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Abstract
Two-fluid modelling has recently emerged as a promising approach to repre-
senting cumulus convection in weather and climate models. This study applies
the two-fluid model described in Part II to a shallow cumulus convection case
study over land (ARM). Large-eddy simulation data are used to tune the major-
ity of the closures that determine the properties of entrained and detrained air.
The two-fluid model is generally able to reproduce the profiles of the mean
and turbulent quantities over all stages of the diurnal cycle. As such, the ini-
tiation of shallow convection and the evolution of the cloud layer are well
captured. The robustness of the two-fluid model is verified further using a
steady-state test case (BOMEX), in which the cloud properties are also well
modelled.
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1 INTRODUCTION

This article is the third in a three-part series that
documents progress in the development of a two-fluid
single-column model and its application to simulating
shallow cumulus convection. Part I (Thuburn et al., 2022a)
derived the equations for subfilter-scale turbulent second
moments. Part II (Thuburn et al., 2022b) presented a new
model formulation, including new prognostic equations,
closures, and numerics. This article tunes the closures
from Parts I and II using large-eddy simulation (LES) data
and applies the two-fluid model to two shallow cumulus
convection case studies.

The modelling of atmospheric convection for region-
al/global weather and climate models continues to be a

challenge using current approaches (Holloway et al., 2014;
Gross et al., 2018). As the horizontal resolution of
forecasting models approaches the length-scales of shal-
low and deep convection, the convective clouds and their
associated circulations can neither be modelled by tradi-
tional parameterizations (Arakawa, 2004) nor be resolved
explicitly via the dynamical core (Satoh et al., 2019).

Multifluid models have recently been proposed as a
potential solution to the convection modelling deadlock
(Thuburn et al., 2018). The method can be thought of as
an extension of traditional mass-flux convection schemes
where, instead of the convection being diagnosed regu-
larly from grid-scale variables (e.g., Gregory and Rown-
tree, 1990; Neggers et al., 2002; Pergaud et al., 2009), con-
vective motions are treated as a separate fluid partition
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2 MCINTYRE et al.

from the stable environment, with their own prognostic
quantities that are computed directly by the dynamical
core. As such, a multifluid representation of convection
has the potential to utilize the best of both worlds when
it comes to the grey-zone physics–dynamics coupling
problem.

• The dynamics computes the ensemble of convective
motions at any resolution in a consistent manner. Thus,
a multifluid scheme incorporates some dynamical con-
vective memory by default (Thuburn et al., 2018), and
allows convection to propagate to (and influence the
grid-scale flow in) neighbouring columns, when used
in a multicolumn configuration (Weller and McIn-
tyre, 2019; McIntyre, 2020; Shipley, 2021). Multifluid
models also have the potential to be scale-aware if cou-
pling between the fluids is modelled appropriately to
account for the filter scale (Shipley, 2021). Various stud-
ies have captured similar effects in modified mass-flux
schemes—such as those of Kuell and Bott (2008), who
spread the subsidence due to convection over multi-
ple columns, and Kwon and Hong (2017), who present
a scale-aware mass-flux scheme—but none of these
breakthroughs has been sufficient to address all of the
major biases that hinder the accuracy of the current
generation of mass-flux parameterizations.

• Convection parameterizations have historically been
implemented as single-column models (SCMs), as part
of the model physics. As such, decades of research
have focused on closures for convection schemes,
such as entrainment and detrainment (e.g., Houghton
and Cramer, 1951; Kain and Fritsch, 1990; Stirling
and Stratton, 2012; De Rooy et al., 2013; Willett and
Whitall, 2017) or convective initiation (e.g., Betts, 1986;
Fletcher and Bretherton, 2010). In a multifluid model,
terms are still needed to represent entrainment and
detrainment processes (modelled as relabelling of
the fluid components; Thuburn et al., 2019; Weller
et al., 2020), meaning multifluid schemes can take
advantage of existing closures.

Given these features, multifluid models have the poten-
tial to converge to single-fluid solutions at high resolution
(Δx ≪ 1 km), perform at least as well as existing param-
eterizations at coarse resolutions (Δx ≫ 10 km), and per-
form better than existing parameterizations in the inter-
mediate grey zone.

The extended eddy diffusivity mass flux
(extended-EDMF) scheme (a close cousin of the multi-
fluid model that extends traditional EDMF schemes to
include transience; Tan et al., 2018) has seen substantial
progress in recent years, with the formulation of new

closures and successful single-column simulations of
various moist convective regimes, including shallow con-
vection (Cohen et al., 2020; He et al., 2020; Lopez-Gomez
et al., 2020). Rapid progress has also been made in devel-
oping the multifluid approach, including new numerical
methods (Weller and McIntyre, 2019), new closures
(Weller et al., 2020), and accurate simulations of dry con-
vection (Thuburn et al., 2019; Weller et al., 2020; Shipley
et al., 2022). The successes of both the extended-EDMF
and the multifluid models have emphasized the need
to account consistently for transience in the parame-
terization of convection, which is currently unique to
these models. With the aim of advancing the multifluid
model further, this article focuses on using the new
multifluid higher-order-moment terms from Thuburn
et al., (2022a) and the new closures and numerics from
Thuburn et al. (2022b) to simulate shallow convection
over land (Atmospheric Radiation Measurement (ARM)
case) and ocean (Barbados Oceanographic and Meteo-
rological EXperiment (BOMEX) case) using a two-fluid
single-column model (2FSCM).

Brown et al. (2002) performed a LES of the formation
and evolution of shallow cumulus over the ARM South-
ern Great Plains site in June 1997. In their intercomparison
study they used idealizations of the measured intitial pro-
files and forcings. Along with shallow convection case
studies over the sea, such as BOMEX (Holland and Ras-
musson, 1973; Nitta and Esbensen, 1974) and the Atlantic
Trade wind EXperiment (Augstein et al., 1973), the ide-
alized ARM case has been used as a benchmark to test
convection parameterizations in single-column models for
several decades (including Golaz et al., 2002; Lenderink
et al., 2004; Neggers et al., 2004; Soares et al., 2004; Rio
and Hourdin, 2008; Pergaud et al., 2009; Bogenschutz and
Krueger, 2013; Cohen et al., 2020). ARM is a discriminating
test case for SCMs, involving transient growth and decay of
the cloud field, ballistic behaviour of updrafts (i.e., driven
by momentum rather than buoyancy at some heights),
and strong “sorting” of updrafts through detrainment. The
ARM case is therefore chosen as the main focus for model
tuning in this article.

