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ABSTRACT: Innumerical simulations of deep convection at kilometer-scale horizontal resolutions, in-cloud subgrid-scale
(SGS) turbulence plays an important role in the transport of heat, moisture, and other scalars. By coarse graining a 50 m
high-resolution large-eddy simulation (LES) of an idealized supercell storm to kilometer-scale grid spacings ranging from
250m to 4km, the SGS fluxes of heat, moisture, cloud, and precipitating water contents are diagnosed a priori. The
kilometer-scale simulations are shown to be within the “gray zone” as in-cloud SGS turbulent fluxes are comparable in
magnitude to the resolved fluxes at 4 km spacing, and do not become negligible until ~500 m spacing. Vertical and hori-
zontal SGS fluxes are of comparable magnitudes; both exhibit nonlocal characteristics associated with deep convection as
opposed to local gradient-diffusion type of turbulent mixing. As such, they are poorly parameterized by eddy-diffusivity-
based closures. To improve the SGS representation of turbulent fluxes in deep convective storms, a scale-similarity LES
closure is adapted to kilometer-scale simulations. The model exhibits good correlations with LES-diagnosed SGS fluxes,
and is capable of representing countergradient fluxes. In a posteriori tests, supercell storms simulated with the refined
similarity closure model at kilometer-scale resolutions show better agreement with the LES benchmark in terms of SGS
fluxes than those with a turbulent-kinetic-energy-based gradient-diffusion scheme. However, it underestimates the strength
of updrafts, which is suggested to be a consequence of the model effective resolution being lower than the native grid
resolution.
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1. Introduction realistic diurnal cycles of convective systems. Zhu et al.
(2018) evaluated 4km real-time forecasts over China and
found improved prediction of precipitation in terms of spatial
distribution, intensity, and diurnal variation than coarser-
resolution models.

In the absence of cumulus schemes, SGS turbulence pa-
rameterization schemes become solely responsible for pa-
rameterizing unresolved fluxes in CPMs. Most models employ
such parameterization in the form of planetary boundary layer
(PBL) schemes, and conventional PBL schemes are not
designed to represent turbulence fluxes in deep moist con-
vection above the boundary layer. Although the parameteri-
zation of boundary layer turbulence may be sophisticated,
most PBL schemes adopt simple gradient-diffusion represen-
tation of fluxes for the free atmosphere. As with cumulus
schemes, most PBL schemes do not account for differences in
the grid spacing used either and the parameterized fluxes are
formulated in the vertical dimension only.

Despite the practical success of CPMs, many studies have
revealed the partially resolved and partially subgrid-scale na-
ture of turbulent fluxes associated with deep moist convection
at kilometer resolutions (Bryan and Fritsch 2002; Moeng et al.
2009, 2010; Bryan and Morrison 2012; Lebo and Morrison
2015; Tang and Kirshbaum 2020). Within this range, SGS fluxes
are significant and their contribution to the total flow is com-
parable to that of resolved fields. As a result, kilometer-scale
moist convection simulations exhibit both grid dependency
Corresponding author: Ming Xue, mxue@ou.edu and sensitivity to SGS turbulence parameterization (see Chow

Operational numerical weather prediction (NWP) models
are gradually approaching kilometer-scale horizontal resolu-
tions (see Table 13-7 in Benjamin et al. 2019), whereby the bulk
features of deep convective clouds are becoming explicitly
resolved (Weisman et al. 1997; Moeng et al. 2010). Naturally, as
the resolution increases, subgrid-scale (SGS) contributions to
mass and momentum fluxes from the formerly parameterized
deep moist convection by cumulus schemes should be gradually
tuned down. However, most conventional cumulus schemes
designed for mesoscale resolutions are independent of hori-
zontal grid spacing. In practice, at resolutions finer than ~4 km,
cumulus schemes in NWP models are often switched off entirely,
or only shallow cumulus schemes are retained (Chow et al. 2019).
Such models are referred to as convection-permitting/allowing
models (CPMs; Schwartz et al. 2009; Clark et al. 2009; Prein
et al. 2015) or cloud-resolving models (CRMs; Moeng et al.
2010), and are found to generally perform better without cu-
mulus scheme (Chow et al. 2019). For example, Lean et al.
(2008) demonstrated the ability of CPMs to generate more
realistic-looking precipitation fields and to improve high
precipitation forecasts. Much earlier efforts with a CPM in-
clude Xue et al. (2003), Clark et al. (2009), and Pearson et al.
(2010) found that at 4 km grid spacing, models can produce
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et al. 2019, and references therein). A general model challenge
for grid spacings comparable to the characteristic length scale
of turbulence therefore exists in the terra incognita or gray
zone of turbulence (Wyngaard 2004). In the gray zone, one key
requirement of an SGS turbulence model is scale adaptivity,
which means that the turbulence scheme should be able to
modulate its contribution based on the grid spacing. What is
more, the SGS turbulent mixings are usually anisotropic at
gray-zone resolutions because of the large horizontal to verti-
cal grid aspect ratio, so that three-dimensional (3D) repre-
sentation of SGS turbulence is also important (Sullivan et al.
2003; Wyngaard 2004).

One approach to SGS turbulence modeling at kilometer-
scale resolutions is to adapt closures originally developed for
large-eddy simulations (LESs). LES explicitly resolves large
energy-containing eddies while the effect of smaller unre-
solved eddies on resolved flows is parameterized by a turbu-
lence closure. LES closure is conceptually based on the
definition of a spatial filter, which is most often tied to the grid
spacing, and is therefore intrinsically scale adaptive. In addi-
tion, unlike PBL schemes, LES closures [e.g., Smagorinsky
1963, hereafter Smagorinsky closure; Deardorff 1972; a closure
based on the prognostic equation of turbulence kinetic energy
(TKE), hereafter 1.5-order TKE closure] provide 3D repre-
sentation of SGS turbulent fluxes. The innate scale adaptivity
and 3D formulation suggest LES closures as potential candi-
dates for gray-zone applications. They have been extended to
kilometer-scale simulations of both dry convective boundary
layer (CBL) (Efstathiou and Beare 2015; Efstathiou et al. 2016;
Kurowski and Teixeira 2018) and moist convection (Klemp
and Wilhelmson 1978a; Takemi and Rotunno 2003; Fiori et al.
2010; Verrelle et al. 2015, 2017; Shi et al. 2018b,a, 2019; Hanley
et al. 2019; Strauss et al. 2019).

The commonly used 1.5-order TKE LES closure was first
applied to moist convection by Klemp and Wilhelmson
(1978a). They adopted the TKE closure developed by
Deardorff (1972) for boundary layer LES to storm simula-
tions at a grid spacing of O(1) km, and investigated con-
vective storm dynamics. It is then implemented in community
cloud and mesoscale NWP models like Cloud Model 1 (CM1,;
Bryan and Fritsch 2002), Advanced Regional Prediction
System (ARPS; Xue et al. 2000, 2001) and WRF (Skamarock
and Klemp 2008) for severe storm simulations. Takemi and
Rotunno (2003) examined the 1.5-order TKE and the
Smagorinsky (Smagorinsky 1963) closures for the simula-
tion of idealized squall lines at O(1) km horizontal grid
spacings and found improved simulation results by adjusting
constants in the closure schemes. Fiori et al. (2010) com-
pared the performance of a 1D PBL scheme and a 3D TKE-
based LES closure applied to a supercell simulation at grid
spacings ranging from 200 m to 1 km, and obtained accept-
able representation of storm structure, evolution, and pre-
cipitation with the latter. They noted that simulations with
LES closure exhibited convergence with increased resolu-
tion while those with PBL scheme did not. Verrelle et al.
(2015) further demonstrated that improvements by using an
LES closure instead of a PBL scheme in a supercell simu-
lation becomes perceptible at 2km grid spacing.
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The above-mentioned studies mostly focused on the resolved
storm structures and precipitation while few have investigated
the characteristics of SGS turbulent fluxes associated with deep
convection or the behaviors of LES turbulence closures for such
applications. By filtering LES of a tropical deep convective
system to kilometer grids, Moeng et al. (2010) examined the
relationship of the subfilter-scale fluxes and filter-scale variables,
and in turn proposed the nonlinear model following Clark et al.
(1977) as an alternative turbulence closure (more details are
given in section 2b). Later, Moeng (2014) rederived the same
closure based on an updraft-downdraft model framework, and
showed a priori that the nonlinear closure better represents the
forward and backward energy transfer between resolved and SGS
components. In an a priori analysis of a tropical deep convection
LES, Verrelle et al. (2017) found significant SGS countergradient
thermal fluxes in the convective updraft at kilometer scale, which
were attributed to nonlocal moist convection eddy fluxes. Strauss
et al. (2019) extended Verrelle’s analysis to include the entire
cloud life cycle, and found superior representation of heat,
moisture, and momentum fluxes by Moeng’s nonlinear
model compared to the widely used Smagorinsky and 1.5-
order TKE-based LES closures. Shi et al. (2019) applied the
dynamic reconstruction model of Chow et al. (2005) to im-
prove the representation of kilometer-scale SGS fluxes for
moist convection. They suggested the ability to account for
countergradient SGS fluxes as one of the key elements of an
appropriate LES closure for gray-zone simulations of moist
convection.

