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Accurate determination of actual evapotranspiration (ETa) is important in various research fields like hydrology,
meteorology, ecology and agriculture. In situ ETa can be determined using weighing lysimeters and eddy
covariance. However, despite being regarded as the most precise in situ method for measuring ETa, the infor-
mation content of lysimeter measurements remains poorly understood. Here we examined the spatial correla-
tions between ETa measured at different locations by lysimeter (ET-LYS) and at different locations by eddy
covariance (ET-EC). This was done for the period 2015 - 2020 and the analysis was made for different spatial
(range: 0 to 500 km) and temporal scales (range: 1 day to 1 year) using 23 lysimeters and 4 eddy covariance
towers. We found that: (a) Same lysimeters at the plot scale show very high correlations of ET-LYS; (b) The
Pearson correlation of daily standardized anomalies of ET-LYS between sites exhibit moderate to high correla-
tions and were similar to that of ET-EC, indicating that lysimeter is generally as representative as EC regarding
ETa, and can provide certain information at the landscape and larger regional scale. During winter, the spatial
correlations for ET-LYS were smaller; (c) Wavelet analysis indicated that temporal correlations in ETa were
strongest for distances in time around 12 months (yearly cycle) and less than three months. Spatial correlations
were smaller under drought conditions (in the year 2018). Furthermore, combination of multiple ET-LYS from
different sites improved the predictability of ET-LYS for another site, suggesting that ET-LYS can be predicted
well using ET-LYS from different neighboring sites. Overall, lysimeter measurements can provide information at
much larger scales compared to their small measurement area.

1. Introduction

Evapotranspiration (ET) is a central component of the terrestrial
water cycle and links the hydrosphere, atmosphere and biosphere
(Fisher et al., 2017), which includes evaporation from soil, transpiration
by vegetation and evaporation of water on vegetation (Hanson, 1991;
Kool et al., 2014). Potential evapotranspiration (ET) is the ET amount
for a specific reference vegetation if there are no limitations on water
availability. Actual evapotranspiration (ETa) refers to the ET which
really takes place, affected by possible water scarcity. The precise

assessment of ETa is essential for a broad range of scientific disciplines
including agricultural water management, drought monitoring as well
as sustainable use of water resources (Negm et al., 2017; Awada et al.,
2019; Li et al., 2022).

Unfortunately, the accurate determination of ETa remains a chal-
lenge, as it is a variable that is difficult to measure and parametrize
(Cuxart & Boone, 2020). Typical approaches to determine ETa include in
situ stations like eddy covariance (EC) stations and lysimeters or esti-
mates via remote sensing. Remote-sensing based ETa estimates, though
promising and widespread, have large uncertainties and require ground
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validation (Mueller et al., 2011; Seneviratne et al., 2012; Tran et al.,
2023). Therefore, ground-based observations remain the most estab-
lished reference measurements (Hirschi et al., 2017). EC is a prevalent
micrometeorological technique for ground-based ETa measurements
with relative low operational expenses (Ding et al., 2010; Dhungel et al.,
2021; Han et al., 2021). An EC system can capture field-scale ETa in-
formation within the measurement footprint of the installed EC tower,
covering approximately 100 m to few kilometers in radius around the
towers (Zhang et al., 2014; Chu et al., 2021; Levy et al., 2022; Zhu et al.,
2023), but are subjected to systematic measurement errors (e.g., Wilson
et al., 2001; Franssen et al., 2010; Mauder et al., 2020; Zhang et al.,
2022) and random measurement errors (Hollinger & Richardson, 2005;
Kessomkiat et al., 2013; Post et al., 2015).

Weighing lysimeters are another common ground-based observation
technique, and are considered the best mean to directly measure ETa in
situ (Allen et al., 2011; Schrader et al., 2013; Gebler et al., 2015; Peters
et al., 2017; Sanchez et al., 2019). They contain soil columns that are
separated from the surrounding soil and can determine the weight of the
column gravimetrically. The information on the weight changes can be
used to determine the water fluxes across the soil — vegetation — atmo-
sphere interface with high precision (Unold & Fank, 2008). Since the
construction of the first weighing lysimeter in Germany in 1902, the
technology has improved a lot to assess the changes in the soil water
storage of the soil column that fills the lysimeter (Goss & Ehlers, 2009).
An example are the lysimeters of the German TERrestrial ENvironmental
Observatories (TERENO) SOILCan network which are of high accuracy
and high temporal resolution and provide the opportunity for in-depth
long-term investigations of the different components of the soil water
cycle (Zacharias et al., 2011; Piitz et al., 2016). The ability to success-
fully quantify small water fluxes such as dew and hoar frost formation as
well as nighttime ETa demonstrates the high precision of the lysimeters
(Groh et al., 2018; 2019). In addition, Gebler et al. (2015) carried out a
study with one lysimeter site of this network to compare ETa estimated
by EC and lysimeter. The study illustrated that a lysimeter can measure
ETa in a reliable manner and does not suffer from some of the drawbacks
of EC systems. Trigo et al. (2018) used the ETa data from the same site
for a follow-up period and showed that ETa was underestimated by the
EC technique and required a correction factor of 1.15 when compared to
ETa data from weighing lysimeters. Similarly, Mauder et al. (2018) took
lysimeter measurements at two grassland ecosystems from
TERENO-SOILCan as a reference to evaluate the energy balance problem
for EC measurements and found EC-based ETa was generally
underestimated.

However, weighing lysimeters also have several disadvantages, such
as their small footprint (pedon-scale) due to limited surface area and
their limitation in quantifying ETa from forested land. A main question
is therefore how informative the precise ETa-measurements by weighing
lysimeters are. Evett et al. (2012) evaluated several methods for quan-
tifying ETa at different spatial scales with the same soil and crop over
one growing season and found that ETa derived from weighing lysim-
eters sufficiently represents the surrounding field ETa throughout the
season. They also pointed out that differences in plant height and width
would result in a mismatch between ETa from the lysimeters and the
surroundings. Seneviratne et al. (2012) reported that lysimeter mea-
surements are representative of a small catchment (3.31 km?) although a
scale discrepancy existed by comparing 32-year data sets of lysimeter
seepage with the discharge from the small catchment. They pointed out
that the most significant differences between lysimeter seepage and
catchment runoff occurred in March. This variation was likely associ-
ated with a greater spatial variability of hydrological processes during
that month, which could be attributed to factors such as snowmelt and
the initiation of the growing season. For the same research catchment in
Switzerland, Hirschi et al. (2017) revealed that the long-term lysimeter
measurements corresponded well with catchment water-balance eval-
uations of ETa. This emphasizes that lysimeter measurements can be
representative for the entire catchment, despite the relatively small
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source areas (typically about 3 m?) and the diverse land use and
topography within the catchment. Teuling (2018) found that ETa from
four different lysimeter stations in three countries with contrasting
vegetation and climate are in line with ETa estimates from
catchment-scale water balance studies. Widmoser and Michel (2021)
compared concurrent lysimeter and EC measurements across four
grassland sites. In this study, they applied a partial energy closure
method to correct EC measurements, wherein they evaluated the
correction factor for latent heat flux by regressing the difference be-
tween the lysimeter and EC latent heat fluxes and used this weight to
correct the EC latent heat flux. In contrast to this, Denager et al. (2020)
found a good agreement and no statistical difference between uncor-
rected ETa measured by EC and ETa estimated by the water balance
method where recharge was measured by non-weighable percolation
lysimeters. They attributed this agreement to the fact that the spatial
scale of the water balance method in this study was compatible with the
EC measurement scale. They pointed out that in other studies
EC-estimated ETa was always underestimated compared with ETa
measured by weighing lysimeters, possibly because weighing lysimeters
were not representative for the entire field. In addition, Denager et al.
(2022) emphasized again that the total surface area of the lysimeters is
quite small compared to the footprint of the EC system. Although these
studies point to the fact that lysimeter ETa contain information for larger
areas, e.g., they are comparable with measurements within EC footprint
or even can be representative for a catchment, this has never been
analyzed in a systematic manner.

