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Abstract. In this paper, we simulate intermittent turbulence

(also known as bursting events) in stably stratified open-

channel flows using direct numerical simulation. Clear sig-

natures of this intriguing phenomenon are observed for a

range of stabilities. However, the spatiotemporal character-

istics of intermittency are found to be strongly stability de-

pendent. In general, the bursting events are much more fre-

quent near the bottom wall than in the upper-channel region.

A steady coexistence of laminar and turbulent flows is de-

tected at various horizontal planes in very stable cases. This

spatially intermittent pattern is found to propagate down-

stream and strongly correlate with the temporal evolution of

intermittency. Lastly, a long standing hypothesis by Black-

adar (1979), i.e., the strong connection between local stabil-

ity and intermittent turbulence, is corroborated by this mod-

eling study.

1 Introduction

The term “intermittency” has different connotations in vari-

ous scientific communities. Even among the turbulence re-

searchers, it does not have a unique definition. Tsinober

(2001) attempted to distinguish between the two most com-

mon usages of intermittency in a very succinct manner:

The term intermittency is used in two distinct (but

not independent) aspects of turbulent flows. The

first one is the so-called external intermittency. It is

associated with what is called here partially turbu-

lent flows, specifically with the strongly irregular

and convoluted structure and random movement

of the “boundary” between the turbulent and non-

turbulent fluid. The second aspect is the so-called

small scale, internal or intrinsic intermittency. It is

usually associated with the tendency to spatial and

temporal localization of the “fine” or small scale

structure(s) of turbulent flows.

There is extensive literature on small-scale intermittency.

A wide range of conceptual models (e.g., multifractal model)

have been proposed to explain various traits of intermittency.

Chapter 8 of Frisch (1995) provides an excellent review on

this topic. We would like to note that the present study does

not contribute to this research arena. Instead, it focuses on

the global (a.k.a. external) intermittency.

Townsend (1948) was one of the first to report global in-

termittency in a laboratory experiment. Its existence was also

well documented in the atmospheric boundary layer (ABL)

literature (e.g., Mahrt, 1989; Sun et al., 2002, 2004; Naka-

mura and Mahrt, 2005). Global intermittent turbulence (a.k.a.

turbulent bursting events) is usually characterized as alter-

nately quiescent and bursty portions of an observed time se-

ries, representing laminar and turbulent states of the ABL

flow, respectively. This type of non-stationary time series has

been widely observed in geographically and climatologically

diverse regions around the world. For example, they were

observed in field experiments in Kansas, USA (Nakamura

and Mahrt, 2005), Cabauw, the Netherlands (Holtslag et al.,

2013), and Summit, Greenland (Cullen et al., 2007) (see

Fig. 1a, b, c). In addition, intermittent turbulence was gen-

erated in wind-tunnel experiments under idealized settings

(Ohya et al., 2008) (see Fig. 1d). From Fig. 1, one appreci-

ates the fact that intermittent turbulence is a truly multiscale

(bursting duration ranging from seconds to hours) and a dy-

namically complicated (and perhaps complex) phenomenon.

It is also known in the literature that this phenomenon por-
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Figure 1. Intermittent time series of vertical velocity observed in

field and laboratory experiments. (a) Kansas, USA (Nakamura and

Mahrt, 2005). (b) Cabauw, the Netherlands. (c) Summit, Green-

land (Cullen et al., 2007). (d) Wind-tunnel experiment (Ohya et al.,

2008).

trays intriguing spatiotemporal characteristics (Coulter and

Doran, 2002).

Quantification of spatiotemporal characteristics of inter-

mittent turbulence is of considerable importance from practi-

cal standpoints. For example, it has been shown that the tur-

bulent bursts can cause an unusually high concentration of

surface layer ozone by transporting it from higher altitudes

in the ABL (Salmond and McKendry, 2005). It has also been

speculated that these events might be causing excessive fa-

tigue damage to wind turbines located in the US Great Plains

(Park et al., 2013). Furthermore, these episodic events have

been associated with the degradation of the performance of

astronomical telescopes as they tend to generate excessive

optical turbulence (Lawrence et al., 2004).

Given its ubiquitous occurrence and practical importance,

much effort has been devoted to investigate the character-

istics and generation mechanism of intermittent turbulence.

In the recent years, various mesoscale atmospheric phenom-

ena, including (but not limited to) low-level jets (LLJ) (Sun

et al., 2002), density currents (Sun et al., 2002), and gravity

waves (Sun et al., 2004), were identified as possible triggers

for turbulent bursts. Even though these physical processes are

extremely relevant for atmospheric intermittent turbulence

generation, in this study we would like to address a more

fundamental question: is intermittent turbulence an inherent

property of stably stratified boundary layer flows? That is to

say, we would like to find out if this phenomenon can be

simulated in the absence of any external forcings (e.g., to-

pography, Coriolis force and associated inertial oscillation,

mesoscale atmospheric phenomena). In some way, our inves-

tigation can be perceived as a numerical testing of an age-old

hypothesis by Blackadar (1979).

Several decades ago, Blackadar (1979) associated the oc-

currence of intermittent turbulence with the modulation of a

gradient Richardson number (a stability parameter reflecting

the balance between buoyancy and shear). He hypothesized

that under stably stratified conditions, a turbulent flow be-

comes laminarized when the buoyancy forcing strongly dom-

inates over shear causing the gradient Richardson number

to exceed a critical value. The resulting reduction in turbu-

lent mixing leads to flow acceleration and, in turn, triggers

a turbulent burst. In nature, this decaying and bursting pro-

cess can occur repeatedly generating turbulent intermittency

(Businger, 1973; Stull, 1988; Mahrt, 1999). To the best of our

knowledge, this hypothesis by Blackadar (1979) has not been

confirmed using high-fidelity modeling approaches such as

direct numerical simulation (DNS) or large-eddy simulation

(LES). However, the wind-tunnel experiments by Ohya et al.

(2008) seem to corroborate this hypothesis. The signatures of

bursting events are very clear in their data (see Fig. 1d). How-

ever, Ohya et al. (2008) utilized a LLJ-type velocity profile

to mimic typical nocturnal ABL flows over land. It is possi-

ble that this velocity profile played a significant role in trig-

gering the intermittent events. To avoid any ambiguity, in the

present study we will refrain from using any artificial profiles

or boundary/forcing conditions in our numerical simulations.

At present, LES is one of the most efficient computa-

tional techniques available for high Reynolds number tur-

bulent flow simulations. However, its applicability to sim-

ulate strongly stratified flows has remained an unsettled is-

sue (Basu and Porté-Agel, 2006; Flores and Riley, 2011).

Furthermore, it is well known in the literature that the LES-

based flow characteristics are strongly dependent on the em-

ployed subgrid-scale (SGS) model, spatial resolution, filter

type, etc. To circumvent these ad hoc numerical influences,

in this study we opt to use a viable alternative: the DNS ap-

proach. In this approach, the Navier–Stokes (N–S) equations

are solved without any averaging, any filtering, or any other

approximations for turbulence. Owing to its precise repre-

sentation of the N–S equations, the DNS-generated data sets

are considered to be of extremely high fidelity and are uti-

lized to provide a better physical understanding of various

types of turbulent flows (see the review by Moin and Mahesh,

1998). Unfortunately, due to exorbitant computational costs,

the DNS approach is limited to low Reynolds number flows.

Despite this unavoidable limitation, we are hopeful that the

DNS approach will enable us to answer our posed question

in an unequivocal manner.
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During the past decades, several DNS studies focused on

the turbulence laminarization problem under stably stratified

conditions (Garg et al., 2000; Barnard, 2000; Iida et al., 2002;

Nieuwstadt, 2005; Flores and Riley, 2011; García-Villalba

and del Álamo, 2011; Brethouwer et al., 2012; Ansorge and

Mellado, 2014). Some of these studies discussed the transient

nature of the laminarization phenomenon; a few of them doc-

umented steady coexistence of laminar and turbulent flows;

and a handful of these studies proposed certain criteria for

turbulence decay. Below, we briefly summarize some of these

relevant works as the present study borrows scientific ideas

and numerical strategies from them.

Nieuwstadt (2005) investigated the maximum level of

stratification that a turbulent flow can survive in an open

channel. He proposed a stability parameter (h/LN ) to probe

this problem; it was found that turbulence intensity decayed

rapidly with h/LN > 1.25. Iida et al. (2002) studied the tur-

bulence suppression in stratified channel flows, and it was

indicated that, with increasing friction Richardson number

(Riτ =1ρgh/ρ0u
2
τ with uτ the friction velocity), the flow

became laminar on one wall while it was still turbulent on

the other wall. Partial laminarization phenomenon was also

observed in Flores and Riley (2011); however, the laminar-

ization was transient due to the limited computational do-

main size. Domain size sensitivity was later discussed by

García-Villalba and del Álamo (2011). The authors found

that the turbulence was non-stationary with a domain size

of 4πh× 2h× 2πh and Riτ > 60. With increasing the do-

main size to 18πh× 2h× 8πh, the turbulence became sta-

tionary even with a relatively high friction Richardson num-

ber (Riτ = 480), and turbulent–laminar patches were also ob-

served in the channel. The coexistence of laminar and turbu-

lent flows in a stably stratified open channel was further stud-

ied by Brethouwer et al. (2012). The authors found that the

laminar and turbulent flows can stably coexist within a wide

range of Reynolds number and Richardson number. Intrigu-

ing spatial intermittency was also observed by Ansorge and

Mellado (2014) in their DNS study of stably stratified Ek-

man layer. Similar to Nieuwstadt (2005) and Flores and Riley

(2011), a transient process of turbulence collapse and recov-

ery was generated by imposing a suddenly cooled surface to

a neutrally stratified flow field. Spatial characteristic of in-

termittent turbulence was then analyzed in detail during this

transient process. However, whether the spatial pattern of in-

termittency can persist in the long term was not discussed in

the paper. Barnard (2000) performed a DNS study of inter-

mittent turbulence in a stratified Ekman layer, and intermit-

tent time series of vertical velocity and heat flux were doc-

umented. He proposed that the intermittent turbulence orig-

inated from the Ekman instability that lifted colder air over

warmer air. Since this proposed mechanism is modulated by

inertial oscillation, it is not effective in the absence of the

Coriolis force.

