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Abstract Parameterization of entrainment-mixing pro-
cesses in cumulus clouds is critical to improve cloud
parameterization in models, but is still at its infancy. For
this purpose, we have lately developed a formulation to
represent a microphysical measure defined as homoge-
neous mixing degree in terms of a dynamical measure
defined as transition scale numbers, and demonstrated the
formulation with measurements from stratocumulus
clouds. Here, we extend the previous work by examining
data from observed cumulus clouds and find positive cor-
relations between the homogeneous mixing degree and
transition scale numbers. These results are similar to those
in the stratocumulus clouds, but proved valid for the first
time in observed cumulus clouds. The empirical
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relationships can be used to parameterize entrainment-
mixing processes in two-moment microphysical schemes.
Further examined are the effects of secondary mixing
events on the relationships between homogeneous mixing
degree and transition scale numbers with the explicit
mixing parcel model. The secondary mixing events are
found to be at least partially responsible for the larger
scatter in the above positive correlations based on obser-
vations than that in the previous results based on numerical
simulations without considering secondary mixing events.

Keywords Entrainment mixing - Cumulus -
Homogeneous/inhomogeneous mixing - Observation -
Model

1 Introduction

Clouds play an important role in global radiation budget
[1-4]. Turbulent entrainment-mixing processes in cumulus
clouds are critical to cloud—climate feedbacks, evaluation
of aerosol indirect effects, and precipitation characteristics
[5-10]. The above effects of entrainment-mixing processes
are largely affected by different entrainment-mixing
mechanisms (homogeneous or inhomogeneous), according
to theoretical expectations and numerical simulations [11,
12]. In terms of observation, some suggested that the
mixing mechanism was close to homogeneous, i.e., all
droplets evaporate simultaneously [13]; others pointed to a
nearly extreme inhomogeneous scenario, i.e., some drop-
lets evaporate completely and others do not evaporate at all
[14, 15]. Actually, entrainment-mixing processes often fall
between the above two extremes [16, 17]. Motivated by
such needs, Lu et al. [18] defined three new measures of
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homogeneous mixing degree and examined the correlations
between them and two transition scale numbers (dynamic
measure for occurrence frequency of homogeneous mixing
[16]). Positive correlations were found in aircraft obser-
vations of stratocumulus clouds and in numerical simula-
tions. But currently no observational results of the
correlations are reported in observed cumulus clouds. This
needs to be examined in detail with in situ observations
because the correlations are important for the parameteri-
zation of entrainment-mixing processes in cumulus clouds
for large scale models.

Furthermore, the correlations in observed stratocumulus
clouds (Fig. 2 of Lu et al. [18]) have lager scatter than
those in numerical simulations (Fig. 3 of Lu et al. [18]).
The scatter of the correlations in observed cumulus clouds
is also expected. Although some reasons [e.g., uncertainty
of adiabatic droplet number concentration (n,)] responsible
for the scatter were discussed in Lu et al. [18], secondary
mixing events may be another important reason, which
deserves in-depth analysis.

In this study, the correlations between the homogeneous
mixing degree and transition scale numbers will be examined
based on the dataset of 8 cumulus flights. Then the secondary
mixing events on the scatter of the correlations will be studied
with the explicit mixing parcel model (EMPM) model.

2 Correlations between homogeneous mixing degree
and transition scale numbers

2.1 Microphysical measure of homogeneous mixing
degree

Three measures of homogeneous mixing degree were
defined in Lu et al. [18]. Due to secondary reactivation in
clouds and/or the uncertainty of n, determined from in situ
observations, the first measure of homogeneous mixing
degree (1) may go beyond 100 %. To account for this,
was redefined by Lu et al. [19]

¥y = HL;27 (1a)
r
B = tan" % for n<ny, or (1b)
e M
ry
B=mn+tan"! % for n > ny, (Ic)
n o om

where f§ is an angle in Fig. 1a of Lu et al. [18]; n, ry, rys,
and n;, are, respectively, droplet number concentration,
volume—mean radius, adiabatic volume—mean radius, and
droplet number concentration during homogeneous mixing.
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The second measure of homogeneous mixing degree
was defined as [18]

1 —n 3 .3
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where n; is droplet number concentration during extreme
inhomogeneous mixing and ry, is volume—mean radius
during homogeneous mixing.

