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ABSTRACT

Context. Radial differential rotation is an important factor in stellar dynamo theory. In the Sun, helioseismology has revealed a near-
surface shear layer in the upper 5-10 percent of the convection zone. At low to midlatitudes, the rotation velocity gradient decreases
sharply near the surface. A depth gradient in rotational velocity was recently detected in the low photosphere using a differential
interferometric method on spectroscopic data. Granular structures at different depths in the Fe I 630.15 nm line showed a systematic
retrograde shift compared to continuum structures, which suggests a height-related decrease in angular velocity. This estimate de-
pends on the assumed granulation coherence time.

Aims. We use a more direct approach to measure the differential rotational velocity at different photospheric heights.

Methods. We performed spectroscopic scans of the same granular region in Fe I 630.15nm and Ca I 616.2 nm lines, and measured
displacements of images at different line chords between consecutive scans. These observations require excellent seeing, stable adap-
tive optics correction, and scanning times shorter than the granulation lifetime. Adaptive optics stabilizes continuum images but not
higher-altitude rotation differences. We used both THEMIS and HINODE Solar Optical Telescope Fe I 630.15 nm data to measure
formation height differences via perspective shifts observed away from the disk center with the slit radially oriented.

Results. Measurements at disk center and +25° latitude along the central meridian show a parabolic decrease in rotational velocity
with height that reaches about 16% slower rotation at 80 km above the continuum. No significant difference is found between equator
and +25° latitudes.

Conclusions. The low photosphere is a transition zone between the convective and radiative layers. Our measurements provide new
constraints on its dynamical behavior and valuable boundary conditions for numerical simulations of the Sun’s upper convection zone.

Key words. techniques: spectroscopic — Sun: photosphere — Sun: rotation

1. Introduction

Rotational shear plays a major role in the onset of stellar
dynamo. In the Sun, helioseismic observations revealed two
regions that show a strong height gradient of the rotation rate: the
tachocline at the base of the convective zone and the near-surface
shear layer (NSSL). More recent global and local helioseis-
mology results (e.g., Zaatri & Corbard 2009; Reiter et al. 2020;
Komm 2022) covering longer periods and a full solar cycle con-
firm that the gradient of rotation is not uniform in the NSSL, but
that the rotation rate decreases more steeply close to the surface
(see Komm 2022, Fig. 5).

This paper aims to provide new observational constraints on
the rotational profile in the transition layer between the NSSL
of the convective envelope and the radiative solar photosphere.
In a recent paper devoted to radiative hydrodynamic numerical
simulations of the solar near-surface in the presence of rotation,
Kitiashvili et al. (2023) derive a strong negative gradient of rota-
tion, dInQ/dInr ~ —4, in a subsurface layer at depths smaller
than 4 Mm. However, the numerical noise increases drastically
near the surface. Measurement of the rotational profile in the
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low photosphere would provide reliable boundary conditions for
this kind of simulation. Moreover, the interface formed by the
NSSL and the low photosphere is a boundary layer for the solar
convection problem. Hydrodynamical simulations of the solar
convective envelope are very challenging. The convective veloc-
ities that are required to transport the solar luminosity in the most
recent global models of convection are systematically too large
to explain the differential rotation measured by helioseismology
(Hotta et al. 2023). We believe that observational constraints on
the rotational profile at the interface between the NSSL and the
photosphere would help improve global simulations of solar con-
vection.

Current magnetohydrodynamical simulations of the photo-
sphere do not account for any depth-dependent gradient in the
rotation rate. Since the turnover time of the granulation pattern of
about 10 minutes is much shorter than the solar rotation period,
the convective motions in the photosphere are practically unaf-
fected by the Coriolis force. However, the impact of steep rota-
tional shear on the local dynamo, which generates ubiquitous
small-scale magnetic fields, is not clear.

Using a new analysis of 5-mn solar p-mode limb oscillations
from 3.5 years of Helioseismic and Magnetic Imager (HMI)
data, Cunnyngham et al. (2017) measured a steep radial decrease
of the latitudinal average of the solar rotation rate in the upper
photosphere. They argue that angular momentum loss could be
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driven by the torque due to the escape of photons from the pho-
tosphere. In a recent work (Corbard et al. 2024; Faurobert et al.
2023, Paper I in the following), a steep rotational velocity gra-
dient was detected in the low photosphere. The detection is not
based on the Doppler effect but on measuring systematic ret-
rograde shifts between images of the coherent granular pattern
taken simultaneously at different altitudes in the wings of the
Fe I 630.15 nm line. The formation height of the images at dif-
ferent line chords was derived from the perspective effect using
scans performed off the disk center with the spectrograph slit ori-
ented radially. The observations were done at the solar telescope
THEMIS equipped with an efficient adaptive optics (AO) sys-
tem. Retrograde shifts were interpreted as a consequence of the
horizontal dragging of the structures by the rotational gradient.
They depend on how long the velocity gradient has acted to drag
the upper layers, i.e., on the coherence time of the granulation
pattern. Thus, estimating the rotational depth gradient from the
measured shifts is highly sensitive to the coherence time of the
signal-producing structures.

