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ABSTRACT: Accurate representation of heterogeneous surface layer processes is essential for numerical weather prediction (NWP) with sub-kilometer grid spacing. NWP models such as the Weather Research and Forecasting (WRF) Model
generally use second-moment turbulent models for parameterizing the planetary boundary layer (PBL). The most common
parameterizations follow Mellor–Yamada and account for the vertical turbulent mixing only; that is, standard PBL parameterizations are one-dimensional (1DPBL). The horizontal diffusion of momentum is parameterized based on Smagorinsky’s model for numerical stability. Although the combination of 1DPBL and 2D Smagorinsky parameterizations is
successful at coarse grid resolutions (e.g., grid-size dx ∼ 12–2 km), it does not represent well the effect of horizontal turbulence as gridcell size decreases (,1 km). To reconcile the representation of vertical and horizontal turbulent mixing, a full
three-dimensional PBL scheme (3DPBL) based on the Mellor–Yamada model was implemented in WRF. The 3DPBL
uses the horizontal and vertical turbulent ﬂuxes diagnosed from the ﬂow gradients to handle the turbulent mixing. These
gradients cannot be directly calculated near the surface. Therefore, the 3DPBL parameterization is coupled herein to a second-order diagnostic model of the three-dimensional turbulent ﬂuxes in the surface layer. Several adjustments to the original Mellor–Yamada model, including a modiﬁed length scale, were introduced to capture ﬂow anisotropy and dependence
on stability conditions. The results are compared against data from the Wind Forecast Improvement Project 2 (WFIP2) for
different weather regimes and using different grid resolutions to examine stability and scale dependency.
KEYWORDS: Atmosphere; Turbulence; Atmosphere-land interaction; Surface layer; Surface ﬂuxes

1. Introduction
The surface layer is the lowest part of the planetary boundary layer (PBL), where turbulent ﬂuxes are the most active,
affecting signiﬁcantly the state of the atmospheric boundary
layer (Stull 2012). Accurate parameterization of surface layer
processes is critical to the accurate representation of land–
atmosphere interactions in numerical weather prediction
(NWP) models. Particularly, representing the effects of horizontal turbulent transport is crucial where large gradients in
soil moisture and temperature develop due to land surface
heterogeneities such as soil type and land cover that determine surface radiative and hydraulic properties, surface slope
(e.g., Łobocki 2014), and complex topography (e.g., Goger
et al. 2018; Lehner and Rotach 2018). High-resolution
weather forecasts over mountain regions are needed to predict localized extreme events (e.g., Barros and Lettenmaier
1994; Eghdami and Barros 2019). Modeling exchange processes over these regions is especially challenging (see Lehner
and Rotach 2018; Seraﬁn et al. 2018 for a review) due to the
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compounding effects of topographic complexity and land surface heterogeneity. Better representation of the horizontal turbulence mixing near the surface could ultimately improve the
simulation of cloud vertical structure and microphysics that
currently do not reproduce radar or satellite observations
(Greenwald et al. 2010, Wilson and Barros 2014, 2015) in the
lower troposphere. Improved cloud structure representation
in models has important implications for radiative transfer
(Chen et al. 2008), modulating solar irradiance ﬂuxes (Jiménez
et al. 2016) and land surface energy budgets (e.g., Wilson and
Barros 2017), and the predictability of precipitation.
High-resolution NWP entails simulation of small-scale processes within large domains. Although sub-kilometer forecasts are increasingly feasible, the representation of PBL
processes (i.e., using a PBL parameterization) over horizontally heterogeneous regions remains a signiﬁcant challenge
(Goger et al. 2019; Hong and Dudhia 2012; Prein et al. 2015).
Standard PBL parameterizations [e.g., Mellor–Yamada–
Nakanishi–Niino (MYNN)] currently used in the Weather
Research and Forecasting (WRF) Model, and most NWP
models, represent only the vertical turbulent mixing. The horizontal diffusion of momentum is parameterized using the
Smagorinsky (1990) scheme to control the models’ numerical
stability. Although accurate at large grid spacing, this
approach is increasingly untenable as the horizontal grid spacing (∼0.1–1 km) is reﬁned (Wyngaard 2004), where the dissipation varies with time and space depending on the prevailing
weather processes (e.g., see Goger et al. 2018). Furthermore,
a 1D PBL parameterization with horizontal turbulent transport handled by the Smagorinsky scheme leads to an
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inconsistency in the treatment of vertical versus horizontal
turbulent mixing.
To address these limitations, a new three-dimensional PBL
(3DPBL) parameterization was implemented in WRF with an
integrated approach to model vertical and horizontal mixing
(Kosović et al. 2020; Juliano et al. 2022). The new 3DPBL
scheme closely follows the algebraic level 2 and level
2.5 models developed by Mellor and Yamada (1982, hereafter
MY82). The model accounts for the 3D effects of turbulence
by explicitly calculating momentum, heat, moisture ﬂux divergences, and turbulent kinetic energy (TKE). For handling the
horizontal and vertical mixing, the new PBL scheme relies on
horizontal and vertical turbulent ﬂuxes in contrast to vertical
ﬂuxes alone in the earlier 1DPBL schemes. The 3D turbulent
ﬂuxes can be diagnosed directly using ﬂow gradients. However, near the surface, the gradients cannot be calculated
directly from the ﬂow ﬁeld over the complex topography and
must be speciﬁed as boundary values. Hence, there is a need
to develop a surface layer representation that provides the
3D turbulent ﬂuxes to the 3D MY82 model.
The MY82 model (Mellor 1973; Mellor and Yamada 1974)
is one of the pioneering works in the development and application of second-moment closure schemes to geophysical ﬂuid
dynamics problems. In their parameterization, the pressure
covariances are modeled based on Rotta’s formulation (Rotta
1951a,b) of the return to isotropy term of homogeneous turbulence in second-order closure models. The higher-order
Rotta terms related to shear and buoyancy that are critical in
the convective boundary layer (Moeng and Wyngaard 1986)
are neglected. The return to isotropy due to pressure–strain
interaction redistributes turbulent energy among all three
velocity components, but it cannot eliminate the anisotropy
between the horizontal and vertical components, which are
primarily maintained by shear and buoyancy, respectively.
The MY82 model constants are determined based on the
assumption of equal partitioning of energy in the cross-stream
and vertical directions expected to be valid for stratiﬁed ﬂow.
The interplay of shear production, buoyancy destruction, and
production of energy in the boundary layer, however, creates
a complex redistribution of energy between horizontal and
vertical components. BouZeid et al. (2018), for instance, proposed a linear Rotta model to predict directional variances
based on the ﬂow regime as described by the Richardson
number (i.e., the ratio of buoyancy to shear forces) that reproduces large-eddy simulation (LES) results in terms of energy
redistribution under free convective conditions. Because the
determination of the constants depends on the mixing length,
the determination of mixing length and constants is an iterative process.
All length scales are proportional to a master length scale in
MY82, and the constants of proportionality were derived from
experimental data by calibration for neutral ﬂow conditions.
An alternative strategy is the more recent and widely used
MYNN PBL parameterization (Nakanish 2001; Nakanishi and
Niino 2009), an implementation of the 1D MY82 model that
includes the higher-order Rotta terms and a stability-dependent
formulation of the master length scale to capture changes in
vertical mixing in the convective boundary layer.
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Another challenge for PBL parameterizations in models at
sub-kilometer grid spacing is that there is a mix of resolved
and unresolved convective motions (e.g., the turbulence
“gray” zone), the interactions among which cannot be captured (Wyngaard 2004; Honnert et al. 2011; Hong and Dudhia
2012). Nevertheless, the many beneﬁts of ﬁne resolution models for improved representation of terrain and land cover cannot be dismissed (e.g., Muñoz-Esparza et al. 2016; Zhou et al.
2014). In addition, during the stable nighttime regime, when
the dominant length scale of the boundary layer decreases,
the sub-kilometer grid spacings is no longer in the turbulence
gray zone, and the turbulence can be fully parameterized.
As resolution-independent physics parameterizations are
desirable (e.g., Powers et al. 2017), recent PBL parameterizations (e.g., MYNN; Ito et al. 2015) adopted considerations to
allow scale awareness. Using a series of LES, Honnert et al.
(2011) showed that when transitioning from coarser to ﬁner
grids, the resolved and subgrid TKE partitioning varies
according to a similarity relationship based on boundary layer
and cloud layer height. Shin and Hong (2013) demonstrated
that the conventional nonlocal PBL parameterizations in LES
suppress the resolved TKE and vertical transport across the
gray zone limit in the convective boundary layer, which could
be remedied by adding explicit resolution-dependent adjustments (Shin and Hong 2015). Ito et al. (2015) proposed a new
formulation of the mixing length scale in the MYNN PBL
parameterization by introducing an explicit adjustment as a
function of grid horizontal resolution and consideration of
horizontal turbulent mixing. This resolution-dependent length
scale formulation was calibrated against LES data and used as
a benchmark to predict the subgrid- and resolved-scale partitioning in the vertical accurately. Research efforts so far
focused on development of scale- or grid-size-dependent
1DPBL parameterizations.
Goger et al. (2018) added the effect of horizontal shear to the
TKE budget of level 2.5, MY model following a Smagorinsky
(1963) turbulence treatment. Goger et al. (2019) further added
a horizontal length scale to diagnose the contribution of horizontal shear to TKE production. The comparison of their
model results with the tower observations of TKE showed that
a model with 3D prognostic equations for TKE can simulate a
better TKE structure. A separate study used a distinct length
scale for parameterizing the horizontal diffusions in an MY82based model and showed the vertical wind statistics and
resolved to unresolved TKE ratio has improved compared to
the LES benchmark (Ito et al. 2015). These ﬁndings highlight
the importance of horizontal shear in parameterizing the TKE
budget and provide further motivation for developing the new
3DPBL scheme in the WRF Model (Kosović et al. 2020; Juliano
et al. 2022) and the associated surface layer parameterization
presented here.
Finally, the surface turbulence exchange in NWP models usually relies on the Monin–Obukhov similarity theory (MOST;
e.g., Jiménez et al. 2012). However, the underlying assumptions
are not accurate over complex topography due to non-stationarity and horizontal heterogeneity. For instance, using data from
the Cooperative Atmosphere-Surface Exchange Study 1999
(CASE-99), Stiperski and Calaf (2018) showed that similarity
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FIG. 2. A schematic model for the PBL and surface layer parameterizations near the surface. The height of the lowest model layer
is marked at dz.

