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Abstract The grey zone of dry convection is the range of scales in which boundary-layer
thermals are partly explicitly resolved by numerical weather prediction (NWP) models and
partly parametrized.We seek to determine how thermals are divided into subgrid and resolved
scales in the grey zone of convective boundary-layer thermals. Reference data for grid-scale
and subgrid-scale fields at these resolutions are constructed by filtering 62.5-m large-eddy
simulation data. A conditional sampling is adapted to detect subgrid thermals, and is used
to characterize the subgrid thermals at several grid spacings in the grey zone. A mass-flux
parametrization used inNWPmodels is comparedwith the subgrid thermal field. The analysis
demonstrates that, although the mass-flux framework is suitable in the grey zone, some
assumptions of the mass-flux schemes, usually used at the mesoscale, cannot be made in the
grey zone. In particular, the thermal fraction is not small, the resolved vertical velocity is not
negligible, the entrainment and detrainment rates depend on the horizontal resolution, the
triggering and the closure at the surface are moreover random.

Keywords Convective boundary layer · Grey zone · Large-eddy simulation · Mass-flux
scheme

1 Introduction

In the atmosphere, wind shear and buoyancy forces generate random eddy motions.
Atmospheric boundary-layer turbulent eddies range from the kilometric to the millimetric
scale and are currently well-represented by two types of model that differ from each other in
their horizontal grid size. On the one hand, in large-eddy simulations (LES) (Deardorff 1972)
in which the grid spacing is on the order of 10 m, the turbulence is mainly resolved,while the
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residual turbulence is generally assumed homogeneous and isotropic. This is parametrized
using the eddy diffusivity, which represents local mixing by small-scale turbulence. On the
other hand, in current numerical weather prediction (NWP) models, the turbulence is entirely
subgrid, thus entirely parametrized.

At these scales, the eddy diffusivity representation cannot represent the convective
boundary-layer (CBL) counter-gradient zone (Deardorff 1972). This zone is rather para-
metrized by methods such as the use of the counter-gradient (Deardorff 1972), the transilient
matrix (Stull 1984) or the mass-flux scheme (Hourdin et al. 2002; Siebesma et al. 2007).
Frech and Mahrt (1995) proposed splitting the fluxes into local and non-local parts and to
parametrize them separately. Although these so-called two-scale mixing formulations are
physically oversimplified, they are now often used in particular in the eddy-diffusivity/mass-
flux (EDMF) concept that consists of combining a mass-flux scheme representing the effect
of coherent structures with a parametrization for the small-scale turbulence based on eddy
diffusivity. For instance, in the Méso-NH model (Lafore et al. 1998), the EDMF concept
relies on the turbulence scheme of Cuxart et al. (2000) where the local turbulence is repre-
sented by an eddy diffusivity and the non-local turbulence is represented by the mass-flux
scheme of Pergaud et al. (2009) (hereafter PM09).

Increasingly, numerical mesoscale models are now operating at horizontal resolutions in
the range 500 m to 2 km, and in CBL cases, they therefore reach the range of resolution
termed “Terra Incognita” (Wyngaard 2004) also referred to as the “grey zone” of boundary-
layer thermals, for which the horizontal grid spacing is on the order of the size of the largest
boundary-layer turbulent structures (the convective thermals). At these scales, the largest
CBL structures are neither entirely resolved nor entirely subgrid.

By filtering LES, Honnert et al. (2011) constructed reference data providing the sub-
grid/resolved partitioning of fluxes and variances in convective cases. In fact, they showed
that this partitioning depends on Δx/(h + hc), where Δx is the horizontal grid spacing, h is
the boundary-layer height (defined as the height of the minimum of the buoyancy flux) and
hc is the height of the cloud layer (defined as the layer where the mean liquid water is larger
than 10−5g kg−1). These results have been confirmed and extended to cases with increas-
ing wind shear by Shin and Hong (2013). Using the reference partitioning, Honnert et al.
(2011) tested the various turbulence parametrizations of the Méso-NH model : varying the
mixing length of the turbulent kinetic energy (TKE) scheme, taking into account or not the
horizontal gradient (1D or 3D turbulence scheme (see Cuxart et al. (2000) for more details)
and activating or not a mass-flux scheme (Pergaud et al. 2009).

They showed that, whatever the configuration of the turbulence scheme, the grey zone
(0.2 ≤ Δx(h + hc) ≤ 2) is poorly represented, and the impact of the configuration is
undeniable. The activation of the mass-flux scheme has the most significant impact, and
when it is deactivated, the subgrid mixing is too weak, resulting in resolved structures that
are too large and too strong. In contrast, when the scheme is activated, the resolved variability
disappears, as the mass flux simulates the behaviour of several entirely subgrid structures
whereas it should simulate at least one partly resolved thermal. So, the representation of the
thermals appears to be the main problem in the grey zone, as thermals are partly resolved
and partly subgrid. Ideally, these parametrizations should be consistent with the large-scale
parametrization on the one hand, and with the LES parametrization on the other.

Using a mass-flux parametrization in the grey zone of CBL thermals remains attractive as
the size decomposition allows themass-flux contribution of the thermals to bemodified,while
the local eddy-diffusivity component remains unchanged. Note that the local eddy diffusivity
is also often used as a parametrization for the small-scale turbulence in LES, which suggests
that it should remain unchanged. Some assumptions of the mass-flux scheme in the grey
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zone of deep convection, i.e. the mesoscale (2–10 km), have been revisited by Arakawa et al.
(2011). They explained that the assumption of a small fractional area covered by convective
clouds in mass-flux parametrizations may not be verified in the grey zone of convection and
must be suppressed. They also showed that the mass-flux framework is adapted to the grey
zone of convection. A similar criticism and adaptation of the mass-flux scheme must be done
in the grey zone of CBL thermals. However, this requires determination of which part of the
thermal flux must be produced by the turbulence scheme, and therefore a definition of what
is a subgrid thermal in the grey zone of CBL thermals, which is the focus of this study.

