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Abstract. The imbalance of the surface energy budget in
eddy-covariance measurements is still an unsolved problem.
A possible cause is the presence of land surface heterogene-
ity, which affects the boundary-layer turbulence. To investi-
gate the impact of surface variables on the partitioning of the
energy budget of flux measurements in the surface layer un-
der convective conditions, we set up a systematic parameter
study by means of large-eddy simulation. For the study we
use a virtual control volume approach, which allows the de-
termination of advection by the mean flow, flux-divergence
and storage terms of the energy budget at the virtual mea-
surement site, in addition to the standard turbulent flux. We
focus on the heterogeneity of the surface fluxes and keep
the topography flat. The surface fluxes vary locally in in-
tensity and these patches have different length scales. Inten-
sity and length scales can vary for the two horizontal dimen-
sions but follow an idealized chessboard pattern. Our main
focus lies on surface heterogeneity of the kilometer scale,
and one order of magnitude smaller. For these two length
scales, we investigate the average response of the fluxes at
a number of virtual towers, when varying the heterogeneity
length within the length scale and when varying the contrast
between the different patches. For each simulation, virtual
measurement towers were positioned at functionally differ-
ent positions (e.g., downdraft region, updraft region, at bor-
der between domains, etc.). As the storage term is always
small, the non-closure is given by the sum of the advection
by the mean flow and the flux-divergence. Remarkably, the
missing flux can be described by either the advection by the
mean flow or the flux-divergence separately, because the lat-

ter two have a high correlation with each other. For kilometer
scale heterogeneity, we notice a clear dependence of the up-
drafts and downdrafts on the surface heterogeneity and like-
wise we also see a dependence of the energy partitioning on
the tower location. For the hectometer scale, we do not no-
tice such a clear dependence. Finally, we seek correlators for
the energy balance ratio in the simulations. The correlation
with the friction velocity is less pronounced than previously
found, but this is likely due to our concentration on effec-
tively strongly to freely convective conditions.

1 Introduction

1.1 The role of landscape heterogeneity in the energy
balance closure problem

The interpretation of the turbulent fluxes of latent and sensi-
ble heat at the Earth’s surface still suffers from the unresolved
energy balance closure problem of the eddy covariance (EC)
measurement technique. That is, the measured turbulent
fluxes are not equal to the available energy at the earth’s
surface (e.g., Foken, 2008; Leuning et al., 2012). There is
an ongoing debate whether the missing energy can perhaps
be solely described by additional missing terms related to
energy conversion and storage or that the imbalance is a
consequence of measurement errors in the velocity measure-
ment due to flow distortion from the sonic anemometer pins.
With respect to flow distortion, Horst et al. (2015) quoted
an error of maximal 5 % but Kochendorfer et al. (2012) and
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Frank et al. (2013) claimed an error up to 15 %. In response
to the 15 % error, one of us (Mauder, 2013) has pointed out
some counter-evidence and a recent modeling study by Huq
et al. (2017) on flow distortion did not find evidence for such
large errors either. In short, it is unlikely that the previously
mentioned issues can explain the fact that very different sites
around the world often exhibit an imbalance of more than
20 % (e.g., Wilson et al., 2002; Hendricks-Franssen et al.,
2010; Stoy et al., 2013).

In fact, the studies by Mauder et al. (2007) and Stoy et al.
(2013) have shown that a common property among sites that
do not close the energy balance is a more pronounced sur-
face heterogeneity on the landscape-scale. This motivates us
to investigate the energy balance closure problem in the con-
text of landscape heterogeneity. Moreover, Stoy et al. (2013)
also found a good correlation between the friction velocity
(u4) and the energy balance closure. This result was repro-
duced by Eder et al. (2015b) by means of a study combining
Doppler wind lidar and EC tower data. The same correlation
has also been noticed in a recent year-long large-eddy simu-
lation (LES) by Schalkwijk et al. (2016) and in an idealized
LES study by Inagaki et al. (2006). In addition, the study of
Eder et al. (2015b) could relate the energy balance residual to
the mean gradients in the lower boundary-layer, thereby pro-
viding more evidence for the connection between the energy
imbalance and the presence of quasi-stationary structures in
the boundary layer. These circulations typically arise in het-
erogeneous terrain but may also develop over a completely
homogeneous surface to a lesser extent, depending on the
atmospheric stability regime, due to self-organization. Per-
sistent updrafts and downdrafts tied to the landscape hetero-
geneity have been found e.g., by Mauder et al. (2010) dur-
ing the 2008 Ottawa field campaign. In the case of cellular
convection in heterogeneous terrain the distinction between
the primary and the secondary circulation becomes blurred,
when the convection cells are tied to the landscape hetero-
geneity.

1.2 The influence of landscape heterogeneity on the
boundary-layer structure

The influence of heterogeneous landscapes on properties of
the atmospheric boundary-layer has already been investi-
gated for a few decades with numerical models, primarily
large-eddy simulation. We will summarize a few results that
are relevant to the non-closure of the energy balance. Avis-
sar and Chen (1993) obtained significant mesoscale fluxes
tied to the terrain heterogeneity. These mesoscale fluxes are
carried by the vertical wind of the meso-scale circulations,
however, they are not present at the ground level. Raupach
and Finnigan (1995) also found that surface heterogene-
ity induces boundary-layer motions, nevertheless the area-
averaged properties, including the fluxes, were not signif-
icantly influenced by the heterogeneity or the circulation.
At the first glance, both statements appear in conflict with
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a generic influence of the landscape heterogeneity around a
measurement site on the energy balance closure.

On the other hand, Shen and Leclerc (1995) found that
the horizontally averaged variances and covariances were in-
fluenced by land surface heterogeneity with scales smaller
than the boundary-layer depth. This was also confirmed by
Raasch and Harbusch (2001). This apparent contradiction
can be explained by the fact the resolution of these mod-
els was coarse due to computational restrictions at that time,
which has a few implications. Firstly, from continuity we in-
deed expect no vertical meso-scale transport by advection
with the mean flow at the lowest grid point representing the
lower surface, since w = 0 due to the rigid no-slip boundary,
but horizontal flux-divergence plays a role, too. Secondly,
we should keep in mind that areally averaging over suffi-
ciently large distances represents a form of spatial filtering
due to the coarse resolution. Steinfeld et al. (2007) argued
that a spatial filtering method will yield energy balance clo-
sure, whereas single-tower temporal averaging of the sensi-
ble heat flux signal in heterogeneous domain suffers from
low-frequency contributions due to the shifted co-spectrum.

