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We study the radial gradient of the solar rotation rate in the near-surface shear layer (NSSL) from about .950 R⊙ to the solar surface and its variation during Solar Cycles 23 and 24 with ring-diagram analysis applied to Global Oscillation Network Group (GONG) and Helioseismic and Magnetic Imager (HMI) Dopplergrams. The average radial gradient is ∂ log  Ω/∂ log  r = − 1.0 ± .1 at .990 R⊙ in agreement with previous studies. The average radial gradient is ∂ log  Ω/∂ log  r = − .11 ± .01 at the base of the NSSL at .950R⊙, while it is steeper than −1 closer to the surface between .990R⊙ and .997R⊙. The average radial gradient is rather flat within ±40° latitude from about .970 R⊙ to the solar surface. The radial gradient of the solar rotation rate varies with the solar cycle. At locations of high magnetic activity, the radial gradient is more negative than average from about .970 R⊙ to .990 R⊙, while in quiet regions the radial gradient is less negative than average at these depths. Close to the surface at .997 R⊙, this relationship appears to be reversed. Prominent features of the solar-cycle variation of large-scale flows, such as poleward branches or precursor flows, are not obviously present. The variation of the radial gradient thus more likely indicates the presence or absence of magnetic flux above a certain threshold. The temporal variations derived from the different HMI and GONG data sets agree within one error bar at most depths and latitudes, while their amplitudes might be different.
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1 INTRODUCTION
In previous studies, we investigated the large-scale subsurface flows in the near-surface shear layer (NSSL) from a depth of about 35 Mm toward the solar surface, their variation with magnetic activity (Komm et al., 2020, for example), and their variation with the solar cycle (Komm et al., 2018; Komm, 2021, for example). The subsurface flows were derived with ring-diagram analysis (Hill, 1988; Haber et al., 2002) applied to Dopplergrams obtained by the Global Oscillation Network Group (GONG) instruments (Harvey et al., 1996, Harvey et al., 1998) and the Helioseismic and Magnetic Imager (HMI) instrument onboard the Solar Dynamics Observatory (SDO) spacecraft (Pesnell et al., 2012; Scherrer et al., 2012; Schou et al., 2012). In this study, we used these flows to derive the radial gradient of the solar rotation rate in the NSSL.
The NSSL is one of two regions of the solar interior with strong radial shear of the rotation rate with the other one, the so-called tachocline, being close to the bottom of the solar convection zone. In the shear layer close to the surface, the rotation rate shows a local maximum near .950R⊙ and decreases toward the solar surface (Rhodes et al., 1990; Thompson et al., 1996; Kosovichev et al., 1997; Schou et al., 1998). Such shear layers may be crucial for the solar dynamo (Charbonneau, 2020, for a review). The role of the NSSL has been explored by theoretical studies (Dikpati et al., 2002; Brandenburg, 2005; Pipin and Kosovichev, 2011, for example) and the NSSL itself has been modeled in some detail (Kitiashvili et al., 2022, for example).
Theoretical studies have shown that the negative radial gradient of the rotation rate in the NSSL might be maintained by a balance between angular momentum transport from viscous diffusion and meridional flow and that due to Reynolds stresses associated with convective motions (De Rosa et al., 2002; Kitchatinov and Rüdiger, 2005, for example). In addition, the shear might be weakly sensitive to magnetic fields with the shear increasing with increasing field strength (Kitchatinov, 2016).
The radial gradient of the solar rotation rate in the NSSL has been investigated with global helioseismic techniques using time series of f-modes representing the outer 2% of the solar radius. Corbard and Thompson (2002) analyzed about 4.5 years of f-mode data obtained with the Michelson Doppler Imager (MDI) instrument onboard the Solar and Heliospheric Observatory (SoHO) spacecraft, while Barekat et al. (2014) used about 15 years of MDI f-mode data together with about 4 years of f-mode data obtained with HMI. They found that the logarithmic radial gradient is very close to −1 and remarkably constant with latitude. Barekat et al. (2016) focused on the solar-cycle variation and found that the radial gradient increases in steepness with increasing solar activity during Solar Cycle 23.
The use of p-modes in addition to f-mode data allowed Antia et al. (2008) to study the rotation rate and its gradient in deeper layers than with f-modes alone. Expanding on this work, Antia and Basu (2022) used f- and p-modes obtained from about 26 years of GONG data, 15 years of MDI data, and 11 years of HMI data. They studied the radial gradient from about .950 R⊙ to the surface and found that the radial gradient increases in steepness with increasing solar activity at .990 R⊙ and decreases in steepness at .950 R⊙ during Solar Cycles 23 and 24. Reiter et al. (2020) developed a new methodology for fitting the peaks in solar oscillation power spectra and found that the logarithmic radial gradient has a peak value of −2.8 at a heliographic latitude of 28.1° latitude close to the solar surface not accessible with regular global fitting techniques.