The core objective of this study is to provide systematic evidence that
lysimeter ETa measurements provide, despite their small surface area,
representative information for larger areas such as the plot scale, land-
scape scale (10 ~ 50 km) and larger regional scale (500 km). To this end,
we analyzed daily ETa measurements by a total of 23 lysimeters at four
study sites across Germany (separation distances from 0 to 500 km) for
six consecutive years (2015 to 2020). As EC estimates at the field scale,
we compare spatial correlations of standardized anomalies of ETa be-
tween different lysimeters with spatial correlations of standardized
anomalies of ETa between different EC stations, at the same measure-
ment sites. If the lysimeter ETa is more affected by random fluctuations
(i.e., measurement errors and small scale variability which cannot be
attributed to any specific pattern or trend), related to the small footprint,
we would expect smaller spatial correlations of lysimeter ETa between
the measurement sites than spatial correlations of EC derived ETa. The
spatial correlations are analyzed further, also on different temporal
scales, with wavelet transform coherence (WTC) analysis, which over-
comes the limitations of Fourier transform in analyzing nonstationary
time series, not only to identify the scale and frequency of temporal
patterns in a time series, but also to identify coherence between two time
series at different scales and frequencies (Bravo et al., 2020). Compared
to a single correlation coefficient, WTC allows to identify how correla-
tions vary between years and seasons. Furthermore, measuring the
correlation of two ETa time series will not fully capture all the features of
ETa processes given the complex space-time links between climate, soil
and vegetation (Rodriguez-Iturbe, 2000; Kim et al., 2022). Thus, it is
essential to study multiple ETa time series at multiple space-time do-
mains to better reveal the relationship of ETa among different locations.
The multiple wavelet coherence (MWC) approach has been shown to be
suitable to untangle a range of multivariate relationships in the field of
geosciences (Hu & Si, 2016; Hu et al., 2017; Su et al., 2019; Cheng et al.,
2021). MWC is therefore conducive to proper characterization of the
temporal scale specific multivariate relationships between ETa mea-
surements under different climate, soil and vegetation conditions. A
good understanding of these relationships is important for optimizing
the prediction of ETa for a given site using the measurements at other
sites, and also for determining the number of lysimeter needed to be
representative for a given spatial scale and thus optimizing the design of
a lysimeter network.
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Fig. 1. Location of TERENO observatories over Germany and locations of the four study sites (marked by red circle), as well as distances (in km) between different
sites (three different shades of blue are used to indicate different spatial scales; modified from Piitz et al., 2016). RO: Rollesbroich, WU: Wiistebach, SE: Selhausen,

GW: Graswang.
Table 1
Specifications of the four lysimeter (LYS) sites used for the analyses in this paper including location, number of individual lysimeters, soil information and land use.
Site  location Elevation (m a. Abbr.  No. of LYS name Soil Soil Soil Vegetation Ecosystem
s.l) LYS origin location texture” (LYS) (EQ)
SE 50°52'8'N 104 SEse 3 Se_Y_032, 033, 034 SE SE silty loam crop crop
6°26'59'E
SEro 3 Se_Y_021, 025, 026 RO SE clay loam grass
SEwu 3 Se_Y_022, 023, 024 wu SE clay loam grass
RO 50°37'18'N 515 RO 6 Ro_Y_011, 012, 013, 014, RO RO clay loam grass grass
6°18'15'E 015, 016
WU  50°30'10'N 625 WU 6 Wu_Y_ 011,012, 013, 014, WU WU clay loam grass forest
6°19'42'E 015, 016,
GW  47°34'15'N 864 GW 2 GW_13,15 GW GW clay grass grass
11°01'57'E

" Classification of soil texture is based on the texture triangle developed by the USDA (United States Department of Agriculture).

2. Materials and methods
2.1. Study sites

The four study sites are part of the TERENO network in Germany.
Fig. 1 displays the location of the sites, together with the spatial dis-
tances between the sites. Table 1 provides further information on the
sites and the different lysimeters used from the sites. The Selhausen (SE),
Rollesbroich (RO) and Wiistebach (WU) sites belong to the Eifel/Lower
Rhine Valley Observatory which is located along the western border of
Germany and covers a total area of 2354 km? (Bogena et al., 2018).
Among these three sites, the Selhausen site (SE) has the least amount of
mean annual precipitation (700 mm/y) and the highest mean annual air
temperature (10 °C) for the period from 1961 to 2014. The crops on this
arable land are dominated by winter cereals (mainly winter wheat),
sugar beet and maize. The prevalent soils are (gleyic) cambisol and
(gleyic) luvisol, both of which are characterized as silty loam textures
(Korres et al., 2015). The grassland site RO has a mean annual air

temperature of 7.7 °C and a mean annual precipitation of 1033 mm/y for
the period 1981-2001. Stagnosol is the major soil type in the northern
part, whereas cambisol (gleyic) dominates the soil in the southern part
of the site. The plant community is mainly comprised of Lolium perenne
and Trifolium repens (Forstner et al., 2021). During the study period, the
vegetation on the lysimeter and the surrounding field is subjected to
extensive management, including 3~4 cuts and 2~3 liquid manure
applications (~1.6 L/m?) per growing season following the local agri-
cultural management (Groh et al., 2019). The mean annual air tem-
perature and precipitation for the Wiistebach site (WU) are 8.2 °C and
1310 mm/y (1991 to 2013), respectively. The vegetation at this forest
site is dominated by spruce trees (Norway spruce, Picea abies L.) and
amended by Sitka spruce (Picea sitchensis). The vegetation on and
around the lysimeter corresponds to a forest meadow and the plant
community consists of Agrostis capillaris and Galium saxatile (Groh et al.,
2019). On the hillslopes the major soils are cambisols and planosols,
whereas in the riparian zone the main soils are gleysols and histosols.
The soil texture is clay loam with coarse material inclusions. Graswang
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(GW) is approximately 500 km away from the aforementioned three
sites and belongs to the Bavarian Alps/pre-Alps observatory (Kiese et al.,
2018). This site is situated in grassland ecosystems primarily used for
fodder and hay production in the Ammer catchment of southern Ger-
many (Zeeman et al., 2017). It has a temperate oceanic climate with a
mean annual precipitation of 1347 mm/y and a mean annual tempera-
ture of 6.9 °C (2012 to 2018). The soil in GW is classified as fluvic cal-
caric cambisol and the soil texture is clay (Fu et al, 2017). The
vegetation is composed of grasses and herbs, with a small proportion of
clover. Main species are Festuca pratensis, Poa pratensis, Prunella vulgaris,
Plantago lanceolate, Knautia arvensis and Pimpinella major (Fu et al.,
2019). The site GW underwent extensive management consisting of 3
cuts and 1 manure application per year following local farmers’ prac-
tices (Fu et al., 2019).

2.2. Lysimeters set up

At each site of the TERENO-SOILCan lysimeter network, at least a set
of six individual lysimeters (UMS GmbH, Munich, Germany) with a
surface area of 1.0 m? and a depth of 1.5 m are arranged in a stan-
dardized hexagonal design. The distance between the lysimeters at the
same site is only a few meters (about 3 - 6 m). The lysimeter stations
have equal experimental and monitoring conditions. The highly precise
(resolution of 10 g) and resolved (1 min measurements) lysimeters have
a dynamic control bottom boundary. Here, differences between matric
potential measured in the field at 1.4 m soil depth and in the lysimeter at
1.4 m depth are minimized based on an adjustable algorithm that con-
trols the water flux rate and direction via a bi-directional pumping
system (Piitz et al. 2016). This dynamic bottom boundary control en-
sures that the soil water dynamics of the lysimeter match field condi-
tions regarding their water flux direction and rate (Groh et al., 2016).
Further technical specifications of the lysimeter used in this study are
found in Piitz et al. (2016).

In our study, we used a total of 23 high-precision weighing lysime-
ters. The lysimeters from RO, WU and GW always contain local soil,
while for SE there are three lysimeters with local soil, three lysimeters
with soil from WU and three lysimeters with soil from RO. In detail, nine
lysimeters were excavated at RO, whereby six of them remained in RO
and the other three (Se_Y_021, Se_Y_025, and Se_Y_026) were transferred
along an altitudinal gradient to SE in winter 2010. These soils are
denoted by “SEro” in this paper. At WU, similar to RO, six out of nine
lysimeters are located at WU, and the other three (Se_Y_022, Se_Y_023,
and Se_Y_024) were transferred to SE and are referred as “SEwu”. Three
lysimeters in SE (Se_Y_032, Se_Y_033, and Se_Y_034) are filled mono-
lithically with local soil and were managed with a cereal crop rotation
and named as “SEse” in this study. At GW, two well-managed lysimeters
(GW_1_3 and GW_1_5) were used for this work. They both contain the
local intact soil monoliths and are subject to the same extensive man-
agement as the surrounding field.

2.3. Lysimeter data

Lysimeter raw data were recorded at 1 min intervals, which allows to
directly determine precipitation (P) including non-rainfall water (i.e.,
dew, rime, and fog), and ETa from lysimeter weight changes using the
soil water balance equation (Schrader et al., 2013). This soil water
balance equation takes weight changes related to water fluxes across the
lysimeter bottom (percolation, capillary rise) into account. In this study,
we didn’t separate between rain and non-rainfall events, thus P stands
for all incoming atmospheric moisture which also includes water inputs
from non-rainfall events. The amount of P is determined from the in-
crease of lysimeter weight after correcting the weight changes for the
water fluxes across the lysimeter bottom. The procedure assumes that
only P or ETa can occur within a 1 min period.

