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Abstract

This study compares actual evapotranspirationy)(lBleasurements by a set of six weighable
lysimeters, ET estimates obtained with the eddy covariance (E€jod, and evapotranspiration
calculated with the full-form Penman-Monteith edoat(ETey) for the Rollesbroich site in the
Eifel (Western Germany). The comparison of,Eieasured by EC (including correction of the
energy balance deficit) and by lysimeters is rarefyorted in literature and allows more insight
into the performance of both methods. An evaluatbieT, for the two methods for the year
2012 shows a good agreement with a total differenic@.8 % (19 mm) between the ET
estimates. The highest agreement and smallestveeldifferences (< 8 %) on monthly basis
between both methods are found in summer, &as close to Edy, indicating that ET was
energy limited and not limited by water availagiliET, differences between lysimeter and EC
were mainly related to differences in grass hemghised by harvest and the EC footprint. The
lysimeter data were also used to estimate pretigteamounts in combination with a filter
algorithm for high precision lysimeters recentlyraduced by Peters et al. (2014). The estimated
precipitation amounts from the lysimeter data diféggnificantly from precipitation amounts
recorded with a standard rain gauge at the Rolédbitest site. For the complete year 2012 the
lysimeter records show a 16 % higher precipita@onount than the tipping bucket. After a
correction of the tipping bucket measurements leyntiethod of Richter (1995) this amount was
reduced to 3 %. With the help of an on-site camtée precipitation measurements of the
lysimeters were analyzed in more detail. It wasntbuhat the lysimeters record more
precipitation than the tipping bucket in part rethtto the detection of rime and dew, which
contributes 17 % to the yearly difference betweethbmethods. In addition, fog and drizzle
explain an additional 5.5 % of the total differentarger differences are also recorded for snow
and sleet situations. During snowfall, the tippibgcket device underestimated precipitation
severely and these situations contributed als®47t® the total difference. However, 36% of the
total yearly difference was associated to snow cewthout apparent snowfall and under these
conditions snow bridges and snow drift seem toarpghe strong overestimation of precipitation
by the lysimeter. The remaining precipitation difiece (about 33 %) could not be explained, and
did not show a clear relation with wind speed. Vhaation of the individual lysimeters devices
compared to the lysimeter mean are small showingt@ns up to 3 % for precipitation and 8 %

for evapotranspiration.
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1. Introduction

Precise estimates of precipitation and actual evapspiration are important for an improved
understanding of water and energy exchange pracésteeen land and atmosphere relevant for
many scientific disciplines and agricultural managet. Information about measurement errors
and uncertainties is essential for improving meam@nt methods and correction techniques as
well as for dealing with uncertainty during calittod and validation of model simulations.
Although first devices for modern scientific purpsswere developed in Europe during th& 17
century (Kohnke et al., 1940; Strangeways, 201, dccurate estimation of precipitatid®) (
and actual evapotranspiration {Ts still a challenge. Common precipitation measuent
methods exhibit systematic and random errors depgnzh the device locations and climatic
conditions. Legates and DeLiberty (1993) concluffech their long-term study of precipitation
biases in the United States that Hellman type gaygsS standard) undercatch precipitation
amounts. Undercatch is larger in case of snowfal larger wind speeds. Wind-induced loss is
seen as the main source of error (Sevruk, 1981 @:1Yang et al., 1998; Chvila et al., 2005;
Brutsaert, 2010). Precipitation gauges are commondialled above ground to avoid negative
impact on the measurements by splash water, malsaow drift. However, this common gauge
setup causes wind distortion and promotes the dpretnt of eddies around the device. Wind
tunnel experiments with Hellman type gauges (NeSpod Sevruk, 1999) have shown
precipitation losses of 2 - 10 % for rain and 2®G06- % for snow compared to the preset
precipitation amount. In general, wind-induced lassreases with installation height of the
device and wind speed and decreases with preogpitaitensity (Sevruk, 1989). Intercomparison
studies between different rain gauge designs oiled Meteorological Organization (WMO)
indicated that shielded devices can consideraldyae this undercatch compared to unshielded
gauges, in particular for snow and mixed precitat(Goodison et al., 1997). Further
precipitation losses, which affect the rain gaugmsurement, are evaporation of water from the
gauge surface and recording mechanisms (Sevruk]l;188chelson, 2004). Moreover,
measurement methods (e.g. condensation platesabptethods) to estimate the contribution of
rime, dew and fog to the total precipitation, exthd high uncertainty (Jacobs et al., 2006). A
short term lysimeter case study by Meissner ef28l07) and a long term investigation with a
surface energy budget model calibrated with migsirheters by Jacobs et al. (2006) show that
rime, fog and dew contribute up to 5 % to the ahpuecipitation at a humid grassland site, and

are usually not captured by a standard precipriagauge.
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The eddy covariance (EC) method is one of the rassiblished techniques to determine the
exchange of water, energy and trace gases betwedartd surface and the atmosphere. On the
basis of the covariance between vertical wind spaedi water vapor density, the EC method
calculates the vertical moisture flux (and theref&T) in high spatial and temporal resolution
with relatively low operational costs. The size ahépe of the measurement area (EC footprint)
varies strongly with time (Finnigan, 2004). Undenditions of limited mechanical and thermal
turbulence the EC method tends to underestimateslfWilson et al., 2001; Li et al., 2008)
Energy balance deficits are on average found tbdiereen 20 and 25% (Wilson et al., 2001;
Hendricks Franssen et al., 2010) and thereforentldteat flux or actual evapotranspiration
estimated from EC data shows potentially a stromgetestimation. The energy balance closure
problem can be corrected by closure proceduresgudie Bowen ratio. However, this is
controversially discussed, especially because nbt the underestimation of the land surface
fluxes, but also other factors like the underestiomaof energy storage in the canopy might play
arole (Twine et al., 2000; Foken et al., 2011).

As an alternative to classical rain gauges andetldy covariance method, state-of-the-art high
precision weighing lysimeters are able to capthesfiuxes at the interface of soil, vegetation and
atmosphere (Unold and Fank, 2008). A high weigl@oguracy and a controlled lower boundary
condition permit high temporal resolution precipda measurements at ground level, including
dew, fog, rime, and snow. Additionally, EGan be estimated with the help of the lysimetetewa
balance. However, the high acquisition and opematicosts are a disadvantage of lysimeters.
Moreover, the accuracy of lysimeter measurementsafiscted by several error sources.
Differences in the thermal, wind and radiation negi between a lysimeter device and its
surroundings (oasis effect) (Zenker, 2003) as agllysimeter management (e.g., inaccuracies in
biomass determination) can affect the measureméfiitad or animal induced mechanical
vibrations can influence the weighing system, bart be handled by accurate data processing
using filtering and smoothing algorithms (Schraeleal., 2013; Peters et al., 2014). Vaughan and
Ayars (2009) examined lysimeter measurement nmsealéta at a temporal resolution of one
minute, caused by wind loading. They presenteden@duction techniques that rely on Savitzky-
Golay (Savitzky and Golay, 1964) smoothing. Schradel. (2013) evaluated the different filter
and smoothing strategies for lysimeter data pracgssn the basis of synthetic and real

measurement data. They pointed out that the adedjitat method for lysimeter measurements
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is still a challenge, especially at high tempoedalution, due the fact that noise of lysimeter
measurements varies strongly with weather conditicend mass balance dynamics.
Peters et al. (2014) recently introduced a filttlyoathm for high precision lysimeters, which
combines a variable smoothing time window with gsaeaependent threshold filter that accounts
for the factors mentioned above. They showed théeirt “Adaptive Window
and Adaptive Threshold Filter” (AWAT) improves aatuevapotranspiration and precipitation
estimates from noisy lysimeter measurements cordgaremoothing methods for lysimeter data
using the Savitzky-Golay filter or simple movingea&ges used in other lysimeter studies (e.g.,
Vaughan and Ayars, 2009; Huang et al., 2012; No&.e2013; Schrader et al., 2013).

In this work, a long term investigation to precgtibn estimation with a lysimeter is presented.
One of the points of attention in the study is tletribution of dew and rime to the total
precipitation amount. The novelty compared to tloekiby Meissner et al. (2007) is the length of
the study and the fact that a series of six lysamseis used. Our work allows corroborating results
from Jacobs et al. (2006), which used in their Idagn study a different, more uncertain

measurement method.

In the literature we find several comparisons betwkysimeter measurements and standard ET
calculations. Lopez-Urrea et al. (2006) found adyagreement of FAO-56 Penman-Monteith
with lysimeter data on an hourly basis. Vaughaal.e2007) also reported a good accordance of
hourly lysimeter measurements with a Penman-Mdntafiproach of the California Irrigation
Management Information System. Wegehenkel and G&8&3) compared lysimeter ET with
reference ET and ET estimated by a numerical gleowth model. They found that lysimeter ET
overestimated actual ET, the cause being an ofis®.€On the other hand, also ET estimated by
EC measurements and water budget calculationsoanpared in literature. Scott (2010) found
that the EC-method underestimated evapotranspirébioa grassland site related to the energy
balance deficit. However, only a few comparisonsvieen ET estimated by EC and lysimeter
data were found in literature. Chavez et al. (2@9@)luated actual evapotranspiration determined
by lysimeters and EC in the growing season forteoondield site. They found a good agreement
of both methods after correcting the energy balatefecit and they suggested to consider also
the footprint area for EC calculations. Ding et(@010) found a lack of energy balance closure
and underestimation of BBy the EC-method for maize fields. An energy be¢adlosure based

on the Bowen-Ratio method was able to reduce theirlErestimation. Alfieri et al. (2012)
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provided two possible explanations for a strong ewestimation of EC-EJ compared to
lysimeter ET. First, the energy balance deficit of the EC datpecially for those cases where
EC-measurements are affected by strong advectiecorfél, deviations between the vegetation
status of the lysimeter and the surrounding fieilett et al. (2012) found an 18 %
underestimation of corrected EC-Edompared to EJestimated by lysimeter and attributed the
difference to differences in vegetation growth. \W#as above mentioned studies conclude that
deviations between ETmeasurements are related to vegetation differetice€£C footprint and
the ability to close the energy balance gap, theetainties of lysimeter measurements in this
context are hardly investigated. Lysimeter,E$timations often rely on relatively low temporal
resolution due to challenges in noise reductionclwimpedes a simultaneous estimation of both
P and ET, by lysimeters. Furthermore, studies with cost araintenance intensive lysimeters
are either with a few or without redundant devicasthat measurement uncertainty cannot be

addressed well.

