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Abstract The temporal multiscale variability of the surface
heat fluxes is assessed by the analysis of the turbulent heat and
moisture fluxes using the eddy covariance (EC) technique at
the TERrestrial ENvironmental Observatories (TERENO)
prealpine region. The fast and slow response variables from
three EC sites located at Fendt, Rottenbuch, and Graswang are
gathered for the period of 2013 to 2014. Here, the main goals
are to characterize the multiscale variations and drivers of the
turbulent fluxes, as well as to quantify the energy balance
closure (EBC) and analyze the possible reasons for the lack
of EBC at the EC sites. To achieve these goals, we conducted a
principal component analysis (PCA) and a climatological tur-
bulent flux footprint analysis. The results show significant
differences in the mean diurnal variations of the sensible heat
(H) and latent heat (LE) fluxes, because of variations in the
solar radiation, precipitation patterns, soil moisture, and the
vegetation fraction throughout the year. LE was the main con-
sumer of net radiation. Based on the first principal component
(PC1), the radiation and temperature components with a total
mean contribution of 29.5 and 41.3%, respectively, were
found to be the main drivers of the turbulent fluxes at the study
EC sites. A general lack of EBC is observed, where the energy
imbalance values amount 35, 44, and 35% at the Fendt,
Rottenbuch, and Graswang sites, respectively. An average en-
ergy balance ratio (EBR) of 0.65 is obtained in the region. The
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best closure occurred in the afternoon peaking shortly before
sunset with a different pattern and intensity between the study
sites. The size and shape of the annual mean half-hourly tur-
bulent flux footprint climatology was analyzed. On average,
80% of the flux footprint was emitted from a radius of approx-
imately 250 m around the EC stations. Moreover, the overall
shape of the flux footprints was in good agreement with the
prevailing wind direction for all three TERENO EC sites.

1 Introduction

Energy exchange between the land surface and the atmosphere
is one of the crucial processes in any ecosystem (Berry and
Dennison 1993). The surface turbulent fluxes are influenced
both by the characteristics of the airflow and the structures of
the underlying surface (Wyngaard 1990). The eddy covariance
(EC) technique is the most direct way to estimate turbulent
fluxes within the atmospheric boundary layer in any ecosys-
tem (Swinbank 1951; Baldocchi et al. 1988; Verma 1990;
Mauder and Foken 2006; Mauder et al. 2006). Its main chal-
lenges include system design, implementation, and processing
ofa large volume of data (Stull 1988; Foken 2009; Foken et al.
2010; Burba 2013). Via the EC technique, flux footprint infor-
mation can be assessed (Schmid 1994) and quasi continuous
flux measurements can be aggregated across different time
scales, i.e., at hourly, daily, seasonal, and annual time scales
(Wofsy et al. 1993; Baldocchi et al. 2001; Cava et al. 2008;
Nakai et al. 2006). Moreover, the general characteristics of
hydrometeorological variability and canopy exchange pro-
cesses can be identified (Foken et al. 2011).

A multitude of experimental research has been conducted
on the measurements of the daily, monthly, and seasonal var-
iations of heat, water vapor, and CO, exchanges over hetero-
geneous lands in different ecosystems using the EC technique,
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such as cropland sites (e.g., Xu et al. 2011; Schmidt et al.
2011; Wizemann et al. 2014), forest environments (e.g.,
Launiainen et al. 2005; Sanchez et al. 2010), grasslands and
paddy fields (e.g., Du et al. 2006; Hao et al. 2007; Gao et al.
2009; Moderow et al. 2009; Wang et al. 2010; Wohlfahrt et al.
2010; Li et al. 2013), and tropical and savanna areas (e.g.,
Merquiol et al. 2002; Steven et al. 2005; Mauder et al. 2007).
Currently, there are not many research studies on the surface
energy and water flux variations for the prealpine region in the
literature. Here, we present an analysis of a 2-year dataset of the
EC measurements (2013-2014) over three experimental sites
situated in prealpine and mountainous areas in southern
Germany. Previous work in this region has focused on the im-
pact of climate change on the runoff generation and hydrolog-
ical aspects of Ammer river catchment (Kunstmann et al. 2004;
Ott et al. 2013), greenhouse gas fluxes (Unteregelsbacher et al.
2013), water and energy flux observation and modeling
(Kunstmann et al. 2013; Hingerl et al. 2016), soil-atmosphere
exchange of N,O and CH, (Wang et al. 2014), biosphere-
atmosphere exchange of greenhouse gases (Wolf et al. 2017,
Zeeman et al. 2017), and the evaluation purposes of semi-
empirical energy balance closure (EBC) parameterizations
(Eder et al. 2014). Since the diurnal and daily flux variability
is represented by the data, our focus is set on the characteriza-
tion of the monthly and seasonal variability of the water and
energy fluxes, as well as the EBC between the study sites.
Therefore, the objectives of this study are to quantify:

1) the surface energy and water fluxes variability, i.e., the
spatiotemporal variations of the sensible and latent heat
fluxes, soil moisture contents, and the energy partitioning
conditions, the main drivers of the turbulent heat fluxes,

2) the EBC and residual energy, as well as the possible rea-
sons for the lack of EBC at the TERENO prealpine EC
sites.

2 Site characterization and measurement setup
2.1 Geography and climate

The TERrestrial ENvironmental Observatories (TERENO)
prealpine region is located in southern Germany, where three
EC stations are established in the areas of Fendt, Rottenbuch,
and Graswang. Geographically, the Fendt site is within the
northern part of the region and it is recognized as the
TERENO prealpine super site, while the Rottenbuch and
Graswang sites are located in the middle and southern parts
of the region, respectively (See Fig. 1). The elevation ranges
between 543 m in the north and 2129 m a.s.l. in the southern
regions. The climate of the region is cool-temperate and hu-
mid. The mean annual air temperature is approximately 7—
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8 °C in the alpine foreland and approximately 4-5 °C in the
southern mountainous region. The northern area of the region
receives an annual mean precipitation of approximately
1100 mm, while the summits of the Ammer Alps in the south-
ern regions receive approximately 2000 mm. Maximum pre-
cipitation is in June and July (Kunstmann et al. 2006).
Summer rains are characterized by convective events, causing
a high variability in the location and intensity of rainfall. The
main prevailing wind flow at individual stations is shown in
Fig. 1. More details about the characteristics of the TERENO
prealpine EC sites are provided in Table 1.