Shin and Hong (2013) used conditional sampling in order to separate thermals in a LES
from their environment, and thus the local and non-local turbulent transport. Although their
work provides results on the non-local flux, it does not provide any information on the
structure of the thermal. Especially the exchanges of in-thermal air with the environment are
critical features for mass-flux parametrizations. The objective is thus to adapt a conditional
sampling to the grey zone in order to provide information on the subgrid thermals in the grey
zone and recommendations for future parametrizations.

The article is organized as follows: in Sect. 2, a conditional sampling is adapted to define
the subgrid thermal in the grey zone of CBL thermals. In Sect. 3, this new tool is used to
quantify the thermal characteristics, while Sect. 4 examines the validity of the mass-flux
scheme equations in the grey zone. Finally, Sect. 5 presents a summary.

2 Method and Tools

As shown by Honnert et al. (2011), in the grey zone, the default of mass-flux parametrization
schemes is to simulate entirely subgrid thermals even when very fine grids are used, while
part of the thermal effects should be resolved. To adapt mass-flux schemes at these resolu-
tions, we have to know the characteristics of the non-local turbulence that is still subgrid
in the grey zone. The question arises as to what defines a subgrid thermal in the grey zone
of CBL thermals. And first of all, how can subgrid thermals be detected? LES of the con-
vective boundary layer provides mainly resolved thermals, and these simulated thermals can
be isolated from their environment using conditional sampling. In our study, a conditional
sampling is adapted to detect the subgrid component of the thermals at a given grid spacing.
Notations are defined in Appendix 1.

2.1 Reference Data: LES

2.1.1 Model Description

The Méso-NH model (Lafore et al. 1998) is used to simulate CBL cases, with simulations
performed on a 16×16×5km3 domain. According to De Roode et al. (2004), the dominant
length scale in a clear CBL without moisture is on the order of (or twice) the boundary-layer
height; if clouds are included, the dominant length scale increases. Here, LES are performed
on a 16 × 16 km2 horizontal domain size, which is large enough to resolve large-scale
fluctuations, since the boundary-layer height is always <2.5 km. The horizontal grid size is
62.5 m. Vertical grid sizes vary depending on the simulated case, but the vertical grid spacing
is always <100 m in the CBL, so that the grid boxes are close to cubic. Initial profiles for
potential temperature,water vapourmixing ratio andwind speed, aswell as prescribed surface
fluxes, are derived from observations for the five experimental cases detailed in Sect. 2.1.2. A
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Table 1 Modelled CBLmean values over the duration of the simulations of: analysed duration, averaged CBL
height, averaged cloud-base height (ZCB), averaged surface buoyancy flux (H0v), averaged surface humidity
flux (E0), convective velocity scale (w∗), friction velocity (u∗), Obukhov length (LO ) and ratio of the averaged
CBL height over the Obukhov length

Duration h ZCB H0v E0 w∗ u∗ LO
−h
LO

(h) (m) (m) (m s−1K) (m s−1) (m s−1) (m s−1) (m)

IHOP2002 5 1046 0.17 6 × 10−5 1.78 0.29 −12 94

Wangara 4 1203 0.17 2 × 10−5 1.9 0.05 −0.11 4715

AMMA 4 1819 0.34 0 2.66 0.34 −10 225

BOMEX 8 580 540 0.08 5 × 10−5 0.52 0.28 −220 2.4

ARM 7 1076 1020 0.09 1 × 10−5 1.37 0.46 −8.3 10.9

tri-dimensional turbulence scheme using the Deardorff length scale (grid size, limited by the
stability (Cuxart et al. 2000) simulates the small three-dimensional eddies. The LES results
are used as a reference hereafter.

2.1.2 Benchmark Simulations

We use three dry CBL cases and two cases of the cumulus non-drizzling CBL. As attested
by the spread in boundary-layer height, surface fluxes, friction velocities, and Obukhov
length, presented in Table 1, these cases represent a large range of conditions. The first
case (IHOP) is derived from the International H2O project (Weckwerth et al. 2004), and
corresponds to a clear continental growing CBL reaching 1.5 km in height with low winds
and weak vertical shear (see Couvreux et al. 2005 for details). The second case (Wangara)
is derived from the Wangara campaign (Clarke et al. 1971), conducted in July and August
1967 at Hay, Australia. The last dry case (AMMA) is derived from the African Monsoon
Multidisciplinary Analysis field campaign (Redelsperger et al. 2006); it has a heat flux twice
as large as in the previous simulations (Canut et al. 2012). These cases have been extensively
validated against observations (see Couvreux et al. 2005; Canut et al. 2012). The first two
hours of all simulations are considered spin-up. Since the wind is strong at the beginning of
the AMMA simulation, the following 2 h are also removed from this case, as we wish to
focus solely on free convective conditions (−h/LO ≥ 50, with LO the Obukhov length as
defined by Deardorff 1972).

In addition, two cases of a cumulus-topped non-drizzling CBL are simulated. The first
case is derived from the Barbados Oceanographic and Meteorologic EXperiment (BOMEX)
and corresponds to oceanic shallow cumulus (Siebesma et al. 2003). The second is based on
an idealization of the experiment situated at the Southern Great Plains site of the Atmospheric
Radiation Measurement (ARM) Program ; Brown et al. (2002) presents this case of cloudy
convection over land.

