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ABSTRACT

Cloud microphysical properties are significantly affected by entrainment and mixing processes. However, it is unclear
how the entrainment rate affects the relative dispersion of cloud droplet size distribution. Previously, the relationship
between relative dispersion and entrainment rate was found to be positive or negative. To reconcile the contrasting
relationships, the Explicit Mixing Parcel Model is used to determine the underlying mechanisms. When evaporation is
dominated by small droplets, and the entrained environmental air is further saturated during mixing, the relationship is
negative. However, when the evaporation of big droplets is dominant, the relationship is positive. Whether or not the cloud
condensation nuclei are considered in the entrained environmental air is a key factor as condensation on the entrained
condensation nuclei is the main source of small droplets. However, if cloud condensation nuclei are not entrained, the
relationship is positive. If cloud condensation nuclei are entrained, the relationship is dependent on many other factors.
High values of vertical velocity, relative humidity of environmental air, and liquid water content, and low values of droplet
number concentration, are more likely to cause the negative relationship since new saturation is easier to achieve by
evaporation of small droplets. Further, the signs of the relationship are not strongly affected by the turbulence dissipation
rate, but the higher dissipation rate causes the positive relationship to be more significant for a larger entrainment rate. A
conceptual model is proposed to reconcile the contrasting relationships. This work enhances the understanding of relative
dispersion and lays a foundation for the quantification of entrainment-mixing mechanisms.
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Article Highlights:

* The observed contrasting relationships between the relative dispersion of cloud droplet size distribution and entrainment
rate are reproduced, and their impacting factors are examined.

¢ The different relationships are mainly determined by the relative importance of evaporation of small and big droplets,
and entrained cloud condensation nuclei.

¢ The negative relationship is more likely to occur for high values of vertical velocity, relative humidity of environmental
air, and liquid water content, and low values of droplet number concentration.

% This paper is a contribution to the special issue on Cloud- 1. Introduction
Aerosol-Radiation—Precipitation Interaction: Progress and Chal-

lenges In the Earth system, clouds are key components that
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et al., 2017; Randall et al., 2018; Zhao et al., 2018; Liu,
2019; Wang et al., 2019, 2020b, 2020c, 2021b; Xu et al.,
2020; Zheng et al., 2021). The spectral broadening of cloud
droplet size distribution (CDSD) is a long-standing problem
in the cloud physics community (Devenish et al., 2012;
Cooperetal., 2013; Luetal., 2018a). The classical theoretical
condensation equation (Wallace and Hobbs, 2006) predicts
a narrow CDSD since the growth rate of a cloud droplet
radius is inversely proportional to the radius. In nature, the
observed CDSD is usually wider than that from the theoretical
expectation (Johnson, 1993). The cloud physics community
has not yet fully understood the mechanisms contributing to
the broadening (Devenish et al., 2012; Cooper et al., 2013;
Lu et al., 2018a). The spectral width is well known to have
significant impacts on the collision-coalescence between
cloud droplets (Yum and Hudson, 2005; Cooper et al.,
2013), cloud radiative properties (Liu et al., 2002), cloud
water sedimentation flux (Ackerman et al., 2009), precipita-
tion formation (Xie et al., 2013), and cloud-climate feedbacks
(Liu et al., 2002; Zhao et al., 2006; Tas et al., 2012, 2015;
Liu, 2019). The spectral width is usually expressed by the
standard deviation of cloud droplet size or the relative disper-
sion (d, the ratio of standard deviation to mean radius) (Liu
and Daum, 2002; Rotstayn and Liu, 2009; Pandithurai et al.,
2012; Tas et al., 2015; Prabhakaran et al., 2020; Wang et al.,
2020a, 2021a; Bera, 2021). Various factors are reported to
affect d, including supersaturation fluctuation (Chandrakar
et al., 2016), vertical velocity (Liu et al., 2006; Hudson et
al., 2012; Chen et al., 2016), aerosol loading (Peng et al.,
2007; Chandrakar et al., 2016; Chen et al., 2016), and entrain-
ment-mixing processes (Lu et al., 2013a; Luo et al., 2020,
2021; Wang et al., 2020b). However, to date the factors affect-
ing d, particularly the contribution of the entrainment-mixing
processes, have not been completely understood by the
physics community.

Entrainment-mixing processes affect the spectral shape
of CDSD by altering the droplets’ trajectories and the local
environment of the droplets (Cooper, 1989; Krueger et al.,
1997; Lasher-Trapp et al., 2005; Kumar et al., 2012). Based
on simulations and observations, d is larger in diluted
clouds than other clouds (i.e., d increases during the entrain-
ment-mixing processes) (Lasher-Trapp et al., 2005; Prabha
et al.,, 2012; Bera et al., 2016a, b). Recently, Bera (2021)
reported that d increases as dilution increases, and reactiva-
tion and incomplete evaporation are responsible for the
slight broadening of small droplets in the low dilution
regime.

Despite several efforts, the quantitative effects of the
entrainment and mixing process on microphysical properties
remain elusive. In particular, the relationship between d and
fractional entrainment rate (4) has been rarely studied. The
entrainment rate describes how fast environmental air is
entrained into clouds and subsequently mixes with the in-
cloud air. The value of 1 is defined as the ratio of the
entrained mass of environmental air into the cloud to the
cloud mass itself per unit height and is essential to the parame-
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terization of cumulus clouds (Turner, 1962; Raga et al.,
1990; Houze, 1993; Lu et al., 2012; de Rooy et al., 2013;
Zhang et al., 2016; Lu et al., 2018c; Stanfield et al., 2019;
Xu et al., 2021; Zhu et al., 2021). The observational results
of Lu et al. (2013a) revealed that d increases with increasing
A, owing to a nearly constant standard deviation and reduced
mean radius with increasing 4. However, Guo et al. (2018)
reported that d is negatively correlated with A because small
droplets evaporate more quickly than big droplets. Overall,
these contrasting relationships need to be reconciled.

