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Abstract
The formation of a layered structure in the form of vertically separated density steps (stair-
cases) in stably stratified fluids has been reported in many laboratory and oceanic stud-
ies as well as in the terrestrial atmospheric boundary layer (ABL) to a lesser extent, with 
attribution to different dynamical mechanisms. This paper presents observations of layered 
structures in fog-laden marine ABL, where both fog and density steps appear almost simul-
taneously following a turbulent mixing event under nocturnal conditions. The observations 
were made during the C-FOG (2018) field campaign aboard a research vessel using raw-
insonde launches, aided by a suite of supporting onboard instruments. This is a case of 
great practical interest because of the impediment by fog-laden staircases to optical and 
near-infrared wave propagation in the ABL due to enhanced beam jitter by density steps 
and beam attenuation by fog. A new mechanism is proposed to explain the genesis of den-
sity layering, wherein steps appear when fluid parcels with significant buoyancy differ-
ences ( Δb ) osculate in regions of weak turbulence (local length and velocity scales, L

H
 

and u
H

 , respectively) devoid of adequate inertial forces ( ∼ u
2

H
∕L

H
 ) to cause fluid parcels to 

stir past each other. This is expressed in terms of a local bulk Richardson number criterion 
Ri = ΔbL

H
∕u2

H
> Ri

c
 , where Ri

c
 is a critical value. A simple laboratory experiment with 

an idealized (three layer) density stratification and a known turbulence source (oscillating 
grid) was performed to demonstrate the proposed mechanism, and through a combination 
of measurements and modeling it was found Ri

c
 ≈ 1.5. The proposed criterion was consist-

ent with C-FOG field observations as well as representative previous layering observations 
in the atmosphere and ocean due to localized turbulence mixing events caused by Kelvin–
Helmholtz billowing.
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1 Introduction

This paper concerns the formation of approximately well mixed [turbulent] air lay-
ers vertically separated by thin, sharp density jumps known as density staircases in the 
lower atmospheric boundary layer (ABL) under calm and stably stratified conditions [1, 
2]. These density jumps or interfaces are sufficiently strong to impede effective turbulent 
mixing across them, and turbulence within these interfaces are damped (non-Kolmogorov), 
intermittent and of very small-scale [3], and possibly produced by interfacial wave break-
ing [4]. While the temperature (density) structure in ABL is important and has been stud-
ied in the context of a variety of applications such as pollution dispersion and temperature 
spikes in cold-air pooled valleys, an interesting set of applications has come to light in view 
of newer technologies related to Free-Scale Optical (FSO) transmission and High Energy 
Laser (HEL) defense systems. In the former, communications between local signal recipi-
ents and a central fiber-optics communication hub are effectuated using FSO links to avoid 
infrastructure modification (e.g., digging and burying of cables, hardware installations) in 
congested areas. To obtain high data rates, optical wave lengths (0.4–0.8 μm ) are used in 
FSO, referred to as optical local area networks (LAN) or optical wireless. In HEL applica-
tions, focused beams with tens and hundreds of kW power at optical or near infrared (IR, 
1–1.5 μm ) wavelengths are used to deliver heat and eliminate enemy targets. HELs are 
particularly important in staving off proliferating threats from a swarm of small, unmanned 
aircraft systems (UAS), for which large kinetic defense systems are ineffective. Maintain-
ing focus of the beam within the same area of the target for several seconds is necessary 
in this case, which is hampered by beam wander, scatter, and absorption by environmental 
effects. The most significant bane is from refractive index variations that optically distort 
the beam. For visible and low IR radiation, the refractive index of air is directly related to 
density via the Gladstone-Dale constant [5]. In turn, the air density is strongly sensitive to 
temperature and humidity variations along the beam propagation path [6].

If the refractive index is nonuniform over the beam diameter, the distortion of a mono-
chromatic wave front is categorized into mean and tip/tilt components as well as higher 
order disturbances. The tip/tilt characterizes the bending of the beam, which produces 
anomalous electromagnetic (EM) beam paths that refract the beam toward the ground pro-
ducing EM ducts. The dynamic component of tip/tilt produces beam ‘jitter.’ EM ducting 
confuses detection devices such as radars by causing ‘ghost’ images and shadow zones 
(i.e., radar holes). Conversely, the higher order disturbances diffract and spread the beam 
energy in the far field. The tip/tilt is contributed by turbulence structures larger than the 
beam diameter whereas higher-order disturbances by those smaller than the beam diameter. 
The overall refractive index fluctuations in general are known as optical turbulence. As 
such, thin density steps in staircases have pronounced implications on optical turbulence 
in the ABL, considering that typical transmitting beam diameter is ~ (1–2) m that expands 
along the beam. For thin density stratified layers with intermittent turbulence patches 
embedded, both large- and small-scale turbulence structures are all within the beam diam-
eter, thus affecting the propagation drastically.

An additional difficulty arises when water vapor is present, whence the refractive index 
is frequency dependent, with lower frequencies being affected more compared to optical fre-
quencies. When fog is formed with suspended water droplets under saturated conditions, how-
ever, optical wavelengths are also sapped, and molecular absorption becomes important for 
wavelengths shorter than 50 μm [7]. Fog typically has a bimodal particle diameter distribution 
with peaks in the ranges of 1–2 μm and 15–25 μm , with the former interfering with optical/
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near-IR beams to reduce visibility. The American Meteorological Society glossary defines fog 
as the condition where the ground level visibility (vis) is less than 1 km causing severe disrup-
tions in transportation, agriculture, and human health sectors [8].