are discussed and assessed against observations. Conclusions
of the study and future directions are given in section 5.

2. Description of the surface layer

FIG. 1. A diagram of the workﬂow of the model.

relations depend on stratiﬁcation and state of anisotropy. Nevertheless, there are limited studies devoted to scaling relationships over complex terrain, suggesting that results are also
location dependent.
In this work, a three-dimensional model of the turbulent
ﬂuxes in the surface layer is added to the 3DPBL parameterization implemented in WRF (Kosović et al. 2020; Juliano et al.
2022). The 3DPBL parameterization integrates the vertical
and horizontal mixing by taking into account all 3D turbulent
ﬂuxes in the WRF dynamical core. A simpliﬁed diagram of
the workﬂow is given in Fig. 1. The surface layer scheme
(Jiménez et al. 2012) is applied outside the dynamical core to
estimate the vertical heat (H), moisture (Q), and momentum
(u* ) ﬂuxes at the land–atmosphere interface. The primary
goal of this work is to implement a model that uses the nearsurface vertical ﬂuxes to diagnose the horizontal turbulent
ﬂuxes near the surface layer to improve the representation of
horizontal mixing near the surface rather than leaving the
horizontal diffusion to the Smagorinsky scheme. The 3DPBL
uses the horizontal and vertical turbulent ﬂuxes as the bottom
boundary condition to handle turbulent mixing near the surface. Model performance is assessed by comparing simulated
3D turbulent ﬂuxes against tower observations from the Wind
Forecast Improvement Project 2 (WFIP2), and model TKE
diagnosed at the surface is compared against the MYNN (1DPBL) used here as the reference parameterization.
This manuscript is organized as follows. The surface layer
model is described in section 2. Numerical implementation
and data are described in section 3. In section 4, the results

In the following, the capital letters Ui, Q, and Qy represent
the time-averaged velocity, temperature, and moisture ﬁelds,
respectively, while small letters ui, u, and qy represent the turbulent variables and the subscript i represents the dimensions.
The time-averaged ﬂuxes are denoted by angle brackets, and
the 0 subscript indicates the reference state. The letters u, y,
and w are also used to differentiate zonal, meridional, and
vertical winds, respectively; and z is height. Near the surface
the PBL is integrated with the surface layer, as shown in
Fig. 2, by imposing the momentum, heat, and moisture ﬂux
from the surface as the PBL’s lower boundary condition. Turbulent stresses (friction velocity) and ﬂuxes in the surface
layer are diagnosed using Monin–Obukhov similarity theory
(Jiménez et al. 2012). In the case of the one-dimensional (1D)
PBL (e.g., MYNN) only the vertical turbulent ﬂuxes uw,
yw, wqy, and wu as well as turbulent kinetic energy
(TKE) where 2TKE  q2  u2  1 y2  1 w2  from the surface boundary layer are considered. However, for a fully 3D
parameterization, the normal stresses u2, y2, and w2 and
horizontal components uy, uu, yu, uqy, and yqy also
must be speciﬁed at the surface boundary. Given the vertical
ﬂuxes (e.g., Jiménez et al. 2012), the horizontal turbulent components can be diagnosed following an MY82 closure based
model which is the approach herein adopted.
In the MY82 closure model, the dissipation rate, the pressure covariances, and the third moments are parameterized
based on the Kolmogorov (1941) closure model and Rotta
return to isotropy hypothesis (Rotta 1951a,b). Given the TKE
(q2/2) and temperature variance u2, the dissipation rate for
the energy («) and heat («u) are

