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Abstract: The modular structure of the boundary layer and convection parameterizations in
atmospheric models have long been affecting the numerical representation of subgrid-scale motions
and their mutual interactions. A promising alternative, the eddy-diffusivity/mass-flux approach
(EDMF), has the potential for unifying the existing formulations into a consistent scheme and
improving some of the long-standing issues. This study documents a step towards developing such
a unified approach by implementing a stochastic multi-plume EDMF scheme into the Community
Atmosphere Model (Version 5.0). Its performance in single-column mode is evaluated against the
control parameterization and large-eddy simulation (LES) for two benchmark cases: marine and
continental shallow convection. Overall, the results for the two parameterizations agree well with
each other and with LES in terms of mean profiles of moist conserved variables and their vertical
fluxes, as well as the updraft properties. However, systematic differences between the two schemes,
especially for transient continental convection, are also documented. Using EDMF helps improve
some of the parameterized features of shallow convection. In particular, for the highest tested vertical
resolution, the EDMF cloud base and top heights and the vertical fluxes of energy and water are
remarkably close to LES.

Keywords: planetary boundary layer; shallow convection; coarse-resolution atmospheric models;
eddy-diffusivity/mass-flux approach; unified convection parameterizations

1. Introduction

A fundamental difficulty in the coarse-resolution modeling of atmospheric subgrid-scale transport
by weather and climate models is to optimize the complexity of its parameterizations: it should be
high enough to facilitate a realistic representation of large-scale turbulence effects, yet low enough to
limit their impact on available computational power. As different types of atmospheric motions exhibit
different dominant features, they can be differently parameterized. Consequently, general circulation
models (GCMs) tend to split them into several generic regimes: planetary boundary layer, shallow
convection, and deep convection.

This modularity is also present in the Community Atmosphere Model (CAM; in this paper, we
use the 5.0 version of CAM, also referred to as CAM5), which serves as a testbed for the current
study. Merging all the regimes/modules together requires formulating criteria for their activations
(i.e., trigger functions) and for their harmonic interactions (e.g., closure techniques). Additional
complexity comes with cloud microphysics, which has to be properly handled by these schemes.
An important drawback to modular parameterizations is that representing different types of convection
within a grid box, or smooth and continuous transitions between different regimes, can be significantly
impeded [1,2].
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Historically, the development of convection parameterizations was largely motivated by the
hot-tower hypothesis [3] proposed to explain the transport of moist static energy into the upper
troposphere. Since then, different approaches have been proposed (for a review, see [4]), with the most
popular one based on the mass-flux concept [5–7]. For this approach, the non-local vertical transport
is solely controlled by the well-organized convective structures. The planetary boundary layer
parameterizations, on the other hand, are commonly represented using the eddy-diffusivity approach.

In this paper, we use a unified approach to modeling subgrid transport in GCMs, the
eddy-diffusivity/mass-flux (EDMF) parameterization [8–13], which has the potential to reduce the
modularity and complexity of the parameterization algorithms significantly. Its main advantage is the
ability to represent simultaneously boundary layer turbulence and different types of convection within
a grid box, as modeled by a spectrum of plumes developing in a turbulent environment, without any
arbitrary separation among the regimes. As a result, it removes the need for using closure techniques to
determine interactions between the modules representing different processes (e.g., cloud base closure
for coupling the dry boundary layer and the moist convective layer aloft [14]). In addition, for the
process-splitting models [15] (such as CAM), it helps avoid the problems associated with determining
an order in which the parameterizations/modules need to be called.

It should be mentioned that other approaches have been proposed to date to unify the
representation of boundary layer and convection in GCMs. For example, two different unified
parameterizations have been implemented in CAM: UNICON [16] and CLUBB [17]. The UNICON
scheme employs the mass-flux approach and unifies shallow and deep convection. The CLUBB scheme
imposes double-Gaussian distributions to represent subgrid variability to unify the boundary layer and
shallow convection. This particular scheme includes several additional prognostic equations for higher
moments of the model variables, which increases the scheme’s complexity and computational cost.

In this work, the multi-plume EDMF scheme is implemented in the CAM’s computational
framework by replacing the original shallow convection module and merging the new one with
the turbulence module. It is further tested in a single column model (SCM) configuration for two
shallow-convection cases: the Barbados Oceanographic and Meteorological Experiment (BOMEX)
and the Atmospheric Radiation Measurement (ARM) Program, which represent, respectively,
quasi-stationary (i.e., marine) and diurnal (i.e., continental) shallow convection. Results of the
simulations are compared against the original set of CAM’s parameterizations, as well as large-eddy
simulation (LES).

The paper is organized as follows: Section 2 describes key features of the implemented EDMF
scheme. The setup of the experiments is given in Section 3, and the results are presented in Section 4
(for the BOMEX case) and Section 5 (for the ARM case). The summary and conclusions are provided in
Section 6. Technical details on the implementation of the new scheme into CAM’s numerical framework
are given in the Appendix A.

