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a) 

b) 

1.3 Interfacial Versus Penetrative Convection 

In the laboratory simulation and in the atmospheric case, 
entrainment occurs across the interface where convection is 

generated. This interfacial convection problem is related to, 

but differs in geometry from, the more thoroughly studied 

penetrative convection problem [e.g., Deardorffet al., 1980; 
Fernando and Little, 1990]. Under conditions of penetrative 

convection, the stratified entrainment interface is separated 

spatially from the region where convection is generated 

(Figure l c), and the most active convective elements are 

directed toward the entrainment interface rather than away from 
it as under interfacial convection conditions. This hints that 

entrainment mechanisms and rates may differ between the two 

cases. Nicholls and Turton [1986] conjectured that interfacial 

convection induces more rapid entrainment than does 

penetrative convection under otherwise identical conditions. 

While that issue remains unresolved, the current study and that 

of MP represent the only known laboratory studies of 

interfacial convection driven by radiation. 

c) 

Figure 1. Schematics of stratified convective entrainment' 

(a) stratiform cloud convection driven by infrared radiation 

emission (jagged arrows); (b) interfacial convection in 

laboratory driven by visible radiation (jagged arrows); (c) 

penetrative convection driven by heat (jagged arrows) 

deposited at some distance below entrainment interface. In 
each case, entrainment is indicated by shaded triangles. 

2. Experimental Design 

A 74-cm deep acrylic tank (Figure 2) with interior base 

dimensions of 56.9 cm x 28.8 cm served as the experimental 
chamber. The side walls of the chamber were covered with 

mirrors and thermal insulation. A viewing port on the front 
wall of the chamber allowed for observation of the flow. The 

experimental fluids were aqueous solutions dyed with 

bromothymol blue sodium salt. This dye is a pH indicator that 

appears blue for pH > 8, yellow for pH < 6, and green for pH in 
between. Nitric acid and sodium hydroxide were used to create 

yellow and blue fluids. A removable splitter plate facilitated 

the preparation of a sharp interface between two layers of these 

some conditions [Nicholls and Turton, 1986; Siems et al., 

1990; Shy and Breidenthal, 1991 ], has not been simulated in 

either the McEwan and Paltridge experiment or the current one. 

Thus, a comparison of entrainment rates measured in clouds 

with those found in the laboratory can help separate the roles 

of radiative and evaporative cooling, an important step in 
improving parameterizations of entrainment used in cloud- 

topped boundary layer models. 

McEwan and Paltridge [1976] (hereafter referred to as MP) 

found that the entrainment rate w e was related to the convective 
velocity scale w* identified by Deardorff [1970], 

w o•(Qh) (1) 

where Q is the buoyancy flux per unit mass generated by the 

absorption of light within the convecting layer and h is the 

depth of that layer. Remarkably, MP found no dependence of 

the entrainment rate on the strength of the density 
stratification between the two layers. In the limit of infinite 

density stratification, however, there can be no entrainment, 

so there must be some dependence on stratification not 

captured by their experiments. 
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Abstract. Laboratory experiments have been conducted to simulate entrainment in stratiform 
clouds. In particular, the case of entrainment across a capping temperature inversion and induced 
by cloud top cooling has been simulated. This geometry is termed interfacial convection, and its 
physics differ from the more thoroughly studied case of penetrative convection. The dimensionless 
entrainment rate associated with interfacial convection has been found to vary inversely with a 
bulk Richardson number over a broad range of Richardson numbers. A dependence of the 
entrainment rate on the diffusivity of the stratifying agent has also been found. This dependence is 
explained in terms of Taylor layers. A physical model for the dynamics of interfacial convection 
is proposed. In •he laboratory case, a stably stratified interface separates two fluid layers. 
Convection is driven in the upper layer by the deposition of radiation near the interface. After 
sufficient energy has been deposited, buoyant fluid rises and induces formation of entraining cusps 
at the interface. The spacing between cusps is determined by equating a buoyancy instability 
timescale with a heating timescale. When the depth of the convecting layer is large compared to 
the distance separating the cusps, a larger-scale circulation also develops. In such cases, eddies of 
size comparable to the depth of the convecting layer adveCt the cusps horizontally. Despite 
Reynolds numbers that differ by 4 orders of magnitude or more between the laboratory simulation 
and the real atmosphere, it is argued that the entrainment dynamics are analogous. Dimensionless 
entrainment rates measured in the laboratory are within 1 order of magnitude of those measured in 
the atmosphere for a given Richardson number. Thinner Taylor layers and the lack of evaporative 
effects in the laboratory may account for the difference. 

