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Abstract

In this study, a Large-Eddy Simulation (LES) code with the One-Dimensional
Turbulence (ODT) wall model is tested for the simulation of the atmospheric
boundary layer under neutral, stable, unstable and free-convection conditions.
ODT provides a vertically refined flow field near the wall, which has small-
scale fluctuations from the ODT stochastic turbulence model and an exten-
sion of the LES large-scale coherent structures. From this additional field, the
lower boundary conditions needed by LES can be extracted. Results are com-
pared to the LES using the classical algebraic wall model based on the Monin-
Obukhov Similarity Theory (MOST), showing similar results in most of the
domain with improvements in horizontal velocity and temperature spectra in
the near-wall region for simulations of the neutral/stable/unstable cases. For
the free-convection test, spectra from the ODT part of the flow were directly
compared to spectra generated by LES-MOST at the same height, showing
similar behavior despite some degradation. Furthermore, the additional flow
field improved the near-wall vertical velocity skewness for the unstable/free-
convection cases. The tool is demonstrated to provide adequate results without
the need of any case-specific parameter tuning. Future studies involving com-
plex physicochemical processes at the surface (such as the presence of vertically
distributed sources and sinks of matter and energy) within a large domain are
likely to benefit from this tool.
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2 Livia S. Freire

1 Introduction

Many physical phenomena of interest in the atmospheric boundary layer (ABL)
happen in the first few meters above ground, being directly impacted by the
interaction between the flow field and the elements of the surface. Examples in-
clude the exchange of gases and particles with vegetation, the pollution emitted
within cities, the wind-energy production, the saltation (jump) of sand par-
ticles causing the emission of dust, the presence of breaking waves or dunes,
and many others. These phenomena can modify significantly the flow field,
impacting not only the mean wind but also the structure of turbulence (Finni-
gan 2000; Andreotti et al. 2009; Kok et al. 2012; Giometto et al. 2016; Sullivan
et al. 2018; Chen et al. 2019), therefore requiring specialized tools in order to
properly investigate their characteristics.

Given the highly turbulent nature of the flow and the wide range of scales
present in the ABL, the Large-Eddy Simulation (LES) has been the main
tool used in its numerical investigation (Stoll et al. 2020). However, as LES
typically has a fixed grid size (e.g. Kleissl et al. 2006; Freire et al. 2016; Salesky
and Anderson 2018) or a gentle grid stretching in the vertical direction (e.g.
Sullivan et al. 2018; Bhuiyan and Alam 2020; Wurps et al. 2020), the simulation
of the first few centimeters in a domain in the order of one kilometer (the scale
of the ABL height) has a prohibitive computational cost. For that reason, most
studies interested in the near-wall flow had to restrict the domain to a fraction
of the ABL (e.g. Dupont et al. 2013, 2014; Pan et al. 2014, 2015; Zhong et al.
2017; Han et al. 2018; Zhang et al. 2018; Richter et al. 2019), and consequently
they are usually limited to the neutral atmospheric surface layer. Since the
near-wall region can be impacted by wall-turbulence coherent structures that
require the simulation of the entire ABL under different atmospheric stabilities
(as in Khanna and Brasseur 1997, 1998; Salesky and Anderson 2018, 2020, for
example), alternatives to this numerical limitation are necessary.

In this study, the use of the LES-ODT model (Freire and Chamecki 2021)
is tested in the context of a flat ABL with different stabilities. This tool
corresponds to a traditional LES model with fixed grid size, similar to the
open-source code LESGO (Kleissl et al. 2006; Yang et al. 2017; Salesky and
Anderson 2018). The original wall model corresponds to an algebraic equation
based on the Monin-Obukhov Similarity Theory (MOST), an extension of the
logarithmic law-of-the-wall that provides adequate results for a wide range of
atmospheric stabilities (Kleissl et al. 2006; Freire et al. 2016; Salesky and An-
derson 2020). When coupled to LES, the One-Dimensional Turbulence model
(ODT) provides a vertically refined flow field within the lowest LES grid layer,
which has turbulence-like small-scale fluctuations (provided by a stochastic
turbulence model), superimposed on the LES-driven large-scale flow. Since a
resolved flow field is provided, ODT can be used to calculate the lower bound-
ary conditions needed by LES, therefore replacing the MOST-based ones. Fur-
thermore, the resolved flow can be used to improve the representation of tur-
bulence interaction with various near-wall physical and chemical processes,
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such as those present in vegetation and cities, which will be the focus of future
investigation with this tool.

The ODT model was developed by Kerstein (1999) and used as a stand-
alone model to simulate different types of turbulent flows in a 1D domain,
including homogeneous turbulence, shear layers and buoyant flows in the orig-
inal study, mixing layer and a wake by Kerstein et al. (2001), jet diffusion
flames (Echekki et al. 2001), the stable ABL (Kerstein and Wunsch 2006),
particle dispersion in homogeneous flow (Sun et al. 2014), scalar transport in
channel flows (Klein and Schmidt 2018), developing boundary layers (Rakhi
et al. 2019) and heated channel flow (Klein et al. 2022). In addition, ODT was
coupled to LES and used to represent the viscous and buffer layers of smooth
channel flows for different Reynolds numbers (Schmidt et al. 2003).

