inside a

given tile, making the effective latitude of the tile lower

than its central (nominal) latitude. The effect is small,

however, amounting to displacements of about 1◦.25 for

30-degree tiles centered at latitude 60◦ and about 0◦.3

for 15-degree tiles centered at the same latitude.

The average value of the dimensionless gradient at the

minimum is around −2.7±0.1 and −3.2±0.4 for OLA

and RLS inversions respectively, for latitudes below 60◦

for the 30-degree tiles; we excluded results at 45◦S be-

cause those results do not have the same pattern as the

others. Similar results are obtained with the 15-degree

tiles, yielding a gradient value of −2.6±0.2 for both in-

version methods.

To quantify the width of this region of steep rota-

tional gradient (within layer M), we calculate the Full

Width at Half Maximum (FWHM) assuming the rota-

tional gradient at 0.990 R⊙ as the background level. For

the 30-degree tiles, the average FWHM is (1.0±0.1) Mm

for latitudes up to 30 degrees. The RLS results have a

10% broader FWHM compared with the OLA results.

In the case of the 15-degree tiles, the FWHM is 50%

broader than that of the 30-degree tiles, with OLA re-

sults averaging (1.3 ± 0.1) Mm and RLS (1.7±0.2) Mm
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Figure 2. Rotational gradient obtained using OLA (blue) and RLS (red) inversion techniques applied to the 30-degree
(left) and 15-degree (right) tiles at different latitudes. The vertical dotted lines are at 0.9965 R⊙ (2.4 Mm deep). Global
helioseismology results from Antia & Basu (2022) for HMI are symbolized by stars at 0.97 and 0.99 R⊙ (21 and 7 Mm).
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Figure 3. We identified three distinct regions within the
NSSL: a deeper layer (D), a middle layer (M), and one closest
to the surface (S). Rotational gradient obtained using OLA
and RLS for the 30-degree tiles at the equator are shown
in blue and red, respectively. Global helioseismology results
from Antia & Basu (2022) for HMI are symbolized by stars
at 0.97 and 0.99 R⊙. The horizontal dotted line corresponds
to a dimensionless gradient of −1.

Figure 4. The North-South symmetric component of the
logarithmic gradient of rotation at various latitudes, each
represented by a distinct color. The gradients are shown at
selected radii ranging from 0.97 to 0.99 R⊙ with 0.002 R⊙ in-
tervals, given by the vertical dotted lines. Points are slightly
displaced horizontally for better visualization. The top panel
shows results obtained using OLA, while the bottom panel
shows results for RLS inversions. The triangles, slightly dis-
placed for clarity, are the global helioseismology results from
Antia & Basu (2022) at 0.97 and 0.99 R⊙. The black lines
represent the linear fit and its confidence level, obtained by
fitting between 0.968 and 0.985 R⊙ and latitudes ≤ 30◦.

Table 1. Parameters of the minimum in the gradient of
the rotation: its location, amplitude, and full width at half
maximum (FWHM).

Parameter OLA RLS OLA RLS

its uncertainty 30-deg tiles 15-deg tiles

Depth [Mm] 2.44 2.44 2.7 2.7

0.07 0.07 0.1 0.1

Amplitude −2.7 −3.2 −2.6 −2.6

(∂ lnΩ/∂ ln r) 0.1 0.4 0.2 0.2

FWHM [Mm] 1.0 1.0 1.3 1.7

0.1 0.1 0.1 0.2

for latitudes up to 45◦. The parameters of the minimum

are detailed in Table 1.