«

q3
,
B1 L

(1)
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respectively, where B1 and B2 are closure constants and
L is the master length scale. The pressure–strain and
pressure–temperature terms (third-order terms) are represented as follows:
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result section. Therefore, as the ﬁrst implementation of a 3D
surface boundary condition for an MY82 based model in
WRF, the level 2 model is justiﬁed to solve the equations for
the turbulent ﬂuxes explicitly.
The TKE and the remainder of the turbulent ﬂuxes
obtained based on the level 2 MY model but with the addition
of C2 and C5 terms are calculated as follows:
q3
U
V
2 yw
1 g=Q0 wu,
 2 uw
z
z
B1 L

(5)

q2 A1 L
U
V
2 4uw
1 2yw
1
q
z
z
3

u2  

2 2g=Q0 (1 2 C2 )wu ,

(6)

2
y2   q 1 A1 L 2uw U 2 4yw V
q
z
z
3

2 2g=Q0 (1 2 C2 )wu ,

(4)

where p is pressure; x denotes spatial dimensions; and A1 and
A2 are the closure constants resulting from the Rotta’s returnto-isotropy hypothesis; C1, C4, and C5 represent shear terms;
and C2 and C3 represent buoyancy terms.

(7)

q2 A1 L
U
V
2uw
1 2yw
1
q
z
z
3

w2  

1 4g=Q0 (1 2 C2 )wu ,

(8)

3A1 L
V
U
2 uw
2 yw
,
q
z
z

(9)

a. Diagnostic model of surface turbulent fluxes
In this section, the equations for diagnosing the threedimensional components of turbulent ﬂuxes of momentum,
heat, and moisture are presented. We use the equations from
the level 2 MY82 model according to the parameterization
described in Eqs. (1)–(4). The level 2 model neglects the
material derivative and diffusion terms based on scaling argument assuming small anisotropy. We further assume horizontal homogeneity, or the PBL approximation, so that both
vertical and horizontal velocity gradients vanish, reducing the
model to hydrostatic ﬂow in the vertical direction and neglecting all horizontal gradients. Therefore, for a ﬂow where U and
V are zonal and meridional winds, Qy is moisture, and Q is
temperature, only the U/z, V/z, Q/z, and Qy/z terms
are retained.
The assumptions of small anisotropy and homogeneity are
typical for the PBL parameterizations. These assumptions are
not always valid near the surface. Therefore, using the level 2
model for diagnosing the individual turbulent ﬂuxes (e.g., u2,
y2, and w2) does not always yield strict closure. However,
the simpliﬁed model presented here is a logical extension of
1D surface layer formulations. Without these assumptions, the
full model (level 4) 1) generally adds little beneﬁt to simulating
the atmospheric boundary layer (e.g., see MY82), 2) requires
parameterization of higher-order moments, and 3) is numerically too expensive for operational use. The results presented
later show that the model performance is the same for TKE
and for individual turbulent components, thus suggesting that
the boundary layer approximation is acceptable. Furthermore,
the model can diagnose the individual turbulent ﬂuxes better
as the model resolution increases, which is shown later in the

uy 

uu  2

3A2 L
Q
U
1 (1 2 C5 )wu
,
uw
q
z
z

(10)

yu  2

3A2 L
Q
V
1 (1 2 C5 )wu
,
yw
q
z
z

(11)

u2  

2B2 L
u
wu ,
q
z

(12)

where g is the gravitational acceleration. The vertical ﬂuxes of
momentum, moisture, and heat are transferred from
the WRF surface layer scheme (Jiménez et al. 2012) as follows:
uw
cosa
 2u2*
,
uy
sina

(13)

wu  2 u* u*  H=rcp ,

(14)

wqy   Q=r,

(15)

where u* is the friction velocity, a is the wind direction
increasing counterclockwise from the zonal direction, H is the
sensible heat ﬂux, Q is the moisture ﬂux, r is the density of
dry air, and cp is the speciﬁc heat capacity of moist air. To
complete the closure, the vertical gradients are calculated
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assuming the surface layer ﬂow is described by the following
adiabatic model (Mellor 1973):
u* cosa
fM (z) as z → 0,
kz sina

(16)

wu 1
u
∼2
f (z) as z → 0,
z
u* kz H

(17)

U=z
V=z

∼

where k is von Kármán constant, a is the direction of the
wind speed; fM and fH are similarity functions (Businger et al.
1971) for momentum and heat, respectively; z is the distance
from the surface; and z is the nondimensional height using
Obukhov length (LO) deﬁned by the following:

z  (z 2 zd )=LO ,

(18b)

Here, zd is the roughness length set to 10 cm in our analysis for
low-level crops with occasional obstructions (Jarraud 2008).
The value suggested for k in Businger et al. (1971) similarity
function is 0.35. However, the WRF Model, and in particular
the MYNN parameterization, use the value of 0.4, which is
widely accepted (Foken 2006). Here, the same value used in
MYNN is adopted for consistency. Following Nakanish’s (2001)
approach for a fully 3D ﬂow and replacing the surface layer
terms in Eqs. (5)–(12), we obtain the following:

u2 
q2
y2 
q2





2=3

L
(f 2 z)
kz m

u2* ,

(19)

1 A1 4fM cos2 a 2 2fM sin2 a 1 2(1 2 C2 )z
1
, (20)
3 B1
fM 2 z
1 A1 22fM cos2 a 1 4fM sin2 a 1 2(1 2 C2 )z
1
,
3 B1
fM 2 z
(21)
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,
3 B1
fM 2 z
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(fM 2 z)1=3
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wu2
B2 kz 2=3
fH
:
1=3 L
1=3
u2*
(fM 2 z)
B

These equations are extended to account for moisture
ﬂuxes. The similarity theory stability functions for heat
and moisture are not the same due to dissimilar transport
efﬁciency and different sources and sinks (e.g., Kooijmans
and Hartogensis 2016). High-frequency humidity measurements are not available to calculate the turbulent ﬂuxes;
however, we derived the equations and used a different
notation fQ to indicate the moisture similarity function.
The horizontal moisture ﬂuxes can be diagnosed from the
following:

uqy   2 wqy 



3A2
1=3
B1

L
kz

2=3

fQ 1 (1 2 C5 )fM
(fM 2 z)1=3

cosa,

(27)

sina:

(28)