1. Introduction 

1.1. Atmospheric Context 

To advance the understanding of cloud top entrainment, 

laboratory-based fluid dynamics experiments have been 
conducted. Entrainment associated with turbulent, cloud- 

topped boundary layers is of particular interest since the 

stratiform clouds within these layers cover much of the Earth 

and strongly affect global climate. Cloud top entrainment is 

the process by which air originating above a stratiform cloud 

becomes incorporated into the cloud. A stable temperature 

inversion typically caps a stratiform cloud, which means cloud 

top entrainment occurs across a stratified interface. Thermal 

convection driven by radiative cooling at the cloud top is a 

primary mechanism by which entrainment is induced 

[Nicholls, !984]. A schematic of the process is shown in 

Figure 1 a. 

Nicholls and Turton [1986] expressed the need for an 

accurate parameterization of cloud top entrainment for use in 
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computer simulations of clouds. In a recent intercomparison 
of state-of-the-art numerical cloud models, it was noted that the 

models are incapable of resolving the relevant scales for 
entrainment and that entrainment results differ significantly 

from one model to another [Moeng et al., 1996]. Those 
findings highlight the need to study entrainment with 
techniques other than numerical models, such as laboratory 
experiments. 

1.2. Laboratory Simulation 

The current investigation builds on a pioneering laboratory 

experiment conducted by McEwan and Paltridge [1976]. The 

experimental technique involves two layers of fluid with a 

sharp and stable density stratification between them as shown 

in Figure lb. The lower layer is translucent, the upper layer is 

opaque, and thermal convection is driven within the upper 

layer by the absorption of light at the bottom of that layer. 

Convective motions w•ithin the upper layer induce entrainment 

of lower layer fluid across the stratified interface. As a 

consequence, the convecting layer deepens with time. 

Although with inverted orientation, the laboratory 

arrangement closely simulates cloud top entrainment (compare 

Figures l a and lb). The opaque layer is the laboratory analog 

to a stratiform cloud, and the translucent layer represents air 

above the cloud. Note that evaporative cooling, which has 

important feedback effects on cloud top entrainment under 
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Figure 6. Entrainment results for laboratory trials with heat 
stratification (baseline) and dextrose stratification. Heat 

stratified results of McEwan and Paltridge [1976] are also 
included. 

Dextrose-stratified trials exhibited markedly lower 
entrainment rates than heat-stratified trials for the same 

Richardson number. The best fit to the dextrose data is 

E 1 =O. 08Ri1-1 (8) 

The major uncertainty associated with each data point in Figure 

6 is the entrainment rate calculation. While h typically varied 

quite monotonically with time and the curve-fitting algorithm 

smoothed the effects of sampling a corrugated interface, taking 

a derivative of experimental data magnifies uncertainty. The 

uncertainty associated with each E 1 is + 30%. 

4.3. Cusp Characteristics and Dynamics 

The maximum speed c s at which cusps were observed to 
travel along the interface is plotted as a function of the 

convective velocity scale wl* in Figure 7. A linear dependence 
of cS = 0.5w l* is evident. While experimental constraints 
prevented direct measurement of fluid velocities during two- 

layer experiments, direct velocity measurements were made 

during a few single-layer experiments using a particle 

velocimetry technique. These measurements showed maximum 

particle speeds to be 60% of w l*, which compares well with 
the cusp speeds measured in the two-layer experiments. 

Typical temperature profiles (e.g., Figures 3a and 3b) 

consistently revealed a temperature maximum TMa x just above 
the yellow/blue interface and relatively isothermal fluid with 

temperature T u throughout the rest of the blue layer. While the 
uncertainty associated with the temperature measurements is 

about _+ 0.02 øC, the magnitude of ATspik e -- TMa x - T u was often 
as large as 0.04 øC and sometimes exceeded 0.1 øC. It is 

important to note that the magnitude of ATspik e sometimes 
varied dramatically from one measurement to another during a 

single trial. This .variability could be a function of the probe's 
position relative to hummocks and cusps as the probe 

penetrated the interface. We contend that fluid at temperature 

T u descended to the interface in the center of each hummock 
and was heated as it traveled cuspward. If the probe penetrated 

the interface in the center of a hummock, then no temperature 

spike would appear, whereas if the probe sampled fluid near a 

cusp, then ATspik e would be near its maximum. 
A Rayleigh number Ra characterizing convection in the 