The Terrestrial Environmental Observatories (TEREMN®@er the possibility of detailed long-
term investigations of the water cycle components lagh spatio-temporal resolution (Zacharias
et al., 2011). This study compares precipitatiod emapotranspiration estimates calculated with
a set of six weighing lysimeters (LYS) with nearlegldy covariance and precipitation
measurements for the TERENO grassland site Robedbr Additional soil moisture, soll
temperature and meteorological measurements at TBRENO test site enable a detailed
analysis of differences between the different mesament techniques. The lysimeter data£ET
LYS) are processed with the AWAT filter (Petersatt 2014), which allows a simultaneous
estimation ofP and ET, in a high temporal resolution and the comparisoarried out with
energy balance corrected EC data {ET). Actual ET estimates are additionally compated
the full-form Penman-Monteith equation (Allen et 4998) accounting for the effects of variable
grass cover height. Precipitation measurementsdigssical Hellmann type tipping bucket, with
and without accounting for wind and evaporationucel loss (Richter correction) were

compared with lysimeter data for one year (2012).

For our study, we (1) compared precipitation meas@nts by lysimeters and a (unshielded)
standard tipping bucket device and interpreteddifferences. For example, the vegetated high
precision lysimeters potentially allow better esttes of precipitation accounting for dew, rime

and fog; (2) compared eddy covariance and lysim&®r estimates and tried to explain
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differences in estimated values; (3) tested whegheorrection of the energy balance deficit for
the EC-method results in an Edstimate which is close to the lysimeter methdylagalysed the
variability of the measurements by the six lysimetender typical field conditions with identical

configuration and management.



168

169

170
171
172
173
174
175
176
177

178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197

2. Material and Methods

2.1 Study Site and Measurement Setup

The Rollesbroich study site (50° 37' 27" N, 6°1B'E) is located in the TERENO Eifel low
mountains rangeower Rhine Valley Observatory (Germany). This salbchment of the river
Rur has an area of 31 ha with an altitude rangiomf474 m to 518 m a.s.l.. The vegetation of
the extensively managed grassland site is domirategegrass and smooth meadow grass. The
annual mean precipitation is 1033 mm and the anmedn temperature 7.7 °C (period 1981-
2001); these data are obtained from a meteorologiedion operated by the North Rhine-
Westphalian State Environment Agency (LUA NRW) atistance of 4 km from the study site.

Fig. 1 shows a map of the study site and givesvanveew of the installed measurement devices.

In 2010 a set of six lysimeters (TERENO-SoilCanjgey UMS GmbH, Munich, Germany) was
arranged in a hexagonal design around the centmdged service unit, which hosts the
measurement equipment and data recording devicash Bysimeter contains silty-clay soil
profiles from the Rollesbroich site and is covergth grass. The conditions at the lysimeters
therefore closely resemble the ones in the direcbandings (Fig. 2). Additionally, the spatial
gap between lysimeter and surrounding soil was mirgd to prevent thermal regimes which
differ between the lysimeter and the surroundiedglf(oasis effect). Every lysimeter device has a
surface of 1 m2, a depth of 1.5 m and is equippihk & 50 | weighted leachate tank connected
via a bidirectional pump to a suction rake in tlo#tdm of each lysimeter. To reproduce the field
soil water regime, the lower boundary conditions aontrolled by tensiometers (TS1, UMS
GmbH, Munich, Germany) monitoring the soil matrimtgntial inside the lysimeter bottom and
the surrounding field. Matric potential differendestween field and lysimeter are compensated
by suction rakes (SIC 40, UMS GmbH, Munich, Germanjecting leachate tank water into the
lysimeter monolith during capillary rise or remogiwater during drainage conditions. The
weighing precision is 100 g for the soil monolithdalO g for the leachate tank accounting for
long-term temperature variations and load alteomatiysteresis effects. For short term signal
processing the relative accuracy for accumulategsnchanges of soil monolith and leachate is
10 g. For the year 2012 measurements were madebemaemd averaged to get minute values. In
the winter season a connection between the snawg lgn the lysimeter and the surrounding

snow layer potentially disturbs the weighing systémechanical vibration plate is engaged at
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all lysimeter devices to prevent this situationdais activated once in 5 s between two
measurements. The lysimeters are also equipped sdgth moisture, matric potential and

temperature sensors at different depths (10, 3@n80L40 cm). Amongst others, soil temperature
is determined in 10, 30 and 50 cm depth with PT-880sors integrated in TS1-tensiometers
(UMS GmbH, Munich, Germany). A schematic overviefittee lysimeter device (Fig. 3) shows

the installation locations and the different sertgpes. The lysimeter site was kept under video
surveillance by a camera taking a photo of themgser status every hour. Further technical

specifications can be found in Unold and Fank (2008

Latent and sensible heat fluxes were measured bgddyg covariance station at a distance of
approximately 30 m from the lysimeters. The ECigmat(50° 37' 19" N, 6° 18 15" E,
514 m a.s.l.) is equipped with a sonic anemome@&AT3, Campbell Scientific, Inc., Logan,
USA) at 2.6 m height to measure wind component& djpen path device of the gas analyzer
(LI7500, LI-COR Inc., Lincoln, NE, USA) is mountedong with the anemometer at 2.6 m above
the ground surface and measuregOHcontent of the air. Air pressure is measuredhat t
processing unit of the gas analyzer in a heighd.6%¥ m. Air humidity and temperature were
measured by HMP45C, Vaisala Inc., Helsinki, Finlgat 2.58 m above the ground surface).
Radiation was determined by a four-component ndiomaeter (NRO1, Hukseflux Thermal
Sensors, Delft, Netherlands). Soil heat flux watehined at 0.08 m depth by a pair of two
HFPO1 (Hukseflux Thermal Sensors, Delft, Netheridnd

Precipitation measurements are made by a standahthd&hn type tipping bucket balance (TB)
rain gauge (ecoTech GmbH, Bonn, Germany) with aluésn of 0.1 mm and a measurement
interval of 10 minutes. The measurement altitudel of above ground is in accordance with
recommendations of the German weather service (DWI®3) for areas with an elevation
> 500 m a.s.l. and occasional heavy snowfall (WM&nhdard is 0.5 m). The unshielded gauge

was temporary heated during winter time to avaé@fing of the instrument.

Additional soil moisture and soil temperature meaments were carried out with a wireless
sensor network (SoilNet) installed at the studg §Q@u et al., 2013). The 179 sensor locations at
the Rollesbroich site contain six SPADE sensorsdgh®.04, sceme.de GmbH i.G., Horn-Bad

Meinberg, Germany) with two redundant sensors &206and 50 cm depth. Further technical



227 details can be found in Qu et al. (2013). Soilevabntent and temperature were also measured

228 Dby two sensor devices installed nearby the lysinste.
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2.2 Data Processing

2.2.1 Lysimeter

The lysimeter weighing data were processed in thiegs:
1. Elimination of outliers by an automated threshidter

2. Smoothing of measurement signal with the AWAlTefiroutine on the basis of data at a

temporal resolution of one minute
3. Estimation of hourly precipitation and evapoggination on the basis of the smoothed signal

Outliers were removed from the data by limiting theximum weight difference between two
succeeding measurements for the soil column to &nkgfor the leachate weight to 0.1 kg. The
lysimeter readings are affected by large randoruotdlations caused by wind and other factors
that influence the measurement. Therefore, the AWiKé&r (Peters et al., 2014) in a second
correction step was applied on the minute-wise sedhfeachate and on the weights for each
individual lysimeter. First, the AWAT routine gatsdanformation about signal strength and data
noise by fitting a polynomial to each data pointhivi an interval of 31 minutes. The optimal
order K) of the polynomial is determined by testing differ@olynomial orders for the given
interval (i.e.k: 1-6) and selecting the optimkahccording Akaike’s information criterion (Akaike,
1974, Hurvich and Tsai, 1989). The maximum ordek «f limited to six for the AWAT filter
preventing an erroneous fit caused by outliers. @erage residuad,.s; of measured and
predicted values (Eq. &nd the standard deviation of measured vadygs (Eq. 2) lead to the
quotientB;, which gives information about the explained vace of the fit and is related to the

coefficient of determinationk?):

r
1
Sres,i = ;Z[y] - yj]2 (1)

(2)