Local helioseismic techniques, such as ring-diagram analysis (RDA), allow to measure the rotation rate in both hemispheres separately. Zaatri and Corbard (2009) applied RDA to 7 years of GONG data and found that the radial gradient of angular velocity remains negative and roughly constant between .980 R⊙ and .991 R⊙ below 40° of latitude. They also studied the radial gradient at 60° latitude during about half a year and found a positive gradient at this latitude in agreement with Corbard and Thompson (2002), while Antia and Basu (2022) found a steeper (negative) gradient at 60° latitude.
We derived the radial gradient of the rotation rate analyzing zonal flows obtained with RDA applied to about 20 years of GONG and 12 years of HMI Dopplergrams, which cover most of Solar Cycle 23, all of Solar Cycle 24, and the onset of Solar Cycle 25. First, we determined the average radial gradient from .950 R⊙ to the surface as a function of radius at different latitudes for GONG and HMI data. We then studied the temporal variation with the solar cycle focusing on GONG data, which cover more than one solar cycle. For the temporal variation, we created super-synoptic maps of the radial gradient where each point in time is an average over a synoptic map. Finally, we compared the solar-cycle variation derived from GONG and HMI data.
2 MATERIALS AND METHODS
We used helioseismic inversion products based on full-disk Dopplergrams obtained with the GONG network and the HMI instrument. The daily subsurface flows were determined with a ring-diagram analysis (RDA) obtained with the GONG and HMI pipelines (Corbard et al., 2003; Bogart et al., 2011a,b). We analyzed GONG data covering 266 consecutive Carrington rotations (CR 1979-2244; 22 July 2001–7 June 2021; gong. nso.edu/data) and HMI data obtained during 151 consecutive Carrington rotations (CR 2097-2247; 2 May 2010–28 August 2021; jsoc.stanford.edu).
We used daily horizontal flows determined from tracked tiles, which were apodized with a circular function to 15° diameter, covering the solar disk with a grid in latitude and longitude spaced by half the tile diameter and tracked for about a day (Komm et al., 2018, Komm et al., 2004, for details). Daily horizontal flows are given in units of [m s−1]. GONG data are tracked with a surface differential rotation rate (Snodgrass, 1984), while the HMI data are tracked with the constant Carrington rate. For each tile, the velocity values are measured from the fitted modes and the inversion procedure then determines velocity values as a function of depth. Since the actual depths depend on the modes used and the mode coverage varies from tile to tile across the solar disk, we linearly interpolated the inversion results onto a common grid of 16 depths from .6 to 15.8 Mm in depth. In this way, we created flow maps at the same depths for all longitude-latitude grid points.
In addition, we used daily flow maps determined from tiles apodized to 30° diameter and tracked twice as long as the 15° tiles produced by the HMI pipeline. The different mode sets that can be fit with 15° and 30° tiles and the different depth ranges that can be reached was discussed by González Hernández et al. (2006). Their tests using 45° tiles showed that RDA with tiles much larger than 30° is not useful since the plane-wave approximation is failing and projection uncertainties are increasing for such large tile sizes (González Hernández et al., 2006). We linearly interpolated the 30°-tile inversion results onto a common grid using 22 depths from .5 to 38.0 Mm (Komm, 2021). To distinguish between both HMI data sets, we call this one “30°-tile HMI data set” and use “HMI data set” for the 15°-tile HMI set. We then corrected the HMI and GONG daily flow maps for systematic variations with disk position, as outlined by Komm et al. (2015a), Komm et al. (2015b), and combined the corrected daily flow maps into synoptic maps covering complete Carrington rotations.
In this study, we averaged each synoptic map in longitude and created super-synoptic maps of the zonal subsurface flows. We then added the tracking rate appropriate to each data set (in [m s−1]), as a function of latitude, and created super-synoptic maps of the solar rotation rate. The rotation rate derived from RDA is known to agree quite well with that derived with global helioseismic inversion results (Basu et al., 1999; Howe et al., 2006; Howe, 2009). We calculated the dimensionless radial gradient of the rotation rate, ∂ log  Ω/∂ log  r, for every grid point in time, latitude, and depth. Throughout this study, we mean this quantity when discussing the radial gradient. We then repeated the analysis 100 times randomizing each flow value by its error and used the standard error of the mean of the randomized set as the error of the radial gradient.
We used synoptic maps of NSO/NISP magnetograms (nso.edu/data/nisp-data/) to compare the flow results with magnetic activity. We binned the synoptic magnetograms to the same grid as the synoptic flow maps matching the spatial resolution of the 15° and 30° flow maps and derived the signed magnetic activity index, sMAI (Komm et al., 2018). In addition, we binned their absolute values and derived the magnetic activity index, MAI (Basu et al., 2004). For long-term comparisons, we created super-synoptic maps from the MAI and sMAI synoptic maps (Komm et al., 2018).