In summary, the previously mentioned studies showed that
landscape heterogeneity can induce mesoscale motions in the
boundary-layer, especially for heterogeneity of length scales
larger than the boundary-layer height. By using a large-eddy
simulation model coupled to a land-surface scheme, Patton
et al. (2005) investigated strip-like heterogeneities between 2
and 30km. They found that the heterogeneities with length
scales of 4 to 9 km were the most influential in altering the
structure of the boundary-layer. A similar coupled model ap-
proach was used by Brunsell et al. (2011) to study three het-
erogeneity scales (approximately 107 'z;, z;, 10 z;, with z;
the boundary-layer height). They found that only in the sur-
face layer the length scale of the heterogeneity affected the
spectral signature of the turbulent heat fluxes, and signals ap-
peared blended in the mixed layer. Still, for the heterogene-
ity length of 10z;, secondary circulations arising from sur-
face heterogeneity that extend through the whole boundary-
layer were found. Furthermore, Brunsell et al. (2011) found
that the partitioning between latent and sensible heat was af-
fected by the scale of heterogeneity as the simulations for
the intermediate scales led to a higher Bowen ratio. Since the
intermediate scales (of scale z;) appear more heterogeneous
than the small or the large scales, this points toward the dom-
inant influence of the sensible heat flux. Charuchittipan et al.
(2014) also suggested to ascribe a larger fraction of the resid-
ual to the sensible heat flux than to the latent heat flux. The
influence of synthetic surface heterogeneity on the Bowen
ratio was also investigated by Friedrich et al. (2000) who
found a non-linear response of the aggregated Bowen ratio on
the underlying land-surface distribution. Biinzli and Schmid
(1998) investigated idealized heterogeneity by means of a
two-dimensional E — e model and found good correspon-
dence with an analytical averaging scheme based on the con-
text of a numerical blending height.
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Although the above findings indicate that surface hetero-
geneity at scales of boundary-layer depth and larger can
couple to the full boundary layer, surface heterogeneity at
scales considerably smaller than the boundary-layer height
appears to be blended, as observed by Raupach and Finni-
gan (1995). Furthermore, Avissar and Schmidt (1998) found
that under a mild background wind, the influence of sur-
face heterogeneity is quickly destroyed in accordance with
the findings of Hechtel et al. (1990). However, Maronga and
Raasch (2013), who performed LES simulations for the re-
sponse of the convective boundary layer in realistic hetero-
geneous terrain, advised that sufficient time and ensemble
averaging is needed to extract the heterogeneity-induced sig-
nal, and they concluded that the upstream surface conditions
can still influence the boundary-layer properties under light
winds. Albertson and Parlange (1999) showed that blending
of the surface heterogeneity appears even under convective
conditions, except for very large heterogeneities. However,
Suehring and Raasch (2013) suggest that the blending of the
surface follows from insufficient averaging. Therefore an ap-
parent blending does not necessarily imply that small-scale
surface heterogeneity could not have an influence on the en-
ergy budget at the surface. However, if smaller scales are in-
deed completely blended in the mixed layer and therefore
do not lead to circulations that involve the full boundary-
layer, then we cannot expect non-surface layer properties
(say, bulk gradients in the mixed layer or entrainment pa-
rameters) to correlate well with the energy balance residual.
Though even in the blended case small scale heterogene-
ity could still influence the surface energy budget through
motions in the surface layer when the latter survive half-
hour averaging. Indeed, for suburban terrain Schmid et al.
(1990) noted significant differences in energy balance ratios
at scales of 10°~103 m, presumably due to micro-advection
between the patches of different surface type.

1.3 Scope of this paper

Acknowledging the connection between the energy imbal-
ance and quasi-stationary flow on the one hand, and quasi-
stationary flow and surface heterogeneity on the other hand,
we will investigate the effect of surface heterogeneity on the
energy balance closure problem in this work. To this end, we
will study a series of synthetic idealized landscapes that con-
sist of a chessboard pattern of surface fluxes with different
amplitude and different wavelengths in the x and the y direc-
tion. We will quantify the average influence on virtual tower
data, and investigate the correlation of the energy balance
ratio with surface characteristics, boundary-layer properties
and turbulence statistics. To disentangle the influence of the
surface heterogeneity from that of the meteorology, we will
focus on a set-up of free convection without a synoptic wind
(which will effectively lead to strongly to freely convective
conditions diagnosed by the virtual towers). As hinted to in
Brunsell et al. (2011), in heterogeneous terrain the sensible
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heat flux appears more important for the imbalance at the
intermediate length scales considered in their work, and we
shall therefore focus on simulations that are practically dry
(we have added a very small moisture flux). In addition, as
both the lack of closure and the strength of the circulations
are most pronounced for strongly convective conditions, we
will likewise focus on (effectively) strongly unstable condi-
tions to free convection with the instability parameter —z/L
ranging from 1 to 5000. The —z/L is different from oo be-
cause the convective conditions lead to cellular circulation
patterns, which locally induce a friction velocity at the sur-
face, and due to its positiveness, there will also be a hori-
zontally averaged u, different from zero, as we derive the
friction velocity from the kinematic momentum flux (zp/p),
in the same manner as how it is applied in standard eddy-
covariance measurements (e.g., Kaimal and Finnigan, 1994):