Since the coexistence of laminar and turbulent flows has

been observed in the papers by Flores and Riley (2011),

García-Villalba and del Álamo (2011), Brethouwer et al.

(2012), and Ansorge and Mellado (2014), we speculate that

the time variation of velocity, temperature, and fluxes in

a channel should manifest temporal intermittency. Unfortu-

nately, no such results were documented in those studies. We

would like to emphasize that the field experimental studies

(Sun et al., 2002, 2004; Nakamura and Mahrt, 2005; Cullen

et al., 2007; Coulter and Doran, 2002) almost always elabo-

rate on temporal intermittency. Thus, there is a need for doc-

umenting simulated temporal intermittency results in order

to make the DNS studies relevant to the ABL research. In the

present study, we fill that void by presenting time series and

time height plots of several variables. In addition, we quan-

tify the spatiotemporal characteristics of intermittent turbu-

lence in stably stratified channel flows. Most importantly, we

investigate (i) if intermittent turbulence can be generated in

the absence of any external forcings, (ii) if our DNS results

can corroborate Blackadar’s hypothesis, i.e., the strong cor-

relation between local stability and turbulence intermittency.

The structure of this paper is as follows: in Sect. 2, we

introduce the numerical method and summarize the compu-

tational configurations and modeling details. Spatiotemporal

characteristics of intermittent turbulence are documented in

Sect. 3. In this section, we also discuss the relationship be-

tween local stability and intermittent turbulence, as well as

the sensitivity to Reynolds number. In Sect. 4, the conclu-

sions and future directions are stated. Finally, verification for

the DNS solver is performed in Appendix A.

2 Method

In this paper, the incompressible turbulent flow in a plane

open channel is studied under stably stratified conditions

with three friction Reynolds numbers (Reτ = 180, 395, and

550). The friction Reynolds number, Reτ = uτh/ν, is based

on the open-channel height (h) and the friction velocity uτ =√
τw/ρ0, where ν is kinematic viscosity, τw is wall shear

stress, and ρ0 is reference density. Several stratification lev-

els are considered by imposing different friction Richardson

numbers Riτ =1ρgh/ρ0u
2
τ , where 1ρ is the density differ-

ence between the top and the bottom walls, and g denotes

gravitational acceleration. In this study, seven simulations are

performed with a wide range of friction Richardson num-

bers (cases S0–S2880 in Table 1). It is important to note

that the open-channel flow is equivalent to a y symmetrized

(closed-channel) plane Poiseuille flow; however, the defini-

tions of the friction Richardson number in these two cases

are slightly different. The conventional definition for Riτ in

closed-channel flows (Armenio and Sarkar, 2002; García-

Villalba and del Álamo, 2011) is 2 times larger than the def-

inition used here for open-channel flows. In other words, the

stratification level with Riτ = 240 in a closed channel is sim-

ilar to that in open-channel flows with Riτ = 120.
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According to García-Villalba and del Álamo (2011),

a large domain is needed to simulate stably stratified flows

with high friction Richardson numbers. For the current study,

the domain size is chosen to be Lx ×Ly ×Lz = 8πh×h×

4πh. Here, Lx , Ly , Lz are the domain lengths in the stream-

wise (x), vertical (y), and spanwise (z) directions, respec-

tively (see Fig. 2). The domain size is shown to be sufficient

to accommodate the spatiotemporal evolution of intermittent

turbulence (please refer to Appendix B). The grid distribu-

tions in the streamwise and spanwise directions are uniform.

To fully resolve turbulence in near-wall regions, the first grid

level near the bottom wall is located at y+ = 0.1, and 15 grids

are set within y+ < 10, where y+ is the normalized grid dis-

tance from the bottom wall, y+ = yuτ /ν. A summary of the

simulation configurations can be found in Table 1.

Under the Boussinesq approximation, the governing

Navier–Stokes and the scalar transport equations are pre-

sented in Eqs. (1)–(3). The governing equations are

normalized by h and uτ (e.g., u∗i = ui/uτ ,x
∗

i = xi/h).

We consider stably stratified air flow, so Prandtl number,

Pr= ν/κ , is set to 0.71. The temperature and density are

normalized as T ∗ = (T − Ttop)/(Ttop− Tbot) and ρ∗ = (ρ−

ρtop)/(ρbot− ρtop), respectively, where the top and bot sub-

scripts represent the top and bottom walls, respectively.1P ∗

is the streamwise pressure gradient driving the flow and p∗

is the dynamic pressure.

∂u∗j

∂x∗j
= 0 (1)

∂u∗i

∂t∗
+
∂u∗i u

∗

j

∂x∗j
=

1

Reτ

∂

∂x∗j

∂u∗i

∂x∗j
−
∂p∗

∂x∗i
+1P ∗δi1−Riτρ

∗δi3 (2)

∂T ∗

∂t∗
+
∂T ∗u∗j

∂x∗j
=

1

ReτPr

∂

∂x∗j

∂T ∗

∂x∗j
(3)

The DNS solver used here is based on an open-source

CFD package called OpenFOAM. OpenFOAM has been well

verified for a number of scientific and engineering applica-

tions (Flores et al., 2013; Hoang et al., 2013). The govern-

ing equations are discretized using the finite-volume method.

The spatial and temporal derivatives are discretized with the

second-order central scheme and implicit second-order back-

ward scheme, respectively (OpenFOAM, 2015). The pres-

sure equation is solved using pressure implicit with split-

ting of operators (PISO) algorithm (Issa, 1986). Periodic

boundary conditions are prescribed along the streamwise and

spanwise boundaries. A non-slip boundary condition (u∗, v∗,

w∗ = 0) is specified at the bottom wall (y∗ = 0), whereas at

the top wall (y∗ = 1), a free-slip boundary condition is im-

posed (∂u∗/∂y∗ = 0, v∗ = 0, ∂w∗/∂y∗ = 0). Here u∗, v∗,

and w∗ are streamwise, vertical, and spanwise normalized

velocity components, respectively. Fixed normalized temper-

atures (T ∗top = 0, T ∗bot =−1) are also prescribed along the

top and the bottom walls. For the neutrally stratified case

(Riτ = 0), the buoyancy term (the third term on the right-

Figure 2. Illustration of the computational domain, where x, y, and

z are streamwise, vertical, and spanwise directions, respectively.

The red short-dashed and blue long-dashed lines define a horizontal

(x–z) plane and a spanwise (x–y) plane, respectively.

hand side of Eq. 2) is removed from the momentum equa-

tion. Under this scenario, the temperature equation actually

represents the transport of a passive scalar.

In order to obtain initial conditions for the simula-

tions, coarse-resolution cases are run for about 200 non-

dimensional time units (i.e., t uτ /h≈ 200) to obtain quasi-

stationary flow fields. Then the flow variables are interpo-

lated to fine-resolution initial fields. For the cases with Reτ =

180, the simulations are conducted for 50 non-dimensional

time to obtain the mean flow and turbulence statistics pro-

files, as well as time series results. For Reτ = 395 and 550,

the simulations are run for 10 non-dimensional time.

According to Kim et al. (1987) and Spalart (1988), in or-

der to fully resolve the wall-bounded turbulence using spec-

tral methods, the streamwise and spanwise grid resolutions

should satisfy 1x+ < 15 and 1z+ < 8. One would expect

the corresponding requirement for a finite-volume solver to

be more stringent. In the current study, our analyses mainly

focus on the cases with Reτ = 180. In lieu of any established

criteria for DNS grid resolutions, we wanted to get some

guidance from the literature. So, we summarized different

grid resolutions used in the past DNS studies of neutral and

stratified channel flows in Table 2. Then, to be on the conser-

vative side, we chose a relatively fine grid resolution reported

in Table 2 for the present study. Several verification cases

(cases V1–V5 in Table 1) are conducted which show that the

simulation results from the current solver agree well with the

benchmark results for both neutral and stratified cases (see

Appendix A for details). In addition, we increase the hori-

zontal grid resolution by 50% and no essential change is ob-

served in the simulation results (see Appendix B). These re-

sults indicate that the grid resolution, employed in this study

for Reτ = 180, is sufficient for the DNS of stably stratified

flows. In order to evaluate the impact of Reynolds number on

our key findings, we also conduct two additional simulations

with Reτ = 395 and 550. The grid resolutions for Reτ = 395

are similar to those used for Reτ = 180 (see Table 1); how-

ever, for Reτ = 550, a relatively coarse resolution is used.

For the case with Reτ = 550, an estimation of the ratio of
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Table 1. Summary of the simulation configurations used in this study. Reτ is friction Reynolds number; Riτ is friction Richardson number;

Nu is Nusselt number; Lx and Lz are the domain lengths in the streamwise (x) and spanwise (z) directions, respectively; h is the open-

channel height in the vertical (y) direction (h is set to be 1.0 for the current study); Nx , Ny , Nz are the cell numbers in x, y, z directions,

respectively; and 1x+,1y+,1z+ are the normalized grid resolutions (e.g., 1x+ =1xuτ /ν). The smaller and larger 1y+ represent the

vertical grid resolution at the bottom and the top walls, respectively.

