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Abstract Representing land-atmosphere exchange processes at the ground
surface of numerical-weather-prediction models remains a challenge in spite of
the recent advances in computing. Previous studies investigating the effects of
spatial surface heterogeneities have been viewed from a turbulence perspec-
tive, mostly assuming the existence of a blending length scale above which
surface-induced perturbations are modelled using an ad-hoc bulk surface pa-
rameter representing a pseudo-equivalent surface condition. While these types
of approaches can generate reasonable results, they fail to account for the long-
lasting spatial perturbations that modify the mean flow. In this work, the in-
teractions between the characteristic scales of surface thermal heterogeneities
and the mean resolved fluid dynamics are investigated for a broad range of
unstable atmospheric conditions. Thermal dispersive fluxes, which naturally
appear as a means to account for persistent-in-time advection fluxes generated
by unresolved spatial heterogeneities, provide a quantification of the interac-
tion between surface thermal heterogeneities and the atmospheric boundary
layer mean flow. Hence, they also provide a deterministic approach for includ-
ing the affect of unresolved processes on the mean flow. We introduce a new
nondimensional number (ie, the heterogeneity parameter) that can be used to
identify the flow conditions and surface configurations in which heterogeneity
effects become important. The heterogeneity parameter can be used to distin-
guish cases with high and low dispersive-flux contributions based on the mean

Fabien Margairaz
Department of Mechanical Engineering, University of Utah, Salt Lake City, Utah, USA
E-mail: fabien.margairazQalumni.epfl.ch

Eric R. Pardyjak
Department of Mechanical Engineering, University of Utah, Salt Lake City, Utah, USA

Marc Calaf
Department of Mechanical Engineering, University of Utah, Salt Lake City, Utah, USA
E-mail: marc.calaf@utah.edu



29

30

31

32

33

34

35

36

37

38

39

40

P51

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

2 Margairaz et. al

flow and characteristics of the thermal heterogeneities. These results suggest
that under weak geostrophic forcing, surface heterogeneity effects should be
accounted for in numerical weather prediction models.

Keywords Convective boundary layer, Dispersive flux, Heterogeneity,
Large-eddy simulation, Sensible heat flux

1 Introduction

Land-surface thermal heterogeneities are ubiquitous in nature, and their af-
fect on atmospheric flows is neglected, or at best, coarsely parametrized in
numerical weather prediction (NWP) models by more or less accurate correc-
tions to the traditional Monin—Obukhov similarity-based atmospheric surface
layer (ASL) parametrizations. While under certain atmospheric forcing condi-
tions, such as strong geostrophic forcing, it has been shown that perturbations
induced by surface thermal heterogeneities are quickly blended and have neg-
ligible impact on the flow, in other instances the effect of surface thermal
heterogeneities should be considered and hence properly represented in NWP
models.

If one assumes that the characteristic or dominant length scale of surface
thermal heterogeneities (I5) is larger than the resolution of a NWP model, the
corresponding effect of these heterogeneities is resolved and hence accounted
for in the model. In this case, the length scale of the mean vertical dynamics
(lg) induced by the thermal patchiness is either much smaller than the surface
heterogeneities (I; < ;) and hence the induced mean vertical motions are
easily blended, or are of the same order of magnitude or larger than the surface
heterogeneities (5 > ) and actively interact with the mean atmospheric
boundary layer (ABL) flow. However, since these are larger than the resolution
of the NWP model, they require no additional parametrizations.

Alternatively, if one assumes that the characteristic length scale of the sur-
face thermal heterogeneities (I) is smaller than the resolution of a NWP
model, the corresponding effect of these heterogeneities needs to be para-
metrized if the mean vertical dynamics (I4) induced by these thermal patches
affects the resolved mean ABL flow. These mean vertical dynamics (herein
characterized by l;) have also been referred to in the literature as turbu-
lence organized structures (TOSs) (Kanda et al. 2004) or thermally-induced
mesoscale circulations (TMCs) (Inagaki et al. 2006). An illustration of this
conceptual framework linking mean vertically-induced motions, surface ther-
mal heterogeneities, and NWP model resolution is shown in Fig. 1. The aim
of this work is to generate new understanding of the interaction between sur-
face thermal heterogeneities and the near-surface ABL flow under a broad
range of unstable atmospheric conditions. Therefore, the conceptual hypoth-
esis presented in Fig. 1 is evaluated using the results obtained in this study.
Specifically, we are interested in understanding the interaction between sur-
face thermal heterogeneities at unresolved scales in current and near-future
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Fig. 1 Illustration of the interaction between mean vertically-induced motions and hetero-
geneous surface patches of different scales to motivate the need for new ASL parametrisations
in mesoscale modeling. (This figure is reproduced here with permission of Boundary-Layer
Meteorology, and it was first published in Margairaz et al. (2020))

NWP models and the associated mean vertical motions that can actively dis-
rupt the mean flow. While surface thermal heterogeneities are multiscale in
nature, herein we focus the analysis on single-scale heterogeneities, which are
representative of the dominant surface-patchiness scale.

