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a b s t r a c t

In this report, experimentsmimicking some aspects of cloud-clear-air mixing in a laboratory chamber are
discussed. A saturated plume containing small droplets of water (a surrogate of an atmospheric cloud) is
mixedwith unsaturated environmental air in order to study effect of evaporative cooling at the interfaces
between cloudy and clear air filaments on small-scale turbulence. Two components of the turbulent
velocity at a small scale are determinedusingparticle imaging velocimetry of the clouddroplets. Enhanced
velocity fluctuations between the Kolmogorov (η ≈ 0.8 mm) and Taylor (λ ≈ 8 mm) microscales are
observed.

The characteristic feature of these microscales is anisotropy with a preferred vertical direction. A
straightforward dependence of the observed effects on the relative humidity of the environment indicates
the importance of buoyancy production by evaporative cooling. This conclusion is in agreement with
previous numerical experiments described in the literature and suggests that, under certain conditions,
effects similar to the above may influence the smallest scales of turbulence in natural clouds.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Measurements of the smallest scales of turbulence and the
turbulent mixing of passive scalars performed in controlled
laboratory conditions have been widely documented in the
scientific literature (reviewed in [1–3]). In contrast, experimental
evidence of the smallest scales of natural atmospheric turbulence
is limited ([4] and the references therein). By ‘‘smallest-scale’’ we
are referring here to turbulence at the edge of the inertial range,
i.e., at scales from approximately 10 cm (the practical resolution
limit of high-resolution airborne instruments) to the Kolmogorov
microscale, η (which, for typical atmospheric flows, is of the order
of 1 mm).

Clouds are an atmospheric phenomenon in which turbulence
plays an important role. Through nonlinear interactions, cloud
turbulence influences all scales of motion: from droplet collisions
to global-scale circulation [5,6]. Cloud turbulence occurs over a
range of scales extending further than in laboratory flows, from
hundreds of meters down to a fraction of a millimeter. The
typical Reynolds numbers, Re, can reach 109 and Taylor microscale
Reynolds numbermay be as high as Reλ ∼ 105. However, themean
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turbulent kinetic energy (TKE) dissipation rate ε is typically low
in clouds, relative to typical laboratory experiments, ranging from
ε = 10−1 m2 s−3 to ε = 10−5 m2 s−3 in stratiform and shallow
cumulus clouds, and these values are highly variable at distances
of hundreds of meters [7].

Investigations of turbulence in the atmosphere are different
from those in the lab. In the lab,we control the external parameters
of turbulence, whereas in the atmosphere, we make observations
but can often miss many important parameters. In the lab, we
know (almost) everything about the source of TKE. We can force
the turbulence to be stationary, measure its uniformity, or try
to make it isotropic. When performing measurements in the
free atmosphere, we often have only a crude idea of the TKE
sources, such as shear instability, gravity wave breaking, dry
or moist convection driven by latent heat changes or radiative
effects. Clouds (especially convective ones) have various life cycles;
some regions are more turbulent than others. Turbulence can be
transported by advection, and transport terms in the turbulent
kinetic energy equation usually cannot be neglected. Point in-situ
measurements often do not reveal the whole complexity and scale
dependence of the flow.

Laboratory investigations of turbulence can help explain
specific aspects of this natural phenomenon. Experiments in
controlled, or at least closely monitored, conditions give a good
insight into the details of phenomena that are not available in
situ. Even when extensions of laboratory studies to the real world
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are not straightforward, they help to build an understanding of
free atmospheric flows. This study is an example of such research:
we describe a laboratory experiment aimed at representing some
features of small-scale turbulence thatwe cannot observe outdoors
using the existing experimental techniques. The laboratory set-up
differs substantially from what occurs in clouds; nevertheless, it
allows us to focus on TKE production due to the buoyancy forces
resulting from evaporative cooling of cloud droplets in the course
of cloud-clear-air mixing.

Let us consider isobaric mixing between two parcels of air
at similar temperatures: one cloudy, i.e., saturated, containing
condensed water, and a second one unsaturated, without cloud
droplets. In the course of mixing, a certain amount of liquid water
evaporates, cooling the mixture and consequently reducing its
buoyancy (increasing its density). The final effect depends on
the initial temperature of both of the parcels, the humidity of
dry parcel, the liquid water content (LWC) of the wet parcel
and the proportion of masses in the mixing event. It is well
documented in the meteorological literature that such processes
reduce cloud growth [8], anddrive formation of downdrafts around
clouds (e.g. [9,10]). Paluch [11] introduced diagrams illustrating
buoyancy reduction for varying mixing proportion (cf. Figs. 9–11
therein). Deardorff [12] and Randall [13] found that on the top of
stratiform cloud mixing and subsequent evaporative cooling may
lead to destabilization of cloud layer (cloud topmixing instability).
Recent direct numerical simulations by Mellado [14,15] show
details of such process. Formulation of moist cloud processes by
Pauluis and Schumacher [16] elegantly represent the buoyancy
effects of a phase change in atmospheric simulations.