This paper addresses the compelling case of density layering in stable marine ABL 
accompanied by fog, which provides severe barriers for optical propagation in the ABL. To 
our knowledge, this is the first paper that delves into such an ABL configuration, enabled by 
observations made during the Coastal-Fog (C-FOG) field experiment discussed in Fernando 
et al. [9], Dorman et al. [10] and Wang et al. [11]. The observational platforms deployed dur-
ing C-FOG for visibility, fog, turbulence, and vertical profiling are discussed in Sect. 2, fol-
lowed by observations of a density-layered fog event in the ABL presented in Sect. 3. A brief 
review of previous research on layered structure formation is given in Sect. 4, and a new phe-
nomenological mechanism for step genesis is presented in Sect. 5. Since fog acts as a passive 
scalar, the proposed mechanism is expected to hold both in the presence and absence of fog. A 
laboratory experiment to illustrate the proposed mechanism is given in Sect. 6 and an analysis 
of flow evolution and turbulent parameters in Sect. 7 and Sect. 8. Experimental observations 
are described in Sect. 9, followed by concluding remarks and a discussion in Sect. 10.

2  Observational platforms

The C-FOG field program was conducted during 01 September to 08 October 2018 in the east 
coast and coastal waters of Newfoundland and Nova Scotia, Canada to study the formation, 
maturation, and dissipation (i.e., life cycle) of coastal fog. This comprehensive study consists 
of three field stations along the east coast of Avalon Peninsula, Newfoundland and in Nova 
Scotia. As part of the project, the research vessel (R/V) Hugh R. Sharp conducted measure-
ments in Avalon coastal waters, and the array of instruments deployed on R/V Sharp is shown 
in Fig. 1a with a detailed description given in Fernando et al. [9]. The instruments exclusively 
employed for this study are given in Table 1 and depicted in Fig. 1b–e. During the field cam-
paign, three fog episodes were encountered by the ship (although much more was anticipated), 
which are designated as Ship Intense Operational Periods: SIOP-1 (1700 UTC 12 Sep to 0700 
UTC 13 Sep), SIOP-2 (0900 -1600 UTC 28 September) and SIOP-3 (2000 UTC to 2230 UTC 
04 October). The ABL measurements in this paper concern SIOP-1, which was the only SIOP 
identified as a ‘mixing fog’ event caused by vertical mixing between two or more airmasses in 
the lower ABL [9]. The ship location during this episode is given in Fig. 1f, with the presence 
of fog identified by darker colors when visibility < 1 km. The other two events were domi-
nated by stratus cloud lowering events [9], and hence will not be discussed here nor did they 
exhibit any layering in the lower ABL. Observed fog and microphysical properties of SIOP-1 
are described by Wang et al. [11] and SIOP-2 and SIOP-3 by Wagh et al. [12].

3  Layering observations

Figure 2a shows a sequence of rawinsonde profiles taken from R/V Sharp during SIOP-1 
from 17:21 UTC on 12 September to 08:14 UTC on 13 September 2018, with the ordi-
nate representing height z above sea level (asl). The wind vectors (directional barbs), air 
temperature Tair , dew point Td and equivalent potential temperature �E are shown, where 
�E is a surrogate for air density when the liquid water content in the air is small, and is 
obtained by first computing the potential temperature at lifting condensation level (LCL) 
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and subsequently accounting for moisture content [13, 14]. Figure  2b shows the gradi-
ent Richardson number Rig calculated with horizontal velocities, virtual temperature, and 
potential temperature by averaging over 15 m, showing local peaks in the density steps. 
Figure 2c shows the standard ceilometer backscatter, wherein the lowest strong backscatter 
level indicates the cloud base closest to the ground. While the presence of other backscatter 
layers indicates cloud layers aloft, the attenuation of ceilometer IR light at the lowest cloud 
base may obscure the presence of backscatter layers aloft, let alone their details. Figure 2d 
shows turbulence parameters, turbulent kinetic energy (TKE) and its dissipation measured 
using the bow-mast sonic anemometer. The dissipation rate of TKE was retrieved using the 
inertial-subrange method, and the visibility ( vis ) was measured by PWD-22 at ~ 9.1 m asl. 
The appearance of fog is synonymous with vis < 1 km.

At 17:21 UTC, the air column is saturated from about 100 m to 1 km, with the lowest 
cloud base at ~ 100 m, as indicated by strong ceilometer backscatter intensity at that height 
(Fig.  2c.i). The wind speed below ~ 400  m is ~ 30 knots and southerly (from the south), 
presumably consisting of humid and warm advected air over warm ocean (Fig. 2a.i). The 
air column is generally stably stratified (note the �E profile), but below 100 m or so it is 
strongly stratified and unsaturated ( RH~ 99%). At 20:15 UTC (Fig. 2a.ii), an unsaturated 
( RH< 96%) and warmer airmass arriving from the west (westerly) at 15 knots is located 
above 600 m with strong shear between saturated southerly and unsaturated westerly lay-
ers indicating a region of strong mixing, as evident from an �E inversion and Rig < 0 just 
below 600 m (Fig. 2b.ii). Above this level is a stable layer with stable inversion. Evolu-
tion from 17:21 to 20:15 UTC is eventful, consisting of first a general decrease of TKE 
at the surface level and then sustained turbulent levels (Fig. 2d.i to ii) along with chaotic 
breakdown of the cloud layer aloft at ~ 250 m (Fig. 2c.i to ii). Stable stratification prevails, 
causing the decay of TKE thereafter. At the third rawinsonde time of 23:11 UTC (Fig. 2a.

Fig. 1  a Array of instruments used in the R/V (see Fernando et  al. [9] for details), with specific instru-
ments used for the present study—bow mast (b), PWD (c), Rawinsonde system for vertical profiling (d), 
and CL31 ceilometer (e) (See Table 1 for details). f Ship Track during SIOP-1, with the visibility (vis) color 
coded in the side bar, with vis < 1 km are fog periods
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iii), a saturated layer exists over 400 to 600 m, but high CL31 backscatter is confined to the 
lower edge of the saturated layer because of signal blanking above. Thence weak winds 
(~ 5 knots) prevail near the ground with northerly winds aloft, and there is an unsaturated 
layer between a nearly saturated ground layer and a saturated layer at ~ 400 m. The first 
100 m is very stable (Fig. 2a.iii), with a weakly stratified layer aloft.