upper layer is defined as 

Ra = • 3 gtY'dTspike (9) 
KV 

where a is the thermal expansion coefficient and K is the 

thermal diffusivity. Within this definition, the thickness • of 

the unstable temperature gradient region (see Figure 3) rather 

than the depth h of the convecting layer is the appropriate 

length scale because the onset of convection is of primary 
interest [Turner, 1973]. When Ra reaches a value of the order 

of 1000, convective instability is expected. Even during a 

single trial, Rayleigh numbers were found to span a range from 
less than 1 to 1500. This result is consistent with the idea that 

the temperature probe often sampled fluid near the interface 

that had yet to be heated sufficiently for it to lift away from the 

interface. That Rayleigh numbers of order 1000 were measured 

occasionally and that no Rayleigh numbers well above 1000 

were measured support the definition of Ra given by (9). 

Rayleigh numbers based on the entire depth h of the 

convecting layer were typically of order 107. 
The characteristic cusp spacing • differed from one trial to 

another and was always less than the depth h of the convecting 

layer. No simple correlation was evident between • and h, 
between • and ty, nor between X/h and Ri. These findings led us 

to consider the possibility of • depending on a thermal 

instability length scale /•scale' Under inviscid conditions, the 
characteristic instability time associated with an unstable 

temperature gradient is 

=(gadr) -1//2 At k,- -•'z) ' (10) 

where dT/dz is the vertical temperature gradient located 

immediately above the height of TMa x (see Figure 3). This 
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Figure 7. Convective velocity w 1 versus cusp speed c s. 
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3.2. Convective Velocity 

To nondimensionalize the entrainment rate and to calculate 

other dimensionless numbers, a characteristic convective 

velocity scale was required. As expressed in (1), the 

convective velocity depends on the buoyancy flux per unit 

mass Q at the base of the convecting layer. Subtleties 

associated with the appropriate definition of the buoyancy flux 

are detailed in the appendix. Three convective scaling 

velocities (w l*, w:*, and w.•*) are also detailed in the 
appendix. Most results of this study are insensitive to which 

one is used because their magnitudes are generally quite 

similar. When comparing trials that have different dye 

concentrations, however, w3* is preferable. A particle 
velocimetry technique was employed to verify the general form 

of (1), but the precision of the velocity measurements was 

insufficient to favor one scaling velocity over another [Sayler, 

1996]. 

3.3 Dimensionless Numbers 

Dimensionless entrainment rates E and Richardson numbers 

Ri were calculated using the different convective velocities. 

The general form of the dimensionless entrainment rate is 

Ei wv/• w = ,, (3) 
i 

where i is an index from 1 to 3. The general form of the 
Richardson number is 

g'h 

gii=(wi,)2, (4) 
where the effective gravity is given by 

Pl -Pu 
g'= g . (5) 

t9 ave 

In (5), Pu represents the density of fluid within the well-mixed 
portion of the convecting layer, and Pt represents the density 
of fluid well below the interface. A single Reynolds number Re 
has been defined as 

w *h 
Re - 1 , (6) 

I) 

where v is the kinematic viscosity. 

4. Results 

4.1 Visual Observations 

Soon after each trial began, convective motions were 

evident within the blue layer. The interface between the 

yellow and blue layers became corrugated with cusps of yellow 

fluid forming between hummocks of blue fluid. Figures 4 and 5 

provide a two-dimensional view of three-dimensional terrain 

that resembled the bottom of an egg carton. The hummocks 

had a characteristic length scale J, somewhere between 3 and 9 

cm. Cusps were more pronounced in the low Richardson 

number trials, and in trials where heat, as opposed to dextrose, 
was used to create the initial stratification. Interface 

deformations were virtually undetectable above Ri 1 = 75 in 
dextrose trials, whereas slight. deformations could still be 

detected at much higher Richardson numbers (Ri 1 = 258) in 

Figure 4. Photograph of cusps and hummocks from trial 
H17 (Ri 1 = 51). 

heat-stratified trials. Under all conditions, the interface 

appeared sharp with no evidence of neutralized green fluid. 

The growth of the convecting layer was generally too slow 

to be perceived though casual observation. Much more 

pronounced was the horizontal motion of cusps along the 

interface. Neighboring cusps tended to travel at similar speeds 

and in the direction of convergence zones (i.e., groups of 

cusps traveled toward each other on opposite sides of these 

zones). Convergence zones remained roughly stationary 

relative to the fastest moving cusps and typically were 

separated by 10 to 25 cm. 