2)1/2. 0

This definition of friction velocity by the momentum flux
is found in general fluid mechanics as well (e.g., Landau
and Lifschitz, 1959). However, only in homogeneous flow,
the friction velocity makes sense as a scaling parameter in
Monin-Obukhov similarity theory. Therefore, we want to
stress that when the friction velocity is derived from the mean
velocity gradient, this is only valid in homogeneous flow.
For conditions of free convection in homogeneous terrain the
friction velocity derived from the mean velocity is clearly
zero (even though free convection flow is locally inhomoge-
neous). As we focus on heterogeneous flow in our study of
heterogeneous terrain, we will make use of the momentum
flux (1) to derive the friction velocity. From the perspective
of the tower measurement, eddy-covariance measurements
alone cannot distinguish if a measured u, follows from the
wind aloft or locally from the convection-driven circulation.
In addition, the circulation locally leads to advective terms
that can influence the energy balance closure: e.g., near an
updraft there will be horizontal convergence in the flow field.
Even in homogeneous terrain these advective terms can lead
to a non-closure of the surface energy budget (e.g., Kanda
et al., 2004). Despite the issues related to blending, we will
focus on heterogeneity of length scales between 10°~103 m,
as for these scales the energy imbalance is most pronounced.
The intermediate scales of O(10°m) are of the order of
the boundary-layer depth under typical convective conditions
for mid-latitude afternoons, whereas the smaller scales of
0(10°m) are of the order of the surface-layer height. To
keep the terminology more general than typical convection
for mid-latitude afternoons, we will refer to them as hetero-
geneity of kilometer scale and hectometer scale. According
to the classification of Orlanski (1975) these length scales are
at the lower end of the meso-gamma-scale and at the upper
end of the micro-alpha-scale, respectively.

2

—2
uy,=T10/p = (u/w’ +v'w’
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Previous investigations with LES on the energy budget had
been limited to more regular terrain with at least one ho-
mogeneous dimension, see the works of e.g., Kanda et al.
(2004), Inagaki et al. (2006), Steinfeld et al. (2007) or Huang
et al. (2008). Typically, the storage term was subtracted from
the surface flux and only the vertical components of the en-
ergy balance were considered: i.e., the turbulent flux and
a meso-scale flux (i.e., vertical advection) arising from tur-
bulent organized structures (TOS) or heterogeneity-induced
meso-scale motions (TMC). On the contrary, we will also an-
alyze the contribution of the storage flux to the energy imbal-
ance explicitly. Furthermore, the results presented there hold
for the domain-averaged imbalance and the method used is
limited to heterogeneous terrain with at least one homoge-
neous dimension. However, in this work we can extend the
analysis of the energy budget to a full budget of the turbulent
fluxes, by including additional terms stemming from hori-
zontal advection by the mean flow. We take full account of all
horizontal and vertical energy balance components with a so-
called control volume approach, as in Finnigan et al. (2003),
Wang (2010), and Eder et al. (2015a). As such, a study of
two-dimensional heterogeneous domains becomes possible.

Let us stress again the research questions of this paper. The
first aim is to investigate the average influence on virtual flux
measurements of land surface heterogeneity in the form of
a variable surface heat flux, for a given length scale of the
heterogeneity. We focus on length scales of the order of kilo-
meter, and also on length scales of the order of hectometers.
The second aim is to correlate the simulated energy balance
ratio to various observables that can be obtained from the
simulation output and that are also measurable in a realistic
setting.

2 Methods
2.1 Simulation set-up

For our simulations we have made use of the LES model
PALM (Maronga et al., 2015). More precisely, we ran our
simulations with PALM version 3.9. PALM resolves the tur-
bulence down to the scale of the grid spacing, all turbu-
lence below is parameterized by implicit filtering. The clo-
sure model in PALM is a so-called 1.5-order closure scheme,
where the equations for the resolved velocities and scalars
are derived by implicit filtering over each grid box of the
turbulent Navier—Stokes equations, and where an additional
prognostic equation for the turbulent kinetic energy is solved.
The turbulent kinetic energy in PALM (the sum of the vari-
ance of the subgrid-scale velocities) allows the modeling of
the energetic content of the subgrid-scale motions, and be-
cause it is related to spatial filtering it should not be confused
with the typical turbulent kinetic energy in eddy-covariance
measurements related to the averaging of a time series. Of
course, the latter can be approximated by the resolved kinetic
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energy in PALM plus the subgrid-scale turbulent kinetic en-
ergy. Finally, the Reynolds fluxes that appear in PALM’s fil-
tered equations (the spatial covariances of the subgrid-scale
quantities) are parameterized by a flux-gradient approach in-
volving the resolved gradient and a diffusivity coefficient
that depends on the before-mentioned turbulent kinetic en-
ergy, the grid spacing and the height above the lower surface.
However, at the first grid-point above the surface, Monin—
Obukhov similarity theory is applied to derive the horizontal
velocity and therefore the turbulence there is completely pa-
rameterized. It is worth noting that the application of MOST
at the first grid point in an LES is done locally and based on
the instantaneous velocity.

Relevant parameters of the simulation setup are summa-
rized in Table 1. The grid spacing is 10m in all three di-
mensions and the domain size is 6 x 6 km? in the horizontal,
and 2.4 km in the vertical. Demanding that the subgrid-scale
flux does not exceed 1 % of the resolved flux, we will place
our virtual flux measurements at 50 m height. The bound-
ary conditions of the simulations are periodic in the lateral
dimensions. For the velocity we have Dirichlet conditions
at the bottom (i.e., rigid no-slip conditions) with zero ver-
tical and horizontal wind. At the top the horizontal veloc-
ity is commonly set to the geostrophic wind and the vertical
velocity is zero. However, we have turned the geostrophic
wind off (this is a homogeneous horizontal pressure gradi-
ent): (ug, vg) = (0, 0). Nevertheless, due to the differences in
surface heating, local pressure gradients will still develop.
For potential temperature and humidity we have Neumann
conditions at the lower boundary (given by the surface fluxes)
and also at the top boundary (where the flux is given by the
lapse rate at initialization). The domain is initialized with
constant profiles for the velocity (equal to the geostrophic
wind for x and y and zero for the vertical velocity). The ini-
tial profiles are homogeneous in x and y and for potential
temperature (6) it reads as follows:

6(z) =300K—0.01Km™" x (z — 1km) x H(z— 1km), (2)

where H(-) is the Heaviside function. The top of the do-
main is situated within a stable inversion layer, which pre-
vents that the turbulence within the boundary-layer is influ-
enced by the vertical domain size. In the lateral dimensions
the domain is about 3 to 5 times the boundary-layer depth.
For the vertical velocity we have added a very small sub-
sidence term (leading to a vertical pressure gradient in the
equations) for heights above 1km to counteract the destabi-
lizing influence of the surface heat flux, with the subsidence
velocity ws = —0.00003 (z — 1km) s~ for all simulations.
The data are extracted for four hours after two hours of spin-
up time. For each hour a data point is collected by averag-
ing over virtual measurements sampled at every second. As
our focus lies on the influence of the surface characteristics,
we concentrate in the present study on the wind circulations
purely generated by the surface heat flux, without complicat-
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Table 1. Parameters of the LES configuration.