Although thermodynamics and bulk dynamics of cloud-clear-
air mixing have been widely investigated, the corresponding
microphysical aspects have received much less attention. The
authors of [17] proposed to study the small-scale effects of cloud-
clear-air mixing inside a laboratory chamber. High-resolution
numerical simulations aimed at interpreting their measurements
were carried out in [18–20]. An improved version of the chamber
experiment was reported in [21], and the results of the laboratory
and numerical experiments were compared in [22].

This paper extends the preliminary experimental results of [21]
to a wide range of relative humidities. Improvements in the
experimental technique allow us to observe the evolution of
mixing and to analyze the structure functions and autocorrelations
of the velocity fluctuations. Additionally, the presentwork includes
experiments with non-evaporating droplets that were performed
to distinguish between the small-scale effects of buoyancy
fluctuations due to mass loading and those due to evaporative
cooling.

2. Experimental set-up

2.1. Cloud chamber and imaging technique

The experimental set-up evolved from the earlier studies
described in [17,21]. The aim of the set-up design was to use
a particle imaging velocimetry (PIV) technique [23] to examine
the motion of cloud droplets in a cloudy plume undergoing
mixing with an unsaturated environment. The cloud (cloud
droplets) was generated by a commercial ultrasonic humidifier.
The size spectrum of the droplets was verified using a well-
known technique: sedimenting droplets were collected on a
glass plate covered with an oil film to prevent evaporation.
Microscopic photographs of the droplets in oil (Fig. 1) were
processed using a custom-designed pattern recognition algorithm
for detecting droplet sizes. The observedmean droplet radius Rm ≈

5.4 µm corresponds well to reported observational data, and the
spectral width of the droplet size spectrum (standard deviation
of radius 1.6 µm) is only slightly wider than the typical value for
clouds [24].

b

a

Fig. 1. (a) Sample image of droplets collected in a film of silicone oil, observedwith
a microscope. (b) Measured initial droplet spectrum. Vertical axis: relative mass;
horizontal axis: droplet radius (µm).

a

b

Fig. 2. (a) Cloud chamber (black boxwith aluminum frame)with a laser and optical
system producing a planar sheet of light and CCD cameras (here, configured for
stereo PIV, not presented in the paper). (b) Principle of the visualization technique.
A pulsed laser with a suitable optical system produces a planar sheet of light. The
light scattered by the cloud droplets is imaged by a CCD camera with its optical axis
normal to the light sheet.

The experimental apparatus and an illustration of themeasure-
ment system are shown in Fig. 2. The core is a glass-walled cloud
chamber of dimensions: 1 m × 1 m × 1.8 m, in which a turbulent
plume was produced. The cloud (a saturated airmass with a load
of droplets) was buffered in a box above the main chamber. When
the box is filled, a round hole (of diameter 10 cm) between the box
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Fig. 3. An image from the experimental chamber showing small-scale structures
created in the process of cloud-clear-air mixing. The imaged area corresponds to an
8 × 6 cm2 in physical region.

and the chamber opens and the cloud descends as a saturated, neg-
atively buoyant turbulent plume that mixes with the unsaturated
air in the chamber. This mixing was imaged using a light sheet
technique. Two lasers (Nd:Yag, wavelength 532 nm, pulse energy
36 mJ, pulse length 5ns) were used to produce pairs of flashes
at a rate of 12 Hz. Light, shaped by cylindrical lenses, provides a
1-mm-thick sheet of about 15 cm width in the region of interest.
The light scattered by the droplets was imaged with high resolu-
tion CCD cameras (PCO Sensi-Cam) in conjunction with a frame
grabber and a recording PC computer. Pairs of 1280 × 1024 pixels
12 bit images were stored in the computer’s RAM. A sample image
from the experiment, covering an area of ∼8×6 cm2, is presented
in Fig. 3. It reveals a fine structure created in the course of turbu-
lent mixing between the cloud and the unsaturated environment.
One pixel in the image corresponds to a 1.2-mm-deep volumewith
a ∼69 × 69 µm2 area in the plane of the laser-light sheet. Such
elementary volumes occupied by the droplets are represented by
dark pixels; bright pixels correspond to the volumes that are void
of droplets.

Pattern recognition using a pair of images separated by a known
time interval allows us to retrieve two velocity components in
the image plane. Clear air filaments do not contain markers; thus,
velocity retrieval is limited to cloud filaments only: a cloudmask is
adopted in PIV algorithms to remove possible spurious vectors in
the clear areas. Two original, accurate multi-scale PIV algorithms
were developed for this experiment [25]. These algorithms allow
us to estimate the two velocity components of the droplets carried
by the flow with a spatial resolution of ∼0.07 mm; i.e., an order of
magnitude smaller than the Kolmogorov length scale (estimated
as η = 0.76 mm for the measurements). Fig. 4 shows a sample
pattern of droplets superimposed on the retrieved vectors of
velocity fluctuations (with themean velocitywithin the image area
removed).

