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ABSTRACT

Measurements of atmospheric energy fluxes are highly relevant to a wide range of scientific
applications, such as the investigation of climate change related feedback processes be-
tween ecosystems and the atmosphere and the validation of land surface models deployed
in numerical weather prediction and climate models. However, research on the systematic
non-closure of the surface energy balance has revealed that the widely used eddy covari-
ance method underestimates atmospheric energy fluxes. The energy transport by so called
secondary circulations was identified as one major contributor to this underestimation, es-
pecially in heterogeneous ecosystems. By definition, it cannot be captured by eddy covar-
iance measurements and expensive and labor-intensive measurements would be required
to quantify it.

The main objective of this work was therefore to investigate the influence of heterogeneous
ecosystems on the energy transport by secondary circulations and develop a model that
predicts it as a function of all relevant environmental factors, including the ecosystem het-
erogeneity. The model should be suitable for correcting the atmospheric energy fluxes
measured at eddy covariance stations without the need for additional expensive measure-
ments.

Since idealized large-eddy simulations are often used to systematically investigate atmos-
pheric transport processes but were found to underestimate dispersive heat fluxes, which
represent the energy transport by secondary circulations, a study was carried out to examine
the effect of different lower boundary conditions on those dispersive heat fluxes. Using a
set of idealized large-eddy simulations featuring heterogeneous surface temperatures, a pre-
viously existing model of the entire surface energy imbalance, including not only dispersive
heat fluxes but also energy storage changes, was further developed to consider the effect of
surface heterogeneity. It confirmed that the magnitude of the surface energy imbalance
scales with thermal surface heterogeneity and depends on the shape of secondary circula-
tions.

Finally, a comprehensive set of idealized large-eddy simulations was combined with a ma-
chine learning approach to develop a model of dispersive heat fluxes. Based on the learn-
ings from the previous model, special care was taken to facilitate the applicability to field
measurements, for example by using a spectral approach for determining the heterogeneity
length scale. This approach can be applied to unstructured heterogeneity which is found in
most landscapes. The model was further tested on realistic large-eddy simulations and field
measurements from the CHEESEHEAD19 campaign. Despite some room for improve-
ment, the comparison showed good agreements with the realistic large-eddy simulations

and field measurements. It was furthermore shown that this model can be applied to field
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measurements without any additional instrumentation, which even facilitates a retrospec-

tive application to long-term eddy covariance measurements.
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ZUSAMMENFASSUNG

Messungen der atmosphérischen Energiefliisse sind fiir ein breites Spektrum wissenschaft-
licher Anwendungen von groer Bedeutung, wie beispielsweise flir die Untersuchung von
Riickkopplungsprozessen zwischen Okosystemen und der Atmosphire im Zusammenhang
mit dem Klimawandel und fiir die Validierung von Landoberflichenmodellen, die in nu-
merischen Wettervorhersage- und Klimamodellen eingesetzt werden. Die Erforschung der
systematischen Liicke in der Energiebilanz der Erdoberfldache hat jedoch gezeigt, dass die
weit verbreitete Eddy-Kovarianz-Methode die atmosphérischen Energiefliisse unterschétzt.
Der Energietransport durch so genannte Sekundérzirkulationen wurde als einer der Haupt-
griinde fiir diese Unterschitzung identifiziert, insbesondere iiber heterogenen Okosyste-
men. Er kann durch Eddy-Kovarianz-Messungen definitionsgeméal nicht erfasst werden.
Teure und arbeitsintensive Messungen wéren erforderlich, um ihn zu quantifizieren.

Das Hauptziel dieser Arbeit war es daher, den Einfluss heterogener Okosysteme auf den
Energietransport durch Sekundérzirkulationen zu untersuchen und ein Modell zu entwi-
ckeln, das diesen in Abhdngigkeit von allen relevanten Umweltfaktoren, einschliefSlich der
Okosystemheterogenitit, vorhersagt. Das Modell sollte dazu geeignet sein, die an Eddy-
Kovarianz-Stationen gemessenen atmosphirischen Energiefliisse ohne zusétzliche teure
Messungen zu korrigieren.

Idealisierte Large-Eddy-Simulationen werden haufig zur systematischen Untersuchung at-
mosphirischer Transportprozesse verwendet, unterschitzen jedoch die dispersiven Wir-
mefliisse, die den Energietransport durch Sekundérzirkulationen reprédsentieren. Deshalb
wurde eine Studie durchgefiihrt, um die Auswirkungen verschiedener Randbedingungen
auf die dispersiven Wiarmefliisse zu untersuchen. Mithilfe idealisierter Large-Eddy-Simu-
lationen mit heterogenen Oberflachentemperaturen wurde anschlieend ein bereits beste-
hendes Modell des gesamten Ungleichgewichts in der Energiebilanz weiterentwickelt, so-
dass der Effekt der Oberflichenheterogenitit auch beriicksichtigt wird. Zu diesem Un-
gleichgewicht tragen nicht nur die dispersiven Wiarmestrome, sondern auch Energiespei-
cherdnderungen bei. Diese Studie bestdtigte, dass das Ausmal} des Ungleichgewichts in der
Energiebilanz mit der thermischen Oberflichenheterogenitit skaliert und von der Form der
Sekundarzirkulationen abhéngt.

SchlieBlich wurde ein Satz umfassender idealisierter Large-Eddy-Simulationen mit einem
Machine Learning Ansatz kombiniert, um ein Modell der dispersiven Fliisse zu entwickeln.
Auf Basis der Erkenntnisse aus dem vorangegangenen Modell wurde hierbei besonders
darauf geachtet, die Anwendbarkeit auf Feldmessungen zu erleichtern, indem beispiels-
weise ein spektraler Ansatz zur Bestimmung der Heterogenitdtsldngenskala verwendet
wurde. Dieser kann auch bei unstrukturierter Heterogenitét, die in den meisten Landschaf-
ten vorherrscht, angewendet werden. Das Modell wurde aulerdem an realistischen Large-



Eddy-Simulationen und Feldmessungen aus der CHEESEHEAD19-Kampagne getestet.
Trotz einiger Verbesserungsmoglichkeiten zeigte der Vergleich gute Ubereinstimmungen
mit den realistischen Large-Eddy-Simulationen und Feldmessungen. Dariiber hinaus wurde
gezeigt, dass das Modell ohne zusitzliche Instrumentierung auf Feldmessungen angewen-
det werden kann, was sogar eine riickwirkende Anwendung auf lange Eddy-Kovarianz-

Messreihen ermoglicht.
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1 INTRODUCTION

This Chapter provides an overview of the research results from the literature on which this
work is based. First, the importance of fully capturing the energy transport by atmospheric
processes (Chapter 1.1), which are the subject of this research, is addressed. Then, the en-
ergy balance closure problem and its contribution to the realization that conventional meas-
urement methods cannot fully capture the atmospheric energy transport is introduced
(Chapter 1.2). Subsequently, the role of mesoscale atmospheric processes in the underesti-
mation of atmospheric energy transport by conventional measurements (Chapter 1.3) and
how they are linked to thermal surface heterogeneity (Chapter 1.4) is discussed. The objec-

tive of this work is presented in Chapter 1.5.

1.1 The relevance of flux measurements in the atmospheric
boundary layer

Climate change is not only manifested by an increase in the mean global temperature but
also a wide range of other changes that strongly influence life on earth, like major shifts in
the spatial and temporal distribution of precipitation (Seneviratne et al. 2021). These are
associated with increased occurrence and intensity of extreme events such as heavy rainfall
(Du et al. 2019; Roxy et al. 2017; Seneviratne and Hauser 2020; Volosciuk et al. 2016;
Zeder and Fischer 2020), storms (Balaguru et al. 2018; Bhatia et al. 2018; Kossin et al.
2020), heat waves (Ceccherini et al. 2017; Lhotka et al. 2018; Molina et al. 2020; Vincent
et al. 2018; Winter et al. 2017), and drought spells (Bloomfield et al. 2019; Condon et al.
2020; Lorenzo-Lacruz et al. 2017; Williams et al. 2015). The consequences of climate
change are, for example, reduced crop yields (Bras et al. 2021; Hochman et al. 2017; Kim
etal. 2019; Lesk et al. 2016), more severe wildfires (Abatzoglou and Williams 2016; Nolan
et al. 2020; Turco et al. 2019), and flooding of inhabited areas (Cho et al. 2016; Hettiarach-
chi et al. 2018; Rosenzweig et al. 2018), often with serious consequences for residents.

Vegetated ecosystems, especially forests, contribute greatly to carbon sequestration and
thus their protection and management has great potential to mitigate or delay climate
change (Ciais et al. 2019; Friedlingstein et al. 2020; Nabuurs et al. 2017; Nabuurs et al.
2022; Sarmiento et al. 2010). However, as ecosystems and the atmosphere interact with
each other, climate change can trigger feedback processes that further amplify climate
change (Jia et al. 2022). For example wildfires, droughts, and insect infestations, which
occur more frequently and more intensively due to climate change, can severely damage
forests, turning them from carbon dioxide (CO») sinks to sources of CO> and thereby further

amplifying climate change (Allen et al. 2010; Aragdo et al. 2018; Berg et al. 2006;



Breshears et al. 2005; Kurz et al. 2008). It is therefore necessary to investigate under which
circumstances ecosystems can continue to sequester carbon and which adaption measures
can be implemented to improve the resilience and carbon sequestration under current and
further changing conditions (Barber et al. 2014; Bernacchi et al. 2005; Bernacchi et al.
2006; Ceschia et al. 2010; Ekholm 2020; Graham et al. 2016; Hurteau et al. 2019;
Krofcheck et al. 2019; Lipsett-Moore et al. 2018; Nabuurs et al. 2017; O’Dell et al. 2020).
The link between ecosystems and the atmosphere is the atmospheric boundary layer (ABL).
Lee (2018) describes it as the interface between the Earth's surface and the free atmosphere.
The movement of air masses within the ABL facilitates the exchange of energy, greenhouse
gases, as well as particulate matter and pollen between the Earth's surface and the atmos-
phere. The quantification of these atmospheric fluxes of energy and matter therefore forms
an important basis for many research and application fields, including climate impact re-
search (Baldocchi 2020).

Atmospheric heat flux measurements are used to parametrize and validate land-surface
models used in climate and numerical weather prediction models, as well as in high-reso-
lution numerical models (Bonan et al. 2012; Cuxart et al. 2015; Gehrke et al. 2020; Jaeger
et al. 2009; Kracher et al. 2009; Li et al. 2021; Pleim and Xiu 1995; Sridhar et al. 2002;
Wang et al. 2007; Williams et al. 2009). The land surface models specify the partitioning
of energy available at the Earth's surface as a function of the land surface, and thus have a
large influence on the energy and water cycles in those models (Li et al. 2021).

As already indicated, a reliable climate prognosis is the basis for initiating appropriate long-
term adaption measures as early as possible. Weather forecasting is becoming increasingly
important to take timely measures to protect the population from the consequences of ex-
treme events (Majumdar et al. 2021), but at the same time also more difficult (Sheshadri et
al. 2021). Continuous improvement of weather and climate models to produce robust cli-
mate and weather predictions is therefore essential.

Baldocchi (2020) gives a comprehensive overview of the use of carbon flux measurements
to investigate ecosystem responses to climate change: Long-term measurements enable the
study of ecosystem responses to changing climatic conditions, such as higher temperatures
(Keenan et al. 2014) and changing precipitation patterns (Stocker et al. 2018). They can
also capture discrete extreme events such as insect infestations (Clark et al. 2012), growing
season frost events (Gu et al. 2008), windthrow (Barr et al. 2012; Knohl et al. 2002), heat
waves and droughts (Ciais et al. 2005; Cremonese et al. 2017; Fu et al. 2020; Qu et al.
2016; Reichstein et al. 2007; Schwalm et al. 2012; van Gorsel et al. 2016; Wolf et al. 2016),
as well as wildfires (Beringer et al. 2007), which are expected to increase both in frequency
and in severity under climate change (Seneviratne et al. 2021).

These research fields, and many more, require a reliable data basis in order to deliver robust
results. For instance, if the validation of land surface models is based on inaccurate data,

this will compromise the model results, adding uncertainty and errors to weather and
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climate predictions. It is therefore important to fully understand the processes that contrib-
ute to the transport of energy and matter in the ABL and measure all contributions to at-

mospheric fluxes.

1.2 The surface energy balance closure problem

The earth receives energy from the sun as shortwave radiation, and the Earth’s surface is
the layer where most of this radiation is reflected or absorbed, transformed to other forms
of energy and passed on to the atmosphere or the ground. The surface energy balance (SEB)
is typically measured at ground-based stations where a variety of instruments quantifying
all components of the SEB are deployed at towers that are 2-50m tall, depending on the
vegetation height.

Figure 1 shows a schematic illustration of the individual components of the SEB. If the
surface was an infinitely thin layer, the components of the SEB would be net radiation
(Rpet), atmospheric heat fluxes (H and AE), and soil heat flux (G), as shown in Fig. la.
However, due to vegetation cover, it is often not possible to define an infinitely thin surface
layer, which is why a surface volume is considered, instead (Oke 1987). Additionally, most
SEB components cannot be measured directly at the surface. Therefore, a variety of storage
changes (4S) contribute to the SEB as shown in Fig. 1b. The individual components of the

SEB and their measurement are considered in more detail in Chapters 1.2.1 to 1.2.4.

AE
Rnet
H

a b

Figure 1 Schematic illustration of the major contributions to the surface energy balance under daytime con-
ditions when considering (a) an infinitely thin surface layer or (b) a surface volume. Since the sensible and
latent atmospheric heat fluxes (H, AE) and the ground heat flux (G) are not measured directly at the surface,
a surface volume is typically considered. Inside this volume, energy is stored in the air (S,), the biomass (S}),
and the ground (S ).

The surface energy balance (SEB) is a widely used indicator to determine whether all en-
ergy transport towards and away from the Earth’s surface has been fully captured in field
measurements (e.g. Mauder et al. 2007c; Mauder et al. 2021; Mauder and Foken 2006;
Oncley et al. 2007; Xu et al. 2020). In the field of boundary layer meteorology, the net

radiation is typically defined to be positive during the day, which means that incoming
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radiation is positive and outgoing radiation is negative. All other components are typically
defined to be positive when they are directed away from the surface and negative when
they are directed towards the surface (Foken 2017).

Due to energy conservation the energy leaving the surface must be equal to the energy

reaching the surface. The SEB can therefore be described as
Rpet = H+ AE + G + AS. (1)

Typically, however, the SEB measured at stationary towers all over the world is not closed,
but the outgoing energy is substantially smaller than the incoming energy, resulting in an
imbalance (Imb) of 10-30% in the SEB (Baldocchi et al. 2001; Hendricks-Franssen et al.
2010; Mauder et al. 2020; Soltani et al. 2018; Stoy et al. 2013; Wilson et al. 2002), often
referred to as SEB gap, which is why Eq. 1 needs to be rewritten as

Ryer = H + AE + G + AS + Imb. )

The non-closure of the SEB indicates that a part of the energy is missed by the measure-
ments, but as described in Chapter 1.1, many research fields rely on the accurate determi-
nation of all contributions to the SEB, especially those of the atmospheric heat fluxes. In
the past decades, the measurement of all contributions has therefore been carefully revised
in a multitude of studies to identify and eliminate the reasons for the SEB gap (Foken 2008;
Mauder et al. 2020). After the improvement of instruments and data post-processing, it was
found that instrument and set-up errors in measurements of different components of the
SEB were not systematically contributing to the SEB gap across different sites (Foken
2008; Frank et al. 2013; Goulden et al. 1996; Kochendorfer et al. 2012; Kohsiek et al. 2007;
Laubach et al. 1994; Liebethal et al. 2005; Mauder 2013; Mauder et al. 2020; Nakai and
Shimoyama 2012). Specific challenges with quantifying each SEB component are further
discussed in Chapters 1.2.1 to 1.2.4.

Despite careful measurement of all components and the application of required corrections,
the SEB is still not closed (Mauder et al. 2020). A comprehensive experiment to close the
SEB gap was the Energy Balance EXperiment (EBEX-2000), during which a lot of small
terms that are often neglected (e.g., biomass heat storage and energy consumption by pho-
tosynthesis) were measured, but a SEB gap of roughly 10 % remained (Oncley et al. 2007).
One important reason for this is that parts of the atmospheric transport simply cannot be
captured by single-tower flux measurements. To understand why this is the case, it is im-
portant to understand how fluxes are calculated with the eddy covariance method (Chapter
1.2.2), which atmospheric processes contribute to the transport of energy (Chapter 1.3), and

how the latter are connected to thermal surface heterogeneity (Chapter 1.4).



1.2.1 Net radiation

The net radiation is defined as the difference between incoming and outgoing short- and

longwave radiation:

Ryet = Rsw,in T Riw,in — Rsw,out — Riw,out- 3)

It can be measured by simply deploying paired up- and downward facing pyranometers and
pyrgeometers, measuring short- and long-wave radiation, respectively. Nowadays, very ac-
curate radiometers are available that provide a high data quality when they are cleaned
regularly (Mauder et al. 2020). However, it is important that the instrument is aligned hor-
izontally, otherwise large measurement errors can result, especially when the solar altitude
is low. Since the radiation measurements are only representative of a relatively small area
surrounding the instrument, it is furthermore crucial to ensure that the surface below the
radiometer is representative of the much larger area covered by the atmospheric heat flux
measurements which are introduced in Chapter 1.2.2 (Foken 2008; Gockede et al. 2008;
Mauder et al. 2020; Schmid 1997). However, the scale mismatch between measurements
of different SEB components was found to cause a random error which does not systemat-
ically contribute to the SEB gap (Richardson et al. 2012).

1.2.2 Atmospheric heat fluxes

Under daytime conditions, the energy surplus from the radiation balance causes the surface
and the air layer above the surface to heat up strongly. Thus, the saturation deficit of the air
increases, causing stronger evapotranspiration, if water is available at the surface. These
effects lead to the formation of a strong vertical temperature and humidity gradient in the
atmosphere near the surface. Atmospheric processes, mainly turbulence, mix the warm,
moist air upward into the atmospheric boundary layer, creating sensible and latent heat
fluxes, which transport much of the excess energy away from the surface (Foken 2017).
The turbulent atmospheric heat fluxes are typically measured using the eddy covariance
(EC) method. It is currently the only method for measuring atmospheric heat fluxes at the
ecosystem scale and also has the advantage of not disturbing the studied ecosystem itself
(Baldocchi 2003; Baldocchi 2014; Foken et al. 2012; Foken 2017; Mauder et al. 2007b).
The EC method measures vertical wind speed w and the concentration of a scalar (typically
temperature T for sensible heat flux, absolute humidity a for latent heat flux) at a very high
frequency of 10-20 Hz.

The resulting time series can be split into a mean over a defined period and the fluctuation

around the mean by applying Reynolds’ decomposition, which gives
s=35+s, 4)

where s represents w or another scalar. The overbar denotes temporal averaging over the

chosen averaging period, which is typically 30 minutes (Mauder et al. 2020; Rebmann et



al. 2012), and the prime indicates the fluctuation around the mean. The fluctuations of w

and another scalar s can be used to calculate the temporal covariance, following

1
w's' = Ezt(wt —w)(s¢ —3). (5)

The subscript t represents each measurement time step within the averaging period. Fi-

nally, the sensible and latent heat fluxes H and AE can be calculated by converting w'T"’
and w'q’ from kinematic units to energetic units, respectively. The partitioning between H

and AE is defined as the Bowen ratio £3:
H

=% (6)
The measurement height typically varies from 2 m to 50 m above the ground, depending on
the vegetation type. To avoid the measurements being affected by individual elements, they
should ideally be carried out at a height of at least two times the canopy height to avoid
measurements being affected by the roughness layer (Foken 2017; Munger et al. 2012),
which is a sublayer of the ABL where individual roughness elements affect the air flow
(Oke 1987).
The EC method tends to underestimate atmospheric fluxes for several reasons related to
the measurement and data processing methods. Instrument and set-up limitations can act as
low-pass filters on the measurements (Haslwanter et al. 2009; Ibrom et al. 2007; Moore
1986). Due to the spatial separation between the wind speed and scalar sensors, sensor
pathlengths and reaction times of the instruments, flux contributions by small eddies are
missed. This problem has been known for a while and has been accounted for by improve-
ment of instruments and the application of flux corrections in the data processing (Horst et
al. 2015; Kaimal and Finnigan 1994; Mauder and Foken 2006; Moore 1986; Schotanus et
al. 1983; Webb et al. 1980; Wilczak et al. 2001).
Today, w is typically measured with sonic anemometers because they can measure at a
sufficient rate of 20 Hz and have been found to be very precise (Mauder and Zeeman 2018).
However, possible errors in the vertical wind measurement with sonic anemometers can
lead to the underestimation of H and AE ofup to 3—5 % (Frank et al. 2013; Horst et al. 2015;
Kochendorfer et al. 2012; Mauder et al. 2020). If closed-path gas analyzers are used to
measure the absolute humidity, tube attenuation can further increase low-pass filtering
(Haslwanter et al. 2009). The low-pass filtering effects on the measurements can be cor-
rected in the postprocessing (Fratini et al. 2012; Ibrom et al. 2007).
Several methods to correct for these issues in the data processing have been developed and
are included in EC processing software (e.g., LI-COR Biosciences 2021; Mauder and
Foken 2011). Small discrepancies were found between different correction methods and
processing software but they cannot explain the SEB gap (Fratini and Mauder 2014;
Mauder et al. 2006; Mauder et al. 2007c).



The averaging period defined to calculate the fluxes following Eq. 45 acts as a high-pass
filter (Mauder et al. 2020). Because only the fluctuation is considered in the resulting
fluxes, the energy transport by larger eddies that contribute to fluctuations of low frequen-
cies is ignored, which needs to be corrected for (Foken et al. 2012; Mauder et al. 2020;
Metzger and Holmes 2007; Segal and Arritt 1992). The wavelet (Terradellas et al. 2001)
and ogive (Desjardins et al. 1989) methods are tools to determine relevant scales at which
eddies contribute to the transport of energy.

It was suggested to increase the averaging period up to multiple days (Finnigan et al. 2003).
However, it was shown that this increased the measured fluxes in only some cases (Cava
etal. 2008; Charuchittipan et al. 2014; Foken et al. 2006; Mauder and Foken 2006; Oliphant
et al. 2004). One explanation why the SEB closure is not always improved with increasing
averaging times may be that part of the energy is transported by a certain type of mesoscale
eddies that are not carried past EC stations, even with longer averaging periods, which is
discussed in further detail in Chapter 1.3.1. Besides not always improving SEB closure,
concerns were raised that extending the averaging period could create additional problems,
such as violating the stationarity assumption underlying the EC method (Barr et al. 2006;
Mauder et al. 2020; Mauder and Foken 2006). Regarding the limited success and possible
complications, the extension of the averaging interval should be viewed critically.

1.2.3 Ground heat flux and storage change

The heating of the surface also causes a temperature gradient in the soil, which is balanced
by the conductive transport of heat in the soil. This soil heat flux can be determined by heat
flux plates in the soil (Liebethal et al. 2005; Mauder et al. 2020). Ground heat flux meas-
urements are limited to an even smaller area than radiation measurements and soil proper-
ties are highly variable. It is therefore recommended to perform heat flux measurements in
multiple locations, whereas it is important to choose locations that are representative of the
flux footprint (Mauder et al. 2020).

A portion of the ground heat flux heats the soil between the surface and the ground heat
flux plate and is ignored in the measured ground heat flux. The resulting heat storage
change in the ground A4S, can be measured by soil temperature and moisture profiles with
a high vertical resolution. It depends on the thickness of the soil layer above the soil heat
flux plates and the soil properties (Liebethal et al. 2005).

1.2.4 Above-ground storage change

As mentioned in Chapter 1.2.2, atmospheric heat fluxes are not measured directly at the
surface. A portion of the atmospheric heat fluxes heats the air layer and biomass below the
EC measurement and is therefore not included in the measured atmospheric heat fluxes.

The above-ground storage change is therefore composed as follows:



AS = AS, + AS, + AS,,, (7)

where AS,, is the change in energy stored in the air, in the form of both sensible and latent
heat, AS}, is the heat storage change in the biomass, and AS,, are minor metabolic storage
terms. The contribution of storage changes to the SEB can be considerable when 30- or 60-
minute intervals are chosen as averaging period (Haverd et al. 2007; Lindroth et al. 2010;
Meyers and Hollinger 2004).

The change in S, can be captured by measuring the vertical temperature and humidity pro-
files below the EC instruments (Haverd et al. 2007; Leuning et al. 2012, 2012; Lindroth et
al. 2010, 2010; Moderow et al. 2009, 2009; Xu et al. 2019). The magnitude of the change
in S, depends on the volume of the heated air, and thus the measurement height. At low
measurement heights it is very small and can probably be neglected, but at typical meas-
urement heights above forests (30-50m) it must be considered (Lindroth et al. 2010). In
the Integrated Carbon Observation System (ICOS) network, measurements of air storage
change are mandatory (Heiskanen et al. 2022), but also other sites have been equipped with
the necessary instruments.

The change in Sj, can be calculated from temperature measurements in tree trunks. Since
the temperature variability within the biomass is very high, a large number of temperature
sensors is needed (Lindroth et al. 2010). This may explain why S, is often measured during
individual measurement campaigns but is typically not included in long-term measure-
ments. Studies have shown that the change in S}, is of the same magnitude (Lindroth et al.
2010) or even twice as high (Haverd et al. 2007) as the change in S,. The magnitude of the
change in S}, seems to depend on the biomass density (dos Santos Michiles and Gielow
2008; Haverd et al. 2007; Lindroth et al. 2010; McCaughey and Saxton 1988; Meesters and
Vugts 1996; Moore and Fisch 1986).

In addition to S, and S, there are minor metabolic storage terms like the energy uptake
through photosynthesis (Blanken et al. 1997; Meyers and Hollinger 2004; Oncley et al.
2007; Schmid et al. 2000). The contribution to the SEB is on the order of 1-2% of R,,.;.
Much of the energy stored by the ground, air, and biomass during the day is released again
at night to compensate for negative R,,.; (Oke 1987). Thus, under constant weather condi-
tions with steady daily mean temperature over several days, the positive storage change
during the day and the negative storage change at night balance each other out (Mauder et
al. 2020). The storage changes can therefore often be neglected if daily values are consid-

ered instead of diurnal variations.

1.3 Atmospheric boundary layer processes

The ABL is the lower part of the troposphere and the region where the exchange of energy
and matter, such as CO> and other greenhouse gases, between the atmosphere and the



Earth’s surface takes place. The atmospheric boundary layer is characterized by turbulent
flow. It is confined at the bottom by the Earth’s surface and at the top by a temperature
inversion that largely suppresses the exchange between the ABL and the layer above. The
height of the boundary layer is highly variable and can range from a few meters under stable
conditions to a few kilometers under unstable conditions where the inversion is lifted by
strong convection (Foken 2017; Lee 2018).

1.3.1 Secondary circulations

It was assumed for some time that most of the energy transport in the atmospheric boundary
layer occurs through small-scale turbulence that can be captured by EC measurements with
typical averaging periods of 30 minutes. However, because of the SEB gap, there has been
increased investigation of the possible contribution of larger scale eddies that are inherently
not considered in single-tower EC measurements, especially if they are not propagating
with the wind (Bernhofer 1992; Etling and Brown 1993; Foken 2008; Segal and Arritt
1992). These mesoscale eddies are also referred to as secondary circulations (SCs) (Foken
2008). As mentioned earlier, some studies found that extending the averaging period to a
few hours or even a full day partially reduced the SEB gap, which supports the assumption
of energy being transported by such mesoscale eddies.

Using lidar measurements (Eder et al. 2015) and large-eddy simulations (De Roo and
Mauder 2018; Inagaki et al. 2006; Kanda et al. 2004; Patton et al. 2016; Steinfeld et al.
2007), it was shown that SCs can in fact form in the atmospheric boundary layer under
unstable stratification, spanning the entire boundary layer vertically and reaching a hori-
zontal extent of up to 2—-3 times the boundary layer height (Paleri et al. 2022a; Stull 1988).
Two different types of SCs can be distinguished:

In idealized large-eddy simulations (LESs, see Chapter 1.3.3), it has been shown that SCs
can spontaneously occur over homogeneous surfaces (Kanda et al. 2004). In this case, they
are called turbulent organized structures (TOSs). They form at random positions and mi-
grate over the surface with time. However, since the surface temperature is influenced by
the overlying air layer, TOSs produce a spatially heterogeneous distribution of surface tem-
perature, which can lead to a reinforcement of the TOSs.

Over heterogeneous surfaces, secondary circulations occur due to thermal differences at
the surfaces. Over the warmer patches, the air heats up stronger than over the cooler
patches. The resulting pressure difference is balanced by the movement of air masses and
so called thermally induced mesoscale circulations (TMCs) develop (Inagaki et al. 2006;
Letzel and Raasch 2003) as shown in Fig. 2. The temperature amplitude and heterogeneity
scale influences the strength of the TMCs (Inagaki et al. 2006; Letzel and Raasch 2003;
Stihring et al. 2018; Zhou et al. 2019). Unlike TOSs, TMCs cannot change their position
over time because they are bound to surfaces of different temperature (Bou-Zeid et al. 2020;
Etling and Brown 1993; Kenny et al. 2017).



Under strongly convective conditions, when the horizontal wind speed is low, SCs form
cellular structures, and with increasing horizontal wind speed, they become more elongated
as they get carried away with the wind and form roll vortices (Deardorff 1972; Khanna and
Brasseur 1998; Schmidt and Schumann 1989). Under neutral to stable conditions with high
geostrophic wind speeds, the horizontal mixing is therefore enhanced and the influence of
TOSs and TMCs on the SEB gap is smaller than under free convective conditions (Katul
2019; Schalkwijk et al. 2016). However, no clear stability threshold for the shift between
cell and roll regimes was found. Instead, under moderately unstable conditions, transitional
structures occur (Park and Baik 2014; Salesky et al. 2017).

The occurrence of TOSs and TMCs may explain the improved SEB closure in some studies
but not in others (see Chapter 1.2.2). As TOSs slowly move past the EC station, their con-
tribution to the energy transport can be captured when long averaging periods are used.
However, since TMCs are bound to the underlying surface, they do not move past the EC
station, which is why their contribution to the SEB cannot be captured (Etling and Brown
1993; Segal and Arritt 1992). The surroundings of the stations where the SEB could be
closed may have been more homogeneous, so that the SCs were predominantly TOSs.

In studies with spatial EC measurements and LESs it was shown that SCs transport a con-
siderable amount of energy. In general, the vertical energy transport by SCs increases with
height and reaches its maximum in the center of the boundary layer (Paleri et al. 2023b;
Steinfeld et al. 2007). In a multitude of studies, it was found that the magnitude of the
energy transport by secondary circulations is related to the friction velocity u, and atmos-
pheric stability (Barr et al. 2006, Hendricks-Franssen et al. 2010, Stoy et al. 2006, Stoy et
al. 2013, Wilson et al. 2002, Schalkwijk et al. 2016), and the surface heterogeneity (Foken
et al. 2010, Mauder et al. 2007a, Morrison et al. 2021, Panin et al. 1998, Panin and Bern-
hofer 2008).

1.3.2 Advection by the mean flow and dispersive fluxes

Depending on the size of the study domain, SCs contribute to either advection by the mean
flow or dispersive fluxes. In Fig. 2, two different observation areas are shown. In case A, a
small volume surrounding an EC station is considered. In case B, a horizontal plane ex-
tending over several kilometers is considered. In case A, SCs contribute to vertical advec-
tion, which is the transport through the upper boundary of the volume by the mean wind,
and horizontal advection, which is the transport through the walls of the volume by the
mean wind (Foken 2017). The horizontal advection is a combination of the transport by the
horizontal background wind and the horizontal transport by SCs. It thus includes the energy
transported by the background wind, e.g., heat or moisture carried into the volume from a
neighboring warmer or moister surface (Oke 1987). In this case, it is therefore more diffi-

cult to determine the energy transport by SCs alone.
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However, in case B, the atmospheric transport by SCs can be described as the dispersive
flux. Similar to the turbulent flux being calculated as the temporal covariance at one point
(Eq. 5), the dispersive flux can be calculated as a spatial covariance of the Reynolds aver-
aged vertical wind speed w and scalar of interest s (Raupach and Shaw 1982; Wilson and
Shaw 1977) following

1
(W57 = mzx Zy(m — (@) (55 — (). (8)

The angled brackets denote spatial averaging over the chosen area in the x- and y-direction,
and the star superscript denotes the spatial fluctuation around the spatial mean. nx and ny
are the number of observations in x- and y-directions, respectively. It is also possible to
calculate dispersive fluxes from a one-dimensional transect instead of a plane, i.e., ny=1,
which is often done in aircraft-based measurements (Metzger et al. 2012; Paleri et al.
2022b). If the extent of the area or transect covers multiple complete secondary circulations,
the dispersive fluxes calculated from measurements distributed over this plane represent

nearly the entire energy transport by secondary circulations.

Figure 2 Vertical cross section through thermal surface heterogeneity induced secondary circulations and
spatial representativeness of different measurement domains with regard to heat transport by secondary cir-
culations. Red colors indicate high surface/air temperatures and blue colors indicate low surface/air temper-
atures. The arrows show the rotation direction of the secondary circulations. Case A represents a small control
volume where secondary circulations contribute to horizontal and vertical advection through the boundaries
of the box. Case B represents a large horizontal plane that spans multiple secondary circulations where the
secondary circulations contribute to the dispersive flux.

1.3.3 Options to quantify dispersive fluxes

As mentioned in Chapter 1.2, the SEB remains unclosed even after numerous measures to
improve the measurements and post processing were deployed (Mauder et al. 2020). As
discussed in Chapters 1.2.2 and 1.3.1, one major reason for this is the underestimation of
atmospheric heat fluxes due to the formation of SCs in the ABL whose contribution to the
energy transport cannot, by definition, be captured by the EC method. The energy transport
by TOSs and TMCs therefore must be quantified in addition to conventional EC measure-
ments.

It is possible to capture the energy transport by SCs by deploying spatial EC measurements
such as aircraft measurements (Foken et al. 2010; Mahrt 1998; Mauder et al. 2007b; Metz-
ger et al. 2012; Metzger et al. 2021; Paleri et al. 2022b) or multi-tower setups (Butterworth
et al. in review; Engelmann and Bernhofer 2016; Feigenwinter et al. 2008; Mahrt 1998;
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Mauder et al. 2008; Mauder et al. 2010; Morrison et al. 2022; Oncley et al. 2007; Steinfeld
et al. 2007), and calculating the dispersive flux following Eq. 8. Analogous to calculating
dispersive fluxes from spatially distributed measurements, the energy transport by SCs can
be determined in LESs. This has been done, e.g., by Kanda et al. (2004), Inagaki et al.
(2006), Steinfeld et al. (2007), and Margairaz et al. (2020a).

We can therefore consider the total atmospheric heat fluxes to be a combination of heat
fluxes generated by small-scale turbulence and captured by single-tower EC measurements

(Heyrps AEtyrp), and the heat fluxes generated by SCs, i.e., the dispersive heat flux (Hg;sp,
AEgisp):
H = Hyyrp + Haisp, 9)
and
AE = AEtyrp + AEgisp. (10)

In LESs, atmospheric heat fluxes are not affected by sensor errors and uncertainties in the
field conditions (Inagaki et al. 2006: 188; Metzger and Holmes 2007). However, former
LES studies were not able to investigate the SEB gap near the surface due to the coarse
vertical grid resolution of 20-25m (Huang et al. 2008; Kanda et al. 2004). A LES with a
finer grid resolution still seemed to underestimate the dispersive heat fluxes compared to
SEB gaps in field measurements, especially near the bottom of the domain (Steinfeld et al.
2007). One reason might be the still rather low model resolution of 10 m that does not allow
to properly resolve secondary circulations near the surface. A possible solution for this
problem is to further decrease the grid spacing. However, the vertical grid spacing is limited
by the roughness length, as the Monin-Obukhov similarity theory used at the lower bound-
ary is not applicable within the roughness sublayer (Basu and Lacser 2017). With very high
resolutions, canopies with high roughness length therefore have to be explicitly resolved in
a plant canopy model (PCM) in the LES. Another reason might be the use of prescribed
surface fluxes, which inhibits the reinforcement of TOSs and TMCs described in Chapter
1.3.1. It is possible, that the use of a land surface model (LSM) or a PCM may therefore
lead to stronger secondary circulations.

Spatial EC approaches are very costly and partly also labor intensive and realistic LESs are
computationally expensive. Therefore, these methods cannot be used on a long-term basis
at every EC station to quantify the energy transport by SCs. However, they can be applied
to perform systematic experiments that can be used to improve the understanding of ABL
processes with regard to surface heterogeneity (Beyrich et al. 2006; Butterworth et al. 2021;
Morrison et al. 2021) and develop a model that predicts the energy transport by SCs based
on parameters that can be measured more easily in situ or obtained from other sources. The
resulting model could then be used to correct the atmospheric heat fluxes (Eder et al. 2014;
Mauder et al. 2021).
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Such models have already been developed by, for instance, Huang et al. (2008) and De Roo
et al. (2018) and applied to field measurements (Eder et al. 2014; Mauder et al. 2021).
However, they do not directly predict the energy transport by SCs, but the combination of
storage changes (see Chapter 1.2.4) and dispersive fluxes, i.e., energy transported by SCs.
Both models consider the atmospheric stability and the measurement height, that were
found to be major drivers for the magnitude of the SEB gap. However, they were developed
using idealized LESs with homogeneous surfaces, which is why they do not consider the
transport by TMCs caused by thermal surface heterogeneity.

Because the imbalance model by De Roo et al. (2018) forms the basis of one of the models
developed in this work (Chapter 2.1.2), it is shortly introduced here:

Previous studies found the magnitude of the SEB gap to be correlated to friction velocity
u, (Barr et al. 2006; Hendricks-Franssen et al. 2010; Schalkwijk et al. 2016; Stoy et al.
2013; Wilson et al. 2002), atmospheric stability (Barr et al. 2006; Hendricks-Franssen et
al. 2010; Huang et al. 2008; Schalkwijk et al. 2016; Stoy et al. 2006; Stoy et al. 2013), and
the measurement height z (Huang et al. 2008; Kanda et al. 2004). Following the Bucking-
ham Pi theory (Stull 1988), the variables known to affect the magnitude of the SEB gap
were grouped into dimensionless groups, so called Pi groups, which are the measurement
height normalized with the boundary layer height z/z; and the atmospheric stability pa-
rameter u, /w,.

The friction velocity u, can be calculated as

2)1/4>' (1)

where u and v are the horizontal wind speed components in x- and y-direction, the

—2 [
u, = ((u’w’ + v'w'

Deardorff velocity w, can be calculated as
g 1/3
w. = (($zwe) ), (12)

where g is the gravitational acceleration (9.81 ms™), and z; is the height of the ABL.