In an effort to obtain a version of the code suitable for ABL simulation
without case-specific parameter tuning, Freire and Chamecki (2018) developed
new subgrid and wall models for ODT, obtaining satisfactory results in the
simulation of the unstable ABL in the presence of plant canopies. This new
code version was also coupled to LES, and the simulation of smooth and rough
channels were validated for different LES subgrid-scale models, Reynolds num-
bers and grid resolutions (Freire and Chamecki 2021). In the present study, the
code is expanded to simulate the stratified ABL by incorporating the Cori-
olis and buoyancy forces, with particular attention to the latter due to its
complex representation in ODT (as a potential energy in the stochastic tur-
bulence model). Finally, given that the tool is still relatively unconventional
(compared to LES using MOST wall model, hereafter LES-MOST, for exam-
ple), this study aims at validating this new code setup before applying it to
future studies involving complex near-wall phenomena.

The LES-ODT model is described in details in Sec.2, and it is used to
simulate examples of neutral, stable and unstable ABL based on the cases
from Kleissl et al. (2006), in addition to a free-convection case from Salesky
and Anderson (2018) (cases described in Sec. 3). All results are presented using
LES-MOST as a reference, and a discussion regarding the cost-benefit of the
LES-ODT model is given in Sec. 4. Concluding remarks are given in Sec. 5.

2 The LES-ODT model

The two-way coupling between the LES and ODT models can be better de-
scribed by breaking it into four different regions, as listed in Tab. 1. While the
bulk of the simulation is provided by LES in the traditional way, the near-
wall region (comprising the lower layer of grid cells) is resolved by a “forest”
of ODT models (vertical 1D domains) plus advective transfers between them
(driven by LES-scale velocities). On top of the ODT domain, there is an over-
lap region in which the LES vertical fluxes are complemented by fluxes from
the ODT stochastic turbulence model. Finally, the ODT interaction with the
wall is modeled through a ODT wall model (in here based on the logarithmic
law-of-the-wall). Details of this model hierarchy are given next.
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Table 1 Hierarchy of the LES-ODT model and its domain regions

Region  model used # of LES vertical grid cells

bulk LES nz —1
overlap region LES + stochastic eddy fluxes 2.5
near-wall  ODT + LES-scale advection 1
wall  ODT wall model -

2.1 The LES model

The LES code used here solves the filtered Navier—Stokes equation in diver-
gence form (Freire and Chamecki 2021) and the filtered transport equation for
potential temperature, written as (using traditional index notation)

aU;
8(71 8[71(2 - 8? ~ ~ é/ aTij
o T% = " o + fUs — Vi1 — flU1 — Uglbia — 950513 - da,’

(2)
00  00U; _ g
ot | o, 9z, ®)

where ﬁi, P and © are the velocity, modified pressure and potential temper-
ature fields resolved in the LES grid, ¢ is time and x; is the position vector
(u,v,w and z,y, z are also used for convenience). The potential temperature
field behaves as an active scalar, creating vertical accelerations through the
use of the Boussinesq approximation (fourth term on the RHS of Eq. (2), in
which @’ is the deviation from the horizontal planar average @y and g is the
gravitational acceleration). The flow is driven by a mean constant pressure
gradient in geostrophic balance above the ABL (where a temperature inver-
sion suppresses turbulence), which is imposed through a Coriolis force in the
horizontal directions (second and third terms in the RHS of Eq. (2), where
f is the Coriolis parameter and Uy, Vy are the horizontal components of the
geostrophic wind). The effect of the unresolved part of the flow is accounted
for by the subgrid scale (SGS) deviatoric shear stress tensor 7;; and tempera-
ture flux g;, which are modeled using the Prandtl’s mixing length hypothesis as

Tij = —2Vsgs5;5 and q; = —(ngs/Prsgs)(aé/axj), where vy, is the SGS eddy
viscosity, Prsgs is the SGS Prandtl number and §ij is the resolved strain-rate
tensor. In here, Prygy is assumed constant and equal to 0.4 as in the reference
simulations of Kleissl et al. (2006) and Salesky and Anderson (2018). The eddy
viscosity parameter is obtained from the Lagrangian-averaged scale-dependent
dynamic model as described by Bou-Zeid et al. (2005). The modified pressure
P= D/po+Tii/3 + w;u; /2 (where p is the dynamic pressure and py is the fluid
density) is used to impose the divergence-free condition on the flow, computed
as usual from a Poisson equation.
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12 =25
- [715[727f)7677-33(+8§3)‘j3=4
537713(+5’153)~,723(+5§3)1 3(+583)liz=1

ODT overlap Uy,Us, PO, 7'33(“’533)‘3‘2:3

region 3 ~
Us, T13(+573), 23 (+533); 43 (+533) | iz=3

ﬁh 627 15’ éa T33(+S§3)‘jz:2

il ~ * * *
Us=03,T13 =113, T23 =123, q3 =lp3|i-—2

As ﬁ1:<’61>, ﬁ2:<52> P, é:<7>,733 = t33]j2=1
ODT region 7
© Us=0,T13="T{3,T23= 733,43 =3 |i2=1

Fig. 1 Vertically staggered positions of variables in the LES (black and grey) indicated by
crosses (index iz) and circles (index jz). ODT region in red (ODT variables in red replaces
the original LES values) and ODT overlap region in blue (ODT variables in blue are added
to the corresponding LES variables).

