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Abstract

The small-scale mixing of clouds with their environment is an essential cloud process. Following an entrainment event, turbulent
mixing breaks down the entrained air and homogenizes it with the cloud, covering multiple orders of magnitude in lengthscales
from the entraining eddies ( 100 m) down to the Kolmogorov length ( 1 mm). The character of this process, traditionally
categorized into homogeneous and inhomogeneous mixing scenarios, can affect the microphysical composition of clouds, with
commensurate impacts on large-scale cloud properties such as the cloud albedo and cloud lifetime. Based on the current physical
understanding of the small-scale mixing of cloudy and cloud-free air, this chapter will summarize the basic theories describing
this process. By considering the wide range of involved scales, we will outline different observational and numerical approaches
used to investigate this process in clouds, as well as methods to parameterize it in large-scale numerical models. Finally, we
will review the impacts of the small-scale mixing process, focusing on microscale changes in the droplet size distribution as well

as macroscale effects relevant to our understanding of clouds in the climate system.
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Abstract

The small-scale mixing of clouds with their environment is an essential cloud process.
Following an entrainment event, turbulent mixing breaks down the entrained air and homog-
enizes it with the cloud, covering multiple orders of magnitude in lengthscales from the en-
training eddies (~ 100 m) down to the Kolmogorov length (~ 1 mm). The character of this
process, traditionally categorized into homogeneous and inhomogeneous mixing scenarios,
can affect the microphysical composition of clouds, with commensurate impacts on large-
scale cloud properties such as the cloud albedo and cloud lifetime.

Based on the current physical understanding of the small-scale mixing of cloudy and
cloud-free air, this chapter will summarize the basic theories describing this process. By
considering the wide range of involved scales, we will outline different observational and
numerical approaches used to investigate this process in clouds, as well as methods to param-
eterize it in large-scale numerical models. Finally, we will review the impacts of the small-
scale mixing process, focusing on microscale changes in the droplet size distribution as well
as macroscale effects relevant to our understanding of clouds in the climate system.

1 Introduction

One major role of clouds in the climate system stems from their ability to reflect inci-
dent shortwave radiation back to space, resulting in a major negative forcing on the global
radiation budget [e.g., Boucher et al., 2013]. This forcing, often quantified as the cloud ra-
diative effect [Betts, 2007], is proportional to the product of cloud albedo and cloud fraction,
where the former is primarily determined by the cloud microphysical composition — the
number and size of droplets forming the droplet size distribution — and the latter is con-
trolled by the cloud macroscale — the large-scale organization of clouds and their lifecycle.

Historically, the influence of cloud microphysics on the cloud radiative effect were at-
tributed to two processes: The albedo effect predicts that a higher droplet concentration re-
sults in a higher cloud albedo due to the larger integral droplet surface capable of reflecting
more shortwave radiation [Tiwomey, 1974, 1977]. The lifetime effect indicates that a higher
droplet number concentration with commensurately smaller droplets may prevent droplets
from colliding, and hence decelerates the decay of clouds by precipitation, increasing cloud
lifetime and cloud fraction [Albrecht, 1989]. In more recent years, our understanding of
these effects and their implications for the global climate has been significantly widened by
amending the underlying physical framework by the turbulent nature of clouds [e.g., Boden-
schatz et al., 2010], including, inter alia, the entrainment of cloud-free air and its subsequent
mixing with the cloud, which is the main topic of this chapter.

The mixing of cloudy and cloud-free air can have important implications for the role
of clouds in the climate system, bounded by the canonical scenarios of homogeneous and ex-
treme inhomogeneous mixing [Warner, 1973; Baker and Latham, 1979]. While these terms
and their distinct effects on the micro- and macroscale properties of clouds will be defined
more carefully in the following, it is important to note that the assumption of one mixing
scenario over the other can be of great consequence. For instance, extreme inhomogeneous
instead of homogeneous mixing is able to reduce the albedo of a cloud by up to 6 percentage
points [Chosson et al., 2007; Slawinska et al., 2008]. Furthermore, inhomogeneous mixing
might also accelerate the growth of cloud droplets, which can imperil the colloidal stability
of clouds by initiating the precipitation process, with commensurate negative effects on cloud
lifetime and cover [e.g., Baker et al., 1980].

While turbulence is the main driver for these effects, it has further effects on clouds
that are not covered in this chapter. Therefore, the interested reader is referred to Shaw [2003],
Devenish et al. [2012], and Grabowski and Wang [2013] for more information on turbulence-
induced supersaturation fluctuations, droplet clustering, including related particle inertia ef-
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fects, as well as turbulence-enhanced collision rates. Furthermore, this chapter can be seen
as an addendum to de Rooy et al. [2013], who reviewed the entrainment process from a large-
scale perspective, but did not address the small-scale detail of the subsequent mixing process
presented here. Finally, it is necessary to state that this chapter is limited to shallow clouds,
free from frozen hydrometeors. While the turbulent mixing of cloudy with cloud-free air is
also relevant for mixed-phase and cold clouds, the literature on this topic is still very limited
and therefore omitted [e.g., Korolev et al., 2017; Hoffmann, 2020].

The chapter is organized as follows. First, we will summarize the basic processes of
entrainment and small-scale mixing in warm clouds (Sec. 2). Then, the theoretical frame-
work to describe the small-scale mixing process in clouds is introduced (Sec. 3), followed by
an overview of observational techniques and numerical models used to investigate it (Sec. 4).
Based on this, we will explore the effects of small-scale mixing on micro- and macroscale
cloud properties (Sec. 5), before this chapter is concluded (Sec. 6).