This work builds upon the recent analysis of Margairaz et al. (2020), where
the possibility of capturing the effects of the unresolved thermal heterogeneities
by means of thermal dispersive fluxes (TDFs) was investigated. In this pre-
vious work, we presented an LES study of the influence of surface thermal
heterogeneities on ABL flows as a function of geostrophic forcing and thermal
heterogeneity size. For the first time, we proposed using TDF's as a measure
of the impact that surface thermal heterogeneities have on the flow. The re-
sults illustrate that under weak geostrophic forcing, TDFs can account for up
to 40% of the total sensible heat flux at about 0.1z;, with a value of 5-10%
near the surface (where z; represents the ABL height). The term TDF refers
to the flux contribution induced by the correlation of the spatial variations
of temporal/ensemble-averaged quantities, which differs from the definition
of Raupach and Shaw (1982) where discontinuities to spatial derivatives are
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introduced by solid boundaries (e.g. vegetated canopies). A similar formula-
tion for the contribution of the time- and space-averaged fluxes was used in
Kanda et al. (2004), Inagaki et al. (2006), Mauder et al. (2008), and Zhou
et al. (2018) to try to explain the surface energy balance closure problem,
where it was found that part of the imbalance was due to heat transport by
mean vertical motions. Nonetheless, in Mauder et al. (2008) the actual con-
tribution of the TDFs was neglected, being considered much smaller than the
other terms involved in the energy imbalance analysis. Patton et al. (2005)
conducted an important large-eddy simulation (LES) study using a similar
approach, although spatial averaging was only done in the spanwise direction.

In this work, we investigate the reasons for the existence of TDFs based
on the structure of the ABL and thermal forcing conditions. We evaluate
the potential for using TDFs to represent the effects of unresolved surface
thermal heterogeneities on the mean flow. In addition, we introduce a new
nondimensional parameter that defines a threshold beyond which the effects
of heterogeneity are significant and the TDF's are relevant. This parameter is
intrinsically related to the morphology of the surface thermal heterogeneities
and the near-surface mean flow.

In Sect. 2, a derivation of the new non-dimensional parameter is introduced.
In Sect. 3 the numerical platform used and study cases are presented. Section
4 relates the structure of the mean ABL flow to the TDF contributions and
the new non-dimensional parameter. Finally, a discussion of the results and
implications for ASL parametrizations is provided in Sect. 5, with conclusions
in Sect. 6.

2 Theory

When interpreting the forcing induced by surface thermal heterogeneities on
the mean ABL flow, it is helpful to refer to the schematic illustration presented
in Fig. 2. As illustrated, the thermal heterogeneities induce a mean vertical
flow with a characteristic length scale (I4) that can either be of similar order
(a), much smaller (b), or larger (c) than the heterogeneity scale (I). The
flow will be affected by the thermal patchiness via active interactions between
buoyancy-induced forcing by surface thermal heterogeneities and the mean
horizontal forcing that tends to blend buoyancy effects.

Mathematically, the distinction between the different behaviours should be
at least partially prescribed by the mean vertical momentum equation without
the viscous term because we are solely interested in high Reynolds number
ABL flows. At steady state and over flat terrain, this equation is given by

Jw AT 10p 0

e — 7777_7/./ 1
uj(’)xj g T p@z 8a?ju]w’ ()

where the primes indicate turbulent fluctuations with respect to the time or
ensemble averages. Hence, u;-w’ represents the traditional turbulent Reynolds
shear stress. In the presence of planar homogeneity, a balance between mean
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(@) (b) ©

la

-1,

Iy

Fig. 2 Schematic illustrating the conceptual interpretation of the interaction between sur-
face thermal heterogeneities and the mean ABL flow. [ and l; correspond to the length
scales introduced in Fig. 1

pressure gradient and turbulent stress gradient must be maintained (i.e. dom-
inant balance) as indicated in Tennekes and Lumley (1972). Alternatively, in
the presence of externally-imposed surface thermal spatial gradients, the ‘first
responders’ are the mean advection terms. Our LES data show that verti-
cal advection dominates horizontal advection for strong convective conditions,
while these terms have similar orders of magnitude in strong geostrophic driven
flows. Hence, to a first-order approximation, it is fair to rewrite the momentum
equation for the mean vertical velocity as a balance between the surface-driven
thermal buoyancy and the mean vertical advection,

ow AT

Yor T VT @
From the conservation of mass equation, we can estimate the mean vertical-
velocity scale, w'. We assume that the mean horizontal velocity scales as Ug
and the length scale of the surface thermal heterogeneities I, may be taken as
a measure of the distance over which the mean vertical velocity will change.
Hence, the mean vertical-velocity scale is given by wl ~ Ug l4/l},. Here, 14 is
the characteristic length scale for the vertical flow dynamics. Therefore, the
scale analysis yields

cwl AT Ugldwgg
la T 2 T

3)

This equation can be further manipulated and expressed as the balance be-
tween two non-dimensional terms,

9Ly @
h G T

where the right-hand side is hereafter referred to as the thermal heterogene-
ity parameter and indicated by #, which represents a ratio of buoyancy to
inertial forces. In this equation, we have decided to approximate AT as the
mean absolute difference between the surface temperature at a point and the
overall averaged surface temperature, (|Ts — (Ts)|). Therefore, one can physi-
cally interpret the buoyancy term as the potential vertical momentum a mass
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of air could have if it remained in the vicinity of the surface thermal het-
erogeneity. While this remains a conceptual interpretation, it is enough to
provide a physical bound to the mean vertical momentum induced by the sur-
face heterogeneities. In contrast to the traditional mean vertical momentum
balance where the buoyancy term is based on air temperature, the relative
surface temperature (AT /T) used here can be considered as an upper limit
on the buoyancy term, where turbulence is blending the surface temperature
differences and reducing it in the air.