2.2 Data processing

The calculation of turbulent prealpine fluxes was done using
the TK3 eddy covariance software. TK3 is able to perform all
of'the post-processing of turbulence measurements to produce
the turbulent fluxes (Mauder and Foken 2015). It includes all
necessary corrections and tests (Lee et al. 2004, Aubinet et al.
2012). The basic principle of the EC measurements is that the
vertical flux is calculated as a covariance between the concen-
tration of a scalar (e.g., air temperature and water vapor) and
the vertical wind velocity measured at the same point in space
and time (Mauder and Foken 2015). The turbulent fluxes of
sensible heat (H) and latent heat (LE) can be calculated as
(Kaimal and Finnigan 1994):

H=5C, wT (1)
Lg = pLy wq (2)

where p, C, , and L, denote the density of air (kg/m3), the
specific heat of air (J/kg K), and latent heat of evaporation
(J/kg), respectively. W', T", and ¢’ are the fluctuations in the
vertical wind component (m/s), air temperature (°C), and spe-
cific humidity, respectively. For more information regarding
the calculation of turbulent fluxes and quality control (QC)
using the TK3 software, refer to Mauder et al. (2013) and
Mauder and Foken (2015).

The energy balance ratio (EBR) or the relative EBC
(Aubinet et al. 1999) remains unclosed at most EC sites
(e.g., Panin et al. 1998; Lamaud et al. 2001; Turnipseed
et al. 2002; Wilson et al. 2002; Meyers and Hollinger 2004;
Oncley et al. 2007; Hendricks Franssen et al. 2010; Stoy et al.
2013; Imukova et al. 2016). The energy storage change in the
upper layer of the soil can be as high as 40 W/m?, which can
amount up to ~20% of the net radiation (Culf et al. 2004). Our
soil heat flux (G) plates were buried at 8-cm depth to avoid
disturbances, e.g., by losing contact with underlying soil and/
or water accumulation below the plates (Sanchez et al. 2010).
Thus, the soil heat storage in the above 8-cm depth was added
to G to calculate EBR properly. The soil heat storage and the
heat capacity were calculated according to the PlateCal
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Fig. 1 Satellite images of the EC sites in the TERENO prealpine region
(the approximate landscape area is 10 km x 40 km) in southern Germany
are shown at the maps on the right, and the pins in the maps on the /lefi
indicate the approximate location of each EC site (the approximate flux

approach of Liebethal et al. (2006) and De Vries (1963), re-
spectively. The volumetric fraction of organic matter at the
Fendt EC site is approximately 30%. Accordingly, the half-
hourly EBR for each site was calculated as (Stoy et al. 2013):

EBR_ M

= S (Rn-G) (3)

with LE denoting the latent heat flux (W/m?), H the sensible
heat flux (W/m?), Rn the net radiation (W/m?), and G the soil
heat flux (W/m?) at the surface (Harazono et al. 1998; Burba
et al. 1999).

In this study, a rain-free half-hourly dataset was collected
in order to calculate the EBR. This is because open-path
systems perform poorly during rainfall. Therefore, such

footprint area is 2.5 km % 5 km). The wind-rose diagrams are also overlaid
(with the wind speed ranging from 1 to 11 m s~ identified by the colors
from blue to red, respectively). The prevailing background vegetation
type is grassland for the three sites

periods must be excluded from the dataset to calculate the
EBC (Culfet al. 2004). The measurements by the enclosed-
path systems may also be compromised, in general, when
water is sucked into the sampling tube or when condensation
occurs leading to severe damping of the humidity fluctua-
tions (Kabat et al. 2003). However, at the Rottenbuch eddy
covariance site, arain-cap is used at the inlet of the enclosed-
path gas analyzer in order to prevent this sucking of water
during rain events and a heating at a rate of 5 W/m is applied
to prevent condensation. Generally, the EC measurement is
less reliable during rainy periods; turbulence cannot devel-
op properly under these conditions. Therefore, no matter
what instruments are used, data recorded during rainfall pe-
riods do not fulfill one of the basic requirements of the EC
technique.
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Table 1  EC site description at the TERENO prealpine region. Soil type characteristics and analysis of soil texture are according to Piitz et al. (2016)
Site name Fendt Rottenbuch Graswang

Location 47.831°N, 11.061° E 47.730° N, 10.061° E 47.571°N, 11.032° E

Elevation 598 m 770 m 860 m

Slope <5° <5° <5°

Climate Cool-temperate and humid Cool-temperate and humid Cool-temperate and humid

Mean annual air temperature 93°C 8.6 °C 7.0 °C

Mean annual precipitation 962 mm 1047 mm 1464 mm

Vegetation type Grassland Grassland Grassland

Soil type (texture: sand/silt/clay (%)) Cambic Stagnosol (27/43/30) Cambic Stagnosol (26/45/29) Fluvic Calcaric Cambisol (9/39/52)
Canopy height range 5-30 cm 545 cm 5-35 cm

To determine the turbulent flux drivers at the study sites,
a principal component analysis (PCA) is applied. PCA is a
technique that is used to summarize the information (i.e., the
total variation it contains) in a dataset described by multiple
variables and can be applied to produce linear combinations
of the variables that are mutually uncorrelated. In other
words, PCA reduces the dimensionality of a multivariate
dataset. This is achieved by transforming the initial vari-
ables into a new small set of variables without losing the
most important information in the original dataset. These
new variables correspond to a linear combination of the
originals and are called principal components (PCs). The
PCs are ranked in that way that PC1 explains the largest
fraction of the variance in a dataset, PC2 the second largest,
etc. (Abdi and Williams 2010).

