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The structural characteristics of zonal flows and their roles in the nonlinear interaction of multi-scale multi-mode
turbulence are investigated numerically via a self-consistent Landau-fluid model. The multi-mode turbulence here is com-
posed of a shorter wavelength electromagnetic (EM) ion temperature gradient (ITG) mode and a Kelvin–Helmholtz (KH)
instability with long wavelengths excited by externally imposed small-scale shear flows. For strong shear flow, a promi-
nent periodic intermittency of fluctuation intensity except for dominant ITG component is revealed in turbulence evolution,
which onset time depends on the ion temperature gradient and the shear flow amplitudes corresponding to different KH
instabilities. It is identified that the intermittency phenomenon results from the zonal flow dynamics, which is mainly gen-
erated by the KH mode and back-reacts on it. It is demonstrated that the odd symmetric components of zonal flow (same
symmetry as the external flow) make the radial parity of the KH mode alteration through adjusting the drift velocities at
two sides of the resonant surface so that the KH mode becomes bursty first. Afterwards, the ITG intermittency follows due
to nonlinear mode coupling. Parametric dependences of the features of the intermittency are elaborated. Finally, associated
turbulent heat transport is evaluated.

Keywords: drift waves, turbulence, nonlinear phenomena, plasma simulation
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1. Introduction
Nonlinear interaction of multi-scale multi-mode insta-

bility plays significant roles in critical issues of mag-
netic fusion plasma. Simulations with both gyro-kinetic[1]

and fluid model,[2,3] were utilized to illustrate the non-
linear interaction between islands and turbulence. Exper-
imentally, several works reported the interaction mecha-
nisms between large-scale magnetohydrodynamic instabili-
ties and microturbulence.[4–10] Furthermore, it was displayed
the poloidal shear flow generated by islands played the es-
sential role in the interaction between the islands and trans-
port process.[11–13] It is well known that the shear flows have
great effects on stabilizing various fluctuations in wide scale
in tokamak plasmas. The effect of the 𝐸 ×𝐵 shear flow
on the ion-scale turbulence and associated transport has been
extensively studied theoretically and numerically as well as
experimentally.[14] The 𝐸 ×𝐵 flows play a central role in
regulating the saturation level of the turbulence and turbulent
transport.[15] The 𝐸×𝐵 velocity shear caused the reduction
in turbulence and transport.[16] On the other hand, the flow
shear may also make a destabilizing contribution as well.[17]

One typical example is the radial gradient of velocity for
Kelvin–Helmholtz (KH) instability driven by the flow shear.
As is well known, when the strength of the shear flow exceeds
the critical value, the KH instability becomes unstable.[18]

Resent study illustrated that the shear flow may cause the
KH mode exhibiting either regular or irregular oscillations.[19]

Relatively, dual roles of the shear flow in impacting with both
macro- and micro-scale fluctuations have been unveiled in an
electromagnetic (EM) turbulence. It has been shown that be-
sides stabilizing the micro-scale instability as expected, the
shear flow dramatically enhances the macroscale, long wave-
length fluctuations.[20]

It is well recognized that zonal flows self-generated by
turbulence play an important role in regulating turbulence,
reducing transport level, and thus improve plasma confine-
ment in fusion plasmas.[21,22] Moreover, zonal flows can not
only stabilize the fluctuations through flow shear but also play
a major role in turbulence saturation. Such dynamics usu-
ally occur in the turbulence with single drive force in a lim-
ited spectral range. However, for cross-scale turbulence, e.g.,
mixed ion temperature gradient (ITG) and electron tempera-
ture gradient (ETG) driven turbulent fluctuation, small-scale
zonal flow generated by the ETG turbulence may impact on the
ITG turbulence through some peculiar mechanisms rather than
only the flow shear. It has been clarified that the small-scale
zonal flows result in a radially nonlocal mode coupling of ITG
fluctuations, leading to the transport intermittency. In toka-
mak plasmas, another important short wave-length instabil-
ity, the so-called collisionless trapped-electron mode (CTEM)
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commonly exists, which is driven by both electron temper-
ature and/or density gradients.[23,24] The radial short wave-
length spectrum of the zonal flow is mainly distributed in a
wide range of qrρi ∼ [0.4,1.5].[25] It was analyzed theoreti-
cally which also exhibit a relatively short radial scale of the
zonal flows with qrρθ i ∼ 1 (ρθ i is the ion poloidal gyroradius)
in CTEM turbulence.[26] Furthermore, as the zonal flow is gen-
erated and enhanced, it may drive the KH instability when the
flow shear is beyond a threshold. Such secondary KH mode
can not only interact with the ambient turbulence, but also
generate zonal flows,[27,28] which leads to a complex nonlin-
ear multi-scale multi-mode interaction system. These dynam-
ics have been demonstrated in the Rogers’s work,[29] that the
strong KH-like modes were excited which acted to break up
the primary mode accompanied with the production of zonal
flows. Furthermore, the effect of a narrow sub-Alfvénic shear
flow layer near the minimum qmin of the tokamak safety fac-
tor profile in a configuration with reversed central shear was
analyzed.[30,31]