Lysimeter data are prone to wind or other external disturbances.
Thus, lysimeter weight data were processed by a pre- and post-
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processing routine to reduce external errors and noise to the determi-
nation and separation of water fluxes over the land surface. In a first
step, the raw lysimeter data from 2015 until 2020 underwent a manual
and automatic plausibility check (Schneider et al., 2021). During the
automated data control process, outliers or other disturbances in the
lysimeter and tank weight data were eliminated. In a second step, the
adaptive window and threshold filter was applied (AWAT; Peters et al.,
2014, 2017) to reduce the impact from external errors and noise on the
determination of P and ETa. Typically, the high frequency of lysimeter
weight measurements in combination with the AWAT-filter allowed to
precisely estimate ETa or P rates, including small water fluxes from dew
formation, soil water vapor adsorption, or nighttime ETa (Groh et al.,
2019; Kohfahl et al., 2019; Paulus et al., 2022). In the next step, the
lysimeter ETa data (ET-LYS) were aggregated to hourly values. Missing
hourly values were gap-filled using linear regression with parallel ETa
values from other available lysimeters (same site and same soil) or the
potential ET (ET,) for a grass reference vegetation with an albedo of
0.23. The hourly ETj is calculated with the FAO Penman-Monteith
equation (Allen et al., 2006):

~ 0.408A(Ry — G) + 7 1 25z (€°(Th) — €a)

Ty = 1
0 A+ y(1 + Cqup) M

where A is the slope of the vapor pressure curve (kPa °C'), R, is net
radiation at the surface (MJ m™ h'l), G is soil heat flux density (MJ m2h
1), Ty is mean hourly air temperature at 2 m height ( °C), e°(Ty) is hourly
saturation vapor pressure (kPa), e, is hourly actual vapor pressure (kPa),
y is psychrometric constant (kPa °C'1), C4 is the coefficient set to 0.24 s
m whenR, >0and 0.96sm™ whenR, < 0, and uy is wind speed at 2 m
height (m sh.

However, lysimeter data during snow cover and freezing conditions
are often prone to larger errors due to the influence of snow bridges and
ice formation (Schnepper et al., 2023). Thus, longer gaps during winter
and spring (December to March, Table S3) due to snow or ice cover on
the top of the lysimeters existed at the alpine site GW. We used hourly
ETo snow to replace the missing hourly values for these gaps. ETq snow is
the potential ET calculated with the actual albedo measurements instead
of the albedo for grass (0.23). Actual albedo was measured using the
sensor CNR4 (Kipp & Zonen, Delft, Netherlands) at the height of 1.9 m at
the GW site. Finally, the hourly data were aggregated to daily values.

2.4. Eddy covariance data

Eddy-covariance measurements are conducted near each lysimeter
station. The equipment used at the different EC-stations is basically
identical. The EC instrumentation consists of a CSAT-3 sonic anemom-
eter (Campbell Scientific, Inc., Logan, USA) to measure wind for all three
dimensions, and an LI7500 open-path gas analyzer (LI-COR Inc.,
Lincoln, NE, USA) for acquisition of HyO and CO, contents of the air.
Along with the anemometer and gas analyzer, a four-component net
radiometer (Eifel: NRO1, Hukseflux Thermal Sensors, Delft, Netherlands;
Pre-Alpine: CNR4, Kipp & Zonen, Delft, Netherlands) and soil heat flux
plates (HFP01-SC, Hukseflux Thermal Sensors, Delft, Netherlands) are
installed to measure radiative fluxes and ground heat flux. Air temper-
ature and humidity are measured by HMP45 (Vaisala Inc., Helsinki,
Finland). More information about the EC station can be found for the
individual sites in Bogena et al. (2018) and Kiese et al. (2018).

The EC raw data were obtained at a frequency of 20 Hz, followed by
the aggregation of fluxes to 30 min intervals. The EC data calculation
and quality assurance were conducted in accordance with the stan-
dardized strategy proposed by Mauder et al. (2013) using the TK3
software package (Mauder & Foken, 2011). Only flux data with quality
flags 0 and 1 were used in this study; other poor quality data were
excluded. To fill the gaps, a zero-intercept linear regression approach
between ETa and the predictor ET, with a flexible time window was
applied according to Graf et al. (2014). The window length starts at a
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minimum of 60 days and then increases by 1 h increments to find the
minimum root mean square error (RMSE). We continued to increase the
window length until either (1) the RMSE started to rise as the time
window expanded or (2) the maximum allowable window length of 120
days was achieved. Eventually, the regression coefficient (the slope of
ETa versus ETy values) associated with the chosen time window was
used to fill the missing values. More specifications can be found in Graf
et al. (2014).

We mainly focused on the estimation of ETa without correction of the
energy balance deficit. However, energy imbalance is a common issue at
almost every EC site, where the sum of the turbulent fluxes (sensible plus
latent heat flux) is generally less than the measured available energy
(net radiation minus ground heat flux) (Twine et al., 2000; Foken et al.,
2011). To address this discrepancy, the turbulent fluxes can be recal-
culated using the Bowen-ratio forced closure method. In this study, the
energy balance deficit (EBD) was determined on a daily scale:

EBD =R, — (G+LE+H) 2

where R, is net radiation (W rn'z), G is ground heat flux (W rn'z), LE is
latent heat flux (W m™2), and H is sensible heat flux (W m?).

The Bowen ratio () is defined as:

H

p= 1% 3)

The energy-balance-corrected latent heat flux (LE.) was then deter-
mined by redistributing the latent heat according to the calculated
Bowen ratio:

LE. = LE+ EBD <1 +%> 4

Both uncorrected and corrected ETa measurements from EC (ET-EC
and ET-ECc, respectively) were used in this study to assess whether the
closure of the energy balance from EC measurements affects the corre-
lations of ETa between sites.

2.5. Pearson correlation coefficient of standardized anomalies of ETa

Pearson correlation coefficient (PCC) is a classic metrics of the
strength and direction of a linear relationship between two variables.
For a sample size larger than 30, the absolute values of PCC ranging
between 0 and 0.1 indicate no correlation, 0.1-0.3 small correlation,
0.3-0.5 moderate correlation and 0.5-1.0 strong correlation (Cohen,
1988; Fraenkel & Wallen, 1990).

If ETa values are known over a long time period, long term averages
of ETa can be calculated, and anomalies can be deduced from this. For
example, it is expected that under conditions of sufficient water supply
and higher availability of energy than normal (sunny and warm weather
conditions) ETa will show a positive anomaly, whereas under conditions
of very low soil moisture content, ETa will be below normal. The
anomaly for a given period is calculated by comparing with the histor-
ical mean for the same period so that surplus or deficit can be calculated
(Tadesse et al., 2015). ETa anomaly (AET,) is defined as ETa for the day i
(ET,;) minus the long-term average ETa for that day (ET,;):

AET, = ETq; — ET,; 5)

AET, is calculated on a daily basis. As the time series of ETa in this
study are still relatively short, average ETa shows still considerable day-
to-day variations. Therefore, the yearly cycle of average daily ETa is
smoothed with help of a fourth order polynomial regression. For the
subsequent statistical analysis of the ETa, it is also important to stan-
dardize for time dependent standard deviation (e.g., the standard de-
viation of ETa is in general smaller in winter than in summer). SAgr,
were calculated as follow:
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SAg, = “Fla ©)

OET,. i

where ogr, ; is the long-term standard deviation of daily ETa for that day
of the year, which is obtained from a fourth order polynomial regression.
Standardized anomalies eliminate the role of seasonality (Grumm &
Hart, 2001). The SAgr, are then subjected to statistical analysis focusing
on spatial correlations between different sites evaluated by PCC. This
calculation procedure was followed for ET-LYS, ET-EC and ET-ECc.

2.6. Wavelet analysis

The behavior of ETa can differ across various temporal scales. The
correlation for ETa between sites can be positive at some temporal
scales, whereas at other scales it can be negative. In order to analyze the
correlations into time-frequency domain as well as for lagged responses,
wavelet transform coherence (WTC) was employed. Furthermore,
multivariate relationships of ETa at multiple scales are also an inter-
esting investigation for our better understanding of ETa measurements
and are important to improve the accuracy of ETa predictions for a
specific location based on data from different locations. With the com-
bination of different ETa time series, more climate conditions, vegeta-
tion types and soil types are taken into consideration. We applied
multiple wavelet coherence (MWC) which is able to disentangle a range
of multivariate relationships.

2.6.1. Continuous wavelet transform

Continuous wavelet transform (CWT) analyzes a time series in time-
frequency domain (Torrence & Compo, 1998; Grinsted et al., 2004).
Before WTC and MWC can be calculated, it is essential to first compute
the CWT.

For a time series X of length N (X,, n = 1, 2, ..., N) with uniform
sample spacing 6t (one day in this study), the CWT can be computed as:

o (' —n)st
Wf(s) = ;Xn’ CsWo (f) )

where n is the localized time index, n' is the time variable, N is the
number of points in the time series, s is the wavelet scale, ¢ = \/% is the

normalization factor and () is the mother wavelet function. In this
study, the Morlet wavelet was selected as the mother wavelet which has
been widely used in hydrometeorological studies ( Labat, 2005; Charlier
et al., 2015; Su et al., 2019; Cheng et al., 2021; Wu et al., 2021). The
Morlet wavelet function is expressed as y, () = 7~ /*elo’e /2, where
i is the imaginary operator (i = +/—1 ), # is the dimensionless time and
wo is the dimensionless frequency localization. The value of wg is
commonly recommended as 6 which can provide a good balance be-
tween time and frequency localization for feature extraction purposes
(Grinsted et al., 2004).

