Chapter 5 ®)
Vertical Turbulent Mixing oo
in Atmospheric Models

Song-You Hong, Hyeyum Hailey Shin, Jian-Wen Bao, and Jimy Dudhia

Abstract This chapter begins by providing a brief historical review of the vertical
turbulent mixing schemes, followed by an overall concept of representing vertical
turbulent mixing processes in atmospheric models and their classification. Then,
the evolutionary features of the so-called YonSei—University (YSU) scheme are
described from the 1990s to the present, focusing on its development strategy for
atmospheric phenomena from the planetary scale to the sub-kilometer scale. Limita-
tions in existing schemes and directions for future refinements are given. A compre-
hensive description of the concept for various vertical turbulent mixing schemes is
available in (Stensrud in Parameterization schemes: keys to understanding numerical
weather prediction models. Cambridge University Press, Cambridge, 2007).

Keywords Turbulent mixing + Planetary boundary layer (PBL) - YSU scheme -
Gray-zone PBL - Physical parameterization

5.1 Historical Overview

The earliest generation of atmospheric models had so-called bulk planetary
boundary-layer (PBL) schemes and poor vertical resolutions, with only one or two
levels in the lowest kilometer. Simple bulk formulas related the lowest levels to
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surface fluxes via the bulk Richardson number. Later as the surface layer became
resolvable with a thin ~ 100-m model layer, similarity theory became relevant, and
much observation work in that area could be leveraged to give more physically based
surface fluxes of heat and momentum. Current PBL schemes are mostly based on
similarity assumptions to connect the lowest layer to the surface.

In the 1970s and 1980s, turbulence modeling increasingly turned to so-called
higher-order closure, inspired by the seminal paper on the hierarchy of turbulence
closures by Mellor and Yamada (1974). Computational power was increasing rapidly
in the 1970s, so there was a general belief that the number of prognostic equa-
tions for turbulence statistics could be increased, thereby pushing uncertain closure
assumptions to second-order [e.g., turbulence kinetic energy (TKE)] and/or even
higher moments, where they would either be simplified or at least not be so crit-
ical. For example, such a scheme was adopted for the regional Eta model at the US
National Meteorological Center (NMC) [currently, National Centers for Environ-
mental Prediction (NCEP)] (Janji¢ 1990) based on the ideas of Mellor and Yamada
(1982). Together with a diagnosed vertical turbulence length scale, TKE can be
used to compute the vertical diffusion coefficients or vertical eddy diffusivities, K. A
prognostic TKE approach can be applied to the whole atmospheric column, handling
elevated turbulence in the free atmosphere (FA) as well as the atmospheric boundary-
layer (ABL) turbulence, while maintaining a memory of the turbulence even after
surface forcing ceases. Another trend in the 1990s among the K-diffusion (or eddy
diffusivity) schemes was the increasing use of enhanced K-profile methods (similar
to O’Brien 1970) along with a nonlocal or countergradient term in the vertical heat
transport (similar to Deardorff 1972). The ideas of Troen and Mahrt (1986) helped
to quantify these terms as a function of surface heat flux, surface layer stability,
and an ABL depth defined in terms of a bulk Richardson number. Holtslag and
Boville (1993) applied this approach to replace the local K-diffusion scheme in
the US National Center for Atmospheric Research (NCAR) Community Climate
Model, second version (CCM2). Hong and Pan (1996) similarly replaced a local
K-diffusion scheme in the US NCEP global numerical weather prediction (NWP)
model, Medium-Range Forecast (MRF), with one that includes a countergradient
term and enhanced K-profile. Another form of nonlocal mixing following the ideas
of Blackadar (1979) was adopted by Zhang and Anthes (1982) in their high-resolution
PBL used in the Penn State Mesoscale Model 4th Generation (MM4) model. This
method persists in the asymmetric convection model (ACM) of Pleim (2007) and
includes an entrainment layer. This effort can be regarded as an early precursor to
mass-flux approaches by directly mixing the surface layer with higher PBL levels
due to subgrid thermals to and from the surface layer.

In the 2000s, the eddy-diffusivity mass-flux (EDMF) approach started to be used
in NWP models. This method combines local methods for vertical diffusion, either
TKE-based or diagnostic-K-based, with a mass-flux treatment of convective ABL
(CBL) thermals using a one-dimensional plume model with a nonlocal mass flux
between the surface and the thermal top (Soares et al. 2004). The European Centre for
Medium-Range Weather Forecasts (ECMWF) model switched the vertical turbulent
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mixing scheme in their operational NW model from a local-K scheme to a cubic K-
profile scheme, similar to those mentioned earlier with enhanced values in the middle
of the ABL (e.g., Troen and Mahrt 1986; Holtslag and Boville 1993; Hong and Pan
1996), plus a separate mass-flux term represented by an entraining and detraining
plume transporting the surface air upward (Siebesma et al. 2007). Following a related
but different approach, the US NCAR Community Atmosphere Model version 4
(CAM4) adopted Bretherton and Park’s (2009) CAM University of Washington (UW)
ABL scheme, which included a diagnostic TKE and a generalized vertical turbulence
term with the use of moist-conserved variables (i.e., total specific humidity and liquid-
ice static energy) that allow deeper moist and dry layers to mix. The CAM4 physics
also separately considers vertical turbulence mixing in shallow clouds (Park and
Bretherton 2009) and includes top-down mixing. Since 2000, the YSU ABL scheme
(Hong et al. 2006), commonly used in the Weather Research and Forecasting (WRF)
model simulations, added explicit entrainment to the medium-range forecast (MRF)
ABL countergradient scheme modifying the K-profile to stop at the top of the neutral
layer and adding a term proportional to surface buoyancy flux in an entrainment layer
above. Meanwhile, the National Oceanic and Atmospheric Administration (NOAA)’s
operational regional NWP models—i.e., rapid refresh models [RAP, High-Resolution
Rapid Refresh (HRRR)]—switched to another Mellor—Yamada-based TKE scheme
with more sophisticated length scales (Nakanishi and Niino 2006). Since 2010, the
YSU ABL scheme was further developed to include a top-down enhanced mixing
profile driven by radiative cooling at the cloud top (Wilson and Fovell 2018); the
NOAA’s RAP and HRRR models have been enhancing their Nakanishi-Niino TKE
scheme to include an EDMF nonlocal part and shallow convection (Olson et al.
2019). The NCEP Global Forecast System (GFS) (formerly MRF) ABL scheme has
replaced their nonlocal turbulence mixing from a purely countergradient term to a
hybrid countergradient and mass-flux terms based on the ABL instability (Han et al.
2016).