The major layering episode occurs between 23:11 and 01:00 UTC (Fig. 2a.iii to iv)—
possibly around 23:45 UTC (Fig.  2d.iii) where the visibility drops from ~ 7  km to less 
than 300 m over a few minutes—where a fog layer with strong CL31 backscatter appeared 
near the ground (Fig. 2d.iii1) with possible overlying saturated layers which are masked 
by the ground fog layer. Turbulence intensity continues to remain low at the ground level 
(Fig. 2d), and the 01:00 UTC rawinsonde vividly registers the water–vapor saturated den-
sity (or �E ) step structure up to about 500 m (Fig. 2a.iv). Density steps at ~ 100 m, 200 m 
and 400 m are all quite stable with high Rig , evident from Fig. 2b.iv. The presence of fog 
at ground level (Fig. 2d) and aloft (Fig. 2c) are evident. The northerly winds prevail up to 
1 km with little shear, and hence meager turbulent mixing. Until the next rawinsonde at 
02:19 UTC (Fig. 2a.v), the evolution is slower, with density layers slowly migrating pos-
sibly due to differential turbulence levels in the homogeneous layers [16]. The visibility 
remains low in the fog regime, with some slow modulations.

Fig. 2  a Radiosonde profiles of air temperature (red), dew point (blue) and equivalent potential temperature 
(dark red) below 1000 m during SIOP-1. Wind barbs: half line means 2  ms−1, full line means 4  ms−1, and 
one flag means 20  ms−1 of horizontal wind speed. b Gradient Richardson number based on 10 m intervals 
for the lower 1 km (gray semi-transparent bars marks the region of near-zero wind shear, which resulted in 
unrealistically large Richardson numbers). c Ceilometer backscatter profile during SIOP-1. d TKE and its 
rate of dissipation ( � ) as measured using a sonic anemometer at ~ 12.5 m asl. Visibility measured by PWD-
22 at ~ 9.1 m asl is plotted as a dark gray line. Note that the tick marks (arrows) common to c, d correspond 
to the timestamps of rawinsonde launches in a 



495Environmental Fluid Mechanics (2023) 23:489–510 

1 3

Between the 02:19 and 05:19 UTC rawinsondes, there has been a turbulence generat-
ing event at v1 (Fig. 2c, d, v to vi), leading to breakup of the fog layer and increased vis-
ibility. The event is followed by a low level cloud and reestablishment of a fog layer (v2) 
just before the 05:19 UTC sounding (Fig.  2d.vi), whence the lower layer appears to be 
well mixed (Fig. 2a.vi), saturated and foggy up to 200 m (Fig. 2c), and have elevated tur-
bulent levels (higher TKE and dissipation) with low northerly winds ~ 5 knots in the lower 
layer topped by a highly stable density interface at 200 m. Above 200 m, drying can be 
seen with northeasterly winds. Increase of turbulence levels and lifting of fog starts at vi1, 
with marked increase in surface visibility at the time of the next rawinsonde at 08:14 UTC 
(Fig. 2a.vii). Increase of turbulence at vi1 is consistent with the slightly mixed air column 
up to 650 m, topped by a strong density interface. The lower layer (~ 100 m) has strong 
turbulence levels and high visibility ( Rig ≤ 0 ) notwithstanding near saturation conditions, 
aloft of which seems to have a low-level cloud with fluctuating Rig and backscatter intensi-
ties penetrating to hundreds of meters. In all, the lowest surface visibility is encountered 
during the presence of a density step structure.

4  Summary of previous work on density step genesis

Observations made in stably stratified oceans and in the atmosphere [17–20] have provided 
evidence for staircases characterized by density steps separated by significantly mixed 
turbulent layers undergoing mixing (or mixing layers). Laboratory [19, 21] and modeling 
[22, 23] studies also abound. In the ocean, when staircases are of meter scale, the layered 
structure is considered as a microstructure that takes the form of either jagged density pro-
files [24] or density steps [17]. The jagged profiles can be attributed to displacement of 
fluid elements of varying densities from a stable profile due to background turbulence or 
to a recently defunct turbulent event in the probing area that has not had time to revert 
its perturbed density field to a stable state. Conversely, different mechanisms may domi-
nate the formation of distinct step microstructures, and some possibilities are: (a) the pres-
ence of a continuously breaking internal wave that leaves a trail of locally mixed fluid as 
it travels through the fluid [25, 26]; (b) the presence of double-diffusive instabilities in the 
form of salt-fingering or diffusive interfaces [27, 28]; (c) instabilities due to sidewall heat-
ing of salt-stratified fluids [29]; (d) collapse of locally mixed fluid masses due to bound-
ary mixing, forming a series of intrusions into the stratified layer [30]; (e) thermohaline 
shear instability [31], and (f) the decrease of [density] eddy diffusivity in stratified tur-
bulent flows with the increase of buoyancy gradient (in such a way that the increase of 
buoyancy flux due to the increase of buoyancy gradient is compensated by a corresponding 
reduction in eddy diffusivity [32–35]). These mechanisms are based on formal theoretical 
analyses or phenomenological descriptions based on the concept of eddy diffusivity and 
its dependence on the local Richardson number [36], although a unified theoretical expla-
nation for this reduction is still lacking. It is noteworthy that the above descriptions have 
been developed for ocean and boundary-dominated flows. Below we discuss an alternative 
mechanism for the formation of density steps in stratified turbulent fluids developed in the 
context of layering in stable ABL, oceanic thermocline or even stratified upper levels of the 
atmosphere.
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5  A phenomenological mechanism for step formation