4.2. Entrainment Rate as a Function of 

Stratification 

Dimensionless entrainment rates for the heat-stratified and 

dextrose-stratified trials are plotted as a function of Richardson 

number in Figure 6. While MP did not calculate Richardson 

numbers in their investigation, the data they published 

permitted calculation of Richardson numbers for each of their 
trials. The data based on the MP measurements coincide well 

with the current heat-stratified results but span a much more 

limited range of Richardson numbers. With the range of 

measurements provided by this experiment, however, a strong 

dependence of E on Ri is evident. Those data are characterized 

by 

E 1 =0.25Ri• -• . (7) 

Hummock 

Yellow Fluid 

Figure 5. Schematic of cusps and hummocks. 
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number in Figure 6. While MP did not calculate Richardson 

numbers in their investigation, the data they published 

permitted calculation of Richardson numbers for each of their 
trials. The data based on the MP measurements coincide well 

with the current heat-stratified results but span a much more 

limited range of Richardson numbers. With the range of 
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fluids with blue overlying yellow. Two 1000 W sodium lamps a) 
illuminated the tank from below. While a small amount of the 

light was absorbed in the yellow fluid, most was absorbed in a 

thin layer at the base of the blue fluid. The resulting heating 
induced convection in the blue fluid. 

In baseline trials, the stratification was established by 

making the blue fluid warmer than the yellow fluid, following 
MP. Trials were also run in which dextrose, instead of heat, 

stratified the layers initially. Note that heat diffuses 280 times 40 
more rapidly than dextrose does in water. The effect of this o n 
the measured entrainment rate is addressed in section 4.4. Over 

the course of each dextrose trial, a temperature stratification 

also developed as the upper layer was heated by the lamps. It õ 30 
is important to note, however, that under no circumstances did •: 
a double diffusion instability [e.g., Turner, 1973] occur, since 

the two fluid layers were stably stratified with respect to both 20 
dextrose and heat. 

As entrainment progressed during a trial, the depth of the 

convecting layer increased. Initial convecting layer depths •0 

ranged from 4.5 cm to 33 cm. The initial depth of the yellow 

layer was fixed at 33 cm. Profiles of temperature and radiative 

flux were measured at regular intervals throughout a trial using 

a vertically traversing thermocouple and photocell. Sample 

temperature profiles from two different trials are shown in 

Figures 3a and 3b. Characteristics of the profiles are discussed 

in section 4.3. The depth of the convecting layer could be b) 
determined independently from a radiative flux profile, a 

temperature profile, or visual inspection through the viewing 

port. The rate at which lower layer fluid was entrained into the 

convecting layer was calculated from periodic measurements of 

the average depth of the convecting layer. 

Infrared radiation generated by the sodium lamps was 

filtered before reaching the experimental chamber. This was 

done to prevent heating and convection within the yellow 40 

layer, which was intended to be quiescent. Between the 

infrared filter and the experimental chamber, the illumination 

passed through a light diffuser that minimized horizontal 
variations in radiative flux to 5% or less. • 30 

The concentration of dye determined the depth within the :• 
blue fluid over which most of the illumination was absorbed. • 

• 20 

Except for the trials discussed in section 4.6, the 

concentration of dye remained constant from one trial to 

another at 0.042 g/L. Blue fluid with this concentration of dye 

absorbed 63% (a factor of l/e) of incident illumination over a l0 

depth of 1.2 cm. The distance over which illumination 

decreases by a factor of 1/e is referred to as the absorption 

depth or. To determine the effect of the absorption depth, a few 0 

trials with different dye concentrations, both lower and higher 

than usual, were also conducted. 

Initial pH values for the yellow and bltie layers were 

typically 3.5 and 10.4, respectively. Calculated from those 

pH values, the initial equivalence ratio x (defined as the volume 

of yellow fluid required to neutralize a unit volume of blue fluid) 

was 0.78. This ratio decreased throughout a trial as 

entrainment and mixing acted to neutralize the blue fluid. Each 
trial for which an entrainment rate was measured was 

terrfiinated before the equivalence ratio decreased to half of its 
initial value. 

3. Calculated Parameters 

3.1. Entrainment Rate 

The depth h of the convecting layer was measured 

periodically over the course of a trial, and a curve-fitting 
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Figure 3. Sample temperature profiles: 

Ri 1 = 15' (b) from trial H15, Ril = 79. 