Motivated by the issues above, consistent simulations of
the time evolution of an EM ITG turbulence are carried out
accompanied with an externally imposed radial small-scale
shear flow. In the simulation, the shear flow is fixed and pre-
sumed to be robust CTEM-generated zonal flow with radial
wave number qrρi ≤ 1.0.[32–34] Particularly, strong shear flow
is considered so that the long wavelength KH instability is ex-
cited. Therefore, the physical model here is set as a highly
complicated multi-scale multi-mode EM turbulence system in-
volving the ITG and KH modes with wide radial spectrum of
zonal flows as well as a constant small-scale shear flow ex-
ternally imposed. Results obviously reveal the key role of
the zonal flows which cause the periodic intermittency of the
multi-mode fluctuation in cross-scale turbulence. This behav-
ior is different compared with our previous work imposed with
moderate small-scale shear flow. In preceding paper, complex
linear and nonlinear interaction before the regular intermit-
tency occurs has been focused. Therefore, in this work, we
mainly analyze the underlying mechanisms in the oscillation
phase.[35] Simulations show that the odd symmetric compo-
nents of zonal flow (same symmetry as the external flow) make
the radial parity of the KH mode alteration through adjusting
the drift velocities at two sides of the resonant surface so that
the KH mode becomes bursty firstly. Afterwards, the ITG in-
termittency follows due to nonlinear mode coupling among the
KH, EM ITG modes and the shear flows including the zonal
flows and the external small-scale shear flow.

The remainder of this paper is organized as follows. The
physical model and simulation setting are detailed in Sec-
tion 2. Section 3 is devoted to nonlinear simulations and mod-
eling analyses. The zonal flow dynamics in multi-scale multi-
mode turbulence are elaborated. In Section 4, turbulent trans-

port is discussed. Finally, a summary of key results is given in
Section 5.

2. Physical model and simulation setting

To simulate the time evolution of multi-scale multi-mode
turbulence with small-scale shear flows and understand the
underlying mechanism of the nonlinear interaction of cross-
scale EM turbulence including the zonal flow dynamics, a 5-
field Landau-fluid model is employed in slab geometry.[36,37]

This can also consistently capture the excitation of secondary
KH mode when the flow shear is larger than the stability
threshold.[35] The highly complex nonlinear interaction dy-
namics of cross-scale turbulence with ITG as well as KH
modes are governed by normalized evolution equations of per-
turbed density n, the vorticity ∇2

⊥φ , parallel ion velocity υ‖,
magnetic flux ψ (corresponding to the parallel vector potential
through A‖ =−ψ), as well as ion temperature Ti as follows:

dtn =−∂yφ −∇‖υ‖+∇‖ j‖+Dn∇
2
⊥n, (1)

dt∇
2
⊥φ = (1+ηi)∇

2
⊥φ +∇‖ j‖+DU ∇

4
⊥φ , (2)

dtυ‖ =−2∇‖n−∇‖Ti−β (2+ηi)∂yψ +η⊥∇
2
⊥υ‖, (3)

