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A B S T R A C T 

Understanding the effects driven by rotation in the solar convection zone is essential for many problems related to solar 
activity, such as the formation of differential rotation, meridional circulation, and others. We analyse realistic 3D radiative 
hydrodynamics simulations of solar subsurface dynamics in the presence of rotation in a local domain 80 Mm wide and 25 Mm 

deep, located at 30 
◦ latitude. The simulation results reveal the development of a shallow 10 Mm deep substructure of the 

near-surface shear layer (NSSL), characterized by a strong radial rotational gradient and self-organized meridional flows. This 
shallow layer (‘leptocline’) is located in the hydrogen ionization zone associated with enhanced anisotropic o v ershooting-type 
flows into a less unstable layer between the H and He II ionization zones. We discuss current observ ational e vidence of the 
presence of the leptocline and show that the radial variations of the differential rotation and meridional flow profiles obtained 

from the simulations in this layer qualitatively agree with helioseismic observations. 

Key words: convection – hydrodynamics – methods: numerical – Sun: interior – Sun: rotation. 

1

T  

l  

s  

w  

o  

a  

t  

o  

f  

a  

1  

s  

r  

i  

h  

d  

o  

l  

o  

2  

Z  

d  

r  

t  

m  

|  

�

G  

t  

s  

h  

w
 

r  

M  

t  

a  

a  

c  

w  

1  

t  

a  

3  

e  

K  

r  

t  

s  

s  

l  

n  

t  

t  

a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/1/504/6769808 by guest on 07 July 2023
 INTRODUCTION  

he disco v ery of solar rotation by Galileo and its variation with
atitude by Christoph Scheiner through tracking sunspots across the
olar disc was the first indication of complex processes associated
ith the Sun’s interior dynamics and acti vity. Intensi ve studies
f global dynamics using spectroscopic and sunspot observations
nd deri v ation of the properties of differential rotation stimulated
heoretical investigations and data analysis developments. Variations
f the solar rotation in the radial direction have been anticipated
rom early surface observations of magnetic tracers, active regions,
nd supergranules (e.g. Howard & Harv e y 1970 ; Wilcox & Howard
970 ; Howard 1975 ; Foukal 1976 ). The initial inferences of the
olar subsurface rotation by Deubner, Ulrich & Rhodes ( 1979 )
evealed the existence of a shallow subsurface layer with a sharp
ncrease of the rotation rate with depth. Further development of
elioseismology techniques to probe solar internal structure and
ynamics made it possible to investigate the properties and evolution
f solar differential rotation, meridional flow, and near-surface shear
ayer (NSSL), occupying approximately the upper 15–20 per cent
f the convection zone (e.g. Gough 1981 ; Thompson et al. 1996 ,
003 ; Kosovichev et al. 1997 ; Kosoviche v 2006 ; Ho we 2009 ;
hao et al. 2013 ; Basu & Antia 2019 ). For the history of the
isco v ery and studies of the NSSL, we refer the readers to the
e vie w article by Howe ( 2009 ). Helioseismic observations reveal
hat the NSSL extends from the equator to high latitudes, and the
ean radial gradient of the angular velocity is almost constant,

 d log �/ d log r | ≈ 1 (Corbard & Thompson 2002 ; Barekat, Schou &
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izon 2014 ). Ho we ver, recent global helioseismology results sho w
hat the gradient of rotation is not uniform but increases closer to the
urface (Reiter et al. 2020 ; Antia & Basu 2022 ). In addition, local
elioseismology has revealed variations of the meridional circulation
ith depth in the NSSL (Zhao 2004 ; Komm, Howe & Hill 2018 ). 
Reproducibility of the observed global solar flows in simulations

emains a challenging task and topic of hot debate. For instance,
iesch & Hindman ( 2011 ) suggested that the distinct NSSL is main-

ained by a transition from baroclinic to turbulent stresses. Tradition-
lly, the effects of solar rotation are modelled on global scales using
n anelastic approximation that allows simulating the whole spherical
onvection zone, but these models exclude the near-surface layers
here the anelastic approximation is not valid (e.g. Gilman & Foukal
979 ; Brun & Toomre 2002 ; Brun, Miesch & Toomre 2011 ). While
he anelastic models of Guerrero et al. ( 2016 ), Guerrero et al. ( 2019 )
nd Stejko et al. ( 2020 ) were able to reproduce a solar-like NSSL in
D models, other global simulations reproduced it only in the near-
quatorial region (e.g. Matilsky, Hindman & Toomre 2019 ; Hotta,
usano & Shimada 2022 ), contrary to the solar observations. A likely

eason is that global-Sun simulations are not yet capable of resolving
he essential dynamical scales in the NSSL, particularly close to the
olar surface. To address this issue, Barekat et al. ( 2021 ) performed
imulations for several near-surface local patches located at different
atitudes, using a simplified force-driven turbulence model and
eglecting density stratification and energy transport. They showed
he importance of local Reynolds stresses in the formation of the ro-
ational shear and meridional circulation. Ho we ver, these simulations
lso reproduced the rotational shear only in the equatorial region. 

