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Abstract We present a novel approach to reducing the surface energy im-8

balance over heterogeneous terrain by explicitly quantifying dispersive flux9

contributions using a dense, multi–tower eddy covariance (EC) network. Data10

were collected during the CHEESEHEAD19 campaign across a 10 km × 10 km11

mixed-landscape domain in northern Wisconsin, where 17 EC towers measured12

momentum, sensible and latent heat fluxes, net radiation, and soil and atmo-13

spheric storage from June to October 2019. Two averaging Protocols for com-14

puting dispersive fluxes were evaluated: the conventional method (Protocol15

1), in which spatial averaging is applied directly to 30-minute tower means,16

and a proposed ensemble-averaging method (Protocol 2), which temporally17

aggregates spatial covariances at each time of day across multiple days be-18
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fore spatial averaging. Coordinate rotations using local and global planar-fit19

methods were also compared. The results show that local planar fit minimizes20

contamination of vertical velocity signals. Contrary to Protocol 1, the ensemble21

averaging in Protocol 2 resulted in reducing the energy imbalance. Dispersive22

sensible and latent heat fluxes accounted for 8% and 38% of their respective23

total nighttime fluxes, with daytime contributions being smaller but still non-24

negligible (namely, 1.4% and 16.2%, respectively). Incorporating dispersive25

fluxes reduced the energy imbalance by 19% on average. A probability density26

distribution showed that higher energy balance closure percentages occur dur-27

ing nighttime (up to 40% - 90%), while daytime dispersive fluxes closed less28

than 30% of the imbalance. The results support the proposed hypothesis that29

heterogeneity-induced spatial structures can be persistently recurring rather30

than persistently existent, hence ensemble averaging the covariance of spatial31

fluctuations over several days can capture these structures more effectively32

than extending the averaging window or ensemble averaging individual quan-33

tities that assume the structure is always existent. While the results demon-34

strate the ability of the proposed averaging Protocol to capture dispersive35

fluxes in EC sites, the convective boundary layer results highlight the need36

for including other heterogeneity-driven terms in the energy balance equation,37

especially advection.38

Keywords Dispersive Flux · Energy Imbalance · Lacunarity index · Spatial39

Eddy Covariance · Surface Heterogeneity.40

1 Introduction41

The atmospheric boundary layer (ABL) is the region where turbulent ex-42

changes of energy, momentum, and mass occur actively (Kumar et al., 2006;43

Brutsaert, 1999). Studying these fluxes is central to atmospheric science be-44

cause they govern land–atmosphere interactions that underpin weather, cli-45

mate, agriculture, water management, pollen dispersion, and forest fire behav-46

ior (Entekhabi et al., 1996; Pielke et al., 1998; Douglas et al., 2009; Miralles47

et al., 2019; Schueler and Schlünzen, 2006; Coen et al., 2020; Li et al., 2012).48

Consequently, turbulent fluxes have been extensively measured and simulated49

using a wide range of experimental and numerical methods (Kaimal and Finni-50

gan, 1994; Helbig et al., 2021; Butterworth et al., 2021; Metzger et al., 2021;51

Kanda et al., 2004b; Maronga and Raasch, 2013; Stoll et al., 2020).52

Eddy covariance (EC) towers are a common tool for measuring turbu-53

lent fluxes (Baldocchi et al., 2001). However, EC systems miss portions of54

the turbulent spectrum, which contributes to the well known energy imbal-55

ance (Culf et al., 2004; Mauder and Foken, 2006; Mauder et al., 2007; But-56

terworth et al., 2024). Historically, this imbalance was attributed to mea-57

surement errors, averaging intervals, and underestimation of soil heat storage58

(Kukharets and Tsvang, 1999; Kukharets et al., 2000). More recent studies,59

however, identify surface heterogeneity—variations in topography, tempera-60

ture, and moisture—as a major contributor. Heterogeneous terrain introduces61
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low-wavenumber transfer terms, horizontal advection, dispersive fluxes, and62

secondary circulations that EC towers do not capture (Mauder and Foken,63

2006; Mauder et al., 2021; Mahrt, 2014; Kanda et al., 2004a; Zhou et al., 2018;64