Sdat,i =

11
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S .
Bl — Sres,L — ’1 _ Rlz (3)
dat,i

wherey; [M] is the measured dat§; [M] the fitted value at each time intervaly [M] the mean
of the measurements andhe number of measurements within the given iaeot data point.
B; = 0 indicates that the polynomial totally reprodudes tange of data variation in contrast to
B; = 1 where nothing of the variation in the data is expgd by the fitted polynomial. Second,
AWAT smoothes the data using a moving averageriadaptive window widthw; [T], which is

a time dependent linear functionBf (Eq. 4):

Wi(Bi) = maX(Wmin' Binax) (4)

where wy.« [T] and wy,;, [T] are maximum and minimum provided window wid#or our
studywy,;, was set to 11 minw,,,,x was 61 min. A lowB; requires less smoothing and therefore
small time windows, whereas B, close to one requires a smoothing interval clasdhe
allowedw,, .. Third, AWAT applies an adaptive threshdld(Eq. 5) to the data at each time step

to distinguish between noise and signal relatddiealynamics of mechanical disturbances:

6i = Sres,i * t97.5,r for 6min < Sres,i | t97.5,r < 6max (5)

whereé; [M] is a function of the interval residuals.{s ;) [M] (see Eq. 1) and the Studenvalue
(t97.5, ) for the 95 % confidence level at each time stg, [M] is the minimum and,,,x [M]

is the maximum provided threshold for the mass ghaiihe product of Studentands,s; is a
measure for the significance level of mass chawgesg flux calculation. Hence, th® value
indicates the ranget6,.s; " to75, ), Where the interval data points differ not sigrafitly from

the fitted polynomial at the 95 % confidence lewhss changes above the adaptive threshold
6; are significant and interpreted as signal, whevezight differences below; are interpreted as
noise. The adaptive threshold is limited &y;, and é,,.x t0 guarantee that (1) mass changes
smaller than the lysimeter measurement accuracyuaderstood as remaining noise and
therefore not considered for the flux calculatiom §2) noise is not interpreted as signal during
weather conditions, which produce noisy lysimegadings (i.e. thunderstorms with strong wind
gusts). Lysimeter calibration tests with standagmights at the study site indicate a system scale
resolution of 0.05 kg. We chose a slightly higheeshold §,,;, = 0.055 kg) with an adequate

12
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tolerance for our TERENO lysimeter devices. Forupper threshold,,,x = 0.24 kg was taken,

similar to the example presented by Peters ef@l4).

For the separation of precipitation and actual etrapspiration §T,) AWAT assumes that
increases of lysimeter and leachate weights (aeeragver a period of one minute) are
exclusively related to precipitation and negativiéecences toET, [M T™]. Supposing that no
evapotranspiration occurs during a precipitatioengvand assuming a fixed water density of
1000 kg n?, precipitation(P) [M T™] can be derived from the lysimeter water balariee. )

as:

dSs
—p—[ - =3 6
ET,=P-L— — (6)

dSs
_ 125 7
P=1L+ n (7)

whereL is the amount of leachate water [M]Tand dS/dt is the change of soil water storage
[M T} with time. After smoothing the fluxes at one mi@uesolution were cumulated to hourly

sums ofP and ET.

Although the six lysimeters have a similar soil fpeg technical configuration and management
(i.e. grass cut, maintenance), differences in nreaswalues between lysimeters are not
exclusively related to random errors. Systematightevariations may for example be caused by
soil heterogeneity, mice infestation and differengeplant dynamics. In this study precipitation
measured by lysimeter and TB are compared, as agllevapotranspiration measured by
lysimeter and eddy covariance. The precipitationEdr, averaged over the six redundant
lysimeters are used in this comparison. We assimaietihe lysimeter average of six redundant
lysimeter devices is the most representative etitnmdor the lysimeter precipitation and actual

evapotranspiration (unless specified otherwise).
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2.2.2 Eddy Covariance Data

Eddy covariance raw measurements were taken wiigaency of 20 Hz and fluxes of sensible
heat H) and latent heat (LE) were subsequently calcul&iedntervals of 30 minutes by using
the TK3.1 software package (Mauder and Foken, 20MH¢ complete post-processing was in
line with the standardized strategy for EC datadation and quality assurance presented by
Mauder et al. (2013). It includes the applicatidnsibe specific plausibility limits and a spike
removal algorithm based on median absolute deviatd raw measurements, a time lag
correction for vertical wind speed with temperatared water vapor concentration based on
maximizing cross-correlations between the measumesnef the used sensors, a planar fit
coordinate rotation (Wilczak et al., 2001), correas$ for high frequency spectral losses (Moore
1986), the conversion of sonic temperature to emperature (Schotanus et al., 1983) and the
correction for density fluctuations (Webb et aB80). Processed half hourly fluxes and statistics
were applied to a three-class quality flagging sohe based on stationarity and integral
turbulence tests (Foken and Wichura, 1996) andsified as high, moderate and low quality
data. For this analysis only high and moderate ityudhta were used, while low quality data
were treated as missing values. To assign halflyhdluxes with its source area the footprint

model of Korman and Meixner (2001) was applied.

Almost every eddy covariance site shows an unclasestgy balance, which means that the
available energy (net radiation minus ground hkeed) fis found to be larger than the sum of the
turbulent fluxes (sensible plus latent heat flilBgKen, 2008; Foken et al., 2011). In this study the
energy balance deficit (EBD) was determined using-A moving window around the

measurements (Kessomkiat et al., 2013):

EBD3y = Ry_3n — (Gsp + LE3y + Hzp + S3p) (8)

where R,_s;, is average net radiation [M™], G}, is average soil heat flux [M ™, LEs, is
average latent heat flux [M, Hsy, is average sensible heat flux [NF[TandSs,, is average heat
storage (canopy air space, biomass and uppemyeil hbove ground heat flux plate) [M]TAIl
these averages are obtained over a three houdmaoond a particular 30 min EC-measurement.
The moving window of three hours is a compromisevben two sources of error. First, it

guarantees a relatively small impact of random sagperrors and therefore increases the
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reliability of the EBD calculation. Second, the atdlely short interval ensures that the
calculations are not too much affected by non-@tatiy conditionslt was assumed that the
energy balance deficit is caused by an underesamaft the turbulent fluxes and therefore the
turbulent fluxes are corrected according to thepevative fraction. The evaporative fraction (EF)

was determined for a time window of seven days:

whereLE,4 andH,4 [M T7] are the latent and sensible heat fluxes averagedseven days. The
chosen time period increases the reliability fordakeulation compared to single days. Dark days
with small fluxes may not give meaningful resulkessomkiat et al. (2013) investigated the
impact of the time window on the calculation of t8E and found that a moving average over
seven days gives good results, whereas a too shwtwindow of one day gives unstable,

unreliable results.

The energy balance corrected latent heat flux vedsrohined by redistribution of the latent heat

on the basis of the calculated evaporative fraction

LE; s, = LEy 5, + EBD3, (EF) (10)

whereLE, 5}, is the latent heat flux (for a certain measurengeint in time; i.e. a 30 minutes
period for our EC data). The EBD is added to theoarected LE according to the partitioning of
heat fluxes in the EF. Further details on the EBDection method can be found in Kessomkiat
et al. (2013).

In this study, also the evapotranspiration {fEC) calculated with the original latent heat flux
(not corrected for energy balance closure) willgnesented for comparison. Furthermore, the
most extreme case would be that the complete EBiDked to an underestimation of the latent
heat flux. Some authors argue (Ingwersen et all1Pthat the EBD could be more related to
underestimation of one of the two turbulent fluxtegn the other turbulent flux. Therefore, as an

extreme scenario the complete EBD is assignedderestimation of the latent heat flux.
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ET,EC is calculated from the latent heat flux accogdio:

~ LE;,
L(Twu,0 * Pu,0

ET, (12)

where ETis ET-EC [L T7], LE;, is latent heat flux [M T, p is the density of water [M#] and

L(Tw)Hu,o is the vaporization energy{I?] at a given temperature.

The lysimeters are thought to be representativeiferEC footprint, although size and shape of
the EC footprint are strongly temporally variabldowever, the EC footprint is almost

exclusively constrained to the grassland and thiengters are also covered by grass.
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2.2.3 Grass Reference Evapotranspiration

The measurements of EBy the EC-method and lysimeters were in this stooypared with
evapotranspiration calculated with full-form PenaMaonteith equation as presented by Allen et
al. (1998). This approach accounts for vegetatimh ground cover conditions during crop stage
considering bulk surface and aerodynamic resistamae water vapor flow. The calculations

were adapted for hourly intervals according to E.

3600¢ .
0.408A(R, — G) + YT Ry 2 (e°(Ty) — ea)

A+y(1+3) (12)

ETPM =

whereETpy is the hourly Penman-Monteith evapotranspiratio ], R,, is net radiation at the
grass surface [MI™3], G is soil heat flux density [MI™3], T,;, is mean hourly virtual temperature
[6], R is the specific gas constant for dry ai[L? 6], r, is the aerodynamic resistance [F]L

1, is the (bulk) surface resistance [F]L¢ is the ratio molecular weigth of water vapour (dif)
[-], T, is mean hourly air temperaturé),(A slope of the saturated vapour pressure curvig at
[ML™*T?6Y, yis psychrometric constant [MET?67, e° (T},) is saturation vapour pressure
for the given air temperature [M'LT?], e, is average hourly actual vapour pressure [MTT7,
andu, is average hourly wind speed [L'TTat 2 m height. All required meteorological input
parameters for calculatingTpy; were taken from the EC station. The wind speec datre

corrected to 2 m using the FAO-standard wind peatlationship of Allen et al. (1998).