2 Entrainment and Mixing in Warm Clouds

Beginning with Stommel [1947] and Warner [1955], the entrainment of cloud-free air
into clouds has been recognized as an essential process to understand the observed liquid
water content of clouds, which is lower than the expected adiabatic values due to the mix-
ing with cloud-free air. Today, we generally understand that the cloud-free air is entrained
into the cloud by the specific large-scale dynamics of the cloud, i.e., the vortical motion
of the ascending cumulus cloud top which engulfs cloud-free air laterally [Grabowski and
Clark, 1993; Zhao and Austin, 2005; Heus et al., 2008], or the downward branches of the
stratocumulus-topped boundary layer large-eddy circulation which engulf air from above the
cloud top [Nicholls, 1989; Gerber et al., 2005; Kurowski et al., 2009; Yamaguchi and Ran-
dall, 2012]. These entraining motions create regions of negligible liquid water inside the
cloud, so-called cloud holes, which are continuously deformed [e.g., Krueger, 1993]. This
marks the beginning of the actual mixing process. Initially, this process is driven by the en-
training eddy, and later by the developing small-scale turbulence that folds and stretches the
cloud hole into increasingly smaller filaments until the Kolmogorov lengthscale is reached.
At this lengthscale, molecular diffusion homogenizes the entrained air with the cloud. Through-
out this turbulent break-down process, the increasing surface area of the cloud hole exposes
more and more droplets to a subsaturated environment where they evaporate. Accordingly,
the mixing process combines the turbulent stirring of cloudy and cloud-free air with the
commensurate droplet evaporation.

Traditionally, the mixing process in clouds has gained less attention than the entrain-
ment. In fact, mixing is often implicitly included in the broader term entrainment, although
only the mixing process causes the evaporation that results in the sub-adiabatic liquid wa-
ter content initially observed by Stommel [1947] and Warner [1955]. Nonetheless, Warner
[1969a] hypothesized that mixing is relevant for the development of the broad droplet size
distributions typically observed in clouds, but was not able to explain the size distributions
theoretically. The reason for this was the common depiction of mixing as an instantaneous
process, i.e., cloud-free and cloudy air homogenize rapidly after entrainment, which causes
all droplets to experience the same subsaturation and to evaporate similarly, with only minus-
cule effects on the droplet size distribution [Warner, 1973].

Later, this depiction of the mixing process has been challenged by Latham and Reed
[1977] and Baker and Latham [1979], who began to consider that the mixing process is not
instantaneous. A finite rate mixing process allows some droplets to be located within un-
blemished cloudy filaments, while only those droplets at the cloudy filament edges evaporate
if they leave the cloud. Since this process allows for a nonidentical development of droplet
sizes, a broad droplet size distributions can be produced which is much more in agreement
with those observed in clouds [e.g., Warner, 1969a].
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Figure 1. This figure illustrates the two limiting scenarios of homogeneous and extreme inhomogeneous
mixing following an idealized entrainment event. The entrained air is depicted in shades of blue, indicating
the subsaturated cloud-free air. Black dots represent cloud droplets. The rightmost panels show the reaction
of the droplet size distribution on the respective mixing scenarios, where the black (red) line indicates the

droplet size distribution before (after) mixing.

Both processes can be idealized as homogeneous and extreme inhomogeneous mixing,
respectively, which are illustrated in Fig. 1. During homogeneous mixing, which typically oc-
curs under rapid turbulent mixing, all droplets evaporate, but none completely. Accordingly,
homogeneous mixing is often identified by a constant droplet number concentration. If, how-
ever, the turbulent mixing is comparatively slow, only those droplets evaporate that leave the
cloudy filaments. If the droplets that leave the cloud evaporate completely, the mean droplet
radius is maintained and the scenario is called extreme inhomogeneous mixing. Homoge-
neous and extreme inhomogeneous mixing limit the range of mixing scenarios that occur in
nature. Intermediate mixing scenarios, in which both the mean droplet radius and droplet
number change, are generally termed inhomogeneous mixing, and it can be necessary to dis-
tinguish them from the case of extreme inhomogeneous mixing.

Finally, it is important to note that real clouds constitute a much more complicated sys-
tem than this idealized depiction of the mixing process can cover. Real clouds experience
several, potentially interacting entrainment events on multiple scales, making it probably
impossible to ever reach a final state in which all heterogeneities caused by entrained are ho-
mogenized [e.g., Cooper, 1989]. Nonetheless, the theoretical framework that builds upon the
definitions of homogeneous and extreme inhomogeneous mixing is a starting point to under-
stand the effects of small-scale mixing in clouds, which will be continued in the next section.

3 The Theory of Small-Scale Mixing

The last section indicated that small-scale mixing can be understood from two view-
points, which are either the speed with which the turbulent mixing progresses or the effect of
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the mixing on the cloud microphysical composition, i.e., the droplet number and size. In this
section, we will introduce two theoretical frameworks that are based on these viewpoint: the
Damkohler number (Sec. 3.1) and the microphysical mixing diagram (Sec. 3.2).

3.1 The Damkohler Number

When does a homogeneous or inhomogeneous mixing scenario occur? While the
actual mixing scenario is usually determined by the changes in droplet number and size,
comparing the respective timescales for the turbulent mixing to the microphysical reaction
timescale, i.e., the evaporation of droplets, can indicate which mixing scenario is favored.
The ratio of these timescales, which will be defined in detail below, is termed the Damkohler
number

Da = Tmixing ,
Tmicro

which has been originally proposed in the turbulent combustion literature [e.g., Peters, 2000],
and has been adapted to understand the effects of turbulence on cloud microphysics subse-
quently [e.g., Baker et al., 1980; Shaw, 2003]. If Da > 1, the turbulent mixing is much
slower than the microphysical reaction (Tmixing > Tmicro)- Accordingly, an inhomogeneous
mixing scenario is favored since only those droplets evaporate that leave the cloudy fila-
ments. If Da < 1, the turbulent mixing is much faster than the microphysical reaction
(Tmixing < Tmicro)» and differences between cloudy and cloud-free air vanish rapidly. Thus,
a homogeneous mixing scenario is likely since all droplets experience a similar subsaturation
and therefore react similarly. Note, however, that distinct filaments of cloudy and cloud-free
air may exist on scales as small as the Kolmogorov scale, even in the homogeneous limit of
the Damkohler number. However, the microphysical reaction is so slow that these small-scale
differences in supersaturation do not affect the evaporation of droplets.