2.1.3 Averaging Procedure

The horizontal grid spacing of theLES, 62.5m, ensures that themain turbulence structures are
resolved. To check that the turbulence wasmainly resolved, simulations have been performed
at heights of 62.5, 125, 250, and 500 m (not shown) and we have checked that the total TKE
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(a)

(b)

Fig. 1 a Schematic diagram presenting the different scales considered: D is the whole domain; Δx is the
grid length at which the diagnostics are calculated; J is a domain of Δx size; dx is the LES grid size; i and
j are respectively the indices of the LES grid and the Δx resolution grid; N is the number LES cells in D

and N j is the number LES cells in a J domain. b LES (IHOP case , 1400 LT, 500-m altitude) horizontal
cross-section and zoom of the thermal fraction αi (in white), the subgrid thermal fraction αu(Δx)i (in black)
and the environment (in red). See text for more details

reaches an asymptote when the grid mesh becomes smaller than 150 m in agreement with
Sullivan and Patton (2008), suggesting that a LES 62.5-m grid size is a good reference. This
is also in agreement with Cheng et al. (2009), who looked at the sensitivity to horizontal
grid spacing from 50 to 4000 m (Honnert et al. 2011). Results have been double checked
by comparing them to a LES at 31.25 m of the IHOP case (not shown). The fact that such
different simulations provided similar results is also a proof of the consistency of the data
(see Fig. 2). The resolved fields at a coarser resolution (Δx) are derived from the LES fields,
by averaging these fields over aΔx ×Δx horizontal domain at each vertical level (cf. Fig. 1a).
The thermals are mainly vertically coherent structures. Therefore, the 2D fields present a lot
of similarities from one level to the other ensuring that horizontal averaging is apprioriate
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Fig. 2 Ratio of the subgrid non-local flux and the total non-local flux of potential temperature calculated for
the CSgz approach of the whole domain as a function of the normalized horizontal resolution for the five LES
cases : IHOP at 1400 LT, AMMA at 1200 LT, ARM at 1000 LT, Wangara at 1400 LT and BOMEX at 1000
LT. Only altitudes between z = 0.2h and z = 0.8h are shown. Boxplots are indicated in blue with the mean
in dashed line. The curve fit of Shin and Hong (2013) (cf. Eq. 11) is shown in red

for our study. It provides resolved fields over grid spacings from 125 m to 8 km ; see also
Honnert et al. (2011) for more details.

2.2 Thermal Plume Detection

At the mesoscale, the thermal fraction is small (see large horizontal cross-section in Fig. 1b).
At resolutions in the grey zone of CBL thermals, the CBL thermal fraction can be large (see
large zoom in Fig. 1b) and at least a part of the updraft is resolved. In these conditions, the
parametrizations must be adapted to represent the characteristics of the subgrid thermal field
depending on the horizontal resolution. Here, we attempt to define these characteristics.

2.2.1 A Typical Conditional Sampling for Subgrid Thermals at the Mesoscale

Conditional samplings consider that LES grids are fine enough for their cells to be either
entirely occupied by a thermal or completely void of thermals. Thus, the fractional area of
the ith LES cell covered by a thermal (αi ) is either 1 or 0. In order to determine which cells
are “thermal” cells, the conditional sampling proposed by Couvreux et al. (2010) uses a
passive tracer (whose concentration is sv) emitted at the surface, and the vertical velocity
(w) to separate organized boundary-layer structures from their environment in LES of dry
or cloudy boundary layers. This sampling allows characterization of the convective thermals
from the surface to the top of the boundary layer in dry cases or the top of the clouds in
cloudy cases. In the following, this conditional sampling is referred to as CSmeso, and it is
defined as,
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αi = 1 if

{
sv′

i > max(σsv, σmin)

and wi > 0

αi = 0 otherwise (1)

where sv′
i = svi − <sv> is the anomaly of the concentration of the tracer, and <sv> is the

mean concentration of the scalar at a given vertical level,

<sv> = 1

N

∑
i∈D

svi , (2)

and where σsv is the standard deviation of the tracer concentration at a given vertical level
calculated over the whole LES domain (D) at each level. In particular,

σsv =
√

< (sv− < sv >)2 > =
√

1

N

∑
i∈D

(svi− < sv >)2, (3)

and σmin is a minimum threshold, defined as being directly proportional to the average
standard deviation of the tracer concentration at lower levels. CSmeso provides a thermal
fraction for the whole LES domain (D) at each level,

<α> = 1

N

∑
i∈D

αi . (4)

In the following, when CSmeso is used, the parameters or characteristics are noted as “ther-
mal”, i.e. the characteristics of the thermals in their entirety.

2.2.2 A Conditional Sampling for Subgrid Thermals in the Grey Zone

TheCSmeso approach (cf. Sect. 2.2.1) separates entire thermals from their environment. How-
ever, in the grey zone of CBL thermals, only a portion of the thermals must be parametrized
while the rest are resolved. Thus, the CSmeso approach does not allow a characterization of
subgrid thermals in the grey zone of CBL thermals. In order to detect the part of the thermals
that should be taken into account by the parametrization, this tool must be adapted to consider
only the part of the thermals that is not explicitly treated by the model. When the horizontal
grid spacing (Δx) of the model is in the grey zone, the subgrid part depends on Δx .

The CSmeso approach of Couvreux et al. (2010) considers that the LES cell is a thermal
cell when its tracer concentration is significantly larger than the tracer concentration over the
whole horizontal domain and when its vertical velocity is positive. Herein, we consider the
ith LES cell to be a cell of a “subgrid thermal” when its tracer concentration is significantly
larger than the resolved tracer concentration of the jth Δx resolution cell to which the ith cell
belongs to (cf. Fig. 1b), and when the vertical velocity is positive and larger than the resolved
vertical velocity at theΔx resolution. Consequently, the revised conditional sampling for the
grey zone (CSgz) is defined as,

αu(Δx)i = 1 if

⎧⎨
⎩
svi − sv j > max(σ ′

sv, σ
′
min)

and wi > 0
and wi − w j > 0

αu(Δx)i = 0 otherwise (5)
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where sv j and w j are the average values of the tracer concentration and vertical velocity,
respectively, over a jth cell of Δx × Δx m2 containing the ith LES cell (cf. Fig. 1b), with

sv j = 1

N j

∑
i∈J

svi . (6)

