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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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Abstract5

The small-scale mixing of clouds with their environment is an essential cloud process.6

Following an entrainment event, turbulent mixing breaks down the entrained air and homog-7

enizes it with the cloud, covering multiple orders of magnitude in lengthscales from the en-8

training eddies (∼ 100 m) down to the Kolmogorov length (∼ 1 mm). The character of this9

process, traditionally categorized into homogeneous and inhomogeneous mixing scenarios,10

can affect the microphysical composition of clouds, with commensurate impacts on large-11

scale cloud properties such as the cloud albedo and cloud lifetime.12

Based on the current physical understanding of the small-scale mixing of cloudy and13

cloud-free air, this chapter will summarize the basic theories describing this process. By14

considering the wide range of involved scales, we will outline different observational and15

numerical approaches used to investigate this process in clouds, as well as methods to param-16

eterize it in large-scale numerical models. Finally, we will review the impacts of the small-17

scale mixing process, focusing on microscale changes in the droplet size distribution as well18

as macroscale effects relevant to our understanding of clouds in the climate system.19

1 Introduction20

One major role of clouds in the climate system stems from their ability to reflect inci-21

dent shortwave radiation back to space, resulting in a major negative forcing on the global22

radiation budget [e.g., Boucher et al., 2013]. This forcing, often quantified as the cloud ra-23

diative effect [Betts, 2007], is proportional to the product of cloud albedo and cloud fraction,24

where the former is primarily determined by the cloud microphysical composition — the25

number and size of droplets forming the droplet size distribution — and the latter is con-26

trolled by the cloud macroscale — the large-scale organization of clouds and their lifecycle.27

Historically, the influence of cloud microphysics on the cloud radiative effect were at-28

tributed to two processes: The albedo effect predicts that a higher droplet concentration re-29

sults in a higher cloud albedo due to the larger integral droplet surface capable of reflecting30

more shortwave radiation [Twomey, 1974, 1977]. The lifetime effect indicates that a higher31

droplet number concentration with commensurately smaller droplets may prevent droplets32

from colliding, and hence decelerates the decay of clouds by precipitation, increasing cloud33

lifetime and cloud fraction [Albrecht, 1989]. In more recent years, our understanding of34

these effects and their implications for the global climate has been significantly widened by35

amending the underlying physical framework by the turbulent nature of clouds [e.g., Boden-36

schatz et al., 2010], including, inter alia, the entrainment of cloud-free air and its subsequent37

mixing with the cloud, which is the main topic of this chapter.38

The mixing of cloudy and cloud-free air can have important implications for the role39

of clouds in the climate system, bounded by the canonical scenarios of homogeneous and ex-40

treme inhomogeneous mixing [Warner, 1973; Baker and Latham, 1979]. While these terms41

and their distinct effects on the micro- and macroscale properties of clouds will be defined42

more carefully in the following, it is important to note that the assumption of one mixing43

scenario over the other can be of great consequence. For instance, extreme inhomogeneous44

instead of homogeneous mixing is able to reduce the albedo of a cloud by up to 6 percentage45

points [Chosson et al., 2007; Slawinska et al., 2008]. Furthermore, inhomogeneous mixing46

might also accelerate the growth of cloud droplets, which can imperil the colloidal stability47

of clouds by initiating the precipitation process, with commensurate negative effects on cloud48

lifetime and cover [e.g., Baker et al., 1980].49

While turbulence is the main driver for these effects, it has further effects on clouds50

that are not covered in this chapter. Therefore, the interested reader is referred to Shaw [2003],51

Devenish et al. [2012], and Grabowski and Wang [2013] for more information on turbulence-52

induced supersaturation fluctuations, droplet clustering, including related particle inertia ef-53
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fects, as well as turbulence-enhanced collision rates. Furthermore, this chapter can be seen54

as an addendum to de Rooy et al. [2013], who reviewed the entrainment process from a large-55

scale perspective, but did not address the small-scale detail of the subsequent mixing process56

presented here. Finally, it is necessary to state that this chapter is limited to shallow clouds,57

free from frozen hydrometeors. While the turbulent mixing of cloudy with cloud-free air is58

also relevant for mixed-phase and cold clouds, the literature on this topic is still very limited59

and therefore omitted [e.g., Korolev et al., 2017; Hoffmann, 2020].60

The chapter is organized as follows. First, we will summarize the basic processes of61

entrainment and small-scale mixing in warm clouds (Sec. 2). Then, the theoretical frame-62

work to describe the small-scale mixing process in clouds is introduced (Sec. 3), followed by63

an overview of observational techniques and numerical models used to investigate it (Sec. 4).64

Based on this, we will explore the effects of small-scale mixing on micro- and macroscale65

cloud properties (Sec. 5), before this chapter is concluded (Sec. 6).66

2 Entrainment and Mixing in Warm Clouds67

Beginning with Stommel [1947] and Warner [1955], the entrainment of cloud-free air68

into clouds has been recognized as an essential process to understand the observed liquid69

water content of clouds, which is lower than the expected adiabatic values due to the mix-70

ing with cloud-free air. Today, we generally understand that the cloud-free air is entrained71

into the cloud by the specific large-scale dynamics of the cloud, i.e., the vortical motion72

of the ascending cumulus cloud top which engulfs cloud-free air laterally [Grabowski and73

Clark, 1993; Zhao and Austin, 2005; Heus et al., 2008], or the downward branches of the74

stratocumulus-topped boundary layer large-eddy circulation which engulf air from above the75

cloud top [Nicholls, 1989; Gerber et al., 2005; Kurowski et al., 2009; Yamaguchi and Ran-76

dall, 2012]. These entraining motions create regions of negligible liquid water inside the77

cloud, so-called cloud holes, which are continuously deformed [e.g., Krueger, 1993]. This78

marks the beginning of the actual mixing process. Initially, this process is driven by the en-79

training eddy, and later by the developing small-scale turbulence that folds and stretches the80

cloud hole into increasingly smaller filaments until the Kolmogorov lengthscale is reached.81

At this lengthscale, molecular diffusion homogenizes the entrained air with the cloud. Through-82

out this turbulent break-down process, the increasing surface area of the cloud hole exposes83

more and more droplets to a subsaturated environment where they evaporate. Accordingly,84

the mixing process combines the turbulent stirring of cloudy and cloud-free air with the85

commensurate droplet evaporation.86

Traditionally, the mixing process in clouds has gained less attention than the entrain-87

ment. In fact, mixing is often implicitly included in the broader term entrainment, although88

only the mixing process causes the evaporation that results in the sub-adiabatic liquid wa-89

ter content initially observed by Stommel [1947] and Warner [1955]. Nonetheless, Warner90