Two timescales are traditionally considered to determine Tyicro. First, we can calculate
the time a droplet of radius r requires to evaporate completely [e.g., Baker et al., 1980]:

_ sz + FD
Tevap =T Wg

where S < 0 is the subsaturation to which the droplets are exposed, and Fi + Fp are pa-
rameters depending on heat conduction and molecular diffusion of water vapor, respectively.
A second microphysical timescale can be obtained by the time necessary to saturate subsat-
urated air by the evaporation of droplets [Squires, 1952]. The e-folding timescale for this
process is called the phase relaxation timescale, and is calculated as

Tphase = (4”DvrmN)_l,

where rpy, is the arithmetic mean droplet radius and N the droplet number concentration. D
is an effective water vapor diffusion coefficient, which is based on the molecular vapor diffu-
sion coeflicient but modified to account for the additional cooling (heating) of droplets dur-
ing evaporation (condensation), which slows down vapor diffusion (see Eqns. (11) and (14)
in Kumar et al. [2013]).

Note, however, there is no consensus on which microphysical timescale is preferable
for understanding small-scale mixing in clouds. Feingold and Siebert [2009] argue that un-
der typical conditions, both timescales exhibit similar values between 1 and 10s. Choosing
the minimum of Teyap and Tphase, however, may avoid infinite values occurring in almost sat-
urated conditions or for clouds with vanishing droplet sizes. Lehmann et al. [2009] and Lu
et al. [2018] show that ey, is more appropriate for studies on changes in the droplet size dis-
tributions, while 7jpase should be applied if changes in the liquid water content are of interest.
Furthermore, Tyicro can be extended to other microphysical processes than (2) and (3). The
activation of droplets occurs on timescales significantly smaller than one second [Hoffimann
et al., 2017; Arabas and Shima, 2017], and is therefore highly susceptible to turbulent mixing
processes as also indicated by Abade et al. [2018].
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The time to entirely mix the entrained air with the cloud is approximated by the time
required to break a blob of entrained air down to the Kolmogorov lengthscale. Below this
lengthscale, viscous forces dominate, which naturally terminate turbulent mixing and molec-
ular diffusion concludes homogenization. This so-called mixing timescale can be obtained
from inertial range scaling as

lz 1/3
Tmixing = (_) 5

€

where € is the turbulent energy dissipation rate, which is a measure of the turbulence in-
tensity, and [ is the characteristic lengthscale of the blob of entrained air [e.g., Baker et al.,
1984].

With these definitions, the Damkohler number does not only allow to determine when
a mixing process is likely to be homogeneous (Da < 1) or inhomogeneous (Da > 1), it
also allows to determine the scale at which the mixing transitions from inhomogeneous to
homogeneous mixing. Following Baker et al. [1980] and Lehmann et al. [2009], this is done
by setting Da = 1 and solving Eqn. (1) for /. The resulting transition lengthscale is

1/2_3/2
lirans = € / T inicro®

which separates the lengthscales at which spatial differences in the thermodynamic condi-
tions matter and mixing is likely to be inhomogeneous (I > [ians) from the lengthscales
at which small-scale mixing is rapid, and a homogeneous mixing scenario is favored (/ <«
lirans)- Accordingly, for typical values of Tiicro (25) and € (1072 m? s™3 for stratocumulus
and 1072 to 10~! m? s=3 for cumulus), the transition from inhomogeneous to homogeneous
mixing occurs on a lengthscale between 10 to 100 cm [e.g., Lehmann et al., 2009], which is
smaller than the resolution of most numerical models used to simulate clouds. Since most
models treat unresolved mixing processes as homogenous by design, the transition length-
scale also defines the minimum resolution that would be required to represent inhomoge-
neous small-scale mixing and its effects on cloud microphysics successfully. However, re-
solving /i;ans imposes significant computational constraints, which limit the application of nu-
merical cloud models to study small-scale mixing processes, as discussed further in Sec. 4.

Finally, a refinement on the mixing timescale and the transition lengthscale needs to
be made. Turbulence is not the only process that changes the thermodynamical conditions
experienced by a droplet. Once a droplet is large enough to sediment significantly, it may
fall from a saturated volume of air into a subsaturated, smearing out the boundary conditions
for the microphysical reaction [e.g., Jensen and Baker, 1989; Grabowski, 1993; Télle and
Krueger, 2014]. The characteristic timescale for this is termed the sedimentation timescale,
and can be obtained as

[

Tsedi = —>»

Wsedi

where wggqj is the droplet sedimentation velocity and / the aforementioned characteristic
lengthscale of the entrained air. The inverse sum of 7px and 7yq; yields an effective mixing

timescale

o1 —14-1
Thix = (Tmix + Tsedi) s

which should be used instead of 7. Using 7. makes the analytical derivation of an effec-
tive transition lengthscale cumbersome. However, by neglecting non-linear dependencies on
Wsedi, the effective transition lengthscale can be approximated as

- 1/2.3/2
Lizans ~ € / Tm/icro + Wsedi Tmicro»
which indicates that droplets starting to be relevant for collision and coalescence (r > 20 um,
Weedi > Scms™) may double the transition lengthscale, with commensurate stronger effects
for even larger droplets. Accordingly, inhomogeneous mixing and its effects become increas-
ingly irrelevant for larger droplets [e.g., Grabowski and Vaillancourt, 1999].
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3.2 The Mixing Diagram

The Damkohler number and the equivalent transition lengthscale help to understand
where to expect inhomogeneous or homogeneous mixing processes. However, they cannot
be used to infer a specific mixing scenario. For that, a functional relationship between the
droplet size and droplet number is needed, and it is usually presented in the form of a mi-
crophysical mixing diagram [Burnet and Brenguier, 2007]. A typical mixing diagram is de-
picted in Fig. 2.

extreme inhomogeneous mixing

1.0
08 homogeneous mixing (S =- 70 %)
s 06
~
o_ 0.4
o N r2 = const.