The two-fluid single-column model is summarized in
Section 2 and the LES of the ARM case is described in
Section 3. Initialization and tuning of the 2FSCM are
described in Section 4, as well as comprehensive results
and analysis of the 2FSCM ARM simulation. As an addi-
tional validation, the 2FSCM is tested for the BOMEX
case in Section 5, which is not used for model tuning.
The BOMEX case is steady-state and contains several
large-scale forcing contributions that are negligible in the
ARM case—the case study is therefore a useful test of the
2FSCM’s robustness.
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MCINTYRE et al. 3

2 TWO-FLUID SINGLE- COLUMN
MODEL (2FSCM)

2.1 Governing equations

The governing equations are adapted from the condi-
tionally filtered compressible Euler equations (Thuburn
et al., 2018) for a single-column setting, where hori-
zontal gradients are neglected. Additional equations for
higher-order moment terms were derived in Thuburn
et al., (2022a). Each of the two fluids (with subscripts
i ∈ {1, 2}) has prognostic equations for the mass per unit
volume (mi), entropy (𝜂i), specific humidity (qi), velocity
components (ui, vi, wi), and turbulent kinetic energy (TKE,
ki), respectively:

𝜕mi

𝜕t
+ 𝜕Fi

𝜕z
= (i𝑗 −𝑗i), (1)

𝜕

𝜕t
(mi𝜂i) +

𝜕

𝜕z
(Fi𝜂i + F𝜂i

SF)

= (i𝑗 𝜂̂i𝑗 −𝑗i𝜂̂𝑗i) + R𝜂i + Si, (2)

𝜕

𝜕t
(miqi) +

𝜕

𝜕z

(
Fiqi + Fqi

SF

)

= (i𝑗 q̂i𝑗 −𝑗iq̂𝑗i) + Rq
i , (3)

𝜕

𝜕t
(miui) +

𝜕

𝜕z

(
Fiui + Fui

SF

)
− fmi(vi − vg)

= (i𝑗ûi𝑗 −𝑗iû𝑗i) + Ru
i , (4)

𝜕

𝜕t
(mivi) +

𝜕

𝜕z

(
Fivi + Fvi

SF

)
+ fmi(ui − ug)

= (i𝑗ûi𝑗 −𝑗iû𝑗i) + Rv
i , (5)

𝜕

𝜕t
(miwi) +

𝜕

𝜕z

(
Fiwi + Fwi

SF

)
+mi

(
1
𝜌i

𝜕p
𝜕z
+ 𝜕Φ
𝜕z

)
+ i

= (i𝑗ŵi𝑗 −𝑗iŵ𝑗i) + Rw
i , (6)

𝜕

𝜕t
(miki) +

𝜕

𝜕z

(
Fiki +

1
2

Twu.u
i

)

= 𝜎i

𝜌i
B𝜌w

i
𝜕p
𝜕z
+ 𝜎i(w2 − w1)2 − Fui

SF.
𝜕ui

𝜕z
(7)

+ ̃k
i + Rk

i −
k
i ,

2∑
i=1
𝜎i = 1, (8)

where 𝜎i is the volume fraction, 𝜌i is the density, p is the
pressure,  is the pressure drag, Φ is the geopotential, ug
and vg are the geostrophic wind components, f is the Cori-
olis parameter, Fi = miwi = 𝜎i𝜌iwi is the mass flux, and
F𝜓i

SF is the subfilter flux for a fluid property 𝜓i. Relabelling
terms (entrainment and detrainment processes) are repre-
sented by i𝑗 , and the properties of the relabelled com-
ponents are given by 𝜓̂ i𝑗 . Additional source/sink terms
include R𝜓i , which represents the transfer of properties
across fluid boundaries by turbulent diffusion, and Si,
which represents a source in entropy due to the dissipation
of turbulent kinetic energy. The additional terms that fea-
ture in the TKE equation are Twu.u

i , which represents the
subfilter turbulent flux (third-order term), B𝜌w

i , which is a
buoyancy-flux term, ̃k

i , which is the total change in TKE
due to thei𝑗 relabelling terms, andk

i , which represents
the dissipation of TKE. The equations for the subfilter
terms are based on a level-2.5 multifluid Mellor–Yamada
scheme (see Part I for full details; Thuburn et al., 2022a)
and thus neglect transience, advection, and third-order
turbulent fluxes (except in the TKE equation). Full details
of the chosen higher-order terms and closures are detailed
in Thuburn et al., (2022b), and a summary of all parame-
ters is provided in Table 1.

2.2 Closures for the entrainment
and detrainment

Thuburn et al. (2022b) describe how all terms in Equations
(1)–(7) are closed. However, the closures for the entrained
and detrained fluid properties contain tunable parameters
that should be informed by LES data.

The total entrainment/detrainment contributions are
given by

i𝑗 =INS
i𝑗 +FRC

i𝑗 +MIX
i𝑗 +MIC

i𝑗 , (9)

where i𝑗 represents the relabelling rate from fluid 𝑗 to
fluid i. The various relabelling contributions are defined in
Table 2. The different contributions correspond roughly,
though not exactly, to the “turbulent” and “dynamic”
entrainment/detrainment processes distinguished by De
Rooy et al. (2013).INS

i𝑗 entrains air into fluid 2 (updraft/-
convective fluid) when the environment is unstable, for
example, where surface heating produces buoyant air near
the surface.FRC

i𝑗 represents bulk detrainment from fluid
2 at the top of the boundary layer and the top of the cloud
layer. The term is proportional to the vertical velocity
convergence and is equivalent to the relabelling term that
was successfully used in the two-fluid simulations of dry
convection in Weller et al. (2020) and Shipley et al. (2022).
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4 MCINTYRE et al.

T A B L E 1 Mathematical notation used in this document

Symbol Formula Description

Φ gz Geopotential

f Coriolis parameter

ug, vg Imposed geostrophic wind components

p Filter-scale pressure (same in both fluids)

𝜎i Filter-scale volume fraction of fluid i

𝜌i Filter-scale density of fluid i

mi 𝜎i𝜌i

𝜌
∑

i mi Mean density over all fluids

𝜂i Filter-scale entropy of fluid i

qi Filter-scale total specific humidity of fluid i

ui, vi, wi Filter-scale velocity components of fluid i

Fi miwi Vertical mass flux in fluid i

F𝜓i
SF Subfilter-scale vertical flux of 𝜓 in fluid i

i Vertical drag due to subfilter-scale pressure fluctuations

i𝑗 Filter-scale rate per unit volume at which mass is relabelled from type 𝑗 to type i

𝜓̂i𝑗 Mean value of any variable 𝜓 in fluid that is relabelled from type 𝑗 to type i