To address this issue, the positive/negative correlations
between d and 4 are reproduced with the Explicit Mixing Par-
cel Model (EMPM) in this study. The role of entrained
cloud condensation nuclei (CCN) is emphasized to determine
the relationship between the two quantities. The sources of
small droplets are tracked, and the influencing factors, includ-
ing vertical velocity, relative humidity of entrained environ-
mental air, turbulence dissipation rate, droplet number concen-
tration, and liquid water content, are analyzed. Finally, a con-
ceptual model is established based on the results.

In the rest of the paper, section 2 describes the EMPM
model and methods. Section 3 presents the relationship
between d and A with and without entrained CCN. The
effects of key factors influencing the relationship are deter-
mined. The conclusions are given in section 4.

2. Model and Methods

2.1. Model Description

The EMPM model developed by Kerstein (1992),
Krueger et al. (1997), Su et al. (1998), Krueger et al. (2008),
and Tolle and Krueger (2014) has been extensively utilized
to study the entrainment-mixing processes between cloud
and the ambient air (e.g., Krueger et al., 1997, 2008; Su et
al., 1998; Lu et al., 2013b, 2018b, 2020; Tolle and Krueger,
2014;Luoetal.,2020,2021). The EMPM can track the history
of every droplet due to the variation of the local environ-
ment, ranging from the model integral scale to the model Kol-
mogorov scale (~1 mm). During the entrainment-mixing pro-
cess, four processes are considered: parcel ascent, entrain-
ment, turbulent mixing (i.e., turbulent deformation and molec-
ular diffusion), and droplet condensation/evaporation. Turbu-
lent deformation is a key process and is implemented by ran-
dom rearrangement events as a finite-rate turbulent mixing.
Using the “triplet map” introduced by Kerstein (1991), each
event can be realized. The “triplet map” replaces the scalar
field within the randomly selected segment with three com-
pressed copies of the scalar field and then inverts the central
copy (Krueger et al., 1997; Su et al., 1998). This treatment
changes the scalar gradient within the segment and realizes
the effect of compressive strain in a turbulent flow (Krueger
et al., 1997; Su et al., 1998). The finite-rate mixing has been
supported by observations (Gerber et al., 2008) and is benefi-
cial to the broadening of CDSD. This setting allows individual
droplet to experience different local supersaturation environ-
ment and contribute to the different condensation/evaporation
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rate (Su et al., 1998).

When entrainment occurs, a randomly selected region
of the parcel is replaced with environmental air. The subse-
quent turbulent mixing process includes two stages. In the
first stage, the entrained air breaks down under the action of
turbulent eddies and randomly distributes within the cloudy
parcel. This stage increases the interfacial area between the
cloudy air and entrained air. In the second stage, when
entrained air size approaches the Kolmogorov microscale,
the molecular diffusion process takes effect and rapidly
smooths out the scalar gradients (Krueger et al., 1997; Su et
al., 1998; Tolle and Krueger, 2014). A more detailed descrip-
tion of the EMPM has been provided by Krueger et al.
(1997), Su et al. (1998), Krueger et al. (2008), and Tolle
and Krueger (2014). The length, width, and height of the
EMPM domain are 20 m, 1 mm, and 1 mm, respectively. Su
et al. (1998) tested the sensitivity to sizes equaling 100 m
and 20 m. The simulations indicated that “the 100-m results
are similar to those from the 20-m case ”. Further, the
EMPM works as follows: the entire EMPM domain contain-
ing droplets is treated as a cloudy parcel and ascends at a spe-
cific vertical velocity across the entire domain. When the
entrainment-mixing process occurs, environmental air
replaces the same-sized cloudy parcel at the entrainment
height. During the subsequent ascending process, the
entrained environmental air mixes with the cloudy air at a
finite turbulent rate ( “Mix 1 7). Subsequently, the cloud
grows adiabatically (““Adiabatic”) until another entrainment-
mixing process occurs (“Mix 2”). Notably, the cloud contin-
ues to ascend during the three stages.

The initial droplets in the cloudy parcel are assumed to
follow a gamma size distribution (Liu et al., 2002; McFar-
quhar et al., 2015; Lu et al., 2020; Bera, 2021), such that the
droplet number concentration xn(r) for a droplet radius (r) is
given as:

n(r) = Norte ™", (1)

where N, £, and u represent the intercept, slope, and shape
parameters, respectively. The narrow initial CDSD has u
and d of 40.0 and 0.16, respectively, and is binned by 49
bins, ranging from 1 to 25 pm in radius (Fig. S1 in the Elec-
tronic Supplementary Material, ESM). During ascent, the
first entrainment-mixing process is set to occur near the begin-
ning of the simulations to examine the effects of entrain-
ment-mixing on the narrow CDSD. Since the model output
frequency is 0.75 s, the first entrainment process is chosen
to occur at 0.75 s. During the subsequent adiabatic process,
d first increases and then decreases. The formation of small
droplets increases d and the growth of small droplets into
big droplets by condensation decreases d, as per the theoreti-
cal expectation of droplet growth (Wallace and Hobbs,
2006). The second entrainment-mixing process occurs when
d reaches its maximum. Such a choice is employed to
weaken the significant effect of the condensation process,
which results in a decrease in d. Herein, we mainly focus on
the relationship between d and A after the second entrain-
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ment-mixing process.