Now σ ′
sv is the standard deviation of the tracer concentration at a given vertical level relative

to the average value computed for the Δx cell. In particular,

σ ′
sv =

√
< (sv − sv)2 > =

√√√√ 1

N

∑
i∈D

(svi − 1

N j

∑
i∈J

svi )2, (7)

where σ ′
sv is the average standard deviation of the tracer concentration in each Δx cell that is

then averaged over thewhole horizontal domain. This formulation simplifies the computation,
as it is constant at one given vertical level. The direct use of the standard deviation of the

tracer concentration
√

((svi − sv j )2) provides similar conclusions for the thermal fraction
and vertical velocity (cf. Sects. 3.2 and 3.3) as the average standard deviation of Eq. 7
(not shown). However the subgrid thermal field is more fragmented, less thermal-like, and
does not provide the coherent entrainment/detrainment profiles shown in Sect. 3.6. σ ′

min is
the minimum threshold calculated as in CSmeso. Note that now the CSgz approach depends
on the horizontal resolution (Δx). In the following, when the CSgz approach is used, the
parameters or characteristics are noted as “subgrid thermal”, viz. the characteristics of the
subgrid thermals at one scale, as opposed to “thermal” characteristics calculated by theCSmeso

approach; αu(Δx)i is the subgrid thermal field at the ith LES cell, is at the LES resolution
but depends on Δx .

The field αu(Δx)i is shown in black in Fig. 1b and included into the α field in white in
Fig. 1b. In the following, the fields are calculated at the desired Δx resolution by averaging
the LES fields (cf. Sect. 2.1.3) over the N j LES cells that form a Δx cell (cf. Fig. 1a, b).
The quantity αu(Δx) j is the averaged value of αu(Δx)i over a Δx cell (cf. Fig. 1), and
αu(Δx) j ∈ [0, 1],

αu(Δx) j = 1

N j

∑
i∈J

αui . (8)

If φ is a variable, which can be the vertical velocity (w), the liquid potential temperature
(θl ) or the total water mixing ratio (q), φi is φ in the ith cell of the LES field. φu(Δx)i is
the value of φ of the subgrid thermals of the ith cell of the LES grid, calculated for the Δx
resolution. If αu(Δx)i = 1, φu(Δx)i , otherwise, φu(Δx)i is not defined. φu(Δx) j is the
average value of φu(Δx)i over the Nu j subgrid thermal cells of the jth cell of the grid of Δx
resolution,

φu(Δx) j = 1

Nu j

∑
i∈J

φu(Δx)i . (9)

2.2.3 Comparison of the CSgz Approach with the Literature

The subgrid non-local fluxes can be computed from these “subgrid thermal” fields, as

w′φ′S,NL(Δx) j = αu(Δx) j (wu(Δx) j − w j )(φu(Δx) j − φe(Δx) j ) (10)
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where w′φ′S,NL(Δx) j is the “subgrid thermal” vertical flux (superscripts, S, NL are subgrid
and non-local) of φ, wu(Δx) j (respectively φu(Δx) j ) is the vertical velocity (respectively

φ) averaged over the area of the cell covered by subgrid thermals and φe(Δx) j is φ averaged
over the area of the cell not covered by subgrid thermals. Shin andHong (2013) quantified the
subgrid non-local fluxes in the grey zone by calculating terms in Eq. 10 where updraft values
are provided by the CSmeso approach in subdomains of a given resolution. They proposed a
curve fit of the subgrid non-local thermal flux of potential temperature as a function of the
normalized resolution, viz.

<w′θ ′S,NL(Δx) j>

<w′θ ′NL(Δx) j>
= 0.243

⎛
⎜⎜⎝

(
Δx
h+hc

)2 + 0.936
(

Δx
h+hc

) 7
8 − 1.110

(
Δx
h+hc

)2 + 0.312
(

Δx
h+hc

) 7
8 + 0.329

⎞
⎟⎟⎠ + 0.757 (11)

where w′θ ′NL(Δx) j is the total non-local flux computed from the CSmeso approach over the
whole LES domain. The ratio between the subgrid non-local flux of potential temperature
calculated by the CSgz approach and the total non-local flux of potential temperature, cal-
culated by the CSmeso approach applied to the whole domains of the five LES cases : IHOP
at 1400 local time (LT), AMMA at 1200 LT, ARM at 1000 LT, Wangara at 1400 LT and
BOMEX at 1000 LT, is consistent with the curve fit of Shin and Hong (2013), as shown in
Fig. 2.

The method used by Shin and Hong (2013) does not provide any information on the
structure of the residual subgrid thermals. Here the conditional sampling allows a diagnosis
of the characteristics of the subgrid thermals at a given resolution in the grey zone and
therefore also a computation of the exchange rates between the bulk subgrid thermal and the
subgrid environment, which is not possible with the methodology of Shin and Hong (2013).
The residual vertical velocity and the extension of the subgrid thermals, as well as exchanges
of in-thermal air with the environment, are values for mass-flux parametrizations in the grey
zone. For these reasons, in the following, the CSgz approach is used.

3 Thermals in the Grey Zone of Convective Boundary-Layer Thermals

Here, the conditional sampling presented in Sect. 2.2.2 is applied to the five LES cases
presented in Sect. 2.1.2 to quantify the subgrid thermal characteristics in the grey zone. The
thermal field from the CSmeso approach is compared to the subgrid thermal field computed
from the CSgz approach.