Here,we note several properties specific to this experiment.We
are not employing particle tracking to investigate the Lagrangian
behavior of inertial particles in the flow [26], nor do we use typical
PIV in which the flow is seeded with passive markers. The droplets
have non-negligible inertia and actively interact with the flow
through mass loading, evaporative cooling, gravity, and Stokes
interaction. While the last two effects are small and should not
have a significant effect on the turbulence (the Stokes numberwith
respect to the turbulence accelerations is 0.003 and the Stokes time
for adjusting to the acceleration of gravity is∼10−3 s), the first two
effects may substantially impact the flow, presumably in amanner
that is similar to real atmospheric clouds.

The plume descending through the central part of the chamber
forces airflow recirculation inside the chamber. The imaging is
restricted to the central part of the chamber to avoid regions of
shear in the chamber-scale circulation. Turbulence resulting from

Fig. 4. Two components of the velocity field retrieved with a PIV technique for
cloudy filaments.

this shear can be considered as a surrogate of turbulence produced
by larger-scale circulation in natural clouds.

2.2. Measurements

The initial velocity of the plume at the inlet to the chamber,
as estimated from 300 pairs of images is ∼17 cm/s. Initially, the
flow is not laminar, and the analysis of the velocity field using
the proper orthogonal decomposition (POD) technique indicates
that its first mode contains about 28% of the kinetic energy of
the flow, whereas the second mode contains about 12%, with
a series of modes with consecutively decreasing energies. The
inflow is symmetrical with respect to the plume axis, and at
least the first six modes show patterns that are nearly symmetric.
The descending plume strongly mixes with the unsaturated air
inside the chamber, creating complicated, continuously evolving
filaments. The retrieval of velocity fluctuations within the cloudy
filaments gives insight into the mixing details.

The initial mass loading (liquid water content, LWC) in the
plume reaches ∼23.7 g/kg (0.0237 in SI units), which is an order of
magnitude more than that observed in natural clouds. This value
was measured by a weight method in which a given volume of
cloud is sucked through a cotton swab filter. The difference in
the weight of the cotton filter before and after sucking allows
us to estimate the mass of collected water. The temperature
of the plume measured at the inlet was about 25 °C, close to
the temperature of the unsaturated air in the chamber. The
temperature inside the chamber wasmonitored by a vertical chain
of ten thermocouple sensors. The relative humidity (RH) of the air
inside the chamber was monitored by an analogous chain of four
capacity hygrometers. The initial RH inside the chamber was, in
some series, as low as 20% and increased to 65% during the course
of the experiments.

In each measurement lasting about 30 s a sequence of 100
pairs of images covering an area of 8 × 6 cm2 is captured.
Short duration of the experimental series allows us to assume
constant properties of the environment during the series. A time
lapse of approximately 0.3 s between the pairs of images ensures
that consecutive scenes are independent, as the mean downward
velocity of the plume is ∼20 cm/s. Velocity fluctuations (with
the mean velocity subtracted) were collected for 100 independent
scenes under consistent conditions, providing information on
the statistical properties of the flow. The measurements were
performed at various distances from the inlet (30–70 cm) to
include various stages of mixing. The thermodynamic conditions
were monitored and recorded during the measurements. This
factor is important because the thermodynamics, especially the
RH of the environmental air, influence the droplet evaporation.
After the measurement, the chamber was opened, ventilated and
cleaned to be prepared for the new series. The results from 50
series of measurements are summarized in Table 1.
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Table 1
Results from 50 experimental series with evaporating droplets. Pos.—position of measurement (distance from the top of the chamber); RH—relative humidity; ε—TKE
dissipation rate; η—Kolmogorov length; ⟨⟩—averaging; u and w—horizontal and vertical component of velocity; σ standard deviation; S—skewness; K—kurtosis; λ—Taylor
microscale.

No. Pos. [cm] RH [%] ε [m2 s−3] η [mm] ⟨u⟩[m s−1] ⟨w⟩[ms−1
] σu[ms−1

] σw[ms−1
] S(u) S(w) K(u) K(w) λu[mm] λw[mm]

1 70 20 0.016 0.68 −0.002 0.30 0.050 0.062 −0.04 0.03 3.0 2.8 5.4 6.6
2 70 42 0.007 0.84 0.009 0.26 0.042 0.052 −0.09 0.09 3.0 2.8 7.4 9.3
3 70 49 0.006 0.88 0.009 0.24 0.044 0.052 −0.08 0.01 2.9 2.8 8.9 11.0
4 70 61 0.006 0.89 0.013 0.23 0.038 0.052 −0.03 0.01 3.0 2.9 8.0 1.2
5 60 25 0.011 0.75 −0.015 0.28 0.048 0.059 −0.02 0.07 2.9 2.7 6.2 7.8
6 60 20 0.012 0.73 0.001 0.30 0.049 0.056 −0.10 0.01 2.9 2.9 6.0 7.0
7 60 29 0.010 0.77 −0.007 0.27 0.045 0.056 0.03 0.11 2.8 2.6 6.4 7.8
8 60 40 0.009 0.79 −0.001 0.28 0.046 0.054 −0.06 −0.05 3.3 2.8 6.8 8.1
9 60 62 0.005 0.90 0.004 0.21 0.039 0.047 −0.06 −0.02 2.9 2.8 8.8 11.0