Case Reτ Riτ Nu Lx/h Lz/h Nx Ny Nz 1x+ 1y+ 1z+

S0 180 0 4.64 8π 4π 512 50 512 8.8 0.1–5.5 4.4

S30 180 30 3.01 8π 4π 512 50 512 8.8 0.1–5.5 4.4

S120 180 120 2.07 8π 4π 512 50 512 8.8 0.1–5.5 4.4

S240 180 240 1.72 8π 4π 512 50 512 8.8 0.1–5.5 4.4

S480 180 480 1.00 8π 4π 512 50 512 8.8 0.1–5.5 4.4

S960 395 960 2.08 8π 4π 1088 92 1088 9.1 0.1–5.6 4.6

S2880 550 2880 1.76 8π 4π 1152 100 1152 12.0 0.1–6.5 6.0

V1 180 0 . . . 4π 2π 256 100 256 8.8 0.1–5.5 4.4

V2 395 0 . . . 2π π 288 184 288 8.6 0.1–5.6 4.3

V3 150 0 . . . 2π π 108 45 108 8.7 0.1–5.5 4.4

V4 150 10 . . . 2π π 108 45 108 8.7 0.1–5.5 4.4

V5 150 20 . . . 2π π 108 45 108 8.7 0.1–5.5 4.4

Table 2. Summary of different grid resolutions used for DNS studies of neutral and stratified channel flows. Reτ is friction Reynolds number;

Reg is Reynolds number based on geostrophic wind; Riτ is friction Richardson number; Rib is bulk Richardson number; h/L is stability

parameter; x,y,z are streamwise, vertical, and spanwise directions, respectively; 1x+,1y+,1z+ are the normalized grid resolution (e.g.,

1x+ =1xuτ /ν); O and C denote the open-channel and closed-channel flows, respectively; and FD, FV, and SP represent finite-difference,

finite-volume, and spectral methods, respectively. The numbers in the FD and FV methods represent the order of accuracy for the adopted

spatial discretization schemes.

Reτ , Reg Riτ , Rib, h/L 1x+ 1y+max 1z+ O/C Method

Iida et al. (2002) Reτ = 150 Rib = 0–0.54 36.8 N/A 14.7 C SP

Kasagi et al. (1992) Reτ = 150 Riτ = 0 18.4 4.9 7.4 C SP

Nieuwstadt (2005) Reτ = 360 h/L= 0.41–2.05 18.0 N/A 18.0 O FV2

Nagaosa and Saito (1997) Reτ = 150 Riτ = 0–20 14.7 4.7 7.4 O FD2

Barnard (2000) Reg = 400 Rib = 0–0.1 14.2 N/A 14.2 O SP

Flores and Riley (2011) Reτ = 360, 560 h/L= 0–2.05 12.0 6.0 6.0 O SP

Deusebio et al. (2011) Reτ = 360 h/L= 0–1.5 11.8 N/A 5.9 O SP

Moser et al. (1999) Reτ = 180–590 Riτ = 0 9.7–17.7 4.4–7.2 4.8–6.5 C SP

Brethouwer et al. (2012) Reτ = 80–334 Riτ = 0–985 9.4–15.6 N/A 4.7–7.8 O SP

Bernardini et al. (2014) Reτ = 550–4079 Riτ = 0 9.2–10 N/A 6.1–6.7 C FD2

Kawamura et al. (1999) Reτ = 180, 395 Riτ = 0 9.0–9.9 N/A 4.5–4.9 C FD2

Garg et al. (2000) Reτ = 180 Riτ = 0–45 8.8–17.6 5.5 4.4 C SP

Dong and Lu (2005) Reτ = 180 Riτ = 0–20 8.8 N/A 6.6 O FD2

Zonta et al. (2012) Reτ = 110–180 Riτ = 0–926 5.4–8.8 N/A 2.7–4.4 C SP

García-Villalba and del Álamo (2011) Reτ = 180, 550 Riτ = 0–1920 8.8–9.0 5.9–6.7 4.1–4.4 C SP

Ansorge and Mellado (2014) Reg = 500–1000 Rib = 0–0.62 4.1–5.9 N/A 4.1–11.7 O FD6

Current configuration Reτ = 180–550 Riτ = 0–2880 8.8–12 5.5–6.5 4.4–6.0 O FV2

grid size to the Kolmogorov length scale following Nieuw-

stadt (2005) shows that 1x ≈ 7η and 1z≈ 3.5η, where η is

the Kolmogorov length scale. Although these grid sizes are

near the lower limit of the DNS resolution (Moin and Ma-

hesh, 1998), it is nevertheless acceptable for a qualitative es-

timation of the impact of Reynolds numbers in the current

study.

3 Results

According to the linear stability theory in Gage and Reid

(1968), the Poiseuille channel flow is stable for approxi-

mately Riτ > 900 at Reτ = 180. As was mentioned in Sect. 2,

this corresponds to about Riτ > 450 for open-channel flows

at the same Reynolds number. Taking this into account,

a wide range of stratification levels, i.e., from neutral (Riτ =

0) to very stable (Riτ = 480), are considered in this section in

www.nonlin-processes-geophys.net/22/447/2015/ Nonlin. Processes Geophys., 22, 447–471, 2015
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Figure 3. Vertical distributions of variables with different Riτ (Reτ = 180). (a) Mean streamwise velocity (u), (b) turbulent momentum flux

(−u′v′), (c) mean temperature (T ), and (d) turbulent heat flux (−T ′v′).

order to obtain comprehensive characteristics of intermittent

turbulence at Reτ = 180. Specifically, time series and time

height plots are presented to delineate the temporal varia-

tions of turbulence with various stratification levels. In paral-

lel, different horizontal (x–z) and spanwise (x–y) planes are

shown to describe various patterns of spatial intermittency.

In addition to these visual documentations, several statistics

(e.g., turbulence enhancement index, turbulent fraction) are

provided for quantification of turbulence intermittency. Fur-

thermore, a strong emphasis is placed on understanding the

relationship between gradient Richardson number and turbu-

lence intermittency. The impact of Reynolds number on the

aforementioned characteristics of intermittent turbulence is

discussed at the end of this section.

3.1 Stratification effects on mean flow and turbulence

statistics profiles

Before investigating the spatiotemporal features of intermit-

tency, it is informative to document the influence of stable

stratification on the overall flow structure in the open channel

by analyzing the mean flow and turbulence statistics profiles.

Vertical distributions of mean streamwise velocity, tempera-

ture, and turbulent momentum and heat fluxes with different

Riτ are shown in Fig. 3 (Reτ = 180). One can see that the

flow accelerates with increasing Riτ in the channel. The slope

of the u profiles remains invariant between different cases in

the near-wall region (y/h < 0.1), implying that a constant

viscous wall shear is enforced by the streamwise pressure

gradient (see 1P ∗ in Eq. 2). In the central-channel region,

however, the u profiles change from well-mixed (Riτ = 0)

to curved (Riτ > 0); these profiles qualitatively agree with

those observed in the closed-channel simulations (Armenio

and Sarkar, 2002; García-Villalba and del Álamo, 2011). In

addition, for the case with Riτ = 480, a parabolic profile of

streamwise velocity is observed, indicating that the flow is

laminarized; our simulation agrees with the linear stability

theory in Gage and Reid (1968).

The acceleration of mean velocity is caused by the re-

duced vertical mixing due to stable stratification, which can

be clearly seen in Fig. 3b. The maximal and overall values of

turbulent momentum flux (−u′v′) decrease with increasing

Riτ , and the peak −u′v′ moves from y/h≈ 0.18 (Riτ = 0)

to y/h≈ 0.25 (Riτ = 240). For the case with Riτ = 480, the

flow becomes laminar and the turbulent momentum flux de-

creases to zero at all channel heights as would be expected.

The temperature profiles are also modified by the stratifi-

cation. With increasing Riτ , the gradient of mean tempera-

ture decreases near the wall, implying that the surface heat

flux is significantly reduced by the stratification. This can be

clearly indicated by the Nusselt number in Table 1. The Nus-

selt number, defined as the heat transfer due to turbulence

with respect to its laminar value (pure conduction), can be
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used to describe how close the flow is to a laminar state:

Nu=
h

1T

(
∂T

∂y

)
bot

=

(
∂T ∗

∂y∗

)
bot

. (4)

One can see that the Nusselt number equals the non-

dimensional temperature gradient at the bottom wall. For the

neutral stratification case (Riτ = 0), the Nusselt number is

relatively high (Nu= 4.64), whereas for the very stable case

(Riτ = 240), Nu= 1.72, implying that the flow is becoming

closer to laminar. Eventually, for the case with Riτ = 480, the

flow is fully laminarized and Nu= 1.0. This is further con-

firmed in Fig. 3c by the fact that the mean temperature profile

for Riτ = 480 is linear.

Under the influence of the stable stratification, the turbu-

lent heat flux is significantly suppressed, which can be seen

in Fig. 3d. As was noted by Armenio and Sarkar (2002),

the gradient of mean temperature is related to the turbulent

heat flux. This can be illustrated by integrating the Reynolds-

averaged temperature equation in channel flows:

∂T

∂y
=

1

k
T ′v′+

(
∂T

∂y

)
bot

. (5)

In the near-wall (y/h < 0.1) and top-wall (y/h > 0.9) re-

gions, the turbulent heat fluxes (−T ′v′) change sharply in the

vertical (y) direction for Riτ = 0− 240. By virtue of Eq. (5),

sharp changes in temperature profiles near the walls are ex-

pected as shown in Fig. 3c. Please note that with increasing

stratification, both the gradients in turbulent heat flux and

mean temperature decrease rapidly in a monotonic fashion

for any stratification level. In the central-channel region, the

−T ′v′ remains almost unchanged resulting in a nearly con-

stant gradient of mean temperature. Similar to that observed

for the turbulent momentum flux, the turbulent heat flux de-

creases to zero for Riτ = 480.

In summary, the stable stratification significantly reduces

the transport and mixing of turbulent flows in the vertical

direction as would be expected. Therefore, in the following

subsections, the vertical velocity field will be primarily uti-

lized to probe if the simulated flow becomes laminarized or

intermittent with high stratification levels.