At present, mesoscale numerical models at high resolutions (i.e., horizontal grid
spacing on the order of a few kilometers) produce realistic but only partially resolved
convective rolls and cells in the ABL to make up for the “lost” transport if no subgrid
scale turbulent mixing scheme is used. Properly representing the vertical turbulence
mixing processes in the ABL in a model grid mesh with horizontal spacings in the
ABL-LES “gray zone” or Wyngaard’s (2004) “Terra Incognita”—where the turbu-
lence in the ABL is partially resolved (e.g., sub-kilometer-scale horizontal spacing
for CBL)—remains an active area of research, and several investigators are using
LES (e.g., Honnert et al. 2011, 2016; Beare 2014; Shin and Hong 2013, 2015; Shin
and Dudhia 2016; Zhou et al. 2017, 2018). Further details in the review of ABL
schemes are given in LeMone et al. (2020, AMS, monograph).
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5.2 Concept and Classification

Consider a prognostic water vapor (g) equation in Eq. (5.1). The local change of ¢
can be written as
B,Ol _ apuq B apvgq _ apwq

— E — pC, 5.1
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where p is the density of air, u, v, and w are the wind components in x-, y-,
and z-directions in the Cartesian coordinates. E and C stand for evaporation and
condensation due to diabatic processes, respectively.

In atmospheric models, a value at a specific location can be represented by the
sum of grid-mean and subgrid-scale (SGS) perturbation, for example, u = u +
u', and ¢ = g + ¢’ (Fig. 5.1). Here, it is important to note that the model predicts
u and ¢, and the major issue lies in the fact that how to represent the second-order
terms that consists of u’ and ¢’ in terms of the first-order mean variables, u and g. A
standard approach to obtain the SGS properties is to utilize the so-called, Reynolds

averaging.

By applying the rule of the Reynolds average, suchas ¢’ =0, u'g =0, uq =
u g, Eq. (5.1) can be written as
%4 __pug_dpvg_dpwq opi'q’ 2pvq Opwd o
ot Ox oy Oz Ox oy oz (5.2)
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In Eq. (5.2), the grid-resolvable advection, denoted as @, is represented by model
dynamics processes, and the last two terms by moist processes. The remaining issue
is how to represent the SGS or turbulent scale processes in @. By assuming the hori-

zontal homogeneity in the ABL—i.e., 3/0z > 0/0x and 9/0z > d/0y—the turbulent
3pqur
iz

term in the vertical direction,
moisture transport.

becomes the major SGS contribution to the

In the zeroth-order closure scheme, the effect of turbulent transport, 8”5’2 ’q’, can

be neglected as

Fig. 5.1 Schematic of
grid-mean (@) and
subgrid-scale (SGS) '
perturbation (a’) properties - a
over the model grid. The red :
box indicates the area of a
prognostic variable at a grid
point in atmospheric models

Q|
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—pw’q’ = constant, (5.3)

A more physically based representation includes the vertical turbulent flux is
proportional to the vertical gradient of grid-mean values, which can be written as
9q

—pw'q' = K—.
pwyq 9z

54
This formula includes the proportionality function, K, vertical diffusivity (or
exchange coefficient), leading to the first-order closure: i.e., parameterizing the
second-order moments on the left-hand side (lhs) using the first- and zero-order
moments on the right-hand side (rhs).
dpwq

The next complex level is to predict the turbulent flux as in Eq. (5.1), 5+ =

— 3"5‘% + ---.Then, as in Eq. (5.2), the application of Reynolds averaging leads to

2 o = "’"’3#. Consequently, the rhs term can be written

the relationship,

© dpw'q’

— oW =
P q 37

(5.5)
where K’ is the exchange coefficient resulting from the second-order closure and
parameterizing the third-order moments on the lhs using the second- or lower-
order moments on the rhs. With this hierarchy of the approximations, the degree
of complexity in parameterizing turbulent transport can be classified. The seminar
article by Mellor and Yamada (1974) provides the details on the derivation of
turbulent kinetic equations.

In a well-mixed layer in the daytime, multiscale turbulent eddies coexist. Vertical
velocities within thermals can reach 5 m s~ !, although values of 1-2 m s~! are more
common (Stull 1988). Larger eddies with coherent updrafts are regarded to transport
atmospheric properties throughout the ABL (i.e., nonlocal plumes), whereas smaller
eddies are regarded to mix the atmospheric properties locally, and their formulations
can be expressed as

w'e' = FL. + FNE (5.6)

and its schematic is given in Fig. 5.2. In Eq. (5.6), ¢ refers to model prognostic
variables: e.g., u, v, 6, and g, which refer to zonal and meridional wind components,
potential temperature and moisture, respectively: The first term on the rhs describes
the local (L) transport by small eddies, whereas the second term for the nonlocal
(NL) transport by large eddies. In Fig. 5.2, the surface layer is characterized by a
superadiabatic lapse rate, while the entrainment zone on top is stably stratified. z; is
the mixed layer depth that is diagnosed as the vertical level of the minimum heat flux.
Given the vertical profiles of potential temperatures and heat flux, one can tell that
the upper part of the mixed layer is slightly stable, whereas it is unstable in its below.
This indicates a countergradient mixing in the upper part of the mixed layer since
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Fig. 5.2 (left) Schematic of the nonlocal thermals and local eddies, as well as (right) the potential
temperature and heat flux profiles of the convective boundary layer. From Zhou et al. (2018).
©American Geophysical Unison. Used with permission

upward heat flux appears in thermally stabilized layers. This locally countergradient
fluxes are associated with nonlocal thermals that span the depth of the mixed layer
(left of Fig. 5.2). The nonlocal term can be parameterized as a mass-flux term or a
countergradient gamma term (y,) which is an addition to the local transport. More
details on NL transport term is provided in Sect. 2.2.

The vertical turbulence mixing scheme can be classified as a local versus nonlocal
diffusion approach and further by the following 4 categories.

5.2.1 Local Diffusion (Louis 1979)

The local diffusion scheme, the so-called local-K approach (Louis 1979),

ac 0 ) 0 <k ac 57)
— = —(—w'c)=—|k.— |, .
at 9z 0z 9z

had been utilized for the entire atmosphere at NCEP GFS prior to the MRF PBL. In
this scheme, the vertical diffusivity coefficients for momentum and mass (u, v, 6, q)
are represented by

. |oU
Kpi = lzfm,,(ng)‘ g‘ (5.8)

in terms of the mixing length (/), the stability functions ( f,, ,(Rig)), and the vertical
wind shear (| % , where U is the horizontal wind speed).
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The stability functions, f, ,, are represented in terms of the local gradient
Richardson number

(Rig=g/T ( | ;Zv//adzzlz), where g is the gravitational constant and 6, is the virtual
potential temperature) at a given level. The mixing length scale, [, is given by

. . (5.9)
l_kZ )\.0’ ’

where k is the von Karman constant (=0.4), z is the height from the surface, and
Ao is the asymptotic length scale. Ao can be a constant or a function of vertical grid
spacing as in WRF.