A Cartesian, vertically staggered grid with fixed size is used (Fig. 1), and
the numerical solution uses a fully dealiased pseudo-spectral method in the
horizontal directions, a second-order centered finite-difference in the verti-
cal direction and a fully explicit second-order Adams—Bashforth scheme for
time integration. Horizontal boundary conditions are periodic, and a stress-
free boundary condition with zero vertical velocity is applied at the top of the
domain. A sponge layer is also added to the uppermost quarter of the verti-
cal domain, which uses a relaxation term that damps fluctuations in order to
dissipate energy of gravity waves (Nieuwstadt et al. 1991).

Due to the staggered grid configuration (Fig.1), the values of (73,7'13,7'23
and g3 at the wall need to be defined as bottom boundary conditions. Constant
values of heat flux g3 are prescribed (see values in Sec 3), as well as Us = 0. For
the wall shear stress, the traditional approach of using MOST is reproduced
here as a reference (LES-MOST cases), defined as

2
(U2 +UHYV20;, i=1,2, (4)

K

Tl T (2 f20) — $m(27/L)

in which k is the Von Kdrmén constant, z* = Az/2 is the lowest height at
which the horizontal velocities are defined, zj is the surface roughness length

scale, L is the Obukhov length, 1,,(z/L) = f;//LL[l — ¢m(x)]dz/x is the mo-

mentum stability function (calculated from the nondimensional velocity gra-
dient ¢,,) and ﬁi are the resolved horizontal velocities at z* (jz = 1), filtered
at the scale 2A to compensate for the log-law mismatch of the mean velocity
gradient (Bou-Zeid et al. 2005; Yang et al. 2017). The nondimensional velocity
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gradients used here correspond to (Kaimal and Finnigan 1994)

. (1-162/L)~Y4 L <o,
Sm(z/L) = w3 +4.82/L), L>0, (5)
1, L=0.

Note that for the neutral ABL (L = 0), this corresponds to the logarithmic
law from the classical law-of-the-wall tested in the neutral channel flow cases
of Freire and Chamecki (2021). For LES-ODT, 7;3];.—1 are instead obtained
from ODT.

2.2 The ODT model

The ODT model is designed to provide the flow statistics along a line of
sight within a 3D turbulent flow. It corresponds to a one-dimensional diffusion
equation, combined with a stochastic turbulence model that represents the
three-dimensional advection term in a 1D domain. The advancement equations
of the ODT region of the flow (Tab. 1 and Fig. 1), can be written as
ou;  Ouv; _ _ o7l
o axj] = flug — Vyldir — flur — Uyldin— O + eddy events, (6)
a0 N o0v;  9g;
ot axj N 81'3

+ eddy events, (7)

in which x3 is the vertical direction, u; and 0 are the velocity vector and
potential temperature resolved in the ODT grid, 75 = v, 0u;/0x3 and g3 =
(V:gs/Prsgs)(aa/axg) are the ODT subgrid-scale vertical momentum and heat
fluxes, v}, is the SGS eddy-viscosity in the ODT scale (calculated from a
constant Smagorinsky SGS model with wall-damping function as in Freire and
Chamecki 2018, 2021), and Prggs = 0.4 is used as in the LES code. Note that
in this approach ODT is also in “large-eddy” mode, i.e., it does not resolve
the flow down to the viscous scale, instead the equations are filtered at the
ODT grid scale. For that reason, the molecular viscosity and diffusivity are
neglected, as they are small compared to their SGS counterparts. Furthermore,
the advection terms (second terms in the LHS of Egs. (6) and (7)), which
are not present in the ODT stand-alone formulation, represent the advection
from a LES-scale velocity that connects adjacent ODT domains and will be
described in the next section.

The eddy events are prescribed by a stochastic model that mimics the
turbulent transport effects that are otherwise missing in Egs. (6) and (7), as
well as dynamic pressure and buoyancy effects that are otherwise missing in
Egs. (6). When stochastic eddies are selected, they act instantaneously in the
flow field by replacing the variables of the flow as follows:

ui(2) = wi(M(2)) + ciK(2), (8)

0(z) = 6(M(z)), (9)
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in which M (z) represents a mapping function, and K(z) is a kernel function
that modifies the amount and spatial distribution of the kinetic energy of
individual velocity components. The mapping function is a model for advection
based on a triplet map, which “takes a line segment, shrinks it to a third of its
original length, and then places three copies on the original domain; the middle
copy is reversed, which maintains continuity of advected fields and introduces
the rotational folding effect of turbulent eddy motion” (Kerstein and Wunsch
2006). Its mathematical formulation is given by

3(z — 2z), if 2z < 2 < (2, +1/3),
20— 3(z — zp), if (2 +1/3) <z < (zp+21/3),
3(z—2zp) — 20, if (zp+21/3) <z < (2 +1),
Z— 2p, otherwise,

M(z) =z + (10)

where [ and 2, are the eddy size and bottom position, respectively (Kerstein
et al. 2001). This formulation preserves the total amount of the quantity be-
ing transported, and it mimics the turbulence energy cascade by transferring
energy from large to small scales.