This study extends the work of Moeng et al. (2010), Moeng
(2014), Verrelle et al. (2017), and Strauss et al. (2019) to a su-
percell storm typical of the midlatitude environment. Based on a
50m LES of the supercell storm, a priori analysis of a scale-
similarity-based nonlinear closure and a gradient-diffusion-
based 1.5-order TKE closure at kilometer-scale resolutions is
conducted. By coarse graining the benchmark LES, scale-
dependent model coefficient for the scale-similarity closure is
obtained for a range of grid spacings between 250 m and 4 km.
The nonlinear closure is then implemented into a community
atmospheric model and evaluated a posteriori.

2. Case description and numerical methods
a. Benchmark simulation

LES of a tornadic supercell by Roberts et al. (2016) is used as
the benchmark simulation in this study. The storm environ-
ment is defined by a sounding derived from a real-data simu-
lation of the 3 May 1999 tornado outbreak in Oklahoma
(Dawson et al. 2010). The sounding is characterized by a strong
convective available potential energy of 4154Jkg ' and a
0-1 km storm-relative helicity of 435 m?s~2 More information
on how environmental conditions as defined by an atmospheric
sounding affect storm type and severity can be found in
Thompson and Edwards (2000).

The LES is conducted with the community ARPS model
(Xue et al. 2000, 2001), on a 64km X 96km X 16 km domain
with 50 m horizontal and 200 m average vertical resolution.
Vertical grid spacing is 20 m near the ground and is stretched
progressively to nearly 400 m at the domain top. Open boundary
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conditions are used on the lateral boundaries. Surface friction is
included with a constant drag coefficient of 0.01 while surface
sensible and latent heat fluxes are set to zero. The 1.5-order TKE
closure of Moeng (1984) based on Deardorff (1972) is used for
SGS turbulence, and the Lin scheme for cloud microphysics (Lin
et al. 1983). As described in Roberts et al. (2016), the final
sounding profiles used to define the storm environment
underwent a long period of effectively one-dimensional
spinup simulation to reach a steady state with a three-force
(Coriolis, pressure gradient and frictional forces) balance so that
the environment unaffected by the storm will remain more or
less unchanged during the storm simulation. Here the frictional
force results from vertical turbulence momentum flux di-
vergence while at the surface the momentum flux is related
to surface drag. As shown in Roberts et al. (2016), the spun-
up sounding has a well-mixed boundary layer reaching the
900 hPa level. Not including surface heat or moisture flux
within the simulation allows us to focus on the development
and evolution of storms as well as associated turbulence
activities within the given environment with a fully mixed
boundary layer.

The storm is initiated by inserting a 10-km-wide and 1.5-km-
deep thermal bubble with a 6 K maximum temperature excess
in the center of the domain. In the LES, deep convection de-
velops quickly in the first 600s, and updraft reaches full in-
tensity by about 900 s. Over the next 25 min the supercell storm
goes through a splitting cycle, with the right mover being
stronger and becoming tornadic (Roberts et al. 2016). In this
study, we focus mostly on data between 25 and 40 min of
simulation when the simulated storm is in the mature stage.
More details on the experimental design and model configu-
ration can be found in Roberts et al. (2016).

b. Turbulence closures

As mentioned earlier, two SGS turbulence models are
evaluated within kilometer-scale simulations. They represent
two typical classes of LES closure, based on the eddy-viscosity
and scale-similarity closures, respectively. The 1.5-order TKE
closure of Deardorff (1972), which was slightly modified by
Moeng (1984), is a widely used eddy-viscosity closure that
parameterizes SGS fluxes of momentum and scalar quantities
based on the local gradients of resolved flow,

% ot +aaj
M dax;  ox, ’

uc—uc=-K % 1)

where the overbar is a spatial filter operator; ¢ represents a
generic scalar variable; and K, and K;; (m?s™') are the eddy
viscosity and diffusivity, respectively, where

K, =Cvel, @

Ckx = 0.1 is a model constant, e (mzsfz) is the TKE, and /
(m) is a turbulence length scale set to (AxAyAz)"?

isotropic grids. For anisotropic grids with large aspect ratios
(i.e., Ax, Ay > Az), horizontal [, = (AxAy)"? and vertical [, =

on near-
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Az length scales are set differently in ARPS. Under stable
stratification, / is further constrained by the buoyancy length
scale 0. 0.76/e/N, where N (s™!) is the Brunt—Viisili fre-
quency. In Eq. (1) Ky is modeled as K;; = K,,/Prr, where Prr
is the turbulent Prandtl number set to 1/(1 + 21,/Az).

As a gradient-diffusion model, the TKE closure does not
allow countergradient fluxes that are often associated with
nonlocal boundary layer convection and moist convection
fluxes (Shi et al. 2018b, 2019). As such, the TKE closure is
purely dissipative and forbids energy backscatter from small to
large scales. While downgradient diffusion is acceptable in the
inertial subrange, it can be problematic at gray-zone spacings
where countergradient fluxes and backscatter of TKE becomes
significant (Verrelle et al. 2017; Shi et al. 2019; Simon et al.
2019; Strauss et al. 2019).

The other closure examined in this study is the nonlinear
model of Moeng et al. (2010), which was first derived by Clark
et al. (1977). The SGS turbulent fluxes are parameterized by
horizontal gradients of resolved variables

+ "7@) : 3)

2 .
ou;
MC_EE:CA u’% -
! ay dy

! 512 \ ox ax

where A is the horizontal grid spacing, and C; = 1 is a model
constant assuming a Gaussian filter (see appendix A of Chow
2004). The overbar represents 2D horizontal filtering, which is
more appropriate for anisotropic grids at kilometer-scale resolu-
tions.! Equation (3) belongs to a general class of scale-similarity
models known as the series expansion models (Stolz et al. 2001). It
can be derived by an “unfiltering” or deconvolution procedure
applied to the left-hand side of Eq. (3) (Chow 2004). Moeng
(2014) interpreted Eq. (3) based on the updraft-downdraft model
framework by assuming that horizontal fluctuations of the
smallest resolved motions and the largest SGS motions are
strongly communicated (i.e., scale similarity). Based on the alge-
braic closure of Wyngaard (2004), Hanley et al. (2019) related
Eq. (3) to the tilting of horizontal fluxes into the x; direction.
Because the SGS fluxes are formulated as horizontal gradients of
the resolved variables, we follow Verrelle et al. (2017) and refer to
Egq. (3) as the Hgrad closure. Note the right-hand side of Hgrad
closure is related to the local gradients of resolved flow, so the
closure is sensitive to the “effective resolution” of the resolved
fields. For a filtered LES constructed through coarse graining (see
later in section 2c), the effective resolution approaches 2-4A(Ayis
the filter scale length) depending on the filter chosen. For
regular simulations of an NWP model (in section 2d), the ef-
fective resolution tends to be in the 6-8A range (Skamarock
2004) instead (A is the grid spacing). This can affect the per-
formance of SGS closure schemes that rely on ~2A grid-scale
information.