5063

a geostrophic wind.

Quantity Unit Value

Number of grid points -) 600 x 600 x 240

Spatial resolution (dx, dy, dz) (m) 10.0, 10.0, 10.0

Domain size (m3 ) 6000 x 6000 x 2400

Temporal resolution (s) 1.0

Spin-up time (s) 7200.0

Data capture (s) 7200.0-21 600.0

Averaging interval (s) 3600.0

Size of the control volume (m3) 50.0 x 50.0 x 50.0

Approximate wall time for one simulation  (core-hours) 5500

Roughness length (m) 0.1

Surface moisture flux (kg kg,f1 ms~l)  5e70
ing the analysis with additional synoptic drivers such as e.g., <t @S> <OWED> 4 <><h>

‘We ran two suites of simulations, one suite with 144 sim- ] | [

ulated cases focusing on surface heterogeneity of the kilo- Tl > — ‘ —ep >
meter scale (Table 2), and another suite with 144 simulated Lo / 20791 ds LT

cases focusing on surface heterogeneity of the hectometer
scale (Table 3). The simulations are driven by a spatially vari-
able surface sensible heat flux, the variation of which is con-
trolled by a few parameters. More precisely, the surface sen-
sible heat flux H at each surface point (x, y) is determined
as follows:

H(x,y) = (1+ A 1(x/Lo)) (1 + Ay 1(y/Ly)) Ho, (©)

where 1 is a antisymmetric periodic function with period
equal to 2, and alternating between —1 and 1, calculated as
follows:

1(x) = sin(rx)/ |sin(zx)]| . )

The amplitudes of the two-dimensional surface heat flux are
given by A, and Ay and the periods by L, and L. Hy is the
average surface heat flux. In Fig. 2 we show an example of a
synthetic surface heat flux as in Eq. (3) creating eight patches
on the surface with four different values for the surface sen-
sible heat flux. The number of patches depends on the length
scale of the heterogeneity.

The main aim of this parameter study is to find out the
response of virtual towers in heterogeneous terrain of a cer-
tain length scale with variable surface parameters. For this
reason we create two suites of simulations where each simu-
lated case has another combination of the surface parameters.
The surface parameters are the length scales L, and L, and
the amplitudes A, and A,. One suite is focused on kilome-
ter scale heterogeneity, the other on hectometer scale hetero-
geneity. As the surface heterogeneity is two-dimensional, the
length scale of the surface pattern cannot be exactly captured
by a single number and therefore we concentrate on the or-
der of magnitude of the length scale, and not on the exact
length, thus comprising 4 combinations of length scales (L,
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<H>
Figure 1. Graphical representation of (5). The control volume is
colored in yellow, with horizontal flux-divergence in green, the ad-
vection terms in blue, and the storage flux in cyan. The surface flux
and the measured turbulent flux are both in black. For clarity the

lateral dimension perpendicular to the cross-section is not shown.
The direction of the arrows indicate a positive contribution.

and L) within the suites of kilometer scale heterogeneity
and hectometer scale heterogeneity, respectively. For deter-
mining the average behavior under the varying surface fluxes
within the suite, no weighting is applied to a particular con-
figuration of the parameters, all amplitudes and length scales
under consideration are treated equally. In Tables 2-3 we
have summarized the range of the parameters that determine
the landscape heterogeneity for each simulated cases within
that suite (two suites of 144 simulated cases). The range of
the Obukhov length and boundary-layer height expresses the
variation of these quantities over the range of the parameter
space spanned by the cases of the suite.

2.2 Control volume approach

Within the domain, we have positioned nine virtual control
volumes. These control volumes are located at functionally
different positions with respect to the surface heterogeneity,
as can be seen in Fig. 2. Four of them are located at the cen-
ters of the patches, four others are located on the borders
between the patches, and one is located at the crossing of
the four patches. The four at the center are positioned in a
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Table 2. Parameters of the simulations within the suite focusing on the landscape heterogeneity at kilometer scale.

Strong to free convection

6 X 6 x2x2=144 cases

Average surface heat flux (Hyp) (Km s_l)
Amplitude x (Ax) (Kms™1)
Amplitude y (Ay) (Kms™h)
Length scale x (Ly) (m)
Length scale y (Ly) (m)
Surface flux range (Kms™ 1)
uy (friction velocity) (m s_l)
Boundary-layer height (km)
Obukhov length (m)

0.25

0.0;0.1;0.2;0.3; 0.4; 0.5
0.0;0.1;0.2;0.3;0.4; 0.5

1500.0; 3000.0

1500.0; 3000.0

From 0.0625 to 0.5625

From 0.071 to 0.69

From 1.4 to 2.2

From —36.1 to —0.04 (average —3.96)

Table 3. Parameters of the simulations within the suite focusing on the landscape heterogeneity at hectometer scale.

Strong to free convection

6 x 6 x2x2=144 cases

Average surface heat flux (Hy) (Km sfl)
Amplitude x (Ax) (Kms™1)
Amplitude y (Ay) (Kms™1)
Length scale x (Ly) (m)
Length scale y (Ly) (m)
Surface flux range (Km s_l)
us (friction velocity) (m sfl)
Boundary-layer height (km)
Obukhov length (m)

0.25

0.0;0.1;0.2;0.3; 0.4; 0.5
0.0;0.1;0.2;0.3;0.4; 0.5

200.0; 400.0

200.0; 400.0

From 0.0625 to 0.5625

From 0.052 to 0.74

From 1.5t0 2.2

From —53.8 to —0.01 (average —5.75)

site that is homogeneous at the site scale, but heterogeneous
at the landscape level. The virtual towers that are located
at the borders of the patches are positioned at a site that is
not homogeneous at the site level. For every control volume
around a virtual tower the size is 5 x 5 grid points in the hor-
izontal and 5 grid points in the vertical, representing a cube
of (50m)>. The limits of the control volume are set on the
staggered vector grid. The implementation of the energy bal-
ance calculation for the control volumes follows the method
described in Eder et al. (2015a), which incorporates the ap-
proach suggested by Wang (2010). We briefly summarize the
main equation, obtained in two steps; first by spatially aver-
aging over the control volume, and then by additional tem-
porally averaging over 1 h intervals:

(v107) + (@)(6)+ 24: (o1)(),

s=1

(60, 86) + </ z—fdz> : )
1

Here H denotes the surface heat flux, x, y and z are the Carte-
sian coordinates, w the wind component in z direction, 6 the
potential temperature, v the velocity vector perpendicular
to the lateral faces in the xz- or yz-planes, which are indi-
cated by “s” during the summation over the 4 lateral faces.
The angular brackets indicate the spatial average over a face

M=

(i) = () +

—

N

+ (8w 86) +

M-

N
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of the cube, either lateral (“s”), top or ground surface and the
8 are the corresponding spatial fluctuations. An overbar in-
dicates a temporal average and the primes the corresponding
temporal fluctuations. The term on the left-hand side of the
equation is the “true” surface heat flux, whereas the terms
of the right-hand side denote the eddy-covariance flux at the
top of the control volume, the horizontal flux divergence, the
vertical and horizontal advection by the mean flow, the ver-
tical and horizontal dispersive fluxes (Belcher et al., 2012)
and the storage of 6 in the control volume. The terms of the
above formula are clarified in Fig. 1. A positive sign for the
directional fluxes means that they point outward of the con-
trol volume. However, the surface flux is considered positive
when the flow is from the surface to the atmosphere. Where

www.atmos-chem-phys.net/18/5059/2018/
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0.288

Northing [m]

—0.000

3000
Easting [m]

Figure 2. Fixed location of the virtual towers for the kilometer scale
heterogeneity. The surface heat flux pattern of this example corre-
sponds to Ly = 3000m, Ly = 1500 m. Please note that all the con-
trol volumes have the same shape of 5 x 5 x 5 grid points, the sym-
bols are only to distinguish the different types of towers. For the
hectometer scale heterogeneity, the towers are located at the similar
positions in or in between the patches, only the patches are smaller.
The towers fall into two classes: those located at the center of the
patches and those located at the borders.

possible, the Gauss—Ostrogradski theorem! has been used to
reformulate a divergence within the control volume as a sur-
face term. Due to the choice of a cuboid aligned with the co-
ordinate system for the control volume, the control volume
energy balance (5) simplifies further because only the veloc-
ity component perpendicular to the faces remain. The energy
balance ratio (EBR) of the control volume, which represents
the amount of closure of the eddy-covariance measurement
with respect to the true surface flux, is given by the follow-

IThe Gauss—Ostrogradski theorem or “divergence theorem™ is a
special case of the Stokes—Cartan theorem in differential geometry.
For our purposes, we also restrict ourselves to three-dimensional
space. We consider a compact volume V with a piecewise smooth
boundary S. If F is a continuously differentiable vector field defined
on a neighborhood of V, then the following is true:

/(V~F)dV:7{F-dS. ©6)
\%4 N

The left side is a volume integral of the divergence of the vector field
F over the volume V, with dV the volume element; and the right
side is the surface integral over the boundary of the volume V. dS
is the outward pointing unit normal field of the boundary S =09V
multiplied by the surface element. For our purposes we take F = v 6
and V is the control volume described in the text.
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ing:

EBR = @ . 7)

From a control volume point of view the net fluxes through
the faces are what balances the storage term inside the vol-
ume, and in this manner advection effects are automatically
included in the energy balance of the volume. Of course, in
analogy with measurements, the fluctuations at the top face
yield the “virtually measured” turbulent heat flux: first the
temporal correlations are calculated, then a spatial average
over the upper face of the volume is calculated. The lat-
ter average improves the statistical significance of the vir-
tual measurement. Although the subgrid fluxes become small
at the height of the control volume, we nevertheless include
the vertical component of the subgrid flux into the turbulent
heat flux. In this manner we can also capture the highest-
frequency correlations. Real data from measurement towers
is usually sampled up to 10-50Hz, whereas for computa-
tional efficiency our simulation advances with a time step
of one second, i.e., our simulated data is obtained at 1 Hz. A
higher sampling frequency would not resolve the turbulence
better, as the resolution of the latter is limited by the grid
spacing. The part of the total turbulent flux that is not cap-
tured directly by the resolved turbulent flux by 1-Hertz sam-
pling is transported by the subgrid turbulent flux. For the ad-
vective components we have made a distinction between ad-
vection due to the mean flow versus advection due to the hor-
izontal flux-divergence. In complex terrain we do not know a
well-defined choice of reference for the base temperature, in
contrast to the base temperature in homogeneous terrain that
appeared in Webb et al. (1980). Therefore we have avoided
introducing a base temperature altogether by adding up the
advection by the mean flow components, this means that our
advection term is the sum of the horizontal and vertical ad-
vection by the mean flow. The virtual measurement height
is quite high, but this is due to the vertical resolution and
the need for sufficient grid points in the vertical direction to
suppress the influence of the subgrid-fluxes whence the tur-
bulence becomes sufficiently resolved. For the integration of
the temperature in the storage term we apply numerical in-
tegration with the midpoint rule, which assumes a piecewise
constant interpolation function. PALM uses implicit filtering,
where it is by construction assumed that the prognostic vari-
able within the grid cell is the volumetric mean of the vari-
able over the domain of the grid cell, therefore the midpoint
rule is the most appropriate, because by definition the LES
computed O[k] is not 6 (z = zi) but instead is as follows:

Zk+dz
/ 0(z)dz, 3

zx—dz

0kl =

with zx the height of the grid point k, dz the grid spacing
and 6 the potential temperature, and we have suppressed the
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indices ij for clarity. In this way, the summation of the LES
computed discrete profile values is defined to be equal to the
integration of the continuous profile:

K Zm
>otki= [0z, ©)
k=1 0

with the measurement height z, = zx + dz.