Figure 3 schematizes a plausible step formation mechanism when a stable density-stratified 
region (represented by a positive �E gradient) is subjected to a localized turbulence event 
initiated at time t = 0. The characteristic rms velocity and the integral length scales of 
turbulence are uH and LH , respectively. Turbulence causes eddying motions of fluid par-
cels with different densities, taking lighter parcels (e.g., B) downward and heavier parcels 
(e.g., A) upward, leading to a jagged temperature (density) profile [Fig. 3a, b (i,ii)] mostly 
without changing the density of individual parcels—the process of turbulent “stirring”. 
Soon, the local temperature gradients amplify, and nearby fluid parcels begin to exchange 
heat, thus changing their temperature (densities) and smearing off small scale gradients 
[Fig. 3a, b (iii)]—turbulent “mixing.” During the initial evolution ( t < LH∕uH ), however, 
the temperature structure is dominated by stirring [37], and eddies of integral scale are 
responsible for transporting fluid parcels against buoyancy forces. The largest buoyancy 
forces are encountered by fluid parcels entrained from the edges of the turbulent patch 
[say A and B in Fig. 3a, b (ii–iii)], as they attempt to cross each other’s territories through 
the central area of the turbulent patch. If the densities of fluid parcels (modified by mix-
ing) when they meet at C are �′

A
 and �′

B
 , B fluid parcels experience a positive buoyancy 

of −
(

𝜌�
B
− 𝜌�

A

)

g∕𝜌
0
= Δ𝜌�g∕𝜌

0
= Δb(> 0) where Δ�� = −

(

��
B
− ��

A

)

 and �0 ≈
(

�1 + �2
)

∕2 , 
whereas A parcels encounter a similar but negative buoyancy force. If the characteris-
tic inertial forces of fluid parcels ( u2

H
∕LH) can overcome the retarding buoyancy forces 

(Δb) at C, they may penetrate and stir the entire turbulent fluid column [Fig. 3a (iv)], i.e., 
Δb < u2

H
∕L or Ri = ΔblH∕u

2

H
< 1 , where Ri is a bulk Richardson number. This condition 

can be written as Ri < Ric , where Ric is a critical bulk Richardson number below which 

Fig. 3  Schematics of equivalent potential temperature [or density] profile sequence (i)–(iv) illustrating mix-
ing in a stably stratified fluid by a localized turbulence event: a without discernible, semi-persistent density 
step formation, and b with formation of a density step. (v) shows the saturation water vapor pressure ps ver-
sus temperature T  diagram indicating how water vapor pressure of fluid parcels change during mixing. In a 
(v), unsaturated air parcels A and B mix to form a mixed parcel C that is saturated with possible fog. In b 
(v), air parcels at B and C mix to form the parcel BC as well as A and C to form AC, and both pBC and pAC 
are in the near saturation state that may produce fog while A, B and C are unsaturated
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fluid parcels penetrate over the entire middle layer and no density step is formed [Fig. 3a 
(iv)]. When Ri ≥ Ric the parcels may not penetrate past each other, and a density step or 
layered structure is expected [Fig. 3b (iv)], with the vertical extent of overturning turbulent 
eddies limited by the density step. If turbulence is sustained, the regions above and below 
the density step will continue to undergo stirring and mixing, slowly transferring buoyancy 
across the interface and reducing the buoyancy jump Δb across the interface, finally break-
ing the step when Ri drops below Ric . Events of this ilk may lead to multiple turbulent 
layers with density steps sandwiched in between. While turbulence intensities above and 
below the interface in this case are the same, they may differ in real situations, whence the 
steps tend to migrate and possibly merge with each other [15].

Figure  3a, b (v) show how moisture may evolve during a turbulent event, in relation 
to observations in Sect. 2. Figure 3a (v) shows the position of A and B fluid parcels with 
respect to the saturation vapor pressure–temperature (ps − T  ) curve. The vapor pressure at 
A ( pA ) and B ( pB ) are both smaller than the respective saturation pressures pSA and pSB at 
the temperature of A ( TA ) and B ( TB ). Given both levels are unsaturated, no fog is present. 
Turbulent mixing of two air masses, however, leads to a water vapor pressure of pC (tem-
perature TC ), which is saturated and possibly containing fog. This is a result of the nonlin-
ear behavior of the pS − T  curves that was first discussed by Taylor [38]. The case of layer 
formation and saturation is shown in Fig. 3b (v). Here mixing is inhibited across the step at 
C, but sustained mixing is present in the two surrounding turbulent layers. Although pB , pC 
and pA are all unsaturated, mixing produces pBC and pAC , both of which can be saturated 
with possible fog. Overall, the above illustration mimics the case of Fig. 2c–d where mix-
ing of unsaturated air masses leads to density steps in a foggy environment.

6  Laboratory demonstration

To demonstrate the viability of the proposed mechanism using a laboratory experiment, 
a simple variant of the flow configuration of Fig. 3 was adopted, schematized in Fig. 4a, 
b. This selection ameliorates practical difficulties of obtaining a controlled distribution of 
turbulence properties in a laboratory-simulated flow. Here a turbulent region is maintained 
between two density interfaces of a three-layer fluid using two oscillating grids placed sym-
metrically above and below the center of the stirred turbulent layer. The distance between 
a grid and its closest density interface was the same for both grids. Two grids were used 
instead of [commonly used] single grid so that the central region of the anticipated den-
sity step is devoid of direct mechanical forcing and lay in a region of nearly homogeneous 
turbulence, as demonstrated by Srdic et al. [39]. By changing the frequency of grid oscilla-
tions, turbulent intensity and interfacial mixing in the center area could be adjusted.

The experiments were conducted in a Plexiglas tank of square cross sec-
tion  25.5 × 25.5  cm and height 45.5  cm, the same as in De Silva & Fernando [40, 41], 
where the details of construction and turbulence measurements are given. The grids were 
independently oscillated using speed-controlled DC motors via slider-crank mechanisms. 
During each experiment, the frequency of oscillation of the two grids were the same, with 
motor speeds maintained constant within ± 0.5% of the mean speed. The grids were made 
of 0.8 × 0.8 cm square Plexiglas bars with a mesh size M = 5 cm center to center rigidly 
suspended horizontally within the tank by using three stainless steel rods of 0.3 cm diame-
ter. The ends of the rods were bolted to the grid, placed symmetrically relative to its center, 
and the other ends were connected to a three-arm support template. Each template was 
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driven by a single reciprocating rod, guided by a pillow block bearing. The mean posi-
tions of the bottom and top grids were at distances 12 cm and 30.6 cm, respectively from 
the bottom of the tank. The strokes of both grids were set to S = 3.5 cm. To minimize tur-
bulence generated by connecting rods and possible secondary circulation, the motor was 
operated at frequencies f < 6 Hz, mostly at 4 and 5 Hz [42, 43].