Here, we propose to use a different approach. By performing
a series of spectroscopic scans of a granulation scene, we can
measure the shift along the slit of the granulation images seen at
different line chords between consecutive scans. The measure-
ment would be performed on all the slit positions of the scan and
on several scans, yielding the bulk velocity in the field of view
along the direction of the slit. The AO system corrects for the
image motion at the continuum level. However, if the velocity
varies with height, the line-wing images formed higher up in the
photosphere would still appear shifted between two consecutive
scans. As the scanning time is known, we can obtain the differ-
ence of the velocity between the two layers without any assump-
tion on the coherence time of the granulation. We still need to
scan the field of view fast enough as compared to the lifetime
of the granules. In the following, we test these ideas on spectro-
scopic scans performed with the spectrograph slit both along the
west-east direction and along the south-north direction, which
allows us to explore the differential azimuthal and meridional
velocities, respectively. To measure the shifts, we compute the
phase of the Fourier cross-spectrum of the intensity distributions
for a given line chord along the spectrograph slit in two consec-
utive scans, and derive its slope. We emphasize that this method
requires very good and stable seeing conditions, as consistent
image quality must be maintained while tracking the same gran-
ular scene across several spectroscopic scans.

A similar method was previously implemented by
Hrazdira et al. (2021) using space-borne observations of
granulation in the 617.3nm continuum acquired with HMI
aboard the Solar Dynamics Observatory (Scherrer et al. 2012).
In this work, the latitudinal differential rotation was obtained by
measuring the local shift, at the central meridian, between two
images separated by a given time interval. The measurement
method relies on an iterative phase correlation technique with
sub-pixel accuracy. As in Paper I, we derive the formation
height of the line-wing images from the measurement of their
perspective shift with respect to the continuum image, when the
granular scene is observed away from the center of the solar
disk with the spectrograph slit oriented radially.

In the following section, we present our observations and
methods. Section 3 is devoted to the measurement of the per-
spective shift from THEMIS and HINODE spectroscopic data
in the Fe I line at 630.15nm and from THEMIS data in the
Cal616.2 nm line (not observed aboard HINODE). In Section 4
we implement the method outlined above on some very good
observing sequences recorded at THEMIS in July 2023; we
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derive the differential azimuthal velocity in the low photosphere
up to the altitude z = 80km. The meridional velocity gradient
is also investigated using a sequence recorded at the center of
the solar disk with the slit oriented south-north; no significant
differential velocity is detected in this sequence over this alti-
tude range. In the last section, we draw some conclusions and
perspectives.

2. Observations and methods

We obtained spectroscopic observations at the THEMIS solar
telescope, from July 25 to 29, 2023, in the Fe I 630.15 nm and
Ca I 616.2nm lines, processed following Wohl et al. (2002).
Complementary HINODE Solar Optical Telescope spectropo-
larimeter (SOT-SP, Tsuneta et al. (2008)) data from the irradi-
ance program HOP79 (July 22, 2023) were also analyzed.

At THEMIS, 40” x 108" quiet-Sun regions were scanned at
several locations along the solar polar axis, with the spectro-
graph slit alternately oriented east-west and north—south. The
slit width was 0.5” and the step size 1”. HOP79 performs
monthly scans of 30” x 130" regions at 20 positions along the
polar axis, spanning from the north to the south limb, with the
slit aligned north—south.

Spatial sampling along the slit was 0.235” for THEMIS and
0.32” for SOT-SP; spectral pixels were 1.35 pm and 2.1 pm,
respectively. HINODE avoids seeing effects entirely, while at
THEMIS we benefited from excellent conditions and adaptive
optics (Thiébaut et al. 2022; Gelly et al. 2016). Over the five
observing days, the best seeing occurred between 07:00 and
11:00 UT. All scans analyzed were taken within this interval and
only those with high continuum granulation RMS contrast were
retained.