Free of the local gradient-diffusion assumption, the Hgrad
closure is capable of representing countergradient fluxes as-
sociated with nonlocal convective transport, and allows back-
scatter of TKE from SGS to resolved scales (Shi et al. 2019).

! For a 3D spatial filter, the right-hand side of Eq. (3) should also
include the vertical gradients (91;/0z)(9¢/0z).
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It has been evaluated in simulations of deep convection in the
tropics (Moeng et al. 2010; Moeng 2014; Verrelle et al. 2017,
Strauss et al. 2019), and yields favorable correlations with the a
priori obtained SGS fluxes on kilometer-scale grids by filtering
benchmark LES data. A mixed model [i.e., a linear combina-
tion of Egs. (1) and (3)] was implemented in the Met Office
Unified Model and evaluated at a horizontal grid spacing of
1.5km for real cases in England, and found to alleviate over-
estimation of heavy precipitation (Hanley et al. 2019).

The primary advantage of LES closures for the gray zone is
their innate scale adaptivity. The grid spacing A is formulated
into the closures [e.g., Egs. (1) and (3)], so that the SGS fluxes
decrease as the model resolution is refined. In comparison,
conventional 1D PBL schemes adapted to gray-zone spacings
often require some empirically determined weighting function
f(A) to downscale the SGS fluxes (Boutle et al. 2014; Shin and
Hong 2015; Tto et al. 2015; Zhang et al. 2018). Furthermore,
these f(A) functions are largely independent of the local flow,
whereas LES closures are flow dependent and therefore more
advantageous as turbulence gets better resolved.

However, inclusion of A alone does not guarantee the cor-
rect scale-adaptive behavior beyond the inertial subrange
where LES closures are originally designed for. When applied
to gray-zone spacings at kilometer scale, the “universal” con-
stants at LES spacings [i.e., C; in Eq. (1) and C,in Eq. (3)] must
also be adjusted according to the grid spacing, in order to
produce correct SGS fluxes. Balancing explicit resolution of
convective cells and SGS dissipation, Takemi and Rotunno
(2003) suggested enlarging C, by a factor of 1.5 to 2 when
applying the 1.5-order TKE closure to squall-line simulations
at O(1) km grid spacings. Moeng (2014) and Verrelle et al.
(2017) adopted the Hgrad model and recommended values of 5
and 7 for C, based on a priori evaluations of simulated tropical
deep convection. Strauss et al. (2019) determined C; at three
different horizontal resolutions (500 m, 1km, and 2km), and
showed increasing C, with A. These studies all suggest that
when applied to gray-zone simulations of moist convection, the
SGS fluxes increase with grid spacing faster than their explicit
A dependence, such that the scheme constants should also in-
crease. However, the grid dependence of scheme constants
(i.e., C5(A)) has not been fully investigated, especially for se-
vere storm simulations, and will be examined in section 3.

In addition to the built-in scale adaptivity, another advan-
tage of adapting an LES closure rather than a PBL scheme to
the gray zone lies in its 3D formulation of SGS fluxes.
Conventional PBL schemes only predict the vertical turbulent
fluxes while the horizontal fluxes are ignored based on the
underlying SGS horizontal homogeneity assumption. Based on
field observations, Wyngaard (2004) showed that when ap-
proaching the gray zone, SGS horizontal fluxes become sig-
nificant and are key to improving model performance in the
terra incognita. Compared to their vertical counterparts, the
horizontal SGS turbulent fluxes at gray-zone spacings received
less attention in previous investigations, and will be examined
in sections 3 and 4.

Last but not least, standard LES closures do not differenti-
ate between the boundary layer and the free troposphere,
and parameterize turbulence irrespective of its origin. This
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provides opportunity for a unified treatment of SGS turbulence
at gray-zone resolutions and beyond. Current scale-adaptive
turbulence closure schemes are usually limited to the PBL. In
the free troposphere, they usually revert back to 1D non-
scale-adaptive local-gradient-diffusion-based formulations.
This study focuses on the SGS turbulence parameterization
for deep moist convection, not for PBL, however.

c¢. Coarse graining benchmark LES

To obtain benchmark solutions at different horizontal res-
olutions, the LES data introduced in section 2a are coarse
grained (or upscaled) to a range of grid spacings from 250 m to
4km (i.e., 250m, 500 m, 1km, 2km, and 4km). Following
Verrelle et al. (2017), a horizontal box filter is adopted:

= 5%, 4
¢ Rny,Z%‘ )

Here ¢ represents a generic variable, and the overbar with
attached A represents the horizontal averaging operator,
summed over a R, X R, stencil centered at grid point (i, j) on
the LES grid. The benchmark SGS flux on a grid of A, is
therefore

— A/ T A ——aA
Lt et = (- wM) (e =) =ul,  (5)

where double primes represent SGS perturbations with respect
to the coarse grid. Note that the SGS fluxes on the original LES
grid is ignored on the right-hand-side of Eq. (5) because of
their relatively small magnitudes. When the filter width rea-
ches its domain size limit (L,, L,), the SGS flux uc" " in this
case represents the total resolved flux. The modeled fluxes are
diagnosed by substituting the filtered variable ¢* from Eq. (4)
into Egs. (1) and (3).

d. A posteriori simulation setup

A posteriori simulations adopt the same model setup as the
benchmark LES described in section 2a, except that the hori-
zontal extent of the numerical domain is increased to 128 km X
128 km in order to reduce the influence of the lateral bound-
aries. Smaller fourth-order computational mixing coefficients are
adopted (1.0 X 107*s™! for the 250 m run and 5.0 X 10~ *s™*
for other runs) to minimize the effects of computational mixing
compared to turbulent mixing. To avoid large potentially dif-
ferences in the initial development of storm triggered by the
somewhat artificial thermal bubble (e.g., the convective storm
is found to be difficult to trigger on the 4 km grid with the same
initial bubble) so that we can focus on the evolution of storms
in their mature stage in different simulations and the LES
benchmark, a “warm start”” approach is adopted. The simula-
tions are initialized from filtered LES fields at their respective
resolutions at 900s when the initial storm cell has developed
from the initial thermal bubble. Three-dimensional fields of the
simulations up to 2400s are then output every 60s for diag-
nostic analyses.

Two sets of simulations are performed, with the TKE and
Hgrad closures introduced in section 2b, respectively. For the
Hgrad closure, scale-dependent model constant Cy(A) is
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adopted (section 3d). The Hgrad closure is implemented for all
horizontal and vertical SGS fluxes except for momentum, be-
cause attempts to implement the closure to momentum led to
decreases in numerical stability. A mixed formulation combing
both eddy-diffusivity and scale-similarity closures may lead to
improved numerical stability while still retaining the counter-
gradient capability of the Hgrad model (Vreman et al. 1996),
but is left for future work. Simulations with the TKE closure
adopt the default C, values for all resolutions. This is because,
as shown in section 3, the fundamental inconsistency of the
gradient-diffusion assumption and the countergradient mixing
associated with moist convection make it fruitless to opti-
mize Cj at kilometer-scale resolutions on purpose of pro-
ducing truly SGS fluxes.