To gain insight into the structure and dynamics of the upper layers
f the convection zone in the presence of rotation, we perform local
D radiative hydrodynamic modelling of the uppermost layers of
 2022. This work is written by (a) US Go v ernment employee(s) and is in the 
public domain in the US. 
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Figure 1. Scheme of the computation box location relative to the Sun’s 
equator and rotation axis. 

Figure 2. Snapshot of the vertical velocity at the solar photosphere (top 
panel) and a vertical slice through the computational domain (bottom). 
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olar convection. The computational model includes effects of com- 
ressibility, radiative energy transport, and subgrid-scale turbulence, 
nd reproduces solar convection with a high degree of realism. Cur-
ently, such simulations require substantial computational resources 
nd cannot be performed for the whole spherical Sun. Therefore, the 
omputational domain is limited to a local region, in this case, a rect-
ngular volume 80 Mm wide and 25 Mm deep, located at 30 ◦ latitude.

For the first time we are aware of such a realistic simulation
f rotational effects in solar subsurface convection produces the 
ormation of rotational shear and meridional circulation at mid- 
atitudes in agreement with observations. Furthermore, they show 

hat the structure of the NSSL is not uniform but contains a sharp
hear layer in the top ∼8 Mm, which we identify as a ‘leptocline’,
 previously conjectured shallow layer beneath the solar surface 
Godier & Rozelot 2001 ; Rozelot, Damiani & Pireaux 2009 ). We
how that the simulation results are in good qualitative agreement 
ith helioseismic inferences and predict new features in variations 
f the meridional circulation and other properties with depth that can 
e tested by helioseismology. 
The presentation of the results begins with a brief description 

f the numerical set-up (Section 2 ). Then, Section 3 describes the
hermodynamic and dynamical properties of turbulent and mean 
ows, particularly the self-formed subsurface rotational shear layer 
nd meridional flows. Finally, Section 4 discusses the main findings 
nd compares them with observations. 

 COMPUTATIONAL  SET-UP  

e perform 3D radiative hydrodynamic simulations using the Stellar- 
ox code (Wray et al. 2018 ). The formulation of the StellarBox code

ncludes the fully compressible MHD equations from first principles 
lus radiative transfer. The computational model takes into account 
he realistic chemical composition and equation of state and uses a 
arge-eddy simulation (LES) treatment of subgrid turbulent transport. 
ubgrid turbulence models (Smagorinsky 1963 ; Moin et al. 1991 ) are
ritical for accurately describing small-scale energy dissipation and 
ransport. The radiative transfer calculations are performed for four 
pectral bins; ray-tracing along 18 directional rays (Feautrier 1964 ) is
mplemented using the long-characteristics method. The wavelength- 
ependent opacity code and data are provided by the Opacity Project 
Seaton 1995 ; Badnell et al. 2005 ). The simulations are performed
n Cartesian geometry, and the lateral boundary conditions of the 
omputational domain are periodic. The top boundary condition is 
mplemented using a characteristic method (e.g. Sun, Wu & Dryer 
995 ); mass, momentum, and energy are allowed to pass through 
his boundary in either direction as determined by the characteristic 
ecomposition. Inward radiative flux at the top boundary is taken 
o be zero. The bottom boundary of the computational domain 
s closed to mass and momentum flux through the imposition of
 zero normal velocity in the bottom plane of the domain. The
nergy input from the interior of the Sun is imposed as a steady and
orizontally uniform energy flux across the bottom plane. In addition, 
otal mass and momentum conservation are imposed by introducing 
niform mass and momentum fluxes at the bottom boundary to 
ompensate for any gain or loss of these quantities through the 
op boundary. Convective energy loss through the top boundary is 
imilarly compensated. Total energy conservation is not imposed in 
his manner but is allowed to reach a statistical balance between 
he constant imposed energy input at the bottom and the calculated 
ime-v arying radiati ve loss through the top. The result is heat transfer
hrough the domain by a mixture of conv ectiv e (generally turbulent)
otion and radiative transport. The simulations are initialized as 
 3-D perturbation of a hydrostatically balanced vertical profile 
rom a standard solar model of the interior structure and the lower
tmosphere (Christensen-Dalsgaard et al. 1996 ). The perturbations 
onsist of spatially and directionally random ∼10 cm s −1 velocities. 
he code details, implementation and testing are described by Wray 
t al. ( 2015 ), Wray et al. ( 2018 ). 