As shown in Fig. 5, the steepening of the logarith-

mic gradient starts at approximately a depth of 4 Mm,

reaches its minimum at 3 Mm, and is succeeded by a

rapid increase, reaching approximately −1 for the 15-

degree tiles and even larger for the 30-degree tiles —

approximately −0.5 using OLA and zero for RLS — at

around 1.6 Mm (0.9977 R⊙). This is what we call layer

M. In contrast, Figure 1 in Zaatri & Corbard (2009)

shows the steepening beginning at about a depth of 5.5

Mm (0.992 R⊙) and extends to at least 2.8 Mm (0.996

R⊙), which is the minimum depth they sampled. In the

study by Komm (2022), the onset of steepening is re-

ported at a depth of 10 Mm (0.986 R⊙), reaching its

steepest value at 1.4 Mm (0.998 R⊙), a much shallower

layer than what we see in our analysis. We believe that

this discrepancy is a result of the better resolution of the

inversions presented in our analysis compared to those

derived from the standard HMI ring-analysis pipeline

inversion. In our analysis, the logarithmic gradient is

close to zero around 1.6 Mm and becomes steeper to-

wards the surface — layer S. However, around a depth

of 1 Mm, there is a lack of consistency between OLA

and RLS results; there are also differences between the

northern and southern hemispheres, as indicated in Fig-

ure 5 (note the large north-south antisymmetric compo-

nent at this depth). To us this indicates that neither 15-

degree nor 30-degree tiles, give reliable results at very

shallow depths, even after averaging the data over 12

years. This implies that layer S is poorly characterized

when using 15 and 30-degree tiles.

3.2. The latitudinal variation of the NSSL

As mentioned in Section 1, earlier investigations find

only a small variation of the gradient with latitude, while

others report the gradient to be zero or even positive at

high latitudes. The ring-diagram analysis method al-
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Figure 5. North-South symmetric and antisymmetric components of the rotational gradient close to the surface obtained
using OLA and RLS inversion techniques applied to the 30-degree (left) and 15-degree (right) tiles at different latitudes. Since
the uncertainties are similar, only those for 30◦ latitude are shown as dashed lines. In each panel, one vertical line indicates the
location of the gradient minimum for the 30-degree tiles, the second marks the position where the gradient becomes larger than
−1 after the dip, and correspond to depths of 2.44 Mm and 1.6 Mm, respectively.

lows for a more detailed examination of the rotational

gradient near the solar surface compared to global he-

lioseismology. However, its uncertainties exceed those

reported in global helioseismology studies, posing chal-

lenges in detecting potential variations with latitude.

To investigate the latitude-dependent variation of the

rotational gradient in our results, we fitted a straight line

to the north-south symmetric gradient as a function of

the cosine of latitude. We use results for latitudes below

60◦, due to substantial oscillations in our 60◦ solution,

as can be seen in Figure 2. For both OLA and RLS, we

could identify three depth ranges that show Pearson cor-

relation coefficients that indicate a probability of lower

than 0.05 for no correlation: 19.5 ± 2.1 Mm, 4.11 ± 0.70

Mm, and 2.23 ± 0.14 Mm. Additionally, the slope ex-

ceeds 1.4σ, signifying a probability of 85% or more that

the correlation coefficient is non-zero. The Pearson cor-

relation coefficients with absolute values exceeding 0.95

for the 30-degree tiles (four latitudes) and 0.707 for the

15-degree tiles (eight latitudes) are statistically signif-

icant. Figure 6 illustrates the latitudinal variation in

these three depth ranges for both the OLA and RLS

inversion methods and different tile sizes.

Note that for two of the three depth ranges, the gra-

dient is zero or even positive at high latitudes. In

the top panel, at a radius of 0.97 R⊙ (depth of 20.88

Mm), crosses represent results obtained by Antia &

Basu (2022) for HMI. While our findings deviate at high

latitudes, they remain within 1.5σ of the uncertainty.

Barekat et al. (2014, 2016) also show only a slight in-

crease of the gradient with latitude, which becomes less

negative, akin to Antia & Basu (2022). In contrast to

these earlier results, our results exhibit a change towards

positive values with increasing latitude, similar to Cor-

bard & Thompson (2002) and Zaatri & Corbard (2009),

although their measurements of the variation with lati-

tude are at a different radius, around 0.99 R⊙. At 0.99

R⊙, we obtained a substantial correlation coefficient of
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−0.94 for the 15-degree tiles, indicating a probability of

less than 0.001 (0.1%) of no correlation. However, the

associated uncertainty brings the slope within the 1σ

range, indicating that it is statistically consistent with

zero.