2. Stochastic Multi-Plume EDMF Scheme

In the multi-plume eddy-diffusivity/mass-flux approach, the vertical subgrid turbulent transport
is split into the local (ED) and non-local (MF) contributions:

w′ψ′ = −Kψ
∂ψ

∂z
+

I

∑
i=1

aiwi(ψi − ψ), (1)

where ψ is the transported quantity, w the vertical velocity, K the eddy-diffusivity/viscosity coefficient
for the local transport, i the index of the ith updraft (and thus, ai, wi, and ψi refer to the values for the ith
updraft), I the total number of updrafts (here, I = 20, which is sufficient to minimize the sensitivity of
the results to I, as shown in [18]), ai the updraft area, and primes denote deviations from the grid-mean
values denoted with overbars. Below, we describe how the two components are parameterized.
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2.1. Mass-Flux Parameterization

The mass-flux formulation follows [18], neglecting the non-local transport within the environment.
The updrafts are rooted at the surface, regardless of the model’s resolution, and extend up to the level
of vanishing vertical velocity. They can saturate and produce condensed water, with the associated
latent heating contributing to the buoyancy (the implemented version does not allow for rain formation
since the study only focuses on the dry and shallow convection). Their properties are controlled by two
factors: surface conditions and lateral entrainment. Surface conditions determine the initial buoyancy
and vertical velocity of an updraft and are sampled from the right tails of the prescribed joint-normal
probability density functions (PDFs) of the temperature, water vapor mixing ratio, and vertical velocity.
Therefore, the underlying assumption is that the updrafts are formed by the most buoyant/energetic
portions of the near-surface air [19]. In the model, the plumes are assumed horizontally homogeneous
and interact with the properties of grid-mean fields via entrainment and buoyancy [20].

Given the state of the atmosphere the updrafts/plumes are assumed to be fully-developed and
stationary. This means that temporal development of the plumes is not explicitly represented, and
their ensembles at different time steps are not correlated. In particular, the number of updrafts used to
represent convection can also change in time. The updrafts are designed to transport moist-conserved
thermodynamic variables (i.e., liquid water potential temperature θl and total water mixing ratio qt),
horizontal momentum, and optionally, other fields. Note that, in general, the two thermodynamic
variables do not account for the precipitating water, which has to be treated separately due to
sedimentation, yielding additional sources for θl and qt [18].

Based on the rising parcel model for cumulus towers [21], the updraft properties required in
Equation (1) are obtained from a steady-state plume equation describing the behavior of a transported
variable ψi with height:

∂ψi
∂z

= εi(ψ− ψi) +
Sψ,i

wi
, (2)

where εi is the entrainment rate profile for the ith updraft, the first term on the r.h.s. represents the
dilution by lateral entrainment, while the second term combines all other sink/source terms for ψi
(e.g., precipitation for thermodynamic variables or pressure gradient force for horizontal momentum,
as shown in [22]). To integrate this equation, one needs to know the associated vertical velocity profile
wi and the boundary condition for ψi at the surface.

The updraft vertical velocity equation can be obtained from Equation (2), using an additional
parameterization of the pressure effects, and is given by (e.g., [11]):

1
2

∂w2
i

∂z
= aBi − bεiw2

i , (3)

where a = 1 and b = 1.5 (cf. [13,23]), Bi is the plume’s buoyancy (i.e., the excess of its density
temperature over the environmental value), and the last term is a combination of the entrainment and
the form drag suppressing the vertical motion. As mentioned above, surface conditions needed for
integrating Equation (3) come from the assumed PDF for w, while those for integrating Equation (2)
are from the corresponding PDFs for moisture and temperature. The horizontal area of each updraft is
for convenience assumed constant with height and defined by the relative area of the associated bin
from the near-surface velocity distribution. Therefore, total surface updraft area is equivalent to the
fractional area of the PDF used to initiate the plume ensemble. Changes in the total updraft area aloft
depend on the number of plumes that survive up to a certain height. The fraction of the PDFs that is
used to initiate the plumes is fixed at around 15%.

Following [24], lateral entrainment, which controls the rate of dilution of the transported
quantities, is parameterized as a stochastic process. The vertical profile of the entrainment rate
is given by a random sequence of discrete entrainment events, independently calculated for each



Atmosphere 2019, 10, 484 4 of 20

plume. The number of entrainment events depends on the distance ∆z traveled by the plume and is
given by:

εi(∆z) =
E0

∆z
P

(
∆z
L0

)
, (4)

where E0 is the intensity of an entrainment event defined as a fraction of the plume mass flux, L0 is
the entrainment length, and P the Poisson distribution describing a random number of entrainment
events occurring along the distance ∆z. Here, E0 is set to 0.15, and the entrainment length is a function
of the cloud layer thickness (taken from the previous time step):

L0 = max (L00, a0(zt − zb)) , (5)

where L00 = 40 m, a0 = 0.1, and zt and zb are the cloud top and bottom heights, respectively.
This translates into smaller entrainment rates for deeper clouds [13,25,26]. We also tested a fixed
value for L0, as in other EDMF studies, although the results were less consistent with LES.