In this paper, we present an analysis of a model with an imposed
otation corresponding to 30 ◦ latitude. The rotation at 30 ◦ latitude 
s imposed as a combination of the radial and horizontal (directed
o the north pole) Coriolis force components, known as the f -plane
pproximation. It assumes that the computational domain is small 
nough to neglect variations of the Coriolis force in the latitudinal
 y -axis) direction (Fig. 1 ). The horizontal size of the computational
omain is 80 × 80 Mm, and the vertical domain extends to a
epth of 25 Mm (Fig. 2 ). The grid resolution is 100 km in the
orizontal directions; the vertical resolution varies from 50 km in 
he photosphere and low atmosphere to 82 km near the bottom
oundary. The computational x -axis is oriented in the azimuthal 
irection, and the y -axis is directed toward the North pole (Fig. 1 ).
he bottom 5 Mm of the computational domain were excluded from
MNRAS 518, 504–512 (2023) 
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M

(a) (b)

Figure 3. Mean radial profiles of a) deviations of the azimuthal flow speed from the imposed rotation rate at 30 ◦ latitude, b) the meridional component of the 
flow velocity. The vertical bars show 1 σ flow velocity deviations from the mean values. Radial profiles are obtained by averaging a 24 h series of simulation data. 
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he analysis to a v oid potential boundary-related effects. The model
ncludes a 1 Mm high-atmospheric layer. The extended duration of
he simulation o v er 250 h allows us to reach dynamically stationary
onditions before investigating the influence of rotational effects.
t corresponds to about 100 conv ectiv e turno v er times in the upper
0 Mm deep layer and about 40 turno v er times in the 20 Mm deep
ayer, which is sufficient for reaching the stationary conditions in a
road range of an ef fecti ve Coriolis number (Barekat et al. 2021 ). The
ngular momentum and other parameters reached quasi-stationary
tates, and angular momentum variations in the last 100 h of the
imulation run never exceeded 5 per cent (Fig. 7 d). For analysis, we
se the last 24 h of the computations. The data cubes are collected
ith a cadence of 45 s. 

 PROPERTIES  OF  THE  SOLAR  CONVECTION  

N  THE  NEAR-SURFACE  SHEAR  LAYER  

napshots of the vertical velocity on the surface and in a radial slice of
he computational domain are shown in Fig. 2 . Detailed properties of
he granulation structure and dynamics are discussed in our previous
apers (e.g. Kitiashvili et al. 2011 , 2013 ; Kitiashvili, Couvidat &
agg 2015 ). In this paper, we focus on the effects of solar rotation. 
To inspect deviations of the azimuthal flows from the imposed

otation, we calculate the radial profile of velocity along the direction
f rotation ( < Vx > ) averaged in the horizontal directions and time.
he results, shown in Fig. 3 a, reveal a significant decrease in the
zimuthal velocity with depth by 38 m s −1 in a 2 Mm deep layer
elow the photosphere. Below 7 Mm, the rotation rate is slower
han the imposed mean rotation rate by about 5 m s −1 . Interestingly,
he rotation rate increase with depth is not uniform: from the
ubphotospheric layers to about 4 Mm below, the velocity increases
y 6–7 m s −1 per Mm, while below 4 Mm the flow accelerates by
bout 2 m s −1 per Mm. A similar change in the differential solar
otation rate at similar depths has been demonstrated in pioneering
elioseismology observations by Deubner et al. ( 1979 ) in their
ig. 9 , where analysis of the k − ω diagram of solar oscillations
howed a noticeable increase of the relative horizontal flows. The
dentified 10 Mm thick NSSL, or ‘leptocline’ (named by analogy
rom the tachocline and originated from greek leptos that means
fine’, Godier & Rozelot 2001 ; Rozelot et al. 2009 ) is clearly visible
n the relative differential rotation profile (Fig. 3 a). 
NRAS 518, 504–512 (2023) 
The meridional component of the mean velocity ( < Vy > , Fig. 3 b)
eveals a complex structure with mostly poleward flows and a speed
f ∼12–13 m s −1 in the near-surface layers and about 8 m s −1 at a
epth of 16 Mm. The meridional component of flow decelerates from
he photosphere from 12 m s −1 to about –4 m s −1 at a depth of 8 Mm.
hus, a weak reverse flow occurs at 5–10 Mm depth. Below 8 Mm,

he meridional flows accelerate again in the poleward direction. 
The distribution of Reynolds stresses (computed as R ij = <

