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1 Introduction

Clouds are surrounded by a moist shell that
mediates mixing between their core and the envi-
ronment. Observations of these shells have been
made by , for example, Jonas (1990) and Rodts
et al. (2003), who analyzed a large number of air-
craft cloud transacts and observed the noted the
existence of subsiding moist air surrounding the
clouds, which is driven by mechanical forcing and
evaporative cooling.

While these works focused primarily on the
source of entrained air, recent modelling studies
suggest that moist shells surrounding the cloud
plays an important role in turbulent mixing pro-
cesses. Dawe and Austin (2011b) suggests that
traditional assumptions about mixing between
the cloud and the environment are complicated
by the existence of moist shells, which modifies
the properties of the entrained and detrained air.
The importance of moist shells surrounding the
clouds is further highlighted by Yeo and Romps
(2013), where the histories of Lagrangian particles
are tracked and observed in a large-eddy simu-
lation. They found that 61% of the entrainment
events experienced by the Lagrangian particles
are re-entrainment, where the moist shell acts as
a conditioning stage, mediating the turbulent mix-
ing between the cloud and the environment.

This means that the moist shell plays an im-
portant role in the way that clouds mix with the
environment and become diluted. We define di-
lution rate due to entrainment and detrainment
as a proportional change of a conserved tracer
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¢, following Hannah (2017). Examining a series
of single-bubble experiments, Hannah (2017) ob-
served that the dilution rate was not a simple func-
tion of the directly calculated entrainment and de-
trainment rates. That is, the entrainment and de-
trainment rates do not represent the dilution of ris-
ing parcels.

We examine the role of moist shells in deter-
mining the rate of dilution for shallow and deep
clouds modelled using a series of high-resolution,
large-eddy simulations. Motivated by the works
of Dawe and Austin (2011b) and Hannah (2017),
we aim to resolve the discrepancies between
directly calculated entrainment and detrainment
rates (Dawe and Austin, 2011a; Romps, 2010) and
bulk-plume estimates (Siebesma and Cuijpers,
1995) by investigating the role of moist shells in
determining the properties of the entrained and
detrained air, especially during more realistic sim-
ulations of shallow and deep cloud fields (Dawe
and Austin, 2011b; Moser and Lasher-Trapp, 2017).
Furthermore, the implications of the moist shells
in convective parameterization will also need to
be examined.

2 Methods

2.1 Model Description

The cloud statistics used here are from a
series of high-resolution, large-eddy simulations
(LES) using the System for Atmospheric Mod-
elling (SAM; Khairoutdinov and Randall, 2003). We
focus on two cases for the sake of the analysis,



representing shallow and deep convection. The
boundary-layer shallow cumulus case is based
on the Barbados Oceanographic and Meteorol-
ogy Experiment (BOMEX) case. the BOMEX LES
model run has been performed with a grid spacing
of 25 m, a time step of 1 second, over a 13 km x
13 km x 3.2 km domain. The tropical marine deep
convection case is based on GATE (Global Atmo-
spheric Research Program (GARP) Atlantic Trop-
ical Experiment Phase lll; Houze Jr. and Betts,
1981); it has a domain size of 86.4 km x 86.4 km x
25.6 km, with 50 m model grid size in all directions
and 2-second time step. The simulation was per-
formed for 12 hours, and the last three hours are
kept for analysis. Both model runs make use of a
two-moment microphysics scheme developed by
Morrison et al. (2005a,b).

We have implemented the direct entrainment
calculation scheme of Dawe and Austin (2011a) to
explicitly measure the rate of entrainment and de-
trainment. A version of the direct entrainment cal-
culation developed by Kuang and Romps (2010)
was also implemented, and we found that both
methods yield equivalent rates for both entrain-
ment and detrainment.