Prior to an experiment, the tank was filled with the three-fluid system (Fig. 4b), with 
the density of each layer adjusted by varying the concentration of dissolved salt with the 
middle layer having the mean density of the top and bottom layers. Fluid of different densi-
ties were slowly fed through a capped hole at the tank bottom tank until the desired fluid 
heights and 3-layer stratification were reached. Given the slow speed of fluid metered 
through the capped hole, ensuing circulation in lifted fluid layers was weak with minimal 
interfacial mixing, even when the two interfaces were rising past the two [stationary] grids. 
The thinness of density interfaces measured prior to each experiment compared to the 
homogeneous layer thicknesses confirmed the lack of mixing during filling. After filling, 
the interfaces were located 4–6 cm above of (or below) the closest grid-reach during oscil-
lations. The density measurements were made using a four-electrode conductivity probe 
(MSI Instruments) attached to a vertical traversing platform. The probe could be traversed 
at a preset speed of 5 cm/s, and the conductivity and potentiometer voltage of the travers-
ing system were converted to density data using standard calibration procedures [40].

Grids were initially located at their mean positions and the initial density profile was 
recorded. The experiments were started by simultaneously starting the motors at time t = 
0. The oscillating frequencies of both grids were the same, and they were set to oscillate 
out of phase symmetrically with respect to the center. The oscillating frequencies were 
recorded by electronic tachometers attached to oscillating mechanisms. The density fronts 
generated at the interfaces due to local turbulent mixing propagated toward the tank center 

Interface 

Grid 

Center 

Grid
Interface

height 

density

(a) (b)

Fig. 4  A schematic of a the experiment set up to mimic flow configuration shown in Fig. 3; b the initial 
density (salt) profile used
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and osculated each other during which a density step was formed in some experiments 
whereas others show no density steps. In the former, upon continuation of turbulent forc-
ing, buoyancy jump across the step gradually decreased, and finally the two layers merged 
because of breakup of the step. The evolution of density profiles was monitored by travers-
ing the conductivity probe with 0.5–1 min time separations. The horizontal location of the 
vertically penetrating probe was ~ 9 cm from the center of the tank along a diagonal, in the 
center of a grid element, to reduce the direct grid influence. In addition, a shadowgraph 
was used to qualitatively observe the formation of density step structures. Although only 
a single horizontal location was measured, from the shadowgraph it appeared to be a good 
indicator of the averaged position of the newly formed interface that spanned the entire 
tank horizontally. An experiment typically lasted for about 20–30 min.

7  Analysis of flow evolution

A schematic of the flow evolution is shown in Fig. 5 with nomenclature used, where two 
density interfaces at time t = 0 are located above and below a distance h from the mean 
position of [oscillating] grids. The density and buoyancy of the upper layer are �0

u
 and b0

u
 , 

respectively, with b0
u
= −g(�0

u
− �0)∕�0 , and the middle layer density is approximately 

�0=
(

�0
u
+ �0

l

)

∕2 (subscript l denotes the lower layer properties). Upon initiation of grid 
oscillations, turbulence quickly fills the homogenous layer between the two interfaces.

It is common to represent oscillating-grid turbulence by the so-called grid “action” 
parameter K introduced by Long [44] as

where u is the characteristic rms velocity at a distance z from the grid (with z modified to 
include a virtual origin, by adding z0 ). The turbulent front generated by each grid propa-
gates in the homogeneous region according to Dickinson and Long [45],

where r is the distance from the grid at time t and � = 0.67 ([46]; their Fig. 26). Initially, 
turbulent fronts propagating toward each other merge and form a region of uniform tur-
bulent intensity uH of thickness ~ ±2LH surrounding the center [39]. Here LH is the local 
integral length scale.

On the other hand, turbulent fronts propagating toward and interacting with two den-
sity interfaces cause turbulent mixing and entrainment, but the entrainment/migra-
tion rate therein is much slower, given the stronger [initial] interfacial buoyancy jumps. 
For the upper interface this jump is Δb0

u
(t = 0) = b0

u
− bu(t = 0)  = Δb0∕2 , where 

Δb0 = −g(�0
u
− �0

l
)∕�0 is the buoyancy jump between the upper and lower layers. Similarly, 

Δb0
l
(t = 0) = b0

l
− bl(t = 0)  = Δb0∕2 . Below we discuss anticipated processes at the upper 

interface, noting that a similar description also applies to the lower interface.
Following local mixing of entrained lighter fluid from aloft with that below the inter-

face, the mixed fluid propagates downward according to Eq. (2), y1 = �
(

Kt�
)1∕2

, where y1 
is the distance traveled by the front over time t′ ( t� ≈ t ). This rapid propagation is pos-
sible because of meager buoyancy effects at the mixed front, unlike at the initial density 
interface proper. The region behind the front is assumed to be quasi homogeneous, and 
its density (and bu ) decreases with entrainment, thus increasing Δb0

u
(t) . The rate of mixing 

and entrainment at stable interfaces have been studied extensively [15], and the normalized 

(1)K = uz,

(2)r = �(Kt)
1

2 ,
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entrainment rate is expressed in terms of the well-known Richardson number power law 
[15, 28]

where y2 is the migrating interfacial position, n (> 0) an entrainment exponent, �1 denotes 
a constant, and Ri0 = Δbo

u
(y2 + h)3∕K2 a bulk Richardson number based on the interfacial 

buoyancy jump Δbo
u
(t) , distance to the interface from the grid ( y2 + h ), and rms turbulent 

velocity at the interface ui = K∕(y2 + h) (Fig. 5). The buoyancy flux at the upper interface 
can be calculated using the buoyancy conservation equation by assuming a density inter-
face of negligible thickness as

where Δb0
u
 = b0

u
− bu  = −g(�0

u
− �u)∕�0 . Similarly, integration of buoyancy conservation 

equation over the growing layer −y1(t) < 𝜁 < y2(t) becomes

Combining Eqs. (4) and (5) gives,

Assuming symmetry, similar equations can be obtained for the lower interface, viz.,

(3)
ue

ui
=

1

ui

dy2

dt
= �1Ri

−n
,

(4)qu = −b
�
w

�
= Δb0

u

�y2

�t
,

(5)−
(

y1 + y2
)�bu

�t
=
(

y1 + y2
)�Δb0u

�t
= −qu.