3. A priori analysis

A priori analysis is conducted based on LES of the supercell
to examine the partition of fluxes between resolved and sub-
grid scale within the kilometer-scale resolution range from
250m to 4km. The magnitudes of the fluxes in vertical and
horizontal directions are also compared. The performance of
the TKE and Hgrad closures are evaluated and compared
across the gray-zone resolution range. Scale dependency of
the closure constant in the Hgrad model is further determined.

a. General features of SGS fluxes

Mean profiles of potential temperature 6, water vapor mix-
ing ratio g,, nonprecipitating water content g,, (combined
cloud water and ice mixing ratios), and precipitating water
content ¢,, (the sum of rain, snow, and hail mixing ratios) as
well their respective vertical SGS fluxes at different horizontal
resolutions are presented in the first row of Fig. 1 for 1800s of
simulation, a time when the simulated supercell storm is at its
mature stage. The SGS fluxes are diagnosed based on Eq. (5),
and then horizontally averaged as denoted by the angle
brackets. Resolved vertical fluxes from the LES are also plot-
ted as references of the total fluxes associated with the storm
(labeled as “Resolved” in Fig. 1). A snapshot of the LES at
1800s during the mature stage of the storm is selected for the
analysis, while other times show qualitatively similar results. A
function f(c, x;) = uf'c" (9c*/ax;) is defined to distinguish be-
tween downgradient (negative) and countergradient (positive)
SGS fluxes for variable ¢ following Verrelle et al. (2017). The
heights where f(c, x;) > 0 for A = 1 km are shaded to indicate
the presence of countergradient transport in Figs. la-d.
Overall, the vertical SGS fluxes of 6, q,, ¢,,, and g, are all
positive across the 250 m to 4 km range except for the cloud top
entrainment flux of 6 in Fig. 1a, and the downward flux of g,
under the cloud base in Fig. 1d. These reflect upward SGS
turbulent transport of heat, moisture, cloud content and pre-
cipitating hydrometeors associated with the convective storm.
The magnitudes of the SGS fluxes decrease as horizontal res-
olution is refined for all four state variables as expected.

The mean 6 in Fig. 1a is characterized by a stably strati-
fied profile with an increased stratification strength into the
stratosphere. Positive f(6, z) is found between 1 and 9 km, in-
dicating countergradient turbulent transport of heat at these
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heights. Heat fluxes reach a global maximum in between 6 and
8 km above ground level (AGL), where the convective updraft
is also the strongest (figure no shown). Downgradient en-
trainment flux dominates close to the cloud top. The diagnosed
heat fluxes from 1 to 4 km spacings are of considerable mag-
nitude compared to the total flux, as will be quantified in the
bottom row of Fig. 1. The value of ¢,(z) in Fig. 1b decreases
monotonically with height, the upward SGS transport of
moisture is therefore mostly downgradient, which might be
adequately parameterized by a gradient-diffusion scheme.
Vertical profiles of g,,, and g, in Figs. 1c and 1d exhibit max-
imum around the height of the cloud anvil at 11-12km AGL, a
local peak at about 7km AGL related to the strongest updraft,
and a local peak near the freezing level at about 4km AGL
(this peak is weak for g,). Countergradient transport is ob-
served between 6 and 7, and 9 and 10 km for WA and quI’,’A,
and is also found below 4km AGL for w”q;,, o,
The ratios of the SGS to the total flux R(A) =w"c"" /w"c"
for different fluxes and resolutions are presented in the bottom
row of Fig. 1. Large fluctuations in the ratios, for examples
those below 1 km in Fig. le, are mainly caused by vanishingly
small total fluxes (see corresponding region in Fig. 1a). The
4km grid has comparable resolved and SGS contributions to
the vertical fluxes for all four variables. As the resolution is
refined, R(A) decreases accordingly. On 2 and 1 km grids, the
SGS fluxes contribute to roughly 40% and 20% of the total
fluxes of 6 and q,,, at the convective storm levels, and slightly
smaller amounts for g, and g,. If 10% or less SGS flux con-
tribution is taken as a threshold to define well resolvedness,
Fig. 1 then suggests 500 m as the lower bound of the gray zone
for the supercell storm. However, note that the ratios com-
puted here are from a priori estimates. Finite difference-based
NWP models have an effective resolution of around 6-8A, as
opposed to the 2A grid cutoff (Skamarock 2004). This means
that for an NWP model operating at 1km resolution, contri-
bution from the SGS fluxes might be 3 or 4 times larger than
indicated by Figs. 1e-h because some of the fluxes resolved by
the LES are not resolved by the regularly NWP model. In other
words, the gray zone of deep convection can extend to hecto-
meter spacings in practice. Regardless of the actual lower
bound, Figs. le-h suggest the importance of proper represen-
tation of SGS fluxes at kilometer-scale resolutions.

b. Spatial distribution of SGS fluxes

Horizontal cross sections of the filtered horizontal and ver-
tical SGS heat fluxes and the corresponding f(6, x;) for A =
1km are presented in Fig. 2. Other gray-zone resolutions
produce qualitatively similar results and are not shown. The
horizontal cross section is taken at 8§ km AGL where the storm
updraft is the strongest at the time. Location of the super-
cell is indicated by the g, = 1.0 X 10 *kg kg " solid black
contour line. The updraft core inside the cloud, as indicated
by the dashed 10 m s~ w contour, is shaped like a dumbbell
in this particular snapshot, and will split into north- and
south-moving storms at later times. The updraft centers are
also the centers for vertical vorticity, with the north one
rotating clockwise and south anticlockwise due to the tilt-
ing of environmental horizontal vorticity (not shown). The
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FI1G. 1. (top) Horizontally averaged profiles of (a) potential temperature 6, (b) water vapor mixing ratio g,,, (c) nonprecipitating water
content g, (the sum of cloud water and cloud ice mixing ratios), and (d) precipitating water content g, (the sum of rainwater, snow and
hail mixing ratios) (dashed line) along with their respective vertical SGS fluxes for different horizontal resolutions (color solid lines) and
the resolved vertical fluxes from LES (black lines) at 1800s. (bottom) Vertical profiles of the SGS-to-total flux ratios for (e) 6, (f) g,,
(8) qnp, and (h) g,,. Zero values are represented by dotted lines. Angle brackets represent horizontal averaging. In (a)—(d), mean variables
are plotted with dashed lines (top axes) and their SGS fluxes with solid lines (bottom axes), the heights where w”c”" (9c*/9z) >0
for A = 1 km are shaded.

rotation pair enhances a cloud-related rearward (east-to- fluxes, as those are mainly stratiform clouds that have been
west) descending flow at this level, responsible for the passively advected away from the main system. The observa-
dumbbell shape of the convective core. tion of horizontal and vertical SGS fluxes with comparable
The left column of Fig. 2 reveals significant SGS heat fluxes  magnitudes is also made for turbulent fluxes of g,, g,,, and g,
within the clouds, whose magnitudes are much greater than the  (results not shown).
hori%ontal mean values presented in Fig. 1a. Comparing u”6" ", The most prominent feature of the horizontal SGS heat
v"0", and w”0" " in Figs. 2a, 2¢, and 2e shows that the magni- fluxes in Figs. 2a and 2c is the divergence around the updraft
tudes of the horizontal and vertical SGS heat fluxes are on the  core, indicating horizontal heat transport from the storm into
same order. This is in accordance with the characteristics of the environment. In Fig. 2a, positive and negative we”
gray-zone fluxes (Wyngaard 2004), suggesting that horizontal =~ dominate over the east and west side of the updraft core, and
SGS mixing is no longer negligible at kilometer-scale resolu-  likewise for v/6”  in the north-south direction in Fig. 2c. As
tions and should be parameterized properly. The cloudy region = most regions of f(6, x) and f(6, y) in Figs. 2b and 2d are nega-
on the southern flank of the supercell is free of significant SGS  tive, the SGS horizontal turbulent exchange between the storm
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(e) w”O"A, and (f) w”0" (96*/9z) from LES at 8km AGL with A = 1 km. Thin solid contours represent the cloud
boundary where ¢q,,, = 1.0 X 10~®kgkg~'. Dashed contours outline the updraft core where w = 10ms ™. Thick
solid lines AB and CD indicate the locations of the vertical cross sections presented in Fig. 3.

and environment, commonly referred to as cloud entrainment
and detrainment, are mostly downgradient at this particular
elevation. o

In Fig. 2e, large positive w”6”  takes up almost the entire
updraft core, indicating strong upward transport of heat within
the core of the storm. In the adjacent downshear region to the
east of the updraft core is the mild downdraft branch of Athe
storm circulation, which is associated with downward w”8"  of
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moderate magnitudes. As shown in Fig. 2f, countergradient
heat fluxes clearly dominate over the updraft core, consistent
with the findings of Verrelle et al. (2017) and Strauss et al.
(2019) for tropical deep convection. A patch of downgradient
heat fluxes on the southwest of the updraft core is mainly due to
the downshear tilting of the updraft, as will be shown in Fig. 3.