The results from LES runs then go through
an extensive set of post-processing operations.
The dataset is translated into a time series of
three-dimensional fields, which are subsequently
divided into three regions. We first define the cells
with condensed liquid water (g, > 0) as the cloud
region, and further isolate the cloud core region,
which are parts of the cloud region where the air
is upward-moving (w > 0) and positively-buoyant
(B > 0) (Dawe and Austin, 2011a). The shell
is defined as the cloudy region surrounding the
core, regardless of its dynamic properties. Inter-
estingly, the properties of the shell with respect to
the corresponding core is rather insensitive to the
exact definition of the shell. Repeating the follow-
ing analysis for moist downdrafts surrounding the
shell, for example, yields the same result.

Individual clouds are then tracked using a mod-
ified cloud-tracking algorithm based on Dawe and

Austin (2012). This allows us to analyze the prop-
erties of the individual cloud core with respect to
the corresponding shell. It is crucial, as we will de-
scribe later, to be able to observe the role of moist
shells during cumulus convection.

2.2 Shell Correction

It has been well documented that directly cal-
culated entrainment and detrainment rates are
roughly twice the size of those calculated us-
ing conserved tracers (Dawe and Austin, 2011a,b;
Kuang and Romps, 2010). It has been speculated
that this discrepancy arises from the assumption
made in Siebesma and Cuijpers (1995) that the air
being entrained (detrained) has the properties of
the mean environment (cloud core), respectively.
That is, turbulent mixing during moist convection
occurs directly between the cloudy air and the
dry environment surrounding the cloud. Given the
source of discrepancy between the directly calcu-
lated entrainment and detrainment rates (E4, Dy)
and the bulk-plume estimates (E, D), we imple-
mented the shell correction method introduced by
Dawe and Austin (2011b) to reproduce bulk-plume
estimates for entrainment and detrainment rates
using directly calculated quantities. To avoid con-
fusion between the bulk-plume estimates based
on Siebesma and Cuijpers (1995); Zhang et al.
(2015) and the re-produced values using the shell
correction method, we write the latter as (E, D).

According to Dawe and Austin (2011b), the
shell-corrected entrainment and detrainment
rates, corresponding to the bulk-plumes esti-
mates, can be calculated as:
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where ¢, and ¢ are the thermodynamic properties
of the cloud core and the mean environment, re-
spectively, and ¢. and ¢ are flux-averaged quan-
tities of the entrainment and detrained air ¢. =

(E¢)da/Eq and g = (D¢)d/Dq.
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FIGURE 1. Comparison between the direct entrainment rates (grey) and the shell-
corrected values (light blue), as well as the bulk-plume estimates (dotted line). The
bulk-plume estimates are calculated according to Siebesma and Cuijpers (1995) for
BOMEX (left), and Zhang et al. (2015) for GATE case (right).

2.3 Dilution Calculation

The goal of this study is to precisely determine
how the assumptions made in calculating the en-
trainment and detrainment estimates relate to the
idea of dilution. While most convective parame-
terization schemes make the assumption that en-
trainment is synonymous with dilution, the exact
relationship between the two remains ambiguous
(Dawe and Austin, 2011b; Hannah, 2017).

How does one describe the dilution due to en-
trainment and detrainment using the direct cal-
culation methods, without averaging out the ef-
fect of moist shell during turbulent mixing? Han-
nah (2017) quantifies the rate of dilution due to
entrainment and detrainment using directly diag-
nosed values. That is, by rearranging the mass-
continuity equations (cf. Romps, 2010), the total
dilution of a generic, (quasi-)conserved tracer ¢

for the individual cloud volumes can be written as
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where A is an activity operator that is one for
cloudy region and zero otherwise, ¢. is the tracer
averaged over the cloud region, ¢. and ¢, are flux-
averaged values of the tracer for entrained and de-
trained air, and S,, denotes all sources and sinks of
the tracer ¢. For a more detailed explanation and
derivation of Equation (2), refer to Hannah (2017);
Romps (2010).