(18a)

u3*
:
LO  2
kbgwu

q2  B1
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cosa,

(24)

yqy   2 wqy 

3A2
1=3

B1



L
kz

2=3

fQ 1 (1 2 C5 )fM
(fM 2 z)1=3

The above model offers a diagnosis of the 3D turbulent
covariances required for horizontal and vertical mixing of
momentum, heat, and moisture. Note that because the
momentum, heat, and moisture vertical ﬂuxes are estimated
by the WRF surface layer scheme [Eqs. (13), (14), and (15)],
the terms involving C1, C3, and C4 are not necessary. The
MY82 model used values of (A1, A2, B1, B2) = (0.92, 0.74,
16.6, 10.1) in Eqs. (1)–(4) that are derived from neutral conditions from separate laboratory experiments and (C1, C2, C3,
C4, C5) = (0.08, 0, 0, 0, 0), neglecting the higher-order terms
C2–C5 due to the limited data available at the time to determine the constants. MY82 assumed that the results would be
applicable for stratiﬁed ﬂow.
The determination of model constants is not straightforward and depends on the mixing length; in turn, the mixing
length depends on the constants. Therefore, an iterative
process is required. In particular, the dissipation length
(e.g., B1) depends on the stability conditions. Nakanish
(2001) proposed the mixing length parameterization conditional on stability described in section 2b that eliminates the
need for the variable B1. The MYNN model uses a set of
constants (A1, A2, B1, B2) = (1.18, 0.665, 24.0, 15.0) different
from MY82, which were estimated from LES results for six
stability condition scenarios (Nakanish 2001). Another signiﬁcant difference in the MYNN model is that higher-order
Rotta terms are included (C1, C2, C3, C4, C5) = (0.137, 0.65,
0.294, 0.0, 0.2) to improve the representation of the shear
and buoyancy terms. This is important in the interpretation
of the results for the surface ﬂow in anisotropic and stratiﬁed regimes.

b. Length scale
sina,

(25)

(26)

One of the major challenges in closure models is to determine the master length scale, which is still the subject of ongoing study (e.g., Ďurán et al. 2020). Mellor and Yamada
suggested the use of a simple algebraic equation that is only
justiﬁed by comparing simulated proﬁles of heat and momentum to laboratory measurements of an unstable boundary
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FIG. 3. (left) WFIP2 domain elevation map). (right) The highlighted area shows the numerical domain. The location
of the tower 1 (wﬁp2/z.19) and tower 2 (wﬁp2/z.23) sonic anemometers are shown with a cross and a square on the
numerical domain, respectively.

layer. The length scale L interpolates between the surface
length scale LS = kz when z → 0 and LT, the characteristic
turbulent ﬁeld depth of the PBL when z → ‘. The length
scale LT is deﬁned as follows:
‘

zq dz
LT  a 1

0
‘

,

(29)

q dz
0

where a1 = 0.1 is an experimental constant. The length scale
used by Mellor and Yamada is therefore
1
1
1

1
:
L LS LT

(30)

Nakanish (2001) proposed a diagnostic equation for the
length scale in the surface layer allowing the surface length
scale (LS) to vary with stability condition (z):
⎪⎪⎧
kz=3:7, z $ 1
⎪⎪
⎪⎨
Ls  ⎪ kz=(1 1 2:7z), 0 # z , 1 ,
⎪⎪⎪
⎩ kz(1 2 a2 z)0:2 , z , 0

(31)

where a2 = 100 is determined from LES data. This model predicts a length scale that varies as kz while providing more ﬂexibility for unstable conditions, which we adopt here. The
classical length scale based on the height may lead to excessive diffusion for very stable boundary conditions. Although
there are alternatives for these conditions (e.g., Grisogono
2010), in this work we adopt an approach similar to Nakanish
(2001) to have a fair comparison with the results from the
MYNN parameterization, a widely adopted PBL scheme used
as reference in this study.

3. Experimental design
a. Simulation setup
The region of the study is chosen in eastern Washington
and Oregon over the Columbia River Gorge, where rich
measurement data were collected during WFIP2 (Fig. 3,
Table 1). The numerical domain is downstream of the
Columbia River Gorge on the lee side of the Cascade
Range. Therefore, the ﬂow in this region is highly inﬂuenced
by the topography.
The interactions of resolved gridscale and subgrid-scale in
the turbulence gray zone (Shin and Hong 2013, 2015) and
grid size dependencies are relevant to the scales of interest
in this research. This issue was addressed in the analysis and
interpretation of the results by contrasting model sensitivity
to grid spacing at 750 and 250 m against the MYNN level 2.5
(Nakanishi and Niino 2006, 2009). The current PBL parameterizations in WRF, including MYNN, only parameterize
the vertical ﬂuxes (1D) without taking into account the horizontal gradients. Although convenient and appropriate for
mesoscale grids (dx ∼ 10 km), this approach is reported to
produce unrealistic turbulent structures in the gray-zone
limit (e.g., Ching et al. 2014; Shin and Dudhia 2016). Nevertheless, we use MYNN, a 1D PBL, as a reference because
it is commonly used in the gray zone as there are no

TABLE 1. Brief description of measurements.
Name
Tower 1 (wﬁp2/
z.19.00)
Tower 2 (wﬁp2/
z.23.00)

Location

Description

45.63838N, Sonic wind and temperature
120.67168W
measurements at 17 m above
ground level
45.63948N, Sonic wind and temperature
120.67168W
measurements at 10 m above
ground level
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alternative options available, and it is based on the similar
model closure assumptions used in the 3DPBL. We choose
750- and 250-m grid sizes following similar studies for model
development in the gray zone (Juliano et al. 2022) and particularly in this region consistent with the WFIP2 project
that is the source of the tower data used for model evaluation (Olson et al. 2019).