5.2.2 Nonlocal Diffusion with Countergradient Term (Troen
and Mahrt 1986)

According to Deardorff (1972), Troen and Mahrt (1986), and Hong and Pan (1996),
the turbulence diffusion equations for prognostic variables (c; u, v, 6, ¢q) can be
expressed by

ac 0 — 0 dc
—=—(—wd)=—|K|N= =71, 5.10
ot Bz( we) 8z[ <8z y)] 10

where K, is the eddy-diffusivity coefficient and y, is a correction to the local gradient
which incorporates the contribution of the large-scale eddies to the total flux. This
correction applies to € and g in Troen and Mahrt (1986) and Hong and Pan (1996)
within the mixed boundary layer.

In the daytime mixed layer, the momentum diffusivity is formulated as

Kom = kwsz(1 — %)p’ (5.11D)

where p is the profile shape exponent taken to be 2. 4 is the height of the PBL. The
mixed layer velocity scale is represented as

ws = u.p,," (5.12)

where u, is the surface frictional velocity scale, and ¢,, is the wind profile function
evaluated at the top of the surface layer. The countergradient terms for 6 and ¢ are
given by

ye = 0, (5.13)

Wy
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where (w’c’), is the corresponding surface flux for 8 and ¢, and b is a coefficient of
proportionality. In order to satisfy the compatibility between the surface layer top
and the bottom of the PBL, the identical profile functions to those in surface layer
physics are used.

The boundary-layer height is given by

Oyl U (h)|?

h = Ribyy—————,
g(eu (h) - 93)

(5.14)

where Rib,; is the critical Bulk Richardson number, U(%) is the horizontal wind
speed at A, 0y, is the virtual potential temperature at the lowest model level. 6, (h) is
the virtual potential temperature at &, and 6, is the appropriate temperature near the
surface. The virtual potential temperature near the surface is defined as

—
exzevawT(:b(w v)°>, (5.15)

wih

where 67 is the scaled virtual potential temperature excess near the surface.

The eddy diffusivity for temperature and moisture (K, = K, Pr)is computed
from K, in (5.11) by using the relationship of the Prandtl number (Pr), which is
given by

[ ¢ 0.1h
Pr= [(p—m + ka], (5.16)

where Pr is a constant within whole mixed boundary layer.

In addition to the inclusion of the nonlocal gamma term in Eq. (5.10), another
main ingredient of the Troen and Mahrt concept is the height of ABL, , which locates
the top of entrainment layer by adding thermal excess and by using the critical Ri
greater than O (Fig. 5.3). Thus, this approach represents the downward mixing in the
entrainment layer implicitly by locating & above the minimum flux level.

5.2.3 Nonlocal Diffusion with Eddy Mass-Flux Term
(Siebesma et al. 2007)

This approach utilizes a plume model to represent the strong updrafts. Instead of
K.y, in Eq. (5.10), a mass-flux term, M (¢, —¢), where ¢, is c of the strong updrafts,
is introduced, and expressed as

be 0 o [ 517
— = —(-w = — | TKe u .
ar oz € 9z | oz u—¢
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Fig. 5.3 Schematic of the Troen and Mahrt nonlocal scheme. The left panel shows a parabolic
shape of diffusion coefficients in Eq. (5.11) with p = 2, and the right panel describes the definition
of ABL height, 4, due to the contribution of the thermal excess in Eq. (5.15) and the Rib¢, with 0.5.
Ovp is virtual potential temperature at 4, and 6, and 0 are as defined in Eq. (5.11)

The mass-flux, M = a,w,, where q, is a fractional area of the strong updrafts
in the model grid box under consideration, is directly proportional to w, since a, is
constant by definition. The updraft velocity w, can be obtained by

1 dw?
S =2p) 8“; = —b,ew? + B, (5.18)

where u and b, are proportionality factors, ¢ the fractional entrainment rate, and
B the buoyancy term. This approach is an advanced, as compared to the Troen and
Mahrt approach, since it utilizes a convective plume model with entrainment and
detrainment processes.

By the comparison of the countergradient term in Troen and Mahrt (1986) and
the mass-flux term in Siebesma et al. (2007), one can tell that the nonlocal transport
term with gamma and mass flux contributes to the total flux in the same way as
stabilizing the column (Fig. 5.4). It is also seen that the ED-CG model gives a stable
potential temperature profile in the upper half of the boundary layer. In contrast, the
ED-MF model reproduces the well-mixed ABL, which is consistent with the LES
results. Siebesma et al. (2007) explained that this over-stabilization in the ED-CG
approach is due to the countergradient term always being positive, which reduces the
top-entrainment flux. Consequently, the BL height of the countergradient experiment
is slow compared to the EDMF approach. This behavior of the ED-CG experiment
is contradictory to the study of Hong and Pan (1996), with a deeper ABL depth with
the countergradient nonlocal mixing over the profile with a local diffusion only. The
stabilized profile in the upper part of ABL is an intrinsic nature of the Troen and
Mahrt approach, but the behavior of the scheme in specific models depends upon
how it is configured.
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Fig. 5.4 a Time evolution of the inversion height for the three different approaches with local
diffusion (ED), eddy mass flux (ED-MF), eddy countergradient term (ED-CG) along with LES
results as a reference. b The mean potential temperature profiles after 10 h of simulation. From
(Siebesma et al.2007). © American Meteorological Society. Used with permission

5.2.4 TKE (Turbulent Kinetic Energy) Diffusion (Mellor
and Yamada 1982)

The TKE scheme predicts the turbulent kinetic energy, u;u ;, as a prognostic variable,
which can be written as,

(5.19)

o Tk T Tom

ouju; ouju; ad 1
iujuk-i-; e

where i, j, and k denote the vector index to x-, y-, and z-directions in Cartesian
coordinates. The expressions for the eddy diffusivities K are complex and include
terms related to the environmental wind shear and stability, but can be represented
in conceptual form as

K. = L@mu)"?, (5.20)

where L is again one of the empirical length scales. It is noted that the lower order
TKE scheme, such as the MYJ scheme, is essentially a local mixing concept since
the tendency is computed using the local scheme with the K, diffusivity that was
calculated in the TKE equations. The MYNN scheme uses higher-order terms to
represent the countergradient term.
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5.3 Evolution of a Nonlocal Diffusion Scheme
(MRF-YSU-ShinHong-3DTKE Schemes)

This section provides a hierarchy of a nonlocal diffusion scheme since MRF PBL
scheme, as summarized in Table 5.1.