10 50 62 0.007 0.84 0.008 0.24 0.042 0.055 −0.08 0.00 2.9 2.7 7.5 10.0
11 50 25 0.014 0.71 0.013 0.22 0.042 0.057 0.01 0.00 2.9 2.9 7.0 6.7
12 50 32 0.012 0.73 0.002 0.27 0.046 0.064 −0.07 0.06 3.2 2.8 5.8 7.8
13 50 42 0.010 0.77 0.001 0.25 0.047 0.062 0.01 −0.04 2.8 2.6 6.5 8.9
14 50 50 0.007 0.85 −0.001 0.21 0.038 0.054 −0.11 0.17 3.1 3.0 7.2 9.7
15 50 61 0.008 0.81 0.003 0.22 0.045 0.056 −0.12 −0.05 2.9 2.7 7.2 9.3
16 40 59 0.009 0.79 0.014 0.22 0.045 0.062 −0.18 0.10 3.2 2.5 6.7 9.2
17 40 20 0.014 0.71 0.002 0.27 0.050 0.064 0.04 −0.14 2.7 2.7 5.4 6.9
18 40 32 0.012 0.73 0.000 0.24 0.044 0.062 −0.07 0.02 3.0 2.9 5.6 7.6
19 40 41 0.011 0.75 0.002 0.25 0.046 0.062 −0.07 0.00 3.0 2.7 5.9 7.8
20 40 52 0.010 0.77 0.016 0.24 0.044 0.063 0.06 0.06 2.9 2.7 6.0 9.0
21 40 46 0.011 0.75 0.006 0.24 0.046 0.057 −0.08 0.03 2.9 2.7 6.0 7.4
22 40 48 0.008 0.80 0.010 0.21 0.040 0.056 −0.09 0.15 2.9 2.8 6.0 8.2
23 30 56 0.011 0.75 0.011 0.16 0.043 0.062 −0.06 0.03 3.0 2.7 5.5 7.7
24 30 65 0.007 0.83 0.013 0.18 0.037 0.050 −0.01 0.15 3.0 3.0 6.4 8.3
25 30 20 0.021 0.64 −0.001 0.21 0.053 0.064 −0.07 −0.13 2.9 2.9 4.6 5.5
26 30 36 0.017 0.67 −0.011 0.18 0.044 0.057 −0.08 0.04 3.3 2.8 4.3 5.5
27 30 23 0.021 0.64 0.002 0.19 0.052 0.067 −0.02 −0.16 3.0 2.9 4.6 6.0
28 50 23 0.014 0.70 0.006 0.23 0.052 0.061 0.04 −0.27 3.1 2.8 4.3 4.9
29 70 23 0.016 0.69 0.005 0.27 0.050 0.060 −0.04 0.00 2.9 2.8 4.5 5.4
30 70 23 0.015 0.69 0.008 0.25 0.048 0.058 −0.10 0.13 3.2 3.1 5.2 6.1
31 70 23 0.014 0.71 0.013 0.25 0.046 0.052 −0.01 0.02 3.1 2.9 5.7 6.3
32 70 23 0.014 0.70 −0.002 0.25 0.047 0.054 −0.11 0.14 3.3 3.2 4.8 5.6
33 70 23 0.015 0.69 0.008 0.26 0.049 0.060 −0.08 0.13 3.1 3.1 5.2 6.1
34 70 23 0.014 0.71 0.000 0.26 0.046 0.053 0.06 0.03 3.0 2.8 5.6 6.4
35 70 38 0.008 0.82 0.012 0.24 0.043 0.059 −0.11 0.07 3.0 2.8 7.3 10.0
36 50 46 0.007 0.83 0.010 0.20 0.040 0.058 −0.11 0.08 3.0 2.9 7.1 10.0
37 50 23 0.014 0.70 0.004 0.24 0.049 0.063 −0.06 −0.02 2.9 2.9 5.4 7.1
38 50 29 0.009 0.79 0.007 0.20 0.040 0.055 −0.16 0.04 2.8 2.9 6.3 8.5
39 50 24 0.013 0.71 −0.023 0.23 0.049 0.058 −0.07 0.10 3.2 3.1 5.4 6.4
40 50 33 0.008 0.80 −0.008 0.21 0.041 0.051 −0.07 0.17 3.0 3.0 6.6 8.0
41 50 24 0.013 0.72 −0.005 0.23 0.047 0.065 −0.13 0.19 2.9 2.7 5.6 7.3
42 30 21 0.023 0.63 0.011 0.19 0.050 0.066 −0.01 −0.02 3.0 2.7 4.2 5.4
43 30 21 0.023 0.62 0.012 0.18 0.052 0.069 −0.04 −0.02 3.1 2.7 4.4 5.8
44 30 21 0.023 0.62 0.013 0.19 0.050 0.070 −0.09 0.01 3.1 2.6 4.1 5.7
45 30 21 0.023 0.63 −0.006 0.17 0.050 0.065 −0.10 0.08 3.1 2.7 4.3 5.6
46 30 32 0.018 0.66 0.014 0.19 0.047 0.070 −0.06 0.06 3.1 2.8 4.3 6.6
47 30 42 0.016 0.68 0.014 0.18 0.042 0.064 −0.06 0.00 3.2 2.8 4.1 6.2
48 30 46 0.013 0.72 −0.006 0.17 0.045 0.061 −0.17 0.11 3.1 2.8 5.1 6.8
49 30 51 0.011 0.75 0.011 0.16 0.041 0.065 −0.18 0.18 3.2 2.9 5.1 7.8
50 30 31 0.015 0.69 0.018 0.13 0.040 0.066 −0.07 0.20 3.3 2.8 4.2 6.6