TABLE 2. Summary of WRF simulations.
Timea

Expt

0000 UTC 13 Aug–0600 UTC
15 Aug 2016

3DBL
3DB
3D
MYNN
C-90
C-75
C-50
3DBL
3DB
3D
MYNN

b. Model configuration
Simulations were conducted using the WRF Model, version 4.0.3 (Skamarock et al. 2019), to solve numerically the
nonhydrostatic and fully compressible ﬂow equations with
physical parameterizations and domain discretization strategies summarized in the following. Initial and boundary
conditions were extracted from High-Resolution Rapid
Refreshing (HRRR) version 3, following Blaylock et al.
(2017). The data are provided hourly at 3-km grid spacing
and hence useful for initializing high-resolution sub-kilometer simulations without the need to make telescoped
multiple domain simulations. The numerical domain used
in this study is deﬁned using 750-m grid spacing to produce
a domain with (D01) 90 3 90 horizontal grid points. In the
vertical, we use a total of 60 layers starting from 20-m vertical resolution near the surface with at least 21 layers in the
ﬁrst 1 km and ending at 100 hPa at the top. We use the standard U.S. Geological Survey 30-s arc elevation dataset digital elevation model provided in WRF and is closest to our
numerical grid size.
The new 3D PBL parameterization (Kosović et al. 2020;
Juliano et al. 2022) diagnoses the 3D turbulent ﬂuxes with
either the level 2 or level 2.5 MY82 model. The level 2 model
is used in our simulations. The ﬂuxes are then used to handle
both vertical and horizontal mixing and predict momentum,
heat, and moisture tendencies. For the control run, the
MYNN PBL parameterization is used for the vertical mixing
while the horizontal mixing is handled separately using the
Smagorinsky (1963) approach. The revised MM5 Monin–
Obukhov scheme (Jiménez et al. 2012) is used as the surface
layer parameterization to provide the surface ﬂuxes u* , H,
and Q. We also use the WRF single-moment 6-class (WSM-6)
graupel scheme microphysics scheme (Hong and Lim 2006),
and the Noah land surface model with four soil layers (Ek
et al. 2003). The Rapid Radiative Transfer Model (RRTM)
(Mlawer et al. 1997) and the Dudhia scheme (Dudhia 1989)
were used to quantify longwave and shortwave radiative
ﬂuxes at 1 min time steps. No cumulus scheme is used in the
simulations, and convective effects are left to be explicitly represented at the grid resolution.
Simulations were conducted for three different model conﬁgurations (Table 2). The simulation with buoyancy terms
and the surface length scale is labeled 3DBL and the surface
turbulent ﬂuxes are estimated using Eqs. (19)–(28). A second
test labeled 3DB is conducted with the MY82 length scale
that is independent of stability near the surface, and thus
LS/kz → 1, as opposed to the 3DBL case in which the length
scale is diagnosed based on Eq. (31). An additional third test
labeled 3D (the approach used in MY82) is conducted to

0000 UTC 8 Dec–0600 UTC
10 Dec 2016

Grid (m)
750
750
750
750
750
750
750
750
750
750
750

and 250
and 250
and 250

and 250
and 250
and 250

The ﬁrst 6 h of the simulation is considered as spinup and is not
used in the analysis.
a

examine the impact of buoyancy by setting the buoyant contribution term to zero in the TKE and turbulent ﬂux equations [terms with wu in Eqs. (5)–(12)]. Equivalently, we can
set z = 0 in Eqs. (19)–(28). Note that LO in Eq. (18a) is a measure of relative contributions of shear to buoyant production
of TKE and by deﬁnition LO → ‘ and consequently z → 0
can be interpreted as neutral boundary conditions. In these
three tests, the higher-order Rotta terms C2–5 are neglected
consistent with the original MY82 model.
Additional simulations were conducted to assess the
impact of higher-order Rotta terms. Speciﬁcally, we set
C5 = 0.2 and C2 taking on values of 0.90, 0.75, and 0.50,
respectively. To investigate the impact of grid resolution, a
domain (D02, 91 3 91) with 250 m grid spacing is nested at
the center of the main domain for the simulations 3DBL,
3DB, and 3D. An overview of all numerical experiments is
given in Table 2. The grid output with the minimum horizontal Euclidean distance from the measurement sites was
chosen for analysis [see Table 1 for locations of the sonic
anemometers maintained by the University of Notre Dame
maintains sonic anemometers; Atmosphere to Electrons
(2017a,b)].

c. Comparison with observations
Two 54-h-long warm season simulations were conducted
starting from 0000 UTC 13 August to 0600 UTC 15 August
2016, featuring horizontal wind magnitude during daytime up
to 8 m s21 (winds are not shown) and large amplitude of the
variation of turbulent ﬂuxes tied to the growth of the convective boundary layer, and one cold season simulation from
0000 UTC 8 December to 0600 UTC 10 December 2016, with
stable atmospheric conditions. The ﬁrst 6 h are considered as
spinup time and are left out from the analysis. Accurate diagnosis of horizontal and vertical turbulent ﬂuxes is essential in
proper representation of horizontal and vertical mixing of
momentum, heat, and moisture. The turbulent model diagnostics represent the subgrid-scale values and are retained
from the model every 5 min. For the analysis, data from two
separate towers are compared with model results from the
nearest grid point. The 17- and 10-m tower ultrasonic
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FIG. 4. Comparisons of the time series of the (a),(b) friction velocity u* and (c),(d) heat ﬂux wu measured by the
sonic anemometer and the model output for 13–16 Aug 2016 (also referred to as August case). Time is in UTC.

anemometer data (wﬁp2/met.z19.00 and wﬁp2/met.z23.00
refer to tower 1 and tower 2, respectively) measure horizontal
and vertical winds and temperature at 20-Hz frequency. Highfrequency measurements of moisture are not available. The
model grid elevation is slightly below (221 and 210 m for
tower 1 and tower 2) the actual location of the measurement
tower bases (445 and 484 m for towers 1 and 2, respectively).
The model turbulent ﬂuxes and observations must be compared at the same temporal scales. The integral time scale for
vertical wind ﬂuctuations is reported to be about 16 s (Szilagyi
et al. 1999). Therefore, a 5-min interval, which is two orders
of magnitude larger than the integral time scale for vertical
ﬂuctuations, is sufﬁcient for averaging the turbulent ﬂuxes.
The covariances are then compared for 5-min intervals, which
is at least one order of magnitude larger than the coherent
structure of the vertical eddies.
The friction velocity is the basis of the diagnosis of the
TKE in the model predicted by the surface layer. Note that
despite high spatial resolution, the representation of topography (slope, aspect, and landform, e.g., ridge or valley location)
in the model may differ from the real-world position of the
towers in the landscape, which should be considered in the
interpretation of the results. Furthermore, physical processes
in the model, such as cloudiness and microphysics, are interacting and thus interdependent. An improved PBL does not
necessarily guarantee an improved simulation (e.g., Bretherton and Park 2009) unless all resolved physical processes are
consistent with each other.
We use the root-mean-square error (RMSE) and relative
bias (RB) to compare the performance of different schemes
against the observation. These variables are calculated as
follows:

RMSE 

RB 

1 
(Mn 2 On )2
N


(Mn 2 On )=



0:5

,

(32)

On ,

(33)

where Mn and On are model output and observation for the
time interval n, respectively; and N is the total number of
samples.