The displacement measurement technique, detailed in
Paper I, uses the phase of the cross-spectrum between two spec-
troscopic images, computed in Fourier space, to detect subpixel
shifts. Because the displacement was aligned with the slit, only
one-dimensional intensity profiles were analyzed. Power spectra
of the intensity variations were calculated at each slit position
and averaged over the entire scan to improve the signal-to-noise
ratio. This process was repeated for multiple line chords to sam-
ple different formation heights in the photosphere. This method
is based on the assumption that the images are similar but exhibit
slight shifts. It is not constrained by the instrument’s spatial reso-
lution, and the primary limitation lies in the signal-to-noise ratio
of the image spectrum.

When we apply this technique to granulation images that
contain a large number of granular structures taken at the same
time in the wing of a spectral line and in the continuum with a
radially oriented slit, the displacement, 6, is due to the perspec-
tive effect because the images are formed at different altitudes.
Unlike stochastic motions, this systematic effect is not elimi-
nated by averaging over numerous realizations of the granulation
pattern. The formation height, z, of the image above the contin-
uum level is related to 6 by 6 = z sin(f) where 6 is the heliocentric
angle; its sign changes for symmetrical positions with respect to
the disk center.

Here, we also propose to apply this method to granulation
images taken at the same level in a spectral line but at different
times, namely between two successive scans, to measure their
shift along the spectrograph slit during the duration of a scan.
The scans are performed on targets located along the central
meridian of the Sun with the spectrograph slit along the west-
east and along the south-north directions. When the slit is along
the west-east direction, the value of ¢ directly gives the image
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displacement along this direction without any projection effect.
When the spectrograph slit is in the south-north direction, the
displacement dy during the duration of a scan is related to ¢ by
0 =dycosé.

As mentioned above, the AO system corrects for image
motion in the continuum during scans. However, the correction
is not perfect; there is always some residual motion of the field
of view between two consecutive scans. So, in this paper, we do
not pretend to measure the rotational or meridional velocity; our
aim is to explore systematic differential motions along the spec-
trograph slit of images formed at different altitudes in the photo-
sphere with respect to the image taken in the continuum. In the
following, we test this idea on granulation images taken at dif-
ferent line chords. The measurement of the granulation motions
along the slit relies on the phase of the cross-spectrum between
the intensity distribution at a given line chord at two successive
scans. Comparing similar images requires the field of view to
remain sufficiently stable enough between the two scans, i.e.,
the displacement perpendicular to the slit from AO correction
residuals must be smaller than the width of the slit. We checked
that this condition is fulfilled for the observing sequences that
we have selected to carry out this experiment.

To implement these techniques, our first step is to gen-
erate maps that correspond to surfaces of approximately uni-
form continuum optical depth. The reconstruction procedure
exploits the connection between line and continuum absorp-
tion in the Lorentzian wings of spectral lines, as described in
detail by Faurobert et al. (2012, 2023). In this work, we apply
the approach to observations from both SOT-SP and THEMIS,
focusing on the Fe I 630.15nm and Ca I 616.2nm lines. The
resulting data consist of 25 line chords, distributed evenly in
width from the line core (chord 1) to the far wing at 0.9 I, (chord
25), the latter serving as the reference map in the subsequent
analysis. The analysis presented below was performed on scans
of 40" in the scan direction and 47" (200 pixels) along the slit,
centered on the middle of the scanned region.

3. Perspective shift measurement from HINODE and
THEMIS data

We used spectroscopic scans taken along the polar axis with the
spectrograph slit oriented in the south-north direction. Before
computing the cross-spectra between line-chord and continuum
images, we applied a Gaussian filter with a width of 0.8” to the
spectrograms along the slit to reduce phase noise that appears at
high spatial frequencies. We verified that this filtering does not
significantly affect the phase-slope measurement, which is per-
formed over a reduced spatial frequency domain, i.e., on large-
scale structures (see below).

Figure 1 shows the phase of the cross-spectrum of the contin-
uum image with the image at line chord 15 in the Fe I 630.15 nm
line, with both SOT-SP (green symbols) and THEMIS (blue
and red symbols) for cos@ = 0.81 in the northern and south-
ern hemispheres. At spatial frequencies below 0.6 arcsec™!, the
phase exhibits a roughly linear trend, corresponding to struc-
tures larger than 1.7”. A linear fit over this range, shown in the
figure, reveals the expected perspective effect: the phase slope
is negative in the northern hemisphere and positive in the south-
ern hemisphere. Data from HINODE and THEMIS show good
agreement. Figure 2 shows the same quantities for the Ca I
616.2 nm line; however, this line is not observed on HINODE.