Figure 3 presents vertical cross sections of heat fluxes
through the location of the maximum w at 8km AGL as
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FIG. 3. As in Fig. 2, but for the vertical cross sections along the horizontal solid lines (a),(b),(e),(f) AB and (c),(d)
CD in Fig. 2. Arrows represent storm-related (a),(b),(e),(f) (z, w) and (c),(d) (v, w) wind vectors.

ir@Ated by the solid lines AB and CD in Figs. 2a and 2c
(w"8"" is presented along line AB). Overall, Fig. 3 reinforces
the characteristics of gray-zone heat fluxes found in Fig. 2 with
respect to their magnitudes and spatial distribution. Similar to
the findings of Fig. 2, vertical and horizontal SGS heat fluxes
are of comparable magnitudes throughout the depth of the
supercell. The distribution of SGS heat fluxes also exhibit
similar spatial patterns, where the convective updraft is dom-
inated by upward vertical heat fluxes in the center and sur-
rounded mainly by divergent horizontal heat fluxes on the
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periphery. Contours of the flux-gradient product in Fig. 3f
again confirm the countergradient nature of w”6”  within the
updraft that extends from the cloud base at ab(A)ut 500m to
about 9km. A narrow strip of downgradient w”6” is found on
the upshear side of the slanted storm. This is because tilting of
the storm by shear creates locally unstable regions with warm
cloudy air below the cold environmental air.

Large regions with horizontal countergradient fluxes are
found near the convective core in Figs. 3b and 3d, which is
different from Strauss et al. (2019), who only found horizontal
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FIG. 4, Profiles of the correlation coefficients r between diagnosed and modeled SGS fluxes (a) w”B”A, (b) w”q’u’A, (©w'qy,”, (d) w”q;A,

() W, (h) ww™, (g) W,

and (h) w”w"" at different horizontal resolutions from 25 to 40 min. Solid and dashed lines represent

correlation of modeled fluxes with the Hgrad and the TKE closures, respectively.

countergradient regions near the top of convective clouds. It is
also against conventional expectations from cloud entrain-
ment and detrainment. Analysis of horizontal flux budgets
[Wyngaard 2004, Eqgs. (19)-(20)] show that the tilting term
—Tw'd" (9m*/9z) (T is a time scale) plays a leading role for
the horizontal countergradlent fluxes. For example, the coun-
tergradient negative V6" between 10 and 12km AGL in
Fig. 3cis related to the positive w”8”  and positive 45*/dz north
of the updraft center. In other words, downshear tilting of the
ascending flow and the upward SGS fluxes in the convective
core together generate horizontal countergradient fluxes. This
is also true for other scalars (g, g,p, and g,,), whose horizontal
transport also exhibit systematic countergradient character
(not shown).

c. Correlation coefficients between filtered
and modeled SGS fluxes

With the retrieved SGS fluxes from LES, performance of
the TKE and the Hgrad closures are first evaluated through
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correlation between the filtered and the modeled fluxes [i.e.,
the left- and right-hand sides of Egs. (1) and (3), respectively;
as mentioned in section 2c, the filtered fluxes are obtained
according to Eq. (5) directly, while the modeled fluxes are
parameterized by using the filtered variables], and are pre-
sented in Fig. 4. Note that the scheme constants [i.e., Cx in
Eq. (2) and C; in Eq. (3)] do not affect the correlation co-
efficients r. Profiles of r at each level are time averaged
between 25 and 40 min when the storm is in its mature stage.
An appropriate SGS model should at least be able to pro-
duce positive correlations.

As shown in Fig. 4a, the filtered and the TKE SGS scheme
modeled w”" are negatively correlated at all resolutions
between 1 and 10km AGL, and poorly correlated at other
heights. In comparison, the Hgrad modeled w”8” correlate
well with the filtered fluxes, with r(z) ~0.5 for most of the deep
cloud layer at 4 km resolution, and gradually increases to about
0.7 at 250 m resolution. Slight decrease of r(z) toward the
ground surface and cloud top are observed for the Hgrad




426

model, especially on 4 km grid. This is mainly due to a limited
number of cloudy grid points and the small magnitude of fluxes
at these elevations as shown in Fig. 1.

Unlike heat fluxes, the TKE model is able to achieve
positive correlations for qu”A throughout the depth of the
storm. This is because wq’" is directed downgradient of
@, (z) as shown earlier in Fig. 1b. But even so, the corre-
lation coefficients for the Hgrad modeled w’g”" are still
higher for most of the resolutions considered, especially
for the levels above 10 km.

For w"q;, Wwig7 " and w'g ”A in Figs. 4c and 4d, r(z) of the TKE
closure are close to zero for all gray-zone resolutions tested,
and are negative at some levels near or under the cloud base.
For the Hgrad closure, r(z) are positive with values comparable
to those of w'¢”" and w”q;’A, except for some decreases in
w'q" ” for 4 and 2 km resolutions at about 4 km AGL, roughly
the meltmg level where the gradients of hydrometeors are
large. Figures 4a, 4c and 4d point to a fundamental deficiency
of the TKE closure that could not possibly be ameliorated
through tuning of scheme constants. As we shall further elab-
orate later (see Figs. 7 and 8), this is due to the TKE closure’s
inability to represent countergradient fluxes of potential tem-
perature and cloud contents.

Correlation profiles for horizontal SGS fluxes of all sca-
lars sele&:ted in this work show similar trends, so only those
for u”6" is presented in Fig. 4e. r(z) for the Hgrad model
again exceeds that for the TKE model at almost all eleva-
tions, for all resolutions considered. Three components of
the Reynolds stresses tensor WA, WA, and ww™ are
presented in Figs. 4f-h. Correlation profiles for the other
deVlatorlc flux profiles qualitatively resemble those for
ww™ and are not plotted. In Fig. 4f, the TKE modeled
ww™ are poorly correlated with filtered flux even at 250 m
resolution. The Hgrad model, on the other hand, predicts higher
correlations which increase with improved horizontal resolut1on
For the horizontal and vertical velocity variances W™ and
Ww | the Hgrad model produces consistently high positive
correlat10n across the gray-zone resolutions. As will be shown
later in Fig. 9, with the scale-aware coefficients, the Hgrad
model can give very good prediction of the SGS TKE.