2.6.2. Wavelet transform coherence
WTC is a correlation coefficient in the time - frequency space and can
quantify the intensity of linear relationship between two time series.
Given time series X and Y, with wavelet transforms WX (s) and WY (s), the
WTC between X and Y can be expressed as:
. [s(s Wi ) [

= S(srwis))-s (s wrs) )

(8

where WXY = WXY(s)- WY x (s) is the cross-wavelet spectrum, * de-
notes the complex conjugate and S is a smoothing operator (for detailed
information, see Torrence & Compo, 1998). The value of R2(s) ranges
from O to 1, with 0 indicating no correlation and 1 indicating the perfect
linear relationship between the two time series at the given frequency
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Table 2
Yearly sums of ETy, ET-LYS, ET-EC and ET-ECc at different sites. “Gap-filled ETa [%]” denotes the percentage of hourly ETa which were gap-filled. Here, yearly ET-LYS
is the mean of multiple lysimeters at the same site. The standard deviations between the lysimeters are presented in parentheses.

Site Year 2015 2016 2017 2018 2019 2020 Mean

RO ETo [mm] 673.5 630.7 655.3 737.1 689.0 763.9 691.6
ET-LYS [mm] 684.3 (+20.4) 642.1 (+18.3) 658.9 (+27.6) 658.3 (+34.4) 708.8 (+35.8) 708.2 (+23.9) 676.8 (+19.0)
ET-EC [mm] 535.8 481.4 540.9 550.1 516.4 553.9 529.7
ET-EC. [mm] 619.5 614.8 652.2 661.1 611.6 664.6 637.3
Gap-filled ET-LYS [%] 16.2 (+£2.34) 11.4 (+£0.63) 12.7 (£0.41) 17.5 (+£0.35) 18.5 (+9.80) 7.8 (+£0.91) 14.0 (+4.11)
Gap-filled ET-EC [%] 30.4 32.8 33.2 26.6 29.2 27.3 29.90

WU ETo [mm] 628.7 592.9 598.2 691.8 648.2 694.1 642.3
ET-LYS [mm] 469.9 (£+26.6) 399.4 (£35.1) 389.9 (£29.7) 428.0 (+£27.4) 376.1 (+23.8) 373.3 (£27.9) 406.1 (£25.8)
ET-EC [mm] 507.0 543.1 550.4 528.2 516.9 532.1 529.6
ET-EC. [mm] 553.8 581.8 557.0 577.9 555.5 584.4 568.4
Gap-filled ET-LYS [%] 12.1 (£0.74) 16.5 (+0.83) 17.2 (£0.86) 18.8 (£1.44) 16.4 (£1.07) 13.0 (£1.99) 15.7 (£1.15)
Gap-filled ET-EC [%] 51.5 51.1 64.2 65.3 50.9 47.9 55.2

SE ETo (mm) 741.1 690.4 709.6 800.7 766.6 828.6 756.2
ET-LYS(SEse) [mm] 733.4 (£36.6) 506.0 (£14.1) 570.4 (+46.9) 471.2 (£11.4) 533.5 (+34.1) 480.7 (£23.0) 549.2 (£9.9)
ET-LYS(SEro) [mm] 838.0 (+23.9) 694.0 (+43.6) 681.5 (+£30.1) 592.2 (+16.5) 731.5 (+33.6) 672.5 (4£5.5) 701.6 (£13.2)
ET-LYS(SEwu) [mm] 709.8 (£+65.3) 611.4 (+63.8) 563.1 (+39.7) 477.1 (£19.9) 486.6 (+37.9) 490.3 (£+36.3) 556.4 (+31.9)
ET-EC [mm] 586.2 496.4 538.7 449.1 522.1 487.2 513.3
ET-EC. [mm] 683.6 609.1 639.1 534.3 664.6 568.5 616.5
Gap-filled ET-LYS (SEse) [%] 7.9 (£1.89) 5.5 (+£0.99) 6.3 (£2.98) 5.3 (£0.58) 4.1 (+£0.54) 2.9 (+£0.90) 5.3 (£1.71)
Gap-filled ET-LYS (SEro) [%] 12.4 (+£4.49) 8.2 (£1.42) 5.8 (+£0.40) 4.1 (£0.87) 8.2 (£0.46) 4.3 (+£0.55) 7.2 (£3.15)
Gap-filled ET-LYS (SEwu) [%] 12.7 (£6.65) 9.0 (£0.83) 5.8 (£1.18) 6.9 (£1.13) 12.4 (£2.56) 7.4 (£0.74) 9.0 (+£2.89)
Gap-filled ET-EC [%] 19.5 20.4 22.3 18.6 18.2 26.8 21.0

GW ETo [mm] 674.2 623.7 666.1 705.8 681.5 666.7 669.7
ET-LYS [mm] 637.5 (+2.9) 585.7 (+37.7) 659.2 (+50.0) 663.1 (+28.9) 665.8 (+54.8) 697.1 (£15.1) 651.4 (+31.6)
ET-EC [mm] 462.6 446.3 507.0 492.3 459.6 465.6 472.2
ET-EC. [mm] 572.4 506.4 546.2 556.1 474.0 495.9 525.2
Gap-filled ET-LYS [%] 49.9 (£0.6) 41.5 (£0.6) 43.1 (£3.0) 45.2 (+£1.4) 54.1 (£3.0) 59.7 (£1.7) 48.9 (£7.0)

J— Gap-filled ET-EC [%] 39.3 39.2 38.4 57.3 30.4 30.7 39.2
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Fig. 2. Average monthly cumulative ET-LYS, ET-EC, ET-ECc and ET at different sites, calculated over the period 2015-2020. Error bars denote the standard de-
viations of monthly ET, calculated over the years.
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Table 3

Average Pearson correlation coefficient (PCC) of SAET-LYS, calculated between
different pairs of lysimeters at the same site for the period 2015-2020. Stdv
denotes the standard deviation of correlations.

RO wu SEro SEwu SEse GW
PCC 0.96 0.94 0.92 0.91 0.94 0.95
Stdv +0.03 +0.04 +0.02 +0.07 +0.05 \
and time.

2.6.3. Multiple wavelet coherence
MWC is a special case of wavelet analysis extended from the rela-
tionship of binary time series to multivariate time series at different time
scales and frequencies (Hu & Si, 2016; Hu et al., 2017; Su et al., 2019).
Given a response variable Y and multiple predictor variables X (X = {Xi,
X5, ..., Xi }), the MWC at scale s and location 7, ,0,2,1(57 7), can be
expressed as:
— YX
(s,0)'w

Yy

w o (s,7)

— XX
Y.X w

A= W (s (5,7

9

L XX ., YY

where W (s,7)and W (s, 7) are the matrix of smoothed auto- and
cross-wavelet power spectra among multiple predictor variables X and
the matrix of smoothed wavelet power spectrum of the response variable

- YX
Y, respectively. W (s, 7) is the matrix of the smoothed cross-wavelet

power spectra between the response variable Y and predictor variables

—s VX «— 1Y
X. W (s,7)" denotes the complex conjugate of W (s,7).

For both WTC and MWG, statistical testing was done against red
noise as the null hypothesis, which can be modeled by a first-order
autoregressive process requiring >1000 random realizations (Grinsted
et al.,, 2004). The Monte Carlo method was adopted in this study to
determine the 5 % significance of WTC and MWC, which is commonly
applied for hydrological and ecological data sets (Maraun & Kurths,
2004; Carey et al., 2013). Because the time series are not cyclical, edge
artifacts exist. The region of the wavelet spectrum in which edge effects
become important is defined as the Cone of Influence (COI), which is
marked as lighter shade in the wavelet plots in this paper. For each scale,
the significance level was assessed using only the values outside the COIL
The global coherence coefficient (GCC), which is the time-averaged
value of the WTC at a certain scale (Torrence & Compo, 1998; Liu
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et al., 2017) was analyzed in this study. The average wavelet coherence
(AWC) and the percent area of significant coherence (PASC) relative to
the whole wavelet scale-location (out of COI, Hu and Si, 2021) was also
calculated. Higher overall AWC and PASC suggest greater dominance
(Hu et al., 2017; Cheng et al., 2021). Although inclusion of additional
ETa measurements from other sites might increase the coherence with
the ETa at a given site, an increase in the PASC value by at least 5 %
should be observed before it can be concluded that the additional ETa
measurements have practical significance (Hu et al., 2017; Cheng et al.,
2021). The wavelet analyses were conducted through Matlab program
adopted or adapted from Torrence and Compo, Grinsted and Hu and Si
from the website 10.6084,/m9.figshare.13031123.