3 Results and discussion
3.1 Circulation patterns in heterogeneous terrain

We start our analysis with a discussion of the location of
the updrafts and downdrafts in heterogeneous terrain. For
this purpose, we concentrate on a few specific cases, more
precisely Ay = A, =0.3 and all four heterogeneity lengths
(with L, = Ly). We will take the mean vertical velocity as
the simplest proxy for circulation patterns in the boundary
layer. In Fig. 3 we show the time-averaged vertical velocity
at the height of the control volumes (50 m). We stress that the
structures at 50 m extend into the mixed layer above where
the absolute velocities become larger (not shown). The rea-
son for the additional time average (over the complete vir-
tual measurement interval of 4h) of the hourly mean data
is to remove the drift of the turbulent structures. Due to the
absence of a background wind, significant circulation pat-
terns can emerge in the homogeneous case as well. With
even longer averaging times a zero mean can be achieved for
idealized simulations in homogeneous terrain, but in a real
atmospheric boundary-layer this is not possible due to non-
stationarity on those timescales. Ensemble averaging is an
alternative for time averaging and our average over the suite
removes random turbulence in the individual realizations.
We notice that for the heterogeneity lengths of O(km),
the motions within the mixed-layer clearly reflect the surface
pattern, with updrafts concentrated above the hotter patches
and downdrafts above the lower patches in the 3 km hetero-
geneity length and a little offset in case of the 1.5 km hetero-
geneity length. However, the structure of the convective tur-
bulence for both kilometer scales are clearly different from
homogeneous control run, where typical cellular convection
patterns arise (Schmidt and Schumann, 1989), though the
hectometer scales are qualitatively rather similar to the ho-
mogeneous run. The latter could be a consequence of the
blending height. Investigating the heterogeneity lengths of
O(hm) with more horizontal detail for the time-averaged w,
we do not see clear updrafts or downdrafts tied to the sur-
face heterogeneity. However, in this respect it could be inter-
esting to note that some of the hourly mean vertical velocity
(without additional time-average) for the O (hm) appears bet-
ter related to the surface structure. Similar results appear for
weaker amplitudes and also when A, is different from Ay, in
which case the dominant pattern is visible along the direction
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with the larger amplitude (not shown). We can conclude that
circulations are tied to the landscape heterogeneity when it is
O(km). For O(hm) such a correspondence is unclear. How-
ever, the latter could be related to the “coarse” grid resolu-
tion and the distance from the ground. Indeed, Mauder et al.
(2010) found persistent updraft and downdraft regions during
the 2008 Ottawa field campaign.

On the topic of circulations driven by a surface conditions
that are by design freely convective, we investigate how the
domain average of u, is influenced by the surface hetero-
geneity. The ratio between the surface flux at the hottest patch
and the surface flux at the coolest patch is given by the fol-
lowing equation:

r=(4+A+A +AA) x(1—A — A, +A.-4,)" . (10)

The horizontal mean of the friction velocity scales very well
with the natural logarithm of the following ratio:

s = —0.0461n(r) +0.384 , R> =0.85. (11)

The remaining spread in u, does not result from the time
stamp or the heterogeneity length scale. The monotonous de-
crease of u, in function of the heterogeneity ratio shows that
for more homogeneous terrain we will obtain a slightly larger
domain averaged u,.

3.2 Virtual tower measurements for landscape
heterogeneity of kilometer scale

In Fig. 4, we look at the response of the towers with respect to
their location, corresponding to the simulations summarized
in Table 2. This is the average of the simulation output be-
longing to the suite of kilometer scale heterogeneity. In this
manner, we investigate the average effect of surface hetero-
geneity of kilometer scale. The towers are ordered according
to the available energy at their location, for our model setup
the available energy is equal to the surface flux. For each
tower we have plotted the energy balance residual (available
energy minus the turbulent flux), the advection component
from the mean flow, the flux-divergence and the storage flux,
all normalized by the available energy at the respective tower,
with the plot on the left collecting the towers located in the
centers of the patches and the plot on the right collecting
the towers located at the borders of the patches. The nor-
malized turbulent flux is effectively the energy balance ratio
(EBR), but we show the non-closure (1 — EBR), i.e., the nor-
malized energy balance residual, as the latter’s magnitude is
of the same size as the remaining components. The normal-
ized fluxes in Fig. 4 are also averaged for all the available
data points of the respective tower. That is, we averaged over
the data with different time stamps and also over all cases
within the suite corresponding to the kilometer length scale:
this entails (6 x 6 — 1) variations of the surface flux ampli-
tudes (we do not count the case where both amplitudes are
zero, Ay = A, =0, as this is a homogeneous run) multiplied
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Figure 3. Analysis of the circulation patterns induced by the surface heterogeneity by means of the vertical velocity (w) averaged over the

4 h data output, including a homogeneous control run. The results are for a particular surface amplitude of A, =

Ay =0.3and with Ly = Ly

(z =50m). For reference the tower locations are indicated as well, as is the center of the “hot” patches by means of a black line. The plots of
the whole domain for O(hm) show their similarity with the homogeneous control run. For the O (hm) heterogeneity we show an inlet around
the towers, as the correspondence with the surface heterogeneity is otherwise hard to visualize, due to the smallness of the heterogeneity

length.

by 2 x 2 variations of the heterogeneity length, as expressed
in Table 2. The error bars on the normalized fluxes denote
the spread on the virtual measurements of each tower with
respect to the suite. The spread is naturally quite large, as
different amplitudes for the surface heat flux pattern are con-
sidered at each tower.