5.3.1 Medium-Range Forecast Model (MRF) Scheme

Prior to 1996 at NCEP, there was no explicit planetary boundary layer (PBL) param-
eterization—diffusivity coefficients were parameterized as functions of the local
Richardson number (Eq. (5.1)). Thus, the local-K approach (by Louis 1979) is used
for both boundary layer and free atmosphere. This scheme has been widely used
because it is computationally inexpensive and produces reasonable results under
typical free convection regimes. However, the scheme cannot handle conditions when
the atmosphere is well mixed because of the countergradient fluxes; i.e., there is active
turbulent mixing in the ABL that occurs against the local gradient of meteorological
variables, while Eq. (5.7) computes vertical mixing as 0 when the ABL is well mixed,
and therefore, there is no local gradient. Thus, the method is not well-behaved for
unstable conditions.

For the above reasons, Hong and Pan (1996) adapted the Troen and Mahrt concept.
The strategy is to add the nonlocal features to the Louis-type local scheme and
considers the fundamental differences between the local and nonlocal schemes. By
examining the impact of parameters in the scheme, the countergradient term is found
to be responsible for the well-mixed PBL structure. Other parameters, such as shape
parameters, are found to be of a similar impact as described in Troen and Mahrt. 67

Table 5.1 Evolution of a nonlocal vertical diffusion scheme

Scheme Date Description
MRF 1995 Operational at NCEP GFS model (Hong and Pan 1996)

1996 Implemented onto Mesoscale Model 5th generation (MM5)
YSU 2004 First implementation in WRF (Hong et al. 2006)

2008 Enhanced stable layer mixing (Hong 2010)

2009 Implicit momentum forcing for numerical stability

2010 Revised wg computation in stable boundary layer

2011 Revised thermal excess term (Shin et al. 2012)

2012 Revised Prandtl number for free convection

2015 Top-down mixing (Wilson and Fovell 2018)
Shin-Hong 2015 First implementation in WRF (Shin and Hong 2015)
3DTKE 2019 First implementation in WRF (Zhang et al. 2018)
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sometimes could become too large when the surface wind is very weak, resulting in
unrealistically large h. This large h due to unrealistic 87 does not harm the results
because the diffusivity coefficients are usually very small in these situations, but it
is not desirable for diagnostic purposes. For this reason, a maximum limit of 67 as
3 K is applied.

In implementing the Troen and Mahrt nonlocal concept onto the MRF model, it
was found that the determination of the boundary-layer height, 4, turns out to be a
crucial factor. In the MRF PBL, 4 is obtained iteratively (see Fig. 5.3). First, A is
estimated by Eq. (5.14) without considering the thermal excess, 67. This estimated
h is utilized to compute the mixed layer velocity, wy Eq. (5.12). Using w, and 67
in Eq. (5.15), & is enhanced. With the enhanced & and wy, K,,, is obtained by
Eq. (5.11), and K, by Eq. (5.16). The countergradient correction terms for 6 and g
in Eq. (5.10) are also obtained by Eq. (5.13). In order to avoid the dependency of
vertical grid spacings, 4 is determined by comparing the Rib at a level with the Rib,,
by increasing the level from the 2nd model level in its above. 4 is finalized at the
level of Rib = Rib,; by applying a liner interpolation with respect to z.

The main concept of Troen and Mahrt is the addition of nonlocal terms. One can
tell that the magnitude of nonlocal mixing is a multiple product, y K. By applying
the derivative to Eq. (5.11) with respect to z, one can tell that the maximum value
of this quantity locates at 1/3 h. In the local scheme, the mixed layer should stay
unstable in order to transport heat upward, whereas the nonlocal term cools the layer
below 1/3 h and heats the column in its above, which consequently results in the
mixed layer to be neutral or weakly stable in the upper part of the mixed layer.

Unlike a negligible impact of the PBL height that was determined by the critical
Ri (Riby,) for dry conditions (Troen and Mahrt 1986), this parameter is found to play
a crucial role in organizing the precipitating convection (Fig. 5.5). The impact of
Rib; on precipitation forecasts was found to be significant on heavy rain case for
15-17 May 1995. Less effective mixing with lower PBL height (due to lower Rib,;)
most likely leads to similar precipitation as a local scheme. However, a nonlocal PBL.
scheme experiment with larger Rib,, (Rib,; = 0.75) shows more effective mixing and
gives aboundary-layer structure that is favorable for precipitating convection, leading
to more organized precipitation. This behavior is most likely due to the fact that
simulated precipitating convection is more sensitive to the boundary-layer structure
when the PBL collapses than when it develops. This finding could be generalized if
buoyancy-driven local convection typically occurs in the late afternoon or evening.

A scientific milestone of the Hong and Pan study is their finding that efforts to
improve the surface and PBL formulation are as important as efforts to improve the
precipitation physics in atmospheric models and should be a prerequisite to realizing
better precipitation forecasts. The MRF PBL scheme became operational in NCEP
in October 1995 and was implemented in the Pennsylvania State University (PSU)/
National Center for Atmospheric Research (NCAR) Mesoscale Model 5 (MMS5) in
1996.
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Fig. 5.5 Convective (shaded areas) and large-scale (dotted lines) rainfall (mm) ending at 1200
UTC 17 May 1995 for, a the local and nonlocal experiments with, b Ribe; = 0.25, ¢ Ribg; = 0.50,
and d Ribg; = 0.75. From Hong and Pan (1996). © American Meteorological Society. Used with
permission

5.3.2 YSU Scheme

In the late 1990s, it was reported that the MRF PBL scheme tended to overmix in
general. This behavior was detrimental to the accurate prediction of air pollutants in
the Community Multiscale Air Quality Modeling System (CMAQ) when the mete-
orological input data was obtained from GFS (1999, personal communication with
Dr. D. Byun). Also, excessive mixing accompanying too dryness and heating was
reported by the evaluation of MMS5 forecasts. These behaviors were also known to
NCEP, but the scheme remained unchanged since a weakened mixing by reducing
the Rib,, in the MRF PBL scheme tends to deteriorate the precipitation forecasts.

It was found that the overall excessive mixing in the MRF PBL is mainly due to the
uncertainty in the Troen and Mahrt concept. As seen below, the MRF PBL scheme
represents the entrainment of the free tropospheric air into the mixed layer underlying
it by locating the ABL height above the minimum flux level. In other words, the
entrainment layer is located below %, and the vertical mixing using Eq. (5.10) is
applied from the surface to & (see Fig. 5.3). The thermal excess term in Eq. (5.15)
can be as large as 2 ~ 3 K in clear-sky conditions, and the corresponding excess due
to Rib.; = 0.5 can be as large as 3 K when wind speed is 15 m s~!. The resulting
thermal excess greater than 5 K tends to locate the PBL height unphysically higher
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level (see Fig. 5.3). This behavior is often observed when winds are strong, for
example, hurricane predictions.