The cloudy parcel has initial pressure, water vapor mix-
ing ratio, and temperature of 963.95 hPa, 15.73 g kg~!, and
293.56 K (Raga et al., 1990; Tolle and Krueger, 2014),
respectively. The baseline case of the EMPM has a vertical
velocity (w) of 1.0 m s~!, relative humidity of entrained envi-
ronmental air (RH,) of 88%, turbulence dissipation rate (¢)
of 51073 m? s-3, initial droplet number concentration (7;)
of 119.4 cm™3, initial liquid water content (LWC;) of
0.5 g m=3, and initial mean volume radius (r,;) of 10 um. Fur-
ther, entrained environmental air is assumed to be without
and with CCN (Cases without and with CCN are consid-
ered.). According to Su et al. (1998) and Krueger et al.
(2008), the CCN distribution is composed of two log-normal
size distributions. The first one is 18 categories of salt with
the radius range of 0.14-3.73 um; the mean and standard devi-
ation are 0.9 pm and 0.63 pum, respectively. The second one
is 31 categories of ammonia bi-sulfate with the radius range
of 0.02-0.75 pm; the mean and standard deviation are 0.09
pm and 0.05 pm, respectively; the CCN concentration is
49.65 cm=3. These CCN are assumed to be at equilibrium
sizes, and the competition for water vapor between CCN
and droplets is considered. The growth of each droplet is
dependent on its local meteorological fields, and the curvature
and solution effects of droplet are considered (see Appendix
for the droplet growth equations).

Previous measurements and numerical simulations in
shallow cumulus clouds indicate that ¢ can range from 10-°
to 1072 m? s=3 (Siebert et al., 2006a, b; Hoffmann et al.,
2014); w can increase from near 0 at cloud edge to 6 m s~!
in the core of the convective cloud (Jonas, 1990; Burnet and
Brenguier, 2007; Hudson et al., 2012); LWC is between
0.1 gm=3 and 1.2 g m=3 (Gerber et al., 2008; Hudson et al.,
2012); n; can vary from 20 to 700 cm=3 (Burnet and Bren-
guier, 2007; Gerber et al., 2008; Small and Chuang, 2008;
Hudson et al., 2012); and RH, can be in the range of 70%
-95% (Axelsen, 2005; Burnet and Brenguier, 2007; Lu et
al., 2018c). To explore the effects of impact factors on the
relationship between d and 4, the w values in the domain are
set to 0.5, 1.0, and 1.5 m s~!, respectively; the RH, values
are set to 77%, 88%, and 93.5%, respectively; the ¢ values
are set to 5x1074, 5x1073, and 1x10-2 m2 s3, respectively;
the n; values are set to 69.1, 119.4, and 552.6 cm=3, computed
from LWC; of 0.5 g m™3 and r,; of 12, 10, and 6 pm, respec-
tively. LWC; of 0.25, 0.5, and 0.75 g m~3 are also included
with a fixed r,; of 10 um. The above parameter settings are
listed in Table 1. These values in the sensitivity tests are
within reasonable ranges and represent typical shallow con-
vective clouds with distinct environmental thermodynamics
and air pollution amounts.

2.2. Methods

As mentioned above, we concentrate on the second
entrainment-mixing process and further investigate the rela-
tionship between d and A. Here, 4 is calculated using the
method developed by Lu et al. (2012):
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Table 1. Parameters of sensitivity simulations.

Entrained air blob
number of the

Entrained Relative Turbulence  Initial droplet second
Cloud Vertical humidity dissipation number Initial liquid entrainment-
Condensation  velocity, of entrained rate, concentration, water content, mixing process
Cases Nuclei, CCN  w (ms™!) air, RH, (%) e (m?s73) n; (cm~3) LWC; (gm) (N>)
Baseline case Yes 1.0 88 5x1073 1194 0.5 2,4,6,8,10
Case 1: No 1.0 88 5%1073 1194 0.5 2,4,6,8,10
Entrained
CCN effect
Case 2: Yes 0.5, 1.0, 88 5%x1073 1194 0.5 2,4,6,8,10
w effect 1.5
Case 3: Yes 1.0 77, 88,93.5 5%x1073 119.4 0.5 2,4,6,8,10
RH, effect
Case 4- Yes 1.0 88 5X11%’_43’,5X 119.4 0.5 2,4,6,8,10
e effect 1x10-2
Case 5: Yes 1.0 88 5%10-3 69.1, 1194, 0.5 2,4,6,8,10
n; effect 552.6
Case 6: Yes 1.0 88 5%10-3 1194 0.25,0.5,0.75 2,4,6,8,10
LWC, effect
1= In(y) i (22) (2, 4, 6, 8, 10) are also tested, and as expected, a larger N,
h leads to a larger d after the first entrainment-mixing process
(Fig. S3 in the ESM); this is because the initial adiabatic
X = XX s (2b) CDSD is narrow (Tolle and Krueger, 2014; Gao et al.,
2018; Luo et al., 2020). Therefore, d and A are positively cor-
related. Since this relationship between d and 4 is well
X;=1- NTII , (2c)  known for adiabatic narrow CDSD, we focus on the second
entrainment-mixing process and select the widest CDSD at
the beginning of the second entrainment-mixing process (i.
V=1 Nl 2d) e., at the end of the first entrainment-mixing process). The
2 L’ CDSD after the first entrainment-mixing process for N| =

where L is the length of EMPM; y is the integrated fraction
of the adiabatic cloud; x| and x} are the fractions of the adia-
batic cloud at the first and second entrainment heights, respec-
tively; and N; and N, are the entrained environmental air
blob numbers for the first and second entrainment-mixing pro-
cesses, respectively. Evidently, 4 is determined by N,, given
each entrained environmental air blob size (/) of 0.5 m, N,
of 10, and the entrainment height above cloud base (%). The
baseline case is taken as an example to calculate A. The corre-
sponding height of the initial CDSD is 204.5 m above the
cloud base and is calculated by assuming that the cloud parcel
with LWC; = 0.5 g m™3 moves downward until LWC; =
0 g m=3. As the second entrainment occurs at 42.75 s and w
is 1 m s~1, & is equal to 42.75 m + 204.5 m (i.e., 247.25 m).
As expected, a larger N, corresponds to a larger A (Fig. S2
in the ESM), and 4 exists in a reasonable range, from 1.35
to 2.29 km~! (Lu et al., 2012; de Rooy et al., 2013). N, is
used hereafter to refer to A. For cases with and without
entrained CCN, the relationship between d and 4 is investi-
gated by setting different N, values. In the cases of baseline
and all sensitivity simulations, N, are set to 2, 4, 6, 8, and
10, respectively, with a fixed N, of 10. Different N, values

10 is the widest and has the biggest difference from the adia-
batic CDSD. Therefore, N, is set to 10.