3.1 Qualitative Description of the Subgrid Thermal Field

Figure 3 shows horizontal and vertical cross-sections of the thermal field (α j ) (in grey) and
the subgrid thermal field (αu(Δx) j ) (in black) for the ARM case at 1000 LT at several grid
spacings in the grey zone of CBL thermals. At that time, the boundary-layer height reaches
950 m, with clouds overlaying the boundary layer; the top of the cloud layer is at about 2-km
altitude. On the left of the vertical cross-sections [cf. Fig. 3(e–h)], two thermals extend to the
boundary-layer top and cease penetration inside the cloud layer. Thermals that appear in the
middle of the vertical cross-section belong to thermals that actually start at the ground but
ahead of or behind the vertical cross-section.
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Fig. 3 a–d Horizontal cross-sections at 500-m altitude and e–h vertical cross-sections in the middle of the
LES of the thermals (in grey) and subgrid thermals (in black) of the ARMcase at 1000 LT. TheΔx grid spacing
is drawn for the two coarsest grid spacing plots. It is not added to the smallest grid spacing plots for legibility
reasons. The thick black line indicates respectively the location of the vertical or horizontal cross-section
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At each resolution, the subgrid thermal is in the core of the thermal. Indeed, the subgrid
variability due to the non-local turbulence is found where the anomaly is at a maximum
compared to the mean value, i.e. in the core. There is no subgrid thermal if there is no
non-local turbulence detected at the mesoscale. As the mesh coarsens, the mesh contains
both strong updrafts and downdrafts, the updrafts are more likely to be detected as subgrid
thermals, because the mean value is negative or close to zero (cf. Fig. 3c, d). In both the
horizontal and vertical cross-sections, one can see that at 250-m grid spacing, thermals are
nearly always entirely resolved (cf. Fig. 3a, e), while at 2-km grid spacing, the thermals are
almost entirely subgrid (viz. in black colour in Fig. 3d, h).

3.2 Thermal Fraction

For each j cell larger than the LES cells, one can compute the fraction of thermals by
averaging the thermal field derived from the CSmeso approach (α j , cf. Fig. 1) as well as the
fraction of subgrid thermal by averaging the subgrid thermal field derived from the CSgz
approach (αu(Δx) j , cf. Fig. 1). Figure 4 shows histograms of thermals (in black) and the
fraction of subgrid thermals (in white) for a grid spacing ranging from 62.5 m (LES) to 8 km
(mesoscale). Only the ARM case at 1000 LT is shown here for illustration, but this represents
the general behaviour of the simulations. As LES are assumed to have too fine a grid to
contain subgrid thermals at the 62.5-m resolution, no subgrid thermal is defined and the
histogram contains only ones (thermal meshes) or zeros (environmental meshes). However,
in coarser grids, there is a difference between the fraction of thermals and the fraction of
subgrid thermals, the first thermals including the second ones as illustrated previously. For the
coarsest grid spacings, the thermal and subgrid thermal fractions are both 0.12 on average,
which is consistent with Brown et al. (2002) and Pergaud et al. (2009) as the mesoscale
thermals are entirely subgrid.

In the grey zone of CBL thermals, the thermal fraction ranges from zero to one as the
thermals can partly or entirely fill the grid cell. The subgrid thermal fractions however range
from 0 to 0.5 but always remain <0.5 whatever the grid spacing and the simulation. Indeed,
if a thermal fills the whole grid cell, it is mostly resolved. The remaining subgrid part of it
is the core of the thermal, where the velocity and the tracer concentration are larger than the
average values over the cell. The area having these characteristics is by definition smaller
than the grid cell; αu(Δx) = 0.5 is the largest core of the thermal that is not resolved.

3.3 Subgrid Updraft Velocity Versus Resolved Vertical Velocity

The histograms of the vertical velocity of the subgrid thermals (wu(Δx) j ) are shown in
Fig. 5, as well as the histograms of the resolved vertical velocity (w j ) at a given grid spacing
for all levels inside the boundary layer. This is illustrated for the ARM case at 1000 LT but is
representative of all the LES. In the LES at 62.5-m resolution, there is no subgrid thermal by
definition, and the vertical velocity inside the thermal is not defined. At this resolution, the
histograms of the resolved vertical velocity (Fig. 5a) are typical of a CBL with both updrafts
and downdrafts and a classical positively skewed histogram, which ranges from −4 m s−1

to 6 m s−1 (ARM case at 1000 LT).
For the grid spacings 125 m and 250 m, the thermals are mainly resolved; the vertical

velocity of the subgrid thermals and the positive resolved vertical velocity have similar values.
With coarser grid spacings, the thermals are less and less resolved; the resolved vertical
velocity becomes increasingly smaller, while the velocity of the subgrid thermals remains
large (up to 4m s−1) between 125-m to 1-km resolution. The resolved vertical velocity cannot
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Fig. 4 Histograms of the fraction of the grid mesh covered by thermals (α, in black) and subgrid thermals
(αu(Δx), in white) for grid cells ranging from 62.5 m to 8 km in the boundary layer (between 200-m and
1180-m altitude) of the ARM case at 1000 LT. The grey areas correspond to values where the bars of the two
groups overlap: light grey when the subgrid thermal is under the thermal fraction and dark grey otherwise.
The vertical line shows the 0.5 limit. Please note: the x and y axe ranges are different in each plot

be neglected compared to the velocity of the subgrid thermal. Finally, for the coarsest grid
spacings (≥ 2 km), the resolved vertical velocity is close to zero, as the cell contains both
the thermal and the compensatory subsidence, and there is a large difference between the
resolved vertical velocity and the velocity inside the updrafts. The resolved vertical velocity
can be neglected compared to the velocity of the subgrid thermal.

3.4 Buoyancy of the Subgrid Thermal

The buoyancy of the subgrid thermals (Bu) is an important variable in mass-flux schemes.
Indeed, it appears in the vertical velocity equation (Soares et al. 2004; Siebesma et al. 2007)
and in the fractional entrainment/detrainment closure (Pergaud et al. 2009; Rio et al. 2010),
viz.
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Fig. 5 Histograms of the vertical velocity of the subgrid thermals (wu(Δx) (ms−1), in white) and histograms
of the resolved vertical velocity (w (m s−1), in black) for grid meshes ranging from 62.5 m to 8 km in the
boundary layer (between 200 and 1180-m altitude) of the ARM case at 1000 LT. The grey areas correspond to
values where the bars of the two groups overlap, light grey when the subgrid thermal vertical velocity is under
the total vertical velocity and dark grey otherwise. The fraction of the thermal which is subgrid is marked on
the top right of the graphics. Please note: the x and y axe ranges are different in each plot