[1969a] hypothesized that mixing is relevant for the development of the broad droplet size91

distributions typically observed in clouds, but was not able to explain the size distributions92

theoretically. The reason for this was the common depiction of mixing as an instantaneous93

process, i.e., cloud-free and cloudy air homogenize rapidly after entrainment, which causes94

all droplets to experience the same subsaturation and to evaporate similarly, with only minus-95

cule effects on the droplet size distribution [Warner, 1973].96

Later, this depiction of the mixing process has been challenged by Latham and Reed97

[1977] and Baker and Latham [1979], who began to consider that the mixing process is not98

instantaneous. A finite rate mixing process allows some droplets to be located within un-99

blemished cloudy filaments, while only those droplets at the cloudy filament edges evaporate100

if they leave the cloud. Since this process allows for a nonidentical development of droplet101

sizes, a broad droplet size distributions can be produced which is much more in agreement102

with those observed in clouds [e.g., Warner, 1969a].103
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initial stage: 
subsaturated air is 
entrained into cloud

homogeneous mixing: mixing is so fast that all droplets experience the same 
subsaturation; all droplets evaporate until saturation is reached; the number 
of droplets is maintained, but the mean droplet radius decreases

extreme inhomogeneous mixing: mixing is so slow that only those droplets 
evaporate that leave the cloud; this process continues until the entrained air 
is saturated; the mean droplet radius is maintained, but the number of 
droplets decreases

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.
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105
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107

108

Both processes can be idealized as homogeneous and extreme inhomogeneous mixing,109

respectively, which are illustrated in Fig. 1. During homogeneous mixing, which typically oc-110

curs under rapid turbulent mixing, all droplets evaporate, but none completely. Accordingly,111

homogeneous mixing is often identified by a constant droplet number concentration. If, how-112

ever, the turbulent mixing is comparatively slow, only those droplets evaporate that leave the113

cloudy filaments. If the droplets that leave the cloud evaporate completely, the mean droplet114

radius is maintained and the scenario is called extreme inhomogeneous mixing. Homoge-115

neous and extreme inhomogeneous mixing limit the range of mixing scenarios that occur in116

nature. Intermediate mixing scenarios, in which both the mean droplet radius and droplet117

number change, are generally termed inhomogeneous mixing, and it can be necessary to dis-118

tinguish them from the case of extreme inhomogeneous mixing.119

Finally, it is important to note that real clouds constitute a much more complicated sys-120

tem than this idealized depiction of the mixing process can cover. Real clouds experience121

several, potentially interacting entrainment events on multiple scales, making it probably122

impossible to ever reach a final state in which all heterogeneities caused by entrained are ho-123

mogenized [e.g., Cooper, 1989]. Nonetheless, the theoretical framework that builds upon the124

definitions of homogeneous and extreme inhomogeneous mixing is a starting point to under-125

stand the effects of small-scale mixing in clouds, which will be continued in the next section.126

3 The Theory of Small-Scale Mixing127

The last section indicated that small-scale mixing can be understood from two view-128

points, which are either the speed with which the turbulent mixing progresses or the effect of129
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the mixing on the cloud microphysical composition, i.e., the droplet number and size. In this130

section, we will introduce two theoretical frameworks that are based on these viewpoint: the131

Damköhler number (Sec. 3.1) and the microphysical mixing diagram (Sec. 3.2).132

3.1 The Damköhler Number133

When does a homogeneous or inhomogeneous mixing scenario occur? While the134

actual mixing scenario is usually determined by the changes in droplet number and size,135

comparing the respective timescales for the turbulent mixing to the microphysical reaction136

timescale, i.e., the evaporation of droplets, can indicate which mixing scenario is favored.137

The ratio of these timescales, which will be defined in detail below, is termed the Damköhler138

number139

Da =
𝜏mixing

𝜏micro
, (1)140

141

which has been originally proposed in the turbulent combustion literature [e.g., Peters, 2000],142

and has been adapted to understand the effects of turbulence on cloud microphysics subse-143

quently [e.g., Baker et al., 1980; Shaw, 2003]. If Da � 1, the turbulent mixing is much144

slower than the microphysical reaction (𝜏mixing � 𝜏micro). Accordingly, an inhomogeneous145

mixing scenario is favored since only those droplets evaporate that leave the cloudy fila-146

ments. If Da � 1, the turbulent mixing is much faster than the microphysical reaction147

(𝜏mixing � 𝜏micro), and differences between cloudy and cloud-free air vanish rapidly. Thus,148

a homogeneous mixing scenario is likely since all droplets experience a similar subsaturation149

and therefore react similarly. Note, however, that distinct filaments of cloudy and cloud-free150

air may exist on scales as small as the Kolmogorov scale, even in the homogeneous limit of151

the Damköhler number. However, the microphysical reaction is so slow that these small-scale152

differences in supersaturation do not affect the evaporation of droplets.153

Two timescales are traditionally considered to determine 𝜏micro. First, we can calculate154

the time a droplet of radius 𝑟 requires to evaporate completely [e.g., Baker et al., 1980]:155

𝜏evap = 𝑟2 𝐹k + 𝐹D
2|𝑆 | , (2)156

157

where 𝑆 < 0 is the subsaturation to which the droplets are exposed, and 𝐹k + 𝐹D are pa-158

rameters depending on heat conduction and molecular diffusion of water vapor, respectively.159

A second microphysical timescale can be obtained by the time necessary to saturate subsat-160

urated air by the evaporation of droplets [Squires, 1952]. The e-folding timescale for this161

process is called the phase relaxation timescale, and is calculated as162

𝜏phase = (4𝜋𝐷v𝑟m𝑁)−1, (3)163
164

where 𝑟m is the arithmetic mean droplet radius and 𝑁 the droplet number concentration. 𝐷v165

is an effective water vapor diffusion coefficient, which is based on the molecular vapor diffu-166

sion coefficient but modified to account for the additional cooling (heating) of droplets dur-167

ing evaporation (condensation), which slows down vapor diffusion (see Eqns. (11) and (14)168

in Kumar et al. [2013]).169

Note, however, there is no consensus on which microphysical timescale is preferable170

for understanding small-scale mixing in clouds. Feingold and Siebert [2009] argue that un-171

der typical conditions, both timescales exhibit similar values between 1 and 10 s. Choosing172

the minimum of 𝜏evap and 𝜏phase, however, may avoid infinite values occurring in almost sat-173

urated conditions or for clouds with vanishing droplet sizes. Lehmann et al. [2009] and Lu174

et al. [2018] show that 𝜏evap is more appropriate for studies on changes in the droplet size dis-175

tributions, while 𝜏phase should be applied if changes in the liquid water content are of interest.176