3. Results

3.1. Effects of evaporative cooling on buoyancy

To analyze the role of evaporative cooling of water droplets
at the cloud-clear air interface on the buoyancy fluctuations,
we consider so called density temperature Tρ of cloudy air
[27, Eq. 4.3.6] defined as

Tρ ≈ T

1 +


1 −

Rv

Ra


X − LWC


, (1)

where T denotes temperature, X is the water vapor mixing ratio
(the mass of water vapor divided by the mass of dry air), LWC is
the liquid water mixing ratio (the mass of water droplets divided
by the mass of dry air), Ra and Rv are the gas constants of dry
air and water vapor, respectively. These values are determined by
Ra = R/µa, Rv = R/µv , where R is the universal gas constant and
µa, µv are the molar masses of dry air and water respectively. Tρ

is inversely proportional to the mean density.

Let us consider the density temperature of a homogeneous
mixture of cloudy air and an unsaturated environmental air at a
given mixing proportion χ (where χ is the ratio of the mass of the
cloudy air to the sum of the masses of both kinds of air, [28,19]).
The assumption that the portions of air are in thermodynamic
equilibrium before and after mixing implies that some of the
droplets evaporate during the course of mixing. The dependence
of the density temperature Tρ on the proportion of mixing χ for
initial conditions corresponding to the conditions in the chamber
(LWC of cloudy air 23.7 g/kg, temperature of both portions 25 °C)
is shown in Fig. 5.

The interpretation of Fig. 5 is the following: χ = 1 indicates
the Tρ of the cloud calculated with the Eq. (1) and χ = 0
indicates Tρ of the environment for various RH. Without phase
change effects the density temperature of the mixture would lay
on a straight segments connecting Tρ of the cloud and Tρ of the
environment. Evaporation of water substance reduces Tρ of the
uniform, homogenizedmixture consisting ofmass fractionχ of the
cloud and 1-χ of the environment. In the experimental conditions



P.M. Korczyk et al. / Physica D ( ) – 5

Fig. 5. Mixing diagrams (vertical axis: density temperature, horizontal axis:mixing
proportion of cloudy air) for conditions in the cloud chamber, as calculated by a
simple model assuming thermodynamic equilibrium before and after mixing.

Fig. 6. Mean downward velocity of the plume at 30 cm (black, circles) and
70 cm (red, stars) from the inlet as a function of the relative humidity (RH) of the
environmental air. The lines represent best the linear fits. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

the mixing of the cloud with the unsaturated environment of RH
less than ∼60% may result in a mixture that is denser than either
component. The minimum density temperature is obtained for
mixtures containing ∼80% of cloudy air and ∼20% of unsaturated
environment.

Assuming varying proportionsχ of cloud and clear air in various
mixed volumes, a wide distribution of Tρ and, consequently, a
remarkable small-scale variability of the buoyancy field result from
mixing. A detailed analysis of the buoyancy fluctuations can be
found in Sections 2 and 3 of [22].

3.2. Bulk plume motion

In the following three subsections we describe experiments
in which the effects of evaporative cooling and mass loading are
important, discussing experimental results for a water cloud. The
reference experiment with a non-evaporating oil cloud, performed
to isolate the effect of mass-loading is described in the last
subsection of this chapter.

Fig. 6 displays the average downward plume velocity at two
measurement locations: 30 and 70 cm below the inlet. The
results indicate a systematic decrease in the downdraft speed with
increasing environmental humidity, demonstrating the bulk effect
of evaporative cooling. The plume velocity at the inlet is 0.17 m/s.
The velocities at 30 and 70 cm from the inlet indicate that the
plume as a whole accelerates for the first 30 cm and then slows
down. The initial acceleration is due to negative buoyancy resulting
frommass loading. Lateral entrainment results both in evaporative
cooling, which accelerates the plume downwards, and in a dilution

of plume momentum, which decelerates the plume. The latter
effect appears to prevail beyond 30 cm.