3.2 Temporal characteristics of intermittent turbulence

To analyze the temporal characteristics of intermittent turbu-

lence, several probe points are placed in the channel to mon-

itor the time variations of the stratified turbulent flows. Time

series of vertical velocity in the channel with different Riτ are

shown in Fig. 4. For the weakly stratified case (Riτ = 30), the

turbulent flow is continuous and no intermittency can be ob-

served. However, with increasing the stratification level (i.e.,

Riτ = 120), intermittent turbulence can be clearly seen, es-

pecially at the near-wall location (around y+ = 10). Inter-

estingly, the bursting and decaying turbulence follows quasi-

periodic cycles; approximately 6–7 bursting events are ob-

served in every 10 non-dimensional time (t uτ /h≈ 10) at
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Figure 4. Time series of vertical velocity in the channel with differ-

ent Riτ (Reτ = 180). (a) Riτ = 30, (b) Riτ = 120, (c) Riτ = 240,

and (d) Riτ = 480.

y+ = 10. In contrast to the near-wall region, in the upper-

channel region (i.e., around y+ = 150) the intermittency can

be hardly observed. We would like point out that this height-

dependency behavior was earlier observed in a wind-tunnel

experiment by Ohya et al. (2008). By further increasing the

friction Richardson number to Riτ = 240, intermittency be-

comes more pronounced. For example, a large segment of de-

caying turbulence is found in approximately 10< t uτ /h <

15. In contrast to the Riτ = 120 case, the time interval be-

tween the turbulent burst and decay is much less rhythmic

and instead more irregular. Eventually, when the stratifica-

tion level increases to Riτ = 480, the turbulence is fully lam-

inarized and no turbulent fluctuation is found.

Time series of streamwise velocity and temperature in the

channel with Riτ = 120 are shown in Fig. 5. Similar to what

was found for the vertical velocity, turbulent bursts of stream-

wise velocity and temperature can be easily identified in

the near-wall region. However, compared to the “symmetric”

distributions of bursting vertical velocity (i.e., the vertical ve-
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Figure 5. Time series of streamwise velocity and temperature in

the channel at Reτ = 180, Riτ = 120. (a) Streamwise velocity, u,

and (b) temperature, T .

locity is equally fluctuating up and down around zero mean),

ramp-like variations are found for the streamwise velocity

and temperature time series; the u and T increase sharply

just after the bursting events and then gradually decrease to

their laminar value. This phenomenon is especially evident in

the near-wall region. It is quite exciting to see that the ramp-

like time series of streamwise velocity and temperature, sim-

ulated in the current DNS study, remarkably resemble those

measured in stratified wind-tunnel flows in Ohya et al. (2008)

(please refer to Figs. 12 and 13 in their work).

As were depicted in Figs. 4 and 5, the intermittent charac-

teristics vary at different vertical locations. In order to com-

prehensively illustrate the temporal variability of intermit-

tent turbulence across the entire channel, time height plots

of square of instantaneous vertical velocity, namely v′2 =

(v− v)2, are shown in Fig. 6. Here, v denotes the long-term

temporal average of v (essentially, v ≈ 0). v′2 can be used to

measure the bursting intensity, and high (low) v′2 represents

turbulent (laminar) flow states, respectively. In the vertical di-

rection, v′2 is generally higher in the central-channel regions

than near the walls. At the bottom and the top walls, v′2 de-

creases to zero as a result of the constraint of the boundary

conditions (v = 0). Alternating distributions of high and low

v′2 can be clearly observed at most of the channel heights

(except in close proximity of the walls) which indicates the

burst and decay of turbulent flows. Moreover, an interesting

temporal feature can be observed that the turbulent bursts are

not synchronous along the vertical direction but instead are

(a)

(b)

Figure 6. Time height plots of square of instantaneous vertical

velocity (v′2) in the channel (Reτ = 180). (a) Riτ = 120, and (b)

Riτ = 240.

detected earlier at higher vertical locations. For example, for

Riτ = 120 at t∗ ≈ 39, the flow becomes turbulent at the chan-

nel center (y/h≈ 0.5), whereas at the same time, the flow

remains laminar in the near-wall region (y/h≈ 0.1). There

is a time lag (1tuτ /h≈ 0.5) for the busting events between

the central-channel and the near-wall regions. This time lag

is related to the angular orientation of the near-wall turbulent

flow structures which are elaborated on in Sect. 3.3.

In order to quantitatively analyze the vertical distribution

of turbulent intermittency, the turbulence enhancement index

(TEI) is used to detect the turbulent bursting events. The TEI

is defined as the ratio of increase of vertical velocity variance

(v′2) between two consecutive windows with respect to the

variance in the first window (Eq. 6):

TEI=
v′22 − v

′2
1

v′21

, (6)

where the subscripts 1 and 2 represent the current and next

windows, respectively (Nakamura and Mahrt, 2005). The

window is the prescribed time span for the calculations of v′2.

The choice of window size should be small enough to elim-

inate the influence of wave-like motions of vertical velocity

and large enough to capture the turbulent bursts (Nakamura

and Mahrt, 2005). A window range of t+w =1tu
2
τ /ν = 90 is

used here and the interval between two consecutive windows

is set to be t+i = 0.4t+w . The threshold of TEI is set to be 3,

above which the rapid increase of velocity is considered to

be a turbulent burst. In order to avoid an insufficiently small

(spurious) interval between two consecutive bursting events,

the minimal bursting interval is set to be 1t+min = 0.8t+w , be-

low which multiple bursting events are considered to be a sin-

gle event. In addition, we would like to emphasize that the

turbulent bursting events obtained from the TEI approach can
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be very sensitive to the calculation settings mentioned above,

e.g., the threshold. By utilizing a relatively high TEI thresh-

old, we exclude classical bursting events in neutral channel

flows, e.g., the burst–sweep cycles (Johnson, 1998) gener-

ated by the coherent vortices in the near-wall region. In other

words, we only consider the bursting events under the impact

of stable stratification. A detailed discussion on the determi-

nation of the TEI threshold can be seen in Appendix C.

Vertical distribution of turbulent bursting events in the

channel is shown in Fig. 7. One can see that, no bursting

event can be detected for Riτ = 30 or 480, which coincides

with the previous analyses. For Riτ = 120 and 240, the most

frequent bursting events can be found in the near-wall re-

gion, whereas in the central-channel region, the bursting fre-

quency decreases drastically. The peak bursting frequency

for Riτ = 120 (32 events) is larger than that for Riτ = 240 (26

events); however, for the case with Riτ = 120, the bursting

frequency decreases more rapidly especially in y/h > 0.3.

Interestingly, it is found that the vertical distribution of tur-

bulent bursting events has a similar trend compared to that of

turbulent momentum flux (see Fig. 3b). We speculate that this

trend is attributed to the competition between the shear gen-

eration and negative buoyancy (due to stable stratifications).

Due to the high turbulent momentum flux and therefore the

stronger turbulent mixing in the near-wall region, the turbu-

lent bursts are much more frequent near the wall than in the

upper-channel region where the dominant buoyant force sig-

nificantly suppresses the turbulent motion.

Using observational data based on the CASES-99 exper-

iment, Nakamura and Mahrt (2005) analyzed naturally oc-

curring intermittent turbulence in the atmosphere. The au-

thors calculated TEI using the velocity time series collected

from the eight levels of sonic anemometers on a 60 m tall

meteorological tower. It was found that the frequency of tur-

bulent bursting events decreased with height; the bursting

events happened 5–6 times a night at and under 20 m, and

3–4 times a night above 20 m. It is quite encouraging to

find that the DNS-based trend of turbulent bursting events

in y/h > 0.1 qualitatively agrees with that observed in at-

mospheric boundary layer flows by Nakamura and Mahrt

(2005).

3.3 Spatial characteristics of intermittent turbulence

As was mentioned in Sect. 1, intermittent turbulence varies

in both space and time. Although intermittent time series sig-

nals have been widely observed, little is known about the

spatial distribution of these intermittent structures in the at-

mosphere. In recent years, DNS studies of stably stratified

channel flows, conducted by Flores and Riley (2011), García-

Villalba and del Álamo (2011), Brethouwer et al. (2012), and

Ansorge and Mellado (2014), have presented intriguing pat-

terns of spatial intermittency. In light of these findings, in this

subsection, we further investigate the spatial characteristics

of intermittent turbulence in detail.
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Figure 7. Vertical distribution of turbulent bursting events with dif-

ferent Riτ in the channel (Reτ = 180). The turbulent bursting events

are calculated within 50 non-dimensional time.

Instantaneous contours of v′2 at a horizontal (x–z) plane

are shown in Fig. 8 for four simulations of varying Riτ . The

x–z plane is located at y+ = 45, and the definition of the x–z

plane can be seen in Fig. 2. For the case with Riτ = 30, the

entire flow is turbulent at the x–z plane. With increasing the

friction Richardson number to Riτ = 120, oblique “bands”,

with an angle ∼ 30◦ with respect to the streamwise direc-

tion, can be seen at the x–z plane. These bands alternate be-

tween high and low v′2 (i.e., corresponding to turbulent and

laminar flows, respectively), and the space between two tur-

bulent bands is ∼ 12h. These oblique patterns qualitatively

coincide with previous studies of stratified channel flow in

García-Villalba and del Álamo (2011), and Brethouwer et al.

(2012). For the case with Riτ = 240, a coexistence of lami-

nar and turbulent flows is also observed; however, in this case

the patterns are not organized, rather randomly distributed.

Eventually, with increasing the friction Richardson number

to Riτ = 480, the entire flow at the x–z plane becomes lami-

nar, which concurs with the time series results in Fig. 4d.

The aforementioned results show that, for Riτ = 120 and

240, the coexistence of laminar and turbulent flows can be

observed at a given time. As was stated in Sect. 1, previous

studies have shown complex transient phenomena (Flores

and Riley, 2011) in stably stratified channel flows. In order to

verify if laminar and turbulent flows can coexist continually,

instantaneous contours of v′2 at different times (t∗ = 36, 38,

40) are shown in Fig. 9. One can see that, with increasing

time, continuous coexistence of laminar–turbulent flows can

be observed, which coincides with those reported in García-

Villalba and del Álamo (2011) and Brethouwer et al. (2012).