Margairaz et al., 2020; Morrison et al., 2022; Viggiano et al., 2022). Incorporat-65

ing these non-turbulent contributions has been shown to significantly improve66

the energy balance closure (Xu et al., 2020; Metzger, 2018; Mauder et al.,67

2021; Wanner et al., 2022). Figure 1 illustrates literature reported ranges for68

four major contributors to the energy imbalance.69

Storage and low-frequency filtering effects are well documented, typically70

accounting for 5–10 % of the imbalance (Finnigan et al., 2003; Foken et al.,71

2006; Lindroth et al., 2010; Xu et al., 2017; Butterworth et al., 2021). In con-72

trast, advection and dispersive flux contributions are less frequently reported.73

The advection range in Figure 1 draws on Morrison et al. (2022) and Wang74

et al. (2024). Dispersive flux values are often presented relative to total flux75

(turbulent + dispersive) rather than the imbalance itself, so the true contribu-76

tion to the energy imbalance is likely higher than what is shown in the figure77

(Raupach and Shaw, 1982; Margairaz et al., 2020; Paleri et al., 2025).78

The figure illustrates that both advection and dispersive fluxes can sub-79

stantially influence the energy balance, underscoring the importance of in-80

cluding these terms in EC analyses. Measuring the advection term via EC is81

challenging: estimating the horizontal component requires resolving horizon-82

tal gradients, which in turn demands multiple towers precisely aligned with83

the prevailing wind direction Finnigan et al. (2003); Finnigan (2004, 2008);84

Morrison et al. (2022); Moderow et al. (2021). Additionally, terrain induced85

variations and secondary circulations can generate vertical advection that stan-86

dard EC towers cannot detect. Consequently, this study focuses on quantifying87

the dispersive flux contribution to the energy imbalance, while the advection88

term will be addressed in future work using the CHEESEHEAD19 multi-tower89

experiment.90

Interest in dispersive fluxes dates to the 1970s, following temporal and spa-91

tial averaging of the mean kinetic-energy equation (Wilson and Shaw, 1977;92

Raupach and Shaw, 1982). Despite this early recognition, dispersive contribu-93

tions were often overlooked (Cheng and Castro, 2002; Raupach et al., 1986).94

Recent work shows they can reach up to 40% of the total flux (dispersive95

+ turbulent) over heterogeneous surfaces under low-wind conditions (Mar-96

gairaz et al., 2020; Poggi and Katul, 2008; Bailey and Stoll, 2013). Captur-97

ing them requires spatial resolutions that resolve relevant turbulent-field vari-98

ability; large-eddy simulations and laboratory studies are well suited to this99

task (Poggi et al., 2004; Ali et al., 2019; Calaf et al., 2010; Xie et al., 2008).100

Understanding dispersive flux contributions is essential for accurately inter-101

preting EC data and addressing energy balance closure issues. Although the102

FLUXNET network and similar setups provide long-term high quality records,103

most rely on a few towers. New campaigns like CHEESEHEAD19 and IPAQS104

use denser EC networks to resolve spatial heterogeneity (Butterworth et al.,105

2021; Morrison et al., 2021). For CHEESEHEAD19, Xu et al. (2020) showed106

via large eddy simulations (LES) that one EC tower per 15 km² is needed to107
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Fig. 1: Literature reported minimum and maximum contributions of four pro-
cesses to the eddy-covariance energy imbalance: (1) Soil heat storage (Xu et al.,
2017; Lindroth et al., 2010; Butterworth et al., 2021); (2) Low frequency fil-
tering (Finnigan et al., 2003; Foken et al., 2006); (3) Advection (Morrison
et al., 2022; Wang et al., 2024); (4) Dispersive fluxes (Raupach and Shaw,
1982; Margairaz et al., 2020; Paleri et al., 2025). Storage and low-frequency
filtering each typically account for 5–10% of the imbalance. Advection ranges
derive from recent field studies. Dispersive flux values are shown relative to
total flux (turbulent + dispersive). Hence, the actual contribution to the en-
ergy imbalance is higher than indicated.

capture the full domain averaged energy flux. This network’s resolution makes108

it ideal for examining spatial eddy covariance.109

The objectives of this work are presented in Sect. 2. Section 3 describes110

the measurement site and data processing. Sect. 4 details the spatio-temporal111

framework and dispersive flux calculations. Results and discussion appear in112

Sect. 5, followed by conclusions and recommendations in Sect. 6.113

2 Objectives114

The primary goal of the CHEESEHEAD19 study is to assess how land sur-115

face spatial heterogeneity influences the Earth’s surface energy balance using116