 
′ 
i u 

′ 
j > , where u 

′ 
i and u 

′ 
j are the velocity component fluctuations)

eveals a complex coupling between the large-scale flows and small-
cale turbulent motions (Fig. 4 a). It is not surprising that variations
f the Reynolds stresses are strongest near the photosphere. In
he absence of rotation or if rotation is too slow to influence the
urbulence, it is expected that the mean horizontal component of the
eynolds stresses, R xy , has minimal v ariations. Ho we ver, as sho wn

n Fig. 4 a, the horizontal Reynolds stresses vary significantly from
he low atmosphere down to layers about 4 Mm deep. In particular,
trong variations of R xy with a peak of −2111 m 

2 s −2 at a depth
f 1.5 Mm correlate with the bottom of the granulation layer. The
ongitudinal (or azimuthal) component of the Reynolds stresses ( R yz ,
ed curv e) rev eals strong variations near the photosphere. Below
he photosphere, R yz variations are weaker and vary around zero
elow 5 Mm. The meridional component of the Reynolds stresses
s ne gativ e at the photosphere, rev ealing a sign change at the near-
urface layers, where it reaches a maximum of ∼100 m 

2 s −2 at a
epth of 2 Mm. Below that, R xz gradually decreases down to about
 Mm below the surface and then fluctuates around −90 m 

2 s −2 in
eeper layers of the convection zone. 

In layers deeper than 5 Mm, there appears to be no preferred sign
or horizontal Reynolds stresses R xy , except in a 1–2 Mm thick layer
t a depth of 10 Mm that indicates the presence of horizontal shear
green curve, Fig. 4 a). We identify this layer as the bottom of the
eptocline. This interface between the leptocline and deeper layers
f the convection zone is manifested as a ‘kink’ in the horizontal
iagonal Reynolds stress components and a ‘pit’ in vertical one
Fig. 4 b), which signifies o v ershooting downdrafts from the highly
onv ectiv ely unstable hydrogen ionization layers into a less unstable
ayer between the H and He II ionization zones. Similar changes in
adial profiles of the horizontal and vertical flows were found in
ur previous simulations of conv ectiv e o v ershooting at the bottom
f the convection zone of a more massive star (Kitiashvili et al.

art/stac2946_f3.eps
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(a) (b)

Figure 4. Mean radial profiles of a) off-diagonal Reynolds stresses, and b) diagonal Reynolds stresses and the anisotropy parameter, A V (black curve). Radial 
profiles are obtained by averaging a 24 h series of simulation data. 

2  

p
A  

w  

(

i
t
fi  

o
m
t  

m
a  

t
o
o  

a  

d
B  

e  

o  

fi  

l
p
u

 

v  

p
v  

m  

a
s
d
d
s  

d

s  

r
a  

1  

i  

b  

v  

p  

o
t
i  

l  

d  

 

a  

a  

F
s  

c  

a  

l  

f
(  

a
h
d  

t  

r  

t
 

i
d  

i
d
(  

a
c
(  

w
w  

A
a  

d  

d  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/1/504/6769808 by guest on 07 July 2023
016 ). The bottom boundary of leptocline is also pronounced as a
eak in the anisotropy of the horizontal and vertical turbulent flows 
 V = ( R xx + R yy − 2 R zz ) /V 

2 
rms (black curve, Fig. 4 b). This feature

as not found in the recent simulations of the NSSL by Barekat et al.
 2021 ), in which effects of stratification were not included. 

The distribution of the off-diagonal stresses is important for the 
nterpretation of differential rotation and meridional circulation in 
erms of the mean-field theory (Ruediger 1989 ). The detailed mean- 
eld analysis is outside the scope of this paper, and here we make
nly some qualitative remarks. According to this theory, the angular 
omentum in the anelastic approximation is established through 

he balance of the Reynolds stresses, R xy , and the transport by
eridional flows (e.g. equation 7.27 in Stix 2002 ). The values of R xy 