We also observe a null gradient at high latitudes at a

very shallow depth (bottom panel of Fig. 6). Our results

agree with Reiter et al. (2020) at 30◦ latitude and higher,

obtained very close to the solar surface (see their Fig.

28). Nonetheless, as depicted in Fig. 2, this phenomenon

is associated with the widening and inward displacement

of the Middle shear layer at latitudes ≥ 45◦. At a depth

closer to the dip in the gradient, around 4 Mm, we ob-

serve a positive linear correlation with cosine of lati-

tude (i.e., a negative correlation with latitude), where

the gradient is even steeper at high latitude (shown in

Fig. 6 middle panel). However, this result is also associ-

ated with the inward displacement of the Middle shear

layer at latitudes ≥ 45◦ seen in Fig. 2. This unexpected

change underscores the intricacies of solar dynamics at

this specific depth and warrants further analysis.

3.3. Further analysis of Layer M

Given the large width of the averaging kernels, the ob-

served rapid increase in the shear within layer M, likely

occurs much closer to the solar surface than is indicated

by the inversion results. Based on our inversion results,

we assume a model for the zonal flow that incorporates a

Gaussian with negative amplitude centered around 0.996

R⊙ (2.8 Mm), along with a straight line. The model in-

volves five parameters — amplitude, width, and location

for the Gaussian, a slope, and a constant. Before adjust-

ing the parameters using a Levenberg-Marquardt least-

squares method to match the inverted values of Ω ob-

tained by OLA and RLS at the equator, the model was

weighted by the averaging kernels obtained by the OLA

method. For the OLA 30-degree case, a second Gaus-

sian at around 0.994R⊙ was included in the model. The

center of the Gaussian could be determined very accu-

rately, and the fit residuals (differences in Ω/2π between

observations and the model) were smaller than 0.1 nHz.

The residuals exhibited an oscillatory pattern, charac-

teristic of the error correlation inherent in the inversion

results. We estimated the gradient from the fitted Ω,

which showed agreement with observed values, with dif-

ferences smaller than 0.4 — below observed uncertain-

ties, and hence statistically insignificant. The relevant

fitted parameters are presented in Table 2. A visual rep-

resentation of the models obtained from fitting two tile

sizes and two inversion methods are shown in Fig. 7. In

this figure, the results are plotted at the center of grav-

Figure 6. The North-South symmetric component of the
rotational gradient plotted against latitude at three depths:
20.88 Mm (0.970 R⊙), 4.66 Mm (0.9933 R⊙), and 2.30 Mm
(0.9967 R⊙) for both inversion methods and tile sizes. The
solid lines represent the linear fits against cosine(latitude)
for latitudes smaller than 60◦. While values for 60◦ latitude
are shown, they were not included in the fitting. Dotted
lines indicate the confidence level of the fitting to the OLA
results. Those for the RLS fitting have similar values. The
black crosses in the top right panel represent results obtained
by Antia & Basu (2022) for HMI.

ity of the averaging kernel, explaining why the rotation

rates do not go closer to the surface.

In conclusion, our estimates of the near-surface dimen-

sionless gradient of rotation is consistent with a thin
layer approximately 1 Mm wide (0.6 Mm for the 30-

degree and 1.5 Mm for the 15-degree case) where there

is a sudden decrease in the rotation rate as one goes out-

wards, decreasing by 3-5 nHz (5 nHz for the 30-degree

and 3 nHz for the 15-degree case). This layer is located

at a depth of approximately 1.5 Mm. Although the min-

imum location in the observed rotation gradient differs

slightly between the 30-degree and 15-degree tiles, the

locations of the fitted Gaussians remain consistent. In

Fig. 7, we observe that due to the large width of the

averaging kernels, the effect of the sharp decrease in ro-

tation rate is seen at much deeper layers, starting around

3 Mm deep, while the minimum is, in fact, at 1.5 Mm.

The maximum gradient, in terms of its absolute value,

corresponds to the middle of the decline in the Gaussian.