EC data. Previous work demonstrated the contribution of mesoscale eddies117

to sensible and latent heat fluxes (Paleri et al., 2022) and showed that the118

CHEESEHEAD19 eddy covariance (EC) tower network in a heterogeneous119

forest ecosystem is a unique opportunity to investigate drivers of the energy im-120

balance. In Butterworth et al. (2024), spatio-temporal averaging of EC fluxes121
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was used to assess dispersive flux effects on the energy imbalance. Although122

this averaging unexpectedly led to an increased imbalance, two key findings123

emerged: (1) the imbalance depends primarily on atmospheric stability, and124

(2) despite a decrease in absolute imbalance from July to October, the ratio125

of sensible and latent heat fluxes to the available energy remained constant.126

These results suggest that consistent drivers (land surface features), such127

as vegetation and terrain patterns, generate flow structures under similar at-128

mospheric conditions. The results also suggest that since the imbalance is129

stability dependent, the spatial structures can be persistently recurrent rather130

than persistently existent. They reappear in roughly the same spatial location131

under similar atmospheric conditions due to consistent drivers. We therefore132

hypothesize that, for comparable stability regimes, these structures recur at133

the same locations and times of day. Capturing them requires ensemble aver-134

aging their covariance at the same time of day over several days to filter out135

non-recurring structures, turbulent variations, and uncertainty.136

Accordingly, this study will:137

1. Present an averaging Protocol based on the above hypothesis.138

2. Evaluate the spatial domain setup for dispersive flux calculation: whether139

planar-fit corrections should be applied per site or using the domain-mean140

streamline.141

3. Analyze the diurnal cycle of dispersive fluxes and their potential to reduce142

the energy imbalance.143

4. Investigate how dispersive flux contributions vary with surface heterogene-144

ity, quantified by the lacunarity index (Kadum et al., 2025; Scott et al.,145

2022; Desai et al., 2022).146

3 Data and Site Description147

Data for this study were collected during the CHEESEHEAD19 campaign148

(Butterworth et al., 2021), which took place over a 10 km × 10 km area149

of mixed forest, shrubland, grassland, and open water patches in northern150

Wisconsin, USA. Within this domain (see Figure 2), a network of 17 eddy151

covariance (EC) towers from NCAR’s LAOF Integrated Surface Flux System152

(ISFS) (UCAR/NCAR - Earth Observing Laboratory, 1990) worked alongside153

two additional towers operated by Montana State University and the central154

AmeriFlux flux tower US-PFa (Desai et al., 2015) to capture the spatial vari-155

ability of surface–atmosphere exchanges.156

Each EC tower measured momentum fluxes together with sensible and157

latent heat fluxes from June through October 2019. A radiometer provided158

continuous measurements of net radiation (RN ), while multi-level thermistors159

and hygrometers recorded profiles of temperature and humidity to estimate160

atmospheric storage (Satmo). Ground heat flux and soil storage (Ssoil) were161

quantified using soil heat flux plates at four depths, along with soil thermistors162

(Sun et al., 2003).163
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Fig. 2: CHEESEHEAD19 site map showing the locations of eddy covariance
towers as red dots. For more details, see Butterworth et al. (2021).

Raw data processing was performed by NCAR and included despiking to164

remove anomalous records, the Webb–Pearman–Leuning correction (WPL) for165

density effects (Webb et al., 1980), and high-frequency spectral loss adjust-166

ments using the Moore method (Moore, 1986). Data were then block-averaged167

over 5-minute intervals, subjected to stationarity and quality control tests via168

the TK3 software suite (Foken and Wichura, 1996; Mauder and Foken, 2015),169

and aggregated into 30-minute flux periods following the procedure of Fo-170

ken (1997). Finally, coordinate rotations (either the classic local planar fit or171

global planar fit approach) were applied to align wind components with the172

mean flow. Details of these rotation methods and their impact on dispersive173

flux calculations are discussed in Sect. 5.174

4 Theory175

4.1 Dispersive Flux for EC measurements176

Dispersive fluxes are part of the total fluxes that result from temporally and177