The additional term ¢;K(z) in Eq.(8) induces redistribution of energy
among velocity components, mimicking a pressure-induced tendency towards
isotropy on the flow. The kernel function K(z) = [z — M(z)] is the distance
that the fluid parcel is displaced during an eddy event, and

27 1 89l Ok
G= l_ui,K + \/3 (U%K g Ul g+ 276‘0)] (11)

is the amplitude of energy redistribution. The quantity inside the parenthesis
represents the total amount of energy available for redistribution (kinetic plus
potential), in which

zp+l
g = %2/ A (2))K (2)d= (12)

b

for n = u; or #. The sign ambiguity in Eq. (11) corresponds to the sign of u;
(Kerstein et al. 2001).

The combination of the triplet map with the energy redistribution embod-
ies the salient phenomenology of turbulent flows. The final piece of information
needed to close the model is the selection criterion of eddy events, which is ob-
tained from a probability distribution of eddy size [ and location z;, in the
form

|1 8gl O

This distribution, constructed from dimensional arguments (Kerstein and Wun-
sch 2006), uses the instantaneous amount of kinetic and potential energy in the
flow (through the ng values), adding another physical aspect to the stochastic
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model. The constant C, which is the only tunable parameter in this version
of the code, regulates the frequency of eddy occurrences for a given amount of
energy, setting the turbulence intensity. Its value is typically in the order of
10, and small adjustments are usually performed for different types of flows.
For LES-ODT of smooth and rough channel flows, Freire and Chamecki (2021)
used C = 15, for all values of Reynolds number and grid resolution. This C'
value is also adopted here without any fine-tuning to emphasize the robustness
of the code, in particular of the potential energy representation.

In LES-ODT, the ODT model has a domain corresponding to the lowest
grid cells of the LES (Az), and a mesh with fixed size corresponding to a
fraction of the LES vertical grid cell (Aopt = Az/nopr, where nopr is the
number of ODT grid points). The variables in ODT are collocated at the nodes,
and the lower boundary condition comes from a log-law wall model similar to
what is typically performed in LES (see details in Freire and Chamecki 2021).
This approach is repeated at each LES cell adjacent to the wall, creating a
“forest” of nz x ny ODT vertical lines (nz and ny are the number of LES
cells in the two horizontal directions). Although individual ODT lines are
mostly independent of each other during their 1D advancement, each of them
is advected by velocities in LES scale (advection terms in Eqgs. (6) and (7)), as
will be described next.

The ODT model is solved explicitly using forward Fuler method for the
time discretization and a first-order forward finite difference for the vertical
derivatives. Initially, Atopr = Atrs/15 and it can be decreased by successive
factors of 2 during the simulation depending on the frequency of eddy events.
This is because the eddy distribution calculation uses a statistical approxima-
tion known as the “rejection method” in order to reduce computational cost.
In brief, this method avoids calculation of A\(zp,;t) for all values of z, and I
at each time t by selecting candidate eddies from a random distribution and
estimating the value of A only for a selected candidate, which is in turn ran-
domly accepted at a small rate. This method generates correct results as long
as the majority of the candidates are rejected, which is achieved by reducing
Atopr such that the average acceptance rate is limited to 0.05 (see details in
Kerstein 1999).

2.3 The LES-ODT coupling

When coupled to the LES, ODT provides the full (resolved plus SGS) flow
field within the lowest LES layer (of height Az), which is identified as ODT
region (red region in Fig.1). This means that the variables Tj’l, (72 and © at
jz =1, in addition to Us at iz = 2, are fully provided by ODT ([73|iZ:1 =0),
in fact they are replaced by ODT values at each LES time-step (iz and jz are
the indices for vertical positions in the code, see Fig.1). In order to provide
the ODT information in accordance with LES filtering, the ODT horizontal
velocity and temperature vertical profiles are averaged over the LES time-step,
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creating new variables vy, U2 and 7. The vertical velocity is calculated as

vg(z)——/o <3x+8y)dz’ (14)

in order to preserve LES-level continuity. The LES horizontal components are
then replaced by the average over Az of their corresponding v; ((v;), similarly
for temperature (7)) as indicated in Fig. 1, whereas the vertical component is
replaced by v3 at iz = 2, which guarantees continuity of the flow field.

In addition to the velocity and temperature fields, the SGS momentum and
temperature fluxes (713, 723 and ¢3) at the wall (iz = 1) are replaced by their
corresponding ODT values 745, 755 and ¢3 (shear stress from the ODT wall
model, heat flux imposed as constant). Their values at iz = 2, as well as 733 at
jz =1, correspond to the total vertical ODT fluxes at the given position ()5
and tj4, a sum of the contributions of stochastic eddies sj5; and sp,, vertical
advection by v3 and SGS fluxes 75 and ¢3 accumulated during the LES time-
step, see Fig. 1), and are updated accordingly at each LES time-step. Because
in this case the new LES SGS fluxes correspond to the total flux at iz = 2, the
LES resolved vertical advective fluxes u;us and fus are not required anymore
and are therefore set to zero (see an example in the appendix of Freire and
Chamecki (2021)).