Variability among the plumes is ensured by using both different boundary conditions for
integrating their properties in the vertical and stochastic entrainment [18]. The multi-plume approach
does not require any additional closures that are rather common in other types of convection
parameterizations (e.g., [5,6]). Moreover, since different types of convection can co-exist within
a subgrid domain, there is no need for an arbitrary separation of atmospheric convection into shallow
or dry convection (i.e., dry updrafts can continue rising as moist updrafts upon favorable conditions),
as is the case for the default CAM configuration.

2.2. Eddy-Diffusivity Parameterization

A complementary part of the EDMF scheme is the eddy-diffusivity parameterization of the local
transport outside of convective plumes. Of several different diagnostic eddy-diffusivity schemes
available in CAM, we chose the Holstag-Boville-Rash (HBR) scheme, which is an extension of [27], as
it performs best for the current model configuration. Note that in previous implementations of the
multi-plume model [13,18], the ED part was based on the prognostic equation for turbulent kinetic
energy, which is not the case for the selected scheme.

In the diagnostic HBR scheme, two regions are distinguished that are characterized by different
exchange coefficients: free troposphere and boundary layer. The free-tropospheric coefficients for heat,
moisture, and momentum are defined using a standard formulation based on the Richardson number:

K = l2S f (Ri) , (6)

where l is the mixing length, S denotes the magnitude of the vertical shear of horizontal wind, and Ri
is the gradient Richardson number:

Ri =
g
θv

∂θv/∂z
S2 , (7)

where g is the acceleration of gravity and θv denotes virtual potential temperature. The function of the
Richardson number, which is different for scalars and momentum, follows [27].

For the boundary layer, the exchange coefficients are calculated using:

K = κwtz
(

1− z
H

)2
, (8)

where κ is the von Karman constant, wt denotes a characteristic turbulent velocity scale (different for
scalars and momentum), and H is the boundary layer height. The exact formulations of wt and H can
also be found in [27]. The HBR scheme additionally modifies K at the boundary layer top into:

K =
0.2

(
w3∗ + 5u3∗

)
Bge

, (9)
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where w∗ and u∗ are the vertical and horizontal velocity scales [28,29], and

Bge =
g
θv

∂θv

∂z
H (10)

is called the buoyancy gradient enhancement. This correction helps provide a smoother transition
for the mixing coefficients between the dry and moist layers, which in the original EDMF version
is provided by a TKE closure modified to match LES results [18]. Note that the vertical profile of K
within the boundary layer has a cubic shape with the maximum at around one third of the layer height.
The default HBR scheme accounts for non-local transport via the counter-gradient term; however,
this option is switched off to avoid double-counting since the counter-gradient transport is already
represented by the mass-flux component.

3. Setup of the Experiments

3.1. Configuration Overview

The numerical experiments simulated in this study included two well-known benchmark studies:
BOMEX [30] and ARM [31]. The BOMEX case represents shallow quasi-stationary non-precipitating
convection over the ocean, while the ARM case is an example of continental convection driven by
the diurnal cycle of surface fluxes. For each case, we ran three simulations using 30, 60, and 120
stretched vertical levels, with a 300-s time step. The chosen spatial and temporal resolutions were a
subset of CAM’s standard values. Time integration for the BOMEX and ARM cases was 6 and 14.5 h,
respectively. The precipitation formation was switched off since the analyzed cases are known to
be virtually unaffected by this process. The CAM’s configuration remained unchanged for all the
simulations, both for EDMF and the default convection scheme, the latter briefly described next.

3.2. Reference Models

As a reference, we used both the default CAM5 configuration and large-eddy simulations. The LES
results for BOMEX were produced by an ensemble of models [30] and are widely used for the
evaluation and basic calibration of convection parameterizations. Additionally, LES results for ARM
were produced by the Jet Propulsion Laboratory LES model [32] following the setup described in [31].

The default CAM configuration employed the University of Washington shallow convection [33]
and moist turbulence [33] parameterizations (SHUW hereafter), the latter diagnosing local mixing
both in the subcloud and cloud layers. The SHUW scheme models convection as a bulk
entraining-detraining plume. The plume was initialized at the cloud base with the help of a closure
using the integrated turbulent kinetic energy in the boundary layer and convection inhibition integrated
from the boundary layer top to the level of free convection. The entrainment and detrainment rates
were calculated using a buoyancy-sorting algorithm. The scheme included the parameterization of
penetrative entrainment in the overshooting zone. The updraft fraction area was not allowed to exceed
0.1, and the condensed cloud water within the core was limited by 1.5 g kg−1. The convective fluxes
in the boundary layer were reconstructed using a cumulus ventilation procedure. The operational
default CAM5 configuration that was used in this study employs a default set of parameters, and thus,
its performance may be different from that shown in other studies (e.g., [34,35]).