Furthermore, 𝜏micro can be extended to other microphysical processes than (2) and (3). The177

activation of droplets occurs on timescales significantly smaller than one second [Hoffmann178

et al., 2017; Arabas and Shima, 2017], and is therefore highly susceptible to turbulent mixing179

processes as also indicated by Abade et al. [2018].180
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The time to entirely mix the entrained air with the cloud is approximated by the time181

required to break a blob of entrained air down to the Kolmogorov lengthscale. Below this182

lengthscale, viscous forces dominate, which naturally terminate turbulent mixing and molec-183

ular diffusion concludes homogenization. This so-called mixing timescale can be obtained184

from inertial range scaling as185

𝜏mixing =

(
𝑙2

𝜖

)1/3
, (4)186

187

where 𝜖 is the turbulent energy dissipation rate, which is a measure of the turbulence in-188

tensity, and 𝑙 is the characteristic lengthscale of the blob of entrained air [e.g., Baker et al.,189

1984].190

With these definitions, the Damköhler number does not only allow to determine when191

a mixing process is likely to be homogeneous (Da � 1) or inhomogeneous (Da � 1), it192

also allows to determine the scale at which the mixing transitions from inhomogeneous to193

homogeneous mixing. Following Baker et al. [1980] and Lehmann et al. [2009], this is done194

by setting Da = 1 and solving Eqn. (1) for 𝑙. The resulting transition lengthscale is195

𝑙trans = 𝜖1/2𝜏3/2
micro, (5)196

197

which separates the lengthscales at which spatial differences in the thermodynamic condi-198

tions matter and mixing is likely to be inhomogeneous (𝑙 � 𝑙trans) from the lengthscales199

at which small-scale mixing is rapid, and a homogeneous mixing scenario is favored (𝑙 �200

𝑙trans). Accordingly, for typical values of 𝜏micro (2 s) and 𝜖 (10−3 m2 s−3 for stratocumulus201

and 10−2 to 10−1 m2 s−3 for cumulus), the transition from inhomogeneous to homogeneous202

mixing occurs on a lengthscale between 10 to 100 cm [e.g., Lehmann et al., 2009], which is203

smaller than the resolution of most numerical models used to simulate clouds. Since most204

models treat unresolved mixing processes as homogenous by design, the transition length-205

scale also defines the minimum resolution that would be required to represent inhomoge-206

neous small-scale mixing and its effects on cloud microphysics successfully. However, re-207

solving 𝑙trans imposes significant computational constraints, which limit the application of nu-208

merical cloud models to study small-scale mixing processes, as discussed further in Sec. 4.209

Finally, a refinement on the mixing timescale and the transition lengthscale needs to210

be made. Turbulence is not the only process that changes the thermodynamical conditions211

experienced by a droplet. Once a droplet is large enough to sediment significantly, it may212

fall from a saturated volume of air into a subsaturated, smearing out the boundary conditions213

for the microphysical reaction [e.g., Jensen and Baker, 1989; Grabowski, 1993; Tölle and214

Krueger, 2014]. The characteristic timescale for this is termed the sedimentation timescale,215

and can be obtained as216

𝜏sedi =
𝑙

𝑤sedi
, (6)217

218

where 𝑤sedi is the droplet sedimentation velocity and 𝑙 the aforementioned characteristic219

lengthscale of the entrained air. The inverse sum of 𝜏mix and 𝜏sedi yields an effective mixing220

timescale221

𝜏∗mix = (𝜏−1
mix + 𝜏−1

sedi)
−1, (7)222

223

which should be used instead of 𝜏mix. Using 𝜏∗mix makes the analytical derivation of an effec-224

tive transition lengthscale cumbersome. However, by neglecting non-linear dependencies on225

𝑤sedi, the effective transition lengthscale can be approximated as226

𝑙∗trans ≈ 𝜖1/2𝜏3/2
micro + 𝑤sedi𝜏micro, (8)227

228

which indicates that droplets starting to be relevant for collision and coalescence (𝑟 > 20 `m,229

𝑤sedi > 5 cm s−1) may double the transition lengthscale, with commensurate stronger effects230

for even larger droplets. Accordingly, inhomogeneous mixing and its effects become increas-231

ingly irrelevant for larger droplets [e.g., Grabowski and Vaillancourt, 1999].232
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3.2 The Mixing Diagram233

The Damköhler number and the equivalent transition lengthscale help to understand234

where to expect inhomogeneous or homogeneous mixing processes. However, they cannot235

be used to infer a specific mixing scenario. For that, a functional relationship between the236

droplet size and droplet number is needed, and it is usually presented in the form of a mi-237

crophysical mixing diagram [Burnet and Brenguier, 2007]. A typical mixing diagram is de-238

picted in Fig. 2.239
r v3 

 / 
r v,

a3

N / Na

1.0 –

0.8 –

0.6 –

0.4 –

0.2 –

0.0 – ––––––

0.0 0.2 0.4 0.6 0.8 1.0
––––––

extreme inhomogeneous mixing
homogeneous mixing (S = - 70 %)
homogeneous mixing (S = - 50 %)
homogeneous mixing (S = - 30 %)
homogeneous mixing (S = - 5 %)
N rv

3 = !"#$%.

Figure 2. This idealized mixing diagram illustrates how the normalized mean volume radius 𝑟3
v/𝑟3

v,a de-
pends on the normalized droplet number concentration 𝑁/𝑁a 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 𝑁𝑟3

v = 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].