3. Results

3.1. Reproduction of the Positive/Negative Correlation
between Relative Dispersion and Entrainment Rate

As mentioned above, different N, values are employed
in the EMPM model to determine the relationship between
d and A. As previous studies revealed that entrained CCN
has a significant impact on microphysical properties (Lasher-
trapp et al., 2005; Gerber et al., 2008; Krueger et al., 2008;
Slawinska et al., 2012; Hoffmann et al., 2015; Bera et al.,
2016b; Yeom et al., 2019; Chen et al., 2020), it should be
interesting to explore if and how entrained CCN affect the
reproduction of positive and negative correlations between
d and A. The d value occurring when new saturation is
achieved after the second entrainment-mixing process is the
one employed to assess the relationship between d and A.
For the criterion of new saturation, the domain-averaged
supersaturation should be greater than 99.5% (Lehmann et
al., 2009; Luo et al., 2020).
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3.1.1.

Two experiments are conducted (one with entrained
CCN and the other without). In the group of entrained CCN,
entrained air contains CCN during both the first and second
entrainment-mixing processes. In the other group, entrained
CCN is not considered during the two entrainment-mixing
processes. Figures 1a, lc, le, and 1g show the temporal evolu-
tions of d, droplet number concentration (n.), liquid water con-
tent (LWC,), and meanradius (r,,), respectively, in the simula-
tion without entrained CCN (i.e., Case 1 in Table 1). The
increase in d is accompanied by the notable decreases in
LWC, and r,,, (Figs. 1a, le, 1g) during the first entrainment-
mixing process (before the triangle, determined by the crite-
rion of the domain-averaged supersaturation greater than
99.5%). The broadening of CDSD is attributed to the partial
evaporation of big droplets (Figs. S4, S5 in the ESM) (e.g.,
Yum and Hudson, 2005; Lu et al., 2013a; Kumar et al.,
2014; Tolle and Krueger, 2014; Gao et al., 2018; Luo et al.,
2020). Further, only a slight decrease in n. is observed
(Fig. 1c¢) during mixing, suggesting a homogeneous mixing
type, as droplet size decreases whereas number concentration
remains virtually unchanged during homogeneous mixing
(Baker et al., 1980; Lu et al., 2013b; Tolle and Krueger,
2014).

During the adiabatic process (between the triangle and
pentagram in Fig. 1), the reactivation of deactivated CCN
from complete evaporation of droplets occurs due to supersat-
uration (Yang et al.,, 2018; Bera, 2021). However, the
amount of reactivation of deactivated CCN is small; only a
small peak of droplets near 1.0 pm in radius is observed
(Figs. S4, S5). A radius of 1.0 um is employed as the criterion
that separates cloud droplets from aerosols (Hsieh et al.,
2009; Ma et al., 2010; Small et al., 2013; Yum et al., 2015;
Bera et al., 2016a; Lu et al., 2020). Therefore, d and n. vary
slightly, and r,, increases due to the condensation process
(Figs. 1a, lc, 1g). During the second entrainment-mixing pro-
cess (after the pentagram in Fig. la), n,, LWC,, and r,
decrease; d increases as N, increases. The broadening of
CDSD towards small droplets by the evaporation of big
droplets is more significant as N, increases (Figs. S4, S5).
At the final states of the entrainment-mixing process, a
larger N, has a larger d, suggesting a positive correlation
between d and A. This relationship aligns with that presented
by Lu et al. (2013a) and conforms with commonly reported
results that more entrained environmental air causes a more
significant broadening of CDSD (Lasher-Trapp et al., 2005;
Tolle and Krueger, 2014; Kumar et al., 2017).

Positive Correlation

3.1.2. Negative Correlation

Entrained CCN are also considered (i.e., the baseline
case in Table 1), to further explore the relationship between
d and 4. Of note, the microphysical properties display slight
differences during the first entrainment-mixing process, com-
pared with Case 1 without entrained CCN (Fig. 1). During
the adiabatic process after the first entrainment-mixing pro-
cess, water vapor condenses onto the entrained CCN, con-
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tributing to the formation of droplets (particles with a radius
greater than 1.0 um). These newly formed droplets signifi-
cantly broaden CDSD and a remarkable peak of small
droplets is observed (Figs. S4, S5), causing an increase in d
and n. and a decrease in r,,, (Figs. 1b, 1d,1h). This pronounced
increase in d aligns with the statements made by Telford
and Chai (1980), Lasher-Trapp et al. (2005), Krueger et al.
(2008), and Yeom et al. (2019). For instance, Yeom et al.
(2019) reported that a higher droplet number concentration
corresponds to a higher d due to the secondary activation of
aerosol. As expected, n, in the baseline case is greater than
that without entrained CCN (Figs. lc, 1d), and LWC, is com-
parable in the two cases (Figs. le, 1f). In contrast, r,, is
smaller when entrained CCN is considered (Figs. 1g, 1h).
During the second entrainment-mixing process, d monotoni-
cally decreases, and r,,, increases due to the substantial evapo-
ration of small droplets with mixing time for N, < 8. The
peak of small droplets in CDSD gradually decreases (Figs.
S4, S5). However, when N, = 10, d first decreases and then
increases; correspondingly, r,, first increases and then
decreases, which is discussed in detail later. When new satura-
tion is achieved after the second entrainment-mixing pro-
cess, a larger N, has a smaller d when N, increases from 2
to 8 (Fig. 1b), suggesting a negative correlation between d
and A. Such a finding is supported by Guo et al. (2018) who
found that d decreased as A increased. However, when N,
increases from 8 to 10, d and 4 are found to be positively cor-
related.