4. Results: Steady-State Marine Convection

For the BOMEX case, we analyzed solutions averaged over the last three simulation hours as
in [16]. The convective boundary layer, which includes the subcloud and cloud layers, was resolved in
CAM with 9, 17, and 33 levels for the three applied resolutions (i.e., 30, 60, and 120 levels). The subcloud
layer itself was resolved with 4, 7, and 13 levels, respectively. A quasi-steady solution was reached by
a near-balance between turbulence, subsidence, and large-scale forcings of temperature and moisture.



Atmosphere 2019, 10, 484 6 of 20

4.1. Thermodynamic Profiles

Figure 1 shows the mean profiles of liquid water potential temperature and total water mixing
ratio from the three models compared. The simulated profiles agreed well across the resolutions with
only small differences between them regarding mostly the cloud layer. Specifically, SHUW tended to
transport slightly more heat and moisture into the upper part of the cloud layer (extending between
500 m and 1800–1900 m), as was also documented in [16]. This led to a decreased amount of moisture
and increased liquid water potential temperature below 1500 m. On the other hand, EDMF tended
to provide slightly stronger transport in the subcloud layer with a larger accumulation of water near
below 1500 m. For the higher vertical resolution simulations, the EDMF results were closer to LES.
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Figure 1. Mean profiles of (left column) liquid water potential temperature and (right column)
total water mixing ratio for the BOMEX case, averaged over the last three simulation hours, from
the Community Atmosphere Model (CAM) using either the default (SHUW) or the new (EDMF)
parameterizations and from LES. Each row represents the results for a different number of model levels
as indicated by the title. The cloud base from LES is denoted with dashed gray lines.

4.2. Thermodynamic Subgrid Vertical Flux Profiles

The simulated consistency of the heat and moisture profiles (Figure 1) resulted from the consistent
subgrid turbulent fluxes of these quantities (Figure 2; contributions from the mass-flux transport alone
are also shown). The single-column model results mostly fell within the envelope of the LES ensemble
defined as the range between the first and the third quartiles. Their bottom boundary values were
determined by the prescribed surface fluxes, to which they smoothly converged.
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30 levels

60 levels

120 levels

Figure 2. Mean profiles of the vertical fluxes of (left column) liquid water potential temperature and
(right column) the total water mixing ratio for the BOMEX case, averaged over the last three simulation
hours, from the CAM model using either the default (SHUW) or the new (EDMF) parameterizations
and from LES. The green shading denotes the spread of the LES results. The dashed lines mark the
mass flux contribution. Each row represents the results for a different number of model levels as
indicated by the title. The cloud base is at around 500 m.

In the subcloud layer, the transport was clearly dominated by local turbulence, which became
practically negligible in the cloud layer. Note that the non-local part for SHUW was reconstructed
below the cloud base (as explained in [33]), while for EDMF, it was explicitly represented by dry
(i.e., unsaturated) updrafts that could saturate above. As a consequence, it linearly grew with height
for SHUW regardless of the resolution. For EDMF, however, it grew with a height similar to SHUW
only at the coarsest resolution, but remained relatively constant above the surface layer at the finest
resolution. The relative contribution of the non-local part depended on the intensity of local turbulence
and increased/decreased as the eddy-diffusivity coefficient was arbitrarily decreased/increased (not
shown). This mechanism of self-adjustment made the EDMF results relatively robust to changes in the
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magnitude of the local term within the range of a few tens of percent. Similar results were previously
reported by [36]. Note, however, that the robustness of the results regarded the intensity of local
turbulence within the well-mixed layer, given a certain profile of the turbulent mixing coefficients.
For different profiles, these interactions at the top of the boundary layer may be different depending
on the strength of turbulent mixing in the conditionally unstable layer.

In the cloud layer, EDMF tended to simulate slightly larger fluxes of moisture and more negative
fluxes of liquid water potential temperature below 1500 m. The relationship reversed above, leading to
the observed differences in the mean profiles of moist-conserved variables from Figure 1. The vertical
range of the parameterized convection tended to decrease for finer resolutions.

4.3. Updraft Properties

Since turbulent transport in the cloud layer was dominated by the mass flux associated with
updrafts; here, we compare basic updraft properties to evaluate how this aspect of convection is
represented by the two parameterizations. The reference LES models from [30] define the updrafts
as grid points with positive buoyancy (with respect to the horizontal mean) that contain cloud water,
which are considered to belong to cloud cores. Additionally, they also define cloud regions that do
not need to be positively buoyant. Conditionally-sampled properties of these two types of air yielded
the cloud-core means and the cloud means that were previously used to constrain the parameterized
updraft properties [13,36,37].