We approximated aerodynamic resistang® (bulk) surface resistancg) and leaf area index (LAI)

with help of grass height according to Allen et(2D06):

2 2
Zm — 3 hplant Zn — 3 hplant

0.123 Tpiane | [0-1 (0123 Ppiame)

In
(13)

r, =
k*u,
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"~ LAL

Is

(14)

LAlce = (0.3 LAD) + 1.2 = 0.5 (24 Ayiane) (15)

where z,, is the height of the wind measurement [lz}, is the height of the humidity
measurement [L] 4 IS the grass length [L] at the lysimetéris the von Karman’s constant
[-], r; the stomatal resistance [T'], andLAl, the active leaf area index taking into account tha
only the upper grass surface contributes to hedtvapor transfer [-]. For our calculations we
assume a fixed stomatal resistance for a well-edtegrass cover of 100 s’nin accordance to
Allen et al. (1998). The grass length at the lyserewas estimated with the help of maintenance
protocols and the surveillance system. Grass Isnigdtween two measurement intervals were

linearly interpolated on a daily basis.
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2.2.4 Precipitation Correction

A precipitation correction according the methodRa¢hter (1995) was applied (Eq. 16, 17) on a
daily basis to account for wind, evaporation andttvweg losses of the tipping bucket

precipitation:

PeoT = p 4+ AP (16)
AP = bP¢ (17)

where P" is the corrected daily precipitation [M'T P is the measured tipping bucket
precipitation [M TY], AP the estimated precipitation deficit [M'], b the site specific wind

exposition coefficient [-], and theempiric precipitation type coefficieft].

This correction method is widely used for Germaratlver service stations and relies on empirical
relationships of precipitation type and wind expiosi, without using direct wind measurements. In
order to determine both empirical coefficienie categorized the precipitation type with the help
of air temperatures on a daily basis. It was assdutmat temperatures below 0 °C result in solid
precipitation, temperatures between 0 °C and 4i¥Y€ muixed precipitation and air temperatures
above 4 °C only liquid precipitation. Furthermotiee rain gauge is located in an open area and
the summer period was defined from May to Septeraberthe winter period from October to
April. The corresponding correction coefficientsrevealculated according to Richter (1995) and

are provided in Tab. 1.
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3. Results and Discussion

3.1 Precipitation Measurements

Tab. 2 shows the monthly precipitation sums meakhyethe tipping bucket (TB) and calculated
from the lysimeter balance data for the year 20 precipitation difference between both
devices for the year 2012 is 145.0 mm implying &% larger average lysimeter precipitation
than TB. For the individual lysimeters the yearlye@pitation ranges from 996.2 mm to
1037.7 mm (-3.0 to +1.0 % compared to the lysimatarage). This implies that the minimum
and maximum precipitation differences between imdial lysimeters and TB were 114.1 mm
(12.9 %) resp. 155.6 mm (17.6 %), where preciftafor lysimeters was always higher than for
TB. The monthly precipitation sums for the periodridkOctober measured by the tipping bucket
are smaller than the ones from the lysimeter aweeagl differences range between 1 % in July
and 42 % in September. The winter months show higbkative differences. The highest
difference was found in March 2012, when the lysergeregistered an amount of precipitation
double as large as the TB. The precipitation sureasawred by lysimeter and tipping bucket
correlate well on an hourly basis, especially frapril to October with R varying between 0.74
(Apr) and 0.99 (May), but with the exception of &spber (0.58). For winter months the
explained variance is smaller with a minimum of 1ffoFebruary 2012.

The period April — August shows the smallest prigaion differences among the six lysimeters
with monthly values of +5 % in relation to the lyster average. In contrast, February,
September, and December exhibit the highest ales@nd relative precipitation differences
among lysimeters with variations between -13 ananiB (£35 %) with respect to the mean.
Fig. 4 shows the absolute daily differences in ipietion between lysimeter and TB
measurements. It shows that the cases where |yssneegister slightly higher monthly
precipitation sums than TB are related to singlavigerainfall events (June, July). In contrast,
especially for February, the beginning of Marchd atme first half of December, larger
fluctuations in differences between daily precifiia measured by TB and lysimeter are found,
with less precipitation for TB than for lysimeter®st of the days. These periods coincide with
freezing conditions and frequent episodes with tstgesnowfall. According to NeSpor and
Sevruk (1999) these weather conditions are typicafisociated with a large tipping bucket

undercatch because snowflakes are easier trandpuittethe deformed wind field around a rain
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gauge. The surveillance system, which is instadiethe lysimeter site, gives support for these
findings. For example, a sleet precipitation evemtMarch 7' explains 70 % (8.5 mm) of the

monthly precipitation difference between lysimetad TB. At this day the wind speed during the
precipitation event was relatively high (4.4 i) sind precipitation intensity varied between 0.6
and 2.9 mm H. In general, winter measurement inaccuracies earabsed by frozen sensors and
snow or ice deposit on the lysimeter surface. FBitisation may cause ponding effects close to
the soil surface in the lysimeter and superfictalaff. In order to further address the lysimeter
uncertainty, we calculated the average cumulatraeege and soil water storage with minimum
and maximum ranges for the individual lysimetersg.(F5). The soil water storage was

determined by the remaining term of the water limdaon a daily basis. The total drainage,
averaged over the six lysimeters was 411.2 mm @dr22with a variation between 385.5 and
440.4 mm. The soil moisture storage change ovey¢lae varies between -5.1 mm to 28.3 mm
with an average of +11.2 mm. The assessment ohatyai volumes and changes in soil water
storage was somewhat hampered by erroneous datadedb drainage leakage (January) or
system wide shut down due to freezing. However,uheertainty in the water balance during

those periods should have a minor effect on thet $éwon calculations of lysimeté and ET.

In order to explain differences in precipitation@mts between lysimeter and tipping bucket, the
contribution of dew and rime to the total yearlggpitation amount was determined. The hourly
data of lysimeter and TB were filtered accordingteneological criteria. First, meteorological
conditions were selected which favor the formatdrdew, rime, fog and mist. Selected were
small precipitation events between sunset and seirassociated with high relative humidity (>
90%), negative net radiation and low wind spee®.6m §). Under these meteorological
conditions it is probable that dew or rime is fodredter sunset and before sunrise on cloud free
days. For these days the difference in precipitatietween TB and lysimeter is calculated if TB
shows no precipitation signal or if the lysimet@smo precipitation signal. For the first case
(P-TB=0) the total amount of the lysimeter pre@pan is 24.5 mm, which contributes 16.9 % to
the total yearly precipitation difference with tHEB (and 2.4% of the yearly lysimeter
precipitation). The period from April to August si® in general smaller precipitation amounts
related to such situations. In contrast, likely dewd rime conditions where lysimeter
precipitation is zero have a registered amountB*precipitation of 1.7 mm, which is only 0.2 %

of the total measured TB amount for the considepediod. A closer inspection of the
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precipitation data shows that both devices are @btapture dew and rime. However, a delay of
some hours between TB and lysimeters was found.dupposed that dew or fog precipitation
was cumulating in the TB device until the resolnttbreshold of 0.1 mm was exceeded. This
indicates that the TB resolution of 0.1 mm is toarse to detect small dew and rime amounts in
a proper temporal assignment. This confirms thesetqn ability of the lysimeter to measure
rime and dew better than Hellman type pluviometerspping bucket devices. The surveillance
system was used to check whether indeed dew/rinsefevened on the before-mentioned days.
On days which fulfilled the criteria and air temgaeres close to or below°C rime was seen on
the photos. For days that fulfilled the conditi@m&l temperatures abové© camera lenses were

often covered with small droplets.

Weather conditons with drizzle or fog occur fregiyeat the study site. This is related to humid
air masses from the Atlantic which are transpoviéti the dominating Southwestern winds and
lifted against the hills in this region. The sulla¥ice system was used to detect fog and drizzle
situations during the year 2012. For those situatia difference in precipitation between TB and
lysimeters of 8 mm was found, which contributes %.%0 the yearly difference of both devices.
Fig. 6 illustrates the example of May 5 — May 6 20Ihe hourly photos of the site show drizzle,
light rain and fog for this period. For both day® tair temperature is close to the dew point
temperature. The precipitation difference betweppirig bucket and lysimeter over this period
was 4.0 mmX TB: 12.8 mmX LYS: 16.8). The maximum difference was 0.5 mm &nahd at

6 h on the 8 of May in combination with fog. On May 5 duringetse conditions hourly TB
precipitation is often zero and LYS mean precifotarates are small (0.02 - 0.2 mmi‘hrThe
comparison of individual lysimeter devices showat ttot every lysimeter exceeds the predefined
lower threshold of 0.055 mm for the AWAT filterdi.5" of May 15:00, & of May 01:00- 03:00
LT). However, in these cases at least three lysirmethow a weight increase, which supports the

assumption that a real signal was measured instfeaaise.