To create a quiet-region subset, we used an MAI threshold of 3.6 G. Locations with MAI values at or below this threshold are considered quiet regions, following Komm et al. (2020). To create super-synoptic maps of the quiet-region subset, we determined the number of locations with MAI values at or below this threshold for every Carrington rotation (CR). To ensure that at least two independent quiet regions are present at a given latitude, we require that there are at least six locations that fulfill this criterion since RDA regions overlap. If this requirement is fulfilled, we calculated their average value and standard error and included them in the quiet-region subset at this latitude and CR. However, if there are only five or less such regions, there will be a gap at the particular latitude and CR of the quiet-region subset (Komm et al., 2020, for details).
3 RESULTS
3.1 Average radial gradient during solar cycle 24
Figure 1 shows the radial gradient of the solar rotation rate as a function of radius (left) and density (right) at the equator averaged over Solar Cycle 24 (GONG: CR 2097-2244, HMI: CR 2097-2247). In the left panel, the gradient is close to zero at the base of the NSSL and increases to steeper negative values of about −1 at .990R⊙ and −2 closer to the surface. The radial gradient increases almost linearly in amplitude through most of the NSSL, as indicated by a linear regression from .960R⊙ to .980R⊙ using values derived with 30°-tile RDA of HMI data (dotted line). The radial gradient then increases rapidly toward larger negative values from about .9850R⊙ to .997R⊙.
[image: Figure 1]FIGURE 1 | The radial gradient of the solar rotation rate as a function of radius (left) and density (right) using 15°-tile RDA (black diamonds: GONG, blue squares: HMI) and 30°-tile RDA (red circles: HMI) at the equator averaged over Solar Cycle 24. The dotted and dashed lines indicate linear and log-linear regressions, as described in the text. The short vertical dotted lines indicate four depths (.960R⊙, .983R⊙, .990R⊙, and .997R⊙).
This rapid change suggests that the radial gradient might be better represented as a function of density than radius, since the density rapidly decreases in the NSSL toward the solar surface. We used the density of a solar model, called model S (Christensen-Dalsgaard et al., 1996; Christensen-Dalsgaard, 1998). The difference in density between the Sun and model S is less than .5% at the depths considered here (Christensen-Dalsgaard, 2021, for a review). The radial gradient as a function of density also highlights its variation close to the solar surface (right). The radial gradient increases in amplitude with decreasing density from the high density region at the base of the NSSL to low density layers of 10–5 g cm−3 (or .997R⊙), reaches a maximum amplitude, and decrease in amplitude toward zero at even lower density values close to the surface. The values then vary greatly and the error bars increase very close to the surface, which reflects the increased uncertainty in the measured velocities due to the reduced number of fitted modes that represent these shallow depths.
The radial gradient varies almost linearly with logarithmic density over a range from about 10–5 g cm−3 to 10–2 g cm−3 (or about .950R⊙ to .997R⊙). This is indicated by a regression of a combination of HMI data, appropriately scaled GONG data, and scaled 30°-tile HMI data at greater density (dotted line) and a combination of GONG data from 10–5 g cm−3 to 10–3 g cm−3, appropriately scaled HMI data, and scaled 30°-tile HMI data with ρ ≥ 10–3 g cm−3 (dashed line).
Figure 2 shows the same as Figure 1 at 30° latitude. While the behavior is qualitatively the same as at the equator, the variation with radius is steeper than at the equator. This is noticeable when comparing the radial gradient at 30° to the included regressions at the equator (dotted and dashed lines). The values in the northern and southern hemisphere generally agree within one error bar.
[image: Figure 2]FIGURE 2 | The radial gradient of the solar rotation rate as a function of radius (left) and density (right) using 15°-tile RDA (black diamonds: GONG, blue squares: HMI) and 30°-tile RDA (red circles: HMI) at 30° latitude for both hemispheres (filled symbols: southern, open symbols: northern hemisphere) averaged over Solar Cycle 24. The dotted and dashed lines are the same as in Figure 1. The short vertical dotted lines indicate four depths (.960R⊙, .983R⊙, .990R⊙, and .997R⊙). Compare with Figure 1.
When comparing the results of the GONG and the two HMI data sets in Figures 1, 2, the behavior is qualitatively the same between the three data sets. However, the gradient values differ more than one error bar. The reason for this discrepancy is that the zonal flows derived from HMI data show a local maximum near a depth of about 8 Mm (or .989R⊙), while the GONG data show a hint of a saddle point at this depth (Komm, 2021). This feature in the zonal flows leads to local maxima in the radial gradients of the three data sets with values closer to zero in HMI-derived results than in GONG-derived ones. Also, even after correcting for systematic effects, there remains an offset between the zonal flows derived from GONG and HMI data (Komm et al., 2015b), which might contribute to the quantitative differences in the radial gradient. Nevertheless, the change in the steepness of the radial gradient below and above .989R⊙ is clearly present in the zonal flow, reported by Komm (2021).
Figure 3 shows the radial gradient of the solar rotation rate as a function of latitude at different depths. Closest to the surface at .997R⊙ (top-left), the radial gradient is constant with latitude within the error bars for all three data sets. The GONG values “undulate” with latitude, while those of the HMI data are slightly steeper at the equator than at higher latitudes. Nevertheless, the radial gradients of both data sets agree within one error bar. The amplitude of the 30°-tile HMI data agrees with those of the other two data sets within ±15° latitude and increases further away from the equator.