240

241

242

243

244

245

The mixing diagram shows how the (cubed) mean volume radius 𝑟3
v changes as a func-246

tion of the droplet number concentration 𝑁 under a prescribed mixing scenario. The cubed247

mean volume radius can be calculated from the liquid water content 𝑞l = 4/3𝜋𝜌l𝑟
3
v𝑁 once248

𝑁 is known, making it easily available from measurements. 𝜌l is the mass density of wa-249

ter. Note that 𝑟3
v and 𝑁 represent the microphysical state after the entrainment and mixing250

process is finished, and are normalized by their respective values before entrainment and251

mixing, 𝑟3
v,a and 𝑁a. 𝑟3

v,a and 𝑁a are typically unknown in less idealized (i.e., realistic) appli-252

cations. Therefore, adiabatic values are often used as a proxy.253

Changes in 𝑟3
v/𝑟3

v,a for the homogeneous and extreme inhomogeneous limit can be de-254

termined from the 𝑞l which is obtained once entrainment and the subsequent mixing are fin-255

ished. Since the amount of liquid water that needs to be evaporated to saturate the mixture of256

subsaturated entrained and saturated cloudy air does not depend on the mixing scenario, 𝑞l257

can be generally expressed as258

𝑞l = (1 − `)𝑞l,a + `𝛿𝑞. (9)259
260

Here, the first term on the right-hand side represents the dilution of the considered volume of261

air by entrainment, where ` is the mass fraction of the entrained air. The second term repre-262

sents the necessary evaporation to saturate the mixed air, where 𝛿𝑞 = 𝑆/𝐴 ≤ 0 is the satura-263

tion deficit of the entrained air, which is determined by its saturation ratio 𝑆 and a parameter264

𝐴, which is a function of temperature and pressure. (The reader is referred to Korolev et al.265

[2016] for a detailed derivation of Eqns. (9) through (14).)266

The droplet number concentration after entrainment, but before mixing, can be derived267

analogously. Since the entrained air is assumed to contain no droplets, the corresponding268
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droplet number concentration decreases as269

𝑁h = 𝑁a (1 − `), (10)270
271

which is also the droplet number concentration after homogeneous mixing, during which272

droplets are assumed to not evaporate completely. By introducing (10) into (9), we determine273

𝑟3
v,h

𝑟3
v,a

= 1 + 1 − 𝑁h/𝑁a
𝑁h/𝑁a

𝛿𝑞

𝑞l,a
, (11)274

275

which describes the reduction in mean volume radius under homogeneous mixing as shown276

in Fig. 2 (blue lines). Note that the decrease of 𝑟3
v,h/𝑟

3
v,a is stronger for drier entrained air. In277

fact, if the entrained air is very dry (or the fraction of entrained air is sufficiently large), it278

might not possible to saturate the mixture and a mixing diagram cannot be derived. On the279

other hand, very humid entrained air requires only minuscule evaporation, making homoge-280

neous and extreme inhomogeneous mixing (red line) almost indistinguishable based on their281

microphysical reaction. Accordingly, this scenario might be considered a degenerate mixing282

case, in which homogeneous and extreme inhomogeneous mixing result in the same micro-283

physical reaction [Korolev et al., 2016; Pinsky et al., 2016].284

During extreme inhomogeneous mixing, the mean volume radius does not change,285

which results in the constant relationship286

𝑟3
v,i

𝑟3
v,a

= 1, (12)287

288

shown in Fig. 2 (red line). Inserting (12) in (9), the droplet number concentration under ex-289

treme inhomogeneous mixing can be determined as290

𝑁i
𝑁a

=
𝑞l
𝑞l,a

, (13)291

292

or, equivalently, as293

𝑁i = (1 − `)𝑁a +
`𝛿𝑞

4
3𝜋𝜌l𝑟

3
v,a
, (14)294

295

where the first term on the right-hand side represents the dilution due to entrainment (anal-296

ogous to homogeneous mixing shown in Eqn. (10)), and the second term is the decrease in297

droplet number concentration due to extreme inhomogeneous mixing, i.e., the fraction of298

droplets that evaporates completely to saturate the entrained air.299

But how does microphysics respond to a mixing scenario between extreme inhomoge-300

neous and homogeneous mixing in which both mean volume radius and droplet number con-301

centration change? Since the liquid water content after mixing is independent of the mixing302

scenario unless all droplets evaporate completely, see Eq. (9), all possible mixing scenarios303

obey304

𝑟3
v𝑁 = 𝑟3

v,h𝑁h = 𝑟3
v,i𝑁i = 𝑐𝑜𝑛𝑠𝑡., (15)305

306

which is marked by the black line in Fig. 2. This expression can be generalized as307

𝑁

𝑁h
=

(
𝑟3

v,h

𝑟3
v,i

)𝛼
, (16)308

309

which results in homogeneous mixing for 𝛼 = 0, and in extreme inhomogeneous mixing for310

𝛼 = 1. Intermediate values of 0 ≤ 𝛼 ≤ 1 are expected for varying degrees of inhomogeneous311

mixing. Accordingly,312

𝛼 =
ln(𝑁/𝑁h)

ln(𝑟3
v,h/𝑟

3
v,i)

(17)313

314

–8–



Confidential manuscript submitted to Geophysical Monograph Series

can be used as a simple metric to characterize observed or simulated mixing scenarios [Mor-315

rison and Grabowski, 2008; Andrejczuk et al., 2009; Lu et al., 2013]. Furthermore, 𝛼 can316

be used to parameterize inhomogeneous mixing in numerical models as explained further in317

Sec. 4.2.3.318

Finally, note that even under conditions that favor homogeneous mixing (Da � 1), 𝑁 is319

not necessarily conserved. If the droplet size distribution exhibits sufficiently small droplets,320

some of them will evaporate completely, irrespective of the mixing scenario, resulting in321

an apparently inhomogeneous mixing scenario [Tölle and Krueger, 2014; Luo et al., 2020].322

Similarly, entrained air might contain aerosol particles that activate to the droplets during the323

mixing process, which can increase 𝑁 [e.g., Slawinska et al., 2012]. Accordingly, an inho-324

mogeneous mixing scenario can appear more homogeneous than expected (Da � 1).325

4 Investigating Small-Scale Mixing326

In this section, we will present approaches to investigate small-scale mixing in obser-327

vations and numerical modeling. All these approaches have to cope with the multiscale na-328

ture of clouds, ranging from entire cloud fields (∼ 100 km) to the smallest scales of turbulent329

mixing (∼ 1 mm), and cloud microphysics (∼ 10 `m). No approach is able to cover all these330

scales, and neglecting or idealizing smaller or larger scales is inherent to all methods.331