β∂tψ = ∇‖ (φ −n)+β (1−υ0)∂yψ +η j‖

−
√

πme/2mi
∣∣∇‖∣∣(υ‖− j‖

)
, (4)

dtTi =−ηi∂yφ −2/3∇‖υ‖−2/3
√

8/π
∣∣∇‖∣∣Ti

+χ⊥∇
2
⊥Ti, (5)

with the operators dt = ∂t + υ0∂y + êz × ∇⊥φ · ∇⊥, ∇2
⊥ =

∂ 2
x + ∂ 2

y , ηi = Ln/LT i, β = (8πn0Ti0)/B2, j‖ = ∇2
⊥ψ , and

∇‖ = ∂z+ ŝλarcsinh(x/λ )∂y−β êz×∇⊥Ψ ·∇⊥ with magnetic
shear ŝ= Ln/Ls and λ representing the gradient length of axial
equilibrium current. Here, x, y, and z correspond to the radial,
poloidal, and toroidal directions in a toroidal plasma, respec-
tively. And a finite difference method is applied in x direction
with a fixed boundary condition at x =±Lx/2 and Fourier de-
composition is used in the y direction. The normalizations are
expressed as usual.[35] The code has been well checked for the
convergency with enough high resolutions in radial real space
and mode number spectral space. Other main parameters used
in simulations are λ = 1.5, ŝ = 0.1 and the classical cross-field
dissipations are set as DU = Dn = η⊥ = χ⊥ = 0.01 which are
included to damp smaller-scale fluctuations. It has obvious
influence on the evolution of potential energy, as shown in
Appendix A. In addition, the resistivity η = 0 is taken here
to make consistency with the CTEM in collisionless plasma.
This implies that the resistive tearing mode should be stable in
cross-scale EM turbulence involving MHD and ITG modes.

Nonlinear evolution equations (1)–(5) can be numerically
solved by an initial value code with the same numerical setting
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as in Ref. [35]. The small-scale shear flow externally embed-
ded in cross-scale EM system as a coherent structure is set as

υ0 = Asin
(
kqx
)
. (6)

As illustrated in the introduction, the wave number kq is set in
the range of kq = [0.5,1.2] which considers the typical charac-
teristic wave number of the CTEM-generated zonal flows.

3. Numerical simulation and modeling analysis
Simulations are performed to investigate the evolution

dynamics of multi-scale multi-mode turbulence with strong
small-scale shear flow (present from onset time). In this work,
two dominant modes driven by independent drive force are in-
volved with distinctly separated scales. One is the long wave-
length KH mode destabilized by small-scale flow shear with
the threshold shear velocity A = 0.64 presented in our previ-
ous work.[35] Meanwhile, the other one is the ion-scale ITG
mode at relatively shorter wavelengths. Both are electromag-
netic type fluctuations here although the resistive MHD modes
are stable due to the zero resistivity for simplicity.
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Fig. 1. Evolution of the potential energy. Vertical dashed lines are the sepa-
rators of phases. Here υ0 = 0.9sin(0.9x).

For strong shear flow with A = 0.9, a periodic intermit-
tency (or oscillation-like for shorter periods) of the fluctuat-
ing energy emerges remarkably for all modes except for the
dominant ITG component (ky = 0.8) in the quasi-steady state,
as shown in Fig. 1. Complex linear and nonlinear interaction
among the KH, EM ITG modes and the shear flows including
the zonal flows and the external small-scale shear flow before
the regular intermittency occurs has been discussed in preced-
ing paper.[35] We focus on the understanding of the under-
lying mechanisms behind the intermittency phenomenon (in
the oscillation phase) in this work. Generally, it is recognized
that the zonal flow is created nonlinearly through the Reynolds
stress in the micro-turbulence, and characterized by a low fre-
quency, symmetric and large radial scale structure. Specifi-
cally, the zonal flow is also identified as a beat wave of two

pump components accompanied with opposed frequency and
poloidal wavenumber through three-mode coupling.[38] The
detailed analysis of the mode–mode coupling was discussed
in the Refs. [35,39].
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Fig. 2. (a) The radial structure of the total flow; (b) the evolutions of the
shearing rate (green line) and potential energy of KH (orange line) during
two oscillation periods. Here υ0 = 0.9sin

(
kqx
)
, kq = 0.9.

