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ABSTRACT: Subgrid-scale (SGS) turbulent mixing is essential to convection-permitting simulations where turbulent
fluxes are partially resolved and partially subgrid scale. This study investigates the characteristics of the three-dimensional
(3D) SGS fluxes of an idealized squall line in a weak sheared environment. The 3D SGS fluxes on kilometer-scale grids are
obtained by coarse graining a benchmark large-eddy simulation (LES) conducted with the Advanced Regional Prediction
System model. Countergradient (CG) transport is found in both horizontal and vertical SGS fluxes in the updraft region,
which results from nonlocal transport associated with the tilted updraft. Using moist-conserved variables for the identifica-
tion of CG fluxes, the spatial distribution and the occurrence rates of the CG and the downgradient fluxes are investigated.
A scale-similarity (Hgrad) and a conventional gradient-diffusion [turbulence kinetic energy (TKE)] SGS closures are then
evaluated at kilometer-scale resolutions against the LES. Both the offline evaluation and the online simulations demon-
strate improvements of the Hgrad closure over the TKE closure, mostly due to the former’s ability to represent CG fluxes.
Through sensitivity experiments, we investigate the role of horizontal flux parameterization in predicting the structure and
intensity of deep convection with tilted updraft.

SIGNIFICANCE STATEMENT: Current-day numerical weather prediction models operate on kilometer-scale grids
that permit partially explicit resolution of deep convection. Accurate parameterization of the unresolved subgrid-scale
(SGS) turbulence is key to improving kilometer-scale simulations of deep convection. Former studies on SGS turbu-
lence for kilometer-scale grids are often based on upright deep convection and point to the essential role of vertical
SGS flux parameterization. We investigate a vertically tilted deep convective system under the influence of the cold
pool. Our findings show that the contribution of the horizontal SGS fluxes may be comparable to the vertical SGS
fluxes in kilometer-scale simulations of convective storms with tilted structures.

KEYWORDS: Subgrid-scale processes; Turbulence; Squall lines; Shear structure/flows; Large eddy simulations;
Mesoscale models

1. Introduction

Kilometer-scale numerical weather prediction (NWP) models
are operational in weather centers worldwide (see Benjamin et al.
2018, and references therein). Their performances have also
been studied for more than two decades (e.g., Weisman et al.
1997; Bryan et al. 2003; Warner and Hsu 2000; Kain2004; Liu
et al. 2001; Wyngaard 2004; Honnert et al. 2011). At kilometer-
scale resolutions,1 NWP models begin to resolve convective
storms explicitly and are called convection-permitting models
(CPMs; Schwartz et al. 2009; Prein et al. 2015; Langhans et al.
2012; Clark et al. 2016) to differentiate from traditional mesoscale

models where the representation of deep moist convection re-
lies on cumulus parameterization. As the spatial scale of con-
vective clouds is usually on the order of 1–10 km (Emanuel
1994; Houze 1993), the extent of their resolution by CPMs is
best described as partly resolved and partly subgrid-scale
(Bryan et al. 2003; Arakawa and Wu 2013).

In operational practice, deep cumulus parameterizations
are often turned off in CPMs, as the predictions of deep con-
vection and the associated precipitation generally improve
without cumulus parameterization (Xue et al. 2003; Lean et al.
2008; Pearson et al. 2010; Zhu et al. 2018). However, many
studies have also shown that only a portion of the in-cloud
turbulent motions are explicitly resolved at such borderline
resolutions (Weisman et al. 1997; Bryan et al. 2003; Arakawa
and Wu 2013; Lebo and Morrison 2015; Shi et al. 2019; Tang and
Kirshbaum 2020; Ye et al. 2023). More specifically, the resolved
motions are mostly those associated with the broader convective
core updrafts, whereas the smaller turbulent eddies that are ei-
ther embedded in or at the periphery of the updrafts are poorly
resolved (Sun et al. 2021, hereafter S21; Liu and Zhou 2022).Corresponding author: Kefeng Zhu, zhukf@cma.gov.cn

1 In this study, we loosely refer to “kilometer-scale resolutions”
as the resolution range between several hectometers and several
kilometers.
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Contributions from these unresolved eddies could account for a
significant portion of the overall turbulent transport. Without
proper parameterization of their effects on the resolved flow,
convective storms simulated by CPMs are often too wide and too
energetic (Fan et al. 2017; Kendon et al. 2021). Some are sub-
jected to various structural and location errors (Fiori et al. 2010;
Lebo and Morrison 2015; Prein et al. 2015; Clark et al. 2016), and
some are biased toward frequent light scattered precipitation
(Xue et al. 2013; Clark et al. 2016).

To represent the effects of in-cloud SGS turbulent eddies in
deep convection, a number of studies attempted to extend
conventional turbulence closures that are originally designed
for large-eddy simulations (LESs) on O(10–100) m grids to
CPMs. The adapted turbulence closures are mostly gradient-
diffusion schemes, where the parameterized flux of a variable
u points to its downgradient direction. Typical examples in-
clude the three-dimensional (3D) Smagorinsky (1963) and the
1.5-order turbulence kinetic energy (TKE; Moeng 1984) clo-
sures. Their adaptation to kilometer-scale grids focuses mostly
on tuning model coefficients to improve a certain aspect of the
storm simulation. For example, Takemi and Rotunno (2003)
increased the turbulent mixing coefficients in the Smagorinsky
and the TKE closures to suppress numerical noises in kilometer-
scale squall-line simulations. Zhang et al. (2018) adjusted the
horizontal diffusion coefficients in simulations of tropical
cyclones (TCs) and improved the forecasts of TC strength,
radius of maximum wind, and boundary layer height. Zhang
et al. (2021) tuned the Smagorinsky coefficient to improve
storm precipitation forecasts.

However, LES models are designed to parameterize only lo-
cal turbulent transport, allowing nonlocal transport to be ex-
plicitly resolved. In deep convection, the latter is associated
with organized convective updrafts that are capable of trans-
porting a variable up its local gradient, producing the so-called
countergradient (CG) fluxes (Deardorff 1966). A typical ex-
ample is the upward transport of sensible heat in convective
updrafts against the local stratification. In the hydrostatic limit
with coarse resolutions, all of the CG fluxes are of subgrid
scale, requiring SGS schemes to be capable of handling CG
vertical transport (e.g., Holtslag and Moeng 1991; Siebesma
et al. 2007). At convection-permitting resolutions, the resolved
flow is able to capture some but not all CG transport associ-
ated with the nonlocal eddies due to the borderline resolution
as previously mentioned. The remainder is of subgrid scale
and must be parameterized.