spatially averaging the momentum and temperature tendency equations Rau-178

pach and Shaw (1982). The dispersive flux is added to the turbulent flux to179

obtain the total flux. Turbulent fluxes are derived from temporal fluctuations180
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of a given variable (x or y) that is calculated using Reynolds decomposition181

as follows:182

x = x+ x′, (1)

where, the overbar [o] denotes temporal averaging, and the prime [o′] denotes183

fluctuations around this temporal average. In a similar manner, Reynolds de-184

composition can be performed on spatially averaged quantities;185

x = ⟨x⟩+ x′′, (2)

where, the angular brackets [⟨o⟩] denote spatial averaging, and the double186

prime [o′′] denotes the fluctuations around this spatial average. It follows that187

the spatial averaging of a temporally averaged values obtained from an EC188

tower network, referred to as spatio-temporal averaging Xu et al. (2020), is189

described as:190

⟨x⟩ = x− x′′. (3)

191

Conventionally, the dispersive flux is calculated in two ways, directly from192

spatially averaged covariances Eq. 4 or from multiplying the spatial fluctua-193

tions similar to calculating temporal covariances Eq. 5. Figure 3 shows that194

the fluxes calculated using both equations are identical.195

⟨x′′y′′⟩ = ⟨xy⟩ − ⟨x⟩⟨y⟩ (4)

⟨x′′y′′⟩ = ⟨x′′ ∗ y′′⟩ (5)

In this work, we utilize Eq. 5. The dispersive flux is associated with structures196

that are persistent over time, necessitating long averaging periods to achieve197

accurate values (Coceal et al., 2006; Akinlabi et al., 2022; Margairaz et al.,198

2020). Surface heterogeneity in the CHEESEHEAD19 domain varies hourly199

throughout the day, as demonstrated by Desai et al. (2022) using the lacu-200

narity heterogeneity scale (Scott et al., 2022). Consequently, averaging over201

extended time windows within the same day may result in combining periods202

that do not represent consistent dynamics. To address this issue, we propose203

a new averaging Protocol for Eq. 5 applied to EC measurements. Instead of204

directly performing spatial averaging on the spatial fluctuations of 30-minute205

averages (x′′

30m
), we first apply temporal averaging (or ”ensemble” averaging)206

for the same time of day across multiple days, provided that no significant207

weather changes occur during these periods. Also, since these spatial struc-208

tures are not lasting for a long time, rather recurring consistently under simar209

atmospheric conditions, the ensemble averaging is performed to the covariance210

of two quantities (x′′y′′) rather than each quantity individually. Following this211

step, spatial averaging is performed over the EC tower network. This Protocol212

is based on the hypothesis that similar flow structures are likely to develop213
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Fig. 3: Diurnal cycle of dispersive sensible heat fluxes. The dispersive parts
are calculated using the covariance and the fluctuation methods in Eq. 4 & 5
for August 1st using 16 EC towers.

at similar locations due to consistent causes of heterogeneity, and these struc-214

tures can be captured by averaging across several days. In contrast, transient215

structures driven by temporary changes or uncertainty will be filtered out.216

In Sect. 5, we will present and discuss the dispersive flux results obtained217

using both the conventional averaging method (Protocol 1) and the new pro-218

posed averaging method (Protocol 2) for Eq. 5. Additionally, we will evaluate219

different coordinate rotation methods, and examine the contribution of dis-220

persive fluxes to the energy imbalance221

5 Results and Discussion222

The TK3 software offers two coordinate rotation methods for the EC fluxes,223

double rotation and planar fit (Wilczak et al., 2001). Since we are interested in224

the spatial fluctuation of a temporally averaged vertical velocity fluctuations,225

the double rotation method is not performed because it leads to zero averaged226

vertical velocity component (w = 0). However, we investigate whether applying227

a local planar fit or global planar fit is more suitable for dispersive flux analysis.228

The local planar fit is the classically applied planar fit coordinate rotation229

where the rotation matrix and angles are obtained from the local velocity field230

measured by each EC tower individually. To perform global planar fit, the231

rotation matrix and angles must be obtained from the global velocity field of232

the entire domain. This procedure requires a representative velocity field that233

considers local velocity fields from all towers together.234
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Fig. 4: Diurnal cycle of sensible heat flux. The flux data presented is treated
with coordinate rotation using local planar fit (LPF black line) and coordinate
rotation using global planar fit (GPF, blue line). The fluxes are temporally
averaged over 30 days of August and 10 EC towers.