3. Results
3.1. Observations of ET-LYS and ET-EC

Yearly cumulative ET-LYS, ET-EC and ETj, for the years 2015-2020
are presented in Table 2. Here, the yearly sum of ET-LYS is the average
over multiple lysimeters at the same site and with the same soil type,
because the standard deviation between lysimeters at the same site and
same soil was small. Among all sites, the lysimeters at the Selhausen site
filled with Rollesbroich soil (SEro) had on average the largest cumula-
tive ET-LYS (701.6 mm/y), while for the Rollesbroich site (RO) and the

0.7 -
2 K
06 R%=0.94 e
@05 @
<E .
E’_’ 0.4 L ‘® sites.
o @ ROWU
8 0.3 ’,/' @ RO-SE
o @ @ WU-SE
. @ RO-GW
0.2 i @ wu-cw
Q- @ SsE-GW
0.1+
0.1 0.2 0.3 0.4 0.5 0.6 0.7

PCC of SAET*EC

Fig. 4. Scatter plot of Pearson correlation coefficient (PCC) of standardized
anomaly (SA) of ET-EC and ET-ECc between the different sites. ET-EC and ET-
ECc refer to the ETa measurements from EC without and with energy balance
closure, respectively. Dashed line is the 1:1 line.
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http://10.6084/m9.figshare.13031123

Agricultural and Forest Meteorology 359 (2024) 110288

X. Lu et al.
GCC
7 3
> >
© @©
[=) [=)
el el
R 2
@ 3
o o
AR 12018 412017, 4 2018, |4 2019 42020 AN (12018, 42017, 4 2018, 4 2019 42020 05 10
(d) RO - SEse GCC
(I 11'\||\i';:.x‘) ] e
! k‘!'!' e 4 4
A
7 7 - 164
@© © |
[=) [=) - 321
3 2
g ] ]
1284
R~ 2561
512
AN 12018 412017, 412018, 14 2019 42020 : : : A9V 412018, (12017, 412018 4 2049, 42020 0005 10
©) WU - SEro Gce ) WU - SEwu Gee
o A R it T T
\‘ lv‘ll" N I ’ Iy [0 | S ' L ) i|¢ I  Mina
) q " ] i l / |
g ]\ | l ‘J; ' ‘“I' Lv" L y 8 - | I\ 5:
d\ ks e Y S ot A it
z ‘%‘ % ‘ L ‘ 16 @ : l
> > >
© © ~
[=) > J 32+ [=) A 3 1
S g ’ 641 g B = '
o K U
240 PPN - 35F
25640+ SEE ‘.';‘:“_‘1 2561 e RO RIS
[P __ - 5121 [ iNSSaa——— X g
ARONS A20NG 42OV 012018, 14 2018, 42020 0005 10 0 a0 r120 11201 10 201 ja 2020 0005 10
(9) WU - SEse GCC ]
0t TR SR A o
i W T e
\ ‘h‘“ln' ,' y | { 8 gl 0.8
. J {v \‘I \ :t‘ 1% ] 8 - K
\ e VT [
@ 15 \ o 161
£ l - o] 1 0.6
= ?“ 327
o 4 i |
S 64y : 641 0.4
$ - ;
\E 7128,
3 o, 256y 0.2
512t P L5
; ; 0

r = T
AN 112018 112017, 412018, 14 2019 42020 00 05 10

Fig. 5. Wavelet transform coherence (WTC) and global coherence coefficient (GCC) of ET-LYS between (a) RO and WU, (b) RO and SEro, (c) RO and SEwu, (d) RO
and SEse, () WU and SEro, (f) WU and SEwu, (g) WU and SEse. The vertical axis shows the periodicity up to 770 days. The right part of each panel demonstrates the
GCC. The left part of each panel depicts WTC and the horizontal axis shows the study period (from 2015 to 2020 on daily basis). Thick contours indicate significant
coherence at 95 % confidence level. The pale region delineates the cone of influence (COI) where edge effect might distort the results. Small arrows show the phase
difference between two series (right arrows indicate in-phase (positive) relationship, left arrows indicate out-of-phase (or negative) relationship (180°), and arrows
upwards (downwards) indicate the second series leading (lagging) the first by 90°). The color denotes the strength of coherence with the red being high and blue

being low.



Agricultural and Forest Meteorology 359 (2024) 110288

GCC

Period [Days]

A2V 412018 120V, 14 20N, 4 201 14 2020

0.8
0.6
0.4

0.2

X. Lu et al.
GcC
05 10
Gce
2
©
Q,
©
8
[
o
ARON A120NG 1120V 4 201G 4 2019 4202 0005 10

Fig. 6. Wavelet transform coherence (WTC) and global coherence coefficient (GCC) of ET-EC between (a) RO and WU, (b) RO and SE, (c) WU and SE. The vertical
axis shows the periodicity up to 770 days. The right part of each panel demonstrates the GCC. The left part of each panel depicts WTC and the horizontal axis shows
the study period (from 2015 to 2020 on daily basis). Thick contours indicate significant coherence at 95 % confidence levels against red noise. The pale region
delineates the cone of influence (COI) where edge effect might distort the results. Small arrows show phase difference between two series (right arrows indicate in-
phase relationship, left arrows indicate out-of-phase relationship (180°), and arrows upwards (downwards) indicate the second series leading (lagging) the first by

90°). The color denotes the strength of coherence.

Graswang site (GW) ET-LYS were slightly smaller (676.8 mm/y and
651.4 mm/y, respectively) and for the Wiistebach site (WU) much
smaller (406.1 mm/y). At the Selhausen site (SE), lysimeters with other
soil types had a much lower ET-LYS than those of SEro: for lysimeters
with Wiistebach soil (SEwu) 556.4 mm/y and for lysimeters with Sel-
hausen soil (SEse) 549.2 mm/y. The measured ET-LYS were close to ETg
for the wet grassland RO and GW sites. In 2018 however, with a marked
hot and dry summer period, both at the RO site and GW site ET-LYS was
clearly smaller than ET( (up to 10 % and 6 %, respectively). On the other
hand, for the drier and warmer SE site ET-LYS was in general smaller
than ET, but strongly dependent on the soil type. For lysimeters SEse,
ET-LYS was on average over the six years 27 % smaller than ET,. For
SEro the difference with ETy was much smaller (7 % on average). The
largest differences between ET-LYS and ETy were found for the year
2018, with ET-LYS being 40 % smaller than ET, for SEse. This shows that
the ETa in the dry year 2018 at SE was strongly limited by the lack of
water, which is in line with previous investigation at SE for grassland
(Forstner et al., 2021) and the crop oat (Groh et al., 2022). Finally, for
WU ET-LYS was much smaller than ETy (37 % on average over the six
years) although WU is a wet site. This is because the lysimeter is located
in the forest shadow and reduced sunlight reaching the grasses can result
in lower rates of ETa compared to ET that was based on above-canopy
radiation measurements. Among the six years, year 2020 witnessed the
highest ETy at all the three sites in western Germany (768.1 mm/y,
706.3 mm/y and 807.3 mm/y at RO, WU, and SE, respectively), whereas
the largest ETy was 705.8mm/y in 2018 at GW in southern Germany.
At RO and GW, the yearly sum of uncorrected ET-EC was on average
22 % and 28 % smaller than that of ET-LYS, respectively. This is in
accordance with the findings reported by Gebler et al. (2015) and

Mauder et al. (2018). For SEro, the yearly sum of ET-LYS was markedly
larger than that of ET-EC (26.8 %). However, for SEwu and SEse ET-LYS
was only slightly larger than ET-EC at the SE site (7.7 % and 6.5 %,
respectively). The biomass production on the lysimeters corroborate
these findings with more biomass on the SEro lysimeters than the other
lysimeters. These differences in ET and biomass production might be
related to the soil properties, so that SEro lysimeters are less affected by
drought than SEwu and SEse. We found that in July and August, ET-LYS
from SEro lysimeters is much higher than that from SEse lysimeters (the
difference was 37 mm on average, Figure S1). This disparity can be
explained by the fact that the SEse lysimeters were generally bare soil for
most of the time during the two months which led to less transpiration
by the plants (Table S6), while on the SEro lysimeters grass was growing.
In WU, the average annual ET-EC of the six years was 30 % higher than
ET-LYS, which agrees well with a previous investigation at the site,
where ET-EC was 41 % higher than for the forest meadow (Bogena et al.,
2015). This is again due to the fact that, on the one hand, the lysimeter at
the WU site is located in the forest shade, and thus has a significant lower
energy input than the forest area, and, on the other hand, the ET-EC in
Wiistebach measures ETa over the forested footprint of a spruce stand
(Picea abis L.), which has a much higher leaf area index than the local
grassland.

With the correction of the energy balance deficit using the Bowen
ratio method, the yearly sum of ET-ECc increased substantially
(Table 2). The RO site had the most significant increase where the
annual ET-ECc was on average 16.9 % higher than ET-EC. ET-ECc is
closer to ET-LYS than ET-EC, with the difference of annual ETa mea-
surements between EC and lysimeter on average reducing from 22 % to
5.6 %. Similarly, ET-ECc at the GW site also showed a clear increase and
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Fig. 7. Wavelet transform coherence (WTC) and global coherence coefficient (GCC) of ET-LYS between (a) WU and GW, (b) RO and GW, (c) SEse and GW, (g) SEwu
and GW and (h) SEro and GW, and WTC of ET-EC between (d) WU and GW, (e) RO and GW and (f) SE and GW. The vertical axis shows the periodicity up to 770 days.
The right part of each panel demonstrates the GCC. The left part of each panel depicts WTC and the horizontal axis shows the study period (from 2015 to 2020 on
daily basis). Thick contours indicate significant coherence at 95 % confidence level. The pale region delineates the cone of influence (COI) where edge effect might
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10



X. Lu et al

Table 4

Average wavelet coherence (AWC) and percent area of significant coherence
(PASC) values for the wavelet coherence of ET-LYS or ET-EC between two sites at
the landscape scale.