The effects of entrained / are examined by setting [ = 1 m
and N, =1,2,3,4,5 to keep the fraction of entrained environ-
mental air the same as that in the baseline case. As shown in
Fig. S6, the blob size may affect the detailed response of
cloud microphysics to entrained air but does not affect the
main conclusions.

3.1.3.  Physical Mechanisms

Guo et al. (2018) highlighted the role of small droplets
in determining the negative relationship between d and A.
Tolle and Krueger (2014) and Luo et al. (2020) also
revealed the effects of small droplets on d. Here, small
droplets are separated by the criterion of radius less than 3.0
pm. The ratio of small droplet number concentration (n) to
total droplet number concentration (n.) in Fig. 2a is similar
to that of d in Fig. la without entrained CCN, suggesting
that ng is a key property in determining d. The evolution of
the two properties with entrained CCN also support this argu-
ment. Altogether, these results confirm the positive correla-
tion between ng and d reported by Luo et al. (2020).

To clearly explain the physical mechanisms in the
above negative and positive correlations between d and A,
small droplets are tracked with the EMPM model, which
can track the history of each droplet. Figure 2 shows the
sources of small droplets and the proportions of small and
big droplets (radius greater than 3.0 um). Two sources of
small droplets are included: partial evaporation of big
droplets during mixing and evaporation, and condensation
on the entrained CCN, which is consistent with the observa-
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Fig. 1. Temporal evolutions of cloud droplet spectral relative dispersion (d), droplet number concentration (),
liquid water content (LWC,), and mean radius (r,,) with the entrained environmental air blob number of the second
entrainment-mixing process (N,) equal to 2, 4, 6, 8, and 10. Left: entrained environmental air without cloud
condensation nuclei (CCN). Right: entrained environmental air with CCN. The triangle and pentagram represent the
ending of the first entrainment-mixing process (“Mix 17) and the beginning of the second entrainment-mixing
process (“Mix 27), respectively, as well as the adiabatic ascending process (“Adiabatic”).

tion results of Bera (2021). Of note, the reactivation of deacti-  source is not included.
vated CCN is negligible as discussed. As a result, this In Case 1 without entrained CCN, ny/n, increases as N,
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increases, which corresponds to the positive correlation
between d and 4 (Fig. 2a). Almost all small droplets arise
from the partial evaporation of big droplets (Fig. 2e),
though the accumulation of small droplets at the beginning
of the second entrainment-mixing process is weak, with ny/
n. of only ~ 6% (the pentagram in Fig. 2a). The small
droplets evaporate faster and are easier to completely evapo-
rate, compared with big droplets, mainly because of the rela-
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tionship of dr/ds~S/r, where S is supersaturation and ¢ is
time (Wallace and Hobbs, 2006; Guo et al., 2018; Bera,
2021); the smaller the droplet size, the faster it evaporates.
However, evaporation of these small droplets is not enough
to saturate the entrained environmental air during the second
entrainment-mixing process; toachieve new saturation, evapo-
ration of big droplets is needed. Therefore, big droplets,
instead of small droplets, dominate the evaporation process,

With entrained CCN
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Fig. 2. Temporal evolutions of the ratios of (a, b) small droplet number concentration (n,) to total droplet number
concentration (n.), (¢, d) number concentration of small droplets originated from entrained cloud condensation nuclei
(725_ccn) to g, and (e, ) number concentration of small droplets originated from big droplets evaporation (71_yap) tO 15,
for the entrained environmental air blob numbers of the second entrainment-mixing process (N,) equal to 2, 4, 6, 8,
and 10. Left: environmental air without entrained cloud condensation nuclei (CCN). Right: environmental air with
entrained CCN. The triangle and pentagram represent the ending of the first entrainment-mixing process and the
beginning of the second entrainment-mixing process, respectively.
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resulting in a positive correlation between d and /.

In contrast to Case 1, small droplets account for 28% of
total droplets at the beginning of the second entrainment-mix-
ing process in the baseline case with entrained CCN
(Fig. 2b). Almost 85% of small droplets are derived from
the entrained CCN (Fig. 2d), whereas the remaining 15%
are derived from the partial evaporation of big droplets
(Fig. 2f). Figure 2b shows that n¢/n. monotonically
decreases with mixing time for N, < 8 during the second
entrainment-mixing process, which is mainly attributed to
the decrease in newly formed small droplets from the
entrained CCN (Fig. 2d). As the entrained air is saturated
due to evaporation being dominated by small droplets, d
and A are negatively correlated. It is challenging to determine
the homogeneity of entrainment-mixing mechanisms (Gao
et al., 2020, 2021). Theoretically, for homogeneous mixing,
all droplets are exposed to the same subsaturated conditions
and evaporate simultaneously (Lehmann et al., 2009; Lu et
al., 2013b). Inhomogeneous mixing refers to the situation
where only part of the cloudy air is affected by the mixing
and therefore complete evaporation of all droplets in a small
region of the cloud causes a significant decrease in number
concentration (Baker et al., 1980). However, the decrease in
number concentration is not necessarily caused by inhomoge-
neous mixing, but can also be a result of homogeneous mixing
where all droplets experience the same subsaturated environ-
ment; in this case, small droplets in the entire cloudy air com-
pletely evaporate with the large droplets remaining in the
cloudy air (Pinsky et al., 2016; Khain et al., 2018; Pinsky
and Khain, 2018; Luo et al., 2021). When N, further
increases to 10, the newly formed droplets from the
entrained CCN decrease to nearly O (Fig. 2d). Since the new
saturation of environmental air cannot be restored dominantly
with the evaporation of these newly formed small droplets,
the evaporation of big droplets dominates the process (Figs.
S4, S5). As a result, the small droplets caused by the partial
evaporation of big droplets increase (Fig. 2f). Combined
with the two sources, n/n, first decreases and then increases
(Fig. 2b), and correspondingly, d first decreases and then
increases for N, = 10 (Fig. 1b). The relationship between d
and 1 becomes positive when N, increases from 8 to 10, and
N, = 8 is the transition point. Therefore, the relative evapora-
tion significance of small droplets vs. big droplets determines
ng/n. followed by the relationship between d and A.