(6)
(

y1 + y2
)�bu

�t
= −

(

y1 + y2
)�Δb0u

�t
= Δb0

u

�y2

�t

Fig. 5  A schematic of the proposed density-step formation mechanism. Two density interfaces are located 
above and below [oscillating] grids in a three-layer fluid (see Fig. 4). Local interfacial mixing and entrain-
ment at each interface produce mixed fluid, which diffuses toward the center [of the middle layer] as fronts 
with disparate densities under background grid turbulence. The fronts meet at the center, where a density 
step may form under favorable conditions
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and

Thus, the buoyancy difference Δb = bu − bl between the downward and upward prop-
agating fronts evolve according Eqs. (5)–(8) as

The entrained fluid from the upper and lower layers into the middle layers is dis-
tributed in the turbulent region behind the front. When the fronts meet, they attempt to 
penetrate past each other only to be retarded by the buoyancy difference Δb in the center 
area.

Considering the rapid growth of y1 compared to y2 , Eq. (9) can be integrated from the 
origin of turbulent fronts to their meeting at y1 = D0 as

The entrainment rate [Eq. (3)] can be rewritten using Eq. (1) for the upper layer as

where Δbu is the interfacial buoyancy jump which, for small times, becomes

suggesting that the initial Richardson number Ri0 = Δb0h
3∕2K2 is a useful indicator of 

mixing at the initial phase of flow evolution. Considering Δb ≪ Δb0 and y2 ≪ h , and the 
time scale for the meeting of two fronts

it is possible to evaluate

and

The proposed criterion in Sect. 5 for the step structure formation can now be applied 
as

(7)ql = −b
�
w

�
= Δb0

l

�y2

�t

(8)
(

y1 + y2
)�bl

�t
=
(

y1 + y2
)�Δb0l

�t
= −Δb0

l

�y2

�t
.

(9)
(

y1 + y2
)�(Δb)

�t
=
(

Δb0 − Δb
)�y2

�t
.

(10)Δb ≈ Δb0
(

y2∕y1
)

(11)
dy2

dt
= �1

(

K

h + y2

)

{

Δbu(h + y2)
3

K2

}−n

,

(12)Δbu =
Δb0

2

(

1 −
Δb

Δb0

)

,

(13)t =
D2

�2K
,

(14a)y2 ≈
�1

�2

(

D2

0

h

)

(

Ri−n
0

)

(14b)Δb ≈
�1

�2

Δb0D0

h
Ri−n

0
.
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Thus, I is a crucial parameter governing the formation of density steps in present exper-
iments. It helps avoid the measurement of Δb , which is very difficult to measure at the time 
of the step formation.

8  Evaluation of relevant parameters during experiments

According to Eq.  (15), the [measurable] parameter I is the sole governing parameter for 
the problem, and the formation of a density step during experiments requires I > Ric𝛼

2∕𝛼1 . 
During initial filling, some mixing between the layers was unavoidable, thus the initial 
interface was somewhat diffused, and the interface was sharpened by suction of a small 
amount of fluid from the middle of the interface. The initial interfacial thickness was ≤ 
0.3 cm, and hence could assumed to be negligible. In calculating I , the required Δb0 , D0 
and h were determined from the initial density profile. The locations of the upper edge of 
the middle layer and lower edge of the upper layer were obtained using the intersection of 
the tangent to the density profile �(z) at the [thin] interfacial midpoint �m =

(

�0
u
+ �0

)

∕2 
with the surrounding densities. The same method was adopted for the lower layer. In apply-
ing this method for a migrating interface, it was necessary to smooth the density profiles to 
remove the raggedness of the profiles introduced by small-scale inversions. The smoothing 
was conducted using the Thorpe ordering procedure discussed in De Silva and Fernando 
[40].

According to Eq. (15), the length scale LH and the rms horizontal velocity uH at the step 
formation (central) region are necessary to calculate I . As mentioned, oscillating-grid tur-
bulence studies, which are extensive (see Kit et al. [47] and references therein), have shown 
that for a single grid these quantities vary as

where � is the distance from the grid mid plane [with an adjustment for a virtual origin 
located at a distance ( S∕2 ± 1  cm)], S the stroke of grid oscillations, M the grid mesh 
size and the constants are c1 ≈ 0.10 and c2 ≈ 0.25 for the present case [48]. Srdic et  al. 
[39] have shown that velocity and length scales of turbulence for the double-grid case 
(Fig.  4) can also be approximately given by Eq.  (16), with the same c1 and a higher c2 . 
Thus uH , LH and K at the center for the double-grid case were evaluated using Eq.  (16) 
with �c = D0 − h + 1cm after correcting for the virtual origin. Turbulence intensity at the 
center was evaluated considering the cumulative effect of two turbulence sources (grids) as 
uH =

√

2c2fM
1∕2S3∕2�c

−1.
To complete the calculation of I , the value of n is necessary, which has been meas-

ured in numerous occasions for single and double grid experiments for sharp interfaces 
[15]. In the present case, however, the step formation occurs within the first few minutes of 

(15)

ΔbLH

u2
H

> Ric,

𝛼1

𝛼2

[

Δb0LH

u2
H

]

D0

h
Ri−n

0
> Ric, or

I =

[

Δb0LH

u2
H

]

D0

h
Ri−n

0
> Ric

𝛼2

𝛼1

(16)LH = c1� uH = c2fM
1∕2S3∕2�−1 so that K = c2fM

1∕2S3∕2
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interfacial mixing, and hence n is expected to be appreciably different from that observed 
in previous experiments, i.e., n = 1.2—1.75. To address this issue, the rate of entrainment 
for the first three minutes was measured in several separate experiments as a function of 
Ri0 , and an average value of n ≈ 0.5 ±0.12 was observed, which was used to calculate I in 
Eq. (15). This value is consistent with the low Ri asymptote reported by Christodulou [49] 
for entrainment experiments. At the initiation of experiments, the diffused nature of the 
interface despite efforts to generate a sharp interface and a transient evolution of interface 
tends to yield a different entrainment law.