Bu(Δx) j = g

θv0
(θvu(Δx) j − θv j ) (12)

where g is the acceleration due to gravity, θv is the virtual potential temperature and θv0
is the reference state virtual potential temperature (g/θv0 = 0.03). Figure 6 shows vertical
profiles of buoyancy of the subgrid thermals calculated as <Bu> = (1/N j )(

∑
j Bu(Δx) j )

for several horizontal resolutions.
The subgrid thermals are moister and warmer than the rest of the boundary-layer and

therefore buoyancy is positive there whatever the horizontal resolution. For the coarsest grid
spacings (≥2 km), the cell contains numerous thermals. Thus the subgrid characteristics
of the boundary layer do not vary from one resolution to another and thus neither do the
buoyancy profiles.
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Fig. 6 Vertical profiles of buoyancy of the subgrid thermals (Bu = 0.03(θvu − θv)) at several grid spacings
from 125 m to 16 km of the ARM case at 1000 LT. The horizontal bars define the range between 25 and 75
% of the sample at each altitude. The points are the mean of the sample at each altitude

In the grey zone, the subgrid thermal buoyancy decreases with finer grid spacings. The
difference in temperature and humidity between subgrid thermals and their environment is
less and less important (not shown). Thus, the virtual potential temperature of the subgrid
thermals does not depart much from the resolved virtual potential temperature, so the associ-
ated buoyancy is weaker than at mesoscales. The variance of the distribution of Bu(Δx) j is
shown in Fig. 6 by the horizontal bars, and is larger in the grey zone than at mesoscales and
small scales. The population of CBL thermals shrinks when the resolution increases from
mesoscale to grey zone resolutions. Thus, the average grid-cell buoyancy, which strongly
depends on the non-local turbulence, will differ from one cell to another in the grey zone.
This strong variability is a characteristic of the grey zone that can be seen in all the parameters
studied herein.

3.5 Mass Flux in the Grey Zone

The expression of the mass flux Mu for a given Δx grid spacing is (Siebesma and Cuijpers
1995),

Mu(Δx) j = αu(Δx) j (wu(Δx) j − w j ), (13)

and for simplicity’s sake, the density ρ is not included, which does not change the conclusions
of the study. As seen on the histograms of the vertical velocity in Fig. 5, the resolved vertical
velocity cannot be considered negligible in the grey zone of CBL thermals, thus Eq. 13 is
used as such. As for the buoyancy, at mesoscales (from 4- to 16-km grid spacings) the mass
flux (not shown) does not depend heavily on the grid spacing and the variance is small.
Indeed, the fraction of subgrid thermals and their velocity (αu(Δx) j and wu(Δx) j ) remain
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constant at mesoscales and the vertical velocity (w j ) is negligible. However, from 125-m to
2-km resolution, the mass flux decreases in average over the whole boundary-layer depth and
shows much variability as for the buoyancy in Fig. 6.

3.6 Entrainment/Detrainment

The buoyancy, mass flux and vertical velocity inside the thermals are regulated by exchanges
of air between the thermals and their environment (entrainment E and detrainment D). In
the mass-flux approach,

1

Mu(Δx) j

∂Mu(Δx) j
∂z

= ε(Δx) j − δ(Δx) j (14)

where ε(Δx) j is the entrainment rate (ε = E/Mu) and δ(Δx) j is the detrainment rate
(δ = D/Mu). As the CSmeso approach gives thermal boundaries, the CSgz approach gives
subgrid thermal boundaries,which allowsquantificationof the exchanges between the subgrid
thermals and their environment. This allows direct computation of the E(Δx) j and D(Δx) j .
As shown by Romps (2011), the values obtained with this method (not shown) are larger
than the values used in parametrizations, probably because they are calculated at the border
of real inhomogeneous thermals while the parametrization demand transfers between two
homogeneous areas. The rates are also two to three times larger thanwhen using the traditional
method of Siebesma and Cuijpers (1995),

ε(Δx) j = − 1

svu(Δx) j − sve(Δx) j

∂svu(Δx) j
∂z

, (15a)

and,

δ(Δx) j = ε(Δx) j − 1

Mu(Δx) j

∂Mu(Δx) j
∂z

. (15b)

This last method implies that the subgrid thermal field is quasi-stationary, which is not the
case in the grey zone. Indeed, in the set of the five LES cases presented herein, the subgrid
thermals move at a speed of several m s−1, implying that they cross a 1-km grid cell in a time
on the order of 1 min (the current timestep in the operational model AROME (Seity et al.
2010) is 50 s and its resolution is 1.3 km). Consequently, in the grey zone of CBL thermals, the
thermal field is not quasi-stationary. Thus, the parametrization has to take the non-stationarity
into account: either the timestep of the operational models must be reduced in order to be in
conditions of quasi-stationarity or the non-stationarity must be parametrized. Consequently,
the formulation of Siebesma and Cuijpers (1995) concerning entrainment/detrainment rates
may not be valid.

However, despite those approximations, the two evaluations of the entrainment/detrain-
ment rates (direct, Romps 2011 or by Siebesma and Cuijpers 1995) provide similar results
in terms of the shape of <ε(Δx) j> and <δ(Δx) j> vertical profiles (not shown). Here we
show in Fig. 7a, b the profiles from the method of Siebesma that are less scattered (thus
more readable). Globally, the shape of the profiles of the entrainment and the detrainment
rates remains the same with increasing resolution, but with increasing values consistent
with the transfers being inversely proportional to the radius of the structures (Morton et al.
1956). However, at very fine resolution, the detrainment is stronger at the lowest levels.
The detrainment rates increase slightly more than the entrainment rates at all altitudes and
strongly increase at altitudes lower than 20 % of the boundary-layer height for resolutions
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Fig. 7 Vertical profiles of a the entrainment rates and b the detrainment rates of grid spacing from 250 m
to 16 km, in the IHOP case at 1200 LT for altitudes lower than 2 km. The horizontal bars define the range
between 25 and 75 % of the sample at each altitude. The points are the mean of the sample at each altitude

finer than 0.5(h + hc). This explains the reduction of the mass flux with the grid spacing in
all studied cases.