3.3. Small-scale turbulence

All of the statistical properties of velocity fluctuations analyzed
below (Table 1) were obtained from the velocity retrievals
described in Section 2.2. and are for cloudy filaments only.
However, the analysis of small-scale velocity fluctuations from
the numerical simulations of [18,19] indicates that velocity
fluctuations in clear air filaments intertwinedwith cloud filaments
are similar. The Taylor microscales in the horizontal and vertical
directions are calculated from the:

λ2
u =

⟨u′2
⟩

∂u′

∂x

2
 , λ2

w =
⟨w′2

⟩
∂w′

∂z

2
 , (2)

where u′ and w′ are the horizontal and vertical turbulent velocity
fluctuations in the plane of the image (u′

= u−⟨u⟩, w′
= w−⟨w⟩,

with u and w being the horizontal and vertical velocities); x and
z are the horizontal and vertical coordinates in the image; and ⟨⟩

refers to an average over the image area and over many scenes.
The resulting mean Taylor microscales are λu = 7.5 ± 0.4 mm

and λw = 9.2 ± 0.6 mm, respectively, as previously reported
in [9]. For all of the experimental series λw/λu varied in the range
of 1.2 to 1.5, indicating small-scale anisotropy of the flow with
a preferred vertical direction (cf. Table 1). The Taylor microscale
Reynolds number, Reλ characteristic for all the experiments is
obtained from:

Reλ =
TKE
ν


10
Ω

0.5

, (3)

TKE =
1
2


⟨u′

⟩
2
+ ⟨v′

⟩
2
+ ⟨w′

⟩
2 ∼=

1
2


2⟨u′

⟩
2
+ ⟨w′

⟩
2 . (4)

In (3) ν is the kinematic viscosity of the air and Ω represents the
mean enstrophy of the flow as estimated from:

Ω =
1
2
⟨|ω⃗|

2
⟩ ∼=

3
2
⟨ω2

y⟩, (5)

where ωy indicates the vorticity component perpendicular to the
plane of the light sheet. The resulting value of Reλ ≈ 40 is substan-
tially smaller than in natural clouds. Siebert et al. [4] report Reλ ≈

5 · 103 in the topmost region of stratocumulus clouds.
The TKE dissipation rate was estimated assuming statistical

invariance in horizontal plane:

ε = ν


2


∂u
∂x

2

+ 4


∂u
∂z

2

+ 2


∂w

∂x

2

+


∂w

∂z

2


. (6)

ε varies in course of the measurements from 5× 10−3 m2/s3 to
2.3 × 10−2 m2/s3 (cf. Table 1), which is significantly higher than
that reported in [4], with a value of ε = 2.83 × 10−4 m2/s3, but is
in a range of values typical for vigorous cumulus clouds [24]. These
estimates indicate that the turbulence in the plume is much less
developed and less intermittent than that in natural clouds and is
more vigorous than that in the majority of warm clouds.

Of particular interest is the dependence of the small-scale
turbulence (estimated by the ε) on the RH of the environment and
on the distance from the inlet to the chamber, as shown in Fig. 7.
At all distances, a high TKE dissipation rate ε corresponds to a low
environmental RH. An increase of RH from 20% to 60% correlates
with a systematic decrease in ε. This correlation supports the claim
that small-scale velocity fluctuations result from fluctuations in
the buoyancy caused by evaporative cooling at the cloud-clear air
interfaces.
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Fig. 7. Dependence of the TKE dissipation tare on the relative humidity in the cloud chamber. Consecutive plots show results of measurements at 30, 40, 50, 60 and 70 cm
from the inlet to the cloud chamber.

The maximum values of ε are found at a distance of 30 cm
from the outlet, which is consistent with themaximumdownward
velocity of the plume at this location. For a low environmental RH,
there is no systematic decrease of ε with distance, suggesting that,
even 70 cm from the inlet, small-scale turbulence is still actively
produced by buoyancy fluctuations.

The experimental probability distribution functions (PDFs) of
the velocity fluctuations in the horizontal (u′) and vertical (w′)
directions were previously discussed in [22]. The moments of (u′)
and (w′) collected in Table 1 demonstrate that the PDF’s are close
to Gaussian. In each measurement series the PDF of w′ is wider
than the PDF of u′. The ratio of the velocity variances ⟨w′2

⟩/⟨u′2
⟩ =

1.74±0.3 (averaged over all 50 experiments, Table 2) is consistent
with the numerical simulations of Andrejczuk et al. [18,19].