re ne gativ e in the leptocline and become positiv e near the bottom of
he leptocline; this is in the qualitative agreement with the direction 
f the meridional circulation in our simulations. The radial gradient 
f the rotational velocity is determined by a balance of dif fusi ve
nd non-dif fusi ve (so-called Lambda-ef fect) components of the of f-
iagonal Reynolds stresses (equations 31–32 in Barekat et al. 2021 ). 
ecause R xz is predominantly ne gativ e (Fig. 4 a), the vertical Lambda-
f fect coef ficient must be negati ve. This is consistent with the results
f Barekat et al. ( 2021 ). Ho we ver, contrary to their simulations, we
nd that the horizontal Reynolds stresses, R xy , are dominant in the

eptocline. Thus, further studies are needed to obtain a consistent 
icture of the turbulent Reynolds stresses in the NSSL, and to 
nderstand their effects on the large-scale dynamics. 
In the presence of rotation, the radial profile of the mean vertical

 orticity distrib ution ( ω z , Fig. 5 a, grey line) does not indicate
reference of the vortical motions. On the other hand, the horizontal 
orticity components (blue and red curves) re veal negati ve v alues,
ostly in the top 5 Mm of the subsurface layers, which indicates
 preference for clockwise rotational turbulent flows. There is no 
ignificant directional preference for horizontal vorticity in the 
eeper layers, where the turbulence becomes more isotropic. A 

ecrease of the horizontal vorticity around 18–20 Mm below the 
urface is potentially due to the closed bottom boundary for flows at
epth −25 Mm and requires additional investigation. 
Helioseismic measurements have shown that the radial gradient of 

olar rotation, ∂ ln �
∂ ln r , (where � is the local angular velocity, r is the

adius) varies with latitude (Corbard & Thompson 2002 ), and has 
 value of about ∼−1 from the equator to 30 ◦ latitude in the outer
5 Mm layer of the convection zone. At higher latitudes, the gradient
s ne gativ e b ut has smaller values. These results ha ve been confirmed
y Barekat et al. ( 2014 ). More recent studies showed more substantial
ariations of the radial gradient with latitude. Also, the inferred radial
rofile depends on the selected range of spherical degrees of solar
scillation modes used in the inversion procedure (e.g. ∼−2.8 for 
he high-degree inversions and −2.13 for the intermediate-degree 
nversion at 30 ◦ latitude; Reiter et al. 2020 ). According to recent he-
ioseismic studies by Antia & Basu ( 2022 ), the gradient changes with
epth from ∼−0.95 at a depth of 7 Mm to −0.55 at a depth of 20 Mm.
Our results co v er layers from the photosphere to 20 Mm below

nd show stronger ne gativ e values of the gradient of rotation,
bout −4 in subsurface layers, and an increase in the deeper layers
ig. 5 b). Interestingly, the rotation gradient shows qualitatively the 
ame variations as the meridional component of vorticity, ω y , (blue
urve, Fig. 5 a), which indicates coupling of the large-scale flows
nd turbulence. In the model, the gradient of rotation is shifted to
o wer v alues by about unity from the photospheric value obtained
rom high-spherical degree helioseismic inversions by Reiter et al. 
 2020 ), and values obtained by Antia & Basu ( 2022 ) for depths of 7
nd 20 Mm. Taking into account that the helioseismology inferences 
ave significant averaging over depth (with ‘averaging kernels’), and 
o not provide a good localization of the averaging kernels near
he surface, we can conclude that the modelled radial profile of the
adial gradient of the rotation rate is in reasonable agreement with
he observations. 

Because of the complexity of the mean flow distribution, it is
nteresting to consider how the velocity power spectra change with 
epth in the convection zone (Fig. 6 ). As expected, the power
s mainly concentrated in the near-surface flows and gradually 
ecreases with depth. The rate of decrease reveals two sublayers 
Fig. 6 a): 1) subsurface layers up to 7–8 Mm with a fast decrease,
nd 2) below 8 Mm with a slow decrease. A spectral slope of k −5/3 

orresponds to a Kolmogorov-type inertial range at 1 Mm depth 
Fig. 6 b). Similar changes with depth of the turbulent properties
ere previously demonstrated in simulations for a small (6.4 Mm 

ide and 5 Mm deep) computational domain (Kitiashvili et al. 2013 ).
 significant reduction in level of the velocity power distribution 

nd the disappearance of the inertial range in the spectra for the
eeper layers likely reflects a decrease of the Rayleigh number with
epth. A weak increase of the kinetic energy at small wavenumbers,
MNRAS 518, 504–512 (2023) 
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(a) (b)

Figure 5. Mean radial profiles of a) the vorticity components, and b) the radial gradient of the local solar rotation rate, defined as ∂ ln �
∂ ln r . Radial profiles are 

obtained by averaging a 24 h series of simulation data. 