The expression (Equation (2)) represents the
proportional changes in a conserved tracer ¢ for
each cloud volume due to entrainment (first term
on the right-hand side) and detrainment (second
term) as well as large-scale forcing (third term).
The dilution rates are given in units of [s—!], and
can be thought of as a timescale during which a



volume of moist air dilutes and becomes as dry as
the surrounding environment.

The source/sink term (AS,) is not negligible
(cf. Hannah (2017)), but since we are only in-
terested in the effect of entrainment and detrain-
ment, especially during the turbulent mixing pro-
cesses, we decided to ignore the effect of large-
scale forcing term for the time being.

3 Results

3.1 Bulk vs Direct Entrainment

Figure 1 gives the results of applying the shell
correction method on BOMEX (left panel) and
GATE (right panel) cases. The transformed bulk-
plume estimates (E, D) show a good agreement
with (E, D). As such, we will be using (E, D)
values for individual clouds to estimate the bulk-
plume entrainment and detrainment rates. The
method provides a way to transform the unbi-
ased, directly-calculated entrainment and detrain-
ment rates into the bulk-plume estimates with the
assumptions used for basic entraining-plume pa-
rameterization schemes.

The shell correction method is useful as the
calculations can be performed for the individually-
tracked clouds. This allows us to directly com-
pare the directly calculated entrainment and de-
trainment rates to bulk-plume estimates as well
as the rate of cloud core dilution.

3.2 Dilution due to Entrainment

We have performed the calculation of dilution
rates for the individual clouds observed during
BOMEX and GATE. The vertical distribution of di-
lution rates due to entrainment (first term on the
right-hand size of Equation (2)) is shown in Fig-
ure 2. The result of calculating the dilution rates
according to Equation (2) is consistent for both
BOMEX and GATE cases, as well as that of Han-
nah (2017).

Taking the inverse of the calculated rate of di-
lution gives the dilution timescale mq, which repre-
sents the time a parcel takes to dilute and become

as dry as the large-scale environment. The vari-
ability in mq is quite large, but on average, the dilu-
tion timescale is roughly 5-20 minutes for shallow
clouds, and 10-45 minutes for deep clouds.

Dilution due to Entrainment
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FIGURE 2. Vertical distribution of en-
trainment tendency (first term on the
right-hand size of Equation (2)). Each
data point in the two-dimensional his-
togram corresponds to the rate of dilu-
tion due to entrainment at each height
for the individual clouds. The white
curve denotes the mean distribution,
and the colours represent the number of
cloud samples.

The dilution timescales 7, are a bit longer than
the values reported by Hannah (2017), but still
close to the observed lifetimes of cumulus clouds.
We assume this is because of the nature of single-
plume experiments, where the air being entrained
into the target plume is drier than that of the cloud
field.

3.3 Bulk Entrainment vs Dilution

In order to investigate the exact relationship
between the bulk-plume entrainment rate E and
the rate of dilution due to entrainment, we ap-
plied the bulk-plume approximation to the calcu-
lation of dilution rate (Equation (2)). That is, the
directly-calculated entrainment and detrainment
rates (E4, Dy) were replaced with bulk-plume rates
(E, D) ~ (E, D) and the entrained (detrained) air
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is assumed to have the properties of the environ-
mental (cloud core) air. Surprisingly, the resulting
distribution appears almost exactly the same of
Figure 2, but only slightly smaller in magnitude.
We can write the right-hand side of Equation (2)
as
(e)(de — 6¢) | (d)(@c — ¢a)
(pg' A) (pg' A)
where (Q., Q4) denote the rates of dilution due to
entrainment and detrainment, respectively.
Then we can apply the bulk-plume approxima-
tions, which gives
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but ¢. = ¢. — ¢ by definition. Since ¢ is sim-
ply a domain-averaged value of ¢ and since ¢. =
(pp.A)/{pA), or the average of ¢ over the individ-
ual cloud area, the anomaly in ¢. is merely ¢, =
(pg’ A)/{pA), which means
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where the right-hand side of the equation reduces
to the average bulk-plume entrainment rate di-
vided by the average density of the individual
cloud core. We have further simplified the expres-
sion by writing the total dilution due to entrain-
ment and detrainment as Q = Q. + Q.