Finally, two scaling functions were fitted to describe the magnitude of the imbalance ratio

() =r )R G) 13

1.4 Ecosystem-scale surface heterogeneity

I based on z/z; and u, /w,:

1.4.1 Surface characteristics causing thermal surface heterogeneity

Most surfaces on Earth are heterogeneous on the ecosystem scale, i.e., on the scale of 100 m
to a few kilometers. Even some landscapes that appear homogeneous at first glance, in fact,
feature heterogeneities of different surface properties. The 2019 Idealized Planar-Array ex-
periment for Quantifying Spatial heterogeneity (IPAQS) (Morrison et al. 2021) was carried
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out in a flat area with very low and uniform surface roughness in a dry-lake-bed desert
south-west of Salt Lake City (Utah). Nevertheless, large spatial variability in surface tem-
perature was observed due to the heterogeneous coverage of the soil by salt crusts that alter
the albedo (Morrison et al. 2021).

The albedo describes the share of incoming solar radiation that is reflected at a surface and
thus influences how much energy is available to heat the surface and the overlying air. It
varies strongly between different surface types, with very high albedos found in fresh snow
and very low albedos found in dark, wet soils and coniferous forests. The albedo of a sur-
face can vary on different temporal scales: the albedo of water depends on the solar altitude
and therefore varies over the course of a day, the albedo of snow decreases as the snow
cover ages and becomes dirty, and the albedo of deciduous trees varies seasonally (Oke
1987).

However, there are more surface characteristics that influence the surface temperature: The
orientation of a sloped surface determines the radiation density of the incoming solar radi-
ation. This also influences the available energy at the surface and resulting heating. The
magnitude of surface heating caused by a certain amount of available energy further de-
pends on the heat capacity of the material and the material’s ability to transport heat, since
these parameters determine the volume over which the supplied energy is distributed (Oke
1987).

Another parameter that has a strong influence on the surface temperature is the water avail-
ability at the surface. Not only does it affect the heat capacity and conductivity of the soil
but it also enables the vaporization of water. During vaporization, the water absorbs energy
which is then transported away from the surface through the latent heat flux. The surface
is thus not heated as much as a similar but dry surface (Oke 1987).

In field measurements, however, it is very difficult to consider the effect of thermal surface
heterogeneity in isolation, as the parameters determining the surface temperature do not
change independently, but in combination with other properties of different surface types,
which can affect ABL processes in different ways (Panin et al. 1998). For example, vege-
tation types differ in roughness, which can affect atmospheric transport processes (Panin et
al. 1998; Panin and Bernhofer 2008), large differences in vegetation height can cause forest
edge effects (Kanani-Siihring and Raasch 2015, 2017; Kenny et al. 2017), and in landscapes
with pronounced topography, dynamic effects strongly influence the wind in addition to
thermodynamic effects caused by the thermal surface heterogeneity (Oke 1987).

1.4.2 Scales and spatial distribution of thermal surface heterogeneity

As mentioned in Chapter 1.3.1, thermal surface heterogeneity can cause the development
of TMCs and thereby influences the mechanisms of energy transport in the ABL. By com-
paring SEB gaps observed at different EC sites and deploying spatial EC measurements, it

was found that not only the flux footprint but the entire landscape surrounding an EC station
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had to be considered, as TMCs are caused by thermal surface heterogeneity of larger scales
(Foken et al. 2010; Mauder et al. 2007a; Panin and Bernhofer 2008; Xu et al. 2017).

Zhou et al. (2019) found that the magnitude of the SEB gap increased with increasing het-
erogeneity length scale until the heterogeneity length scale was on the order of the boundary
layer height. With larger heterogeneity scales, the SEB gap was found to decrease again.
This supports the findings from field measurements and indicates that thermal surface het-
erogeneities with spatial scales on the order of the boundary layer height cause the strongest
TMCs, thereby decreasing the share of atmospheric energy transported by single-tower EC
measurements.

Bou-Zeid et al. (2020) further discussed different classes of surface heterogeneity and their
influence on the ABL: Semi-infinite interfaces are regions where two very large patches
such as ocean and land meet and contribute to macroscale heterogeneity. Since they exhibit
much larger scales than the height of the ABL, they behave largely like homogeneous sur-
faces with respect to TMCs, except for the boundary regions where temperature differences
can cause large circulations, such as the land-sea breeze (Bou-Zeid et al. 2020; van
Heerwaarden et al. 2014). Statistically homogeneous patches of land are surfaces that are
patchy on a smaller scale (micro — meso) and appear homogeneous at regional scales (Brut-
saert 1998). If the patches are very small (microscale), the heterogeneity affects only a few
meters near the surface and above, the ABL processes are similar to those over homogene-
ous surfaces (Bou-Zeid et al. 2004; Mahrt 2000). However, if the patches are on the order
of a few hundred meters to kilometers (mesoscale), they can cause TMCs (Inagaki et al.
2006; Kang and Lenschow 2014; Patton et al. 2005; Siihring and Raasch 2013; van
Heerwaarden et al. 2014). Large, isolated patches differ from their surroundings and con-
tribute to heterogeneity on the mesoscale. They can also cause TMCs (Eder et al. 2015;
Omidvar et al. 2020). Finally, unstructured heterogeneity is a mix of the previously de-
scribed heterogeneity classes.

Especially in landscapes with unstructured heterogeneity, which is the most common het-
erogeneity class (Bou-Zeid et al. 2020), it is difficult to determine the heterogeneity length
scale, as each patch has a different size and shape. One option do determine the heteroge-
neity length scale is the approach presented by Panin and Bernhofer (2008): By applying a
Fourier transform to transect measurements of the scalar of interest across the landscape,
spatial spectra are calculated. The location of the maximum of the spectrum represents the
predominant length scale that contributes most to the variability of the scalar. Panin and
Bernhofer (2008) used this method to calculate the length scale of roughness length heter-
ogeneity, but it can be applied similarly to thermal surface heterogeneity (Wanner et al.
(2023) in Appendix D).
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1.4.3 The thermal heterogeneity parameter

Based on a set of idealized LESs with thermally heterogeneous surfaces featuring var-
ying patch sizes, Margairaz et al. (2020b) developed a nondimensional thermal hetero-
geneity parameter. It depends on both the heterogeneity length scale (Ly, in this case
the patch size) and the amplitude of surface temperatures AT, normalized with the tem-
porally and spatially averaged surface temperature (T). It also takes the characteristic
length scale of the SCs into account, that are influenced by buoyancy and wind speed
which determine the shape of the SCs (Chapter1.3.1). The thermal heterogeneity pa-

rameter is defined as

L, AT
_J9 L — (14)
(Ug)?(Ts)
with Uy being the geostrophic wind speed and
AT = (|Ts — (T (15)

1.5 Objective

The main objective of this work is to develop a model of the energy transport by secondary
circulations (TOSs and TMCs) using a semi-empirical approach. This model is supposed
to be applicable to any EC station without many additional measurements to correct the
atmospheric heat fluxes.
To achieve this goal, the following intermediate objectives were defined:
(1) Investigate which conditions lead to the most realistic energy transport by second-
ary circulations in LESs.
(2) Further develop the imbalance model of De Roo et al. (2018) to include the effect
of thermal surface heterogeneity.
(3) Develop a comprehensive and universally applicable model for the transport of sen-
sible and latent heat by secondary circulations.
(4) Test the new model and demonstrate how it can be applied to correct EC field meas-

urements.
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2 METHODS

To achieve the objectives defined in Chapter 1.5, different methods were combined. To
systematically develop the models of the surface energy imbalance and dispersive fluxes,
idealized LESs were applied (Chapter 2.1). To test the resulting model of energy transport
by SCs, realistic LESs and EC field measurements were used. The realistic simulations and
field measurements were generated within the NSF/DFG-funded Chequamegon Heteroge-
neous Ecosystem Energy-balance Study Enabled by a High-density Extensive Array of De-
tectors project (CHEESEHEAD19, Butterworth et al. 2021) which is introduced in Chapter
2.2.1. The field measurements were furthermore complemented by additional datasets gen-
erated from satellite imagery and reanalysis data presented in Chapter 2.2.3. This Chapter
provides an overview of the used methods. Further details can be found in the respective
publications in the Appendices B-D.

2.1 Idealized large-eddy simulation studies

This work is mainly built upon idealized LESs. Similar to direct numerical simulations
(DNSs), LESs are based on the Navier Stokes equations which describe the laminar and
turbulent motion of viscous fluids (Frohlich 2006). In DNSs, however, the grid spacing
must be sufficiently small to resolve even the smallest eddies explicitly, which is why such
a simulation of the entire ABL would not be feasible (Foken 2017). In LESs, larger grid
spacings can be applied, since only the larger eddies have to be explicitly resolved, while
the smaller ones are parameterized with a sub-grid scale model (Foken 2017; Frohlich
2006). Since approximated Navier Stokes equations are solved for each individual time
step, spatial structures are resolved much better in LESs than in so-called RANS (Reynolds-
averaged Navier Stokes). The latter only solve simplified stationary, i.e., Reynolds-aver-
aged, Naver Stokes equations (Frohlich 2006). Thus, LESs provide a compromise between
spatial and temporal resolution and computation time and are widely used in the field of
micrometeorology to simulate the ABL (Foken 2017; Frohlich 2006).

LESs offer several advantages over field measurements that are relevant to addressing the
objectives. The most important advantage is that it is possible to control a wide range of
factors, such as atmospheric conditions, surface characteristics and boundary conditions,
and that the boundary conditions are known (Inagaki et al. 2006; Siihring et al. 2018). This
enables the targeted variation of a single parameter while all other parameters remain un-
changed, which is an important prerequisite for studying the influence of a single parameter
on atmospheric processes. Additionally, by using cyclic horizontal boundary conditions, it
is possible to investigate a quasi-infinite area without any possible influences by neighbor-

ing surfaces with different characteristics.
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Furthermore, advanced LES codes generally enable high spatial and temporal resolution
through massive parallelization on a suitable high-performance computing infrastructure.
All atmospheric information is available in each grid point at each time step (Schalkwijk et
al. 2016). Such a spatial coverage would not be possible in field measurements. Addition-
ally, the virtual measurements in LESs are not affected by possible measurement errors and
gaps in the data (Inagaki et al. 2006; Schalkwijk et al. 2016; Siihring et al. 2018).

Three studies using different sets of idealized LESs were carried out. First, the effect of
lower boundary conditions on the development of dispersive fluxes in LESs was investi-
gated (Chapter 2.1.1). Second, an existing model of the surface energy imbalance over ho-
mogeneous surfaces was developed further to consider the effect of thermal surface heter-
ogeneity (Chapter 2.1.2). Finally, a model of dispersive heat fluxes, representing the energy
transport by TOSs and TMCs, was developed, including the effect on the transport of water
vapor (Chapter 2.1.3).

2.1.1 Investigation of the effect of lower boundary conditions on the de-
velopment of dispersive fluxes in large-eddy simulations

This Chapter is a summary of the methods used to compare the effect of different lower
boundary conditions on dispersive fluxes in LESs. A more detailed description of both, the
LES setup and the data processing procedure, can be found in Wanner et al. (2022a) in

Appendix B.

Set-up of the large-eddy simulations

In this study, PALM v6 was used, which is a parallelized LES model based on the non-
hydrostatic Boussinesq approximation to the incompressible Navier Stokes equations (Ma-
ronga et al. 2020). A highly idealized set-up was employed, that comprised homogeneous
surfaces and cyclic horizontal boundary conditions. To increase the resolution near the sur-
face, a vertically nested child domain with a small grid spacing was deployed in the lowest
240 m of the domain, using the vertical two-way coupled grid nesting technique by Hellsten
et al. (2021) that was already implemented in PALM.

Two different vegetation types were used to compare prescribed surface fluxes (PSF) with
a LSM (Gehrke et al. 2020) or a combination of the LSM and a PCM (Maronga et al. 2015)
provided in PALM. For the comparison with the LSM only, a short grassland was chosen
as vegetation type, and for the comparison with LSM+PCM, a forest was used, which was
explicitly resolved by the PCM, as shown in Fig. 3. Since the LSM calculates the surface
fluxes based on R,,,;, a radiation model needed to be deployed. The built-in clear sky radi-
ation model was used, but a constant solar zenith angle was applied for improved compa-

rability with the PSF simulations, and to systematically change R,,.;.
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Figure 3 Schematic illustration of the lower boundary conditions that are compared for the two investigated
vegetation types. The red and blue arrows represent the sensible and latent surface heat fluxes in the simula-
tions with prescribed surface fluxes (PSF). The colored area represents the land surface model (LSM), and
the box represents the resolved canopy in the simulations with plant canopy model (PCM) (from Wanner et
al. (2022a)).

The varying Ry, was combined with different geostrophic wind speeds (Uy) to generate a
range of atmospheric stability regimes: free convective (Rt =450 Wm™, Uy =0ms™),
strongly unstable (R, =350 Wm™?2, Uy =2ms™), and moderately unstable conditions
(Rpet=250Wm?, Uy=5ms™).

In the LSM+PCM simulations, the vegetation was explicitly resolved by PALM’s PCM
that adds a momentum sink, interacts with radiation, and calculates the volume of heat and
water vapor released by the canopy (Kr¢€ et al. 2021; Maronga et al. 2015). However, the
PCM is not coupled with the LSM and assumes no limitation to transpiration due to the
water availability in the soil. A horizontally uniform leaf area density profile following
(Patton et al. 2016) was used to inform the PCM.

The PSF simulations were set up with temporally and spatially constant prescribed surface
fluxes based on the temporally and spatially averaged fluxes resulting from different R,,,;
in the LSM and LSM+PCM simulations. Furthermore, the roughness lengths where set to
match the vegetation types used in the LSM and LSM+PCM simulations. However, the
roughness length for the forest simulations had to be decreased to 0.25m due to the low

grid resolution.

Data processing

To investigate how comparable the PSF and LSM(+PCM) simulations are, 30-minute sur-
face fluxes of sensible and latent heat and horizontally averaged vertical profiles of hori-
zontal wind speed, the vertical component of the wind speed, and potential temperature
were compared. The surface was defined to be located at the canopy top in all simulations,
i.e., at the lower boundary of the domain in the PSF and LSM simulations, and at 20 m
above the lower boundary in the LSM+PCM simulations.

The dispersive heat fluxes were calculated following Eq. 8. For better comparability among
different atmospheric conditions, the dispersive flux contributions were scaled with the
surface fluxes. For the PSF and LSM simulations, the surface fluxes are directly provided

in the LES output. However, for the simulations with the PCM, the surface flux was
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calculated as the sum of the resolved heat fluxes, calculated following Eq. 5, and sub-grid-
scale contributions 20 m above the lower boundary.
Furthermore, flux-variance similarity functions were investigated to explain the differences
in dispersive heat fluxes over the forest. Following Panofsky et al. (1977), the similarity
function for the wind component in x-direction (&, ) was calculated as

(uul*t ) _ o, (ZL_b) (16)

where u is the wind component in x-direction, u, is the friction velocity (Eq. 11), z;, is the

height above the lower boundary, and L is the Obukhov length. The flux-variance similarity
functions for the vertical wind component (®,,) and the potential temperature (®4) were
calculated by replacing u with the vertical wind speed w and the potential temperature 8,

respectively, and u, with the temperature scale T,.

2.1.2 Incorporation of the effect of thermal surface heterogeneity in a
model of the surface energy imbalance

This Chapter summarizes the methods used to further develop the surface energy imbalance
model by De Roo et al. (2018) by including the thermal heterogeneity parameter introduced
by Margairaz et al. (2020b) to account for the effect of thermal surface heterogeneity on
the surface energy imbalance. A more detailed description of both, the LES setup and the

data processing procedure, can be found in Wanner et al. (2022b) in Appendix C.

The large-eddy simulation dataset

For this study, a LES dataset originally developed by Margairaz et al. (2020a), who em-
ployed a pseudo-spectral LES approach (Albertson and Parlange 1999; Bou-Zeid et al.
2005; Calaf et al. 2011; Margairaz et al. 2018; Moeng 1984), was used.

The dataset consists of 32 simulations in total, with different combinations of surface tem-
perature distribution and geostrophic wind speed. In all simulations, an idealized dry ABL
was simulated over a flat surface with homogeneous roughness with a domain size of (L,
ly, l,)=(2m, 2n, 2)km and a grid-spacing of (4x, 4y, 4z)=(24.5, 24.5, 7.8) m. The atmos-
pheric conditions were forced by geostrophic wind speed, varying between 1ms™ and
15ms™ at the top, and a fixed surface temperature at the bottom of the domain. In one set
of simulations, the surface temperature was homogeneous (HM). In the other three simula-
tion sets (HT200, HT400, HT800), spatially heterogeneous surface temperatures with patch
sizes of 200m, 400 m, and 800 m were prescribed as shown in Fig. 4. The surface temper-
ature Ty was always 295K on average, with a standard deviation of 5 K in the simulations
with heterogeneous Ty. The initial air temperature was 290 K, i.e., 5K lower than T, caus-
ing the development of a convective ABL. The analysis is based on data collected for 30

minutes after a spin-up time of 4 hours.
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Figure 4 Temperature distribution at the surface for the three sets of simulations with heterogeneous surfaces.
The patch sizes from left to right are 200 m, 400 m, and 800 m (from Wanner et al. (2022b)).
Model development
The Buckingham Pi theory was followed to further develop the model of De Roo et al.
(2018). According to Stull (1988), it follows four steps, which are (1) select variables that
are relevant to the problem, (2) organize the selected variables into dimensionless groups,
(3) perform an experiment to determine the values of those dimensionless groups, and (4)
describe the relationship by fitting an empirical curve to the data.
The dimensionless groups used by De Roo et al. (2018) are u,/w,, a measure of atmos-
pheric stability, and z/z;, which accounts for the influence of the measurement height. To
include the effect of thermal surface heterogeneity, a third dimensionless variable group,
the thermal heterogeneity parameter H introduced by Margairaz et al. (2020b), was added.
This resulted in a set of three scaling functions to model the imbalance ratio I:
U, z U, z

Gz t) = R (G R () P an
The first dimensionless variable group u,/w, was calculated following Eq. 11-12. The
ABL height z; was determined as the height at which the total sensible heat flux becomes
zero before reaching the capping inversion. The second dimensionless variable group z/z;
is the measurement height normalized with the height of the ABL.
The third dimensionless variable group is the thermal heterogeneity parameter H defined
by Margairaz et al. (2020b) and was calculated following Eq. 14-15. As heterogeneity
length scale Ly, the patch sizes (i.e., 0m, 200m, 400 m, 800 m) were used.
Because only 30-minute averages were available, the spatially averaged turbulent heat flux
H, i.e., the flux contribution that would be captured by typical single-tower EC measure-

ments, was calculated as
H = (w8 — w0 + Hyy), (18)

where temporal averaging over 30 minutes is indicated by the overbar and spatial averaging
is indicated by the angled brackets. The surface heat flux Hg was extracted from the heat

flux H at the lowest grid point. For each level, the imbalance ratio I was then calculated as

H, — H(z)

1(z) = —g (19)
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where z is the height above the surface.

Following De Roo et al. (2018), F; was assumed to be an exponential function of the form
F, = aexp(bu,/w,) + c and F, was assumed to be a linear function of the form F, =
iz/z; +j,with a, b, c, d, and e being fitting constants.

First, a set of reference models consisting of only F; and F, like the model by De Roo et
al. (2018) (Eq. 13) was developed: F; was fitted to 1(0.04 z;) separately for each set of
simulations (HM, HT200, HT400, and HT800). The height of 0.04 z; was chosen following
De Roo et al. (2018) to represent the conditions within the surface layer where EC meas-
urements are typically performed. Second, one joint F, was fitted to I /F; for all simulation
sets, where Fy gy, F1 yr2005 F1,H7T4005 OF F1 HT800 WeTE used as Fj, respectively.

To include Fzaccounting for the effect of thermal surface heterogeneity in the model, the
first scaling function for the homogeneous cases, i.e., Fy gy was used for all simulation
sets. To describe the remaining variability due to thermal surface heterogeneity, F; was fit
to 1(0.04 z;) /Fy yu- Based on the investigation of the relationship between 1(0.04 z;)/
F; yy and H, F3 was assumed to be a linear function of the form F; = m H + n withm
and n as fitting constants. After determining F3 by fitting it to 1(0.04 z;)/F; yuy, F; was
determined by fitting it to I /F; gy /F3.

2.1.3 Development of a model of dispersive heat fluxes

This Chapter is a summary of the methods used to develop a dispersive heat flux model.
More information on both the LESs and the data processing can be found in Wanner et al.
(2023) in Appendix D. The methods used to apply the model are described in Chapters
2.2.2 and 2.2.3.

Setup of the large-eddy simulations

PALM v6 (Maronga et al. 2020) was used for this study. Generally, the setup was based on
the simulations by Margairaz et al. (2020a), which were used to include the effect of ther-
mal surface heterogeneity in the model of the surface energy imbalance (Wanner et al.
2022b) and the same domain size, grid-spacing, and patch sizes were used (Chapter 2.1.2).
However, it was not possible to prescribe temporally constant and spatially heterogeneous
surface temperatures (Ts) in PALM. The simulations were therefore initiated with a spa-
tially homogeneous surface temperature of 285K, and spatially heterogeneous surface
fluxes of sensible and latent heat (H,, AE) were directly prescribed rather than caused by
differences in Tj.

Since both sensible and latent heat fluxes are simulated, the Bowen ratio was varied (0.1—
1.3) in addition to different geostrophic wind speeds (0.5-9ms™') and patch sizes (homo-
geneous, 200-800 m). Furthermore, simulations were performed with different standard de-
viations of the surface fluxes (Hg: 52-70 Wm™, AE;: 64-86 Wm™) and different sums of
H, and AE; (189-741 Wm™). A total of 148 simulations were performed with different

22



combinations of surface heterogeneity, surface fluxes, and moderately to strongly convec-
tive atmospheric conditions.

In all simulations, the same initial vertical profiles of potential temperature and mixing ratio
were used, following De Roo et al. (2018). Data was collected for a 30-minute averaging

period after 4 hours of spin-up time.

Model development
The data set generated in the 148 simulations is very complex due to variation in numerous
parameters, making it difficult to identify relationships with individual groups of variables
and fit appropriate scaling functions. In addition, the surface temperature evolves as a func-
tion of atmospheric fluxes. As a result, the surface temperature is not truly homogeneous
even in simulations with spatially homogeneous surface fluxes (Fig. 11 in Wanner et al.
(2023), Appendix D) and the heterogeneous surface fluxes do not yield surface tempera-
tures quite as systematic as in the previous idealized LESs. This complicates the definition
of a reference group, as used in Wanner et al. (2022b) to fit F; ;) (Chapter 2.1.2). To ad-
dress this complexity, a machine learning approach was used to develop the model. The
training data was collected from the LESs:
The dispersive fluxes at each height z were calculated following
Ha(2) = (W*8°)(2) cpp (20)

and

AEq(z) = (W*q")(2) Avp, 21
where the spatial covariances (w*8*) and (w*q*) were calculated following Eq. 8, cp is the
heat capacity of air, p is the air density, and A, is the latent heat of vaporization.
The same dimensionless variable groups as in Wanner et al. (2022b) were used as predic-
tors, but supplemented with vertical gradients of potential temperature 6 and mixing ratio
q to account for the different magnitude in gradients to be balanced by the transport by
SCs.
Again, u, /w, was calculated following Eq. 11-12 for one grid level near the surface and z
was normalized with the ABL height z;, defined as the height were (w'8’) becomes nega-
tive for the first time from the surface. The thermal heterogeneity parameter H was calcu-
lated following Eq. 14—15. Instead of simply using the patch sizes, the heterogeneity length
scale Ly, was calculated following the spectral approach by Panin and Bernhofer (2008)
(Chapter 1.4.2), and AT was calculated as the standard deviation of T;. All predictor varia-
bles were temporally averaged over 30 minutes and spatially averaged over the entire hor-
izontal extent of the domain.

The vertical gradients of 8 and g were calculated between the surface values and the center
of the ABL following
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(45) = (5)(0m) —(5)(0.5 z), (22)

where s represents 6 and q, respectively.

A random forest machine-learning model (Breiman 2001) was used to predict H; and AE;
from all 148 simulations and at different heights within the surface layer. Two separate
models were trained for H; and AE,;, with (Af) as a fourth predictor variable for H; and
(Ag) as a fourth predictor variable for AE,;.

The resulting models were evaluated with a leave-one-simulation-out-cross-validation
where H; and AE; were predicted for each simulation with the model trained with the data
from all other simulations but not the respective simulation itself. Because the result of the
random forest algorithm slightly varies due to the randomly chosen samples, this was re-
peated 100 times. Furthermore, so-called SHAP (Shapley Additive explanation) values
(Lundberg et al. 2020; Lundberg and Lee 2017), which estimate the contribution of each
predictor variable to the variation of the predictions, were calculated as a metric of the

importance of each predictor variable.

2.2 Evaluation of the model of dispersive heat fluxes for
CHEESEHEAD19

This Chapter is a summary of the methods used to apply the dispersive heat flux model,
hereafter referred to as DHFM, to CHEESEHEAD19 LESs and field measurements. First,
the CHEESEHEADI19 project (Butterworth et al. 2021) is introduced (Chapter 2.2.1). Sec-
ond, the application of the DHFM to LESs is described, where the focus lies on the direct
comparison of dispersive heat fluxes predicted by the DHFM and the dispersive heat fluxes
produced by the LESs (Chapter 2.2.2). Finally, the model is applied to CHEESEHEAD19
field measurements to investigate, how well it is suited as a correction method to close the

SEB gap in conventional EC measurements (Chapter 2.2.3).

2.2.1 The CHEESEHEAD19 project
The CHEESEHEAD19 (Chequamegon Heterogeneous Ecosystem Energy-balance Study

Enabled by a High-density Extensive Array of Detectors) campaign was carried out in
northern Wisconsin from June to October in 2019 on a 10 x 10km? area centered around
the 400 m tall AmeriFlux tower US-PFa (45.9459, -90.2723, Desai et al. (2022)). As shown
in Fig. 5, the area is covered by deciduous and coniferous forests, swamplands, and water
bodies. Numerous collaborators contributed a large variety of ground based and airborne
measurements, including flux measurements at EC towers and with aircraft, profile meas-
urements of different variables using radiosondes and lidars, airborne surface temperature
measurements, and phenological observations. Some measurements were performed over

the entire duration of the campaign, while others were executed additionally during three
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intensive observation periods (IOPs). Butterworth et al. (2021) provide a detailed descrip-

tion of the campaign.
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Figure 5 Land cover map featuring EC tower locations and LES domain extents. The map shows landcover
types extracted from the WISCLAND 2.0 dataset (Wisconsin Department of Natural Resources 2016). The
orange points show the locations of the 16 EC field stations used to test the dispersive heat flux model. The
extent of the map corresponds to the C1 domain in the CHEESEHEAD19 LESs and the white square shows
the border of the C2 domain. The domains are centered around the WLEF Tall Tower (US-PFa, 45.9459, -
90.2723) depicted by the star (from Wanner et al. (2023)).

The CHEESEHEAD19 large-eddy simulations

A variety of observations gathered during the CHEESEHEAD19 campaign was used to
inform realistic LESs of several days during two of the intensive observation periods
(IOPs). To test the DHFM, the simulations of two days during the August [OP (Aug 22-23
2019) were used, which consist of eight ensemble simulations. The simulations were car-
ried out with PALM v6 and consist of a parent domain with two 3D child domains that
were recursively nested within each other to provide a high spatial resolution at the location
of the CHEESEHEAD19 area. The areas covered by the childl (C1, medium spatial reso-
lution) and child2 (C2, high spatial resolution) domains are shown in Fig. 5. Lateral and
top boundary conditions were informed by the National Centers for Environmental Predic-
tion (NCEP) High Resolution Rapid Refresh data assimilation product (Blaylock et al.
2017; Horel and Blaylock 2017). At the lower boundary, a LSM and a PCM were used,
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which were informed by the WISCHLAND 2.0 dataset (Wisconsin Department of Natural
Resources 2016) and a variety of observations from the CHEESEHEAD19 campaign.

The CHEESEHEAD19 EC measurements

Throughout the entire duration of the campaign, a tower network comprising 17 EC towers
was operated by the National Science Foundation Lower Atmosphere Observing Facility’s
Integrated Surface Flux System. The resulting dataset was used to test the DHFM. One
station was discarded from the analysis due to its location at a steep lake shore, since to-
pography effects are not considered in the DHFM. The locations of the remaining 16 EC
stations are shown in Fig. 5. The EC stations are placed above different vegetation types,
that are pine forest (NW1, NE1, NE2, SE6), aspen forest (NW2, SW1, SW2, SE3, SES),
maple forest (NE4), hardwood forest (NE3, SW3, SW4, SE2), and tussock (NW3, SE4).
The measurement heights were adapted to the vegetation heights, and thus were only 3 m
above the ground at the tussock sites and varied between 12 m and 32 m at the forested sites
(Table 2 in Wanner et al. (2023), Appendix D).

H; and AE, were calculated from detrended 20 Hz measurements of vertical wind speed,
dry air temperature, and water vapor concentration. A double rotation coordinate rotation
was applied to the wind measurements, a correction for the effect of water vapor on the
sonic speed was applied to extract the dry air temperature from sonic temperature measure-

ments, and density effects were corrected.

2.2.2 Application of the model to CHEESEHEAD19 large-eddy simulations
To model the dispersive fluxes in the CHEESEHEAD19 LESs with the DHFM, all predic-

tor variables had to be computed from the LES output. For each 30-minute interval, u, /w,
was calculated directly above the surface following Eq. 11-12 and then horizontally aver-
aged. The surface is defined to be located at the lower boundary of the domain in all non-
forested locations, and at the canopy height z. in all forested locations, where the canopy
was explicitly resolved by the PCM.

Again, z; was defined as the height where (W'8’) becomes negative for the first time from
the surface. Different height levels up to 60 m above (z.) (22.08 m) were considered, but
only if z/(z;)<0.1, because the DHFM can only be applied within the surface layer. The
domain-averaged displacement height introduced by the canopy was estimated to be
15.46 m and was considered in the calculation of z/(z;).

To calculate H following Eq. 14-15, T, was extracted from the LES surface temperature
in all non-forested locations and from the air temperature at z. in all forested locations. To
calculate AT, (Ty), and Ly, the extent of the C2 domain was used. AT was calculated as the
standard deviation of T, and the spectral approach by Panin and Bernhofer (2008) was used

to determine L. (U_g) was extracted from the horizontal wind speed at 1.1 (z;).
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The gradients of (8) and (q) were calculated following Eq. 22 with values extracted from
the C1 domain at the second grid layer and 0.5 (z;).

To exclude 30-minute intervals with stable or neutral atmospheric conditions, the sensible
surface heat flux was extracted. Again, the surface flux provided by the LESs was used in

the non-forested locations. In the forested locations, the surface heat flux was calculated as
H = (W — W8)(z.) + (W°0°)(2.)) cpp(zc) + Hygs(ze). (23)

All 30-minute intervals with (H;) <10 W m™ were discarded.

The DHFM was set up by training the random forest algorithm with the data extracted from
the 148 idealized LESs (Chapter 2.1.3) and applied to all remaining 30-minute intervals to
predict the sensible and latent dispersive heat fluxes (Hg 04 and AE; 104). For the results
presented in Chapter, the fit and application of the DHFM was repeated 100 times and the
predictions of all 100 cycles were averaged, whereas the results in Wanner et al. (2023)
were so far based on only one random fit of the DHFM. To evaluate how well the DHFM
predicts the dispersive heat fluxes, Hy 104 and AE; ;04 Were compared to the dispersive
heat fluxes produced by the LESs (Hg;  gs and AE; | gs) which were calculated following
Eq. 8 and Eq. 20-21.

2.2.3 Application of the model to CHEESEHEAD19 field measurements

The model was applied as a SEB correction method to the flux measurement dataset from
the 16 CHEESEHEADI19 EC stations. Therefore, only 30-minute intervals during which
all available SEB measurements were running could be considered. These are measure-
ments of net radiation (R,,.;), sensible and latent turbulent heat fluxes (H; and AE}), latent
and sensible heat storage changes in the air (H,g; and AE,s;), and ground heat flux (G).
Only 30-minute intervals with R,,.; >0 W m™? and H,>10 W m™ were used for this analysis,
since the DHFM was only developed for unstable conditions. Furthermore, 30-minute in-
tervals with (H; + AE;) >1.5 Ry or (Hy + AE; + Hyge + AEpg:) <0.5 Ryer were dis-
carded, because the first case is very unrealistic and in the second case, the SEB gap would
be larger than the measured fluxes and storage terms, resulting in a very high uncertainty.
Since the DHFM uses spatially averaged predictor variables, it is not possible to gather the
necessary information at typical EC stations. While a lot of additional measurements were
performed during the CHEESEHEAD19 campaign that could at least partially provide the
predictor variables, this is not the case at typical EC stations, either. To test the model under
realistic conditions, no additional CHEESEHEAD19 data was used.

Instead, the atmospheric variables were extracted from ERAS reanalysis data (Hersbach et
al. 2023a, 2023b). Variables provided at pressure levels were extracted by deriving the
height of each pressure level with the barometric formula and then linearly interpolating to

the desired height. Uy, is the horizontal wind speed at 1.1 z;, and 6 and g were derived from
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the output at 0.5 z;. The single level output directly provided z; and u, and the 2 m values
of 6, q, and w, were also derived from the single level output.

The surface variables were extracted from land surface temperature fusion maps provided
by Desai et al. (2021). These surface temperature maps have a spatial resolution of 50 m
and a temporal resolution of 1 hour and were developed by combining observations from
different satellites. For each EC station, a 10 x 10km? area centered around the station was
used to calculate ATy, (Ts), and Lj,.

All predictor variables were then fed into the DHFM to predict the sensible and latent dis-
persive heat fluxes (Hg poq and AE; 1,04). This step was repeated 100 times and the pre-
dictions of all cycles were averaged. The sum of H;, AE;, Hps¢, AEpst, Hamoa, and AE g moq
was then compared to the total available energy (R,,.; — G) to investigate if the SEB could

be closed.
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3 RESULTS & DISCUSSION

In this Chapter, the main findings from the three studies contributing to this work are pre-
sented and discussed. First, the influence of lower boundary conditions on the magnitude
of dispersive fluxes is investigated (Chapter 3.1), and second, the further developed model
of the surface energy imbalance with respect to thermal surface heterogeneity is presented
(Chapter 3.2). Finally, the MDHF is introduced and applied to realistic LESs and field
measurements, where the focus lies not only on evaluating the performance itself, but also

on its applicability as a correction method for EC field measurements (Chapter 3.3).

3.1 The choice of lower boundary conditions and its effect on
dispersive fluxes

This Chapter summarizes the main findings from the study on the effect of different lower
boundary conditions on dispersive fluxes. More details can be found in Wanner et al.
(2022a) in Appendix B.

To investigate whether surface conditions allowing for feedbacks between the surface and
the atmosphere cause stronger dispersive fluxes in LESs, idealized simulations were carried
out with traditionally used PSF and with a LSM and PCM over two different vegetation
types. For a grassland, simulations with PSF were compared to simulations with a LSM,
and for a forest, simulations with PSF were compared to a combination of a LSM and a
PCM.

A comparison of horizontal cross-sections of 30-minute averaged vertical wind speed w
between forest simulations with PSF and LSM+PCM as lower boundary conditions shows
that cellular and striped patterns near the canopy top are more pronounced in the
LSM+PCM simulations across all atmospheric stabilities (see Fig. 3—5 in Wanner et al.
(2022a) in Appendix B). This implies that secondary circulations reach closer to the canopy
top when the LSM and PCM are used. With larger distance to the canopy top, a difference
can still be observed, but is less pronounced.

To investigate the effect of PSF and LSM(+PCM) on the dispersive fluxes, the differences
between total dispersive fluxes F; = H; + AE; are shown for each height z up to 100m
above the canopy in Fig 6. Positive values indicate that F,; observed in the LSM(+PCM)
simulations is larger than F,; in the PSF simulations. In the grassland simulations (light
green), Fy oy 1s always smaller than F; pgr and the difference increases linearly with
height and also with instability.

The behavior of F; in the forest simulations (dark green) is more complex. Fy pgr ap-
proaches zero near the canopy top, while Fy ;sp4pcy does not decrease so strongly near

the surface and instead reaches values of 1.14+0.09% under moderately unstable
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conditions (MU), 2.76 £0.21 % under strongly unstable conditions (SU), and 5.78 £0.45%
under free convective conditions (FC). Therefore, Fy ;sp+pcym 18 larger than Fj; psr near the
canopy top and the difference increases with instability. However, further up in the ABL,
no uniform behavior of F; can be observed across the different atmospheric conditions.
About 20 m above the canopy top, Fy ;spm+pcy 18 smaller than Fy; psr under MU conditions,
but similar to F psr under SU and FC conditions. Even further up, at about 80 m above the
canopy top, Fy ;sm+pcy 18 similar to Fy pgr under MU conditions, larger than Fj pgr under
SU conditions, and smaller than Fj; psr under FC conditions. Generally, the differences are
smaller under MU and SU conditions compared to the differences under FC conditions.
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Figure 6 Profiles of differences between 30-min averaged dispersive fluxes in LSM(+PCM) simulations and
respective PSF simulations for moderately unstable (MU), strongly unstable (SU), and free convective (FC)
atmospheric stabilities. The y-axis shows the height above the vegetation top z,,. Modified after Wanner et
al. (2022a).

The investigation of vertical profiles of the flux variance similarity functions @, and ®,,
helps to explain this behavior. Similar to the magnitude of dispersive fluxes, @, and ®,,
depend on the atmospheric stability and for all stabilities, they are larger in the LSM+PCM

simulations compared to the PSF simulations near the canopy top.
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The reason is that @, and @, are forced to zero at the lower boundary of the domain, which
represents the canopy top in the PSF simulations. In the LSM+PCM simulations the canopy
is resolved, the canopy top is lifted up from the lower domain boundary, and &, and @,
are not forced to zero at the canopy top, resulting in larger dispersive fluxes.

At about 20 m above the canopy top, @, and ®,, from the PSF simulations become larger
than @, and @, from the LSM+PCM simulation, explaining why F; psr becomes larger
than Fy ; spm+pcy With increasing height. @, features a bulbous shape with a maximum at
20m while @, increases with altitude, which implies that secondary circulations develop,
contributing to larger variance in the vertical wind far away from the canopy top and to
larger variance in the horizontal wind near the canopy top. All described features of @, and
®,, are strongly pronounced in the simulations with FC conditions, but very weak in the
simulations with SU or MU conditions.

The hypothesis that the LSM alone may increase the magnitude of dispersive fluxes by
allowing for feedback between the surface and the atmosphere could not be verified. In
fact, the resulting dispersive fluxes in the LSM simulations are smaller than in the PSF
simulations. The use of the LSM in combination with the PCM allows for larger dispersive
fluxes directly above the canopy, but further up, it depends on the atmospheric stability and
height above the canopy determine whether the use of LSM+PCM yield larger dispersive

fluxes or not.

3.2 The surface energy imbalance model considering thermal
surface heterogeneity

This Chapter presents and discusses the final surface energy imbalance model including
thermal surface heterogeneity. More information, also on the reference models, which are
not shown here, can be found in Wanner et al. (2022b) in Appendix C.