0.0 0.2 0.4 0.6 0.8 1.0
N/N,

Figure 2. This idealized mixing diagram illustrates how the normalized mean volume radius ré / ria de-
pends on the normalized droplet number concentration N /N, for extreme inhomogeneous mixing (red line)
and homogeneous mixing (blue lines) for different saturation ratios of the entrained air (shades of blue). The
black line indicates N ré = const., and accordingly all intermediate mixing scenarios between homogeneous
and extreme inhomogeneous mixing. Mixing diagrams of this type have been introduced by Burnet and Bren-
guier [2007].

The mixing diagram shows how the (cubed) mean volume radius 7 changes as a func-
tion of the droplet number concentration N under a prescribed mixing scenario. The cubed
mean volume radius can be calculated from the liquid water content ¢; = 4/37p;r2 N once
N is known, making it easily available from measurements. p; is the mass density of wa-
ter. Note that 7] and N represent the microphysical state after the entrainment and mixing
process is finished, and are normalized by their respective values before entrainment and
mixing, ”3,a and N,. rs’a and N, are typically unknown in less idealized (i.e., realistic) appli-
cations. Therefore, adiabatic values are often used as a proxy.

Changes in 73 /ry , for the homogeneous and extreme inhomogeneous limit can be de-
termined from the g; which is obtained once entrainment and the subsequent mixing are fin-
ished. Since the amount of liquid water that needs to be evaporated to saturate the mixture of
subsaturated entrained and saturated cloudy air does not depend on the mixing scenario, g;
can be generally expressed as

q1= (1 = p)qia+ poq. )

Here, the first term on the right-hand side represents the dilution of the considered volume of
air by entrainment, where u is the mass fraction of the entrained air. The second term repre-
sents the necessary evaporation to saturate the mixed air, where g = S/A < 0 is the satura-
tion deficit of the entrained air, which is determined by its saturation ratio S and a parameter
A, which is a function of temperature and pressure. (The reader is referred to Korolev et al.
[2016] for a detailed derivation of Eqns. (9) through (14).)

The droplet number concentration after entrainment, but before mixing, can be derived
analogously. Since the entrained air is assumed to contain no droplets, the corresponding
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droplet number concentration decreases as
Nl’l = Na ( 1 - /l)’

which is also the droplet number concentration after homogeneous mixing, during which
droplets are assumed to not evaporate completely. By introducing (10) into (9), we determine

"vh {4 1 — Nu/Na 69
ra Nu/Na o qua’

which describes the reduction in mean volume radius under homogeneous mixing as shown
in Fig. 2 (blue lines). Note that the decrease of rih / ria is stronger for drier entrained air. In
fact, if the entrained air is very dry (or the fraction of entrained air is sufficiently large), it
might not possible to saturate the mixture and a mixing diagram cannot be derived. On the
other hand, very humid entrained air requires only minuscule evaporation, making homoge-
neous and extreme inhomogeneous mixing (red line) almost indistinguishable based on their
microphysical reaction. Accordingly, this scenario might be considered a degenerate mixing
case, in which homogeneous and extreme inhomogeneous mixing result in the same micro-
physical reaction [Korolev et al., 2016; Pinsky et al., 2016].

During extreme inhomogeneous mixing, the mean volume radius does not change,
which results in the constant relationship

shown in Fig. 2 (red line). Inserting (12) in (9), the droplet number concentration under ex-
treme inhomogeneous mixing can be determined as

Ni_a
Na qdl,a ’
or, equivalently, as
)
Ni=(1- N+ 4
3PV

where the first term on the right-hand side represents the dilution due to entrainment (anal-
ogous to homogeneous mixing shown in Eqn. (10)), and the second term is the decrease in
droplet number concentration due to extreme inhomogeneous mixing, i.e., the fraction of
droplets that evaporates completely to saturate the entrained air.

But how does microphysics respond to a mixing scenario between extreme inhomoge-
neous and homogeneous mixing in which both mean volume radius and droplet number con-
centration change? Since the liquid water content after mixing is independent of the mixing
scenario unless all droplets evaporate completely, see Eq. (9), all possible mixing scenarios
obey

r\3,N = rihNh = riiNi = const.,

which is marked by the black line in Fig. 2. This expression can be generalized as

N T 3,h ’

Mo\ )
which results in homogeneous mixing for @ = 0, and in extreme inhomogeneous mixing for
a = 1. Intermediate values of 0 < @ < 1 are expected for varying degrees of inhomogeneous
mixing. Accordingly,

_ In(N/Ny)

- ln(rih / rs’i)

(10)

(1)

12)

13)

(14)

5)

(16)

a7
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can be used as a simple metric to characterize observed or simulated mixing scenarios [Mor-
rison and Grabowski, 2008; Andrejczuk et al., 2009; Lu et al., 2013]. Furthermore, a can

be used to parameterize inhomogeneous mixing in numerical models as explained further in
Sec. 4.2.3.

Finally, note that even under conditions that favor homogeneous mixing (Da <« 1), N is
not necessarily conserved. If the droplet size distribution exhibits sufficiently small droplets,
some of them will evaporate completely, irrespective of the mixing scenario, resulting in
an apparently inhomogeneous mixing scenario [76lle and Krueger, 2014; Luo et al., 2020].
Similarly, entrained air might contain aerosol particles that activate to the droplets during the
mixing process, which can increase N [e.g., Slawinska et al., 2012]. Accordingly, an inho-
mogeneous mixing scenario can appear more homogeneous than expected (Da > 1).

4 Investigating Small-Scale Mixing

In this section, we will present approaches to investigate small-scale mixing in obser-
vations and numerical modeling. All these approaches have to cope with the multiscale na-
ture of clouds, ranging from entire cloud fields (~ 100km) to the smallest scales of turbulent
mixing (~ 1 mm), and cloud microphysics (~ 10 um). No approach is able to cover all these
scales, and neglecting or idealizing smaller or larger scales is inherent to all methods.