(a) from trial HI, 

algorithm was used to find a polynomial characterizing h as a 

function of time. The dimensional entrainment rate We(t) was 
determined by taking the time derivative of the polynomial, 

= dh(t.•). (2) We - dt 

The entrainment rate associated with each data point was 

calculated, and an average entrainment rate was determined for 

each complete trial. 
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convection induces more rapid entrainment than does 

penetrative convection under otherwise identical conditions. 

While that issue remains unresolved, the current study and that 

of MP represent the only known laboratory studies of 

interfacial convection driven by radiation. 
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Figure 1. Schematics of stratified convective entrainment' 

(a) stratiform cloud convection driven by infrared radiation 

emission (jagged arrows); (b) interfacial convection in 

laboratory driven by visible radiation (jagged arrows); (c) 

penetrative convection driven by heat (jagged arrows) 

deposited at some distance below entrainment interface. In 
each case, entrainment is indicated by shaded triangles. 

2. Experimental Design 

A 74-cm deep acrylic tank (Figure 2) with interior base 

dimensions of 56.9 cm x 28.8 cm served as the experimental 
chamber. The side walls of the chamber were covered with 

mirrors and thermal insulation. A viewing port on the front 
wall of the chamber allowed for observation of the flow. The 

experimental fluids were aqueous solutions dyed with 

bromothymol blue sodium salt. This dye is a pH indicator that 

appears blue for pH > 8, yellow for pH < 6, and green for pH in 
between. Nitric acid and sodium hydroxide were used to create 

yellow and blue fluids. A removable splitter plate facilitated 

the preparation of a sharp interface between two layers of these 

some conditions [Nicholls and Turton, 1986; Siems et al., 

1990; Shy and Breidenthal, 1991 ], has not been simulated in 

either the McEwan and Paltridge experiment or the current one. 

Thus, a comparison of entrainment rates measured in clouds 

with those found in the laboratory can help separate the roles 

of radiative and evaporative cooling, an important step in 
improving parameterizations of entrainment used in cloud- 

topped boundary layer models. 

McEwan and Paltridge [1976] (hereafter referred to as MP) 

found that the entrainment rate w e was related to the convective 
velocity scale w* identified by Deardorff [1970], 

w o•(Qh) (1) 

where Q is the buoyancy flux per unit mass generated by the 

absorption of light within the convecting layer and h is the 

depth of that layer. Remarkably, MP found no dependence of 

the entrainment rate on the strength of the density 
stratification between the two layers. In the limit of infinite 

density stratification, however, there can be no entrainment, 

so there must be some dependence on stratification not 

captured by their experiments. 
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3.2. Convective Velocity 
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associated with the appropriate definition of the buoyancy flux 

are detailed in the appendix. Three convective scaling 

velocities (w l*, w:*, and w.•*) are also detailed in the 
appendix. Most results of this study are insensitive to which 

one is used because their magnitudes are generally quite 

similar. When comparing trials that have different dye 

concentrations, however, w3* is preferable. A particle 
velocimetry technique was employed to verify the general form 

of (1), but the precision of the velocity measurements was 

insufficient to favor one scaling velocity over another [Sayler, 

1996]. 

3.3 Dimensionless Numbers 

Dimensionless entrainment rates E and Richardson numbers 
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Ei wv/• w = ,, (3) 
i 

where i is an index from 1 to 3. The general form of the 
Richardson number is 

g'h 

gii=(wi,)2, (4) 
where the effective gravity is given by 

Pl -Pu 
g'= g . (5) 

t9 ave 

In (5), Pu represents the density of fluid within the well-mixed 
portion of the convecting layer, and Pt represents the density 
of fluid well below the interface. A single Reynolds number Re 
has been defined as 

w *h 
Re - 1 , (6) 

I) 

where v is the kinematic viscosity. 
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Motivation: Can LES reproduce lab results (A=0.2-0.3)? 
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TABLE 3. 2-3 HOUR AVERAGES OF SELECTED MODEL PARAMETERS (MKS 
UNITS) DESCRIBED IN TEXT 

* lo3 

CODE (mm s-1) 