To analyze the tower response in more detail, we have sep-
arated the towers at the centers (left panel) from those at the
borders (central panel). We notice that most towers show the
typical underestimation of the energy balance (i.e., positive
energy balance residual), except for the tower located at the
warmest spot where there is an updraft. In fact, the closed
energy balance for the tower in the warm patch is similar to
a result in Eder et al. (2015a) where the energy balance was
closed for the site with a pronounced updraft. The residual
clearly depends on the location of the tower: towers located at
the centers of the patches are located in a more homogeneous
environment and they exhibit remarkably smaller residuals,
as expected. Towers at the borders have up to 10 % more im-
balance than the adjacent towers in the center. The tower on
the corner of the four patches has the lowest mean closure
of only 69 %. For towers located in the centers, it is evident
that the tower sites are locally homogeneous but there is still
a clear imbalance. As a consistency check, we note that the
similar towers (the two towers in the center of the patches
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with same surface heating; the two sets of two towers on the
borders between patches of similar surface heating) behave
similarly. We present some arguments why the regions with
updrafts have better closure. Banerjee et al. (2017) investi-
gated the dependence of the aerodynamic resistance on the
atmospheric stability for homogeneous terrain. As a conse-
quence a surface with a higher surface heat flux is more ef-
ficient in transporting away the surface flux. Therefore, one
hypothesis is that when a patch with higher surface flux is
coupled to a patch with lower surface flux in heterogeneous
terrain, the patch with the higher surface flux transports part
of the surface flux of the patch with the lower surface flux,
due to its higher efficiency, leading to a net advection of
sensible heat from the downdraft region to the updraft re-
gion. Another hypothesis is that the shape of the cellular con-
vection cells matters: the updrafts cover a smaller area than
the downdrafts. Therefore, as the turbulence structures move
across the towers, above a region with preferential updrafts,
the likelihood of sampling both the updrafts and downdrafts
is higher than above a region with preferential downdrafts.
In the right panel, we show the data from four homoge-
neous control runs (with data extraction window and data
selection in the same manner as for the heterogeneous runs).
Each of these simulations has nine towers as well, but now all
towers have the same surface properties. The mean residual
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Figure 4. Control volume fluxes as a function of available energy (scaled by the median value) for kilometer scale landscape heterogeneity.
The fluxes are normalized by the available energy at their respective location, in our setup this means normalization by the surface flux.
Please note that we have plotted the non-closure (normalized energy balance residual) instead of the energy balance ratio EBR (normalized
turbulent flux). Panel (a) shows the towers at the centers of the patches, Panel (b) the towers at the edges of the patches and Panel (c) the
results for the homogeneous control runs. For the tower symbols, see Fig. 1. The error bars denote the spread over the different cases of
surface heterogeneity within the suite of kilometer scale surface heterogeneity. The abscissa is the available energy at the tower but scaled
by the mean available energy of the nine towers for that case. In this way, we can group the towers by tower type for the cases with different
surface amplitudes. Thus, the low values represent the towers located at the cooler patches (downdrafts), the high values the towers located

at the hotter patches (updrafts). See text for further discussion.

(under-closure) of the homogeneous control runs is around
10 %, less than for the heterogeneous cases but not negligi-
ble. There is significant spread on the results, but the residual
is mainly composed of advection and storage. Compared to
the towers at the edges (middle panel), which are locally het-
erogeneous, the homogeneous case is clearly different. Com-
pared to the towers at the centers of the patches (left panel),
the homogeneous case has a different average but the dif-
ference is still within the spread. It is remarkable that flux-
divergence is very small in the homogeneous case, in contrast
to the heterogeneous terrain. The negligible flux-divergence
for a homogeneous site was also apparent in the desert site of
Eder et al. (2015a).

As the residual is formed by the sum of advection by the
mean flow, storage and flux-divergence, we now turn our at-
tention to these flux components. It turns out that primar-
ily the advection by the mean flow determines the different
residuals, but that the flux-divergence has to be taken into
account as well for the full picture. In addition, the storage
flux also plays a role, but its signature is independent on the
location of the tower, and it is always small, which is under-
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standable for our type of surface conditions: there is only a
storage flux due to the heating of the air inside the control
volumes. For different towers, the allocation of the residual
to advection by the mean flow versus flux-divergence varies.
At first the behavior of the flux-divergence appears irregular.
Let us however take a closer look in Fig. 5, where the flux-
divergence and advection by the mean flow, respectively, are
plotted against the energy balance ratio. As in Fig. 4 flux-
divergence and advection are normalized by the available en-
ergy (i.e., the surface flux in our settings). In the left panel of
Fig. 5 we note that the normalized flux-divergence correlates
rather well to the normalized turbulent flux, when we look at
their average behavior at each tower. For the individual data
points the correlation is nevertheless scattered (not plotted).
It is somewhat remarkable that both the towers at the center
and those at the borders exhibit a similar average behavior.
Indeed, the linear regression is very satisfactory when fitting
the B-type towers and the C-type towers together. We could
have made two separate fits, one for each tower type as in
Fig. 4, but with only three or four towers of different func-
tionality a linear regression through those three or four points
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would carry less meaning than considering all nine virtual
towers together. If we repeat this linear regression for the ad-
vection by the mean flow versus the energy balance ratio we
see that the linear correlation fits even better (Fig. 5, right
panel) but that it has opposite slope. We had expected that
the sum of both components would correlate very well with
the energy balance ratio, since the storage is small and con-
stant, but it is an interesting result that the flux-divergence
and advection also separately correlate well with energy bal-
ance ratio, and consequently, also with each other.

Finally, we want to remark that due to computational con-
straints, the virtual measurement height in our simulations
lies at 50m, which is an order of magnitude larger than
the typical tower height over short vegetation with compa-
rable surface roughness. This means that our findings for vir-
tual EC towers cannot be directly transferred to real eddy-
covariance towers. Other LES studies of the energy balance
closure point towards a larger imbalance at higher z-levels,
e.g., Steinfeld et al. (2007), Huang et al. (2008), and Schalk-
wijk et al. (2016). It remains an open question if we can scale
the measurement height (as long as it is in the constant flux
layer) with the boundary-layer depth and the scale of the het-
erogeneity. We also analyzed the variation of EBR in func-
tion of the surface amplitudes (A, and Ay) but did not find
any clear dependence there.

3.3 Virtual tower measurements for landscape
heterogeneity of hectometer scale

In Fig. 6 we repeat the foregoing analysis for the landscape
heterogeneity of hectometer scale, with the parameters in
the suite now corresponding to those of Table 3. The dif-
ference between the towers is much less pronounced here
compared to the kilometer scale. Furthermore, the towers in
the center of the patches even behave in the opposite man-
ner when the kilometer and hectometer scales are compared.
Indeed, for the hectometer scales the cooler patches have a
smaller residual, hence better energy balance closure, up to
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even a mean over-closure for the tower in the coolest patch,
whereas the energy balance at the hottest patch is not closed.
Another example of the opposite behavior is shown by the
flux-divergence. In Fig. 5 it is positively correlated with the
normalized residual and in Fig. 7 we notice that the flux-
divergence is now indeed anti-correlated with the EBR. The
advection by the mean flow is again anti-correlated with
the EBR, as it was for the kilometer scale. The storage is
again roughly constant for all towers. The likely cause for
the different behavior between the two scales of heterogene-
ity would be the blending of the hectometer landscape het-
erogeneity, due to the virtual tower heights of 50 m. For the
surface heterogeneity of O(10>m), the flux footprint of each
of the towers can cover several of the surface patches, re-
gardless of the type of tower. In the right panel of Fig. 6 we
show the data from four homogeneous control runs. Except
for the flux-divergence, the tower responses in heterogeneous
terrain of hectometer scale heterogeneity look similar to the
tower responses of the homogeneous runs.