To overcome inherent deficiencies in the Troen and Mahrt concept, Noh et al.
(2003) derived a new formula for entertainment from the LES model. The modifica-
tions in Noh et al. (2003) involve three parts. First, the heat flux from the entrainment
at the inversion layer is incorporated into the heat and momentum profiles, and it is
used to predict the growth of the PBL directly. Second, profiles of the velocity scale
and the Prandtl number in the PBL are proposed, in contrast to the constant values
used in the TM model. Finally, the nonlocal mixing of momentum was included.

The new PBL model demonstrated the improved predictability of the PBL height
and more realistic profiles of potential temperature and velocity as compared to the
Troen and Mahrt. They also found that explicit representation of the entrainment rate
is the most critical among the three modifications, which is expressed as

00 V¥ — () (5.21)
W = Kh[g_“)“_szh[;}.#:

The new scheme was found to be promising in LES vertical resolution (about
20 m); however, it is not straightforward to implement it in an NWP model having
a coarser vertical resolution (a few 10-100 m with height). For instance, vertical
grid spacing ranges 100 ~ 300 m in the PBL in the daytime, a precise estimate of
h and is a crucial component. Also, entrainment depth (typically a few 10 m) needs
to be accurately represented by the grid-point values of models at coarse vertical
resolution. This numerical discretization took more than a year. After early release
of the YSU scheme in 2003, about three years were taken to adjust the package to be
balanced with other part of physical processes (Fig. 5.6). The paper of Hong et al.
(2006) on the final version of the YSU scheme was submitted in early 2006.

In the early version of YSU PBL, the characteristic behavior over the MRF PBL
was clearly demonstrated in the clear-sky turbulence region (Fig. 5.7). A typical
sounding from Tennessee shows a significant difference in the PBL depth in this
case. Overall cooling and moistening of YSU over MRF indicate the accurate repre-
sentation of the entrainment processes in Noh et al. (2003). This difference is more
exaggerated here than in most other situations, but it shows that the shallower moister
PBL produced by the YSU scheme has more CAPE than the deeper and drier PBL.
produced by the MRF scheme.

A major challenge that the early version of the YSU scheme faced lies in the fact
that the scheme tends to produce spurious light precipitation and less-organized
strong convection. By refining some aspects of the formulation, for example,
entrainment fluxes, the scheme showed an overall improvement in precipitation
forecasts.

A large region of significantly higher CAPE in Fig. 5.7 is due to the reduced
entrainment of dry air into the PBL during the morning hours, which is a direct result
of the entrainment parameterization of the YSU PBL, as seen from the idealized
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2000.9- To formulate a theory
2001.3 (LES=> a new conceptual model)
To develop a new numerical scheme
2001.3-
2002.7 (PDE > FDE)

Ll

To evaluate the scheme and balance with nature

2002.9- A new package
2003.6 (Bneipadage)
2003.7- To revised the scheme based on the various evaluations
2004' 2 (A revised new package)
Further revisions
2006.2 (A finalized new package)

Fig. 5.6 Schematic of YSU PBL development

Fig. 5.7 Simulated sounding near Nashville, TN, obtained from the experiments with the YSU
(left), MRF (middle) PBL, and the observed (right) at 1800 UTC 10 Nov 2002. The number on

the lower left corner indicates the level of inversion layer, which is 870 mb, 865 mb, and 720 mb,
respectively

experiments in the previous section. The MRF PBL is particularly active in this case
because of a strong 20 m s~! southwesterly flow just above the boundary layer. This
leads to a decrease in the PBL’s Rib used to compute the boundary layer height,
enhancing the entrainment above the inversion layer. In the YSU PBL scheme, the
shear only contributes in a secondary way to enhance entrainment, which is governed
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Fig. 5.8 Composite maximum reflectivity (dBZ) at 1800 UTC 10 November (upper) and 0000 UTC
11 November (lower) from the YSU (left) and MRF (middle) experiments and the corresponding
observations (right)

mainly by the magnitude of the surface fluxes and thus does not maximize until later
in the day. Despite the higher CAPE with the YSU PBL compared with the MRF PBL,
the radar reflectivity showed the weakening of convection in the prefrontal region.
Examining the frontal and prefrontal areas can better explain the reason. It is seen
that the light precipitation in front of intense convection is better captured by the YSU
PBL than the MRF PBL. In the area of intense convection, the model underestimated
the precipitation amount irrespective of the choice of the PBL scheme. Still, the YSU
PBL scheme better captured the time variation of the precipitation associated with
late afternoon convection after 2100 UTC on 10 November 2002 (Fig. 5.8).

The different impacts can be attributed to the differences in the synoptic environ-
ment associated with the formation of convection. Upward motion prevails within
the entire troposphere, and cloud tops reach the tropopause, whereas the downward
motion is dominant above the PBL ahead of a front. Ice microphysics is the crit-
ical mechanism, whereas warm clouds are prevalent in the prefrontal region. This
indicates that, in contrast to the prefrontal area, the PBL processes play a secondary
role in the intense convection region. Because of the weakened mixing in the YSU
PBL, the PBL clouds are weakened before 2100 UTC on 10 November, but with
a negligible difference. Because the synoptic environment associated with frontal
convection is strong, the difference in the PBL mixing does not influence the overall
evolution of daytime convection. The enhanced convection in the late afternoon in
the case of the YSU PBL is due to the moister boundary layer below clouds, which
reduces the evaporation of falling precipitation. The resulting overall impact is that
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the boundary layer from the YSU PBL scheme remains less diluted by entrainment,
leaving more fuel for severe convection when the front triggers it (see Hong et al.
(2006) for details).

In addition to the dependency of PBL processes on the synoptic environment
concerning precipitating mechanisms, an essential lesson in Hong et al. (2006) is
that PBL processes play a critical role not only in modulating convection triggering
but also in providing PBL structure directly affecting cloud microphysical processes
when they fall near the surface.

After the YSU scheme was officially announced to the WRF community in early
2000, some systematic biases were reported. One is an underestimate of the chemical
species over cold-water bodies (Kim et al. 2008, WRF workshop). Another is under-
estimating PBL heights at nighttime (2006, F. Zhang, personal communication). He
noticed that the nocturnal PBL heights in WRF using the YSU scheme are nearly
constant between 0 and 20 m. Lidar data from the recent Mexico City field campaign
reveal nocturnal PBL heights vary between 20 and 500 m, with strong winds corre-
sponding to large PBL heights. Cold and wet biases were reported at nighttime in
the real-time operation of WRF over East Asia at Seoul National University.