The extra density term is likely because we di-
vided both sides of the dilution equation (Equa-
tion (2)) by (p¢’ A), not by the total anomaly (¢’ A).
Nevertheless, it is clear that the rate of dilution
due to entrainment and detrainment is not only
equivalent, but identical to the bulk-plume entrain-
ment estimate, as shown in Equation (5). Itis also
possible to rearrange the right-hand side of Equa-
tion (2) to derive the shell correction calculation
for entrainment (Equation (1a)), which is not sur-
prising, because ideally, the shell-corrected mass
flux rates should be the bulk-plume estimates (i.e.
(E, D) = (E, D)).

Examining the dilution equation under the
bulk-plume assumptions explains the relation-
ship between the directly-calculated entrainment
and detrainment rates with the bulk-plume esti-
mates. The bulk-plume entrainment and detrain-
ment rates are arbitrarily adjusted to force the as-
sumptions about the properties of the entrained
and detrained air (¢. = ¢ and ¢4 = ¢.). Because



/o
S

) o/

16

Entrained ¢
Detrained ¢ g

14 16 18

Cloud ¢ [g/kg

|

0.3

o

log,, Cloud Size

I
(

14 16 18
Cloud ¢ [g/kg]

FIGURE 4. Comparison between the cloud core specific humidity ¢. = §¢, the en-
trained air (left), and the detrained air (right). The black line represents where the
cloud core property is the same as the entrained (left) and the detrained (right) air.
The colours show the horizontal size in [km?] of the cloud core in each bin.

these values are not realistic (see Section 3.5),
the bulk-plume estimates of entrainment and de-
trainment rates are not physical properties of the
turbulent mixing process, but intentionally tuned
to produce the correct rate of dilution (cf. Equa-
tion (5)). Note that in this framework, detrainment
does not contribute to the dilution of the cloud vol-
ume.

3.4 Size Dependence

Given that the bulk-plume estimate of the en-
trainment rate gives the right dilution rate, we
are also interested in its implications on cumu-
lus parameterization schemes. Most operational
large-scale models take a rather crude approach,
where the fractional entrainment rate (¢ = E/M)
is inversely proportional to cloud size. This re-
lationship is the centrepiece of the widely-used
one-dimensional entraining plume model, devel-
oped by Simpson et al. (1965) and Simpson (1971);
Simpson and Wiggert (1969) and has been tested
against laboratory water tank experiments (See
Turner, 1963).

The use of cloud size as a proxy for frac-
tional entrainment rate (and sometimes for frac-
tional detrainment rate ¢ as well; for example,
see Tiedtke (1989)) is still popular today with

bulk-plume convective parameterization schemes
(Bechtold et al., 2008; Bretherton et al., 2004,
Jakob and Siebesma, 2003; Kain and Fritsch,
1990; Tiedtke, 1989). These traditional schemes
use a fixed value (i.e. proxy) for the cloud ensem-
ble, based on a radius of R ~ 500 m for shallow
convection, and R ~ 1500 m for deep convection
(Kain and Fritsch, 1990).

Calculating individual cloud entrainment rates
under the bulk-plume assumption reveals that the
inverse relationship is not very strong (Figure 3)
both during shallow (left panel) and deep convec-
tion (right panel). While it is true that larger clouds
entrain relatively less than smaller ones, the effect
of horizontal scale on entrainment seems to be
on the weak side. We could argue that the rela-
tionship still holds with a slightly adjusted param-
eter e oc a~93, but the variability in the distribution
is too large, and the smallest clouds could yield
both the smallest and the highest (fractional) en-
trainment rates. This observation applies directly
to the size dependence of the rate of dilution as
well (not shown).