(a) (b)

Figure 6. Av eraged v elocity power spectra. P anel a: Distribution with depth. P anel b: Spectra for several selected depths: from 15 Mm (black curve) to the 
photosphere (red). 
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0.2 Mm 
−1 , indicates the presence of a convection scale of ∼20 Mm

hat is comparable with the supergranulation scales. This scale
ecomes more prominent in the deeper layers. A more detailed study
f this scale is required using a larger and deeper computational
omain with a background magnetic field to determine its relation,
f any, to observed supergranulation properties. 

In the presence of rotation, it is natural to consider convection
one properties in terms of the Rossby number, the length scale of
he turbulence, and the conv ectiv e turno v er time (Fig. 7 ). Following
uerrero et al. ( 2019 )’s suggestion, the length scale of the turbulent
lasma is calculated as 

 ( r ) = 

r 
∫ 

k 

˜ E ( k,r) 
k 

d k 
∫ 

k 
˜ E ( k, r ) d k 

, 

here ˜ E ( k, r) is the velocity power spectral density, r is the solar
adius, and k is the wavenumber. The convective turnover time is
NRAS 518, 504–512 (2023) 
hen τ c = � ( r )/ V rms . The Rossby number can be expressed as Ro =
 rot /(2 πτ c ), where P rot is the rotational period. 
According to our model, the Rossby number is the highest at the

olar photosphere, where the turbulent flows are the strongest, and
he conv ectiv e turno v er time is the shortest (Fig. 7 ). It is known that
he turbulent length-scale and the conv ectiv e turno v er time gradually
ncrease with depth, resulting in a gradual decrease of the Rossby
umber in deeper layers. Interestingly, the length scale below the
ydrogen ionization zone is almost constant with variations only
round 100 km in the layers from 8 to 20 Mm below the solar surface
Fig. 7 b). Ho we ver, the Rossby number decrease is not uniform.
n particular, near the bottom of the hydrogen ionization zone, at a
epth of 7 Mm below the surface, the length scale and the turno v er
ime suddenly increase, thus slowing down the decrease of the
ossby number. 
Because of the density stratification, it is natural to consider how

he temperature and density perturbations vary with radius (Fig. 8 a).
n particular, the RMS temperature fluctuations (red curve) have a

art/stac2946_f5.eps
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(a)

(c) (d)

(b)

Figure 7. Radial profiles of the Rossby number (panel a), characteristic length scale (panel b), conv ectiv e turno v er time (panel c), and time-evolution of the 
relative angular momentum (panel d). Radial profiles on panels a–c) are time-averaged over 1 h. 
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trong peak at the solar photosphere and exponentially decrease with 
epth. The radial profile becomes steeper at a depth of 8 Mm with
 sudden reduction in temperature fluctuations. The thickness of the 
ayer is about 1 Mm. The density fluctuations (blue curve) also reveal
 sharp increase in the photosphere. In general, the RMS density 
uctuations increase with depth up to 5 Mm below the photosphere 
nd then become saturated. Similar to the temperature variations 
red curve), the density variations sharply decrease in a 1 Mm-thick 
ayer, near a depth of 8 Mm. This layer is located at the bottom of
he hydrogen ionization zone (Fig. 8 b). The adiabatic exponent 
 1 

as a bump between 8 and 10 Mm, resulting in a layer of weaker
onv ectiv e instability between the hydrogen and second-helium 

onization zones. This leads to conv ectiv e o v ershooting effects,
robably related to formation of the shallow return meridional flow. 
uriously, the shallo w convecti ve layer in the hydrogen ionization 
one (the leptocline) seems to have some properties analogous to ones 
or the whole convection zone, such as conv ectiv e o v ershooting, a
achocline, and return meridional flow. 

 DISCUSSION  AND  CONCLUSIONS  

o investigate effects of solar rotation on the dynamics and structure
f the upper 20 Mm of the solar convection zone, we performed
D radiative hydrodynamics simulations for 250 h of solar time 
hat allowed us to achieve quasi-stationary dynamical conditions 
nd provided a long data set of more than 100 h for analysis.
he simulation results reveal the development of radial differential 

otation (Fig. 3 a) with the strongest gradient in a 10 Mm-thick
ubsurface layer (a so-called leptocline). The leptocline represents 
n upper layer of the well-known NSSL that extends up 35 Mm deep
about 5 per cent of the solar radius). Because the computational
omain of our model is represents a small patch of the convection
one, it does not describe the NSSL properties with latitude and its
nteraction with the deep convection zone. Therefore, we focus on 