The fits of the scaling functions contributing to the final imbalance model are shown in
Fig. 7. Figure 7a shows the relationship between the imbalance I and u,/w,. The black
curve shows F; y, fitted to the set of simulations with homogeneous surface temperature,
which is

U,
Figm = 0.133 exp (—15.3 —) + 0.056. (24)

*

The red curves show the fits to each set with heterogeneous Ty, which deviate stronger from
F1 ym with increasing heterogeneity length scales. This variability is captured by the addi-
tional scaling function F3 which is shown in Fig. 7b. Two linear relationships were defined
to describe the relationship between 1(0.04 z;)/F; 4y and H . For strongly unstable cases

with u, /w, <0.1, the resulting scaling function is
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F;,.,=0.018H +0.973 (25)
and for moderately unstable cases with u, /w, > 0.14 it is
F3,=0.016 H + 1.07. (26)

Analyzing horizontal cross sections of the 30-minute averaged vertical wind speed (Fig. 5
in Wanner et al. (2022b) in Appendix C) revealed that these groups correspond to the for-
mation of cellular structures in simulations with U, =1 ms™! and a strongly unstable ABL
and roll-like structures in simulations with Uy, >3 m s and a moderately unstable ABL. Be-
cause no clear cellular or roll-like shapes could be identified in the vertical wind speed in
simulations with Uy =2ms’, those simulations were discarded from the analysis.

As shown in Fig. 7c, the vertical profiles of I collapse into nearly one line for z/z; <0.07
after normalizing I with F; ), and F3 . or F3,, respectively. The relationship between
I /F; yu /F3 can be described by

Z
F, = 20.2—+ 0.153. 27)

ZL
Comparing the vertical profiles of I/F; yy/F3 to profiles of I normalized with F; 4,
Fi ur200> F1,HT400> OF F1 HT800 TESPECtively (see Fig. 2 in Wanner et al. (2022b) in Appendix
C), shows that F3 . and F3,. capture the variability in I introduced by the thermal surface

heterogeneity very well, since all profiles collapse equally into one line.
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Figure 7 Representation of the three scaling functions that form the surface energy imbalance model. Panel
a shows the imbalance ratio I at 0.04 z/z; as a function of the stability parameter u, /w,. The four simulation
sets of different surface heterogeneity are represented by different colors. The atmospheric stability is steered
by changes in Uy, shown by different marker shapes. For each simulation set, a separate fit of the scaling
function F; was performed, represented by the curves. Only the fit for the homogeneous simulations (F; gy,
Eq. 24) shown by the black curve is used in the model. Panel b shows I at 0.04 z/z; normalized with F;
against the heterogeneity parameter . The data is separated into two groups: (1) simulations with U, =1ms"'
that show cellular shaped secondary circulations, and (2) simulations with U, >3 ms! that show roll-shaped
secondary circulations. Simulations with U, =2m s’ are discarded because they show no clearly cellular nor
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roll-shaped structures. The two blue lines show the fits of the third scaling functions to the two groups (F3 .
and F3 ., Eq. 25-26). Panel ¢ shows the vertical profiles of I normalized with F; ;5 and the respective scaling
functions F3 ;. or F3,.. The blue line shows the fitted scaling function F, (Eq. 27). Modified after Wanner et
al. (2022b).

The model can be applied to correct EC measurements following
u, z
Fy um (W) F (Z_l) F3(3()
u, Z
1~ Funm (57) 2 (%) Fa (00

where F3 is F3 . or F3 ., depending on u, /w,, and H, is the sensible turbulent heat flux cap-

I =

H,, (28)

tured by the EC measurement.

There are a few limitations to the application of the model with regard to the atmospheric
and surface conditions under which it can be applied, which are discussed in detail in Wan-
ner et al. (2022b) in Appendix C. Furthermore, three fundamental weaknesses of the model
were identified: the lack of a model of the imbalance in the latent heat flux, the transfera-
bility of the patch-size based heterogeneity length scale to environmental conditions, and
the fact that the entire imbalance is modelled instead of the energy transport by secondary
circulations.

To close the SEB gap by correcting EC measurements, both the sensible and the latent heat
flux must be corrected. The model can be applied to the latent heat flux as well, assuming
that the Bowen ratio of the surface energy imbalance, including Hg;sp, AE4;5p, 454, and
A4S, equals the Bowen ratio of the measured fluxes Hy,,-, and AE;,,,. Adapting Hy,, and
AE-p to close the SEB gap while preserving the Bowen ratio has been suggested before
(Twine et al. 2000), and spatial EC measurements confirm that the Bowen ratio is similar
in small and mesoscale flux contributions (Eder et al. 2014; Mauder et al. 2007b). However,
for single-tower measurements, this assumption can only hold if the measured small-scale
turbulent flux is representative of the surrounding area over which the SCs develop.

As mentioned in Chapter 1.4.2, most landscapes feature what Bou-Zeid et al. (2020) clas-
sify as unstructured heterogeneity, where the individual patches differ greatly in size and
shape. It is therefore not possible to specify the heterogeneity length scale by a simple patch
size. Spectral approaches, like the one by Panin and Bernhofer (2008) can be used to deter-
mine a characteristic heterogeneity length scale. However, this does not represent the patch
size which was used as heterogeneity length scale in the model development. If a spectral
approach was applied to the surface temperature distributions in the LESs, the resulting
heterogeneity length scales would be larger than the sizes of the individual patches because
multiple warm or cool patches are often clustered, forming larger warm and cool areas, as
shown in Fig. 4.

Finally, modeling the entire surface energy imbalance can serve to close the SEB gap, but
does not provide any information on how the SEB gap is composed, i.e., how much storage

changes and the energy transport by SCs contribute to it. Depending on the intended use,
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however, this distinction can be important. To accomplish the main goal of this work, which
is investigating how heterogeneous ecosystems affect atmospheric transport processes, it is
necessary to investigate dispersive heat fluxes separately. To determine the fluxes between
an ecosystem and the atmosphere, only the dispersive heat fluxes should be added to the
turbulent fluxes measured by the EC station. In contrast, if the flux measurements are used
to validate surface fluxes provided by land surface models, it would be reasonable to addi-
tionally include the storage changes. However, as mentioned in Chapter 1.2.4, storage
changes can be measured at single-tower stations which is a more direct way of determining
their contribution, and if only the daily SEB is of interest, it may even be possible to neglect
them. These considerations support the direct modeling of energy transport by SCs as dis-

persive fluxes.

3.3 Development of a model of dispersive heat fluxes

To directly predict the energy transport by TOSs and TMCs, the DHFM was developed,
which is presented in this Chapter. During the development of the DHFM, special attention
was paid to overcome the weaknesses identified in the previously developed surface energy
imbalance model by predicting the sensible and latent dispersive heat fluxes separately and
using the spectral approach by Panin and Bernhofer (2008), which can also be applied to
real landscapes, to determine the predominant heterogeneity length scale and calculate H .
First, the performance of the DHFM is evaluated (Chapter 3.3.1). Second, an option to
apply the DHFM to EC stations without using any additional in-situ measurements is pre-
sented and discussed (Chapter 3.3.2), since one of the requirements for the model of dis-
persive heat fluxes was that it can be used to correct atmospheric heat fluxes without much
additional measurement effort at existing EC stations (Chapter 1.5). More details can be
found in Wanner et al. (2023) in Appendix D.

3.3.1 Performance

To evaluate the performance of the DHFM, a cross validation was performed. Figure 8a
shows that for the sensible dispersive heat fluxes, the prediction agrees very well with the
values directly calculated from the LESs. The agreement is not as satisfactory for the latent
dispersive heat flux. The comparison between predicted and LES values shown in Fig. 8b
exhibits a larger scatter, which results in a substantially lower R? of 0.75. This indicates
that another predictor variable may be needed to explain the remaining variance. One factor
that was not considered in this study but could have a strong effect on the energy trans-
ported by SCs, especially in the form of latent heat, is the entrainment of air at the upper
boundary of the ABL which can affect the vertical profiles of 8 and g, especially in the
upper half of the ABL (Gao et al. 2017; Huang et al. 2008; Mauder et al. 2020).
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Figure 8 Performance of the dispersive heat flux model based on the cross-validation. Panels a-b show com-
parisons of modeled dispersive heat fluxes (y-axis) against true dispersive heat fluxes calculated directly from
the LES output (x-axis) for (a) sensible and (b) latent dispersive heat fluxes. Panels c-d show the relative
importance of predicting variables in the models of (c) sensible and (d) latent dispersive heat flux. Modified
after Wanner et al. (2023).

In Fig. 8c—d, the relative contributions of the predictor variables to explaining the variance
in the dispersive fluxes are shown. In both cases, H has a large share and the normalized
measurement height and corresponding vertical gradients have about half as large a share.
It is striking that the atmospheric stability explains a lot of the variance in the sensible
dispersive heat flux, but only very little of the variance in the latent dispersive heat flux.
One possible explanation is that the atmospheric stability is strongly related to the vertical
gradient of 6. A stronger gradient in 6 leads to more strongly convective conditions, under
which more pronounced SCs develop, which transport warm air from the surface to the
upper ABL and cold air from the upper ABL to the surface. Therefore, (u,/w,) alone can

explain much of the variance in Hg;q,. However, the vertical gradient of q is not necessarily
related to atmospheric stability. Under strongly convective conditions, ({Aq) may be very
small, in which case strong SCs would develop, but not contribute much to the transport of
latent heat. This explains why (Aq) is more important than (u, /w,) for predicting AE disp-

The DHFM was applied to the CHEESEHEAD19 LESs to directly compare the predicted
dispersive heat fluxes (Fg ,04) to the ones calculated from the LES output (Fj; | g5) as shown

in Fig. 9. The DHFM clearly overestimates Hy;p, by 17.3 % and also slightly overestimates
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AEgisp by 4.9 %, resulting in an 8.5 % overestimation of the total dispersive heat flux. One
possible explanation for the overestimation is that a LSM and a PCM were deployed in the
realistic CHEESEHEAD19 LESs, whereas PSF were used in the idealized LESs on which
the DHFM is based. The dispersive fluxes were compared for heights of 10-60m above
the canopy top, at which the use of the LSM and PCM resulted in smaller dispersive heat
fluxes than were observed in simulations with PSF (Fig. 6) (Wanner et al. 2022a).

The stronger overestimation of Hg;), results in a larger Bowen ratio in Fj .04 compared to
Fy 1gs as shown in Table 1. However, it must be noted that in the idealized LESs used to
develop the DHFM, the Bowen ratio of dispersive fluxes almost equals the Bowen ratio of
turbulent fluxes (see Table 3 in Wanner et al. (2023) in Appendix D), similar to observa-
tions in the field (Eder et al. 2014; Mauder et al. 2007b). In contrast, in the CHEESE-
HEAD19 LESs, the Bowen ratio of dispersive fluxes is much lower than the Bowen ratio
of the turbulent fluxes (see Table 4 in Wanner et al. (2023) in Appendix D). Nevertheless,
the DHFM partially captured the different flux partitioning in the dispersive fluxes.

Table 1 Bowen ratios (f8) show the different partitioning into sensible and latent heat in the domain-averaged

surface fluxes ((F,)), turbulent fluxes ({F,)), and true (F 4  gs) dispersive heat fluxes directly calculated from
the LES output, as well as modelled (Fq,,, ;) dispersive heat fluxes.

(Fs) (Fy) Fq1Es F 4mod

S 0.669+0.129 0.647+0.115 0.461+0.176 0.519+0.208

The difference in Bowen ratios of turbulent and dispersive heat fluxes in the CHEESE-
HEAD19 LESs may again be related to the effect of entrainment on the vertical profiles of
0 and g (Gao et al. 2017; Huang et al. 2008; Mauder et al. 2020), affecting the partitioning
of energy transport by SCs that span the entire ABL vertically, but not so much the energy
transport by small-scale turbulence near the surface. Furthermore, the use of LSM and PCM
could play a role. A closer look at Fig. 8 in Wanner et al. (2022a) in Appendix B reveals
that the sensible and latent dispersive heat fluxes react differently to PSF and LSM(+PCM)
as lower boundary condition. At 40 m above the grass surface, the sensible dispersive heat
fluxes in the LSM simulations are slightly larger than in the PSF simulations, whereas the
latent dispersive heat fluxes are considerably smaller in the LSM simulations than in the
PSF simulations. The resulting Bowen ratio is larger in the LSM simulations, compared to

the PSF simulations. Above the forest, the behavior is not so uniform.
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Figure 9 Comparison of modeled (a) sensible and (b) latent dispersive heat fluxes with the sensible and latent
dispersive heat fluxes calculated as spatial covariances from the output of the more realistic CHEESE-
HEADI19 LESs. The black lines show an orthogonal distance regression (ODR) forced through the origin,
with the solid line representing the ODR with the mean values of the 100 predictions, and the dotted lines
representing the standard deviation of ODRs with each of the 100 predictions. The y-values of the markers
show the dispersive fluxes averaged over the 100 predictions. The colors represent 30-minute observation
periods used for this analysis and the symbols represent the height above the displacement height. Modified
after Wanner et al. (2023).

Finally, the DHFM was applied to CHEESEHEAD19 field measurements to show if the
correction of atmospheric heat fluxes by adding the modeled dispersive heat fluxes to the
turbulent heat fluxes measured at the EC stations improves the SEB closure. It could be
only applied to a very limited number of observations because many predictor variables
collected to apply the DHFM to the field measurements lay outside the range of predictor
variables used to train the model. While (u,/w,),  and (Aq) were covered quite well,
there were large deficits in z/(Z,) and (A8). Due to the rather coarse grid resolution of the
idealized LESs used to train the DHFM, measurement heights near the surface could not
be considered. The range of measurement heights to which the DHFM can be applied could
therefore be increased by generating a training data set with a high resolution LES. How-
ever, this would be very computationally expensive. The insufficient coverage of (A8)
seems to be partially caused by an overestimation of (A@) from the ERAS reanalysis data
(Fig. 10 in Wanner et al. (2023), Appendix D). It may still be beneficial to expand the
training data set to include larger values in (A8), (Aq), and {(u, /w,), as further discussed in
Wanner et al. (2023) in Appendix D.
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For all remaining observations, Fig. 10 shows the distribution of the available energy
(Rpet — G) between the measured heat fluxes (H;, AE;), heat storage changes in the air
(Hase, AEsse) and modeled dispersive heat fluxes (Hgmoq> AEqmoq)- The measured heat
fluxes account for about 75 % on average, resulting in an SEB gap of about 25 %. Including
the storage changes in air only slightly reduces the SEB gap to about 22.8 % on average,
and adding the modelled dispersive fluxes reduces the SEB gap to 15.7 % on average.
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Figure 10 Share of turbulent heat fluxes (H,, AE;), energy storage change in air (Hg;, AE 5g;), and modeled
dispersive heat fluxes (H g 104,4E 4.moa) Of the total available energy (R,e; — &). The error bars represent the
standard deviation of the sums shown in each bar (from Wanner et al. (2023)).

The remaining SEB gap is still very large. However, several contributions to the SEB are
still neglected, which are estimated to account for about 13 % of the available energy: The
storage change in the biomass was not measured at all stations throughout the campaign,
which is why it is not included in the analysis. However, at the end of the campaign, bio-
mass heat storage change was measured at a few stations and was found to account for
6.5% of (Rpet — G). Furthermore, CSAT3AW sonic anemometers were deployed during
the CHEESEHEAD19 campaign, which can cause an underestimation of the measured tur-
bulent fluxes by up to 5% (Horst et al. 2015). Finally, energy consumption by photosyn-
thesis may account for 1-2% of the available energy (Blanken et al. 1997; Meyers and
Hollinger 2004; Oncley et al. 2007; Schmid et al. 2000).

After taking these factors into account, the remaining SEB gap would be reduced to around
3% of the available energy. The remaining SEB gap could be caused by an underestimation
of the dispersive fluxes by the DHFM. On the one hand, the dispersive fluxes may be un-
derestimated in the idealized LESs used to develop the DHFM due to the rather coarse
spatial resolution, and on the other hand, weak topography in the field could slightly am-
plify the dispersive fluxes, which is not considered in the DHFM.
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3.3.2 Application

The DHFM consists of a training data set based on the output of all 148 LESs (see Chapter
2.1.3) and a python script to apply the model. It is applied by fitting the models of Hy;s,,
and AE aisp tO the training data set and then applying them to the predictor variables col-
lected for 30-minute intervals to predict Hy;sp, and AEg;s,. The python script to apply the
model and the training data set will be published as an electronic supplement to Wanner et
al. (2023).

The DHFM predicts the absolute dispersive heat fluxes in contrast to former SEB correc-
tion models, which predict the surface energy imbalance by scaling the measured turbulent
and sensible latent heat fluxes (De Roo et al. 2018; Huang et al. 2008; Wanner et al. 2022b).
However, the fluxes measured at an EC station represent a rather small footprint area,
whereas a much larger area influences the energy transport by secondary circulations
(Mauder et al. 2007a; Panin and Bernhofer 2008). The measured fluxes may vary strongly
between different locations within the source area of the dispersive fluxes, especially in
heterogeneous ecosystems. It is therefore not possible to determine the dispersive heat flux
as a factor of the turbulent heat flux measured at any location within the source area.

This further implies that other local measurements at EC stations are not well suited to
predict dispersive fluxes, but spatially averaged values representing the surrounding land-
scape should be used. Therefore, ERAS reanalysis data, representing an area of roughly
28 x 28 km?, was used to collect the atmospheric variables contributing to the predictor var-
iables, and land surface temperature fusion maps of 10x 10km? around each CHEESE-
HEADI19 EC station, derived from satellite observations, were used to collect the surface
variables.

To estimate how well these two data sets are suited to provide the predicting variables for
the DHFM, the predicting variables were compared against the ones determined in the
CHEESEHEADI19 LESs (see Fig. 10 in Wanner et al. (2023) in Appendix D), which, in
turn, was shown to agree well with field observations (Paleri et al. 2023a). On average, the
agreement in H and (Z,) is quite good. However, less variance in (Z,) is captured by ERAS.
Furthermore, (u,/w,) is considerably lower in ERA5 and (Aq) and (A@) are considerably
larger.

This comparison was limited to one location and only a few hours and therefore does not
allow any conclusions to be drawn about the general suitability of ERAS. However, it sug-
gests that there is still room for improvement in the use of ERAS to determine the predictor
variables for the DHFM, and reasons for the discrepancies are discussed in Wanner et al.
(2023) in Appendix D.

Apart from that, the use of ERAS reanalysis data and satellite-based surface temperature
maps offers the great advantage that no additional instrumentation is needed at the EC sta-

tions to apply the DHFM. The necessary satellite observations of the surface temperature
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and ERAS reanalysis data can be obtained at most locations around the world and even for
the past. This approach can therefore be used to correct atmospheric flux measurements

consistently in already existing long time series.
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4 CONCLUSION

In this work, a variety of methods was combined with numerous different datasets to further
advance the understanding of the influence of heterogeneous ecosystems on the atmos-
pheric transport of energy. The first objective was to investigate whether lower boundary
conditions that allow feedbacks between the surface and the atmosphere cause larger dis-
persive fluxes in LESs. An idealized study was set up, to compare the dispersive fluxes
developing with typically used PSF to dispersive fluxes developing when a LSM or PCM
is deployed (Wanner et al. 2022a). However, the use of the LSM led to smaller dispersive
fluxes. The use of the PCM resulted in larger dispersive fluxes directly above the canopy
top, but yielded contrasting results under different atmospheric conditions with greater dis-
tance to the canopy top.

The second objective was to further develop the surface energy imbalance model provided
by De Roo et al. (2018). This was done by including the thermal heterogeneity parameter
developed by Margairaz et al. (2020b), to account for the effect of thermal surface hetero-
geneity in heterogeneous ecosystems on the energy transport by secondary circulations,
and thereby the surface energy imbalance (Wanner et al. 2022b). This study confirmed that
the magnitude surface energy imbalance is related to the thermal surface heterogeneity,
which is caused likely by the strengthening of secondary circulations due to thermal surface
heterogeneity. It was shown that the relation between surface energy imbalance and thermal
surface heterogeneity also depend on the type of secondary circulations, which can be either
roll-like or cellular.

Finally, the last two objectives were realized by creating a comprehensive set of LESs based
on the findings from the previous surface energy imbalance model and covering a variety
of atmospheric and surface conditions to develop a model of dispersive heat fluxes (Wanner
et al. 2023). A different method was chosen to determine the surface heterogeneity length
scale used to calculate the thermal heterogeneity parameter, which is transferable to field
conditions. Furthermore, a machine learning algorithm was used to capture the complexity
introduced by the many factors affecting the magnitude of the energy transport by second-
ary circulations. The resulting model directly predicts dispersive heat fluxes and was tested
on realistic LESs and field measurements from the CHEESEHEAD19 campaign. Despite
some areas for improvement, such as the insufficient coverage of atmospheric and surface
conditions encountered in field conditions, the model provides promising results. The pre-
dicted dispersive heat fluxes agree considerably well with the dispersive heat fluxes in the
realistic LESs and contribute to almost entirely closing the surface energy balance gap in
field measurements, when other missing terms are estimated and included.

It was furthermore shown that the model of dispersive heat fluxes can be applied to correct

atmospheric heat flux measurements without deploying any additional instrumentation by
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deriving the needed values for the predictor variables from ERAS reanalysis data and sat-
ellite observations of the surface temperature. This not only facilitates the modeling of dis-
persive heat fluxes at almost any location in the world, but also the retrospective application
of the model to consistently correct long-term measurements at EC stations, for instance
for all historical FLUXNET data.
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5 OUTLOOK

The prediction of latent dispersive heat fluxes in the DHFM may be further improved by
including the effect of entrainment. Additionally, the training data set should be extended
to allow for the model to be applied to a wider range of atmospheric conditions and lower
measurement heights. Since no additional measurements are required, the DHFM could be
tested at a larger number of EC stations in different regions and over different ecosystems.
This work focused on the atmospheric sensible and latent heat fluxes, but as mentioned in
the introduction, the quantification of fluxes of CO; and other greenhouse gases are just as
important. It would therefore be interesting, to further apply the methods used in this work
to investigate the effect of SCs on the transport of CO; and other greenhouse gases. The
DHFM could be further extended facilitate the correction of atmospheric trace gas fluxes,

as well.
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A Individual contributions to the joint publica-
tions

This is a cumulative thesis based on three scientific publications in which other people were
involved. This Chapter therefore presents my own contributions and those of the co-authors

to the work presented in each publication.

Appendix B

Wanner L, De Roo F, Sithring M, Mauder M (2022a): How Does the Choice of the Lower
Boundary Conditions in LES Affect the Development of Dispersive Fluxes Near the Sur-
face?, Boundary-Layer Meteorol, doi: 10.1007/s10546-021-00649-7

Matthias Mauder and I developed the idea for this paper together. I decided which vegeta-
tion types and surface conditions to compare. The choice of atmospheric conditions was
largely based on previous simulations by Frederik De Roo. I performed the LES runs with
support from Matthias Siihring and Frederik De Roo Siihring. I conducted the data analysis,
where Matthias Mauder suggested to further investigate the cause for the different behavior
of dispersive fluxes by analyzing the variance similarity functions. I was further responsible
for the visualization of results, and wrote most of the manuscript, where Matthias Siihring
has contributed the description of PALM. Frederik De Roo, Matthias Siihring, and Matthias

Mauder helped to improve the manuscript during an internal review process.

Appendix C

Wanner L, Calaf M, Mauder M (2022b): Incorporating the effect of heterogeneous surface
heating into a semi-empirical model of the surface energy balance closure, PLoS ONE,
17(6):¢0268097, doi: 10.1371/journal.pone.0268097

Matthias Mauder and I developed the idea for this paper with the aim to further develop the
SEB imbalance model by De Roo et al. (2018) to account for thermal surface heterogeneity
by including the thermal heterogeneity parameter introduced by Margairaz et al. (2020b).
We therefore decided to ask Marc Calaf for a collaboration. Since the set of idealized LES
used to develop the thermal heterogeneity parameter seemed to be ideally suited for our
purpose, Marc Calaf provided the LES output for this study. After consultation with Mat-
thias Mauder, I developed a strategy to derive and systematically test a new set of scaling
functions, to model the energy imbalance. I was responsible for the processing of LES out-
put, model development, and visualization of results. I also wrote the manuscript, with con-
tributions by Marc Calaf to the sections on the LES set up and the thermal heterogeneity
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parameter. Matthias Mauder and Marc Calaf helped to improve the manuscript during an

internal review process.

Appendix D

Wanner L, Jung M, Paleri S, Butterworth B, Desai A, Siihring M, Mauder M (2023): To-
wards Energy-Balance Closure with a Model of Dispersive Heat Fluxes, PREPRINT (Ver-
sion 1) available at Research Square, doi: 10.21203/rs.3.1rs-3449667/v1

I developed the idea to further improve the model of SEB imbalance by directly modeling
sensible and latent dispersive heat fluxes and including the vertical gradients of potential
temperature and mixing ratio. Furthermore, I decided to directly model dispersive heat
fluxes instead of the SEB imbalance, as I was interested in the magnitude of energy
transport by secondary circulations, but not the contribution of storage change to the SEB
imbalance. I therefore developed a concept to recreate the scenarios used in the idealized
heterogeneity LES to develop the SEB imbalance model in PALM, which allows for the
simulation of latent heat flux, and to expand the set by including various combinations of
sensible and latent surface heat fluxes.

The increased complexity of the dataset made it impossible to identify relationships be-
tween individual variables and the resulting dispersive fluxes, and to fit scaling functions
to develop a model. Matthias Mauder therefore suggested to follow a machine learning
approach and to bring in Martin Jung’s expertise. Martin Jung suggested to use a Random
Forest algorithm and to expand the dataset for improved coverage of different cases. Mat-
thias and I then decided to include more simulations with different surface temperature
amplitudes and lower total surface fluxes. I processed the LES output and used a python
script to run the Random Forest algorithm provided by Martin Jung to develop the model.

I then decided to test the model by directly comparing the modelled dispersive heat fluxes
to the dispersive heat fluxes in the more realistic CHEESEHEAD19 LES, and by applying
it as a correction method to the CHEESEHEADI19 field measurements.

The CHEESEHEADI19 LES was mainly set up and performed by Sreenath Paleri and me.
We wrote a proposal to perform the computationally expensive simulations on the Chey-
enne super computer. Sreenath Paleri developed the atmospheric forcing input, and I de-
veloped the surface input by compiling information from multiple datasets that were pro-
duced by various collaborators during the CHEESEHEAD19 campaign. Matthias Siihring,
Ankur Desai, and Matthias Mauder were also involved in the planning and implementation
of the LES.

The CHEESEHEADI19 campaign was carried out by a variety of collaborators, but Ankur

Desai took the lead role in conceptualizing it, especially with respect to the EC
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measurements. Brian Butterworth performed the EC processing and provided me with a
30-min flux dataset. I used this dataset, in combination with reanalysis data, to apply the
model.

I was responsible for most of the data processing and analysis, as described above. I also
visualized the results and wrote the manuscript. Martin Jung provided a short section on
the Random Forest algorithm, Sreenath Paleri and Matthias Siihring contributed to the de-
scription of the CHEESEHEAD LES, and Brian Butterworth contributed a short section on
the processing of CHEESEHEAD field measurements. All co-authors helped to improve

the manuscript during an internal review process.
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Abstract

Large-eddy simulations (LES) are an important tool for investigating the longstanding
energy-balance-closure problem, as they provide continuous, spatially-distributed informa-
tion about turbulent flow at a high temporal resolution. Former LES studies reproduced an
energy-balance gap similar to the observations in the field typically amounting to 10-30%
for heights on the order of 100 m in convective boundary layers even above homogeneous
surfaces. The underestimation is caused by dispersive fluxes associated with large-scale
turbulent organized structures that are not captured by single-tower measurements. How-
ever, the gap typically vanishes near the surface, i.e. at typical eddy-covariance measure-
ment heights below 20 m, contrary to the findings from field measurements. In this study,
we aim to find a LES set-up that can represent the correct magnitude of the energy-balance
gap close to the surface. Therefore, we use a nested two-way coupled LES, with a fine
grid that allows us to resolve fluxes and atmospheric structures at typical eddy-covariance
measurement heights of 20 m. Under different stability regimes we compare three differ-
ent options for lower boundary conditions featuring grassland and forest surfaces, i.e. (1)
prescribed surface fluxes, (2) a land-surface model, and (3) a land-surface model in com-
bination with a resolved canopy. We show that the use of prescribed surface fluxes and a
land-surface model yields similar dispersive heat fluxes that are very small near the vegeta-
tion top for both grassland and forest surfaces. However, with the resolved forest canopy,
dispersive heat fluxes are clearly larger, which we explain by a clear impact of the resolved
canopy on the relationship between variance and flux—variance similarity functions.
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2 L. Wanner et al.

1 Introduction

The eddy-covariance (EC) method is well established and used worldwide in various net-
works for long-term measurements of energy and gas fluxes between ecosystems and the
atmosphere (e.g., Baldocchi et al. 2001; Novick et al. 2018). However, the EC method
often systematically underestimates these fluxes, which leads to a gap in the energy balance
of about 10 to 30% (Hendricks-Franssen et al. 2010; Stoy et al. 2013; Soltani et al. 2018).
This phenomenon has been widely discussed in the literature in the last few decades, and
some possible causes, such as instrument and set-up errors in EC measurements (Laubach
et al. 1994; Goulden et al. 1996; Kochendorfer et al. 2012; Nakai and Shimoyama 2012;
Frank et al. 2013; Mauder 2013), or measurement errors of other components of the energy
balance, such as soil heat flux or net radiation (Liebethal et al. 2005; Kohsiek et al. 2007;
Foken 2008), have already been excluded as a general problem across different sites (Foken
2008; Mauder et al. 2020).

An important reason for the underestimation of fluxes using single-tower measurements
is the missed dispersive flux, i.e. the transport carried out by secondary circulations. These
secondary circulations can be divided into two types, thermally-induced mesoscale circu-
lations (TMC), which are generated by surface heterogeneity and are therefore spatially
bound to the surface conditions (Foken 2008; Kenny et al. 2017; Bou-Zeid et al. 2020
Mauder et al. 2020), and slow-moving turbulent organized structures (TOS) that can
develop even over homogeneous surfaces (Kanda et al. 2004; Inagaki et al. 2006). Both
types of secondary circulations contribute to the vertical transport by a non-zero mean
vertical velocity component, which cannot be captured by the EC method, since only the
small-scale turbulent part of the flux (i.e. the temporal covariance-heat flux) is resolved.
Field measurements have shown that secondary circulations reach well into the surface
layer (Eder et al. 2015a) and contribute to the energy-balance gap (Eder et al. 2015b). In
a large-eddy simulation (LES) study over a homogeneous forest where the canopy was
explicitly resolved by the grid, Patton et al. (2016) showed that atmospheric structures that
scale with the atmospheric boundary-layer height reach down to the canopy top and also
occur in the understorey air space.

The use of long averaging intervals up to 24 h can reduce the energy-balance gap as
they include the energy transport by TOS (Finnigan et al. 2003; Foken et al. 2006). With
this approach, however, the temporal resolution is reduced. Thus, flux measurements on a
half-hourly basis that are required for comparisons against numerical models are no longer
available and diurnal variations are no longer detectable. Moreover, it is questionable
whether stationarity can still be assumed, which is a prerequisite for applying Gaussian
statistics, such as the calculation of a covariance (Mauder et al. 2006).

Biomass heat storage is another major contributor to the energy-balance gap, especially
in high vegetation such as forests (Lindroth et al. 2010; Leuning et al. 2012; Swenson et al.
2019). In this study, however, we do not address this factor.

In recent years, various experimental designs have been developed to systematically
investigate the energy-balance-closure (EBC) problem in field measurements (Oncley et al.
2007; Foken et al. 2010; Butterworth et al. 2021). This requires a large number of spatially-
distributed EC measurements (Kanda et al. 2004; Xu et al. 2020), making the measurement
campaigns accordingly complex and expensive.

Complementarily, LES are particularly well suited to investigating the influence
of secondary circulations, as they provide continuous information with a high temporal
and three-dimensional spatial resolution and can capture atmospheric motions on a wide
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range of scales (Inagaki et al. 2006; Schalkwijk et al. 2016). Furthermore, LES provide a
controlled environment in which the boundary conditions are known, as opposed to real-
world conditions, and virtual measurements without instrument errors (Inagaki et al. 2006;
Schalkwijk et al. 2016; Siihring et al. 2018).

In recent years, computational resources have increased significantly, enabling LES with
high spatial resolution. This, in turn, facilitates the investigation of turbulence structures
and flow components near the surface, including the canopy layer (e.g., Kanani-Siihring
and Raasch 2017; Kroniger et al. 2018). It is particularly important to investigate the EBC
problem near the surface since EC measurements are typically taken in the surface layer at
a height of 2-40 m, depending on the vegetation height (Hendricks-Franssen et al. 2010;
Butterworth et al. 2021).

Several studies have already investigated the EBC problem using LES. Kanda et al.
(2004), Steinfeld et al. (2007), and Huang et al. (2008) analyzed the height dependency
of the imbalance and found that virtual tower measurements at higher altitudes underesti-
mated sensible heat fluxes even if the surface itself was homogeneous and no TMCs were
generated by heterogeneous surface heating (Inagaki et al. 2006). However, using a rather
large vertical grid spacing of 25 m (Kanda et al. 2004) and 20 m (Huang et al. 2008), it
was found that the energy-balance gap vanished near the surface. Moreover, using simula-
tions of similar grid resolution, Steinfeld et al. (2007) showed that the imbalance close to
the ground reduced to less than 5%, which does not match field observations. Hence, they
concluded that TOS could not explain the magnitude of the energy-balance gap. Zhou et al.
(2019) examined the magnitude of the energy-balance gap in relation to landscape het-
erogeneity and found it to be largest for heterogeneities on the scale of the boundary-layer
height. However, Inagaki et al. (2006) studied the influence of surface heterogeneity on the
imbalance and found the imbalance above a homogeneous surface to be on the same order
of magnitude as above a heterogeneous surface. This was also supported by Margairaz
et al. (2020), who showed that persistent structures in half-hourly averaged vertical wind
velocity were as pronounced above homogeneous surfaces as over heterogeneous surfaces.

We hypothesize that the common use of prescribed surface fluxes (PSF) is one impor-
tant reason why former LES studies underestimate the energy balance. With prescribed
fluxes, the surface—atmosphere exchange is decoupled from the atmosphere (i.e. the atmos-
phere responds to the surface) while the surface does not respond to the atmosphere. With
this mutual feedback missing, possibly important aspects such as self-reinforcement or
weakening of secondary circulations are not accounted for in the simulations.

In the present study, we aim to discover the reasons why LES studies have so far been
unable to reproduce near-surface EBC gaps that were similar to observations and if differ-
ent lower boundary conditions have an influence on dispersive heat fluxes.

In order to answer our research question, we set up two branches of numerical experi-
ments, one for short grass and one for tall vegetation. We performed LES with varying
surface-boundary conditions (as illustrated in Fig. 1) and evaluated the effect of the sur-
face-boundary condition with regard to the energy-balance closure for varying atmospheric
stability.

For the short-grass experiments, we set up LES with an interactive land-surface model
(LSM, Gehrke et al. 2020) where the surface—atmosphere exchange concerning water
and heat exchange is modelled explicitly, and compared these against simulations with
prescribed surface fluxes where the surface does not interact with the atmosphere at all.
Maronga et al. (2020) describe in detail how near-surface air temperature feeds into the
LSM.
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Fig. 1 Schematic illustration of the lower boundary conditions that are compared for the two vegetation
types investigated

grassland

For the tall-vegetation experiments, we set up simulations with an interactive LSM
combined with a plant-canopy model (PCM) where trees are explicitly resolved by the
numerical grid. Again, these were compared against simulations with prescribed surface
fluxes with respect to the energy-balance closure. We aim to assess the importance of land-
surface representation in LES for different kinds of land use.

Since we use an idealized, homogeneous set-up, we investigate the contribution of verti-
cal transport by TOS only, hereafter referred to as the dispersive heat flux. We wish to test
if the use of LSM and PCM lead to larger dispersive fluxes by adapting to changes in the
atmosphere.

The next section describes our procedure divided into set-up of the different simula-
tions (Sect. 2.1) and evaluation of the simulations, i.e. the calculation of the heat flows
(Sect. 2.2). Section 3 presents the results, first considering the comparability of the respec-
tive PSF and LSM(+PCM) studies (Sect. 3.1), before we examine the formation of TOS at
different lower boundary conditions (Sect. 3.2), the resulting dispersive fluxes (Sect. 3.3)
and finally the influences of the LSM in different set-ups (Sect. 3.4). The results are then
analyzed and discussed against the background of other findings from the field in Sect. 4
and our findings are summarized in Sect. 5.

2 Methods

In this study, we compared different lower boundary conditions using PALM v6 (Maronga
et al. 2020). We used a highly idealized set-up with homogeneous surfaces and cyclic lat-
eral boundary conditions, while the stability classes were similar to previous LES studies,
such as Patton et al. (2016) and De Roo et al. (2018). To obtain a representative result, the
simulations were carried out for various combinations of two different land-cover types,
grassland (G) and forest (F), as well as for moderately unstable (MU), strongly unstable
(SU), and free convective (FC) conditions. An overview of the combinations of lower
boundary conditions and atmospheric stabilities is shown in Table 1.

2.1 Large-Eddy Simulation Set-up
We used the LES Model PALM, version 6, revision 4529 (Maronga et al. 2020), for the

numerical simulations. PALM solves the non-hydrostatic incompressible Boussinesq equa-
tions. For the subgrid model, the kinetic energy scheme of Deardorft (1980) modified by
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Table 1 Overview of the

individual simulations with Simulation Atmgsphenc Vegetation type Lower
. o number stability boundary
different combinations of L
. o . condition
atmospheric stability, vegetation
type, lower boundary condition 1 MU Grassland LSM
and subgrid-scale model
2 SuU Grassland LSM
3 FC Grassland LSM
4 MU Forest LSM+PCM
5 SU Forest LSM+PCM
6 FC Forest LSM +PCM
7 MU Grassland PSF
8 SU Grassland PSF
9 FC Grassland PSF
10 MU Forest PSF
11 SU Forest PSF
12 FC Forest PSF

Moeng and Wyngaard (1988) and Saiki et al. (2000) was used. The advection terms were
discretized using a fifth-order scheme (Wicker and Skamarock 2002), and a third-order
Runge—Kutta scheme by Williamson (1980) was used for the time integration.

To achieve a high grid resolution near the surface, we employed the vertical grid nesting
technique available with PALM (Hellsten et al. 2021) where a child domain with smaller
grid spacing but the same horizontal extent is placed within the parent domain with larger
grid spacing, while these two domains interact with each other. The horizontal domain
measured 7200 x 7200 m?, with the parent domain reaching up to 2400 m and the child
domain up to 240 m. In the coarse grid, the horizontal and vertical grid spacings were 30 m
and 20 m, respectively, resulting in (x, y, z) =240x240x 120 grid points, whereas, in the
fine grid, the horizontal and vertical grid spacings were 6 m and 4 m, respectively, which
yields (x, y, 2)=1200x1200x 60 grid points. The parent and child domains both reached
down to the lower boundary of the domain and simulations in the both domains were run
parallelly with two-way nesting. The timestep was set to a constant value of 0.5 s. Each
simulation consisted of 2 h of model spin-up time followed by a 4-h period during which
data were captured. The latitude was set to 46 degrees north.