9  Experimental observations

After a series of successful pilot experiments to investigate the feasibility of the proposed 
mechanism, ten systematic experiments were performed to determine the critical value of 
I above which the density step is formed. These experiments are listed in Table 2. Because 
of the difficulty of fine-controlling the stratification as well as layer locations and their 
thicknesses, regular increments of I could not be pursued. The criteria used to identify 
the appearance of a density step was that, during the observational period, a sharp density 
jump of > 10% appears at the central portion (± 0.2 Do ) of the middle layer, corroborated 
by qualitative shadowgraph observations.

Figure 6 shows a set of density profiles taken at t = 0, 3 and 5 min following the initia-
tion of two experiments with I = 1.53 and 1.75. Note the distinct density step in the latter 
case and no identifiable interface in the former. All experiments with I < 1.53 did not show 
the formation of a density step and experiments with I > 1.75 showed a density step in the 
center region within the first three minutes. This observation together with the other exper-
iments listed in Table 3 show that the critical value of I for the formation or non-formation 
of steps lies in the range 1.53 < I < 1.75. The estimated accuracy for the determination of 
I is ~ ± 10%. Taking reported values of � = 0.67 [45] and based on current experiments 
�1 = 0.41, the local Richardson numbers Ri = ΔbLH∕u

2

H
 could be reckoned using Δb from 

Eq. (14b) as well as LH and uH using the discussion following Eq. (16). These Ri values are 
listed in Table 2, from which Ric was found to be in the range 1.36 < Ric < 1.56. In all, it is 
possible to infer that Ric ≈ 1.5.

10  Conclusions and discussion

The aim of this paper was to present observations of step like microstructure formation in 
the lower marine ABL in the presence of fog, and present a possible mechanism of step for-
mation in the fog-laden ABL. Such conditions are profusely unfavorable for electro-optic 
propagation, and hence a study of conditions of their genesis is opportune. It was argued 
that density steps are possible during localized turbulent mixing events in stably stratified 
fluids, wherein initial downward turbulent diffusion of lighter fluid parcels as a front and 
upward turbulent diffusion of heavier fluid parcels likewise may not pass each other during 
the initial osculation if the buoyancy jump Δb across the fronts are stronger than inertial 
forces of turbulent eddies u2

H
∕LH , where LH and uH are the integral length and velocity 

scales, respectively, in the area of step formation. Thus, the criteria for the step formation 
can be written as Ri = ΔbLH∕u

2

H
 > Ric , where Ric is a critical Richardson number.
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A simple laboratory experiment was performed to demonstrate the efficacy of the pro-
posed mechanism, notwithstanding the challenge of working with rapidly propagating 
turbulent fronts that osculate at a region of quasi homogeneous turbulence to produce a 
buoyancy jump of required strength. Using two oscillating grids in the middle layer of 
a three-layer stratified fluids, with grids placed at a suitable distance from the interfaces 
between layers and oscillated symmetrically above and below the center of middle layer, 
it was possible to obtain counter propagating density fronts initiated due to localized 

Fig. 6  Representative density ( � , in g  cm−3) profiles from two experiments a without interfacial layer for-
mation ( I = 1.53) and b with interfacial layer formation ( I = 1.75). Here z is measured from an arbitrary 
location in the upper layer
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turbulent mixing at the two interface and meet at the center part of the middle layer. This 
region is expected to have approximately spatially uniform turbulence intensities. Oscillat-
ing grid turbulence has been studied extensively, and previously reported results immensely 
helped characterize turbulence. Experiments with varying interfacial jumps and turbulent 
intensities were conducted, and the buoyancy jump across propagating fronts and their 
propagating speeds were reckoned using a simple model based on buoyancy conservation 
equations, entrainment law for stratified interfaces, and properties of oscillating grid turbu-
lence. Measurements and accompanying model calculations indicated a critical Richardson 
number of Ric ≈ 1.5. The water vapor acts as a passive scalar during the formation of steps, 
and hence the present results can be applied to cases of density steps with fog.

This result can be applied to the step structure observed in Fig. 2a.iv and v, with Fig. 2a.
iii a precursor (preconditioning) to step formation with some mixing activity. Commonly 
used length scales to characterize such situations are the buoyancy length scale uH∕N and 
the Ozmidov length-scale 

(

�∕N3
)1∕2 , which are listed in Table 3. They are only a fraction 

of the lower stratified layer, indicating localized mixing. The large value of the Gibson 
parameter �∕�N2 indicates active three-dimensional turbulence and mixing.