However, as the presence of the sinusoidal-type small-
scale shear flow, the newly generated zonal flow may be in-
fluenced depending on the symmetry and amplitude of the ex-
ternal shear flow. In the linear stage, no matter how large the
flow shear velocity given externally, the eigen structure of the
KH mode potential is symmetric with the even parity around
the rational surface. When going into the nonlinear phase, the
symmetry of the large-scale structure is changed slightly be-
cause the newly generated zonal flow may modify the sym-
metry of the equilibrium shear flow slightly. As stronger KH
mode is generated with strong external shear velocity imposed,
the equilibrium shear flow, either the symmetry or the ampli-
tude, is changed greatly in the nonlinear stage. The mecha-
nism of this process can be elucidated clearly through the evo-
lution of shearing rate around the rational surface as shown in
Fig. 2. The total flow shear (including the given υ0 and self-
generated zonal flow) is obviously changed at three positions
marked as x1,x2,x3. To visualize such a process, about two pe-
riods, e.g., t = 2420–2800 in the oscillation phase, are chosen
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to examine the modification of shearing rate around the ratio-
nal surface x = 0. Remarkably, as shown in Fig. 2(b), the lo-
calized shearing rate (slope of the red dashed line in Fig. 2(a))
also exhibits a periodic oscillation, which is in the approxima-
tive phase with the evolution of KH mode. In the sense, it is
believable that the oscillation of the energy evolution is asso-
ciated with the modified shear flow dynamics (including the
given υ0 and self-generated zonal flow).
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Fig. 3. (a)–(f) Contour plots of the KH mode structures with t = 2420 to
t = 2570 in one period.

As the energy evolution of the KH mode is characterized
by periodic oscillation, its structure is analyzed. Firstly, the
profile of the KH structure has a shift away from the rational
surface, which may correspond to correction of the υzf odd
part to the imposed flow υ0. Secondly, the symmetry break-
ing of the KH mode is observed. As shown in Figs. 3(b) and
3(d), two kinds of typical eigen states of the KH mode appear
alternately, which are characterized by the potential fluctua-
tion with even or odd parity in the oscillation phase. Inter-
estingly, as the zonal flow increasing, the modification of the
equilibrium shear flows profile varies sensitively, leading to
obvious distortion of the mode structure until coming to the

state with odd parity. Afterwards, the oscillation of the poten-
tial energy is triggered and a periodic transition of the parity
occurs as shown in Figs. 3(a)–3(f). The detailed dynamics can
be descripted as follows: in the nonlinear stage as shown in
Fig. 3(a), the structure of the KH mode is twisted obviously
due to the shear flows. From the time t = 2420 to t = 2450
as shown in Figs. 3(a) and 3(b), the mode structure alters from
the odd parity to the even parity. Correspondingly, the shear
rate decreases sharply which is displayed in Fig. 2(b). As the
shear rate decreases to the minimum, the structure inverses op-
positely to the even parity as shown in Fig. 3(c). Afterwards,
the symmetry is turned into the odd parity again as shown
in Figs. 3(d)–3(f), which corresponds to the phase within the
shear rate in Fig 2(b) increasing from the time t = 2490 to
t = 2570. Comparing the observation above with the case im-
posing moderate shear flow, the symmetry breaking of the KH
structure is mainly associated with the zonal flow dynamics.
In other word, the oscillatory behavior results from the modi-
fication effect of the newly generated zonal flow on the equi-
librium flow shear.
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Fig. 4. Evolution of the potential energy of long wavelength KH (ky = 0.1)
with and without zonal flow. Here υ0 = 0.9sin

(
kqx
)
, kq = 0.9.
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Fig. 5. Evolution of 〈υ2
zf〉/2 (the kinetic energy) separated as odd and even

parity parts of the newly generated zonal flow.

To further examine the role of the newly generated zonal
flow, nonlinear simulations with/without zonal flow compo-
nent are designed. As exhibited in Fig. 4, the oscillation be-
havior of potential energy of the KH mode disappears in the
case without the zonal flow. Furthermore, the influence of
the structure of zonal flow on the oscillation behavior is in-
spected. The kinetic energy of the newly generated zonal flow
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is separated according to the radial parity, as plotted in Fig. 5,
clearly showing that the odd-parity part displays the oscilla-
tory feature same as the behavior of the potential energy (all
modes (ky = 0.1–0.9) except for the dominant ITG component
(ky = 0.8)) as shown in Fig. 1.