After the minimum, rotation appears to increase again,
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Table 2. Fitted model parameters for Ω: Gaussian center,
height, and full width at half maximum (FWHM).

Parameter OLA RLS OLA RLS

its uncertainty 30-deg tiles 15-deg tiles

Depth [Mm] 1.5 1.48 1.65 1.6

0.3 0.02 0.05 0.1

Height [nHz] −6 −5 −2.6 −3.1

9 1 0.3 0.2

FWHM [Mm] 0.5 0.6 1.1 1.9

1.0 0.2 0.3 0.3

but results shallower than ∼ 1 Mm are not considered

trustworthy.

When applying OLA averaging kernels obtained with

the 30-degree tiles for latitudes other than the Equator

to the Gaussian model shown in Fig. 7, the rotation gra-

dient remains essentially the same, with the exception

that the amplitude of the minimum decreases with in-

crease in latitude. It reaches approximately 80% of the

value at the Equator for latitudes 45◦ and 60◦. A sim-

ilar behavior is observed when applying OLA 15-degree

averaging kernels — the amplitude of the minimum de-

creases by as much as 15% at high latitudes. We find

larger variations in the observed rotational gradient at

high latitudes (> 45◦) than at lower latitudes, and no

well-defined minimum or displacement towards the in-

terior. This suggests that our data may not be good

enough at these latitudes due to foreshortening.

Kitiashvili et al. (2023) conducted a detailed analy-

sis of the impact of rotation within the solar convec-

tion zone, employing 3D radiative hydrodynamic (RHD)

modeling. The study focused on the upper layers of so-

lar convection within a local domain measuring 80 Mm
in width (80 × 80 Mm) and 25 Mm in depth, situated at

30◦ latitude. By averaging the azimuthal flows over both

horizontal directions and a 24-hour timeframe (depicted

in Fig. 3a of Kitiashvili et al. 2023, and reproduced

in Fig. 7 by the dotted green line), the study observed

notable deviations from the imposed rotation rate. To

compare their findings with ours, we applied averaging

kernels obtained from OLA inversions for the 30-degree

tiles at the Equator — the differences between the aver-

aging kernels at the Equator and 30◦ latitudes are very

small. As expected, the large width of these averag-

ing kernels smoothed out the simulation results. Fig. 8

displays the gradient of the rotation rate obtained by

Kitiashvili et al. (2023) before and after applying our

OLA averaging kernels. As expected, the averaging ker-

nels smooth out their gradient, but it reproduces well

Figure 7. Top panel. A comparison of solar rotation rates,
obtained by inversion results for the 30-degree tiles (full cir-
cles), a simple model for the 15 and 30-degree tiles and sim-
ulations, is shown after subtracting the Carrington rotation
rate. The rotation rate estimated by Kitiashvili et al. (2023)
using RHD simulations is represented by the dotted green
line. The full green line shows their results weighted by the
OLA averaging kernels for the 30-degree tiles at the equator.
Both lines are arbitrarily displaced by 2.9 nHz to align with
our results for r < 0.992 R⊙. Bottom panel. Three examples
of OLA averaging kernels in different colors for the 30-degree
tiles at the equator are shown to illustrate the challenge of
reproducing the model in the inversion results. The hori-
zontal dotted line indicates a zero value for the averaging
kernel.

the layer between depths of 4 Mm and 1 Mm with the

largest gradient, in absolute value — closely coinciding

with the depth limits of layer M. Generally, their find-

ings (weighted by the same averaging kernels as ours)

align with ours. Crucially, the minimum of the gradient

is located at the same layer as in our results, approx-

imately 3 Mm deep. However, our results revealed a

much narrower layer with a markedly negative gradi-

ent, less than half of the width of what the simulation

indicated.