Figure 3 compares the following updraft properties: updraft area, vertical velocity, liquid water
mixing ratio, and the excess of the total water mixing ratio and liquid water potential temperature
over the grid-mean values. For SHUW, the properties always describe a single bulk updraft, while
for EDMF they represent the area-weighted average over the saturated updrafts that still exist at a
given height.

Profiles of the updraft area between SHUW and EDMF differed most notably around the cloud
base height (where the bulk updraft was initialized), as the former always reached 0.1 (i.e., the
configurable maximum allowed by the scheme). The SHUW updraft area abruptly decreased aloft to
follow the cloud-core means from LES in a similar fashion for the three applied resolutions. On the
contrary, EDMF simulated much smaller cloud-base maxima falling between the cloud-core means
and the cloud means from LES, with their values aloft remaining closer to the cloud mean profiles.
It should be reminded that the fractional areas of individual updrafts in EDMF were fixed at the values
prescribed at the surface from the right tail of the near-surface distribution of vertical velocity [18].
Since the total updraft area was defined as a sum of their fractional areas, it can only change if
the number of saturated ensemble members changes with height (i.e., terminates or evaporates all
condensed water).

The vertical velocity profiles showed that the smallest differences between EDMF and SHUW
occurred around the cloud base, where the spread of LES values was also the smallest. The differences
significantly amplified with height as the growth rate for EDMF was much lower than for SHUW.
Consequently, the EDMF profiles followed the cloud means, for all three resolutions, while the SHUW
profiles followed, or even slightly exceeded, the cloud-core means. Note that although the bulk updraft
area for SHUW dropped to almost zero above 1500 m, the actual termination level was much higher,
as indicated by the vertical range of the profiles. Although the upper part of the updraft was less
important for the mass flux due to only a residual updraft area there, SHUW tended to develop deeper
convective layers than EDMF and LES. Because the vertical mass-flux was a product of the updraft
area and the velocity, the above-described differences between SHUW and EDMF largely canceled
each other out, and the resulting mass flux was comparable for the two models (not shown).
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30 levels

60 levels

120 levels

Figure 3. Mean profiles of the updraft properties (from left to right): updraft area, vertical velocity,
updraft cloud water mixing ratio, total water excess, liquid water potential temperature excess)
averaged over the last three hours of simulation, from the CAM model using either the default (SHUW)
or the new (EDMF) parameterizations, as well as from LES. The green shading denotes the differences
between the LES profiles for cloud cores (continuous lines) and whole clouds (dashed lines). Each row
represents the results for a different number of model levels as indicated by the title.

The profiles of the liquid water mixing ratio were fairly similar to those for the vertical velocity.
Mean values and the spread of the LES results were zero at the cloud base and gradually increased
above it. Contrary to the vertical velocity, however, the cloud-core values and the cloud values both
monotonically grew throughout the entire layer. This behavior was also captured by the single-column
models, with the EDMF profiles being closer to the cloud values and the SHUW profiles closer to the
cloud-core values. The SHUW profiles saturated at 1.5 g kg−1, as dictated by the configurable limit for
that parameterization, with the excess of water detrained into the environment.

Finally, profiles of the excess of moist-conserved variables largely followed the LES results, which
were characterized by a notably smaller spread than the distributions of vertical velocity and updraft
liquid water mixing ratio. Interestingly, SHUW remained more consistent in terms of total water
mixing ratio, while EDMF more closely followed LESs for liquid water potential temperature, with
neither of the models representing all the analyzed features perfectly. Overall, however, EDMF tended
to be closer to LES than SHUW, which may be important for coupling the scheme with microphysics
that is sensitive to the details of updraft dynamics and thermodynamics.

5. Results: Diurnal Cycle of Continental Convection

For the ARM case, convection was forced by the surface fluxes of heat and moisture
that became positive after 11:30 UTC (5:30 local time), peaked between 18:30 and 19:30 UTC
(12:30–13:30 local time), and decreased in the local evening [31]. Due to the large changes in the
forcings and the lack of a steady-state solution, the case was generally more challenging to simulate by
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single-column parameterizations [31,36], partly also due to changing interactions between the local
and non-local turbulence.

5.1. Convective Layer Evolution

Figure 4 shows time series of the cloud base and cloud top heights from SHUW, EDMF, and
LES, for the three applied resolutions. Two significant differences between EDMF and SHUW were
apparent: the timing of moist convection and its vertical extent. Other differences included a higher
cloud base for EDMF in the last several hours (for the lowest resolution) and a stronger sensitivity of
the EDMF results to changes in the resolution.
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Figure 4. Evolutions of the convective cloud base (crosses) and top (dots) heights, from the CAM
model using either the default (SHUW) or the new (EDMF) parameterizations, as well as from LES.
Each row represents the results for a different number of model levels as indicated by the title.