The main goals of our PCA include the following: to iden-
tify hidden patterns in the hydrometeorological dataset, reduce
the dimensionality of the data by removing the noise and
redundancy in the data, rank the importance of single variables
within this multivariate dataset, and finally to identify and
group correlated variables. In this study, the prcomp and
fviz_pca functions from the built-in R stats and factoextra
packages were used to perform and visualize the PCA, respec-
tively (R Core Team 2017). The procedure of the PCA in-
cludes the following steps:

1) Preprocessing of the dataset: first, the data were centered
by subtracting the mean from each variable. Second, the
data were scaled in order to have a unit variance.

2) Calculation of the covariance matrix of the preprocessed
data.

3) Calculation of the eigenvectors and eigenvalues of the
covariance matrix: the numbers on the diagonal of the
diagonalized covariance matrix are the eigenvalues of
the covariance matrix (large eigenvalues correspond to
large variances). The directions of the new rotated axes
are called the eigenvectors of the covariance matrix.

4) Dimension reduction and selection of PCs: eigenvectors
were ordered by eigenvalues from the highest to the
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lowest. The number of chosen eigenvectors is then the
number of dimensions of the new dataset.

5) Computation of the new dataset: the transpose of the se-
lected eigenvectors (PCs) were multiplied by the trans-
pose of the original dataset.

Our PCA technique followed closely the mathematical for-
mulation as given in Jolliffe (2002), Dray (2008), Abdi and
Williams (2010), and Lay (2012).

2.3 Micrometeorological measurements

The instruments for measuring the radiation components and
also the turbulent fluxes at the surface layer were installed on
three towers in the TERENO prealpine region. The EC instru-
ments were installed on a station 3.5 m above the surface at all
three sites. The turbulent fluxes were measured with a 3-D
sonic anemometer (CSAT3, Campbell Scientific Inc., Logan,
UT), oriented towards the prevailing wind direction along
with an open-path gas analyzer. All signals for the sensors
were logged to a data logger (CR3000, Campbell Scientific
Inc., Logan, UT) at a rate of 20 Hz and were averaged for a
half-hourly period. All the required procedures for the correc-
tions and QC of the turbulent fluxes were applied (Mauder
et al. 2013), such as coordinate rotation by the double rotation
method (Wilczak et al. 2001), sonic temperature Schotanus
correction (Schotanus et al. 1983), frequency response correc-
tions (Moore 1986), WPL correction (Webb et al. 1980), and
QC following Foken et al. (2004). Simultaneous to the flux
measurements, environmental and hydrometeorological data
were measured at a 1-min resolution and averaged for 10-min
intervals. The instrumentation between all three sites is almost
identical, except for an enclosed-path infrared CO, and H,O
analyzer (L17200, LI-COR Biosciences Inc., Licoln, NE) in
Rottenbuch instead of the open-path instruments (LI7500, LI-
COR Biosciences Inc., Licoln, NE) at Graswang and Fendt.
All the measurement variables used in this study are given in
Table 2.
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Table 2 Measurement devices

and meteorological parameters at Variable/parameter name

Unit Measurement height Instrument model

the Fendt site
Net radiation

Relative humidity

Air temperature

Barometric pressure

Wind speed

Wind direction

Precipitation

Soil volumetric water content
Soil temperature profile

Soil heat flux plate

3-D sonic anemometer

Open-path CO, and H,O gas analyzer

W/m>  2m CNR4, Kipp & Zonen
% 22m WXT520, Vaisala
°C 22m WXT520, Vaisala
hPa 1.3m CS100, Setra

m/s 22m WXT520, Vaisala
deg 22m WXT520, Vaisala
mm 22m Pluvio, Ott

m’m®  2-, 6, 12-, 25-, 35-, 50-cm depth ~ CS616, Campbell
°C 2-, 6-, 12-,25-,35-, 50-cm depth ~ T107, Campbell
W/m® 8-, 9-cm depth HFPO1, Hukseflux
- 35m CSAT3, Campbell
- 35m LI7500, LI-COR

2.4 Data coverage

Missing data in the measurements inevitably occurred. The
gaps in the observed data make it difficult to estimate the
annual latent heat (LE) and the sensible heat (/) fluxes and
result in reduced quality of the data to validate model outputs
(Hui et al. 2004). Some data were removed during the QC
process by the TK3 software: This was done through two
tests, i.e., steady state test (Gurjanov et al. 1984; Foken and
Wichura 1996) and the integral turbulence characteristics test
(Foken et al. 2004). According to Table 3, the overall quality
flags are:

I. flag 0: high quality data, which is used in fundamental
research

flag 1: moderate quality data, which have no restrictions to be
used in the long-term observation programs, and

I. flag 2: low data quality, which was removed.

For more details See Mauder et al. (2013).

Based on Table 4, the highest annual fraction of missing
values for H (38%) and LE (44%) were observed at the
Graswang site, whereas the lowest ones (H 13% and LE

Table 3  Overall flag system after the Spoleto agreement, 2004 for
CarboEurope-IP (Mauder and Foken 2015)

Steady state Integral turbulence Final flags
(deviation in %) characteristics
(deviation in %)
<30 <30 0
<100 <100
> 100 > 100 2

20%) were found at the Rottenbuch site. Meanwhile, 27% of
H and 33% of LE annual missing values were observed at the
Fendt site. The main reason for this discrepancy could be
explained, apart from the different landscape/environmental
conditions at the sites, by the dissimilarity in the measurement
instruments. In fact, enclosed-path and open-path systems are
used in the Rottenbuch and Graswang sites, respectively.
Enclosed-path gas analyzers, however, have a number of ad-
vantages, such as minimal data losses due to precipitation
events, no surface heating problems, and the possibility of
climate control. Therefore, with an enclosed-path gas analyzer
installed at the Rottenbuch site, the highest (valid) data avail-
ability was observed during the examined period. Despite
using the same gas analyzer (open-path system) at the Fendt
and Graswang sites, a higher number of missing values were
observed at the Graswang site. This could be explained by the
weather/climate conditions. Compared to the other sites,
Graswang is located in the southern part of the TERENO
prealpine region and has more rainfall/snow days throughout
the year. As a result, more measured data are invalid and
should be removed. Correspondingly, the maximum number
of seasonal missing values of the turbulent fluxes was found at
Graswang (H-max: 51% and LE-max: 55%) in autumn 2013
and the minimum number for Rottenbuch (H-min: 6% and
LE-min: 7%) in summer 2014. More detailed information re-
garding the missing values of the turbulent fluxes is given in
Table 4.