4.1 Observations

Observations are the cornerstone of physics, and airborne measurements enabled im-
portant insights on entrainment and mixing in clouds [e.g., Warner, 1969a; Jensen et al.,
1985; Paluch and Knight, 1984; Blyth et al., 1988; Gerber et al., 2008]. Observing the ef-
fects of small-scale mixing on clouds is, at first glance, relatively simple, since simultaneous
measurements of the droplet number concentration and droplet radii are available for at least
50 years.

However, early instruments, such as sooted glass slides used to collect droplets outside
the airplane, exhibited very slow sampling rates on the order of 1 Hz [Warner, 1969a]. Due
to the comparably high airspeed of planes (~ 100 ms~!), many airborne measurements of the
past did therefore not resolve scales below 100 m, which made it impossible to detect vari-
ations on scales as small as the transition lengthscale directly. Thus, by erroneously assum-
ing that the measured droplet concentrations and droplet sizes are spatially uniform, it has
been believed that clouds might mix homogeneously. However, the simultaneous presence of
small-scale filaments of cloudy and cloud-free air, in agreement with our current depiction of
inhomogeneous mixing, can result in the same measurements when averaged over the afore-
mentioned lengthscale imposed by insufficient sampling rates, as first discussed by Paluch
[1986] and Paluch and Baumgardner [1989]. Today, measurements are commonly provided
by instruments such as the Forward Scattering Spectrometer Probe (FSSP) [Brenguier, 1993;
Brenguier et al., 1998] or the Particle Volume Monitor (PVM) [Gerber et al., 1993] with
sampling rates on the order of 1000 Hz, which enables direct observations of small-scale
mixing from airplanes.

A further improvement can be achieved by lowering the airspeed, which can be done
by using helicopters instead of airplanes. The Airborne Cloud Turbulence Observation Sys-
tem (ACTOS) [Siebert et al., 2006], for instance, can be suspended from helicopters, provid-
ing sufficiently resolved measurements to detect even the finest scales of turbulent processes
in clouds [e.g., Siebert et al., 2013]. Furthermore, the increasing use of holographic systems,
such as the Holographic Detector for Clouds (HOLODEC), allow three-dimensional snap-
shots of the small-scale distribution of cloud droplets, including sharp gradients between
cloudy and non-cloudy filaments as they are expected to be observed during inhomogeneous
mixing [Beals et al., 2015]. While holographic systems can provide a glimpse into the three-
dimensional small-scale distribution of droplets, their sample volume (~ 15cm?) is too lim-
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ited to capture all relevant scales of the mixing process. Entire clouds, may be sampled in the
near future using several remotely piloted aircrafts (RPAs, commonly known as drones), as
proposed in a current assessment study [Maury et al., 2021].

Finally, laboratory cloud chamber measurements, as they are currently undertaken in
the TI-chamber or similar facilities [e.g., Chang et al., 2016], may also enable deeper obser-
vational process-level understanding of entrainment and mixing once appropriate scales can
be accommodated [Shaw et al., 2020].

4.2 Numerical Modeling

Turbulent mixing processes are ubiquitous, and have been extensively investigated in
engineering applications such as turbulent combustion [e.g., Peters, 2000]. Therefore, many
of the following numerical models originate from the engineering literature, and have been
adapted to explore cloud physics questions. However, to accommodate the large range of
relevant scales, multiple modeling approaches are necessary to cover all aspects of the mix-
ing process. Accordingly, we will present models for representing cloud microphysics first
(Sec. 4.2.1). Then, fluid dynamics models for the investigation of small-scale mixing at the
Kolmogorov lengthscale are presented (Sec. 4.2.2). Due to the limited computational re-
sources, these models are restricted toward larger scales. Models which represent these larger
scales are not able to resolve small-scale mixing explicitly, and parameterizations are applied
to represent potentially inhomogeneous mixing scenarios, which are summarized is the last
subsection (Sec. 4.2.3).

4.2.1 Cloud Microphysical Models

Cloud microphysical models predict parameters describing the microphysical state of
a cloud, applying varying degrees of complexity. The reader is referred to Morrison et al.
[2020] for a recent review of cloud microphysical modeling approaches.

To a certain degree, all commonly applied cloud microphysical models are able to rep-
resent the effects of small-scale mixing on the cloud microphysical composition. Without
restrictions, this is possible in detailed models that predict the entire droplet size distribu-
tion by solving equations that describe the condensation and evaporation of droplets, their
activation from aerosols, as well as collision processes. Thus, changes in the droplets size
distribution due to small-scale mixing can be considered directly. Traditionally, these de-
tailed models have been bin or spectral models, which represent the droplet size distribution
on a numerical grid in radius space [e.g., Tzivion et al., 1987; Bott, 1998]. Today, an increas-
ing number of similarly detailed Lagrangian cloud models is applied, which represent the
droplet size distribution by several individually simulated computational particles, each rep-
resenting just one droplet or a multitude of identical droplets (so-called superdroplets) [e.g.,
Andrejczuk et al., 2008; Shima et al., 2009; Hoffmann et al., 2015]. Bulk models, however,
represent the droplet size distribution by idealized functions, and predict one or several sta-
tistical moments of it. To represent the basic impacts of small-scale mixing, bulk models are
required to predict at least two moments, N and ¢ [e.g., Khairoutdinov and Kogan, 2000;
Milbrandt and Yau, 2005; Morrison et al., 2005; Seifert and Beheng, 2006; Thompson and
Eidhammer, 2014]. Additional moments are necessary to represent the impact of small-scale
mixing on the width of the droplet size distribution, as discussed in Sec. 5.1.

4.2.2 Direct Modeling of Turbulent Mixing

The most direct approach to simulate small-scale mixing is to employ direct numeri-
cal simulations (DNSs) that solve the three-dimensional Navier-Stokes equations applying
a resolution that matches the Kolmogorov lengthscale [e.g., Moin and Mahesh, 1998]. Due
to computational constraints, the model domain is restricted to a cube with a typical edge
length of a couple of decimeters, even on today’s supercomputers [Vaillancourt et al., 2001,
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2002; Andrejczuk et al., 2009; Kumar et al., 2013; Perrin and Jonker, 2015; Gotzfried et al.,
2017; Kunishima and Onishi, 2018; Gao et al., 2018]. Accordingly, these models simulate
small-scale mixing close to the typical transition lengthscale and provide insights on the tran-
sition from inhomogeneous to homogeneous mixing. Note that these models often apply a
Lagrangian cloud model in which each computational particle represents one cloud droplet.