Finally, ODT also provides to LES additional SGS fluxes from the stochas-
tic eddies s} and s}, in the ODT overlap region (from the top of the first LES
cell to the middle of the fourth LES cell, see Fig.1). In this region, the ODT
velocity and temperature fields are constructed at each LES time-step as a
linear interpolation of their respective LES vertical profiles. This additional
domain allows eddy events to extend beyond Az, as long as their bottom po-
sition is inside the ODT region (2, < Az). The vertical fluxes created by
those eddies are then added to the LES SGS fluxes 7;3 and g3 within the ODT
overlap region, providing a better transition between the ODT eddies and the
small resolved scales in LES. A sensitivity test for the size of the overlap re-
gion is provided by Schmidt et al. (2003) (reproduced by Freire and Chamecki
(2021)).

The final step in this two-way coupling is the large-scale forcing of the ODT
lines by LES-scale velocities. This is provided in two ways: (i) the flow field
in the ODT owverlap region, which is a linear interpolation of the LES field, is
used as a top boundary condition in the ODT region; and (ii) the advection
term in the ODT governing equations (6) and (7) uses v; for advection, which
are LES-scale velocities (they are in fact the LES velocities within the ODT
region), coupling adjacent ODT domains.

To summarize, after defining initial values of ﬁi, é, u; and 5, the LES-ODT
simulation is obtained by performing the following (within the LES time-step):
(i) the calculation of the ODT-overlap region from the linear interpolation of
the current LES field, and (ii) the evolution of the ODT flow field in smaller
time-steps (using Eq. (6) and (7)), combined to the calculation of ¥;, 7 and the
ODT vertical fluxes t5, tj4, 553 and sj4 for that LES time-step. Then, the LES
is advanced in time after incorporating the ODT values as listed in Fig. 1, and
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finally a correction of the ODT velocity field is performed in order to rematch
the LES after the imposition of the divergence-free condition (which changes
all LES values, including those that came from ODT). More details of the
correction and the overall coupling are provided by Schmidt et al. (2003) and
Freire and Chamecki (2021).

3 Simulations

In order to test the LES-ODT ability to represent near-wall turbulence in the
ABL, simulations of neutral, stable and unstable conditions were performed
based on the study by Kleissl et al. (2006), which first tested a similar LES
code using the MOST wall model. Simulations using both ODT and MOST
were performed with the same LES parameters. The final computational cost
of LES-ODT was about 4 times higher than LES-MOST for these simulations,
which should be kept in mind when evaluating the cost-benefit of the results
obtained here (the LES-MOST simulations took about 16 h to run, compared
to about 60 h for the LES-ODT cases, both running in parallel using 32 pro-
cessors). The impact of the ODT on the flow, as well as the statistics of the
additional flow field provided by ODT, are presented in the next section.

Because ODT adds significantly to the overall computational cost, the test
of a free-convection case was performed using fewer grid points in the LES-
ODT simulation compared to LES-MOST. In this case, the work of Salesky
and Anderson (2018) was used as a reference (which also used a similar LES
code and the MOST wall model), where 2562 grid points were used in a domain
of 12x12x2km. For the LES-ODT simulation, 192 x 192 x 128 grid points were
used in a domain of 9 x 9 x 2km, which corresponds to the same horizontal
resolution in a smaller domain, combined with a coarser vertical resolution
in the same domain height (with a refined field near the wall provided by
ODT). The new horizontal domain corresponds to a reduction from ~ 75 to
~ 56 integral length scales based on the streamwise behavior of the vertical
velocity at z/z; &~ 0.1. The integral length scale is in the order of z (Salesky
et al. 2013), which is similar to the value estimated from the autocorrelation
function up to the first zero crossing (L% =~ 160 m). The reduction in vertical
resolution allows the use of a doubled At, reducing by half the total number
of time-steps required and the final computational cost of LES-ODT. In this
free-convection case, the LES-MOST simulation took about 11 days to run,
whereas LES-ODT needed around 6 days (both also running in 32 processors;
note, however, that in the 2563 simulation more processors could be used
compared to the 1922 x 128 case).