4.1 Observations332

Observations are the cornerstone of physics, and airborne measurements enabled im-333

portant insights on entrainment and mixing in clouds [e.g., Warner, 1969a; Jensen et al.,334

1985; Paluch and Knight, 1984; Blyth et al., 1988; Gerber et al., 2008]. Observing the ef-335

fects of small-scale mixing on clouds is, at first glance, relatively simple, since simultaneous336

measurements of the droplet number concentration and droplet radii are available for at least337

50 years.338

However, early instruments, such as sooted glass slides used to collect droplets outside339

the airplane, exhibited very slow sampling rates on the order of 1 Hz [Warner, 1969a]. Due340

to the comparably high airspeed of planes (∼ 100 m s−1), many airborne measurements of the341

past did therefore not resolve scales below 100 m, which made it impossible to detect vari-342

ations on scales as small as the transition lengthscale directly. Thus, by erroneously assum-343

ing that the measured droplet concentrations and droplet sizes are spatially uniform, it has344

been believed that clouds might mix homogeneously. However, the simultaneous presence of345

small-scale filaments of cloudy and cloud-free air, in agreement with our current depiction of346

inhomogeneous mixing, can result in the same measurements when averaged over the afore-347

mentioned lengthscale imposed by insufficient sampling rates, as first discussed by Paluch348

[1986] and Paluch and Baumgardner [1989]. Today, measurements are commonly provided349

by instruments such as the Forward Scattering Spectrometer Probe (FSSP) [Brenguier, 1993;350

Brenguier et al., 1998] or the Particle Volume Monitor (PVM) [Gerber et al., 1993] with351

sampling rates on the order of 1000 Hz, which enables direct observations of small-scale352

mixing from airplanes.353

A further improvement can be achieved by lowering the airspeed, which can be done354

by using helicopters instead of airplanes. The Airborne Cloud Turbulence Observation Sys-355

tem (ACTOS) [Siebert et al., 2006], for instance, can be suspended from helicopters, provid-356

ing sufficiently resolved measurements to detect even the finest scales of turbulent processes357

in clouds [e.g., Siebert et al., 2013]. Furthermore, the increasing use of holographic systems,358

such as the Holographic Detector for Clouds (HOLODEC), allow three-dimensional snap-359

shots of the small-scale distribution of cloud droplets, including sharp gradients between360

cloudy and non-cloudy filaments as they are expected to be observed during inhomogeneous361

mixing [Beals et al., 2015]. While holographic systems can provide a glimpse into the three-362

dimensional small-scale distribution of droplets, their sample volume (∼ 15 cm3) is too lim-363
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ited to capture all relevant scales of the mixing process. Entire clouds, may be sampled in the364

near future using several remotely piloted aircrafts (RPAs, commonly known as drones), as365

proposed in a current assessment study [Maury et al., 2021].366

Finally, laboratory cloud chamber measurements, as they are currently undertaken in367

the Π-chamber or similar facilities [e.g., Chang et al., 2016], may also enable deeper obser-368

vational process-level understanding of entrainment and mixing once appropriate scales can369

be accommodated [Shaw et al., 2020].370

4.2 Numerical Modeling371

Turbulent mixing processes are ubiquitous, and have been extensively investigated in372

engineering applications such as turbulent combustion [e.g., Peters, 2000]. Therefore, many373

of the following numerical models originate from the engineering literature, and have been374

adapted to explore cloud physics questions. However, to accommodate the large range of375

relevant scales, multiple modeling approaches are necessary to cover all aspects of the mix-376

ing process. Accordingly, we will present models for representing cloud microphysics first377

(Sec. 4.2.1). Then, fluid dynamics models for the investigation of small-scale mixing at the378

Kolmogorov lengthscale are presented (Sec. 4.2.2). Due to the limited computational re-379

sources, these models are restricted toward larger scales. Models which represent these larger380

scales are not able to resolve small-scale mixing explicitly, and parameterizations are applied381

to represent potentially inhomogeneous mixing scenarios, which are summarized is the last382

subsection (Sec. 4.2.3).383

4.2.1 Cloud Microphysical Models384

Cloud microphysical models predict parameters describing the microphysical state of385

a cloud, applying varying degrees of complexity. The reader is referred to Morrison et al.386

[2020] for a recent review of cloud microphysical modeling approaches.387

To a certain degree, all commonly applied cloud microphysical models are able to rep-388

resent the effects of small-scale mixing on the cloud microphysical composition. Without389

restrictions, this is possible in detailed models that predict the entire droplet size distribu-390

tion by solving equations that describe the condensation and evaporation of droplets, their391

activation from aerosols, as well as collision processes. Thus, changes in the droplets size392

distribution due to small-scale mixing can be considered directly. Traditionally, these de-393

tailed models have been bin or spectral models, which represent the droplet size distribution394

on a numerical grid in radius space [e.g., Tzivion et al., 1987; Bott, 1998]. Today, an increas-395

ing number of similarly detailed Lagrangian cloud models is applied, which represent the396

droplet size distribution by several individually simulated computational particles, each rep-397

resenting just one droplet or a multitude of identical droplets (so-called superdroplets) [e.g.,398

Andrejczuk et al., 2008; Shima et al., 2009; Hoffmann et al., 2015]. Bulk models, however,399

represent the droplet size distribution by idealized functions, and predict one or several sta-400

tistical moments of it. To represent the basic impacts of small-scale mixing, bulk models are401

required to predict at least two moments, 𝑁 and 𝑞l [e.g., Khairoutdinov and Kogan, 2000;402

Milbrandt and Yau, 2005; Morrison et al., 2005; Seifert and Beheng, 2006; Thompson and403

Eidhammer, 2014]. Additional moments are necessary to represent the impact of small-scale404

mixing on the width of the droplet size distribution, as discussed in Sec. 5.1.405

4.2.2 Direct Modeling of Turbulent Mixing406

The most direct approach to simulate small-scale mixing is to employ direct numeri-407

cal simulations (DNSs) that solve the three-dimensional Navier-Stokes equations applying408

a resolution that matches the Kolmogorov lengthscale [e.g., Moin and Mahesh, 1998]. Due409

to computational constraints, the model domain is restricted to a cube with a typical edge410

length of a couple of decimeters, even on today’s supercomputers [Vaillancourt et al., 2001,411
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2002; Andrejczuk et al., 2009; Kumar et al., 2013; Perrin and Jonker, 2015; Götzfried et al.,412