To understand these differences, one needs to look into the design of the two parameterizations.
In the EDMF scheme, convective updrafts were formed when the surface buoyancy flux became
positive (i.e., in the early morning). Convection started developing from dry updrafts that gradually
deepened with time, and as soon as they reached the condensation level, shallow convection set in.
On the contrary, SHUW used a trigger function based on convective inhibition to control the timing
indirectly. These difference caused shallow convection to start roughly 1 h earlier (or 2 h later) for
EDMF (for SHUW) than for LES. For the vertical extent, this metric was defined in EDMF as the
height of the deepest moist updraft in the ensemble, while for SHUW was calculated as the level
where the moist bulk plume terminated. Note, however, that the range of convective updrafts was less
important for the vertical transport that primarily depended on the updraft area and vertical velocity,
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to be discussed later. A very promising result from the EDMF model was that, for the highest vertical
resolutions, the EDMF results for cloud base/top height were remarkably close to the LES results.
Their evolution was also smoother with time.

5.2. Thermodynamic Profiles

In Figures 5 and 6, mean profiles of the total water mixing ratio and liquid water potential
temperature are shown at four UTC times: 14:30, 17:30, 20:30, and 23:30 (i.e., 8:30, 11:30, 14:30, and
17:30 local time), as in [31]. Each profile represents an hourly mean (i.e., ±0.5 h) to reduce its temporal
variability. Given the increased complexity of the problem, the two single-column models simulated
the evolution of the profiles well, regardless of the resolution, although their discrepancy with respect
to LES was now bigger than for BOMEX.
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Figure 5. Mean profiles of total water mixing ratio for the ARM case at 14:30, 17:30, 20:30, 23:30 (UTC),
averaged over the last three simulation hours, from the CAM model using either the default (SHUW)
or the new (EDMF) parameterizations and from LES. Each row represents the results for a different
number of model levels as indicated by the title. The cloud base from LES is denoted with gray
dashed lines.
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Figure 6. As in Figure 5, but for liquid water potential temperature.

For the total water mixing ratio, moisture supply from the surface in the early simulation hours
tended to be most quickly transported upwards by EDMF, with the weakest transport by LES. However,
the ensemble LES results from ([31], Figure 4 therein) suggested that this transport should actually be
more efficient at that time than in our LES.At later times, EDMF tended to transport more moisture
from the subcloud layer into the cloud layer than SHUW did, but the efficiency of the transport in the
upper part of cloud layer was stronger for SHUW. This led to the accumulation of moisture between
1100 and 1500 m for EDMF at 23:30 UTC, which was most apparent at the finest resolution. A cloud
water deficiency of a similar magnitude between 1700 and 2200 m and a much larger accumulation
above 2500 m occurred for SHUW. The accumulation of moisture simulated by EDMF right above the
boundary layer strongly depended on the type of eddy-diffusivity parameterization used (not shown).

The behavior of the liquid water potential temperature profiles correlated well with that for the
moisture profiles. For instance, the most intense vertical transport around 14:30 UTC was simulated
by EDMF, resulting in the fastest deepening of the boundary layer at that time. Their final profiles
(i.e., at 23:30 UTC) were slightly cooler than for LES in the regions of moisture excess (between 1100 m
and 1500 m for EDMF and above 2500 m for SHUW) and warmer in the regions of moisture deficit
(mostly for SHUW, between 1700 m and 2200 m). It should be stressed that the simulated differences
between SHUW and EDMF for the thermodynamic fields were mostly within the spread of the LES
ensemble results from [31]. Note that [31] compared the potential temperature rather than liquid water
potential temperature, which generally resulted in a larger spread of the results due to the contribution
from liquid water. However, this contribution strongly decreased around 23:30 UTC. Moreover, the
spread in their LES ensemble results seemed comparable for both dry and moist parts of the convective
layer, with the largest differences for the vertical extent of convection.
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5.3. Parameterized Fluxes of Heat and Moisture

Mean profiles of the corresponding fluxes of moist-conserved variables are shown in
Figures 7 and 8. The spatial structure and the temporal changes of these fluxes provided an explanation
of the simulated structure and changes of the mean profiles. As for the BOMEX case, bottom
boundary conditions for the fluxes were prescribed, and the models smoothly converged to their
changing-in-time values.

30 levels

60 levels

120 levels

Figure 7. Mean profiles of the fluxes of total water mixing ratio for the ARMcase at 14:30, 17:30,
20:30, and 23:30 UTC, from the CAM model using either the default (SHUW) or the new (EDMF)
parameterizations and from LES. The dashed lines denote the mass flux contribution. Each row
represents the results for a different number of model levels as indicated by the title.
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30 levels

60 levels

120 levels

Figure 8. Same as in Figure 7, but for liquid water potential temperature.