Moreover, a persistent pattern of oblique bands of laminar–

turbulent flow can be found for the case with Riτ = 120; the

oblique bands seem to propagate downstream with similar
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(a) (b)

(c) (d)

Figure 8. Instantaneous contours of v′2 at a horizontal (x–z) plane with different Riτ (Reτ = 180). The x–z plane is located at y+ = 45 (see

Fig. 2 for the definition of the x–z plane). (a) Riτ = 30, (b) Riτ = 120, (c) Riτ = 240, and (d) Riτ = 480.

(a) (b)

(c) (d)

(e) (f)

Figure 9. Instantaneous contours of v′2 at different times (Reτ = 180). The x–z planes are located at y+ = 45. (a) Riτ = 120, t∗ = 36,

(b) Riτ = 240, t∗ = 36, (c) Riτ = 120, t∗ = 38, (d) Riτ = 240, t∗ = 38, (e) Riτ = 120, t∗ = 40, and (f) Riτ = 240, t∗ = 40.

widths and spacings. Once again, no particular temporal pat-

tern can be found for the Riτ = 240 case.

In the vertical direction, the spatially intermittent patterns

can vary under different flow conditions. For example, in

Couette flow, the spatial patterns can extend from the bottom

to the top walls at low Reynolds numbers, whereas at high

Reynolds numbers, these patterns can be confined to each

wall, and uncorrelated (Brethouwer et al., 2012). Addition-
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(a) (b)

(c) (d)

Figure 10. Instantaneous contours of v′2 at different horizontal planes (Reτ = 180, Riτ = 120). The red-dashed line denotes the approximate

center of the turbulent bands. (a) y+ = 10, (b) y+ = 45, (c) y+ = 90, and (d) y+ = 135.

ally, in stably stratified closed-channel flows, laminarization

has been observed near the top wall, whereas near the bot-

tom wall, the flow remained turbulent (Iida et al., 2002). In

order to study the vertical distribution of the spatial patterns,

instantaneous contours of v′2 at different horizontal planes

are shown in Fig. 10. One can see that the oblique bands can

be found at all of the channel heights; however, the inten-

sity of these turbulent bands varies. In the near-wall region,

the turbulent band is very weak, whereas at y+ = 45, the

intensity of v′2 in the turbulent band becomes much higher

and the interface between laminar and turbulent flow can be

easily identified. However, in the central-channel region, the

turbulent band expands and the laminar–turbulent interface

becomes diffused. At a higher channel location, the turbulent

intensity in the oblique bands decreases again. In conjunction

with the results in Fig. 9, it is indicated that an oblique pat-

tern of laminar–turbulent coexistence is found at Reτ = 180

and Riτ = 120 in the open-channel flow, and this pattern can

steadily persist through time at all of the channel heights.

Additionally, by increasing the x–z plane from y+ = 10

to 135, one can observe that the center of the turbulent band

moves downstream ∼ 7h (see the red-dashed line for the ap-

proximate center of the turbulent bands in Fig. 10). This in-

dicates that the turbulent bands are not upright in the ver-

tical direction. This can be clearly seen in Fig. 11, where

the contours of v′2 at the mid-spanwise plane are shown (see

Fig. 2 for the definition of the spanwise plane). In Fig. 11a,

the black-dashed lines denote the approximate boundary of

the turbulent bands at different vertical locations and the red-

dashed lines represent the width of the turbulent bands ob-

served in the x–z plane. One can see that, in the vertical di-

rection, the turbulent bands lean downstream, and the incli-

nation angle with respect to the streamwise (x) direction is

approximately 5◦ (Riτ = 120). For the case with Riτ = 240,

similar inclination can also be found. The inclined structure

conforms well with our previous observations in the context

of the time height plots of v′2 in Fig. 6. When these for-

ward leaning turbulent bands move downstream, the turbu-

lent bursts are detected earlier in the higher vertical locations.

The aforementioned results clearly show that a coexistence

of laminar and turbulent flows can be found in the stratified

open-channel flows, and the spatial characteristic may vary

with respect to vertical location. In order to quantify the tur-

bulence coverage with respect to different x–z planes, turbu-

lent fraction (FT) is used to analyze the spatial distribution

of intermittent turbulence. FT is defined as the spatial area,

over which the flow is considered to be turbulent, normalized

by the area of the entire x–z plane (Duguet et al., 2010). The

calculation of FT consists of two steps. First, the square of

instantaneous vertical velocity (v′2) is filtered using a Gaus-

sian filter at a certain x–z plane. Then, based on the filtered

v′2 (i.e., v′2f ), a threshold is set to separate the turbulent and

laminar flows for the FT calculation. For the Gaussian fil-

ter functionG(r)= (2πσ 2)−1e−0.5r2/σ 2
, the variance is cho-

sen to be σ 2
=12/12 in order to match the second moments

of the Gaussian and box filters (Leonard, 1975; Manneville,

2011; Pope, 2000). The filter width 1x,z is chosen to be 100

normalized wall distance (1x,zuτ /ν = 100) and the thresh-

old is set to be a 10% value of the averaged v′2 over the

whole plane.

Vertical distribution of FT with different Riτ is shown in

Fig. 12. One can see that, for all the Riτ , FT drop drasti-

cally to zero at both of the bottom and the top walls ow-

ing to the constraint of the boundary conditions (v = 0). For

Riτ = 30, as was mentioned above, there is no intermittency

observed and FT = 1.0. On the other hand, for Riτ = 480,
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(a)

(b)

Figure 11. Instantaneous contours of v′2 at the mid-spanwise plane

(not to scale, Reτ = 180). Please refer to Fig. 2 for the definition

of the spanwise plane. The black-dashed lines denote the approxi-

mate boundary of the turbulent bands at different vertical locations

and the red-dashed lines represent the width of the turbulent bands

observed in the x–z plane in Fig. 10. (a) Riτ = 120, z/h= 2π ,

(b) Riτ = 240, z/h= 2π .

the entire flow in the channel is fully laminarized so FT = 0

at all of the vertical locations. For Riτ = 120, however, FT is

observed to vary vertically. FT is relatively low (∼ 0.63) at

y/h= 0.06, whereas at y/h= 0.75, FT increases to ∼ 0.9.

For Riτ = 240, a similar trend can be found except that the

overall value of FT decreases for∼ 0.15. In conjunction with

the aforementioned results from Fig. 7, one can see that the

higher frequency of turbulent bursts is generally associated

with a lower turbulent fraction at each vertical location.

An intriguing phenomenon in stratified flows is the in-

ternal gravity wave. As reported in Komori et al. (1983),

wave-like turbulence motions were measured in the core re-

gion of strongly stratified open-channel flows. These wave

motions were then corroborated by the LES simulations in

Kosović and Curry (2000), Saiki et al. (2000), and Armenio

and Sarkar (2002). As shown in Armenio and Sarkar (2002),

in the strongly stratified case, the prominent internal waves

can even extend to the near-wall region. Based on the DNS

results, here we further investigate the behavior of internal

waves in intermittent turbulence. Instantaneous contours of

temperature at the mid-spanwise plane is shown in Fig. 13.

In the upper-channel region (y/h≈ 0.8), internal waves can

be identified for both cases (Riτ = 120 and 240). Compared

with the prominent internal waves observed in Armenio and
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Figure 12. Vertical distribution of turbulent fraction (FT) with dif-

ferent Riτ (Reτ = 180).

Sarkar (2002), here the wave motions seem to constraint

themselves in y/h > 0.7. In the meantime, intermittent tur-

bulence can be observed in the lower-channel region (please

also refer to Figs. 4 and 5). Our DNS results indicate that

there is a coexistence of significant wave activity and inter-

mittent turbulence in stably stratified flows, which coincides

with the field observations in the atmospheric boundary layer

(e.g., Sun et al., 2004). This coexistence implies that the in-

ternal gravity wave can be a possible trigger to generate inter-

mittent turbulence; however, this topic is beyond the scope of

the current study, and will be investigated in our future work.

3.4 Relationship between spatial and temporal

intermittency

As reported in Coulter and Doran (2002), the temporal in-

termittency was found to be spatially correlated in the atmo-

spheric boundary layer. The authors analyzed the time series

of turbulent heat flux measured at different site locations of

the CASES-99 field campaign. It was shown that the tem-

poral distributions of intermittent turbulence were strongly

correlated between different sites, separated by at least 1 km.

For example, the episode of turbulent bursts observed at one

site location was found to have similar features with that at

another site with a time delay of half an hour (please refer

to the discussion in Sect. 4.2 in Coulter and Doran, 2002).

These results indicate that the turbulent bursting event may

not be a fully localized phenomenon in stably stratified flows.

In other words, it is possible that the disturbance of inter-

mittent turbulence can be advected by mean flows. In light

of these findings, in this subsection we evaluate whether our

DNS results can corroborate the strong correlation between

spatial and temporal intermittency as observed in Coulter and

Doran (2002).

Profiles of mean velocity (u) and convection velocity

(uc) of intermittent turbulence are shown in Fig. 14. The
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(a)

(b)

Figure 13. Instantaneous contours of temperature at the mid-

spanwise plane (not to scale, Reτ = 180). (a) Riτ = 120, z/h= 2π ,

(b) Riτ = 240, z/h= 2π .

convection velocity is calculated based on the space–time

correlation approach reported in Kim and Hussain (1993).

Specifically, the convection velocity is determined by uc =

1xmax/1t , where 1xmax is the streamwise distance for

which the space–time correlation of v′2, i.e., R(1x,y,1t),

is maximum at a given time delay (1t). In the current

study, the time delay is chosen to be 0.5 non-dimensional

time (1tuτ /h= 0.5). Following Brethouwer et al. (2012),

in order to consider only the large-scale motion of laminar–

turbulent flows, a Gaussian filter is applied to the v′2 fields

before calculating the space–time correlation. Both u and uc

are normalized by the bulk/average velocity (ub) in the chan-

nel. One can see that for both Riτ = 120 and 240 cases, the

convection velocity is lower than the bulk velocity. More-

over, the profile of uc seems to be essentially invariant along

the vertical direction, which coincides well with that ob-

served in Brethouwer et al. (2012). In Brethouwer et al.