These systematic biases were regarded as due to insufficient mixing in the stable
boundary layer, to which no attention was paid. The stable boundary layer was
formulated as a local mixing in the MRF and YSU PBL schemes. Based on an
observational analysis of stable boundary conditions (Vickers and Mahrt 2004), Hong
(2010) formulated a new stable boundary-layer scheme by elevating the mixing
height when winds are strong. The main idea is the same as in the Troen and Mahrt
in the sense that 4 is determined by Rib,,, which can be expressed as

Ribe = 0.16(1077R,) *"*

, (5.22)
where R, = Ujo/(fzo) as in Vickers and Mahrt 2004. This formula is only valid
when zp is a molecular roughness length over oceans. Over land, a theoretical value
for turbulent activity (= 0.25) is employed.

Aside from the improvement of cold and wet biases by enhanced mixing in stable
conditions, Hong (2010) demonstrated that the interaction of stable boundary layer
and precipitation processes improves the summer monsoon precipitation climatology
(Fig. 5.9). Compared to the CTL simulation results, the SBL experiment displaces
the monsoonal rainfall southward, increasing rainfall amounts in Central China,
Korea, and Japan. The results with the new SBL scheme demonstrate that modu-
lating the subcloud structure with enhanced vertical mixing improves the simulated
monsoon climatology by displacing the monsoonal precipitation southward. The
behavior of northward displacement of simulated precipitation over East Asia in
summer has been a systematic error in other regional climate models (Fu et al.
2005; Park et al. 2008). Some studies focused on the convective parameterization
scheme to resolve this issue, but these biases remained unchanged irrespective of
the selected scheme. Hong (2010) demonstrated that together with the local effects
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of the enhanced SBL mixing that warms and dries the boundary layer, the dynam-
ical feedback accompanying strengthened moisture convergence results in enhanced
precipitation southward toward what was observed.

Hong (2010) further suggests that care should be taken in interpreting the results
with the vertical diffusion package with some modifications since the boundary-layer
structure significantly influences the simulated climate through interaction with other
physical processes in weather and climate models, which is important for further
improvement of existing schemes and developing a new parameterization method.
Related to this issue, Kim and Hong (2009) confirmed that the new SBL scheme
designed in this study plays a critical role in representing proper interaction between
the BL and gravity-wave drag processes in a version of the NCEP global model,
which leads to a significant improvement of seasonal climatology in terms of zonal
wind and temperature.
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Fig. 5.9 Monthly accumulated precipitation (mm) for July 2006 from the, a TMPA observation,
experiments with stable boundary-layer scheme in, b Hong et al. (2006) (CTL), ¢ Hong (2010)
(SBL), and d their differences
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In 2010, too strong surface wind biases from the use of this scheme were reported
by the WRF community. This behavior was found to be associated with the too
strong nighttime mixing by this PBL scheme. In collaboration with Peggy LeMone
at NCAR, the mixed layer velocity scale—w; = u,¢, !, Eq. (5.12)—was revised
with ¢, = 1 4 5z/L; with this revision, ¢y, is computed as a function of z, whereas
the original formulation of ¢, in Hong et al. (2006) is computed at a fixed height,
i.e., the surface layer height at z = z; (lowest model level). By implementing the
height dependency of ¢, into the scheme, the vertical mixing is reduced with height,
alleviating the excessive nighttime mixing. Figure 5.10 demonstrates the temporal
evolution of wind speed for the changes in WRF versions. WRF 3.2 is the same as
in Hong (2010). WRF 3.4 with the revision in Pr, which affects the daytime mixing.
WREF 3.4.1 reflects the above revision. The revised wg enhances the nighttime LLJ by
increasing the vertical gradient of wind speed. It is due to smaller eddy diffusivities
in the nighttime boundary layer and, consequently, lower and stronger LLJs. As a
result, related overestimation problems for near-surface temperature and wind speeds
appear to be resolved, and the nighttime minimum near-surface O3 concentrations
are better captured (Hu et al. 2013).

Various evaluation testbeds have been applied in developing/revising the YSU
PBL scheme. First, a theoretical concept is derived based on evaluations of the WRF
community and the scheme developer. In the case of YSU PBL, a new formula
based on an updated LES is the core part (Noh et al. 2003). Numerical discretiza-
tion considering the characteristics of NWP and climate models should be followed,

7/25 6 12 7/25 6 12 18
Time (UTC) Time (UTC)

Fig. 5.10 Wind speed from observation (upper left) WRF version 3.2 (lower left), 3.4 (upper right),
and 3.4.1 (lower right)
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assuring that the discretized scheme coupled with simple physics in atmospheric
models reproduces the same behavior in LES studies. Second, evaluate the revisions
in full physics models. Since evaluation results are combined products between PBL
and all other physical processes, care should be taken in interpreting results. Process
study for each component of the revised scheme needs to be followed. Considering
the interaction with other physical processes as in nature, refinement and/or reformu-
lation should be followed. Finally, the revised scheme should positively impact the
short-medium-long-range forecasts with the forecast skill score. For instance, WRF
and other global and regional models, such as GRIMs, were utilized to evaluate the
performance of the new scheme (e.g., Byun and Hong 2004). Another example is the
interaction between the orography-induced gravity-wave drag and boundary-layer
processes in a global atmospheric model (e.g., Kim and Hong 2009). They showed
that stable boundary is limited in the lower troposphere, but it enables the signif-
icant modulation of planetary-scale waves in the stratosphere through the upward
propagation of gravity waves that originated near the surface.