Figure 2 shows the percentage of the diurnal and noctur-
nal missing values of the turbulent fluxes for each EC site.
Obviously, the nighttime missing values were approximate-
ly more than twice the daytime values for all the sites. In
addition, slightly more LE values were missing than those
of H. This is because the LE measurement requires two fully
functional instruments; a sonic anemometer plus gas analyz-
er, while A can be measured by the sonic anemometer alone,
at least if the Schotanus correction is applied. Furthermore,
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Table 4  Percentage of the seasonal and annual missing values of the turbulent fluxes at the TERENO EC sites during 20132014
Sites Percentage of data gaps (%)
Winter Spring Summer Autumn Annual
2013 2014 2013 2014 2013 2014 2013 2014 2013/2014
Fendt H 27 20 22 34 26 25 34 31 27
LE 40 22 28 40 37 30 38 35 33
Graswang H 46 32 26 41 27 40 51 46 38
LE 54 34 37 46 41 44 55 50 44
Rottenbuch H 14 9 10 18 10 6 15 27 13
LE 25 13 18 39 15 7 20 27 20

the Fendt and Graswang sites showed a similar pattern, i.e.,
distribution of missing values (due to using the same gas
analyzer), meaning that the lowest diurnal and highest noc-
turnal missing values were found. The difference between
diurnal and nocturnal missing values was much lower at the
Rottenbuch than Fendt and Graswang. Moreover, this site
had the lowest turbulent flux missing values (approximately
three times less) compared to the other EC sites, due to an
enclosed-path gas analyzer.

3 Results and discussion
3.1 Soil temperature and soil volumetric water content

The near-surface soil temperature and soil moisture are the
key variables that control the exchange of water and heat
energy between the land surface and the atmosphere (Wei
1995; Wang et al. 2010). The seasonal variations of daily
mean of the net radiation (Rn), soil temperature (7), and soil

Fig. 2 The percentage of the
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volumetric water content (6,) at depths of 2, 6, 12, 25, 35, and
50 cm and 24-h accumulated precipitation (Prec) at the Fendt
EC site during 2013-2014 are shown in Fig. 3. The monthly
mean 24-h Rn showed an obvious daily variation mainly be-
cause of the clouds. 7; in shallow layers of 2-, 6-, and 12-cm
showed little difference in each season. It is not surprising that
mean daily 7 at topsoil does not drop below the zero degree
due to the snow cover during the wintertime. The differences
in seasonal 7; between the deep layers at 25, 35, and 50 cm
were larger than those of measured in the layers close to sur-
face at 2, 6, and 12 cm. This otherwise unusual fining can be
explained by a change in soil texture from 35 to 50 cm towards
much higher clay content. The maximum 7 was measured in
July 2013 (Fig. 3a and b). As indicated in Fig. 3c and d, the
topsoil was highly saturated (> 0.7 m*/m’) with the water
content during the winter and autumn seasons and only re-
duced to approximately 0.3 m*/m® during the winter 2014.

Whereas in the deep layers, the maximum and minimum
values of 6, can be found during the summer and winter sea-
sons, respectively. In the summertime, despite the fact that
there was a considerable amount of rainfall, the 8, periodically
decreased dramatically, mainly at the layers near to the sur-
face. This can be explained by the following: Fendt as a grass-
land site, located at the bottom of a shallow valley with a low
gradient, and the groundwater and surface-water interactions
can be an important mechanism in the region. Thus, the most
probable reason for the sudden 6, changes might be related to
changes in the groundwater level for that site.

Although no groundwater level measurements were avail-
able for our study period 2013-2014, the findings obtained by
Wolf et al. (2017) for the ScaleX-2015 campaign at the Fendt
site confirmed that interactions between the groundwater level
and surface-water exist. After strong rainfall events, the infil-
tration or drainage of excess water is the dominant runoff, and

Fig. 3 Daily mean variations. a— ' T T ! M ! T s o
b Soil temperature (7;) at depths a - £
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during the recession of stream flow, the contribution of
groundwater to runoff is increased. They also conclude that
the full mechanisms for the interactions of runoff generation
and storage system for that area have not been fully investi-
gated. In addition to the high influence of the groundwater
level on the soil moisture in the region, other factors might
be considered, such as unequally distributed summertime rain-
fall events, high evapotranspiration rate due to the high tem-
perature, and runoff generation. Therefore, for the above rea-
sons, the amount of 6, in some short periods was quite low,
especially during the summertime.

3.2 Energy partitioning

The average contribution of the turbulent fluxes to the surface
energy budget was calculated for each season (Table 5). The
average seasonal values of H/Rn in spring, summer, autumn,
and winter was calculated as 0.12, 0.11, 0.34, and 0.64; while
LE/Rn values were 0.53, 0.58, 0.50, and — 0.20, respectively at
the Fendt EC site. Meanwhile at the Rottenbuch site, the cor-
responding H/Rn values were calculated as 0.14, 0.11, 0.37,
and — 0.30 and also LE/Rn values measured as 0.37, 0.51,
0.18, and 0.11, respectively. The seasonal value of H/Rn in
the autumn and spring seasons at the Graswang EC site was
measured as — 0.09 and — 0.006, respectively, which were
quite low and close to zero. This was because of the snow
cover, which caused the land surface to be cold and as a result,
a negative sensible heat flux (downwards) occurred during
that period.

Furthermore, the seasonal noontime variations of the
Bowen ratio indicated high seasonal variations throughout
the year at the EC sites. In winter, 86.0, 90.4, and 65.7 and
in autumn 89.3, 92.4, and 78.5 of heat was transferred (either
positive/upwards or negative/downwards) as LE flux at the
Fendt, Rottenbuch, and Graswang EC sites, respectively.
Meanwhile, the corresponding values during the spring and
summer were 98.5, 99.6, and 83.4 and 99.8, 99.3, and 96.7%,
respectively at the aforementioned EC sites. The Bowen ratio
values in warm periods (spring and summer) were mostly
positive with low magnitudes due to the high contribution of
LE, while during the cold seasons (winter and autumn), the
ratio was negative because of negative H values over those
periods (figures not shown).