odelling the local dynamics of the upper part of the NSSL. We
how that the outer layers of the NSSL form a distinct substructure
haracterized by enhanced turbulent convection and strong rotational 
hear, which we identify as leptocline, a shallow subsurface layer 
onjectured in previous publications by Godier & Rozelot ( 2001 ) and
ozelot et al. ( 2009 ). Similar to the NSSL, it reveals the properties of

he shear layer. The interaction of the leptocline with deeper layers
f the NSSL is caused by o v ershooting of conv ectiv e downdrafts
ormed in the leptocline into the relatively less conv ectiv ely unstable
ayers between the H and He II ionization zone. This o v ershooting
ayer defines the bottom boundary of the leptocline and makes it
ynamically distinct from the deeper NSSL. A signature of the 
eptocline corresponding to a similar depth range first was detected 
y Deubner et al. ( 1979 ) and in most recent helioseismic studies (e.g.
eiter et al. 2020 ; Komm 2021 ; Antia & Basu 2022 ). 
MNRAS 518, 504–512 (2023) 
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M

(a)

(b)

Figure 8. Panel a: Radial profiles of the temperature perturbations, T ′ rms (red 
curve), and density perturbations, ρ′ 

rms (blue curv e). P anel b: Radial profiles 
of the adiabatic index, 
 1 (red curve) and the heat conductivity (blue curve). 
Radial profiles are time-averaged over 24 h. 
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This boundary layer is characterized by an accelerated reduction
f the Rossy number with depth and an increase in the length scale
nd conv ectiv e turno v er time (Fig. 7 ). In terms of the thermodynamic
roperties, the bottom boundary of the leptocline is associated with
 noticeable decrease of the temperature and density fluctuations
Fig. 8 a) and is related to the bottom of the hydrogen ionization zone
Fig. 8 b). The sound-speed profile in the helioseismic inversions of
igh-degree solar oscillation modes reveals a sharp change at a 5–
 Mm depth (see fig. B4 in Reiter et al. 2020 ), which is probably
elated to the existence of the leptocline. 

The resulting rotational velocity reduction relative to the imposed
otation rate of ∼40 m s −1 at the photosphere is in agreement with
bservations near the solar minimum obtained with a variety of
echniques (e.g. Imada et al. 2020 ). It is important to note that
he presence of a leptocline can be identified in multiple obser-
ations. The first indication of a 10 Mm thick subsurface layer
as demonstrated by Deubner et al. ( 1979 ), using three one-day-

ong data series of observations, where inferences were made for
very 2 Mm depth range up to 20 Mm below the photosphere. The
ecently developed new methods to perform more accurate rotational
nversions allow distinguishing the leptocline in the radial rotational
rofiles (see fig. 27 in Reiter et al. 2020 ). According to these results,
he leptocline is manifested as a steeper slope of the rotation rate near
he photosphere, followed by a well-known subsurface shear layer
ith a weaker angular velocity gradient. Another helioseismic inves-

igation, based on the ring-diagram analysis of SDO/HMI and GONG
opplergrams, sho ws a qualitati ve change in the properties of the
NRAS 518, 504–512 (2023) 
onal flows at a depth of 8–10 Mm (see fig. 3 in Komm 2021 ), where
he leptocline signature becomes more prominent for higher latitudes.

Another interesting feature of the leptocline is the presence of a
onv ectiv e o v ershoot at the bottom of the hydrogen ionization zone
hat intensifies the mixing of the turbulent flows. The o v ershoot layer
interface between the leptocline and deeper layers of the convection
one) was revealed from an analysis of the Reynolds stresses and
ariations of the velocity magnitude (Figs 4 a and 7 d) that indicate
 splashing of the do wnflo ws. This interpretation is also supported
y significant variations of the temperature and density fluctuations
t the bottom of the hydrogen ionization zone (Fig. 8 ). The interface
etween the leptocline and deeper NSSL is well revealed as a peak
n the anizotropy of Reynolds stresses (parameter A V in Fig. 4 b). 

In addition, our model with imposed rotation reveals the formation
f meridional flow. At the photosphere, the flow is in the northward
irection with a mean speed of 12–13 m s −1 . At a depth of 4 Mm,
he flow changes direction to equatorward and reaches ∼−4 m s −1 

t a depth of 8 Mm. The reverse meridional flows correspond to
he interface between the shallow subsurface shear layer discussed
bo v e (leptocline) and the rest of the convection zone. In the deeper
ayers, the flows accelerate again and change direction to northward
t a depth of 10 Mm. At a depth of 16 Mm, the mean velocity
eaches the speed of 8 m s −1 . The described subsurface flows suggest
 possibility of fine structuring, similar to previously disco v ered two-
ell meridional circulation on the scale of the whole convection zone
Zhao et al. 2013 ; Chen & Zhao 2017 ). 