Linear simulations are carried out in order to compare the
growth rates with three kinds of shear flow patterns υ0 +υzf,
υ0 +υodd

zf and υ0 +υeven
zf . Here, the υodd

zf and υeven
zf represent

the odd-parity part and even-parity part of the newly generated
zonal flow (υzf) respectively. Figure 6 plots the growth rates

of the secondary instability versus ky with the modified shear
flow taken at maximum (t = 2470) and minimum (t = 2520) of
the potential energy respectively in one oscillation period. As
shown in Fig. 6(b), the υodd

zf reduces the suppression effect of
the imposed shear flow (υ0) visualized by higher growth rates
compared with Fig. 6(a) especially for ITG components of
ky = 0.6 and 0.7. Meanwhile, even-parity part (υeven

zf ) has rel-
atively ignorable effect on the growth rates of the ITG modes,
as shown in Fig. 6(c). Hence, the odd part of the newly gener-
ated zonal flow mainly contributes to the oscillation behavior.
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The analyses above may conclude that the oscillation be-
havior of the ITG fluctuations as well as the KH mode excited
by imposed sinusoidal-type small-scale shear flow results from
the role of the zonal flow with odd parity. However, a ques-
tion may arise what happens if a cosine-type small-scale shear
flow is imposed. To clarify it, a simulation similar to that in
Fig. 1 is performed by imposing a cosine-type shear flow, i.e.,
υ0 =Acos

(
kqx
)
. Figure 7(a) exhibits that remarkable periodic

oscillations do not appear. The kinetic energy of the newly
generated zonal flow in the nonlinear phase is relatively static
no matter the shear flow parity as shown in Fig. 7(b). Further
shown in Fig. 8(a), the odd part of the zonal flow is too weak
compared with the even part which plays less important role
in modifying the equilibrium shear flow. More importantly,
the modified flow profile is symmetry around the rational sur-
face x = 0 in Fig. 8(a) with the even symmetry same as the
mode structure of long wavelength component with ky = 0.1
as shown in Fig. 8(b). Here, it may correspond to the unbroken
symmetry of the KH mode which contributes to the generation
of the zonal flow as well.

4. Turbulence transport
The role of small-scale shear flow in turbulent trans-

port is also evaluated. Theoretically, the turbulent heat
transport is mainly attributed to the electrostatic fluctua-
tion which ignores the contribution from magnetic fluctua-
tions. The transport coefficient is expressed as[40] χi (ky) [=

−(ρi/Ln)(cTi/eB)〈T̃i (ky)∂ φ̃ (ky)/∂y〉/(1+ηi)]. The evolu-
tion of turbulent heat transport corresponding to different ky

modes is illustrated in Fig. 9. χi is featured with periodic in-
termittency which is oscillating with KH mode in the approxi-
mative phase. The transport properties observed here are inter-
esting. It is worthwhile to further discuss whether it is driven
by the KH mode or the ITG turbulence mostly.

0 1000 2000 3000

ky=0.7 

ky=0.1 

ky=0.8 ky=0.9 

10-2

10-5

10-8

χ
i(
k
y
)2

/
( ρ

ic
T

i/
L

n
e
B

)

t(υti/Ln)

χi

Fig. 9. Time evolution of ion heat transport versus different ky. Here
υ0 = 0.9sin

(
kqx
)
, kq = 0.9.

First of all, the turbulent transport with different ampli-
tude of small-scale shear flow is compared. For the given ηi,

the intermittency occurs earlier as the amplitude of the shear
flow increases distinctly. In comparison d with the case with-
out the KH mode (A= 0), the dependence of the transport level
corresponding to the component of ky = 0.1 on the flow am-
plitude A and the total turbulent transport coefficient for both
relatively weaker (A = 0.85) and stronger (A = 0.9) KH in-
stabilities are plotted in Fig. 10. It can be seen that the heat
transport caused by the KH mode is greatly higher than that in
the case with A = 0 in Fig. 10(a), showing that the KH mode
mainly contributes to the resultant transport level. The trans-
port level in the case with A = 0.85 approaches to the level in
the case without external shear flow, as shown in Fig. 10(b).
However, it is enhanced visibly in the case A = 0.9. This may
be ascribed to the role of the zonal flow generated nonlinearly
by the KH mode, in which the effects of the KH destabilization
and the zonal flow stabilization balance with each other. As a
result, the complex nonlinear interaction among the EM ITG
and KH modes, and the self-generated zonal flow with exter-
nally imposed small-scale shear flow make the heat transport
limited.
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Fig. 10. Evolution of the heat transport coefficient of (a) the KH component
(b) all components with both weaker (A = 0.85) and stronger (A = 0.9) KH
instabilities. Here υ0 = Asin(0.9x).