Figure 4 presents sensible heat fluxes for two different coordinate rotation235

treatments. The diurnal cycles shown are averaged over 30 days in August,236

ensuring minimal influence from significant weather or land cover variations237

due to seasonal changes from the following months. The diurnal cycle for the238

global planar fit case shows an increase in the nighttime negative sensible heat239

fluxes and a decrease in afternoon fluxes when compared to the local planar240

fit. It also shows apparent fluctuations in the fluxes. The global planer fit in-241

troduces contamination to the vertical velocity consistent with the findings242

of a previous study Morrison et al. (2022). For a large and spatially complex243

domain as the CHEESEHEAD19 field, the global planar fit does not produce244

reliable results. Local planar fit is the coordinate rotation approach recom-245

mended for such heterogeneous domains and is used in the remaining analysis246

of this work.247

The spatio-temporal covariances of two random variables (x and y) given248

as x′′y′′ are obtained using two different Protocols. The computation of these249

fluctuations requires removing the spatio-temporal mean from the 30 minute250

intervals [o30m]. Spatial averaging is always conducted over the number of tow-251

ers available N . The distinction between the two presented Protocols lies in252

the step before: Ensemble averaging.253

254

Protocol 1: In this method, a temporal averaging of quantity x over255

30 minutes x30m, then a spatial averaging is performed. The product of this256

operation ⟨x30m⟩N is used to obtain the spatial fluctuations as follows:257

x′′

30m
= x30m − ⟨x30m⟩N , (6)

⟨x′′y′′
30m

⟩ = ⟨x′′

30m
∗ y′′

30m
⟩N . (7)
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Spatial averaging over N EC towers in Eq. 7 yields the dispersive stress, where258

each tower represents one spatial location. The output of this Protocol is a259

dispersive flux diurnal cycle per day. These values can then be averaged over260

several days if a mean value for a certain period of time is needed.261

262

Protocol 2: Temporal averaging performed to study consistently “recur-263

ring” mean flow structures requires averaging of these structures over several264

days to allow for structures that are pertinent to fixed surface features and265

similar atmospheric conditions to be captured and separated from other tem-266

porary structures that don’t recur. The temporal averaging here is performed267

on the diurnal cycle. Meaning at each time of the day, the values are averaged268

over d number of days before averaging the fluctuations over N towers. This269

increases the number of time ensembles for the same time of day.270

x′′

30m
= x30m − ⟨x30⟩N , (8)

x′′y′′
30m

= x′′

30m
∗ y′′

30m
, (9)

Ensemble averaging over d number of days for each time of the day;271

(x′′y′′
30m

)d = (x′′

30m
∗ y′′

30m
)d, (10)

Spatial averaging over N EC towers;272

⟨(x′′y′′
30m

)d⟩N = ⟨(x′′

30m
∗ y′′

30m
)d⟩N . (11)

The output of this Protocol is one single dispersive flux diurnal cycle obtained273

from ensembling (d) number of days.274

Figure 5 presents the dispersive sensible and latent heat fluxes (denoted as275

Hs′′ and LE′′ from now on as to be differentiated from the turbulent sensible276

and latent heat fluxes denoted Hs and LE, respectively) calculated using Pro-277

tocol 1 and Protocol 2. There are minimal differences in the dispersive sensible278

heat flux between Protocol 1 and Protocol 2. However, the dispersive latent279

heat flux shows a significant difference between the two methods. Under Pro-280

tocol 1, the dispersive flux is negative, which contributes to an increase in the281

energy imbalance. Conversely, Protocol 2 produces a positive dispersive flux.282

In Figure 6, the turbulent sensible and latent heat fluxes follow typical283

diurnal patterns, with peak values observed between 10:00 and 14:00 local284

time. Latent heat fluxes are higher than sensible heat fluxes, primarily due a285

substantial amount of energy that is allocated to transpiration, which supports286

high carbon uptake in temperate mixed forests during the summer season. The287

dispersive fluxes are averaged across all 16 towers within the domain. Since288

the domain is heterogeneous in terms of land cover types, the measurement289

heights of the towers vary depending on the surrounding land cover. Towers290

located near or on water and grasslands measure at a height of 3 meters,291

while those in forest canopy sites measure at 30 meters. This vertical elevation292

difference must be accounted for when performing spatial averaging. To ensure293
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Fig. 5: Diurnal cycle of dispersive fluxes using Protocol 1(blue line) and Proto-
col 2(black line). Spatial averaging is performed over all 16 towers and temporal
averaging over 30 days of August.