3.3 Turbulent flux variability on different time scales
3.3.1 Management of grassland at the EC sites

The management of grassland is quite different between the
southern and northern parts of the TERENO prealpine region
(Fig. 4), which indicates an elevation trend for that area. At the

highest elevation site, i.e., Graswang (860 m), one or two
grass cuts are done per year usually starting from the early
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June to mid-August, which indicates that the grass cutting is
exclusively limited to months with the highest temperatures.
Meanwhile, at the middle and low elevation sites, i.e.,
Rottenbuch (770 m) and Fendt (598 m), respectively, the
farmers begin to cut the grass from mid-May to late October,
leading to four to five cut times. The last grass cuts of the year
are done almost simultaneously at these sites. Furthermore, a
coincidence between the grass cutting events and a sudden
decrease of albedo after the grass cutting was sometimes ob-
served. A sudden drop of the albedo at the beginning of
August 2014 at the Fendt EC site can demonstrate this effect.

The mean daily based variation of surface albedo, which is
highly influenced by the snow cover, soil color and moisture,
vegetation cover, etc., at the study sites is shown in Fig. 4, as
well. Overall, the highest albedo values were measured during
the winter and autumn seasons, whereas the lowest ones ob-
served during the summer and spring periods mainly due to
the snow cover in cold periods and rather high soil moisture,
as well as high vegetation fraction in the warm periods
throughout the year. The maximum surface albedo was mea-
sured during January and April 2013 due to the high snow
cover at the EC sites. The higher albedo values at the
Graswang site (in the southern part) suggest an increase of
snow cover in both height and duration for that area, which
is also confirmed by the higher values of the outgoing short-
wave radiation (OSR) at the higher elevated sites for the same
times. Therefore, the radiative fluxes of OSR and albedo are
highly affected by the grass cut events, which consequently
influence the turbulent flux variability at the grassland EC
sites in the region.

3.3.2 Drivers of the turbulent fluxes: PCA-based analysis

To determine the most relevant driving variables that influ-
ence the turbulent fluxes at the study sites, a PCA was applied.
To enable comparability of the impact of the different

Table5 Energy partitioning for individual seasons at the TERENO EC
sites during 2013-2014. H/Rn and LE/Rn are the ratios of the turbulent
fluxes to Rn and B is the Bowen ratio (B = H/LE)

Sites Spring Summer Autumn Winter
Fendt H/Rn 0.12 0.11 0.34 0.64
LE/Rn 0.53 0.58 0.50 -0.20
B 0.23 0.20 —-0.29 -0.30
Rottenbuch ~ H/Rn 0.14 0.11 0.37 0.37
LE/Rn 0.37 0.51 0.18 0.11
B 0.43 0.23 -1.42 226
Graswang H/Rn 0.15 0.13 —-0.09 —0.006
LE/Rn 0.62 0.60 0.34 0.24
B 0.27 0.21 -0.57 —6.02
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Fig.4 Daily mean variations of the outgoing shortwave radiation (OSR) and albedo values, as well as the number of grass cuts at the TERENO prealpine

EC sites for the period of January 2013 to December 2014

variables, the data are centered and scaled before application
of the PCA. For the sake of visualization, the focus is on the
first two PCs (PC1 and PC2), which explain >60% of the total
variance of the original datasets (Fig. 5). The figure illustrates
the cross-correlation and the contribution of each variable to
the PCs at the different TERENO prealpine sites. The length
(angle) of the arrows represents the magnitude (direction) of
the correlation coefficient between the variable and the PCs,
which the color of arrows indicates the contributions
(importance) of the variables to the turbulent fluxes (12 vari-
ables ranked from blue (low importance) to red (high impor-
tance)). For Fendt, PC1 shows high positive correlations with
the radiation components of net radiation: Rn (+ = 0.93) and
photosynthetic photon flux density: PPFD (» = 0.91) with a
total contribution of approx. 28.5% (not shown), as well as
with the temperature variables of infrared surface temperature:
SurfaceT (r = 0.92), air temperature: AirT (» = 0.91), and soil
temperature at 2 cm depth: SoilT (» = 0.89) accounting for
approximately 42.2% of the total contribution (not shown).

The variables of albedo (» = — 0.63), soil moisture at 2-cm
depth: SoilM (r = — 0.57), and relative humidity: RH
(r =—0.56) are negatively correlated with PC1. Furthermore,
PC1 shows the highest correlation with Rn, which identifies
net radiation as a key variable for the turbulent flux measure-
ment at the Fendt EC site.

The aforementioned variables also represent approximately
the same contributions and correlations to PC1 at the
Rottenbuch EC site, except for the wind components of wind
direction: WindD (» = —0.47) and wind speed: WindS
(r = —0.41), which show no correlation with PC1 at the
Fendt site. Their influence at the Graswang site, however, is
lower, representing a rather different pattern compared to the
other EC sites, except for the SoilT close to the surface
(r = 0.93) with the highest contribution of 16% (not shown)
and albedo (» = —0.72). Thus, the albedo rather follows an
elevation trend in the TERENO region. This finding is in
agreement with Zeeman et al. (2017) and might be explained
by the lack of irradiation due to a mountain shadowing effect.
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Fig. 5 Contribution of the meteorological variables to the turbulent
fluxes (sum of H and LE) using a multivariate PCA analysis at the
TERENO prealpine EC sites for the period from January 2013 to
December 2014. Daily mean meteorological data include wind direction
(WindD (°)), wind speed (WindS (m/s)), air temperature (AirT (°C)),
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The Graswang site possesses a mountain climate with high
amounts of precipitation and snow events frequently occur-
ring between October and April.