[image: Figure 3]FIGURE 3 | The radial gradient of the solar rotation rate as a function of latitude at four depths (top-left: .997R⊙, top-right: .990R⊙, bottom-left: .983R⊙, bottom-right: .960R⊙) using 15°-tile RDA (black diamonds: GONG, blue squares: HMI) and 30°-tile RDA (red circles: HMI) averaged over Solar Cycle 24. The open symbols indicate values at .971R⊙ (bottom-right).
At .990R⊙ (top-right), the gradients derived from the GONG and the 30°-tile HMI data are flat within about 45° latitude, while the HMI values are rather constant within ±15° and increase in amplitude at poleward latitudes. At .983R⊙ (bottom-left), the GONG- and HMI-derived values vary little within ±40° latitude, while the 30°-tile HMI values increase almost linearly with increasing latitude from −30° to 45° latitude. At poleward latitudes, both HMI data sets lead to gradients close to zero, while the corresponding GONG values remain closer to −1 at most latitudes.
At depths that can only be reached by 30°-tile RDA (bottom-right), the radial gradient varies somewhat within ±45° at .971R⊙ with slightly smaller amplitudes farther away from the equator. This variation is more pronounced at .960R⊙ where the radial gradient is close to zero at 45° and 60° latitude.
The effect of geometric foreshortening most likely explains the variation at high latitudes. For example, the HMI results are rather flat with latitude at shallow layers but large differences exist between latitudes poleward and equatorward of 45° at depths of .990R⊙ and deeper, while the GONG results show the opposite. They are rather flat at deeper layers and vary with latitude at shallow ones. This coincides with the depth and latitude ranges where both data sets show artifacts in the meridional flows (Komm et al., 2015b). It appears that the radial gradient is sensitive enough to indicate artifacts in the zonal flows that have not been noticed before.
Overall, the radial gradient of all three data sets is rather flat at low-to mid-latitudes at most depths with some exceptions. The average radial gradient of the three data sets is between about −1.1 and −1.7 at .997R⊙, about −1 at .990R⊙, between about −.5 and −.9 at .987R⊙, and negative but closer to zero at greater depths. This enables us to create the average radial gradient of the solar rotation rate over a suitable range in latitude. Figure 4 shows the radial gradient averaged over ±45° latitude. The errors are calculated as standard errors of the mean. The radial gradient almost linearly increases in amplitude from the NSSL to almost .990R⊙ (left), as in Figure 1. This variation is a bit steeper than that at the equator, indicated by the difference between the two regression curves (dashed and dotted lines). The amplitude of the radial gradient increases almost linearly with decreasing density from the base of the NSSL to less than 1.0 10–5 g cm−3 or .997R⊙, which corresponds to this density.
[image: Figure 4]FIGURE 4 | The radial gradient of the solar rotation rate as a function of radius (left) and density (right) averaged over ±45.0° latitude using 15°-tile RDA (black diamonds: GONG, blue squares: HMI) and 30°-tile RDA (red circles: HMI) covering Solar Cycle 24. The GONG values averaged over Solar Cycle 23 are included for comparison (open diamonds). Open squares indicate the location of the steepest gradient for each data set. The dashed line in the left panel is a linear regression over .960 R⊙ to .975 R⊙, while the other lines are the same as in Figure 1. The short vertical dotted lines indicate four depths (.960R⊙, .983R⊙, .990R⊙, and .997R⊙). Compare with Figures 1, 2.
The average radial gradient is steeper than −1 between .997R⊙ and .990R⊙ in all three data sets. The largest negative gradient of −2.6 ± .2 occurs close to the surface at .998R⊙ or .3 10–5 g cm−3 in density derived from HMI data. We have chosen the HMI value as representative because its mode coverage near the solar surface is better than that of GONG data due to its higher spatial resolution. The amplitude of the radial gradient then decreases toward zero close to the surface. At .990R⊙ or .34 10–3 g cm−3, the average gradient is −1.04 ± .06 derived from HMI and −.97 ± .03 from GONG data. The GONG results covering Solar Cycle 23 (CR 1979–2096) are included for comparison and show that the differences between the two cycles are within one error bar.
To summarize the results of this section, we show the radial gradient of the solar rotation rate as a function of latitude and depth averaged over Solar Cycle 24. We have chosen to show the average gradient derived from 30°-tile HMI data in Figure 5, since this data set reaches greater depths than the other two. The radial gradient is steeper than −1 between about .990R⊙ and .999R⊙ within ±60° latitude. The decrease toward zero with greater depth is the same within about 20° latitude, while at latitudes poleward of 40° this decrease is not monotonic. At these higher latitudes, the gradient can vary from close to zero at .985R⊙ to steeper than −1 at .978R⊙. The 15°-tile results derived from HMI data show the same variation with slightly more detail in latitude due to the finer RDA grid. The GONG results might be quantitatively different but show a similar behavior when accounting for the “undulations” with latitude close to the surface and the offsets at 45°, as seen in Figure 3.