PROC Tunable parameter that controls the mass relabelling rate for a given process

bPROC
𝜓,i𝑗 Tunable parameter that controls 𝜓̂i𝑗 for a given process

ki Subfilter-scale TKE in fluid i

R𝜓i Additional effective relabelling effect on any variable 𝜓 associated with vertical
subfilter-scale fluxes and vertical variation of 𝜎i


𝜓

i Rate of molecular dissipation of TKE (𝜓 = k) or other second-moment quantity

Si Effective filter-scale entropy source in fluid i due to TKE dissipation

AMY
1 Mellor–Yamada coefficient that controls the dissipation time-scale of turbulent

fluxes of momentum

AMY
2 Mellor–Yamada coefficient that controls the dissipation time-scale of scalar fluxes

BMY
1 Mellor–Yamada coefficient that controls the dissipation time-scale for the velocity

variances

BMY
2 Mellor–Yamada coefficient that controls the dissipation time-scale for other scalar

variances

Convergence-based entrainment/detrainment closures
have also been used in mass-flux convection schemes
(Houghton and Cramer, 1951; Kuell and Bott, 2008;
De Rooy et al., 2013). Here, this term is only used for
detrainment, as an entrainment contribution would cause
double-counting at the surface when combined with the
instability entrainment term. Finally, MIX

i𝑗 and MIC
i𝑗

represent turbulent mixing in the boundary layer and
cloud layer respectively, and are approximately propor-
tional to the square root of the fluid 2 TKE (the limit
shown in Table 2) except when the updraft fraction is
very small.

The properties of the relabelled fluid components for
some variable 𝜓 are given by

i𝑗 𝜓̂ i𝑗 =INS
i𝑗 𝜓̂

INS
i𝑗 +FRC

i𝑗 𝜓̂
FRC
i𝑗

+MIX
i𝑗 𝜓̂

MIX
i𝑗 +MIC

i𝑗 𝜓̂
MIC
i𝑗 , (10)

where the relabelled fluid property for a given process
(PROC) is a linear combination of the fluid i and 𝑗

properties,

𝜓̂
PROC
i𝑗 =

(
1 − bPROC

𝜓,i𝑗

)
𝜓i + bPROC

𝜓,i𝑗 𝜓𝑗, (11)
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MCINTYRE et al. 5

T A B L E 2 The four methods for entraining and detraining air from the convective fluid

Symbol Formulation Process Direction


INS
i𝑗 =  INSm1

√
−min

(
0,N2

1
)

Instability entrainment 1 → 2


FRC
i𝑗 = FRCm2 max (0,−dw2∕dz) Forced detrainment 2 → 1


MIX
i𝑗 ≈ MIXmi𝜎𝑗 (1 −WCLD)

√
k2∕LPLM

i Turbulent mixing (dry) Both


MIC
i𝑗 ≈ MICmi𝜎𝑗WCLD

√
k2∕LPLM

i Turbulent mixing (cloud) Both

Note: Note that these processes represent the contributions to thei𝑗 term only and not Ri. The formulation of the turbulent mixing terms
(


MIX
i𝑗 andMIC

i𝑗

)

is given in the limit where the updraft volume fraction is not small (𝜎2 ≫ 10−3); the full formulation is given in Part II Thuburn et al. (2022b).  INS = 0.2,
FRC = 1, and MIX = MIC = 0.4 are tunable parameters that determine the magnitude of the relabelling term. Ni ≈

√
g
𝜃i

𝜕𝜃i
𝜕z

is the Brunt–Väisälä frequency
for fluid i. LPLM

i is the plume length-scale, which is calculated from the height, TKE, and Brunt–Väisälä frequency (Thuburn et al., 2022b). W CLD is a weighting
that transitions smoothly between cloudy (W CLD = 1) and noncloudy regions (W CLD = 0).

and bPROC
𝜓,i𝑗 is a tunable parameter. The values for bPROC

𝜓,i𝑗 will
be diagnosed in Section 3.2.

2.3 Discretization summary

The full description of the numerical methods is given
in Part II (Thuburn et al., 2022b). The two-fluid model
uses a semi-implicit Eulerian discretization. The time
discretization is off-centred Crank–Nicolson using an
off-centring coefficient of 0.55 and a time step of 30 s. This
time step is considerably longer than the maximum time
step achieved in the semi-Lagrangian model version of
Thuburn et al. (2019), but further development is needed
to enable the approach to work with the even longer time
steps currently used with operational mass-flux schemes.
The spatial discretization uses a Charney–Phillips grid
where p, 𝜌, u, v, and the second moments are stored at cell
centres, and w, 𝜂, and q are stored at the cell faces. The sys-
tem of equations is solved using a quasi-Newton method,
where separate linear systems are solved for the first-order
moments (with the exception of the horizontal velocity
components) and the second-order moments. Splitting the
solver up in this way reduces the computational cost whilst
retaining the most important couplings and thus allowing
the solver to converge.

3 LARGE-EDDY SIMULATION
OF THE ARM CASE

3.1 LES setup and validation

As a benchmark solution for the 2FSCM, the ARM case has
been simulated using the Met Office/NERC1 Cloud Model
(MONC). The idealized profiles of potential temperature

1Natural Environment Research Council

and moisture from Brown et al. (2002) are used as initial
conditions, with the atmosphere in hydrostatic balance.
The vertical velocity components are initially zero, with
the horizontal components equal to the geostrophic forc-
ings. The prescribed forcing for the horizontal winds, sur-
face sensible heat flux, and surface latent heat flux is also
used from Brown et al. (2002). The LES is run on a uniform
Cartesian grid, with a horizontal resolution of 50 m over a
domain of 19.2 × 19.2 km2 and vertical resolution of 20 m
up to a height of 4.4 km. The Smagorinsky scheme is used
to represent turbulent scales that are smaller than the grid
scale (Smagorinsky, 1963). The model was run for 14 hr
with a variable time step that keeps the Courant number
at a stable value.

As the results of the LES simulation are to be compared
with the two-fluid model, the 3D fields need to be parti-
tioned into updraft and environment fluids. The Couvreux
et al., (2010); Efstathiou et al., (2020) definition for coher-
ent structures, which uses radioactive tracers, will be used
to define the updraft/convective fluid:

I2(x, y, z) =
⎧
⎪⎨⎪⎩

1, if 𝜒 ′r (x, y, z) > max[s𝜒r(z), smin(z)]
and w(x, y, z) > 0,

0, otherwise,
(12)

where I2(x, y, z) is a binary indicator for whether fluid 2
(updraft) exists at that location,𝜒 ′r is defined as𝜒 ′r (x, y, z) =
𝜒r(x, y, z) − 𝜒 r(z), 𝜒r(x, y, z) is the radioactive tracer mix-
ing ratio, 𝜒 r(z) is the horizontal average of 𝜒r at height z,
s𝜒r(z) is the standard deviation of 𝜒r at height z, smin(z) =
1∕z ∫ z

0 s𝜒r(z
′) dz′, and w(x, y, z) is the vertical velocity.