For all cases presented here, the minimum number of ODT grid points
required for simulation convergence as obtained by Freire and Chamecki (2021)
were used (nopt = 32). Table 2 lists the simulation parameters. The initial
condition was the geostrophic velocity plus random fluctuations in all three
velocity components. The potential temperature profile was initiated with a
constant value equal to 300 K up to the initial z;, and a temperature inversion
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Table 2 Simulation parameters. The neutral, stable and unstable cases were based on
the study by Kleissl et al. (2006), and the free-convection case was based on Salesky and
Anderson (2018). Parameters common to all simulations are zg = 0.1, At = 0.4, Ny = 200 000
and total simulation time of 22h. All simulations were repeated for the MOST and ODT
wall models. In the free-convection case, the MOST simulation had 2563 grid points in a
domain of 12 x 12 x 2 km, requiring At = 0.2 and Ny = 400 000 for the same total simulation
time of 22h. Friction velocity at the wall estimated from the respective wall models. Surface
temperature is estimated at the lowest LES grid point for consistency with LES-MOST.
L =—u30s/(kguw'0.).

neutral stable unstable free-convection
domain size [km)] 2x2x1 9x9x2
grid points (nz X ny X nz,nopT) 128 x 128 x 128,32 192 x 192 x 128,32
geostrophic wind (Ug, V) [ms™!] (8,0) (1,0)
Coriolis parameter f [s71] 1.45 x 10™4 1x 1074
initial z; [km] 0.5 1
final z; (approx.) [km] 0.5 0.16 0.58 1.2
surface heat flux w6’ [Kms™!] 0 -0.02 0.1 0.24
final friction velocity us [ms™!] 0.32 0.21 0.44 0.16
final surface temperature 05 [K] 300.0 297.1 302.5 303.0
final Obukhov length L [m] - 35.1 -65.7 -1.3

above it with strength of 0.05 Km~! in the neutral/stable/unstable cases, and
of 0.08 Km™! up to 1100 m and 0.003 Km~! above for the free-convection case.
The ODT time-step remained at At/15 for all simulations tested here. All
statistics presented next correspond to the horizontal and time average over
the last 2h of simulation (indicated by an overbar), except for the spectra,
which use the streamwise information averaged over time and the y-direction,
using three snapshots (at last time step, one hour before and two hours before
the end of the simulation).

4 Results
4.1 Atmospheric stability tests

In this section we compare simulations of neutral, stable and unstable ABL
between LES-ODT and LES-MOST using the same simulation parameters.
Figure 2 shows an example of the additional near-wall flow field provided by
ODT for the unstable case, which includes small-scale fluctuations from the
stochastic turbulence model. On top of them, ODT extends the large-scale
features already present in LES-MOST to the near-wall region. One way of vi-
sualizing this coupling is through the inclination angle of large-scale motions,
as indicated in the figure. The inclination angle as a function of the atmo-
spheric stability can be estimated as v((,) = tan™'[tan o + c1r~V/3 (=) /3]
(Salesky and Anderson 2020), in which vy & 12° is the inclination angle in
neutral conditions, ¢; = 0.569 and (. = z/L is the stability parameter (the
lowest LES grid point height z = 3.9 m was used in the v({,) estimation). This
natural extension of the flow field was also obtained in the neutral and sta-
ble simulations, the former including the extension of the large-scale motions
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Fig. 2 Snapshots in the z—z plane of the streamwise velocity in the (a) LES-MOST and (b)
LES-ODT simulations, for the unstable case, at the last simulation time-step. A closer look
at the near-wall region is provided by the bottom plots, which show the ODT contribution to
the flow field. Dashed lines correspond to the inclination angle v(z/L) = 27.3°, for z = 3.9m
(height of the lowest LES calculation).

with inclination angle vo &~ 12° (not shown). Note that the choice of velocity
threshold and location for coherent structure visualization is arbitrary, as it is
used here only as a diagnostic tool rather than a proper study on inclination
angle (the higher color contrast was chosen to facilitate the visualization).
One important impact of the ODT closure on the simulation is the early on-
set of turbulence compared to LES-MOST, due to the additional fluctuations
in the near-wall region. For the cases tested here, LES-MOST developed fluc-
tuations after ~10000 time-steps, instead of the first time-steps as observed
in LES-ODT (see video in the supplemental material of Freire and Chamecki
2021). For that reason, there are some small differences in the flow statistics
between the two models, as the turbulence development in the LES-ODT is
always ahead of the LES-MOST but the forcing is the same, which impacts
the overall evolution of the flow. This difference increases with instability due
to the impact of turbulence intensity, and it can be noted, for example, in the
mean velocity profiles of Fig. 3 (a), but note that the impact on the near-wall
velocity gradient ¢, is smaller (Fig. 3 (b)). In future studies, this early onset
of turbulence can be taken into account in order to reduce the total computa-
tional time required and consequently the overall cost of the simulation.
Figures 4-6 show the vertical profiles of velocity and temperature statistics
for the neutral, unstable and stable cases, respectively. Overall, the results are
similar to the LES-MOST simulations, and ODT provides the appropriate
extension to the mean velocity and temperature profiles near the wall. The
shear stress and heat flux exhibit the details of the coupling, which includes
ODT providing the total values at iz = 1 and 2 (7,3 = tj3,q3 = t};) and
the additional flux from the stochastic eddies sj; and sj4 in the ODT overlap
region. Finally, as discussed in Freire and Chamecki (2021) and in several ODT
stand-alone studies (e.g. Kerstein and Wunsch 2006; Freire and Chamecki
2018), the velocity variances from ODT are not exactly correct due to the
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Fig. 3 (a) Mean velocity profiles and (b) non-dimensional velocity gradient functions
¢m(z/L), for neutral (black), stable (blue) and unstable (red) simulations (LES in open
circles, ODT in closed circles). Grey lines are the corresponding LES-MOST results.
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Fig. 4 Statistics of the velocity and temperature fields in the neutral simulation. (a) Mean
velocities, (b) velocity variances, (c) shear stress (“adv.” corresponds to the vertical advec-
tion by LES-scale velocity in ODT), (d) mean and variance of temperature and (e) heat flux.
Circles for LES-ODT simulation (open circles LES, closed circles ODT) and gray lines for
LES-MOST. The bottom plots show a closer look at the near-wall region. Velocity values are
normalized by us, and temperature values are in [K] (mean), normalized by 6. = w’0% /ux
(variance) and in [Kms™!] (heat flux).