The heterogeneity parameter can also be rewritten as the product of two
terms: an inverse squared Froude number (F7? = gl,/UZ) and a relative mea-
sure of the surface-temperature heterogeneity (AT/T). This derivation treats
the heating and cooling of the surface as the driving force that generates tem-
perature perturbations in the flow field where the amplitude is dependent on
the surface-temperature heterogeneity. From the balance indicated in Eq. (4),
it can be further observed that when A > 1 then l; > [, and hence the
surface heterogeneities induce strong perturbations on the mean flow. Alter-
natively, when H < 1, the characteristic length scale of the heterogeneities is
larger than that of the induced vertical dynamics (I, > l4), hence facilitating
blending of the surface-induced thermal perturbations.

As will be presented later on, this parameter plays an important role in
determining when surface thermal heterogeneities actively interact with the
mean ABL flow.

3 Methodology and Study Cases

The different ABL flows used in this work are modelled using the pseudo-
spectral LES approach introduced by Moeng (1984) and Albertson and Par-
lange (1999), later modified by Bou-Zeid et al. (2005), Calaf et al. (2011),
and Margairaz et al. (2018). This framework is based on the non-dimensional,
filtered, incompressible Navier—Stokes equations, coupled with a filtered tem-
perature transport equation. Details of the numerical approach can be found
in the Appendix.

In order to study the effects of surface thermal heterogeneities, two types
of simulations are considered. The first type uses a homogeneous surface tem-
perature of 290 K. This first type acts as a control group. In the second type,
a patchy surface temperature distribution is obtained using a Gaussian distri-
bution with a mean temperature of 290 K and a standard deviation of 5 K.
Three different square patch sizes of 800, 400, and 200 m are considered, as
shown in Fig. 3. Additionally, to ensure that the results are not dependent on
patch distribution, three extra distributions are implemented for the 800-m
size patches. The results presented in Margairaz et al. (2020) showed little
dependence on patch distribution, and hence in this work, only one 800-m
patch configuration is analyzed in detail. Similarly, those results showed that,
for the purpose of this study, the outcome did not change significantly when
considering a domain twice the size of the current configuration.
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T, [K] 284 286 288 290 292 294 296

2 [km]

Fig. 3 Surface temperature distributions for the cases with heterogeneous patches. From
left to right: 800-m patches (HT-X-s800), 400-m patches (HT-X-s400), and 200-m patches
(HT-X-s200)

The bottom boundary condition uses Monin—Obukhov similarity theory
to obtain the surface heat flux from the surface temperature, which is kept
constant throughout the simulations. Hence, there is no feedback from the
atmosphere to the surface as the surface does not cool down or warm up
with local changes in velocities. In addition, the ABL gradually warms as
the simulations are running, resulting in it becoming less convective overtime.
However, the runs are not long enough for this to be significant. In all cases,
the surface roughness is set to 0.1 m (representative of a surface with sparse
forest or farmland with many hedges (Brutsaert 1982; Stull 1988)) and the
initial boundary-layer height is set to z; = 1000 m. The temperature profile is
initialized with a mean air temperature of 285 K and a capping inversion of '
=0.012 K m™" is prescribed at z;. For each surface condition, a wide range of
geostrophic wind speeds is considered (U, =1, 2, 3,4,6,9, 15 m s~1). The flow
is driven with a constant pressure gradient obtained through the geostrophic
approximation, which accounts for the Coriolis force due to rotation of the
Earth. The Coriolis parameter is set to fg = 10~* Hz, corresponding to a
latitude of 43.3° N.

Throughout this work, the homogeneous cases are referred to as HM-X
where X indicates the corresponding geostrophic wind speed. Similarly, the
heterogeneous cases are denoted as HT-X-sYYY, where X indicates the cor-
responding geostrophic wind speed and sYY'Y refers to the size of the patches
(e.g. HT-1-s200 would be the heterogeneous case with 200-m patches, and
forced with U, = 1 m s™'). In total, 28 different configurations have been
considered for this study. A detailed overview of the study cases is given in
Table 1.

In all cases, a numerical domain of (Lg, Ly, L.) = (2m,27,2) km is used
with a grid size of (N, Ny, N.) = (256,256, 256) yielding a horizontal resolu-
tion of Az = Ay = 24.5 m and a vertical grid spacing of Az = 7.8 m. The
timestep is set at At = 0.1 s to ensure the stability of the time integration.
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Table 1 Summary of the study cases and the corresponding most relevant 30-min average
simulation statistics. The properties presented in the table are the geostrophic forcing veloc-
ity (Ug), the boundary-layer height (2;), the Obukhov length (L = —(u205)/(kg(w’0")s)),
the stability parameter (—z;/L), the friction velocity (us), and the Deardorff convective ve-
locity scale (w« = (gz; (w’9’)g/§s)l/3). The boundary-layer height and the Obukhov length
have been rounded up to the nearest m. The stability factor has been rounded up to the
nearest integer