(2012), the averaged uc in the channel was found to be

∼ 0.8ub for a case with Reτ = 192. In the current study,

a slightly lower averaged uc is observed, i.e., approximately

0.76ub and 0.73ub for Riτ = 120 and Riτ = 240, respec-

tively.

Now, using Figs. 4, 9, and 14, we can analyze the rela-

tionship between spatial and temporal intermittency. As men-

tioned in Fig. 9, the laminar–turbulent bands seem to propa-

gate downstream. When the turbulent and laminar bands pass

through the probe points in the channel, the time series of ve-

locity or temperature should alternate between turbulent and

laminar states. In order to test this concept, we analyze the
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Figure 14. Profiles of mean velocity (u) and convection velocity

(uc) of intermittent turbulence (Reτ = 180).

case with Riτ = 120. In Fig. 9, one can see that the spacing

between two turbulent bands is approximately 0.5Lx (4πh).

With a constant convection speed of 0.76ub (∼ 19uτ ), the in-

terval between two bursting events (1tburst) should be about

0.66 non-dimensional time. As discussed in Fig. 4b, approx-

imately 6–7 bursting events can be observed in every 10 non-

dimensional time. This corresponds to a bursting interval of

0.6–0.7 non-dimensional time, which coincides well with the

above analysis (1tburst ≈ 0.66). In other words, a strong cor-

relation between the spatial and temporal intermittency is ob-

served in the simulated stratified flows. This finding corrob-

orates the analysis in Coulter and Doran (2002) that inter-

mittent turbulence may not be a fully localized phenomenon,

and it can be advected by mean flows.

3.5 Relationship between intermittency and stability

parameter

In stratified shear flows, the gradient Richardson number

(Rig) has been identified as the key parameter which deter-

mines the influence of stratifications. The gradient Richard-

son number is defined as the ratio between the buoyancy fre-

quency (N ) and the shear rate (S):

Rig =
N2

S2
=−

g∂ρ/∂y

ρ0(∂u/∂y)2
= Riτ

∂T ∗/∂y∗

(∂u∗/∂y∗)2
. (7)

Compared with the bulk quantities, such as Riτ and h/L, the

gradient Richardson number is a very useful parameter which

reflects the local stability of the stratified flow. Linear stabil-

ity analysis performed by Miles (1961) and Howard (1961)

shows that Rig ≥ 0.25 is a sufficient condition for laminar-

ization of inviscid stratified shear flows. As mentioned in

Sect. 1, the Blackadar’s hypothesis (Blackadar, 1979) (see

also, Stull, 1988; Mahrt, 1999) associated the intermittent

turbulence with the modulation of Rig. In this subsection, we
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Figure 15. Vertical distribution of gradient Richardson number

(Rig) in the channel.

would like to explore if Blackadar’s hypothesis, i.e., a strong

relationship between Rig evolution and intermittent turbu-

lence, holds for the DNS results.

As a first step, we analyze the mean profiles of Rig in the

channel, which are shown in Fig. 15. All the three Reynolds

numbers (Reτ = 180, 395 and 550) are considered, and more

analyses of Reynolds number sensitivity will be presented

in Sect. 3.6. One can see that, for all the stratification levels

(Riτ ), the local stability (Rig) monotonically increases along

the vertical direction as a result of decreasing mean shear.

Rig becomes singular at the top wall where the mean shear

vanishes. At a given vertical location, Rig generally increases

with increasing overall stratification level (Riτ ). In addition,

one notices that the slope of the Rig profiles increases sharply

at Rig ≈ 0.2 for all the Reτ cases. The mean profiles of Rig,

as well as the sharp increase in Rig slope, qualitatively co-

incides with those observed in the stratified closed-channel

flows in Armenio and Sarkar (2002) and García-Villalba and

del Álamo (2011).

Next, we discuss the overall impact of Rig on turbulence

statistics. Distribution of Rig with respect to correlation co-

efficient of momentum and heat fluxes is shown in Fig. 16.

One can see that in the low Rig region, the correlation co-

efficients are relatively invariant. However, in 0.15< Rig <

0.2, there is a sharp drop of correlation coefficients of both

u′v′ and T ′v′. The agreement of this sharp drop trend is

relatively good between different Reτ cases, especially for

u′v′. These results corroborate the linear stability analysis

by Miles (1961) and Howard (1961), as well as the LES re-

sults reported in Armenio and Sarkar (2002), implying that

the vertical motion of turbulence activity is significantly sup-

pressed in the region with Rig > 0.25.

In addition to the impact of Rig on the overall stability

of stratified flows, in this study, we also explore the relation

between Rig and local turbulence. This is done by correlat-
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Figure 16. Distribution of Rig with respect to correlation coefficient

of (a) momentum and (b) heat fluxes.

ing the instantaneous gradient Richardson number (hence-

forth Rigi) and v′2. The definition of Rigi is similar to that in

Eq. (7), except that the instantaneous gradients of tempera-

ture and velocity are utilized:

Rigi = Riτ
∂T ∗/∂y∗

(∂u∗/∂y∗)2
. (8)

The concept of instantaneous gradient Richardson number

is similar to the pointwise gradient Richardson number pro-

posed in Mason (1994). Instantaneous contours of Rigi and

v′2 at the x–z plane with y+ = 90 are shown in Fig. 17. One

can observe that the Rigi pattern (Fig. 17a) remarkably re-

sembles the laminar-turbulent pattern in Fig. 17b. Similar

to that observed in Sect. 3.3, the Rigi pattern is also found

to convect downstream, closely connected to the laminar-

turbulent pattern (not shown). By using the approach intro-

duced in Sect. 3.3, we separate the turbulent and the lami-

nar regions in the x–z plane. The plane-averaged Rigi in the

laminar region and the turbulent region are 0.34 and 0.19,

respectively. The strong spatial-correlation between the high

(low) Rigi and the laminar (turbulent) regions, observed at the
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(a)

(b)

Figure 17. Instantaneous contour of (a) Rigi and (b) v′2 at the hor-

izontal plane with y+ = 90 (Reτ = 180, Riτ = 120).

central-channel, well corroborates the Blackadar’s hypothe-

sis. In addition, the plane-averaged Rigi in the laminar region

coincides with the linear stability analysis that Rig > 0.25 is

sufficient for laminarization.

Similarly, we also plot the profiles of plane-averaged Rigi

for the turbulent (RiTgi) and the laminar (RiLgi) regions (see

Fig. 18). As expected, RiLgi is generally higher than RiTgi. In

the bottom and the top wall regions, the magnitudes of RiTgi

and RiLgi are nearly identical. While in the central-channel

region, Rigi becomes quite distinguishable between the lam-

inar and the turbulent regions, especially for the case with

Riτ = 120. The profiles of RiTgi and RiLgi qualitatively resem-

ble the profiles of Rig, calculated at the locations inside and

outside of the oblique turbulent-bands, in Brethouwer et al.

(2012).

In addition to investigate the spatial-correlation between

Rigi and intermittent turbulence, we also explore the tempo-

ral evolution of Rigi associated with turbulent bursts. In the

wind-tunnel experiments performed by Ohya et al. (2008), it

was observed that the local Rig was closely correlated to tur-

bulent bursting events; for Rig < 0.25, the velocity time se-

ries exhibited turbulent behavior, whereas for Rig > 0.25, the

velocity time series became quiescent. Here we would like to

see whether our DNS results can corroborate the above dy-

namical characteristic as reported in Ohya et al. (2008). Sim-

ilar to Ohya et al. (2008), a moving-average filter is applied

on the simulated time series of Rigi (hereinafter called R̃igi)
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Figure 18. Profiles of plane-averaged Rig in the turbulence and lam-

inar regions (Reτ = 180) (a) Riτ = 120, (b) Riτ = 240.

with a filter width of 1tuτ /h= 0.2. Time series of v′2 and

R̃igi at the central-channel are shown in Fig. 19 (Reτ = 180,

Riτ = 120). One can see that, during the period with quies-

cent portions of v′2 (i.e., laminar state of flow; see Fig. 19b

for reference), R̃igi is generally larger than the critical value

(0.25). While in the turbulent portions of v′2, R̃igi drops

sharply (< 0.25). The temporal correlation between R̃igi and

intermittent turbulence qualitatively coincides with those re-

ported in Ohya et al. (2008) (see Fig. 16 in their work). Fur-

thermore, it is suggested that Rigi can be a good localized

parameter to predict spatial and temporal evolution of inter-

mittent turbulence in stably stratified flows. It is important

to note that, in this study, the prominent dynamical correla-

tion between R̃igi and turbulent burst is most distinguishable

in the central-channel region (0.4< y/h < 0.6). However, in

the near-wall region, the above dynamical relation becomes

less evident (not shown). We speculate that this incoherent

correlation is due to the significant impact of viscosity in the

near-wall region, as discussed in Turner (1979) and Defina

et al. (1999). The detailed impact of viscosity on the correla-
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Figure 19. Time-series of (a) R̃igi and (b) v′2 at the central-channel

with y+ = 90 (Reτ = 180, Riτ = 120).

tion between local stability and intermittent turbulence will

be studied in the future.