With the purpose of explaining the remaining défece in precipitation amount between TB and
lysimeter, the relationship between wind speed taedprecipitation differences was examined.
The determined precipitation differences couldhaadry be explained by undercatch related to
wind (Sevruk, 1981 & 1996). It was checked whettmrecting the tipping bucket data (&B

according to the method of Richter (1995) coulducsdthe precipitation difference between

lysimeter and TB. The total precipitation sum afterrection is 996.9 mm for 2012, only 3%
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smaller than the yearly lysimeter average and withe range of the individual lysimeters. The
correction of TB data in general decreased thewiffces in the winter period (January — March,
November - December). However, for the summer pethe monthly precipitation sum of T&
mainly overestimated precipitation and tended tghlly increase the precipitation differences.
In order to explore this relation further we exaedrnthe correlation between wind speed and
precipitation residuals and found almost no coti@a(Fig. 7). A possible explanation is that
other potential dew or rime situations are not propfiltered by the used criteria (e.g, dew
occurs in case the net radiation is slightly pesitor close to zero). Additionally, the correlation
between undercatch and wind speed is dependenteaipipation type, intensity and drop size,
for which information was limited during the inviggttion period. To investigate these relations
we used the classification of precipitation typssoatlined before. The contribution of liquid
precipitation to total yearly precipitation is 8@®for the TB and 74.7 % for the lysimeters. The
relative amount of solid precipitation was alsdeatént between the two measurement methods.
Whereas for the lysimeters 7.8 % (79.7 mm) wassiflad as solid precipitation, the TB had only
0.6 % (5.6 mm) during periods with temperature €Q) In relation to the total precipitation
difference of 145 mm this means that 51 % of th#edince was associated with solid
precipitation events and 37 % with liquid precipda events, which indicates the relatively large
contribution of solid precipitation events to trea difference. The transition range (0-4 °C)
makes up 12 % of the total difference. Moreoverwds found that 78.7 % of the solid
precipitation came along with small precipitationensities (< 1.0 mm™ and low wind speeds
(<2.0m &). The surveillance system allowed to further inigege these large precipitation
differences for air temperatures below zero. Thewsdepth at the lysimeters and surrounding
areas is also an indication of precipitation amsuassuming that 1 cm snow height corresponds
to 1 mm precipitation. This method revealed thatcfinditions of light to moderate snowfall (< 4
mm h' precipitation intensity) the TB had a precipitationdercatch in January, February and
December of 11.4 mm (7.9 % of total precipitatioffedence). The registered precipitation
amount of the lysimeter under those conditions reasistic. However, during periods where the
lysimeters were completely covered by snow (e.g. 115 February) precipitation estimates by
lysimeter (up to 16 mm tdifference with tipping bucket) could not be comfed by the camera
system and were most probably influenced by snoWt dr snow bridges. These situations
explain 35.8 % (51.9 mm) of the total precipitatidifference for 2012. For solid precipitation

events a relationship (R2=0.5) between precipitatidferences and wind speed was found, but
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537 the number of datapoints was very limited (n=7)r Eonditions of liquid precipitation no

538 correlation was found between residuals and wiregtd[{R?<0.02).
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3.2 Comparison of Evapotranspiration

In general, the yearly sums of gfand ET-LYS were slightly higher than EJFEC; 6.1 % for
ETem and 2.4 % for EFLYS. The minimum ET of the individual lysimeter measurements {ET
LYSmin) is 467.1 mm, which is 7.9 % smaller tham tlysimeter average (507.4 mm); the
maximum (ET-LYSmax) is 523.1 mm (+ 3.1 %). This indicates tiaggeneral over the year
2012 evapotranspiration was limited by energy aadhy water, as actual evapotranspiration
was close to a theoretical maximum value for welteved conditions as estimated byl TThis
also implies that our assumption of a stomatalstasce corresponding to well-watered
conditions was justified. Water stress conditiormuld lead to decreased plant transpiration rates
and increased stomatal resistance. Tab. 3 listsetlapotranspiration results of January —
December 2012. In 2012 Ry was always close to E'LYS and ET-EC and there are no
months that Edy is clearly larger than measured actual evapotreatgn by lysimeter and eddy
covariance. Root mean square errors of hourly<kifs vary between 0.01 mrit m winter and

0.11 mm R in summer months and are in phase with the seaEdn@ynamics.

We focus now on the comparison of monthly,#¥S and ET-EC sums within the investigated
period. During winter periods with low air tempenas and snowfall EILYS and ET-EC
showed larger relative differences. For the peltatch to May ET-LYS and ET-EC differ
approx. 6 % and EJLYS exceeds EFEC from June to August by 12 %. The larger diffiee
in August (23 %) explains the yearly differencevsn ET-EC and ET-LYS. Hourly actual
evapotranspiration from lysimeter and hourly acteeapotranspiration from EC are strongly
correlated, but correlation is lower in the winteonths. The registered monthly ET by the
different lysimeters shows the largest variatiomsluly with amounts that are up to 14.0 mm

lower and 8.0 mm higher than the ET averaged dVsnadysimeters.

Fig. 8 shows the cumulative curve of the daily#EYS and ET-EC compared to B, for 2012.
From end of March 2012 the sums of HIYS and ET-EC tend to converge, but at the end of
May ET,-EC exceeds EJLYS. In June and July EILYS and ET-EC are very similar, but in
August ET-LYS is larger than EFEC. After August the difference between HIYS and
ET.,-EC does not increase further. The area in greyesgmts the range of minimum and
maximum cumulative EFLYS, measured by individual lysimeters. Until AsglET,-EC and
ETpewm are slightly higher or close to the maximum meadWET,-LYS. In August EFy increases

further, wheras EFEC falls below the minimum lysimeter value. Additally, Fig. 8 shows the
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course of the EFEC without correction for EBD and for EEC max.. ET-uncorr is ca.
411 mm over this period, whereas JHC max is 567 mm, which shows the large potential
uncertainty of the EC-data. The comparison illusgahat the application of the Bowen ratio
correction to the EC data results in an actual etrapspiration estimate close to the actual
evapotranspiration from the lysimeter, whereagET uncorr is much smaller than the lysimeter
evapotranspiration. Tab. 4 lists the monthly lateeat fluxes, the corrected LE fluxes (on the
basis of the Bowen ratio) and the mean differefsaeen both. It was found that the absolute
difference is between 29.8 Wan(August 2012) and 3.2 Wn(February 2012). The EBD
ranges from 12.6 % - 24.2 % for the period ApriSeptember. The yearly maximum was found
in February with 36.9 %. EB deficits are site-sfiecbut these findings confirm the importance
of EC data correction as suggested by Chavez €G09).

In order to explain the differences betweensiz TET,-EC and ET-LYS, we investigated the
variations in radiation, vegetation and temperataggme and their impact on ET in more detail.
The albedo could be estimated according to the unedsoutgoing shortwave radiation at the
EC-station divided by the incoming shortwave radrat also measured at the EC-station. The
yearly mean albedo is 0.228, which is close to dssumed albedo of 0.23 for grassland.
However, some periods (i.e. periods with snow cpvave a much higher albedo. Although
albedo variations between different vegetation ghostages at different fields at the study site
were considered as explanation for differencesTiy #e assume similar albedo for FEC and
ET,LYS measurement due to the central location dhefradiation measurements between the

relevant fields.

The grass length is related to the LAI, which intpagater vapor flow at the leaf surface. Under
well-watered conditions more surface for plant $g@ration leads in general to higher
transpiration rates by decreasing the bulk surfasestance. Fig. 9 shows that the grass length
measured at the Rollesbroich site is up to 80 cforbecutting. Unfortunately, grass height
measurements are not available for the lysimetetsonly for the surrounding field. It is
assumed, on the basis of information from the videoveilance system, that grass heights
generally are in good agreement between lysimdtgsgneter site) and the surrounding field
(lysimeter field), which allows a reconstructiontb& grass length illustrated in Fig. 9. However,
the grass harvesting dates of lysimeters and sogling field deviate in August and September

and are given for the lysimeters in Fig. 9.
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Fig. 10 illustrates the differences of the measuwtadly ET, sums between lysimeter and EC.
High positive and negative differences up to 2.1/day were found from March 2012 —
September 2012. In general, the differences QfIEYIS and ETy show smaller fluctuations than
the differences of EFEC and EFu. It was found that lysimeter harvesting affect® th
differences between BE-LYS and ERWET,-EC. The differences were positive before harvestin
and negative after harvesting indicating,E@&duction due to the grass cutting effects. Fer th
period from the 2% of May to the & of July, a period with high grass length differeacFig. 9)
between the lysimeter site and the field behindERestation, ET differences (EFEC - ET-
LYS) and grass length differences show a good tadima (R2=0.58), which is illustrated in Fig.
11. During the period with maximum grass lengtledénce (24 May — 1 June) EEC is 26 %
higher than EFLYS. The differences between EEC and EFy do not show such a significant
correlation with grass heights, although the relahip in August is in correspondence with the
differences of EFEC and ET-LYS. This could be related to the EC-footprintchese the EC
station is centrally located in between the twaestigated fields with different grass lengths. The
EC-footprint might also include other surroundimgds with different grass heights. 80 % of the
EC footprint is located within a radius of 100 mtbé EC tower, and 70 % in a radius of 40 m,
which is the approximate lysimeter distance. Treeefthe ET-EC estimations represent a
spatial mean of a wider area, where cutting effaotsaveraged compared to the lysimeter point
measurements. Fig. 12 shows the mean hourlyr&€s of lysimeter and EC as well as theT
for 2012. In general, the daily courses and théydamxima of ET-LYS, ETpy and ET-EC
correspond well. EFEC shows higher peaks at noon in May and Septecdrapared to EF
LYS, but corresponds well to . In contrast, EFLYS exhibits the highest rates from June to
August. The absence of a harvest of the lysimetekugust and the first September decade (in
contrast to the surrounding fields) leads to paddigtincreased lysimeter ETmeasurements as