The third measure of homogeneous mixing degree (1/3)
was defined as [18]

, 3 3
Vs Inp—Inn  Inry—Inrg,
3
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(3)
2.2 Transition scale numbers

The transition scale number (Np) is a dynamical measure of
the occurrence probability of homogeneous entrainment-
mixing process [16]; the larger the Ny, the stronger the
homogenous entrainment-mixing process, and the weaker
the inhomogeneous entrainment-mixing process. The Ny, is
calculated as the ratio of transition length (L*) introduced
by Lehmann et al. [17] to the Kolmogorov microscale (1)
[* gl/23
N, =—= react ’ (4)
n n
where ¢ is eddy dissipation rate; the reaction time Treqcc 1S
the time when droplets have completely evaporated or
relative humidity has reached 99.5 % [17], whichever is
first satisfied. If n, is used in the calculation of 7., scale
number is denoted by Ny ,; while if ng is used, scale number
is denoted by Ny .

2.3 RACORO data

The data used for studying the correlation between
homogeneous mixing degree and transition scale number
are from the RACORO field campaign, which operated
over the ARM southern Great Plains (SGP) site near La-
mont, Oklahoma from January 22 to June 30, 2009 [20];
“RACORO?” is a short name for the routine AAF [atmo-
spheric radiation measurement (ARM) aerial facility]
clouds with low optical water depths (CLOWD) optical
radiative observations field campaign. The RACORO data
are downloaded from https://www.arm.gov/ for free. The
data guide can be downloaded from http://www.arm.gov/
publications/programdocs/doe-sc-arm-10-031.pdf, which
describes the observation aircraft, instruments, principal
investigators who are taking care of the data.

The dataset used here is the same as those used in Lu
et al. [19]. The dataset was described in detail in Lu et al.
[19] and a brief description is given here. During RA-
CORO, comprehensive measurements of cloud, aerosol,
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radiation, and atmospheric state parameters were made
with the center for interdisciplinary remotely piloted air-
craft studies (CIRPAS) Twin Otter aircraft. The aircraft
flew at multiple levels to measure cloud droplet size dis-
tributions using the cloud and aerosol spectrometer (CAS)
at a 10 Hz sampling rate. The CAS probe sizes and counts
aerosol particles and cloud droplets in 20 bins from 0.29 to
25 pm (radius). Only the data with a bin-average radius
larger than 1 um are used here to calculate cloud micro-
physical properties [e.g., liquid—water content (LWC)].
The radius ~1 um is often taken as the lower limit of
cloud droplets [21]. The cloud imaging probe (CIP) mea-
sured droplets in the range of 7.5-781 pum (radius) at a
1 Hz sampling rate. Temperature and water vapor con-
centration were measured at a 10 Hz sampling rate,
respectively, with a Rosemount probe and the diode laser
hygrometer (DLH) [22]. Dissipation rate is estimated
mainly with aircraft true air speed, attack angle, and
sideslip angle at a 100 Hz sampling rate using the method
developed by Chan et al. [23].

Only the data collected along horizontal levels are used.
The criteria for selecting clouds along these horizontal legs
are as follows. Cloud droplet size distributions with LWC
>0.001 g m > and n > 10 cm™> are considered to be cloud
records; use of the two criteria eliminates the measured size
distributions that are contaminated by large aerosols [21].
Non-drizzling clouds must satisfy the condition that the in-
cloud mean drizzle LWC (drop radius >25 pm) from the CIP
over the observation period of the flight was <0.005 g m .
All the cumulus clouds analyzed here were not drizzling.
One hundred and eighty-six growing cumulus clouds during
eight RACORO flights are used here. As stated in Lu et al.
[24], growing cumulus clouds in the eight flights were
selected according to the criteria: (1) 80 % of vertical
velocity in an individual cloud is positive [14, 25]; and (2)
the number of cloud droplet size distributions is larger than
30 to select relatively large clouds.

The edge of the cloud core is defined as the point,
going from the cloud edge toward the cloud interior,
where vertical velocity varies from negative to positive
for the first time (see Fig. la in Lu et al. [24] for
details). The entrained dry air is assumed to be entrained
from the air that is 500-1,000 m from the edge of a
cloud core on both sides of an aircraft’s cloud penetra-
tion. The reason for using this dry air is to be consistent
with the two-layer scheme of cloud and environment,
which has been widely used in cloud parameterizations.
The average properties of this dry air are close to those
from aircraft vertical soundings [24], representing the dry
air far from clouds, i.e., dry air in environment. The
reason for not using vertical soundings directly is that
there were usually only two vertical soundings at the
beginning and end of flight, so these two soundings
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might not represent local environments for individual
clouds as well as the dry air that is 500-1,000 m from
the edge of each cloud core.