Name Uy 2 L —z/L Uk Wi

ms1 m m - ms~! ms~!
HM-1 1 1328 —4 315 0.17 1.31
HM-2 2 1318 —6 205 0.20 1.30
HM-3 3 1306 —12 113 0.24 1.30
HM-4 4 1293 —-19 68 0.28 1.30
HM-6 6 1295 —44 30 0.37 1.30
HM-9 9 1307 —-95 14 0.49 1.32
HM-15 15 1340 —259 5 0.70 1.35
HT-1-s800 1 1487 —1 3361 0.09 1.47
HT-2-s800 2 1459 —2 883 0.15 1.51
HT-3-s800 3 1448 -5 318 0.21 1.51
HT-4-s800 4 1431 -9 157 0.26 1.49
HT-6-s800 6 1397 —23 61 0.35 1.48
HT-9-s800 9 1394 —64 22 0.48 1.46
HT-15-s800 15 1407 —194 7 0.70 1.47
HT-1-s400 1 1487 —1 3433 0.10 1.51
HT-2-s400 2 1463 —2 897 0.15 1.55
HT-3-s400 3 1452 —4 397 0.20 1.54
HT-4-s400 4 1434 —8 170 0.26 1.52
HT-6-s400 6 1406 —22 63 0.35 1.50
HT-9-s400 9 1390 —62 22 0.48 1.47
HT-15-s400 15 1404 —197 7 0.70 1.46
HT-1-s200 1 1439 —1 1741 0.12 1.53
HT-2-s200 2 1434 —2 933 0.15 1.53
HT-3-s200 3 1430 —4 377 0.20 1.54
HT-4-s200 4 1434 —8 180 0.25 1.53
HT-6-s200 6 1402 —23 61 0.35 1.50
HT-9-s200 9 1374 —65 21 0.48 1.46
HT-15-s200 15 1383 —207 7 0.70 1.44

Converged turbulence statistics are obtained for a period of one hour after a
spin-up period of 4 hours. This period corresponds to ~ 2.3 turnover times
(' = Uyt/Ly) for the weakest geostrophic forcing case: U, = 1 m s™!. Dur-
ing the evaluation phase, statistics are computed for averaging times ranging
between five minutes and one hour. Statistical convergence is achieved using
30-min averages. Negligible changes are observed with 60-min averages. More
details on the study cases are included in Margairaz et al. (2020).
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4 Structure of the Atmospheric Boundary-Layer Flow

In this section, the results are presented in three parts: the first part discusses
the effect of surface heterogeneities on the turbulent flow, the second part
focuses on the time-averaged flow field, and the third part explains the role of
TDFs.

4.1 Turbulent Flow

To qualitatively help understanding the effect of surface thermal heterogeneities
on the turbulent ABL flow, we first present the vertical velocity fluctuations.
Figure 4 shows isosurfaces of the vertical velocity fluctuations between the
ground surface and a height of z/z; = 0.5 for the different surface conditions
and two different geostrophic wind speeds. The isosurfaces of w'/w, = +1
encapsulate the regions of upward and downward motion.

In the case of U, = 1 m s™! over a homogeneous surface, the flow corre-
sponds to the well-documented case of cell-type free convection (Konrad 1970;
Weckwerth et al. 1999; Bennett et al. 2010; Salesky et al. 2017). Large open
cells of upward motion, whose sizes can vary from =~ 2 — 4 km, surround re-
gions of downward motion. Within these open cells, small upward plumes of
~ 200 — 400 m are also present. Most of the structures are vertically aligned
due to the low shear produced by the weak geostrophic forcing. In contrast,
when the geostrophic forcing is strong (e.g. U, = 15 m s7!), the flow has a
completely different structure. In this case, the convective motions are modi-
fied and take on a roll-type character. The open cells observed previously have
been destroyed by the strong wind forcing, and large, elongated structures
are now observed. These large structures of upward motion are aligned with
the mean wind direction and are tilted as a consequence of the high shear
due to the strong forcing. These elongated streaks are several kilometers long
and are separated by regions of downward motion. In the same figure, the
effect of surface heterogeneities on the cell-type structures can be observed
in the left panel. The presence of colder patches degrades the well-structured
convective motions, with a partial or complete lack of vertical motion above
them. The larger patches (800 m) have a significant effect on the cell struc-
ture where a complete lack of well-organized large open cells can be observed.
In contrast, the small patches (200 m) seem to prevent the formation of well-
organized, large open cells like the ones formed above the homogeneous surface.
In this case some disordered cell type of large-scale structures of upward mo-
tion are instead observed. In addition, some small plumes of upward motion
of =~ 200 — 400 m form above the hotter patches. The interaction between the
different length scales of the patches and the length scales found in cell-type
convection is described in more detail in Margairaz et al. (2020). Alterna-
tively, under the strong wind conditions, the surface thermal heterogeneities
do not seem to have a significant effect on the roll-type flow structure. The cold
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w' Jw, = -1
w'fw, = +1

W jw, = -1
w'fw, = +1

Fig. 4 Isosurfaces of the vertical velocity fluctuations in the lower half of the boundary
layer (0 < z/z; < 0.5). The positive fluctuations of w’/w* = +1 are shown in red and the
negative fluctuations of w’/ws« = —1 are shown in blue

patches do not affect the convective motion because the high shear produced
by the strong geostrophic forcing blends them.