3.4. The NSSL away from the Central Meridian

Helioseismic measurements, including fitted flows

from ring-diagram analysis and travel time differences

from time-distance analysis, made at heliocentric lon-

gitudes away from the central meridian are known to

be affected by systematic discrepancies that cannot be
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Figure 8. The dimensionless gradient of the rotation rate
obtained by Kitiashvili et al. (2023) for a latitude of 30◦, de-
picted by the dotted green line. The full green line represents
the gradient after applying OLA averaging kernels. To fa-
cilitate comparison with our results, the Carrington rotation
rate was added to the simulation rotation rate before calcu-
lating the logarithm. The gradient derived from OLA results
are shown as full blue circles, while RLS results are shown
as a triple-dot-dashed red line; both results are for latitude
30◦ North. The results for 30◦ South are not displayed since
they closely mirror those for 30◦ North. The uncertainties
of OLA and RLS results are comparable, and hence, error
bars are only shown for OLA. Global helioseismology results
(Antia & Basu 2022) at the same latitude and at 0.99 R⊙ is
represented as a black star. The error bars for these results
are too small to be visible, and the stars correspond to the
overlapped results for GONG, MDI, and HMI for cycles 23
and 24 when available.

physical (Braun & Birch 2008; Duvall & Hanasoge 2009;

Zhao et al. 2012, among others). Zhao et al. (2012) as-

sociated a systematic East-West trend in the zonal flows

along the equator seen in time-distance results with an

inferred center-to-limb effect. They used this to cor-

rect the North–South measurements obtained along the

central meridian, leading to a more consistent determi-

nation of meridional flows within the solar interior and

thereby justifying their correction. Baldner & Schou

(2012), employing numerical simulations of convection

(Stein et al. 2009), demonstrated that vertical flows from

convection could indeed explain such a center-to-limb ef-

fect. They concluded that the ad hoc correction imple-

mented by Zhao et al. (2012), now widely used, is prob-

ably warranted. Woodard et al. (2013) highlighted that

a radial variation in the phase of the mode eigenfunc-

tions, in combination with a center-to-limb variation in

the height at which the oscillations are observed, would

also introduce errors in the measured flow.

In this paper, we have so far focused our analysis ex-

clusively on regions at the central meridian. The results

of previous studies of Zaatri & Corbard (2009); Komm

(2022) were shown after averaging over Stonyhurst lon-

gitude, and some (e.g., Komm 2022) applied a correction

for systematic variations with disk position before aver-

aging. To assess possible systematic effects that might

affect our measurements at different latitudes, we also

examined results along the equator. Figure 9 illustrates

the symmetric and antisymmetric components of the ro-

tation gradient along the solar equator at various longi-

tudes relative to central meridian. The symmetric com-

ponent shows a distinct minimum around a depth of 3

Mm at the central meridian. Away from it, larger vari-

ations are observed, but there is no agreement among

different tile sizes and inversion methods. This suggests

that any center-to-limb effect is sensitive to both tile

size and inversion technique. In contrast, the variations

of the antisymmetric component of the gradient ((W-

E)/2) remain consistent across inversion methods and

tile sizes. The amplitude of these variations increases

with longitude, with a maximum at 1.7 Mm (0.9975

R⊙) for all longitudes. The presence of a systematic

anti-symmetric component cannot be attributed to a

center-to-limb effect. The North minus South logarith-

mic gradient differences do not exhibit a steady pattern

with radius, as observed for the W-E differences, and

are much smaller, comprising less than 10% of the val-

ues observed in the right panel.

Figure 10 presents a comparison of the averaging ker-

nels and error correlations between 45◦ Stonyhurst lon-

gitudes at East and West, at a depth where substan-

tial differences exist in the rotation gradient, revealing

minimal differences. They also agree well with those at

central meridian and different latitudes (shown in Fig.

1). Therefore, neither can explain the East-West dif-

ferences. The east-west antisymmetry induced by solar

rotation likely contributes to this phenomenon; however,

its exact origin remains unknown.