ET-LYS ET-EC
Site AWC PASC (%) Site AWC PASC (%)
RO - WU 0.73 58 RO - WU 0.65 47
RO - SEse 0.56 34 RO - SE 0.53 32
RO - SEro 0.68 51
RO - SEwu 0.60 39
WU - SEse 0.53 29 WU - SE 0.52 27
WU - SEro 0.54 30
WU - SEwu 0.55 32
Table 5

Average wavelet coherence (AWC) and percent area of significant coherence
(PASC) values for the wavelet coherence of ET-LYS or ET-EC between two sites at
the larger regional scale.

ET-LYS ET-EC

Sites AWC PASC Sites AWC PASC
RO - GW 0.56 30 RO - GW 0.58 37
WU - GW 0.54 29 WU - GW 0.52 30
SEse - GW 0.45 20 SE - GW 0.43 18
SEro - GW 0.47 21

SEwu - GW 0.45 20

was closer to ET-LYS, but still with a difference of 17 %. At the WU and
SE sites, ET-ECc increased by 6.4 % and 17 % compared to ET-EC,
respectively.

Fig. 2 shows the average yearly cycle of ET-LYS, ET-EC, ET-ECc and
ET( at monthly resolution for the study period. All four sites show a
distinct yearly cycle. In summer (June to August) the monthly cumu-
lative ET-LYS values for RO, WU, and GW were larger than in other
seasons, with peak values in RO in June of 112.0 mm close to ET( (109.8
mm), in WU for July of 72.8 mm and in GW for July of 118.1 mm. ET-
LYS for RO was obviously higher than ET, in May and June, suggesting
that in these months grass heights were larger than the reference grass
height of 12 cm combined with ETa which was not limited by soil
moisture but by energy. The highest monthly ET-LYS in SE was found in
May for all soils and land surface cover types, namely 105.1 mm (SEro),
86.0 mm (SEwu), and 97.3 mm (SEse). For SEse, this can be explained by
the fact that in May the crops were growing and therefore ETa was high,
while in summer ETa decreased due to the end of the growing season.
For the grass, this is most likely related to the fact that in summer at the
SE site ETa is often reduced due to drought, while RO and WU are less
affected by drought stress given the higher precipitation and lower ET,
compared to SE. However, also the change in the growing season
duration combined with less precipitation might affect the ETa differ-
ence between sites. Forstner et al. (2021) demonstrated that transferring
soil from RO to SE increases the length of the growing season by an
average of 36 days. December witnessed the lowest average monthly
cumulative ET-LYS at the RO, WU, and SE sites, but the lowest monthly
ET-EC and ET-ECc was registered in January.

Over the six years, the percentage of gap-filled ET-LYS at RO, WU
and SE was on average 10.2 % and at GW 48.9 % (Table 2). The higher
percentage at GW is related to snow cover (with over 80 % and even up
to 100 % of missing data in January, February, March and December,
Tables S3 and S4) and the frequent chamber measurements performed
on the lysimeters which disturbed the lysimeter ET measurements. The
percentage of gap-filled ET-EC data was higher than for ET-LYS at all
sites, with an average of 36.3 % across the four sites, and for WU it was
even up to 65.3 % in 2018 (Table 2). More data gaps occurred during
night than that during daytime (Table S5) due to more stable conditions
with lower wind speeds and reduced turbulence during night (Straaten
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& Weber, 2021). Given the fact that ETa is primarily composed of
daytime ETa (Ding et al., 2010; Groh et al., 2019; Han et al., 2021), the
high gap-filling percentage of nighttime ETa does not necessarily reduce
the reliability of the data. In addition, both lysimeters and EC had more
missing data in winter (Table S4), which is related to snow and frost
(lysimeters, Tables S1-S3) and stable conditions where the EC data is not
reliable.

3.2. Pearson correlations for ET-LYS and ET-EC at different spatial scales

3.2.1. Plot and landscape scale

Table 3 shows the average PCCs of SAgr.1ys between different indi-
vidual lysimeters at the same measurement site. The lysimeters with the
same soil origin at the same site showed high correlations (>0.9) and
very low standard deviations (<0.08). The high PCCs indicate that the
replications of lysimeter worked well and lysimeter measurements
provide representative information at the plot scale.

Given the fact that lysimeter measurements are representative at the
plot scale with very high correlations among different lysimeters at the
same site, we used the average ET-LYS for different lysimeters with the
same soil at the same site to perform the succeeding analyses. Fig. 3
shows PCCs for ET-LYS, ET-EC and ET-ECc between different sites. At
the landscape scale (separation distances < 50 km), PCCs of SAgt.Lys
varied between 0.32 and 0.65. The correlation between the WU and RO
site was 0.65 and the two sites have a similar climate and are not
separated far in space (13 km). Correlations were smaller between WU
(or RO) and the SE site, which is related to differences in precipitation
and potential evapotranspiration (ETy), as well as soil type between WU
or RO on one hand and SE on the other hand. The lowest correlation of
0.32 was found between WU and the lysimeters SEse. In summary, SAgt.
Lys show moderate correlations between lysimeters which are between
10 and 50 km separated in space.

Next, we compare the PCCs of SAgr.1ys and SAgr.gc across different
sites over the 6 years period at the landscape scale (Fig. 3). The PCC
between RO and WU are very similar for SAgr.1ys and SAgr.gc (0.65 and
0.66, respectively) despite the different vegetation at WU for the EC
station (forest) and the lysimeters (grass). In addition, as pointed out
before, the lysimeters at the WU site are located in a forest meadow
which is often shaded (morning and evening hours) by the surrounding
spruce stand, whereas the EC station measures ETa above the forest
canopy. The PCC was high between RO and the SEro lysimeters (0.65).
This could be related to the fact that the same soil and vegetation on the
lysimeters at both sites lead to a similar ETa response. On the other
hand, the PCC for ET-LYS between the lysimeters at RO and the lysim-
eters in SE filled with WU soil (SEwu) was slightly lower than the PCC
for ET-EC (0.58) between RO and SE. Finally, PCC for ET-LYS between
lysimeters in RO and lysimeters in SE filled with SE soil (SEse) was lower
than PCC for ET-EC between RO and SE (0.47 versus 0.58), and showed
relative high variation between years with values varying between 0.61
(2015) and 0.35 (2018). The differences between the years can be
related to the different crop types and crop rotation (with different
harvest times) for lysimeters and EC at the SE site (Tables S6 and S7).

Also for WU and SE, despite the distance between the two sites of
about 50 km, a moderate PCC for ET-LYS measured by lysimeter SEse
was found (0.32), which was slightly smaller than for ET-EC (0.44). The
PCCs of SAgT.1ys between the two sites show a similar pattern as function
of the different soil types as RO and SE. Lysimeters SEro showed the
strongest correlation (0.44) with lysimeters in WU, closely followed by
the lysimeters SEwu (0.42).

After forcing energy balance closure, the PCCs of SAgT.gc. were all
lower than SAgr.gc at the landscape scale, varying between 0.41 and
0.58. The PCC of SAgt.gcc even became lower than PCC for SAgrys
between RO and WU sites (Fig. 3). Overall, although the distances across
the three sites vary from 10 to 50 km, PCC for ET-LYS was moderately
strong, and similar to the PCC for ET-EC and ET-ECc.
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3.2.2. Larger regional scale (~ 500km)

For the larger regional scale, the PCC was clearly lower than at the
landscape scale, varying between 0.16 and 0.3 for SAgr.1.ys and between
0.12 and 0.3 for SAgr.gc (Figure 3). At this scale, RO and GW had the
highest correlations, both for SAgr.1ys and SAgr.gc (0.3). The distance
between RO and GW is 485km. The strong PCC may be related to the fact
that both are extensively managed grassland sites and in general not
much affected by drought, as both sites are rather energy than water
limited ecosystems. Between WU and GW, PCC was lower and for SAgt.
Lys slightly lower than for SAgrpc, with values of 0.19 and 0.23,
respectively. Between SE and GW, SAgr.1ys shows higher PCC than SAgr.
gc (0.12) irrespective of soil and vegetation type, namely 0.16 (SEse),
0.22 (SEro) and 0.16 (SEwu). PCCs of SAgt.gc and SAgr.1ys between GW
and the arable land SE (or lysimeter SEse) varied a lot between years.

The relationship between the PCC for ET-ECc and PCC for ET-EC was
close to the 1:1 line with R? of 0.94, although there was a systematically
slightly lower correlation for ET-ECc than for ET-EC (Fig. 4). Interest-
ingly, with the increase of the distance between sites, the difference
between PCCs for ET-EC and PCCs for ET-ECc decreased (regardless of
landscape scale or larger regional scale), with the difference reduced
from 0.08 to —0.02. Though yielding different PCC values, correction of
energy balance for ET-EC did not change the results of the comparison
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with ET-LYS at larger regional scale (Fig. 3), indicating that the results
are robust. Overall, the correlation for ET-LYS was not much smaller
than that for ET-EC, suggesting that the lysimeter can provide as much
information as an eddy covariance measurement. In addition, although
the sites are far separated in space, still a small correlation in ET was
found, indicating that weather systems play a role in driving ETa.
However, given the low correlations at this separation distance of 500
km, the information content of lysimeters is quite limited for the larger
regional scale.