consistency, measurements were averaged at the same vertical distance from294

the ground, as described in Butterworth et al. (2024).Hence, Figure 6 also295

illustrates the results for dispersive sensible and latent heat fluxes, averaged296

over 10 eddy covariance (EC) towers. These 10 towers measured fluxes at297

similar heights (30 m above ground), while the remaining six towers, which298

measured at different heights, were excluded. Averaging over the same vertical299

hight (10 towers) further increases the captured dispersive fluxes and reduces300

the negative nighttime dispersive sensible heat flux.301

Dispersive fluxes, both sensible and latent, exhibit higher values during the302

daytime, as shown in the top row of Figure 7. This result coincides with the303

higher energy imbalance reported during the day, particularly around noon304

Butterworth et al. (2024). However, the percentage contribution of dispersive305

fluxes to the total flux follows a different trend, as illustrated in the bottom306

row of Figure 7. The contribution of dispersive sensible heat flux reaches up to307

20% at night but remains below 10% during the day. Similarly, the dispersive308

latent heat flux contribution peaks at 60% at night and stays under 30%309

during the day. The dispersive contribution of latent heat flux is notably larger310

than that of sensible heat flux. The domain is highly heterogeneous in terms311

of water body distribution, as depicted in Figure 2. Furthermore, the study312

conducted by Shveytser et al. (2024) showed that evapotranspiration from313

forested sites contributed the most to latent heat fluxes and environmental314

variables explained 69% of the variance in half-hourly transpiration.315

The difference in the specific heat capacities of water and land results in316

greater temperature variations, particularly at night when land cools more317
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Fig. 6: Diurnal cycle of dispersive and total (turbulent + dispersive) fluxes of
sensible (top) and latent (bottom) heat. Spatial averaging is performed over
only the 10 EC towers that collect measurements at the same vertical location.
The fluxes are temporally averaged over 30 days of August and the dispersive
part is calculated using Protocol 2.
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Fig. 7: Bar plots showing, in the top row: Dispersive sensible and latent heat
fluxes, and in the bottom row: The contribution of dispersive fluxes to the
total flux. The fluxes are averaged over 30 days in August and measured at 30
m above the ground at 10 EC towers.

rapidly than water bodies. The bar plots in Figure 8 illustrate the contri-318

butions of turbulent and dispersive components of sensible and latent heat319

fluxes to the total flux (turbulent + dispersive). These percentages are av-320

eraged over daytime (6:00 AM to 6:00 PM) and nighttime (6:00 PM to 6:00321

AM). The increased dispersive contributions at night compared to the day-322
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Fig. 8: Bar plots of, from left to right, dispersive sensible heat flux contribution,
dispersive latent heat flux contribution, Lacunarity index Λ, and the standard
deviation of land surface temperature. All quantities are averaged for daytime
(6:00 AM to 6:00 PM) and nighttime (6:00 PM to 6:00 AM) during August.

time are attributed to the stable boundary layer, which is characterized by323

reduced turbulent fluxes. Under these conditions, the role of mean flow in en-324

ergy transport becomes more significant. At night, the stable boundary layer325

is less effective in blending temperature and humidity differences than the un-326

stable boundary layer during the day. Additionally, the significant nighttime327

contribution of dispersive latent heat flux indicates airflow moving from drier328

to moister areas, where evaporation takes place.329

Lacunarity analysis is also conducted to quantify the heterogeneity caused330

by surface temperature distribution. The heterogeneity index (Λ) is calculated331