5.3.3 Shin-Hong PBL Scheme

In the summer of 2010, scientists from operational and research institutes in Korea,
Japan, France, England, Finland, and the USA met to discuss recent developments
in the parameterizations of physical processes for next-generation, high-resolution
numerical weather prediction (NWP) models. The meeting summaries are provided
by Hong and Dudhia (2012). The main topic of the workshop focused on future
problems in physics parameterizations as NWP models go to finer horizontal model
resolutions where there exist “gray zones” in which the explicit model dynamics
is capable of partially resolving features that are entirely parameterized at coarser
resolutions, e.g., deep and shallow moist convection, and turbulence in the PBL,
particularly in the convective PBL (CBL). In the gray zone of an atmospheric process,
model grid spacing (A) is comparable to the process’s characteristic scale (/) to be
parameterized, i.e., A ~ /. For example, the gray zone of the CBL and shallow cumulus
convection is approximately 0.1-1 km (Honnert et al. 2011; Dorrestijn et al. 2013;
Shin et al. 2013). The gray zone scale decreases to 10—100 m (Honnert et al. 2020)
in the neutral ABL (NBL) as / decreases with the absence of buoyancy to generate
thermally driven turbulence. It may be a decade before the NBL gray-zone issues
must be addressed. Hereafter, discussions focus on the CBL gray zone.
One-dimensional (1D) PBL schemes are adequate at grid sizes above a few kilo-
meters where no CBL turbulence eddies are resolved (A >> [). However, in the
CBL “gray zone” (A ~ I), new types of PBL parameterizations are needed to adjust
the amount of parameterized SGS turbulence in response to the partially resolved
turbulence. There was also discussion about extending the use of three-dimensional
(3-D) SGS models in large-eddy simulation (LES) to the PBL gray zone (as used for
many years in cloud-resolving models at grid spacings of 0.1-1 km). At LES grid
sizes—for example, grid sizes of 100 m or smaller for the CBL—it is considered
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that the model dynamics explicitly resolve nonlocal vertical transport by coherent
and well-organized large eddies, i.e., ® on the rhs of Eq. (5.2). All SGS turbulence
is assumed locally isotropic. All SGS mixing can be represented by 3D local mixing
with LES SGS models. LES SGS turbulence models work well in the inertial sub-
range, but their assumptions break down in the gray zone. This challenge in numerical
modeling of turbulence, where A and [ are of the same order is well-documented in
the pioneering study by Wyngaard (2004).

To develop a new SGS parameterization for the CBL gray zone, an investigation
of how the characteristics of the SGS turbulence to be parameterized change with
model grid spacing must take precedence. Honnert et al. (2011) (hereafter, HMC11)
proposed an original method to quantify the amount of the SGS vertical turbulent
fluxes and TKE, using LES results of different types of CBLs (i.e., free convection,
shear- and buoyancy-driven, and cloud-topped CBLs). They applied a simple spatial
filtering to the LES results for the spatial filter size (that represents A) ranging
between their LES grid spacing (ALES) and LES domain size (D).

Shin and Hong (2013) (hereafter, SH13) further extended the LES study of
HMC11 by implementing the effects of CBL stability into the grid-size dependency
functions. They computed the grid-size dependencies of SGS nonlocal and local
vertical transports in CBLs at gray-zone resolutions, using a 25-m-resolution WRF-
LES as the benchmark. They produced reference data for gray-zone grid spacing by
spatially filtering the benchmark LES (Fig. 5.11). In their analysis, the amount of
SGS vertical transport could be partitioned at each grid (A), along with the scale
dependency of the total (nonlocal plus local) SGS transport. This is consistent with
the key finding of Honnert et al. (2011), who revealed that the inclusion of the
mass-flux term is more important than the formulation of eddy diffusivity in deter-
mining the grid-size dependency of the parameterized transport in the gray zone.
SH13 further decomposed turbulent vertical mixing into two components—nonlocal
mixing and local mixing—and examined the grid-size dependency functions of these
two components separately. They found that the nonlocal mixing component is more
sensitive to the CBL stability, and the amount of the nonlocal transport is larger than
the local part. SH13 also demonstrated that the effects of CBL stability need to be
considered in developing a new gray-zone CBL parameterization by implementing
the stability effects into the nonlocal mixing term.

Based on the conceptual derivation by SH13, Shin and Hong (2015) (hereafter,
SH15) proposed a new PBL parameterization that replaces the CBL mixing algo-
rithm of the YSU PBL scheme with an LES-informed scale-adaptive vertical mixing
algorithm. First, nonlocal transport by large eddies and local transport by remaining
smaller eddies are separately parameterized. Second, the SGS nonlocal transport is
newly formulated by replacing the countergradient and the explicit entrainment terms
of the YSU PBL scheme with an LES-fitted nonlocal mixing profile. The nonlocal
mixing profile is multiplied by a grid-size dependency function, and the impact of
CBL stability is implemented into the grid-size-dependent function. Finally, the SGS
local transport is formulated by multiplying a grid-size dependency function by the
K-profile diffusivity of the YSU PBL scheme. This new scheme is called as Shin-
Hong PBL scheme. SH15 demonstrated that the new scheme increases the resolved
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Fig. 5.11 a Two-dimensional energy spectra at z/z; = 0.5, normalized by total TKE. b Ratio of
resolved (red) and subgrid-scale (blue) TKE to total TKE as functions of dimensionless grid size
(Alz;): for cases BT (buoyancy-driven and organized thermals; thick solid), BF (buoyancy-driven
and wind forced; thick dotted), SW (weak shear-driven; thick dotted-dashed), and SS (strong shear-
driven; thin solid). From Shin and Hong (2013). © American Meteorological Society. Used with
permission

energy, which is toward the reference spectra in sub-kilometer resolutions. The new
algorithm produces mean temperature profiles closer to the LES results than the
YSU scheme. Between the two most significant modifications from the YSU PBL
scheme (a change in the total nonlocal transport profile and inclusion of the scale
dependency), the improvement in the mean profiles is mainly due to the revised total
nonlocal transport profile fit to the LES data. The grid-size dependency functions
help the resolved motions and resolved transport profiles improve via accurately
computing the SGS transport profiles at different resolutions.

5.3.4 3D TKE-Based Scale-Aware Scheme (3D TKE, Zhang
etal. 2018)

To address the requirement for the gray-zone issue, a scale-adaptive parameterization
scheme of 3D turbulent mixing based on the whole 3D TKE prognostics equation
has been developed to represent turbulent mixing on subgrid scales in the gray zone
(Zhang et al. 2018). In this scheme, the TKE-based parameterization scheme for
turbulent mixing commonly used for LES is revised to be suitable for resolutions
typically used in a mesoscale model. In particular, this scheme provides a pathway
to consider all the components of the Reynolds-stress tensor in a coherent, more
general framework, making it feasible to replace conventional 1D PBL schemes
with the scale-adaptive 3D TKE-based scheme.

In convective boundary layer (CBL), coherent structures due to the buoyancy
dominate the vertical turbulent flux in a nonlocal way (Shin and Hong 2013; Hellsten
and Zilitinkevich 2013). The flux productions can be expressed by conventional
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eddy-diffusivity models including the nonlocal effects as follows:

— ou;  ou; ——NL
W= — KM L) + 5 , 5.23
uju' i <8.Xj + ™ > + Sizuju’; (5.23)
— 30
uo = —K1— o, -+ 8;3u}0" [ (5.24)

where superscripts M, H, and NL indicate momentum, heat, and nonlocal, respec-
tively. That is, both subgrid-scale stress and heat flux can be decomposed into two
components: the local flux due to the gradient of mean fields and the nonlocal flux
due to the buoyant-production terms. Note that the nonlocal terms are only retained
in the vertical because they are directly related to the buoyancy-driven transport.