stochastic nature of the turbulence model, but they provide an approximate
estimation in terms of shape and order of magnitude.

One important impact of the ODT wall model is a reduction in the peak
of the near-wall LES velocity variances, especially in the horizontal directions,
for all stabilities (Figs.4-6(b)). As discussed by Freire and Chamecki (2021),
this reduction is likely an improvement in the LES results, since the one-
dimensional spectra shows an elimination of a small “bump” and a behavior
closer to the expected k; ! in the near-wall region (orange/red curves in Fig. 7,
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Fig. 6 Same as Fig. 4 for the stable simulation.

k1 is the z7 wavenumber). This impact extends to the overlap region, as in-
dicated more clearly by the spanwise velocity spectra (Fig.7(d),(e)), and it
is less relevant in the stable case (right column of Fig.7) due to its tendency
on decoupling the bulk flow from the surface. Different from the channel flow
cases of Freire and Chamecki (2021), the results here became slightly steeper
than k1, likely caused by the Coriolis force implementation (which is the only
significant difference between the neutral ABL and the channel flow cases, and
it is also observed in rotating turbulence (Morize et al. 2005)). Furthermore,
there is a degradation in the highest frequencies of the vertical velocity spec-
tra (Fig. 7(g)—(i)), represented by an upward bending at the end of each line,
which is likely related to the different treatment given to vertical velocity com-
pared to the horizontal components in LES-ODT (the ODT vertical velocity
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in LES-scale is not calculated from the vertical velocity in ODT-scale). Never-
theless, the overall result shows an improvement in the horizontal components
that is likely related to the break-up and meandering of slightly smaller streaks
caused by the stochastic nature of ODT, compared to the LES-MOST results
(which has larger streaky structures in the spanwise direction, see Fig. 8). As
discussed by Sagaut (2006, sec. 10.2.3), when grids are not refined enough,
the formation of large spurious streaky structures can be observed, creating
unphysical overshoot in turbulence intensities near the first grid point. It is
possibly caused by a positive feedback between streaks and mean shear or by
the impermeability constraint at the wall, and it can potentially be damped
by adding a random noise (in this case provided by ODT). Finally, I note that
the spectra provided by ODT at different heights present a similar behavior
as the one shown in Fig. 7, but are omitted here for clarity in the presentation.

4.2 Free convection test

In this section, the free convection LES-MOST simulation of Salesky and An-
derson (2018) is used as a reference, and a LES-ODT simulation with fewer
grid points in each direction is tested. The effect of the domain and vertical
resolution lost in the large-scale motion can be seen in Fig.9 (a)-(d), which
shows that although the intensity of the fluctuations presented some minor
reduction, the overall large-scale structures were formed correctly.

Another relevant analysis in this case is a direct comparison between the
information provided by ODT and the LES-MOST result at the same height.
In Fig. 9 (e)—(f), which shows a top view of the vertical velocity fluctuations,
the presence of large-scale structures similar to the ones observed in LES-
MOST is noteworthy. Furthermore, the structures present in the streamwise
velocity (Fig. 10) are extended to the near-wall region by ODT with a steep
inclination angle, as predicted by the theory (Salesky and Anderson 2020).

The vertical profiles of flow statistics are provided in Fig.11, where the
same overall behavior obtained in the previous cases is observed. Figure 11(f)
additionally shows the profile of vertical velocity skewness, which for LES-
MOST has a spurious negative value in the near-wall grid points. This feature,
common across different LES of the convective boundary layer, is likely caused
by the SGS model (Schmidt and Schumann 1989) and is removed by the
additional flow field provided by ODT. The one-dimensional spectra from LES-
ODT, on the other hand, presents, for all variables, the same degradation
observed previously only in the vertical velocity, characterized by an upward
bending of each curve at their highest frequencies (Fig. 12). This degradation
is likely caused by the increase in relative importance of the vertical velocity
in the free convection case, and it is transferred to the overlap region. This
degradation is likely not related to the reduction in domain/resolution, as it
was not present in the LES-MOST simulation with this reduced setup (a LES-
MOST simulation was also performed with the reduced domain/resolution, not
shown). Nevertheless, except for this particular detail, the spectra in the ODT
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Fig. 7 One-dimensional spectra for velocity components u (a-c), v (d-f), w (g-i) and temper-
ature (j,k) for the neutral (left column), unstable (mid-column) and stable (right column)
simulations. Lines correspond to the lowest eight grid points in LES (3.9 < z < 58.6m
equally spaced by 7.8 m). LES-ODT in black/red and LES-MOST in grey/orange, vertically
shifted by x10 (or x100 in the stable case). Red/orange lines correspond to the first LES
grid point (obtained by ODT in the LES-ODT case). Blue and cyan lines indicate kl_l (or

k9 for the w plots) and kfs/s, respectively.