To obtain the properties used in the calculations of y/,
W2, Y3, NLa, and Ny o, mixing fraction of dry air (f) for each
individual cumulus is needed and can be calculated based
on Egs. (5a-5c¢) [14, 17, 26]

gL + qus(T) = [qvs(Ta) + qual(1 = f) + quef, (Sa)
T = cpTa(1 = f) + cpTef — Ly[qua(1 = f) — qu], (5b)

es(T)

qvs(T) = 0.622m, (5¢)
where T, ¢q,(T), and g are, respectively, the average
temperature, saturation—vapor mixing ratio, and liquid—
water mixing ratio in each cumulus cloud core; T, and gy,
are, respectively, temperature and water vapor mixing ratio
in the entrained dry air; e is saturation—vapor pressure; ¢,
is specific heat capacity at constant pressure; p is air
pressure; L, is latent heat; T, ¢.(7.), and gy, are,
respectively, the temperature, saturation—vapor mixing
ratio, and liquid—water mixing ratio in the adiabatic cloud
parcel. The maximum liquid—water mixing ratio in each
cumulus cloud core is assumed to be ¢; ,; the temperature
corresponding to gy, is assumed to be T,. Then f in each
cloud core is calculated with the input parameters gy ,, T,
qr, Te, and gq,.. The g, is derived from adiabatic liquid—
water content (LWC,), which is assumed to be the maxi-
mum LWC within a cumulus cloud core. The cloud-base
height in each cloud is estimated by adiabatic extrapolation
to the height of LWC, = 0. Other methods for obtaining
LWC, and cloud-base heights were discussed in Lu et al.
[19], but not workable in RACORO since cloud-base
heights varied significantly during each flight in RACORO
[20].

With f and assuming the maximum number concentra-
tion in each cloud is n,, n, can be calculated with
nn = n,(1 — f). The average number concentration in each
cloud core is taken to be n. Thus, r, is given by

PairdL /3
) — air , 6
: (4/3npn> ()
where p and p,;, are water density and air density,
respectively. Similarly, ry, is calculated with g, and n,.

2.4 Observational correlations

With all the above properties, /1, /2, Y3, N, and Ny g can
be calculated and the results are shown in Fig. 1. The
correlations between homogeneous mixing degree and
transition scale numbers are positive in cumuli, consistent
with the results in observed stratocumulus clouds and
numerical simulations [18]. Some values of homogeneous
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Fig. 1 Observational correlations between the three measures of
homogeneous mixing degree (i, ¥, Y3) and the two scale numbers
(NLa, Npg), respectively in 186 growing cumulus clouds during
RACORO
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mixing degree are larger than 100 %. As explained in Lu
et al. [18], this could be due to secondary reactivation in
clouds or possibly due to the uncertainty of n, determined
from observations; n, is sensitive to small scale processes,
such as vertical velocity [15, 27]. Based on the correlations
between homogeneous mixing degree and transition scale
numbers, the entrainment-mixing processes in cumulus
clouds can be parameterized in a two-moment micro-
physical scheme. See Lu et al. [18] for details.

Several reasons for the scatter of data points in the
relationships between homogeneous mixing degree and
transition scale numbers were discussed in Lu et al. [18],
including dissipation rate, relative humidity, adiabatic
number concentration, mixing fraction of dry air, and
uncertainties of obtaining the quantities needed in Egs. (1a,
1b, 1c—6) from observations. Another possible reason for
the scatter could be secondary mixing. In the above cal-
culations, only one entrainment-mixing process is assumed,
but in reality, secondary mixing is expected to occur.

3 Effects of secondary mixing

Jensen et al. [13] studied secondary mixing with in situ
observations and secondary mixing events were defined as:
during a mixing event, one or both source parcels have
previously participated in a primary mixing event. The
secondary mixing events can be partitioned into several
categories, such as mixing between two saturated, droplet-
containing parcels, between a parcel with droplets, and a
parcel void of droplets. Here “secondary mixing” means
the dry air blobs are entrained one at a time instead of all at
the same time.