4. DISCUSSION AND CONCLUSIONS

We have determined the dimensionless gradient,

∂ lnΩ/∂ ln r, of the rotation rate in the near-surface

shear layer of the Sun using ring-diagram analyses ap-

plied to twelve years of HMI data. We have not relied

on the HMI-pipeline inversions; instead we have done a

thorough and meticulous analysis that has resulted in

estimates that are more precise and accurate than ear-

lier results obtained with local helioseismic analyses. We

took into account the variation of the logarithmic gra-

dient with radius and the anticipated oscillations in the

inversion solution due to error correlation when exam-

ining the gradient’s latitude variation at a given radius.

Our results show that the NSSL, generally thought to

constitute a simple shear layer, actually has substruc-
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Figure 9. East-West symmetric (left) and antisymmetric (right) components of the rotational gradient, obtained for patches
centered at the equator and various Stonyhurst longitudes. Results using RLS inversion on 15-degree tiles were omitted for
better visualization. The uncertainty is shown for a few radii. The vertical line at 0.9965 R⊙ (a depth of 2.4 Mm) corresponds
to the minimum gradient observed at the central meridian.

ture (Fig. 3). In the deeper layers (layer D), the di-

mensionless gradient within the NSSL depends on ra-

dius. The weighted average of the gradient obtained by

OLA and RLS and for latitudes ≤ 30◦ steepens in value

from −0.49±0.07 at a depth of 21 Mm to −0.81±0.07

at 11 Mm. It is then almost constant until a depth of 6

Mm (0.992 R⊙), with an average value of −0.7±0.2 (in-

cluding both OLA and RLS results). Closer to the sur-

face, it steepens further, to approximately −1 at a depth

of 4 Mm (0.995 R⊙), followed by a considerably faster

change, culminating in the largest negative gradient at

a depth 3 Mm with an amplitude approximately three

times larger; this we refer to as layer M. Even closer

to the surface, depths smaller than 3 Mm, a significant

change in the gradient is observed, and the logarithmic

gradient approaches zero at approximately 1.6 Mm. We

call depths smaller than ∼1.6 Mm layer S. Our results

are unreliable at layers shallower than ∼1 Mm.

In layer M, the solar rotation rate decreases rapidly

with decreasing depth from around 3 Mm depth, drop-

ping by 2 nHz (or more) at about 2 Mm deep. It then

stabilizes toward the surface, at least until around 1 Mm
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Figure 10. Averaging kernels (top) and error correlations
(bottom) for the 30-degree tiles at 0.998 R⊙ at the Equator
and Stonyhurst longitude 45◦E (blue) and 45◦W (red). As
usual, the averaging kernels are normalized such that their
integral over radius is 1.

deep. To assess the impact of the width of the averaging

kernels on our estimates of the rotation rate, we used a

simple model and examined how it would be reproduced

in our analysis. The model consisted of a linear compo-

nent and a Gaussian with a negative amplitude. This

analysis suggests that the solar rotation rate declines

towards the surface more sharply than the inversion re-

sults, starting at a shallower depth, around 2 Mm deep,

with a decrease of 5 nHz at 1.5 Mm depth. After reach-

ing this minimum, the rotation rate appears to increase

again; note that at this point, we are either within, or

in close proximity to, the super-adiabatic layer. We also

applied the averaging kernels to the rotation rate calcu-

lated from Kitiashvili et al. (2023)’s 3D radiative simula-

tion. Their simulation too exhibits a second shear layer

(layer M) whose rotational gradient has similar ampli-

tude and location to that observed in this work, but with

a much broader width.

Additionally, while our analysis concentrated on re-

gions at the central meridian, we also investigated sys-

tematic errors at longitudes off the central meridian.

The antisymmetric component of the gradient, (W-

E)/2, exhibits a significant difference around a depth

of 1.7 Mm, with its amplitude increasing as longitude

rises. This behavior differs markedly from the N-S an-

tisymmetric component of the gradient, suggesting that

the observed latitude variations of the rotation gradi-

ent are not strongly affected by a center-to-limb effect.