compared to the surroundings due to an islandipaosit

In order to examine whether lysimeter measurementdd have been affected by a soil
temperature regime different from the field, thenperature regimes of the lysimeters were
compared to the field temperature. Fig. 13 shovesdaily mean soil temperature differences
between the lysimeters, a nearby SoilNet device 88Nand the mean of all available SoilNet
devices installed at the southern study site. Siltdmperatures were measured 5 cm below

surface; lysimeter temperature measurements wer@ucted with SIS sensors in 10 cm depth.
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The temperature differences between the lysimetetlde nearby SoilNet device and the SoilNet
mean are less than 1 K, which is as well the rarigariation of the SoilNet device with respect
to the SoilNet mean. In general the temperaturferdifices increase until noon and then decrease
again. Positive differences from May to July indechigher lysimeter soil temperatures than the
surroundings. However, a clear indicator for a lwassed by an oasis effect in the lysimeter
measurements was not found. Feldhake and Boye6)I&scribe the effect of soil temperature
on evapotranspiration for different grass typesichviallow an estimation of Elincrease caused
by a differing lysimeter temperature regime. Thbgwed that daily EJrates can increase with
an increase of soil temperature (i.e. daily Bermgdess ET rate increases from 4.3 mm/day to
6.4 mm/day (49 %) for a soil temperature increasenf13 to 29 °C). We used this linear
relationship to roughly estimate the effect on, Edr the period May — August on a daily basis.
For this period the measured soil temperature BN{30) for daylight hours ranged between
9.5 and 15.1 °C and between 9.3 and 15.5 °C foh#imeter mean (SIS sensors). The mean
difference is 0.67 K. This results in a total Hiicrease of 8.8 mm or 2.5 % in relation to thaltot
ET.-LYS of 349 mm on the basis of hourly ET. Therefothe effect of increased soil

temperature in the lysimeter is most probably kajtbut not negligible.
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4. Conclusions

This study compares evapotranspiration and pretipit estimates calculated using a set of six
redundant weighable lysimeters with nearby eddyadance and precipitation measurements at a
TERENO grass land site in the Eifel (Germany) fae gear (2012). The lysimeter data at a
temporal resolution of one minute are processeth Wie AWAT filter (Peters et al., 2014),
which takes account of the lysimeter noise dueatodom fluctuations caused by changing
weather conditions. Additional precipitation mea&suents were conducted with a classical
unshielded Hellmann type tipping bucket and congbangth lysimeter data. For the ET
comparison eddy covariance (EC) data is correcbedtfe energy balance deficit using the
Bowen ratio method. Additionally, evapotranspiratiand the evapotranspiration according the

full-form Penman-Monteith equation were calculated.

The estimated hourly precipitation amounts derilsgdysimeter and tipping bucket data show
significant differences and the total precipitatropasured by the lysimeter is 16.4 % larger than
the tipping bucket amount. The relative differenicethe monthly precipitation sums are small in
the summer period, whereas high differences aradfauring the winter season. The winter
months with solid precipitation exhibit the lowestrrelations between lysimeter and tipping
bucket amounts. Precipitation was measured by iffierent lysimeters and yearly amounts for
individual lysimeters showed variations of -3.01d® % compared to the yearly precipitation
mean over all lysimeters. An additional comparisath corrected tipping bucket precipitation
measurements according to the method of Richte®5)18hows in general a decrease of the
monthly and yearly difference, which was 3 % afterrection. In order to explain the differences
in precipitation between the devices the contrdoutof dew, rime and fog to the yearly
precipitation was analyzed. This was done by fitigthe data for typical weather conditions like
high relative humidity, low wind speed and negatimet radiation which promote the
development of dew and rime. For the identifiedesas check was made with a visual
surveillance system whether dew/rime was visibletiiyy these conditions the lysimeter shows
clearly larger precipitation amounts than the TBhick explains 16.9 % of the yearly
precipitation difference. Fog and drizzling raimddions, additionally identified with the help of
the on-site camera system, explain another 5.5 ¥heofyearly precipitation differences. These
findings indicate an improved ability of the lysitees to measure dew and rime as well as fog

and drizzling rain. The remaining 78 % of the ppéetion difference between lysimeters and

29



680
681
682
683
684
685
686

687
688
689
690
691
692
693
694
695
696
697
698

699
700
701
702
703

tipping bucket is strongly related to snowfall etgeras under those conditions large differences
were found. Lysimeter precipitation measuremerngsaffiected by a relatively high measurement
uncertainty during winter weather conditions simita TB and other common measurement
methods. Thus, the limitations for the lysimetezgpitation measurements during those periods
need further investigation. We found that duringditons where the lysimeters were completely
covered by snow, lysimeter records were unreliableg contributed to 36 % of the total
precipitation difference.

Actual evapotranspiration measured by the eddy rcmvee method (EFEC) and lysimeter
(ETsLYS) showed a good correspondence for 2012, vatigdr relative differences and low
correlations in winter in contrast to high corredas and smaller relative differences in summer.
The variability of ET, of the individual lysimeters in relation to thesigpneter average was -7.9 to
3.1 % in 2012 with larger absolute differencesummer. Both EFEC and ET-LYS were close

to the calculated Penman-Monteith evapotranspimatiETpy), which indicates that
evapotranspiration at the site was energy limitdek differences between ELYS, ET,-EC and
ETem were mainly related to harvesting management atsthdy site. A relationship between
grass length at the lysimeter and differences batwEly and ET-LYS was found. Variable
grass cutting dates for different fields around Ht@-station and the lysimeter harvest lead to
differences in actual evapotranspiration up tor@rh day* for periods with larger grass length

discrepancies.

The correction of the energy balance deficit whie Bowen ratio method resulted in FHC
which was close to EALYS. If the correction was not applied, EEC was 16 % smaller than
for the case where it was applied. In contrasthef EB-deficit was completely attributed to the
latent heat flux ET was 15.7 % larger than for the default case. Thesalts point to the

importance of adequate EC data correction.

30



704

705
706
707
708
709
710

Acknowledgements

This research is based on data provided by theamdseinfrastructures of TERENO and
TERENO-SoilCan. We thank the Transregio32 for abatmg data from the Rollesbroich study
site and want to acknowledge H. Ritzel, W. Bendergngels, L. Furst, W. Kippers, D. Dolfus,
and M. Kettler accounting for the realization andimenance of the research facilities. We also
thank Andre Peters for providing the AWAT softwale further thank the "Arbeitskreis
Lysimeterdatenauswertung" for the stimulating déstons.

31



711

712
713

714
715
716
717
718

719
720
721

722
723
724
725
726

127
728

729
730
731

732
733

734
735

736
737
738

References

Akaike, H.: A new look at statistical model idemtition, IEEE Transactions on Automatic
Control, 19, 716—723, doi:10.1109/TAC.1974.110071(C7 4.

Alfieri, J. G., Kustas, W. P., Prueger, J. H., Hipp. E., Evett, S. R., Basara, J. B., Neale, C. M.
U., French, A. N., Colaizzi, P., Agam, N., Cosh, W, Chavez, J. L., and Howell, T. A.: On the
discrepancy between eddy covariance and lysimetsgd surface flux measurements under
strongly advective conditions, Advances in Water sd&eces, 50, 62-78,
doi:10.1016/j.advwatres.2012.07.008, 2012.

Allen, R. G., Pereira, L. S., Raes, D., Smith, Mirop evapotranspiration-Guidelines for
computing crop water requirements-FAOQO Irrigatior @lnainage paper 56. FAO, Rome, 9, 300,
1998.

Allen, R.G., Pruitt, W. O., Wright, J. L., Howell.. A., Ventura, F., Snyder, R., Itenfisu, D.,
Steduto, P., Berengena, J., Yrisarry, J. B., Snhth,Pereira, L. S., Raes, D., Perrier, A., Alves,
I., Walter, I., Elliott, R.: A recommendation onastlardized surface resistance for hourly
calculation of reference ETo by the FAO56 Penmamidith method. Agricultural Water
Management, 81, 1-22, doi: 10.1016/j.agwat.2008@A.2006.

Brutsaert, W.: Hydrology: An Introduction / Wilfie Brutsaert, 5th print. ed., Univ. Press,
Cambridge, XI, 605 S. pp., 2010.

Chéavez, J., Howell, T., and Copeland, K.: Evalug&ady covariance cotton ET measurements
in an advective environment with large weighingirysters, Irrigation Science, 28, 35-50,
doi:10.1007/s00271-009-0179-7, 2009.

Chvila, B., Sevruk, B., and Ondras, M.: The windtioed loss of thunderstorm precipitation
measurements, Atmospheric Research, 77, 29-38,0db016/j.atmosres.2004.11.032, 2005.

Deutscher Wetterdienst (DWD): Richtlinie fur autdreehe Klimastationen, Offenbach am
Main, 1993.

Ding, R., Kang, S., Li, F., Zhang, Y., Tong, L.da8un, Q.: Evaluating eddy covariance method
by large-scale weighing lysimeter in a maize field northwest China, Agricultural Water
Management, 98, 87-95, doi:10.1016/j.agwat.201008.2010.

32



739
740
741
742

743
744
745

746
747

748
749

750
751

752
753
754

755
756

757
758
759
760

761
762
763
764

765
766

Evett, S. R., Schwartz, R. C., Howell, T. A., LolBaumhardt, R., and Copeland, K. S.: Can
weighing lysimeter ET represent surrounding field Evell enough to test flux station

measurements of daily and sub-daily ET?, AdvanaesWater Resources, 50, 79-90,
doi:10.1016/j.advwatres.2012.07.023, 2012.