Results from Efstathiou et al. (2020) motivate the use of
this fluid definition, because the resolved contributions
to the vertical scalar fluxes are maximized (meaning less
work has to be done by subfilter-scale parameterizations).
In the LES, the radioactive tracer, 𝜒r, is uniformly emit-
ted from the surface at a constant rate and decays with
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6 MCINTYRE et al.

(a)

(b)

(c)

F I G U R E 1 Cross-sections of the plumes (defined by Equation 12) at 3, 7, and 11 hr into the LES ARM case. The black contour defines
the edges of the plumes and clouds are shown in white/light grey. (a) ARM dry phase (t = 3 hr); (b) ARM growth phase (t = 7 hr); (c) ARM
mature phase (t = 11 hr)

a time-scale of 15 min, which is a suitable choice for the
lifetime of shallow cumulus clouds. By horizontally aver-
aging scalar quantities over regions where I1 = 1 − I2 = 1
or I2 = 1, the properties of the environment and updraft
can be diagnosed. The regions in which fluid 2 is defined
are showcased in Figure 1 (black contours) during the
growth of the moist convective boundary layer (top), the
growth of the shallow cumulus layer (middle), and the
quasisteady state of the shallow cumulus clouds (bottom).

Figure 2 a shows the evolution of the cloud fraction
(not to be confused with the fluid 2 volume fraction) for the
ARM case. Shallow cumulus clouds begin to form approxi-
mately 3.75 hr into the simulation at a height of 850 m. The
clouds continue to grow and develop until a quasisteady
state is reached shortly after the 8-hr mark. The cloud base
(∼1.2 km) and cloud top (∼3.0 km) are then maintained for
5 hr before the cloud-base fluxes drop below the thresh-
old to sustain convection. The cloud development as well
as the vertical profiles of the grid-scale variables and fluxes
(solid lines in Figures 5 and 7 later) are consistent with
the ensemble of LES model results presented in Brown

et al. (2002). Note that there is substantial variability in
the cloud fraction contours, due to individual clouds that
skew the horizontally averaged properties—the 2FSCM
cloud fraction (calculated from the moisture and entropy
covariances; Thuburn et al., 2022b) is expected to be far
smoother, as the cloud ensemble is modelled instead.

3.2 Diagnosing entrainment
and detrainment coefficients

An important aspect in configuring the two-fluid model is
choosing suitable b coefficients for Equation (11). These
coefficients determine the properties of the air entrained
and detrained from a convective plume. The dimension-
less b coefficient is therefore approximating the parts of
the velocity, temperature, and moisture distributions that
are involved in the relabelling process—much like the
adaptive detrainment method by Derbyshire et al. (2011).

By re-arranging Equation (11), the relabelling coeffi-
cient for a specific entrainment/detrainment process is

 1477870x, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4390 by U
niversity O

f E
xeter, W

iley O
nline L

ibrary on [30/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



MCINTYRE et al. 7

F I G U R E 2 The cloud fraction
for the ARM case (top) and BOMEX
case (bottom) using the MONC LES
model (left) and the 2FSCM (right).
The white contours are in increments
of 0.01, with the exception of the first
filled contour which starts at a cloud
fraction of 0.001. The black lines
represent the minimum and maximum
extent of the liquid water in the LES
(cloud base and cloud top). The cloud
spike after 13.5 hr in the LES ARM case
is due to a single cell which is saturated
at that time. (a) ARM case; (b) BOMEX
case [Colour figure can be viewed at
wileyonlinelibrary.com]

(a)

(b)

given by

bPROC
𝜓,i𝑗 =

𝜓̂
PROC
i𝑗 − 𝜓i

𝜓𝑗 − 𝜓i
. (13)

The LES data can be used to estimate bPROC
𝜓,i𝑗 in regions

where entrainment or detrainment are occurring, assum-
ing that 𝜓̂PROC

i𝑗 can be diagnosed. Two separate methods
are used to estimate 𝜓̂PROC

i𝑗 .

• Particle trajectory method: The particle trajectory
calculations use the Clark et al. (2022) method, which
relies on the allocation of a set of tracer fields, advected
by the Eulerian flow field, to act as Lagrangian labels
(see also Gheusi and Stein, 2002). These labels should
not be confused with the indicators produced by the
radioactive tracer. Contrary to conventional trajectory
calculations, where particle position is advanced for-
wards or backwards in time based on the simulated
wind field, here the MONC advection scheme is used to

transport the Lagrangian label tracers online. The trac-
ers are output at regular intervals (here every 60 s) and
can then be used for the efficient offline calculation of
large numbers of backward or forward trajectories.

Trajectories are generated for every second grid
point and back trajectories are then used to simulate the
movement of the Lagrangian particles. Following Yeo
and Romps (2013), the horizontally averaged properties
(velocity, potential temperature, moisture, etc.) of all
particles that have entered or left a plume (where I2 = 1)
are recorded. These horizontally averaged profiles are
assumed to be the entrained or detrained properties
(𝜓̂PROC

i𝑗 ). Local entrainment/detrainment rates are esti-
mated by the number of particles that switch between
fluid 1 and 2 and vice versa at each trajectory time step
and are then horizontally averaged over bins in the ver-
tical. It should be noted that the particles can be recircu-
lated into cloudy thermals, especially around the cloud
shell, leading to fast entrainment/detrainment events
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8 MCINTYRE et al.

that can affect the properties of the relabelled particles
(see also Dawe and Austin, 2011).

• Plume-edge method: The grid cells adjacent to any
plume boundary are horizontally averaged over the
entire domain to give 𝜓̂

PROC
i𝑗 . This method assumes

that any relabelling process will entrain or detrain the
fluid properties that are present at the plume edge. This
method does not distinguish between regions that are
entraining and regions that are detraining, instead act-
ing as an average over all relabelling processes that are
present in a given layer.

Given that there are three different entrainment/detrain-
ment mechanisms (Table 2), the relabelled property data
must be partitioned further into regions where each
entrainment/detrainment regime is most likely to be dom-
inant. Figure 3 shows these idealized relabelling regions,
where the following assumptions have been made.

• The top of the boundary layer, zBL, is defined as
the height at which the minimum in the resolved
buoyancy-flux profile is attained. The assumed rela-
belling regions are defined relative to the cloud-top
height, zCT, and zBC = max (zBL, zCB), where zCB is the
cloud-base height.