3.3. Wavelet coherence of ET-LYS and ET-EC

Given the similar PCC results for corrected ET-ECc, we continue the
analysis with uncorrected ET-EC. To explore the correlations for ET-LYS
and ET-EC at various temporal scales, the wavelet transform coherence
(WTC) was computed. Figure S2 presents the continuous wavelet
transform (CWT) ET-LYS and ET-EC for each site. Figs. 5, 6 and 7 show
the WTC results for ET-LYS and ET-EC between any two sites for the 6-
year time series and at which temporal frequencies coherence of the ETa
time series appears between two sites.

When analyzing the CWT, both ET-LYS and ET-EC at each site
showed significant annual cycle, and a cycle between 1 and 16 days
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appeared in the middle of each year (Figure S2).

In the cross-wavelet analysis, at landscape spatial scale, from Figs. 5
and 6 it can be seen that the WTC between any two measurement sites
was markedly significant both for ET-LYS and ET-EC at the semi-annual
and annual scale (180 —512 days), where the GCC stayed at a consis-
tently high value, even up to 1. This is intuitive since ET-LYS and ET-EC
at each site all showed a marked annual cycle (Fig. S2). The significant
WTC suggest that the semi-annual (winter to summer) trend and the
between-year trend on ETa are very similar. This is logical as the winter
and summer variations on ETa exhibit the most substantial changes, and
the between-year variations can also be significant. Both lysimeter and
EC can capture these distinctive features. Among these, RO exhibits
perfectly in-phase (positive) correlations with WU irrespective of ET-
LYS or ET-EC, whereas RO and WU lag SE by <1 month for all lysim-
eter soils and ET-EC, as indicated by the arrows in the figures.

For the RO-WU couple, the coherence at a scale of around 1 day and
1 month was intermittent and generally in phase both for ET-LYS and
ET-EC, with less coherence during winter (Figs. 5a and 6a). But ET-EC
displays more disruptions than ET-LYS at this time scale, especially in
the drier years (2018-2020), when ET-EC lost coherence during summer
months. Overall, the AWC and PASC for ET-LYS were similar to those for
ET-EC (0.73 and 58 % for ET-LYS and 0.65 and 47 % for ET-EC,
respectively, Table 4).

ET-LYS from RO and WU show similar wavelet coherence spectra
with the SE lysimeters, yet RO shows greater coherence than WU. For
the RO-SEse and the WU-SEse couple, the WTC results show intermittent
coherence for the 1- to 16-day period and scattered coherence for the 16-
day to half-year scale (Figs. 5 and 6). Most coherence is positive with
varying phase shift, but at a scale of around 90 days, the coherence turns
negative between May and August 2018, with arrows pointing to the
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left. Compared with ET-LYS, ET-EC between RO and SE has smaller AWC
(0.53) and PASC (32 %). For the WU-SE couple, ET-EC shows more
frequent breaks at a scale <16 days compared to ET-LYS.

The RO-SEro, RO-SEwu, WU-SEro and WU-SEwu couples all show
fragmentary coherence at small scales of 1 day to 1 month (Figs. 5 and
6). GCC is at a lower level for WU couples than RO couples. At this scale,
very weak or even no coherence was found in winter due to the lower
signal to noise ratio in winter, given small ET and the role of measure-
ment errors. Coherence was also weak in spring and autumn, which may
be related to the difference in beginning and end of growing season
within the Eifel and at Selhausen (Forstner et al., 2021). Again, the
coherence in 2018 was significantly smaller compared to other years
revealed by more blue area.

Compared to the landscape scale, both ET-LYS and ET-EC at the
larger regional scale show less area with significant coherence
(compared to Fig. 7) and smaller AWC and PASC (Table 5), but there is
still significant coherence at some temporal scales. Significant annual
coherence prevails during the entire study period for all pairs of sites for
both ET-EC and ET-LYS. RO and WU have in-phase (positive) coherence
with GW, whereas the wet GW site lags the dry SE site, irrespective of the
soil and vegetation type at SE, with arrows pointing slightly upwards.

ET-EC between RO and GW have the highest AWC (0.58) and PASC
(37 %) at the larger regional scale, followed by ET-EC between WU and
GW (0.52 for AWC and 30 % for PASC). The ET-LYS data show slightly
less coherence than ET-EC with 30 % PASC for the RO-GW couple and 29
% for the WU-GW couple. ET-EC between RO (or WU) and GW displays
sometimes significant coherence at a time scale around 64-128 days,
more than for ET-LYS. For the WU-GW couple, ET-EC shows significant
coherence at the scale around 90 days during the entire time periods,
while the arrows point to the right before 2017 and pointing right down
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from 2018 onwards indicating that GW lags WU. On the other hand,
significant coherence at the time scale around 90 days for ET-LYS be-
tween March 2018 and November 2019 shows no lag.

For the SE and GW sites, ET-LYS has higher AWC and PASC than ET-
EC (Table 5), but both ET-LYS and ET-EC show a low significant
coherence at the scales other than the annual scale.

3.4. Combined ETa measurements from multiple sites

In this section, we present the results of the analysis using multiple
wavelet coherence across various sites. Overall, we observe significant
continuous annual periodic characteristics prevailing both for ET-LYS
and ET-EC at the landscape scale and larger regional scale (Figs. 8-11).

At the landscape scale, compared with WTC results (on average 0.6
for ET-LYS and 0.57 for ET-EC, Tables 4 and 5), the two-site scenario
significantly improves AWC (on average 0.86 for ET-LYS and 0.79 for
ET-EC, Table 6). Fig. 8 shows that the consistency and coherence for the
scales of 1 day to 3 months is also notably improved compared with
Figs. 5 and 6. The best combination is WU and SE sites, which account
for 50 % to 71 % of the ETa variation at the RO site. Conversely, the least
effective combination is RO and WU sites which account only for 30 % of
the ETa variation at the SE site. Interestingly, when adding one lysimeter
measurement which contains the same soil and vegetation from the
response site, MWC increases significantly (from 0.86 to 0.94 for the RO
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site and from 0.85 to 0.91 for the WU site). However, PASC does not
show a significant increase (8 % increase for RO and 1 % decrease for
WU). This could be related to the overlapping effects due to the collin-
earity among the lysimeter measurements at the SE site.

At the larger regional scale, two-site combination shows higher AWC
than WTC, with AWC>0.7 (Table 7). The highest AWC is achieved by the
combination of ET-LYS from SEse, SEro and GW to predict RO (0.91).
Meanwhile, the AWC for ET-LYS are not lower than for ET-EC. When
adding another site, PASC for ET-LYS and ET-EC all increase, ranging
from 0.84 to 0.97. However, when adding a SE site, the PASC does not
improve.

Shifting from the two-site to the three-site scenario, we note a pro-
nounced improvement in AWC both for ET-LYS and ET-EC (on average
0.91 and 0.88, respectively) and in PASC for ET-LYS (on average 52 %).
However, the increase of PASC for ET-EC (by 4 % on average) is small.
Likewise, when adding SEro or SEwu, the AWC is the highest.

4. Discussion
4.1. Overall assessment of correlations
The spatial correlations of ETa as observed are affected by the hy-

drological status of the system, i.e. whether ET is energy limited or water
limited. This status can be characterized according to the Budyko
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framework, which is a widely used conceptual model by linking ETa
with ETy and precipitation (Akbar et al., 2018; Rahmati et al., 2020).
The ETa correlations between two sites with the same hydrological
status are higher than between those with different hydrological status
irrespective of ET-LYS or ET-EC. For example, the RO-WU couple has the
highest PCC among the lysimeter pairs at the landscape scale and the
PCCs for the RO-GW couple and the WU-GW couple are higher than for
the SE-GW couple at the large regional scale (Fig. 3). This is because RO,
WU and GW are mostly energy-limited sites that are not easily affected
by drought, whereas SE is a site which has sometimes water-limited
conditions (Figure S3). It would be interesting to extend the investiga-
tion further including more water limited sites to calculate also
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correlations between water limited sites. However, unfortunately high
resolution high quality lysimeter data are scarce, especially for semi-arid
and arid sites.

The vegetation and soil also affect the correlations between sites.
Lysimeters for different sites have a higher correlation, and higher PASC
with coherence at more temporal scales, if they contain the same soil,
and the correlation is weaker if the soil in the two lysimeters has a
different texture. This could be observed with the translocated lysime-
ters from energy-limited sites to water-limited sites (Rahmati et al.,
2020), comparing for example RO-SEro vs. RO-SEse as well as WU-SEwu
vs. WU-SEse (Fig. 5 and Table 4).When adding an additional ETa
timeseries from the lysimeter filled with the same soil and vegetation as
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Table 6

Main statistics of multiple wavelet coherence (MWC) of ET-LYS (or ET-EC) be-
tween sites at the landscape scale. AWC refers to average multiple-wavelet
coherence. PASC refers to the percent area of significant coherence. The sym-
bol “&” means combination, e.g., RO - WU & SEse means the coherence between
ET-LYS at the RO site and the combination of ET-LYS from lysimeters at the WU
site and SE site filled with local soil.