[image: Figure 5]FIGURE 5 | The radial gradient of the solar rotation rate as a function of latitude and radius using 30°-tile RDA results derived from HMI data averaged over Solar Cycle 24. The values have been interpolated on an equidistant grid in radius and onto the 7.5° grid in latitude used by 15°-tile RDA.
3.2 Temporal variation during solar cycles 23 and 24
In this section, we determine the long-term temporal variation of the radial gradient of the rotation rate focusing on GONG data since they provide the longest time series covering Solar Cycles 23 and 24. Figure 6 shows the radial gradient as a function of time and latitude at three depths. At locations of high magnetic activity (black contours), the radial gradient is steeper than average at .990R⊙ and .983R⊙, while closer to the surface at .997R⊙, any variation with activity is obscured by long-term offsets between latitudes. In addition, there is an offset between the values before and after 2015. At the other two depths, a similar kind of offset seems to exist between the values before and after 2017. These offsets are of unknown origin and will be investigated in the near future.
[image: Figure 6]FIGURE 6 | The temporal variation of the radial gradient of the solar rotation rate as a function of time and latitude at three depths (top: .997R⊙, middle: .990R⊙, bottom: .983R⊙) smoothed with a rectangular boxcar over 13 CRs (about 1 year) derived from GONG data. The time coordinate is given in years (bottom x-axis) and CRs (top x-axis). Black contours indicate magnetic activity (5, 10, 20, 40 G) smoothed over five CRs.
To determine offsets in time, we averaged the radial gradient in latitude over ±52.5° and subtracted the mean. Figure 7 shows the resulting averages for the three depths seen in the previous figure (top). There is indeed a large difference at .997R⊙ between the values before and after 2015 in the GONG data (blue crosses). At the other two depths, a jump occurs during 2017, which is also present at .997R⊙ but is not as apparent in Figure 6. The corresponding HMI averages derived with 15°- and 30°-tile RDA vary mainly with the level of magnetic activity (black line) except at .997R⊙ close to the surface. To exclude the variation with activity from the overall trend, we fitted the latitudinal averages with the corresponding averages of magnetic flux and subtracted the resulting fit from the latitudinal averages (bottom). These residual offsets are then used to detrend the time series of the radial gradients at all latitudes at each depth.
[image: Figure 7]FIGURE 7 | The temporal variation of the radial gradient of the solar rotation rate averaged in latitude over ±52.5° at three depths (blue: .997R⊙, yellow: .990R⊙, red: .983R⊙) using 15°-tile RDA (crosses: GONG, solid lines: HMI) and averaged over ±45.0° at three depths (yellow: .990R⊙, red: .983R⊙, black: .960R⊙) using 30°-tile RDA (diamonds: HMI) after subtracting the temporal mean (top) and subtracting the linear fit to the corresponding average of the mean activity index, MAI, (bottom). The temporal variation of the average MAI is included for comparison with its sign reversed and divided by 50 (black solid line). All curves were smoothed with a rectangular boxcar over 13 CRs.
Figure 8 shows the temporal variation of the radial gradient detrended with the residual offsets shown in Figure 7 (bottom). The variation with magnetic flux is now more apparent than in Figure 6. Even at .997R⊙, there is a hint of a flatter gradient at locations of high magnetic flux. To remove the long-term offsets between latitudes, we then subtracted the temporal mean at every latitude at each depth. Figure 9 shows the resulting residual radial gradient of the solar rotation rate. A variation with the solar cycle is now noticeable at all three depths. The residual gradient is larger (in amplitude) than average at locations of high magnetic activity at .990R⊙ and .983R⊙ and smaller than average at quiet locations. However, it is the opposite behavior at .997R⊙ with the residual gradient being smaller (in amplitude) than average at locations of high magnetic flux.
[image: Figure 8]FIGURE 8 | The temporal variation of the corrected radial gradient of the solar rotation rate after subtracting the average offset as a function of time and latitude at three depths (top: .997R⊙, middle: .990R⊙, bottom: .983R⊙) smoothed with a rectangular boxcar over 13 CRs derived from GONG data. The time coordinate is given in years (bottom x-axis) and CRs (top x-axis). Black contours indicate magnetic activity (5, 10, 20, 40 G) smoothed over five CRs. Compare with Figure 6.
[image: Figure 9]FIGURE 9 | The temporal variation of the residual gradient of the solar rotation rate after subtracting the average offset and subtracting the temporal mean at every latitude at three depths (top: .997R⊙, middle: .990R⊙, bottom: .983R⊙) smoothed with a rectangular boxcar over 13 CRs derived from GONG data. The time coordinate is given in years (bottom x-axis) and CRs (top x-axis). Black contours indicate magnetic activity (5, 10, 20, 40 G) smoothed over five CRs. Compare with Figure 8.