• The instability entrainment
(


INS
i𝑗

)
is most influential

for z < zCB.

• The forced detrainment
(


FRC
i𝑗

)
is the dominant

process at the top of the boundary layer (0.75zCB <

z < 1.1zCB) and at the top of the cloud layer (zCB +
0.75(zCT − zCB) < z < 1.1zCT).

• Turbulent mixing
(


MIX
i𝑗 and MIC

i𝑗

)
is the main

entrainment/detrainment mechanism in the remaining
regions below the cloud top.

Note that these are diagnostic limits only and do not
restrict the entrainment/detrainment terms in the 2FSCM.
Using the defined regions in which the relabelling schemes
operate, the diagnosed relabelling coefficients for the ver-
tical velocity, potential temperature, and moisture are
shown in Figure 4. Each relabelling coefficient

(
bPROC
𝜓,i𝑗

)

has a diagnosed distribution from the Lagrangian parti-
cle diagnostic (top) and the plume edge diagnostic (bot-
tom). These distributions do not change meaningfully
throughout the different phases of the simulation. The two
methods for diagnosing 𝜓PROC

i𝑗 produce some differences
in the diagnosed b coefficients because the plume-edge
method does not discriminate between entrainment and
detrainment processes, whereas the particle method does.
These diagnosed distributions can be used to select the

F I G U R E 3 The regions in which the entrainment and
detrainment processes from Table 2 are expected to be most
influential. Note that the breaks or gaps in the BL/CL detrainment
regions are merely an artefact of the contouring algorithm, due to
sharp changes in the top of the boundary and cloud layers.
Sampling entrained/detrained fluid properties in these regions can
help diagnose the closure for the bPROC

𝜓,i𝑗 coefficients from
Equation (13) (see Figure 4). Entrainment and detrainment
distributions, as calculated by the 2FSCM, are presented in Figure 5
[Colour figure can be viewed at wileyonlinelibrary.com]

relabelling coefficients for each relabelling process in
Table 2 (see Section 4.2).

It is clear that these results support the idea of using dif-
ferent coefficients for different entrainment/detrainment
processes (whereas Thuburn et al., 2019, used a single
coefficient for each variable at all altitudes). It is also
apparent that entraining or detraining the mean proper-
ties of a fluid, achieved using bPROC

𝜓,i𝑗 = 1, is not consis-
tent with the majority of the diagnosed coefficients in
Figure 4—mean properties were used for potential temper-
ature in Thuburn et al. (2019) and for buoyancy in Weller
et al. (2020). Instead, the diagnostics suggest that a b coeffi-
cient between 0 and 1 should be used in most cases, which
is consistent with the idea that the properties at the plume
edges fall in between the mean properties of the plume and
the environment, and the idea that the “weakest” proper-
ties of the plume are detrained first, leaving the plume core
behind (see the forced detrainment coefficient for vertical
velocity, bFRC

w,12, for example).

4 TWO-FLUID SCM SIMULATION
OF THE ARM CASE

4.1 Initialization and forcing

The 2FSCM is initialized with the same mean fields and
forcings as the LES. The volume fractions for each fluid are
set to

𝜎1 = 1 − 𝜎min, (14)

𝜎2 = 𝜎min, (15)
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MCINTYRE et al. 9

F I G U R E 4 The relabelling
coefficients diagnosed from the LES
data, where darker shades represent
higher frequencies in the binned data.
For each relabelling coefficient, the top
row of LES data represents the
diagnosed values from the Lagrangian
particle data, whereas the bottom row
uses data from the edge of the plumes.
Also shown are the settings used by the
2FSCM, which are represented by the
vertical black markers [Colour figure
can be viewed at
wileyonlinelibrary.com]

where 𝜎min = 10−3 is the minimum allowed volume frac-
tion. The potential temperature, moisture, and horizontal
velocity fields (for both fluids) are set to the same initial
profiles as the LES (specified in Brown et al., 2002). The
density and pressure are calculated so that the system is
initially in hydrostatic balance. All other profiles are ini-
tialized as zero, with the exception of the TKE, which is
set to the minimum allowed value of 10−4 m2⋅s−2. As with
the LES, the sensible and latent surface heat fluxes are pre-
scribed according to Brown et al. (2002), where the peak
fluxes occur 7.5 hr into the simulation. As described in
Thuburn et al. (2022b), the energy from the surface fluxes
enters both fluids proportional to their volume fractions
when the surface fluxes are negative. When the surface

fluxes are positive, fluid 2 receives disproportionately more
of the surface fluxes in order to distinguish fluid 2 as the
convective fluid.

4.2 Tunable parameters

The bPROC
𝜙,i𝑗 coefficients that determine the entrained/de-

trained fluid properties have been chosen with the help
of the diagnosed values from the LES (see black markers
in Figure 4). However, these coefficients control compli-
cated feedbacks that can be difficult to account for, and
some manual adjustments to the parameters were needed
to obtain a satisfactory representation of the ARM case. As
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10 MCINTYRE et al.

such, four parameters
(

bMIX
w,12, bMIX

w,21, bINS
𝜂,21, bINS

q,21

)
have set-

tings outside the range of the LES-diagnosed values. The
vertical velocity coefficients in the boundary layer

(
bMIX

w,12

and bMIX
w,21

)
are used to tune the difference in fluid verti-

cal velocities. However, using values less than one leads
to unrealistically high velocities in the boundary layer.
This may hint that additional fluid pressure terms (He
et al., 2020; Weller et al., 2020) or stronger drag terms are
needed. bINS

𝜂,21 is used to set the fluid 2 buoyancy at the sur-
face, and bINS

q,21 determines the difference in moisture at the
surface. Both the buoyancy and moisture differences at the
surface are correct using the given coefficients.

Other tunable parameters were tuned via a
gradient-descent algorithm, which was configured to min-
imize the root-mean-square error of the cloud fraction, the
fluid 2 volume fraction, and the fluid 2 TKE (which is espe-
cially important given that multiple processes are coupled
to the fluid 2 TKE). The tuned parameters include those
controlling the magnitude of entrainment/detrainment
for the various processes (PROC from Table 2) as well as
the coefficients that control the time-scales of subfilter
fluxes and dissipation rates: AMY

1 , AMY
2 , BMY

1 , BMY
2 , which

correspond to the coefficients A1, A2, B1 and B2 from the
well known Mellor and Yamada (1982) turbulence closure
hierarchy—see Thuburn et al. (2022b) for more details.

The final values of the tunable parameters are shown
in Figure 4 (see also section 4.4). Results of the 2FSCM
using these parameters are presented in Section 4.3, and
the model sensitivity to the parameters is discussed in
Section 4.4.