The transition between cell- and roll-type convection can be quantified us-
ing the roll factor metric developed by Salesky et al. (2017). This method is
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Fig. 5 Two-point correlation function of the vertical velocity Ry w for (a) HT-1-s800 and
(b) HT-15-s800 cases at z/z; ~ 0.025 m above the ground

based on the two-point correlation function of the vertical velocity in cylin-
drical coordinates Ry, (ry, 74, 2) where r,, is the radial lag, r is the angular
lag, and z is the height above the ground. Figure 5 shows the two-point cor-
relation function for the HT-1-s800 and HT-15-s800 cases at 32 m above the
ground. This height corresponds to the fourth vertical grid point in the LES,
and hence the effects of the wall model are mostly diffused. Additionally, this
height corresponds to the first grid point of most NWP models. These two
cases exemplify the differences that are observed between the weak and strong
geostrophic forcing cases. In the left panel, the center correlation exhibits an
axisymmetric character, indicative of a cell-like structure in the flow. Also,
circular spots of positive and negative correlation are randomly distributed
around the center. This behaviour is characteristic of cell-type convection. In
contrast, the strong geostrophic case exhibits elongated zones of high correla-
tion, indicating that the flow is organized in long and streak-like structures.
This is typical of roll-type convection.

The method developed in Salesky et al. (2017) facilitates detecting the
angular dependencies of the roll-type convection using the statistical range of
the two-point correlation function. The range, defined as

R(ry,) = n}%x [wa(rn, Te, z)] — Hrlin [wa(rn, Tg, z)], (5)

takes on large values for roll-type convection as R, goes from positive to
negative values over a circle of a given radius around the origin. In contrast,
the statistical range does not vary much in the case of cell-type convection.
The maximum value over all radii is called the roll factor and is defined as

R= rr;éjx [R(ry) | 7y/2 > 0.2]. (6)

Following this definition, a large roll factor corresponds to roll-type convection
and a small roll factor to cell-type convection. In order to only characterize
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Fig. 6 Roll factor R as a function of the heterogeneity parameter H at z/z; ~ 0.025

large-scale coherent motions and to avoid minor fluctuations of the two-point
correlation function close to the origin (r,/z; = 0), it is necessary to limit the
analysis to large radial lags. The value of this cut-off needs to be adjusted as
the size of the coherent structure increases with height. At z/z; ~ 0.025, the
radial lag cut-off is set to rn/zi >0.2.

Using this metric, the cases with homogeneous surface conditions match
the results presented by Salesky et al. (2017) with R ~ 0.1 for weak forcing
(U, =1ms™, —z/L = 315) computed at z/z; = 0.5 using a radial lag cut-
off of r,,/z; > 0.5. Similarly, for the case with strong forcing (U, = 15 m s™!,
—z;/L =5), a value of R ~ 0.3 is observed. The transition between the modes
of convection occurs between U, =4 ms™! and Uy =6 m s~ (—z;/L ~ 120
and —z;/L =~ 30). Similarly, for the heterogeneous surface conditions, the
transition between cell- and roll-type convection occurs between Uy = 4 m s™*
and U, = 9 ms™! (—z;/L ~ 180 and —z;/L ~ 20) with small variations
between the cases.

Figure 6 shows the roll factor R as a function of the heterogeneity param-
eter ‘H introduced in Sect. 2. The roll factors obtained for the different surface
distributions and wind forcings collapse the data quite well, indicative of the
appropriateness of the new non-dimensional parameter. The results indicate
the existence of three different regimes. The first regime, H < 1 and R 2 0.1,
corresponds to roll-type convection indicative of a flow dominated by shear.
The second regime, 1 < H < 5, corresponds to a transition zone in which both
thermal heterogeneity and mean wind shear are in strong competition. Finally,
the third regime is characterized by H > 5 and R ~ 0.05, corresponding to
cell-type convection of a flow dominated by buoyancy forcing. It is important
to note that the homogeneous case is an ill-defined limit of the heterogene-
ity parameter. Therefore, the roll factor obtained for the homogeneous case
cannot be represented in Fig. 6.

The height z/z; ~ 0.025 has been selected for this analysis because it
roughly corresponds to the lowest grid point in NWP models. This height is
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particularly important since the effects of subgrid-scale heterogeneities will
need to be parameterised in the models at this level.

4.2 Mean Flow

In this section, we quantify some of the effects of surface thermal hetero-
geneities on the mean vertical velocity field. Fig. 7 shows isosurfaces that
correspond to plus/minus one standard deviation of the time-averaged verti-
cal velocity, which represent regions dominated by either upward or downward
vertical motion. The figure illustrates that for weak geostrophic wind speeds,
the mean footprint of the cell-type convection is preserved.

It is particularly interesting to identify the differences observed in the het-
erogeneous surface cases, where the patchiness strongly affects the mean verti-
cal velocity field. Specifically, note that regions with dominant upward motions
are mostly located above the hot patches, and the regions of dominant down-
ward motion are found predominantly above the cold patches. Alternatively,
for those cases with strong geostrophic forcing (e.g., Uy = 15 m s~ 1), the time-
averaged vertical velocity exhibits a completely different structure, with almost
no difference between the homogeneous and heterogeneous surface cases. Also,
the number of rolls present in the domain appears to be almost unchanged,
indicative that these are mostly result of the shear stress, and are only weakly
influenced by the thermal heterogeneity. Hence, under strong wind conditions,
the effect of the surface heterogeneity is clearly blended.