PC2 is highly correlated only with the WindS (» = 0.81 at
Fendt, »=0.79 at Rottenbuch, and » = 0.60 at Graswang) with
a mean total contribution of 50% (not shown) and WindD (in
order of aforesaid sites: » = 0.78, r = 0.77, and » = 0.18),
accounting for approximately 35% (not shown) of the mean
total contribution. PC2 lacks correlation with radiation and
temperature components (<5%, not shown). Meanwhile, the
contribution of WindS (20%, not shown) was much more than
WindD (2.5%, not shown) at Graswang. This is because the
site is located in a valley surrounded by high mountains and in
such a way that the prevailing wind directions are easterly and
westerly (See Fig. 1). This component represents the impor-
tance of the wind variables to the turbulent flux measurements
in the region. Increased wind speed, for instance, also leads to
an increase of the turbulence intensity and mixing, thereby
increasing the fluxes. With respect to the precipitation: Prec
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photosynthetic photon flux density (PPFD (umol/(m2 s)), albedo [—], net
radiation (Rn (W/m?)), and infrared surface temperature (SurfaceT (°C)).
The length (angle) of the arrows represents the magnitude (direction) of
the correlation coefficient between the variable and the PCs. The lowest
and highest contributions of the variables to the turbulent fluxes are
ranked with colors ranging from blue to red, respectively

and RH variables, they are ranked as the second and third most
important variables that are negatively correlated with PC2.
Therefore, Prec holds the highest correlation (» = —0.60) at the
Graswang site.

Overall, the PCA results found at the TERENO prealpine
EC sites were consistent with findings of other studies over
different ecosystems (e.g., Schmidt et al. 2011).

3.3.3 Monthly and seasonal variations of the turbulent fluxes

To understand the monthly mean diurnal turbulent fluxes at
the study sites, their hourly variations together with the stan-
dard deviations (o) are shown in Fig. 6. As expected, the
variations of A and LE fluxes were low during the winter
and autumn periods, whereas they were quite large during
the spring and summer seasons in the region. During the cold
periods, in winter for example, the peak values were 55.6 and
92.7 W/m? for H and LE fluxes observed at the Fendt site,
respectively. The mean diurnal values of H at the Graswang
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site were quite different from the other two sites as a result of
different landscapes and topography.

In February, for example, the highest measured H was
—1.55 W/m? due to a very cold surface in that area. Thus,
the highest and lowest monthly o values of H were found at
the Graswang as 55.7 and 6.2 W/m?, respectively (Fig. 6b).
The differences between day and night H and LE values were
not very pronounced in the wintertime because of the low
radiation variation in the study area. For the warm periods,
the mean diurnal values of A and LE fluxes showed much
larger differences due to the increase of solar radiation, pre-
cipitation events, as well as the high vegetation fraction over
the experimental period, and obviously, the main consumer of
Rn was LE at the sites.

The lowest mean monthly LE flux in Rottenbuch can be
explained by the different soil textures at that site, which is
mostly sandy loam at the surface, as well as a gravel layer at
about 50-cm depth (and continues to deeper layers). This
causes precipitation to infiltrate quickly into the deep ground
and thus the surface dries out rapidly soon after rainfall events.
Moreover, the lowest mean monthly H flux occurred shortly
after noon at Graswang, which might be explained by the
shading condition in that area, meaning that the sun sets rather
early as the site is surrounded by high mountains. The highest
LE fluxes occurred in July as the highest amount of precipita-
tion takes place during the summertime. The magnitude of
variations increased from winter to summer and accordingly

Apr

May Jun Jul Aug Sep Oct Nov Dec

showed a decrease from summer to winter corresponding to
the variation of radiation, precipitation patterns, soil moisture/
types, and different landscapes across the TERENO prealpine
region.

Seasonally, all the energy fluxes of Rn, H, LE, and G at the
Fendt EC site showed distinct diurnal cycles over the experi-
mental time (Fig. 7). Rn was highly variable between cold and
warm seasons and also, the range of the daytime cycle of Rn
increased from autumn to summer and decreased vice versa.
Thus, the variation of the diurnal cycle of Rn was strong dur-
ing summer but weak during autumn (Fig. 7a). The range of H
values increased from autumn to spring. The nocturnal H val-
ue was significantly negative, meaning that the heat was trans-
ferred from the atmosphere to the land surface due to the cold
surface. The seasonal variation of H was rather small com-
pared to Rn, which was quite large between the cold and warm
periods. LE flux had an obvious seasonal diurnal variation
during summer with the value of 245.1 W/mz, which became
rather small in spring (179.1 W/m?) and then remarkably de-
creased during the autumn (58.3 W/m?) and winter (50.6 W/
m?) seasons (Fig. 7¢). Finally, the G flux had a rather similar
and less seasonal variation throughout the year. The nocturnal
G value was significantly negative (upwards) compared to
other energy fluxes. Interestingly, the maximum diurnal G
flux (25.1 W/m?) in winter occurred at 13:00 pm, which indi-
cated a shift of around 1 h. This might be explained by the
snow cover in the region causing a short delay for the heat to
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Fig. 7 Diurnal cycle of seasonal mean variations and standard deviation (o) of the surface energy fluxes at the Fendt EC site for the period of January

2013 to December 2014. The data represent hourly averages

be diffused in the soil (Fig. 7g). Overall, the highest seasonal
diurnal variations were observed in Rn, followed by LE, H,
and G.