2017; Kunishima and Onishi, 2018; Gao et al., 2018]. Accordingly, these models simulate413

small-scale mixing close to the typical transition lengthscale and provide insights on the tran-414

sition from inhomogeneous to homogeneous mixing. Note that these models often apply a415

Lagrangian cloud model in which each computational particle represents one cloud droplet.416

DNS models with a coarser resolution and commensurately larger molecular viscosity417

have also been applied to study small-scale mixing processes in increasingly larger model418

domains, which enabled deeper insights into inhomogeneous mixing regimes than possi-419

ble with regular DNS [Dimotakis, 2000; Mellado et al., 2010; de Lozar and Muessle, 2016;420

Mellado et al., 2018; Thomas et al., 2020]. However, this approach is limited. The upscaled421

molecular viscosity might be unable to represent the more complex effects of unresolved tur-422

bulent motions at smaller scales adequately, making parameterizations inevitable as further423

outlined in Sec. 4.2.3 below.424

An alternative to DNS are one-dimensional models of turbulence and molecular diffu-425

sion [Kerstein, 1988; Jensen and Baker, 1989; Krueger et al., 1997; Su et al., 1998]. These426

models are able to resolve the Kolmogorov lengthscale and — due to their reduced dimen-427

sionality — can host a model domain of hundreds of meters, even on a simple workstation428

computer. Of course, turbulence, which naturally requires three dimensions, cannot be repre-429

sented in these approaches explicitly. However, its effects of compression and folding can be430

successfully emulated by rearranging or reshaping the model’s numerical grid. The specific431

approach of Linear Eddy Modeling (LEM) has been shown to produce results comparable to432

DNS of the mixing process in clouds [Krueger, 2016].433

4.2.3 Parameterizations of Turbulent Mixing434

To capture entire clouds and the underlying dynamics that drive entrainment and mix-435

ing, today’s method of choice are Large Eddy Simulations (LESs), which solve the filtered436

Navier-Stokes equations [e.g., Sagaut, 2006]. LESs can represent entire cumulus or stratocu-437

mulus fields with a horizontal extent of several tens of kilometers successfully [Siebesma438

et al., 2003; Stevens et al., 2005; Ackerman et al., 2009; vanZanten et al., 2011]. The rep-439

resentation of small-scale processes, however, is limited by their resolution of typically 10440

to 100 m. The impact of turbulent mixing on scales below the resolution is usually modeled441

by a subgrid-scale (SGS) scheme [e.g., Deardorff , 1980], which represents the unresolved442

fluxes of momentum, temperature, and water vapor mixing ratio. By design, the effect of un-443

resolved turbulent mixing on cloud microphysics is homogeneous, which corresponds to the444

notion that resolved LES quantities represent a grid-box average [Schumann, 1975]. Intro-445

ducing a more realistic representation of SGS mixing is therefore necessary to consider the446

microphysical effects of small-scale mixing in large-scale models.447

Morrison and Grabowski [2008] introduced an approach that can be used with two-448

moment bulk microphysical models to consider different mixing scenarios. In this approach,449

the order in which SGS turbulent mixing and evaporation occur in the model is used to adjust450

the droplet number concentration according to the intended mixing scenario:451

𝑁 = 𝑁∗
(
𝑞l
𝑞∗l

)𝛼
. (18)452

453

Here, 𝑁 and 𝑞l represent the final droplet number concentration and the liquid water con-454

tent after SGS mixing and evaporation, respectively, while 𝑁∗ and 𝑞∗l are the corresponding455

intermediate values after SGS mixing but before evaporation. As in Sec. 3.2, 𝛼 represents456

the mixing scenario with values between 0 for homogeneous mixing and 1 for extreme inho-457

mogeneous mixing. (It can be shown that (18) is equivalent to (16).) While Morrison and458

Grabowski [2008] prescribe fixed values for 𝛼, Jarecka et al. [2009, 2013] suggest an ap-459

proach to predict 𝛼 based on the Damköhler number. Note that although the parameteriza-460

tion (18) is relatively easy to implement, it is not frequently used in LES or other large-scale461

models.462
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Lagrangian cloud models offer simpler ways to include SGS processes than (Eulerian)463

bulk or bin schemes by making use of the individually simulated computational particles464

[e.g., Grabowski et al., 2019]. Probably the first approach has been developed by Grabowski465

and Abade [2017], who assumed that each computational particle is surrounded by a volume466

of air. They used a stochastic Wiener process to model unresolved turbulent supersatura-467

tion fluctuations in theses volumes, and considered them in the diffusional growth process468

of the simulated droplets. Similarly, Hoffmann et al. [2019] used the aforementioned one-469

dimensional LEM by Kerstein [1988] to represent unresolved turbulent mixing and molec-470

ular diffusion among the volumes of air surrounding each computational particle. Accord-471

ingly, this approach enables a very detailed representation of cloudy filaments on scales as472

small as the transition lengthscale, when used as a SGS model in typical LES applications473

with Lagrangian cloud microphysics, as recently applied in simulations of cumulus [Hoff-474

mann et al., 2019] and stratocumulus [Hoffmann and Feingold, 2019].475

5 Effects of Small-Scale Mixing476

Observations and numerical modeling enable us to understand the effects of small-477

scale mixing in frameworks that exceed the simple theoretical considerations presented in478

Sec. 3. These results will be summarized in this section, dividing them into microscale im-479

pacts, which predominantly affect the droplet size distribution and its broadening, and macroscale480

impacts, which are relevant to the role of clouds in the climate system.481

5.1 Microscale Impacts482

The basic effects of small-scale mixing on the droplet size distribution have been out-483

lined in Sec. 3: Homogeneous mixing maintains the droplet number and reduces the mean484

droplet size due to partial evaporation. Extreme inhomogeneous mixing, on the other hand,485

maintains the mean droplet size, but reduces the droplet number due to the complete evapo-486

ration of droplets that leave the cloudy filaments.487

An (intermediate) inhomogeneous mixing scenario, however, allows for a large vari-488

ability in droplet growth histories, including repeated switches between saturated and subsat-489

urated filaments during the mixing process, which leads to a substantial broadening toward490

smaller droplet sizes by evaporation, as pointed out in numerical studies by Su et al. [1998]491

and Tölle and Krueger [2014]. In fact, the broadening to smaller sizes due to entrainment492

and mixing has been shown essential for initiating the precipitation process in shallow cu-493

mulus clouds [Hoffmann et al., 2017]. However, the droplet size distribution does not only494

experience broadening to smaller sizes. Entrainment generally reduces the droplet concen-495

tration in clouds by dilution, irrespective of the mixing scenario (cf. Eqn. (10)). Accordingly,496

the competition for water vapor is reduced and the droplet size distribution might broaden to497

larger radii by accelerating the diffusional growth of the remaining droplets if the considered498

air parcel is still being lifted [e.g., Lasher-Trapp et al., 2005]. This superadiabatic growth499

can be enhanced in (intermediate or extreme) inhomogeneous mixing scenarios due to the500

even lower droplet number concentration, as initially hypothesized by Baker and Latham501