While the Hgrad model exhibits better correlations than the
TKE model in general, the r(z) values often degrade below the
cloud base especially at 2 and 4km resolution. Note that
the benchmark simulation was driven with zero sensible and
latent surface heat fluxes, so boundary layer is close to neutral
and there is not much turbulence activity in the boundary layer.
Therefore, fidelity of the Hgrad model within the boundary
layer cannot be adequately assessed, and should be investi-
gated in a future study.

d. Coefficients C in Hgrad closure

The consistent high correlations between the filtered and
the Hgrad modeled fluxes in Fig. 4 suggest the Hgrad clo-
sure as a suitable SGS model for simulating deep convective
storm at kilometer-scale resolutions. We then proceed to
determine its scheme constant C,; based on the root-mean-
square values of the left- and right-hand sides of Eq. (3). C;
is computed over the vertical range between 1 and 14 km
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that includes almost the entire depth of the storm. It is then
time averaged between 25 and 40 min during the mature
stage of the storm. Although the vertical profiles of the
spatial- and temporal-averaged C, exhibit some moderate
fluctuations with height (not shown), for simplicity it is
further depth averaged to obtain a single value for a par-
ticular resolution. The procedure is repeated for all SGS
fluxes and results are presented in Fig. 5. Coefficients for
scalar and momentum fluxes are determined separately.
The C, values obtained for scalars are found to exhibit different
resolution dependence for the vertical and horizontal fluxes,
possibly due to grid anisotropy at gray-zone resolutions.
Therefore, two coefficients C,, and C,, are determined for
vertical and horizontal directions, respectively.

In general, the retrieved C;, and C;) exhibit monotonic
increase with resolution from a value of 2 at 250 m spacing, to
about 13 for Cs,, and 8 for C,; at 4 km spacing. Increased data
scatter is found at coarser resolutions as indicated by the
wider error bars. This is partly due to a lack of samples as the
grid spacing gets wider. The SGS fluxes of the four scalars in-
vestigated (i.e., 0, g,, ¢,,p and g,,) produce similar and consistent
C,(A) curves. The intrascalar variations at a given resolution
are small compared to the changes of C, with respect to A. As
shown in Fig. 5a, C;, is around 6 at 1 km resolution, which is
close to the values of 5 proposed by Moeng (2014) and 7 by
Verrelle et al. (2017) and Strauss et al. (2019) for kilometer-
resolution simulations of tropical deep convection.

The increase of C, with A in Figs. Sa and 5b confirms that the
explicit grid dependence of the Hgrad closure [i.e., A% on the
right-hand side of Eq. (3)] alone is not enough to account for
changes of the SGS fluxes at gray-zone resolutions. The range
of C4(A) further suggests that it should not be treated as a
constant over the kilometer-resolution range. Grid-dependent
C,(A) curves averaged over the fluxes presented in Figs. 5a and
Sb are empirically fitted by power series

C,,(A)=0.074A"%,
C,,(8)=027A"%, (6)

where A is measured in units of meters. The C; for momentum
(C,,) also show grid dependency (in Fig. 5¢), and the C,,(A)
curves for vertical covariances #”w” and v"w"" are fitted as

C,(A) = 0.11A" )

Other components of the stress tensor are not fitted due to
their relatively wide spread.

e. Profile and distribution of modeled SGS fluxes

With the scale-dependent C(A)efﬁments C,(A), vertical profiles
of the Hgrad modeled w”6” and u” 0" are computed and
presented alongside the LES filtered fluxes in Fig. 6. Modeled
fluxes by the TKE closure with its default constant C; = 0.1 are
also plotted for comparison. Dashed lines in Fig. 6 are from the
online simulations that will be discussed in the following sec-
tion. The modeled w”6” values from the Hgrad scheme agree
reasonably well with their respective filtered-LES fluxes from
250 m to 4 km, although growing discrepancies are found for
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coarse-resolution results. In comparison, profiles of the TKE
scheme are completely off with wrong signs.

For the horizontal fluxes #”6” in the bottom row of Fig. 6,
the Hgrad model is able to reproduce the filtered-LES profiles
reasonably well at gray-zone resolutions. The TKE model, on
the other hand, is able to produce fluxes with the right signs.
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This is expected based on the correlation profiles in Fig. 4e,
which shows the largely downgradient nature of horizontal
fluxes on kilometer-scale grids (see also Figs. 2b and 3b).
The flux profiles of the TKE model also have similar shapes
as that of the LES filtered fluxes, and therefore could be
improved by tuning up the model constant C, as suggested
by Takemi and Rotunno (2003). The diagnosed fluxes of
other variables (except for qu;’A) show similar patterns
to u”8” , which is consistence with the results of Fig. 4 and
are not presented here.

Besides horizontally averaged profiles, horizontal and
vertical cross sections of the modeled heat fluxes are pre-
sented in Figs. 7 and 8 to evaluate the ability of LES closures
to reproduce the spatial distribution of SGS fluxes. The
modeled fluxes are evaluated against the LES filtered fluxes
presented earlier in Figs. 2 and 3. For the horizontal fluxes,
the TKE and Hgrad closures are both able to reproduce the
most prominent feature of divergent fluxes away from the
updraft core. However, the TKE fluxes in Figs. 7a and 7c¢
show spurious horizontal wave features downshear of the
updraft, corresponding to the wavy storm outflow shown in
Fig. 2. The horizonal distribution of the Hgrad fluxes com-
pare better with that of Figs. 2a and 2c, although it predicted
some small fluxes out of the storm over the stratiform region
that is absent in the filtered-LES results.

Contours of the modeled w”6” show distinct differences
between the two closures. The TKE closure fails to produce
upward w”6" for most part inside the updraft core in Fig. 7e
due to its eddy-viscosity formulation. The TKE closure is only
capable of capturing the small region of positive w”6” on
the southwest corner of the updraft core in Fig. 7e, because the
fluxes are downgradient as shown in Fig. 2f as a results of the
downshear storm tilt. The Hgrad modeled fluxes in Fig. 7f
compare well with LES benchmark in Fig. 2e, especially within
the updraft core where vigorous upward heat fluxes occur.

Vertical cross sections of the modeled fluxes in Fig. 8 rein-
force;A the obserzfations made from Fig. 7. The TKE modeled
u"0" and v'0" bear some resemblance to the filtered LES
results in Figs. 3a and 3c, although they appear overly smooth
and miss regions where the horizontal countergradient trans-
port exist. In comparison, the Hgrad model is able to capture
most of the finescale fluctuations, and compares quite well with
that of Fig. 3. In Fig. 8e, the TKE closure predicts spurious
downward pointing w”8”  over all countergradient regions
outlined in Fig. 3f. The distribution of the filtered LES fluxes in
Fig. 3e is reproduced well by the Hgrad model in Fig. 8f.

The last point we wish to make about the Hgrad model in
this section is its ability to represent SGS TKE. Unlike eddy-
viscosity models, the trace of the stress tensor predicted by a
scale-similarity model can offer useful predictions the SGS
TKE (Zhou and Chow 2011). Figure 9 presents the vertical
profiles of the horizontal-averaged TKE diagnosed by the
Hgrad model along with the filtered LES profiles at gray-zone
resolutions. Good overall agreement with the filtered LES
profiles is achieved by the Hgrad model, except for some dis-
crepancy for the 2 km resolution results in Fig. 9d and some
moderate overprediction for the 4km resolution results in
Fig. 9e. Overall, the favorable comparison suggests that Eq. (3)
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FIG. 6. Horizontal-averaged profiles of (a)—(e) w"6” * and ®-G) @9 at horizontal resolutions of (a),(f) 250 m, (b),(g) 500 m, (c),(h)
1km, (d),(i) 2km, and (e),(j) 4 km. Legends with suffix D" represent the a priori diagnosed fluxes, those with suffix “R” represent fluxes

from a posteriori online simulations. Note the different x-axis values.

could alternatively be used as a diagnostic tool for SGS TKE
in kilometer-scale simulations of deep convection.