The presence countergradient SGS fluxes have been re-
ported in several kilometer-scale simulation studies of meso-
scale convective systems (Verrelle et al. 2017; Strauss et al.
2019), supercells (S21), and TCs (Shi andWang 2022; Ye et al.
2023). Most of these studies focus on the vertical CG fluxes,
while their horizontal counterparts are seldom investigated.
Part of the reason, we suspect, is that the tropical deep con-
vections chosen in these aforementioned studies have mostly
upright updrafts, leading to significant vertical CG fluxes.
However, when vertical flux w′c′ associated with a convective
updraft is tilted by the vertical wind shear ­zu and/or the cold
pool, horizontal flux u′c′ is created through the action of
the mean-gradient production term w′c′­zu [Wyngaard 2004;

Eq. (18)] and could be pointed up the horizontal gradient of c
(­xc) as evidenced in S21 and Ye et al. (2023). In this work,
we simulate an idealized squall line where convective updrafts
are tilted upshear with the Advanced Regional Prediction
System (ARPS; Xue et al. 2000, 2001) model and investigate
countergradient SGS fluxes in both vertical and horizontal
directions.

The ability to represent countergradient SGS fluxes is of
primary importance to CPM simulations of deep convection
(Shi et al. 2019 and references therein). This is, however, a
challenging task for gradient-diffusion-type LES closures
which are limited to the parameterization of downgradient
fluxes. The proper representation of countergradient SGS
fluxes requires a paradigm shift away from the conventional
gradient-diffusion framework. One promising model, originally
developed as an LES closure by Clark et al. (1977), was adapted
to the kilometer-scale simulations of deep moist convection by
Moeng et al. (2010). It is a nonlinear-scale-similarity closure
that is capable of representing countergradient SGS fluxes (see
section 2a for details). Follow-up studies have shown that the
Clark model outperforms gradient-diffusion closures in the rep-
resentation of storm structure and precipitation at kilometer-
scale resolutions (Verrelle et al. 2017; Hanley et al. 2019; Strauss
et al. 2019; S21; Ye et al. 2023), although most of these studies
apply the model to the vertical fluxes only. Our study adopts
the Clark model for both the horizontal and the vertical fluxes
and evaluates its performance with an emphasis on the repre-
sentation of CG fluxes.

2. Data and methods

a. Turbulence closures

The 1.5-order TKE and the nonlinear Clark closures are
used in this work. The former is a widely used LES closure
developed by Deardorff (1980) and Moeng (1984), where the
SGS momentum and scalar fluxes are parameterized as

t ij ; ũiuj 2 ũiũj 52KM

­ũi

­xj
1

­ũj

­xi

( )
,

t ci ; ũic 2 ũĩc 52KH

­̃c
­xi

: (1)

The overtilde is a spatial filter operator, ui represents the ith
component of the wind vector, and c represents a generic sca-
lar such as potential temperature u or the water vapor mixing
ratio qy. In Eq. (1),

KM 5 Ck

��
e

√
l, KH 5

KM

PrT
, (2)

are the eddy viscosity and diffusivity, where the subscriptsM and
H stand for momentum and heat, respectively. The Ck 5 0.1 is a
model constant; e is the subgrid TKE; and l is a turbulence length
scale, which can be separately prescribed for the horizontal lh
and the vertical ly directions. In the ARPS model, l is set based
on the grid aspect ratio. On near-isotropic grids (Dx, Dy’ Dz), a
single length lh 5 ly 5 (DxDyDz)1/3 is adopted. On anisotropic
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grids (Dx, Dy.. Dz) which applies to CPMs, lh 5 (DxDy)1/2 and
ly 5 Dz are parameterized differently. Under stably stratified
conditions, l is further constrained by the buoyancy length scale
0:76

��
e

√
/N, where N is the Brunt–Väisälä frequency. The PrT is

the turbulent Prandtl number and is set to 1/(11 2ly/Dz) (Moeng
1984). In this study, the 1.5-order TKE closure is applied to both
the LES and the kilometer-scale simulations using the isotropic
and the anisotropic length scales, respectively.

The second closure to be evaluated was proposed by Clark
et al. (1977, 1979) for LES. It was introduced to CPMs by
Moeng et al. (2010) and Moeng (2014). The scalar SGS flux is
parameterized as

t ci ; ũic 2 ũ ĩc 5 Cs

D2

12
­ũi

­x
­̃c
­x

1
­ũi

­y
­̃c
­y

( )
, (3)

where Cs is a model constant and D 5 (DxDy)1/2 is the hori-
zontal grid spacing. Equation (3) can be formally obtained by
reconstructing (or deconvoluting) the unfiltered variable
through Taylor series expansion [see the appendix of Moeng
et al. (2010) for details]. Since the horizontal gradients of the
resolved variables are used to parameterize the SGS fluxes in
Eq. (3), it is also referred to as the Hgrad closure by Verrelle
et al. (2017). For kilometer-scale storm simulations, S21 pro-
posed the following scale-dependent model coefficients for
the vertical and the horizontal fluxes separately:

Cs,v(D) 5 0:074D0:63,

Cs,h(D) 5 0:27D0:41: (4)

These grid-dependent coefficients are used for all simulations
in this study. In S21, it was found that the Hgrad closure ap-
plied to the momentum fluxes would lead to numerical insta-
bility. Therefore, we only use the Hgrad closure for the scalar
fluxes and resort to the TKE closure for momentum fluxes.

b. Numerical setup

Numerical setup for the idealized squall line follows Bryan
et al. (2003). Specifically, the initial temperature and moisture
profiles are from Weisman and Klemp (1982), which are asso-
ciated with a high convective available potential energy
(CAPE) value of about 2400 J kg21. The initial wind profile is
from Weisman et al. (1997), where westerly winds increase
from 0 at the surface to 10 m s21 at 2.5-km height and remain
constant above. Similar wind profiles have also been used for
tropical squall lines (e.g., Trier et al. 1996; Lafore and Mon-
crieff 1989). To keep the squall line near the center of the sim-
ulation domain, a Galilean shift was applied with 18.0 m s21

winds subtracted from each level. The squall line is initiated
by a north–south line thermal with a maximum amplitude of
2 K. The thermal is centered at the ground level and has a
vertical height of 1.5 km and a horizontal radius of 10 km.
Random perturbations with an amplitude of 0.2 K are intro-
duced to the center 1/3 of the thermal at the ground level to
speed up the development of turbulence.