Furthermore, another parameter, ηi, also influences the
characters of the transport as shown in Fig. 11. In Fig. 11(b),
the total heat transport is enhanced significantly when ηi > 1
as the stronger ITG dominates the transport. Compared with
Fig. 11(a), stronger ITG is excited which causes dominant
contribution to the transport and here the KH mode may play
less role in the total transport. This is different from the behav-
ior with ηi ≤ 1 in which the KH mode contributes to almost
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total heat transport. It is also illustrated that when ηi increases
to a higher value, the oscillation behavior disappears in the
evolution of both the instability and the heat transport.
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Fig. 11. Evolution of the heat transport coefficient of (a) the KH component
(b) all components with ηi = 0.5, 1.0 and 1.5. Here υ0 = 0.9sin(0.9x).

5. Summary
In this work, it has shown that the equilibrium shear flow

can excite the KH instability to interact with different scale
fluctuations through direct nonlinear mode coupling and/or in-
direct modification of the shear flow by the zonal flow. Here,
the equilibrium shear flow is characterized by small scale
zonal flow, which can be created by the CTEM in tokamak
plasmas. Our work above illustrates a mechanism of wave-
flow energy transfer process, which can be considered as an-
other energy channel among cross-scale turbulence with shear
flows. The focus is on revealing the underlying mechanism
of multi-scale multi-mode nonlinear interaction. Compared
with the case with moderate amplitude small-scale shear flow,
not only the KH mode but also the ITG modes can become
two dominant components to nonlinearly couple with each
other. Interestingly, a prominent periodic oscillation of fluc-
tuation intensity except for dominant ITG component is re-
vealed in turbulence evolution, which onset time depends on
the ion temperature gradient and the shear flow amplitudes
corresponding to different KH instabilities. It is identified that
the underlying mechanism results from the zonal flow dynam-
ics, which is mainly generated by the KH mode and back-
reacts on it. It is demonstrated that the odd symmetric compo-
nents of zonal flow (same symmetry as the external flow) make
the radial parity of the KH mode alteration through adjusting
the drift velocities at two sides of the resonant surface so that

the KH mode becomes bursty first. Afterwards, the ITG os-
cillation follows due to nonlinear mode coupling among the
KH mode and ITG components. Moreover, the turbulent heat
transport is enhanced by the strong shear flow while it tends to
oscillate with the potential energy of the KH mode. In more
detail, as the shear velocity increasing, the heat transport co-
efficient increases which is dominant by the KH mode with
ηi < 1. However, the ITG mode may mainly contribute to
the heat transport with ηi > 1 and the oscillation behavior dis-
appears in the evolution of both the instability and the heat
transport.
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Appendix A: The influence of the artificial dissi-
pations on the oscillatory behaviors

In this part, the scans of the classical cross-field dissipa-
tions on the oscillatory behaviors are exhibited. For example,
as shown in the Fig. A1, the values of the dissipation deter-
mine the evolution of the KH mode. With the dissipation in-
creasing, the intermittency occurs earlier and the amplitude of
the potential energy is slightly enhanced as well. However,
accompanied with the higher value of dissipations, the oscilla-
tory behavior vanishes. Furthermore, the detailed analysis of
the dissipation effect on the spectral structure will be consid-
ered in the future work.

0 1000 2000 3000 4000

D/. D/.

D/. D/.

D/.

100

10-2

10-1

<φ
(k

y
)2
>/
2

t(υti/Ln)

Fig. A1. Evolution of the potential energy. DU = Dn = η⊥ = χ⊥ are marked
as D in the legend.
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