In Paper I, we investigated the depth variation of the rota-
tional velocity at heights up to z = 32 km only. The measurement
of the perspective shift requires the images at the two levels to
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Fig. 1. Phase of the cross-spectrum of the images at the reference level
and at line chord 15 in the Fe I 630.15 nm line as function of the spa-
tial frequency. The spectrograph slit is oriented along the north-south
axis at cos§ = 0.81. Red (blue) symbols: THEMIS data in the south-
ern (northern) hemisphere. Green symbols: HINODE data at the same
heliocentric angle in both hemispheres.

phase (rd)
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Fig. 2. Same as Fig. 1 but for level 15 of the Ca I 616.2nm line. No
HINODE data is available for this line.

be sufficiently similar. In the present work, we reached higher
altitudes by proceeding in two steps. We first measured the per-
spective effect between the continuum level and the line-chord
images up to line chord 15. Then we measured the perspective
shift at smaller line chords with respect to the image at line chord
15 and we derived their formation height by summing the two
shifts. The method is still limited to altitudes below the granula-
tion contrast inversion layer, where the image contrast becomes
close to zero; the cross-spectrum phase then becomes too noisy
for a reliable measurement.

Figure 3 shows the formation height of the images at the dif-
ferent line levels obtained from the measurement of the perspec-
tive shifts in the northern and southern hemispheres for the Fe I
630.15 nm line up to line chord 10 and for the Ca I 616.2nm
line up to line chord 6. The standard deviation on the measure-
ment is derived from the standard deviation of the estimate of the
slope of the linear fit. It increases at line chords smaller than 15
because, in the two-step procedure, we also have to sum the vari-
ances of the two measurements. Tables 1 and 2 present the for-
mation heights, z, of the images at different line chords derived
from the average of the measurements in both hemispheres for
the Fe I line and the Ca I line, respectively. The formation heights
given in Tables 1 and 2 are measured with respect to the forma-
tion level of the nearby continua, at 630 nm and 616 nm, respec-
tively. We computed the optical depth 7639 and 7416 of the two
continua in a standard one-dimensional model of the solar pho-
tosphere (model 1001 of Fontenla et al. 2011). Both continua
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Fig. 3. Formation heights (in kilometers) of the images at the differ-
ent line chords derived from the perspective effect in both hemispheres.
Positive values are obtained in the northern hemisphere where the per-
spective displacement is toward the north, and negative values in the
southern hemisphere. Blue symbols: Fe I 630.15 nm line. Red symbols:
Cal616.2nm line.

have an optical depth equal to unity at z ~ 7km above the
formation level of the 500 nm continuum. Therefore, the height
difference between the two continuum formation levels is not
significant compared to the accuracy of the measurements given
in the tables. In the following, we assume that both continua are
formed at the same height.

4. Measurement of the height gradient of the
azimuthal and meridional velocities in the quiet
photosphere

In this section, we implement the method outlined in the Intro-
duction to see whether it allows us to measure the gradients of
large-scale velocities in the photosphere. We restrict our study
to the low photosphere, where we have been able to measure
the formation heights of the line-chord images, i.e., at altitudes
z < 80km. We selected observation sequences performed under
very good and stable seeing conditions. The selection criteria
are based on the value and stability of the continuum intensity
contrast along the spectrograph slit during the whole sequence.
We then checked that the displacement of the field of view in the
direction perpendicular to the slit between two consecutive scans
remains smaller than the width of the slit. In all the cases studied
below, it remains smaller than 0.12” (we measured it on con-
tinuum images using the cross-spectrum phase of the intensity
distribution in the direction perpendicular to the slit at two con-
secutive scans). As the width of the slitis 0.5”, the same granular
structures appear along the slit in two consecutive scans, which
allows us to measure their displacement along the slit. We then
averaged this displacement over the series of successive scans.