3.4 Correlations with the energy balance ratio

We investigate the possible connection between the energy
balance ratio, the different flux contributions and variables
such as friction velocity and boundary-layer height. We per-
formed a linear correlation analysis between these variables
and the energy balance ratio. We made one restriction on the
data set, which is to limit the boundary-layer depth to values
larger than 1 km, thereby excluding about 8 % of the data, in
order to obtain a better representation of the boundary-layer
depth (when the boundary-layer depths smaller than 1 km are
included, the correlation deteriorates).

We found that friction velocity and boundary-layer depth
cluster are well-correlated with each other, but not with EBR.
Although we might have supposed that higher boundary-
layer heights will arise if patches are present with vigor-
ous surface heating. However, we found that u, decreased
with stronger surface heterogeneity. Closer analysis reveals
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that the highest boundary layer heights are obtained when
the heterogeneity amplitudes are smaller and the domain is
more homogeneous. Hence the former clustering can be ex-
plained, as in our scenario with varying heterogeneity am-
plitudes the highest boundary-layer height and larger u,. are
both obtained for smaller heterogeneity amplitudes. Though
advection and flux-divergence correlate well with EBR, they
cannot be measured independently and therefore cannot be
used as independent predictors. In the literature (e.g., Stoy
et al., 2013; Eder et al., 2015b) a correlation between fric-
tion velocity and energy balance closure has been found:
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a high friction velocity leads to a smaller residual. Typi-
cally, a higher friction velocity is correlated to smaller atmo-
spheric instability and hence roll-like convection instead of
cellular convection. Maronga and Raasch (2013) found that
boundary-layer rolls “smear out” the surface heterogeneity,
leading to an effective surface that looks less heterogeneous,
which has been related to a higher EBR (Mauder et al., 2007;
Stoy et al., 2013). Therefore, a possible cause for the present
low correlation of u, with the EBR could be our range of the
stability parameter. For the free convective cases considered
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here, the stability parameter lies below the range where the
friction velocity has a high correlation with EBR.

The linear correlation analysis shows that the simulated
EBR does not linearly depend on easily measured character-
istics. As we have learned from Fig. 5, there can be a good fit
between the parameter-averages of two variables, e.g., nor-
malized flux-divergence and energy balance ratio average,
despite the fact that the individual data points do not correlate
as well. This highlights the importance of testing parameter-
izations for the energy balance closure problem on the level
of a data ensemble, instead of parameterizing on the level of
the individual hourly measurements.

4 Conclusions

In this work, we have investigated the effect of idealized sur-
face heterogeneity on the components of the surface energy
budget measured at virtual measurement towers, by means
of large-eddy simulation. By means of a control volume ap-
proach, we have decomposed the modeled surface energy
budget to highlight its partitioning, and we have shown that
the modeled energy balance ratio exhibits values that are
found in field experiments. In addition, this approach al-
lows us to investigate the energy balance closure in two-
dimensional complex terrain. We have found that for surface
heterogeneity with length scale of order kilometer, there is
a clear relation between the energy budget components and
the location of the tower with respect to the patches of sur-
face heterogeneity. For surface heterogeneity of hectometer
scale, the response of the different towers appears to depend
to a lesser extent on their respective location. Towers located
at the borders between patches with different surface heat
flux have worse closure than towers located in the center of
a patch. Although storage terms are not negligible, the size
of the residual depends mostly on the advection and flux-
divergence terms. Remarkably, flux-divergence and advec-
tion by the mean flow separately correlate very well with the
energy balance ratio, which implies that the EBR can be ex-
plained by the advection or flux-divergence only, as the latter
two are well correlated among themselves. For the kilometer
scale heterogeneities, advection by the mean flow and flux-
divergence behave in opposite ways, while they are positively
correlated for hectometer scale heterogeneities. We did not
find a high correlation between the friction velocity and en-
ergy balance ratio but this could be due to the limited range
of u, as we have investigated free convection.
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Appendix A: Example of the heterogeneity length scale
of a field site

Even though the focus of this study is on virtual flux mea-
surements, we can look at an example of a real EC mea-
surement site to make a qualitative comparison of these
virtual tower measurements with real tower measurements.
In a first approximation, the heterogeneity of the land-
scape around a measurement site can be characterized by
the dominant length scale of a suitable surface variable. In
Eder et al. (2014), the dominant length scales correspond-
ing to a few sites belonging to the TERENO measurement
network (Zacharias et al., 2011) were computed from the
Fourier spectrum of the surface roughness. The site with the
least pronounced topography, the site Fendt, has an effective
length scale close to 3 km and a mean EBR of 0.77, which is
a typical value for the energy balance ratio (Stoy et al., 2013).
The location of the measurement tower in Fendt would cor-
respond to a tower of the central type and due to its loca-
tion in the meadow with lower albedo than the forest or the
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small built-up area we would assign it to the central tower
of the cooler patch. However, the Fourier spectrum of the
sensible heat flux may differ from that of the surface rough-
ness. Moreover, the Fourier spectrum for the TERENO site
in Fendt exhibits an additional local maximum in its Fourier
spectrum of the surface roughness, at 600 m (Fabian Eder,
personal communication, 2015). Additionally, it should be
noted that even a simplified version of the landscape hetero-
geneity of Fendt would appear primarily strip-like, in con-
trast the synthetic chessboard pattern here. The EC tower
of Fendt is located in a large north—south oriented meadow
which is flanked by two forests further away to the west and
the east. Despite these apparent differences between our ide-
alized simulations and the real situation at the Fendt site, the
EBR of 0.77 is comparable to the EBR of the virtual towers
investigated here for the kilometer heterogeneity.
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