3.4 Energy balance closure
3.4.1 Overall and seasonal energy balance closure

The linear regressions between the turbulent fluxes and the
available energy at the TERENO prealpine EC sites of Fendt,
Rottenbuch, and Graswang are shown in Fig. 8. The EBC is
defined as the slope of a regression analysis of turbulent energy
transport against available energy, forced through zero. The
EBC values were 0.65, 0.56, and 0.65 and the coefficients of
determination (RZ) values were 0.82, 0.85, and 0.77 at the
Fendt, Rottenbuch, and Graswang sites, respectively. The low-
est R? between measured and available energy was found at the
Graswang site. This can be explained by the climatic and en-
vironmental conditions. This site is surrounded by high moun-
tains (See Fig. 1) and the wind speed is relatively low so that
the mechanically driven turbulence is reduced in the valley. As
aresult, many of the calculated H and LE values were removed
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as unreliable data during the post-processing (i.e., QC) by the
TK3 software. Thus, the Graswang site had the lowest number
of data (n = 7969) compared to other EC sites (Fig. 8c). In
terms of EBR, as defined in Eq. 3, the highest overall value of
EBR (0.73) was calculated at the Graswang site indicating that
the minimum heat and water vapor fluxes are lost for that area,
which is due to the geographical location of the site.
Furthermore, the lowest slope (0.56) and EBR (0.56) values
were found at the Rottenbuch site. A spectral analysis (not
shown) indicated that this underestimation of the turbulent
fluxes calculated at the Rottenbuch site was not due to the
frequency response corrections, e.g., through tube attenuation.
Therefore, this finding is partially explained by the heteroge-
neity of the land surface type around this site, meaning that the
site itself is located closely to a town, which has a much higher
temperature than the meadow and there is a deep canyon of the
Ammer river nearby, which has a lower temperature. Thus, it is
likely that the advection of heat and vapor had occurred in that
area (Fig. 8b). Furthermore, the research done by Eder et al.
(2014) shows that there is a relationship between landscape-
scale heterogeneity and EBC for the TERENO prealpine sites.
The mean EBR was 0.65 for the TERENO prealpine region.
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The seasonal differences between the values of EBR at the
TERENO EC sites are given in Table 6. The highest seasonal
EBR values were 0.70 in summer and 0.81 in autumn, while
the lowest corresponding values were 0.42 and 0.61 in winter
at the Fendt and Graswang sites, respectively. The lowest sea-
sonal EBR values were calculated as 0.51, 0.65, 0.47, and
0.33 in spring, summer, autumn, and winter, respectively at
the Rottenbuch site. Overall, warm seasons showed a higher
EBR value compared to the cold ones at the study sites, except
for the Rottenbuch site in which a considerable seasonal dif-
ference could not be found.

3.4.2 Seasonal energy balance residual

The seasonal mean of diurnal variation of the energy balance
residual (Res) is shown in Fig. 9. The largest maxima of the
Res were 140.8 W/m? in spring, 90.1 W/m? in summer, and
141.9 W/m? in summer at Fendt, Graswang, and Rottenbuch
sites, respectively. The Rottenbuch site had the highest Res in
warm periods owing to the heterogeneity of the landscape in
that area. The autumn diurnal Res sharply decreased from
40.5 to —30.9 W/m? in the afternoon at the Graswang site.
This might be explained by the lack of sunshine in the after-
noon, as this tower is surrounded by high mountains (See
Fig. 1 for the location) and the sun accordingly sets earlier
due to the elevated horizon.

Overall, the reasons for obtaining poor EBC may result
from either measurement or method limitations. Some of these

Table 6 Seasonal EBR at the TERENO EC sites during 2013-2014
Site Season
Spring  Summer Autumn Winter
—ar Fendt 0.68 0.70 0.69 0.42
= X(Rn=G)  Rottenbuch  0.51 0.65 0.47 0.33
Graswang 0.76 0.73 0.81 0.61

effects include (a) net radiation sensors, which might perform
poorly in the field; (b) wind speed and temperature measure-
ments, e.g., vertical wind speed underestimation; (c) water va-
por fluctuation measurements, e.g., inappropriate performance
of sonic anemometer during and after rainfall events; and (d)
the soil heat flux and heat storage measurements (Culf et al.
2004). In all parts of the world, researchers have encountered
energy residuals of magnitudes similar to our datasets (e.g.,
Foken and Oncley 1995; Panin et al. 1996; Wicke and
Bernhofer 1996; Foken et al. 1999; Kahan et al. 2006;
Oncley etal. 2007; Su et al. 2008; Wang et al. 2010). The study
of Eder et al. (2014) on the EBC suggests that part of the
imbalances might be explained by the mesoscale transport in
relation to the heterogeneity of the landscape, which has been
hypothesized for other sites by Mauder et al. (2007) and Panin
and Bernhofer (2008), as well. Therefore, to quantify the pos-
sible reasons for the lack of energy balance at the TERENO EC
sites, the diurnal and nocturnal variations of the heat fluxes,
influence of the time of day, as well as the effect of flux mea-
surement footprint and the dependence of the EBC on the wind
direction are analyzed in the following subsections.

3.4.3 Influence of the diurnal and nocturnal conditions

Figure 10 shows the daytime and nighttime correlations of the
turbulent fluxes vs. the available energy. The daytime and
nighttime R* were 0.73 and 0.093, respectively, at the Fendt
site. The highest/lowest daytime and nighttime R* were calcu-
lated as 0.79 and 0.70 and 0.22 and 0.026 at the Rottenbuch
and Graswang sites, respectively. Furthermore, the Graswang
site had the lowest diurnal and nocturnal data availability (i.e.,
N 6511 and N 2013, respectively), while the highest corre-
sponding valid values were N 8046 and N 5785 that were
observed at the Rottenbuch site. Other researchers have re-
ported a better diurnal EBC (e.g., Wilson et al. 2002). The
large nighttime energy imbalances could be explained by
weak turbulence at night. Aubinet et al. (1999) and Blanken
etal. (1997) also came to the conclusion that when the friction
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velocity is small, the energy imbalance is usually high during
the nocturnal periods. Lee and Hu (2002) found that a low
energy balance during nighttime periods was due to mean
vertical advection, as well.

3.4.4 Dependence on the time of day
The diurnal courses of the EBR and the energy balance residual,

as well as with the mean magnitudes of the measured and avail-
able energy are shown in Fig. 11. We found that for our sites the

EBR is not meaningful from 1:00 to 6:00 UTC and after 17:00
UTC, when the available energy was close to zero. Between
these two periods, however, a linear increase in the EBR (with a
different pattern and intensity) was observed at the EC sites. At
all three EC sites, a sharp increase in the EBR was observed
after 15:00 UTC, indicating a better EBC or even over-closure
in the afternoon. Such an observation normally points to an
unaccounted storage term, which is filled in the morning and
depleted in the afternoon. Since we have included any soil heat
storage in G, only the heat stored in the biomass can explain our
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Fig. 10 Turbulent fluxes (H + LE) vs. available energy (Rn — G) for
daytime and nighttime at the TERENO prealpine EC sites for the
period from January 2013 to December 2014. The data represent half-
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finding. Thus, the best closure occurred in the afternoon,
peaking shortly before the sunset (at approximately 18:00) at
all the EC sites. Besides, the residual energy exhibited an almost
similar diurnal pattern but different in magnitude from the study
sites, which is characterized by positive values from approxi-
mately 4:00 to 15:00 and by negative values outside this time
period ranging from 100 W/m” at the Rottenbuch site to
— 24 W/m? at the Fendt site, where the EBC peak occurred.