[1979] and Baker et al. [1980]. Detailed modeling studies confirmed that these superadi-502

abatic droplets can reach sizes that may initiate the precipitation process in warm clouds503

[Su et al., 1998; Lasher-Trapp et al., 2005; Tölle and Krueger, 2014; Hoffmann et al., 2019;504

Hoffmann and Feingold, 2019].505

The activation of aerosols to cloud droplets above the cloud base, so-called secondary506

activation, is frequently observed in cumulus clouds. It is either caused by a substantial in-507

crease in the vertical velocity [Warner, 1969b; Pinsky and Khain, 2002], or by the activa-508

tion of newly entrained aerosols [Warner, 1969a; Paluch and Knight, 1984; Brenguier and509

Grabowski, 1993; Su et al., 1998; Lasher-Trapp et al., 2005]. The latter pathway, which510

dominates in shallow cumulus clouds [Hoffmann et al., 2015; Chandrakar et al., 2021],511

can be affected by the degree of turbulent mixing. Under rapid mixing, the newly entrained512
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aerosols compete directly with the (old) cloud droplets for the available water vapor. Since513

the (old) cloud droplets absorb the water vapor more efficiently due to their larger surface514

area, the activation of newly entrained aerosols can be reduced. If the mixing is slower, the515

newly entrained aerosols may be spatially separated from the (old) cloud droplets, which516

enables a larger fraction of the entrained aerosols to activate [Su et al., 1998; Lasher-Trapp517

et al., 2005]. While this process broadens the droplet size distribution to smaller radii, it also518

buffers the negative impact of inhomogeneous mixing on the number of cloud droplets by519

activating new droplets [Slawinska et al., 2012], complicating the differentiation of homoge-520

neous and inhomogeneous mixing scenarios, as already outlined in Sec. 3.2.521

Finally, it is important to reiterate that the mixing character can change with time [e.g.,522

Jarecka et al., 2013]. During a single entrainment event, an initially inhomogeneous mix-523

ing scenario can become homogeneous when the entrained air breaks up into filaments with524

lengthscales below the transition lengthscale (cf. Sec. 3). However, the character of mixing525

also changes during the cloud lifecycle. Schmeissner et al. [2015] derived mixing diagrams526

from the observation of hundreds of cumulus clouds, showing that actively growing clouds527

exhibit a more homogeneous mixing character, while clouds in their decaying stage mix528

more inhomogeneously. Schmeissner et al. [2015] explain this behavior by a humid, almost529

saturated shell that develops during the cumulus lifecycle that prevents the evaporation of530

cloud droplets in matured cumulus [e.g., Heus and Jonker, 2008]. As explained in Sec. 3.2,531

the high humidity of this shell could also favor a degenerate mixing scenario, in which the532

microphysical reaction to homogeneous and inhomogeneous mixing is almost indistinguish-533

able [Korolev et al., 2016; Pinsky et al., 2016]. Schmeissner et al. [2015], however, interpret534

the humid shell as part of the inhomogeneous mixing process.535

This motivates a fundamental question: What are the largest scales to be included in536

the small-scale mixing process? The actual entrainment process is happening on the scale537

of the interfacial eddies of cumulus [Grabowski and Clark, 1991] or the holes within a stra-538

tocumulus deck [Nicholls, 1989]. However, the entrained air on these scales originates from539

larger scales, namely the humid shells surrounding cumulus [Heus and Jonker, 2008] or the540

entrainment interface layer on top of stratocumulus [Caughey et al., 1982; Gerber et al.,541

2005; Yamaguchi and Randall, 2012]. The thermodynamic composition of these regions542

is dominated by detrained cloudy filaments evaporating and humidifying these areas in the543

direct vicinity of the cloud, further modified by radiative cooling or heating [e.g., Klinger544

et al., 2019]. Additionally, the isotropic turbulence driving small-scale mixing can be super-545

imposed by larger-scale cloud dynamics (e.g., shear instabilities or waves), further changing546

how the cloud interacts with its environment [e.g., Mellado, 2017]. Accordingly, to advance547

our understanding of small-scale mixing, we need to proceed toward larger scales, requiring548

us to include processes that have been traditionally neglected.549

5.2 Macroscale Impacts550

Our understanding of small-scale mixing on the microscale allows us to deduce im-551

pacts on the macroscale. As indicated in the introduction, the radiative forcing of clouds552

on the climate can be understood as the product of cloud albedo and cloud fraction [Betts,553

2007]. The cloud albedo can be approximated as554

𝐴 ≈ 𝜏

𝜏 + 𝛾
, (19)555

556

where 𝜏 is the cloud optical thickness, and 𝛾 ≈ 13.3 depends on the degree of forward scat-557

tering for overhead sun [e.g., Glenn et al., 2020]. It can be shown that 𝜏 is primarily deter-558

mined by559

𝜏 ∝ LWP5/6𝑁1/3, (20)560
561

where LWP is the vertically integrated liquid water content, the so-called liquid water path,562

and 𝑁 is the droplet number concentration [e.g., Boers and Mitchell, 1994].563
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Since entrainment determines the amount of non-cloudy air that is engulfed into the564

cloud, it does not change LWP and 𝑁 directly. The subsequent small-scale mixing, however,565

reduces the LWP and 𝑁 by evaporation and dilution (cf. Eqns. (9) and (10)). The mixing sce-566

nario may lead to a further reduction in 𝑁 , subject to an increasing degree of inhomogeneous567

mixing (cf. Eqn. (14)), while it does not cause direct changes in LWP. Accordingly, we can568

already conclude that the mixing scenario affects the cloud albedo by changes in the droplet569

number concentration, similar to the albedo effect [Twomey, 1974, 1977].570

The effect of different mixing scenarios on the albedo of numerically simulated clouds571

has been studied by Chosson et al. [2007] and Slawinska et al. [2008]. They found that the572

reduction in cloud albedo due to extreme inhomogeneous mixing instead of homogeneous573

mixing ranges between 2 and 5 percentage points for stratocumulus and between 5 and 6 per-574

centage points for cumulus, respectively. The strongest dependency has been found for very575

thin clouds, which is expectable since the optical thickness depends much stronger on the576

liquid water path than on the droplet number concentration, as indicated by the exponents577

in Eqn. (20). Accordingly, the albedo of deeper clouds is less susceptible to changes in the578

number concentration and hence different mixing scenarios. Based on theoretical arguments,579