4. Results
First, we present the evaluation of the surface inputs from
the surface layer scheme (see Fig. 1). These variables are
used as the input for the model described in Eqs. (19)–(26).
Then the model outputs are discussed and ﬁnally the model
sensitivity to higher-order Rotta term C2 and grid spacing is
presented.

a. Surface layer inputs
The surface momentum ﬂuxes are closely related to the
friction velocity, which is parameterized in the surface layer
along with heat and moisture ﬂuxes (see Jiménez et al. 2012
for a complete description) as follows:

t  ru2*  rCd U 2 ,


H  2rcp u* u*  2rcp Ch U ua 2 ug ,


Q  ru* q*  rMCq U qg 2 qa ,

(34)
(35)
(36)

where t, is momentum ﬂux; u* and q* are heat and moisture
characteristic scales, respectively; and U is the wind speed in
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FIG. 5. Comparisons of the friction velocity measured by the sonic anemometer uobs
and the model output umod
*
*
(a),(b) 13–15 Aug and (c),(d) 8–10 Dec 2016 for (left) tower 1 and (right) tower 2. The color map shows z that is calculated using the anemometer height and the LO from WRF output for roughness height zd = 0.1 m. The standard error
of the estimated gradient and correlation coefﬁcient are shown on the plots.

the lower layer increased for convective conditions as suggested by Beljaars (1995); M is the soil moisture availability; a
and g subscripts label air and ground variables, respectively;
and Cd, Ch, and Cq are dimensionless bulk transfer coefﬁcients for momentum, heat, and moisture, respectively. Accurate estimates of the turbulent covariances depend on proper
diagnosis of the surface ﬂuxes. Calculation of transfer functions depends on the similarity functions, and consequently,
stability regimes deﬁned by the bulk Richardson number
(Rib). The transfer coefﬁcients are then calculated for four
distinct regimes: 1) stable regime (Rib $ 0.2), 2) damped
mechanical turbulence regime (0 , Rib , 0.2), 3) forced convection regime (Rib = 0), and 4) free convection (Rib , 0).
Figure 4 shows the comparisons of the time series of fric
0:25
tion velocity observations u*  uw2 1 yw2
and heat
ﬂux wu. In general, the comparison of the RMSE and RB
(supplemental information Table S1) for friction velocity
(Figs. 4a,b) and heat ﬂux (Figs. 4c,d) does not show substantial differences between the schemes at the same spatial scale.

This conclusion is expected since the diagnosis of these terms
[Eqs. (34)–(36)] is the same for all the schemes. As it can be
seen during the ﬁrst day (Fig. 4a), for tower 1, the model initially underestimates the friction velocity during the stable
nighttime regime, followed by a jump during the transition to
daytime (about 1400 UTC 13 August). A similar behavior can
be seen on the second day for nighttime stable conditions
(0600–1200 UTC 14 August). The differences are less pronounced for tower 2. Whereas the observations show the
same jump, there is a timing difference in the transition
between the simulated and observed stable and unstable
regimes that explains the large differences. The model underestimates the friction velocity and the heat ﬂux during the
daytime peak of convective activity (particularly 1200–1800
UTC 13 August). This underestimation is attributed to discretization. The actual tower base is about 20 m higher than the
model terrain elevation, and this difference is on the same
order of magnitude as the model’s ﬁrst-layer. Further, the
model topography is smoother than the real topography, and
the simulated spatial gradients are weaker. Previously,
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FIG. 6. Time series of surface layer turbulent kinetic energy (TKE = q2/2) at the nearest grid point to the sonic tower
observation for the (a),(b) August and (c),(d) December cases. Fewer than 2% of observations for the August case
exceed the range captured by the vertical axis and are not shown. Time is in UTC.

Jimenéz and Dudhia (2012) linked a negative bias in topography to weaker winds. Decreases in wind speed can lead to
decreases in momentum and heat ﬂuxes when all other conditions remain approximately the same. Other land surface heterogeneities that impact the turbulent ﬂuxes and shear in the
surface layer include the land-cover, surface roughness height,
and small-scale landform. Finally, the tower observations are
point measurements whereas the model simulations are
numerical solutions at the gridcell scale and therefore represent spatially ﬁltered ﬂow ﬁelds.
The comparison of the measured friction velocity u* and
the model prediction for 3DBL as a function of stability is
shown in Fig. 5. The stability measure is calculated from
Eq. (18a) using the model LO, the tower height z (here 10 and
17 m) and zd = 10 cm. The model output is retained every
5 min and the tower ﬂuxes are averaged over 5 min intervals
as mentioned earlier. The model friction velocity’s evolution
with stability conditions is similar to the observations (see
Fig. 4), albeit with less variability (correlation coefﬁcient
∼0.60) for the August case (Figs. 5a,b). For the near-neutral
conditions in December (20.3 , z , 0.0, Figs. 5c,d), the
model overestimates the friction velocity. The overestimation can be related at least in part to uncertainty in the
speciﬁed surface roughness in the model. The results show
the limitations of Monin–Obukhov similarity theory, which
is the only model currently available in WRF, to predict
momentum exchange near the surface. Efforts are on the
way for a new replacement based on machine learning

techniques using the atmospheric proﬁle as an input (Gagne
et al. 2020).

b. Turbulent kinetic energy and momentum fluxes
The model diagnosis of the subgrid-scale turbulent kinetic
energy is examined in Fig. 6. Note that TKE magnitudes are multiplied by a factor of 2 (2TKE = q2) to facilitate interpretation
and intercomparison of the diagnostic equations [Eqs. (19)–(22)].
The 3DBL and MYNN simulations are very similar for
August and December cases when comparing the RMSE
and RB (see supplemental information Table S2). However,
the 3DB and 3D tests underestimate the daytime TKE in
the August case when buoyancy is dominant (Figs. 6a,b;
1200–0000 UTC). The underestimation error results from
lack of stability correction for the length scale for both of
the schemes, and also neglecting the buoyancy terms in
the 3D case. This illustrates the importance of the stability
correction term and the buoyancy terms in the TKE equation. The December case (Figs. 6c,d) values are slightly
overestimated which is due to underestimation of the friction velocity input (Figs. 5c,d). The higher-order Rotta
terms do not play a role in prediction of q2 (those simulations are not shown here).
The individual normal turbulent momentum ﬂuxes are
shown in Fig. 7. For the August case, the horizontal components (Figs. 7a,c) u2 and y2 are slightly underestimated as
the RB varies between 26% and 250% for tower 1 and
tower 2 (tower 2 not shown here; see supplemental
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FIG. 7. Time series of surface layer normal turbulent momentum ﬂuxes (a) u2, (c) y2, and (e) w2 at the nearest
point to the sonic tower 1 observation for the August case and (b) u2, (d) y2, and (f) w2for the December case.
Certain observation points for u2 and y2 exceed the range captured by the vertical axis. Time is in UTC. Fewer
than 2% of observations for the August case exceed the range captured by the vertical axis and are not shown.

information Table S2). For the December case (Fig. 7 right
column), the horizontal momentum ﬂuxes are in better agreement with the observations although overestimated (RB
varies between 211% and 98%) due to overestimation of the

friction velocity from the WRF surface layer scheme (see
Fig. 5). The vertical component (Fig. 7e) w2 is overestimated
for 3DBL (RB is 76%–198% for the August and the December
cases, respectively). In the next section we show that including