3.4. Autocorrelations and structure functions

More information regarding the anisotropy can be inferred
from the second-order structure functions of the turbulent velocity
fluctuations, calculated according to the following formulas:

S∥

u(l) = ⟨[u′(x + l, z) − u′(x, z)]2⟩,

S∥

w(l) = ⟨[w′(x, z + l) − w′(x, z)]2⟩,

S⊥

u (l) = ⟨[u′(x, z + l) − u′(x, z)]2⟩, (7)

S⊥

w (l) = ⟨[w′(x + l, z) − w′(x, z)]2⟩.

In the above equations, the superscripts q and ⊥ denote directions
longitudinal and transversal to the velocity component in the
subscript.

Fig. 8(a) and (b) shows the structure functions from the
first measurement series (at a distance 70 cm from the orifice
plotted in the log–log coordinates). The figure indicates that the

measurements resolve the dissipation range of the flow (slope l2
at scales less than ∼0.2 mm) and the smallest scales of turbulence
(slope l2/3 at scales above 1 mm). The estimate of the Kolmogorov
microscale (∼0.8 mm, Table 1) is in concordance with the region
of slope change. The anisotropy of the flow, as revealed by the
difference in values of the structure functions of the horizontal and
vertical velocity fluctuations, is even more pronounced on plots
showing the autocorrelations R of u′ and w′ (Fig. 8(c) and (d):

R∥

u(l) = ⟨u′(x + l, z) · u′(x, z)⟩,

R∥

w(l) = ⟨w′(x, z + l) · w′(x, z)⟩,

R⊥

u (l) = ⟨u′(x, z + l) · u′(x, z)⟩, (8)

R⊥

w(l) = ⟨w′(x + l, z) · w′(x, z)⟩.

The vertical velocity fluctuations are positively correlated for
distances l exceeding 5 cm in the vertical direction, whereas
correlations in horizontal direction drop to 0 on 2.5 cm distance.
The horizontal velocity fluctuations decorrelate at 2.5 cm in the
horizontal direction and at 3.5 cm in the vertical direction.

A comparison of structure functions from the same location
(30 cm below outlet) for various environmental RH values (Fig. 9,
linear coordinates) indicates a monotonic increase in the velocity
variance with decreasing humidity. The structure function shows
that the velocity differences increase rapidly at distances of
1–2 cm. For greater distances, the velocity differences grow more
gradually. The position of the bending point distinguishing the
rapid and gradual increase of structure function, moves from 1 to
2 cm as the environmental RH increases. The absolute values of the
structure functions grow with the decreasing environmental RH
which clearly indicates the role of evaporative cooling and related
production of buoyancy. This inference is corroborated by the
plots in Fig. 10 illustrating changes in the second order structure
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a b

c d

Fig. 8. Second-order structure functions and autocorrelations of velocity fluctuations at a distance of 70 cm from the orifice. (a) Longitudinal structure function,
(b) transversal structure function, (c) longitudinal autocorrelation, d) transversal autocorrelation. Functions and autocorrelations calculated for both components of the
velocity field: dashed line—horizontal velocity component (u); solid line—vertical velocity component (w). Note that the correlations were normalized to the product of the
standard deviations of the velocity fields.

Fig. 9. Longitudinal second-order structure function of u for varying relative
humidities of the environmental air, measured 30 cm from the inlet.

functions for the distance from the plume inlet at low RH (∼20%).
It should be noted that S⊥

w reaches values twice as large as all of
the other structure functions, indicating that the vertical direction
is preferred.

At distances 50 and 70 cm from the inlet S∥
w does not change

much, while S⊥
w decreases as a function of distance from the

inlet (Fig. 10). Both S⊥
u and S∥

u do not change much, except
for less pronounced bending at l ≈ 1–2 cm. This anisotropy
clearly demonstrates the role of vertical motion due to buoyancy
fluctuations which add energy to scales of motion close to the
dissipation range.

3.5. Reference measurement

To better understand the effect of evaporative cooling of
droplets, additional measurements with a plume of non-
evaporating droplets were collected. A cloud was formed from a

Table 2
Distribution of horizontal (u′) and vertical (w′) turbulent velocity fluctuations.
Average from 50 experiments with evaporating droplets.

Standard deviation [cm/s] Skewness Kurtosis

u′ 5.4 −0.01 3.2
w′ 8.0 −0.2 3.1

Table 3
Summary of reference measurements with non-evaporating droplets (DEHS oil).

No. Pos. [cm] ⟨w⟩ [m/s] ε [m2/s3] ⟨w′2
⟩/⟨u′2

⟩

1 30 0.026 0.00020 1.15
2 50 0.018 0.00006 1.18
3 70 0.009 0.00001 1.17

mist of DEHS (Di-Ethyl-Hexyl-Sebacat, C26H50O4) oil. Its density is
almost the same as water (912 g/l), and the droplets in the plume
had a similarmeandroplet diameter. Unfortunately, themass load-
ing (∼8 g/m3) was lower relative to themoist plume, andwewere
unable to reconstruct similar dynamical conditions at the inlet.
Even with some dynamical forcing turbulence was less vigorous
than that of the water plume.