4.3 Results

Figure 2 a shows the cloud fraction for the 2FSCM. The ini-
tiation of the cloud occurs at the correct time of ∼3.75 hr
and the cloud base rises at a realistic rate relative to the
LES for the subsequent 9 hr. The clouds grow realisti-
cally during the cloud development stage (∼4–8 hr) before
maintaining the correct cloud-top height (0.1% contour)
until 12 hr. The clouds dissipate half an hour earlier than
the LES because the SCM boundary layer loses too much
moisture due to strong vertical entrainment fluxes at the
top of the boundary layer—this boundary-layer moisture
deficiency can be seen in Figure 5c. The cloud fraction is
approximately 25% too small in the lower cloud layer due
to an excess in fluid 2 moisture variance at that height.

The vertical profiles of the mass-flux-related properties
of each fluid are presented in Figure 5. LES diagnostics
are shown via the solid lines and the 2FSCM results via
the dashed lines. LES vertical profiles are diagnosed from
the MONC simulation, with the exception of the total

entrainment/detrainment, which is diagnosed from the
particle method (averaged over a turnover time of ±10
min). Throughout all three phases of the ARM simula-
tion, the volume fraction of fluid 2 maintains the correct
shape, with the exception of the top of the cloud layer dur-
ing the latter stages of the simulation. This can, in part,
be mitigated using a larger value of AMY

2 , which increases
the diffusion of the vertical velocity and thus reduces the
detrainment due to convergence of fluid 2. The evolution
of the updraft vertical velocity and the mass flux closely
resemble the LES results, with the most significant excep-
tion being the local minimum in w2 in the lower cloud
layer. Entrainment and detrainment profiles are consistent
in shape and magnitude relative to the LES in the bound-
ary layer, but are too low in the cloud layer, another poten-
tial contributing factor to the reduced volume fraction in
the cloud layer.

Figure 6 shows the vertical profiles for various other
scalar quantities. The potential temperature closely resem-
bles the LES throughout all phases of the simulation, but
is slightly too dry in the boundary layer. The water-vapour
profile is also too dry in the boundary layer. This difference
is likely due to a collective effect of the chosen relabelling
coefficients

(
bPROC
𝜓,i𝑗

)
, as well as too much dry air diffusing

into the boundary layer. This is also thought to be why the
boundary-layer height (and cloud base) rises too far after
the 10th hour in Figure 2. The same issue appears in other
convection schemes (see Neggers et al., 2004; Lenderink
et al., 2004, for example). Future research will focus on
modelling the fallback of overshooting thermals in order
to return more moist and cool air into the boundary
layer. This process involves countergradient subfilter-scale
fluxes that cannot be represented by the downgradient
eddy-diffusion parameterizations used in this study.

The mean liquid water in fluid 2 is too large in the
later stages of the simulation, although the mass-weighted
liquid is approximately correct given the smaller volume
fraction in the upper cloud layer relative to the LES. This
overestimation of liquid water is likely due to insufficient
entrainment in the cloud layer, as fluid 2 is not mixing
sufficiently with the drier fluid 1. The horizontal veloci-
ties have the correct shape, but the magnitude of the fluid
2 velocities is not consistent with the LES, suggesting the
need for a horizontal drag term, or alternative couplings,
in future formulations of the model.

The vertical profiles of some higher-order properties
are shown in Figure 7. Of particular importance is the
representation of subfilter turbulent kinetic energy, which
is calculated as a prognostic variable in Equation (7)
and is coupled to the subfilter velocity variances, turbu-
lent length-scales, and turbulent mixing processes. The
2FSCM successfully predicts the fluid 2 subfilter TKE in
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MCINTYRE et al. 11

F I G U R E 5 Vertical profiles for the volume fraction, vertical velocity, mass flux, entrainment, and detrainment for the ARM case. The
profiles are given during spin-up of the moist convective boundary layer (top), growth of the cloud layer (middle), and the quasisteady state of
the cloud layer (bottom). Conditionally averaged profiles diagnosed from the LES are given by the solid lines, and the 2FSCM profiles are
given by the dashed lines. The lightly shaded regions show the one-standard-deviation range of the LES profiles. For the relabelling
processes, the shaded styling corresponds to the processes described in Figure 3 [Colour figure can be viewed at wileyonlinelibrary.com]

the boundary layer and lower/mid cloud layer for the mid
and later stages, however the fluid 2 profile is too large
near the surface at the start of the simulation. The subfil-
ter moisture variance for fluid 2 is too large in the lower
cloud layer, which is responsible for the underrepresenta-
tion of liquid water and cloud fraction in this region of the
domain (see Figure 5c). The dominant contribution to the
excess moisture variance is the entrainment at cloud base,
suggesting that too much dry air is being entrained. Also
shown are the total contributions to the resolved potential
temperature and moisture fluxes (black). The resolved flux
contributions (diagnosed from the mean fluid properties)
are generally well captured by the 2FSCM, although too
much moisture is being transported out of the boundary
layer, as noted in Figure 5. The grey lines show the total

flux including subfilter contributions. As already noted
in Efstathiou et al. (2020), the chosen fluid partitions
(Equation 12) ensure that the majority of the fluxes are
resolved, meaning there is less reliance on the subfilter
contributions.

The results presented thus far demonstrate that the
two-fluid model is able to capture the initiation, termi-
nation, and length-scales associated with shallow con-
vection, and is generally able to capture the expected
behaviour of the dynamics and thermodynamics. How-
ever, some biases have been noted, including a dry bound-
ary layer, an undilute cloud layer, and low fluid 2 volume
fraction in the cloud layer. These biases could be, in part,
due to tuning to optimize other metrics. For example,
Figure 8 shows the vertical profiles for an alternative

 1477870x, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4390 by U
niversity O

f E
xeter, W

iley O
nline L

ibrary on [30/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


12 MCINTYRE et al.

F I G U R E 6 Vertical profiles of the potantial temperature, water vapour, liquid water, and the two components of horizontal velocity for
the ARM case. The profiles are given during spin-up of the moist convective boundary layer (top), growth of the cloud layer (middle), and the
quasisteady state of the cloud layer (bottom). Conditionally averaged profiles diagnosed from the LES are given by the solid lines, and the
2FSCM profiles are given by the dashed lines [Colour figure can be viewed at wileyonlinelibrary.com]

model configuration, in which the boundary layer is more
moist and the fluid 2 cloud layer is more dilute and has
more mass. However, results such as these are thought to
be a case of getting the correct answer for the wrong rea-
son, due to the significant underestimation of the fluid 2
TKE at all heights, resulting in unintended distributions
of covariances, eddy diffusivity, entrainment, and detrain-
ment. Such results hint at the potential of the 2FSCM,
whilst also suggesting that modifications to the closures
must be made to reach its full potential.