The solar-cycle variation of the zonal and meridional flow show two other features namely poleward branches of the flow pattern and precursor patterns that appear two to 3 years before the magnetic flux (black contours) is present on the surface (Komm et al., 2018; Komm, 2021, for example). At .997R⊙, there is no discernible hint of these features given the large fluctuations at each latitude. There might be a hint of a precursor pattern in the southern hemisphere at .990R⊙ and .983R⊙ before 2010 and a hint of a poleward branch might be present in the northern hemisphere around 2014. However, the values fluctuate considerably in time at any given latitude even at these two depths and there appears to be an outlier near 2007 at −35° at all three depths. This makes the existence of these features not as conclusive as in the flow patterns themselves.
3.3 Comparing temporal variations of GONG and HMI results
In this section, we compare the GONG results with those derived from both HMI data sets. Figure 10 shows the temporal variation of the detrended radial gradient at 15° latitude averaged over both hemispheres. The corresponding MAI values are shown for comparison (top). The radial gradients derived with15°-tile and 30°-tile RDA of HMI data vary in a similar way as those derived with GONG data (2nd and 3rd). However, there are quantitative differences between the three data sets, as already discussed in the grand averages shown in Figures 1–3. For all three data sets, the steepness of the radial gradient is correlated with magnetic flux at these depths. The radial gradient at .960R⊙ and .971R⊙ derived with 30°-tile RDA of HMI data shows the same temporal variation (bottom).
[image: Figure 10]FIGURE 10 | The temporal variation of the magnetic activity index, MAI, (top) and that of the corrected radial gradient of the solar rotation rate at three depths (2nd: .990R⊙, 3rd: .983R⊙, bottom: .960R⊙) at 15° latitude averaged over both hemispheres derived from 15°-tile RDA (black diamonds: GONG, blue squares: HMI) and 30°-tile RDA (red circles: HMI) smoothed with a rectangular boxcar over 13 CRs. The values of the GONG quiet-region subset are included (orange open diamonds). The bottom panel includes the variation at .971R⊙ (orange open circles). Compare with Figure 8.
To further explore the influence of magnetic flux, we include the temporal variation of the radial gradient of the rotation rate derived from the quiet-region subset of GONG data. Unsurprisingly, the values of the quiet-region subset agree within one error bar with those of the complete GONG data set at times of low magnetic activity. At times of high activity, the values of the quiet-region subset, if they can be defined, are close to the temporal mean of the complete data set.
Figure 11 shows the same as Figure 10 for the residual radial gradient after subtracting the temporal mean. At .990R⊙ and .983R⊙, the amplitude of the residual radial gradient of the three data sets is correlated with magnetic flux. The variation is similar between the GONG and the two HMI data sets. We use the standard deviation of the smoothed time series as a measure of the solar-cycle variation of the radial gradient. Using the smoothed time series ensures that fluctuations on time scales shorter than 1 year are suppressed. The resulting value is .065 for GONG data, .038 for HMI data, and .039 for 30°-tile HMI data at .990R⊙, while the corresponding values are .067, .016, and .050 at .983R⊙ respectively. At 0.960R⊙, the variation is .028 for 30°-tile HMI data. The HMI data set shows the smallest variation between times of minimum and maximum magnetic activity especially at .983R⊙, while the variation of the 30°-tile HMI data set is closer to that of GONG data. The values of the quiet-region subset derived from GONG data are close to the temporal mean of the complete GONG data set during times of high magnetic activity. The cycle variation is .033 at .990R⊙ and .040 at .983R⊙, which is close to one-half or two-thirds of that of the complete data set.
[image: Figure 11]FIGURE 11 | The temporal variation of MAI (top) and that of the residual radial gradient of the solar rotation rate after subtracting the temporal mean at every latitude at three depths (2nd: .990R⊙, 3rd: .983R⊙, bottom: .960R⊙) at 15° latitude averaged over both hemispheres derived from 15°-tile RDA (black diamonds: GONG, blue squares: HMI) and 30°-tile RDA (red circles: HMI) smoothed with a rectangular boxcar over 13 CRs. For the GONG quiet-region subset (orange open diamonds), the mean of the complete data set was subtracted. The bottom panel includes the variation at .971R⊙ (orange open circles). Compare with Figures 9, 10.
Figure 12 shows the same as Figure 11 for the residual radial gradient at 30° latitude averaged over both hemispheres. The temporal variation is similar to that at 15° latitude. The strong outlier in the GONG data at .990R⊙ close to 2007 is due to a large negative value in the southern hemisphere, as seen in Figure 9. To avoid this, we exclude values between 2006 and 2008 when calculating the amplitude variation. The solar-cycle variation of the radial gradient is .037 for GONG data, .054 for HMI data, and .056 for 30°-tile HMI data at .990R⊙, while the corresponding values are .037, .020, and .059 at .983R⊙ respectively. At .960R⊙, the variation is .018 derived with 30°-tile HMI data. The amplitude variation between maximum and minimum activity is, on average, comparable to that at 15° latitude even though the variation in magnetic flux is almost a factor of three smaller with 2.7 G at 30° and 8.0 G at 15° latitude. At .990R⊙, all three data sets vary in a similar way, while at .983R⊙ the variation of the HMI and GONG data sets are close and that of the 30°-tile HMI data set is somewhat different.