DNS models with a coarser resolution and commensurately larger molecular viscosity
have also been applied to study small-scale mixing processes in increasingly larger model
domains, which enabled deeper insights into inhomogeneous mixing regimes than possi-
ble with regular DNS [Dimotakis, 2000; Mellado et al., 2010; de Lozar and Muessle, 2016;
Mellado et al., 2018; Thomas et al., 2020]. However, this approach is limited. The upscaled
molecular viscosity might be unable to represent the more complex effects of unresolved tur-
bulent motions at smaller scales adequately, making parameterizations inevitable as further
outlined in Sec. 4.2.3 below.

An alternative to DNS are one-dimensional models of turbulence and molecular diffu-
sion [Kerstein, 1988; Jensen and Baker, 1989; Krueger et al., 1997; Su et al., 1998]. These
models are able to resolve the Kolmogorov lengthscale and — due to their reduced dimen-
sionality — can host a model domain of hundreds of meters, even on a simple workstation
computer. Of course, turbulence, which naturally requires three dimensions, cannot be repre-
sented in these approaches explicitly. However, its effects of compression and folding can be
successfully emulated by rearranging or reshaping the model’s numerical grid. The specific
approach of Linear Eddy Modeling (LEM) has been shown to produce results comparable to
DNS of the mixing process in clouds [Krueger, 2016].

4.2.3 Parameterizations of Turbulent Mixing

To capture entire clouds and the underlying dynamics that drive entrainment and mix-
ing, today’s method of choice are Large Eddy Simulations (LESs), which solve the filtered
Navier-Stokes equations [e.g., Sagaut, 2006]. LESs can represent entire cumulus or stratocu-
mulus fields with a horizontal extent of several tens of kilometers successfully [Siebesma
et al., 2003; Stevens et al., 2005; Ackerman et al., 2009; vanZanten et al., 2011]. The rep-
resentation of small-scale processes, however, is limited by their resolution of typically 10
to 100 m. The impact of turbulent mixing on scales below the resolution is usually modeled
by a subgrid-scale (SGS) scheme [e.g., Deardor{f, 1980], which represents the unresolved
fluxes of momentum, temperature, and water vapor mixing ratio. By design, the effect of un-
resolved turbulent mixing on cloud microphysics is homogeneous, which corresponds to the
notion that resolved LES quantities represent a grid-box average [Schumann, 1975]. Intro-
ducing a more realistic representation of SGS mixing is therefore necessary to consider the
microphysical effects of small-scale mixing in large-scale models.

Morrison and Grabowski [2008] introduced an approach that can be used with two-
moment bulk microphysical models to consider different mixing scenarios. In this approach,
the order in which SGS turbulent mixing and evaporation occur in the model is used to adjust
the droplet number concentration according to the intended mixing scenario:

(o7
N =N (ﬂ) .
9

Here, N and ¢ represent the final droplet number concentration and the liquid water con-
tent after SGS mixing and evaporation, respectively, while N* and ¢/ are the corresponding
intermediate values after SGS mixing but before evaporation. As in Sec. 3.2, a represents
the mixing scenario with values between 0 for homogeneous mixing and 1 for extreme inho-
mogeneous mixing. (It can be shown that (18) is equivalent to (16).) While Morrison and
Grabowski [2008] prescribe fixed values for @, Jarecka et al. [2009, 2013] suggest an ap-
proach to predict o based on the Damkdhler number. Note that although the parameteriza-
tion (18) is relatively easy to implement, it is not frequently used in LES or other large-scale
models.
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Lagrangian cloud models offer simpler ways to include SGS processes than (Eulerian)
bulk or bin schemes by making use of the individually simulated computational particles
[e.g., Grabowski et al., 2019]. Probably the first approach has been developed by Grabowski
and Abade [2017], who assumed that each computational particle is surrounded by a volume
of air. They used a stochastic Wiener process to model unresolved turbulent supersatura-
tion fluctuations in theses volumes, and considered them in the diffusional growth process
of the simulated droplets. Similarly, Hoffimann et al. [2019] used the aforementioned one-
dimensional LEM by Kerstein [1988] to represent unresolved turbulent mixing and molec-
ular diffusion among the volumes of air surrounding each computational particle. Accord-
ingly, this approach enables a very detailed representation of cloudy filaments on scales as
small as the transition lengthscale, when used as a SGS model in typical LES applications
with Lagrangian cloud microphysics, as recently applied in simulations of cumulus [Hoff-
mann et al., 2019] and stratocumulus [Hoffimann and Feingold, 2019].

5 Effects of Small-Scale Mixing

Observations and numerical modeling enable us to understand the effects of small-
scale mixing in frameworks that exceed the simple theoretical considerations presented in
Sec. 3. These results will be summarized in this section, dividing them into microscale im-
pacts, which predominantly affect the droplet size distribution and its broadening, and macroscale
impacts, which are relevant to the role of clouds in the climate system.

5.1 Microscale Impacts

The basic effects of small-scale mixing on the droplet size distribution have been out-
lined in Sec. 3: Homogeneous mixing maintains the droplet number and reduces the mean
droplet size due to partial evaporation. Extreme inhomogeneous mixing, on the other hand,
maintains the mean droplet size, but reduces the droplet number due to the complete evapo-
ration of droplets that leave the cloudy filaments.