3.2. Tests for the Sensitivity to Other Impacting Factors

To further explore other impacting factors on the contrast-
ing relationship between d and A, sensitivity simulations are
conducted according to the baseline case (with entrained
CCN), as mentioned above. Table 1 lists all the sensitivity
tests performed for different factors, including w, RH,, ¢, n;,
LWC,;, as these impacting factors are reported to significantly
affect d (Peng et al., 2007; Hudson et al., 2012; Lu et al.,
2013a; Chandrakar et al., 2016; Gao et al., 2018;Luo et al.,
2020).

3.2.1.

The effects of w are determined when w values are set

Vertical Velocity
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to 0.5, 1.0 (baseline), and 1.5 m s~!, respectively (Case 2 in
Table 1). Since the corresponding height of the initial
CDSD is 204.5 m above cloud base at 0 s and the first entrain-
ment process occurs at 0.75 s, the first entrainment heights
of the three cases are 204.85 m, 205.25 m, and 205.63 m,
respectively. Figure 3 shows the temporal evolutions of d.
When w = 0.5 m s7!, d and 1 are negatively correlated for
N, < 6, and positively correlated for N, = 6 (Fig. 3a). As a
result, the N, value for the separation between the negative
and positive correlations is 6 for w = 0.5 m s~!. Further, this
critical N, value is 8 for w = 1.0 m s~! (Fig. 3b) and 10 for
w = 1.5 m s~! (Fig. 3¢). Larger w conditions have more N,
cases favoring the negative correlation between d and 4.

Figure 4 demonstrates that n/n. (~ 19%) for w =
0.5 m s~! is significantly smaller than that for w = 1.5 m s~!
(~ 30%) when the peak of d is obtained at the beginning of
the second entrainment-mixing process (Figs. 4a, 4b). The
droplet growth theory indicates that droplet growth rate is pro-
portional to supersaturation, and larger w yields higher super-
saturation (Wallace and Hobbs, 2006). As a result, the
growth of entrained CCN into cloud droplets is more favor-
able with a stronger updraft. During the subsequent second
entrainment-mixing process, ng/n. decreases for N, < 6
when w = 0.5 m s~! (Fig. 4a) as the evaporation of a portion
of these small droplets is sufficient to saturate the entrained
environmental air. Such a finding corresponds with the nega-
tive correlation between d and A. However, nJ/n, first
decreases and then increases for N, = 8 (Fig. 4a) due to the
insufficient supply of small droplets to saturate the
entrained environmental air. Evaporation of big droplets domi-
nates the entrainment-mixing process for N, = 8 and ny/n, is
subsequently increased (Fig. 4a). As aresult, d and A are posi-
tively correlated. In contrast, when w = 1.5 m s7!, n/n,
decreases (Fig. 4b) with the dominant evaporation of small
droplets, similar to the simulation with w=0.5 m s~! for N, <
6. Overall, larger w causes larger supersaturation and larger
ng from the entrained CCN; evaporation of small droplets is
more likely to dominate during entrainment-mixing, and d
and A are more likely to be negatively correlated.

3.2.2. Relative Humidity of the Entrained Environmental
Air

The effects of RH,, are determined with the same d values
before the second entrainment-mixing process. Figure 5
shows the temporal evolutions of d for RH, ranging from 77%
to 93.5% (Case 3 in Table 1). When RH, = 93.5% (Fig. 5¢),
d and A are negatively correlated for N, < 10. However,
only the first 4 and 3 N, cases favor the negative correlation
between d and A when RH, = 88% and 77%, respectively
(Figs. 5b, 5a). As a result, as RH, increases, N, cases that
favor the negative correlation between d and 4 increase.

The behaviors of small droplets differ for RH, = 77%
and 93.5% (Fig. 6). When RH, = 77%, greater droplet evapo-
ration is needed to restore the new saturation of entrained
environmental air compared with that of RH, = 93.5%
(Tolle and Krueger, 2014; Pinsky and Khain, 2018; Luo et
al,, 2020). As a result, ng/n. first decreases and then
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Fig. 3. Effects of vertical velocity (w) (Case 2 in Table 1). Temporal evolutions of relative dispersion
for (a) w = 0.5 m s7!, (b) w = 1.0 m s~! (baseline case), and (c) w = 1.5 m s~!. The entrained
environmental air blob numbers of the second entrainment-mixing process (N,) equal 2, 4, 6, 8, and
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Fig. 4. Temporal evolutions of the ratios of (a, b) small droplet number concentration (n) to
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the second entrainment-mixing process (N,) equal to 2, 4, 6, 8, and 10. Left: vertical velocity
(w) = 0.5 m s~L. Right: w = 1.5 m s~1. The triangle and pentagram represent the ending of the
first entrainment-mixing process and the beginning of the second entrainment-mixing process,
respectively.

2095



2096

Relative Dispersion d

0.7

0.1

CLOUD SPECTRA AND ENTRAINMENT

0.5}

RH, =77% RH, = 88% (baseline)
|.N2=2 N,=4 oN,=6 oN, =8 .N2=10| - |.N2=2 N,=4 oN,=6 oN,=8 .N2=|0|
(@) & (b) |
Z
A | b P i
t: L g I: Ve
» % L] ;ﬂm
/-/ S03} /./
=2
- [ ..'
/ 7
: : ' : : 0.1 i : :
0 20 40 60 80 100 0 20 40 60
Time (s) Time (s)
RH, = 93.5%
0.7 |.N2=2 N,=4 oN,=6 oN,=8 .Nznlﬂ|
=
£ (c)
{5
:."0.5 :_.’*'-t';g.._
a FEEA
) o . &
£ /=
;30.3 - //
L :.
s
01— : : :
0 20 40 60
Time (s)
Fig. 5. As in Fig. 3, except for relative humidity of entrained air (RH,).
RH, = 77% RH, = 93.5%
1T 40F N -2 B
2
(a) (b)
] -~ 30 i R ]
\ 2
< -N,=
=2 207 N,=10
\m
= 10}
0 . ; i , ] 0¢
0 20 40 60 80 100 0 20 40 60
Time (s) Time (s)

Fig. 6. As in Fig. 4, except for relative humidity of entrained air (RH,).