The initialization of the atmospheric conditions follows De Roo et al. (2018). The initial
horizontal velocity profile was vertically constant and homogeneous over the entire hori-
zontal extent of the domain, with velocity in the x-direction and geostrophic wind speed
varying among the simulations (see Table 2). The geostrophic velocity here featured a hori-
zontal pressure gradient that is oriented in x-direction. Different geostrophic wind speeds
are used for the three atmospheric stabilities as shown in Table 2.

The initial potential temperature at the surface was set to 295 K. Between 40 and
800 m, a vertical gradient of 3 X 103 K m~! was added and above, the gradient was
8% 107 K m~!. The mixing ratio at the surface was set to 8 x 10> kg kg~!. Between
1000 and 1100 m, a vertical gradient of —1 X 107 m™! was imposed, while below and
above this area, no vertical gradient was applied. All profiles used for initialization
(shown in Appendix, Fig. 11) were homogeneous over the entire horizontal extent of
the domain. A stable inversion layer at the top of the domain ensured that the processes
within the boundary layer were not affected by the vertical extent of the domain. The
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Table 2 Settings for different combinations of land-cover type and atmospheric stabilities in LSM (simula-
tion numbers 1-3), LSM+PCM (simulation numbers 4-6) and PSF (simulation numbers 7-12) simula-
tions. The roughness lengths for momentum (z,) and heat (z,,) are based on the vegetation types that are
predefined in the PALM LSM (Gehrke et al. 2020), based on ECMWF-IFES classification

Simulation Uy ms™) Zo(m) Zoy,(m) cos(zenith) H(W m™2) AE(W m™2)
number

1 5 0.3 3e™* 0.46 - -

2 2 0.3 3e7* 0.62 - -

3 0 0.3 3e7* 0.76 - -

4 5 0.25 0.25 0.42 - -

5 2 0.25 0.25 0.54 - -

6 0 0.25 0.25 0.65 - -

7 5 0.3 3e7* - 21.96 172.57
8 2 0.3 3e~* - 42.24 225.09
9 0 0.3 3e™* - 54.55 282.61
10 5 0.25 0.25 - 38.64 237.59
11 2 0.25 0.25 - 84.31 302.62
12 0 0.25 0.25 - 123.99 372.65

horizontal extent of the domain was at least seven times the boundary-layer depth for all
atmospheric conditions. Randomly distributed perturbations were imposed on the hori-
zontal velocity fields at the beginning of each simulation to initiate turbulence.

At the lateral boundaries, cyclic conditions were applied. At the surface, we set an
impermeable boundary with zero vertical velocity and imposed surface stress by apply-
ing Monin—-Obukhov similarity theory (MOST) locally between the surface and the
first vertical grid level. The resulting surface fluxes of horizontal momentum are then
entered as lower boundary conditions via the subgrid-scale term. More precisely, sur-
face horizontal momentum fluxes w’ ulf were computed from

ou_ M2y, M

0z u,kz \L

(Maronga et al. 2015), where du/dz is the vertical gradient of horizontal wind speed
between the first prognostic grid level and the surface; u, is the friction velocity; k = 0.4
is the von Karman constant, and ¢(z/L) is the similarity function for momentum in the
formulation of Businger-Dyer (see e.g. Panofsky and Dutton (1984)), with L being the
Obukhov length.

For the potential-temperature and mixing-ratio equations we also employed a flux-
boundary condition at the surface, with fluxes either prescribed or computed by the
land-surface model (Gehrke et al. 2020). For the boundary values of potential tempera-
ture and mixing ratio itself, we employed a zero-gradient Neumann boundary condition
at the surface. This is to ensure that no flux contribution from the resolved-scale advec-
tion arises at the surface, leading to any double counting of the vertical transport.

At the domain top, we set zero-gradient Neumann conditions for the horizontal veloc-
ity components, reflecting the geostrophic wind in the upper part of the model domain.
The vertical wind velocity at the domain top was set to zero to maintain continuity.
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Zero-gradient Neumann conditions at the top boundary were also applied for potential tem-
perature and mixing ratio. Moreover, as in De Roo et al. (2018), a vertical subsidence-
velocity gradient of 4x 10~ m s™! m™ up to 800 m and 2x 10~ m s~' m~! between 800
and 1000 m was prescribed. By this, the boundary-layer depth during the analysis period
was kept constant. At the surface, the subsidence velocity was zero.

In addition to varying geostrophic wind speeds, the three different atmospheric stabili-
ties were defined by different prescribed surface fluxes, or incoming radiation where the
LSM was used, as shown in Table 2. To ensure highest comparability between PSF and
LSM(+PCM) simulations, the resulting surface-heat fluxes for each atmospheric stability
and vegetation type combination have to be similar in PSF and LSM(+ PCM) simulations,
which is why we first ran the simulations with LSM(+PCM) as a boundary condition and
then used the resulting surface-heat fluxes in the PSF simulations as described below.

2.1.1 Set-up of the Land-Surface Model Simulations

In the LSM simulations (simulation numbers 1-3) over grassland, the vegetation type (VT)
short grass (VT =3) as specified in PALM (Gehrke et al. 2020; Maronga et al. 2020) was
used. The VT parameter provides predefined values of various vegetation parameters (e.g.,
leaf-area density, heat-capacity, canopy-specific resistance, aerodynamic roughness length
2y, etc.) that determine the influence of vegetation on atmospheric processes that are shown
in Table 2. For details of the default bulk parameters, we refer to Gehrke et al. (2020).

To ensure the highest comparability of simulations with the LSM to simulations with
prescribed surface fluxes, a time-constant net radiation at the surface is necessary. There-
fore, we used the PALM built-in clear-sky radiation model with a constant zenith angle and
thus obtained a net radiation that remained almost constant over the 4 h of data acquisition.
The zenith angles and resulting net radiation at the surface used for each stability and land-
cover combination can be found in Table 2. The zenith angles were chosen to give differ-
ent net radiation at the surface for each atmospheric condition. For net radiation, we used
250 W m~ (MU), 350 W m~2 (SU), and 450 W m~* (FC) following De Roo et al. (2018).

The LSM is coupled with a soil model for which we chose a medium-fine soil type
(Gehrke et al. 2020). Since Liu and Shao (2013) have noted that a very thin top soil layer
can lead to feedback effects as soil temperature and moisture can change due to short-term
changes in the atmosphere directly above the soil, we have also adjusted the layer thick-
ness in the soil model. The thickness of each soil layer, as well as initial soil temperature
and moisture values, are shown in the Appendix, Table 6. The wilting point of the soil is
defined at a soil moisture of 0.133 m® m~ (Gehrke et al. 2020) and the soil moisture in our
simulations never fell below this value, therefore water availability for the plants was suf-
ficient in all simulations.

2.1.2 Set-up of Land-Surface Model and Plant-Canopy Model Simulations

For the land-cover type forest, the land-surface model was additionally combined with
PALM’s embedded plant-canopy model (PCM) (Maronga et al. 2015) which explicitly
considers the impact of grid-resolved vegetation on the momentum, potential temperature
and heat equation (see simulations 4-6). The PCM was used with the horizontally homoge-
neous prescribed leaf-area density (LAD) profile shown in Fig. 2. The PCM follows Shaw
and Schumann (1992) and Watanabe (2004), and adds a momentum sink. It was validated
against wind-tunnel and lidar observations in Kanani et al. (2014). The PCM furthermore
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interacts with radiation (absorption, transmission, reflections) and provides volume sources
of sensible and latent heat that enter the prognostic equations of potential temperature and
mixing ratio, respectively (Kr¢ et al. 2021). The PCM is currently not coupled with the
LSM but assumes that water availability is always sufficient for transpiration. The shape
of the LAD profile used in the fine grid (Fig. 2) is based on the plant-area density (PAD)
profile used in Patton et al. (2016) but has a higher leaf-area index (LAI) of 5.95 m? m~>.

Below the canopy, at the bottom boundary, we also used the LSM that provides a small
part of the sensible and latent heat fluxes based on the radiation that penetrates the resolved
canopy. Here, we used the vegetation type deciduous broadleaf forest (VT =7), the charac-
teristic parameters of which are also shown in Table 2. However, the roughness length is
determined by the vegetation resolved in the PCM.

2.1.3 Set-up of Prescribed Surface-Flux Simulations

To set up PSF simulations comparable to the LSM simulations (simulation numbers
7-9), the sensible and latent surface-heat fluxes (H, and AE)) resulting from the grass-
land LSM simulations were horizontally averaged over the entire domain and tempo-
rally averaged canopy top were averaged and usedover the four hours of data acquisition
and then used as prescribed surface fluxes in the PSF simulations. For PSF simulations
comparable to LSM +PCM simulations (simulation numbers 10-12), the fluxes at the
as prescribed surface-heat fluxes (see Eqgs. 2, 3). The exact approach for calculating the
surface fluxes is described in Sect. 2.2. The prescribed H, and AE, in each PSF simula-
tion are shown in Table 2. The roughness lengths z, and z, were set according to the
vegetation types used in the LSM(+PCM) simulations.

Fig.2 LAD profile of the
resolved canopy that is used in 201
the fine grid for LSM +PCM
simulations; z;, denotes the height
above the bottom of the domain
15 4
E 10
N
5 -
O -

00 02 04 06
LAD (m? m™3)
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2.2 Data Processing

30-min surface fluxes were calculated for each simulation and profiles of horizontal
wind speed in the x- and y-directions (u, v), the component of vertical wind (w), and
potential temperature () were compared to estimate if the LSM(+PCM) simulations
are comparable to the respective PSF simulations, respectively. In this study, “surface”
always refers to the canopy top unless stated otherwise, which means that the surface
is at 7, = 0 in PSF and LSM simulations, and at z, = 20 m in LSM + PCM simulations,
where z;, is the height above the bottom of the domain. Therefore, for the LSM +PCM
simulations, the latent and sensible heat fluxes at z;, = 20 m were used as surface fluxes.

The contributions of the 30-min individual flux components to the total energy fluxes
originating from the vegetation surface H; and AE were calculated for all simulations.
The surface-heat fluxes used in the PSF and LSM-only simulations were calculated
directly by PALM as horizontal domain averages. For the simulations with PCM, we
used the sum of the resolved heat fluxes, i.e. the temporal covariances w6’ and w'q’,
and the SGS fluxes Wscs and w’_q’SGS provided by the SGS model at the canopy top,
1e.atz,=20m

Hpew = < <W’zo 9£o> + <W’20 0 SGS> )cp p- )

AE; pcy = ((W/zoq/20> + <W,20ql20 SGS> >}“' )

The overbar denotes temporal averaging over 30 min at each grid point. Furthermore,
the covariances were spatially averaged in the x- and y-directions which is denoted by the
angled brackets. To convert the heat fluxes from kinematic units to dynamic units (W m~2),
they were multiplied with the latent heat of vaporization of air (¢,) and density (p) and the
latent heat of vaporization (A1), respectively.

In the surface layer, the total heat flux, i.e. the heat flux originating from the surface, is
divided into individual flux components

H +AE,=H,+ AE,+H; + AE; + S, 4)

where H, and AE, are the temporal covariance-heat fluxes, H,; and AE, are the dispersive
heat fluxes, and S is the energy stored in the underlying air mass.

We calculated H,, AE,, H,;, and AE, for each vertical grid level. H, and AE, were calcu-
lated similarly to the surface fluxes in the PCM simulations (see Egs. 2, 3)

H = ((70) + (77 scs) oo ®
3, = ((wq') + (Wd s65) ) A ©)

The resolved 30-min temporal covariances w’#’ and w’q’ in Egs. 2, 3 and 5, 6 were cal-

culated from the temporal deviations from half-hourly averages of w, 6, and g, respectively:

- 1 nt - -
W,HIX,y = EZO (wt’x’y — wx,y)(Qt’x,y — Hx’y), (7
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where nt is the number of timesteps in each 30-min averaging interval. To calculate w'q’,
0 was replaced by ¢g in Eq. 7. Those 30-min covariances where then spatially averaged over
each x- and y-grid point with

—_ 1 nx ey ny——

(W) = nx X ny 20 0 W,Q,x’y’ ®)
where nx and ny are the number of grid points in x and y directions. Again, § was replaced
by ¢ to calculate (w’g’) in Eq. 8. Similarly, the SGS fluxes calculated by PALM were spa-
tially averaged over the entire domain, which is denoted by the angular brackets.

The dispersive fluxes were calculated at each grid level from the spatial covariance,
where the local deviations of 30-min averages of vertical wind velocity w, potential
temperature 6, and specific humidity ¢, marked by the star, from the spatial average
were considered

Hy= (W0 )c, Q)
AE, = (W'g")A, (10)
with
e 1 x T _ (A
(wo ) = nx X ny ZOZ(y)(Wx,y = (WO, = (0))- (1D

Again, (W*é*) was calculated by replacing 6 by ¢ in Eq. 11. The resulting surface-heat
fluxes, temporal covariance-heat fluxes and dispersive heat fluxes were temporally aver-
aged over 30 min and horizontally averaged over the entire domain. Those values were
then averaged over the entire data-capture period, i.e. 4 h.

We investigated the dispersive heat fluxes (F;), as these are typically considered
as the energy-balance residual (e.g., Steinfeld et al. 2007). Because the absolute sur-
face-heat fluxes of the compared simulations differ slightly, and because some energy-
balance terms like ground heat flux and energy stored within the canopy cannot be
considered in the PSF simulations, the relative contributions of H,; and AE, to the total
surface heat flux F, = H, + AE at the canopy top were investigated. The resulting F,
values of the LSM(+PCM) and corresponding PSF simulations were then compared at
each grid level up to 100 m above the vegetation top.

We also analyzed xy cross-sections of 30-min averaged surface temperature (H_S) and
vertical wind velocity (w) at different heights above the surface to see if the differ-
ences in F,; are associated with the formation of mesoscale structures in the atmos-
phere and if these spatial structures are linked to surface properties. Furthermore, the
Bowen ratio was evaluated to see whether the proportion of sensible and latent heat
fluxes in the dispersive heat fluxes not captured by single-tower EC measurements in
the field is the same as in the temporal covariance-heat fluxes.

3 Results

The focus in the data evaluation is on F, resulting from different lower boundary condi-
tions since the main objective is how different surface-flux boundary conditions affect
the surface energy balance and the occurrence of dispersive fluxes. However, before we
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analyze the impact of lower boundary conditions on F;, we evaluate the comparability of
the LSM(+PCM) simulations with the PSF simulations by comparing general boundary
layer characteristics. Furthermore, xy cross-sections are presented to demonstrate that sec-
ondary circulations develop depending on the height and the lower boundary conditions.

3.1 Comparability of Simulations with Different Lower Boundary Conditions

In the simulations with prescribed surface-heat fluxes, the surface-heat fluxes are constant
over the entire simulation period. To enhance comparability, the surface-heat fluxes in
LSM(+PCM) simulations should also be fairly constant in time. We therefore used con-
stant sun angles, which lead to an almost constant net radiation. Figure 3 shows that the
surface-heat fluxes are quasi-steady-state in the LSM simulations over grassland. Only
when additionally using the PCM over forest does the temporal covariance-heat fluxes at
the vegetation top fluctuate slightly, being almost constant during the first 2.5 h of data
assimilation and then decreasing slightly. Overall, the surface-heat fluxes of LSM(+PCM)
simulations are constant within+12.2% and only deviate from the surface fluxes of the
corresponding PSF simulations by 6.2% at maximum.

Figure 4 shows profiles of horizontally averaged turbulence kinetic energy ((TKE)),
(6) and (g). Here, the results of an LSM(+PCM) and the respective PSF simulation are
compared in each sub-panel. The profiles of (TKE), (6) and (7) are almost identical in the
LSM(+PCM) and respective PSF simulations.

3.2 Development of Turbulent Organized Structures for Different Lower Boundary
Conditions

Figures 5, 6 and 7 show xy cross-sections averaged over the fifth 30-min interval of the
data assimilation period for the three different atmospheric stabilities over forest with PSF
(a—) and LSM + PCM (d—f) as lower boundary conditions for three different heights above
the vegetation top denoted by z,. Panels a, d in Figs. 5, 6 and 7 show the deviation from
the spatially averaged temperature at the vegetation top (G_S). In the MU case (Fig. 5), a
striped pattern occurs at z, = 0 both with PSF (Fig. 5a) and with LSM +PCM (Fig. 5d), but
it is much more pronounced with LSM +PCM, which is confirmed by the higher spatial
standard deviation in Table 3. In the SU case (Fig. 6), cold and warm areas also appear
in the surface temperature, but here, the stripes are more fractured. Again, the cold and
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Fig.3 Time series of 30-min sensible (red) and latent (blue) surface-heat fluxes at the canopy top for
LSM(+PCM) simulations (cross) and corresponding PSF simulations (dot)
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Fig. 4 Profiles of horizontally-averaged TKE (a), potential temperature (b), and water mixing ratio (¢) for
all atmospheric stability and lower boundary condition combinations (see Table 1) temporally averaged
over the entire data assimilation period. The results of the PSF simulations are displayed as a black line,
while the results of the corresponding LSM(+PCM) simulations are displayed as red lines. Here, we show
the output of the parent domain to cover a larger vertical extent
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Fig.5 xy cross-sections and profiles for MU PSF and LSM+PCM simulations averaged over the fifth
30-min interval of data assimilation. Panels a-f show xy cross-sections of 30-min averaged potential tem-
perature at the surface or at the canopy top, respectively, a, d and vertical wind velocity at 4 m b, e, and
20 m ¢, f above the canopy top over forest with PSF a—c¢ and LSM +PCM d-f as lower boundary condi-
tions. Panels g—j show 30-min and horizontally-averaged profiles of ww’ (g, i) and 6’6’ (h, j) over the lower
boundary of the domain. The dashed line represents the canopy top (z, = Om) and the dotted lines show the
levels of the xy cross-sections of vertical wind at z, = 4 m and z, = 20 m. In panels h and j, the height of the
resolved canopy in the LSM +PCM simulation is shown by the green area
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Fig.7 xy cross-sections and profiles for FC PSF and LSM+PCM simulations averaged over the fifth
30-min interval of data assimilation. For a detailed description of each panel see Fig. 5

warm patches are more pronounced with LSM +PCM. In the FC case (Fig. 7), the warm
and cold areas appear in a cell-like structure and are, unlike in the first two cases, con-
siderably more pronounced with PSF at the surface (Fig. 7a) than with LSM +PCM at
z, = 0 (Fig. 7d). This is also reflected in the standard deviations of 0.119 K (PSF) and
0.096 K (LSM +PCM) shown in Table 3.
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Table 3 Standard deviations (o,,) calculated in a spatial framework across xy cross-sections as the square
root of the variances of 30-min averaged surface temperature 6, and vertical wind speed w,. at 4 and 20 m
above the surface in three different atmospheric stabilities (MU, SU, FC) over forest with two different
lower boundary conditions (PSF, LSM +PCM)

MU SU FC

F PSF LSM+PCM F PSF LSM+PCM F PSF LSM+PCM

6. @) (K 0032  0.062 0.064  0.073 0.119  0.096
o,()  (ms™) 0010 0.031 0014  0.052 0.019  0.082
0, (Waom) (ms™) 0.053  0.057 0.077  0.098 0.132  0.169

The structures in the vertical velocity (Figs. 5, 6, 7b—c, e—f) under different atmospheric
conditions match the patterns in the surface temperature, respectively. Under all atmos-
pheric conditions, updrafts and downdrafts in the vertical wind at z, = 4 m are significantly
weaker in PSF boundary conditions (Figs. 5, 6, 7b) than in LSM + PCM boundary condi-
tions (Figs. 5, 6, 7e) which is also reflected in the spatial standard deviations shown in
Table 3. With greater distance from the surface, the patterns are still less distinct in the PSF
simulations (Figs. 5, 6, 7c), but the difference to the LSM +PCM simulations (Figs. 5, 6,
7f) 1s reduced as shown, for example, at 20 m above the surface.

Panels g—j of Fig. 5, 6 and 7 additionally display profiles of (w/w’) and (6’6’) for the
same 30-min interval. The profiles show that (w'w') at the vegetation top is under all
atmospheric conditions significantly larger in the LSM +PCM simulations (Figs. 5, 6, 7g)
than in the PSF simulations (Figs. 5, 6, 71) due to the resolved vegetation. However, the
difference between PSF and LSM+PCM simulations becomes smaller with increasing
height.

Due to the resolved vegetation, small differences between PSF (Figs. 5, 6, 7h) and
LSM+PCM (Figs. 5, 6, 7j) simulations also arise for 6’6’, especially directly above the
vegetation top. These differences are, however, pronounced to varying degrees under differ-
ent atmospheric conditions. While in the MU case, 6’6’ is larger for LSM +PCM (Fig. 5h)
than for PSF (Fig. 5j), the profiles look almost the same above the canopy top with both
lower boundary conditions in the FC case (Fig. 7).

3.3 Dispersive Fluxes for Different Lower Boundary Conditions

Table 4 shows that the Bowen ratios of temporal covariance (Bo,) and dispersive (Bo,)
heat fluxes at 20 m above are almost equal and that they match the Bowen ratio of surface-
heat fluxes (Bo,). It furthermore shows that Bo values for LSM(+PCM) and comparable
PSF simulations agree quite well.

Figure 8 shows comparisons of latent and sensible, as well as total dispersive fluxes
(F,) that are normalized with F between the simulations with land surface model (£, /)
(Fig. 8a—c) or land-surface and plant-canopy model (F;; ¢y, pcy) (Fig. 8d-f) and the
respective simulations with prescribed surface fluxes (F; pgr) for each stability and VT
combination.

For both VTs, F, increases with atmospheric instability and with distance from the
vegetation top. The Bowen ratios of F; (Bo,) nearly equal the Bowen ratio of F, (Bo,)
in all simulations (see Table 4); F; is dominated by AE, in all simulations (Fig. 8). In the
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Table 4 Bowen ratios of surface-heat fluxes (Bo,), as well as temporal covariance-heat fluxes (Bo,), and
dispersive heat fluxes (Bo,) at 20 m above the vegetation top for all stability, vegetation type (VT) and
lower boundary condition (LBC) combinations. The errors are calculated as the temporal standard deviation

of the 8 30-min intervals during the data assimilation period

Stability VT  LBC Simulation Bo, Bo (20 m) Bo, (20 m) Bo, (20 m)
number
MU G PSF 7 0.13+0.00 0.12+0.0 0.12+0.00  0.11+0.00
LSM 1 0.13+£0.00 0.13+0.0 0.13+£0.00  0.14+0.00
F PSF 10 0.16+0.00 0.16+0.0 0.16+0.00 0.15+0.00
LSM +PCM 4 0.16+0.01 0.16+0.01 0.16+0.01 0.16+0.01
SU G PSF 8 0.19+0.00 0.18+0.0 0.18+0.00  0.17+0.00
LSM 2 0.19+0.00 0.19+0.0 0.19+£0.00 0.21+0.00
F PSF 11 0.28+0.00 0.27+0.0 0.27+0.00 0.26+0.00
LSM +PCM 5 0.28+0.01 0.28+0.01 0.28+0.01 0.3+0.01
FC G PSF 9 0.19+0.00 0.18+0.0 0.19+£0.00  0.17+0.00
LSM 3 0.20+0.01 0.2+0.01 0.2+0.01 0.21+0.01
F PSF 12 0.33+£0.00 0.32+0.0 0.32+0.00 0.3+0.00
LSM+PCM 6 0.33+0.01 0.34+0.01 034+0.01 0.35+0.01
MU su FC
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Fig. 8 Comparisons of dispersive fluxes for H;, AE; and the sum of both F, resulting from different lower
boundary conditions as a function of height above the vegetation top z,. The dispersive fluxes are normal-
ized by the total surface flux (F,) at the canopy top and averaged over the entire data assimilation period
and the error bars show the standard deviation of the 30-min averages. Panels a—c show the comparison
between LSM and PSF over grassland for different atmospheric stabilities. Panels d—f show comparisons
for different atmospheric stabilities over forest between LSM +PCM and PSF. The total dispersive heat flux
is displayed in black, and the shares of sensible and latent dispersive heat fluxes are displayed in red and

blue, respectively
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grassland case, F, pgr is slightly smaller than F,; g, under all atmospheric conditions as
indicated by Fig. 8a, b.

Figure 8d—f show the comparison between F; pgr and F;; 11, peys Over forest and dem-
onstrate that the dispersive fluxes above the resolved vegetation behave differently than
with PSF. In contrast to F; pgr, F 1 sp1.pcy d0€s not approach zero close to the canopy top
but remains significantly larger. F; pgr accounts for 0.52+0.01% (1.44+0.0 W m~2, MU
case), 0.79+0.02% (3.05+0.0 W m~2, SU case), and 1.46+0.01% (7.27+0.0 W m_2 FC
case) of F pgr 4 m above the canopy top, whereas F;; g, pcy contributes 1.14 +0.09%
(3.23+0.01 W m™2, MU case) 2.76+0.21% (11.23+0.04 W m™2, SU case), and
5.78 +0.45% (30.7+0.17 W m™2, FC case) to F SLSM+PCH respectively. In the FC case, this
leads to an absolute difference of 23.42 W m™2, though it must also be noted here that F,
slightly differs between PSF and LSM + PCM simulations. Therefore F; ; g1/, pcay 18 signifi-
cantly larger near the surface than F; »- under all atmospheric conditions. However, with
increasing distance from the surface, F,; s, pcy behaves very differently under changing
atmospheric conditions. While F;; g, pcy, under MU conditions is smaller than F; pqr
already 8 m above the vegetation top, it is never smaller than F, pg- under SU conditions.
Under FC conditions, F;; ¢y, pcy, becomes smaller than F; pg» 20 m above the vegetation
top.

Figure 9 shows the differences between F; pgr and F; ;g OF Fy ;10 peyy in more detail.
It demonstrates that the differences between F; pgr- and F g, increase linearly with height
over grassland under all atmospheric conditions. The differences between F; pgr and
F 1 sm+pcy over forest are not linear due to the different behaviour of F; ; ¢1s4 pcs-

In the MU case, this leads to F;; ¢/, pcy, being smaller than F ¢ already at 8 m above
the canopy. However, since F;; ¢y, pcy, Increases more strongly again from about 20 m
above the canopy, F; ;. pcy and F, pgr are equal again, at about 80 m above the vegeta-
tion top (Fig. 9a). In the SU case, the difference between F, ;g pcys and F pgr initially
becomes smaller with increasing height, but always remains slightly larger and the dif-
ference increases, again, from about 30 m above the surface as shown in Fig. 9b. In the
FC case, the difference between F; ;). pcy and F, dyPSF close to the vegetation top is larg-
est (Fig. 9c) with 4.32+0.47% (23.43+0.17 W m™ ) Here, again, F; s, pcy approaches
F,; psr With increasing height but here, it becomes smaller than F, pg. from 24 m above the
canopy.

3.4 Comparison of Vegetation Types in Land-Surface Model and Plant-Canopy
Model Simulations and Surface-Heat Fluxes from the Land-Surface Model
in General

Table 5 shows the contributions of different water vapour sources to the latent surface-heat
flux directly at the bottom of the domain (AE; ,) where the LSM is embedded. In the grass-
land simulations, the entire AE| , originates from the transpiration of plants (1E| ). Here,
no water evaporates directly from the soil (AE ;) as the plant coverage is set to 100%.

For VT 7 (broadleaf forest) that is used for the LSM + PCM simulations, the share
of AE,,; in AE,, amounts to less than 10%. Furthermore, the contributions from liquid
water on plants (AE ;) are negative here, which is defined as the condensation of water
vapour. Overall, AE; , in the simulations with PCM are very small compared to the total
latent heat flux at the canopy top, meaning that the main portion of the latent heat flux
originates from the crown space of the resolved plants.
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Fig. 9 Profiles of differences between 30-min averaged dispersive fluxes in LSM(+PCM) simulations and

respective PSF simulations for different atmospheric stabilities. The y-axis shows the height above the veg-
etation top z,

In comparison to AE(, at the bottom of the domain shown in Table 5, the latent
heat fluxes at the canopy top (AE; ) are significantly larger with 243.13 +4.46 W m~2
(MU), 318.50+ 12.81 W m~2 (SU), and 398.74 +26.56 W m~> (FC). In the LSM + PCM
simulations, the sensible surface-heat flux at the bottom of the domain (H,,) shown
in Table 5 are negative, indicating that the canopy heats up more than the shaded
ground, causing warm air masses to sink towards the ground. At the canopy top, how-
ever, the sensible heat fluxes (H, ) are similar to the prescribed sensible heat fluxes

shown in Table 2 with 39.63+1.89 W m™2 (MU), 88.20+5.39 W m~2 (SU), and
132.37+11.56 W m~2 (FC).
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Table 5 Absolute sensible and latent surface-heat fluxes at the bottom of the domain (H,, AE| ;) and con-

tributions of evaporation or condensation of liquid water on plants (AE

s,lig

), bare soil evaporation or precipi-

tation (AE,;), and transpiration of plants (AE;,,) to AE, for simulations with LSM as lower boundary

condition (LBC)

Stability VT LBC Hg, (W m) AE AE i, (%) AE i (%) AE ., (%)

(Wm™)

MU G LSM 22.80+0.06 172.12+1.36 0.00+£0.00 0.00+0.00 100.00+0.79
F LSM+PCM -9.99+0.62 3.82+049 —-2.02+1.10 8.70+1.09 93.33+10.78

SU G LSM 43.775+0.33 22547+3.21 0.00+£0.00 0.00+£0.00 100.00+1.42
F LSM+PCM -10.94+0.45 4.84+091 —4.13+244 8.02+1.40 96.10+15.06

FC G LSM 58.51+0.70 288.53+4.57 0.00+0.00 0.00+0.00 100.00+1.58
F LSM+PCM -14.79+2.28 6.74+134 —4.13+3.35 9.26+1.890 94.87+14.88

4 Discussion

The investigation of F, resulting from different lower boundary conditions showed that
the differences between LSM and PSF close to the vegetation top are very small for
simulations over grassland. The PSF lower boundary condition results in slightly larger
F; with increasing distance from the canopy top than when using the LSM.

The comparison between the LSM + PCM and the PSF over the forest shows varying
results depending on which height is considered. Close to the surface, the LSM +PCM
boundary condition yields significantly larger F; values, and this difference increases
with increasing instability. This agress well with the developing TOS, i.e. roll-like
structures in MU and SU cases, and cell-like structures in the FC case, being much
more pronounced near the vegetation top in LSM + PCM simulations than in PSF and
LSM-only simulations. This indicates that the magnitude of dispersive fluxes is corre-
lated with the strength of TOS when averaged over 30 min.

One reason for the undeveloped structures close to the surface despite high heteroge-
neity in surface temperature in PSF simulations might be the fact that structures at the
lowest grid levels are only partially resolved in LES and significant parts of the verti-
cal transport are carried out by the SGS model (Bou-Zeid et al. 2005). When using the
PCM, the canopy top is at the fifth grid level, so structures directly above the trees can
be resolved well. Other studies also found that resolved canopies enhance the turbu-
lence, e.g. by causing ejection sweep events (Finnigan et al. 2009), which explains why
the dispersive fluxes behave so differently with the PCM than with PSF or the LSM only.
However, in our study, resolved vegetation affects dispersive fluxes only directly above
the vegetation top and no consistent positive effect on dispersive fluxes is observed as
distance increases. Patton et al. (2016) observed that the structures form already within
the trunk layer, vanish at the treetop, and are more pronounced again above the forest.
We do not observe this effect in our simulations. Instead, the structures in our simu-
lations become constantly more pronounced with increasing height. This discrepancy
might be explained by the different canopy structure of Patton et al. (2016), where the
crown layer has a lower plant area density.

To investigate how the height-dependent differences in dispersive heat fluxes over
the forest in Fig. 9 can be explained and whether the different behaviour of the variance
profiles in Figs. 5, 6 and 7, especially for w, provided an explanation, we investigated
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flux—variance similarity functions for u, w, and 0 variances. The similarity function for u
(¢,) was calculated based on Panofsky et al. (1977)

W) _ b (L) (12)

u,

The variance similarity functions for w (¢,,) and 6 (¢,) were calculated similarly by replac-
ing u'u’ with w'w’ and 0’6’ respectively, and u, with the temperature scale 7',. The differences
in ¢, between PSF and LSM +PCM simulations were very small and are hence not shown.
However, we found significant differences between PSF and LSM +PCM simulations in the
¢, and ¢, profiles that are shown in Fig. 10. We furthermore compared the profiles obtained
from the simulations to theoretical variance similarity functions based on (Foken et al. 2004)
using
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Fig. 10 Profiles of flux—variance similarity functions for I (¢, top) and ww' (¢,,. bottom) for PSF simu-
lations (black) and LSM +PCM simulations (red) over forest. The solid lines show the profiles of the flux—
variance similarity functions obtained in the simulations and the dotted lines show theoretical flux—variance
similarity functions as shown in Eqgs. 13, 14
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with
¢, =27,¢,=0 if0>z,/L>-0.032
c;=415c,=1/8 if —0.032>z,/L

and

40! d C

<WW>=C1¢W<—b>2, a4

u, L

with

¢, =13,¢,=0if 0> z,/L > —0.032
¢, =2.0,¢, =1/8if —0.032 > z,/L

Figure 10 shows a clear dependence of the ¢, and ¢, profiles on stability, as does
the proportion of dispersive heat fluxes in the total surface-heat fluxes in Fig. 8. For
all atmospheric stabilities, ¢, and ¢,, are larger in the LSM + PCM simulations than in
the PSF simulations directly above the canopy top. This is because the profiles in the
PSF simulations are forced to zero at the canopy top. Within the canopy, ¢, and ¢,, are
highly variable and depend on the vegetation and canopy structure at each site (Rannik
et al. 2003) and we do not expect the model to provide realistic values in this range.
However, a clear effect of the resolved vegetation is that ¢, and ¢,, are not forced to zero
at the vegetation top, which explains why the resulting dispersive heat fluxes near the
canopy top are larger in the LSM +PCM simulations than in the PSF simulations (see
Fig. 9). The fact that ¢,, becomes larger in the PSF simulations than in the PCM +LSM
simulations from a height of about 20 m above the canopy top also explains the nega-
tive difference further away from the canopy top in Fig. 9. The bulbous shape of ¢,, and
¢,, increasing with altitude suggest that secondary circulations are forming that pro-
vide greater variance in the vertical wind at higher altitudes and greater variance in the
horizontal wind at lower altitudes. Both effects are very pronounced in the FC case,
which causes the profiles derived from the simulations to deviate strongly from the pro-
files calculated using the theoretical functions, which only include the purely turbulent
fluxes. This indicates more intensive secondary circulations for the FC case, which is
why the dispersive heat fluxes are also larger here than for the less unstable cases.

Whether the use of PSF or LSM(4+PCM) as lower boundary condition yields larger
dispersive heat fluxes, depends on the land cover type, the measurement height and
atmospheric stability. For more realistic simulations over heterogeneous surfaces of
energy-balance closure field experiments, it should therefore be considered which type
of vegetation is predominant. Moreover, the PCM can be used only for those areas where
the vegetation is tall enough to be resolved by the grid. In most cases, depending on the
grid spacing, only a forest can be resolved using the PCM and the grassland would be
simulated by using the LSM or the PSF method. Assuming a typical EC set-up is roughly
mounted 4 m above the canopy for grasslands and 12 m above the canopy for forests,
the use of the LSM instead of PSF as the lower boundary condition for grasslands would
decrease the contribution of F, to F, by only —0.08 +0.06% (—0.16+0.0 W m™?) for
the MU case, —0.09 +0.03 (=0.24 +0.0 W m~?) for the SU case, and —0.41 +0.08%
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(-1.05+£0.0W m_z) for the FC case. Over the forest, the use of LSM + PCM instead of
PSF would decrease the dispersive heat fluxes by —0.71+0.19% (- 1.86+0.01 W m™2)
in the MU case, but increase them by 0.32+0.14% (1.89+0.04 W m~2) and 1.0+0.22%
(7.67 +0.2 W m~?) for SU and FC cases, respectively.

Additional factors should also be considered when choosing the lower boundary condi-
tion, such as the fact that the flow modification by forest edges cannot be represented by
PSF or LSM. These effects are not investigated in this study, although they can have a
strong influence on temporal covariance and dispersive heat fluxes (Kanani-Siihring and
Raasch 2017; Kenny et al. 2017).

Furthermore, forests typically have a roughness length of > 1 m (Foken 2017). However,
7, 1s limited to a quarter of the vertical grid spacing in PALM because MOST is not valid
within the roughness sublayer (Basu and Lacser 2017). Therefore, forests cannot be repre-
sented correctly by the LSM with vertical grid spacings <4 m. To estimate the roughness
length resulting from the resolved canopy in the LSM +PCM simulations over forest, we
have performed an additional simulation with near neutral atmospheric stratification. We
fitted

u, z,—d
U(z,) = — In < > (15)

<0

where x is the von Karmén constant (0.4) and d is the zero-plane displacement to the hori-
zontal wind profile and found z, to be 2.2 m. Thus, z, is almost a factor of 10 larger than
in the PSF simulations and much closer to z, determined from various field measurements
over forests (Reithmaier et al. 2006).

Finally, when using the PCM, we found fluxes from the ground to be very small. Most
of the incoming shortwave radiation is converted into longwave radiation and heat fluxes
at the top of the tree canopy. Due to the shading by the trees, almost no energy reaches
the ground where it is fed into the LSM and coupled soil model. This also means that the
choice of vegetation type in LSM in combination with the PCM plays hardly any role.

As mentioned earlier, biomass heat storage was found to play a major role in energy-
balance closure, especially in forests (Lindroth et al. 2010; Swenson et al. 2019). How-
ever, the simulations with PSF or LSM only do not provide information on biomass storage
or processes within the canopy and in the understory air space. To answer our research
question about the influence of lower boundary conditions on dispersive heat fluxes, we
have therefore limited ourselves to the area above the vegetation surface, i.e. dispersive flux
components relative to the total heat flux at the canopy top. Therefore, we cannot draw any
conclusions on the influence of biomass heat storage.