A pragmatic approach based on Shin and Hong 2013 for the transition of vertical
turbulent mixing across the gray zone is adopted in this scheme. That is, the heat flux
for particular grid size A can be divided into the local and nonlocal components:

- [ — — —
we" = —Kﬁva_ +wo N = w4 w’Q’A’NL, (5.25)
z

where the superscript L and NL refer to local and nonlocal, respectively. The subscript
v refers to vertical. The nonlocal flux term is multiplied by the partition function
PNL(A/z,-) shown in Fig. 5.11 as follows:

wo N =W Pa(A ) 7)), (5.26)

where w8 " " the nonlocal heat flux at the mesoscale.
The vertical eddy diffusivity is formulated as K5, = Lae'/? for A, the
corresponding local heat flux is expressed as

—=A —A
wott = k8,20 — g0

5.27
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The length scale L 4 is obtained by blending the LES length scale Ly gs = cx1/Lgs
and the mesoscale length scale Lyeso = cralMeso Using the partition function
P (A / z;), where ckl and ck2 are dimensionless constants,

La = Pxu(A/ 2) Lvteso + [1 — Pan(A/ 2i) ] Ligs. (5.28)
Note that the dimensionless constants ¢;; and ¢, are different at LES and

mesoscale limits. The transition of horizontal diffusion across the gray zone is
introduced as follows:

Ky = Py(Ax/z)Kp +[1 — Pyp(Ax/ z)]Kr, (5.29)
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where K is the horizontal diffusivity based on the deformation (i.e., Smagorinsky-
type formula), K7 is the horizontal diffusivity based on the TKE. And ¢, and ¢, are
dimensionless constants.

In the development of the scheme, specific attention was given to the determi-
nations of nonlocal heat/momentum flux and the master mixing length for vertical
mixing. A series of dry convective boundary layer (CBL) idealized simulations were
also carried out by Zhang et al. (2018) to compare the scheme’s performance with the
conventional treatment of subgrid mixing using the ARW-WRF-LES dataset, high-
lighting the importance of including the nonlocal component for vertical turbulent
mixing in this new scheme. The improvements of the new scheme over the conven-
tional treatment of subgrid mixing across the gray zone were also in these idealized
simulations. Results from real-case simulations also showed the feasibility of using
this new scheme in a mesoscale model in place of the conventional treatment of
turbulent mixing on subgrid scales.

As compared to the Shin-Hong scheme in the previous subsection, the new scheme
is advanced since it bridges the numerical dissipation and turbulence properties
explicitly via 3D TKE. The conventional approach such as YSU scheme underesti-
mates the resolved kinetic energy when grid spacing is smaller than a few kilometers
and deficiency becomes substantial at sub-kilometers (Fig. 5.12). Shin-Hong scheme
represents the gray zone by empirical function that is derived from the filtered LES
data. Thus, this scheme implicitly represents the isotropic turbulence at LES scales.
Meanwhile, the 3D-TKE scheme (Zhang et al. (2018)) represents the transition from
isotropic to anisotropic eddies using a predicted 3D TKE in an explicit manner. Both
schemes commonly utilize the same nonlocal transport terms and a similar scale-
aware functionality. Further research is required to elucidate the turbulent properties
at LES or higher resolutions.

It should be noted that adequately representing horizontal turbulent mixing in the
gray zone remains a research subject. Some horizontal turbulent mixing schemes
are implemented in global and mesoscale models primarily for numerical purposes,
e.g., to remove small-scale noise with wavelengths of 2—4 times the grid intervals
(Xue 2000; Knievel et al. 2007; Langhans et al. 2012). Others are intended to mimic
unresolved subgrid-scale mixing processes following Smagorinsky (1963). Recently,
more and more studies addressed the importance of horizontal turbulent mixing in
more realistic cases to evaluate and quantify horizontal turbulent mixing (Bryan and
Rotunno 2009; Rotunno and Bryan 2012; Bryan 2012; Machado and Chaboureau
2015). Honnert (2016) calculated the horizontal mixing length from LES of neutral
and convective cases in the gray zone resolutions.

5.4 Future Directions

In conclusion, there has been a general trend from very simple dry local mixing
approaches in earlier models to ABL schemes that represent nonlocal transport by
thermals, cloud effects, top-down mixing, etc., thus including the full spectrum of
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Fig. 5.12 A schematic of the turbulent kinetic energy spectra in the convective boundary layer.
Its density is depicted as a function of wave number K and of the corresponding length scale L
= 2n /K. k; and k4 represent the turbulence length scale and dissipation scale, respectively. Thick
lines with arrows indicate the scale for a specific scheme to be eligible explicitly. An open arrow in
Shin-Hong scheme represents a range of implicit coupling with numerical dissipation

ABL types within a single parameterization scheme and enabling improvements in
representing the evolution of low cloud cover. The idea that ABL schemes should be
unified with shallow cumulus schemes has been gaining popularity with the concept
of top-down radiatively driven mixing that influences boundary layer growth and
shallow cloud development. There are further ambitious efforts to extend this to deep
convection (e.g., Park 2014), but deep convection contains net diabatic and internal
dynamical effects that are not representable by simple transport or reversible ther-
modynamics, and it is debatable whether this can be unified with the more reversible
and mixing-like processes of shallow convection and PBL schemes.

As the resolution of NWP models approaches sub-kilometer scales, three-
dimensional mixing becomes more relevant, and some new gray-zone approaches
transition to fully three-dimensional large-eddy schemes that do not require nonlocal
vertical mixing as boundary-layer eddies resolve by the dynamics. Consistent treat-
ment of horizontal and vertical turbulent mixing is still one of the challenging prob-
lems in atmospheric model development for gray-zone resolution simulations. There
is no converging theory for quantifying the intensity of horizontal mixing. Few obser-
vations are available to constrain the quantitative aspects of the parameterization
(e.g., the horizontal mixing length). However, as an example, Hanley et al. (2015)
investigated the sensitivity of the storm morphology and statistical properties to hori-
zontal mixing. They evaluated it against rainfall measurements of a radar network.
Nevertheless, since horizontal turbulent mixing is dynamically coupled with vertical
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mixing across the gray zone, future development of vertical turbulent mixing param-
eterization on subgrid scales should consider the physical consistency between the
vertical and horizontal mixing for atmospheric simulations at gray-zone resolutions.

Even as the convective boundary layer becomes better represented at higher resolu-
tions, challenges remain with the stable boundary and complex environments (terrain,
urban, forests) that will still require subgrid parameterizations using knowledge of
heterogeneity with grid cells.
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