4. Results of a posteriori simulations

Given favorable a priori evaluations, the Hgrad model with
scale-dependent coefficient Cy(A) is implemented in ARPS for
all scalars. Results of the online a posteriori simulations de-
scribed in section 2d are presented here. Except for the 4km
simulations, all other finer-resolution simulations are capable
of simulating the supercell storm. On the 4 km grid, however,
the storm cell present at 900 s undergoes rapid decay and the
supercell fails to further develop with either SGS model. For
grid spacings of 2 km and finer, the evolution and structure of
supercells in Hgrad simulations broadly resemble those of
TKE simulations at the same grid spacing although differences
do exist in detail, which will be illustrated later. o
_ Horizontally averaged profiles of the simulated w”6"" and
u"0" at1800s are presented alongside with their offline diagnosed
counterparts in Fig. 6. For vertical fluxes in the first row of Fig. 6,
profiles from Hgrad model show good overall agreement with the
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LES profiles at gray-zone resolutions of 250, 500 m, and 1 km. At
2 km resolution, a prevalent underprediction of w”6”  is found
below 8 km AGL, which could be improved slightly by tuning up
C,, further than what Eq. (6A) dictates. At 4km resolution, the
field is too smooth, so w”8" is vanishingly small.

The TKE model, on the other hand, has no predictive ca-
pability of the countergradient vertical fluxes as expected.
In fact, the modeled w”6" by the TKE closure vanishes at res-
olutions beyond 500 m. This is due to the rapid drop of the
predicted TKE at coarse gray-zone resolutions, hence a di-
minishing mixing coefficient according to Eq. (2). It is con-
firmed by plotting the vertical profiles of TKE by the TKE
closure in Fig. 9. The severe underestimation of TKE is a
direct result of the SGS closure’s inability to represent
countergradient heat fluxes, and therefore missing the es-
sential buoyancy production source term in the prognostic
TKE equation (Verrelle et al. 2017).

In the bottom row of Fig. 6, the simulated horizontal heat
fluxes by the Hgrad model also compares well with the LES
benchmark from 250 m to 2km resolutions, except for jsome
overprediction on the finest 250 m grid. Similar to w”6" , the
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FIG. 7. Horizontal cross sections for modeled SGS fluxes of (a),(b) u”6" , (c),(d) v"6" , and (e),(f) w’6” at 8km

AGL with A = 1 km. Results are from (left) the TKE and (right) the Hgrad closures.

TKE predicted u" 6" r is also close to zero at all resolutions due to
the underprediction of TKE. Besides 0, vertical flux profiles of
other scalars by the Hgrad model also show agreement with their
respective LES profiles (results not shown). The derived TKE
from the Hgrad simulations have profiles with similar shape to
the LES except for 4-km resolution (Fig. 9). At finer grid
spacings of 250 and 500 m, the Hgrad model also overpredicts
TKE compared to the LES benchmark. TKE from the TKE
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closure is underpredicted at 500 m and nearly zero for large
grid spacings, and somewhat overpredicted at 250 m.

Aside from the SGS flux profiles, vertical profiles of the
horizontally averaged resolved and total heat fluxes are
presented in Fig. 10. Simulated profiles of resolved heat
flux are similar for both SGS models at 250 and 500 m
resolutions, and agree well with the filtered LES profiles.
At 1 and 2km resolutions, the TKE model produces
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FIG. 8. As in Fig. 7, but for the vertical cross sections along the horizontal solid lines in Fig. 2.

stronger resolved upward heat flux (and also stronger up-
draft) than the Hgrad m(A)del, which compensates for its
underestimated SGS w”6” " such that the total upward heat
flux profiles turn out to be very similar for the two models.
The compensating behavior of the resolved fluxes to the
TKE model at gray-zone spacings is similar to the previous
findings for boundary layer turbulence (Simon et al. 2019).
The reason is likely complicated and deserves its own future
study. Briefly, one plausible explanation is that as the TKE

Brought to you by UNIVERSITY OF OKLAHOMA LIBRARY | Unauthenticated | Downloaded 12/08/21 09:00 PM UTC

model transports heat in the wrong direction downward, the
vertical stability is weakened to allow for stronger updraft. It
could also be due to the limited horizontal SGS mixing of the
TKE model as shown in Fig. 6 (and later in Fig. 12) such that
the convective updraft stays relatively undiluted. Last, at 4 km
resolution, the supercell fails to develop so neither model
produces any upward heat flux.

Next, horizontal and vertical cross sections of the modeled
heat fluxes are examined for 1 km resolution results. Figure 11
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presents the contours of the SGS heat fluxes at 8§ km AGL for
the TKE and Hgrad models. The storm morphology, as out-
lined by the cloud contour, appears different in the online
simulations due to the feedback of the SGS fluxes on the re-
solved flow. For the TKE closure, the magnitudes of both
vertical and horizontal heat fluxes are much smaller than the
filtered LES fields presented in Fig. 2 due to underestimation
of TKE. The resulting updraft core is also much smaller in
Fig. 11a, and has already split into northward and southward
moving parts at 8§km AGL. The horizontal (Figs. 11b,d) and
vertical (Fig. 11f) heat fluxes predicted by the Hgrad closure
show similar magnitudes and distribution as the filtered LES
results. The flux fields, however, appear much smoother than
the diagnosed fluxes presented in Fig. 7, likely a result of the
coarser effective resolution of the finite-difference model.
Compared to the TKE closure, Hgrad closure produces
stronger horizontal mixing between the convective updraft and
the environmental air, which could decrease the buoyancy of
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30
<EA> [ m2.s~2 ]

<EA> [ m2.s~2 ]

FI1G. 9. Horizontally averaged profiles for TKE at horizontal resolutions of (a) 250 m, (b) 500 m, (c) 1km, (d) 2km, and (e) 4 km.

the updraft core. The predicted updraft core is broader than
that of the TKE model and remains connected as the LES
results, although the overall area of the updraft core is still
somewhat smaller. Vertical cross sections in Fig. 12 indicate
similar results for the SGS heat fluxes. However, the TKE
closure produces stronger updrafts compared to the Hgrad
closure, which might be related to the wrong vertical down-
ward and the weaker horizontal outward SGS heat fluxes in the
TKE scheme, as mentioned before. Similar behavior was also
noted by Hanley et al. (2019). Compared to the results of fil-
tered LES, the updraft produced by Hgrad closure is also
weaker, which could be due to coarser effective resolutions.
To illustrate the influence of SGS closures on the storm
structure, horizontal and vertical cross sections of the simu-
lated supercells at 1 km resolution as well as the filtered LES
field are presented in Fig. 13. The time chosen is 2100's, 5 min
after the above analyses, to let the impacts accumulate. By this
time, the supercell storm has undergone at least one splitting

(a) 250m (b) 500m
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FIG. 10. Vertical profiles of the horizontally averaged resolved heat flux w”6” b
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Wi (dashed lines) and total heat flux Wi (solid

lines) at horizontal resolutions of (a) 250 m, (b) 500m, (c) 1km, (d) 2km, and (e) 4km. Results are from the a posteriori online

simulations.
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FIG. 11. As in Fig. 7, but for the a posteriori online simulations.

(Klemp and Wilhelmson 1978b), and the right-moving cell
becomes the dominant one and is located close to the center of
plotted domain in Fig. 13. The left-moving cell near the
northwestern corner of the plotted domain in Fig. 13 are much
smaller and weaker, especially in Hgrad (Fig. 13e) and
TKE (Fig. 13c) simulations. In the right-moving cell of LES
(Fig. 13a), strong mesocyclone rotation near the updraft core
within the simulated supercell is clearly seen from the wind vec-
tors at 1 km height level, and also suggested by the hook-shaped
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reflectivity echo wrapping around the updraft core. These features
are also evident in the TKE (Fig. 13c) and Hgrad (Fig. 13e)
simulations except that the rotation is weaker and the hook is less
pronounced, and more so in Hgrad simulation. The near surface
cold pool in all simulations, as outlined by the —0.5 K perturbation
potential temperature contours, are similar in size. In the vertical
cross section along the low-level inflow and cutting through the
low-level updraft core, a weak echo vault is found underneath the
most intense reflectivity core between 4 and 5km (Fig. 13b),



FEBRUARY 2021

H [km]

i

6

H [km]

12 2 17 50.0
. 1Y 20.0
AN 10.0
10 it f g7 2
= 4 ff 14 7 1.0
= AY 7 i
£s PN 0-1
= RN -0.1
T aEuyis
3550 -1.0
6 :4 Fa 1” ..... _100
ST 13,1’? -20.0
4 i A -50.0
e -
it 45 ,
2 SE 2 i
A30 35 40 45 50 B
X [km]

SUN ET AL.