3.4.5 Effect of the flux footprint

The turbulent vertical flux of a passive scalar measured up-
wind of the surface area represents the exchange between the

atmosphere and the surface over a larger area is known as the
atmospheric flux footprint or footprint (Horst 1999; Sanchez
et al. 2010). An increase in the measurement height and de-
crease in the surface roughness, as well as changing the atmo-
spheric stability from unstable to stable would lead to an in-
crease in size of the footprint and move the peak contribution
away from the EC site. These are the main factors affecting the
size and shape of the flux footprint. The overall flux footprint
climatologies at the TERENO prealpine EC sites are shown in
Figs. 12, 13, and 14. The aerial Google Earth images in the
region clearly show the heterogeneous surface at the EC sites
in which a stronger directional surface inhomogeneity is ob-
served at the Rottenbuch site (Fig. 13) as the site is situated
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Fig. 12 Footprint climatology of the Fendt EC site. The left side map:
background filled contours indicate the cumulative percentages of the
annual mean half-hourly flux footprint during 2013-2014, and the
overlaid colorful domains represent the different grassland targets,
where the canopy height differs at the targets. The dark blue arrows

show the most dominant footprint directions. The right side map: the
domains overlaid on the Google Earth image indicate the approximate
position of the grassland targets surrounding the site. See Fig. 1 for further
map details
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Fig. 13 Same as in Fig. 12 but for the Rottenbuch EC site

close to a town, as well as a deep canyon (i.e., Ammer river).
Figure 12 shows that approximately 80% of the turbulent flux
contribution is received by the Fendt EC site instruments from
the grassland targets 1 (~60%) and 2 (~20%) located in a
radius of approximately 220 m from the station and less than
10% of the flux contribution is emitted by target 3, which is
farther away from the instruments. In addition, the overall
shape of the flux footprint strongly matches the direction of
the prevailing wind for that area (See Fig. 1 for the details).
As shown in Fig. 13, instruments of the Rottenbuch EC site
receive more than 65% of the annual flux footprint contribu-
tion from the grassland target 1 and approximately 25% from

the grassland target 2. Thus, the fetch is larger compared to
other EC sites.

As mentioned earlier, the lowest EBR at the Rottenbuch
site could be explained by the combined effects of the pres-
ence of the Ammer river located about 600 m east-southeast of
the station and the nearby town situated west-north of the EC
site. Both these factors are a source of small-scale heteroge-
neity (Schmid 1997; Eder et al. 2014). The size of the flux
footprint also confirms this mismatch, where some percentage
of the footprint is emitted from those inhomogeneous areas.
The grassland targets 1 and 2 emitted approximately 90% of
the flux footprint concentration at the Graswang EC site (Fig.
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14). The shape of the mean half-hourly flux footprint is highly
similar to that of the wind-rose diagram for that area (See Fig.
1 for the map). It is worth mentioning that the mean flux
footprint did not vary significantly between the four seasons,
neither in size nor shape. Thus, the figures were excluded for
further interpretations.

4 Summary

This study analyzed the turbulent flux variability and EBC in
the TERENO prealpine region. We found that the Bowen
ratios were mostly positive but small in magnitude due to a
high contribution of LE to the surface energy balance during
the warm periods. The main reason for the sudden drops of the
soil moisture levels was probably related to quick changes in
the groundwater level. The PCA results revealed that, based
on PC1 (that holds the highest variation of the dataset), the
turbulent flux variability is strongly driven by the radiation
components of Rn (with an average contribution of approxi-
mately 15%) and PPFD (14.5%) followed by the temperature
variables of SurfaceT (14.3%), AirT (14%) and SoilT (13%)
at the study sites. For PC2, however, the dominant contribut-
ing variables were WindS (50%) and WindD (35%). Other
meteorological variables like albedo, Prec, and RH correlate
negatively with different magnitudes across the study area.
Furthermore, the monthly diurnal turbulent fluxes of A and
LE indicated significant intra-annual variability across the dif-
ferent environments due to the variations of the radiation com-
ponents, precipitation events, soil moisture and texture, as
well as different landscapes in the region. Besides, the highest
seasonal diurnal variation observed was for Rn, followed by
LE and H, while the lowest one was found for G.

The surface EBC remained unclosed at the EC sites. The
EBR values were 0.68, 0.56, and 0.73 at the Fendt,
Rottenbuch, and Graswang sites, respectively. The mean im-
balance was approximately 35%. The lowest EBR at the
Rottenbuch site is partially due to the advection of heat and
vapor caused by the heterogeneity of the land surface in that
area leading to an underestimation of turbulent fluxes, which
somehow substantiated by the flux footprint analysis. The
EBC was poor during nighttime periods mainly due to the
weak turbulence mixing at night. Overall, the EBC was better
in the early afternoon than in the morning (due to the
neglected storage terms) with the highest and the lowest
EBC at the Graswang and Rottenbuch EC sites, respectively.
On average, the annual mean energy balance residual and
EBR were 60 W/m? and 65%, respectively, in the region. In
addition, the size and shape of the flux footprint climatologies
were calculated. Approximately 80, 75, and 90% of the annual
mean half-hourly turbulent flux footprints received by the in-
struments from the grassland targets 1 and 2 located at a radius
of approximately 250 m around the Fendt, Rottenbuch, and

Graswang stations, respectively. The overall shape of the flux
footprints significantly matches the direction of the prevailing
winds at the study EC sites.

The knowledge of turbulent flux variability at different
time scales and the general EBC problem at the TERENO
prealpine region can be significantly strengthened by the re-
sults obtained in this research. However, improving the EBC
over the region needs further investigation, e.g., by the high
resolution large-eddy simulations (LES), for a better under-
standing of the small-scale weather circulation processes and
the environmental conditions over the individual EC sites.
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