Rio et al. (2010) assume that the entrainment rate is maximal when the thermal fraction
is constant and there is no detrainment, implying

ε j = 1

Mu j

∂Mu j

∂z
= 1

wu j

∂wu j

∂z
. (16)

They also assumed that the entrainment rate is proportional to and smaller than 1
wu

(∂wu)/(∂z).
In the grey zone, this approach leads to

ε(Δx) j = 1

wu(Δx) j − w j

∂wu(Δx) j − w j

∂z
. (17)

Figure 8 shows< ε(Δx) j > as a function of< 1/(wu(Δx) j −w(Δx) j )×∂(wu(Δx) j −
w j )/∂z > in the mixed layer (0.15 ≤ z/h ≤ 0.80). The finer the resolution, the less do the
entrainment rates depend on < 1/(wu(Δx) j − w(Δx) j ) × ∂(wu(Δx) j − w j )/∂z >. The
lateral closure by entrainment and detrainment rates must be adapted because it depends on
the resolution in the grey zone as shown here.

4 Discussion on Mass-Flux Schemes

In this section, the implications for the mass-flux scheme parametrizations of the previous
results are discussed.
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4.1 Revision of the Assumptions of Most Mass-Flux Schemes

Honnert et al. (2011) proved that there is insufficient variability in the CBL when the model
is operated at grey-zone resolution with the current version of the mass-flux scheme. This is
due to the fact that a mass-flux scheme parametrizes several entirely subgrid structures at a
resolution where it should simulate, at the most, one partly resolved thermal. The mass-flux
scheme should adapt to the resolution and the subgrid thermal should disappear when the
grid spacing becomes sufficiently fine (cf. Fig. 6).

At large scales, many mass-flux schemes are based on the equation for the evolution of a
conservative variable φ (Siebesma and Holtslag 1996; Rio et al. 2010),

∂α jwu jφu j

∂z
= Eφ j − Dφu j , (18)

which is based on several assumptions. Firstly, it is assumed that the area is divided into
updrafts (the thermals) and environmental zones, both homogeneous, (the heterogeneities
can be treated by the eddy-diffusivity part of the EDMF). Secondly, there is no non-local
downdraft. Thirdly, the updraft field is assumed to be quasi-stationary, the resolved vertical
velocity supposed to be zero and the thermal fraction is assumed to be small.

Arakawa et al. (2011) analyzed the grey zone of deep convection and showed that the
cloud fraction could no longer be assumed small. Figure 1b shows that in the grey zone of
CBL thermals the thermal fraction (in white in Fig. 1b) can be large. However, as part of the
thermal is resolved, it is unclear whether the subgrid thermal fraction (in black in Fig. 1b)
is negligible or not. Sect. 3.2 shows that the subgrid thermal fraction can reach 0.5, and a
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consequence for the mass-flux scheme is that the value of φ over the environment of the
updraft (φe(Δx) j ) cannot be substituted by φ j in Eq. 19.

Secondly, in mass-flux schemes at the mesoscale, the resolved vertical velocity can be
neglected because the cell contains both the thermal and the compensatory subsidence, which
results in a resolved vertical velocity close to zero or at least much smaller than the velocity of
the updraft (wu(Δx) j ). However, Sect. 3.3 has shown that for grid sizes from 0.5 to 2(h+hc),
the resolved vertical velocity cannot be neglected compared to the velocity of the subgrid
thermals.

Thus, the equation for the evolution of a conservative variable φ in the grey zone is,

∂α j (wu j − w j )φu j

∂z
= Eφe j − Dφu j . (19)

4.2 Discussion on Closures

Equation 13 shows that, if the fraction of subgrid thermals remains relatively constant and
if the differences between subgrid thermals and the resolved vertical velocity are reduced,
then the mass flux (Mu(Δx) j ) becomes smaller. We have shown that, when the horizontal
resolution increases, the fraction of subgrid thermals remains smaller than 0.5 (cf. Sect. 3.2)
and the differences between subgrid thermals and the resolved vertical velocity is reduced
(cf. Sect. 3.3). Consequently, the mass flux decreases with increasing resolution. However,
in parametrizations the mass flux is not calculated from the thermal fraction and the vertical
velocity but from the entrainment/detrainment rates.

The diagnostics of entrainment and detrainment rates calculated in Sect. 3.6 are not made
to be directly used in a parametrization. As a closure and as a subgrid parameter, they are
dedicated to being tuned to produce the best large-scale parameter possible. However, the
behaviour of the profiles with increasing resolution can give direction as to how to adapt
parametrizations to the grey zone. In Sect. 3.6, it is shown that the shape of the entrainment
and detrainment rates remains the same with increasing resolution, but that the rates increase
and the detrainment must increase more rapidly. Moreover, at a given altitude the scatter of
the lateral exchanges in the grey zone (cf. Fig. 7a, b) is smaller than that of the mass flux
(see Fig. 9b described hereafter). So the variability of the mass flux may not result from only
the variability of the entrainment and detrainment rates. This shows that the parametrization
of the lateral closure can then remain the same as at the mesoscale by increasing the constants
with horizontal resolution. The surface closure has to evolve too.

The triggering controls the activation of the mass-flux scheme at the surface while the
closure controls its intensity. Often the boundary-layer mass-flux scheme triggers as soon as
the surface sensible heat flux is positive while the intensity of the mass flux at the ground is
proportional to the convective velocity scale (see Pergaud et al. 2009 for example).