An (intermediate) inhomogeneous mixing scenario, however, allows for a large vari-
ability in droplet growth histories, including repeated switches between saturated and subsat-
urated filaments during the mixing process, which leads to a substantial broadening toward
smaller droplet sizes by evaporation, as pointed out in numerical studies by Su et al. [1998]
and T6lle and Krueger [2014]. In fact, the broadening to smaller sizes due to entrainment
and mixing has been shown essential for initiating the precipitation process in shallow cu-
mulus clouds [Hoffinann et al., 2017]. However, the droplet size distribution does not only
experience broadening to smaller sizes. Entrainment generally reduces the droplet concen-
tration in clouds by dilution, irrespective of the mixing scenario (cf. Eqn. (10)). Accordingly,
the competition for water vapor is reduced and the droplet size distribution might broaden to
larger radii by accelerating the diffusional growth of the remaining droplets if the considered
air parcel is still being lifted [e.g., Lasher-Trapp et al., 2005]. This superadiabatic growth
can be enhanced in (intermediate or extreme) inhomogeneous mixing scenarios due to the
even lower droplet number concentration, as initially hypothesized by Baker and Latham
[1979] and Baker et al. [1980]. Detailed modeling studies confirmed that these superadi-
abatic droplets can reach sizes that may initiate the precipitation process in warm clouds
[Su et al., 1998; Lasher-Trapp et al., 2005; Télle and Krueger, 2014; Hoffmann et al., 2019;
Hoffmann and Feingold, 2019].

The activation of aerosols to cloud droplets above the cloud base, so-called secondary
activation, is frequently observed in cumulus clouds. It is either caused by a substantial in-
crease in the vertical velocity [Warner, 1969b; Pinsky and Khain, 2002], or by the activa-
tion of newly entrained aerosols [Warner, 1969a; Paluch and Knight, 1984; Brenguier and
Grabowski, 1993; Su et al., 1998; Lasher-Trapp et al., 2005]. The latter pathway, which
dominates in shallow cumulus clouds [Hoffinann et al., 2015; Chandrakar et al., 2021],
can be affected by the degree of turbulent mixing. Under rapid mixing, the newly entrained
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aerosols compete directly with the (old) cloud droplets for the available water vapor. Since
the (old) cloud droplets absorb the water vapor more efficiently due to their larger surface
area, the activation of newly entrained aerosols can be reduced. If the mixing is slower, the
newly entrained aerosols may be spatially separated from the (old) cloud droplets, which
enables a larger fraction of the entrained aerosols to activate [Su et al., 1998; Lasher-Trapp
et al., 2005]. While this process broadens the droplet size distribution to smaller radii, it also
buffers the negative impact of inhomogeneous mixing on the number of cloud droplets by
activating new droplets [Slawinska et al., 2012], complicating the differentiation of homoge-
neous and inhomogeneous mixing scenarios, as already outlined in Sec. 3.2.

Finally, it is important to reiterate that the mixing character can change with time [e.g.,
Jarecka et al., 2013]. During a single entrainment event, an initially inhomogeneous mix-
ing scenario can become homogeneous when the entrained air breaks up into filaments with
lengthscales below the transition lengthscale (cf. Sec. 3). However, the character of mixing
also changes during the cloud lifecycle. Schmeissner et al. [2015] derived mixing diagrams
from the observation of hundreds of cumulus clouds, showing that actively growing clouds
exhibit a more homogeneous mixing character, while clouds in their decaying stage mix
more inhomogeneously. Schmeissner et al. [2015] explain this behavior by a humid, almost
saturated shell that develops during the cumulus lifecycle that prevents the evaporation of
cloud droplets in matured cumulus [e.g., Heus and Jonker, 2008]. As explained in Sec. 3.2,
the high humidity of this shell could also favor a degenerate mixing scenario, in which the
microphysical reaction to homogeneous and inhomogeneous mixing is almost indistinguish-
able [Korolev et al., 2016; Pinsky et al., 2016]. Schmeissner et al. [2015], however, interpret
the humid shell as part of the inhomogeneous mixing process.

This motivates a fundamental question: What are the largest scales to be included in
the small-scale mixing process? The actual entrainment process is happening on the scale
of the interfacial eddies of cumulus [Grabowski and Clark, 1991] or the holes within a stra-
tocumulus deck [Nicholls, 1989]. However, the entrained air on these scales originates from
larger scales, namely the humid shells surrounding cumulus [Heus and Jonker, 2008] or the
entrainment interface layer on top of stratocumulus [Caughey et al., 1982; Gerber et al.,
2005; Yamaguchi and Randall, 2012]. The thermodynamic composition of these regions
is dominated by detrained cloudy filaments evaporating and humidifying these areas in the
direct vicinity of the cloud, further modified by radiative cooling or heating [e.g., Klinger
et al., 2019]. Additionally, the isotropic turbulence driving small-scale mixing can be super-
imposed by larger-scale cloud dynamics (e.g., shear instabilities or waves), further changing
how the cloud interacts with its environment [e.g., Mellado, 2017]. Accordingly, to advance
our understanding of small-scale mixing, we need to proceed toward larger scales, requiring
us to include processes that have been traditionally neglected.

5.2 Macroscale Impacts

Our understanding of small-scale mixing on the microscale allows us to deduce im-
pacts on the macroscale. As indicated in the introduction, the radiative forcing of clouds
on the climate can be understood as the product of cloud albedo and cloud fraction [Betts,
2007]. The cloud albedo can be approximated as

T
A=

T+y’

where 7 is the cloud optical thickness, and y ~ 13.3 depends on the degree of forward scat-
tering for overhead sun [e.g., Glenn et al., 2020]. It can be shown that 7 is primarily deter-
mined by

T oc LWPY/ON!/3,

where LWP is the vertically integrated liquid water content, the so-called liquid water path,
and N is the droplet number concentration [e.g., Boers and Mitchell, 1994].
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Since entrainment determines the amount of non-cloudy air that is engulfed into the
cloud, it does not change LWP and N directly. The subsequent small-scale mixing, however,
reduces the LWP and N by evaporation and dilution (cf. Eqns. (9) and (10)). The mixing sce-
nario may lead to a further reduction in N, subject to an increasing degree of inhomogeneous
mixing (cf. Eqn. (14)), while it does not cause direct changes in LWP. Accordingly, we can
already conclude that the mixing scenario affects the cloud albedo by changes in the droplet
number concentration, similar to the albedo effect [Twomey, 1974, 1977].