To objectively quantify these differences, we interrogate the corresponding
probability distribution functions (p.d.f.s) of the mean vertical velocity, with a
detailed quantification of the mode, skewness, and kurtosis. This is represented
in Fig. 8, which indicates that all homogeneous cases (red lines) yield a distri-
bution nearly centered around w/w, = 0 and are slightly positively skewed. In
addition, the distribution becomes narrower and more peaked with increasing
geostrophic forcing. This indicates that the number of upward time-persistent
motions is slightly greater than the number of downward time-persistent mo-
tions. In contrast, the distribution for the heterogeneous cases is more posi-
tively skewed, with a longer positive velocity tail. Hence, the heterogeneous
surface conditions tend to yield more negative velocity occurrences, with fewer
but stronger time-persistent upward motions. This observation matches well
with earlier results of Patton et al. (2005). As the geostrophic forcing increases,
the p.d.f.s of the heterogeneous cases become more and more similar to those
obtained for the homogeneous cases, as expected. This is illustrated in the
mean flow field in Fig. 7. In these stronger wind conditions, the p.d.f.s become
narrower and the modes of the p.d.f.s become closer to @/w, = 0.

Fig. 9 presents the corresponding moments of the p.d.f.s as a function of
the heterogeneity parameter (), illustrating once again a clear relationship.
In Fig. 9a, it can be observed how the corresponding modes become close to
0 m s~ ! when H < 1, and greater than zero in absolute value for large values
of the heterogeneity parameter (H > 5). Therefore, as subjectively illustrated
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2

0, alfom]
w/og = —1 w/oy = —1
w/og = +1 /o = +1

Fig. 7 Isosurfaces of the 30-min time-averaged vertical velocity in the lower half of the
boundary layer (0 < z/z; < 0.5). The isosurfaces correspond to vertical velocity of w = +o
of the 30-min average vertical velocity at a height of z/z; ~ 0.025

before in Fig. 7, when heterogeneity is small, the mean vertical velocity is
close to zero, while when heterogeneity is present, a dominant negative mean
vertical velocity is induced in the flow field that is only counteracted by isolated
and starker positive mean vertical motions. This is further confirmed by the
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Fig. 8 Probability density function of the time-averaged vertical velocity at z/z; ~ 0.025
for (a) weak geostrophic forcing and (b) strong geostrophic forcing. The marker represent
the mode of the p.d.f.s

skewness, presented in Fig. 9b. It shows that the distribution becomes more
symmetric (smaller values) with smaller values of the heterogeneity parameter.
Figure 9c shows the kurtosis, which represents the relevance of the tails of the
distribution. It indicates that the p.d.f.s resemble a quasi-Gaussian distribution
with kurtosis values close to 3 for H < 1. In contrast, the kurtosis takes on
larger values with increasing heterogeneity (H > 5).

In summary, the different moments of the p.d.f.s confirm that for small
heterogeneity parameters (H < 1), the distribution tends to be similar to
those obtained for the homogeneous cases, while for larger values of the het-
erogeneity parameter (7 > 5) the distribution of the mean vertical velocity is
changed with the potential to more intensely disrupt the local mean ABL flow.
Furthermore, the clear relationship observed with the heterogeneity parameter
‘H is taken as indicative of its capacity for quantifying the effects of surface
thermal heterogeneities, and the corresponding blending.

Note that the moments of the mean vertical velocity represented in Figs. 8
and 9 have been normalized by w,. Although, the Deardorff convective velocity
scale might not be the most appropriate scaling velocity for the time-averaged
vertical velocity, the figures describe the structure of the flow and normal-
ization facilitates comparison between cases. Therefore, in lieu of a better
normalization, we use w;.
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Fig. 9 Moments of the p.d.f.s of the mean time-averaged vertical velocity as function of H
at z/z; ~ 0.025. The panels are: (a) the mode, (b) the skewness, and (c) the kurtosis

4.3 Thermal Dispersive Fluxes

Next, we investigate TDF's and their link to the different regimes observed in
previous section. Based on Raupach and Shaw (1982), a TDF is defined as
Qaisp = (W"T"), where the time-averaged spatial fluctuation of the vertical
velocity is defined as @w” = w — (w), w is the time averaged vertical veloc-
ity, and (w) is the spatial average of the time-averaged vertical velocity. The
temperature is decomposed similarly. In this analysis, the TDFs have been
computed using the 30-min time-averaged quantities, and using spatial aver-
ages of the entire numerical domain (see Margairaz et al. 2020 for more details
regarding sensitivity to averaging time).