FIG. 8. Direct comparison of ratio of normal turbulent momentum ﬂuxes to TKE (TKE = q2/2) (a) u2/q2, (b) y2/q2, and (c) w2/q2 as
a function of stability (z) during the duration of the simulations for tower 1 (17 m) and tower 2 (10 m). The solid and dashed lines show the
model output with MY82 constants with C2 = 0 and 0.75, respectively. The markers and bars show the mean and standard deviation of the
observations for the speciﬁc stability conditions. The data are slightly shifted horizontally to avoid overlap. The circles and crosses are for
the August and December cases, respectively.
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FIG. 9. Time series of surface layer normal turbulent stress components (a) u2, (c) y2, and (e) w2 at the nearest
point to the tower 1 and (b), u2, (d) y2, and (f) w2 for tower 2. Time is in UTC. Fewer than 2% of observations
for the August case exceed the range captured by the vertical axis and are not shown. In simulations labeled C-90,
C-75, and C-50, the higher-order Rotta term C2 is 0.90, 0.75, and 0.50, respectively, and C5 = 0.2.

the C2 term [last term in Eqs. (8) and (22) for w2] for diagnosing the individual turbulent momentum ﬂuxes will improve the
w2 ratio.
Although the 3DB and 3D simulations exhibit closer values
for the vertical component, the TKE is underestimated in
these experiments (see Fig. 6). Furthermore, the disagreement is more pronounced for tower 2, that is closer to the surface. One possible explanation is the model limitations in
capturing the asymptotic anisotropic conditions near the surface. Other sources of uncertainty include the inaccurate representation of surface properties such as landform, land-cover
contrasts, and surface roughness heterogeneity in the model.
In addition, the model output at grid points is not equivalent
to sonic measurements that are associated with the temporally
variable fetch area.
To complement the previous evaluation, the ratios of
individual normal turbulent ﬂuxes to TKE are calculated
with observations and Eqs. (20)–(22) are compared with the
modeled ratios in Fig. 8. The horizontal ﬂuxes are relabeled
such that u is closer to the direction of the streamlines and
in the Eqs. (20) and (21), a is set to zero so that the

diagnostic equations are only a function of stability conditions (z) only. The individual normal turbulent ﬂuxes from
the observation at both locations and time periods and the
diagnostic equations are plotted as a function of z. The
equations are plotted using MY82 constants with C2 = 0 and
0.75 following MY82 and MYNN, respectively. As can be
seen, the model is predicting the horizontal normal momentum ﬂuxes (Figs. 8a,b), which are important for horizontal
mixing, within the observational error, justifying the model
assumptions. We can see that the model improves by considering the buoyancy term C2, which is discussed in more
detail in section 4c. However, the normal vertical momentum component is still overestimated by the model, particularly for unstable conditions. These ﬁndings are in
agreement with the results from the time series discussed
next (see Figs. 9e,f; 0000 UTC 13 August).

c. Impact of higher-order Rotta terms
The higher-order Rotta terms C2 and C5 appear in the diagnosis of normal turbulent stresses and horizontal temperature
ﬂuxes and are linked respectively to the effect of buoyancy
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FIG. 10. Time series of surface layer heat ﬂuxes (a),(b) uu and (c),(d) yu at the nearest point to (left) tower 1 and
(right) tower 2. Time is in UTC. In simulations labeled C-90, C-75, and C-50, the higher-order Rotta term C2 is 0.90,
0.75, and 0.50, respectively, and C5 is 0.2.

and shear in the parameterization of pressure covariance. As
discussed in section 4b, the model without the higher-order
Rotta terms overestimates w2. The largest difference between
the individual turbulent momentum ﬂuxes and the observation

occurs during the daytime (e.g., Fig. 7e 1500 UTC 13 August
–0000 UTC 14 August) when buoyant forces are dominant. We
expect that adding the higher-order Rotta term (C2) to parameterize the contribution of buoyancy to the pressure covariance

FIG. 11. Time series of surface layer gridscale and subgrid-scale TKE (TKE = q2/2) at the nearest point to the sonic tower
observation for the ﬁrst day of simulation from D02 (250 m) for (a),(b) August and (c),(d) December cases. Time is in UTC.
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FIG. 12. Time series of surface layer gridscale and subgrid-scale normal turbulent stress components (a) u2,
(c) y2, and (e) w2 at the nearest point to the sonic tower observation for the ﬁrst day of simulation from D02
(250 m) for the August case at tower 1 and (b) u2, (d) y2, and (f) w2 for tower 2Time is in UTC.

term [Eq. (3)] should improve the ratios of the normal horizontal and vertical turbulent momentum ﬂuxes. Figure 9 compares
these variables for the control simulation without the C2 term
(3DBL) and with values of C2 similar to the value suggested by
MYNN (0.75). The C2 term modulates the ratio of the magnitude of horizontal/vertical buoyancy terms in Eqs. (20)–(22).
Larger C2 values are associated with smaller buoyancy contributions to w2/q2. The major improvement in terms of RB (supplemental information Table S3) can be seen for the vertical
component w2 that is reduced by about 40% for tower 1 and
tower 2, although the biases for tower 2 is still very high
(114%). The changes in the horizontal components are less
signiﬁcant.
The horizontal turbulent heat ﬂux terms are shown in Fig. 10.
During the daytime (∼1300 to 0300 UTC), a convective boundary layer develops where moderate northwesterly and westerly
winds (at 925 hPa, not shown) are present in the ﬁrst (∼3 m s21)
and second (∼8 m s21) day (winds are not shown), respectively.
This wind pattern leads to the larger values of zonal heat ﬂux,
uu, in the model (Figs. 10a,b) when buoyant forces are most
active, while the meridional heat ﬂux, yu, is weak (Figs. 10c,d).