5 Conclusion

To answer whether the choice of lower boundary conditions has an influence on the result-
ing dispersive heat fluxes in LES, we compared two different boundary conditions over
grass and forest, respectively, using different atmospheric conditions. We found that espe-
cially the use of the PCM, i.e. resolving the vegetation in the model, indeed has a sig-
nificant influence on the dispersive fluxes. The comparison between PSF and LSM for
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grassland shows no significant differences near the vegetation top for all atmospheric con-
ditions with respect to the proportion of dispersive heat fluxes to the total surface-heat flux.
The use of LSM +PCM for forests causes significantly larger dispersive fluxes than PSF
near the surface regardless of the stability regime. The more unstable the atmospheric con-
ditions are, the greater this difference. At larger measurement heights, however, the effect
is reversed depending on the atmospheric stability. We showed that resolving the vegeta-
tion in the PCM also has a clear impact on the relationship between variance and flux—var-
iance similarity functions, which is related to the relative importance of dispersive heat
fluxes. The use of the PCM is therefore recommended for low measurement heights within
20 m above the vegetation top, which is the case for many field measurement set-ups. Nev-
ertheless, these simulated dispersive fluxes are much smaller than the EBC gap of real-
world EC measurements. Despite this discrepancy, the PCM also has other advantages, for
example, it allows for surface types with a high roughness, such as forests, to be correctly
represented even at high grid resolutions on the order of metres. In the case of heterogene-
ous surfaces, resolved forest edges can also have an additional effect on dispersive fluxes
which was, however, not investigated in this study, where only homogeneous conditions
were analyzed.

Appendix: Initialization Profiles

Figure 11 shows horizontally-averaged profiles for 6, g, and w that were used to initiate all
simulations. Within the 2-h spin-up time, the boundary layer develops so that the profiles
evolve into those shown in Fig. 4.
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Fig. 11 Initialization profiles of spatially-averaged 6, g, and w for all simulations
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Table 6 Initial soil model

set-up for all simulations with Depth (m) Soil temperature (K) tsu(il ?rln%is_

LSM‘(-.I- PCM) as lower boundary m3)

condition
0-0.001 291.35 0.32
0.001-0.01 291.25 0.32
0.01-0.02 291.15 0.32
0.02-0.04 290.95 0.32
0.04-0.08 290.60 0.32
0.08-0.14 290.15 0.32
0.14-0.27 289.45 0.32
0.27-0.53 288.30 0.31
0.53-1.07 286.65 0.30
1.07-2.93 283.20 0.28

Table 6 shows the initial set-up of the soil model that is part of the LSM. The soil tem-
perature and moisture were applied in each layer throughout the entire horizontal extent of
the domain. This set-up was used in all simulations where LSM(+PCM) was employed as
lower boundary condition.
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Abstract

It was discovered several decades ago that eddy covariance measurements systematically
underestimate sensible and latent heat fluxes, creating an imbalance in the surface energy
budget. Since then, many studies have addressed this problem and proposed a variety of
solutions to the problem, including improvements to instruments and correction methods
applied during data postprocessing. However, none of these measures have led to the com-
plete closure of the energy balance gap. The leading hypothesis is that not only surface-
attached turbulent eddies but also sub-mesoscale atmospheric circulations contribute to the
transport of energy in the atmospheric boundary layer, and the contribution from organized
motions has been grossly neglected. The problem arises because the transport of energy
through these secondary circulations cannot be captured by the standard eddy covariance
method given the relatively short averaging periods of time (~30 minutes) used to compute
statistics. There are various approaches to adjust the measured heat fluxes by attributing
the missing energy to the sensible and latent heat flux in different proportions. However, few
correction methods are based on the processes causing the energy balance gap. Several
studies have shown that the magnitude of the energy balance gap depends on the atmo-
spheric stability and the heterogeneity scale of the landscape around the measurement site.
Based on this, the energy balance gap within the surface layer has already been modelled
as a function of a nonlocal atmospheric stability parameter by performing a large-eddy simu-
lation study with idealized homogeneous surfaces. We have further developed this
approach by including thermal surface heterogeneity in addition to atmospheric stability in
the parameterization. Specifically, we incorporated a thermal heterogeneity parameter that
was shown to relate to the magnitude of the energy balance gap. For this purpose, we use a
Large-Eddy Simulation dataset of 28 simulations with seven different atmospheric condi-
tions and three heterogeneous surfaces with different heterogeneity scales as well as one
homogeneous surface. The newly developed model captures very well the variability in the
magnitude of the energy balance gap under different conditions. The model covers a wide
range of both atmospheric stabilities and landscape heterogeneity scales and is well suited
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for application to eddy covariance measurements since all necessary information can be
modelled or obtained from a few additional measurements.

Introduction

Understanding how energy in the form of sensible and latent heat is exchanged between the
biosphere and the atmosphere is of great importance in different fields. For example, it is criti-
cal for weather forecasting and climate modelling [1-4], understanding of CO, sequestration
by plants [5-9], and developing management recommendations for pastures, croplands, and
forestry that enable efficient use of water resources [10-15].

Traditionally, the eddy covariance (EC) method is the approach used to measure the
momentum, energy, and mass fluxes between the earth’s surface and the atmosphere [16, 17].
This is the most direct and non-destructive method to quantify momentum, energy, and mass
fluxes between a given ecosystem and the atmospheric boundary layer (ABL) [18]. Nonethe-
less, it has been repeatedly found that when experimentally measuring the surface energy bal-
ance (SEB, balance between the energy reaching/leaving the ground surface through net
radiation and the corresponding ground and turbulent fluxes, storage, and metabolic terms)
there is a 10-30% imbalance, resulting in an energy gap in the SEB [19-21].

Multiple possible causes for this gap have been investigated over the years. Some of them
are instrument errors, including the systematic error of sonic anemometers or humidity mea-
surements [22-27], systematic error in measurements of other SEB components like soil heat
flux or radiation [28-30], footprint mismatch [31], and heat storage in tall vegetation canopies
[32-35]. These error sources have been progressively addressed by improving the measure-
ment techniques and the development of correction methods that can be applied during data
post-processing [36-38]. Nonetheless, besides all these significant efforts there remains an
important SEB gap [37, 39, 40].

The EC method relies on very high temporal resolution measurements of the three-dimen-
sional wind speed and any other additional scalar of interest. For example, if one is interested
in measuring the sensible heat flux, then the temperature would be the additional scalar of
interest. The sensible heat flux is then calculated as the covariance of the vertical wind speed
and the temperature around the average for a defined time period of typically 30 minutes [17,
41]. As a result, the EC method can only capture the turbulent contribution of the energy
fluxes, where the turbulent fluctuations are defined around the adopted averaging period [42].
Initially, this was thought to be sufficient given that almost all atmospheric transport in the
boundary layer is considered of turbulent nature [43, 44].

However, more recently, it was found that, under certain atmospheric conditions, a signifi-
cant part of the energy is not transported by turbulent motions but rather large-scale persistent
atmospheric circulations that contribute to the vertical mean wind and reach far into the atmo-
spheric surface layer [45, 46]. This transport of sensible and latent heat by secondary circula-
tions can significantly contribute to the SEB non-closure [30, 40]. However, because it is
expressed through a mean advective transport in the differential equations, it can only be cap-
tured through a spatial array of sensors and not by single-tower EC measurements [47-49]. At
present, it is possible to differentiate between two types of secondary circulations. The first
type are the so-called thermally-induced mesoscale circulations (TMCs) which result from het-
erogeneous surface forcing and are therefore spatially bound [30, 40, 50, 51]. The second type
are slow-moving turbulent organized structures (TOSs) that develop randomly even over
homogeneous surfaces [52, 53] and can translate with time. Recent data analysis has shown
that extending the averaging period to several days instead of 30 minutes could almost close
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the energy balance gap for some sites [37, 54] but not for all [41]. This could be explained
because the TMCs are bound to the surface and thus do not move over time [40, 53, 55]. More-
over, such long averaging periods typically violate the stationarity requirement that has to be
fulfilled to calculate a covariance [37, 40].

Multiple approaches to correct for the SEB non-closure have been developed already, e.g.
by extending the averaging period [37, 41, 54] applying the Bowen ratio of the measured tur-
bulent fluxes to the missing dispersive fluxes [38], attributing the entire residual to the sensible
[56] or latent [57] heat flux, or modelling the energy balance gap [58-60]. While some of these
correction methods have proven to improve SEB closure [61-63], these models do not con-
sider the factors and processes that cause the SEB gap. Some approaches consider the influence
of atmospheric stability or heterogeneity in surface roughness [59, 60], but they do not take
into account the influence of thermal surface heterogeneity.

We hypothesize that it is possible to overcome the SEB non-closure problem by considering
both, the influence of thermal landscape heterogeneity, and the effect of atmospheric stability.
Our study expands beyond the earlier LES works of De Roo et al. [58], and Margairaz et al.
[64]. Specifically, we use the correction method developed by De Roo et al. [58] that models
the SEB non-closure as a function of the atmospheric stability factor u-/w- (here w- is the Dear-
dorff velocity) and take it one step further by including the effect of landscape heterogeneity.
For this second step, we use the thermal heterogeneity parameter defined in Margairaz et al.
[64]. The use of the LES technology is ideally suited to investigate the influence of atmospheric
stability and surface heterogeneity on the SEB gap because it allows the control of both, the
atmospheric conditions, and the surface characteristics. This facilitates the development of ide-
alized analysis that can later shed light on the datasets of more complex field experiments [53,
65, 66]. Furthermore, LESs provide information on the structure of the atmospheric flow as a
function of time, and the contribution of turbulent and advective transport of latent and sensi-
ble heat fluxes at each point in space [53, 65].

This paper is organized as follows. In the next section, we provide a brief overview of former
LES-based energy balance closure approaches, the two studies by De Roo et al. [58] and Margairaz
et al. [64], and the theory underlying our new model. This is followed by a description of the data-
set and study cases. Afterwards, we present the resulting reference models and our new model,
which are then further discussed. The last section provides a short summary of our findings.

Theory

Several field studies have investigated EC measurements at multiple sites to understand the
systematic behavior of the SEB closure, and have found relations with surface inhomogeneity
[60, 67-70], friction velocity u- [19, 20, 71, 72], and atmospheric stability [19, 20, 72, 73]. Also,
large-eddy simulation (LES) studies confirm the dependence of the SEB gap with surface het-
erogeneity [74], u- [65] and atmospheric stability [59, 75]. The relation between the SEB gap
and surface heterogeneity can be explained as follows: the patches in heterogeneous surfaces
heat up differently, which favors the formation of TMCs in addition to TOSs, with the ampli-
tude and size of the individual surfaces conditioning how strongly these TMCs will be [53, 66,
76, 77]. There is also a causal relation between the SEB gap and atmospheric stability: a large
horizontal geostrophic wind speed, i.e., neutral to stable atmospheric stratification, results in
enhanced horizontal mixing, which is why the influence of TOSs and TMCs on the measured
flux is less pronounced than under free convective conditions [65, 78].

At present, there exists only a reduced set of approaches to model the SEB closure based on
the underlying processes by considering the factors that determine the magnitude of the energy
balance gap such as atmospheric stability or surface heterogeneity. One of them is the model of
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Huang et al. [59] that depends on u- and w-, the measurement height z, and the atmospheric
boundary layer height z;. This model is applicable to 30-min flux measurements, but it was only
developed for homogeneous surfaces, and only heights between 0.3 and 0.5 z/z; were considered,
so it is not applicable to typical EC measurement heights within the surface layer [58].

Another model is the one of Panin and Bernhofer [60]. They developed a heterogeneity-
dependent energy balance gap parametrization that depends on changes in surface roughness
and a corresponding heterogeneity length scale. However, this model does not include the
effect of thermal heterogeneity [45, 53]. Furthermore, it does not account for the effect of
changing atmospheric conditions [30, 50] and only provides the average energy balance clo-
sure for a site. As a result, it is rarely applicable to 30-min flux measurements.

The atmospheric stability dependent energy balance gap model of De Roo
et al. [58]

De Roo et al. [58] developed a parametrization for the SEB gap within the surface layer that
results from the energy transport by TOSs. They use the so-called imbalance (I) as a suitable
measure of the missing part of the energy fluxes, i.e., the advective and dispersive fluxes that
do not contribute to the Reynolds flux [58, 59]. It is based on the flux balance ratio that is com-
puted as the Reynolds sensible heat flux H divided by the total available sensible heat flux,
which equals the surface flux H; at the bottom of the domain, and defined as

1:1—5. (1)

s

Following the findings of Huang et al. [59], De Roo et al. [58] assumed that the underesti-
mation of the heat fluxes, i.e. the imbalance I can be described by a function of the non-dimen-
sional scaling parameter u+/ w-, as well as a function of the measurement height z relative to

()

To determine the shape of functions F; and F,, they developed a LES dataset of ABL flow
over idealized homogeneous surfaces using PALM [79]. They considered nine combinations

the boundary layer height z;:

of atmospheric stability and Bowen ratios (Bo) with a vertical grid spacing of only 2 m to inves-
tigate the energy imbalance at a height of 0.04 z;, i.e. within the atmospheric surface layer
where most EC stations around the world are employed [19, 80].

They found that combining two sets of scaling functions described well the imbalances in
the sensible and latent heat fluxes. Specifically, they found that the sensible heat flux imbalance
within the surface layer can be described with

F, . = 0.197 exp <—17.0 ﬁ) +0.156 (3)
! w.

*

and

Fypp = 10.6923 +0.21. (4)

The thermal heterogeneity parameter of Margairaz et al. [64]

As part of the Idealized Planar Array study for Quantifying Spatial heterogeneity (IPAQS)
[70], Margairaz et al. [81] developed a set of idealized LES of convective boundary layers over
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homogenously rough surfaces with embedded thermal heterogeneities of different scales. In
their work, a wide range of mean geostrophic wind was implemented to vary the flow charac-
teristics from inertia driven to buoyancy dominated. The goal of the study was to determine
under what flow conditions TMCs are formed and to unravel the relation between the surface
heterogeneity length scales and the dynamic length scales characterizing the TMCs. In their
work, the authors show how TMCs express through mean advective transport of heat, which
when unresolved either due to coarse numerical grid resolution or coarse experimental distri-
bution of sensors can then be equivalently expressed through dispersive fluxes [81].

Furthermore, in their work, a scaling analysis between the vertical mean momentum equa-
tion and the continuity equation lead the authors to a non-dimensional parameter, referred to
therein as heterogeneity parameter, that was shown to scale well with the contribution of dis-
persive fluxes when normalized by the turbulent fluxes [64].

The thermal heterogeneity parameter developed therein not only depends on the horizontal
heterogeneity length scale L;, but also on the length scale characteristic of the TMCs, L; which
also depends on buoyancy and the mean horizontal wind speed. Specifically, the thermal het-
erogeneity parameter was defined as

where T is the surface temperature and AT is the amplitude of the surface temperature hetero-
geneities, calculated from the absolute deviations (indicated by the vertical bars) of T, from the
averaged T following

AT = (|T, = (T,)]). (6)

The angular brackets denote horizontal averaging over the entire domain and the overbars
denote temporal averaging over 30 minutes. Interestingly, the heterogeneity parameter can
also be interpreted as a modified Richardson number, representing a balance between the
mean buoyancy forces developed by the thermal surface heterogeneities, and the inertia forces
represented by the geostrophic wind that tend to blend the surface effects.

In this work, we will revisit the scaling relation from De Roo et al. [58] developed for homo-
geneous surfaces, and the one from Margairaz et al. [64] for heterogeneous surfaces, and we
will illustrate how they complement each other and can be generalized to a single relation valid
for both, TMCs and TOSs. Results from the work presented herein will therefore lead to a gen-
eralization of the correction scaling relation for the closure of the SEB presented initially in De
Roo et al. [58].

The combination of the atmospheric stability and thermal heterogeneity
parameters into a new model

To our knowledge, no existing approach considers both the influence of atmospheric stability
and thermal surface heterogeneity on the magnitude of the SEB gap. The SEB model based on
the atmospheric stability of De Roo et al. [58] and the thermal heterogeneity parameter devel-
oped by Margairaz et al. [64] proved to capture the changes in the magnitude of the SEB very
well. We hypothesize, that combining their findings in one model will lead to a very powerful
tool to parameterize the SEB gap in EC measurements. This new model could then be applied
to various combinations of atmospheric stability and surface heterogeneity found in numerous
eddy covariance measurements worldwide.

In this work, the focus is placed on the atmospheric surface layer (ASL) because eddy-
covariance measurements are typically carried out close to the ground, within the surface layer
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[19, 80]. Correspondingly, the analysis is carried out at the height of z = 0.04 z;, which corre-
sponds to 52-59 m above the surface in our simulations. We calculate the imbalance ratio as
defined in De Roo et al. [58] following Eq 1. Specifically, the turbulent flux, H, is calculated
using the 30-min averaged values of vertical wind speed w and temperature 8, as well as the
30-min averaged temporal covariance of w and 6 and the subgrid-scale contribution Hg,

H=(wl—w0 +H). (7)

The overbars indicate temporal averaging and the angled brackets denote horizontal aver-
aging over the entire extent of the domain. In contrast to De Roo et al. [58], we therefore use
the horizontally averaged imbalance instead of the local one. The sensible surface heat flux at
the ground H; corresponds to H at the lowest grid point (dz/2).

To parametrize the imbalance, we first produce a set of reference models by adapting the
existing model of De Roo et al. [58] to each heterogeneity scale in our dataset as described in
the following subsection. Then, we proceed with developing the new model by including
another scaling function that accounts for the influence of heterogeneity.

Parametrization of the imbalance with respect to atmospheric stability (reference mod-
els). First, we adapt the existing model of De Roo et al. [58] to each of the datasets to obtain a
benchmark for our new model. This results in four F; scaling functions that are similar to the
scaling function presented in De Roo et al. [58], but represent one heterogeneity case, respec-
tively. Following De Roo et al. [58], we factorize the imbalance following Eq 1, assuming that
the imbalance can be described by two scaling functions that are functions of the stability
parameter u+/w- and the normalized measurement height z/z;. Based on the findings by De
Roo et al. [58], we first assume that F; is an exponential function of the form F; = a exp(b u-/
w-) + ¢, and F, is a linear function of the form F, = i z/z; + j, where a, b, ¢, i, j, are fitting con-
stants. Thus, we first fit F; to each of the simulation sets, individually, and later, we fit all of
them onto a single F, function to observe their collapse on a unique curve.

For this analysis, we calculate the friction velocity u- and the Deardorff velocity w- directly
using the 30-min averaged covariances as it would be done with experimental data obtained
from EC systems. Thus, we calculate u- following

u, = ((Ww? +vw?)'""), (8)

where u and v are the horizontal wind speeds in x- and y-direction, and w- following
N
w, = ( <% ziw/O') ) 9)

where g is the gravitational acceleration (9.81 m s°). Here, z; is determined as the height at
which the total sensible heat flux crosses the zero value prior to reaching the capping inversion.
The resulting set of four F, scaling functions for each of the datasets and one F, scaling func-
tion for all of the datasets is then used as a benchmark for our new model and referred hereat-
ter as reference models.

Parametrization of the imbalance with respect to atmospheric stability and surface het-
erogeneity (new model). To consider the effect of surface heterogeneity, we assume that
instead of describing the imbalance with a different scaling function F; for each set of simula-
tions, it is possible to use the scaling function that describes the imbalance in the simulations
with a homogeneous surface, F; s, and add another scaling function, F3, that accounts for the
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heterogeneity:

where H is the thermal heterogeneity parameter introduced in Margairaz et al. [64] (Eq 4).

After analyzing the relationship between I normalized with F; j75, we assume that the rela-
tionship between I/F; g and ‘H is of linear nature and fit I/F; gas to F3 = m H + n. Once F; is
found, we proceed to identify the new F, similarly to the previous section.

Dataset and study cases

The data used in this study was originally developed in the computational work of Margairaz
etal. [64, 81]. They used the pseudo-spectral LES approach that was first introduced by Moeng
[82] and Albertson and Parlange [83] and further developed by Bou-Zeid et al. [84], Calaf et al.
[85], and Margairaz et al. [86]. The data consists of a set of numerical simulations of a charac-
teristic ABL developed over a homogeneously rough and flat surface. The simulations repre-
sent an idealized dry ABL, forced through a geostrophic wind at the top with Coriolis force,
and an imposed surface temperature at the bottom of the domain.

Study cases include a set of simulations with homogenous surface temperature (referred
hereafter as HM) and a second set with heterogeneous surface temperature distributions
(referred hereafter as HT). In both sets, the geostrophic wind is varied between 1 m s'tol15m
s, For the set of heterogeneous surface temperature conditions, the corresponding length
scale of the characteristic surface heterogeneities is also varied, considering cases with 800 m,
400 m, and 200 m patches (referred hereafter as HT200, HT400, HT800, see Fig 1). In this
case, the surface temperature variations are randomly distributed following a gaussian distri-
bution with a standard deviation of + 5 K and mean temperature equal to that of the homoge-
nous cases, namely 290 K.

In all cases the surface temperature is initialized at a temperature of 5 K higher than the air
temperature to promote the development of a convective boundary layer. All simulations have
a domain size (I, [, I;) = (2m, 2m, 2) km with a horizontal grid-spacing of Ax = Ay = 24.5 m and
a vertical grid-spacing of Az = 7.8 m, resulting in (N, N,, N) = (256, 256, 256) grid points. At
the bottom boundary, the surface heat flux is computed from the imposed surface temperature
0 using Monin-Obukhov similarity theory.

0.0 2.45 49 0.0 2.45 49 0.0 2.45 4.9
x (km) x (km) x (km)

Fig 1. Temperature distribution at the surface for the three sets of simulations with heterogeneous surfaces.

https://doi.org/10.1371/journal.pone.0268097.9001
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In all cases, the initial boundary layer height z; was set to 1000 m by applying a capping
inversion of 0.012 K m™'. While 6, remains stable over the entire simulation time, the air tem-
perature increases over time, leading to slightly less unstable atmospheric conditions over
time. However, this effect was found to be negligible over the short duration of the simulation
[64].

In total, 28 simulations were performed with different atmospheric conditions, controlled
by seven different geostrophic wind speeds (i.e. Uy=1,2,3,4,5,6,9,15m ™) for each set of
homogeneous and heterogeneous surface conditions. In the simulations, the Coriolis parame-
ter was set to 10™ Hz, representative of a latitude of 43.3° N. Also, the roughness length was set
to 0.1 m for all simulations, and the used thermal roughness was set to 1/10 z, following [87].
More details on the numerical simulations can be found in the original work of Margairaz
et al. [64].

For the analysis presented in this work, we use statistics over a 30-minute interval recorded
after 4 hours of spin-up time.

Results
Reference models

As described previously, we first fitted the exponential function F; to each one of the simula-
tion cases resulting in four different sets of parameters, shown in Table 1 for the scaling func-
tion F;

F,, = a, exp <bh %) +c,. (11)

*

Note that for each simulation case, there exist seven data points corresponding to the
changes in geostrophic forcing and hence to different thermal stratification. These four differ-
ent fits describe the imbalance ratio for each surface heterogeneity condition as a function of
the non-dimensional term u-/w-.

The values calculated for u-/w- are shown in Table 2 where all relevant parameters charac-
terizing the simulations are summarized. Fig 2A shows that these fitted functions for I collapse
into the same value of roughly 6% of H, under less unstable conditions (u-/w- > 0.4). Only for
HT800, the imbalance (I) settles at around 8% of H,the total available flux for the weaker
unstable conditions. Alternatively, the imbalance increases with increasing instability, with the
weakest increase found in the homogeneous surface cases and stronger increases with hetero-
geneous surfaces. The increase also depends on the patch size, being strongest with the largest
patch size.

We then normalized the imbalance ratios (i.e. Eq 1, also vertical axis in Fig 2A) with the
four different scaling functions for the respective simulations (Eq 11, Table 1). Results are then
represented in Fig 2B as a function of the second non-dimensional term identified in De Roo

Table 1. Fitting parameters for all simulation cases with different surface characteristics.

h a by, Ch

HM 0.133 -15.3 0.056
HT200 0.203 -12.6 0.058
HT400 0.289 -10.2 0.055
HT800 0.435 -14.3 0.073

https://doi.org/10.1371/journal.pone.0268097.1001
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Table 2. Overview over characteristic variables that are relevant for this study, including geostrophic wind speed U,, boundary layer height z;, the friction velocity
u-, the Deardorff velocity w-, the atmospheric stability parameters u-/w- and -z;/L, the heterogeneity parameter H, and the energy imbalance I for each simulation.

Name U, (m s z; (m) u- w- u-/w- -z;/L H I(%)

HM-1 1 1328 0.15 1.59 | 0.09 493.65 0 8.79
HM-2 2 1318 0.22 1.57 | 0.14 156.17 0 7.28
HM-3 3 1306 0.27 1.56 | 0.17 75.30 0 6.40
HM-4 4 1293 0.33 1.54 | 0.21 42.30 0 6.02
HM-6 6 1295 0.43 1.55|0.28 18.58 0 6.08
HM-9 9 1307 0.57 1.59 | 0.36 8.63 0 5.60
HM-15 15 1340 0.81 1.64 | 0.49 3.33 0 5.46
HT200-1 1 1439 0.11 1.55|0.07 1230.97 27.09 14.38
HT200-2 2 1434 0.17 1.58 | 0.11 328.31 6.77 10.86
HT200-3 3 1430 0.24 1.63 | 0.15 128.00 3.01 9.22
HT200-4 4 1434 0.30 1.67 | 0.18 67.68 1.69 8.01
HT200-6 6 1402 0.41 1.721 0.24 28.75 0.75 6.49
HT200-9 9 1374 0.56 1.79 1 0.31 12.88 0.33 6.31
HT200-15 15 1383 0.81 1.96 | 0.41 5.60 0.12 5.92
HT400-1 1 1487 0.09 1.55 | 0.06 1951.94 52.14 21.14
HT400-2 2 1463 0.17 1.63 | 0.11 336.34 13.03 15.34
HT400-3 3 1452 0.24 1.65 | 0.14 135.45 5.79 13.28
HT400-4 4 1434 0.30 1.68 | 0.18 67.56 3.26 9.56
HT400-6 6 1406 0.41 1.721 0.24 29.07 1.45 7.09
HT400-9 9 1390 0.56 1.80 | 0.31 13.02 0.64 6.59
HT400-15 15 1404 0.81 1.95 | 0.42 5.59 0.23 6.52
HT800-1 1 1487 0.10 1.57 | 0.07 1428.40 79.16 25.07
HT800-2 2 1459 0.17 1.59 | 0.11 338.84 19.77 14.66
HT800-3 3 1448 0.24 1.62 | 0.15 117.37 8.8 12.59
HT800-4 4 1431 0.30 1.63 | 0.19 60.98 4.95 12.49
HT800-6 6 1397 0.41 1.65 | 0.25 26.56 2.2 8.21
HT800-9 9 1394 0.56 1.69 | 0.33 10.93 0.98 7.20
HT800-15 15 1407 0.81 1.79 | 0.46 4.22 0.35 6.83

https://doi.org/10.1371/journal.pone.0268097.t002

etal. [58], namely z/z;. At this stage, the data presents a nice unique collapse for z/z; < 0.07,
representative of the surface layer region.

This unified scaling is well represented by function F, »

where ig is 20.05 and jg is 0.157.

New model

Fig 3 also shows the normalized imbalances, but in this case, the scaling function that was

(12)

derived for the homogeneous simulations (F; g, Eq 11, Table 2) was used for all simulations.
Here, the profiles don’t collapse into a single curve, but instead present a data spread, with the

largest deviation found once again in the L, = 800 m configuration.

Next, we investigate whether these deviations can be reduced if the imbalance (I) is normal-
ized by F; i and represented as a function of the thermal heterogeneity parameter (). In

this case, Fig 4 shows that two different linear relationships can be differentiated for those
cases with weak geostrophic forcing (U, = 1 m s™") and those with a more moderate or stronger
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Fig 2. Imbalance ratios as a function of the atmospheric stability. Panel a shows the imbalance ratio I at 0.04 z/z; as a function of the stability parameter
u-/w-. The four simulation sets are represented by different colors. For each simulation set, a separate fit of the scaling function F; was performed, resulting
in Eq 11 with different fitting parameters shown in Table 1. The atmospheric stability is steered by changes in U, shown by different marker shapes. The
grey line shows the fit obtained by De Roo et al. [58] (Eq 3) for comparison. Panel b shows the vertical profiles of the imbalance normalized with the four fits
of F; (Eq 11), respectively. The blue line shows the fitted scaling function F,  (Eq 12). Again, the respective scaling function derived by De Roo et al. [58]
(Eq 4) is shown in grey for comparison.

https://doi.org/10.1371/journal.pone.0268097.9002

wind (U, > 3m s™). We find those two groups to correspond to the formation of cellular and
roll-like secondary circulations. This is shown in Fig 5 where xy-cross-sections of the 30-min
averaged vertical wind speed w for combinations of Ug=1,2,3,4m st and L;, = 200, 400 m
are displayed. While in the case of U, = 1 m s (Fig 5A and 5E) there are large cellular circula-
tions taking place, they disappear with increasing wind speed to give place to the formation of
roll-type turbulent structures for U, > 3 m s (Fig 5C, 5D, 5G and 5H). The structures result-
ing from U, =2 ms™ (Fig 5B and 5F) are neither cellular nor roll-like and are therefore
excluded from the analysis.

Fitting F; to the two datasets, we receive the following scaling functions:

F3,c = mcH + nc’ (13)

with m, = 0.018 and n, = 0.973for u./w- < 0.1, which is valid for all simulations where cellular
structures develop (U, = 1 ms™), and

F3.r = mrH + nr’ (14)

with m, = 0.116 and n, = 1.07 for u./w- > 0.14, which is valid for all simulations where roll-like
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Fig 3. Vertical profiles of the imbalance all normalized with the same scaling function F, ;1 (Eq 11, Table 2).

https://doi.org/10.1371/journal.pone.0268097.9003

structures develop (U, > 3 m s1). The fit for the very unstable simulations (u./w- < 0.1)
describes the normalized imbalance with a very high R* of 0.996. For the corresponding fit to
the less unstable conditions (u-/w- > 0.14), the R* value is slightly lower with 0.841.

When normalizing the imbalance additionally with F; . or F5,, respectively, the vertical pro-
files of imbalance collapse similar to when they are normalized with different F; scaling func-
tions for each stability, as shown in Fig 6. In this case, the remaining imbalance can be
described following Eq (15):

. Z .
F2,N = 1N2+]N7 (15)

with iy =20.2 andjN =0.153.
All characteristic variables that are relevant for our simulations are summarized in Table 2.
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Fig 4. Dependence of the imbalances at 0.04 zi all normalized with the same scaling function F1,HM (Eq 11,
Table 1) on the heterogeneity parameter H. The data is separated into two groups: (1) simulations with U, = 1 m st
that show cellular shaped secondary circulations and (2) simulations with U, > 3 m s simulation that show roll-
shaped secondary circulations. Simulations with U, = 2 m s are discarded because they show no clearly cellular nor
roll-shaped structures. The two blue lines show the fits of the third scaling function to the two groups (F; . and F; ,, Eqs
13-14).

https://doi.org/10.1371/journal.pone.0268097.9g004

Discussion

The reference models derived by fitting one curve for each heterogeneity scale are a more
direct way to parametrize the energy imbalance than the new model, as they rely on fewer
assumptions. Specifically, they are tailored to each heterogeneity scale and do not rely on the
additional assumption that the magnitude of the SEB gap relates to the heterogeneity scale.
However, it is not practical to use as a correction method to real measurements because it is
only applicable to the discrete heterogeneity scales covered in this study. This means, that for
each study case, there is a need to re-derive the corresponding scaling relation.
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Fig 5. Exemplary horizontal cross-sections of the half-hourly averaged vertical wind speed w at 0.04 z; for HT200 and HT400
simulations with U, up to 4 m s

https://doi.org/10.1371/journal.pone.0268097.g005

Alternatively, using the new method proposed in this work that adds a third scaling func-
tion to parametrize the imbalance as a function of the heterogeneity parameter to account for
the surface characteristics which facilitates the generalization of the correction method to EC
towers surrounded by landscapes featuring any characteristic heterogeneity scale. However,
because our dataset only covered heterogeneity length scales up to L;, = 800 m, which corre-
sponds to 0.57 z; on average, it is questionable whether the resulting scaling function F; would
hold for larger heterogeneity length scales. Zhou et al. [76] investigated the relation between
the scale of surface heterogeneity and the SEB gap and found that the SEB gap increases with
heterogeneity length scale, reaching its maximum when the heterogeneity length scale is of the
order of the boundary layer height, and decreases again, with even larger heterogeneity length
scales. Our results confirm that the imbalance increases with the heterogeneity scale, especially
under very unstable conditions (Fig 2A, Table 2), at least up to L;, = 0.57 z; which is the hetero-
geneity scale our study is limited to.

While the new model is very flexible regarding the landscape heterogeneity scale, it is not
applicable to all atmospheric conditions. This is because we were unable to define the scaling
function Fj; for the atmospheric conditions that cause sub-mesoscale circulations to form nei-
ther uniquely cellular nor roll-shaped. While Margairaz et al. [81] found that different geo-
strophic forcing leads to clearly cellular or roll-like structures using the roll factor defined by
Salesky et al. [88], there is a transition zone in which the structures could not be clearly
assigned to a cell or roll regime. In our analysis, we therefore excluded the simulations with U,
=2ms". Several studies found the transition from cellular to roll-like structures to be rather
sharp, occurring somewhere between -z;/L = 4.5 and -z/L = 45 [89] or -z;/L = 8 and -z/L = 65
[90], or at around -z;/L = 25. Other studies have found the transition to occur more gradually
with transitional structures or co-existing rolls and cells for -z;/L = 14.1 [91], or for -z;/L < 21
[92]. For better comparison, we converted u-/w- to -z;/L for our simulations using

(16)

where « is the von Karman constant (0.4) [93]. The resulting -zi/L values are shown in Table 2.
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Fig 6. Vertical profiles of the imbalance all normalized with the same scaling function F, ;y (Eq 11, Table 1) and
the respective scaling functions F; . or F; . (Eqs 13-14). The blue line shows the fitted scaling function F, y (Eq 15).
The scaling function derived by De Roo et al. [58] is shown in grey for comparison.

https://doi.org/10.1371/journal.pone.0268097.9006

For the simulations with U, =2 m s, -z/L varies between 156.17 and 338.84, indicating that
the transition to clearly roll-like structures occurs at larger -z/L values than reported by other
studies. The model presented in this study can be applied to correct field measurements under
unstable and free convective atmospheric conditions with u-/w- < = 0.1 (or -z;/L > = 400)
using F5 . or u-/w- > =0.14 (or -z;/L < = 145) using F3 ,.

To apply the correction method, a certain amount of information on the atmospheric con-
ditions and the surrounding landscape is required. The atmospheric conditions are considered
in F;, using u-/w- which can be calculated from the EC measurements similar to Eqs 8-9. F is
a function of z/z; which means that z; needs to be known, which cannot be derived from EC
measurements, only. Mauder et al. [61] already tested the correction method proposed by De
Roo et al. [58] using ceilometer measurements of z;. For one site where no ceilometer
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measurements were available, they followed the method of Batchvarova and Gryning [94] to
calculate z; using radiosonde measurements of the morning temperature gradient. They found
the correction method leading to a good energy balance closure, even though the radiosonde
measurements were taken at a distance of 170 km. Finally, the characteristic heterogeneity
parameter can be derived using remote sensing methods or already available land cover maps
[60]. At permanent measurement sites with continuous flux measurements, the temperature
amplitude can be derived by performing ground-based measurements of surface temperature
over the different landcover types surrounding the tower. In extensive measurement cam-
paigns, additional airborne measurements can provide information on the temperature ampli-
tude [80]. If additional measurements are too costly, however, it is also possible to model the
surface temperature using the radiation measurements and landcover characteristics [95-97].
What is clear from these results, is that for accurate SEB studies, the use of single point mea-
surements is not sufficient, but obtaining spatial information of the surroundings as well as
from the flow is proven to be critical. This is a strong motivation for a paradigm change in the
standard single point EC measurement approaches.

To compare the performance of our newly developed model with the reference models and
with the parametrization developed by De Roo et al. 2018, we computed the dispersive flux H,
using the scaling functions derived by the different approaches with

F,F,F.
d:A . (17)
1_F1F2F3

The share of H and H,; in H,, i.e. the total available heat flux, is shown in Fig 7. Without any
correction, H is on average 90.24 + 4.77% of the total heat flux at 0.04 z/z;. With H, calculated
using the reference models based on De Roo et al. [58], we obtain H + H; g = 99.49 + 0.86%.
Reaching nearly 100% means that the energy balance gap is almost closed. At the same time,
the standard deviation becomes significantly smaller, indicating that the method captured the
deviations in the energy balance gap well. The use of our newly developed model for imbalance
calculation gives similar results with H + H,; = 99.53 + 0.87%. This shows that the newly
developed model, which is much more flexible in its application to measurements, achieves
just as good results as the reference models.

Using the scaling functions defined by De Roo et al. [58] (Eqs 3-4) results in H + H; pr =
101.28 £ 4.2%. This shows that the method of De Roo et al. [58] generally works well with our
data set, but it slightly overestimates the energy balance gap on average. This correction
method has already been tested on EC measurements by Mauder et al. [61] who also found the
method to yield good results. Furthermore, it does not capture the deviation of the imbalance
due to heterogeneity as shown in Fig 7, which is also reflected in the almost unchanged stan-
dard deviation. This is to be expected since this method was developed for homogeneous sur-
faces only. However, we do not recommend combining the scaling functions defined in De
Roo et al. [58] and F; derived in this study to address the effect of the heterogeneity as it leads
to a clear overcorrection with H + H; pr ny = 106.34 + 2.41%.

Conclusion

We extended the energy balance gap correction method initially developed by De Roo et al.
[58] taking into account the effects of spatial surface heterogeneity onto the atmospheric flow.
We compared our new model to the reference models that are based on the already existing
approach. The use of the reference models resulted in sets of two scaling functions for different
heterogeneity scales, respectively. This approach is the more direct way to determine the
imbalance and produces very good results. However, those sets of scaling functions are
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Fig 7. Comparison of different correction methods. The distribution of the heat flux H among all simulations is
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very right, H is corrected with a combination of F; and F, derived by De Roo et al. [58] and F; derived in approach B in
this study.
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restricted to the distinct heterogeneity scales used in this study, which is why this approach is
not transferable to all characteristic continuously distributed heterogeneity scales of the land-
scape surrounding an EC system, i.e. an area of about 20 x 20 km [20, 60]. Our new model
proved to yield similar results and its application to real-world EC tower sites is very flexible,
since a third scaling function characterizing the influence of heterogeneity was introduced.
Therefore, this correction method can be used for a wide range of characteristic heterogeneity
scales of a landscape surrounding an EC tower. To apply the correction method, the atmo-
spheric stability parameter u-/w-, the boundary layer height z;, the heterogeneity scale L;, and
the amplitude of the surface temperature AT need to be known that can be either calculated
from the EC measurements together with nearby operational radiosonde measurements or by
using a ceilometer, and remotely-sensed land-surface-temperature data products.

Author Contributions

Conceptualization: Luise Wanner, Matthias Mauder.

PLOS ONE | https://doi.org/10.1371/journal.pone.0268097  June 1, 2022 16/21



PLOS ONE

Heterogeneous surface heating and energy balance closure

Data curation: Marc Calaf.

Formal analysis: Luise Wanner.

Investigation: Luise Wanner, Matthias Mauder.

Methodology: Luise Wanner, Matthias Mauder.

Software: Luise Wanner, Marc Calaf.

Supervision: Matthias Mauder.

Writing - original draft: Luise Wanner.

Writing - review & editing: Marc Calaf, Matthias Mauder.