Numerical simulations are conducted by version 5.3.4 of
the ARPS model. The LES uses 50-m uniform horizontal grid

spacing, while the vertical spacing is stretched from 20 m near
the ground to 400 m at the domain top. The numerical do-
main consists of 3960 3 1200 3 90 grid points. It is 298 km in
the east–west cross-line (x) direction, 60 km in the north–
south along-line (y) direction, and 18 km in height. The cross-
line lateral boundaries are open radiative, and the along-line
boundaries are periodic. Free-slip conditions are specified at
the bottom boundary, and there are no surface sensible or
latent heat fluxes. Such bottom boundary condition is widely
adopted in previous studies, so that the squall line is only
driven by CAPE and vertical wind shear (Weisman et al.
1997; Takemi and Rotunno 2003; Bryan et al. 2003; Morrison
et al. 2009; Lebo and Morrison 2015; Jensen et al. 2018). The
Coriolis factor is set to 0 to represent a tropical environment.
The single-moment Lin scheme (Lin et al. 1983) and the
1.5-order TKE closure with isotropic length scale are used for
microphysics and SGS turbulence, respectively. The simula-
tions use the fourth-order advection for both momentum and
scalars, with Zalesak (1979)’s flux-corrected transport applied
to scalar advection. Fourth-order computational mixing with
a coefficient of 5 3 1024 s21 is also applied to suppress grid-
scale noises. The time step is 0.1 s, and the model is run for
4 h to obtain a mature and quasi-steady-state squall line. The
outputs are saved at every 10 min for the analysis.

For the CPM simulations conducted at 250-m, 500-m, 1-km,
2-km, and 4-km horizontal grid spacings, the numerical do-
main is enlarged to 320 km3 120 km 3 18 km. The same ver-
tical grid configuration as the LES is adopted to focus on the
effect of the horizontal grid. The model time steps are set
to 0.2, 1, 2, 4, and 4 s for the five grid resolutions, respectively,
and the numerical mixing coefficients are modified to
5 3 1024, 5 3 1024, 1 3 1023, 1.53 1023, and 2 3 1023 s21 to
reduce the numerical errors in the moist absolutely unstable
layer (MAUL) when the horizontal grid spacing is over 1 km
(Bryan 2005). The numerical setup and the initial condition
for these runs are the same as that used for the LES, except
for the turbulence closure. To pin down the relative impor-
tance of vertical and horizontal flux parameterizations, we ap-
ply the TKE closure (with the anisotropic option) and the
Hgrad closure individually to the horizontal and the vertical
fluxes, resulting in four closure combinations for each resolu-
tion. The naming conventions are based on the turbulence
closures used. For example, the hHgrad_vTKE run uses the
Hgrad closure for the horizontal and the TKE closure for the
vertical SGS flux, hence the small letter “h”2 and “v” in front
of the closure names.

c. Filtering LES data

The LES outputs are coarse grained to 250-m, 500-m, 1-km,
2-km, and 4-km grid spacings to obtain benchmark solutions
for the corresponding resolution. Coarse-graining is con-
ducted with a 2D Gaussian filter following Moeng et al.

2 The ‘h’ is not to be confused with the capital letter ‘H’ in
Hgrad. The h denotes the horizontal flux, while H is for the hori-
zontal gradient used in the closure in Eq. (3).
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(2010). For a generic variable f, the filtered variable is ob-
tained by

f̃(x, y) 5




fG(x 2 h, y 2 z)dhdz, (5)

where h and z are the dummy variables for the integration
andG is the 2D Gaussian kernel defined as

G(x 2 h, y 2 z) 5 6
p

1

D2 exp 2
6[(x 2 h)2 1 (y 2 z)2]

D2

{ }
, (6)

and D is both the filter width and the target grid spacing. The
filtered SGS fluxes tSGS

fi are obtained by

tSGS
fi 5 f̃ui 2 f̃ũi: (7)

Note that the SGS fluxes on the original LES grids are
ignored due to their small contributions (less than 10%).

To assess the relative contribution of the SGS fluxes on
kilometer-scale grids, the total fluxes are needed. This is a
nontrivial task for storms, due to difficulties in obtaining an
objective reference state u, based on which the perturbations
u′ 5 u2 u are computed. Under horizontally homogenous
conditions, such as in dry convective boundary layer, u is well
defined by the horizontal average (Sullivan and Patton 2011).
However, in a convective storm characterized by spatial het-
erogeneity, the horizontal average is no longer an appropriate
representation of the background state. The same issue arises
for the identification of CG fluxes where the gradient of u is
required. In this case, u is better defined within a local area
surrounding the convective updrafts rather than the domain-
averaged value. In practice, the reference state is often ob-
tained through local averaging, with an averaging area large
enough to include the largest turbulent eddies but not too
large to be affected by heterogeneity of the mesoscale flow
(e.g., Green and Zhang 2015). The choice of the averaging
area, or equivalently the local filter width, is, however, subjec-
tive due to the lack of scale separation between turbulence
and mesoscale motions.

Fortunately, the difficulty with the reference state is greatly
ameliorated with the quasi-2D squall-line setup, in which the
along-line direction is homogeneous under the periodic
boundary condition. The along-line averaging operator de-
fined as hfi(x, z)5 (1/Ly)



f(x, y, z)dy is employed to obtain

an objective reference state consisting only of the mesoscale
flow. The total turbulent flux is computed as

tTfi 5 h(f 2 hfi) 3 (ui 2 huii)i
5 hfuii 2 hfihuii, (8)

while the resolved turbulent flux on kilometer-scale grid is

tRfi 5 h(f̃ 2 hfi) 3 (ũi 2 huii)i: (9)

Based on Eqs. (8) and (9), the SGS turbulent fluxes may also
be computed as tTfi 2 tRfi. Note that the difference between
total and the resolved fluxes is not exactly equal to tSGS

fi com-
puted based on Eq. (7) because h?i is a 1D averaging operator,

while ?̃ is a 2D filter. However, the SGS fluxes obtained by
both methods are in fact very close. We follow the definition
of tSGS

fi and use Eq. (7) to compute the benchmark SGS
fluxes.

3. Benchmark LES results

In this section, data from the last hour of the 50-m LES, when
the simulated squall line is at quasi-steady state, are used for the
analysis. A system-relative x coordinate is adopted where the or-
igin is placed at the front of the cold pool, defined by a 24 K
surface potential temperature perturbation u′ from the inflow.
Movement of the squall line is removed from the wind vectors
to obtain system-relative wind fields. Time and along-line aver-
aging are performed for the system-relative fields to obtain
statistics.

a. Overall depiction of the squall line

In the LES, moist convection is initiated by the surface ther-
mal and starts to generate precipitation about 30 min into the
simulation. Afterward, temperature at lower levels decreases
due to evaporative cooling, and a cold pool is soon established.
The surface cold air spreads out in a nonsymmetric fashion as a
result of the environmental eastward wind shear. The eastward-
moving current is deeper and moves more slowly against incom-
ing winds. Under favorable wind shear, the cold pool raises the
inflow at its edge and sustains the convection as predicted by
the Rotunno–Klemp–Weisman (RKW) theory (Rotunno et al.
1988; Weisman et al. 1988; Weisman and Rotunno 2004). In the
squall-line reference system, the east and the west directions
are referred to as the front and the rear, respectively.