It is possible that effects of tracking solar rotation in

the ring-diagram analysis introduce the asymmetry in

the E-W direction, for which there is no ready physical

explanation. We must be cautious about ruling out po-

tential systematic effects in determinations of variations

of the rotational gradient with latitude. Therefore, we

have refrained from making any ad hoc corrections that

might introduce a spurious signal in our latitude results.

Our findings corroborate earlier observations from var-

ious studies (Basu et al. 1999; Zaatri & Corbard 2009;

Komm 2022), confirming the presence of a second shear

layer located closer to the solar surface (layer M). This

layer exhibits a significantly stronger shear rate com-

pared to the one typically identified as the NSSL (re-

ferred to as layer D here). Komm (2022) in a recent

work reported a change in the steepness of the radial

gradient between 9.7 and 1.4 Mm deep, where it changes

from ≈ −1 to −2.6. The largest amplitude agrees well

with ours, but its reported location is much shallower.

In this study, we achieved a more precise determination

of the location of the gradient steepening compared to

previous works.

There have been contradictory results about the varia-

tion of the rotational gradient with solar latitude. While

some studies, such as those by Barekat et al. (2014,

2016) and Antia & Basu (2022), observed only a mi-

nor decrease in the amplitude of the gradient with solar

latitude, others (Corbard & Thompson 2002; Zaatri &

Corbard 2009) reported a significant decrease. We ob-

serve a correlation between the logarithmic gradient and

latitude for both inversion methods and tile sizes, albeit

confined to specific radius ranges. However, it is es-

sential to acknowledge the possibility of small latitude

variations elsewhere given the uncertainties inherent in

gradient determination. Within the depth range of 21.6

to 17.4 Mm (0.969-0.975 R⊙), a substantial increase in

the logarithmic gradient with latitude is noted, aligning
with the findings of Corbard & Thompson (2002) and

Zaatri & Corbard (2009) when analyzing radii closer to

the surface than ours (∼ 7 Mm deep).

The NSSL, and in particular layers M and S, lies in

an interesting part of the Sun in terms of structure. If

we consider a standard solar model, such as Model S

(Model S — Christensen-Dalsgaard et al. 1996), signifi-

cant changes in structure are seen below approximately

7 Mm, coinciding with the occurrence of layers M and S.

The density changes by two orders of magnitude between

depths of 6 Mm to 1 Mm, transitioning from 2 × 10−4

g/cm3 at 6 Mm to 2× 10−6 g/cm3 around 1 Mm deep,

based on Model S. This region marks the change from

the HeII ionization zone to the HeI and HI ionization

zones, accompanied by the related sharp decrease in the

adiabatic index Γ1 towards the surface. The width of
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the layer of slow rotation (layer M) is comparable to the

pressure and density scale heights, which vary within

(0.8±0.3) Mm and (1.0±0.4) Mm, respectively. We ob-

served another change in the rotational gradient (layer

S) even closer to the surface and, in the outermost 1

Mm, as helium and hydrogen become neutral, there is

another abrupt change in Γ1, with a sharp increase to-

wards the solar surface. Also, a layer characterized by

considerable superadiabaticity emerges. As radiative en-

ergy transport becomes dominant, the efficiency of con-

vective energy flux transport diminishes.

Due to the rapid decrease in density, the angular mo-

mentum diminishes to a quarter of its value between

depths of 13 Mm and 7 Mm, and to less than 1% from

7 Mm to 1 Mm. The observed variation of Ω(r) with ra-

dius has a limited impact on angular momentum, given

that the variation of moment of inertia with depth ex-

hibits a much steeper trend compared to the rotational

variation. In most of the NSSL, specifically in layer D,

the decrease in the rotation rate towards the surface cor-

responds to a decrease of ∼0.1% per Mm in the angular

momentum in relation to a constant rotation rate, while

in layer M, which has a stronger shear, the angular mo-

mentum decreases by ∼0.3% per Mm.

Our results, therefore, show that there is still much to

learn about the NSSL. In particular, the co-location of

different sub-layers of the NSSL with significant struc-

tural features suggests a deeper relation between the

two, and needs to be studied further.
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