Hence, the transition between the different regimes characterized by the
heterogeneity parameter can be linked to the corresponding contribution of the
TDFs. This is illustrated in Fig. 10, where the ratio of the TDFs to the turbu-
lent heat fluxes is presented as a function of the heterogeneity parameter H at
z/z; = 0.025 . Here, the same previous three regimes can be identified, with an
improved collapse of the data with the heterogeneity parameter (#). In the first
regime (H < 1), the contribution of the TDFs is small, Qgisp/Qrurp < 0.05.
In the transitional regime, 1 < H < 5, the contribution of the TDF's increases
to be between 0.05 < Quisp/Qrurs < 0.1. Finally, the third regime (X > 5)
exhibits a considerable contribution of the TDFs, 0.1 < Qgisp/Qturs < 0.2.
Therefore, results show how large values of the heterogeneity parameter (H)
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0.3
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Fig. 10 Ratio of the TDF (Qgisp) to the turbulent heat flux Quyr, as a function of
the heterogeneity parameter H at z/z; &~ 0.025. The black line represents the power law
Qdisp/Qturb = OCHB

are indicative of situations in which the flow and surface configurations can
produce a significant TDF contribution, synonymous with strong and per-
sistent thermal patterns. Alternatively, small values of H indicate that the
horizontal mean flow can blend the contribution of the surface patches well
enough to prevent a substantial contribution of the TDF's to the heat transport
process. In addition, the data fit the power law Qgisp/Qrurs = aH? well, where
the coefficients are o = 0.0342 and 8 = 0.3769. Hence, the TDF contribution
of can be estimated directly from the thermal heterogeneity parameter.

Further, because the heterogeneity parameter () encapsulates both the
information about the surface heterogeneities (i.e., size and intensity) as well
as the information about the mean flow responsible for the shear, it seems
clear that the interaction between the heterogeneity length scale (I;) and the
corresponding induced mean-flow-dynamics length scale (I4) should be well
explained by the heterogeneity parameter (), which is further related to the
corresponding contribution of the TDFs. In this regard, given that the het-
erogeneity parameter can also be written as a function of the Froude number
(see Sect. 2), it is possible to define H < 1 as some subcritical regime where
the impact of thermal heterogeneities is quickly blended by the airflow, and
H > 5 as a supercritical regime where the surface temperature perturbations
propagate across the ABL, thus leading to large TDFs.

These observations are summarized in Fig. 11, which evaluates the initial
hypothesis presented in Fig. 1 in the context of our LES results. As origi-
nally illustrated in the introductory figure, the horizontal and vertical axes
represent the interaction between the heterogeneity length scale (1) and the
corresponding induced mean-flow-dynamics length scale (I4). The results for
all study cases are shown as coloured circles, where the colour is related to
the corresponding relative contribution of the TDFs. The red dashed lines in-
dicate the approximate current resolution in NWP models (1 km), and the
black dashed lines illustrate the identified limiting cases of the heterogeneity
parameter (i.e. H = 1, 2, and 5). As previously illustrated in Fig. 10, those
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Fig. 11 Interaction between the heterogeneity length scale (1) and the mean flow dynamics
length scale (I4). The shape of the symbols designates the different cases: diamonds represent
HT-X-s800, circles correspond to HT-X-s400, and triangles illustrate HT-x-s200. The colour
of the symbols represents the ratio for TDF over the turbulent flux measured at z/z; =~ 0.025.
The black dashed-lines illustrate the case of H where the transitions between regimes are
observed

cases with H > 5 have a significant contribution to the TDFs (warmer colour),
and hence should be accounted for in NWP models. This is further justified
through this figure, not only because of their significant contribution to the
overall sensible heat fluxes, but also because these unresolved surface thermal
heterogeneities (I, < A, with A being the numerical grid resolution) have
the potential to generate flow dynamics of a scale larger than the numerical
resolution (I; > A). This can be observed through the fact that the warm
colour-filled circles reside above the red horizontal dashed line.

In particular, Fig. 11 provides a means to predict what size of surface
thermal heterogeneities are required to generate a given dynamical scale, for
a specified set of geostrophic forcing and mean surface temperature fluctua-
tions. This is indicated by the diagonal grey lines, where each one represents
the relation l; = Uig%l,%. Hence, the slope (U%%lh) illustrates a unique
combination of AT, T, and Ug for any fixed [, which can be interpreted as a
potential forcing. Therefore, for a fixed combination of AT, T, and Ug (hence

any grey-like diagonal line), Fig. 11 allows one to identify the size of surface
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thermal heterogeneity (1) needed (starting point of the grey line) to generate
a mean-flow-dynamic scale l; larger than the given numerical resolution A of
interest, and with an H > 5.

5 Discussion

The working hypothesis of this study is that land-surface thermal hetero-
geneities actively interact with the mean atmospheric flow under certain forc-
ing conditions and that this interaction can be accounted for by a representa-
tion that includes TDFs. While we analyzed the initial part of this hypothesis
in an earlier work (Margairaz et al. 2020), here we focus the analysis on the
link between the structure of the ABL flow and the corresponding contribu-
tions of the TDFs. Further analysis of TDF contributions is needed for cases
when the thermal inertia of the surface is not infinite and the surface is allowed
to thermally interact with the ABL flow.

Herein, we proposed a new thermal heterogeneity parameter H to describe
the dynamics induced by thermal heterogeneities. This parameter represents
the balance between the effects of surface heterogeneities (through their size Iy,
and intensity A7) and mean flow dynamics (characterized by Uy,). Moreover,
‘H seems to capture two different regimes observed in the flow well. Namely,
small values of H describe a regime where shear dominates and where the
TDFs are small. In this case, the mean vertical velocities follow a Gaussian
distribution, similar to the distribution observed above homogeneous surfaces,
and the mean horizontal flow is organized in the shape of elongated tubular
structures. In this case, the local dynamics of the mean flow do not ‘sense’ or
at least do not obviously respond to the surface thermal heterogeneities. In
contrast, large values of H > 5 correspond to instances where heterogeneous
surface conditions strongly affect the flow dynamics as a result of weak hori-
zontal wind speeds and strong thermal variations induced by buoyancy. In this
case, the mean vertical velocities exhibit a clear departure from the Gaussian
distribution as the p.d.f.s become positively skewed, and the contribution of
the TDF's is significant.