Time- and along-line-averaged 2D squall-line structures are
shown in Fig. 1. The mean updraft, as outlined by the black con-
tours in all four subplots, shows a tilt over 608 from the vertical
direction. Equivalent potential temperature ue and total water
content qt on the left panel are used for the analysis of thermo-
dynamic and the moisture fields. They exhibit better conserva-
tion properties than u and qy for moist convection, as the latter
does not account for phase transition. The vertical velocity w
and the LES-resolved TKE [i.e., h(1/2)∑3

i51(ui 2 huii)2i] on the
right panel are plotted to represent the dynamic and the turbu-
lent fields.

As shown in Fig. 1a, the low-level inflow ahead of the squall
line is associated with high ue. The high-ue stream extends
rearward along the tilted ascending inflow. The surface region
left of the origin below the tilted updraft is the cold pool. Two
local maxima are found in the line-averaged w presented in
Fig. 1b. One is located above the leading edge of the cold
pool at around 2 km above ground level (AGL) and is associ-
ated with the dynamic lifting of the inflow. The other is lo-
cated in-between the mid–upper levels and is mainly related
to buoyancy. Figure 1c presents the distribution of qt that
mostly decreases with height. The high value region along the
inflow is due to the transport of the water vapor by the tilted
updraft. The high qt within the cold pool is attributed to pre-
cipitation. The resolved TKE shown in Fig. 1d has large values
centered above 8 km AGL, which is related to the upper part
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of the squall-line convection, and has a secondary maximum at
the interface between the cold pool and the inflow updrafts.

b. Benchmark SGS fluxes

The original LES outputs are filtered following Eqs. (7)–(9)
to obtain the benchmark fluxes at kilometer-scale resolutions.
The behaviors of SGS fluxes at D 5 1 km are presented and
analyzed. SGS fluxes obtained at other kilometer-scale filter
widths yield similar results and are not shown. The time- and
along-line-averaged total turbulent heat fluxes tTuei

, along
with its resolved tRuei

and SGS tSGS
uei

components, are shown in
Fig. 2. The SGS ratios tSGS

uei
/tTuei are presented in the bottom

panel. In the top panel, the total vertical heat flux tTue3 and hor-
izontal heat flux tTue1

are primarily directed upward and rear-
ward. Together, the flux vector is approximately aligned with
the tilted updraft. The spatial distributions of the horizontal
and vertical fluxes differ. Large upward tTue3

are centered
around 5 km AGL, just above the maximum w, while a second-
ary maximum is found along the leading edge of the cold pool
below 2 km AGL. For the horizontal flux, the strongest front-
to-rear tTue1 is concentrated along the leading edge of the cold
pool where very strong horizontal gradient of ũe exists due to
the presence of the cold pool (see Fig. 1a). Above the cold
pool edge, rearward transport by tTue1

is still significant but
not as strong. Above 8 km, tTue1 flips sign due to the overturn-
ing flow.

The spatial distributions of the resolved (second row) and
SGS fluxes (third row) largely resemble their respective total
fluxes. The magnitude of the SGS fluxes is smaller than their
resolved counterparts (note the differences in the color bars).
The SGS ratio of the vertical flux is generally above 20% in
the updraft region and is close to 40% in the updraft core as
shown in Fig. 2g. For the horizontal flux, the SGS component
contributes to over 30% of the total flux along the inflow
above the leading edge of the cold pool as shown in Fig. 2h.

Higher up, the horizontal SGS flux ratio drops, and SGS con-
tribution is no longer significant above 5-km height. Figures 2g
and 2h together indicate nonnegligible contributions of both
vertical and horizontal SGS fluxes at 1-km grid spacing. Within
the updraft core, the SGS contribution may even be compara-
ble to that of the resolved flow.

As shown in Fig. 2, the SGS and total fluxes (tSGS
fi and tTfi)

are generally aligned in the same direction in the convective
region. Spatial averaging within 220 km , x , 5 km yields
vertical profiles of the SGS fluxes tSGS

fi at different resolutions
and their relative contributions to the total turbulent fluxes in
the convective region, as shown in Fig. 3. For the vertical heat
flux tue3

, the convective region exhibits overall positive values
(indicating upward transport), with a peak centered approxi-
mately 5 km AGL (Fig. 3a). The SGS to total flux ratio
tSGS
ue3

/tTue3 reaches nearly 100% at ground level up to 2 km
AGL at 4-km resolution and is about 75% above (Fig. 3e).
Within the resolution range between 2 km and 250 m, the ra-
tio varies from 50% to 10%. The horizontal flux tSGS

ue1
is di-

rected rearward below 8 km AGL (Fig. 3b) and reverses
direction between 8 and 12 km due to the overturning flow.
The ratio tSGS

ue1
/tTue1 in Fig. 3f is generally lower than that of

the vertical component, which is about 20% at D 5 1 km and
10% at 500 m.

In the vertical direction, the SGS flux of total water tSGS
qt3

is
predominantly upward, and its value in the upper part of the
storm (above 8 km AGL) is higher than that near the ground
as shown in Fig. 3c. The ratio tSGS

qt3
/tTqt3 in Fig. 3g is only

slightly smaller than that of ue. The horizontal flux tSGS
qt1

is
directed rearward at all heights below 14 km as shown in
Fig. 3d. The total flux tTqt1

shows significant peaks at 7 and
2 km AGL, which are not evident in the SGS flux tSGS

qt1
at

coarser resolutions. The proportion of SGS flux to total flux
tSGS
qt1

/tTqt1 is lower compared to that of ue, only reaching about
50% at D 5 4 km. Overall, when the horizontal grid spacing is

FIG. 1. Time- and along-line-averaged (a) equivalent potential temperature huei (K), (b) vertical velocity hwi
(m s21), (c) total water content hqti (g kg21), and (d) resolved TKE (m2 s22) from the LES. Black contours outline
the updraft core with the thin line representing hwi$ 2.5 m s21 and the bold line for hwi$ 5 m s21.
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between 500 m and 4 km, the contribution of SGS flux to the
total flux increases approximately from 10% to 80%, indicat-
ing that this resolution range falls in the gray zone of the sim-
ulated squall line.

Next, we focus on the SGS fluxes shown in Figs. 2e and 2f.
Their downgradient (DG) and CG contributions are sepa-
rately investigated. This is done by calculating the product
of tSGS

fi and ­f̃/­xi on the filtered grid (in this case,
1 km 3 1 km) at every vertical level. DG and CG fluxes are
identified by negative and positive product values, respec-
tively. Again, we note that the identification of CG and
DG fluxes are subjected to complications arising from
the reference state and the grid spacing, as elaborated in
section 2c. While the analysis produces relatively objective
results thanks to the quasi-2D squall-line structure, its ex-
tension to other heterogenous convective storms should be
exercised with caution.