References

1.

10.

11.

12.

13.

Arneth A, Mercado L, Kattge J, Booth BBB. Future challenges of representing land-processes in studies
on land-atmosphere interactions. Biogeosciences. 2012; 9:3587-99. https://doi.org/10.5194/bg-9-
3587-2012

Cuxart J, Conangla L, Jiménez MA. Evaluation of the surface energy budget equation with experimental
data and the ECMWF model in the Ebro Valley. J Geophys Res Atmos. 2015; 120(3):1008-22. https:/
doi.org/10.1002/2014JD022296

Green JK, Konings AG, Alemohammad SH, Berry J, Entekhabi D, Kolassa J, et al. Regionally strong
feedbacks between the atmosphere and terrestrial biosphere. Nat Geosci. 2017; Volume 10:4104.
https://doi.org/10.1038/nge02957 PMID: 31709007.

Sellers PJ, Mintz Y, Sud YC, Dalcher A. A Simple Biosphere Model (SIB) for Use within General Circula-
tion Models. J Atmos Sci. 1986; 43:505-31. https://doi.org/10.1175/1520-0469(1986)043<0505:
ASBMFU>2.0.CO;2

Cremonese E, Filippa G, Galvagno M, Siniscalco C, Oddi L, Di Morra Cella U, et al. Heat wave hinders
green wave: The impact of climate extreme on the phenology of a mountain grassland. Agricultural and
Forest Meteorology. 2017; 247:320-30. https://doi.org/10.1016/j.agrformet.2017.08.016

Reichstein M, Ciais P, Papale D, Valentini R, Running S, Viovy N, et al. Reduction of ecosystem produc-
tivity and respiration during the European summer 2003 climate anomaly: a joint flux tower, remote
sensing and modelling analysis. Global Change Biol. 2007; 13:634—51. https://doi.org/10.1111/j.1365-
2486.2006.01224.x

Qu L, ChenJ, Dong G, Jiang S, Li L, Guo J, et al. Heat waves reduce ecosystem carbon sink strength in
a Eurasian meadow steppe. Environ Res. 2016; 144:39-48. Epub 2015/09/29. https://doi.org/10.1016/
j.envres.2015.09.004 PMID: 26392406.

van Gorsel E, Wolf S, Cleverly J, Isaac P, Haverd V, Ewenz C, et al. Carbon uptake and water use in
woodlands and forests in southern Australia during an extreme heat wave event in the “Angry Summer”
of 2012/2013. Biogeosciences. 2016; 13:5947-64. https://doi.org/10.5194/bg-13-5947-2016

Fu Z, Ciais P, Bastos A, Stoy PC, Yang H, Green JK, et al. Sensitivity of gross primary productivity to cli-
matic drivers during the summer drought of 2018 in Europe. Philos Trans R Soc Lond B Biol Sci. 2020;
375:20190747. Epub 2020/09/07. https://doi.org/10.1098/rstb.2019.0747 PMID: 32892724.

Bernacchi CJ, Hollinger SE, Meyers T. The conversion of the corn/soybean ecosystem to no-till agricul-
ture may result in a carbon sink. Global Change Biol. 2005; 0:051013014052001-?7. https://doi.org/10.
1111/].1365-2486.2005.01050.x

Bernacchi CJ, Hollinger SE, Meyers TP. The conversion of the corn/soybean ecosystem to no-till agri-
culture may result in a carbon sink. Global Change Biol. 2006; 12:1585-6. https://doi.org/10.1111/}.
1365-2486.2006.01195.x

Ceschia E, Béziat P, Dejoux JF, Aubinet M, Bernhofer C, Bodson B, et al. Management effects on net
ecosystem carbon and GHG budgets at European crop sites. Agriculture, Ecosystems & Environment.
2010; 139:363-83. https://doi.org/10.1016/j.agee.2010.09.020

Graham SL, Kochendorfer J, McMillan AM, Duncan MJ, Srinivasan MS, Hertzog G. Effects of agricul-
tural management on measurements, prediction, and partitioning of evapotranspiration in irrigated
grasslands. Agricultural Water Management. 2016; 177:340-7. https://doi.org/10.1016/j.agwat.2016.
08.015

PLOS ONE | https://doi.org/10.1371/journal.pone.0268097  June 1, 2022 17/21



PLOS ONE

Heterogeneous surface heating and energy balance closure

14.

15.

16.

17.
18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

O’Dell D, Eash NS, Hicks BB, Oetting JN, Sauer TJ, Lambert DM, et al. Conservation agriculture as a
climate change mitigation strategy in Zimbabwe. International Journal of Agricultural Sustainability.
2020; 18:250-65. https://doi.org/10.1080/14735903.2020.1750254

Stork M, Menzel L. Analysis and simulation of the water and energy balance of intense agriculture in the
Upper Rhine valley, south-west Germany. Environ Earth Sci. 2016; 75. https://doi.org/10.1007/s12665-
016-5980-z

Baldocchi DD. Assessing the eddy covariance technique for evaluating carbon dioxide exchange rates
of ecosystems: past, present and future. Global Change Biol. 2003; 9:479-92. https://doi.org/10.1046/
j.1365-2486.2003.00629.x

Aubinet M, Vesala T, Papale D. Eddy Covariance. Dordrecht: Springer Netherlands; 2012.

Mauder M, Desjardins RL, MacPherson |. Scale analysis of airborne flux measurements over heteroge-
neous terrain in a boreal ecosystem. J Geophys Res Atmos. 2007; 112. https://doi.org/10.1029/
2006JD008133

Hendricks-Franssen HJ, Stockli R, Lehner I, Rotenberg E, Seneviratne Sl. Energy balance closure of
eddy-covariance data: A multisite analysis for European FLUXNET stations. Agricultural and Forest
Meteorology. 2010; 150(12):1553-67. https://doi.org/10.1016/j.agrformet.2010.08.005

Stoy PC, Mauder M, Foken T, Marcolla B, Boegh E, Ibrom A, et al. A data-driven analysis of energy bal-
ance closure across FLUXNET research sites: The role of landscape scale heterogeneity. Agricultural
and Forest Meteorology. 2013; 171-172:137-52. https://doi.org/10.1016/j.agrformet.2012.11.004

Soltani M, Mauder M, Laux P, Kunstmann H. Turbulent flux variability and energy balance closure in the
TERENO prealpine observatory: a hydrometeorological data analysis. Theor Appl Climatol. 2018; 133
(8—4):937-56. https://doi.org/10.1007/s00704-017-2235-1

Laubach J, Raschendorfer M, Kreilein H, Gravenhorst G. Determination of heat and water vapour fluxes
above a spruce forest by eddy correlation. Agricultural and Forest Meteorology. 1994; 71(3—4):373—
401. https://doi.org/10.1016/0168-1923(94)90021-3

Goulden ML, Munger JW, Fan S-M, Daube BC, Wofsy SC. Measurements of carbon sequestration by
long-term eddy covariance: methods and a critical evaluation of accuracy. Global Change Biol. 1996; 2
(3):169-82. https://doi.org/10.1111/j.1365-2486.1996.tb00070.x

Kochendorfer J, Meyers TP, Frank J, Massman WJ, Heuer MW. How Well Can We Measure the Verti-
cal Wind Speed? Implications for Fluxes of Energy and Mass. Boundary-Layer Meteorol. 2012; 145
(2):383-98. https://doi.org/10.1007/s10546-012-9738-1

Nakai T, Shimoyama K. Ultrasonic anemometer angle of attack errors under turbulent conditions. Agri-
cultural and Forest Meteorology. 2012; 162—-163:14—26. https://doi.org/10.1016/j.agrformet.2012.04.
004

Frank JM, Massman WJ, Ewers BE. Underestimates of sensible heat flux due to vertical velocity mea-
surement errors in non-orthogonal sonic anemometers. Agricultural and Forest Meteorology. 2013;
171-172:72-81. https://doi.org/10.1016/j.agrformet.2012.11.005

Mauder M. A Comment on “How Well Can We Measure the Vertical Wind Speed? Implications for
Fluxes of Energy and Mass” by Kochendorfer et al. Boundary-Layer Meteorol. 2013; 147(2):329-35.
https://doi.org/10.1007/s10546-012-9794-6

Liebethal C, Huwe B, Foken T. Sensitivity analysis for two ground heat flux calculation approaches.
Agricultural and Forest Meteorology. 2005; 132(3—4):253-62. https://doi.org/10.1016/j.agrformet.2005.
08.001

Kohsiek W, Liebethal C, Foken T, Vogt R, Oncley SP, Bernhofer C, et al. The Energy Balance Experi-
ment EBEX-2000. Part lll: Behaviour and quality of the radiation measurements. Boundary-Layer
Meteorol. 2007; 123(1):55-75. https://doi.org/10.1007/s10546-006-9135-8

Foken T. The Energy Balance Closure Problem: An Overview. Ecological Applications. 2008; 18
(6):1351-67. hitps://doi.org/10.1890/06-0922.1 PMID: 18767615

Schmid HP. Experimental design for flux measurements: matching scales of observations and fluxes.
Agricultural and Forest Meteorology. 1997; 87:179-200. https://doi.org/10.1016/S0168-1923(97)
00011-7

Lindroth A, Molder M, Lagergren F. Heat storage in forest biomass improves energy balance closure.
Biogeosciences. 2010; 7(1):301-13. https://doi.org/10.5194/bg-7-301-2010

Leuning R, van Gorsel E, Massman WJ, Isaac PR. Reflections on the surface energy imbalance prob-
lem. Agricultural and Forest Meteorology. 2012; 156:65-74. https://doi.org/10.1016/j.agrformet.2011.
12.002

Moderow U, Aubinet M, Feigenwinter C, Kolle O, Lindroth A, Mélder M, et al. Available energy and
energy balance closure at four coniferous forest sites across Europe. Theor Appl Climatol. 2009;
98:397—-412. https://doi.org/10.1007/s00704-009-0175-0

PLOS ONE | https://doi.org/10.1371/journal.pone.0268097  June 1, 2022 18/21



PLOS ONE

Heterogeneous surface heating and energy balance closure

35.

36.

37.

38.

39.

40.

41.

42,

43.
44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Haverd V, Cuntz M, Leuning R, Keith H. Air and biomass heat storage fluxes in a forest canopy: Calcula-
tion within a soil vegetation atmosphere transfer model. Agricultural and Forest Meteorology. 2007;
147:125-39. https://doi.org/10.1016/j.agrformet.2007.07.006

Mauder M, Foken T. Impact of post-field data processing on eddy covariance flux estimates and energy
balance closure. metz. 2006; 15(6):597—-609. https://doi.org/10.1127/0941-2948/2006/0167

Mauder M, Liebethal C, Géckede M, Leps J-P, Beyrich F, Foken T. Processing and quality control of
flux data during LITFASS-2003. Boundary-Layer Meteorol. 2006; 121(1):67-88. https://doi.org/10.
1007/s10546-006-9094-0

Twine TE, Kustas WP, Norman JM, Cook DR, Houser PR, Meyers TP, et al. Correcting eddy-covari-
ance flux underestimates over a grassland. Agricultural and Forest Meteorology. 2000; 103:279-300.
https://doi.org/10.1016/S0168-1923(00)00123-4

Mauder M, Oncley SP, Vogt R, Weidinger T, Ribeiro L, Bernhofer C, et al. The energy balance experi-
ment EBEX-2000. Part II: Intercomparison of eddy-covariance sensors and post-field data processing
methods. Boundary-Layer Meteorol. 2007; 123:29-54. https://doi.org/10.1007/s10546-006-9139-4

Mauder M, Foken T, Cuxart J. Surface-Energy-Balance Closure over Land: A Review. Boundary-Layer
Meteorol. 2020; 9(8):3587. https://doi.org/10.1007/s10546-020-00529-6

Charuchittipan D, Babel W, Mauder M, Leps J-P, Foken T. Extension of the Averaging Time in Eddy-
Covariance Measurements and lts Effect on the Energy Balance Closure. Boundary-Layer Meteorol.
2014; 152(3):303-27. https://doi.org/10.1007/s10546-014-9922-6

Metzger M, Holmes H. Time Scales in the Unstable Atmospheric Surface Layer. Boundary-Layer
Meteorol. 2007; 126:29-50. https://doi.org/10.1007/s10546-007-9219-0

Stull RB. An Introduction to Boundary Layer Meteorology. Dordrecht: Springer; 1988.
Kaimal JC, Finnigan JJ. Atmospheric Boundary Layer Flows. Oxford University Press; 1994.

Eder F, De Roo F, Rotenberg E, Yakir D, Schmid HP, Mauder M. Secondary circulations at a solitary
forest surrounded by semi-arid shrubland and their impact on eddy-covariance measurements. Agricul-
tural and Forest Meteorology. 2015; 211-212:115-27. hitps://doi.org/10.1016/j.agrformet.2015.06.001

Patton EG, Sullivan PP, Shaw RH, Finnigan JJ, Weil JC. Atmospheric Stability Influences on Coupled
Boundary Layer and Canopy Turbulence. J Atmos Sci. 2016; 73(4):1621-47. https://doi.org/10.1175/
JAS-D-15-0068.1

Mahrt L. Flux Sampling Errors for Aircraft and Towers. J Atmos Oceanic Technol. 1998; 15(2):416-29.
https://doi.org/10.1175/1520-0426(1998)015<0416:FSEFAA>2.0.CO;2

Mauder M, Desjardins RL, Pattey E, Gao Z, van Haarlem R. Measurement of the Sensible Eddy Heat
Flux Based on Spatial Averaging of Continuous Ground-Based Observations. Boundary-Layer
Meteorol. 2008; 128(1):151-72. https://doi.org/10.1007/s10546-008-9279-9

Steinfeld G, Letzel MO, Raasch S, Kanda M, Inagaki A. Spatial representativeness of single tower mea-
surements and the imbalance problem with eddy-covariance fluxes: results of a large-eddy simulation
study. Boundary-Layer Meteorol. 2007; 123(1):77-98. https://doi.org/10.1007/s10546-006-9133-x

Kenny WT, Bohrer G, Morin TH, Vogel CS, Matheny AM, Desai AR. A Numerical Case Study of the
Implications of Secondary Circulations to the Interpretation of Eddy-Covariance Measurements Over
Small Lakes. Boundary-Layer Meteorol. 2017; 165(2):311-32. https://doi.org/10.1007/s10546-017-
0268-8

Bou-Zeid E, Anderson W, Katul GG, Mahrt L. The Persistent Challenge of Surface Heterogeneity in
Boundary-Layer Meteorology: A Review. Boundary-Layer Meteorol. 2020; 177(2-3):227-45. https:/
doi.org/10.1007/s10546-020-00551-8

Kanda M, Inagaki A, Letzel MO, Raasch S, Watanabe T. LES Study of the Energy Imbalance Problem
with Eddy Covariance Fluxes. Boundary-Layer Meteorol. 2004; 110(3):381-404. https://doi.org/10.
1023/B:BOUN.0000007225.45548.7a

Inagaki A, Letzel MO, Raasch S, Kanda M. Impact of Surface Heterogeneity on Energy Imbalance: A
Study Using LES. JMSJ. 2006; 84(1):187-98. https://doi.org/10.2151/jmsj.84.187

Finnigan JJ, Clement R, Malhi Y, Leuning R, Cleugh HA. A Re-Evaluation of Long-Term Flux Measure-
ment Techniques Part |: Averaging and Coordinate Rotation. Boundary-Layer Meteorol. 2003; 107
(1):1-48. https://doi.org/10.1023/A:1021554900225

Mahrt L. Computing turbulent fluxes near the surface: Needed improvements. Agricultural and Forest
Meteorology. 2010; 150:501-9. https://doi.org/10.1016/j.agrformet.2010.01.015

Ingwersen J, Steffens K, Hogy P, Warrach-Sagi K, Zhunusbayeva D, Poltoradnev M, et al. Comparison
of Noah simulations with eddy covariance and soil water measurements at a winter wheat stand. Agri-
cultural and Forest Meteorology. 2011; 151:345-55. https://doi.org/10.1016/j.agrformet.2010.11.010

PLOS ONE | https://doi.org/10.1371/journal.pone.0268097  June 1, 2022 19/21



PLOS ONE

Heterogeneous surface heating and energy balance closure

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Wohlfahrt G, Irschick C, Thalinger B, Hortnagl L, Obojes N, Hammerle A. Insights from Independent
Evapotranspiration Estimates for Closing the Energy Balance: A Grassland Case Study. Vadose Zone
Journal. 2010; 9:1025-33. https://doi.org/10.2136/vzj2009.0158

De Roo F, Zhang S, Hug S, Mauder M. A semi-empirical model of the energy balance closure in the sur-
face layer. PLoS ONE. 2018; 13(12):e0209022. https://doi.org/10.1371/journal.pone.0209022 PMID:
30540830.

Huang J, Lee X, Patton EG. A Modelling Study of Flux Imbalance and the Influence of Entrainment in
the Convective Boundary Layer. Boundary-Layer Meteorol. 2008; 127(2):273-92. https://doi.org/10.
1007/s10546-007-9254-x

Panin GN, Bernhofer C. Parametrization of turbulent fluxes over inhomogeneous landscapes. Izv
Atmos Ocean Phys. 2008; 44(6):701-16. https://doi.org/10.1134/S0001433808060030

Mauder M, Ibrom A, Wanner L, Roo F de, Brugger P, Kiese R, et al. Options to correct local turbulent
flux measurements for large-scale fluxes using a LES-based approach. Geosci Model Dev Discuss
[preprint]. 2021. https://doi.org/10.5194/amt-2021-126

Eder F, Roo F de, Kohnert K, Desjardins RL, Schmid HP, Mauder M. Evaluation of Two Energy Balance
Closure Parametrizations. Boundary-Layer Meteorol. 2014; 151:195-219. https://doi.org/10.1007/
s10546-013-9904-0

Choi M, Kustas WP, Anderson MC, Allen RG, Li F, Kjaersgaard JH. An intercomparison of three remote
sensing-based surface energy balance algorithms over a corn and soybean production region (lowa, U.
S.) during SMACEX. Agricultural and Forest Meteorology. 2009; 149:2082—97. hitps://doi.org/10.1016/
j.agrformet.2009.07.002

Margairaz F, Pardyjak ER, Calaf M. Surface Thermal Heterogeneities and the Atmospheric Boundary
Layer: The Thermal Heterogeneity Parameter. Boundary-Layer Meteorol. 2020; 177(1):49-68. https:/
doi.org/10.1007/s10546-020-00544-7

Schalkwijk J, Jonker HJJ, Siebesma AP. An Investigation of the Eddy-Covariance Flux Imbalance in a
Year-Long Large-Eddy Simulation of the Weather at Cabauw. Boundary-Layer Meteorol. 2016; 160
(1):17-39. https://doi.org/10.1007/s10546-016-0138-9

Suhring M, Metzger S, Xu K, Durden D, Desai A. Trade-Offs in Flux Disaggregation: A Large-Eddy Sim-
ulation Study. Boundary-Layer Meteorol. 2018; 170(1):69-93. https://doi.org/10.1007/s10546-018-
0387-x

Mauder M, Jegede OO, Okogbue EC, Wimmer F, Foken T. Surface energy balance measurements at a
tropical site in West Africa during the transition from dry to wet season. Theor Appl Climatol. 2007; 89
(3—4):171-883. https://doi.org/10.1007/s00704-006-0252-6

Foken T, Mauder M, Liebethal C, Wimmer F, Beyrich F, Leps J-P, et al. Energy balance closure for the
LITFASS-2003 experiment. Theor Appl Climatol. 2010; 101(1-2):149-60. https://doi.org/10.1007/
s00704-009-0216-8

Panin GN, Tetzlaff G, Raabe A. Inhomogeneity of the Land Surface and Problems in theParameteriza-
tion of Surface Fluxes in Natural Conditions. Theor Appl Climatol. 1998; 60(1—4):163-78. https://doi.
0rg/10.1007/s00704005004 1

Morrison T, Calaf M, Higgins CW, Drake SA, Perelet A, Pardyjak E. The Impact of Surface Temperature
Heterogeneity on Near-Surface Heat Transport. Boundary-Layer Meteorol. 2021; 180:247-72. https:/
doi.org/10.1007/s10546-021-00624-2

Wilson K, Goldstein A, Falge E, Aubinet M, Baldocchi D, Berbigier P, et al. Energy balance closure at
FLUXNET sites. Agricultural and Forest Meteorology. 2002; 113(1-4):223-43. https://doi.org/10.1016/
S0168-1923(02)00109-0

Barr AG, Morgenstern K, Black TA, McCaughey JH, Nesic Z. Surface energy balance closure by the
eddy-covariance method above three boreal forest stands and implications for the measurement of the
CO2 flux. Agricultural and Forest Meteorology. 2006; 140:322-37. https://doi.org/10.1016/j.agrformet.
2006.08.007

Stoy PC, Katul GG, Siqueira MBS, Juang J-Y, Novick KA, McCarthy HR, et al. Separating the effects of
climate and vegetation on evapotranspiration along a successional chronosequence in the southeast-
ern US. Global Change Biol. 2006; 12:2115-35. https://doi.org/10.1111/j.1365-2486.2006.01244.x

De Roo F, Mauder M. The influence of idealized surface heterogeneity on virtual turbulent flux measure-
ments. Atmos Chem Phys. 2018; 18(7):5059-74. https://doi.org/10.5194/acp-18-5059-2018

Zhou Y, Li D, Liu H, Li X. Diurnal Variations of the Flux Imbalance Over Homogeneous and Heteroge-
neous Landscapes. Boundary-Layer Meteorol. 2018; 168(3):417—42. https://doi.org/10.1007/s10546-
018-0358-2

Zhou Y, Li D, Li X. The Effects of Surface Heterogeneity Scale on the Flux Imbalance under Free Con-
vection. J Geophys Res Atmos. 2019. https://doi.org/10.1029/2018JD029550

PLOS ONE | https://doi.org/10.1371/journal.pone.0268097  June 1, 2022 20/21



PLOS ONE

Heterogeneous surface heating and energy balance closure

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

Letzel MO, Raasch S. Large Eddy Simulation of Thermally Induced Oscillations in the Convective
Boundary Layer. J Atmos Sci. 2003; 60(18):2328—41. https://doi.org/10.1175/1520-0469(2003)
060<2328:LESOTI>2.0.CO;2

Katul GG. The anatomy of large-scale motion in atmospheric boundary layers. J Fluid Mech. 2019;
858:1—4. https://doi.org/10.1017/jfm.2018.731

Maronga B, Gryschka M, Heinze R, Hoffmann F, Kanani-Sthring F, Keck M, et al. The Parallelized
Large-Eddy Simulation Model (PALM) version 4.0 for atmospheric and oceanic flows: model formula-
tion, recent developments, and future perspectives. Geosci Model Dev. 2015; 8(8):2515-51. https://
doi.org/10.5194/gmd-8-2515-2015

Butterworth BJ, Desai AR, Metzger S, Townsend PA, Schwartz MD, Petty GW, et al. Connecting Land-
Atmosphere Interactions to Surface Heterogeneity in CHEESEHEAD19. Bull Amer Meteor Soc. 2021;
102(2):E421—-E445. https://doi.org/10.1175/BAMS-D-19-0346.1

Margairaz F, Pardyjak ER, Calaf M. Surface Thermal Heterogeneities and the Atmospheric Boundary
Layer: The Relevance of Dispersive Fluxes. Boundary-Layer Meteorol. 2020; 175:369-95. https://doi.
0rg/10.1007/s10546-020-00509-w

Moeng C-H. A Large-Eddy-Simulation Model for the Study of Planetary Boundary-Layer Turbulence. J
Atmos Sci. 1984; 41:2052—-62. https://doi.org/10.1175/1520-0469(1984)041<2052:ALESMF>2.0.CO;2

Albertson JD, Parlange MB. Surface length scales and shear stress: Implications for land-atmosphere
interaction over complex terrain. Water Resour Res. 1999; 35:2121-32. https://doi.org/10.1029/
1999WR900094

Bou-Zeid E, Meneveau C, Parlange M. A scale-dependent Lagrangian dynamic model for large eddy
simulation of complex turbulent flows. J Fluid Mech. 2005; 17(2):25105. https://doi.org/10.1063/1.
1839152

Calaf M, Meneveau C, Parlange M. Large Eddy Simulation study of a fully developed thermal wind-tur-
bine array boundary layer. In: Kuerten H, Geurts B, Armenio V, Fréhlich J, editors. Direct and Large-
Eddy Simulation VIII. Dordrecht: Springer Netherlands; 2011. pp. 239—-44.

Margairaz F, Giometto MG, Parlange MB, Calaf M. Comparison of dealiasing schemes in large-eddy
simulation of neutrally stratified atmospheric flows. Geosci Model Dev. 2018; 11:4069-84. https://doi.
org/10.5194/gmd-11-4069-2018

Brutsaert W. Evaporation into the Atmosphere. Theory, History and Applications. Dordrecht: Springer;
1982.

Salesky ST, Chamecki M, Bou-Zeid E. On the Nature of the Transition Between Roll and Cellular Orga-
nization in the Convective Boundary Layer. Boundary-Layer Meteorol. 2017; 163(1):41-68. https://doi.
org/10.1007/s10546-016-0220-3

Deardorff JW. Numerical Investigation of Neutral and Unstable Planetary Boundary Layers. J Atmos
Sci. 1972; 29:91-115. https://doi.org/10.1175/1520-0469(1972)029<0091:NIONAU>2.0.CO;2

Khanna S, Brasseur JG. Three-Dimensional Buoyancy- and Shear-Induced Local Structure of the
Atmospheric Boundary Layer. J Atmos Sci. 1998; 55:710-43. https://doi.org/10.1175/1520-0469(1998)
055<0710:TDBASI>2.0.CO;2

Park S-B, Baik J-J. Large-Eddy Simulations of Convective Boundary Layers over Flat and Urbanlike
Surfaces. J Atmos Sci. 2014; 71:1880-92. https://doi.org/10.1175/JAS-D-13-0191.1

Grossman RL. An analysis of vertical velocity spectra obtained in the bomex fair-weather, trade-wind
boundary layer. Boundary-Layer Meteorol. 1982; 23:323-57. https://doi.org/10.1007/BF00121120

Panofsky HA, Tennekes H, Lenschow DH, Wyngaard JC. The characteristics of turbulent velocity com-
ponents in the surface layer under convective conditions. Boundary-Layer Meteorol. 1977; 11(3):355—
61. https://doi.org/10.1007/BF02186086

Batchvarova E, Gryning S-E. Applied model for the growth of the daytime mixed layer. Boundary-Layer
Meteorol. 1991; 56:261-74. https://doi.org/10.1007/BF00120423

Best MJ. A Model to Predict Surface Temperatures. Boundary-Layer Meteorol. 1998; 88:279-306.
https://doi.org/10.1023/A:1001151927113

Herb WR, Janke B, Mohseni O, Stefan HG. Ground surface temperature simulation for different land
covers. Journal of Hydrology. 2008; 356:327—43. https://doi.org/10.1016/j.jhydrol.2008.04.020

Leaf JS, Erell E. A model of the ground surface temperature for micrometeorological analysis. Theor
Appl Climatol. 2018; 133:697-710. https://doi.org/10.1007/s00704-017-2207-5

PLOS ONE | https://doi.org/10.1371/journal.pone.0268097  June 1, 2022 21/21



114



Towards energy-balance closure with a model
of dispersive heat fluxes

Wanner L, Jung M, Paleri S, Butterworth B, Desai A, Siihring M, Mauder M
(2023): Towards Energy-Balance Closure with a Model of Dispersive Heat Fluxes,
PREPRINT (Version 1) available at Research Square, doi: 10.21203/rs.3.rs-
3449667/v1

This manuscript was published after the submission of this dissertation. The peer-
reviewed article can be found here:

Wanner L, Jung M, Paleri S, Butterworth B, Desai A, Siihring M, Mauder M
(2024): Towards Energy-Balance Closure with a Model of Dispersive Heat Flux-
es, Boundary-Layer Meteorology 190, 25 (2024), doi: 10.1007/s10546-024-00868-
8

115



116



10
11
12
13
14

Towards Energy-Balance Closure With a Model of Dispersive
Heat Fluxes

Luise Wanner'? « Martin Jung? - Sreenath Paleri*>¢, Brian J. Butterworth’, Ankur

R. Desai*, Matthias Siihring®°, Matthias Mauder'->1°

Received: DD Month YEAR/ Accepted: DD Month YEAR/ Published online: DD Month YEAR
© Springer Science + Business Media B. V.

Abstract

The energy-balance-closure problem in eddy-covariance measurements has been known
for decades. It has been thoroughly investigated from different angles, resulting in
approaches to reduce but not completely close the surface energy balance gap. Energy
balance transport through secondary circulations has been identified as a major cause of
the remaining energy imbalance, which is not captured by eddy covariance measurements
and can only be measured additionally with great effort. Several models have already been

developed to close the energy balance gap that account for factors affecting the magnitude
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of the energy transport by secondary circulations. However, to our knowledge, there is
currently no model that accounts thermal surface heterogeneity and that can predict the
transport of both sensible and latent energy. Using a machine-learning approach, we
developed a new model of energy transport by secondary circulations based on a large data
set of idealized large-eddy simulations covering a wide range of unstable atmospheric
conditions and surface-heterogeneity scales. In this paper, we present the development of
the model and its promising test on more realistic large-eddy simulations and field
measurements from the CHEESEHEAD19 project. We further show that it can be applied
without additional measurements and, thus, can retrospectively be applied to other eddy
covariance measurements to model energy transport through secondary circulations. Our
work provides a promising mechanistic energy balance closure approach to 30-minute flux

measurements.

Keywords Dispersive fluxes - Eddy Covariance - Large-eddy simulation - Machine

learning - Secondary circulations

1 Introduction
The quantification of energy transport between ecosystems and the atmosphere provides
an important basis for various areas of environmental science. Some examples are
operational weather forecasting and climate modelling (e.g. Arneth et al. 2012; Cuxart et
al. 2015; Green et al. 2017), or investigating the reaction of ecosystems to changing climate
conditions (e.g. Cremonese et al. 2017; Fu et al. 2020; Qu et al. 2016; Reichstein et al.
2007; van Gorsel et al. 2016) to come up with sustainable management strategies for
ecosystems and adapt agriculture (e.g. Bernacchi et al. 2005; Bernacchi et al. 2006; Ceschia
et al. 2010; Graham et al. 2016; O’Dell et al. 2020; Stork and Menzel 2016). For decades,
the eddy covariance (EC) method has been used to quantify energy transport in the
atmospheric boundary layer in terms of sensible and latent heat fluxes at the ecosystem
scale as it facilitates the direct measurement of turbulent energy fluxes without disturbing
the investigated ecosystem (Aubinet et al. 2012; Baldocchi 2003; Baldocchi 2014; Foken
2017; Mauder et al. 2007b).

However, the systematic study of measurements at EC stations has shown that the

surface-energy balance (SEB, balance between incoming and outgoing energy at the
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surface in the form of radiation, heat fluxes and storage change) is usually not closed, but
shows a gap of 10-30%, always in the same direction (Hendricks-Franssen et al. 2010;
Soltani et al. 2018; Stoy et al. 2013). The SEB can therefore be expressed in simplified

form as
Rnet:Ht+AEt+G+I, (1)

where R, is the net radiation, which is defined to be positive during daytime, H; and AE;
are the sensible and latent turbulent fluxes measured with the EC method, G is the ground
heat flux and [ is the remaining SEB gap (Mauder et al. 2020). The terms on the right-hand
side of the equation are defined to be positive when they transport energy away from the
surface.

The SEB gap has been the subject of research for a long time and many factors, such
as systematic errors in the measurement of the vertical wind component and humidity
(Frank et al. 2013; Goulden et al. 1996; Kochendorfer et al. 2012; Laubach et al. 1994;
Mauder 2013; Nakai and Shimoyama 2012), which are used to calculate heat fluxes, and
systematic errors in the measurement of other components of the SEB, such as radiation
and ground heat flux (Foken 2008; Kohsiek et al. 2007; Liebethal et al. 2005), and the scale
mismatch between the footprint of the EC measurement and the radiation measurement
(Schmid 1997) have been studied. Especially for measurement towers above high
vegetation, the energy storage in the air volume and biomass below the measurement
instruments also plays a non-negligible role and should be captured by profile
measurements of temperature and humidity (Leuning et al. 2012; Lindroth et al. 2010;
Moderow et al. 2009; Xu et al. 2019). The influences of systematic measurement errors
were minimized or can be accounted for by appropriate measures in the data processing
(Mauder et al. 2006; Mauder and Foken 2006; Twine et al. 2000) but a significant gap in
the SEB remains (Mauder et al. 2006; Mauder et al. 2007c; Mauder et al. 2020).

One reason for the remaining SEB gap could be the fact that the EC method, given
typical approaches and measurement limitations, only captures turbulent transport: the flux
is calculated as the covariance of the vertical wind speed and a scalar of interest (e.g.,
temperature for the sensible heat flux H or humidity for the latent heat flux AE) from high-
frequency time series. The covariance is based on the fluctuations around an average over

a certain averaging period of typically 30 minutes (Aubinet et al. 1999; Mauder et al. 2020).
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The averages of the wind speed and scalar of interest are not considered and any energy
transport by structures that contribute to the mean vertical wind speed is neglected
(Metzger and Holmes 2007). The temporal or spatial averaging period used to represent
the Reynolds’ average defines which atmospheric structures ultimately contribute to
“turbulent” and which contribute to “non-turbulent” transport.

After assuming for a long time that energy transport in the atmospheric boundary layer
(ABL) is exclusively turbulent in nature, i.e., that all relevant transport is captured by
applying 30-minute averaging intervals, it has been found that large eddies, also known as
secondary circulations (SCs) reach near the surface (Eder et al. 2015; Patton et al. 2016).
SCs contribute to the mean wind speed at typical EC averaging periods which is why the
energy transport by SCs is not considered in EC measurements and instead contributes to
the SEB gap (Foken 2008; Mauder et al. 2020).

Two main types of SCs can be distinguished. The first type are randomly developing
large eddies that are turbulent in nature but so large that they are not considered in the
covariance over the averaging period and even form over homogeneous surfaces, so called
turbulent organized structures (TOSs) (Inagaki et al. 2006; Kanda et al. 2004). The second
type are systematically developing secondary circulations caused by differential heating
from the earth surface and therefore bound in space, so called thermally-induced mesoscale
circulations (TMCs) (Bou-Zeid et al. 2020; Foken 2008; Kenny et al. 2017; Mauder et al.
2020). Increasing the averaging periods might sample more of the energy transported due
to the randomly organized and quasi-stationary TOSs with longer time scales as they move
slowly with the mean wind within the tower footprint. However, TMCs are spatially bound
to surface characteristics which is why they still contribute to the mean wind even with
long averaging periods as they might not be sampled by fixed-point EC tower
measurements. This may explain why in some cases, increasing the averaging period had
no effect on the SEB closure in some cases (Charuchittipan et al. 2014) but improved the
SEB closure, though nod entirely resolved it, in other cases (Finnigan et al. 2003; Mauder
et al. 2006). Furthermore, increasing the averaging period in EC measurements beyond
multiple hours will eventually violate the assumption of stationarity (Mauder et al. 2006;

Mauder et al. 2020). Wavelet-based flux calculation approaches that incorporate longer
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wavelength turbulent transport have been shown to improve the SEB gap, also implying a
role for SCs in energy transport (Metzger et al. 2013; Xu et al. 2020).

The contribution of the transport by secondary circulations can be quantified by spatial
measurements using an array of tower measurements or aircraft measurements
(Feigenwinter et al. 2008; Mahrt 1998; Mauder et al. 2008; Paleri et al. 2022b; Steinfeld et
al. 2007). However, those measurements are expensive and cannot be carried out at each
EC station or over long periods. Another possibility is to model the energy transport by
secondary circulations based on atmospheric and landscape parameters that can be gathered
for single-tower EC measurements (e.g. Choi et al. 2009; De Roo et al. 2018; Eder et al.
2014; Huang et al. 2008; Mauder et al. 2021; Panin and Bernhofer 2008).

Systematic studies at multiple EC sites were carried out that found surface
heterogeneity (Foken et al. 2010; Mauder et al. 2007a; Morrison et al. 2021; Panin et al.
1998; Panin and Bernhofer 2008), friction velocity u, (Barr et al. 2006; Hendricks-
Franssen et al. 2010; Stoy et al. 2013; Wilson et al. 2002), and atmospheric stability (Barr
et al. 2006; Hendricks-Franssen et al. 2010; Stoy et al. 2006; Stoy et al. 2013) to be related
to the SEB gap. The SEB gap was also studied with large-eddy simulations (LES), which
also found surface heterogeneity (De Roo and Mauder 2018; Zhou et al. 2019), u,
(Schalkwijk et al. 2016) and atmospheric stability (Huang et al. 2008; Zhou et al. 2018)
were influencing the SEB gap.

That the SEB gap depends on atmospheric stability follows from the fact that
convectively driven eddies predominate under unstable conditions. Their vertical extent
can reach the ABL depth (Maronga and Raasch 2013; Siihring and Raasch 2013), and their
horizontal extent can reach two to three times the boundary layer depth (Paleri et al. 2022a;
Stull 1988). These large eddies are not captured in 30-minute EC measurements and
therefore are considered TOSs. Furthermore, large horizontal wind speeds that are
associated with neutral to stable atmospheric conditions increase the horizontal mixing
(Katul 2019; Schalkwijk et al. 2016), and TOSs are carried along faster with the wind,
increasing the likelihood of them being captured within a typical 30-min measurement
period. The thermal surface heterogeneity affects the SEB gap through its influence on the
formation of SCs: different surface properties of the individual patches cause the surfaces

and also the air above them to heat up to different extents, resulting in the formation of



136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157

158
159
160
161
162
163
164
165

TMCs in addition to the TOSs that are already randomly formed. The magnitude of the
TMCs depends on the prevalent size and temperature amplitude of the individual surface
patches (Inagaki et al. 2006; Letzel and Raasch 2003; Siihring et al. 2018; Zhou et al. 2019).

Several studies proposed models of the SEB gap based on atmospheric stability and
measurement height (e.g. De Roo et al. 2018; Huang et al. 2008). Recently, a model of the
SEB gap including the effect of thermal surface heterogeneity was published (Wanner et
al. 2022b), however, it was only developed to predict the imbalance in the sensible heat
flux. These models all have in common that they model the entire SEB gap, i.e., the gap
between the available energy at the surface and the measured turbulent heat fluxes.

However, the energy being stored in the air layer and biomass beneath the instruments
were identified as another major contribution to the SEB gap in EC measurements over tall
vegetation, as mentioned above. We hypothesize that the amount of energy supplied to this
storage does not depend on the same factors as the magnitude of the energy transport by
secondary circulations. It is possible to measure the energy storage change in the air by
simply adding few sensors below the EC instrumentation (Lindroth et al. 2010; Moderow
et al. 2009). This is already implemented by default in some large EC networks like ICOS
(Heiskanen et al. 2022) and provides a more direct way of obtaining the storage change
contribution to the SEB than predicting it by a model. Since storage change is being
routinely measured at EC sites and its effect on the long-term mean SEB is negligible, we
propose to measure the storage directly and model the energy transport by secondary
circulations separately.