The velocity fluctuation results for the DEHS plume are
summarized in Table 3. The table indicates that the flow
decelerates more rapidly than in the evaporating case. The bulk
velocities are an order of magnitude lower than those in the moist
plume, and they decrease rapidly with distance from the inlet.
Similarly, estimates of ε indicate a fast depletion of the TKE. The
statistics of the velocity fluctuations indicate a preferred vertical
direction, which is most likely due to the mass loading of DEHS oil
in air. A striking difference in the shape of the structure functions
is presented in Fig. 11. There is only a gradual increase in velocity
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Fig. 10. Comparison of the structure functions at the various distances from the inlet, averages from measurements at low (20%–23%) RH ’s of the environment.

Fig. 11. Structure functions for the velocity fluctuations of the reference
experiment with DEHS oil.

differences on small scales up to 2 cm, and beyond that, the
structure functions bend in the direction opposite to that of the
evaporating cloud.

4. Summary and conclusions

Mimicking a natural cloud a negatively buoyant saturated
plume containing small droplets of water was investigated in a
laboratory chamber using a PIV technique and the properties of
small-scale turbulence were analyzed. The measurements were
collected in such amanner as to overemphasize the effects of mass
loading and evaporative cooling relative to the conditions expected
in natural clouds. Under such conditions, buoyancy fluctuations
resulting both from uneven evaporative cooling at the edges
of filaments created in the course of mixing and from uneven
mass loading produce anisotropic small-scale turbulence with a
preferred vertical direction.

The effect of mass loading is straightforward: various densities
of cloud and clear air filaments influence the small-scale turbulent
motions caused by their differential buoyancy. The anisotropy of
the small-scale turbulence was noticeable in the experiment with
non-evaporating DEHS oil, for which no evaporative cooling was
present.

The effect of evaporative cooling of water droplets depends
on the thermodynamic properties of the cloud and of clear
air. The mixing diagram in Fig. 5 shows the possible range of
buoyancy fluctuations due tomass loading and evaporative cooling

together. The increased range of buoyancy fluctuations due to
increased effects of evaporative cooling under certain conditions
(low environmental RH) results in more intense turbulence.

Substantial differences in the shape of the second-order
structure functions of the velocity fluctuations between the
evaporative and non-evaporative cases were shown in Figs. 9–11.
The variance in the velocity fluctuations grows rapidly over short
distances in an evaporating plume relative to a non-evaporating
plume; this distinction is the result of differences in the small-
scale turbulence for the two cases. The rapid growth of the small-
scale velocity differences below2 cmcan be attributed to buoyancy
fluctuations in a narrow sheet at the cloud-clear interface, which
produces small-scale TKE. This phenomenon affects the typical
situation of turbulence cascade,with the end of the spectrumbeing
mostly affected by viscous dissipation. Buoyancy fluctuations at
the interface result from evaporative cooling of cloud droplets
close to the interface. This effect adds additional energy to the
small-scale turbulence, which manifests as an increased variance
of the velocity fluctuations. In particular, the fact that S⊥

w has
substantially larger values than the other structure functions
indicates that buoyancy fluctuations produce small-scale updrafts
and downdrafts.

Because a fixed spectrum of droplet size distribution was used
in the experiment, we were unable to address the transport of
liquid water due to the sedimentation of droplets across the
interface between cloudy and clear filaments, which influences
the evaporation buoyancy production, as shown in numerical
simulations [19,20]. One may hypothesize that all of the factors
influencing the velocities and accelerations of droplets in tur-
bulence, even caustics (the sling effect, see e.g. [29]) may also
influence transport of liquid water from saturated to unsatu-
rated filaments and hence the evaporation rate and thickness
of sheets with buoyancy fluctuations. This hypothesis should
be verified by further experiments with particle tracking and
by particle-resolving numerical simulations accounting for phase
changes. However, the most important conclusion from the
present experiment is that in the two-phase evaporating flow the
buoyancy production due to the evaporative cooling of small drops
maymeasurably affect the small-scale statistics of turbulence. This
result cannot be extended to clouds in natural conditions in a
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straightforward manner due to an unrealistically high mass load-
ing, a much smaller Reλ and overemphasized evaporative cooling
as compared to the conditions expected in natural clouds. The tur-
bulence measurements for stratocumulus and shallow cumulus
clouds reported in [7] with resolution of ∼10 cm do not indicate
anisotropy. However, in such clouds,with a LWC almost two orders
of magnitude smaller than in the experiment, effects of evapora-
tive cooling and mass loading were weak. These effects grow with
increasing liquid water content in clouds and decreasing environ-
mental humidity. The numerical simulations of [18–20], in which
the thermodynamic conditions were close to those in some cumu-
lus clouds, indicate that in-situmeasurements in preferable condi-
tions should be performed to investigate importance of anisotropy
and enhancement of small-scale turbulence present in the nature
due to the evaporative cooling at the cloud-clear air interface.
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