ET-LYS ET-EC

Two sites AWC PASC Two sites AWC PASC
RO - WU & SEse 0.86 64 RO - WU & SE 0.82 50
RO - WU & SEse & SEro 0.94 71

WU - RO & SEse 0.85 59 WU -RO & SE 0.81 46
WU - RO & SEse & SEwu 0.91 58

SEse - RO & WU 0.75 35 SE - RO & WU 0.74 33

Table 7

Main statistics of multiple wavelet coherence (MWC) of ET-LYS (or ET-EC) be-
tween sites at the larger regional scale. AWC refers to average multiple-wavelet
coherence. PASC refers to the percent area of significant coherence. The symbol
“&” means combination, e.g., RO - WU & GW means the coherence between ET-
LYS at the RO site and the combination of ET-LYS measured by lysimeters at the
WU site and lysimeters at the GW site.

ET-LYS ET-EC
Two sites MWC PASC Two sites MWC PASC
RO - WU & GW 0.86 59 RO - WU & GW 0.82 52
RO - SEse & GW 0.79 41 RO - SE & GW 0.82 51
RO - SEse & SEro & GW 0.91 56
WU - RO & GW 0.84 59 WU - RO & GW 0.82 50
WU - SEse & GW 0.75 37 WU - SE & GW 0.76 37
WU - SEse & SEwu & GW 0.86 43
SEse - RO & GW 0.72 31 SE - RO & GW 0.75 37
SEse - WU & GW 0.70 28 SE - WU & GW 0.70 24
GW - RO & WU 0.73 34 GW -RO & WU 0.75 40
GW - RO & SEse 0.72 29 GW - RO & SE 0.75 38
GW- WU &SEse 0.70 28 GW- WU &SE 0.71 29
Table 8

Main statistics of multiple wavelet coherence (MWC) of ET-LYS (or ET-EC) be-
tween sites at the larger regional scale. AWC refers to average multiple-wavelet
coherence. PASC refers to the percent area of significant coherence. The symbol
“&” means combination, e.g., RO - WU & SEse & GW means the coherence be-
tween ET-LYS at the RO site and the combination of ET-LYS measured by ly-
simeters at the WU site, lysimeters at the SE site filled with local soil and
lysimeters at the GW site.

ET-LYS ET-EC
Three sites AWC  PASC  Three sites AWC  PASC
RO - WU & SEse & GW 0.93 62 RO - WU & SE & 0.92 57
GW
RO - WU & SEse & SEro & 0.97 68
GW
WU - RO & SEse & GW 0.91 58 WU -RO & SE & 0.89 46
GW
WU - RO & SEse & SEwu 0.95 58
& GW
SEse - RO & WU & GW 0.85 32 SE-RO & WU & 0.86 34
GW
GW - RO & WU & Sese 0.84 33 GW-RO&WU& 0.86 39
SE

the response site, AWC increased significantly (Tables 7 and 8).The
correlations among sites for ET-LYS are not much smaller than for
ET-EC, although lysimeters have a small surface area (in this study about
1 m?) compared to the EC footprint. This can be explained by the fact
that correlations for ET-EC might be unusually small or correlations for
ET-LYS might be higher. The size and shape of the EC footprint vary
strongly depending on wind speed and wind direction (Chu et al., 2021).
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If the EC field is not homogeneous, the ETa is the spatially average over
the footprint, and in combination with varying wind speed and direction
this footprint might change and thus sample different areas. This foot-
print heterogeneity might result in lower correlations between EC sites.
On the other hand, although a lysimeter has a limited surface area, it can
be regarded as a large area with a homogeneous land surface, not
affected by random errors due to atmospheric instabilities caused by
wind gusts (Widmoser & Michel, 2021), resulting in ETa behaving in a
similar way under similar meteorological conditions and similar vege-
tation. In our study, the EC towers typically only sample one land use.
The RO site is almost exclusively constrained to the grassland (Gebler
etal., 2015). The EC tower at the WU site is centered in the forest and the
footprint reaches approximately 500 m downwind (Rabbel, 2018). For
the SE site, 80 % of footprint climatology is within the agricultural field
(Paulus et al., 2024). The flux footprint of the GW site was primarily
dominated by short grass within a radius of approximately 200 m
around the EC tower (Hirschi et al., 2017). For example, the RO and GW
sites are the two sites most comparable in our study. The lysimeters have
the same soil, vegetation and management as the EC field (Gebler et al.,
2015; Widmoser & Michel, 2021). As a result, the correlation of SAgT.1ys
between RO and GW is equal to the correlation of SA gr.gc.. Very weak
correlations were found in winter and higher correlation in summer.
This may be related to differences in the signal to noise ratio for ETa for
the different seasons, which can also be inferred from the randomly
changed phase angles in winter, relatively to summer (Fig. 5). Vari-
ability was also found across years, with less coherence in 2018, which is
marked as drought year (Graf et al., 2020).

4.2. Implications for lysimeter networks

Given the similar spatial correlations for ET-LYS and ET-EC, we
argue that the information content of lysimeter ETa measurements is not
limited by their small area. Thus, lysimeters can potentially be used to
upscale measured ETa after proper consideration of hydrological
regime, land cover and other factors. This has also implications for the
design of lysimeter networks. Lysimeters can estimate ETa more pre-
cisely than EC (smaller systematic and random measurement errors,
especially at nighttime the EC method is more affected by measurement
problems), with a similar spatial representativity and the ability to also
provide precise measurements for the other water balance components
(rainfall, non-rainfall, percolation, capillary rise), but at a higher
(maintenance) cost. Therefore, there is a need for a larger lysimeter
network, in part collocated with the EC network, especially also in semi-
arid and arid climates.

Wavelet coherence analysis is a localized spectral analysis, and thus
inherent all features of spectral coherence analysis, such as revealing
valuable information about the lag in ETa signals between the sites.
Additionally, wavelet analysis provides the global wavelet coherence,
which is identical to spectral coherence if the two time series are sta-
tionary. These localized wavelet coherence and global wavelet coher-
ence are particularly useful when estimating ETa at one site based on
data from neighboring sites. Accurate prediction of ETa requires not just
an understanding of the correlation between sites, but also about the lag
time between their responses. To improve these predictions, further
analysis of the correlations of ETa with other drivers, such as weather
conditions and soil moisture, across sites is necessary. For example, if we
want to estimate ETa at one site but only have data from another site,
understanding both the correlation and the lag time of key drivers be-
tween the two sites allows us to predict ETa. This could significantly
reduce the need for ETa measurement equipment, enabling ETa esti-
mation at a broader scale even with a limited lysimeter or EC network.

Furthermore, examining coherence on a seasonal scale provides
insight into the reliability of using lysimeter data to represent ETa at
larger spatial scales. For instance, if strong coherence is observed in the
summer, we can confidently use lysimeter data to estimate ETa over a
wider area during that season. However, during winter, when coherence
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might be lower, more caution is needed in extending site-specific ETa
data to larger scales. This seasonal variability highlights the importance
of understanding temporal coherence patterns to improve both local and
regional ETa predictions.

Due to the scarcity of parallel measurements by lysimeters and EC
towers, our study sites are not abundant, particularly the lack of water-
limited sites, and the land cover of EC sites and the vegetation on ly-
simeters are not fully compatible in this study. In addition, the study
period is still not long enough, thus we do not get full insight into the
correlations under different meteorological conditions. Except for these
limitations, our work provides important insights to explore the poten-
tial of the in-situ ETa lysimeter measurements.

5. Conclusions

This study investigates the information content of actual evapo-
transpiration (ETa) measurements by lysimeters analyzing correlations
of standardized anomalies of measured ETa between four different
measurement sites: Wiistebach, Rollesbroich, Selhausen and Graswang,
all located in Germany. Wiistebach, Rollesbroich and Selhausen are
located in North-Rhine-Westphalia, Germany with separation distances
between 0 and 50 km, whereas Graswang is further separated from all
other sites (500 km). For the same sites also the correlations of stan-
dardized anomalies of ETa measured by the eddy covariance method are
calculated. Standardized anomalies of ETa measured by lysimeters
showed at the plot scale (~10 m) very high correlations (>0.91), and at
the landscape scale (distances ~50 km) moderate correlations
(0.3~0.7). Those correlations are not much smaller than for EC and
suggest that the small lysimeter footprint gives information on ETa
comparable to EC measurements, which have a much larger footprint. In
order to analyze correlations also at different spatiotemporal scales a
wavelet transform coherence WTC analysis for lysimeters and EC was
performed. The strongest coherence is in general found for the yearly
cycle and temporal scales <3 months. Correlations are higher in the
summer half year than in winter, with variations between years and
lower correlations under drought conditions (2018). High multiple
wavelet coherence revealed that ETa can be predicted for a certain point
with high accuracy with help of values from multiple lysimeters located
in the neighborhood of the point (separation distances 10 - 50 km). This
study did not analyze in depth the drivers of the representativeness of
lysimeter measurements, and how for example drought conditions could
reduce the representativeness related to increased spatial heterogeneity
of ETa under such conditions. This will be subject of future work.
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