[image: Figure 12]FIGURE 12 | The temporal variation of MAI (top) and that of the residual radial gradient of the solar rotation rate after subtracting the temporal mean at every latitude at three depths (2nd: .990R⊙, 3rd: .983R⊙, bottom: .960R⊙) at 30° latitude averaged over both hemispheres derived from 15°-tile RDA (black diamonds: GONG, blue squares: HMI) and 30°-tile RDA (red circles: HMI) smoothed with a rectangular boxcar over 13 CRs. For the GONG quiet-region subset (orange open diamonds), the mean of the complete data set was subtracted. The bottom panel includes the variation at .971R⊙ (orange open circles). Compare with Figures 9, 11.
The values of the quiet-region subset at 30° latitude are close to those of the complete data set near solar-cycle minimum and close to the temporal mean of the complete GONG data set during times of high magnetic activity, as seen before at 15° latitude. The cycle variation is .031 at .990R⊙ and .033 at .983R⊙, which is slightly smaller than that of the complete data set.
We also compared the temporal variation of the radial gradient at .997R⊙. The radial gradient derived from GONG data is flatter than average at times of high magnetic activity and steeper at times of low activity, as seen in Figure 9, while that derived from HMI data is correlated with flux at some latitudes and anti-correlated at others. For example, at 15° latitude the HMI gradient is steeper at times of high activity and flatter at times of low activity, which contradicts the GONG results. However, the error bars are so large at this depth that the residual gradients derived with HMI and GONG data agree within one error bar even though the radial gradients show opposite temporal trends. At .997R⊙, the average error of the radial gradient derived from GONG data is .14 ± .02 at 15° and .15 ± .02 at 30° latitude, while the corresponding errors derived from HMI data are .12 ± .02 and .12 ± .02 respectively.
The base of the NSSL at .950R⊙ is accessible with 30°-tile HMI data. However, with the coarser resolution in latitude and the shorter time series compared to GONG data, we studied the variation only at .960R⊙, where we found the same behavior as shown in Figures 11, 12.
4 DISCUSSION AND CONCLUSION
We study the radial gradient of the solar rotation rate in the near-surface shear layer (NSSL) and its variation during Solar Cycles 23 and 24 with ring-diagram analysis (RDA) applied to GONG and SDO/HMI Dopplergrams. We found that the average dimensionless radial gradient is ∂ log  Ω/∂ log  r = − 1.0 ± .1 at .990 R⊙. The average radial gradient is rather flat within ±40° latitude in both hemispheres from about .970 R⊙ to the solar surface. These results agree with previous global helioseismic studies (Corbard and Thompson, 2002; Barekat et al., 2014; Antia and Basu, 2022, for example). It has been suggested that the negative gradient of the rotation rate in the NSSL might be maintained by Reynolds stresses associated with the convection, transporting angular momentum inward to balance the outward transport achieved by viscous diffusion and large-scale flows in the meridional plane (De Rosa et al., 2002; Gilman and Foukal, 1979, for example).
The radial gradient, averaged over 45° latitude, increases in amplitude from −.11 ± .01 at the base of the NSSL at .950R⊙ to −.42 ± .02 at .97R⊙ and then to −1.04 ± .06 at .990R⊙, which is comparable to global helioseismic results (Antia and Basu, 2022). Between .990R⊙ and .998R⊙, the average radial gradient is steeper than -1 within the latitude range covered by GONG and HMI data. Such an increase in amplitude close to the surface has been observed before by Zaatri and Corbard (2009). They measured a radial gradient of about -350 nHz [image: image] between .980R⊙ and .991R⊙ averaged over RDA data below 40° latitude and found that the amplitude increases quickly toward shallower depths. From their Figure 1, we estimate an amplitude of about -525 nHz [image: image] at .995R⊙ or an increase by 50%, which is comparable to our results. The variation with radius of the radial gradient correlates with that of the density between .950R⊙ and .998R⊙, where the density decreases more than three orders of magnitude.
The steepest slope of the average radial gradient is ∂ log  Ω/∂ log  r = − 2.6 ± .2 at .998 R⊙ (or 1.5 Mm in depth) derived from HMI data. In the corresponding GONG data, a slope steeper than −1.5 is found only at the equator. Close to the surface, substantially more modes can be fit in HMI than in GONG data due to the higher spatial resolution of the former, which might explain this difference. A radial gradient steeper than −2 close to the surface agrees with recent global results using a new technique that allows to fit high degree modes (Reiter et al., 2020).