Firstly, concerning the closure, Fig. 9a shows the subgrid mass flux normalized by the
convective velocity scale as a function of the normalized resolution in the IHOP case at 1200
LT, and in the ARM case at 1400 LT in the mid boundary layer. The mass flux normalized by
the convective velocity scale in both the IHOP and ARM cases is dependent on the resolution
normalized by the height of the thermals: it is constant at the mesoscale and larger than
in LES. Here the mass flux is computed in the middle of the CBL. It cannot be diagnosed
directly at the ground,where there is no formed thermal,where the turbulence ismore strongly
dependent on the subgrid turbulence scheme. The normalized mass flux as a function of the
normalized resolution has the same shape at all altitudes in the boundary layer (not shown).
Therefore, here we propose to make the constant of proportionality between the mass flux at
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a function of the normalized horizontal resolution

123



R. Honnert et al.

the ground and the convective velocity scale (computed at ground level for the whole domain,
w∗) dependent on the resolution by this function,

Mu

w∗
= C

(
1 + tanh(ln(

Δx

h + hc
) + 0.8)

)
, (20)

and in the magenta fit plotted in Fig. 9a, C = 0.075. We propose to use this function in the
parametrization so as to be scale-aware.

Moreover, the subgrid mass-flux variability is larger in the grey zone than in the LES
and at the mesoscale. This is visible in Fig. 9b that shows the standard deviation of the
mass flux normalized by the convective velocity scale σ(Mu

w∗ ) as a function of the normalized
resolution in the IHOP case at 1200 LT and the ARM case at 1400 LT in the mid CBL.
The large variability in the grey zone is also visible in the buoyancy (cf. Fig. 6) and the
entrainment (cf. Fig. 7), and it is consistent with Dorrestijn et al. (2013) who showed that the
heat-flux variability is larger in the grey zone. The fit of the data of Fig. 9b is,

σ

(
Mu

w∗

)
= 0.063 exp

(−(ln( Δx
h+hc

) + 0.29)2

0.5

)
. (21)

In these conditions, stochastic parametrizations could be useful, as they allow different clo-
sures with the same forcing.

Secondly, concerning the triggering, at the mesoscale each model column contains ther-
mals when the surface flux is positive; this is not the case in the grey zone where, even with
a positive surface flux, there are columns that contain no thermal at all. Figure 10 shows
histograms of resolved variables at the ground (θ j , q j and w j and the TKE, e j ). The cells
having subgrid thermals in the column above them are in white, while those in a column that
contains no thermal at all are in black. This confirms that, unlike at the mesoscale, at 500-m
resolution, there are cells where there is no thermal at all, αu(Δx) j = 0 in black in Fig. 10).
The proportion of model columns containing no thermal depends on the resolution; it is 5 %
of the cells at 500-m resolution, 20 % at 250-m resolution (not shown) and 30 % at 125-m
resolution. Thus, in the grey zone, the triggering of the scheme at the ground depends on the
horizontal resolution.

In addition, the existence of subgrid thermals in a column does not seem to depend on
the value of the resolved parameters either at the ground (in Fig. 10) or at higher levels
(not shown). In these conditions, the triggering of the scheme depends on factors other than
the characteristics of the resolved field, which confirms the need for stochastic triggering
of the mass flux. Moreover, Rochetin et al. (2014) prove that stochastic schemes are scale
adaptive, as the probability of triggering in the domain remains the same when the resolution
changes. Such stochastic parametrizations have already been proposed for deep convection
parametrization (Craig and Cohen 2006; Rochetin et al. 2014; Sakradzija et al. 2015).

5 Conclusions and Perspectives

The grey zone of CBL thermals is a range of scales for which the coarsest boundary-layer
eddies (thermals) are partly resolved. Thermal plumes have been studied herein in the grey
zone of CBL thermals, and to determine the characteristic of the subgrid component of the
thermals, the conditional sampling of Couvreux et al. (2010) is adapted to detect subgrid
thermals for a given resolution. Characteristics of these structures are listed, as well as their
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sensitivity to the horizontal resolution; it appears that traditional assumptions used to simplify
the mass-flux equations are not valid in the grey zone.

In the grey zone, the thermal fraction is not negligible; however, as the thermals are
partly resolved, the subgrid thermal fraction remains <0.5. Moreover, the representation of
dynamics in the model resolves a part of the thermals and the resolved vertical velocity is no
longer close to zero. Consequently, the resolved vertical velocity is no longer small compared
to the updraft velocity. The entrainment and detrainment rates should be larger with finer
resolution. The detrainment should become larger more rapidly than the entrainment, leading
to a decrease in the mass flux.

In the grey zone of CBL thermals, subgrid thermals are not present in each grid cell,
therefore a stochastic approach seems pertinent to determine the triggering of the scheme. In
addition, a closure of the scheme is proposed that allows a reproduction of the dependency of
the intensity of the mass flux as a function of the normalized resolution. These modifications
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are currently being tested within the EDMF of Pergaud et al. (2009) in the Meso-NH and
AROME models.

Appendix 1 Notations used in this article

D Domain size
J LES domain of one Δx-grid cell
Δx Horizontal grid spacing
z Altitude
h Boundary-layer height
LO Obukhov lenght
hc Depth of the cloud layer
sv Tracer concentration
w Vertical velocity
q Total water mixing ratio
θv Virtual potential temperature
θl Liquid potential temperature
g Standard gravitational acceleration
ρ Volumic mass of the air
α Fraction of a grid cell covered by convective thermal, LES field not depending on Δx
i LES-grid cell number
j Δx-Grid cell number
φ A thermodynamical variable
φi φ of the ith cell of a LES grid
φ j φ of the jth cell of Δx grid spacing
αu i Grid cell covered by convective subgrid thermal, LES field depending on Δx
φu i αu × φ of the ith cell of the LES
< φ > Average value of φ over the whole horizontal domain
φ Average value of φ (reference resolved value of φ) over a cell of Δx Grid spacing
N Number of LES cell at one level
N j Number of LES cell in a J domain
Nu j Number of LES cell occupied by a subgrid thermal in a cell of Δx Horizontal resolution
Mu Mass Flux
Bu Buoyancy inside the updraft
E Entrainment term
D Detrainment term
ε Entrainment rate
δ Detrainment rate
H0v Averaged surface buoyancy flux
E0 Averaged surface humidity flux
w∗ Averaged convective velocity scale computed at ground level
u∗ Averaged friction velocity computed at ground level
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