The effect of different mixing scenarios on the albedo of numerically simulated clouds
has been studied by Chosson et al. [2007] and Slawinska et al. [2008]. They found that the
reduction in cloud albedo due to extreme inhomogeneous mixing instead of homogeneous
mixing ranges between 2 and 5 percentage points for stratocumulus and between 5 and 6 per-
centage points for cumulus, respectively. The strongest dependency has been found for very
thin clouds, which is expectable since the optical thickness depends much stronger on the
liquid water path than on the droplet number concentration, as indicated by the exponents
in Eqn. (20). Accordingly, the albedo of deeper clouds is less susceptible to changes in the
number concentration and hence different mixing scenarios. Based on theoretical arguments,
Jeffery [2007] derived a similar dependence of 7 on the mixing scenario.

Much more uncertain are the effects of small-scale mixing on cloud lifetime and cover
[e.g., Albrecht, 1989]. Two pathways are considered for terminating the lifecycle of a cloud:
entrainment or precipitation, which are both potentially modified by small-scale mixing.

Following an entrainment event, inhomogeneous mixing allows droplets to stay in
cloudy filaments for a certain period of time, while droplets are more rapidly exposed to sub-
saturations under homogeneous mixing [Krueger, 1993]. Additionally, inhomogeneous mix-
ing reduces the droplet number concentration, resulting in a stronger increase of the phase
relaxation timescale than by homogeneous mixing alone, which can further delay the evap-
oration of cloud droplets [Hoffimann and Feingold, 2019]. Accordingly, both processes de-
celerate the production of negative buoyancy, which is an important driver for the production
of turbulence. Thus, the mixing might slow down even further, which could make the mix-
ing process more inhomogeneous. This positive feedback is analogous to the evaporation-
entrainment feedback, in which the faster evaporation of a larger number of cloud droplets is
suggested to result in stronger turbulence compared to the same amount of water distributed
on a smaller number of droplets [Wang et al., 2003; Xue and Feingold, 2006; Glassmeier
et al., 2021]. The aforementioned authors even showed that this feedback results in increased
entrainment rates in droplet-laden conditions, with a commensurately negative impact on the
cloud albedo. Nonetheless, entrainment is driven by large-scale cloud dynamics, as outlined
in Sec. 2, and a direct impact of small-scale mixing processes must be commensurately weak.
Yet, Hoffimann and Feingold [2019] showed slightly lower entrainment rates in stratocumu-
lus LES with SGS inhomogeneous mixing compared to simulations with homogeneous SGS
mixing.

A more complex situation arises when droplet sedimentation is considered. As already
outlined in Sec. 3.1, sedimentation smears out the thermodynamic conditions experienced
by a droplet and therefore results in an effectively more rapid mixing scenario [Tolle and
Krueger, 2014]. Furthermore, sedimentation might also increase the evaporative cooling on
the edges of cloudy filaments by exposing droplets to subsaturated air more quickly, as in-
dicated in idealized simulations of Grabowski [1993]. As discussed in the last paragraph, a
large impact of these small-scale processes on the entrainment rate and hence cloud albedo
is unlikely. In fact, LES of stratocumulus (without a special treatment of SGS mixing) indi-
cate generally smaller entrainment rates when sedimentation is considered [Ackerman et al.,
2004; Bretherton et al., 2007], which has been confirmed in DNS later [de Lozar and Mel-
lado, 2017; Schulz and Mellado, 2019]. This process has been explained by the removal of
large droplets from the stratocumulus cloud top by sedimentation, which reduces the poten-
tial for evaporative cooling in the entrainment interface layer, with a commensurate effect on
the evaporative enhancement of the entrainment rate [Bretherton et al., 2007].
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By contributing to the initiation of the precipitation process in warm clouds [Baker
and Latham, 1979; Lasher-Trapp et al., 2005; Hoffimann et al., 2019], inhomogeneous mix-
ing may reduce the lifetime of individual clouds and hence affect cloud cover. However, we
do not know yet how entire cloud fields are affected. For instance, enhanced precipitation
will contribute to the generation of cold pools, which alter the large-scale organization of
cloud fields, with commensurate changes in cloud cover [Seifert and Heus, 2013; Zuidema
et al., 2017]. Accordingly, there are no conclusive answers on how small-scale mixing af-
fects macroscale cloud properties, especially cloud lifetime and cloud cover. We need more
studies that investigate the effects of small-scale mixing on entire cloud fields. Using param-
eterizations (Sec. 4.2.3) and improving them with detailed modeling (Sec. 4.2.2) seems to be
a viable approach.

6 Conclusions

This chapter has been dedicated to our current understanding of the small-scale mixing
of clouds with their environment. Although small-scale mixing takes place on scales as small
as the Kolmogorov lengthscale, it has fundamental implications for the microphysical com-
position of clouds and hence their role in the climate system, most significantly by altering
the ability of clouds to reflect incident shortwave radiation back to space.

For more than 50 years, small-scale mixing has been investigated in numerous studies
employing theory, observations, and numerical modeling. However, our understanding of
small-scale mixing is not complete. Limitations primarily consider the interaction of large
and small scales. While increasing computational power will solve some problems, espe-
cially when larger scales are approached from below, the growing importance of processes
that have been traditionally neglected in the discussion of small-scale mixing, e.g., radia-
tion and larger-scale cloud dynamics, demand careful consideration in the future. Our un-
derstanding of small-scale mixing on global scales, however, will still depend on parameter-
izations in the next decades. Accordingly, developing successful parameterizations of small-
scale mixing will be essential to assess the role of small-scale mixing in the climate system.
New insights are also expected from the development of new observational approaches such
as remotely operated aircrafts (i.e., drones), as well as larger laboratory facilities in which a
much wider range of scales relevant to the mixing process can be analyzed.

All in all, small-scale mixing in clouds offers ample opportunities for future research
from a large variety of backgrounds and with potentially large impacts on our understanding
of clouds in the climate system.
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