4.1. Height gradient of the azimuthal velocity at the center of
the solar disk

A very good sequence of 16 successive scans was performed at
the center of the solar disk with the spectrograph slit oriented
along the solar equator on July 26, 2023 at 07:50 UT. Each scan
has 40 steps of 1" and a duration of 13.6s. Figure 4 shows the
phase of the cross-spectrum of the images at two consecutive
scans at line chords 12 (line wing) in the Fe I 630.15nm line
and at the continuum level. The shifts of the images between
two scans are derived from the slope of the linear part of the
phase. We observe that the slope is positive, which means that
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the shift is in the negative direction. The equatorial axis was
oriented from the west to the east, so the shifts are westward.
The rotation of the continuum image is not perfectly compen-
sated for by the AO system, but we are primarily interested in
the differential motion of the layers above the continuum level.
By subtracting the shift of the continuum image and dividing
by the duration of a scan, we obtain the differential velocities
shown in Fig. 5 as a function of the formation heights of the
line-chord images obtained in Sect. 3 up to line-chord 10. Neg-
ative values mean that the layers located above the continuum
formation layer rotate at a slower rate than the granulation at
the continuum layer. We observe a clear decrease in rotational
velocity with height, despite rather large error bars on both the
formation heights and on the relative velocities at the different
heights. The error bars on z and Av are derived from the standard
deviation of the cross-spectrum phase estimate used to measure
the perspective effect and the image shifts between two scans,
respectively.

In Paper I, we measured the drag of the upper layers with
respect to the continuum level up to z = 30 km. The method we
used was quite different; the cross-spectra were performed on
a selection of images taken rigorously at the same time in the
continuum and in the line wings to obtain a statistical average
of the drag of the upper layers. Assuming a value for the coher-
ence time of the granular pattern, we could derive a value for the
rotational velocity gradient. Here, however, we independently
measure the shifts of the line-wing images and of the continuum
images between two scans and then derive the differential shift
caused by differential rotation during the duration of the scan.
We note that the precision of the differential shift measurements
below z = 30km is quite poor because it involves subtracting
two measurements of very similar small quantities. We would
need to perform more than 16 successive scans to increase the
accuracy of the measurements.

In Paper I, we observed a linear decrease in rotational veloc-
ity at altitudes below z = 30km. We expressed the rotational
velocity as Q(R + z) = Q(R)(1 — az), where R is the solar radius
at the height of continuum formation. At altitude z, this gives
QR + 2) — QR) = —Q(R)az, that is, dv(z) = —Vi(R)az. The
value @ ~ 9. 10~* km~! was obtained under the assumption that
the coherence time of the granulation is 7 = 440s and with
Vit(R) = 2kms™'. In Fig. 5 we show the linear decrease of
Paper I to compare it with the present results. We notice that
both results are consistent for z < 30 km, but that at higher alti-
tudes the measurements are better fitted by a parabolic fit. The
height gradient of the rotational velocity increases significantly
above z = 30km up to z = 80 km.

In Fig. 6 we present the differential velocity obtained with
the same method applied to the Ca I 616.2nm line that was
observed simultaneously on July 26, 2023 at THEMIS, and we
compare it with the results obtained with the Fe I 630.15nm
line. We notice a fairly good agreement, but the differential
velocity measurements made in the Ca I line have larger error
bars.

4.2. Height gradient of the azimuthal velocity at latitudes
+25°

We also selected two very good sequences recorded the same day
at 07:56 UT and 08:02 UT on targets located at latitudes +25°
along the polar axis with the slit parallel to the solar equator. The
duration of one scan was 16.08 s and 16.4 s, respectively.

The same analysis as for the target at disk center allows us to
measure the differential shift between two consecutive scans at
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Table 1. Average value of the formation height of the line-chord images for the Fe I 630.15 nm line above the 630 nm continuum level.

Line chord 20 19 18 17 16 15

z (km) 7.6+0.6 99+09 128+1.1 164=x1.5 208+19 257+24
Line chord 14 13 12 11 10

z (km) 326+39 413+59 51.0+x84 61.4+11.8 740+16.5

Table 2. Average value of the formation height of the line-chord images for the Ca I 616.2 nm line above the 616 nm continuum level.

Line chord 20 19 18 17 16 15

z (km) 4.6+0.5 5.8+0.6 7.4+0.8 92+10 11.1+12 137+1.5
Line chord 14 13 12 11 10 9

z (km) 160+£1.8 189+23 224+28 266+34 320+x42 389+5.2.
Line chord 8 7 6

z (km) 483+65 61.7+82 820+105

phase (rd)

271/A (arcsec ™)

Fig. 4. Phase of the cross-spectra of images at two successive scans at
line-chord level 12 (green symbols) and at the continuum level (blue
symbols).
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B

Fig. 5. Differential rotation velocity measured at the center of the solar
disk in the Fe I 630.15nm line as a function of the formation height
of the line-chord images up to line chord 10. The green line shows the
linear fit obtained in Paper I for 0 < z < 32km, the blue line is a
parabolic fit for 0 < z < 80 km.

z (km)

the different line chords and to derive the differential velocities.
The results obtained at the two symmetrical latitudes +25° and
—25° in the Fe 1 630.15 nm line are shown in Fig. 7. The behavior
of the height variations of the azimuthal velocity seems quite
similar to what we obtain at the center of the solar disk, but the
accuracy of our measurements may not be sufficient to detect any
differences.