VOLUME 39



DECEMBER 2022

increases for N, = 8 when RH, =77%, due to the evaporation
of small droplets and partial evaporation of big droplets,
respectively (Fig. 6a). Therefore, d and / are positively corre-
lated when N, increases from 6 to 10. In contrast, when RH,
= 93.5%, ngn, decreases with mixing time (Fig. 6b). The
new saturation is easier to achieve by the evaporation domi-
nated by the newly formed small droplets for N, < 10. Over-
all, the amount of droplet evaporation to restore a new satura-
tion of entrained environmental air decreases as RH,
increases. The evaporation dominated by small droplets is
more likely to get the entrained environmental air saturated,
resulting in a negative correlation between d and A.

3.2.3.

Figure 7 shows the temporal evolutions of d when ¢
increases from 5 x 10~ to 1 x 102 m? s=3 (Case 4 in Table 1).
The relationship between d and 4 is negative for N, < 8 and

Turbulence Dissipation Rate

£=5x104 m?s3
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positive for N, = 8 for different ¢ values. Comparisons of
the behaviors of small droplets are made between ¢ = 5 x
10~*and 1 x 10-2 m2 s~3. Figures. 8a and 8b show that ny/n,
in the low turbulence intensity case is slightly greater than
the strong one (31% vs. 26%). Due to the slight difference
in the number of small droplets before the second entrain-
ment-mixing process under the low and high e conditions,
the signs of the relationship between d and 4 are not signifi-
cantly affected by e. However, it is still found that the positive
relationship between d and A for N, = 8 is stronger for the
higher € condition. Since mixing between cloud and environ-
mental air is stronger for the higher e condition, big droplets
are more likely to contact with the environmental air and
experience partial evaporation to increase the number concen-
tration of small droplets (Fig. 8). Therefore, when ¢ is 5 x
104 m2 s73, the number concentration of small droplets for
N, =10 is only a little bit higher than that for N, = 8. When
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Fig. 7. As in Fig. 3, except for turbulence dissipation rate (¢).
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¢ is higher (1 x 10~2 m? s73), the number concentration of
small droplets for N, = 10 is much higher than that for N, =
8.

3.2.4. Initial Droplet Number Concentration

In the EMPM, CCN is assumed to be at equilibrium
sizes, and water vapor can directly condense on CCN. Such
a treatment might affect n;. To study the effects of n; uncer-
tainty, sensitivity tests are carried out for n; = 69.1, 119.4
(baseline case), and 552.6 cm~ (Case 5 in Table 1). Figures
9a and 9b show that d and 4 are negatively correlated for N, <
8 and positively correlated for N, = 8 when n; = 69.1 and
119.4 cm~3. However, d and A are positively correlated for
N, < 10 when n; = 552.6 cm=3 (Fig. 9¢). For n; = 69.1 cm3,
the competition for water vapor between droplets is identified
to be weak and is conducive to the growth of entrained
CCN into small droplets. As a result, ny/n, increases to 39%
(Fig. 10a) before the second entrainment-mixing process.
The evaporation dominated by these small droplets causes
the entrained environmental air to be saturated, except for
N, = 10. In contrast, high n; increases the competition for
water vapor and reduces supersaturation in the cloud
(Abbott and Cronin, 2021). Further, condensation on the
entrained CCN is inhibited. Therefore, the value of ny/n,
before the second entrainment-mixing process is low, account-
ing for 8%, and ny/n, increases with increasing N, (Fig. 10b).
Therefore, the evaporation of big droplets dominates the sec-
ond entrainment-mixing process, and d and 4 are positively
correlated.

3.255.

Figure 11 shows the temporal evolutions of d when
LWC; = 0.25, 0.5 (baseline case), and 0.75 g m~3 (Case 6 in
Table 1). Here, the variations in LWC; are realized by altering
n; and maintaining a r; of 10.0 um. Based on the results, d
and A are negatively correlated for N, < 8 and positively
correlated for N, = 8 when LWC; = 0.5 and 0.75 g m™3

Initial Liquid Water Content

(Figs. 11b, 11c¢). In contrast, d and /1 are negatively correlated
for N, < 6 and positively correlated for N, = 6 when LWC; =
0.25 g m™3 (Fig. 11a). The value of ngn. significantly
increases to 49% when LWC; = 0.25 ¢ m=3 (Fig. 12a). The
entrained environmental air for N, = 8, 10 cannot be saturated
by the evaporation of these small droplets alone. In contrast,
ndn. is 13% when LWC; = 0.75 g m~3 (Fig. 12b), and the
entrained environmental air for N, = 10 cannot be saturated
by the evaporation of small droplets alone. Obviously, the
lower LWC; has more small droplets due to the lower compe-
tition for water vapor but supports the positive relationship
because LWC; reflects the ability of the cloud to compensate
for the supersaturation deficit. When LWC,; is lower, the com-
pensation is weaker. The evaporation of small droplets is
not sufficient to saturate entrained environmental air, and
thus the evaporation of big droplets becomes more signifi-
cant, which favors the positive correlation between d and 4.