Time- and along-line-averaged DG and CG fluxes of ue are
shown in the first and the third rows of Fig. 4, respectively.
Note that conditional averaging is performed by summing all
DG and CG grid points in the along-line direction and di-
vided by the total along-line grid points Ny, such that the aver-
aged DG and CG fluxes directly add up to the total SGS
flux in Fig. 2. Furthermore, the percentage occurrence of
CG fluxes is quantified in the rightmost column of Fig. 4 as
NCG/NALL, where NCG and NDG refer to the number of CG
and DG flux points and NALL 5 NCG 1 NDG. Note that a
lower threshold value of 0.5 K m s21 is placed on the absolute
SGS flux values to eliminate very small SGS fluxes that may
be associated with numerical noises. Besides the ue fluxes, we
also include fluxes of u for comparison. This is because many
NWP models such as the Weather Research and Forecasting
(WRF) Model (Skamarock et al. 2021), the Model for Predic-
tion Across Scales (MPAS; Skamarock et al. 2012), and ARPS

FIG. 2. Time- and along-line-averaged cross sections of (a),(b) the total, (c),(d) the resolved, (e),(f) the SGS turbu-
lent fluxes, and (g),(h) the ratio of SGS over total flux. (left) The vertical and (right) the horizontal fluxes of ue filtered
to 1-km spacing. Regions with tT being less than 10% of its maximum are masked in (g) and (h) to focus on regions
with relatively large fluxes. The color scales are in units of kelvin meters per second, and note the changes of color
scale in (e) and (f).
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use u and qy as the prognostic variables for SGS turbulent mix-
ing. The comparison shows how nonconserved variables can
exaggerate the occurrence of CG fluxes and advocates moist-
conserved variables for SGS turbulence.

In the top row of Fig. 4, the overall distributions of the vertical
DG and CG fluxes of ue are largely similar. Magnitude-wise, DG
fluxes are larger between 4 and 6 km AGL (Fig. 4a), while CG
fluxes are primarily responsible for the secondary maximum of
tSGS
ue3

observed at the leading edge of the cold pool as shown in
Fig. 2e. The percentage occurrence plot shown in Fig. 4c indicates
that in the ascending region, almost half of the valid flux points

show CG fluxes. The proportion further exceeds 60% in the lead-
ing edge of the cold pool indicating significant nonlocal transport.

The same analysis for tSGS
u3 reveals a different picture as

shown in the second row of Fig. 4. The vertical CG flux of u
(Fig. 4e) clearly dominates over the DG flux (Fig. 4d) with
both larger values and broader spatial coverage. Comparing
Fig. 4f with Fig. 4c, the percentage occurrence of CG fluxes is
also greatly increased. Over 60% of the grid points are identi-
fied as CG fluxes within the squall-line updraft. The difference
is due to inclusion of latent heating in the vertical ue fluxes. In
other words, a substantial portion of the CG fluxes of u shown

FIG. 3. Vertical profiles of the SGS fluxes of (a) tSGS
ue3

(K m s21), (b) tSGS
ue1

(K m s21), (c) tSGS
qt3

(g kg21 m s21), and (d) tSGS
qt1

(g kg21 m s21)
by filtering the LES to different resolutions and (e)–(h) their ratios to the total turbulent fluxes tSGS

fi /tTfi. The total turbulent fluxes tTfi are
plotted in the top panels as reference. All profiles are spatially averaged between x 5 220 km and x 5 5 km and time averaged between
hours 3 and 4.
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in Fig. 4e is actually downgradient from ue’s perspective, hence
may still be parameterized by a gradient-diffusion closure
based on ue. It is the CG ue fluxes shown in Fig. 4b that truly
requires a non-gradient closure. It is also interesting to note
that the DG fluxes of u shown in Fig. 4d in the updraft core
are upward positive, contrary to what one might image for a
stably stratified environment. This is because at kilometer-
scale resolutions, the CPMs are capable of (partially) resolving
locally unstable regions (­̃u/­z, 0) in the updraft core, leading
to upward DG fluxes.

As shown in Fig. 4g, the horizontal DG fluxes of ue are the
most significant near the leading edge of the cold pool below
4 km AGL, while relatively large CG fluxes are found at 4-km
height in the updraft core. The overall magnitude of the DG
fluxes is larger than that of the CG fluxes. A budget analysis of
tSGS
ue1

(not shown) reveals that the CG fluxes are produced by tilt-
ing production tSGS

ue3
3­ũ/­z, i.e., tilting of the vertical SGS flux

tSGS
ue3

by the vertical wind shear into the horizontal direction.
Note that in Strauss et al. (2019), horizontal CG heat fluxes were
only found near the cloud top in a low-shear tropical setting. In
this squall-line case, tilting of the updraft by the cold pool is re-
sponsible for the generation of horizontal CG fluxes. The occur-
rence ratio in Fig. 4i indicates that in the updraft below 4-km
height, the proportion of grid points with CG horizontal fluxes
generally exceeds 60% and even surpasses 80% in a small region

at the inner core. The analysis performed on the horizontal u
flux in the bottom row of Fig. 4 reveals similar patterns, which is
expected as horizontal movements of air parcels are not strongly
tied to condensation as they are for vertical movements.

The same filtering and conditional sampling procedures are
performed for the qt fluxes. The vertical and the horizontal
SGS fluxes of qt are both significant as shown in the first col-
umn of Fig. 5, which together aligns with the tilted updraft.
The distribution of SGS fluxes, their CG component, and the
occurrence ratio in Fig. 5 reveal similar patterns as the ue
fluxes shown in Figs. 2 and 4, except that the vertical SGS flux
of ue remains countergradient at higher levels than that of qt.
The latter also tends to be more downgradient above 5 km
AGL. The consistency between the CG occurrence ratios of
ue and qt fluxes (cf. Fig. 4c to Fig. 5c for the vertical ratio and
Fig. 4i to Fig. 5f for the horizontal ratio) again highlights the
importance of using conserved variables for the identification
of CG fluxes. If one were to compare, say the CG occurrence
ratios between qt fluxes with u fluxes, the different distribution
patterns could mislead to dissimilarity arguments.

As shown in Figs. 4 and 5, the along-line-averaged SGS CG
fluxes may point to the same directions as the DG fluxes. To
gain a deeper understanding of this phenomenon, we show
two vertical cross sections of the instantaneous flow fields at
hour 4 of the simulation in Fig. 6. In the along-line cross

FIG. 4. Time- and along-line-averaged (left) downgradient and (middle) countergradient SGS fluxes of ue and u in both the vertical and
the horizontal directions. All fluxes are filtered to 1-km spacing, and the color scales are in units of kelvin meters per second. (right) The
CG occurrence ratio NCG/NALL, where regions with SGS fluxes of magnitude less than 0.5 K m s21 are masked. DG and CG fluxes are de-
fined by tSGS

fi and­f̃/­xi having opposite and same signs, respectively.
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section (Fig. 6a), the average height of the inflow center
ranges from 3 to 6 km AGL, characterized by high-ue values,
with occasional strong updrafts reaching up to 8 km AGL. In
this height range, the vertical SGS heat flux is predominantly
positive, regardless of whether the location is above or below
the center of high ue values. In other words, within the con-
vective region, the vertical SGS heat transport is upward and
shows no significant correlation with the local vertical gradi-
ent of ue, and the SGS flux can either be DG (above the local
ue maxima) or CG (below the local ue maxima). In Fig. 6b, the
inflow is associated with front-to-rear SGS heat flux (i.e., neg-
ative tSGS

ue1
), with the high-ue values at the center of the inflow.