It is known that the properties of the meridional flows vary during
he solar c ycle. F or comparison with observations, we consider only
bservational studies that occur at a minimum of solar activity (or
lose to it) at 30 ◦ latitude as the most rele v ant conditions to the
ydrodynamic simulations. In general, we found a good agreement
f the resulting meridional flows with surface (e.g. Ulrich 2010 ;
mada & Fujiyama 2018 ), and subsurface helioseismic inferences
e.g. Zhao et al. 2012 ; Komm et al. 2018 ; Antia & Basu 2022 ).
he previous helioseismic studies reveal a qualitatively similar
istribution of the meridional flows (e.g. Kosovichev & Zhao 2016 ;
omm et al. 2018 ): deceleration from the photosphere to 8–10 Mm
nd its acceleration at the deeper layers. In particular, fig. 8 b in
osovichev & Zhao ( 2016 ) shows that the meridional flows are
etting weaker at a depth of 6–11.5 Mm and become stronger again
ith values comparable with the near-surface speed at a depth of
9 Mm. Fig. 9 a summarizes some helioseismic inferences obtained
ith the ring-diagram analysis (Komm et al. 2018 ; Komm 2021 ), and

he time-distance method (Kosovichev & Zhao 2016 ) in the NSSL.
anel b) is given for the reference to the modelled meridional flows.
he previously published helioseismic inferences are obtained for
if ferent time interv als and sho w di verse v alues in the meridional
ow speed. Still, all of them reveal deceleration of the flows in

ayers corresponding to the bottom of the leptocline. Extended flow
easurements by Komm ( 2021 ) show a secondary deceleration

f flows for layers deeper than 12 Mm. Discrepancies between
bservations and simulation can be explained by three factors:
) the model is obtained in the local box, therefore, cannot take
nto account the ‘thermal wind’ and other global-Sun effects (e.g.
piegel & Zahn 1992 ), 2) helioseismic inferences are obtained with
ignificant depth averaging (e.g. the depth extent of averaging kernels
n time-distance inversions exceeds 4 Mm; Couvidat et al. 2005 ), 3)
resence of the solar activity affects meridional flows (e.g. Getling,
osovichev & Zhao 2021 ; Komm 2021 ). Thus, further modelling
nd helioseismic studies are required for determining the structure
f the meridional flows in the NSSL. Therefore, the resolution of
he helioseismic inversions was not sufficient to resolve the shallow
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(a)

(b)

Figure 9. Panel a) Meridional circulation helioseismic inferences at 30 ◦
latitude. Panel b shows qualitative agreement of the mean profile of the 
meridional component of flows with observations (panel a). 
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ayer with the return flo w; ho we v er, it was observ ed as a reduction in
he flow speed. Indeed, more precise helioseismic measurements of 
he leptocline are needed. In addition, high-resolution global-scale 

odelling is required to understand the role of the leptocline in 
lobal-Sun dynamics and activity. 
To summarize the presented analysis of the 3D radiative hydro- 

ynamics simulations with imposed rotation corresponding to 30 ◦

atitude, we can identify the following main results: 

(i) The simulations reveal the development of radial differential 
otation and formation of a shallow ∼10 Mm-deep substructure 
f the NSSL – the leptocline – associated with a steep radial 
radient of the angular velocity changes in the thermodynamic 
nd structural properties of the convection, and the bottom of the 
ydrogen ionization zone. 

(ii) The leptocline constitutes the upper part of the NSSL. The 
nterface between the leptocline and deeper layers is characterized by 
 v ershooting downdrafts, which may intensify the turbulent mixing 
elow the leptocline layer. 
(iii) Our results show that the NSSL is not uniform with a constant

otational gradient, but it has an important shallow substructure – the 
eptocline. 

(iv) The self-formed meridional flows are characterized by pole- 
ard mean motions near the photosphere, and weak reverse flows 

t depths of 5–10 Mm. The bottom of the re verse flo ws corresponds
o the bottom of the leptocline layer and the hydrogen ionization 
one. This structure resembles a double-cell meridional circulation 
reviously found on the whole-convection-zone scale. 
(v) Analysis of the turbulent spectra indicates the presence of con- 

 ectiv e patterns with the scale of ∼20 Mm that closely corresponds
o the scale of supergranulation. 

The next step of this work is to perform modelling for different
atitudes and investigate the latitudinal structure and dynamics of the 
eptocline. 
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