Feldhake, C. M. and Boyer, D. G.: Effect of soihfgerature on evapotranspiration by C3 and C4
grasses, Agricultural and Forest Meteorology, 38-318, doi:10.1016/0168-1923(86)90068-7,
1986.

Finnigan, J.: The footprint concept in complexaerr Agricultural and Forest Meteorology, 127,
117-129, doi:10.1016/j.agrformet.2004.07.008, 2004.

Foken, T. and Wichura, B.: Tools for quality asssmst of surface-based flux measurements,
Agricultural and Forest Meteorology, 78, 83-105i; H8.1016/0168-1923(95)02248-1, 1996.

Foken, T.: The energy balance closure problem: vemnoew, Ecological Applications, 18, 1351-
1367, doi:10.1890/06-0922.1, 2008.

Foken, T., Aubinet, M., Finnigan, J. J., Leclerc, ¥4, Mauder, M., and Paw U, K. T.: Results Of
A Panel Discussion About The Energy Balance Closlogection For Trace Gases, Bulletin of
the American Meteorological Society, 92, 13-18,H®i1175/2011bams3130.1, 2011.

Goodison, B. E., Louie, P. Y. T., and Yang, D.. TWO solid precipitation measurement

intercomparison. World Meteorological Organizatiublications-WMO TD, 65-70, 1997.

Hendricks Franssen, H. J., R. Stdockli, I. LehnerRiBtenberg, and S. I. Seneviratne.: Energy
Balance Closure of Eddy-Covariance Data: A Mukighnalysis for European Fluxnet Stations,
Agricultural and Forest Meteorology, 150(12), 15857, doi:10.1016/j.agrformet.2010.08.005,
2010.

Huang, W., Zhang, C., Xue, X., and Chen, L.: A DAtuisition System Based on Outlier
Detection Method for Weighing Lysimeters, in: Cortgguand Computing Technologies in
Agriculture V, edited by: Li, D., and Chen, Y., FIlAdvances in Information and
Communication Technology, Springer Berlin Heidethet71-478, 2012.

Hurvich, C. and Tsai, C.. Regression and time senmdel selection in small samples,
Biometrika, 76, 297-307, doi:10.1093/biomet/76.2,2B989.

33



767
768
769
770

771
772
773

774
775
776

777
778
779

780
781

782
783
784

785
786
787

788
789
790

791
792
793

Ingwersen, J., Steffens, K., Hogy, P., Warrach-SKgi Zhunusbayeva, D., Poltoradnev, M.,
Géabler, R., Wizemann, H. D., Fangmeier, A., Wulfery ., and Streck, T.: Comparison of
Noah simulations with eddy covariance and soil wateasurements at a winter wheat stand,
Agricultural and Forest Meteorology, 151, 345-386i; 10.1016/j.agrformet.2010.11.010, 2011.

Jacobs, A. F. G., Heusinkveld, B. G., Wichink Kyt J., and Berkowicz, S. M.: Contribution of
dew to the water budget of a grassland area irfN#tberlands, Water Resources Research, 42,
W03415, doi:10.1029/2005wr004055, 2006.

Kessomkiat, W., Hendricks Franssen, H. J., Graf,ahd Vereecken, H.: Estimating random
errors of eddy covariance data: An extended twcetoapproach, Agricultural and Forest
Meteorology, 171-172, 203-219, doi:10.1016/j.agrfet.2012.11.019, 2013.

Kohnke, H., Davidson, J. M., and Dreibelbis, F. Rsurvey and discussion of lysimeters and a
bibliography on their construction and performarideS. Govt. print. off., Washington, D.C., 68
p., 1940.

Kormann, R. and Meixner, F.: An Analytical Footgridodel For Non-Neutral Stratification,
Bound-Lay Meteorology, 99, 207-224, doi:10.1023048991015119, 2001.

Legates, D. R. and DelLiberty, T. L.: Precipitatioreasurement biases in the United States,
JAWRA Journal of the American Water Resources Assion, 29, 855-861, doi:10.1111/}.1752-
1688.1993.tb03245.x, 1993.

Li, S., Kang, S., Zhang, L., Li, F., Zhu, Z., antlahg, B.: A comparison of three methods for
determining vineyard evapotranspiration in the addsert regions of northwest China,
Hydrological Processes, 22, 4554-4564, doi:10.19§27059, 2008.

Lépez-Urrea, R., Olalla, F. M. d. S., Fabeiro, &g Moratalla, A.: An evaluation of two hourly
reference evapotranspiration equations for sema@rdlitions, Agricultural Water Management,
86, 277-282, doi:10.1016/j.agwat.2006.05.017, 2006.

Mauder, M. and Foken, T.: Documentation and InsioacManual of the Eddy-Covariance
Software Package TK3. Arbeitsergebnisse / Univér&iayreuth, Abteilung Mikrometeorologie,
2011.

34



794
795
796
797

798
799
800

801
802
803

804
805

806
807
808

809
810
811

812
813
814

815
816
817

818
819
820

Mauder, M., Cuntz, M., Drue, C., Graf, A.,, Rebmaih, Schmid, H. P., Schmidt, M., and
Steinbrecher, R.: A strategy for quality and uraety assessment of long-term eddy-covariance
measurements, Agricultural and Forest Meteorology, 169, 122-135,
doi:10.1016/j.agrformet.2012.09.006, 2013.

Meissner, R., Seeger, J., Rupp, H., Seyfarth, Nd, Borg, H.: Measurement of dew, fog, and
rime with a high-precision gravitation lysimeteoudnal of Plant Nutrition and Soil Science, 170,
335-344, doi:10.1002/jpIln.200625002, 2007.

Michelson, D. B.: Systematic correction of pre@gitn gauge observations using analyzed
meteorological variables, Journal of Hydrology, 2961-177,
doi:10.1016/j.jhydrol.2003.10.005, 2004.

Moore, CJ.. Frequency response corrections for etlyelation systems. Boundary-Layer
Meteorology, 37, 17-35, dot:0.1007/bf00122754, 1986.

NeSpor, V. and Sevruk, B.: Estimation of Wind-IndddError of Rainfall Gauge Measurements
Using a Numerical Simulation, Journal of Atmospbeand Oceanic Technology, 16, 450-464,
10.1175/1520-0426(1999)016<0450:eowie0>2.0.c0;2919

Nolz, R., Kammerer, G., and Cepuder, P.: Interpiaiaof lysimeter weighing data affected by
wind, Journal of Plant Nutrition and Soil Sciend&6, 200—-208, doi:10.1002/jpIn.201200342,
2013.

Peters, A., Nehls, T., Schonsky, H., and Wessolék, Separating precipitation and
evapotranspiration from noise - a new filter roatfor high-resolution lysimeter data, Hydrology
and Earth System Sciences, 18, 1189-1198, doi:28/b&ss-18-1189-2014, 2014.

Qu, W., Bogena, H. R., Huisman, J. A., and Vereecke: Calibration of a Novel Low-Cost Sail
Water Content Sensor Based on a Ring Oscillatordo¥a Zone Journal, 12, 3,
doi:10.2136/vzj2012.0139, 2013.

Richter, D.: Ergebnisse methodischer Untersuchungen Korrektur des systematischen
Messfehlers des Hellmann-Niederschlagsmessers Beratles Deutschen Wetterdienstes, 194,
1995.

35



821
822

823
824
825

826
827
828

829
830
831

832
833
834

835
836
837

838
839

840

841
842
843
844

845
846

Savitzky, A. and Golay, M.: Smoothing and Differiatibn of Data by Simplified Least Squares
Procedures, Analytical Chemistry, 36, 1627-1632160d1021/ac60214a047, 1964.

Schrader, F., Durner, W., Fank, J., Gebler, S.z,Plt, Hannes, M., and Wollschlager, U.:
Estimating Precipitation and Actual Evapotransparafrom Precision Lysimeter Measurements,
Procedia Environmental Sciences, 19, 543-552, Adi(16/j.proenv.2013.06.061, 2013.

Schotanus, P., Nieuwstadt, F. T. M., de Bruin, HRA Temperature measurement with a sonic
anemometer and its application to heat and moidtures. Boundary-Layer Meteorology 26,
81-93, doi:10.1007/bf00164332, 1983.

Scott, R. L.: Using watershed water balance to uatal the accuracy of eddy covariance
evaporation measurements for three semiarid easgst In: Agricultural and Forest
Meteorology, 150(2), 219-225, doi:10.1016/j.agrfetr#009.11.002, 2010.

Sevruk, B.: Methodische Untersuchungen des sysiethah Messfehlers der Hellmann-
Regenmesser im Sommerhalbjahr in der Schweiz. iMiigen Nr. 52, Versuchsanstalt fir
Wasserbau, Hydrologie und Glaziologie, ETH Zuri289 Book pp., 1981.

Sevruk, B.: Wind induced measurement error for higénsity rains. Proc. International
Workshop on Precipitation Measurement, WMO Techcubeent 328, St. Moritz, Switzerland,
199-204, 1989.

Sevruk, B.: Adjustment of tipping-bucket precipibat gauge measurements, Atmospheric
Research, 42, 237-246, doi:10.1016/0169-8095(9%6@) 1996.

Strangeways, I.: A history of rain gauges, Weat686r,133-138, 10.1002/wea.548, 2010.

Twine, T. E., Kustas, W. P., Norman, J. M., CookRD, Houser, P. R., Meyers, T. P., Prueger, J.
H., Starks, P. J., and Wesely, M. L.: Correctinglyedovariance flux underestimates over a
grassland, Agricultural and Forest Meteorology, ,10279-300, do0i:10.1016/S0168-
1923(00)00123-4, 2000.