Therefore, tSGS
ue1

at the rear side of the inflow center are DG,

while the fluxes at the front side are CG. Considering the in-
formation presented in Fig. 2, a suitable interpretation is that
squall line produces upward and front-to-rear turbulent heat
fluxes overall. The structure of the squall-line system and the
relative location within the system governs the direction of
the SGS flux, with the local gradient of the scalar itself having
a relatively minor impact.

To further quantify the contribution of CG and DG fluxes
at different heights, the 2D slices presented in Figs. 4 and 5 are
averaged over the region between x 5 220 km and x 5 5 km
to obtain vertical profiles of the ue and qt fluxes along with
their DG and CG components. The profiles presented in Fig. 7
offer a simplistic view of flux composition. For the vertical
fluxes, countergradient SGS transport is comparable to down-
gradient transport for ue (Fig. 7a) at most heights but is less
important for qt (Fig. 7c). For the horizontal fluxes, DG fluxes
dominate for both ue and qt below 4 km and are comparable to
CG fluxes above. Additionally, we note that the CG and DG
fluxes are almost always aligned in the same direction, be it up-
ward (positive) or downward (negative).

4. Evaluation of SGS closures

a. Offline evaluation

Based on the benchmark SGS fluxes presented in section 3,
we conduct offline evaluation of the TKE and the Hgrad clo-
sures. The coarse-grained LES variables are inserted to the
right-hand side of Eqs. (1)–(4) to obtain the diagnosed SGS
fluxes from the two closures. The evaluation is conducted
without performing actual simulations, so that the SGS clo-
sures do not affect the resolved flow (Pope 2000, chapter
13.4.6). Note that for the TKE closure, the SGS TKE is given
by e; (1/2)∑3

i51 (̃ui 2 ũi)2, and the coefficient CK in Eq. (2) is
multiplied by 3 so as to place the parameterized fluxes into
the ballpark range of the benchmark fluxes. Compared to the
LES benchmark in Fig. 2e, the TKE closure produces a rather
small region of relatively weak upward fluxes (even after the
tripling) centered at the updraft core below 6 km. Close ex-
amination of the horizontal distribution of tTKE

ue3
shows that

FIG. 5. As in Fig. 4, but for qt fluxes (g kg21 m s21). Regions with SGS fluxes of magnitude less than 0.2 g kg21 m s21 are masked in the
CG occurrence ratio plots in the right column.

FIG. 6. Instantaneous vertical cross sections of ue (color shading),
w (black lines for 10 and 15 m s21 contours), and SGS ue fluxes
(white dashed and solid lines denoting 25 and 5 K m s21 contours,
respectively), filtered to 1-km spacing at hour 4. (a) The tSGS

ue3
in the

along-line direction at x 5 25 km and (b) tSGS
ue1

in the cross-line di-
rection at y5 20 km.
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the TKE closure misrepresents the positive CG fluxes for nega-
tive DG fluxes, which then offsets the true positive DG fluxes,
leading to small line-averaged flux values. In comparison, the
Hgrad closure in Fig. 8b well reproduces both the overall distri-
bution and the magnitude of tSGS

ue3
. For the horizontal fluxes,

the performance of the TKE closure is in fact worse. Its in-
ability to predict CG fluxes leads to a spurious rear-to-front
SGS flux opposing the advective flux in upper half of the
updraft region (cf. Fig. 8c to Fig. 4b). The Hgrad closure

again reproduces the benchmark fluxes well (cf. Fig. 8d to
Fig. 2f). Examination of the parameterized fluxes of qt
yields qualitatively similar results, hence are not shown for
brevity.

The modeled fluxes in Fig. 8 are further averaged within
220 km, x, 5 km for quantitative evaluation. The resulting
vertical profiles of the modeled fluxes of ue and qt together
with the filtered LES benchmark profiles from Fig. 7 are
shown in Fig. 9. For tSGS

ue3
in Fig. 9a, the TKE closure predicts

FIG. 7. Vertical profiles of (a) tSGS
ue3

(K m s21), (b) tSGS
ue1

(K m s21), (c) tSGS
qt3

(g kg21 m s21), and (d) tSGS
qt1

(g kg21 m s21) along with their
CG and DG components at 1-km spacing. All profiles are spatially averaged between x 5 220 km and x 5 5 km and time averaged be-
tween hours 3 and 4.

FIG. 8. Time- and along-line-averaged (top) tSGS
ue3

and (bottom) tSGS
ue1

modeled with the (left) TKE and the (right)
Hgrad closures using coarse-grained LES to 1-km spacing. The color scales are in units of kelvin meters per second.
Note that the TKE-modeled fluxes have been tripled to improve clarity.
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vanishingly small values due to cancellation between the true
DG flux and what should be CG but erroneously predicted as
DG flux. For tSGS

ue1
in Fig. 9b, the TKE closure predicts a false

positive flux between 4 and 8 km AGL, where the benchmark
LES flux is negative. In comparison, the Hgrad closure per-
forms fairly well, except for some mild underprediction of the
peak tSGS

ue3
values and overprediction of tSGS

ue1
below 2-km

height. The qt-flux profiles in Figs. 9c and 9d largely corrobo-
rate the findings from the ue fluxes, again suggesting the im-
proved performance of the Hgrad closure.

Next, we investigate whether the Hgrad closure is produc-
ing the right overall fluxes for the right reasons, i.e., whether
tHgrad has the right CG and DG composition. To do so, we de-
compose the Hgrad-modeled fluxes into DG and CG fluxes as
we have done for the filtered LES fluxes and evaluate each
component individually. The decomposed Hgrad fluxes are

presented in Fig. 10; both the vertical and the horizontal
fluxes show almost identical distributions to their respective
benchmarks in Fig. 4. Even the occurrence rates of CG fluxes
are well reproduced. The comparison rules out compensating
errors, which often occur in SGS flux parameterizations where
the overall effect of the parameterization scheme is correct,
but each component does not agree with the actual physical
term (see Zhou et al. 2018, for an example).

b. Online simulation

Next, we conduct online simulations of the squall line at
kilometer-scale resolutions as described in section 2b. Com-
pared to the offline evaluation, the online simulations allow
full interactions between the SGS turbulence closure and the
resolved flow and therefore provide a more objective assess-
ment of the SGS closures (Pope 2000).

FIG. 9. As in Fig. 7, but for the diagnosed TKE and Hgrad fluxes from the coarse-grained LES to 1-km spacing.