The morning profiles (i.e., at 14:30 UTC or 9:30 local time) were typical for the development of dry
boundary layers. The fastest deepening of the layer for EDMF was the result of the largest entrainment
flux at its top. At that time, the entire SHUW contribution to the temperature and moisture fluxes
came from the local mixing, while for EDMF, it was already strongly affected by the dry mass-flux
transport. The three models yielded more consistent results at 17:30 UTC, when the relative EDMF
mass-flux contribution reduced and the local mixing intensified, while moist convection began to form
in SHUW. At 20:30 UTC, both the SHUW and EDMF profiles still agreed well with LES; however, the
former model decreased the mass-flux transport within the convective layer at the finest resolution.
Note that the mass-flux contribution reached its maximum at higher levels for EDMF than for SHUW,
but then dropped more rapidly with height, which is reflected in Figure 4 by a shallower cloud layer,
especially at the coarsest resolution. When convective activity strongly deceased at 23:30 UTC, the
magnitude of the EDMF convective transport in the subcloud and cloud layers became similar. On the
contrary, SHUW tended to produce much larger convective fluxes in the upper part of the convective
layer, especially at the finest resolution. The EDMF results were remarkably close to LES for the higher
vertical resolutions at the time of peak convection (20:30 UTC). This was due to a sufficiently large
number of levels within the cloud layer to represent the variability in the vertical range of the plumes.
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5.4. Updraft Properties

The comparison of the mean updraft properties (i.e., updraft area, vertical velocity, updraft liquid
water mixing ratio, and the excess of the total water mixing ratio and liquid water potential temperature
over the grid-mean values) between SHUW, EDMF, and LES for the three applied resolutions is shown
in Figures 9 and 10. The profiles represent hourly means around the times: 18:30 UTC and 20:30 UTC,
similarly to [31].

30 levels

60 levels

120 levels

Figure 9. Mean profiles of the updraft properties (from left to right): updraft area, vertical velocity,
updraft cloud water mixing ratio, total water excess, liquid water potential temperature excess) for the
ARM case at 18:30 UTC, from the CAM model using either the default (SHUW) or the new (EDMF)
parameterizations, as well as from LES. The green shading denotes the range of values from LES
between the cloud core (continuous line) and the whole cloud (dashed line). Each row represents the
results for a different number of model levels as indicated by the title.

The parameterized thermodynamic updraft properties largely followed the LES results and were
robust to the applied changes in the resolution for both parameterizations. The largest differences
regarded the mean dynamic properties: updraft area and vertical velocity, which was also documented
for the BOMEX case. Again, the SHUW updraft areas started from much larger values around the cloud
base, but more strongly decreased with height. Simultaneously, SHUW updraft velocity increased more
strongly, exceeding the cloud-core LES values at most of the model levels. On the other hand, EDMF
underestimated the updraft area near the cloud base, but vertical velocity was mostly in between
the cloud-core and the cloud values from LES. The large vertical velocity at the lowest level of the
cloud layer that occasionally appeared in the EDMF results was caused by strong and relatively moist
updrafts that reached their saturation level lower than most of the ensemble members. This velocity
decreased above when it was calculated over a larger ensemble (as seen by an increased updraft area).
Liquid water for EDMF remained within the LES envelope defined by the cloud-core and the cloud
values, while for SHUW, they were close, but mostly exceeded the LES maxima. Again, the cloud
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water limiters applied in SHUW did not allow the scheme to keep more than 1.5 gkg−1 in the bulk
updraft, which was less important for the mass flux above roughly 2500 m where the updraft area was
almost negligible.

30 levels

60 levels

120 levels

Figure 10. Same as in Figure 9, but at 20:30 UTC.

The cloud layer at 18:30 UTC was generally shallower than at 20:30 UTC, and the main difference
between these two times regarded reduced maximum updraft areas and stronger vertical velocities
at the later time that were qualitatively represented by the two parameterizations. The documented
differences between SHUW and EDMF in terms of the updraft properties seemed systematic as they
had the same sign and a similar magnitude for the two simulated convective cases.

6. Summary and Conclusions

This study documented an important step towards developing a unified parameterization of
subgrid atmospheric transport suitable for global circulation models. With the ultimate goal of
replacing the modular structure of currently-used parameterizations with a consistent scheme, we
tested the multi-plume eddy-diffusivity mass-flux (EDMF) parameterization that can simultaneously
represent different types of turbulent transport within the subgrid domain, here limited to dry and
moist shallow convection. The EDMF approach was devoid of arbitrary closures or trigger functions
typically used to merge different parameterizations. The new scheme was implemented in the
Community Atmosphere Model within the planetary boundary layer module. Hence, the original
diffusion solver was adapted to calculate both the eddy-diffusivity and mass-flux contributions
together. The single-column model version was used to simulate two shallow-convection cases:
maritime (BOMEX) and continental (ARM) ones. The results of the simulations were compared against
the default (modular) model configuration (SHUW), as well as large-eddy simulation (LES).