4.4 Sensitivity to tunable parameters

In Section 4.2, various tunable parameters were described,
which are designed to control the rate of relabelling of
the fluids, the entrained/detrained fluid properties, the
subfilter fluxes, and the dissipation rates. Documenting
the sensitivity is an essential prerequisite to tuning. Test-
ing how the cloud properties change with each parameter
can also teach us about the importance of various pro-
cesses. Figure 9 shows how the mean cloud fraction, mean

cloud-base height, and mean cloud-top height change
when the tunable parameters are adjusted by magnitudes
up to ± 15%.

Of all the bPROC
𝜓,i𝑗 coefficients that control the proper-

ties entrained and detrained from the convective plumes,
the cloud properties are most sensitive to the moisture
coefficients in the cloud layer, as well as bMIC

𝜂,12 and bINS
𝜂,21.

• Decreasing bMIC
q,21 (resulting in higher entrained

cloud-layer moisture) results in a higher cloud fraction
due to the higher levels of saturated moisture in fluid
2. In Section 4.3, it was noted that the cloud fraction in
the 2FSCM was too low, and Figure 4 suggests a lower
value of bMIC

q,21 is consistent with the LES diagnostics.
However, a lower bMIC

q,21 leads to an unsustainable mois-
ture flux out of the boundary layer in the 2FSCM, which
subsequently causes the cloud ensemble to collapse
later in the simulation (similar to the collapses observed
in the high-order closure scheme of Bogenschutz and
Krueger, 2013).

• The fluid 2 liquid water profile is even more sensitive to
bMIC

q,12 , which controls the detrained liquid water in the
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MCINTYRE et al. 13

F I G U R E 7 Vertical profiles for the subfilter TKE, the subfilter potential temperature variance, the subfilter moisture variance, the total
buoyancy flux, and the total moisture flux for the ARM case. Each profile is presented during spin-up of the moist convective boundary layer
(top), growth of the cloud layer (middle), and the quasisteady state of the cloud layer (bottom). Conditionally averaged profiles from the LES
are given by the solid lines, and the 2FSCM profiles are given by the dashed lines [Colour figure can be viewed at wileyonlinelibrary.com]

cloud layer. Using a 10% lower coefficient can result in
a cloud-top (defined as the 0.1% contour) that is sev-
eral hundred metres higher. This is because the fluid 2
volume fraction in the 2FSCM is underrepresented in
the upper cloud layer, meaning a smaller b coefficient
will result in a significant increase to the remaining
fluid 2 mean moisture in order to conserve the total
moisture. This sensitivity could be avoided in future
studies by adjusting the balance of the entrainment and
detrainment terms to give the correct upper-cloud layer
volume fraction. bFRC

q,12 has a similar but less extreme
effect because the forced detrainment term acts only
on the top fraction of the cloud layer. The cloud prop-
erties in the 2FSCM are also sensitive to the detrained
entropy in the cloud layer, bMIC

𝜂,12 , which is also due to the
underrepresented fluid 2 volume fraction.

• bINS
𝜂,21 controls the buoyancy of fluid 2 at the surface, yet

has a huge impact on the cloud properties—a demon-
stration of the tight coupling between the boundary

layer and the cloud layer. An increase in this coeffi-
cient decreases the fluid 2 buoyancy, and therefore the
boundary layer fluid 2 vertical velocity and the subfil-
ter TKE. Subsequently, the boundary-layer detrainment
termsFRC

12 andMIC
12 are smaller in magnitude, result-

ing in a higher cloud-base volume fraction and cloud
fraction. bINS

𝜂,21 = 1 is used because the correct fluid 2 sur-
face buoyancy is produced—using the LES-diagnosed
value of bINS

𝜂,21 ≈ 0.5 (Figure 4) results in double the mag-
nitude of the diagnosed buoyancy and unrealistically
high vertical velocities at all heights. It should be noted
that a smaller coefficient for both bINS

𝜂,21 and bINS
q,21 should

be feasible with a different partitioning of the surface
fluxes between fluid 1 and 2 (see Thuburn et al., 2022b).
This will be investigated further in future studies.

All of the PROC coefficients affect cloud fraction sig-
nificantly because they control the fluid 2 volume fraction
in the cloud layer directly or indirectly. The height of the
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14 MCINTYRE et al.

F I G U R E 8 Vertical profiles of the mass-flux-related fields (top), scalar fluid properties (middle), and higher-order moment quantities
(bottom) for the ARM case during the mature phase (11 hr), using an alternative model configuration. Conditionally averaged profiles from the
LES are given by the solid lines, and the 2FSCM profiles are given by the dashed lines [Colour figure can be viewed at wileyonlinelibrary.com]

cloud base and cloud top are also sensitive toMIX because
the turbulent mixing term is active throughout the cloud
layer.

The 2FSCM ARM results are not significantly sensitive
to AMY

1 , the Mellor–Yamada coefficient that controls the
subfilter flux of the horizontal and vertical velocity com-
ponents. This is expected given that the subfilter flux is

not a large term in the vertical velocity budget (although
it is crucial for the stability of the two-fluid equations;
Thuburn et al., 2019). The 2FSCM is more sensitive to the
other Mellor–Yamada coefficients such as AMY

2 , which con-
trols the subfilter fluxes of the other scalar quantities. A
decrease in the subfilter moisture flux (due to a smaller
AMY

2 ) is responsible for a reduction in the cloud fraction.
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F I G U R E 9 The sensitivity of the 2FSCM to the tunable parameters from entrainment/detrainment processes
(

bPROC
𝜓,i𝑗 and PROC

)
and

the subfilter-scale closures
(

AMY
i and BMY

i

)
. The sensitivities for the mean cloud fraction (circles), mean cloud-base height (squares), and

mean cloud-top height (triangles) are shown. Each parameter has been perturbed by up to ±15% from the base values displayed in each
subplot heading [Colour figure can be viewed at wileyonlinelibrary.com]

It should be noted that the sensitivities for the TKE dis-
sipation time-scale (BMY

1 ) are similar to those of AMY
2 in all

scenarios. This is because the eddy diffusivity is propor-
tional to the TKE as well as AMY

2 . Given that BMY
1 controls

the dissipation of the TKE, it proportionately affects the
diffusivity of the scalar quantities relative to AMY

2 . It is also
important to note that the nonlinear nature of this sensi-
tivity is not surprising, because the TKE is tightly coupled
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to various properties and processes, including covariances,
diffusivity, entrainment, and detrainment.