The same analysis is performed with the Ca I 616.2 nm line.
In Fig. 8 we compare the differential velocity as a function of
the altitude obtained with the two lines for the target at —25°; the
results for both lines are similar within the error bars.

Av (km/s)

2 (km)

Fig. 6. Comparison of the differential rotational velocities obtained at
disk center with both lines. Blue symbols: Fe I 630.15nm line. Red
symbols: Ca I 616.2 nm line.
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40
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Fig. 7. Comparison of the differential rotational velocity obtained at
+25° (stars) and —25° (dots) with the Fe I 630.15 nm line on July 26,
2023.

4.3. Height gradient of the meridional velocity

In Paper I, we measured no drag of the granular structures at
the center of the solar disk along the south-north direction. The
meridional velocity is two orders of magnitude smaller than the
rotational velocity in the photosphere (Roudier et al. 2012). The
accuracy of the measurements we present here is clearly not
good enough to measure such low values. It is important to ver-
ify that we do not measure any significant velocity gradient along
the south-north direction. This serves as a test for instrumental
effects that could produce spurious velocity gradient detections
in our procedure. We use a sequence of 11 scans performed at
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Fig. 8. Comparison of the differential rotational velocities obtained with
both lines at —25°. Blue symbols: Fe I 630.15 nm line. Red symbols:
Cal616.2nm line.
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Fig. 9. Comparison of the differential meridional velocity obtained with
both lines at the center of the solar disk. Blue symbols: Fe I 630.15 nm
line. Red symbols: Cal 616.2 nm line.

the center of the solar disk on July 28, under very good and sta-
ble seeing conditions. The spectrograph slit was along the south-
north polar axis. As shown in Fig. 9, we measure no significant
differential velocity along this axis in the low photosphere up to
z = 80 km. We measure no effect when none is expected, which
can be considered a test of the zero level in our experiment.

5. Conclusion

In this work, we have tested a new method to investigate the
height variations of large-scale velocities in the low photosphere
of the Sun. Based on a statistical analysis of high-resolution
spectroscopic data, this method takes advantage of advances in
AO. It could also be implemented on space-borne spectroscopic
observations; however, this requires rotating the spectrograph
slit in two perpendicular directions. The first tests presented here
confirm the results obtained in Paper I and show that there is a
steep height decrease of the rotational velocity in the low pho-
tosphere of the Sun. Due to the large error bars in the measure-
ments, the exact value of this gradient remains uncertain. The
decrease remains significant, reaching Av = —0.3 +0.1km s~ at
z = 75 £ 16 km. Our measurement accuracy does not allow us
to detect any meridional velocity height gradient in the low pho-
tosphere below z = 80 km, nor to identify significant latitudinal
variations of the rotational shear.

It should be noted that a radial gradient in rotational veloc-
ity could influence differential rotation measurements (e.g.,
Roudier et al. 2018), since observations at high latitudes are
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made at smaller limb distances, i.e., at higher altitudes than mea-
surements at low latitudes. For continuum at 630 nm, the for-
mation height for heliocentric angle 50° is about 35 km. From
our measurements, this corresponds to a difference in velocity
of about —0.1 kms™!, which is about the difference found at that
latitude between Doppler measurements and methods based on
correlation tracking using continuum images of granulation (see
Fig. 1 of Roudier et al. (2018)).

In a recent work, Raoetal. (2024) use Dopplergrams
obtained by the Chinese Ha Solar Explorer (CHASE) to infer
the height dependence of the solar differential rotation for pho-
tospheric layers above 70km up to the chromosphere. From
measurements in Si I (656.06 nm) and Fe I (656.92nm) spec-
tral lines, they found an increase of the rotational veloc-
ity of about +0.03kms™! at the equator between 70km and
250km. In this work, we found an opposite and steeper
gradient of —0.3kms™! between 0 and 70km. This would
imply an inversion of the radial gradient in a photospheric
layer around 70 km. These first results must be confirmed by
new observations and the accuracy of the radial shear mea-
surement should be improved by analyzing larger statistical
samples.
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