Considering the mentioned contributions to the SEB gap, we can rewrite Eq. 1 as
Rpet = Hy + AEy + Hye + AEye + G + Haseq + AEpsta + Hasen + 1, (2)

where H,,; and AE,,; are non-turbulent transport of sensible-and latent heat which is missed
by EC measurement, Hpg; , and AEg, o are storage changes of sensible heat in the air
volume below the EC measurement, and Hyg, p, is the storage change of sensible heat in the
biomass. By considering Hy;, AEn:, Hastq, AEpstq, and Hpgep I becomes smaller.
Therefore, to close the energy balance gap eventually, all known factors contributing to the
energy balance must be quantified.

Since the long-term measurement of non-turbulent fluxes at all EC sites is not possible,

the objectives of this study are (1) to develop a model that can predict the transport of
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sensible and latent heat by SCs under unstable conditions at the site of an EC station based
on as few additional measurements as possible, (2) to test how well the model predicts the
partitioning into sensible and latent energy transport by secondary circulations in a more
realistic LES, and (3) to show how the model can be applied to field measurements and
test if considering the modelled dispersive fluxes results in an SEB closure in EC field
measurements. The first objective is achieved by further developing an existing model
(Wanner et al. 2022b). Following De Roo et al. (2018) it uses the atmospheric stability
measure u,/w,, where w, is the Deardorff velocity, and the measurement height z
normalized with the atmospheric boundary-layer height z;, as well as a thermal surface
heterogeneity parameter H (Margairaz et al. 2020b) to predict the entire energy balance
gap. The new model developed in this study additionally considers the gradients of
potential temperature 6 to predict the non-turbulent transport of H and mixing ratio g to
predict the non-turbulent transport of AE. We hypothesize that the consideration of these
gradients improves the prediction of energy transport by SCs since they define whether
there is any energy to be transported by secondary circulations. The model is based on a
large set of idealized large-eddy simulations introduced in section 2.1 and also contributes
to a better understanding of the partitioning of the SEB gap into sensible and latent heat as
well as non-turbulent fluxes and storage change, respectively.

The second objective is addressed by applying the model to more realistic LES (Section
2.3, Paleri et al. (submitted)) and field measurements at EC stations (section 2.4) from the
CHEESEHEADI19 campaign (Butterworth et al. 2021). The application to the more
realistic LES allows a separate analysis of the surface balances of sensible and latent heat,
which is not possible with field measurements, where only the total available energy can
be used as a reference. The test using the field measurements is intended to show how
practicable the model application is and how well the findings from the LES can be
transferred to the real world.

The development and application of the model are described in section 2. The results

are shown in section 3 and discussed in section 4.
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2 Methods

2.1 Set-up of Idealized Large-Eddy Simulations

We used PALM V6, revision 4849 to run a set of idealized simulations. PALM is a
parallelized large-eddy simulation model based on the non-hydrostatic incompressible
Boussinesq equations (Maronga et al. 2020; Raasch and Schréter 2001). The sub-grid
model is based on the kinetic energy scheme of Deardorff (1980) which was modified by
Moeng and Wyngaard (1988) and Saiki et al. (2000). A fifth-order scheme (Wicker and
Skamarock 2002) was used to discretize the advection terms, and for the time integration,
a third-order Runge—Kutta scheme (Williamson 1980) was used.

In total, we ran 148 simulations with different combinations of geostrophic wind speeds
(Ug, 0.5-9.0 m s), surface patch sizes of sensible (H) and latent (AE;) surface fluxes
(homogeneous, 200 m, 400 m, 800 m), and Bowen ratios (f) of surface fluxes (0.1-1.3),
following the setup used in Margairaz et al. (2020a) and Wanner et al. (2022b). The
randomly assigned surface fluxes follow a Gaussian normal distribution, where the
standard deviation was also varied. Table 6 in Appendix 1 gives an overview over the
individual simulations. The variation in Uy, Hs, and AE; leads to differences in
atmospheric stability and the variation in heterogeneity scales of surface fluxes causes the
development different patterns of surface temperature (Ts). Examples of the spatial
distribution of surface fluxes and resulting surface temperatures can be found in Fig. 11
(Appendix 1).

Following Margairaz et al. (2020a) and Wanner et al. (2022b), the horizontal grid
spacing was 24.5 m and the vertical grid spacing was 7.8 m. With (x,y,z) = 256x256x256
grid points, this results in a horizontal domain extent of 6272x6272 m? and a vertical
domain extent of roughly 2000 m. All simulations were carried out with cyclic horizontal
boundary conditions. At the lower boundary, Dirichlet conditions were used for the wind
velocity components, while Monin-Obukhov similarity theory was used to determine the
lower boundary condition for the momentum equations, and Neumann conditions were
used for potential temperature, humidity, pressure and turbulent kinetic energy. The
roughness length was set to 0.1 m, following Margairaz et al. (2020a) and Wanner et al.

(2022b).
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The initialization profiles were set up following De Roo et al. (2018). The same
horizontally homogeneous initial vertical profiles of potential temperature 6 and mixing
ratio ¢ were used in all 148 simulations. The surface temperature was horizontally
homogeneous and set to 285 K. A vertical gradient of 3-10* K m'was applied between 40
and 800 m and a vertical gradient of 8-10~ K m™'was applied between 800 and 1000 m,
ensuring that the top of the domain lies within an inversion layer and the atmospheric
processes in the boundary layer are not affected by the upper border of the domain. The
humidity is set to 1-107 kg kg™! at the surface and only between 1000 and 1100 m, a vertical
gradient of -1-107 kg kg™! m™'is applied.

The initial profile of horizontal wind speed was homogeneously and vertically constant.
The wind speed varied among the simulations between 0.5-9.0 m s (Table 6, Appendix
1) and generated a horizontal pressure gradient in x-direction. A small vertical pressure
gradient to counteract destabilizing was introduced by a vertical subsidence velocity
gradient (-4-107s! between 0 and 800 m and -2-10”s™! between 8 and 1000 m).

After a 4-hour spin-up period, the output data was collected for a 30-min averaging
period representing typical eddy-covariance averaging periods (Rebmann et al. 2012). The
profiles of temperature, humidity, and horizontal wind speed during the data collection

period is shown as an example for two simulations in Fig. 12, Appendix 1.

2.2 Development of the Dispersive Flux Model

2.2.1 Data Processing

Following the approach of former models, we developed a model using horizontally
domain-averaged values from an idealized set of LESs. The energy transport by SCs can
be divided in a horizontal component, i.e., advection, and a vertical component, i.e.,
dispersive flux. In a horizontally endless observation area, the advection component
becomes zero and all energy transport by secondary circulations is combined in the
dispersive flux. Since the idealized LESs have cyclic horizontal boundary conditions,
advection becomes zero on the ecosystem scale. Therefore, the horizontally averaged total
available energy at the surface, i.e., the heat fluxes originating from the surface ((H),
(AEs)), 1s divided into horizontally averaged non-organized randomly distributed turbulent

fluxes ((H¢), (AE;)), including the sub-grid-scale contributions ((Hsgs), (AEgs)), dispersive
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fluxes (H,4, AEy), and horizontally averaged storage change of energy in the underlying air

mass ((Hpg:), (AEag:)) as follows:
(Hg) + (AEs) = (Hy) + (AE) + Hg + AEq + (Hpse) + (AEpse). 3)

The 30-min horizontally averaged turbulent sensible heat flux (H;) was calculated for
each grid level up to z/z; = 0.1 using the 30-min averaged vertical wind speed w and
potential temperature 6, the 30-min averaged temporal covariance of w and 8, and the sub-

grid-scale contribution Hg,, following

gs»
(He)(2) = (W8(2) —W(2) 6(2)) cpp + (Hygs), (4)

where ¢, is the specific heat capacity of air and p is the air density. The overbars indicate

temporal averaging and the angled brackets denote horizontal averaging over the entire

extent of the domain. The same procedure was used to calculate the horizontally averaged

30-min turbulent latent heat flux (AE;), however, instead of 6, the mixing ratio q was used:
(AE)(2) = (Wwq(z) — w(2) q(2)) Avp + (AEsys), (5)
where 4, is the latent heat of vaporization.

The dispersive sensible heat flux H, is calculated as the spatial covariance of 30-min

averaged w and 0, following
Hy(z) = (W 0%)(2) cpp, (6)
with

°5)(2) = 7

> @ y.2) — @O y.2) ~ O

nx X ny
Equation 6 shows that H; is by definition already horizontally averaged. Again, AEq was

calculated similarly, following
AE4(z) = (W q")(2) vp, (®)

with

#TVD = ey Y @072 — @D~ @@ O

nx X ny
Since the LESs had cyclic boundary conditions and any other flux contributions could
be ruled out, the change of energy stored in the underlying air mass (Hpgs, AErse) Was

calculated as the residual of the other contributions to the total available surface flux:

10
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(Hpse) = (Hg) — (H) — Hy (10)
and
(AEpst) = (AEs) — (AE;) — AEy. (11)

To model Hy and AE;, we propose variables of atmospheric stability (u,/w,), the
thermal heterogeneity parameter H', the measurement height z,, normalized with the
atmospheric boundary layer height (Z,), and the vertical gradients of potential temperature
theta (Af) (for Hy) and mixing ratio (Ag) (for AE,), respectively, as our driving factors.
We calculate (u, /w,), for one grid level near the surface based on the 30-min averaged

covariances following

— T T T T 1/4
U, = ((u W es + (U'w sgs))z + (V'W'res + (V'W sgs))z) > (12)

where u and v are the horizontal wind speeds in x- and y-direction, and the index res

indicates the covariance resolved by the grid, and
N _ 1/3
W = (22 WO res + (WOsgs)) (13)
where g is the gravitational acceleration (9,81 m s) and z; is determined as the height at
which the total sensible heat flux crosses the zero value prior to reaching the capping

inversion.

The thermal heterogeneity parameter was introduced by Margairaz et al. (2020b) as

_ gLp AT
T (Tg)2 (T (14)

where (T,) is the averaged surface temperature, AT is the amplitude of the surface
temperature heterogeneities, calculated following
AT = (|Ts =T, (15)

and (U_g) is the geostrophic wind speed. The heterogeneity length scale L, was calculated
following an approach of Panin and Bernhofer (2008):

We calculated the spatial spectra of T, by performing a Fourier transformation along ten
transects in the x- and y-direction of the domain, respectively. Before performing the
Fourier transformation, a bell taper was applied to smooth the edges and thereby reduce
leakage (Stull 1988). The length scale that contributes the most to the variability in T, along

each transect was identified by the location of the maximum of the spectrum. By averaging
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over the predominant length scales derived from each transect along both directions, we
derived the predominant length scale L, of the entire domain.

The boundary layer height is directly extracted from the LES output and is defined as the
height where (w’6’) becomes negative for the first time from surface.

The vertical gradients (Af) and (Ag) were calculated following
(A6) = (9)(0m) —(6)(0.5 z,) (16)
and

(ag) = (@)(0m) —(q)(0.5 z). (17)

2.2.2 Model fitting

We used the Random Forest machine-learning model (Breiman 2001) to predict H; and
AE,; from 148 idealized LESs that were set up to represent a wide range of boundary
conditions with respect to thermal surface heterogeneity and atmospheric stability (Sect.
2.1). The models were trained separately for H; and AE, using {(u,/w,), z/{(z;), H, and
(AB) (only for Hy) or (Ag) (only for AE}) as predictor variables. The entire training data is
attached as a supplementary file. The modelling was performed in Python 3.7 using the
Random Forest implementation in scikit-learn (Pedregosa et al. 2012) with default settings
and 200 regression tree estimators.

To evaluate the approach, we use a leave-one simulation-out-cross-validation such that
predictors for H; and AE; for each simulation have never seen the specific simulation
results during training. We calculate predictor importance based on so called SHapley
Additive exPlanations (SHAP) values (Lundberg et al. 2020; Lundberg and Lee 2017)
which estimate how much each predictor contributes to the variation of the predictions. We

use the mean absolute SHAP value for each predictor as a metric of variable importance.

2.3 Testing the Model on the More Realistic CHEESEHEAD19 LES

To test how well the model of sensible and latent dispersive heat fluxes works, we applied
from the model of dispersive heat fluxes to the realistic large eddy simulations of two days
in August (Aug 22-23 2019) of the CHEESEHEAD19 campaign ( Paleri et al. (submitted))
for which we performed eight ensemble simulations. These simulations were carried out
with PALM v6, revision 21.10-rc.2 and consist of one parent domain and two 3D child

domains, nested recursively within each other.

12
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The extent and resolution of the domains is shown in Table 1. The parent domain has
a large extent to ensure that turbulence can properly develop and adapt to the surface
conditions. The first child domain (C1) covers the surroundings of the CHEESEHEAD19
area with a moderate resolution. The smallest child domain (C2) has a very high resolution
to enable the investigation at field-measurement heights and covers the locations of the EC
stations that were deployed during the CHEESEHEAD19 campaign. The child domains
are shown in Fig. 1.

The realistic simulations were carried out with lateral and top boundary conditions
informed by the National Centers for Environmental Prediction (NCEP) High Resolution
Rapid Refresh data assimilation product (Horel and Blaylock 2017) over the study domain
and coupled to a land-surface model (LSM) and plant-canopy model (PCM) informed by
field-campaign observations and the WISCLAND?2 dataset (Wisconsin Department of
Natural Resources 2016). Paleri et al. (submitted) gives a detailed description of the model
setup and comparisons with field measurements.

Similar to the idealized simulation, (Z,) is directly extracted from the C2 LES output
and is defined as the height where w'68’ becomes negative for the first time. (U_g) was
extracted as the horizontal wind speed at 1.1 (z;) in the C2 domain. The predominant
landcover types in the C2 domain are forests, resulting in a domain-averaged canopy height
of (z.) =22.08 m and a displacement height of (z;) = 15.46 m. We considered different
measurement heights z,,up to 60 m above z, but periods for which z/(z,)> 0.1 where
discarded because the model was developed to predict dispersive fluxes in the inertial
surface layer, only. When calculating z/(Z,), the displacement height (z;) was taken into
account, with z = z,, — (z,) and (z,) = (Z,)¢ — (24), Where (Z,), refers to the boundary-
layer height relative to the bottom of the domain.

Since the active surface is not located at the lower boundary of the domain in areas with
high vegetation, we defined the surface in the realistic simulations to be located at the
canopy top level in all areas where the PCM was used, and at the lower boundary of the
domain in all areas where no PCM was used. This definition of surface is used for (u, /w,)
and T, and the surface fluxes.

Again, (u,/w,) were calculated following Eq. 12-13 and averaged over the entire

horizontal extent of the C2 domain. The surface temperature was extracted from the true
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surface temperature output in all non-forested areas where only the LSM but not the PCM
was deployed. In the forested areas, T, was extracted from the tree-dimensional output of
potential air temperature at the top of the canopy, assuming that the leaf surface
temperature equals the air temperature. Based on this combined surface temperature map,
AT, (T,) and L, were calculated over a 12.5x12.5 m> model extent. The latter was
calculated using the same approach as for determining Lj, in the idealized simulations used
to develop the models which is described in section 3.2. H was then calculated for the
entire horizontal extent of the C2 domain similar to the calculation of dispersive fluxes in
the idealized LES following Eq. 14.

To calculate the vertical gradients (AB) and (Ag), (8) and (g) were extracted from the
C1 output at 0.5 (z,) and at the second grid layer. The C1 domain was used to calculate the
vertical gradients because the vertical extent of the C2 domain is too small to include
0.5 (Z;) under strongly unstable conditions. (A@) and (Ag) where then calculated following
Eq.16-17.

To compare the true dispersive heat fluxes to the predicted dispersive heat fluxes, we
estimated the true dispersive heat fluxes by calculating H; ;g5 and AE;  gs as spatial
covariances of w, 8, and g over the entire horizontal extent of the C2 domain for each

measurement level following Eq. 6-9.
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Fig. 1 The map shows landcover types extracted from the WISCLAND 2.0 dataset (Wisconsin Department
of Natural Resources 2016) that was used to inform the CHEESEHEAD LES (Sect. 2.3). The extent of the

map corresponds to the C1 domain and the white square shows the border of the C2 domain in the

CHEESEHEAD LES. The domains are centred around the WLEF Tall Tower (45.9459, -90.2723). The

orange points represent the EC stations in the field (Sect. 2.4).

Table 1 Grid resolution and domain extents for the realistic CHEESEHEAD LES.

Domain extent (km) Grid spacing (m)

Ix ly 1z dx dy dz
parent 48.60 | 51.84 | 5.00 90.0 90.0 12.0
Cl 27.00 | 30.24 | 2.49 30.0 30.0 12.0
C2 12.00 | 12.00 | 0.24 6.0 6.0 4.0

2.4 Testing the Model on CHEESEHEAD19 Field Measurements

To test the model on real field measurements, the model was furthermore applied to the

eddy-covariance measurements at 16 of the 17 stations from the CHEESEHEADI19
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campaign. An overview of the stations is given in table 2. Station NW4 was excluded from
the analysis because it is expected to be strongly influenced by topography due to its
location on a steep lake shore, rendering it unsuitable for this analysis as topography effects
are not considered in the model of dispersive fluxes. The campaign took place from late
June until early October 2019 on a 10x10 km? area surrounding the nearly 400 m tall
AmeriFlux tower US-PFa located in northern Wisconsin, USA (45.9459, -90.2723) (Desai
et al. 2022). The tower is surrounded by a nearly flat landscape that is mainly covered by
a mix of deciduous and coniferous forests, swamplands, and waterbodies. The locations of
the 16 eddy-covariance stations are shown in Fig. 1 and the respective measurement heights
and landcover characteristics are shown in Table 2. A detailed description of the
measurement campaign, including additional measurements can be found in (Butterworth
et al. 2021).

Fluxes of sensible (H;) and latent heat (AE;) were calculated for 30-minute intervals
using detrended 20 Hz measurements of temperature, water vapor, and vertical wind speed.
For the H, calculation, the dry air temperature was calculated from the sonic temperature
after correction for the effect of water vapor on the speed of sound (Schotanus et al. 1983).
For the AE; calculation, the water vapor measurements were corrected for density effects
(Webb et al. 1980). Vertical wind speed was extracted from the raw 3-dimensional wind
vector after a double rotation coordinate rotation.

To apply the model to field measurements, additional information is needed, as single-
tower measurements do not provide information on boundary-layer height, geostrophic
wind speed, thermal surface heterogeneity or vertical gradients of potential temperature
and mixing ratio. The CHEESEHEAD19 dataset provides a unique opportunity to test this
model, because it provides a lot of the needed additional information. However, to show
that the application to other eddy-covariance measurements is possible, as well, we used
no additional information acquired during the CHEESEHEADI19 campaign and only
utilized the dense tower network as a test bed for the dispersive flux model in field settings.
Instead, ERAS reanalysis data and satellite-based land-surface temperature maps were used
to inform the dispersive flux model.

The boundary layer height, the gradients of 8 and g, and U_gused to calculate the

thermal heterogeneity parameter were extracted from the hourly ERAS reanalysis data
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(Hersbach et al. 2023a, 2023b). The boundary layer height can be directly extracted from
the single-level reanalysis data (Hersbach et al. 2023b). To derive U_g, the horizontal wind
speed at pressure levels (Hersbach et al. 2023a) was calculated from the #- and v-
component of the wind vector at each pressure level. The height above ground of each
pressure level was derived using the barometric formula. Finally, U_g was derived as the
wind speed at 1.1 times the boundary layer top by linearly interpolating between the
adjacent model output levels. To calculate the gradients of 8 and g, the potential
temperature and the mixing ratio were derived from the pressure level output and the single
level output. At 0.5 z;, 8 was calculated from the absolute air temperature and the pressure
and g was calculated from the specific humidity provided by the pressure level output.
Again, the height above the ground of each pressure level was calculated using the
barometric formula and linear interpolation was applied to derive theta and q at 0.5 Z,. For
the near-surface value, we used the 2 m dewpoint temperature and absolute air
temperature, as well as the surface pressure provided by the single-layer ERA5
output to calculate 8 and g. The vertical gradients were then calculated as A9 =
6(2m) — 6(0.5z,) and Ag = g(2m) — §(0.5%,), respectively.

Even though (u,/w,) can be calculated from the high-frequency data provided by
eddy-covariance measurements, it is not necessarily representative of a larger area
surrounding the measurement. Furthermore, (u,/w,) are defined as near-surface values
making the calculation of (u,/w,) from measurements at roughly 30 m above the ground
not ideal. Therefore, (u,/w,) was also extracted from the ERA5 reanalysis data. While u,
could be directly extracted from the ERAS reanalysis data, w, was calculated from the
sensible surface-heat flux, boundary-layer height, 2 m air temperature and surface pressure
provided in the ERAS single-level output following Eq.13.

To calculate the thermal heterogeneity parameter, the predominant length scale of
thermal surface heterogeneities as well as the amplitude of the surface temperature need to
be known which are not available from the ERAS reanalysis data. Surface temperature
maps with a 50 m spatial resolution and 1 hr temporal resolution generated from satellite
data (Desai et al. 2021) were used to calculate the same. For each EC station, we selected

a 10x10 km? area surrounding the tower location and then followed the approach of Panin
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and Bernhofer (2008) described in section 3.2 to derive L, . AT and (T,) were also

calculated from the same maps. Since the land-surface temperature maps had a temporal

resolution of 60 minutes, the resulting L, (T;), and AT were linearly interpolated to 30-

min values.

Table 2 Overview of the 16 CHEESEHEAD 19 EC stations used for testing the application of the model on

field measurements, including canopy heights (z¢ fie1q), measurement heights (Zp, fi014), and displacement

heights (zg fie1q), and vegetation types. The last two columns show number of 30-minute measurement

periods for which all necessary data is available and H, > 10 W m™ (1,,,04,) and the percentage of 30-minute

measurement periods for which all predictor variables lie within the model limits (nyeqs 1)

tower ID | Z¢ ficia | Zmfield | Za,fieta | VEZEtAtion | Nyeqs Nmeas,ML
m | |[m |type (%)
NWI 25.0 32.0 17.5 pine 827 1.09
NW2 3.0 12.0 2.1 aspen 543 0.00
NW3 0.3 3.0 0.2 tussock 1319 0.00
NE1 332 32.0 232 pine 991 0.91
NE2 19.2 32.0 13.4 pine 1113 1.17
NE3 18.3 32.0 12.8 hardwood | 668 1.65
NE4 18.3 32.0 12.8 maple 1110 0.99
SW1 24.4 32.0 17.1 aspen 838 1.07
SW2 19.2 25.0 13.4 aspen 765 1.31
SW3 15.0 32.0 10.5 hardwood | 467 0.43
Sw4 25.9 32.0 18.1 hardwood | 713 0.42
SE2 24.4 32.0 17.1 hardwood | 433 0.69
SE3 14.3 32.0 10.0 Aspen 582 2.23
SE4 0.3 3.0 0.2 tussock 1455 0.00
SES 3.1 12.0 22 aspen 439 0.00
SE6 21.6 32.0 15.1 pine 1001 1.50
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3 Results

3.1 Model Based on Domain-Averaged Values

Figure 2a-b shows the results of the cross-validation of the models for sensible (Fig. 2a)
and latent (Fig. 2b) dispersive heat fluxes based on domain-averaged values. The training
and test data were shuffled in such a way that H; and AE; for each simulation were
predicted by the model trained by the output of all other simulations. The predicted
dispersive heat fluxes are compared to the true dispersive heat fluxes computed from the
LES output following Eq. 6-9. There is a strong correlation between the modelled sensible
dispersive heat flux Hg;preqictea and the true dispersive sensible heat flux Hy ;gg, with
R? =0.947, which is shown in Fig. 2a. For the latent heat flux, the agreement between
modelled (AE pregictea) and true (AEq  gs) dispersive fluxes is weaker, with R?=10.753.

Figure 2c-d shows the relative importance of predicting variables in the models of
dispersive heat fluxes. The most important predicting variables for Hy preqictea (Fig. 2¢)
are the heterogeneity parameter 7 and the atmospheric stability parameter (u, /w,). The
normalized measurement height z/(Zz;) and the vertical gradient of potential temperature
(AB) are less important but not negligible.

For AEg predicteas the most important predicting variable is, again, the heterogeneity
parameter H'. However, the importance of the atmospheric stability parameter (u,/w,) is
much lower. The importance of the normalized measurement height z/(Zz;) and the vertical
gradient of mixing ratio (Aq) in predicting AEg preqictea compared to H is, again, lower

but not negligible.
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Fig. 2 Performance of the model based on domain-averaged values. Panels a-b show comparisons of
modelled dispersive heat fluxes (y-axis) versus true dispersive heat fluxes calculated directly from the LES
output (x-axis) for sensible (panel a) and latent (panel b) dispersive heat fluxes. Panels c-d show the relative
importance of predicting variables in the models of sensible dispersive heat flux (panel c) and latent
dispersive heat flux (panel d).

Figure 3 shows the relative contribution of the domain-averaged storage and the
dispersive fluxes predicted by the model based on domain-averaged values to the SEB gap.
The gap between the surface fluxes, i.e., the total available energy, and the turbulent fluxes
is on average 15.0+6.4% for the sensible heat and 9.6+4.9% for the latent heat.

With 7.74+3.3% of (H,), (H,s;) contributes to more than 50% to the gap in the sensible
heat fluxes. The contribution of H pregicteq 18 slightly smaller with 7.2+4.4% of (H). (H,),
(Hase) and Hg pregictea Sum up to 100.0£1.3% of (H;), indicating that the application of
the model leads to a good closure of the gap in the sensible heat flux and the inclusion of
the predicted dispersive heat flux leads to a significant reduction of the scatter.

In the latent heat flux, the partitioning between (AE,s.) and AEq preqicteq is different.

(AE,s¢) has a smaller share in the flux gap (2.3+1.2% of (1Eg)) than the predicted
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dispersive flux (8.0+£6.4% of (A1E)). Thus, the dispersive flux share of the surface flux is
larger in the latent heat flux than in the sensible heat flux, although the total gap is smaller
in the latent heat flux compared to the sensible heat flux. In sum, (AE;), (1E,s;) and
AEq preaictea €qual 100.7£5.0% of (AE,s,) , resulting in a good closure of the gap in the
latent heat fluxes on average. However, the addition of AE; ,yeqicteq dO€s not cause a

reduction of the scatter.
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Fig. 3 Relative contributions of the domain-averaged storage and dispersive fluxes predicted by the model
based on domain-averaged values to the gaps in sensible and latent heat fluxes. The error bars show the

standard deviation of the sums shown in each bar.

Table 3 shows that the Bowen ratio (), i.e., the partitioning between sensible and latent
heat, is smaller in the turbulent flux compared to the surface flux. The Bowen ratio of the
true dispersive flux f(Fy  gs) calculated directly from the LES output is larger than the
Bowen ratio of turbulent heat fluxes B({F;)). The Bowen ratio of the storage change

B ({Fas¢)) is much larger than the Bowen ratio of the other fluxes.
Table 3 Absolute values of the flux contributions and Bowen ratios () show the different partitioning into
sensible and latent heat in the surface fluxes ((F;)), turbulent fluxes ({F;)), change in energy storage ({Fas;)),

as well as true (F,;) and predicted (deredicted) dispersive heat fluxes.
(F;) (Fy) (Fase) FarEs Fayredictea

H (W m?) 198.6+83.7 | 169.6£74.1 | 15.1+£9.2 13.9+10.2 13.9+10.2
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AE (W m?) | 450.0+144.3 | 407.6£134.4 | 10.5+6.9 31.9421.7 31.9421.7
B (%) 0.441+0.0 0.416+0.228 | 1.441£1.294 | 0.435+0.436 | 0.427+0.402

3.3 Model Application to More Realistic CHEESEHEAD19 LES

To test the performance of the model based on domain-averaged values on more realistic
scenarios, it was applied to the simulations of two days of the CHEESEHEAD 19 campaign.
The final model uses the output of all 148 idealized LESs as training data, which is attached
as a supplementary file, together with an example dataset and a python code to apply the
model. For this analysis, only 30-minute observations where (H;) >10 W m™ were
considered to ensure the model was only applied to unstable conditions. Due to issues with
the data output, five 30-minute intervals had to be discarded, additionally.

Figure 4 shows the behaviour of predictor variables over the remaining 30-min
intervals of the two days simulation time. The majority of predictor variables encountered
inthe CHEESEHEAD19 LES lies within the range of predictor variables from the idealized
LES that were used to train the model. However, since the models of sensible and latent
dispersive heat fluxes cannot be extrapolated, they provide unreliable values for
measurements for which the predictors lie outside the range of training data. Therefore, all
30-minute intervals where one of the predictors lies outside the range of model training
data where discarded. This affected 18% of the available data, mostly due to small z/(Z,)

as shown in Fig. 4.
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Fig. 4 Time series of the predicting variables ((w,/w.), 3, z/(Z,), (A8), (Aq)) that were encountered in the
CHEESEHEAD simulations. The limits of the predictor variables used for training the model are shown by
the gey horizontal lines. Since most predictor variables refer to a specific level, they are the same for any
height considered and therefore shown in grey. Only z/(Z,) varies with height. In z and in z;, the
displacement height (15.47 m) is considered.

Figure 5 shows the comparison of the modelled dispersive heat fluxes (Hg ;04 and

AE 4 moaq) With the dispersive heat fluxes directly calculated from the LES output as the
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spatial covariance (Hy  gs and AE; 1 gs). The model clearly overestimates Hy ;s by 18.2%
on average and slightly overestimates AE; s by 5.8%. Table 4 shows that in the
CHEESEHEADI19 LES, the Bowen ratios of the surface S ({F;)) and turbulent 8 ({F;))
heat fluxes are nearly similar whereas the Bowen ratio in the dispersive heat fluxes
B({FgLes)) is considerably lower. The stronger overestimation of H, leads to a higher
Bowen ratio in the modelled dispersive heat fluxes 8 ({(Fy moq)) compared to S ({Fg 1£s)),
which is closer to B({F;)) and ((F;)). The sum of the modelled sensible and latent
dispersive heat fluxes overestimates the sum of sensible and latent heat fluxes directly

calculated from the LES output by 9.4% which is shown in Fig. 6.
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Fig. 5 Comparison of modelled sensible (panel a) and latent (panel b) dispersive heat fluxes with the sensible
and latent dispersive heat fluxes calculated as spatial covariances from the output of the more realistic
CHEESEHEAD LES. The different colours represent 30-minute observation periods used for this analysis
and the different symbols represent the height above the displacement height.

Table 4 Bowen ratios () show the different partitioning into sensible and latent heat in the domain-averaged
surface fluxes ((F;)), turbulent fluxes ({F;)), and true (F ;z5) dispersive heat fluxes directly calculated from

the LES output, as well as modelled (Fy,, ;) dispersive heat fluxes.
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Fig. 6 Comparison of modelled total dispersive heat fluxes with total dispersive fluxes calculated as spatial
covariances from the output of the more realistic CHEESEHEAD LES. The different colours represent 30-
minute observation periods used for this analysis and the different symbols represent the height above the

displacement height.

3.4 Model Application to CHEESEHEAD Field Measurements

The model was also tested on the CHEESEHEAD19 field measurements carried out at 16
eddy-covariance stations over a period of roughly three months. For this analysis, only 30-
minute observations where H, > 10 W m? and R,,,; > 0 W m™ were considered to ensure
the model was only applied to unstable conditions. For quality assurance, observations with
unrealistically high turbulent heat fluxes of (H; + AE;) > 1.5 R, and observations with
(Hy + AE; + Hyge + AE 5:) < 0.5 (Rt — G) were discarded. While the latter case would
be physically possible, it would result in the SEB gap being larger than the sum of the
measured atmospheric heat fluxes and storage changes. In this case, the uncertainty is so

high that the data should be rejected rather than corrected.
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Figure 7 shows that not all conditions encountered in the field measurements were
represented in the training dataset from the idealized LES. While H values observed in the
CHEESEHEADI19 surface temperature maps are covered quite well by the training data,
the range of (u,/w,) and also (Aq) is wider in the field measurements compared to the
idealized LES. Again, smaller z/(Z,) values occur in the field data due to larger (Z,) values
in the ERAS reanalysis data and lower measurement heights in the field. The vertical
gradients of (9) observed in the ERAS reanalysis data were typically much larger than the
values used to train the model. The percentage of CHEESEHEAD19 predictor variables
that fall into the limits of the training data for each predictor variable is shown in table 5.
After considering all predictor variables, almost 95% of the CHEESEHEADI9

measurements were discarded before applying the model to the measurements.
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Fig. 7 Distribution of the predicting variables ((u./w,), I, z/z;, (A), (Aq)) used for the model training
(gray) and of the predicting variables that occur in the CHEESEHEAD 19 field measurements (blue). The

limits of the predictor variables used for training the model are shown by the red dotted lines.

Table 5 Percentage of CHEESEHEAD19 field measurements that fall into the range of the predictor variables
used to train the model.

(u./w,) H z/z; (AB) (Aq) total

% | 45.27 99.62 37.60 27.60 67.20 5.08

In the field measurements, the total sensible and latent heat fluxes at the surface are not
known. Therefore, it is only possible to compare the sum of measured and latent heat fluxes

to the available energy at the surface (R, — G). In Fig. 8, the storage change of sensible

26



591
592
593
594
595
596
597

598
599

600
601
602
603

604
605
606
607
608
609
610
611
612

and latent heat in the air between the surface and the instruments (Hjg + AE g ) 1S
subtracted from the available energy at the surface. The remaining energy is transported to
the atmosphere and should therefore equal the sum of turbulent and dispersive fluxes.
Figure 8a compares the measured turbulent fluxes against this remaining energy and shows
a large gap of 23.8% in the energy flux towards the atmosphere. In Fig. 8b, the modelled
dispersive fluxes are added to the measured turbulent fluxes, reducing the SEB gap to

18.6 %.
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Fig. 8 Comparison of measured turbulent heat fluxes (panel a) and measured turbulent and modelled
dispersive heat fluxes (panel b) to the total energy flux to the atmosphere. The total energy flux to the
atmosphere is calculated as the available energy at the surface (R,,,; — G) minus the storage change in form
of sensible and latent heat (H,g; + AE 5. ). The different colours represent the 16 individual eddy-covariance
stations that were used for this analysis.

Even though we do not know the actual breakdown of total available energy (R;,or —
() into sensible and latent heat, we can consider the contributions of each energy balance
component shown in Fig. 9. The turbulent fluxes measured at the EC stations make up
27.48+11.38% (H;) and 47.54+18.33% (AE}) of the total available energy at the surface,
resulting in a Bowen ratio of 0.602+0.458. The storage change accounts for 2.58+3.85%
(Hpse) and nearly 0% (AEas:). The modelled dispersive fluxes account for 1.55+1.10%
(Hgmoa) and 5.62+4.76% (AEg pm0q) of the total available energy. The Bowen ratio of the
dispersive fluxes is 0.283+0.245, which is considerably lower than the Bowen ratio

observed in the turbulent flux measurements.
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Fig. 9 Share of turbulent heat fluxes (H;, AE}), air storage change (H,s;, AExs:) and modelled dispersive heat
fluxes (Hymoa> AEqmoa) Of the total available energy (R, — G). The error bars represent the standard

deviation of the sums shown in each bar.
4 Discussion

4.1 The Model of Energy Transport by Secondary Circulations

Instead of modelling the entire energy imbalance as it was proposed by former models to
close the energy balance gap (De Roo et al. 2018; Huang et al. 2008; Wanner et al. 2022b)
we decided to predict only the contribution of energy transport by SCs. The storage change
in the air layer below the measurement altitude is possible to measure through vertical
profiles of 8 and q, which is a more direct way to quantify it than modelling it. The storage
change in the biomass is more difficult to determine by measurements. If the storage
change cannot be measured or older measurements are to be corrected for which no storage
change measurements are available, it must still be modelled to to achieve SEB closure on
a 30-min measurement basis. However, it is unlikely that the storage change depends on
the same parameters as the energy transport through SCs, so these two aspects should be
considered separately. Furthermore, even for observation periods longer than one day, the
contribution of the storage change to the SEB gap becomes very small and can therefore

be neglected if SEB closure is to be achieved only for longer time scales.
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The cross-validation of the model for H; (Fig 2a) and AE,; (Fig 2b) show that the
correlation between predicted dispersive fluxes and true dispersive fluxes in the LES is
very high for H but considerably lower for AE. We investigated whether the particularly
large underestimates and overestimates of AE,; are linked to particularly high or low values
of individual input variables. However, the values were always in the range of the input
variables that achieved a suitable prediction of AE ¢1,.. The large deviations are probably
the result of a factor influencing AE,; that is not considered by the model.

One possible reason why H; prediction performs better than AE; prediction is that the
atmospheric stability, represented by (u,/w,), is directly linked to the magnitude of SCs
and the magnitude of the sensible heat flux. A negative vertical gradient of 6 leads to
convective conditions under which the development of secondary circulations is favoured
(De Roo et al. 2018; Huang et al. 2008; Wanner et al. 2022b) and also means that warmer
air is available near the surface and can be transported upwards by those SCs.

The vertical moisture gradient, on the other hand, is not directly related to atmospheric
stability but rather to the ratio between latent surface heat flux and dry air entrainment. For
example, over vegetated, non-water-limited surfaces, the surface is typically a source of
moisture, but this might be counterbalanced by dry air entrainment at the boundary-layer
top, resulting in different (Aq). If lapse-rate stratification causes the formation of SCs but
(Aq) = 0, the movement of air masses will not contribute to the transport of moisture.
Including entrainment as a predictor variable could therefore potentially improve the model,
especially for AE,.

This phenomenon is illustrated by the importance of input variables for predicting Hy
and AE; shown in Fig. 2¢-d, where (u./w,) and H have the strongest predictive power for
Hy, but in comparison, the predictive power of (u, /w,) for AE,; is much lower. H is also
the most important predictive variable for AE ;. The normalized measurement height z/(z,)
has an intermediate predictive power in both cases, which is due to increasing fraction of
energy transport by SCs within the surface layers with increasing height.

The rather high scatter in the correlation of AEg pregictea and AEg ¢y does not have a
negative effect if the total fluxes are considered (Fig 2b). The standard deviation of the

corrected fluxes (AE; + AExst + AEq pregdictea) T€Mains almost unchanged compared to the
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standard deviation of the uncorrected turbulent fluxes. For the sensible heat flux (Fig 2a),
the correction even provides a significant improvement, as the standard deviation of the
corrected fluxes (Hy + Hagse + Hy predictea) 18 significantly smaller than for the turbulent
fluxes alone.

In Fig. 3 and Table 3, another interesting aspect can be observed: when considering
domain-averaged values, the Bowen ratio of turbulent and dispersive fluxes are the same,
although the gap between surface fluxes and turbulent fluxes is different for H; and AE;.
This difference is compensated by the storage change alone. Thus, one could conclude that
to close the SEB gap, it may be sufficient in many cases to measure Hyg; and AE,g; and fill
the remaining gap according to the Bowen ratio of the measured turbulent heat fluxes. This
approach has been discussed several times (Gebler et al. 2015; Hirschi et al. 2017; Mauder
et al. 2007b; Mauder et al. 2013; Mauder et al. 2020; Twine et al. 2000). However, the
relation between Bowen ratios of storage change and surface, turbulent, and dispersive heat
fluxes is different in the more realistic CHEESEHEAD19 LES which is discussed in the
next section. It furthermore remains questionable whether this assumption still holds if
locally measured heat fluxes differ considerably from the average heat fluxes of the
surroundings, which is typically the case in heterogeneous areas.