3.6 Sensitivity of intermittency with respect to

Reynolds numbers

The above analyses mainly focused on a relatively low

Reynolds number case (Reτ = 180). In this subsection, we

discuss whether the spatial and temporal characteristics of

intermittent turbulence, observed in Sect. 3.2 to 3.5, hold for

higher Reynolds numbers. To do this, we perform two ad-

ditional simulations with Reτ = 395 (Riτ = 960) and Reτ =

550 (Riτ = 2880). Time series of vertical and streamwise ve-

locity for these higher Reynolds number cases are shown in

Figs. 20 and 21, respectively. One can see that the temporal

evolutions of both vertical and streamwise velocities qualita-

tively resemble those shown in Figs. 4 and 5. Intermittent tur-

bulence is much more distinguishable in the near-wall region

(y+ = 10) than in the central-channel (y+ = 150). Moreover,

the ramp-like variations of streamwise velocity can be clearly

observed for both Reτ = 395 and 550, especially near the

wall. Similar ramp-like variation is also found in the tem-

perature time series (not shown). Next, we analyze the ver-

tical distribution of turbulent bursting events for the higher

Reynolds number cases (please refer to Fig. 22). Similar to

what was observed for Reτ = 180 (see Fig. 7), the turbulent

bursting events near the bottom wall are more frequent than

that in the upper-channel region. Moreover, compared with

Reτ = 180, the bursting events decrease much more sharply
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Figure 20. Time series of vertical velocity in the channel. (a) Reτ =

395, Riτ = 960, and (b) Reτ = 550, Riτ = 2880.

along the vertical direction. Lastly, we evaluate whether the

close connection between R̃igi and intermittent turbulence

can be observed for the higher Reynolds number cases. Time

series of R̃igi and v′2 for Reτ = 395 are shown in Fig. 23.

Again, the dynamical correlation between the temporal vari-

ation of R̃igi and intermittent turbulence is clearly observed,

coinciding with what was observed in Fig. 19 for Reτ = 180.

A similar correlation can also be observed for the case with

Reτ = 550 (not shown). Above all, the spatial and tempo-

ral characteristics of intermittent turbulence, observed for the

higher Reynolds numbers, are qualitatively similar to those

shown in Reτ = 180, although there are some differences in

detail (e.g., the sharper drop of turbulent bursting events in

vertical direction).

4 Conclusions

In this paper, direct numerical simulation is utilized to sim-

ulate open-channel flows under stably stratified conditions.

The spatiotemporal characteristics of intermittent turbulence

are discussed, and several conclusions are made as summa-

rized below.

Under stably stratified conditions, the vertical transport

of turbulent momentum and heat fluxes is suppressed and

the mean flow and turbulence statistics profiles are signifi-

cantly modified. For the weakly stratified case with Riτ = 30

(Reτ = 180), the turbulence is continuous and no intermit-

tency is found. With increasing the stratification level to

Riτ = 120 and 240, intermittent turbulence is clearly ob-
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Figure 21. Time series of streamwise velocity in the channel. (a)

Reτ = 395, Riτ = 960, and (b) Reτ = 550, Riτ = 2880.
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Figure 22. Vertical distribution of turbulent bursting events in the

channel. The turbulent bursting events are calculated within 10 non-

dimensional time.

served from the time series of velocity and temperature, es-

pecially in the near-wall regions. Eventually, the entire flow

is laminarized in the channel for Riτ = 480. This result is in

agreement with linear stability analysis by Gage and Reid

(1968). Turbulence enhancement index is utilized to detect

turbulent bursting events. It is found that the most frequent

bursting event occurs in the near-wall region; in the upper-

channel region where the buoyant force is dominant, the

bursting event frequency decreases significantly. The vertical

variation of bursting events qualitatively agrees with those
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Figure 23. Time series of (a) R̃igi and (b) v′2 at y+ = 90 (Reτ =

395, Riτ = 960).

observed in laboratory and field experiments (Ohya et al.,

2008; Nakamura and Mahrt, 2005).

Stable coexistence of laminar and turbulent flows is found

at various horizontal planes. For the case with Riτ = 120

(Reτ = 180), alternating laminar and turbulent bands are ob-

served at an angle ∼ 30◦ to the streamwise direction. This

oblique pattern persists through time and the bands propagate

downstream with similar widths and spacings. With increas-

ing Riτ to 240, however, the coexistent pattern of laminar and

turbulent flows becomes less organized. Turbulent fraction is

utilized to analyze the vertical variation of intermittent tur-

bulence. It is found that, for Riτ = 120 and 240, the turbulent

fraction is relatively low in the near-wall region, whereas it

increases rapidly in the upper-channel region.

Strong correlation between the spatial and temporal inter-

mittency is observed in the channel. The laminar–turbulent

bands are found to propagate downstream with a uniform

convection velocity, and the time series signal alternates be-

tween turbulent and laminar states when the corresponding

laminar–turbulent bands pass though the probe points. This

prominent correlation, observed in the direct numerical sim-

ulation (DNS) results, corroborates the observation-based

analyses in Coulter and Doran (2002) that intermittent tur-

bulence may not be a fully localized phenomenon, and it can

be advected by mean flows in the atmosphere.

The instantaneous gradient Richardson number (Rigi),

a local stability parameter reflecting the balance between

wind shear and buoyancy, is found to be a quite relevant

quantity to predict the spatial and temporal characteristics of
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intermittent turbulence. It is found that the alternating high–

low Rigi pattern remarkably correlates with the laminar–

turbulent bands at the horizontal plane in the central-channel

region. Furthermore, the temporal evolution of the filtered

Rigi is strongly connected to the bursting and quiescent state

of v′2 time series. Indirectly, our DNS results corroborate an

age-old hypothesis by Blackadar (1979) that the intermittent

turbulence is strongly correlated with the modulation of Rig
in the atmosphere. Additionally, the Reynolds number sensi-

tivity study, performed at the end of the paper, suggests that

the spatial and temporal characteristics of intermittent turbu-

lence, observed for the cases with Reτ = 180, qualitatively

holds for higher Reynolds numbers (Reτ = 395 and 550).

It is evident that some of the findings of the present work

have striking similarities with results gleaned from atmo-

spheric boundary layer (ABL) flows. However, given the

Reynolds number disparity, these similarities should be con-

sidered with caution. In the near future, we will explore

the strengths and weaknesses of a suite of large-eddy sim-

ulation subgrid-scale (LES–SGS) models in capturing low

Reynolds number intermittency by using our DNS-based re-

sults as benchmark. Several contemporary LES-SGS models

assume local balance of turbulent kinetic energy (TKE) pro-

duction with its dissipation. We speculate that these models

might not fare well in this exercise. On the other hand, we

expect the SGS models with dynamic TKE formulations and

energy backscatter options (e.g., Ghosal et al., 1995; David-

son, 1997; Kim and Menon, 1999) to be highly competitive.

We envisage that a subset of these SGS models might be (not

guaranteed) successful in mimicking the intermittent ABL

flows.

Our future work will also involve characterization of in-

termittent turbulence from a complex systems perspective.

Over the years, a number of simple dynamical systems have

been reported to exhibit intermittency (Heagy et al., 1994;

Marthaler et al., 2001; Toniolo et al., 2002). Several mecha-

nisms were proposed, such as on–off intermittency, Pomeau–

Manneville mechanism, etc. (Pomeau and Manneville, 1980;

Platt et al., 1993), to explain such intrinsic dynamical behav-

iors. It was noticed that bursting activity can only be trig-

gered within certain regions of a parameter space (Toniolo

et al., 2002). More interestingly, the duration of quiescent pe-

riod was found to follow certain power laws (Toniolo et al.,

2002). We are interested to find out if analogous results can

be discovered for intermittency in stably stratified flows.
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Appendix A: Solver verification

In this Appendix, we first compare the simulation results pro-

duced by the current DNS solver (OF) against the DNS re-

sults from Nagaosa and Saito (1997) (referred to as NS97

henceforth). A digitizer is used to extract the simulated data

from the plots reported by Nagaosa and Saito (1997). Com-

parisons of mean and root mean square (rms) velocity, and

turbulent momentum flux for neutrally and stably stratified

cases are presented in Fig. A1. One can see that the results

from the current solver (OF) agree well with those from

NS97 for all cases. The maximal discrepancy is found for

urms at y/h≈ 0.3, and the averaged and maximum differ-

ences are ∼ 1.5 and ∼ 2.2 %, respectively.

Next, we also compare our results with those obtained by

a spectral method in order to ascertain that the grid resolu-

tion utilized in the present DNS study is sufficient. For this

purpose, we use the well-cited DNS results (neutrally strat-

ified case) from Moser et al. (1999) (referred to as MKM99

henceforth) as benchmarks. Comparisons of mean and rms

velocity, turbulent momentum flux, and production of tur-

bulence kinetic energy for the neutral case are presented in

Fig. A2. One can see that the results produced by the cur-

rent solver (OF) agree well with those from MKM99 for both

Reτ = 180 and 395. We do point out that the mean velocity

(u, see Fig. A2a) is overestimated in the central-channel re-

gion (y/h≈ 1) with the averaged and maximum differences

of ∼ 2.2 and ∼ 2.5 %, respectively.