3.3. Conceptual Model

Based on the above detailed analyses of the impacting
factors, a conceptual model is established as shown in
Fig. 13 to illustrate the formation of the positive and negative
correlations between d and A. Three processes, namely the
first entrainment-mixing process, subsequent ascent, and the
second entrainment-mixing process are labeled as “Mix 17,
“adiabatic”, and “Mix 2”, respectively. During “Mix 27, the
relationship between d and 4 is dependent on whether CCN
is entrained during “Mix 1”. If the entrained environmental
air contains CCN, the growth of entrained CCN into small
droplets significantly increases d during the “adiabatic” pro-
cess. During the subsequent “Mix 2”, small droplets evaporate
significantly. Once the new saturation of environmental air
can be achieved dominantly by the evaporation of newly
formed small droplets from the entrained CCN, the evapora-
tion of big droplets is weak. The relationship between d and
A is negatively correlated. Otherwise, the evaporation of big
droplets would be needed to saturate entrained environmental
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air, which contributes to the positive correlation between d
and 4. High w, RH,, LWC;, and low n; are more likely to
cause a negative correlation between d and A. In contrast,
the positive correlation is mainly caused by low w, RH,,
LWC,, and high n;. Further, the correlations are not strongly
affected by turbulence dissipation rate, though a higher dissi-
pation rate results in a more significant positive correlation
for a larger entrainment rate. However, if the entrained envi-
ronmental air does not contain CCN, the small droplets are
too few in number to saturate the entrained environmental
air. As a result, the evaporation of big droplets dominates
the mixing process, and d and 4 are positively correlated.

4. Conclusions

Using the EMPM, this study reproduces the positive/neg-
ative correlation between cloud droplet spectral relative dis-
persion (d) and entrainment rate (1) found in previous assess-
ments. The mechanisms dominating the relationships and
the impacting factors are also investigated herein.

The positive/negative correlation between d and 4 is
determined by whether the evaporation of small or big
droplets dominates the entrainment-mixing process and fur-
ther saturates the entrained environmental air. If the new satu-
ration can be dominantly achieved by evaporation of small
droplets, d and A are negatively correlated. However, if the
evaporation of big droplets is needed to obtain new satura-
tion, d and 4 are positively correlated. When entrained envi-
ronmental air does not contain CCN, d and 4 are positively
correlated. However, when entrained environmental air con-
tains CCN, condensation on CCN forms many small
droplets, which is critical for the negative correlation
between d and A.

The factors affecting small droplet number concentration

and the relationship between d and 4, including vertical veloc-
ity, relative humidity of entrained air, initial droplet number
concentration, initial liquid water content, and turbulence dis-
sipation rate, were determined in this study.

First, high vertical velocity is favorable for the negative
correlation between d and /; this is because stronger
updrafts produce higher supersaturation, enabling more
entrained CCN to grow into small droplets.

Second, high relative humidity of entrained environmen-
tal air is another factor that favors a negative correlation
between d and A. As relative humidity increases, a lower
amount of droplet evaporation is needed to restore a new satu-
ration. As a result, small droplets are more likely to dominate
the evaporation process to saturate the entrained environmen-
tal air, which contributes to the negative correlation
between d and /.

Third, low initial droplet number concentration is favor-
able for the negative correlation between d and 1. When the
initial droplet number concentration is low, the competition
for water vapor is weak, which increases supersaturation
and promotes the formation of small droplets from the
entrained CCN.

Fourth, high initial liquid water content is also favorable
for the negative correlation between d and A. For higher initial
liquid water content, new saturation is easier to achieve by
the evaporation of small droplets.

Finally, the signs of the relationship between d and 4
are not strongly affected by turbulence dissipation rate, but
the positive relationship between d and A for larger entrain-
ment rates is more significant for the higher dissipation rate
condition. The above results are further presented as a concep-
tual model to summarize the factors affecting the relationship
between d and A.

Several points are noteworthy. First, when environmental
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air including cloud condensation nuclei (CCN) is entrained,
the same-sized segment of the parcel’s cloudy air is
replaced with the environmental air instantaneously
(Krueger, 1993; Krueger et al., 1997, 2008; Su et al., 1998;
Krueger and Lehr, 2006; Tolle and Krueger, 2014). This
assumption is generally valid because many previous studies
indicate that turbulence is both spatially and temporally inter-
mittent (Frisch, 1980; Sreenivasan, 1985; Mahrt, 1989; She
et al., 1990; Lohse and Grossmann, 1993). It would be of
interest to set the entrainment process to last for a certain
length of time and conduct sensitivity tests to the timescale
in future studies.

Second, this study reconciles the contrasting relation-
ships between d and 4 and reveals the underlying mecha-
nisms. The results will be helpful for improving entrainment-
mixing parameterizations (Lu et al., 2013b; Luo et al., 2020;
Xu et al., 2022), especially for initial wide cloud droplet
size distributions. Previous studies have found that it is chal-
lenging to understand entrainment-mixing mechanisms
when initial cloud droplet size distributions are wide (Pinsky
et al., 2016; Pinsky and Khain, 2018; Luo et al., 2021).
Recently, Luo et al. (2021) developed a new method to quan-
tify entrainment-mixing mechanisms for size distributions
with different widths and emphasized the importance of
small droplets. Similarly, it is found in this study that small
droplets related to entrained CCN play important roles in
determining the relationship between d and A. Therefore, it
would be interesting to further examine the interactions
between entrainment-mixing mechanisms, 4, cloud droplet
size distribution, and aerosol.

Third, as climate warms, wind shear will increase
(Nolan and Rappin, 2008; Lee et al., 2019), enhancing turbu-
lence intensity. We speculate that the entrainment and mixing
processes between cloud and its environment will become
more significant. This will affect cloud fraction, cloud depth,
cloud microphysics, and further climate sensitivity and
aerosol indirect effects.

APPENDIX

Terms Used in Droplet Condensation/Evaporation Equation

The condensation/evaporation of droplets is described
by Fukuta and Walter (1970):

dr_j _ S—-A+A,

rj——
dr A3+A4
s=2_q,
qvs

where r; is the radius of the jth droplet; A and A, are two
terms for droplet curvature and solution effects, respectively;
Az and A, are the vapor diffusion and heat conduction
terms; S is the supersaturation; g, is the water vapor mixing
ratio and ¢, is the saturated water vapor mixing ratio.

Please see Su et al. (1998) for more descriptions of A;—Ay.
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