The second row of Table  3 lists the bow-mast measured turbulence quantities at the 
height 12.5 m, the buoyancy jump Δb across the lowest step and the Richardson number 
Ri . The calculated Ri is larger than Ric , showing consistency with the proposed criterion. 
Here LH was calculated using the autocorrelation function method and uH using 15 min 
averaging. The third row shows conditions at 02:19 UTC (Fig. 2a.v), where continuation 
of layered structure is evident, which is consistent with Ri > Ric . In summary, the results 
point to the formation of density steps during initial evolution of a stratified turbulent 
region when ΔbLH∕u2H > Ri

c
 . Also, field observations suggest mixing fog appearance dur-

ing the turbulence event.
Finally, it is interesting to note several other atmospheric and oceanic examples of step 

or staircase formation in stratified regions by the mechanism described here, in particular by 
Kelvin Helmholtz (KH) billowing induced by local shear instabilities. When KH billowing 
occurs, strong turbulence is generated locally in the ‘eye’ of the billow from the very early 
stages of evolution [50]. The overturning motions cause a turbulent mixing layer bounded 
by interfaces, and entrainment at their edges cause lighter and denser fluid parcels to oscu-
late within the mixing region, all the while turbulence is undergoing decay due to weakening 
shear. It is possible to expect layer formation within the mixing layer if ΔbLH∕u2H > Ri

c
 . A 

Table 2  Experimental parameters and the possible formation of an interface. Shading shows experiments 
that demarcate the conditions of step formation

 ∆  
cms-2 

 
Hz 

 
cm2s-1 

 
cm 

h 
cm 

 
cm 

   Density 
step 

1 20.43 5 18.30 13.4 5.5 8.9 8.37 1.53 1.36 No 
2 22.40 5 18.30 14.5 5.5 10 9.18 2.46 2.19 Yes 
3 22.40 5 18.30 14.5 6.0 9.5 11.47 1.75 1.56 Yes 
4 18.50 5 18.30 13.5 6.0 8.5 9.47 1.06 0.94 No 
5 18.50 5 18.30 13.0 5.5 8.5 7.58 1.23 1.09 No 
6 16.57 5 18.30 13.0 6.0 8 8.48 0.80 0.71 No 
7 16.57 4 14.64 13.5 6.0 8.5 13.26 1.25 1.12 No 
8 22.40 4 14.64 14.5 5.5 10 14.35 3.07 2.74 Yes 
9 22.40 4 14.64 15.0 5.0 11 11.28 5.17 4.61 Yes 
10 20.43 4 14.64 13.5 5.5 9 13.08 1.99 1.78 Yes 
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middle-atmospheric example of such mixing is shown in Fig. 7a from Luce et al. [51] where 
observations from high frequency Middle and Upper atmosphere Radar (MUR) are shown, 
taken 08 October 2008. Note the maturation of a KH billowing event at ~ 04:03 Local Time 
(LT), with the thickness of the mixing layer ~ 1 km. A growing mixing layer (green color) 
appears separated by upper and lower interfaces. At 04:03 LT, buoyancy jump across the mid-
dle mixing layer is ~ 0.14 m  s−2, LH ≈ 50 m and u2

H
≈ 5  m2  s−2 (see Fig. 7 caption for details), 

yielding Ri = ΔbLH∕u
2

H
≈ 1.4. No interface can be noted, consistent with the Ric criterion. At 

Fig. 7  a A Kelvin Helmholtz (KH) billow observed by very high frequency Middle and Upper atmosphere 
Radars (MUR) by Luce et  al. [51]. Radar echoes (dB) corrected for the range attenuation are shown on 
a time-height cross section. Radiosondes launched at representative sites show the breakdown of KH bil-
lows ~ 04:00 LT (their Fig. 3 lower) and development of approximately mixed patches of thickness ~ 1.0 km 
at about 04:02 LT (their Fig.  2) at the level of the billows with an estimated buoyancy jump of Δb ≈ 
0.14 m  s−2, the rms turbulent velocity scale u2

H
≈ 5  m2  s−2 [51]. LH ≈ 50 m can be evaluated as 1/20 of the 

patch size ([40], Sect. 5). A mixing layer forms between the two interfaces generated by billowing, and no 
steps are formed in the mixing layer at first. Upper interface again becomes unstable, and protuberances 
generated by billows are numbered and are discussed in Luce et  al. [51]. Decay of turbulence ensued in 
the mixed layer and a density step appears at 04:12 LT, when the mixing layer thickness ~ 0.75 km ( LH ≈ 
37.5 m) and u2

H
≈ 3  m2   s−2 [51]. b Possible breaking of a KH billow in the equatorial undercurrent and 

associated formation of a turbulent patch of thickness 22.6 m as reported in Table 1 of Hebert et al. [52] 
and further analyzed by De Silva et al. [50]. Left figure is the temperature structure presented using Hebert 
et al. [52] towed thermistor data by De Silva et al. [50] with the white box showing the time frame where a 
microstructure profiler registered the density structure shown to the right. The buoyancy variability within 
the patch Δb ≈ 2.26 ×  10–3 m  s−2 based on buoyancy frequency evaluated using the gradients just inside the 
patch (their Table 1). Calculations in the text assumes LH ≈ 1.1 m to be 1/20 of the patch size and Strang 
and Fernando [53] result for stratified shear layer rms velocity of uH ≈ 0.12ΔU ≈ 0.12 m  s−1 (their Sect. 9), 
where the characteristic shear layer velocity jump is ΔU ≈ 1 m  s−1 [50]
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04:12 LT, a step appears in the mixing layer in between the two interfaces formed by billow-
ing, whence the turbulence intensity has reduced to ~ 3  m2  s−2 (see legend). If buoyancy jump 
across the mixing layer just before the formation of the step remains ~ 0.14 m  s−2 and using the 
thickness of the mixing layer 0.75 km ( LH ≈ 37.5m ), it is possible to obtain Ri = ΔbLH∕u

2

H
≈ 

1.75, satisfying conditions for the step formation. The upper interface formed at ~ 04:02 LT 
undergoes further KH billowing due to local shear at ~ 04:18 LT. The ensuing mixed layer 
leads to an interface at ~ 04:22 LT, and successive breakdowns are expected to yield multiple 
layering and a density staircase.

An oceanic example of a K-H billow observed by Hebert et al. [52] is shown in Fig. 7b, 
where billow breakdown generated a turbulence patch, the properties of which were studied 
by De Silva et al. [50]. As indicated in the figure caption, the estimated values for the patch 
are Δb ≈ 2.26 ×  10–3 m  s−2, uH ≈ 0.12 m  s−1 and LH ≈ 1.13 m, yielding Ri = ΔbLH∕u

2

H
≈ 

0.18 < Ric . This is consistent with the absence of a well-defined step like structure within the 
patch.
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