433

H [km]

H [km]

H [km]

FIG. 12. As in Fig. 8, but for the a posteriori online simulations.

which is a structure characteristic of intense supercell storm.
Generally similar structures are found in TKE and Hgrad simu-
lations, although the strong echo top is noticeably lower in both
simulations than LES (about 6.7 and 6km high, respectively, vs
~8km in LES), as well as the low-level updrafts. The resolution
difference should be the main reason for the differences from LES
simulation, while the difference between TKE and Hgrad simu-
lations are due to the turbulence parameterization schemes as
mentioned before.
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Time series of the domain-averaged precipitation rate is
presented in Fig. 14. The precipitation rates at the resolutions
of 250 and 500 m are similar for both SGS turbulence closures
and are close to that of the LES. For grid spacings of 1 and
2 km, the first rainfall peak in the TKE simulations is larger
than that of the Hgrad scheme, consistent with the stronger
simulated updrafts. For resolutions coarser than 1 km, delays in
the onset of precipitation are observed. At 2km resolution,
rainfall rates quickly spike beyond the LES benchmark once
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[ (f) Hgrad”

F1G. 13. (a),(c),(e) Horizontal and (b),(d),(f) vertical cross sections of wind vectors and simulated reflectivity field

(color shaded) for (a),(b) filtered LES, (c),(d) simulation with TKE scheme

and (e),(f) simulation with Hgrad

>

scheme. The horizontal cross sections are at 1 km AGL, and the vertical cross sections are through the updraft

cores, with their locations indicated by the thick solid lines in (a), (c), and (e). Vertical velocity (thin contours at

1ms™ ! intervals beginning from 5 ms

0.5 K perturbation

~1) and the outline of cold pool gust front (blue line, the

and (e). The horizontal grid spacing for TKE and

6 from base state at 10 m AGL) are also presented in (a), (c),
Hgrad simulations is 1 km and the plotted fields are at 2100s.
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FIG. 14. Time series of domain-averaged precipitation rate.

initiated and fall back shortly after, while the LES show sus-
tained rainfall. In spite of this, the Hgrad closure certainly
performs better than the TKE closure, given its longer sus-
tained high rainfall period (25-35 min) and less overpredicted
rainfall rate. At 4km resolution, further delays are found for
the onset of rainfall, and both simulated rainfall rates exhibit
faster decay. Although the Hgrad model still shows better
agreement with the LES benchmark than the TKE closure in
terms of the maximum rain rate reached, the rain rate curves es-
sentially suggest that 4 km resolution is most likely too coarse to
allow explicit resolving of the supercell, imposing a numerical
limit that could not be easily overcome by improving SGS tur-
bulence closure alone. Potvin and Flora (2015) also found that
4 km grid spacing was too coarse to reliably simulate supercells. In
real cases, sustained convection can often develop within CPMs at
4km grid spacing (e.g., Zhu et al. 2018) due to, for example,
boundary layer convergence forcing or orographic lifting, which
are absent in the current simulations. Applying the proposed
scheme to real cases is a goal of our future studies.

5. Summary and future work

By coarse graining a high-resolution LES of a supercell storm,
a priori analysis is first conducted to examine the characteristics
of SGS turbulence fluxes at typical convection-resolving/-
allowing horizontal resolutions from 250 m to 4 km. It is shown
that at kilometer-scale resolutions, the deep convective storm
is only partially resolved and partially subgrid scale. Vertical
SGS fluxes of heat, moisture, cloud ice/water contents and
precipitating hydrometeor contents account for as large as
50% of the total fluxes on a 4 km grid and do not drop below
10% until the grid spacing is refined to 500 m, confirming that
kilometer-scale resolutions are in fact in the gray zone for deep
convection as previous studies have suggested. Close examina-
tion of the SGS fluxes suggests the need for a three-dimensional
representation of SGS turbulence, as the horizontal and vertical
SGS fluxes are of comparable magnitudes. The in-storm vertical
SGS fluxes exhibit prominent countergradient features especially
within the storm updrafts where countergradient fluxes are
dominant. Horizontal SGS fluxes are mainly characterized by
divergence around the updraft at the upper levels, representing
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turbulent mixing between the cloud and the environment. They
are mostly downgradient at kilometer-scale resolutions, but are
countergradient in some regions related to the tilting of the
updraft core.

The possibility of extending LES turbulence closures to
kilometer-scale simulations of deep convection is considered,
because LES closures are both grid dependent and 3D by
formulation, which satisfies the key requirements for SGS turbu-
lence model at gray-zone resolutions. With the filtered LES data as
benchmark, two LES closures (TKE and Hgrad) at kilometer-
scale resolutions are evaluated a priori. The TKE scheme is a
classic eddy-diffusivity scheme based on gradient-diffusion as-
sumptions, while the Hgrad scheme is a scale-similarity model that
permits countergradient fluxes. Correlations between the filtered
LES fluxes and the modeled fluxes by the turbulence closures favor
the Hgrad model, which is able to achieve average values between
0.5 and 0.7 at kilometer-scale resolutions. The TKE closure gives
negative correlations for vertical heat fluxes and almost zeros
correlation for cloud contents and precipitating hydrometeor
contents. Examination of horizontal and vertical distributions of
the SGS heat fluxes further shows that Hgrad model is able to
reproduce the dominant upward heat fluxes in the storm core, and
is better at capturing finescale variations within the storm than the
TKE scheme. Overall, the Hgrad modeled fluxes compare well
with the LES benchmark, while TKE model performs poorly due
mostly to its inability to represent countergradient fluxes.

Given the favorable a priori assessment, coefficients of the
Hgrad model are computed for different gray-zone resolutions for
the supercell storm simulation. Considering the anisotropy of the
gray-zone grids, the coefficients are split into horizontal and ver-
tical directions. Both coefficients increase monotonically with grid
spacing in the gray-zone range, and are each fitted with a power
series. The Hgrad model with such scale (grid spacing) awareness is
implemented into community atmospheric model ARPS, and a
posteriori simulations of the supercell storm on kilometer-scale
grids are conducted. Comparison of these online simulations with
the LES benchmark show that the Hgrad model is indeed able to
give decent representations of both vertical and horizontal SGS
fluxes in the resolution range between 250 m and 2 km. The sim-
ulated flux fields appear smoother than the LES benchmark due
mostly to the effective resolution of the finite-difference model.
Storm structures are also well reproduced with the Hgrad model,
except for moderate underestimations of the updraft intensity. In
contrast, simulations with TKE closure produce erroneous down-
ward SGS heat fluxes in the vertical direction, and weaker SGS
mixing between the convective and environmental air in the hor-
izontal direction for most resolutions. At 4 km, both models show
systematic underpredictions of vertical fluxes, and also severe un-
derpredictions of rainfall. This suggests that at 4km grid spacing,
neither model is able to overcome the numerical deficiency of low
spatial resolution. Four kilometers is simply too low a resolution to
accurately resolve supercell storms, consistent with the earlier
study of Potvin and Flora (2015).

Opverall, the Hgrad closure presents promising prospects as a
more accurate SGS turbulence closure model for kilometer-
scale simulations of deep convection. Performance of model
will be further evaluated for other types of storms and real
cases to determine its suitability for convective-scale weather
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prediction at convection-resolving/allowing resolutions, and to
optimize the scale-dependent coefficients. Future work also
plans to investigate the interactions between SGS turbulence
with microphysics on gray-zone grids.
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