The results showed a good agreement of the implemented scheme both with the SHUW and
LES models as documented by the comparison of the mean profiles of moist conserved variables and
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their vertical fluxes and the properties of moist updrafts: updraft area, vertical velocity, condensed
water, and the excess of the total water mixing ratio and liquid water potential temperature over the
grid-mean values. The simulated differences between SHUW and EDMF mostly remained within the
envelope defined by the spread of LES results. The largest differences regarded much higher values of
the total updraft area for SHUW than for EDMF near the cloud base that more strongly decreased with
height. Correspondingly, the magnitude of vertical velocity for SHUW more strongly increased with
height. In this respect, EDMF agreed better with LES, although it somewhat underestimated cloud
cover around the cloud base.

One particularly interesting benefit of using the multi-plume EDMF parameterization was that it
more realistically represented some aspects of convection such as the timing and the vertical extent of
the cloud layer. Furthermore, contrary to the commonly-used approximation that the eddy-diffusivity
term is entirely responsible for the fluxes in the subcloud layer, the conducted experiments indicated a
notable contribution from the mass-flux term in that layer as well. The obtained results are encouraging
since the formulation of the EDMF parameterization offered a more consistent approach to simulating
atmospheric convection in a unified manner. Of note is the fact that the EDMF parameterization
was remarkably close to the LES results, for the highest resolution, for the cloud base and top height
evolution in the ARM case, and for the vertical temperature and water fluxes when convection was
more intense.

Building on this experience, we plan to extend the evaluation of the model performance to include
three-dimensional scenarios, after developing a microphysics scheme fully consistent with EDMF.
Another important aspect worth exploring is the numerical performance of the scheme and its optimal
coupling with the CAM’s framework. In the long term, the EDMF scheme is meant to include the deep
convection parameterization, as discussed in [38,39], with a potential scale adaptivity for the mass-flux
(cf. [40]) and eddy-diffusivity (cf. [41]) parts.
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Appendix A. Details of the EDMF Implementation in CAM5

We used the 5.0 version of the CAM model [42]. The vertical coordinate in CAM is a hybrid
sigma-pressure, with the model variables defined on a staggered C-grid. Hence, the velocity field is
defined on full levels, whereas other variables on mid-levels. The prognostic mean state variables, as
seen by the physics package, include dry static energy, water vapor, and liquid cloud mixing ratios
(and optionally ice and its precipitable forms needed for modeling deep convection), as well as the
two components of horizontal momentum. Within a time step, the parameterized physical processes
are split into several basic components that are called sequentially. For the simulations described in
this paper, we switched off the deep convection, microphysics, and radiation modules.

The EDMF parameterization was implemented in CAM’s turbulence module. As the module
is called, the default CAM’s thermodynamic variables (i.e., dry static energy and the water vapor
and liquid water mixing ratios) are converted into moist-conserved variables (i.e., total water mixing
ratio and liquid water potential temperature) defined in the re-mapped height-dependent coordinates.
The ED and MF parts were solved together using CAM’s implicit diffusion solver.
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To solve the EDMF equations, we used the same discretization scheme as in [36]. The mass-flux
properties were defined at full levels. To obtain CAM’s tendencies for the model variable ψ, one needs
to find the divergence of the vertical flux:

∂ψ

∂t
= g

∂

∂p

(
ρw′ψ′

)
, (A1)

where ρ is the air density and p the atmospheric pressure. Given the flux from of Equation (1), this
prognostic equation was discretized using the forward-in-time centered-in-space semi-implicit scheme:

ψt+1
l −ψt

l
∆t = g

∆pl

((
κt

l+1/2
∆ψt+1

l+1/2
∆pl+1/2

− κt
l−1/2

∆ψt+1
l−1/2

∆pl−1/2

)
+

(
At

l+1/2 − At
l−1/2

)
−

(
Bt

l+1/2ψt+1
l+1/2 − Bt

l−1/2ψt+1
l−1/2

))
, (A2)

where t and l denote the time and space levels, respectively, and:

κ = gaeρ2Kψ , (A3)

where ae = 1−∑i ai,
A = ρ ∑

i
aiwiψi , (A4)

B = ρ ∑
i

aiwi , (A5)

and:
∆pl = pl+1/2 − pl−1/2 , (A6)

∆ψl+1/2 = ψl+1 − ψl . (A7)

Equation (A2) then needs to be rearranged to the form that is used by the tri-diagonal diffusion
solver:

− alψ
t+1
l+1 + blψ

t+1
l − clψ

t+1
l−1 = dl , (A8)

where al , bl , and cl group the elements proportional to ψt+1 at three adjacent space levels: l − 1, l, and
l + 1, respectively, and dl includes the remaining elements. It should be noted that additional technical
issues may arise for more complex convective regimes that were not simulated in this study.
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