hourly for each day in August using 37-meter resolution land surface tem-332

perature (LST) data. The hourly LST map with high spatial resolution was333

generated using multiple downscaling and data fusion approaches developed334

by Desai et al. (2021) as part of the CHEESEHEAD19 project. Results were335

averaged over daytime and nighttime periods, as shown in Figure 8. The plot336

indicates greater heterogeneity in surface temperature during the nighttime,337

which coincides with the increased contribution of dispersive fluxes.338

The contribution of dispersive fluxes to reducing energy imbalance is ex-339

amined and presented in Figure 9. Energy imbalance (I1) is calculated as340

the difference between net radiation (Rn) and the sum of sensible (Hs), la-341

tent (LE), storage (S), and ground (G) heat fluxes. Sensible (H ′′

s
) and latent342

(LE′′) dispersive heat fluxes are then added to compute a new imbalance343

(I2), as shown in Figure 9. The results demonstrate that using Protocol 2 to344

calculate dispersive fluxes captured heterogeneity-induced flow structures not345

represented in single-site eddy covariance (EC) measurements. Consequently,346

dispersive fluxes contribute to reducing the energy imbalance.347

Combined, sensible and latent dispersive heat fluxes close on average 19% of348

the energy imbalance. The energy imbalance closure percentage is calculated349

as I1−I2

I1
.100[%] and shown in Figure 10(a). When the imbalance I1 is close350
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Fig. 9: Energy imbalance averaged over 10 EC towers and 30 days in August.
Blue bars are the energy imbalance without dispersive fluxes and orange are
the energy imbalance with dispersive fluxes.
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Fig. 10: The contribution of dispersive sensible and latent heat fluxes to clos-
ing the energy imbalance (a) and a bar histogram of the energy imbalance
closure distribution (b). The data is averaged over 10 EC towers and 30 days
in August.

to zero, it results in unreasonably large energy imbalance closure percentages.351

Hence, such values (9 points in total) have been excluded from the calculations352

in Figure 10.353

During lower I1 values, associated with nighttime stable boundary layer,354

the dispersive fluxes covered higher percentages of the imbalance. The proba-355

bility density distribution in Figure 10(b) shows that higher closure percent-356

ages (40%–90%) are associated nearly entirely with nighttime (18:00-06:00).357

On the other hand, during high I1 values , midday (10:00-14:00), and after-358

noon (14:00-18:00), the dispersive fluxes contribute less to closing the energy359

imbalance. The energy balance closure percentage during these times are be-360

low 40% and over 70% of midday hours fall below 30%. This trend is at-361

tributed to the fact that using multi-day averaging approach (Protocol 2) cap-362

tures (semi)stationary, recurring structures. Such structures are the dominant363

heterogeneity-induced feature during stable boundary layer, while in a convec-364

tive boundary layer, other heterogeneity-induced terms contribute significantly365



Spatial Eddy Covariance from a Multi - Tower Setup for Energy Balance Closure 15

to the energy imbalance. For example, vertical advection (not calculated here)366

is more common in convective conditions (Kaimal et al., 1976; Foken, 2008).367

In such cases, dispersive flux alone is not enough to close more than 30% of368

the imbalance.369

6 Conclusions370

By applying an ensemble-based spatio-temporal averaging approach (Protocol371

2) in combination with local planar fit coordinate rotation, we more effec-372

tively isolate persistently recurring, heterogeneity-driven motions than with373

standard averaging method (Protocol 1). These dispersive sensible and latent374

heat fluxes, typically challenging to obtain from EC measurements, account375

for a sizable fraction of the total exchange –up to 8.14% and 38.2% at night,376

respectively– and on average close 19% of the eddy covariance energy im-377

balance. Crucially, nocturnal conditions yield markedly higher closure than378

daytime, reflecting the dominance of stationary flow structures under stable379

stratification.380

Our results underscore two key recommendations. First, multi-day, time-381

of-day ensemble averaging can become a standard step in EC data processing382

to capture recurring dispersive fluxes over heterogeneous terrain. Such results383

are valuable to the development of a model to predict EC energy imbalance384

and correct for it without the need for extensive multi-site setups. Corrected385

EC measurements have positive implications for weather stations used as input386

for weather prediction models and for long term flux monitoring sites. Second,387

incorporating complementary estimates of advective transport (both vertical388

and horizontal) is essential to further reduce the remaining gap and deliver389

more balanced energy budgets.390
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