The EMPM model, developed by Krueger et al. [28], is
used to study secondary mixing. Su et al. [29] further
included individual droplet growth in the model. The
model depicts the fine-scale internal structure of a rising
parcel using a 1D domain. The internal structure evolves in
the model as a consequence of discrete entrainment events
and explicit turbulent mixing based on the linear eddy
model developed by Kerstein [30]. The model works as
follows. First, the parcel ascends adiabatically above
cloud-base and the droplets grow by condensation. Second,
when entrainment occurs, the entrained dry air replaces a
same-sized segment of the cloudy parcel. Third, the cloudy
air and the entrained dry air undergo a finite rate turbulent
isobaric mixing process, during which many droplets
encounter the entrained dry air, resulting in partial or even
total evaporation.

The cloud-base and environmental information are taken
from 186 growing clouds analyzed above. The average
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cloud-base pressure, temperature, and water vapor mixing
ratio of these clouds are 812.7 hPa, 287.1 K, and
12.4 g kg™, respectively. The average n, is 1,107 cm™>,
which is too large for the EMPM model. Here n, is set to be
500 cm™> and these droplets are randomly assigned to the
20 m (width) x 0.001 m (height) x 0.001 m (depth)
model domain. The effect of the arbitrary n, will be dis-
cussed later. The average height of aircraft observation
levels above cloud bases is taken as the entrainment level,
where the average pressure is 798.6 hPa, the temperature
and water vapor mixing ratio in the entrained air are
286.8 K and 10.4 g kg™ ', respectively. The average ¢ is
5.7e73 m? s3. Updraft is set to be a constant, 2 m s ',
before the entrainment level; after that the parcel stops
rising and isobaric mixing occurs. The grid size is set to be
0.0017 x 0.001 x 0.001 m>. The time step of model out-
put is 0.75 s.

Entrainment-mixing processes are random in terms of
entrained dry air blob size and time interval between two
entrainment events [31]. The entrained dry air blob size is
set according to the cumulus observations in RACORO.
The probability density (y) of mixing fraction of dry air in
the 186 growing cumulus clouds follows a log normal
distribution (Fig. 2),

1
y= fovan

where the average In(f) is u = —2.5, and the standard
deviation of In(f) is ¢ = 0.62. A group of f is randomly
produced according to Eq. (7). Assuming that it takes g
times to entrain the dry air into the model domain, then the
dry air blob entrained each time is,

e—(lnf—u)z/%z7 (7)

1000 . . .
R? =0.99
= -2.50
. 800 H
b c =0.62
N 186 cases
>
£ 600 1
c
Q
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©
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& 200 ;
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Mixing fraction of dry air, f

Fig. 2 Probability density function of mixing fraction of dry air (f) in
186 growing cumulus clouds during RACORO. The f bin width (Af)
for the PDF is 0.05. Also provided are the coefficient of determination
(Rz), the mean (i) and standard deviation (o) of In(f) and a red line of
the lognormal fit
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fy =f/q x 20 x 0.001 x 0.001 m’. (8)

The time interval between two entrainment events is
determined assuming entrainment mixing is a Poisson
process [28], and the probability distribution of the time
interval between mixing events can be described by,

P=1-¢"/m (9)

where 1, is average time interval. During simulations, ¢ is
settobe 4, 6,8, 10, and ¢,,is settobe 0, 1, 2, 4, 6, 8, 10, 12,
14, 16, 18, and 20 s. During entrainment-mixing processes,
liquid—water mixing ratio decreases. It is assumed that new
saturation is achieved when the liquid—water mixing ratio
stops decreasing for a 5-s period; the n and r, in the model
domain are taken as the final values used in the calculations
of Yy, Y5, and V3. Sensitivity tests show that the values of
V1, W2, and Y3 are not sensitive to the waiting period of
“5s” [18].