Jeffery [2007] derived a similar dependence of 𝜏 on the mixing scenario.580

Much more uncertain are the effects of small-scale mixing on cloud lifetime and cover581

[e.g., Albrecht, 1989]. Two pathways are considered for terminating the lifecycle of a cloud:582

entrainment or precipitation, which are both potentially modified by small-scale mixing.583

Following an entrainment event, inhomogeneous mixing allows droplets to stay in584

cloudy filaments for a certain period of time, while droplets are more rapidly exposed to sub-585

saturations under homogeneous mixing [Krueger, 1993]. Additionally, inhomogeneous mix-586

ing reduces the droplet number concentration, resulting in a stronger increase of the phase587

relaxation timescale than by homogeneous mixing alone, which can further delay the evap-588

oration of cloud droplets [Hoffmann and Feingold, 2019]. Accordingly, both processes de-589

celerate the production of negative buoyancy, which is an important driver for the production590

of turbulence. Thus, the mixing might slow down even further, which could make the mix-591

ing process more inhomogeneous. This positive feedback is analogous to the evaporation-592

entrainment feedback, in which the faster evaporation of a larger number of cloud droplets is593

suggested to result in stronger turbulence compared to the same amount of water distributed594

on a smaller number of droplets [Wang et al., 2003; Xue and Feingold, 2006; Glassmeier595

et al., 2021]. The aforementioned authors even showed that this feedback results in increased596

entrainment rates in droplet-laden conditions, with a commensurately negative impact on the597

cloud albedo. Nonetheless, entrainment is driven by large-scale cloud dynamics, as outlined598

in Sec. 2, and a direct impact of small-scale mixing processes must be commensurately weak.599

Yet, Hoffmann and Feingold [2019] showed slightly lower entrainment rates in stratocumu-600

lus LES with SGS inhomogeneous mixing compared to simulations with homogeneous SGS601

mixing.602

A more complex situation arises when droplet sedimentation is considered. As already603

outlined in Sec. 3.1, sedimentation smears out the thermodynamic conditions experienced604

by a droplet and therefore results in an effectively more rapid mixing scenario [Tölle and605

Krueger, 2014]. Furthermore, sedimentation might also increase the evaporative cooling on606

the edges of cloudy filaments by exposing droplets to subsaturated air more quickly, as in-607

dicated in idealized simulations of Grabowski [1993]. As discussed in the last paragraph, a608

large impact of these small-scale processes on the entrainment rate and hence cloud albedo609

is unlikely. In fact, LES of stratocumulus (without a special treatment of SGS mixing) indi-610

cate generally smaller entrainment rates when sedimentation is considered [Ackerman et al.,611

2004; Bretherton et al., 2007], which has been confirmed in DNS later [de Lozar and Mel-612

lado, 2017; Schulz and Mellado, 2019]. This process has been explained by the removal of613

large droplets from the stratocumulus cloud top by sedimentation, which reduces the poten-614

tial for evaporative cooling in the entrainment interface layer, with a commensurate effect on615

the evaporative enhancement of the entrainment rate [Bretherton et al., 2007].616
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By contributing to the initiation of the precipitation process in warm clouds [Baker617

and Latham, 1979; Lasher-Trapp et al., 2005; Hoffmann et al., 2019], inhomogeneous mix-618

ing may reduce the lifetime of individual clouds and hence affect cloud cover. However, we619

do not know yet how entire cloud fields are affected. For instance, enhanced precipitation620

will contribute to the generation of cold pools, which alter the large-scale organization of621

cloud fields, with commensurate changes in cloud cover [Seifert and Heus, 2013; Zuidema622

et al., 2017]. Accordingly, there are no conclusive answers on how small-scale mixing af-623

fects macroscale cloud properties, especially cloud lifetime and cloud cover. We need more624

studies that investigate the effects of small-scale mixing on entire cloud fields. Using param-625

eterizations (Sec. 4.2.3) and improving them with detailed modeling (Sec. 4.2.2) seems to be626

a viable approach.627

6 Conclusions628

This chapter has been dedicated to our current understanding of the small-scale mixing629

of clouds with their environment. Although small-scale mixing takes place on scales as small630

as the Kolmogorov lengthscale, it has fundamental implications for the microphysical com-631

position of clouds and hence their role in the climate system, most significantly by altering632

the ability of clouds to reflect incident shortwave radiation back to space.633

For more than 50 years, small-scale mixing has been investigated in numerous studies634

employing theory, observations, and numerical modeling. However, our understanding of635

small-scale mixing is not complete. Limitations primarily consider the interaction of large636

and small scales. While increasing computational power will solve some problems, espe-637

cially when larger scales are approached from below, the growing importance of processes638

that have been traditionally neglected in the discussion of small-scale mixing, e.g., radia-639

tion and larger-scale cloud dynamics, demand careful consideration in the future. Our un-640

derstanding of small-scale mixing on global scales, however, will still depend on parameter-641

izations in the next decades. Accordingly, developing successful parameterizations of small-642

scale mixing will be essential to assess the role of small-scale mixing in the climate system.643

New insights are also expected from the development of new observational approaches such644

as remotely operated aircrafts (i.e., drones), as well as larger laboratory facilities in which a645

much wider range of scales relevant to the mixing process can be analyzed.646

All in all, small-scale mixing in clouds offers ample opportunities for future research647

from a large variety of backgrounds and with potentially large impacts on our understanding648

of clouds in the climate system.649
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