FIG. 10. As in Fig. 4, but for the diagnosed Hgrad fluxes from the coarse-grained LES to 1-km spacing.
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The updraft mass flux (MF), defined as the domain total up-
ward flux of dry air in Bryan and Morrison (2012), is calculated
over the region where280 km, x, 40 and 0 km, y, 60 km.
The time series of MF for different resolutions are presented in
Fig. 11. Note that the differences among the reference LES
curves at different resolutions are caused by filtering. The evolu-
tion of the squall-line system in LES, as delineated by the
changes in MF, can be divided into three distinct stages: an initial
stage of convective triggering within 0.5 h, an intermediate stage
characterized by development of the cold pool and the mesoscale
circulation with increasing MF, and a final stage achieving quasi-
equilibrium after approximately 2.0–2.5 h. This three-stage evolu-
tion is reproduced in simulations with 250-m (Fig. 11a) and
500-m (Fig. 11b) resolutions, although the latter produces smaller
steady-state MF values.

As the resolution coarsens, the onset of initial convection is
progressively delayed, and theMF values of the initial convection
are increasingly overestimated. At 1-km resolution (Fig. 11c), the
discrepancy between simulations and coarse-grained LES re-
mains relatively minor. At 2 km (Fig. 11d), observable delays
and significant overestimation (up to 40%) are found. At 4 km
(Fig. 11e), the time required to trigger convection doubles com-
pared to LES, with further intensification of updraft MF (up to
60%). This trend is consistent with the results in the convective
boundary layers from Zhou et al. (2014), indicating resolution-
dependent convective initiation at gray zone resolutions. The
worsened MF predictions at 4-km resolutions have also been re-
ported in Lai and Waite (2020) who evaluated gradient-diffusion
closures in similar squall-line simulations. However, the delay in

convective initiation was not significant in their study, potentially
due to differences in the numerical setup.

Next, we observe the differences in the predicted MF by
the different closures. In theory, if a vertical SGS scheme sup-
presses vertical transport, for example, the TKE scheme as
shown in Fig. 9, the resolved flow should strengthen in com-
pensation (Savazzi et al. 2025). Evidence of such compensa-
tion can be found at 2- and 4-km resolutions. Specifically, the
two vTKE runs are associated with larger MF than their
vHgrad counterparts especially at the mature stage (i.e., green
line over blue line, red line over orange line). However, the
differences are by no means significant nor are they clear at
other resolutions. This reflects the challenges in the assess-
ment of SGS closures at gray zone resolutions because flow is
additionally constrained by the coarser resolution grid cells,
posing difficulties to interpreting the accuracy of the resolved
flow structure (Angevine et al. 2020). Overall, Fig. 11 shows
that for grid sizes larger than 2 km, MF of the hHgrad_vTKE
runs follows that of the coarse-grained LES more closely than
those from other SGS closures, although differences are small
and failed to pass the 0.05 significance level at 4-km resolution.

To assess the overall objective skill of the turbulence clo-
sures, Fig. 12 presents the root-mean-square errors (RMSEs)
of six key dynamical and thermodynamical variables, evaluated
against the filtered LES data. The RMSEs for all variables in-
crease with coarser resolution except for the vertical velocity
w. This is because the absolute value of w decreases to zero as
the grid spacing coarsens. In general, different schemes exhibit
varying RMSEs for each variable at different resolutions, al-
though the differences are oftentimes insignificant. But more

FIG. 11. Time series of updraft mass fluxes (kg s21) at different horizontal resolutions. The mass fluxes are calculated over the region
where280 km, x, 40 and 0 km, y, 60 km. Black lines denote the coarse-grained LES results.
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often than not, the hHgrad simulations (blue and green lines)
show lower RMSEs than the hTKE simulations (red and or-
ange lines). For example, at 4-km resolutions, the RMSE of
the hHgrad model (blue line) is the smallest for u, qy, q, and
precipitation rate (PR) in Figs. 12c–f.

Compared to the default TKE closure (hTKE_vTKE; red
lines in Fig. 12), adopting the Hgrad closure in the vertical di-
rection only (hTKE_vHgrad; orange lines) does not appear to
be a good choice, as the latter leads to equally large and some-
times larger RMSEs. On the contrary, when the Hgrad closure
is only applied to the horizontal fluxes in the hHgrad_vTKE
closure (green lines), improvements are observed for the flow
(Fig. 12b), the thermodynamic (Fig. 12c), and the moisture
fields (Figs. 12d,e), as well as for surface precipitation (Fig. 12f)
at 1- and 2-km resolutions. While at 4-km resolutions, the im-
provements are rather limited and sometimes even reversed
(Figs. 12c,f). The 3D Hgrad closure (hHgrad_vHgrad; blue
lines) leads to modest improvements at 1- and 2-km horizontal
resolutions compared to the hHgrad_vTKE closure, but their
performance at 4-km resolution is consistently the best among
the four closures.

To further evaluate SGS turbulence closures in the simulat-
ing storm structure, we examine the emulated radar reflectiv-
ity and the cold pool. Along-line-averaged radar reflectivity
and the u′ fields from the LES at the end of hour 4 are pre-
sented in Fig. 13 to serve as benchmark references. Given the
idealized setup (section 2b), the reflectivity field and the cold
pool in Fig. 13 exhibit classic textbook structures of squall
lines (see, e.g., Markowski and Richardson 2010). Figures 14
and 15 present the simulated reflectivity and the cold pool, re-
spectively, using the four closures at 250-m and 1-km grid
spacings.

At 250-m grid spacing, all runs are capable of reproducing the
overall reflectivity and cold pool structures as those simulated
by the LES, although the details differ. In Figs. 14e and 14g,
when the Hgrad closure is applied to the horizontal fluxes,
the updrafts are stronger and the reflectivity values within the
convective core are larger compared to those from the TKE
closure (Fig. 14a). In comparison, the hTKE_vHgrad closure

FIG. 12. Variations of the RMSEs for the (a) vertical velocity w (m s21), (b) streamwise wind u (m s21), (c) potential temperature u (K),
(d) water vapor mixing ratio qy (g kg21), (e) hydrometeor contents q (g kg21), and (f) precipitation rate PR (mm h21) with grid spacing.
The RMSEs are computed based on the filtered LES data at hour 4 and in the region between 240 km , x , 40 km. For (a)–(e), vol-
ume-averaged statistics under 8 km AGL are used.

FIG. 13. Along-line-averaged (a) radar reflectivity (dBZ) and
(b) potential temperature perturbation u′ (K) from the inflow in
the LES. The snapshot is taken at hour 4 of the simulation. The
lines and arrows take on the same meaning as in Fig. 1.
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produces a rather weak updraft, and the greater-than-60-dBZ
region (magenta shading) vanishes almost completely. Simi-
larly, simulations with the TKE closure for the horizontal
fluxes (Figs. 15a,c) produce weaker cold pools compared to
those adopting the Hgrad closure (Figs. 15e,g). The relatively
weak potential temperature gradient across the cold pool head
in the two hTKE runs suggest reduced surface confluence in
accordance with weaker updrafts.