Figure 3 shows the three measures of homogeneous
mixing degree as a function of ¢, for different g. The lines for
W, and 3 are almost overlapped. The three measures of
homogeneous mixing degree have the largest values for
tm = 0 s, i.e., all dry air blobs are entrained into the cloud
simultaneously without secondary mixing events. When
tn = 0 s, the initial droplets during mixing have adiabatic
droplet sizes. When ¢, > 0 s, secondary mixing occurs and
the initial droplets in these mixing events are smaller than
those in the adiabatic cloud because of previous mixing
events. The smaller droplet sizes, the faster evaporation.
Therefore, the mixing mechanism tends to be more inho-
mogeneous (smaller homogeneous mixing degree) for
tm > 0 s than for 7, = 0 s. The average deviations of | for
tm > 0 s from those for ¢, = 0 s are —12.6 %, —10.3 %,
—8.5 %, and —9.5 % for g = 4, 6, 8, and 10, respectively.
The average deviations of y, for ¢, > 0 s from those for
tm =0 s are —14.7 %, —12.3 %, —10.6 %, and —11.0 %
for g = 4, 6, 8, and 10, respectively; /5 is close to V/,.

The homogeneous mixing degree varies with increasing
tm When 1, > 0 s, but there is no clear trend. In addition to
tm, the homogeneous mixing degree also depends on
q (Fig. 3). In each growing cumulus cloud during RA-
CORO, t,,, and ¢ may be both different. The combination of
the effects of 7, and ¢ causes different deviation of
homogeneous mixing degree for different clouds. The
transition scale numbers are not affected by secondary
mixing events because the quantities needed in the calcu-
lations are independent of secondary mixing events. So
even for the same transition scale number, the homoge-
neous mixing degree varies due to secondary mixing events
and partially causes the scatter of the data points in Fig. 1.
Figure 3 of Lu et al. [18] showed the correlations between
homogeneous mixing degree and transition scale numbers
based on EMPM simulations, which were not affected by
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Fig. 3 Homogeneous mixing degree (1, 2, 3) as a function of average time interval between mixing events (f,,) based on numerical
simulations by the Explicit Mixing Parcel Model (EMPM). a Four mixing events, b six mixing events, ¢ eight mixing events, and d ten mixing

events are assumed

secondary mixing. The data points in Fig. 3 of Lu et al.
[18] have smaller scatter than those in Fig. 1 in this study,
where secondary mixing events are expected to occur. To
fully understand the scatter in Fig. 1, secondary mixing
events and also the factors investigated in Lu et al. [18]
should all be considered; these factors include dissipation
rate, relative humidity, adiabatic number concentration,
mixing fraction of dry air, and observational uncertainties
of the quantities used in the calculation of homogeneous
mixing degree and transition scale numbers.

In addition, the values of ), ,, and 3 for both
tm > 0 sand r,, = 0 s would all decrease if n, was set to be
1,007 cm™ instead of 500 cm™>. The reason is that a
larger n, causes smaller droplets, increasing the likelihoods
of complete evaporation and extreme inhomogeneous
mixing [32]. It is noteworthy that aerosol affects cloud
microphysical properties (e.g., n,) and entrainment-mixing
mechanisms [33-35], thus it is necessary to account for
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aerosol in the future study based on observations and
numerical simulations with spectral bin microphysics
schemes [36, 37] or double-moment bulk microphysics
schemes [38].

4 Concluding remarks

Three microphysical measures of homogeneous mixing
degree are found all positively correlated with transition
scale numbers in growing cumuli observed during the
RACORO field campaign. The transition scale numbers are
used to indicate the probability of occurrence of homoge-
neous mixing processes. The positive correlations are
found valid in cumulus clouds based on observations for
the first time. These correlations can be used to parame-
terize entrainment mixing in cumulus clouds for large scale
models.
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The effects of secondary mixing (i.e., the dry air blobs
are entrained one at a time instead of all at the same time)
on the scatter in the above relationships are examined with
the EMPM. The mixing fraction of dry air entrained into
the model domain is assumed to follow a log normal dis-
tribution based on RACORO observations. The time
interval between secondary mixing events follows an
exponential distribution assuming entrainment mixing is a
Poisson process. Generally, homogeneous mixing degree
decreases for secondary mixing events (time interval >0)
compared with that for only one primary mixing event
(time interval = 0), because the initial droplets in sec-
ondary mixing events are smaller than those in the adia-
batic cloud. For each cloud, the decrease of homogeneous
mixing degree depends on both the mean time interval and
the number of secondary mixing events. Such effects of
secondary mixing events are partially responsible for the
scatter of data points in the correlations between homo-
geneous mixing degree and transition scale numbers.
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