5 VERIFICATION WITH THE
BOMEX CASE

Although the 2FSCM has been trialled successfully on the
ARM case, an additional case study should be tested that
has not been used to tune the model. The BOMEX case
(Holland and Rasmusson, 1973; Nitta and Esbensen, 1974)
presents different challenges compared with the ARM
case, including the following.

• The BOMEX case study is located over sea instead of
land, resulting in higher surface latent heat flux relative
to the surface sensible heat flux. This will test whether
the tuning of the model is applicable for a wide range of
conditions.

• The surface fluxes are constant, rather than diurnally
varying. This will test whether the model is able to
maintain a steady state.

• The BOMEX case has various large-scale forcings that
help maintain a quasisteady state. These terms (which
are negligible in the ARM case) include large-scale
subsidence, large-scale horizontal advection (which
removes moisture from the domain), and radiative cool-
ing. The magnitudes of these forcing terms are dis-
cussed in detail in Siebesma and Cuijpers (1995) and
Siebesma et al. (2003), and all of the relevant terms have
been included in the LES and 2FSCM simulations.

The MONC LES model used for the ARM case is also used
for the BOMEX case. The horizontal domain is changed to
12.8 × 12.8 km2 and the simulation is run for 6 hr.

Figure 2b shows the cloud evolution for both the LES
and 2FSCM simulations. The LES profile shows a spin-up
phase for the first hour of the simulation, after which a
steady state is reached. Temporary peaks in the LES cloud
fraction are due to individual clouds skewing the profile.
The cloud base and cloud top are maintained at approxi-
mately 0.5 and 2.0 km respectively, at the 0.1% level. The
2FSCM has a 20% faster spin-up time and maintains a
similar cloud base and cloud top. There is a marginal
increase in the cloud base by 50 m over the course of the
six-hour simulation, similar to the ARM case. As discussed
in Section 4.3, this is due to the boundary layer drying too
quickly. The peak cloud fraction at cloud base is 10% lower
after 6 hr relative to the LES.

The vertical profiles for the BOMEX case after 6 hr are
shown in Figure 10—these profiles change little between
hours 5 and 6 in the 2FSCM. As with the ARM case, the

boundary-layer volume fraction is modelled accurately in
the 2FSCM, but the detrainment is slightly too strong in
the upper cloud layer, with insufficient entrainment to
compensate. Many of the cloud-layer properties are too
large, including w2, ql,2, kSF,2, and the fluid 2 variances,
partially due to the lower fluid 2 volume fraction above
1 km. Despite this, the mass-weighted fluid 2 properties
are being predicted correctly, including the mass flux,
mass-weighted liquid water, and the resolved fluxes.

These results demonstrate that the 2FSCM is able to
capture the physical processes of the moist convective
boundary layer for a variety of different cases. Initiation
and termination of shallow cumulus clouds are also mod-
elled accurately. Nevertheless, it is clear that some of the
biases observed in the ARM case are also present for the
BOMEX case.

6 CONCLUSION

This study closes the entrainment and detrainment for-
mulations of the two-fluid single-column model from
Thuburn et al., (2022a; 2022b) by using LES data to diag-
nose the expected properties of entrained and detrained
air. Other coefficients, such as the Mellor–Yamada
parameters and the mixing rates, were guided using
a gradient-descent algorithm that minimized the
root-mean-square error of the cloud fraction and other
mean profiles of the convective fluid. All coefficients were
tuned for the diurnally varying ARM shallow cumulus
case. The same model configuration was later used for the
steady-state BOMEX case.

The two-fluid model was able to model accurately the
initiation, evolution, and termination (where applicable)
of shallow cumulus clouds for both case studies. Using
the entrainment and detrainment coefficients displayed
in Figure 9, the 2FSCM was able to reproduce the mean
and turbulent profiles that were diagnosed from the LES
data, particularly in the boundary layer and lower-cloud
layer. The sensitivity study highlights the tight coupling
and complexity of some of the feedbacks that operate in
the 2FSCM. The results also provide valuable informa-
tion that will help to improve the model formulation in
future.

Results from the ARM and BOMEX simulations have
also helped to identify some limitations of the current
formulation of the 2FSCM.

• The model has a bias that causes excessive warming,
drying, and deepening of the boundary layer (a phe-
nomenon noted in other single-column model studies
such as Neggers et al., 2004; Lenderink et al., 2004),
because of excessive vertical mixing at the top of the
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MCINTYRE et al. 17

F I G U R E 10 Vertical profiles of the mass-flux-related fields (top), scalar fluid properties (middle), and higher-order moment quantities
(bottom) for the BOMEX case in a quasisteady state. Conditionally averaged profiles from the LES are given by the solid lines, and the 2FSCM
profiles are given by the dashed lines [Colour figure can be viewed at wileyonlinelibrary.com]

boundary layer. As such, the cloud fraction is too low,
the height of the cloud base increases too quickly, and
the convective clouds terminate slightly too soon. In
future studies, additional terms in the higher-order
moment equations will be investigated that represent
the fallback of overshooting thermals into the boundary
layer, which may help reduce the loss of boundary-layer
moisture.

• The quantity of liquid water in the fluid 2 cloud layer
is not dilute enough, which could cause inaccuracies
in microphysics schemes that are tightly coupled to
the level of saturation. Various diagnostics suggest that

there is insufficient entrainment in the cloud layer,
resulting in an updraft that is too buoyant and exces-
sively moist.

• This article has placed a significant emphasis on the
budgets of the thermodynamic quantities. There is also
a need to investigate and improve the momentum bud-
gets (with a particular focus on the horizontal veloci-
ties). Obvious next steps would be to include horizontal
drag terms, analogous to the vertical drag terms i used
here, or to introduce pressure differences between flu-
ids, such as those used in (Weller et al., 2020; Shipley
et al., 2022).
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• The current model formulation does not currently take
into account the varying properties of multiple plumes
that are present at the same time. There are at least two
ways such differences could be taken into account. One
is through more sophisticated entrainment and detrain-
ment schemes that use suitable assumed distributions
of subplume and interplume properties (such as Neg-
gers, 2015). Another is through the inclusion of multiple
plume types as additional fluids.

This study has demonstrated that shallow convection
can be modelled if the relabelled fluid properties are rep-
resented accurately; here we have used LES diagnostics to
constrain a simple “interpolation” model for these terms.
However, future studies will focus on a unified and more
physically based entrainment/detrainment scheme that
uses probability density functions and higher-order terms
to predict the relabelled fluid properties when entrainment
or detrainment occurs.

Realizing the potential of the two-fluid approach will
require its application in two- and three-dimensional mod-
els. The single-column model documented here is a neces-
sary step towards the development of such a model.
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