region of the flow is similar to the LES-MOST spectra at the same height,
a remarkable result given the idealized nature of the ODT turbulence model.
Therefore, as observed in the previous cases, ODT can be used to provide

a refined near-wall flow field with turbulence characteristics similar to that
obtained by LES in the bulk of the flow.
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Fig. 8 Top-view snapshots of the neutral streamwise velocity fluctuation in the (a) LES-
MOST and (b) LES-ODT simulations, at z = 35.2m, from the last simulation time-step.

5 Conclusion

In this study, the LES-ODT model was tested for the simulation of the ABL
under different stabilities. The code has been previously tested for channel
flows (Freire and Chamecki 2021), demonstrating that it is robust for different
Reynolds numbers and grid resolutions. Furthermore, it was shown that the
code generates similar results when using the classical dynamic Smagorinsky
subgrid-scale model in the LES (scale-invariant with planar averaging), which
is also true for the ABL but it was not included here for brevity. Since it
was demonstrated that the computational cost of LES-ODT is significantly
higher than the LES-MOST (about 4 times higher for the cases tested here),
a trade-off of lower LES resolution/domain size with more information in the
near-wall region was tested for the free-convection case, providing a simulation
with satisfactory results and similar computational cost.

Overall, for the same LES parameters, LES-ODT provides similar results
to the LES-MOST, with small improvements of velocity variances in the LES
near-wall region, reflected in both the one-dimensional spectra and in the
breaking of large, likely spurious coherent structures. For all cases tested here
(including the free-convection case with fewer LES grid points), the statis-
tics of the additional near-wall flow provided by ODT were adequate for the
mean velocity and temperature, shear stress and heat flux, with an approxi-
mate result (in terms of shape and order of magnitude) for the variances, an
intrinsic characteristic of the ODT turbulence model. Nevertheless, the ODT
provided similar spectra and extended the resolved turbulence and the large-
scale structures of the LES to the near-wall region, correctly reflecting their
statistics (such as the skewness of vertical velocity in the convective ABL) and
inclination angle.
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Fig. 9 Top-view of (a,b) streamwise and (c—f) vertical velocity fluctuations from a horizon-
tal plane at (a—d) z/z; = 0.1 and (e,f) z/2z; = 0.01, normalized by ws = (quw'6.z; /85)/3 =
2.12ms~! (the Deardorff convective velocity scale), from the last simulation time-step.
(a,c,e) LES-MOST with 2563 grid points, and (b,d,f) LES-ODT with 1922 x 128 grid points.
For LES-ODT, (b,d) came from the LES part and (f) from the ODT part).
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Fig. 10 Snapshots in the z—z plane of the streamwise velocity in the (a) LES-MOST and
(b) LES-ODT simulations, for the free convection case, at the last simulation time-step. A
closer look at the near-wall region is provided by the bottom plots, which show the ODT
contribution to the flow field. Dashed lines correspond to the inclination angle v(z/L) =
53.0°, for z = 3.9m.
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Fig. 11 From (a) to (e), same as Fig. 4 for the free-convection simulation. (f) Skewness of
the vertical velocity.

Some insights regarding the trade-off between the near-wall resolution and
the additional computational cost were given here, and it was demonstrated
that the LES-ODT model can be a useful tool in the study of atmospheric
boundary-layer problems with relevant near-wall phenomena. Examples of
studies that can benefit from this model include the validity of MOST (as it is
not invoked in LES-ODT), the saltation (jump) of sand particles (which causes
dust emission) and the atmosphere-canopy interactions, since these problems
can be highly impacted by large-scale structures reaching the ground. The
code is particularly useful given that any additional Eulerian field, such as
the concentration of gases and particles, can be directly incorporated with the
same numerical treatment given here to the temperature. Furthermore, addi-
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Fig. 12 One-dimensional spectra for velocity components (a) u, (b) v, (¢) w and (d) tem-
perature, for the free-convection simulation. LES-ODT in black/red and LES-MOST in
grey/orange (vertically shifted by x100). For LES-MOST, lines correspond to the lowest
sixteen grid points (3.9 < z < 121.1m equally spaced by 7.8 m). For LES-ODT, lines cor-
respond to the lowest eight LES grid points (7.8 < z < 117.2m equally spaced by 15.6 m)
plus two ODT grid points (z = 3.9 and 11.7). Red/orange lines correspond to the first two
LES-MOST grid points and the LES-ODT results provided by ODT at the same height

interval. Blue and cyan lines indicate ki b (or k9 for the w plot) and k; 5/ 3, respectively.

tional forces (such as the canopy drag force tested by Freire and Chamecki
2018, 2021) and sources/sinks of temperature and other scalars can be in-
cluded in the same way as typically done in LES, expanding the applicability
and potential of the tool.
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