3.5 Properties of Moist Shell

Why is entrainment (and equivalently, dilution)
not a strong function of cloud size? It appears that



although the (fractional) rate of entrainment is
probably the most important parameter in a con-
vective parameterization scheme used in large-
scale simulations (Siebesma and Cuijpers, 1995),
validity of the inverse relationship seems insub-
stantial (Emanuel, 1994, p. 540). Perhaps it is not
too surprising that even from the earliest observa-
tional studies, the robustness of the inverse rela-
tionship has been questioned (Sloss, 1967).

Given that the rate of dilution in a cloud volume
due to entrainment is essentially a function of en-
trainment rate, the property of the cloud ¢. and of
the entrained air ¢., perhaps it is worth looking at
the relative characteristics of the cloud properties
with respect to cloud size.

In Figure 4, We have plotted the relative char-
acteristics of the cloud core air and the entrained
air (left panel) and of the cloud core air and the
detrained air (right panel). Without looking at
the cloud size distribution, it appears that the en-
trained air is almost always drier than the mean
cloud core, while the properties of the detrained
air are similar to the cloud core, which is similar to
bulk-plume approximations. Interestingly, it is ev-
ident that larger clouds seemingly entrain and de-
train the air that is exclusively drier than the cloud
core. This is likely because the width of the moist
shell is relatively smaller for larger clouds, allow-
ing more dry environmental air to be mixed directly
with the cloud.

This means that larger clouds experience con-
centration due to detrainment, slightly balancing
out dilution due to entrainment, which might ex-
plain why larger clouds are not diluting as slowly
as expected. For larger clouds, the entrained air
is relatively drier than the detrained air (because
the detrained air properties are much closer to
the cloud core average quantities; cf. Figure 4).
So the dilution rate decreases with cloud size, but
more slowly than anticipated by the inverse rela-
tionship.

4 Discussion

We investigated the role of moist shells for indi-
vidually observed clouds from BOMEX and GATE
case simulations, especially in modulating the
properties of the entrained and detrained air dur-
ing turbulent mixing processes.

Using the shell correction method (Dawe and
Austin, 2011b) to translate directly-calculated en-
trainment and detrainment rates (E,, Dy) into
equivalent bulk-plume estimates (E, D) ~ (E, D),
we have found that the rate of dilution for a cloud
volume is identical to the bulk-plume entrainment
estimate. This is, however, not to say that bulk-
plume estimates used in convective parameteri-
zation schemes will produce the right amount of
dilution. Previous studies already report that this
is not the case (Dawe and Austin, 2013; Romps,
2010), and the parameterization schemes cannot
reproduce the variability in the individual cloud
properties within a cloud ensemble.

We further examined the effect of cloud size
on both entrainment and dilution rates, but did
not find a strong evidence for the widely-used in-
verse relationship. The results agree with previ-
ous observational studies where larger clouds di-
lute more slowly than smaller ones, but given a
large variability in both entrainment and dilution
rates, the robustness of the inverse relationship is
rather questionable.

The existence of moist shells regulating the tur-
bulent mixing processes between the clouds and
the surrounding environment can explain this dis-
crepancy. Because the relative properties of the
entrained and detrained air depends on cloud size,
the net effect of entrainment and detrainment on
the rate of dilution of a cloud volume depends on
the size of the cloud. Larger clouds seem to pref-
erentially entrain dry air, because the relative size
of the shell becomes smaller as clouds grow.

Given the exact rate of dilution as well as the
correct lateral fluxes, it is possible to model a hy-
pothetical mixing process where the bulk-plume



assumption is true. That is, we can adjust the di-
lution parameters so that entrainment always di-
lutes the cloud, and the effect of detrainment is
ignored. Will this entrainment rate be inversely
proportional to cloud size, unlike the bulk-plume
entrainment estimate, where the effect of entrain-
ment and detrainment is implicitly considered, but
adjusted to match the lateral fluxes? Itis, however,
not the focus of this study. We hope to implement
such a model and investigate the implications on
the large-scale convective parameterization in a
future study.
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