Unold, G. and Fank, J.: Modular Design of Field ibysters for Specific Application Needs,
Water Air Soil Pollution, Focus, 8, 233-242, doi:1007/s11267-007-9172-4, 2008.

36



847
848
849

850
851
852

853
854
855

856
857
858

859
860

861
862
863
864

865
866
867
868

869
870
871
872
873
874

Vaughan, P. J., Trout, T. J., and Ayars, J. E.:récessing method for weighing lysimeter data
and comparison to micrometeorological g5iredictions, Agricultural Water Management, 88,
141-146, doi:10.1016/j.agwat.2006.10.008, 2007.

Vaughan, P. J. and Ayars, J.: Noise Reduction Mithor Weighing Lysimeters, Journal of
Irrigation and Drainage Engineering, 135, 235-2d40i;10.1061/(ASCE)0733-
9437(2009)135:2(235), 2009.

Webb, E. K., Pearman ,G. |, Leuning, R.: Correctid flux measurements for density effects
due to heat and water vapour transfer, Quartenynad of the Royal Meteorological Society,
106, 85-100, doi:10.1002/qj.49710644707, 1980.

Wegehenkel, M. and Gerke, H. H.: Comparison of esalpotranspiration measured by weighing
lysimeters with simulations based on the Penmamdta and a crop growth model, Journal of
Hydrology and Hydromechanics, 61, 161-172, doi:408%ohh-2013-0021, 2013.

Wilczak, J., Oncley, S., and Stage, S.: Sonic Amaster Tilt Correction Algorithms, Bound-
Layer Meteorology, 99, 127-150, doi:10.1023/a:1@6D4465, 2001.

Wilson, K. B., Hanson, P. J., Mulholland, P. J.|d®achi, D. D., and Wullschleger, S. D.: A
comparison of methods for determining forest eviagmpiration and its components: sap-flow,
soil water budget, eddy covariance and catchmerterwbalance, Agricultural and Forest
Meteorology, 106, 153-168, doi:10.1016/S0168-19@§{0199-4, 2001.

Yang, D., Goodison, B. E., Metcalfe, J. R., GolubévS., Bates, R., Pangburn, T., and Hanson,
C. L.: Accuracy of NWS 8" Standard Nonrecordingdipigation Gauge: Results and Application
of WMO Intercomparison, Journal of Atmospheric a@iteanic Technology, 15, 54-68,
doi:10.1175/1520-0426(1998)015<0054:AONSNP>2.0.CD988.

Zacharias, S., Bogena, H., Samaniego, L., MauderFhR3, R., Putz, T., Frenzel, M., Schwank,
M., Baessler, C., Butterbach-Bahl, K., Bens, O.rgB&., Brauer, A., Dietrich, P., Hajnsek, I.,
Helle, G., Kiese, R., Kunstmann, H., Klotz, S., MbnJ. C., Papen, H., Priesack, E., Schmid, H.
P., Steinbrecher, R., Rosenbaum, U., Teutsch, r@. Vereecken, H.: A Network of Terrestrial
Environmental Observatories in  Germany, Vadose Zodeurnal, 10, 955-973,
doi:10.2136/vzj2010.0139, 2011.

37



875 Zenker, T.: Verdunstungswiderstande und Gras-Refgerdunstung : Lysimeteruntersuchungen
876 zum Penman-Monteith-Ansatz im Berliner Raum. Phé&sit Berlin University of Technology,
877 Germany, 2003.

38



878

879

880
881
882
883
884

Figures

A EC-Station
o SoilNet Devices N
& Tipping Bucket A
X Lysimeter Site

"% Catchment Border

Fig. 1. Overview of the Rollesbroich study site (left) slig the locations of the lysimeter, the
rain gauge, the eddy covariance station, the canhimoundaries and the SoilNet devices. All
devices are arranged within a radius of 50 metakiding the nearest SoilNet device (SN 30)
for comparison of temperature and soil water canaétih the surrounding field. The map on the

right shows the location of the Rollesbroich catehirin Germany.
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886 Fig. 2. The lysimeter set-up of the Rollesbroich studg 8dovember 2012).
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Fig. 3. Schematic drawing of the lysimeter soil monoli#ft] and service well (right) used in the
TERENO-SoilCan project. The illustration of theitpeter (left) shows the weighted soil column
container with slots for soil moisture (TDR), temgteire (SIS, TS1), matric potential sensors
(SIS), soil water sampler (SIC20) and silicon parsuction cup rake (SIC40) installation inside
and outside the monolith. The service well contdhes weighted drainage tank and sampling
tubes for each affiliated lysimeter (courtesy of 8/MmbH Munich, 2014, used by permission).
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932 Tables

933 Tab. 1. Site specific wind exposition coefficiebt[-] and empiric precipitation type coefficient

934 €[] for different precipitation types at an opgrase gauge location.

Precipitation Type b €
liquid (summer) 0.345 0.38
liquid (winter) 0.34 0.46
mixed 0.535 0.55

show 0.72 0.82




935 Tab. 2. Monthly precipitation sums for lysimeter, tippimgicket, corrected tipping bucket data and a coreparbetween the hourly

936 precipitation values of lysimeter and uncorrectd®l il terms of coefficient of determination (R2),otamean square error and other
937 statistics at the Rollesbroich study site for 20Mssing data % refers to the percentage of hoprécipitation data not available for

938 comparison.

: . I Tipping
Lysimeter ~ Min./ Max.  Tippin LYS/ -
Month Xverage Lysimeter BEFc)ke% Bucket R2 RMSE LYS/TB TBcorr Missing
corrected % Data %
[mm] [mm] [mm] ] %
Jan 70.9 57.6/79.3 94.0 110.7 0.48 0.30 75.6 64.0 11.2
Feb 36.2 31.4/48.9 21.1 26.0 0.13 0.32 171.6 139.2 46.1
Mar 17.3 16.2/18.8 5.1 7.3 0.18 0.16 339.2 237.0 16.4
Apr 72.5 71.1/74.6 65.3 78.2 0.90 0.09 111.0 92.7 0.0
May 90.7 89.4/94.1 79.3 88.8 0.99 0.09 1144 1144 0.0
Jun 139.9 137.5/143.1 134.7 147.2 0.96 0.21 103.9 95.0 0.0
Jul 148.5 146.3/ 152.2 147.0 159.2 0.95 0.28 101.0 93.3 0.0
Aug 105.7 100.4/109.4 84.5 91.9 0.94 0.15 125.1 115.0 0.0
Sep 36.5 23.5/39.2 25.6 30.5 0.58 0.13 142.6  119.7 0.0
Oct 67.5 65.7 / 69.5 66.2 75.2 0.74 0.23 102.0 89.8 13.4
Nov 55.3 52.7 /1 56.9 38.3 45.8 0.84 0.08 1444  120.7 0.0
Dec 186.0 178.5/194.4 121.0 136.1 0.30 0.35 153.7 136.7 0.0
SUM 996.2 /
IMEAN 1027.1 1037.7 882.1 996.9 0.88 0.47 116.4 103.0 7.1

939



940 Tab. 3. Monthly ET, (by lysimeter and EC), Bl sums and R? between different ET data producisnohnourly basis for 2012. Missing
941 data % refers to the percentage of hourly ET dala-EC, ET;-LYS) between sunrise und sunset not availabledonparison. Hence,

942 the total yearly ET amount is ca. 18 % reduced @egbto gap free ET estimations.

2012
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Sum Mean

ET.-EC [mm] 52 13 278 384 843 627 803 942 56.0 252 936 488.3
ETem [mm] 39 15 305 375 842 697 840 1135 589 2460 925 519.8

ETa-LYS [mm] 25 22 264 356 80.2 657 827 1217 527 2396 759 507.4

Min. / Max. 2.1/ 1.3/ 25.9/ 344/ 75.2/ 62.1/ 67.8/ 116.8/ 49.6/ 21.9/ 6.8/ 3.0/ 467.1/
ET<LYS[mm] 27 31 268 37.6 82 682 910 1252 588 271 89 87 5231
ETa-EC?zETa-LYS 0.02 002 082 076 079 084 0.86 086 066 066 0.8D6 0.81
ETa-LYI;.z— er,, 013 000 087 082 08 091 089 092 078 070 0.608 0.89
ETa-Egz— er,, 012 000 094 093 095 090 089 088 088 082 0034 0.91

Missing Data % 33.2 369 81 235 215 265 219 129 140 258 2%46.3 24.5




1 Tab. 4.Measured mean monthly latent heat fluxes and ciorecfor EBD for 2012.

Month Mean -IEE Mean LE_ 1corr. Differences Difference mean
[Wm™] [Wm™] LE corr. - LE LE corr. - LE %
Jan 21.9 29.8 7.9 36.2
Feb 8.7 11.9 3.2 36.9
Mar 78.1 94.0 15.9 20.4
Apr 86.4 101.8 15.3 17.7
May 138.7 164.6 25.9 18.7
Jun 111.8 125.8 14.0 12.6
Jul 136.3 157.2 20.9 15.3
Aug 151.6 181.4 29.8 19.6
Sep 104.0 129.2 25.2 24.2
Oct 61.3 79.6 18.3 29.9
Nov 24.4 32.1 7.7 31.4
Dec 22.0 28.3 6.3 28.5
SUM/MEAN 78.8 94.6 15.9 24.3