Despite the success of the heterogeneity parameter in discerning the con-
ditions in which surface heterogeneities affect the mean atmospheric flow, one
should not expect this to work equally well to describe the turbulent structure
of the flow. This is illustrated in Figure 6 where the collapse of the curves for
the roll factor is not perfect, indicative that other scaling variables should be
considered.

The results presented here provide a fundamental basis for developing a
new framework that can be used to improve the ability of NWP models to cap-
ture the effects induced by subgrid-scale thermal heterogeneities. Depending
on the heterogeneity parameter, thermal surface heterogeneities may induce
resolved-scale effects, and hence, have the potential to significantly alter mod-
elled winds in the ABL.
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6 Conclusion

The work presented in this paper builds on a previous study investigating
the impact of surface thermal heterogeneities on ABL flow and the impor-
tance of the TDFs as a function of geostrophic forcing and thermal-patch size
(Margairaz et al. 2020). In this work, we have introduced a new heterogeneity
parameter, H, that describes the dynamics of surface thermal heterogeneities.
It represents a balance between the buoyancy effects of surface thermal het-
erogeneities and inertia of the mean flow. Large values of H correspond to
situations where heterogeneous surface conditions dominate the flow dynam-
ics and where TDFs are important. In contrast, small values of H describe
a regime where shear dominates and TDFs are negligible. It is important to
note that this study and the development of the heterogeneity parameter were
achieved with a one-way coupling of the surface with the flow (i.e. with an infi-
nite thermal inertia of the surface). Further investigations of the heterogeneity
parameter are needed when the surface is allowed to thermally interact with
the ABL flow.
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Appendix: Large-Eddy Simulations Framework

The different ABL flows used in this work are modelled with an LES frame-
work where the non-dimensional, filtered, incompressible Navier-Stokes equa-
tions are solved using a pseudo-spectral approach (Moeng 1984; Albertson
and Parlange 1999). In this framework, the rotational form of the momen-
tum equations is used to ensure conservation of mass and energy in the in-
ertial terms (Kravchenko and Moin 1997). The filtered potential temperature
is modelled with an advection-diffusion equation. The Buoyancy forces are
computed with the Boussinesq approximation to couple the temperature to
the momentum equation (Tritton 1988). This method makes it possible to
account for the fluctuations of density through the fluctuations of the tem-
perature field. The sub-grid scale stresses and heat fluxes are computed using
the Lagrangian scale-dependent dynamic Smagorinsky models for momentum
and scalars (Bou-Zeid et al. 2005; Calaf et al. 2011). The viscous and molec-
ular diffusive effects can be neglected because of the high Reynolds number
of the ABL flow. The active Coriolis effects drive the flow through the pres-
sure gradient induced by the geostrophic forcing. To integrate the equations
in time, the Chorins projection fractional-step method (Chorin 1968) along-
side a second-order Adams—Bashforth scheme is used. Spatially, the equations
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are discretized on a vertically staggered grid, where the horizontal derivatives
are computed using discrete Fourier transforms, and the vertical derivatives
are computed with second-order centred finite differences. The aliasing er-
rors on the non-linear convective terms of the momentum and temperature
equations are treated using the 3/2 rule (Canuto et al. 1988). Because of the
spectral methods, the side boundary conditions are inherently periodic. The
vertical velocity uses the non-penetration condition at the top and bottom of
the domain, a stress-free lid condition is used as the top boundary conditions
for the horizontal velocities, and a constant flux is imposed for the temper-
ature top boundary condition. A wall model is used to prescribe the bottom
wall-shear stress and surface flux through the vertical derivatives at the first
staggered grid point (Moeng 1984; Bou-Zeid et al. 2004; Hultmark et al. 2013).
This model uses Monin-Obukhov similarity theory to capture the effects of the
thermal stratification on the ABL flow (Monin and Obukhov 1954) and applies
Brutsaerts formulation of the atmospheric stability correction functions (Brut-
saert 1982). Also, the scalar surface roughness length is set at one-tenth of the
aerodynamic roughness length (Brutsaert et al. 1989). Note that although the
stability correction functions were originally developed for flat homogeneous
surfaces, these are used here because there is no better alternative, and this
methodology has been shown to generate acceptable results over heteroge-
neous surface conditions as long as there exists a pseudo-equilibrium within
the heterogeneities (Stoll and Porté-Agel 2008; Basu and Lacser 2017).

Finally, the numerical code is parallelized using a two-dimensional pencil
decomposition where the domain is partitioned into squared cylinders (Sullivan
and Patton 2011; Margairaz et al. 2018). The code uses the 2DECOMP & FFT
open-source library to implement the two-dimensional pencil decomposition
(Li and Laizet 2010). Further details on the numerical code used here can be
found in Margairaz et al. (2018, 2020).
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