UKMO-M 
csu 
wvu 
ARAP 
NCAR 

UKh4O-M 
MPI 
csu 
WOK 
IMAU 
uw 
SB 
wvu 
ARAP 

UKMO-N 
NCAR 
MNH 
cu 
CU-NL 

UKMO-M 
csu 
uw 

AERO 

MNH 
AERO-HI 

2.20 
2.90 
2.89 
2.58 
2.85 

3.16 
3.80 
3.39 
3.19 
3.66 
2.57 
3.11 
4.64 
3.42 

2.05 
3.62 
4.25 
3.25 
3.45 

4.81 
5.58 
4.65 

6.07 
4.81 
4.59 

0.743 
0.698 
0.686 
0.687 
0.744 

0.632 
0.618 
0.633 
0.647 
0.577 
0.594 
0.561 
0.560 
0.563 

0.697 
0.679 
0.572 
0.696 
0.688 

0.884 
0.821 
0.863 

0.457 
0.531 
0.470 

0.948 0.47 
0.908 0.70 
0.890 0.74 
0.917 0.60 
0.885 0.76 

0.825 1.01 
0.801 1.33 
0.772 1.32 
0.797 1.12 
0.749 1.55 
0.889 0.64 
0.864 0.86 
0.714 2.27 
0.771 1.32 

0.956 0.43 
0.839 1.13 
0.789 1.58 
0.838 1.01 
0.852 1.02 

0.639 3.29 
0.529 6.75 
0.764 1.82 

0.557 6.31 
0.700 2.54 
0.722 2.22 

0 

0 
0 
0 
6 

0 
0 
0 
0 

0 
12 
0 

0 
0 

3 
4 
1 
6 
6 

0 
0 
8 

0 

0 

0 

Blank lines separate groups of runs, in the order 3-DH, 3-DM, 3-DN, 2-D 
and 1-D. 

heat flux, such as the convective velocity scale w*, even after 2-3 h of simulation. The 2-D 
models tend to have shorter but larger and more irregular heat-flux oscillations of &loo%, 
while the 1-D models settle to a stable heat-flux within an hour. 

(b) Comparison of2-3 hour average entrainment rate and TKEblav 

Table 3 lists the 2-3 h averages of a few important parameters for all models. These 
include we and TKEblav (discussed in this subsection), a radiative cooling parameter Fabove 

(to be discussed in subsection 4(d)), w, (discussed in subsection 4(e)), and derived 
entrainment efficiency A (discussed in subsection 4(f)). 

Figure 3 shows the 2-3 h average entrainment rate and TIEblav for the models, 
partitioned by group. The hatched zone in Fig. 3(a) is the range of entrainment rates 

that one would obtain from using a mixed-layer model using entrainment closure (1) with 
A in the range 0.2-0.4 suggested by the laboratory experiments. Here, the values 

€ 

we

w*
=
A
Ri



Smoke-cloud Case Setup

From Stevens and Bretherton (1999)
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F(z) = F0 exp(−τ s(z))
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τ s(z) = Ka ρ0S(z)dz
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Ka = 0.02m2kg−1

Radiation Forcing:

LES Model: SAM 6.7.5
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15 m inversion layer
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η ≈ 0.7 − 0.8

Effect of radiation on entrainment efficiency. 
Deardorff (1981), Moeng (1999), Lock and McVean (1999), ...
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Case
Hor. 
Res
m

Vert. Res
inversion

m

Time 
Step

s
S

We

mm/s

W*

m/s
Ri A A’ W/m2

HiRes1.0 5 1 0.5 1.0 2.0 0.96 202 0.42 0.32 4.4 0.84

MidRes0.5 5 2 0.5 0.5 1.8 0.93 218 0.43 0.33 3.1 0.78

MidRes1.0 5 2 0.5 1.0 2.5 0.94 213 0.57 0.36 5.5 0.77

MidRes2.0 5 2 0.5 2.0 3.0 0.93 217 0.70 0.45 7.0 0.72

MidRes3.0 5 2 0.5 3.0 3.6 0.91 226 0.89 0.53 10.9 0.84

LowRes1.0 10 5 1.0 1.0 3.0 0.91 226 0.74 0.47 6.8 0.76

€ 

ΔFi

€ 

η

•No conversion of 2 m and 1 m vertical resolution results



Conclusions

• Strong sensitivity of the entrainment velocity and entrainment efficiency 
parameter to the entrainment zone radiative cooling shown by earlier studies 
with coarser grids is confirmed; 

•Different entrainment rates for 4 different smoke concentrations occur at 
similar characteristics of turbulence in the entrainment zone which suggests 
that most of variation in the entrainment rates among the cases is due to 
different radiative cooling above the level of minimum buoyancy;

•High-resolution simulations of the smoke-cloud GCSS case up to 1 m vertical 
resolution and 5 m horizontal show no convergence of the entrainment velocity;   