At 1-km resolution (right column of Fig. 14), the simulated
reflectivity structure as well as the updraft strength show
larger differences from the LES. Such deterioration fits the
description of the “dark gray zone” proposed by Angevine
et al. (2020), where closures become most indefensible. A
similar result was presented in Bryan et al. (2003, their Fig. 6),
where the rainwater mixing ratio (similar to reflectivity)
underwent drastic changes from 500-m to 1-km resolution.
Among the four closures, the hHgrad closures are slightly bet-
ter than the hTKE closures, where the most intense dBZ re-
gions are slightly larger, and the updrafts are slightly stronger.

The cold pool structures in the right column of Fig. 15 also
suggest that the horizontal closures make some difference.
The two hTKE runs simulate rearward sloping cold pools
with a 9.18 slope angle between x 5 23 km and x 5 0 for
hTKE_vTKE and 17.48 for hTKE_vHgrad, whereas the
hHgrad runs produce steep cold pools (;208) that are able to
support more erect updrafts and are closer to the LES tilt
(;278). The results at 4-km resolution are qualitatively similar
to those at 1 km, hence not shown. While the hHgrad runs are
slightly better than the hTKE runs, the improvements are
clearly not enough to make up for the further weakening of
the storms as governed by the resolution.

5. Summary and conceptual schematic

Based on the coarse graining of an idealized large-eddy
simulation of a squall line, we investigate the characteristics
of subgrid-scale fluxes on kilometer-scale grids. First and fore-
most, it is found that SGS heat and moisture fluxes dominate

FIG. 14. As in Fig. 13a, but for (left) D 5 250-m and (right) D 5 1-km simulations using different SGS closures.
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over the resolved fluxes at 4-km spacings. With increased res-
olution, their contributions decrease systematically (;50% at
2-km spacing and;20% at 1-km spacing). At 500-m and finer
spacings, the resolved fluxes are mostly responsible for the
turbulent transport. For the SGS fluxes, we found significant
countergradient vertical SGS fluxes in the updraft region, in-
dicative of nonlocal transport by organized convection as re-
ported in previous studies. However, using moist-conserved
variables (ue and qt) to avoid ambiguity associated with latent
heating and phase changes, our estimate of the proportion of
CG fluxes are significantly less than estimates based on non-
conserved variables such as u and qy. At 1-km resolution, DG
and CG fluxes contribute comparably to the total SGS flux in
the updraft region of the simulated squall line. Moreover, DG
and CG vertical fluxes show similar spatial distribution and
both point to the same upward direction.

In addition to vertical SGS fluxes, we found that horizontal
SGS fluxes in kilometer-scale squall-line simulations are also
characterized by the significant CG transport. It is the

nonlocal transport by the tilted updrafts that are responsible
for the CG transport in both the vertical and the horizontal
directions. Unlike the vertical fluxes, DG and CG horizontal
transport are spatially separated. The former is dominant on
the leading edge of the cold pool, while the latter sits on top
of the former and largely overlap with the updraft. Again,
both fluxes point to the rearward direction, indicating efficient
turbulent transport compared to a scenario where the two
fluxes counteract each other by pointing in opposite
directions.

Contrary to the central role of vertical SGS fluxes in former
studies of kilometer-scale simulations of upright tropical con-
vection, the offline analyses in section 4a highlight the effect
of horizontal SGS fluxes for convection-permitting simula-
tions of tilted storms, suggesting the importance of accurate
representation of horizontal fluxes, especially their CG com-
ponents. The online simulations in section 4b show improve-
ments in bulk RMSE statistics with the Hgrad closure than
with the TKE closure as predicted by the offline analyses,

FIG. 15. As in Fig. 13b, but for (left) D 5 250-m and (right) D 5 1-km simulations using different SGS closures.
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although the advantages of using the Hgrad closure for the
horizontal flux do not appear critical.

A conceptual schematic on the influences of turbulence clo-
sures for the 3D fluxes in a kilometer-scale squall-line simula-
tion is depicted in Fig. 16 to help tie the analyses together. In
the vertical direction as shown in Fig. 16a, a flux divergence
zone (indicated by green shading) is found over the updraft
region that together with vertical advection balances latent
heating. The vertical fluxes are contributed comparably by
the DG and the CG fluxes at higher levels, while the latter
dominates below 2 km (see Figs. 4a,b). The TKE closure, as
limited by its gradient-diffusion construct, produces an under-
estimated upward flux and a spurious downward flux. The
small upward flux is a result of the erroneously parameterized
CG flux as DG flux. Despite the opposing fluxes above and
below the updraft, the resulting flux divergence is actually
weaker with the TKE closure, as the magnitudes of the fluxes
predicted by the TKE closure are rather small (see Fig. 8a).

As shown in Fig. 16c, the horizontal flux is directed rear-
ward along the tilted updraft. A slanted zone of horizontal
flux divergence is also present at the updraft location. The di-
vergent fluxes reduce convective energy and serve to balance
the latent heating. The rear and front sides of the flux diver-
gence zone are dominated by DG and CG fluxes, respectively,
as shown in Figs. 4g and 4h. While the TKE closure is able to
simulate DG fluxes along the cold pool edge, its inability to sim-
ulate CG fluxes leads to a spurious rear-to-front flux ahead of
the updraft (Fig. 16d). As a result, horizontal flux divergence is
greatly enhanced, leading to excessive cooling and drying of the
updraft. This explains the weaker storms (Figs. 14 and 15) when
the horizontal fluxes are parameterized by the TKE closure.

Based on the schematic, we can also understand why im-
proving the vertical fluxes alone (i.e., the vHgrad_hTKE
runs) deteriorates the simulations and leads to the weakest
storm as shown in Figs. 12, 14, and 15. This is because this par-
ticular combination leads to the strongest flux divergence,
hence the excessive cooling and drying of the updraft. The
TKE run (i.e., vTKE_hTKE) is slightly better than the
vHgrad_hTKE run because the reduced vertical flux diver-
gence (associated with the wrong representation of vertical
fluxes) ameliorates the excessive horizontal flux divergence,
which makes it an improvement by compensating errors.
Therefore, for kilometer-scale simulations of convective storms,
especially with grid spacing greater than 1 km, it is useful to im-
prove the parameterization of both the vertical and the horizon-
tal SGS fluxes. Improving the vertical SGS parameterization
alone does not necessarily guarantee model improvements, es-
pecially when the main convective updrafts are tilted. In these
cases, horizontal fluxes may play a bigger role and may require
more accurate representation by an SGS closure that accommo-
dates countergradient transport.
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