Due to the rather coarse resolution in the idealized LESs that were used to train the
model, one has to assume that the strength of the SCs is underestimated, especially near
the lower boundary of the domain. It is therefore likely that the model underestimates the
transport of energy by SCs. The magnitude of this systematic error, however, is not known

and requires further investigation in follow-up studies.

4.2 Application to the More Realistic CHEESEHEAD19 LES

Figure 4 shows that the model could be applied to almost all 30-minute intervals with
unstable conditions and for a wide range of measurement heights. A few observations near
the canopy top had to be discarded because of the low values of z/(Zz,). However, this
affected mostly measurement heights of less than 16.5m, which corresponds to
approximately 10 m above the canopy top. To avoid individual roughness elements

affecting the measured turbulent fluxes, EC measurements should not be carried out within
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the roughness sublayer (Katul et al. 1999) and are often located more than 10 m above the
canopy top at forest locations.

In comparison with the dispersive fluxes calculated from the CHEESEHEAD19 LES
output, the model slightly overestimates AE; and clearly overestimates H; (Fig. 5),
resulting in a general overestimation of dispersive fluxes (Fig. 6) and a slightly higher
Bowen ratio (Table 4). The fact that Hy ;,,4 and AE; ;04 are slightly larger than the actual
fluxes could be due to non-cyclic boundary conditions in the CHEESEHEAD19 LES. This
arrangement raises the possibility that some of the energy transport is not captured in the
dispersive fluxes. Another reason could be the different setup of the simulations. In the
idealized simulations, the fluxes were specified at the surface, whereas in the realistic
simulations, an LSM was used in combination with PCM. Wanner et al. (2022a) showed
that the use of LSM and PCM increases the dispersive heat fluxes directly above the canopy
but decreases the dispersive fluxes further up, compared to dispersive fluxes in simulations
with prescribed surface fluxes, owing to feedbacks between atmosphere and surface.

In contrast to the results from the idealized LESs, S ({Fy 1gs)) does not equal B ({F;))
in the CHEESEHEAD19 LES but is considerably lower, indicating that SCs have a larger
relative share in the transport of latent heat than in the transport of sensible heat. It follows
that the Bowen ratio approach to fill the SEB gap is not so well suited under more realistic
conditions. Our dispersive flux model is capable of partially capturing the difference
between [ ((Fy4 es)) and S ({F;)), but due to the strong overestimation of the sensible
dispersive heat flux by roughly 18%, the partitioning of dispersive fluxes in the realistic
LES is not ideally captured by the model.

Another factor that could alter the partitioning is the influence of entrainment on the
transport of energy by secondary circulations (Gao et al. 2017; Huang et al. 2008; Mauder
et al. 2020) which is not considered in our model. A temperature or humidity gradient in
the boundary layer is the basic prerequisite for any transport of sensible or latent energy
through SC which is why we included (A8) and (Aq) as predictors in our model. The
properties of the air mixed into the boundary layer at the upper boundary should also affect
the transport of heat or water vapor. Since (A8) and (Aq) only represent the lower half of
the atmospheric boundary layer (see Eq. 16-17), this influence is only partially considered

in the model and could also contribute to the underestimation of the dispersive fluxes. Since
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the ABL is confined by an inversion at the top, the influence of entrainment on the H; may
be quite small. However, the humidity above the boundary layer is highly variable, so the
effect of entrainment could also be a reason for the high uncertainty in the prediction of
AE; . The heat flux profiles (not shown) confirm that the flux regime in the
CHEESEHEADI19 LES was driven rather by dry air entrainment at the ABL top than by
the surface fluxes at some times. As already discussed in the previous section, including
entrainment as a predictor variable might therefore improve the model performance.

Furthermore, with non-cyclic boundary conditions it is possible that weather fronts pass
through the domain which can carry warmer/cooler or moister/dryer air into the domain,
affecting w, 8, and g used to calculate the dispersive fluxes. In the CHEESEHEAD19 LES,
a front passed through the domain in the afternoon on the first day, causing the boundary
layer to collapse at 2:30 p.m. which is shown by the increase of z/(z,) (Fig. 4). Figure 13
(Appendix 2) shows that the surface fluxes started decreasing at 1:00 p.m., indicating that
advection may already have played a minor role, affecting Hy ; gs and AE; | gs. The effect
of weather fronts passing by is generally less relevant for EC measurements, as they would
typically be discarded in the affected periods, due to the violation of the stationarity
requirement (Mauder et al. 2000).

4.3 Application to the CHEESEHEAD19 Field Measurements

The application of the model to field measurements was very limited because the ranges of
the predictor variables in the field measurements were significantly larger than covered by
the idealized LESs used to train the model (Fig. 7). The ranges of {(u,/w,), } and (Aq)
encountered in the ERAS reanalysis data is much larger than in the idealized LES. However,
this seems to be caused by extreme cases and outliers since a considerable number of
observations (45.27%, 99.62%, and 67.20%, respectively) were covered by the training
data (Table 5). The range of z/(Z,) encountered in the field is only slightly larger than in
the idealized LES. Nevertheless, only 37.60% were covered by the training data (Table 5).
This is due to the low measurement heights in some of the field stations (12 m at NW2 and
SES and 3 m at NW3 and SES) whose data were entirely discarded. Such low measurement

heights could not be covered by the idealized LES due to the coarse grid resolution. Most
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measurements had to be discarded due to insufficient coverage of (A8), as only 27.60% of
the observed values were covered by the idealized LES (Table 5).

To investigate whether the large ranges in predictor variables are realistic, we compared
the predictor variables derived from the ERAS reanalysis data to the predictor variables
derived from the CHEESEHEAD19 LES for 22-23 August 2019 (Fig. 10). They show a
good agreement in H and (Z,), although ERAS does not capture the variability in (Z,) as
well as the CHEESEHEADI19 LES. Compared to the CHEESEHEADI19 LES, ERAS
underestimates (u,/w,) and overestimates (A8) and (Aq). The comparison of hourly
vertical profiles (Fig. 14, Appendix 3) shows that the overestimation of (A8) results mainly
from a stronger increase in theta near the surface, whereas the profiles agree very well
within the mixed layer.

The CHEESEHEAD19 LES was validated against field measurements and the domain-
averaged vertical profiles showed good agreement with radiosonde measurements (Paleri
et al. (submitted)). Nevertheless, it must be noted, that the domain was mostly forested
with an average canopy height of 22.08 m. The active surface is therefore not clearly
defined and the lowest grid points receive less radiation. (§) may therefore be slightly

underestimated near the surface.
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Fig. 10 Comparison of predictor variables for the dispersive flux model from the CHEESEHEAD19 LES (x-
axis) and ERAS reanalysis data (y-axis) for all 30-min intervals on 22-23 August used for the analysis. Note
that the second panel shows (Zz,) instead of z/(Z,) for better comparability.

Figure 8 shows that adding the modelled energy transport by secondary circulations
considerably decreases the SEB gap from 23.8% on average to 18.6% on average but the
SEB is still not closed. As mentioned in Section 4.1, one reason for the remaining gap is
that the model might underestimate the transport by SCs due to the coarse grid spacing.
However, there are more reasons why considering the energy transport by SCs alone does

not result in SEB closure.
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Because the model predicts only the dispersive heat fluxes and not the entire SEB gap,
the storage of energy in the underlying air volume and canopy must be measured at tall EC
stations since it also contributes significantly to the SEB gap. The measurement of the
energy storage in the air volume beneath an EC station can be realized by simple profile
measurements of temperature and humidity. Thisis already standard in some EC stations
(Heiskanen et al. 2022) and was also included in the CHEESEHEAD19 measurements.
However, the biomass storage change is typically not measured at EC stations and adds
uncertainty to the energy storage quantification. It was not included in the energy storage
measurements at the CHEESEHEADI19 sites, though tree biomass heat storage was
measured at several sites subsequent to the campaign, where it averaged 6.5% of the energy
balance gap (Butterworth et al. submitted). This agrees with other studies which have found
the biomass storage change to be of the same magnitude as the storage change in the air
(Lindroth et al. 2010) or even twice as high (Haverd et al. 2007) at forest locations. Figure
9 shows that the addition of modelled dispersive heat fluxes to measured heat fluxes and
air storage change decreases the SEB gap from 22.82+17.67% to 15.66+19.44%. Including
the biomass storage change would further decrease the SEB gap to roughly 9 % on average.

As discussed in section 4.1, a slight underestimation of the dispersive fluxes by the
model is expected due to the coarse grid spacing in the idealized LESs providing the
training data. However, there are some more minor factors that contribute to the SEB gap
that were not considered in this analysis.

First, the model only considers the effect of atmospheric stability and thermal surface
heterogeneity on the energy transport by secondary circulations, which were identified as
the major factors. However, topography effects can also enhance the energy transport of
energy by SCs (Finnigan et al. 2003) but are not included in the model. Even though the
measurement area was chosen in part because of its weak topography, the area in which
the CHEESEHEAD19 campaign took place is not entirely flat. This may have strengthened
the SCs, especially near the numerous water bodies in the domain which would also explain
why the dispersive fluxes in the field measurements are larger than in both the idealized
and CHEESEHEADI19 LESs.

Finally, the turbulent heat fluxes might be underestimated as CSAT3AW (Campbell

Scientific) sonic anemometers were used. For this type of sonic anemometer, a correction
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to account for transducer shadowing was developed that increases the fluxes by up to 5%
(Horst et al. 2015) which was not applied to the CHEESEHEAD19 field measurements.
Also, minor contributions to the SEB gap are not considered, like energy consumption by
photosynthesis, which is estimated to account for roughly 1% of R,,,; (Finnigan 2008).
Taking these factors into account, the remaining SEB gap would be only about 3%, which

suggests that the underestimation of energy transport by SCs by our model is quite small.

4.4 Different Data Availability in Idealized LES, More Realistic LES, and Field
Measurements
Fundamental differences in data availability in the idealized and more realistic LES and
field measurements complicate the accurate application of the model. This includes the
determination of 7€, the true dispersive fluxes and the vertical gradients (A@) and (Aq).

The calculation of H involves AT, (T,), and L. All three parameters are calculated
based on the two-dimensional surface temperature. In the idealized LES, the surface
temperature is clearly defined as the temperature at the lower boundary of the domain. In
the CHEESEHEADI19 simulations, where a plant canopy model has been used in the
forested areas, the surface is not so clearly defined. The temperature at the lower boundary
of the domain is not very meaningful because it is mostly shaded and the majority of
radiative transfer happens at the canopy level. We therefore used the air temperature at the
top of the vegetation instead of the actual surface temperature as T, but this is based on
the assumption that the vegetation has the same temperature as the air and introduces
additional uncertainty. In field measurements, T is difficult to determine at sufficiently
high spatial and especially temporal resolution. Therefore, we used the surface-temperature
maps from Desai et al. (2021), which are a fusion data product using land-surface models,
satellite and hyperspectral imagery to apply the model to the CHEESEHEADI19 field
measurements.

The dispersive fluxes can be computed directly as the spatial covariance of w and 8 or
w and q in the idealized LESs with cyclic boundary conditions and thus quasi-infinite
horizontal extent. In the realistic LES, the dispersive fluxes can also be computed as spatial
covariance in a defined area. This area must be sufficiently large to fully cover the

horizontal extent of the secondary circulations, similarly to how the averaging period in
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classical EC measurements must theoretically be sufficiently long to cover all relevant time
scales. Since the horizontal extent of secondary circulations can reach about 2-3 z; (Paleri
et al. 2022a; Stull 1988), we recommend using an area with an edge length of at least 4 z;
to calculate the dispersive fluxes. If the area is too small, SCs partially contribute to
horizontal transport, i.e., advection, that is not captured by the spatial covariance of w and
0 or q. If the area is very large or includes an area where land cover or topography changes
significantly the resulting dispersive flux is not representative of the area in which the EC
measurement takes place. For typical single-tower field measurements, the dispersive flux
cannot be calculated directly, as the calculation of covariances would require high-
resolution spatial measurements of w, g and 6. Instead, the amount of energy transported
by the SCs must be calculated indirectly as a residual from the available energy at the
surface (R,o; — G) minus the energy stored in the air volume between the surface and the
measurement height (Hyg; + AE,5¢) and the turbulent transport of energy (H; + AE;). A
drawback of this approach is the scale mismatch between the measurement of R, and G,
which is only representative for the location of the EC station, and H and AE, which reflect
the energy flux of the entire footprint, which covers a much larger area depending on the
measurement height and atmospheric stability (Kljun et al. 2015).

For the model training, the output from the idealized LESs was used where the vertical
gradients (A@) and (Aq) were calculated as the difference between surface values and the
0.5 (z,). Since surface values are not available in the ERAS reanalysis data, we used the
2 m temperature and humidity measurements instead to predict the dispersive fluxes in the
CHEESEHEAD19 measurements. Under unstable conditions, the temperature gradient
near the surface is very steep. Thus, the 2 m temperature is expected to be lower than the
air temperature directly above the surface, resulting in an underestimation of the vertical
temperature gradient between the surface and the middle of the boundary layer. Over
vegetated surfaces, which typically serve as a source of moisture unless they experience
water stress, using the 2 m humidity instead of a near-ground measurement also results in
an underestimation of the vertical gradient. However, as shown in Fig. 10, (A8) derived
from ERAS reanalysis data is not underestimated but overestimated compared to the

CHEESEHEADI19 LES.
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In the more realistic CHEESEHEAD19 LES, a PCM is used in forested areas, which is
why the active surface is not as clearly defined as in the idealized LES. This increases the
uncertainty in the calculation of T, (Af) and (Ag) and (u,/w,), as well as the surface

fluxes.

4.5 Feasibility of the Model Application to Eddy-Covariance Stations

Single point EC field measurements typically only represent a limited area, referred to as
footprint. The size of this area depends on various factors such as measurement height,
atmospheric stability, and horizontal wind speed (Kljun et al. 2015), but it is always only
a subset of the area that influences the development of SCs. Since the horizontal extent of
SCs can reach 2-3 times the boundary layer height z;, they can span multiple kilometres
and the area that has an effect on their development is correspondingly large. Therefore,
EC measurements are likely to differ from the average values representing the entire area
and are not suited as predicting variables for a model based on domain-averaged values.

This is why we used the ERAS reanalysis data to provide the majority of the predictor
variables for the application of the model to the CHEESEHEAD19 EC measurements. One
advantage of the ERAS reanalysis data is that it is available in all locations where EC
measurements are carried out and thus can be used to predict dispersive fluxes at any tower
without installing additional measurement instruments. This also facilitates the prediction
of dispersive fluxes for EC measurements carried out in the past for which no field
measurements of predictor variables are available. Since the ERAS reanalysis data is
available for the past 80 decades it can be used to consistently improve the energy-balance
closure in long existing time series. However, with a spatial resolution of 0.25°, one grid
cell in the ERAS data is representative of up to 28%28 km?, which might include landscapes
that are not representative of the surroundings of an EC tower.

The only parameters not derived from the ERAS reanalysis data were AT, (T), and Ly,
used to calculate the thermal heterogeneity parameter as their calculation requires spatially
highly resolved surface-temperature maps. We used the land-surface temperature fusion
maps provided by Desai et al. (2021) which are derived by combining the information
gathered from different satellite observations with high temporal resolution (NLDAS-2
(Xia et al. 2012), GOES-R (Yu et al. 2009)) and high spatial resolution (ECOSTRESS
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(Hulley et al. 2022)). Desai et al. (2021) showed that these maps represent the spatial and
temporal variation in surface temperature in the CHEESEHEADI19 domain. Their
approach can be used to generate land-surface temperature fusion maps with a spatial
resolution of 50 m and a temporal resolution of 1 h for any location where temporally
frequent geostationary (such as GOES) and high-spatial resolution less frequent land
surface-temperature data (such as ECOSTRESS) are available and therefore can as well be

derived for many EC stations without additionally carrying out measurements.

5 Conclusion

We have developed a model to predict 30-min dispersive heat fluxes, i.e., the energy
transport by SCs. A python script to apply the model, including the training dataset, is
included in the supplements.

By applying it to the CHEESEHEADI19 LES, we have shown that it reproduces the
partitioning into sensible and latent heat quite well. The application to CHEESEHEAD19
field measurements showed that the model currently covers only a limited range of
atmospheric conditions and is only applicable to measurement heights where
Zm-Zq > 10 m. Therefore, to predict dispersive fluxes under all typical conditions at eddy
covariance stations, the training data set must be extended to cover a wider range of (A8),
(Aq), I, and z/{z;).

However, application to the measurements that were within the model limits showed
that the modelled dispersive fluxes resulted in a significant reduction in the SEB gap,
although it did not close it completely. A variety of possible reasons were discussed,
including the low resolution of the LESs the training data was extracted from, the different
availability of information on vertical gradients of (8)and (g) in the LES and the ERAS5
reanalysis data, and uncertainties associated with the use of modelled surface temperature
and atmospheric variables as predictor variables. These issues can partially be further
improved by increasing the resolution of the LESs that provide the training data, which
will allow for an enhanced representation of SCs near the surface and the gradients of
(A)and (g) can be defined in accordance to data availability in field measurements.

We conclude that these factors likely cause a slight underestimation of the dispersive

fluxes by the model. However, a large portion of the remaining gap could be filled by
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adding the ignored biomass storage change, which is estimated to account for 6.5% of the
total available energy at 30-minute intervals.

We have also shown that it is possible to apply this model of dispersive heat fluxes to
field measurements without performing any additional field measurements. The
application of the model is based on ERAS5 reanalysis data and remote sensing products
that are available for most EC stations around the world and can also be used to model the

dispersive fluxes retrospectively.
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Appendix 1: The Idealized Large-Eddy Simulations

Table 6 Characteristic values of each of the 148 idealized simulations

sim | Uy | B (Hs) (AEq) | (u/w.) |z (To) |AT  |(Qs) | H
ID

1 0.5 ]10.185 | 115.7 616.5 | 0.188 671.2 |289.4|0.136 | 0.0113 | 16.028

1.0 1 0.184 | 115.7 616.5 | 0.190 675.5 ]1289.410.119]0.0113 | 3.464

2.0 [0.184 | 115.7 616.5 ] 0.182 673.6 | 289.4|0.100 | 0.0114 | 0.776

4.0 | 0.183 | 115.7 616.5 ] 0.216 667.6 | 289.4]0.084 | 0.0115 | 0.179

9.0 10.184 | 115.7 616.5 | 0.347 672.6 | 289.5]0.081 | 0.0117 | 0.028

0.5 10.177 | 114.0 618.6 | 0.185 678.1 |289.310.517|0.0114 | 47.100

1.0 1 0.179 | 114.0 618.6 | 0.188 670.9 |289.310.486|0.0114 | 10.131

(oA ENNNo N RV, | I SNY ROS RN \S)

2.0 [0.179 | 114.0 618.6 | 0.180 670.9 |289.310.458 |0.0114 | 2.230

9 4.0 [ 0.180 | 114.0 618.6 | 0.217 657.8 |289.4|0.425|0.0116 | 0.564

10 9.0 [0.180 | 114.0 618.6 | 0.354 660.6 | 289.5|0.336 | 0.0117 | 0.088

11 [0.5]0.187 | 119.9 611.3 ]0.184 661.3 | 289.4|0.613 | 0.0113 | 90.096

12 10.5 [0.187 | 119.9 611.310.184 661.3 |289.4|0.613|0.0113 | 90.096

13 1.0 10.191 |119.9 611.3 ] 0.181 686.9 |289.4|0.544 | 0.0113 | 14.999

14 [ 1.0 {0.191 | 119.9 611.3 ] 0.181 686.9 |289.4|0.544 | 0.0113 | 14.999

15 2.0 ]0.191 |119.9 611.3 | 0.180 680.6 | 289.4|0.507 | 0.0113 | 3.499

16 2.0 [0.191 | 1199 611.3 1 0.180 680.6 | 289.40.507 | 0.0113 | 3.499

17 14.0 [0.192 | 119.9 611.3 | 0.211 671.6 |289.5|10.492]0.0115 | 0.946

18 19.0 10.191 | 119.9 611.3 ] 0.346 673.3 |289.6 | 0.428 | 0.0116 | 0.155

19 0.5 (0.177 | 113.2 619.6 | 0.183 647.1 |289.30.556 | 0.0114 | 91.261

20 105 ]0.177 | 113.2 619.6 | 0.183 647.1 |289.310.556|0.0114 | 91.261

21 | 1.0 | 0.175 | 113.2 619.6 | 0.185 651.8 |289.310.547 | 0.0115 | 22.314

22 1.0 ]0.175 | 113.2 619.6 | 0.185 651.8 | 289.310.547 | 0.0115 | 22.314

23 |12.0]0.178 | 113.2 619.6 | 0.181 661.9 |289.310.497|0.0115 | 4.464

24 120 ]0.178 | 113.2 619.6 | 0.181 661.9 |289.310.497 | 0.0115 | 4.464
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25 4.0 ]0.179 |113.2 619.6 | 0.220 653.6 |289.310.493]0.0117 | 1.216
26 19.0 10.178 | 113.2 619.6 | 0.355 649.2 |289.4]0.459 | 0.0118 | 0.221
27 10.5 ]10.487 |232.6 473.410.163 870.8 |291.5]0.215]0.0095 | 28.519
28 | 1.0 | 0.485 | 232.6 473.410.163 868.9 |291.5|0.198 | 0.0095 | 5.867
29 2.0 10484 |232.6 4734 |0.162 868.2 [291.6|0.163 | 0.0095 | 0.949
30 [ 4.0 |0.484 |232.6 47341 0.172 864.6 |291.6|0.141 | 0.0096 | 0.237
31 [9.0 0482 |232.6 473.4|0.272 866.8 |291.80.132]0.0097 | 0.052
32 0.5 10479 |231.8 474.4 1 0.161 873.0 [291.5]0.437 | 0.0095 | 45.086
33 | 1.0 | 0.480 |231.8 4744 | 0.164 862.2 |291.5]0.398 | 0.0095 | 9.300
34 2.0 10480 |231.8 474.4 | 0.162 867.7 |291.5]0.389|0.0095 | 2.262
35 [ 4.0 | 0.480 |231.8 474.4 1 0.173 863.2 |291.6]0.367 | 0.0096 | 0.600
36 9.0 | 0.480 |231.8 474.4 | 0.271 865.5 |291.80.304 | 0.0097 | 0.092
37 10.5 0471 |229.6 477.1 | 0.159 867.8 |291.5]0.499 | 0.0095 | 68.753
38 10.5 (0471 |229.6 477.1 | 0.159 867.8 |291.5]0.499 | 0.0095 | 68.753
39 | 1.0 | 0473 | 229.6 477.1 | 0.162 869.5 |291.5|0.467 | 0.0095 | 13.356
40 | 1.0 | 0473 |229.6 477.1 | 0.162 869.5 |291.5]0.467 | 0.0095 | 13.356
41 2.0 0473 |229.6 477.1 | 0.158 862.7 |291.5|0.451|0.0095 | 3.817
42 2.0 (0473 |229.6 477.1 | 0.158 862.7 |291.5]0.451 |0.0095 | 3.817
43 4.0 | 0473 |229.6 477.1 | 0.173 853.9 [291.6|0.444 | 0.0096 | 0.881
44 19.0 10472 |229.6 477.1 | 0.277 854.6 |291.7|0.395|0.0098 | 0.155
45 0.5 0489 | 236.5 468.7 | 0.154 888.4 1291.6 | 0.559 | 0.0094 | 106.074
46 0.5 0489 | 236.5 468.7 | 0.154 888.4 1291.6 | 0.559 | 0.0094 | 106.074
47 1.0 0495 |236.5 468.7 | 0.158 887.1 1291.6|0.521 | 0.0094 | 24.269
48 | 1.0 {0.495 | 236.5 468.7 | 0.158 887.1 ]291.6|0.521 | 0.0094 | 24.269
49 2.0 10495 |236.5 468.7 | 0.158 875.3 1291.6 | 0.468 | 0.0095 | 4.959
50 2.0 0495 |236.5 468.7 | 0.158 875.3 1291.6 | 0.468 | 0.0095 | 4.959
51 [4.0 |0.496 |236.5 468.7 | 0.173 865.2 |291.7]0.480 | 0.0096 | 1.336
52 19.0 | 0.496 | 236.5 468.7 | 0.268 868.3 |291.80.509 | 0.0097 | 0.289
53 105 (0116 |79.3 661.1 | 0.231 4434 |288.5]0.112 | 0.0121 | 15.021
54 | 1.0 |0.117 | 79.3 661.1 | 0.225 446.9 | 288.50.095 | 0.0122 | 2.706
55 2.0 10117 |79.3 661.1 | 0.212 464.0 | 288.5]0.077 | 0.0122 | 0.660
56 4.0 |0.117 | 793 661.1 | 0.258 499.5 |288.6 0.070 | 0.0124 | 0.163
57 19.0 [0.117 | 79.3 661.1 | 0.426 498.5 | 288.6 | 0.064 | 0.0126 | 0.023
58 105 0115 |79.8 660.4 | 0.228 444.2 | 288.5 ] 0.598 | 0.0122 | 72.087
59 [ 1.0 [0.116 | 79.8 660.4 | 0.224 454.9 | 288.5]0.551 | 0.0122 | 15.560
60 |2.0 |0.116 | 79.8 660.4 | 0.215 483.6 | 288.5]0.508 | 0.0123 | 3.899
61 4.0 |0.117 |79.8 660.4 | 0.254 5242 |288.6 |0.452 ] 0.0125 | 0.760
62 9.0 |0.118 |79.8 660.4 | 0.423 502.8 |288.710.342 | 0.0125 | 0.111
63 0.5 0.101 |73.1 668.7 | 0.226 403.8 | 288.3 | 0.864 | 0.0126 | 122.025
64 | 1.0 [0.105 | 73.1 668.7 | 0.229 416.4 | 288.3]0.741 | 0.0125 | 22.001
65 2.0 |0.105 | 73.1 668.7 | 0.223 450.7 | 288.3 10.602 | 0.0125 | 4.434
66 | 4.0 |0.106 |73.1 668.7 | 0.276 458.1 | 288.4]0.540 | 0.0127 | 0.942
67 9.0 10.106 | 73.1 668.7 | 0.443 467.1 | 288.5]0.425|0.0128 | 0.171
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68 0.5 (0.123 | 84.9 654.2 | 0.212 457.9 |288.6 | 0.534 | 0.0121 | 100.453
69 | 1.0 |0.124 | 84.9 654.2 | 0.205 511.7 |288.6 | 0.543 | 0.0122 | 25.607
70 2.0 |0.125 | 84.9 654.2 | 0.200 564.1 | 288.6 |0.543 | 0.0122 | 6.572
71 4.0 |0.126 | 84.9 654.2 | 0.249 5424 |288.710.506 | 0.0124 | 1.377
72 19.0 | 0.126 | 84.9 654.2 | 0.418 502.3 |288.80.469 | 0.0124 | 0.276
73 10510329 |179.2 538.7 1 0.169 784.9 1290.6 | 0.181 | 0.0102 | 17.725
74 | 1.0 [ 0328 | 179.2 538.710.174 784.9 1290.6 | 0.160 | 0.0102 | 3.707
75 12.0 10327 | 179.2 538.7 1 0.169 776.7 1290.6 | 0.133 | 0.0102 | 0.849
76 4.0 10326 |179.2 538.710.184 780.6 |290.7]0.116 | 0.0103 | 0.183
77 19.0 10326 | 179.2 538.7 1 0.298 778.1 1290.8 | 0.109 | 0.0105 | 0.040
78 10.5 10323 |179.0 539.1 | 0.171 788.7 1290.6 | 0.480 | 0.0102 | 53.100
79 | 1.0 10325 |179.0 539.110.174 782.5 1290.6 | 0.439 | 0.0102 | 10.971
80 2.0 10324 |179.0 539.1 1 0.168 778.9 1290.6 | 0.420 | 0.0102 | 2.251
81 4.0 10325 |179.0 539.1 | 0.185 776.8 |290.7]0.392 | 0.0104 | 0.575
82 19.0 10326 |179.0 539.1 | 0.298 783.1 |290.8 1 0.320 | 0.0105 | 0.138
83 10510323 | 1794 538.5 ] 0.166 789.1 |290.6 | 0.495 | 0.0102 | 64.815
8 | 1.0 0327 |179.4 538.510.172 789.3 1290.6 | 0.454 | 0.0102 | 13.765
85 2.0 10326 |1794 538.510.169 781.0 |290.6 | 0.443 | 0.0102 | 3.640
86 4.0 10326 | 1794 538.5 ] 0.186 775.8 1290.7]0.436 | 0.0104 | 0.781
87 19.0 10325 |179.4 538.5 | 0.300 779.9 1290.8 | 0.397 | 0.0105 | 0.151
88 0.5 (0323 |1794 538.6 | 0.165 789.3 1290.6 | 0.521 | 0.0102 | 84.199
89 [ 1.0 0327 |179.4 538.6 | 0.168 787.1 1290.6 | 0.475]0.0102 | 22.673
90 2.0 10328 |1794 538.6 | 0.168 778.5 1290.6 | 0.468 | 0.0103 | 5.139
91 14010327 [1794 538.6 | 0.185 771.9 1290.7]0.472 | 0.0104 | 1.309
92 19.0 10327 | 1794 538.6 | 0.299 782.7 1290.8 | 0.435 | 0.0105 | 0.228
93 10.5]0.833 |314.6 373.0 | 0.148 1005.4 | 292.8 | 0.262 | 0.0086 | 27.786
94 1.0 10.834 |314.6 373.0 | 0.155 999.4 1292.80.236 | 0.0086 | 6.943
95 12.0 10832 |314.6 373.0 | 0.151 9954 |292.8 |0.203 | 0.0086 | 1.499
96 4.0 10.832 |314.6 373.0 | 0.159 988.1 |292.9]0.182 | 0.0086 | 0.435
97 19.0 10.830 |314.6 373.0 | 0.242 994.4 |293.1|0.154 | 0.0087 | 0.066
98 10510820 |3124 375.7 | 0.151 993.2 |292.8 10.443 | 0.0086 | 46.124
99 1.0 10.823 | 3124 375.7 | 0.153 997.2 1292.8 |0.412 ] 0.0086 | 9.446
100 | 2.0 | 0.818 | 3124 375.7 | 0.152 991.9 |292.8]0.389 | 0.0086 | 2.445
101 | 4.0 | 0.816 | 3124 375.7 1 0.157 982.6 |292.9]0.370 | 0.0087 | 0.728
102 19.0 | 0.818 | 3124 375.7 | 0.245 992.2 |1293.1|0.315| 0.0088 | 0.106
1031 0.5 | 0.807 | 310.0 378.6 | 0.149 996.5 |292.7]0.461 | 0.0086 | 68.539
1041 0.5 | 0.807 | 310.0 378.6 | 0.149 996.5 |292.7|0.461 | 0.0086 | 68.539
105 1.0 {0.808 | 310.0 378.6 | 0.153 995.8 |292.7|0.425 | 0.0086 | 12.896
106 | 1.0 | 0.808 | 310.0 378.6 | 0.153 995.8 |292.7]0.425 | 0.0086 | 12.896
107 2.0 { 0.804 | 310.0 378.6 | 0.155 988.3 |292.7]0.415 | 0.0086 | 2.919
108 | 2.0 | 0.804 | 310.0 378.6 | 0.155 988.3 1292.7]0.415 | 0.0086 | 2.919
109 |1 4.0 | 0.807 | 310.0 378.6 | 0.160 978.5 1292.8 0.388 | 0.0087 | 0.672
110 1 9.0 ] 0.807 |310.0 378.6 | 0.246 977.8 1293.0]0.378 | 0.0088 | 0.153
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941
942
943
944

1111 0.5 [ 0.870 |321.3 364.8 | 0.148 1018.7 | 292.9 | 0.443 | 0.0085 | 68.882
1121 0.5 | 0.870 |321.3 364.8 | 0.148 1018.7 | 292.9 | 0.443 | 0.0085 | 68.882
113 11.0 | 0.867 |321.3 364.8 | 0.152 1009.3 | 292.9 | 0.435 | 0.0085 | 16.297
1141 1.0 | 0.867 | 321.3 364.8 | 0.152 1009.3 | 292.9 | 0.435 | 0.0085 | 16.297
115]2.0 | 0.870 |321.3 364.8 | 0.153 995.9 1292.90.393 | 0.0085 | 4.114
116 | 2.0 | 0.870 | 321.3 364.8 | 0.153 995.9 1292.90.393]0.0085 | 4.114
1171 4.0 | 0.865 | 321.3 364.8 | 0.157 1006.9 | 293.0 | 0.395 | 0.0086 | 0.946
1181 9.0 | 0.867 |321.3 364.8 | 0.242 1000.0 | 293.2 | 0.397 | 0.0087 | 0.176
119105 10301 | 118.7 375.910.174 672.0 | 289.3|0.627 | 0.0098 | 96.847
120 | 1.0 | 0.307 | 118.7 375.9 1 0.177 661.3 | 289.3 | 0.566 | 0.0098 | 17.707
121 1 2.0 | 0.306 | 118.7 375.9 1 0.175 654.2 | 289.3 | 0.545 | 0.0098 | 3.693
1221 0.5 | 0.236 | 101.4 397.1 | 0.173 632.9 |288.90.665|0.0102 | 111.370
1231 1.0 [ 0.245 | 101.4 397.1 |1 0.179 627.8 |288.9|0.582 | 0.0101 | 25.164
124 12.0 1 0.246 | 101.4 397.1 | 0.182 621.6 | 288.9 | 0.538 | 0.0102 | 5.395
1251 0.5 [ 0.578 | 115.3 190.5 | 0.168 643.8 |289.2|0.533 | 0.0084 | 69.781
126 | 1.0 | 0.576 | 115.3 190.5 | 0.170 634.8 | 289.2 | 0.510 | 0.0084 | 15.802
12712.0 [ 0.580 | 115.3 190.5 | 0.170 631.6 |289.2|0.495] 0.0085 | 3.626
128 1 0.5 | 0.618 | 121.7 182.7 | 0.160 656.9 |289.30.898 | 0.0085 | 168.688
129 1 1.0 | 0.630 | 121.7 182.7 | 0.162 655.0 | 289.3|0.842 | 0.0085 | 42.160
130 | 2.0 | 0.638 | 121.7 182.7 | 0.167 644.8 |289.3 1 0.669 | 0.0084 | 7.558
131 0.5 | 0.573 | 78.8 121.5 | 0.160 571.6 |288.310.937|0.0083 | 162.036
1321 1.0 | 0.606 | 78.8 121.5 1 0.171 561.4 | 288.310.799 | 0.0082 | 33.584
133 12.0 | 0.616 | 78.8 121.5 | 0.177 550.6 | 288.3 10.671 | 0.0082 | 6.379
1341 0.5 10.742 |90.3 107.5 | 0.160 591.0 | 288.4 | 1.446 | 0.0083 | 257.571
13511.0 1 0.776 |90.3 107.5 | 0.163 586.3 | 288.5 | 1.261 | 0.0082 | 54.134
136 1 2.0 | 0.790 | 90.3 107.5 | 0.171 578.8 |288.6 | 0.957 | 0.0081 | 9.803
137 10.5 10.303 | 78.1 236.1 | 0.171 574.8 | 288.2 | 1.233 | 0.0094 | 174.427
1381 1.0 | 0.311 | 78.1 236.1 | 0.179 568.5 |288.2|1.045 | 0.0093 | 38.336
139 12.0 | 0312 | 78.1 236.1 | 0.182 562.6 | 288.3 | 0.841 | 0.0093 | 7.335
140 | 0.5 [ 0.347 | 86.6 225.7 1 0.165 598.3 | 288.4 | 1.323 | 0.0093 | 230.985
141 | 1.0 | 0.364 | 86.6 225.7 1 0.172 584.5 |288.4|1.209 | 0.0093 | 52.784
1421 2.0 | 0.366 | 86.6 225.7 1 0.178 582.0 | 288.5|0.833 | 0.0091 | 8.293
143 1 0.5 | 1.255 | 237.8 182.7 | 0.154 860.4 |291.6|0.488 | 0.0078 | 59.748
1441 1.0 | 1.276 |237.8 182.7 | 0.157 850.9 [291.6]0.441 | 0.0078 | 13.092
14512.0 | 1.278 | 237.8 182.7 | 0.157 847.1 |291.6|0.420 | 0.0078 | 3.059
146 |1 0.5 | 1.210 | 233.3 188.2 | 0.155 852.9 1291.5]0.483 | 0.0079 | 82.348
1471 1.0 | 1.214 | 233.3 188.2 | 0.158 847.7 1291.50.433]0.0079 | 18.663
148 |1 2.0 | 1.214 | 233.3 188.2 | 0.155 839.9 [291.5]0.397 | 0.0079 | 4.192

Figure 11 shows that even with horizontally homogeneous surface fluxes, a weak pattern

of cells (low Uy) or stripes (high Uy ) develops. This pattern is superimposed over the

much stronger pattern resulting from the heterogeneous surface fluxes. However, the
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surface temperature still exhibits a pattern of accurate squares with a low Uy, whereas the

surface temperature pattern becomes more blurred when Uy, is high.

Ug=0.5ms™? Uy;=9ms!
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Fig. 11 The left two columns show prescribed surface fluxes (Hy, AE,) from exemplary simulations with the
same Bowen ratio (). The right two columns show the resulting surface temperatures (T) for simulations
with the lowest (U; = 0.5 m s") and highest (Ug=9m s geostrophic wind speed. The top row shows
simulations with homogeneous surface fluxes. The rows below show simulations with heterogeneous surface

fluxes with increasing patch size (200 m, 400 m, 800 m).
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954 Fig. 12 Profiles of 30-min and domain-averaged potential temperature (¢), mixing ratio (¢), and horizontal
955 wind speed (U) for two example simulations. The simulation with ID 98 has very low horizontal wind speed
956 and high sensible surface heat flux, and the simulation with ID 62 has very high horizontal wind speed and
957  low sensible surface heat flux.
958
959 Appendix 2: The More Realistic CHEESEHEAD LES
960  Fig. 13 shows the time series of horizontally domain-averaged surface, turbulent and
961 dispersive heat fluxes with (Hg) > W m™. Only grid levels above the average canopy
962  height z. are considered.
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Fig. 13 Time series of the surface fluxes ((H) and (AE)), turbulent flux contributions ((H,) and {AE;)) and

dispersive flux contributions (H, ;s and AE, | gs) that were encountered in the CHEESEHEAD simulations.
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Appendix 3: The ERAS Reanalysis Data
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Fig. 14 Comparison of hourly averaged vertical profiles of potential temperature ({8)) and mixing ratio ({7))

between the CHEESEHEAD LES and ERAS reanalysis data for August 23, 2019.
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