The amplitude of the radial gradient of the rotation rate increases rapidly toward the solar surface from .986R⊙ to .998R⊙, while the radial gradient decreases slower with increasing depth below this range. This change in the steepness of the radial gradient below and above .989R⊙ is clearly present in the zonal flow, reported by Komm (2021), and leads to a local maximum or saddle point at this depth. While this behavior is qualitatively the same in all three data sets, their amplitudes differ. This illustrates how small differences in the rotation rate are amplified when calculating the derivative. Also, since the known offset between the zonal flows derived from HMI and GONG data increases with increasing latitude (Komm et al., 2015b), this might indicate that not all systematic effects are accounted for. The quantitative differences between GONG and HMI results might be due to some combination of instrumental or processing differences that range from different spectral lines (Norton et al., 2006) to different tracking rates (see Section 2).
Taken at face value, this change in the steepness of the radial gradient might imply that the NSSL consists of two separate regimes. The one near the surface coincides with a shallow shear layer within 10 Mm of the surface present in a numerical model of the NSSL with radial gradients steeper than −1 (Kitiashvili et al., 2022). While intriguing, it would be helpful if this feature of the rotation rate could be confirmed with other techniques or data sets.
Assuming that the angular momentum conservation is due to the action of supergranules, a radial gradient of −2 would be expected (Gilman and Foukal, 1979). We take the depth where the average radial gradient reaches the mean between −2 and −1 as a simple estimate of the depth extent of the influence of supergranules on the angular momentum transport. Such a value of −1.5 occurs on average at .996R⊙ (or 3.1 Mm in depth). This depth coincides with the maximum of the flow divergence of quiet regions, which represents supergranular flows, and the divergence decreases to half its maximum amplitude by a depth of about 8 Mm (Komm et al., 2017). This might imply that the upper layer of the NSSL is heavily influenced by supergranules.
The conservation of angular momentum by solar surface convection might not be the only process that maintains the NSSL. For example, Miesch and Hindman (2011) suggested that the base of the NSSL is marked by a transition from baroclinic to turbulent stresses in the meridional plane which suppress Coriolis-induced circulations. Such processes might maintain the negative radial gradient in the lower part of the NSSL.
The measured values of the radial gradient are less certain at latitudes poleward 40° than at lower latitudes. At high latitudes, some studies have shown a decrease in the absolute value of the radial gradient (Corbard and Thompson, 2002; Barekat et al., 2014), while others have shown an increase (Antia and Basu, 2022). This is generally taken as an indication that these contradictory results are due to the increased influence of systematics at high latitudes, such as geometric foreshortening, and that these results cannot be trusted. The 30°-tile HMI results offer an additional explanation; the variation of the radial gradient with depth might not be monotonic at high latitudes. The different measurements might reflect that the acoustic modes used in these studies sample somewhat different distributions in depth. A 30°-tile RDA of GONG Dopplergrams could help to distinguish between these two interpretations since GONG and HMI data have systematics with different depth dependences at high latitudes (Komm et al., 2015b).
The dimensionless radial gradient of the solar rotation rate varies with the solar cycle. At locations of high magnetic activity, the radial gradient is more negative (steeper) than average from about .97 R⊙ to .99 R⊙, while in quiet regions the radial gradient is less negative than average at these depths. The steepness of the radial gradient is thus correlated with the magnetic flux agreeing with other observations (Barekat et al., 2016; Antia and Basu, 2022). The temporal variations derived from the different GONG and HMI data sets agree within one error bar at most depths and latitudes, while their amplitudes might be different. This variation with activity might be due to the effect of magnetic field suppressing the turbulent viscosity more than the non-diffusive component of the Reynolds stress (Kitchatinov, 2016).
The solar-cycle variation of large-scale flows have other prominent features, such as poleward branches or flow patterns that are precursors of magnetic activity (Howe et al., 2013a, Howe et al., 2013b; Komm et al., 2018; Komm, 2021, for example). These features are not obviously present in the radial gradient of the rotation rate. There are some hints but they are not conclusive given the large fluctuations in time. The potential absence of these features might imply that the variation of the radial gradient indicates the presence or absence of magnetic flux. This would not be too surprising if the radial shear is only weakly sensitive to magnetic fields requiring sufficiently strong magnetic fields of the order of 1 kg (Kitchatinov, 2016). The absence of poleward branches and precursor flows then simply implies that the level of magnetic flux is below a certain threshold at these locations.
The relationship between flux and radial gradient appears to be reversed close to the surface at .997 R⊙; the steepness of the radial gradient is anti-correlated with the magnetic flux. This result is less certain than those at other depths due to the increased noise level resulting in measurement errors larger than the temporal variation. Such an anti-correlation has been previously observed near the base of the NSSL at .950R⊙ (Antia and Basu, 2022). If the near-surface result can be confirmed, this would imply that the dominant processes in the boundaries are different from those in the main body of the NSSL.
We have shown that the radial gradient of the rotation rate can be derived with local helioseismic techniques, such as RDA, and that the results agree with previous global helioseismic studies. Some of the more intriguing results will hopefully be confirmed with different global and local techniques and data sets.
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