Although there are some differences between the results

from the current DNS solver and those from NS97 and

MKM99, this level of discrepancy is not unexpected from

different DNS solvers (for example, see the code verification

in Vreman and Kuerten, 2014; Kasagi et al., 1992, for refer-

ence). In a nutshell, the current solver accurately simulates

the mean and turbulent components of the flows for neutral

and stratified cases. There is no indication that the current

grid resolution is insufficient to fully resolve the turbulence

phenomena in various stably stratified flows. Without any

doubt, these solver verification results build confidence for

the simulations and analyses reported in the rest of the paper.
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Figure A1. Comparisons of variables for neutral and stratified flows, Riτ = 0, 10, 20. The lines are the results by current solver (OF), and

the symbols are results from Nagaosa and Saito (1997) (NS97). (a) Mean velocity, (b) rms streamwise velocity, (c) rms vertical velocity, and

(d) turbulent momentum flux.
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Figure A2. Comparisons of variables for neutral flows, Riτ = 0. The lines are the results from the current solver (OF), and the symbols are

results from Moser et al. (1999) (MKM99). The production of TKE are normalized by ν/u4
τ . (a) Mean velocity, (b) rms velocity, (c) turbulent

momentum flux, and (d) production of turbulence kinetic energy.
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Appendix B: Influence of simulation configurations

In this appendix, we evaluate the influence of simulation con-

figurations, e.g., grid resolution, domain size, on the spa-

tiotemporal characteristics of intermittency. Two additional

simulations are conducted for the Reτ = 180 and Riτ = 120

case. For one simulation, the horizontal grid resolution is in-

creased to 1x+ = 5.9 and 1z+ = 2.9 while the domain size

is kept to Lx/h= 8π and Lz/h= 4π . For the other simula-

tion, the horizontal grid resolution is fixed to1x+ = 8.8 and

1z+ = 4.4, but the domain size is enlarged to Lx/h= 12π

and Lz/h= 6π . Other simulation configurations are identi-

cal to the S120 case in Table 1. The simulations are run for

10 non-dimensional time. Figure B1 shows the time series of

vertical velocity and contours of v′2 at a x–z plane for these

two simulations. Qualitatively, the spatiotemporal character-

istics of intermittency, i.e., the oblique turbulence band and

the height dependency of temporal intermittency, are simi-

lar to what was observed in Figs. 4 and 8. The control grid

resolution and domain size in Table 1 are thus expected to

be sufficient to resolve and accommodate the spatiotemporal

evolution of intermittent turbulence.
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Figure B1. Influence of simulation configurations on the spatiotemporal characteristics of intermittency (Reτ = 180, Riτ = 120). (a) and (b)

are time series of vertical velocity in the channel; (c) and (d) are instantaneous contours of v′2 at the x–z plane located at y+ = 45. For (a)

and (c), the horizontal grid resolutions are 1x+ = 5.9 and 1z+ = 2.9, and the domain sizes are Lx/h= 8π and Lz/h= 4π ; for (b) and

(d), the horizontal grid resolutions are 1x+ = 8.8 and 1z+ = 4.4, and the domain sizes are Lx/h= 12π and Lz/h= 6π .
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Appendix C: Determination of TEI threshold

As mentioned in Sect. 3.2, we chose a relatively high TEI

threshold to exclude classical bursting events in neutral or

near-neutral flows, e.g., burst–sweep cycles (Johnson, 1998).

In this Appendix, determination of the TEI threshold is dis-

cussed. Time series of v′2 and TEI at y+ = 10 is shown

in Fig. C1. For Riτ = 30, sharp spikes are observed in the

v′2 time series (see Fig. C1a), which can be caused by the

burst–sweep cycles in the near-wall region. However, the ra-

tio between the magnitudes of bursting and quiescent v′2 is

much less significant compared with that observed in the very

stable case (see Fig. C1b). As a result, the TEI value for

Riτ = 30 is much less than that for Riτ = 120 (see Fig. C1b

and d). In this study, we only consider the bursting events un-

der the impacts of stable stratification, the TEI value is set to

be 3.0 (see the red dash line in Fig. C1b and d) to exclude the

classical bursting events in neutral or near-neutral flows.
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Figure C1. Time series of v′2 and TEI at y+ = 10 (Reτ = 180). The red dash line denotes the threshold for TEI. (a) v′2, Riτ = 30, (b) TEI,

Riτ = 30, (c) v′2, Riτ = 120, and (d) TEI, Riτ = 120.
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Kosović, B. and Curry, J. A.: A large eddy simulation study of a

quasi–steady, stably stratified atmospheric boundary layer, J. At-

mos. Sci., 57, 1052–1068, 2000.

Lawrence, J. S., Ashley, M. C. B., Tokovinin, A., and Travouillon,

T.: Exceptional astronomical seeing conditions above Dome C in

Antarctica, Nature, 431, 278–281, 2004.

Leonard, A.: Energy cascade in large-eddy simulations of turbulent

fluid flows, Adv. Geophys., 18, 237–248, 1975.

Mahrt, L.: Intermittency of atmospheric turbulence, J. Atmos. Sci.,

46, 79–95, 1989.

Mahrt, L.: Stratified atmospheric boundary layers, Bound.-Lay. Me-

teorol., 90, 375–396, 1999.

Manneville, P.: On the decay of turbulence in plane Cou-

ette flow, Fluid Dyn. Res., 43, 065501, doi:10.1088/0169-

5983/43/6/065501, 2011.

Marthaler, D., Armbruster, D., Lai, Y.-C., and Kostelich, E. J.:

Perturbed on-off intermittency, Phys. Rev. E, 64, 016220,

doi:10.1103/PhysRevE.64.016220, 2001.

Mason, P. J.: Large-eddy simulation: a critical review of the tech-

nique, Q. J. Roy. Meteorol. Soc., 120, 1–26, 1994.

Miles, J. W.: On the stability of heterogeneous shear flows, J. Fluid

Mech., 10, 496–508, 1961.

Moin, P. and Mahesh, K.: Direct numerical simulation: a tool in

turbulence research, Annu. Rev. Fluid Mech., 30, 539–578, 1998.

Moser, R. D., Kim, J., and Mansour, N. N.: Direct numerical sim-

ulation of turbulent channel flow up to Reτ = 590, Phys. Fluids,

11, 943–945, 1999.

Nagaosa, R. and Saito, T.: Turbulence structure and scalar transfer

in stratified free–surface flows, AIChE J., 43, 2393–2404, 1997.

Nakamura, R. and Mahrt, L.: A study of intermittent turbulence

with CASES-99 tower measurements, Bound.-Lay. Meteorol.,

114, 367–387, 2005.

Nieuwstadt, F. T. M.: Direct numerical simulation of stable chan-

nel flow at large stability, Bound.-Lay. Meteorol., 116, 277–299,

2005.

Ohya, Y., Nakamura, R., and Uchida, T.: Intermittent bursting of

turbulence in a stable boundary layer with low-level jet, Bound.-

Lay. Meteorol., 126, 349–363, 2008.

OpenFOAM: The open source CFD toolbox, programmer’s guide,

version 2.4.0, 2015.

Park, J., Basu, S., and Manuel, L.: Large-eddy simulation of sta-

ble boundary layer turbulence and estimation of associated wind

turbine loads, Wind Energy, 17, 359–384, 2013.

Platt, N., Spiegel, E. A., and Tresser, C.: On-off intermittency: a

mechanism for bursting, Phys. Rev. Lett., 70, 279–282, 1993.

Pomeau, Y. and Manneville, P.: Intermittent transition to turbulence

in dissipative dynamical systems, Commun. Math. Phys., 74,

189–197, 1980.

Pope, S. B.: Turbulent Flows, Cambridge University Press, Cam-

bridge, UK, 2000.

Saiki, E. M., Moeng, C.-H., and Sullivan, P. P.: Large-eddy simula-

tion of the stably stratified planetary boundary layer, Bound.-Lay.

Meteorol., 95, 1–30, 2000.

Salmond, J. A. and McKendry, I. G.: A review of turbulence in the

very stable nocturnal boundary layer and its implications for air

quality, Prog. Phys. Geogr., 29, 171–188, 2005.

Spalart, P. R.: Direct simulation of a turbulent boundary layer up to

Rθ = 1410, J. Fluid Mech., 187, 61–98, 1988.

Stull, R. B.: An Introduction to Boundary Layer Meteorology,

Kluwer Academic Publishers, Dordrecht, the Netherlands, 1988.

Sun, J., Burns, S. P., Lenschow, D. H., Banta, R., Newsom, R., Coul-

ter, R., Frasier, S., Ince, T., Nappo, C., Cuxart, J., Blumen, W.,

Lee, X., and Hu, X.-Z.: Intermittent turbulence associated with a

density current passage in the stable boundary layer, Bound.-Lay.

Meteorol., 105, 199–219, 2002.

Sun, J., Lenschow, D. H., Burns, S. P., Banta, R. M., Newsom,

R. K., Coulter, R., Frasier, S., Ince, T., Nappo, C., Balsley, B. B.,

Jensen, M., Mahrt, L., Miller, D., and Skelly, B.: Atmospheric

disturbances that generate intermittent turbulence in nocturnal

boundary layers, Bound.-Lay. Meteorol., 110, 255–279, 2004.

Toniolo, C., Provenzale, A., and Spiegel, E. A.: Signature of on-

off intermittency in measured signals, Phys. Rev. E, 66, 066209,

doi:10.1103/PhysRevE.66.066209, 2002.

Townsend, A. A.: Local isotropy in the turbulent wake of a cylinder,

Aust. J. Chem., 1, 161–174, 1948.

Tsinober, A.: An Informal Introduction to Turbulence, vol. 63,

Springer, Dordrecht, the Netherlands, 2001.

Turner, J. S.: Buoyancy Effects in Fluids, Cambridge University

Press, Cambridge, UK, 1979.

Vreman, A. W. and Kuerten, J. G. M.: Comparison of direct numer-

ical simulation databases of turbulent channel flow atReτ = 180,

Phys. Fluids, 26, 015102, doi:10.1063/1.4861064, 2014.

Zonta, F., Onorato, M., and Soldati, A.: Turbulence and inter-

nal waves in stably-stratified channel flow with temperature-

dependent fluid properties, J. Fluid Mech., 697, 175–203, 2012.

www.nonlin-processes-geophys.net/22/447/2015/ Nonlin. Processes Geophys., 22, 447–471, 2015

http://dx.doi.org/10.1088/0169-5983/43/6/065501
http://dx.doi.org/10.1088/0169-5983/43/6/065501
http://dx.doi.org/10.1103/PhysRevE.64.016220
http://dx.doi.org/10.1103/PhysRevE.66.066209
http://dx.doi.org/10.1063/1.4861064

	Abstract
	Introduction
	Method
	Results
	Stratification effects on mean flow and turbulence statistics profiles
	Temporal characteristics of intermittent turbulence
	Spatial characteristics of intermittent turbulence
	Relationship between spatial and temporal intermittency
	Relationship between intermittency and stability parameter
	Sensitivity of intermittency with respect to Reynolds numbers

	Conclusions
	Appendix A: Solver verification
	Appendix B: Influence of simulation configurations
	Appendix C: Determination of TEI threshold
	Acknowledgements
	References