Note that the C2 term does not appear directly in the heat ﬂux
terms and the impact is, therefore, not signiﬁcant, while C5 does
appear in Eqs. (24) and (25). The model is able to capture the
different directional patterns for the zonal and meridional wind.
However, the RB (.100% supplemental information Table S3)
is very high for both components and both towers and does not
change signiﬁcantly with the C2 and C5 term. In general, the horizontal heat ﬂux observations show a high temporal variability
that is not represented in the model. This high variability is
because the integral time scale of horizontal wind is longer than
that of the temperature (e.g., Zorzetto et al. 2018), and therefore, their correlation is highly variable in time. Although using
a longer time window to calculate the horizontal heat ﬂuxes
reduces these ﬂuctuations, we argue that using a constant time
window for all the analyses aligns better with the conceptual
MY82 model.

d. Impact of horizontal resolution
The fraction of resolved to parameterized turbulence
increases in the high-resolution domain compared to the
outer domain and varies with time depending on the
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FIG. 13. Time series of surface layer gridscale and subgrid-scale normal turbulent stress components (a) u2,
(c) y2, and (e) w2 at the nearest point to the sonic tower observation for the ﬁrst day of simulation from D02
(250 m) for the December case at tower 1 and (b) u2, (d) y2, and (f) w2for tower 2Time is in UTC.

stability conditions. For including the resolved TKE and
accurate comparison of the domains, the variance of
gridscale values of nine adjacent grid points closest to the
location of the observation is added to the mean subgridscale TKE.
Figure 11 shows a comparison of simulated TKE for the
high-resolution domain and the observations. The simulated
TKE is very similar for the three schemes and at both locations for the August case (Figs. 11a,b). The statistics show
smaller biases (|RB| , 10% see supplemental information
Table S4), although the RMSE has slightly increased for this
variable. The RB for the high-resolution domain has
decreased by about 300% compared to the outer domain
(Fig. 6; RB ∼ 235% for the ﬁrst day) for the 3DBL case.
This improvement can be linked to the convective boundary layer simulation (1300–0000 UTC 13 August), as we can
see the TKE is overestimated at nighttime (before
0600–1200 UTC 13 August) under stable boundary layer
regime conditions (see Figs. 4c,d). A similar decrease in the
biases can be seen for the December case (Figs. 11c,d) comparing the high-resolution (RB ∼ 24% and 226% at towers
1 and 2, respectively) and outer domain metrics (Fig. 6; RB

∼ 27% and 59% for the ﬁrst day at towers 1 and 2, respectively). We note that the statistics are very similar for the
three schemes in the December case when buoyancy is not
important.
Figures 12 and 13 show the horizontal and vertical turbulent momentum ﬂuxes for the August and December cases,
respectively. The RMSE and RB are improved in the highresolution simulation of horizontal and vertical turbulent
components compared to the outer domain (see supplemental
information, Table S4). This improvement is more signiﬁcant
for the vertical components during the daytime when the convective boundary layer is well developed (Figs. 12e,f) with RB
reduced by about 50% for both tower locations, suggesting a
diminished role for anisotropy in the parameterization of the
subgrid-scale momentum ﬂuxes at the higher resolution. Similarly, the results are improved for the December (Fig. 13)
case as the RMSE has decreased, and RB is reduced at least
by half for both vertical and horizontal components.
Although the turbulent ﬂux statistics are generally improved
with increasing resolution, the results are still biased. This is
attributed, at least in parts, to using the model constants and
length scale based on the MY model developed for the 1D
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FIG. 14. Probability density function of TKE (TKE = q2/2) for the ﬁrst day of simulations of (a),(b) August and
(c),(d) December cases. Solid lines with circles: 750-m grid spacing. Dashed lines: 250-m grid spacing. The values for
the 750-m resolution are subgrid scale only; the values for the 250-m resolution are gridscale and subgrid scale.

PBL parameterization and implementation in mesoscale
models. Therefore, a new set of model constants and length
scales optimized for the 3DBL and gray-zone simulations
(i.e., grid spacing, 100 m–1 km) is needed. Using a PBL
parameterization at 250-m grid spacing is still necessary if
we keep in mind the necessary grid spacing for LESs, which
is about 50 m or smaller to obtain any meaningful statistics
for convective boundary layer.
Figure 14 shows the probability density function of q2 for
the August and December cases at both locations. For this analysis, the normalized frequency of q2 for bins of width 0.5 (e.g.,
0–0.5 m s21) is calculated and plotted in the center of each bin.
As it can be seen, the shape of the distribution of observations
(black line) is different for both August (Figs. 14a,b) and
December (Figs. 14c,d) cases, and the model produces this different behavior. Note that the three schemes behave similarly
for the high-resolution domain (the dashed lines), as it can also
be seen from the time series in Fig. 11.

5. Conclusions
This study presents a new diagnostic model for turbulent
ﬂuxes of momentum, heat, and moisture in the surface layer in
WRF. We recommend that the 3DPBL parameterization be
utilized with the 3DBL surface layer model with the higherorder Rotta terms for diagnosing the turbulent ﬂuxes of stratiﬁed 3D ﬂows at the surface. Based on a comparison with tower
sonic measurements, the model reproduces well the TKE, and
vertical ﬂuxes are similar to the MYNN based RMSE and RB
metrics. The model produces the horizontal turbulent ﬂuxes
with similar statistics to the TKE in comparison against the

observations. The ﬁndings from the study can be summarized
as follows:
• Results from the simulations with both buoyancy term and

the surface length scale (3DBL) are the closest values to
the observations for both towers.
• For the coarse-grid (750-m) simulations, adding the buoyancy dependent surface length scale (LS) to the master
length scale and including the buoyancy terms (z)in the
diagnosis of TKE and turbulent ﬂuxes is important. The
3DBL simulations capture well the magnitude and range of
TKE variations in the August case, and for daytime unstable conditions in the December case.
• The simulations without the surface length scale (3DB) and
buoyancy terms (3D) underestimate the total daytime TKE
at midday by ∼50% for the August case.
• Using a ﬁner grid (250 m) for the simulations improves the
model results and consistency among the simulations with
very small differences between 3DBL and 3DB. This
improvement shows that the effective horizontal grid resolution affects the model results, and the model at least partially resolves the motion at sub-kilometer gridscale. The
choice of model length scale and the constants are based
on the 1D PBL (here, an MY82 based model) for mesoscale models. In the future, introducing a revised set of
adaptive model constants integrated with a scale-aware and
stability-aware length scale is necessary for the model to
perform well across all gray zone scales and atmospheric
boundary layer stability conditions.
Including the higher-order Rotta terms is helpful for better predicting the magnitude of horizontal and vertical turbulent
moment ﬂuxes. The C2 term, which is linked to the representation
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of buoyancy in parameterizing the pressure covariance, is critical
to diagnose the ratio of horizontal accurately (u2 and y2) and
vertical (w2) turbulent normal variance terms accurately during
the day when buoyancy is more important.
Many factors such as the model representation of the land
use, topography, and near surface anisotropy may contribute
to different model performance at the location of two towers.
The comparison against the observations from two towers
with different heights points to the fact that the ﬂow anisotropy condition is important for the turbulent statistics, which
should be considered to improve the model in the future. Different measurements as a function of height should be considered and linked to the surface layer height, which has
implications for the design of future ﬁeld campaigns. Recently
more attention has been devoted to this issue (Stiperski and
Calaf 2018; Stiperski et al. 2021). This dependence is more
important for ﬂow over complex terrain and is necessary for
the future development of the model. A detailed analysis of
the results in the context of vertical dependence of the variance on the height, anisotropy, and model vertical resolution
is left for future work.
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